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Abstract 

The wide spreading of using two dimensional (2D) materials (i.e., graphene, MoS2, and Boron 

nitride) and their hybrid nanocomposites (NCs) with functional semiconductor compounds in 

electrochemical applications related to energy conversion, energy storage, and non-enzymatic sensing 

applications require a cost-effective technique that is amenable to large size production. This goal cannot 

be simply achieved because there is no single system for the fabrication of 2D materials and their hybrid 

NCs in one process. The top-down approaches based on the mechanical exfoliation of layered materials 

are commonly used for the mass production of pure 2D materials. The conventional methods for layered 

materials exfoliations through the mechanical approach are ball milling (wet or dry) and sonochemical 

techniques. In these techniques, the pure 2D materials were prepared in successive steps for a very long 

time. Also, these techniques require solvents with suitable surface energy that match with the type of the 

layered material to facilitate the stacked layers' exfoliation. The use of chemicals and solvents require 

further cleaning from waste product and the product only in the powder form. This requires hard labor 

work and increases the fabrication cost. Furthermore, the fabrication of 2D-materials hybrid NCs with a 

functional nanosized semiconductor cannot be achieved in one process, in which the pure 2D materials 

and the nanosized semiconductor materials are prepared individually. Then, both materials were mixed 

by chemical approach to form interfacial bonding between them. This would further increase the 

fabrication time consumption and reduce the overall cost efficiency.  

The dry spray coating based on the vacuum kinetic spray process was utilized for the direct 

deposition of nanosized thin films in one step from the corresponding micron powder at room temperature 

without any chemical treatment. There is various low-temperature dry manufacturing process such as cold 

spray, aerosol deposition (AD), as well as the nanoparticle deposition system (NPDS). The main 

difference between these techniques is the optimized pressure range for micron powder feeding as well as 

deposition pressure. The cold spray and AD techniques have similar system configurations of particle 

deposition but have some limitations on particle size range and type, which strongly affect the ability of 

deposition. As an example, the cold spray technique is mostly used for the deposition of metallic powder 

whereas the AD technique is frequently used for ceramic films. This indicated the limitation of deposition 

of metal/ceramics composites by these techniques. In contrast, the NPDS system has the optimum pressure 

range for deposition of either nano-sized ceramics or metallic as well as their hybrid NCs thin films at 

room temperature in one step. Furthermore, the graphene thin films were successfully deposited by the 
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NPDS in one step on various substrate types. The kinetic induced transformation of graphite-staked layers 

to graphene nanosheets in one step by the NPDS at room temperature was explained in terms of the 

mechanical exfoliation of graphite stacked layers at impact velocity higher than a critical value. This 

would provide a new route for layered materials mechanical exfoliation based on the vacuum kinetic spray 

process that differs from the conventional technique that follows either sonochemical or ball milling 

approaches 

The ability of graphite stacked layers separation by the NPDS in one step motivated us to examine 

the ability of mechanical exfoliation of other graphene-like materials (i.e., layered materials) with a similar 

hexagonal structure such as molybdenum disulfide (MoS2) and boron nitride (BN) by the NPDS without 

the need of any chemical assistance. Hence, we could use the NPDS as a single system for the mechanical 

exfoliation for various layered materials. Moreover, the NPDS was used to fabricate graphene-based 

hybrid NCs with various functional nanosized semiconductors. So, we investigated the ability of hybrid 

NCs formation with another graphene-like material especially MoS2 to demonstrate the benefit of using 

the NPDS system as a single system for layered materials exfoliation and formation of hybrid NCs with 

other functional materials, which reduce the fabrication time and consequently enhance the fabrication 

cost efficiency.  

To improve the charge transfer kinetics at the electrode/electrolyte interface in the electrochemical 

energy applications the 2D-nanomaterials (NMs) like graphene and MoS2 nanosheets are commonly used. 

The hybridization between the 2D-NMs and the other functional nano-sized semiconductor would result 

in the improvement of overall activity toward various electrochemical applications. Optimization of 

modified electrode performance is strongly dependent on the composition constituent at the 

heterostructure interfaces. This indicates the need to study the effect of the composition ratio between the 

2D NMs and the other functional materials on the electrochemical performance of the fabricated 

electrodes.  

The main objectives of this study are classified into three main parts: 

First, we want to provide a new mechanical approach for pure layered materials exfoliation using 

the NPDS according to the vacuum kinetic spray process. This was achieved by studying the mechanical 

exfoliation of various layered materials with a similar hexagonal phase such as graphite, MoS2, and BN 
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using the same deposition condition by the NPDS. This indicated the applicability of NPDS as a single 

and solvent-free system for layered materials exfoliation.   

Second, we fabricated various graphene-based hybrid NCs with various transition metals (TMs) 

compounds (i.e., Ni(OH)2, Co3O4, Mn3O4, and ZnO) by the NPDS at room temperature in a one-step 

process on various substrate type (i.e., porous nickel foam and flat titanium sheet). All fabricated 

electrodes revealed the successful exfoliation of graphite stacked layers to graphene nanosheets in one 

step as well as the strong synergy improvement between the formed graphene nanosheets and the TMs 

species. The observed synergy improvement resulted in the activity enhancement toward water splitting-

based energy conversion and non-enzymatic H2O2 detection applications. The catalytic activity of TMs-

graphene hybrid NCs towards the water splitting through various routes including electrocatalytic, 

photocatalytic, and photo-electrocatalytic as well as and non-enzymatic H2O2 sensing was found to be 

strongly dependent on the initial ratio of TMs: graphite mixture, in which the optimum combination was 

estimated for each application.  

 Third, we fabricated various MoS2-based hybrid NCs with spinel transition metals (TMs) 

compounds (i.e., Co3O4 and Mn3O4) by the NPDS at room temperature in a one-step process on various 

substrate type (i.e., porous nickel foam and flat titanium sheet). All fabricated electrodes revealed the 

successful exfoliation of MoS2 stacked layers to small MoS2 nanosheets and strong synergy improvement 

between the formed MoS2 nanosheets and the spinel TMs species. The observed synergy improvement 

resulted in the activity enhancement toward water splitting-based energy conversion and non-enzymatic 

H2O2 sensing applications. The catalytic activity of TMs-MoS2 hybrid NCs towards the electrocatalytic 

water splitting and non-enzymatic H2O2 sensing was found to be strongly dependent on the initial ratio of 

TMs: MoS2 mixture, in which the optimum combination was estimated for each application. 

The obtained results indicated that the NPDS technique is an efficient and eco-friendly technique 

for layered materials exfoliation and fabrication of hybrid NCs with high efficiency in various energy and 

sensing applications in one deposition step at room temperature in a short fabrication time. This indicated 

the improvement of fabrication cost efficiency compared with other conventional processes.  
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1. 1. 2D NMs properties 

The fascinating properties of 2D NMs compared with their corresponding bulk layered materials 

have gotten much interest from both academic and industrial points of view for the last two decades [1-6]. 

The graphene nanosheets are the most known 2D NMs, which exhibited superior intraplantar 

characteristics compared with the graphite bulk phase. The graphene nanosheets exhibited the highest 

theoretical specific surface area of 2630 m2g-1, very high transparency (i.e., 97%) all over the visible 

spectral region, as well as very high mechanical strength with Young’s modulus of 1.0 TPa. Another 

interesting feature is the 2D confinement of excited charge carriers that enables extraordinary charge 

carrier transportation over several micrometers without scattering. These characteristics make the 

graphene nanosheets possess superior carrier mobility and excellent electrical conductivity [7]. The 

dramatic enhancement of structural and sensitive physical properties that are associated with the 

exfoliation of bulk graphite phase to small size graphene nanosheets arises the research curiosity to study 

the change in the properties of other layered materials when their size is reduced to the nanosize range. 

This is because all layered materials exhibited stronger intraplane chemical bonding compared with the 

weak interplane van der Waals interactions. The exfoliated layered materials in the form of two-

dimensional (2D) nanosheets with enhanced surface-to-volume ratio help improving the performance in 

energy and sensing applications [8, 9]. There are several categories belongs to layered materials such as 

TMDs (e.g., MoS2, WS2, ReS2), nitrides (e.g., BN), phosphorene (black phosphorus (BP)), and MXenes 

(e.g., Ti3C2, Ta4C3). TMDs are 2D semiconductors with the general formula MX2, in which “M” refers to 

the transition metal (i.e., Mo or W), and “X” is the chalcogen element (i.e., S, Se, or Te). The atomic 

spatial configuration TMDs inside the layered structure is created by inserting a layer of transition metals 

atoms “M” between two chalcogens “X” atomic layers. The intraplanr bonding is commonly covalent, 

meanwhile, the stacked layers are weekly bonded by van der Waals interactions. There are several 

configurations that the TMDs layers can be stacked with such as one tetragonal (1T), two hexagonal (2H), 

and three rhombohedral (3R) symmetries. Another interesting example is hexagonal BN (h-BN) that is an 

isomorph for the layered graphite phase and consists of intraplane covalently bonded B and N atoms [10]. 

Both h-BN and 2H-MoS2 nanosheets are widely used in energy conversion and storage applications [11-

15]. Due to the growing demand for 2D NMs, it becomes increasingly important to develop cost-effective 

and scalable methods for producing 2D NMs.  There are various synthesis techniques for 2D NMs that 

follow either bottom-up or top-down approaches as described below.      
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1. 2. 2D NMs synthetic approaches  

1. 2. 1. The bottom-up synthetic approach of 2D NMs 

The Bottom-up approaches depend on the direct buildup of 2D nanomaterials with the constituent 

building block atoms. There are various bottom-up synthetic techniques involves CVD, PVD, molecular 

beam epitaxy, atomic layer epitaxy, and wet chemical syntheses. These methods generally require harsh 

reaction conditions (e.g., high temperature, high vacuum) and complicated post-treatment steps (e.g., 

substrate transfer and purification). Considering graphene as an atypical example, much effort has been 

made to develop bottom-up routes for its preparation. Representatively, CVD on catalytic metal substrates, 

such as copper or nickel, has shown rich potential for producing large-area, high-quality graphene. 

However, CVD growth requires a high reaction temperature, sacrificial metal catalyst, and multistep 

substrate transfer process. Many variables must be precisely controlled to produce high-quality graphene, 

including such parameters as the mixing ratio, feeding rate, and amount of source gases, reaction 

temperature, and cooling rate. Chemical synthesis can be performed at a lower temperature (<200 ºC) and 

may allow for better control at an atomic level. However, syntheses of large-area 2D nanomaterials by 

such bottom-up methods still need further development [16-20] . 

1. 2. 2. The top-down synthetic approach of 2D NMs 

For the scalable production of 2D NMs, the top-down approach is widely used because it can be 

performed near ambient conditions and capable of producing dispersions of few-layer nanosheets using 

either a chemical or physical approach. These techniques are based on the mechanical exfoliation of 

weakly interacted stacked layers into few-layer nanosheets, in which various driving forces can be 

employed to break the weak van der Waals interactions. Various mechanical-based exfoliation techniques 

such as sonication and ball-milling are widely used for large-size production of 2D NMs that can be further 

illustrated below:  

1. 2. 2. 1. Mechanical exfoliation mechanism 

In the ideal process of layered materials exfoliation, the stacked layers can be peeled from the bulk 

phase layer by layer. There are two approaches of mechanical exfoliation either by using normal force or 

lateral force as shown in Figure 1.  1. One can exert normal force to overcome the van der Waals attraction 

when peeling two stacked layers apart. This can be practically done by techniques such as micromechanical 

cleavage by Scotch tape techniques [21, 22]. Because the layered materials have a self-lubricating ability 
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in the lateral direction, one can also exert lateral force to promote the relative motion between the stacked 

layers. These two mechanical approaches can occur individually or as a combination based on the 

optimized techniques for the efficient transformation from the bulk phase to small-size nanosheets. The 

fragmentation process is expected to occur during exfoliation, as shown in Figure 1.  1. The force 

generated by the exfoliation technique can also fragment the large-size micron powder into smaller ones. 

This fragmentation can reduce the lateral size of layered materials and make reduce the collective van der 

Waals interaction forces between the stacked layers in the small grains. 

 

1. 2. 2. 2. Mechanical exfoliation techniques 

a) Micromechanical cleavage 

The micromechanical cleavage was the first technique to obtains small graphene nanosheets from 

stacked layers of crystalline graphite phase [23]. The main idea of this technique is the cleavage of 

graphene layers from the surface of the bulk graphite phase according to procedures illustrated in Figure 

1.  2. The exfoliation mechanics of this method are that the Scotch tape is applied to the bulk graphite 

surface and thus exerts a normal force. If one takes great pains to repeat this normal force numerous times, 

the graphitic layer becomes thinner until becomes single-layer graphene. The exfoliation mechanics are 

dominated by a normal force. This method can be used to prepare high-quality and large-area graphene 

flakes. However, this method is extremely labor-intensive and time-consuming. It is limited to laboratory 

research and seems impossible to scale up for industrial production.  

Figure 1.  1: Schematic diagram for two mechanical based approach of layered materials exfoliation [21, 22]. 
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Figure 1.  2: An illustrative procedure of the Scotch-tape based micro-mechanical cleavage graphite-to-graphene 

transformation [23]. 

Figure 1.  3: (a) highly crystalline graphite mounted and trimmed to a pyramid shape. (b) Setup showing the wedge 

alignment with graphite layers [24].  
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To save time and enhance the exfoliation performance, Jayasena et al [24] have developed a lathe-like 

experimental setup to cleave graphite samples for generating graphene flakes As shown in Figure 1.  3, in 

which the crystalline graphite is trimmed into a pyramid shape. The tool for cleaving graphite is an 

ultrasharp single-crystal diamond wedge. The diamond wedge is mounted onto an ultrasonic oscillation 

system and is aligned carefully concerning the graphite mount. When the ultrasharp wedge is held fixed 

and the work material is fed slowly downwards towards the wedge, lathe-like behavior happens and the 

lathed products sliding off the diamond wedge surface are cleaved graphite fakes. This method is lathe-

like and can be scaled up to available lathe techniques, but the obtained thin flakes have a thickness of tens 

of nanometers. Further precise control of the diamond wedge is required for achieving high-quality 

graphene. The micromechanical cleavage technique was also optimized to exfoliate other 2D NMs [25-

27]. 

b) Sonication 

The sonication-assisted liquid-phase exfoliation of layered materials is commonly used for the large-

scale production of 2D NMs [28-31]. In the typical procedures, the layered materials are dissolved in 

specific organic solvents, such as N, N-dimethylformamide (DMF), and N-methyl- pyrrolidone (NMP), 

followed by sonication and centrifugation. This method is suitable for the large-scale and low-cost 

production of 2D NMs. However, the low transformation rate (e.g., graphite-to-graphene transformation) 

that requires long fabrication times. This restricts the spreading of this technique in real-life applications. 

Researchers attempted to overcome this restriction by increasing the sonication time, increasing the initial 

graphite concentration, adding surfactants and polymers, solvent exchange methods, and mixing solvents 

[32-35]. Hernandez et al., [28] demonstrated that the liquid-phase exfoliation of graphite is attributed to 

the small net energetic cost during the ultrasound-induced exfoliation process, in which the energy balance 

for the 2D materials nanosheets and used solvent system is expressed as the enthalpy of mixing per unit 

volume as described below: 

∆𝐻𝑚𝑖𝑥

𝑉𝑚𝑖𝑥
≈

2

𝑇𝑓𝑙𝑎𝑘𝑒
(𝛿𝐺 − 𝛿𝑠𝑜𝑙)2∅  Eq.  1 

in which Tflake is the thickness of a graphene flake, Φ is the graphene volume fraction, and δ is the square 

root of the surface energy of either layered materials or the used solvent. δ is defined as the energy per unit 

area required to overcome the van der Waals forces when peeling two sheets apart. This demonstrates that 

when the surface energy of the layered materials and the used solvent is close to each other the mixing 

enthalpy will be smaller and the exfoliation has more probability to occur. Therefore, choosing the 
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appropriate solvent with suitable surface energy that matches the desired layered materials is of great 

importance for sonochemical-assisted exfoliation. However, If the solvent temperature is elevated or the 

sonication time is increased the surface energy and the surface tension will be changed. Hence, the used 

solvents would suffer from degradation and their properties will also be changed These may make the 

large-scale production of 2D NMs is difficult. Lin et al., [36] have noticed the tunning of solvent surface 

energy with the variation of temperature reaction temperature during the reduction of graphene oxide using 

the solvothermal technique. The obtained results helped them to establish a temperature-dependent model 

of surface energy engineering for the large-scale production of graphene. The mechanical exfoliation 

according to the sonication mechanism is originating from the liquid cavitation as shown in Figure 1.  4. 

The produced bubbles by the localized cavitation will distribute around the layered materials flakes. 

Besides, due to the bubbles' collapse, instant micro-jets and shock waves will act on the surface of the 

layered material. This will produce compressive stress waves which propagate throughout the stacked 

layers of the bulk phase. When the propagated compressive waves reach the second interface between the 

layered materials surface and the surrounding solvent, a tensile stress wave will be reflected in the layered 

materials body according to the theory of stress waves [37]. The numerous collapses of micro-bubbles 

could produce intensive tensile stress that responsible for the layered materials exfoliation. Furthermore, 

a secondary process is possible that the unbalanced lateral compressive stress can also separate two 

adjacent flakes by a shear effect. Also, the micro-jets may split the micro-flakes just as a wedge is driven 

into the interlayer. Although, the sonochemical-assisted liquid-phase exfoliation of 2D NMs has some 

limitations that can be further illustrated as follows: I) the 2D NMs prepared by the sonication method has 

a high concentration of defects. This behavior is caused by the sonication-induced cavitation that is 

accompanied by a dramatic increase in the localized thermodynamics parameters (i.e., pressure and 

temperature) [38, 39]; II) the distribution and intensity of the cavitation strongly dependent on the vessel 

size and shape; and III) The low efficiency of exfoliation due to the fixed position of the used ultrasonic 

source  (i.e., bath or ultrasonic probe), which mostly accompanied by a static distribution of cavitation. 

This is not favorable for efficient exfoliation, because the layered materials flakes be exfoliated in the 

region of high cavitation intensity better than the region of low cavitation intensity [40, 41].  
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c) Ball milling  

As previously discussed, sonication-based exfoliation is depending on normal force. The shear force 

can also be utilized for lateral exfoliation of layered materials as illustrated in Figure 1.  1  The ball milling 

technique is a good candidate for generating shear force, which is widely used in the powder fabrication 

industry. The mechanical exfoliation mechanism according to ball milling is schematically demonstrated 

in Figure 1.  5 [42]. There are two possible ways responsible for the exfoliation and fragmentation effects. 

The primary one is the shear force, which is thought to be an excellent mechanical route for exfoliation. 

This way is highly desired for achieving large-sized 2D NMs. The secondary one is the collisions or 

vertical impacts applied by the balls during rolling actions. This is expected to fragment the large grains 

into small ones. There are two approaches used in ball milling exfoliation either dry or wet- ball milling 

that is further illustrated as follows:  In the beginning, the ball milling was used to reduce the size of 

graphite. The flake thickness was reduced to around 10 nm but still possesses the graphite nature [43, 44]. 

To produce graphene, a suitable liquid was used like the sonication-based liquid-phase exfoliation of 

graphene. There are two types of ball milling techniques planetary ball mills [45, 46], and stirred media 

mills [47, 48]. The choice of dispersing solvent for graphite that matched the surface energy of the graphite 

Figure 1.  4: Schematic diagram for the mechanical mechanism for exfoliation via sonication process [40, 41] 
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is important to overcome the van der Waals forces of stacked layers. Various solvent types can be used for 

graphite dispersion such as dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP). Zhao et 

al.[49] used a planetary mill for wet ball milling to get graphene. This scheme depends on long-time 

milling (30 h) and the rotating tray should be controlled at a low speed (300 rpm) to ensure that the shear 

stress is dominant. Yao et al., [50] used sodium dodecyl sulfate aqueous solutions as the wet medium for 

ball milling graphite. However, the exfoliation degree is relatively low and subsequent sonication is 

required. Strong aqueous exfoliants (i.e., 1-pyrene carboxylic acid and methanol) combined with energy 

ball milling were used to increase the exfoliation degree of layered materials and efficiency. This approach 

provided a faster exfoliation rate compared with the usage of DMF as dispersing solvent [51]. 

 

Similarly, Rio-Castillo et al. [52] recently used melamine an exfoliating agent for the intercalation of 

graphite layers and found that adding a small amount of solvent during the ball milling process can enhance 

the intercalation and promote exceptional exfoliation of carbon nano-fibers into graphene nanosheets as 

schematized in Figure 1.  6. The previous reports used high-energy planetary ball milling, which is 

favorable for combined functionalization and exfoliation. Meanwhile, a drawback is the long processing 

time (several ten hours) and/or requirement of sonication-assisted post-dispersing steps. On the other hand, 

the planetary ball mills used wet stirred media mills which operate with much smaller grinding media and 

allow better temperature control during the processing [48, 53]. Another strategy was followed in the ball 

Figure 1.  5: Schematic diagram for the mechanical mechanism for exfoliation via ball milling [42]. 



 

Page | 36 

 

milling-based mechanical exfoliations, in which the dry ball milling through mixing graphite micron 

powder with chemically inert water-soluble inorganic salts such as Na2SO4. This would result in interlayer 

separation that is followed by subsequent water washing and/or sonication of the milling products to obtain 

final graphene powders as shown in Figure 1.  7 [54].  

 

In the dry ball milling technique, the exfoliated 2D NMs can be functionalized with other elements such 

as sulfur, which the large electronegativity difference between the graphene and the incorporated sulfur 

atoms would result in composites with better performance compared with the bare graphene nanosheets 

[55]. In contrast to these methods which suffer from the basal plane functionalization of graphene, Jeon et 

al. put forward an edge functionalization route for the scalable production of graphene by dry ball milling. 

They dry milled graphite in the presence of hydrogen, carbon dioxide, sulfur trioxide, or a carbon 

dioxide/sulfur trioxide mixture. Upon exposure to air moisture, the resultant hydrogen-, carboxylic acid-, 

sulfonic acid-, and carboxylic acid/sulfonic acid-functionalized graphene flakes were obtained [56, 57]. 

The edge-carboxylated graphite is highly dispersible in various solvents and can self-exfoliate into mono- 

and few-layer graphene nanosheets. These examples of edge-selectively functionalized graphene proved 

to be of high quality. Though the ball milling technique is thought of as an intriguing method for the large-

scale production of graphene, the defects induced by the high-energy collision of grinding media are less 

clear. Since collisions among the grinding media cannot be prevented during the milling process, 

fragmentation and defects are unavoidable.   

Figure 1.  6: Ball milling exfoliation of carbon nanofibers into graphene by using melamine as an exfoliating agent 

[48, 53].  
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1. 3. Formation of TMs-based hybrid NCs with 2D NMs  

In general, there is no single process to fabricate TMs-based hybrid NCs with 2D NMs, which one 

of each material (i.e., TMs or 2D NMs) are separately prepared and then the mixing or chemical bonding 

with other materials through a chemical process that can be further illustrated as follows:  Masjedi-Arani 

et al., [58] have prepared CdSnO3-graphene hybrid NCs via microwave-assisted sonochemical technique. 

Firstly, the CdSnO3 NPs were separately synthesized using the sonochemical technique. Then the obtained 

CdSnO3 powder was mixed with the pre-synthesized graphene and stirred at 90 °C for 30 min. Finally, the 

mixed CdSnO3-graphene NCs powder was exposed to microwave irradiation for 15 min and dried in an 

oven. Li et al., [59] have synthesized TiO2@rGO heterostructure NCs using the alkaline hydrothermal 

technique. The pre-synthesized powder of TiO2 NPs and rGO was mixed in NaOH aqueous solution. Then, 

the mixture was transferred to a Teflon-lined stainless steel autoclave and heated to 180 °C at different 

times. The obtained sediment was washed in water and HCl solution. The samples were freeze-dried and 

then calcined at 400 °C for 2 h under an N2 atmosphere. Barakat et al., [60] have prepared Ni(OH)2-TiO2@ 

graphene NCs using chemical precipitation technique. The pre-synthesized TiO2 and graphene powder 

were mixed in an aqueous alkaline solution, which the Ni2+ source was added dropwise until under a fixed 

stirring process. The reaction time was around 2 h and the reaction pH was controlling by NaOH solution. 

To make sure of composite formation, the formed precipitate was stirred for 48 hands the obtained powder 

after several cleaning processes were dried in an oven at 100 ºC for 18 h. Duan et al., [61] fabricated 

Figure 1.  7: Schematic of the soluble salt-assisted ball-milled route to graphene nanosheet powder [54]. 

https://www.sciencedirect.com/science/article/pii/S2238785420321773#!
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Co3O4-MoS2 hybrid NCs using microwave plasma chemical vapor deposition (MOCVD). The individual 

micron powder of MoS2 and Co3O4 micron powder were individually prepared using the solution drying 

method. The mixture was deposited using the MPCVD technique. The resulted Co3O4-MoS2 composites 

exhibited a large size of about 6 m. Wang et al., [62] have prepared the core-shell structure of 

CoFe2O4@MoS2 hybrid NCs using the solvothermal technique. First, the CoFe2O4 NPs were prepared 

using 1 h ultrasound followed by the solvothermal process at 200 ºC for 4 h. The obtained powder was 

dried in the oven at 60 ºC for 12 h. The final powder was used to form a composite with MoS2 nanosheets 

using ultrasound and solvothermal process at 200 ºC for 24 h. The fine precipitate of CoFe2O4-MoS2 hybrid 

NCs was filtered and dried in the oven. Kumar et al., [63] have used the microwave-assisted technique to 

synthesis Mn3O4-Fe2O3/Fe3O4@rGO ternary hybrid NCs.  

1. 4. Vacuum kinetic spray process for NMs deposition   

The deposition process for nano-sized ceramic and metallic films on different substrate types can be 

performed using the high-velocity impact of micron powder in one step at room temperature according to 

the vacuum kinetic spray process using various strategies such as cold spray, the aerosol deposition (AD) 

technique and nano-particle deposition system (NPDS) [64-67]. The dry-spray deposition has general 

advantages like a) room temperature deposition; b) no thermal damage for the substrate; c) no use for 

hazardous chemicals; and d) one-step deposition in a short time. In general, the dry-spray deposition 

mechanism of the nano-sized thin film involves the transportation of micron powder (i.e., either metallic 

or ceramics) at a high-pressure carrier gas through a nozzle. Followed by the high-velocity impact of 

micron powder with the substrate and the formation of the bonded layer at the substrate surface.  The main 

difference between the dry-spray deposition techniques (i.e., cold spray, AD, and NPDS) is the range of 

powder feeding pressure and deposition pressure, see Figure 1.  8, according to Chun et al [68]. The 

deposition mechanism of micron powder in the AD technique involves the micron ceramics powder 

fragmentation and bonding with substrate interface [69]. However, the derived localized thermodynamic 

parameters (i.e., the pressure of 2.5 GPa and temperature of 500 K) from the numerical simulation of 

single-particle impact according to Akedo et al., [64] is not enough for interfacial bonding between the 

fragmented particles and the used substrate. Also, the simulation results did not show any clear particle 

fragmentation after the impact. So, the deposition mechanism of ceramics powder is not understood in the 

case of AD deposition. The deposition mechanism of metallic powder using the cold spray technique is 

recognized as adiabatic shear instability, in which the high plastic strain at the particle/substrate interface 
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results in micron powder fragmentation and softening due to adiabatic heating. Hence, the bonding 

between the NPs and the substrate is possible. The NPDS was used for NPs deposition from either metals 

or ceramics on various types of substrates for metals and ceramics nano-sized thin films. 

 

The typical deposition conditions according to the NPDS involve the fragmentation of submicron ceramic 

particles into nanoparticles due to shock compaction waves produced by the successive impact of 

submicron particles. The accompanied adiabatic energy transfer results in a sharp increase in the localized 

pressure and temperature, which are saturated within several nanoseconds from the impact. This would 

provide sufficient interfacial bonding energy of the small NPs and the used substrate surface [70]. The 

dry-spry deposition using the AD process is mainly used for ceramics materials [64, 69]. Besides, the nozzle 

configuration in the AD technique cannot control the supersonic flow that is considered as a limitation in the 

deposition metal micron powder that requires a high critical velocity exceeds the sound speed in the air [71]. The 

cold spray deposition was used depositing metals and ceramics but each material type needs a different 

system configuration [72]. In the cold spray process, the micron powder that is carried out by supersonic 

flow is deposited on the substrate at atmospheric pressure. The high-pressure flow creates a strong shock 

wave around the substrate. The small particles cannot penetrate the substrate and fragmentation is expected 

due to the high impact velocity [73]. There is a limitation for the used micron powder size in the cold spray 

technique, in which the minimum micron particle size is around 10 m. The second limitation appears 

when using ceramic micron powder with a large particle size that could erode the substrate similar to  

Figure 1.  8: Comparison of the pressures in the deposition chamber and the powder feeder of the cold spray, nano-

particle deposition, and aerosol deposition systems 
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powder blasting mechanical etching [74]. In contrast, the used nozzle in the NPDS has a converging inlet-

diverging outlet configuration in a vacuum, which helps to reduce the shock wave strength and control the 

supersonic flow. The converging-diverging geometrical configuration of the nozzle in the NPDS will increase the 

dispersed particle speed and make the NPDS system able to deposit more materials compared with the AD system. 

Moreover, the aerosol generators used for AD have low controllability, especially for heavy powders, so a fluidized 

bed powder feeder is used in NPDS. 

1. 5. Research goals and objectives  

2D NMs materials and their heterostructure NCs are widely used in a variety of applications related 

to energy and sensors. To expand the commercial use of such materials, the fabrication cost efficiency and 

the ability for large-size production must be considered. As previously illustrated. This goal cannot be 

achieved by the conventional mechanical exfoliation technique of layered materials such as ball milling 

(wet or dry) and sonochemical techniques Since these techniques used to prepare 2D NMs in several 

separate steps that consume long labor work time and need further post-treatment for waste products. 

Furthermore, the formation of hybrid NCs with other materials can not be prepared in the same process, 

in which each material is separately prepared and mixing of two materials is performed in extra steps.  As 

we illustrated in the previous section, the vacuum kinetic spray process according to the NPDS technique 

was successfully used for the fabrication of several nanosized materials (i.e., metals and semiconductors) 

in one step at room temperature. Also, the graphene nanosheets and their hybrid were directly deposited 

on several substrates from the corresponding graphite micron powder in a single step.    

The ability of graphene nanosheets deposition and formation of hybrid NCs formation with several 

functional nano-sized TMs compounds by the NPDS in one step motivated us to examine the ability of 

mechanical exfoliation of other graphene-like materials (i.e., layered materials) with a similar hexagonal 

structure such as molybdenum disulfide (MoS2) and boron nitride (BN) by the NPDS without the need of 

any chemical assistance. Hence, we could use the NPDS as a single system for the mechanical exfoliation 

of pure layered materials and formation of the formation of hybrid NCs with other functional materials in 

a single process, which reduces the fabrication time and consequently enhance the fabrication cost 

efficiency for commercial life applications.  

The fabricated hybrid electrodes by the NPDS technique were utilized in energy conversion 

applications related to water splitting and non-enzymatic sensing of H2O2 in alkaline medium to 
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demonstrate the performance improvement compared with 2D NMs-based electrodes that were fabricated 

by other conventional techniques as  

1. 6. Thesis Organization 

The detailed plan for the present thesis is divided into several chapters that are concerned with specific 

goals.  

Chapter 1 focuses on several issues that are mainly concerned with the ability of production of 2D 

NMs from the mechanical exfoliation of layered micron powder by a cost-effective and scalable technique. 

Firstly, we presented the room temperature deposition of ceramics and metals-based nanoparticles from 

the corresponding micron powder using several vacuum kinetic spray techniques including aerosol 

deposition, cold spray, and the NPDS. The advantages and drawbacks of each technique were illustrated 

in detail. The second issue to recognize the characteristics of various layered materials types (e.g., 

graphene, TMDs, etc.). Due to the wide spreading of 2D NMs in technological applications, we 

demonstrated the recently available technique to recognize which is better for large-size production. 

Finally, we demonstrated the role of 2D NMs in improving the performance of water splitting-energy 

conversion applications through various routes (i.e., electrocatalysis, photocatalysis, and photo-

electrocatalysis) as well as the non-enzymatic electrochemical sensor in alkaline medium    

Chapter 2 demonstrates information about the used materials in the deposition process of pure 

phases or heterostructure electrodes by the NPDS from the initial micron powders on either metal or 

ceramic substrates. The deposition conditions of 2D NMs pure phases and their nanocomposites (NCs) 

with transition metal compounds are explained in detail. Also, the experimental measurements for 

evaluating the electrochemical performance of the fabricated hybrid electrodes toward the water splitting 

and non-enzymatic H2O2 sensing applications are illustrated in various configurations. 

In chapter 3, we investigate the feasibility of the direct mechanical exfoliation and deposition of 

various layered material types such as graphite, MoS2, and boron nitride (BN) in one step at room 

temperature under low vacuum conditions using NDPS. The deposited nano-sized thin films are studied 

by various surface characterization x-ray diffraction (XRD), scanning electron microscope (SEM), and 

Raman spectroscopy. Based on the obtained results we verified the occurrence of mechanical exfoliation 

of layered materials to small-size nanosheets due to the micron powder fragmentation and interlayer 

separation of their stacked structure layers.  
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After checking the feasibility of mechanical exfoliation of the layered materials pure phases 

(graphite, MoS2), we will check the ability of NCs formation between either graphene or MoS2 nanosheets 

with functional transition metal compounds for water splitting based energy conversion applications and 

non-enzymatic electrocatalytic detection of H2O2. These applications depend strongly on the induced water 

splitting species (i.e., oxygen or hydrogen) that can be used in different forms such as electrochemical 

energy storage or directly for the degradation of industrial waste products. For the occurrence of the water-

splitting, an external energy source should be applied, which can be either photon, electricity, or hybrid in 

the form of photo-electrocatalytic water splitting. The formation of functional hybrid NCs with 2D 

materials nanosheets is widely used for these applications to improve the efficiency of power transferring 

or accelerating the charge transfer process at the interface between the fabricated electrodes and the used 

electrolyte. Each graphene or MoS2 can verify this goal but with different synergy mechanisms between 

the hybrid NCs species. To illustrate this, we investigated the effect of hybridization between one of the 

2D materials nanosheets and various types of transition metal compounds. Besides, the formed NCs hybrid 

electrodes were utilized for improving overall performance by variation of materials composition ratio.    

• Graphene nanosheets-based hybrid NCs   

Hybrid NCs between graphene nanosheets and either nano-sized Ni(OH)2 or Co3O4 were directly 

deposited in one step at room temperature on nickel foam (NF) porous substrate to study the 

electrocatalytic water splitting in the alkaline medium (i.e., 1.0 M KOH) as demonstrated in chapter 4& 

5. In both studies, the graphite content in the initial micron powder was changed relative to the used TMs 

material for thin deposition by the NPDS. To demonstrate the hybridization between the graphene and 

TMs species in the deposited nano-sized thin films various surface sensitive techniques such as XRD, FE-

SEM, Raman spectra, and x-ray photoelectron spectroscopy (XPS) were used. Besides, to study the 

electrochemical performance of the fabricated heterostructure nano-sized electrodes toward the overall 

water splitting, the kinetic of each oxygen evolution reaction (OER) and the hydrogen evolution reaction 

(HER) were separately evaluated in the three-electrode configurations. The utilized working electrode 

(WE) was based on the hybrid NCs at different graphite content. The optimum composition ratio between 

the graphite species and the TMs materials for each the OER and the HER was recognized, in which the 

higher graphite content in the fabricated hybrid NCs exhibited better electrochemical performance toward 

the OER due to the overall improvement in the charge transfer kinetics. Whereas the fabricated electrodes 

with hybrid NCs that contain a high percentage of TMs showed better electrochemical performance toward 

the HER. Furthermore, Co3O4-graphene hybrid NCs/NF at different graphite content in chapter 5 was 



 

Page | 43 

 

also, utilized for the investigation of electrochemical reduction of H2O2 in alkaline medium (0.1 M NaOH). 

The results revealed the overall improvement of H2O2 reduction with the increase of graphene content in 

the fabricated hybrid NCs due to the improvement of both the charge transfer kinetics and the density of 

electrocatalytic active centers. This makes the deposited Co3O4-graphene hybrid NCs/NF with an optimum 

composition ratio a good candidate as an electrochemical non-enzymatic sensor for H2O2 in an alkaline 

medium.   

Graphene hybrid NCs uses for water splitting applications that depend only on photon excitation or 

hybrid with electricity in the form of photoelectrochemical was also investigated in chapter 6 & 7, in 

which ZnO-graphene NCs hybrid photoanodes at different graphite content were deposited in NF porous 

substrate and titanium sheet substrate in one-step by the NPDS at room temperature. The formation of NCs 

and the hybridization between the ZnO and graphene nanosheets in the hybrid NCs were characterized by 

several techniques such as XRD, FE-SEM, as well as various spectroscopic techniques (i.e., Raman, UV-

visible absorption, photoluminescence, and x-ray photoelectron spectroscopy. The modified electrodes 

with ZnO-graphene NCs hybrid photoanodes were utilized for studying the photoelectrochemical water 

splitting in an alkaline medium (i.e., 0.5 M Na2SO3) as well as photocatalytic degradation of methylene 

blue under visible-light irradiation. We find that the synergy improvement between the graphene 

nanosheets and nano-sized ZnO species in the NCs hybrid photoanodes resulted in overall transfer in the 

photogenerated carrier separation and transfer, which in turn enhanced the solar energy harvesting. This 

was accompanied by an enhancement in photocatalytic water oxidation as well as the improvement of MB 

degradation kinetics. Furthermore, the stoichiometric ratio (i.e., 50: 50 wt.%) exhibited the optimum 

composition with the highest solar energy conversion efficiency. 

• MoS2 nanosheets-based hybrid NCs 

Hybrid NCs between MoS2 nanosheets and Co3O4 was deposited in one step at room temperature on 

NF porous and titanium sheet substrate to study the electrocatalytic water splitting in the alkaline medium 

(i.e., 1.0 M KOH) as well as the electrochemical oxidation of H2O2 in an alkaline medium (0.1 M NaOH) 

as illustrated in chapter 8 & 9. In both cases, the ratio of Co3O4 to MoS2 content in the micro-sized powder 

was mixed using the ball milling technique, which is used in the thin film deposition process by the NPDS. 

The hybridization between the MoS2 nanosheets and nanostructure Co3O4 in the fabricated thin films was 

examined by several techniques like XRD, FE-SEM, Raman spectra, and XPS. The fabricated Co3O4-

MoS2 NCs/NF was used as an anode for testing the OER in 1.0 M KOH as demonstrated in chapter 8. We 
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found that the synergy improvement between the Co3O4 and MoS2 species resulted in an improvement of 

the OER reaction kinetics as well as the decrease of water oxidation overpotential. Furthermore, the hybrid 

NCs with high MoS2 nanosheets contents exhibited better electrocatalytic activity toward the OER 

compared with other composites. Whereas Co3O4-MoS2 hybrid NCs with high Co3O4 content exhibited 

better electrocatalytic activity and selectivity toward H2O2 oxidation compared with other composites, as 

demonstrated in chapter 9.  

In chapter 10, we tried to compare the effect of different synergy behavior between the nano-sized 

Mn3O4 and various types of 2D materials such as MoS2 and graphene nanosheets, which directly exfoliated 

and deposited in one step using the NPDS. The fabricated Mn3O4- hybrid NCs were utilized for studying 

the H2O2 reduction in the alkaline medium (0.1 M NaOH). In both cases, the initial ratio of Mn3O4 to the 

layered material (i.e., MoS2 or graphite) content was kept 1: 1 in the micro-sized powder, which the mixed 

process was performed by the ball milling technique. The mixed micron powder was used in the deposition 

process on the NF porous substrate by the NPDS. The hybridization between the 2D materials nanosheets 

and the nanosized Mn3O4 in hybrid NCs was examined by several techniques like XRD, FE-SEM, Raman 

spectra, and XPS. The electrocatalytic reduction of H2O2 was investigated in the 3 electrode cell 

configuration, in which the synergy improvement between the Mn3O4 and either graphene or MoS2 

nanosheets resulted in an improvement of the H2O2 reduction kinetics compared with the pure Mn3O4 

phase. The real-time detection of H2O2 was performed using the chronoamperometric (CA) techniques, 

which revealed a wide linear detection range and high sensitivity toward the H2O2 reduction.
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2. 1. Materials 

2. 1. 1. Layered materials  

The used layered materials powder with micro-size range and hexagonal structural phase are: 

• graphite (size  10 m, MGF 10 995A, Samjung C&G, Gyeongsan, Korea). 

• MoS2 (size  m, assay 98%, CAS#1317-33-5, Sigma-Aldrich, USA). 

• Boron Nitride powders (size  5 m, assay 99.8%, CAS#10043-11-5, US Research Nanomaterials, 

Inc, USA).  

2. 1. 2. Transition metals compounds  

Various type of transition metal compounds with micro-size range are used based on the application 

category as illustrated below: 

• Ni(OH)2 powder (size < 5m, CAS#: 12054-48-07, Aldrich, MW: 92.71 g/mol, mp: 230 oC, d: 4.1 

g/mL, Germany). 

• Co3O4 powder (size ≈ 2.5 m, CAS#: 1308-06-1, US Research Nanomaterials, Inc, USA). 

• Mn3O4 powder (size ≈ 2.5 m, CAS#: 1317-35-7, US Research Nanomaterials, Inc, USA). 

• ZnO microparticles (size < 5m, assay 99.9%, CAS#1314-13-2, Sigma-Aldrich, USA). 

2. 1. 3. Substrate   

The used substrates are: 

• Ni foam (NF) substrate (99.5%, 110 PPI, d=350 g∙m-2, and thickness of 1.6 mm, Invisible, 

Inc., Korea) 

• Single side polished sapphire wafer (orientation: C(001) 0.2o ± 0.05; diameter: 2 inch; thickness: 

430 ± 25 m, i-Nexus Inc. Korea).  

• titanium sheet (99.5%, and 0.5 mm thick, Nilaco Corporation, Japan). 

2. 1. 4. Electrolytes and solvents 

• A 1.0 M KOH electrolyte was used (CAS#: 1310-58-3, Daejung, Korea) was used to study the 

electrocatalytic water measurements (i.e., OER and HER) in the alkaline medium. 

• A 0.1 M NaOH electrolyte (CAS#: 1310-73-2, Samchun, Korea) was used as an electrolyte for 

the non-enzymatic detection of H2O2 in an alkaline medium. 
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• A 0.5 M Na2SO3 electrolyte with a pH of 9.8 (CAS#: 7757–83–7, Duksan, Korea) was used for 

studying the PEC water splitting in an alkaline medium. 

• Methylene blue (MB; Catalog No. 5578-4125, Daejung Co. Ltd., Busan, Korea) with a 

concentration of 5 mgl-1 was used to evaluate the kinetics of photodegradation under visible light 

irradiation.  

2. 2. Fabrication of nano-sized thin films by the NPDS   

Various types of functional semiconductors in the form of pure materials of mixed phases 

were deposited in one step using the NPDS under low vacuum conditions at room temperatures. 

In the typical condition of thin film deposition, the initial micro-sized powder was directly used in 

the deposition process. In the case of hybrid NCs, the desired weight percent mixtures of the micro-

sized powders were first prepared by mixing in a ball mill for 6 hours (5-mm diameter zirconium, 

1:10 ball to mass ratio, and 600 rpm). The mixed powders were then utilized in the NPDS system 

for direct deposition on the desired substrate with a total area of 4 cm2. As previously mentioned, 

the main concept in our deposition system is accelerating particles to acquire high kinetic energy, 

which results in the fragmentation of the micro-sized particles due to the inelastic collision with 

the substrate. The mechanism of accelerating powders is illustrated in the provided schematic 

diagram, Figure 2.  1. First, the deposition chamber was evacuated using a rough vacuum for ≤ 3 

torrs. Then, initial dispersion for the powder was performed by a powder feeder (cylindrical piston) 

and a rotating brush system. The vertical movement of the piston with precisely controlled with 

various speeds ranging from 0 to 4250 rpm, which was used with the rotating brush with rotation 

speed ranging from 7000 to 8000 rpm speed to adjust the loading mass of the deposited films. 

Then, an influx of compressed air at 3 ~ 3.5 bars carried the dispersed powder to reach the nozzle 

slit with dimensions (0.2 mm width, and height of 50 mm). The nozzle was a converging-diverging 

type, in which the input air powder mixture would experience pressure difference in the slit 

opening causing further acceleration to the particles included in the air. After that, the existing 

powder impacted the desired substrate fixed on the 3D stage at a normal incidence to the slit 

opening with a standoff distance (SoD) of 3 ~ 5 mm.  The inelastic collision between moving 

particles with high kinetic energy and the fixed substrate is the main reason for the fragmentation 
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of the micro-powders to nanostructured thin films. The detailed parametric conditions of the 

deposited nano-sized thin films for each compound are illustrated in the next Tables. 

 

Table 2.  1: Deposition conditions of Layered materials on the sapphire wafer substrate  

Material  

Area 

h*w 

cm2 

Powder  

pressure 

(bar) 

SOD 

(mm) 

Piston 

speed 

(rpm) 

Brush 

speed 

(rpm) 

Scan 

speed 

(rpm) 

Chamber 

pressure 

(torr) 

Flow 

rate 

(l/min) 

Graphite 

4 3.5 3 3500 8000 250 320 45 Molybdenum disulphide 

Boron nitride  

Table 2.  2: Deposition conditions of Ni(OH)2-graphite NCs on nickel foam 

Composition (%) Area 

h*w 

cm2 

Powder 

pressure 

(bar) 

SOD 

(mm) 

Piston 

speed 

(rpm) 

Brush 

speed 

(rpm) 

Scan 

speed 

(rpm) 

Chamber 

pressure 

(torr) 

Flow 

rate 

(l/min) 

Loading  
mass 

mg/cm2 Co3O4 Graphite 

0 100 

4 2 5 

4250 

7000 375 100 ~150 25 

0.5 

20 80 

2 ~2.5 

40 60 

60 40 
3000 

80 20 

100 0 2000 

 

 

 

Figure 2.  1: Thin film fabrication steps by the nanoparticle deposition system 



 

Page | 49 

 

Table 2.  3: Deposition conditions of Co3O4-graphite NCs on nickel foam 

Composition (%) Area 

h*w 

cm2 

Powder 

pressure 

(bar) 

SOD 

(mm) 

Piston 

speed 

(rpm) 

Brush 

speed 

(rpm) 

Scan 

speed 

(rpm) 

Chamber 

pressure 

(torr) 

Flow 

rate 

(l/min) 

Loading 
mass 

mg/cm2 Co3O4 Graphite 

0% 100% 

4*1 3 5 

4250 

7000 250 300~ 320 38 

0.5 

25% 75% 

~1.5 
50% 50% 3500 

75% 25% 2500 

100% 0% 2000 

Table 2.  4: Deposition conditions of Co3O4-MoS2 NCs on nickel foam 

Composition (%) Area 
h*w 
cm2 

Powder 
pressure 

(bar) 

SOD 
(mm) 

Piston 
speed 
(rpm) 

Brush 
speed 
(rpm) 

Scan 
speed 
(rpm) 

Chamber 
pressure 

(torr) 

Flow 
rate 

(l/min) 

loading 
mass 

mg/cm2 
Co3O4 MoS2 

0% 100% 

4*1 3 5 2000 7000 250 300 ~ 320 38 1~1.25 
25% 75% 
50% 50% 
75% 25% 

100% 0% 

Table 2.  5: Deposition conditions of Co3O4-MoS2 NCs on titanium-sheet   

Composition (%) Area 
h*w 
cm2 

Powder 
pressure 

(bar) 

SOD 
(mm) 

Piston 
speed 
(rpm) 

Brush 
speed 
(rpm) 

Scan 
speed 
(rpm) 

Chamber 
pressure 

(torr) 

Flow 
rate 

(l/min) 

loading 
mass 

mg/cm2 
Co3O4 MoS2 

0% 100% 

4*1 3 5 2000 7000 250 300~320 38 ~0.1 
25% 75% 
50% 50% 
75% 25% 

100% 0% 

Table 2.  6: Deposition conditions of ZnO-graphite NCs on nickel foam 

Composition (%) Area 
h*w 
cm2 

Powder 
pressure 

(bar) 

SOD 
(mm) 

Piston 
speed 
(rpm) 

Brush 
speed 
(rpm) 

Scan 
speed 
(rpm) 

Chamber 
pressure 

(torr) 

Flow 
rate 

(l/min) 

loading 
mass 

mg/cm2 
ZnO graphite 

25% 75% 

4*1 3 ~ 3.2 3 2000 8000 250 320-350 40 ~ 3 50% 50% 
75% 25% 

100% 0% 

Table 2.  7: Deposition conditions of ZnO-graphite NCs on titanium-sheet   

Composition (%) Area 
h*w 
cm2 

Powder 
pressure 

(bar) 

SOD 
(mm) 

Piston 
speed 
(rpm) 

Brush 
speed 
(rpm) 

Scan 
speed 
(rpm) 

Chamber 
pressure 

(torr) 

Flow 
rate 

(l/min) 

loading 
mass 

mg/cm2 
ZnO graphite 

25% 75% 

4*1 3 ~ 3.2 3 2000 8000 250 320-350 40 ~0.1 50% 50% 
75% 25% 

100% 0% 
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Table 2.  8: Deposition conditions of Mn3O4-2D materials (graphite, MoS2) NCs on nickel foam   

Composition (%) Area 
h*w 
cm2 

Powder 
pressure 

(bar) 

SOD 
(mm) 

Piston 
speed 
(rpm) 

Brush 
speed 
(rpm) 

Scan 
speed 
(rpm) 

Chamber 
pressure 

(torr) 

Flow 
rate 

(l/min) 

loading 
mass 

mg/cm2 
Mn3O4 graphite MoS2 

0 100 0 

4*1 3.5 3 2000 8000 250 320 45 

~ 0.5 
0 0 100 

2 ~ 2.5 
100 0 0 
50 50 0 
50 0 50 

2. 3. Surface Characterization techniques  

• The crystal structures the micro-sized powder, and the corresponding thin films 

were investigated by the Ultima IV X-ray diffractometer in the diffraction angle 

range from 10 to 100° with a diffraction angle step size of 0.02o.  

• The surface morphology and the corresponding elemental analysis of the used 

powders and the deposited thin films were analyzed using the energy-dispersive 

X-ray spectra (EDS) by the JEOL JSM-6500F field emission scanning electron 

microscope (FE-SEM). For depicting the interfacial bonding between various 

species in the deposited thin films, the surface morphology was further examined 

by a high-resolution transmission electron microscope (HR-TEM model: JEM-

2100F, JEOL), in which the sample was prepared and loaded on the grid using a 

focused ion beam (model: Helios 450HP FIB).  

• The active molecular vibrations related to various species in the micro-sized 

powder and the corresponding thin films were identified using the Fourier 

transform infrared (FTIR) spectrometer (model: Varian 670/620,  wavenumber 

range from 650 up to 4000 cm-1) as well as the micro-Raman spectroscopy (a 532 

nm Raman spectrometer with a 1 mW laser source, Alpha 300R, WITec. GmbH).  

• The interfacial states on the surface of the deposited thin films were scanned 

using the kα X-ray photoelectron spectrometer (XPS: Thermo Fisher Scientific, 

US) in the binding energy range 0 to 1400 eV.  

• The optical band gap was estimated from the optical diffuse reflectance spectra 

in the range from 200 to 800 nm using the UV-VIS-NIR spectrophotometer 

(Cary 5000, Agilent, US).  
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• The Photoluminescence (PL) emission spectra were recorded for the deposited 

thin films in the range from 300 nm to 600 nm using a fluorescence 

spectrophotometer (Cary Eclipse, Agilent, US). 

2. 4. Electrochemical measurements 

2. 4. 1. Electrocatalytic water splitting  

The electrochemical performance of the fabricated hybrid NCs electrocatalysts by the NPDS toward 

the OER and the HER in 1.0 M KOH was investigated using the electrochemical workstation (C350, 

Wuhan Corr-test Instruments Corp. Ltd., China) in the 3-electrode cell configuration, which the modified 

electrodes with 1 cm2 area were used as working electrode, either 1 cm2 Pt mesh or Pt wire were used as 

a counter electrode, and either Ag/AgCl in 1.0 M KCl or Hg/HgO in 1.0 M KOH were used as a reference 

electrode. Both the OER and HER potentials were IR-corrected and calibrated to RHE according to the 

following equation [75]: 

𝐸𝑅𝐻𝐸 = 𝐸𝑅𝑒𝑓. + 𝐸𝑅𝑒𝑓.
𝑜 + 0.059 ∗ 𝑝𝐻    Eq. 2. 1 

Here, E°
Ref. is the standard potential vs. NHE (E°

Ref = 0.098 V for Hg/HgO, and 0.235 V for 

Ag/AgCl) and ERef. is the applied potential difference vs. the used reference electrode in 1.0 M 

KOH. Linear sweep voltammetry (LSV) curves were measured in the potential range from 1.2 to 

1.8 V vs. RHE at 5 mV/s scan rate for the OER and from -0 to -6 V vs. RHE for the HER in 1.0 

KOH with the pH =14. The overpotential () values corresponding to the OER and HER were 

estimated from the following relations [76]:  

𝜂𝑂𝐸𝑅 = 𝐸𝑂𝐸𝑅 − 𝐸𝑂𝐸𝑅
𝑜 − 𝐼𝑅   Eq. 2. 2 

𝜂𝐻𝐸𝑅 = 𝐸𝐻𝐸𝑅 − 𝐸𝐻𝐸𝑅
𝑜 − 𝐼𝑅   Eq. 2. 3 

where EOER and EHER are the applied potentials on the working electrode vs. RHE for the OER and 

the HER, respectively. E°
OER is the standard potential of water oxidation of 1.23 V vs. RHE, 

meanwhile, E
°
HER is the standard water reduction potential of 0 V vs. RHE,  and IR is the potential 

correction due to the electrolyte nuisance resistance. 

The electrocatalytic reaction kinetics can be investigated using Tafel analysis, in which the 

estimated overpotential for either the OER or the HER is drawn on the y-axis vs. the log scale of 

the produced current according to the Tafel equation illustrated below [77]. The estimated slope 

exhibits the electrocatalytic reaction kinetics of the modified working electrode:   
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𝜂 = 𝑏𝑙𝑜𝑔 (
𝑗

𝑗𝑜
)   Eq. 2. 4 

where j is the current density, jo is the exchange current density, and b is the Tafel slope. 

The electrochemical active surface area (ECSA) of the modified electrodes with hybrid NCs was 

determined using capacitance components corresponding to double-layer [78] in which the potential was 

linearly scanned in the non-faradaic range from 0 to 0.1 vs. Hg/HgO in 1.0 M KOH electrolyte. The CDL 

represents the slope of the linear relationship between the current density (J) at various scan rate (υ) as 

described below:  

ΔJ = J𝑎𝑛𝑑𝑒-J𝑐𝑎𝑡ℎ𝑜𝑑𝑒  = CDL𝜐   Eq. 2. 5 

The cyclic voltammogram (CV) plots of the modified electrodes were recorded at various scan rates from 

10 to 100 mV·s-1 A linear relationship based on the above-mentioned equation between J at 0.05 vs. 

Hg/HgO and υ were plotted for all modified electrodes. The obtained CDL from the slope refers to the 

ECSA in the unit of mF·cm-2.  

2. 4. 2. PEC water splitting 

The PEC water splitting was measured in a 0.5 M Na2SO3 (pH = 9.8) electrolyte using the 

electrochemical workstation in the three-electrode configuration. The fabricated hybrid NCs photoanodes 

by the NPDS were utilized as working electrodes. The counter electrode was a 1 cm2 Pt mesh and the 

reference electrode was Hg/HgO in 1.0 M KOH. A halogen lamp with an incident light intensity of 85 

mWˑcm-2 (Photo-Optic LAMP 12V 100W) was used as the illumination source and the incident light flux 

was measured using a digital luxmeter (model: LX1330B). The Mott-Schottky plots were produced using 

the electrochemical impedance spectroscopy (EIS) in the dark state in the potential range from -1 to 0 V 

vs. Hg/HgO using an AC signal (5 mV amplitude, 1 kHz frequency). The photo-response current under 

the incident visible light was estimated from the current difference between the illumination and dark 

conditions using the linear sweep voltammetry from 0.5 to 1.8 V vs. RHE at the same scan rate. The charge 

transfer resistance (Rct) under illumination was measured using a Nyquist plot with AC signal amplitude 

of 5 mV in the frequency range of 100 kHz to 1 Hz at DC bias potential of 1.23 V vs. RHE. Additionally, 

the photocurrent stability was examined using the chronoamperometric (CA) technique at the DC bias 

potential of 1.23 V vs. RHE for successive10 cycles. The measured potential vs. Hg/HgO was calibrated 

to the RHE scale according to Eq. 2. 1:  
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2. 4. 3. H2O2 sensing 

The electrochemical non-enzymatic response for the H2O2 by the fabricated hybrid NCs electrodes 

was investigated by the CV plots at 50 mVs-1 in the absence and the presence of H2O2 in the potential 

range from 0 to -0.7 V vs. Hg/HgO for H2O2 reduction and from 0 to 0.8 V vs. Hg/HgO for H2O2 oxidation. 

Then, the performance of the hybrid NCs electrodes as a non-enzymatic sensor for H2O2 was quantitatively 

evaluated using the chronoamperometric (CA) plots, in which a gradual amount of H2O2 was added at a 

specific potential.  

 

 

 

 

 

 

 

 

 



 

 

 

Chapter 3:  

One-Step Mechanical Exfoliation and Deposition of 

Nanosheets of Layered Materials by a Room Temperature 

Vacuum Kinetic Spray Process  
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3. 1. Overview 

The transformation of three-dimensional (3D) materials with multiple stacked layers to two-

dimensional (2D) nanosheets is accompanied by a dramatic enhancement in various physical and chemical 

characteristics. The improved properties of 2D materials have led to their widespread adoption in various 

electrochemical applications. There are various types of 2D materials, such as graphene, molybdenum 

disulfide (MoS2), and hexagonal boron nitride (h-BN), that can be functionalized to form nanocomposites 

(NCs) that improve the overall performance of energy-related applications. For instance, graphene and 

MoS2 can improve the charge transfer kinetics in hybrid NCs and subsequently enhance the power rate in 

energy conversion applications [79-81]. In contrast, h-BN nanosheets are characterized by ultrahigh 

insulation, which is necessary for enhancing the energy density of dielectric capacitors that operate at high 

temperatures and voltage [82-84].  

Challenges to large-scale production currently limit the further implementation of 2D-material NCs. 

In addition, the stacked layers in the bulk structure of MoS2 and h-BN exhibit stronger interlayer 

interactions [85, 86] than do the layered structure of graphite [87], indicating the higher energy required 

for the exfoliation of these materials. There are several existing techniques used for 2D material 

exfoliation, of which the top-down approach is the most widely used for large size and mass production. 

The exfoliation of 2D materials through the top-down approaches can be achieved by either a chemical or 

a physical route. The chemical-based techniques for 2D material exfoliation can involve oxidization, 

dissociation, or intercalation with highly reactive chemical species, such as KMnO4, H2SO4, and H2O2 

[88-90]. Several techniques use external energy sources to accelerate the chemical exfoliation rates of 2D 

materials such as sonochemical-assisted exfoliation [91, 92]. These techniques are usually not preferable 

for mass production because they exhibit a low exfoliation efficiency and require extensive precautions 

and waste treatment to avoid chemical hazards. The exfoliation process for 2D materials using physical 

routes can be achieved using either peeling or shearing forces in the process such as micromechanical 

cleavage [93], shear exfoliation [94], exfoliation using dry and wet ball milling [54, 95]. Zhu et al. [96] 

reported the physical exfoliation of h-BN through a thermally assisted gas exfoliation process. The 

exfoliation process is divided into two successive steps. First, the bulk h-BN is expanded at a high 

temperature of ~800 oC. Then, the thermally heated powder is immediately immersed into liquid N2 until 

complete gasification. The sudden dramatic decrease in temperature and the sudden increase in the volume 

of N2 gas result in the exfoliation of the bulk h-BN and the formation of few-layered BN nanosheets. 
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Recently, many hybrid techniques that involve both physical and chemical routes for 2D materials 

exfoliation, such as mechanochemical assisted exfoliation, have been reported. In this hybrid approach, 

the micro-sized powder of layered materials is exposed to ball milling that is assisted by chemical solvents. 

Then, the yield product is dispersed using ultrasonication and collected via centrifugation at very high 

speed, ~10,000 rpm, which removes large particles, including partially exfoliated and unexfoliated micro-

sized grains [49, 97, 98]. 

The aforementioned techniques for layered materials exfoliation exhibit good performance. 

However, these methods are more suitable for the small size production used for research and development 

purposes than they are for industrial applications. Further, these techniques only yield exfoliated products 

in powder form, which requires a binder to attach to electrode surfaces for use in energy conversion and 

storage applications. The existing exfoliation techniques have many limitations, such as high production 

costs, long preparation times due to successive steps, use of harmful chemicals as a reactant, production 

of undesirable waste products, and the inability to produce large electrodes that are suitable for energy-

related applications. Unlike these existing techniques, the top-down process for mechanical exfoliation of 

2D materials nanosheets and the formation of hybrid NCs with other functional compounds using NPDS 

has several favorable characteristics: a) vacuum kinetic spray deposition in one stage at room temperature; 

b) no substrate damage by thermal heating; c) binder-free; d) no secondary products or waste; and e) 

applicable for the large-size area [99].  

In this work, we present a simple technique for the direct mechanical exfoliation and deposition of 

various layered material types, including graphite, MoS2, and BN, on a sapphire wafer substrate. The 

exfoliation process was performed using a one-step vacuum kinetic process at room temperature via the 

NPDS. The exfoliation of the 2D materials was verified with several characterization techniques, 

including SEM, XRD, and Raman spectroscopy. 

3. 2. Mechanism of 2D materials exfoliation and deposition  

The deposition of layered structure materials using a vacuum kinetic spray process via the NPDS 

involves the fragmentation of the micro-sized powder, layer separation at high impact velocity, and 

interfacial bonding between the exfoliated layers and the substrate, as schematically illustrated in Figure 

3.  1. In the initial step, the micro-sized powder of the layered structure materials (i.e., graphite, MoS2, or 

BN) is provided to the powder feeding system at a constant rate. Then, the supported powder is carried 



 

Page | 57 

 

out by pressurized air flow to the converging-diverging nozzle. This nozzle’s geometrical design in the 

NPDS helps increase the kinetic energy of the accelerated particles due to the difference in the pressure 

between the powder pressure at the nozzle inlet and the deposition pressure in the vacuum chamber. This 

system allows for good control of the accelerated particle velocity in the supersonic flow. The accelerated 

particles impact the hard substrate, resulting in fragmentation of the micro-sized powder for particles in 

the nano-size range. One-step exfoliation and deposition of the 2D materials nanosheets on the substrate 

can be realized at room temperature. According to Chun et al. [100], the fragmentation of the micro-sized 

powder to produce nano-size particles using the NPDS is caused by the shock compaction wave produced 

from the supersonic flow collapse within the substrate followed by the successive impact with other micro-

sized particles, which causes a sharp and spontaneous temperature increase due to adiabatic thermal 

heating. These extraordinary conditions are spatially localized and stabilized within a few nanoseconds 

after the impact, providing enough energy to bind the nanosheets to the substrate surface without any 

damage. Concerning layer separation, Nasim et al. [101] used molecular dynamic simulations to show 

that layer separation in 2D materials can occur in the vacuum kinetic spray of the NPDS if the impact 

velocity of the accelerated particles exceeds a critical limit. 

 

In our experiment, the high impact velocity provides enough energy for layer separation to form 

small nanosheets that bond with the substrate as well as the rebounding of unbonded layers. The typical 

deposition conditions of the 2D materials nanosheets thin films on sapphire wafer substrate using the 

NPDS (Figure 3.  1) proceeds as follows. The sapphire wafer substrate is placed on a three-dimensional 

stage below the nozzle opening slit with a standoff distance of 3 mm. The deposition chamber is sealed, 

and the pressure is reduced to < 3 torrs using a rotary vacuum pump. Then, a micro-sized powder of 

layered materials (i.e., graphite, MoS2, and BN) is provided to the powder-feeding system using a rotating 

Figure 3.  1: Schematic of the mechanical exfoliation and deposition of the 2D materials using the nanoparticle 

deposition system (NPDS) on a sapphire substrate. 
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brush. Subsequently, the dispersed micro-sized powder was carried by compressed air, with a pressure of 

3.5 bar and flow rate of 45 liters min-1, to the converging-diverging nozzle (slit width = 50 mm and slit 

height = 0.2 mm). The pressure difference between the nozzle inlet and outlet increases the kinetic energy 

of the moving particles. Thus, the impact of the micro-sized powder with high kinetic energy on the 

sapphire wafer substrate induces a large number of fractures and interlayer separations in the incident 

micro-sized particles and reduces the domain size to the nano-size range. The adiabatic energy transfer 

during the impact of the accelerated particles with high kinetic energy on the stationary substrate leads to 

a sharp increase in the localized thermal energy of the interfacial atoms, providing bonding energy for the 

deposited layer.  

3. 3. Results and discussion 

3. 3. 1. X-ray diffraction  

The internal crystalline structures of the 2D layered materials and the corresponding nano-

sized thin films on a sapphire wafer substrate were identified using XRD. The variation in the 

internal lattice spacing (dhkl) is estimated from the XRD peak position ()  and  X-ray wavelength 

() of 1.540593 Å using Bragg’s law for the first-order diffraction (n=1), as follows [102]:  

2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛𝜆   Eq. 3. 1 

The crystalline domain size (Dhkl) and the associated internal local strain (hkl) are estimated from 

the XRD peak position and the corresponding peak broadening (hkl) based on the Scherrer 

formula, as follows [103, 104]: 

𝐷ℎ𝑘𝑙 =
𝐾𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃
   Eq. 3. 2 

휀ℎ𝑘𝑙 =
𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃

4
   Eq. 3. 3 

Where K is the shape factor. The 2, dhkl, Dhkl, and hkl corresponding to the c-plane along the (002) 

direction of the hexagonal structure of the experimental micro-sized powders and the thin films were 

estimated using Eq. 3. (1-3) and recorded in Table 3. 1. The induced variations in the structural phase of 

the layered materials due to the high-velocity impact with the hard substrate are discussed below for each 

material.  
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3. 3. 1. 1. Graphite to graphene reduction  

Figure 3. 2(a) exhibits the XRD patterns of the micro-sized graphite powder and the 

corresponding nano-sized thin film on sapphire wafer substrate in the 2 range 10° to 100°. The 

XRD pattern of the micro-sized graphite powder exhibits two diffraction peaks related to the 

hexagonal layered structure of graphite at 26.52° and 54.62°. The most intense peak at 26.52° 

corresponds to the c-plane that is oriented along the (002) direction. The second, lower intensity 

peak at 54.62° corresponds to the c-plane along the (004) direction. The bulk hexagonal phase of 

graphite powder has lattice parameters a = 2.643 Å and c = 6.714 Å and crystal symmetry 

operations described by the P63/MMC space group (ICDD: 00-056-016, PDF 2010). In addition, 

the intercalation of some oxygen-related functional groups between the stacked layers of 

hexagonal graphite powder results in the observation of other XRD peaks at 23.92° with a higher 

interplanar distance of 3.72 Å  [105]. After depositing the graphite powder on a sapphire wafer 

substrate, the XRD peak corresponding to the c-plane along the (002) direction of the hexagonal 

graphite phase is strongly diminished in intensity, as shown in Figure 3. 2(b). The peak position 

is also slightly shifted to lower 2 value, see Table 3. 1. In addition, the interplanar distance 

increases from 3.357 Å  to 3.367 Å . This behavior demonstrates the strong separation of the stacked 

graphite layers due to the high-velocity impact between the accelerated graphite powder and the 

sapphire wafer substrate. Furthermore, the crystalline peak corresponding to oxygen-containing 

functional groups disappears and is replaced by a broad band located at 16.5° as shown in Figure 

3. 2(c)). These diffraction patterns were taken on single crystalline sapphire wafer substrates, 

which do not have any broadened bands in the same range that would overlap the amorphous-like 

graphene band. This XRD data illustrates the successful kinetic-induced exfoliation of layered 

hexagonal-structure graphite to form nano-sized graphene layers in one step using the NPDS [106, 

107]. 

3. 3. 1. 2. MoS2 

Figure 3.  3(a) shows the XRD patterns of the micro-sized MoS2 powder and the deposited 

MoS2 thin film on the sapphire wafer substrate. The XRD pattern of the stacked layers of MoS2 

powder exhibits numerous diffraction peaks at 14.38, 28.96, 32.62, 33.44, 35.82, 39.4, 44.1, 49.74, 

55.94, 58.28, and 60.1; these peaks are matched with the (002), (004), (100), (101), (102), (103), 

(006), (105), (110), and (008) crystalline planes, respectively, of the bulk phase of hexagonal MoS2 
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(space group: P63/mmc, ICDD: 00-037-1492, PDF 2010). After the deposition of the MoS2 on the 

sapphire wafer substrate, the XRD pattern reveals decreased intensity for all XRD peaks due to 

the micro-sized powder fragmentation by the high impact velocity with the hard sapphire wafer 

substrate.  

 

The XRD peak of the micro-sized MoS2 powder and the deposited thin-film corresponding to the 

(002) crystalline plane is magnified in Figure 3.  3(b) to identify the size variation in the crystalline 

domain. It can be observed that the XRD peak position is shifted to lower 2 values upon 

deposition, as recorded in Table 3. 1. This shift indicates that the interplanar distance increased 

from 6.15 to 6.22 Å . Furthermore, the crystalline domain size, as determined by the Scherrer 

Figure 3. 2: XRD patterns of micro-sized graphite powder and the deposited nano-sized graphite thin film on a 

sapphire substrate.  
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equation, decreases from about 45 to 18 nm, which is accompanied by a greater than 2-fold 

increase in the local internal lattice strain, see Table 3. 1. This data confirms that the impact 

velocity in the vacuum kinetic spray process of the NPDS leading effectively causes micro-sized 

particle fragmentation as well as stacked-layer separation of layered MoS2 material.  

3. 3. 1. 3. BN 

Figure 3.  4(a) exhibits the XRS patterns of the micro-sized powder of BN and the deposited 

nano-sized BN thin film on the sapphire wafer substrate. The XRD pattern of the micro-sized BN 

powder shows two main diffraction peaks at 26.72° and 55.12° that are related to the c-axis of the 

layered hexagonal structure of the BN phase. The most intense peak at 26.72° corresponds to the 

c-plane that is oriented along the (002) direction. The second peak, with lower intensity at 55.12°, 

corresponds to the c-plane along the (004) direction. The lattice parameters of the bulk hexagonal 

phase of the BN powder are a = 2.5 Å and c = 6.661 Å, and the crystal symmetry operations are 

described by the P63/mmc space group (ICDD: 01-073-2095, PDF 2010) [96]. To demonstrate 

the induced structural changes in the layered structure of BN due to the high impact velocity of 

micro-sized powder with a hard substrate, the XRD patterns corresponding to the c-axis along the 

(002) crystalline plane orientation is magnified in Figure 3.  4(b). It is obvious that the XRD peak 

position of the deposited BN shifts to lower 2 values upon deposition, see Table 3. 1.  

Table 3. 1: internal structural parameters of the hexagonal crystalline phase along the (002) planes in the 

micro-sized powder (P) and the corresponding thin films (TF) on a sapphire wafer substrate. 

Materials 2º(002) d(002)(Å ) º (002) D(002) (nm) (002)  10-3 

Graphite (P) 26.52º 3.357 0.169 47.73 0.71844 

Graphite (TF) 26.44º 3.367 0.175 46.1 0.744 

MoS2 (P) 14.38º 6.152 0.175 45.20 0.758 

MoS2 (TF) 14.22º 6.220 0.436 18.15 1.889 

BN (P) 26.72º 3.332 0.203 39.70 0.863 

BN (TF) 26.48º 3.362 0.245 32.90 1.042 

The observed shift is associated with an interplanar distance increase from 3.332 to 3.362 Å . 

Furthermore, according to the Scherrer equation, the crystalline domain size is decreased from 

about 39.7 to 32.9 nm increasing the internal lattice strain, see Table 3. 1. This indicates that the 

high-velocity impact in the vacuum kinetic spray process of the NPDS leads to fragmentation of 

the micro-sized BN particles and the deposition of very thin h-BN layers with lower stacking order 
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in the c direction compared to the initial micro-sized powder [108, 109]. These structural changes 

demonstrate the applicability of the vacuum kinetic spray of the NPDs for the effective mechanical 

exfoliation of micro-sized flake h-BN into nano-sized thin layers. 

 

 

  

 

Figure 3.  3: XRD patterns of micro-sized MoS2 powder and the corresponding deposited nano-sized thin film on a 

sapphire substrate 

Figure 3.  4: XRD patterns of micro-sized boron nitride powder and the resulting deposited nano-sized thin film on 

a sapphire substrate  
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3. 3. 2. Morphological analysis of the layered materials powder and deposited thin films   

Analysis of the surface morphology of the layered structure materials can visually demonstrate the 

reduction of particle size due to both the fragmentation and interlayer separation. Figure 3.  5 exhibits the 

SEM images of graphite, MoS2, and BN micro-sized powder and the corresponding thin films on the 

sapphire wafer substrate. The SEM images of all selected micro-sized powders reveal flake-like 

morphology with multiple stacked layers that are randomly oriented.  

 

Figure 3.  5: SEM Images of the (a) micro-sized powder and (b) the deposited nano-sized thin film of graphite on a 

sapphire substrate, the (c) micro-sized powder and (d) the deposited nano-sized thin film of MoS2 on a sapphire 

substrate. the (e) micro-sized powder and (f) the deposited nano-sized thin film of BN on a sapphire substrate. 
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The selected powders were chosen based on their commercial availability in the micro-size range, 

extending from 1 to 10 m. After the deposition of the layered structure materials using the vacuum kinetic 

spray process of the NPDS on the sapphire wafer substrate. The SEM images of the deposited thin films 

exhibit a sharp reduction in the flake size to the nano-size range. The observed reduction in the particle 

size results from the fragmentation and interlayer separation process caused by the high-velocity impact 

of the micro-sized powder with the hard sapphire wafer substrate [101]. The sizes of the deposited 

graphene and MoS2 nanosheets are less than 100 nm, whereas the deposited h-BN nanosheets show a 

lower degree of fragmentation, with sizes in the range of several hundreds of nanometers. Furthermore, 

the deposited nanosheets exhibit a low degree of stacking compared to the corresponding micro-sized 

flakes. This data demonstrates the interlayer separation of the powders and the applicability of kinetic-

induced mechanical exfoliation of layered materials in a one-step NPDS process. The interlayer separation 

and particle fragmentation are further verified using Raman spectroscopy, as illustrated in the next section.   

3. 3. 3. Raman studies  

Micro-Raman spectroscopy is a powerful tool for detecting small variations in the structural 

phases of crystalline materials. The active Raman symmetry modes of the crystalline materials are 

strongly affected by grain size modifications. Hence, we used this technique to illustrate the effect 

of the kinetic induced micro-sized particle fragmentation and the accompanied exfoliation of 

stacked layers of the NPDS 2D on the size of the materials. The variation in the micro-Raman 

spectra of the various 2D materials studied, i.e., graphite, BN, and MoS2, are discussed in more 

detail as follows. 

3. 3. 3. 1.  Reduction of hexagonal graphite layered structure to graphene nanosheets  

Figure 3.  6 shows the Raman spectra of the micro-sized graphite powder and the 

corresponding nano-sized thin films on the sapphire wafer substrate. The micro-Raman spectrum 

of the graphite powder exhibits several active vibrations at 1346, 1575, 2703, and 3231 cm-1. The 

first-order vibration at 1346 cm-1 is attributed to those of the interfacial defects at the crystalline 

domain boundaries that are related to the D-symmetry mode of the micro-sized graphite powder. 

The first-order G-band of the graphite powder caused by the E2g-symmetry mode is observed at 

1575 cm-1. This symmetry mode is related to the large degree of crystallinity in the micro-sized 

graphite powder [110]. Furthermore, the second-order vibrations at the Raman shifts of 2703 and 
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3231 cm-1 are attributed to active vibrations caused by the 2D-intervalley and 2D-symmetry 

modes, respectively [111, 112]. In the case of the deposited graphite thin films on sapphire 

substrates, the Raman spectrum reveals several active vibrations at the Raman shift centers of 

1350, 1587, 1619, 2693, and 2936 cm-1. The first-order vibrations at 1350 and 1587 cm-1 in the 

nano-sized thin film corresponding to the characteristic D and G-bands, respectively, of the 

hexagonal graphite phase. These peak positions exhibit higher Raman shift values compared to 

those of the micro-sized powder. In contrast, the second-order vibration at 2693 cm-1 that is related 

to the 2D-symmetry mode has a lower Raman shift value in the thin film. The observed shifts of 

the first- and second-order vibrations can be attributed to the evolution of surface defects that are 

caused by the fragmentation and interlayer separation of the micro-sized powder to the very small 

sizes of the resulting nanosheets [113]. In addition, other structural defect-induced vibrations are 

observed at 1619 and 2936 cm-1, which are ascribed to the translational displacement of carbon 

atoms from the internal lattice sites into the grain boundary interfaces, and the enhancement of the 

disorder-induced G band, respectively [114].  

 

Figure 3.  6: Raman spectra of the micro-sized graphite powder and the deposited nano-sized thin films of graphite 

on a sapphire substrate. 
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The graphite to graphene nanosheets transformation through the microparticle size fragmentation 

and interlayer exfoliation is recognized from the improvement of disorder-related Raman modes 

(i.e., D and G) and the reduction of crystallinity-related Raman modes (i.e., G and 2D). This 

process can be verified from the Raman intensity ratio between the D and G-bands (ID/IG). In the 

case of the micro-sized graphite powder, the ID/IG ratio is 0.187, and this ratio dramatically 

increases to 1.42 for the deposited nano-sized thin film. This sharp increase in ID/IG indicates the 

fragmentation and layer separation of the micro-crystalline graphite to form small graphene 

nanosheets that are accompanied by the evolution of a high density of edge defects [115]. The 

reported ID/IG ratio of 1.42 is higher than those of other reports that achieved graphite exfoliation 

using other techniques [116-118]. This Raman data demonstrates the complete exfoliation of the 

graphite layered structure to result in graphene nanosheets in the one-step NPDS process.  

3. 3. 3. 2. Reduction of hexagonal MoS2 layered structure to small nanosheets   

Figure 3.  7(a) exhibits the micro-Raman spectra of the micro-sized MoS2 powder and the 

corresponding NPDS-fabricated nano-sized thin films on a sapphire wafer substrate. The spectra were 

fitted to evaluate the changes in Raman peak broadening induced by the interlayer separation and particle 

fragmentation of the deposition process (Figure 3.  7(b, c)). The Raman spectrum of the micro-sized MoS2 

powder exhibits two active Raman vibrations at 374 and 400 cm-1. The first-order active vibration at 374 

cm-1 is ascribed to the in-plane vibration of the Mo-S bond corresponding to the E1
2g-symmetry mode, 

whereas the first-order vibration at the higher Raman shift value of 400 cm-1 is attributed to the out-of-

plane vibration corresponding to the A1g-symmetry mode. The peak position difference between the 

observed first-order vibration modes is 26 cm-1. These peaks are characterized by the hexagonal MoS2 

structural phase [119-123]. After the deposition process, there is a spectral shift of around 3 cm-1 to higher 

Raman shift values in both active Raman vibrations as well as a decrease in the peak intensity. The 

decrease in the Raman peak intensity is accompanied by a slight increase in the peak broadening. This 

behavior results from improvement of the lattice disorder caused by the fragmentation and interlayer 

separation of the micro-sized grains due to the high impact velocity during deposition [124]. 

3. 3. 3. 3. Reduction of hexagonal BN layered structure to small nanosheets   

As previously mentioned, thickness variation has a profound effect on the active Raman 

vibrations of the symmetry modes of few-layer graphene, which can be observed from the change 

in the intensity ratio between the characteristic D and G bands of the layered graphite hexagonal 
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structure. Additionally, the hexagonal layered structure of MoS2 exhibits thickness and size 

dependence of the characteristic Raman frequency of E1
2g and A1g bands. In the case of h-BN, 

there are no disorder-sensitive bands like the D-band of the layered graphite structure. Further, the 

variation in the characteristic G-band frequency of h-BN is not strongly affected by the number of 

stacked layers.  

 

These characteristics pose challenges to recognizing the layer separation and size reduction 

induced by the mechanical exfoliation process using Raman spectroscopy. However, the induced 

internal lattice strain caused by the mechanical exfoliation process is expected to have a slight 

effect on the G-band frequency and a strong effect on the peak width and intensity [125]. Figure 

3.  8(a) reveals the micro-Raman spectra of the micro-sized BN powder and the corresponding 

Figure 3.  7: Raman spectra of the (a) micro-sized MoS2 powder and deposited nano-sized thin films of MoS2 on a 

sapphire substrate. Raman peak fitting for the (b) powder and (c) deposited nanosized thin film spectra. 
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nano-sized thin film of the sapphire wafer substrate. For quantitative analysis of the induced 

changes in the characteristic G-band of h-BN layered structure, a curve fitting process was 

performed on the peak, as shown in Figure 3.  8(b, c).  

 

The micro-Raman spectrum of the micro-sized h-BN powder exhibits an intense peak at a Raman 

shift of 1365.56 cm-1 that corresponds to the G-band of the layered h-BN structure [96]. After 

depositing the h-BN on the sapphire wafer substrate, the Raman spectrum profile of the G-band 

has various changes, such as a peak position upshift to 1366.8 cm-1 and a reduction of the peak 

intensity. The slight shift in the G-band frequency is believed to arise from the decrease of the 

Figure 3.  8: Raman spectra of (a) the micro-sized BN powder and the deposited nano-sized thin films of BN on a 

sapphire substrate. Raman peak fitting for the (b) powder and (c) deposited nanosized thin film spectra. 
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number of stacked layers in h-BN that is associated with the increase of in-plane strain and the 

weakness of the “lip-lip” interlayer interaction of nearby layers [126]. Furthermore, the full width 

at half the maximum of the G-band profile broadens from 12.3 to 14.11 upon deposition. This 

behavior indicates the interlayer separation and thinning of the layered h-BN to form smaller 

particles in the nano-size range and the enhancement of surface scattering at the grain boundary 

interfaces after the mechanical exfoliation process [127]. 

3. 4. Summary 

The mechanical exfoliation of the layered materials of graphite, MoS2, and BN was successfully 

demonstrated using the room temperature vacuum kinetic spray process of the NPDS. The deposited 

nanostructured thin films on the sapphire substrate were analyzed using several techniques, including 

XRD, SEM, and Raman spectroscopy. The XRD pattern of deposited graphite thin films revealed a strong 

decrease in intensity of the XRD peak corresponding to the c-plane along with the (002) orientation as 

well as a shift of this peak’s position to a lower diffraction angle value. This result indicates the possibility 

of layer separation in the layered materials that was accompanied by interplanar distance increase. 

Furthermore, the disappearance of the oxygen-related XRD peak and the evolution of the broad band at 

16.5º in the deposited thin film exhibited the total transformation of bulk graphite phase to small graphene 

nanosheets. The XRD patterns of the deposited MoS2 and BN thin films also showed intensity reduction 

of all peaks, demonstrating the crystalline domain of micro-sized powder fragmentation to smaller sizes. 

Furthermore, the XRD peak of the c-plane along the (002) orientation revealed a decrease in the intensity 

and shift to lower 2. This behavior results from the interlayer separation of the material’s stacked layers, 

which is associated with interplanar distance increase due to the weakness of interlayer interaction. 

Comparison of SEM images of the powder of the layered materials (i.e., graphite, MoS2, and BN) before 

and after the deposition exhibited the fragmentation and layer thinning of the micro-sized flakes 

morphology to small size nanosheets morphology upon deposition. The observed degree of kinetic-

induced fragmentation and layer thinning in the micro-sized graphite and MoS2 powder was greater than 

that of the BN powder. The Raman spectrum of the deposited graphite thin film revealed the total 

transformation of the crystalline graphite bulk phase to few-layers graphene nanosheets, in which the 

intensity of the disorder-related D-band is strongly improved and the intensity of the characteristic G-band 

was strongly diminished compared to the bulk crystalline graphite phase.  The interlayer separation in the 

deposited MoS2 and BN thin films was recognized from the observed variation in the Raman active E1
2g 
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and A1g-symmetry modes of the hexagonal MoS2 phase and the G-band for the hexagonal BN phase. The 

Raman peak profiles of these symmetry modes exhibited an intensity decrease, FWHM increase, and 

spectral shift to higher wavenumber values in the deposited thin films. These features demonstrated the 

applicability of using the one-step vacuum kinetic spray process in the low vacuum condition for the 

mechanical exfoliation of layered materials using the NPDS. This simple and effective technique provides 

good insight for how to achieve mechanical exfoliation and large-size deposition of layered materials in a 

short time with a reasonable cost, which is desirable for the implementation in real-life applications. 

 



 

 

 

 

Chapter 4:  
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4. 1. Overview 

The need to replace nonrenewable energy sources has become the main interest of many researchers 

all over the world. This arises from the dramatic increase in environmental problems (e.g., global warming 

and air pollution) because of the huge consumption of fossil fuel energy sources. Electrochemical water 

splitting is a promising technology for storing electrical energy without pollution since the electrocatalytic 

reaction secondary products are hydrogen and oxygen [128]. However, the two reaction parts involved in 

the overall water electrolysis (i.e., the oxygen evolution reaction [OER] and hydrogen evolution reaction 

[HER]) still face some limitations that either decrease the electrochemical efficiency or increase the 

manufacturing costs of the noble metal-based catalysts used for the overall water electrolysis [129].  

Ni metal is a relatively earth-abundant element with a low price compared with other metals. In 

addition, a 3D porous structure of Ni foam (NF) with superior conductivity was used as a conductive 

substrate for many efficient electrocatalysts [75, 130, 131]. Ni-based catalysts revealed electrocatalytic 

activities with high efficiency and long-term stability in an alkaline medium. Hence, Ni-based catalysts 

are considered to be promising candidates for many electrochemical applications such as Li-ion batteries 

[132], supercapacitors [133, 134], and water oxidation in an alkaline medium, as demonstrated by Louie 

et al., [135] who investigated the OER activity of electrodeposited Ni-Fe catalysts. They found that the 

incorporation of Fe enhances the OER compared to the bare Ni catalyst. Du et al., [136] have investigated 

theatrically and experimentally the effect of transition metal doping (Co, Cu, and V) on the electrocatalytic 

activity of NiSe/Ni foam catalyst toward the overall water splitting. They found that V-NiSe/Ni foam 

exhibited high activity toward the OER, meanwhile, Cu-NiSe/Ni foam revealed high activity toward the 

HER. Ni(OH)2/Ni foam catalysts revealed high efficiency toward overall water splitting and stability in 

an alkaline medium. This is due to the efficiency of Ni(OH)2 in H-OH bond cleaving, which is useful in 

the first step of water dissociation. In addition, Ni foam is distinguished by the high adsorption and 

recombination characteristics toward adsorbed hydrogen [137]. Subbaraman et al. [138] reported that the 

decoration of a Pt electrode by nanostructured Ni(OH)2 improved the electrocatalytic activity toward the 

HER significantly compared with the bare Pt electrode. They attributed this improvement to the enhanced 

water dissociation rate and the production of hydrogen intermediate. Gao et al. [139] compared the 

electrocatalytic activity of α and −Ni(OH)2 structural phases toward the OER in 0.1 M KOH. Their 

results showed that α-Ni(OH)2 has a higher OER activity and longer temporal stability compared with 

−Ni(OH)2. Rao et al. [129] prepared Ni(OH)2 nanosheets on Ni foam by the hydrothermal technique that 
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revealed good electrocatalytic activity toward OER and HER with long term stability up to 24 hours in 

1.0 M KOH. Lee et al. [140] decorated Ni(OH)2 nanosheets with a small layer of RuO2 using Ni foam 

corrosion in a RuCl3 aqueous solution. They found that their composite has a better overall water splitting 

efficacy than the commercial Pt wire electrode. Kong et al. [141] designed Zn-embedded Ni(OH)2 

nanosheets using a sol-gel method. The obtained catalysts exhibited higher OER activity than the pristine 

Ni(OH)2. Du et al. [142] synthesized hierarchical Ni(OH)2-Ni3S2/Ni foam nanosheets using a two-step 

method involving co-precipitation and sulfurization. They showed that the synergetic effect between 

Ni(OH)2 and Ni3S2 improved the overall water splitting and produced 10 mA∙cm-2 with a low cell potential 

of 1.57 mV in 1.0 M KOH. Xu et al. [143] synthesized self-assembled ultrathin Ni(OH)2/Ni3S2 

heterogeneous nanosheets with strong quantum confinement (dimensions~1.8nm) that revealed superior 

electrocatalytic activity toward both OER and HER with high stability. Trotochaud et al.[144] investigated 

the OER electrocatalytic activity of several Ni-based composites in 1.0 M KOH. They found that the 

Ni0.9Fe0.1Ox composite had the highest OER activity. In addition, this composite catalyst delivered 10 

mA∙cm-2 at an overpotential of 336 mV with a Tafel slope of 30 mV∙dec-1. Klaus et al. [145] revealed an 

improvement in the OER activity of a Ni(OH)2/Au-Ti quartz cell in 1.0 M KOH due to the addition of Fe 

as an impurity in the electrolyte.  The hybridization between Ni(OH)2 and graphene in composites was 

intensively investigated for use in many electrochemical applications [146-152]. Chen et al. [134] reported 

that the incorporation of ternary hydroxides (i.e., Ni-Co double hydroxide) into N-doped graphene 

catalysts could improve the OER activity. Subramanya et al. [153] illustrated that Co-Ni-graphene 

composites have a higher HER activity compared with the bare Co-Ni composite in an alkaline medium. 

Huang et al. [154] demonstrated that adding Ni to graphene catalysts improved the electrocatalytic activity 

toward the HER in the alkaline medium. Xue et al., [155] reported the role of anchoring graphdiyne by 

single atoms with a very narrow size distribution of Ni (1.02 Å) on the improvement of electrocatalytic 

activity and stability toward the HER. Moreover, Xing et al., [156] illustrated that using the three-

dimensional porous fluorographdiyne exhibited improvement in the catalytic activity toward both the 

OER and HER in KOH. Long et al. [157] illustrated that NiFe double-layered hydroxide-graphene 

composites reveal a high OER activity in 1.0 M KOH since it could provide 10 mA∙cm-2 at an overpotential 

value of 195 mV. Tang et al. [158] revealed that a NiFe double-layered hydroxide-hybrid with carbon 

quantum dots possessed a high OER activity with a current density of 10 mA∙cm-2 at an overpotential of 

235 mV. However, the preparation of graphene-based composites was extensively studied by various 

fabrication techniques there is still a great need for other techniques that capable to be scaled up for large 
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size production with reasonable production cost and relatively short fabrication time. Hence, we report a 

one-step preparation of graphene-based composites using a modified kinetic spray technique called 

nanoparticle deposition system (NPDS). This technique is a simple and economical coating technique for 

the direct deposition of nano-sized thin films using a starting micro-sized powder at room temperature 

without binders or any other chemical treatment, short fabrication time relative to other techniques. In 

addition, it is easy to scale up for commercial production [70, 100]. Several previous papers have 

illustrated the applicability of the NPDS in the deposition of various types of metal, ceramic [159-162], 

and carbon-based composites thin film [163-168]. Moreover, the deposition mechanism of graphene 

nanosheets on metal substrates was theoretically investigated through our research group by Nasim et al. 

[101], which illustrated that at a specific critical impact velocity the graphene nanosheets is deposited on 

the metal substrate surface after the interlayer separation of the initial bulk graphite powder. The effect of 

the NPDS deposition parameters on the electrochemical performance as supercapacitor for the graphene 

nanoflakes and Ni(OH)2 nanosheets were separately investigated through our research group by Mohaned 

et al. [167, 169].  

In the present research, we illustrate the deposition of Ni(OH)2-graphene nanosheet hybrid catalysts 

on Ni foam by NPDS with relatively cheap and abundant micro-sized particles of Ni(OH)2 and graphite 

powder without any chemical treatment. In addition, we investigated the effect of composition variation 

on the electrocatalytic activity of the Ni(OH)2-graphene composites toward the oxygen evolution reaction 

(OER), and the hydrogen evolution reaction in 1.0 M KOH. 

4. 2. Results and discussion  

4. 2. 1. Structural analysis of the Ni(OH)2-graphene composites 

4. 2. 1. 1 Ni(OH)2 -graphite composite powder before deposition 

Figure 4. 1(a) shows the XRD pattern of the initial graphite powder. The most intense peak at 26.5o 

corresponds to the preferred orientation of the crystalline plane (002) along the c-axis of the hexagonal 

bulk structure of the graphite (ICDD: 00-056-016, PDF 2010). In addition, the observed sharpness, and 

the high intensity of the XRD peaks indicate the large size of the crystalline domain. Figure 4. 1(d) 

illustrates the XRD pattern of the Ni(OH)2 powder that consists of several diffraction peaks matching the 

trigonal structure of the bulk -Ni(OH)2 (ICDD: 00-057-0907, PDF 2010). Moreover, the XRD peaks 

showed variations in their broadening due to the polycrystalline nature of the Ni(OH)2 powder [170]. In 

the cases of the mixed Ni(OH)2-graphite composites at either 20 or 80 wt.% of Ni(OH)2, the XRD patterns 
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in Figure 4. 1(b, c) exhibit peaks for the individual structural phases of Ni(OH)2 and graphite without any 

noticeable change in the peak position or any new XRD peaks corresponding to a new hybrid structural 

phase. Moreover, the XRD patterns of the mixed Ni(OH)2-graphite composites had broader peaks with 

smaller diffraction peak intensity due to the relative fragmentation of the powder particles during the ball 

milling process and the decrease in crystalline domain size. 

 

4. 2. 1. 2 Ni(OH)2 -graphene composite/Ni foam thin films 

Figure 4. 2 reveals the XRD patterns of the pure phases of Ni(OH)2 and graphite, as well as their 

composites deposited on the porous Ni foam substrate. All XRD peaks of the deposited films for the pure 

phases and their composites with Ni(OH)2 content either at 20 or 80 wt.% correspond to the cubic structure 

of the Ni foam (ICDD: 00-004-0850, PDF 2010), with no detectable diffraction peaks related to the micro-

sized particles of either graphite or Ni(OH)2 powder. This behavior could be ascribed to the short-range 

order of the deposited crystalline domains (i.e., low crystallinity) and the low loading mass of the 

deposited films (~ 2.5 mg∙cm2) compared with the Ni foam substrate that has high crystallinity. Moreover, 

the observed broadened XRD peak in the 2 range of −  for the pure phases (i.e., graphite or 

Ni(OH)2) could arise from the fragmentation of micro-sized particles and the formation of polycrystalline 

domains with very short-range order, as they tend to be amorphous [147]. So, other techniques such as 

Raman spectroscopy and SEM images at various magnifications were used to identify the presented 

Figure 4. 1: XRD patterns of the Ni(OH)2-graphene composite powder at different Ni(OH)2 contents 
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phases in the deposited thin film and to determine the size range of the deposited layers after the 

fragmentation process. 

 

4. 2. 2. Raman spectra of the Ni(OH)2-graphene composites 

4. 2. 2. 1. Ni(OH)2 -graphite composite powder before deposition  

Figure 4. 3(a) illustrates the Raman spectrum of the graphite powder that consists of 3 main 

vibration peaks located at 1352, 1582, and 2720 cm-1 corresponding to the D, G, and 2D vibration bands, 

respectively. The observed intense peak (i.e., G-band) at 1582 cm-1 arises from the double degeneracy of 

the zone center in E2g mode [171]. The Raman spectrum of Ni(OH)2 powder in Figure 4. 3(d) reveals 

three characteristic vibration bands at 310, 445, and 3570 cm-1. The observed vibration band at 3570 cm-

1 is attributed to the symmetric stretching of the O-H bond from either the lattice hydroxyl group (OH) or 

intersheet H2O [172]. The observed Raman peaks at 445 and 310 cm-1 were assigned to the stretching 

vibration Ni-O and the E-type vibration of the Ni-OH lattice, respectively [173]. In the case of the 

Ni(OH)2-graphite powder composites with Ni(OH)2 contents of 20 and 80 wt.%, Raman spectra in Figure 

4. 3(b, c) revealed the existence of the three main vibration bands of the graphite powder with slight 

variations in the peak positions (5-7 cm-1). There were no other peaks related to the pure Ni(OH)2 powder. 

Moreover, the evolution of a small vibration band in the range from 3236-3240 cm-1 for both composites 

(20 and 80 wt.% Ni(OH)2 content) was caused by the formation of free hydroxyl anions [174]. 

Figure 4. 2: XRD patterns of Ni(OH)2-graphene composite/NF at different Ni(OH)2 contents 
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4. 2. 2. 2. Ni(OH)2 -graphene composite/Ni foam thin films 

Figure 4. 4(a) demonstrates the Raman spectrum of the deposited graphite thin films on Ni 

foam that possess vibration bands at 1352, 1592, and 2695 cm-1 with slight variations in peak 

position relative to the initial graphite powder. The observed vibration peak at 1352 cm-1 is due to 

the first-order vibration band D. The second peak at 1592 cm-1 is due to the first-order vibration 

band G. Meanwhile, the characteristic second-order vibration band 2D was observed at 2695 cm-

1. The intensity ratio between D/G vibration bands in the case of the deposited thin film 

(ID/IG=1.32) was higher than the corresponding value in the graphite powder (ID/IG=0.34), 

Figure 4. 3(a).  

Figure 4. 3:  Raman spectra of (a) graphite, (b) 20 wt.% Ni(OH)2, (c) 80 wt.% Ni(OH)2, and (d) Ni(OH)2 powder. 
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This behavior is commonly observed due to the fragmentation of the micro-sized graphite flakes 

to thinner graphene layers in the nano-size range (i.e., the decrease of domain size in the sp2 plane), 

accompanied by the formation of a large number of edge defects [115]. The Raman spectrum, 

Figure 4. 4(d), of the deposited Ni(OH)2/NF, revealed the same vibration bands related to the 

powder at 307, 445, and 3580 cm-1 with slight variations in the positions of the peaks. The Raman 

spectra of the deposited Ni(OH)2-graphene composites with Ni(OH)2 contents of 20 and 80 wt.%, 

Figure 4. 4(b, c), revealed first-order vibration bands of D at 1352 cm-1 and G at 1590 cm-1. The 

second-order vibration band of 2D was observed at 2695 cm-1 and was accompanied by a very 

weak band corresponding to the second-order 2G at 3210 cm-1. The vibration bands corresponding 

to Ni(OH)2 at 310, and 445 cm-1 had very low intensity compared to the other active vibration 

modes in the composite. The intensity ratios (ID/IG) in the case of composites with Ni(OH)2 

Figure 4. 4: Raman spectra of the (a) graphene/NF, (b) 20 wt.% Ni(OH)2-80 wt.% graphene/NF, (c) 80 wt.% 

Ni(OH)2-20 wt.% graphene/NF, and (d) Ni(OH)2/NF 
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contents of 20 and 80 wt.% were 1.33 and 1.17, respectively. This indicates the existence of a 

small graphene layer in each composite. 

4. 2. 3. Surface analysis of the Ni(OH)2-graphene composite/Ni foam thin films  

Further investigations on the composition and the nature of the chemical bonding of the 

deposited Ni(OH)2-graphene hybrid catalysts on the surface of the NF substrate were carried out 

using x-ray photoelectron spectroscopy (XPS). Figure 4. 5(a) reveals the survey spectrum of the 

Ni(OH)2-graphene composite with 20 wt.% N(OH)2 content. The XPS survey spectrum verified 

the presence of Ni, O, and C elements in the deposited composite. Figure 4. 5(b) shows the XPS 

spectrum of the Ni 2p orbital with two main spin-orbital states corresponding to 2p3/2 and 2p1/2 

at 856.6, and 874.2 eV, respectively. The spin energy separation between the main Ni 2p orbitals 

is 17.6 eV [48]. We also observed satellite peaks at 862.4 eV and 880.5 eV corresponding to 

2p3/2(s), and 2p1/2(s), respectively. These satellite peaks are caused by the degeneracy of the 

main spin-orbital states in the Ni(OH)2 phases [115, 151, 152]. The deconvoluted spectrum of the 

O 1s orbital, Figure 4. 5(c), indicates various oxygen-related bonded states such as C-O-Ni, 

C=O/O-Ni, and C-OH/C-O-C at 531.36, 532.14, and 533.1 eV, respectively. On the other hand, 

the deconvoluted XPS spectrum of the C 1s band in Figure 4. 5 (d) revealed the existence of 

multiple functional groups that include oxygen, such as C-O at 285.62 eV, and O=C-OH at 289.3 

eV as well as the characteristic single-bonded carbon atoms C-C at 284.63 eV [115, 150, 175, 

176]. Most of the above-mentioned functional groups detected in either O 1s or C 1s are 

hydrophilic groups that enhance the wettability of the electrode surface. They also induce more 

active sites at the electrode surface and improve the electrochemical properties at the 

electrode/electrolyte interface [177]. For demonstrating the mechanism of water oxidation in the 

alkaline medium in terms of surface chemistry modifications of the real catalyst during OER due 

to changes in the transition metal-based catalysts oxidation state, XPS analysis was performed for 

the Ni(OH)2-graphene hybrid catalysts with 20 wt.% Ni(OH)2 content after OER test and after 

OER stability test for 25 hours in 1.0 M KOH as shown in Figure 4. 6. XPS survey spectrum of the 

Ni(OH)2-graphene hybrid catalyst, Figure 4. 6(a), revealed the presence of Ni, O, and C elements 

after the OER test, which have the same origin for the as-deposited hybrid catalyst with 20 wt.% 

Ni(OH)2. Figure 4. 6(b) revealed the high-resolution XPS spectrum for the Ni 2p orbitals, which 

consists of two main spin-orbital 2p3/2 at 855.6 eV, and 2p1/2 at 873.2 eV, which possessed the 

same spin energy separation between the main Ni 2p orbitals is 17.6 eV. As well as the 
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accompanied satellite peaks at 861.4 eV and 879.5 eV corresponding to 2p3/2(s), and 2p1/2(s), 

respectively. 

 

It can be observed that all Ni 2p XPS peaks are shifted to a lower binding energy side by about 1 

eV after the OER. This chemical shift in the binding energy is ascribed to the electrochemical 

induced phase transformations of Ni(OH)2 to layered structured of Ni(OH)2/NiOOH on the surface 

of the hybrid catalysts, which is more active toward the OER. This phase transformation is  

accompanied by an increase of Ni oxidation state from Ni2+ to Ni3+ during the oxygen evolution 

reactions [178]. Similar behavior was observed in the case of O 1s orbital, in which the 

Figure 4. 5: XPS survey spectrum, (b) Ni 2p spectrum, (c) deconvolution of O 1s spectrum, and (d) deconvolution of 

C 1s spectrum of 20 wt.% Ni(OH)2-80 wt.% graphene/NF 
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corresponding high-resolution XPS spectrum in Figure 4. 6(c) revealed the chemical shift by about 

1 eV in the binding energy to the lower energy side. This feature is also related to the formation 

of NiOOH on the surface of the catalyst [142, 179]. The high-resolution XPS spectrum of C 1s 

after OER revealed no significant shift in the main band in addition to the evolution of new surface 

states at nearly 292.5 eV, and 295.3 eV. It can be observed that the first band at 292.5 eV is 

increased after the OER stability test, which can be ascribed to the evolution of the carboxyl 

function group as a result of hybrid catalysts interaction with oxygen during the OER [180]. 

Meanwhile, the weak band at nearly 295.3 eV did not change after the OER stability test, which 

can be attributed to the K 2p3/2 of the adsorped of the used KOH electrolyte in the OER test [181]. 

The XPS survey spectrum of the 80wt.% Ni(OH)2-20 wt.% graphene composite/Ni foam in Figure 

4. 7(a) reveals the existence of Ni, O, and C elements in the deposited composite.  

 

Figure 4. 6: XPS survey spectrum (a), Ni 2p spectrum (b), O 1s spectrum (c), and C 1s spectrum (d) of 20 wt.% 

Ni(OH)2-80 wt.% graphene/NF before and after OER test 
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The XPS spectrum of Ni in Figure 4. 7(b) is like the composite with 20 wt.% Ni(OH)2 with a small 

shift to the higher energy side (~0.5 eV). The same degenerate states of the 2p3/2 orbital at 857 

and 863 eV were observed as well as the 2-degenerate states of 2p1/2 orbital at 874.6 and 881 eV. 

The main differences between the two deposited composites (20 and 80 wt.% N(OH)2) are 

illustrated in the deconvoluted XPS spectra of the O 1s and C 1s. The deconvoluted spectrum of 

O 1s of the composite with 80 wt.% Ni(OH)2 in Figure 4. 7(c) reveals XPS peaks at 530.55, 531.84, 

and 534.2 eV. These correspond to the multiple oxygen-related bond states as C-O-Ni, C=O/O-

Ni, and C-OH/C-O-C, respectively. In addition, the relative intensity of the C=O/O-Ni, and C-

OH/C-O-C bonds is higher in the composite of 80 wt.% Ni(OH)2 than the other composite with 

Figure 4. 7: XPS survey spectrum, Ni 2p spectrum (b), deconvolution of O 1s spectrum (c), and deconvolution of C 1s 

spectrum (d) for 80 wt.% Ni(OH)2-20 wt.% graphene/NF 
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lower Ni(OH)2 content. On the other hand, the deconvoluted XPS spectrum of C 1s in Figure 4. 

7(d) reveals several bonded states in which the intensities were higher in the 20 wt.% Ni(OH)2 

such as C-O at 281.57 eV, C=C at 283.78 eV, C-C at 285.03 eV, and C=O at 287.65. In addition, 

we observed the evolution of a weak shake-up satellite peak corresponding to -* transfer at 

291.93 and 294.21 eV due to the delocalization of  conjugates [182]. 

4. 2. 4. Morphological and elemental analysis of the Ni(OH)2-graphene composites 

4. 2. 4. 1. Ni(OH)2-graphite composite powder 

SEM images of the graphite powder in Figure 4. 8(a, b) exhibit micro-sized flake morphologies 

with various flake dimensions (≥ 10μm) and orientations. Meanwhile, the initial micro-sized Ni(OH)2 

powder had a semispherical shape with a polydisperse particle size distribution, as shown in Figure 4. 8 

(i, j). The elemental analysis of the mixed Ni(OH)2-graphite powder before the deposition process is 

shown in Figure 4. 8(c, f), where the composite with low Ni(OH)2 content showed a composition weight 

ratio (wt.%) of 84.83 for Ck, 13.11 for Ok, and 2.06 Nik in the mixed composite. Meanwhile, the composite 

with higher Ni(OH)2 content showed a composition weight ratio of 24.64 for Ck, 43.89 for Ok, and 31.47 

for Nik. SEM images of the mixed Ni(OH)2-graphite composites powder with low Ni(OH)2 content (20 

wt.%) reveal mixed micro-sized flakes and a semispherical morphology as shown in Figure 4. 8(d, e). 

The flake morphology showed a relatively high content related to the graphite powder. Whereas, the 

higher content of Ni(OH)2 (80 wt.%) had a relatively higher concentration of the semispherical shaped 

particles compared to the flake morphology, as demonstrated in Figure 4. 8(g, h). 

4. 2. 4. 2. Ni(OH)2 -graphene composites/Ni foam thin films 

Figure 4. 9(a, b) reveals the SEM images of the bare Ni foam surface at two different 

magnification powers before the deposition process to illustrate differences between the bare 

supporting substrate and the deposited films at the same length scale. The elemental analysis of 

the deposited graphene/Ni foam, Figure 4. 9(c), reveals the existence of a relatively low 

concentration of carbon from the deposition compared with the higher concentration of the Ni that 

resulted from the substrate. Figure 4. 9(d, e) shows the SEM images of the deposited graphene on 

the Ni foam substrate. The low magnification image at a scale length of 2 m revealed a flake 

morphology with various dimensions and orientations.  
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The higher magnification image at a length scale of 200 nm exhibited that these flakes consisted 

of smaller merged sheets with smaller dimensions in the nano-size range (200 to 400 nm) that 

resulted from the fragmentation of the initial graphite powder with initial flake dimensions in the 

range of ≥ 10 m, Figure 4. 8(a, b). The elemental analysis in the case of the pure phase of Ni(OH)2 

thin film, Figure 4. 10(d) revealed the existence of O due to the deposition, as well as Ni from 

Figure 4. 8: SEM images of the micro-sized graphite particles (a, b), SEM images, and the EDS analysis of the 

composite (c, d, e) with 20 wt.% Ni(OH)2. SEM images and the EDX analysis of the composite (f, g, h) with 80 wt.% 

Ni(OH)2, and  SEM images of Ni(OH)2 powder (i, j). 



 

Page | 85 

 

either the deposition or the used substrate. The low magnification SEM image of the deposited 

Ni(OH)2/Ni foam thin films in Figure 4. 10(e) shows the deposited film with stacked particles with 

merged boundaries. Moreover, the higher magnification SEM image in Figure 4. 10(f) shows a sheet 

morphology with overlapped boundaries with lateral dimensions in the nano-size range (≤ 100 nm). This 

illustrates the fragmentation of the initial powder with the micro-sized semispherical Ni(OH)2 with an 

average particle size of 5 m, Figure 4. 8(i, j). 

 

The elemental analysis using the EDS spectra of Ni(OH)2-graphene/NF hybrid catalysts is shown in 

Figure 4. 9(f) and Figure 4. 10(a) for composites with Ni(OH)2 contents of 20 and 80 wt.%, respectively. 

The observed EDS peaks in the deposited thin films were assigned to Ck, Nik, and Ok. Moreover, the 

uniform spatial distribution of these elements in both composites (20 and 80 wt.% Ni(OH)2) were 

verified from the corresponding elemental maps in Figure 4. 11and Figure 4. 12, which revealed the 

Figure 4. 9: SEM images of bare Ni foam (a, b), SEM images and EDS spectrum of graphene/NF (c-e), and 20 wt.% 

Ni(OH)2-80 wt.% graphene/NF (f-h) 
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homogenous deposition of the Ni(OH)2-graphene composites on the supporting substrate (Ni foam) 

using the NPDS. In the case of the low Ni(OH)2 content (20 wt.%), the low magnification SEM image 

in Figure 4. 9(g) revealed aggregated particles with merged grain boundaries in the deposited film. In 

addition, a higher magnification SEM image in Figure 4. 9(h) reveals a mixed morphology from 

nanoflakes with sizes ranging from 200 to 400 nm and nanosheets with lateral dimensions ≤  of 100 nm. 

Meanwhile, the SEM image corresponding to the higher Ni(OH)2 content (80 wt.%) revealed dominant 

nanosheet morphologies in the size range from 100 to 200 nm, Figure 4. 10(b, c). The morphology and 

the elemental composition of Ni(OH)2-graphene hybrid catalyst with 20 wt.% Ni(OH)2 were examined 

directly after the oxygen evolution reaction (OER) test and after 25 hours OER stability test for verifying 

the long stability of our hybrid catalyst, as shown in Figure 4. 13. It can be observed that no observable 

change in the morphology (either size range or shape) and the corresponding elemental analysis during 

the OER test, which supports the long-term stability of the Ni(OH)2-graphene hybrid catalyst in the used 

alkaline medium (1.0 M KOH). 

 
Figure 4. 10: SEM images and EDs spectrum of 80 wt.% Ni(OH)2- 20 wt.% graphene/NF (a-c), and Ni(OH)2/NF (d-f). 
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Figure 4. 11: SEM images and the elemental analysis mapping of the 20 wt.% Ni(OH)2-80 wt.% graphene/NF 

Figure 4. 12:  SEM images and the elemental analysis mapping of the 80 wt.% Ni(OH)2 -20 wt.% graphene /NF. 
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4. 2. 5. Electrochemical characterization  

The overall electrocatalytic water splitting mechanism mainly consists of two half-cell reactions, i.e., the 

OER at the anode and the HER at the cathode. The key performance parameters of the overall water 

splitting reaction depend on the activity of the chosen catalyst toward the HER and the OER as illustrated 

below. 

4. 2. 5. 1. Electrochemical active surface area  

The electrochemically active surface areas (ECSA) of the Ni(OH)2-graphene hybrid catalysts were 

measured by the double-layer capacitance (CDL) method [183] in the potential range from 1 to 1.1 V vs. 

RHE in 1 M KOH electrolyte, where no Faradaic current is observed. The CDL values were calculated by 

the scan-rate-dependent of cyclic voltammetry (CV) plots according to Eq. 2. 5. CV plots of the pure 

phases of Ni(OH)2/NF and graphene/NF, as well as, Ni(OH)2-graphene/NF hybrid catalyst at different 

Ni(OH)2 content (20, 40, 60, and 80 wt.%) were recorded at different scan rates (10, 20, 30, 40, 50, 60, 

70, 80, 90 and 100 mV∙s-1), as shown in Error! Reference source not found.(a-c). Then, a linear r

elationship between J at 1.05 V vs. RHE and scan rate was plotted for all working electrodes, Figure 4. 

14. The obtained ECSA represented by CDL values are 2, 4, 2.53, 2.89, 3.56, 4.58, and 3 mF⸱cm-2
 

Figure 4. 13: SEM images and the corresponding EDs spectrum of 20 wt.% Ni(OH)2-80 wt.% graphene/NF directly 

after OER test (a-d), and after 25 hours OER stability test in 1.0 M KOH (d-f)  
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corresponds to bare Ni foam (NF), graphene/NF, hybrid catalysts with Ni(OH)2 content from 20 to 80 

wt.%, and pure Ni(OH)2/NF, respectively. It can be observed that the pure graphene/NF catalyst has a 

relatively higher ECSA compared with the pure Ni(OH)2/NF catalysts. In addition, the hybrid catalysts 

with lower Ni(OH)2 (20 and 40 wt.%) possess lower ECSA compared with pure phases. Meanwhile further 

increase in the Ni(OH)2 contents resulted in more improvement in the ECSA, which hybrid catalysts with 

80 wt.% Ni(OH)2 revealed the highest ECSA of 4.58 mF.cm-2 compared with the pure catalysts of 

graphene and Ni(OH)2, as well as, the other hybrid catalysts. Consequently, it has a larger concentration 

of active sites on the surface of the hybrid catalyst. 

 

4. 2. 5. 2. Mechanism of oxygen evolution reaction in the alkaline medium 

The water oxidation mechanism at the interface of Ni-based catalysts for the oxygen evolution was 

described by Bronoel et al. [184]. They illustrated that water oxidation mainly consists of two successive 

discharge (i.e., charge transfer) processes. The first step starts with OH− discharge, followed by the 

recombination of the adsorbed hydroxyl group (OHads) with the hydroxyl ions of the electrolyte (OH−) to 

form Oads
− , and then, discharging of the adsorbed oxygen anions to form oxygen molecules according to 

the following chemical reactions: 

OH-⇌ OHads+e-   Eq. 4. 1 

OHads+OH-⇌ Oads
- +H2O Eq. 4. 2 

Figure 4. 14: Plots of current density difference at 0.15 V vs. RHE as a function of scan rate 
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Oads
- ⇌ Oads+e-   Eq. 4. 3 

2Oads→ O2    Eq. 4. 4 

4. 2. 5. 3. Oxygen evolution reaction activity of Ni(OH)2-graphene hybrid catalysts 

The electrocatalytic activities of the pure phases and the Ni(OH)2-graphene hybrid catalysts /NF 

thin film as a working electrode for the oxygen evolution reaction (OER) were examined in 1.0 M KOH. 

Figure 4. 16(a, b) reveal the LSV curves and the corresponding Tafel plots of Ni(OH)2/NF, graphene/NF, 

and Ni(OH)2-graphene hybrid catalysts /NF with various Ni(OH)2 contents (20, 40, 60, and 80 wt.%). The 

estimated overpotentials () values at current densities of 20, 50, 100, 150, and 200 mA∙cm-2, as well as 

the kinetic parameter (b, Jo) for each catalyst, are recorded in Table 4. 1. Ni(OH)2/NF catalysts exhibited 

an OER electrocatalytic activity with a relativity high  of 340 mV @ 20 mA∙cm-2 and slow reaction 

kinetics with a high Tafel slope of 185.5 dec∙mV-1. Meanwhile, the graphene/NF-modified catalysts 

showed very fast reaction kinetics toward OER with a small Tafel slope value of 57.79 dec∙mV-1
, but with 

a relatively high  of  mV@ 20 mA∙cm-2
. The observed oxidation peak at nearly 1.42 V vs. RHE in 

the LSV plot, Figure 4. 16(a), of the Ni(OH)2/NF catalyst, can be ascribed to the surface Faradaic reaction 

of the pure Ni(OH)2 due to the structural phase transformation from Ni(II) to Ni(III) [129, 146]. Meanwhile, 

the mass transport surface faradic reaction is the main reason for the observed oxidation peak in the case 

of the pure graphene catalyst [148] as illustrated below: 

Ni(OH)2+OH-⇌NiOOH+H2O+e-  Eq. 4. 5 

C+KOH ⇌ CK++OH-    Eq. 4. 6 

It was observed that in the case of Ni(OH)2-graphene hybrid catalysts/NF, the incorporation of 

Ni(OH)2 in the graphene/NF catalyst results in a shift of the oxidation peaks to lower potential 

values, accompanied by an overall improvement in the OER electrocatalytic activity, which 

Ni(OH)2-graphene hybrid catalysts/NF with 20 wt.% Ni(OH)2 content exhibited the lowest 

oxidation potential of 1.37V, as well as, a current density higher than 200 mA∙cm-2, a low 

overpotential (η) value of 330 mV@ 50 mA∙cm-2, fast interfacial reaction kinetics with a low Tafel 

slope value of 78 mV∙dec-1, as well as, low charge transfer resistance as shown in Figure 4. 19(a). 

To quantitively demonstrate the composition effect on the OER electrocatalytic activity, the 

variation in η@50 mA∙cm-2 and the corresponding Tafel slopes are illustrated in Figure 4. 16(c). 

In addition, further increase in Ni(OH)2 content from 20 wt.% to 80 wt.% resulted in a shift of the 

oxidation peak potential to higher values, an increase in the charge transfer resistance (Rct), an 
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increase in the corresponding Tafel slope, and an overall decrease in the OER electrocatalytic 

activity. 

 

Figure 4. 15: CV plots of the graphene/Ni foam NF (a), Ni(OH)2-graphene/Ni foam NF (b-e), and Ni(OH)2/Ni foam 

NF (f) at different scan rates 
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 This makes 20 wt.% Ni(OH)-80 wt.% graphene composite/NF the optimum working electrode 

for OER. This behavior can be explained according to the suggested OER mechanism that consists 

mainly of two consecutive steps (i.e., discharge of both OH− , and O−), which depends on the 

charge transfer kinetics; hence, the high graphene content in this composite improved the rate of 

charge transfer and the overall OER electrocatalytic activity.  

 

The long-term stability of the Ni(OH)2-graphene hybrid catalysts/NF with 20 wt.% Ni(OH)2 in 

1.0 KOH toward OER was verified using chronoamperometry at a static potential of 1.56 V (an 

Figure 4. 16: OER LSV curves (a) and Tafel plots (b) for Ni(OH)2-graphene hybrid catalysts/NF; The variation of the 

overpotential (η) and Tafel slope values with changing Ni(OH)2 content (c). Chronoamperometric curves of 20 wt.% 

Ni(OH)2-80 wt.% graphene composites/NF at an overpotential of 330 mV for 25 h (d). 
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overpotential η of 330 mV), which delivered around 50 mA∙cm-2 for more than 17 hours, 

followed by a slight reduction (< 5%), which continued up 25 hours as shown in Figure 4. 16(d). 

4. 2. 5. 4. Mechanism of hydrogen evolution in the alkaline medium 

The water reduction mechanism in the alkaline medium for the hydrogen evolution reaction consists 

of three main steps, namely, Volmer, Heyrovsky, and Tafel steps according to Eq. 4. (7-9) [185, 186]. 

The water molecules adsorbed on the working electrode surface are reduced to H and adsorbed hydroxyl 

groups (OH−), followed by the formation of hydrogen intermediate (H∗) and the generation of H2. The 

formation of H∗and the desorption mechanism of OH− are the controlling steps for hydrogen evolution in 

an alkaline medium [187, 188]. 

Volmer Step: H2O+e-+M ⇌M-H*+OH-    Eq. 4. 7 

Heyrovsky Step: M-H*+H2O+e-⇌H2+OH-+2M   Eq. 4. 8 

Tafel Step: 2H*→H2+2 active sites    Eq. 4. 9 

Here, M represents the active sites on the working electrode surface. The Volmer step is a charge 

transfer step. Meanwhile, the Heyrovsky step arises from coverage of the electrode surface with 

reduced water anions. The adsorption improvement for electrolyte species (H*, H2O) at the 

electrode/electrolyte interface could speed up the forward reaction in the Heyrovsky step, eq#12, 

and produce more active sites on the electrode surface [185]. In addition, the charge transfer from 

the Volmer step is balanced with the charge transfer from the back reaction of the Heyrovsky step.   

4. 2. 5. 5. Hydrogen evolution activity of Ni(OH)2-graphene hybrid catalysts  

 The HER electrocatalytic activity of the pure phase Ni(OH)2/NF, graphene/NF, and the 

Ni(OH)2-graphene hybrid catalysts/NF were examined in 1.0 M KOH. Figure 4. 17(a, b) reveals 

the LSV and the corresponding Tafel plots of the pure Ni(OH)2/NF, graphene/NF, and the 

Ni(OH)2-graphene hybrid catalysts/NF thin films with Ni(OH)2 contents of 20, 40, 60, 80 wt.%. 

The estimated overpotential (η) values at the corresponding current densities of 10, 20, 50, 100, 

150, and 200 mA∙cm-2, as well as kinetics parameters (b, Jo), are recorded in Table 4. 1. A pure 

Ni(OH)2/NF thin-film working electrode revealed an HER electrocatalytic activity with a 

relatively high η of 206 mV at 20 mA∙cm-2 and relatively slow reaction kinetics with a Tafel slope 

of 159 dec∙mV-1. Meanwhile, the pure graphene/NF thin film exhibited a relatively higher HER 
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electrocatalytic activity that possesses a lower η of 178 mV @ 20 mA∙cm-2 and faster reaction 

kinetics with a Tafel slope of 107.6 mV∙dec-1 compared with the pure Ni(OH)2/NF. 

 

Figure 4. 17(c) reveals the variation in the overpotential η@50 mA∙cm-2and the estimated Tafel 

slope values with various Ni(OH)2 contents. It was noticed that increasing Ni(OH)2 content resulted in an 

improvement in the HER electrocatalytic catalytic activity. In addition, the hybrid catalyst with 80 wt.% 

Ni(OH)2 was the optimum for the HER electrocatalytic activity because they possess the lowest 

overpotential (η) value of 154 mV@20 mA∙cm-2, a high exchange current density (Jo) of 0.562 mA∙cm-2 

Figure 4. 17: HER LSV curves and (b) Tafel plots for Ni(OH)2-graphene hybrid catalysts /NF. (c) The variation of the 

overpotential η and Tafel slope values with changing Ni(OH)2 content. (d) Chronoamperometric curves of 80 wt.% 

Ni(OH)2- 20 wt.% graphene hybrid catalysts /NF with 80 wt.% at an overpotential η of 154 mV for 25 h. 
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.as well as a low Tafel slope of 92 mV∙dec-1
. To illustrate the effect of electrode surface wettability on 

the HER activity of the Ni(OH)2-graphene hybrid catalysts/NF, the contact angle for a ~1 m 

water droplet was examined for the bare Ni foam, graphene/NF, Ni(OH)2/NF, and Ni(OH)2-

graphene composites /NF with different Ni(OH)2 contents (20 wt.% and 80 wt.%) as shown in 

Figure 4. 18. It can be observed from Figure 4. 18(a, b) that the bare Ni foam and the deposited 

graphene/NF exhibited a hydrophobic nature with average contact angles of 118o and 124o, 

respectively. Meanwhile, in the case of composites with 20 wt.% Ni(OH)2 content, the contact 

angle was reduced to 76o, because of the improvement in the surface wettability (i.e., improvement 

in the hydrophilic tendency), Figure 4. 18(c). Moreover, a further increase in the Ni(OH)2 content 

up to 80 wt.% results in further enhancement in the surface wettability due to the strong 

hydrophilic tendency with no detectable contact angle as shown in Figure 4. 18(d). The observed 

improvement in the surface wettability with increasing Ni(OH)2 content in the deposited Ni(OH)2-

graphene composites has a pronounced effect on enhancing the electrolyte diffusion within the 

electrolyte/electrode interface as well as increasing the electrode affinity towards electrolyte ions 

[189]. 

 

The observed high HER activity of Ni(OH)2-graphene composites with high Ni(OH)2 content can 

be ascribed to several reasons as follows. I) Synergetic effects were obtained between the Ni(OH)2 

Figure 4. 18: The wettability behavior of (a) the bare Ni foam, (b) the pure graphene/NF, (c) the composite with 20 

wt.% Ni(OH)2, (d) the composite with 80 wt.% Ni(OH)2, and (e) pure Ni(OH)2/NF. 
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and the graphene in this composite through the formation of various hydrophilic groups as bonding 

states (e.g., C=O, C-O, and C-OH/C-O-C, and C-O-Ni bonds). These active hydrophilic groups 

could improve the electrode surface wettability by interacting with water molecules through 

hydrogen bonding and introduce new active sites at the electrode/electrolyte interface [134, 177, 

190], as demonstrated from the XPS spectra in Figure 4. 7(c, d). 
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II) The surface coverage by the adsorbed water molecules increased due to the improvement of 

the surface wettability, which in this case is the rate-determining step that depends mainly on the 

Heyrovsky step [59]. III) Ni(OH)2-graphene composites with 80 wt.% Ni(OH)2 content had the 

highest relative ECSA of 4.58 mF∙cm-2, due to the improvement of surface coverage by reduced 

water molecules and the increase in the number of active sites on the electrode surface. The long-

term stability of the Ni(OH)2-graphene composite/NF with 80 wt.% Ni(OH)2 in 1.0 KOH toward 

HER was tested using chronoamperometry at an overpotential of 154 mV, which delivered around 

20 mA∙cm-2 for 25 hours as shown in Figure 4. 17(d). Based on the obtained results, we constructed 

an electrolyzer with a two-electrode system consisting of 20 wt.% Ni(OH)-80 wt.% graphene 

hybrid catalysts/NF as an anode and 80 wt.% Ni(OH)2-20 wt.% graphene hybrid catalysts /NF as 

a cathode. We also made an asymmetric electrolyzer from the bare Ni foam for testing the overall 

water splitting. The LSV and the long-term stability at 1.75 V static potential corresponding to the 

overall water splitting are illustrated in Figure 4. 19(c, d), which shows that the electrolyzer 

revealed good stability without noticeable decay for 25 hours.  

Table 4. 1: Electrocatalytic activity and kinetic parameters of Ni(OH)2-graphene hybrid catalysts/NF for OER and HER 

 
Composition (wt.%) Overpotential η (mV) Tafel Analysis 

Ni(OH)2 Gr 
10 20 50 100 150 200 B A Jo*10-3 

mA∙cm-2 mV∙dec-1 mV mA∙cm-2 

OER 

Bare Ni Foam 290 379 438 - - - 199.4 105.7 295 

0 100 - 357 384 400 411 - 57.79 276 0.0168 

20 80 - - 330 355 368 384 78.7 207.2 2.34 

40 60 - 345 386 411 - - 84 258 0.848 

60 40 - - 433 471 - - 129.5 206.3 25.52 

80 20 - 405 461 - - - 125.5 247.3 10.7 

100 0 - 340 430 - - - 185.5 124.4 213.49 

HER 

Bare Ni Foam - 240 310 404 -  267 145 286.4 

0 100 - 178 220 255 273 287 107.6 39 434 

20 80 - 206 243 269 281 292 86.32 96.44 76.63 

40 60  204 243 273 291 302 93 71 172 

60 40 - 172 212 242 260 270 97 45 343 

80 20 - 154 192 220 236 247 92 23 562 

100 0  206 286 370 456 - 159 12 840 
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4. 3. Summary  

Nanostructured Ni(OH)2-graphene hybrid bifunctional catalysts with different Ni(OH)2 

contents were directly deposited on Ni foam supporting substrate using micro-sized particles of 

Ni(OH)2 and graphite without any chemical treatment. The deposited composites exhibited 

nanosheet morphology. The synergetic effect between the Ni(OH)2 and the graphene improved 

the electrocatalytic activity of the Ni(OH)2-graphene hybrid catalysts toward the OER and the 

HER. The Ni(OH)2-graphene hybrid catalysts with low Ni(OH)2 content (20 wt.%) revealed higher 

OER activity compared with other composites due to the improvements in the reaction kinetics 

and the decrease in the corresponding charge transfer resistance, which resulted in the acceleration 

of the discharge process of the free hydroxyl anions OH
−

 and the adsorbed oxygen anions (Oads
− ) 

at the electrode surface according to the suggested mechanism for the OER. On the other hand, 

the catalyst with a higher Ni(OH)2 content of 80 wt.% exhibited excellent electrocatalytic activity 

toward the HER due to an increase in bonding states related to hydrophilic groups that caused an 

improvement in the surface wettability and consequently an increase in the number of active sites. 

Both optimum working electrodes for OER and HER showed long-term stability for 25 hours 

without noticeable decay. In addition, the electrolyzer in the two-electrode configuration using the 

efficient composite for OER as an anode and the efficient composite for HER as a cathode revealed 

long-term stability that delivered nearly 15 mA∙cm-2 at a static potential of 1.75 V for 25 hours.  
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5.1. Overview 

Cobalt-based (metallic and non-metallic Co compounds) electrocatalysts are strong candidates for 

many electrochemical energy conversion and storage applications as well as, various biosensor 

applications [191] due to abundance, low cost, high chemical durability, and high corrosion resistance 

[192, 193]. In addition, the performance of these applications not only depends on the elemental, but it is 

also affected by the internal microstructures, the distribution, and the concentration of the interfacial active 

sites on the working electrode surface. Chen et al., [194] reported the reduction of Co3O4 nanoparticles 

(NPs) in a metal-organic framework resulted in an improvement in the electrocatalytic activity toward the 

oxygen evolution reaction (OER), which provided 10 mA.cm-2 with relatively small overpotential () of 

320 mV and small Tafel slope of 71 mV.dec-1, as well as improving the cyclic stability related to 

supercapacitor application. Yu et al., [195] reported the effect of modifying the CoS/CoP interface on the 

OER and hydrogen evolution reaction (HER) in the alkaline medium. They illustrated that the disordered 

structure at the interface could improve the overall electrocatalytic activity toward the OER and HER, in 

which the optimized catalyst afforded the OER current density of 10 mA.cm-2 at an overpotential at of 

313 mV and a Tafel slope of 93 mV.dec−1. Malik et al., [196] demonstrated that the decoration of CoPt 

NPs by Co(OH)2 NPs improved the electrocatalytic activity toward the OER, which provided 10 

mA.cm-2 at an overpotential of 334 mV and 226 mV at 50 mA.cm-2 for the HER. 

Recently, many electrocatalysts based on polycrystalline or amorphous nanostructured materials 

such as Co-Fe-O alloys showed electrocatalytic activity toward the overall water splitting better than the 

counterparts crystalline materials [197]. Anantharaj and Noda [198] illustrated that amorphous-based 

nanostructured electrocatalysts exhibited several advantages such as self-adapting with the electrocatalyst 

that improved both volume and surface confinement of electrocatalytic species, in contrast to crystalline 

materials that only provide surface confinement for the electrolyte species. Moreover, the high 

concentration of surface and interfacial defects results in the improvement in the concentrations of the 

electrocatalytic active sites that in turn enhance the electrocatalytic activity toward the OER [199, 200]. 

Bergmann et al., [201] illustrated that the reversible amorphization of the nanocrystalline Co3O4 by 

generating reactive amorphous surface layers of the catalyst further enhanced the OER efficiency. In 

addition, several reports concerned by amorphous nanostructured cobalt oxide electrocatalysts revealed 

good electrochemical performance toward the water oxidation and reduction in the basic medium [202-

205]. Nanostructured carbon-based materials such as graphene nanosheets and carbon nanotubes (CNT) 
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are widely used as heterostructure electrodes with high catalytic activity for water splitting [206, 207] and 

biosensing applications [206, 208] due to their superior conductivity and their large surface area.  

Co3O4-hybrid catalysts for overall water splitting applications were prepared by several techniques 

to optimize the electrochemical performance toward the half-cell reaction included in the overall water 

splitting (i.e., OER and HER). Liang et al. [209] reported that synthesizing Co3O4/reduced graphene oxide 

(rGO) catalysts by a modified Hummers method. The prepared catalyst was used for the OER in 1.0 M 

KOH, which affords a current density of 10 mA.cm-2 at an overpotential () value of 310 mV and a small 

Tafel slope of 67 mV.dec-1. However, the prepared catalysts exhibited good electrocatalytic activity 

toward water oxidation (i.e., OER). The preparation method requires an extended time of more than 15 

hours, also consuming a large amount of energy thereby increasing the production cost. Besides, it cannot 

be scaled up for large-scale production required in real-life applications. Liu et al., [189] have fabricated 

the graphite-graphene structure decorated by Co3O4 nanoparticles (NPs) hybrid catalyst by a hydrothermal 

technique at 150°C. The total time for catalyst fabrication is approximately 4 hours. The formed catalyst 

exhibited wrinkled and cross-linked graphene sheets on the conductive graphite foil. Also, it exhibited 

good electrocatalytic activity toward the OER in 1.0 M KOH, which provides 10 mA.cm-2 at 301 mV and 

a small Tafel slope of 47 mV.dec-1. Li et al., [78] prepared ultrathin Co3O4 nanosheets using a surfactant-

free cyanogel-NaBH4 method. The obtained Co3O4 nanosheets catalyst revealed good electrocatalytic 

activity toward the OER in 1.0 M KOH, which afforded 10 mA.cm-2 at  of 307 mV and a small Tafel 

slope of 76 mV.dec−1. This strategy for preparation is suitable for small-scale production and consumes a 

large amount of energy due to the long period of preparation and drying at 80 °C (> 24 hours). Muthurasu 

et al., [210] prepared a Co3O4/MoS2 heterostructure in a metal-organic framework using several 

consecutive steps: a) pyrolysis at high temperature (300°C) for 1 hour; b) immersion in 

dimethylformamide (DMF) solution containing MoS2 for several hours; and, c) hydrothermal processing 

at 200°C for 10 hours. This catalyst revealed good activity toward the HER, in 1.0 M KOH that provides 

10 mA.cm-2 at 205 mV with a Tafel slope of 128 mV.dec-1. Fiaz et al., [211] demonstrated that the 

introduction of Co3O4 NPs into a metal-organic framework (UiO-66) by a hydrothermal technique at 140 

°C for more than 24 hours. They illustrated that the Co3O4/UiO-66 catalyst revealed good electrocatalytic 

activity toward the HER in 2.0 M KOH, which supports 10 mA.cm-2 at 220 mV.  

Co3O4-based materials are promising electrocatalysts for the H2O2 reduction and electrochemical 

sensing in the alkaline medium because Co3O4-based catalysts have various polar termination sites on 
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their grain boundaries, which help to detect any small variation at the interface of the working electrode 

[212, 213]. Wang et al., [214] reported the preparation of hollow structure Co3O4/glassy carbon using 

pyrolysis of Co-based zeolitic imidazolate frameworks (ZIF-67) in air. This combination product was used 

for H2O2 sensing in 0.1 M NaOH, in which the detection of H2O2 revealed low sensitivity of 120.55 A. 

mM-1.cm-2 and linear detection range from 0.4 M to 2.2 mM. Pei et al., [215] synthesized the preparation 

of a Co3O4-gold composite by a modified electrodeposition technique. The modified catalyst revealed 

good electrocatalytic activity toward glucose oxidation in 0.1 M NaOH with a linear range from 2 M to 

2.11 mM and high sensitivity of 4470.4 A. mM-1.cm-2. On the other hand, it exhibited good activity 

toward the H2O2 reduction with a linear range from 20 M to 19.1 mM and high sensitivity of 1338.7 A. 

mM-1.cm-2. Although, the technique used was only suitable for small-scale production and cannot be used 

for large-scale production. Dai et al., [216] prepared Au@C-Co3O4 NPs composites using the pyrolysis 

technique at 450 °C for 4 hours, followed by mild oxidative calcination at 250 °C for 2 hours. The 

fabricated catalyst provides high sensitivity toward the H2O2 reduction of 7553 A. mM-1.cm-2 within a 

narrow detection linear range from 0.05 to 100 M. 

The above-mentioned techniques were focusing on improving the electrocatalytic activity of Co3O4 

based electrocatalysts toward the H2O2 sensing via the modification of interfacial active sites by altering 

either the morphology or particle size, as well as, decorating of the working electrode with expensive 

materials. On the other hand, nowadays the combination of Co-based materials characterized by the 

existence of a high concentration of electrocatalytic active sites with nanostructured carbon-based 

materials (i.e., carbon nanotubes, reduced graphene oxide, and graphene) is promising because the 

obtained hybrid catalyst revealed better electrochemical performance toward the H2O2 sensing. This 

behavior results from the combination between the large concentration of active sites, as well as the 

improvement in the charge transfer kinetics at the interface of the used hybrid electrodes. Kong et al [217] 

have synthesized Co3O4 nanowires on reduced graphene oxide via two subsequent steps hydrothermal 

followed by thermal treatment. The obtained composites revealed good electrocatalytic activity toward 

the H2O2 reduction with a high sensitivity of 1140 A. mM-1.cm-2. Kogularasu et al [218] reported the 

preparation of 3D graphene oxide-cobalt oxide polyhedrons via hydrothermal techniques. They illustrated 

that the improvement in the synergetic effect between the graphene oxide and the cobalt oxide polyhedrons 

results in H2O2 detection with high sensitivity of 3450 A. mM-1.cm-2 in the linear detection range from 

0.05-400 M of H2O2. Heli and Pishahang [219] reported the preparation of Co3O4 NPs on carbon 
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nanotubes using the microwave decomposition method, which revealed electrocatalytic activity toward 

the H2O2 reduction in 0.1 M NaOH with 1002.8 A.mM-1.cm-2 sensitivity in the linear range from 20 to 

430 M.    

Based on the above-mentioned preparation methods of the Co3O4-based catalyst, we found that the 

reported techniques revealed good electrochemical performance toward the overall water splitting and 

H2O2 sensing application. However, these techniques may ignore the cost-efficiency that is necessary for 

commercializing water splitting electrochemical energy conversion, the use of dangerous chemicals, a 

very long preparation time in several separate steps that increase the production cost, and a difficult scaled-

up for large size production in commercial applications. The nanoparticle deposition system (NPDS) is 

one of the top-down techniques used for direct deposition of binder-free nanostructured ceramic materials 

films and their composites by spraying the initial microparticles at room temperature, which prevents the 

thermal damage of the used substrate [220, 221]. Besides, deposition with NPDS is easy to be scaled up 

for films with large deposition area and suitable for mass production that reduces the cost of fabrication 

for real-life commercial applications [68]. Sung-Ik Park [99] has fabricated an electrochromic device 

using the deposited WO3 thin films with a 1 m2 geometrical area by the NPDS system. In the present 

study, we fabricate efficient Co3O4-graphene hybrid catalysts with different Co3O4 contents (25, 50, and 

75 wt.%) using a one-pot deposition technique by a modified vacuum spray technique. Compared with 

the other reported techniques, our fabrication technique is a simple, one-step deposition for composite 

catalysts in a short time, with no chemical hazards, suitable for scaled-up to large size production. Also, 

the effect of changing Co3O4 content on the oxygen evolution reaction, hydrogen evolution reaction, as 

well as H2O2 sensing in the alkaline medium was investigated. 

5.2. Results and discussion  

5. 2. 1. XRD analysis of Co3O4-graphene composites 

5. 2. 1. 1. Initial micro-sized powder 

The internal microcrystal structure of the pure graphite, Co3O4, and the ball-milled powder 

mixtures with 25, 50, and 75 wt.% Co3O4 were identified from XRD patterns as shown in Figure 

1S. The XRD pattern of graphite powder, Figure 5. 1(a), revealed two characteristic diffraction 

peaks at 26.5° and 56.42°, which matched well with the crystalline planes (002), and (004), 

respectively, of the bulk graphite hexagonal structure with lattice parameters a = 2.643 Å,  and c 
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= 6.714 Å of the space group P63/mmc (ICDD: 00-056-016, PDF 2010). In addition, no secondary 

peak was detected related to any other impurity. On the other hand, the XRD pattern of the micro-

sized Co3O4 powder, Figure 5. 1(e), revealed several diffraction peaks that are in good agreement with 

the bulk structure of Co3O4 face-centered cubic phase with space group Fd-3m, (ICDD: 43-1003) [222]. 

Moreover, XRD patterns of the Co3O4-graphite mixture with 25, 50, and 75 wt.% Co3O4 content, Figure 

5. 1(b-d), exhibited the existence of both phases, cubic Co3O4, and hexagonal graphite phase, without the 

evolution of new phases due to the ball milling before the deposition process. 

5. 2. 1. 2. Nanostructured Co3O4-graphene composites thin films  

Figure 5. 2 shows XRD patterns of the bare Ni foam (NF) substrate without deposition, the 

deposited films of the graphene/NF, Co3O4/NF, as well as the deposited Co3O4-graphene composites with 

different Co3O4 content (25, 50, and 75 wt.%) on Ni foam. In the case of the bare Ni foam, three main 

diffraction peaks were observed at 2 values of 44.19, 51.54, and 76.09° corresponding to the (111), (200), 

and (220) crystalline planes of the face-centered structure with Fm-3m space groups (ICDD: 00-004-0850) 

of cubic Ni with preferable orientation along (111). It can be observed that in the case of the bare 

graphene/NF no diffraction peaks were detected except characteristic peaks of the cubic structure of the 

Ni foam substrate. Meanwhile, Co3O4 and Co3O4-graphene composites thin-films revealed some peaks 

with a very small intensity corresponding to the crystalline peaks (311), (511), and (400) of the face-

centered cubic structure of Co3O4. The observed small intensity of these peaks may arise from the 

fragmentation of the initial microparticles to a large number of randomly oriented domains with a very 

small domain size that tends to be amorphous structures. The observed low crystallinity for the Co3O4-

based catalysts was also observed by Du et al [223] when they prepared Co3O4 nanosheets by phase 

transfer process with no detectable XRD peaks correspond to the Co3O4 phase. They attributed that to the 

low degree of crystallinity and the evolution of a higher concentration of metal oxide interfacial defects 

that act as an electrocatalytic active center for the oxygen evolution reaction. 
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Figure 5. 1: XRD patterns of the used graphite powder (a), Co3O4-graphite composite (b-d), and pure Co3O4 (e) 

Figure 5. 2: XRD patterns of Co3O4-graphene composite/NF at different Co3O4 contents 



 

Page | 106 

 

5. 2. 2. Raman studies on Co3O4-graphene composites 

5. 2. 2. 1. Micro-sized powder before deposition 

Raman spectrum of the micro-sized graphite powder in Figure 5. 3(a) shows various active 

Raman modes centered at 1354, 1584, 2722, and 3253 cm-1. The main G band at 1584 cm-1 

corresponds to the E2g-symmetry mode, which is characteristic for the lattice vibration of the large 

crystalline graphite powder; meanwhile, the interfacial defect-related lattice vibration D mode is 

noticed at 1354 cm-1[110]. In addition, the second-order 2D symmetry mode is observed at around 

2722 cm-1[111]. Moreover, the Raman band at 3253 cm-1 is actually at a frequency higher than the 

double of the G band frequency, which is attributed to another second-order vibration mode called 

intravalley 2D-mode [112]. Figure 5. 3(b) shows the Raman spectrum of Co3O4 powder, which 

consists of several characteristic bands centered at a Raman shift of 188, 474, 515, 611, and 679 

cm-1. These active Raman modes correspond to the A1g+Eg+3F2g combination of the Co3O4 spinel 

structure. The most intense band centered at 679 cm-1is ascribed to the characteristic octahedral 

site (CoO6) related to the A1g mode of the O7h spectroscopic symmetry; Raman bands with mid-

range intensity at 474 and 515 cm-1 are ascribed to the Eg and F(2)
2g mode, respectively; in addition, 

bands at 192 and 611 cm-1 are caused by the F(3)
2g  and F(1)

2g symmetry modes, respectively, of the 

tetrahedral sites of CoO4 [224-226]. During the Raman spectra scan of the ball-milled mixtures of 

the Co3O4-graphite powders with 25, 50, and 75 wt.% Co3O4, we observed that both Co3O4 and 

graphite micro-structure grains still separately existed. The characteristic Raman active modes for 

each powder were identified from separate positions, in which Raman active modes belonging to 

pure graphite powder were matched with the bright grains at a 30 m length scale,  whereas the 

dark grains were matched with the Co3O4 spinel pure phase. For each of the mixed powders of 

Co3O4-graphite, Raman spectra were recognized for the two main features dark (i.e., pure phase 

of Co3O4) and bright grains (i.e., pure phase graphite). It can be observed that all Raman spectra 

of all mixed powders exhibit the same characteristic Raman bands at the same positions related to 

the pure phases of Co3O4 and graphite powder. This indicates the existence of both phases in the 

prepared powders before the deposition process, Figure 5. 4(a-f). 
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5. 2. 2. 2. Nanostructured deposited thin films  

It worth mentions that XRD patterns of the deposited thin films cannot detect any phase in 

the deposited Co3O4-graphene thin films, hence micro-Raman spectroscopy was used because it 

is a more sensitive technique to provide information regarding the phase that exists on the 

deposited thin film surfaces. The Raman spectrum in Figure 5. 5(a) of the deposited graphene/NF 

nanosheets exhibits three main active Raman modes at 1352, 1590, and 2694 cm -1, the evolution 

of the shoulder peak at 1620 cm-1, as well as, the improvement of the disorder-induced G vibration 

mode at 2940 cm-1[112]. The peak position of the three main active modes has the same origin as 

the micro-sized graphite powder with little shift in the position and variation in the width of the 

Raman peaks due to the induced defect at the grain boundary of the lattice [113]. The first band 

centered at 1352 cm-1 can be ascribed to the first-order vibration mode D; the second band at 1590 

cm-1 is due to the first-order vibration mode G; Besides the observation of characteristic second-

order vibration mode 2D at 2694 cm-1. The observed peak shoulder at 1620 cm-1 corresponds to 

the D-symmetry mode is ascribed to the displacement of carbon atoms inside the crystal lattice to 

the surface layer [110, 114]. The main characteristic that enables us to distinguish between the 

large crystalline structure of graphite powder and the few graphene layers caused by the 

fragmentation process is the change in the intensity ratio (ID/IG) between the vibration modes D 

and G in the Raman spectra. 

Figure 5. 3: Raman spectra of the used powder before deposition of the pure phases of graphite (a), and Co3O4 (e)
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Figure 5. 4: Raman spectra of the Co3O4-Graphite mixed powder before deposition at different Co3O4 content (25, 50, 

and 75 wt.%). 
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The fragmentation of the initial micro-sized graphite powder during the deposition process is 

associated with the improvement of either defect or disorder-related Raman modes (D, G), 

whereas the G and 2D band that distinguishes crystallinity or order degree is relatively reduced. 

The intensity ratio in the deposited graphene/NF of 1.34 is higher than the corresponding ID/IG 

ratio in the used micro-sized graphite powder with an intensity ratio of 0.43, Figure 5. 4(a). This 

change in the intensity ratio is mostly caused by the layer separation due to the micro-sized particle 

fragmentation to a few graphene layers in the nanosized regime, as well as the evolution of a high 

concentration of edge-related defects [115].   

The Raman spectrum in Figure 5. 5(e) of the deposited nanostructured Co3O4/NF reveals 

several distinctive bands with peaks positioned at 192, 483, 525, 620, and 690 cm -1. The observed 

bands correspond to multiple active Raman modes (A1g+Eg+3F2g) of the Co3O4 spinel structure, 

confirms the existence of Co3O4 phase species on the surface of the deposited thin films. The most 

intense band centered at 690 cm-1 is ascribed to the characteristic octahedral site (CoO6) related 

to the A1g mode of the O7h spectroscopic symmetry. Raman bands with mid-range intensity at 483 

and 525 cm-1 are ascribed to the Eg and F(2)
2g mode, respectively; meanwhile, the lower intensity 

Raman band at 620 cm-1 is caused by F(1)
2g mode. In addition, the Raman band with very low 

intensity at 192 cm-1 is ascribed to F(3)
2g mode that is related to the tetrahedral sites of CoO4 [224-

226]. Furthermore, by comparing peak positions with the corresponding Raman peaks in the 

spectrum of the Co3O4 powder, Figure 5. 4(b), we noticed that, in general, there is a positive shift 

toward the higher Raman shift value for all characteristic peaks. This shift in peak positions of 

active Raman modes of nanostructure Co3O4 would arise from various size-dependent effects in 

the nanometric size range such as variation in the tensile stress caused by lattice disorder and low 

range crystalline domains. Besides, the spontaneous local thermal heating that occurred during the 

deposition process may cause the observed peak position shift in the Raman active modes of the 

Co3O4 nanoparticles [124, 227]. Raman spectra of the deposited Co3O4-graphene composites on 

Ni foam with 25, 50, and 75 wt.% Co3O4 contents are illustrated in Figure 5. 5(b-d), which reveals 

the existence of various Raman active modes that belong to both the Co3O4 spinel structure and 

the few graphene layers. Moreover,  the change in the intensity ratio (ID/IG) that related to layer 

separation of graphite powder during the deposition process ranged from 1.25 to 1.28, 

demonstrates the formation of a few layers of graphene nanosheets in all composites.  
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Figure 5. 5: Raman spectra of graphene/NF (a), Co3O4-graphene composites (b-d), and Co3O4/NF (e) 
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5. 2. 3. Surface Morphology and composition analysis of Co3O4-graphene composites 

5. 2. 3. 1. Micro-sized powder before deposition 

Morphological and elemental analysis for the initially micro-sized particles were performed for the 

powder of graphite, Co3O4, and the mixtures with 25, 50, and 75 wt.% Co3O4 content. As mentioned in 

our previous works, the graphite powder possessed flake morphology with various dimensions and 

orientation with mean lateral dimension  10 m [228], Figure 5. 6(a, b). In addition, the EDS elemental 

analysis of the graphite powder exhibited C and O elements with 93.47 at. %, and 6.53 at. %, respectively, 

Figure 5. 8(a). The SEM image of Co3O4 powder in Figure 5. 7(e, f) revealed a semi-spherical shape with 

a relatively broad size distribution in the micro-size range from less than 1 m to  5 m, in which the 

observed size distribution broadening in the particle size may arise from the aggregation tendency caused 

by the magnetic properties of the Co3O4. The EDS spectrum of the micro-sized powder of Co3O4, Figure 

5. 8(e) exhibited that the elemental atomic ratio (Cok/Ok) of 0.347 with 22.47 at. %, Cok content, and 64.77 

at. % of Ok. Also, Ck with 12.76 at. % was observed to originate from the contribution of carbon film on 

the Cu-grid for holding the sample. The estimated elemental ratio of Cok to Ok in the powder is less than 

the theoretical value of 0.75 [229]. This difference represents a large deficiency of Co content in the 

sample accompanied by a high concentration of Co vacancies at the octahedral (Co3+), tetrahedral (Co2+), 

or both sites in the spinel structure of Co3O4 nanoparticles [227].  

SEM images of the Co3O4-graphite mixtures with different Co3O4 contents (25, 50, and 75 

wt.%) in Figure 5. 6(c, d) and Figure 5. 7(a-d) revealed mixed morphology from the micro-sized 

flake and a semi-spherical shape within the same size range that was mentioned in the pure phases 

of graphite and Co3O4 powder. The EDS elemental analysis of the mixed powders of 25 wt. % 

Co3O4 content, Figure 5. 8(b), exhibits C, O, and Co elements of 41.11, 46.3, 12.6 at. %, 

respectively, which possessed a Cok/Ok ratio of 0.272. For the mixed powder with 50 wt.%, Co3O4,  

the elemental contributions are 57.12, 34.16, and 8.72 at.% corresponding to Ck, Ok, and Cok, 

respectively, with a Cok/Ok ratio of 0.255. The mixed powder with 75 wt.% Co3O4 contained an 

atomic percentage of Ck of 37.98, Ok of 47.38, as well as Cok of 14.64 with a Cok/Ok ratio of 0.31. 

Based on the calculated Cok/Ok from the EDS spectra of all mixed powders, we observed that all 

mixed powders possessed lower Cok/Ok ratios compared with the pure phase of Co3O4 powder, 

which illustrated that normal mixing using ball milling results in more deficiency in the Co content 

in the Co3O4 spinel structure. 
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5. 2. 3. 2. Nanostructured thin films 

The suggested deposition mechanism of Co3O4-graphene composites on the Ni foam substrate using 

the NPDS can be explained according to Chun et al. [100]. They reported that the deposition and bonding 

mechanism of ceramic particles on a substrate by the NPDS, where the bonding nature occurred in 

successive steps within a very short time (few nanoseconds). Firstly, the impact between the accelerated 

micro-sized ceramic particle with the substrate results in the fracture to a smaller size in the nano-size 

range due to the shock compaction wave; followed by successive impact with the micro-sized particles 

that cause dramatic local thermal heating and pores-filling (packing) of the deposited thin films. The lateral 

local thermal heating would cause solid-state diffusion and strong bonding at the interface between the 

deposited film and the substrate [230]. For the deposited Co3O4-graphene composites thin films, graphene 

plays an important role in reducing the grain boundaries aggregation of the deposited Co3O4 nanoparticles 

due to the improvement in the heat dissipation during the deposition process that illustrated from the 

following SEM analysis of the deposited pure phase Co3O4/NF thin, as well as composites with different 

graphene content. 

 

Figure 5. 6: SEM images of the micro-sized particles of (a, b) graphite powder, and (c, d) mixed Co3O4-Graphite 

powder before the deposition with 25 wt.% Co3O4 content. 
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Figure 5. 7: SEM images of the micro-sized particles of Co3O4-Graphite composites with Co3O4 content of 50 wt.% (a, 

b), 75 wt.% (c, d), and the pure phase of (e, f) Co3O4 powder. 
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SEM images of the deposited graphene on the 3D Ni foam substrate, Figure 5. 9(a, b) show the 

deposited film morphology with a two-length scale 1 m and 100 nm, in which the SEM image 

with a lower length scale exhibited several nanosized sheets with merged grain boundaries. The 

observed grain size range of the deposited films varies from less than 100 nm to 200 nm that 

confirms the fragmentation process of the micro-sized graphite powder, Figure 5. 9(a, b), due to 

the collision between the accelerated particles with high kinetic energy and the metallic substrate 

in use. 

 
Figure 5. 8: Elemental analysis of the used micro-sized powder before deposition 
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The EDS spectrum and the corresponding microstructure elemental mapping of the deposited 

graphene thin film in Figure 5. 11 exhibit 62.51 at.% as carbon content and 37.49 at.% Ni that 

comes from the supporting Ni foam holding substrate. The surface morphology of the deposited 

nanostructured Co3O4 thin film on the Ni foam is illustrated in Figure 5. 10(e, f). It can be observed 

that the large-scale length SEM image in Figure 5. 10(e) exhibited a large agglomeration tendency 

in some parts that resulted in ambiguous grain boundaries and difficulty in the observation of well-

defined particle edges, as well as forming irregular plate structure. Other parts of the image reveal 

particles with small particle sizes due to the fragmentation process. The observed aggregation of 

the small particles in some spots in the SEM images of the deposited Co3O4/NF thin films is 

expected due to the sharp local thermal heating and slow dissipation compared with the very abrupt 

temperature increase (nanoseconds) that results in surface melting of some particles and welding 

of small particles together to form particles with larger sizes according to the explosive liquid 

phase sintering process [231]. The EDS spectrum and the corresponding elemental mapping of the 

Figure 5. 9: SEM images of graphene/NF (a, b), and composites with 25 wt.% Co3O4/NF (c, d) 
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deposited nanostructured Co3O4 thin film, Figure 5. 13, demonstrated 30.69 at. % O, 14.68 at.%, 

as well as 34.43 at.% Ni from the holding substrate. The Cok/Ok ratio in the deposited 

nanostructured Co3O4 film is 0.478, which is higher than the corresponding Co/O ratio in the 

micro-sized powder of 0.347. However, there is still a large deficiency in the Co species content 

compared with the theoretical stoichiometric value of the bulk spinel structure Co3O4, the obtained 

stoichiometric Cok/Ok ratio by our deposition technique that is relatively higher compared with 

earlier research that obtained Cok/Ok ratio of 0.45 at an annealing temperature of 450 °C by Gawali 

et al.,[227], and at an annealing temperature of 800 °C by George et al.[232]. Moreover, the lateral 

elemental mapping reveals the homogeneous elemental distribution of Co and O all over the 

localized deposition area. For estimating the approximated size range of the deposited Co3O4/NF 

thin film, SEM image at higher magnification was provided, Figure 5. 10(f), which demonstrated 

particles with semi-spherical morphology and wide size distribution. The lateral size range of the 

deposited particles was less than 50 nm; however, the aggregation tendency was still noticed. The 

observed aggregation tendency in the case of Co3O4/NF thin film may arise from the sharp increase 

in the temperature within a short time during the collision with the metallic substrate.  In the case 

of nanostructured Co3O4-graphene composites thin films with 25, 50, and 75 wt.% Co3O4 content, 

small particles were observed with a size range extending from less than 50 nm to 100 nm that 

mixed with nanostructured sheets representing graphene layers. Besides, less aggregation 

tendency was observed in SEM images of the composite thin films compared with the pure Co3O4 

thin film, see Figure 5. 9(c, d) and Figure 5. 10(a-d). The observed inhibition of the aggregation 

tendency of the Co3O4-graphene composites/NF thin films compared with the Co3O4/NF thin film 

can be understood through the proposed mechanism. The existence of graphene nanosheets in the 

deposited Co3O4 could improve the overall thermal conductivity of the deposited films, and hence 

the time rate of thermal energy dissipation during the successive impact of the incident micro-

sized particles with the fragmented layers. This enhancement in the thermal energy dissipation 

prevents unnecessary further local heating and reduces the possibility of an explosive liquid phase 

sintering process. The EDS spectrum of the deposited Co3O4-graphene composite with 25 wt.% 

Co3O4 content in Figure 5. 11 showed the existence of C, O, and Co elements with 27.04, 34.18, 

and 10.31 at. %, as well as 28.47 at.% from the Ni holding substrate. This composite has a Cok/Ok 

ratio of 0.3. The EDS spectrum of the Co3O4-graphene composite thin film with 50 wt.% Co3O4 
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content, Figure 5. 12, demonstrated 18.74, 48.72, 10.65, and 21.89 at.% of elements C, O, Co, and 

Ni, respectively, with a Cok/Ok ratio of 0.2186.  
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Figure 5. 11: Elemental analysis and the corresponding mapping of graphene/NF and composite with 25 wt.% 

Co3O4 /NF 
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Figure 5. 12: Elemental analysis and the corresponding elemental mapping of Co3O4-Graphene/NF composite with 

50, and 75 wt.% Co3O4 content.  
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The EDS spectrum of the deposited composite thin film with 75 wt.% Co3O4 content, Figure 5. 

12, revealed C, O, Co, and Ni elements with 21.5, 49, 11, 18.5 at.% with a Cok/Ok ratio of 22.45. 

It can be observed that the Co/O ratio for all of the deposited films corresponding to Co3O4-

graphene composites is lower than the corresponding pure Co3O4/NF demonstrating the increase 

of Co vacancies either at octahedral (Co3+), tetrahedral (Co2+) or both sites in the spinel structure 

of Co3O4 nanoparticles. Furthermore, the lateral distribution of elements was checked from the 

corresponding elemental mapping for each composite, illustrating that the deposited films exhibit 

good film uniformity over the entire scanned area. 

5. 2. 4. XPS analysis of the Co3O4-graphene composites thin films  

To illustrate the chemical and interfacial electronic states on the Co3O4-graphene hybrid catalyst 

surfaces, X-ray photoelectron spectroscopy (XPS) was performed for the pure phases and their hybrid 

catalysts with different Co3O4 content (25, 50, and 75 wt.%). The XPS survey spectra in Figure 5. 14 for 

the pure phase of the nanostructured Co3O4, graphene nanosheets, as well as their hybrid catalyst, reveal 

Figure 5. 13: Elemental analysis and the corresponding elemental mapping of Co3O4/NF thin film. 
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the presence of typical signals corresponding to the metallic phase of Co (i.e. Co 2p, Co 3p, and Co 3s), 

active oxide states O 1s, as well as, C 1s corresponding to the active states of carbon-related to the 

graphene nanosheets. For demonstrating the nature of these active states, a high-resolution XPS scan for 

each case is performed. High-resolution XPS scans of Co 2p correspond to the nanostructured Co3O4 and 

hybrid catalyst with graphene are illustrated in Figure 5. 15(a), which reveal the presence of Co 

characteristic peaks that belong to Co 2p3/2 and Co 2p1/2 accompanied by a few shake-up satellite peaks 

due to the spin-orbital coupling of these active electronic states. The deconvoluted high-resolution XPS 

scan of Co 2p3/2 for the pure phase of Co3O4, Figure 5. 15(b), exhibited two main peaks at 780.5 eV and 

781.5 eV, corresponding to the binding energy of Co3+ and Co2+
, respectively. Meanwhile, the 

deconvolution of the Co 2p1/2 band revealed two peaks at 795 eV caused by Co3+states and 797.5 by Co2+ 

states.  

 

The average energy separation between the two main spin-orbital states is around 15.25 eV, which is a 

characteristic value for Co 2p3/2 and Co 2p1/2 orbital in Co3O4 [188, 189, 233, 234]. It can be observed that 

the high-resolution XPS scan of Co 2p for all hybrid catalysts revealed a negative shift to a lower value 

of binding for all electronic states compared with the pure Co3O4 phase, whereas the hybrid catalyst with 

25 wt.% Co3O4 content, Figure 5. 15(c), revealed deconvoluted bands of Co 2p3/2 at 779.7 eV and 781.1 

Figure 5. 14: Wide-scan XPS survey spectra of the Nanostructured pure phases of graphene and Co3O4 

electrocatalysts, and their hybrid catalysts with different Co3O4 content. 
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eV, in addition to deconvoluted bands of Co 2p1/2 at 794.8 eV and 796.9 eV with an average spin-orbital 

energy separation of 15.45 eV.  

 
Figure 5. 15: Co 2p XPS spectra of Co3O4-graphene composites. 
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The deconvoluted high-resolution XPS scan of a hybrid catalyst with 50 wt.% Co3O4 content in Figure 5. 

15(d) exhibited split bands Co 2p3/2 at 779.65 eV and 780.87 eV, accompanied by split bands of Co 

2p1/2 at 794.94 eV and 796.7 eV with an average spin-orbital energy separation of 15.44 eV. Moreover, 

the hybrid catalyst with 75 wt.% Co3O4 content in Figure 5. 15(e) revealed subbands of Co 2p3/2 at 779.7 

eV and 780.93 eV, as well as Co 2p1/2 subbands at 794.96 eV and 796.6 with an average spin-orbital 

energy separation of 15.47 eV. It can be observed that the intensity of Co 2p3/2 and Co 2p1/2 bands was 

improved in the hybrid catalyst, in which the catalyst with 50 wt.% Co3O4 content possessed the highest 

relative intensity compared with other catalysts. Furthermore, the relative increases of the deconvoluted 

subband area correspond to the Co2+, as well as the shake-up satellite peaks revealing the improvement of 

the concentration of the active sites with higher electron-spin states [235-237]. Based on the deconvolution 

of the high-resolution XPS scan of Co 2p, we can approximate the relative contribution of Co3+and Co2+ 

states in the deposited Co3O4-graphene/NF thin films based on the shared area of each state. The 

deconvoluted Co 2p3/2 XPS scan of Co3O4/NF revealed that 54% of the band area corresponds to a lower 

spin state of Co3+ 2p3/2 and 46% is related to a higher spin state Co2+ 3p/2. Meanwhile, the deconvolution 

of the Co 2p3/2 XPS scan of the nanostructured Co3O4-graphene/NF hybrid catalyst revealed 

improvement in the contribution of the high spin state Co2+2p3/2 with area percent ranging from 75 to 

78% compared with the lower spin state Co3+3p/2 with an area percent in the range 22 to 25%. Similar 

behavior was observed for the second orbital states of Co 2p1/2, in which further improvement was shown 

in the high spin state (Co2+) compared with the lower spin state (Co3+) in all hybrid catalysts. The observed 

improvement in the Co2+state contribution compared with Co3+ states in the case of all hybrid catalysts, 

revealed the hybridization with graphene-enhanced the reduction of Co3+ to more electrocatalytic active 

sites of Co2+ [234] that accompanied the formation of a high concentration of oxygen vacancies [238, 

239]. The role of these actives states in the spinel structure Co3O4 nanocrystals was theoretically 

investigated Zhang et al., [240], who revealed that the concentration increase of the high spin Co state 

(Co2+) at the interface of the working electrode would result in the overall improvement of the 

electrochemical performance. The observed improvement in the concentration of the high spin state Co2+in 

the spinel structure of Co3O4 during the deposition of Co3O4-graphene thin films compared with the 

Co3O4/NF thin films can be explained as follows: As mentioned above, thermal aggregation was noticed 

to have more effect in the case of Co3O4/NF compared with the Co3O4-graphene composites/NF thin films 

due to the slow dissipation of local thermal heating. 
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Figure 5. 16: O 1s XPS spectra of Co3O4-graphene composites 
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The excessive local thermal heating due to the successive impact with submicron particles would result in 

further oxidation of Co2+ related to CoO states in the spinel structure to Co3+ of the Co3O4, which required 

a high temperature for oxidation [241]. Meanwhile, the presence of graphene nanosheets in the Co3O4-

graphene/NF thin films prevents further heating for the fragmented particles, which reduces the possibility 

of thermal oxidation of the high spin states of Co2+. This agrees with the obtained results from SEM 

analysis in the previous section. Figure 5. 16(a) illustrates the high-resolution O 1s XPS spectra for the 

pure phases of graphene/NF and Co3O4/NF, as well as their hybrid catalysts with different Co3O4 content 

(25, 50, ad 75 wt.%). The O 1s XPS spectrum in Figure 5. 16(b) of the graphene/NF catalyst revealed 

only one main band centered at a binding energy of 532.18 eV that arose from the existence of some 

residual oxygen-containing groups at the grain boundaries such as C−O [242]. On the other hand, the O 

1s XPS spectrum of the pure Co3O4/NF catalyst in Figure 5. 16(f) revealed one main band at 531.5 eV, 

which is the main characteristic bond (Co−O−Co) of Co3O4-based materials [237, 243]. In the case of 

Co3O4-graphene hybrid catalysts with 25, 50, and 75 wt.% O 1s XPS spectra, Figure 5. 16(c-e) exhibited 

the evolution of new active bond states corresponding to Co−O−C at 529.86 eV, which demonstrated the 

improvement of synergy between the Co3O4 nanoparticles and the graphene nanosheets in the case of the 

hybrid catalysts compared with the pure phases of Co3O4/NF and graphene/NF catalysts. The observed 

new bond states in our hybrid catalyst are in agreement with many previous reports concerning Co3O4 

graphene-based catalysts [78, 234, 237, 242, 243]. Moreover, it can be observed that the hybrid catalyst 

with 50 wt.% Co3O4 content exhibited the highest intensity of the new bond state, which demonstrates 

that this hybrid catalyst would possess the highest number of distributed active states at the surface of the 

working electrode compared with the other hybrid catalysts with 25 and 75 wt.% Co3O4 content. In 

addition, it was observed that the main characteristic O-related bond of the Co3O4 spinel structure shown 

at 531.5 eV for the pure Co3O4/NF was positively shifted to 532, 531.85, and 531.85 eV corresponding to 

hybrid catalysts with 25, 50, and 75 wt.%, respectively. The observed positive shift of the Co-O bond in 

the hybrid catalyst may be caused by the strong coupling between the nanostructured Co3O4 and graphene 

nanosheets. A similar positive shift in the Co binding energy was observed in the Co3O4-MoS2 hybrid 

catalyst [188, 244]. 
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Figure 5. 17: C 1s XPS spectra of Co3O4-graphene composites (a-d) 
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Figure 5. 17(a) illustrates the high-resolution C 1s XPS spectra of the graphene/NF and the hybrid 

catalysts with different Co3O4 content, in which each spectrum was deconvoluted to identify the origin of 

the observed bands. The deconvolution of the C 1s XPS spectrum of graphene/NF, Figure 5. 17(b), 

exhibited main bands at 284.73 eV that considered the main characteristic band caused by the sp2-

hybridized carbon (C−C) in the planar graphene sheets [242], as well as, a weak shoulder at 285.73 eV 

caused by some oxygenated bonds in the C−O bond at the graphene layer boundaries [189]. These 

characteristic bands were also observed in Figure 5. 17(c-e) of the hybrid catalysts with 25, 50, and 75 

wt.% Co3O4 content in addition to the evolution of the new weak band in the range from 288.6 eV to 288.9 

eV corresponding to the new bonded state with oxygen (−O−C=O). This indicated the relative increase in 

the oxygen-containing functional groups in the hybrid catalysts [189, 245]. 

5. 2. 5. Electrochemical active surface area   

The electrochemical active surface area (ECSA) of the Co3O4-graphene hybrid catalysts was 

estimated from the double-layer capacitance (CDL) region [78]. The applied potential ranges from 0.924 

to 1.124 V vs. RHE in 1 M KOH electrolyte, in which no Faradaic reaction is noticed. The CDL values 

were calculated by the scan-rate-dependence of cyclic voltammetry (CV) plots according to Eq. 2. 5. The 

CV plots of the pure phases of Co3O4/NF and graphene/NF, as well as the Co3O4-graphene/NF hybrid 

catalyst at different Co3O4 contents (25, 50, and 75 wt.%), were recorded at scan rates of 10, 20, 30, 40, 

50, 60, 70, 80, 90 and 100 mV.s-1, as shown in Figure 5. 18. Then, a linear relationship based on eq. 5 

between J at 1.024 V vs. RHE and scan rates were plotted for all working electrodes as illustrated in 

Figure 5. 19. The obtained ECSA represented by CDL values were recorded in Table 5. 1. The pure phases 

of Co3O4/NF and graphene/NF possessed relatively low ECSA values of 4.32, and 4.6 mF.cm-2, 

respectively. Meanwhile, hybrid Co3O4-graphene catalysts exhibited higher ECSA, in which the hybrid 

catalyst with 50 wt.% Co3O4 content exhibited the highest ECSA value of 23.12 mF.cm-2 compared with 

the other catalysts. Hence, it has a higher concentration of electroactive sites at the interface between the 

working electrode and the electrolyte. The overpotential () values corresponding to the OER and HER 

were estimated according to Eq. 2.(2 and 3) [76]. The electrocatalytic reaction kinetics can be investigated 

using Tafel analysis, in which the estimated overpotential for either the OER or the HER is drawn on the 

y-axis vs. the log scale of the produced current according to the Tafel relation given by Eq. 2. 4 [77]. The 

estimated slope exhibits the electrocatalytic reaction kinetics of the modified working electrode:   
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5. 2. 6. Oxygen evolution reaction activity of Co3O4-graphene hybrid catalysts  

Figure 5. 20(a, b) shows the IR-corrected LSV plots and the corresponding Tafel plots of the Co3O4/NF, 

graphene/NF, as well as their hybrid catalysts at different Co3O4 contents (25, 50, and 75 wt.%) in the potential 

range from 1.2 to 1.8 V vs. RHE to investigate their electrocatalytic activity toward the OER in 1.0 M KOH. It can 

be observed that all working electrodes exhibit oxidation peaks ranging from 1.34 to 1.36 V. In addition, the bare 

Ni foam and the nanostructured Co3O4/NF thin film have a relatively high OER onset potential ranging from 1.58 

to 1.6 V; meanwhile, the pure graphene/NF and Co3O4-graphene hybrid catalysts with different Co3O4 contents have 

a lower OER onset potential ranging 1.52 to 1.54 V. The overpotential () and the corresponding Tafel slope values 

of the OER for the pure phases of Co3O4/NF, graphene/NF, as well as their hybrid catalysts were estimated 

according to Eq. 2. 2 and Eq. 2. 4. The charge transfer resistance (Rct) for the OER region at  300 mV was 

estimated for each working electrode using the electrochemical impedance spectroscopy (EIS), Figure 5. 21(a) 

and recorded in Table 5. 1. The nanostructured Co3O4/NF catalyst provides a current density of 10 mA.cm-

2 at a relatively high η of 349 mV, Tafel slope of 77 mV.dec-1, and Rct of 13.5  while, the pure 

graphene/NF catalyst reveals high activity toward the OER that possesses a low η of 283 mV@10 mA.cm-

2, very fast reaction kinetics with very small Tafel slope of 32 mV.dec-1
 and small Rct of 2.6 . In the case 

of the Co3O4-graphene hybrid catalysts, it can be observed that increasing graphene content results in a 

gradual decrease of onset potential, η  and Tafel slope values. This behavior revealed the overall 

improvement in the electrocatalytic activity toward the OER. Moreover, the hybrid catalyst with 25 wt.% 

Co3O4 content revealed the optimum combination for the OER with a low η of 283 mV@10 mA.cm-2, 

superior reaction kinetics with very small Tafel slope of 25 mV.dec-1, and Rct of 3.5 . This behavior can 

be explained as follows: I) The improvement in the charge transfer resistance with increasing graphene 

content as illustrated from Nyquist plots of the OER region at overpotential value of 300 mV, Figure 5. 

21(a), II) the formation of native structural and interfacial defects such as Co vacancy, O vacancy, as well 

as edge and heteroatom sites in graphene nanosheets that produce more electrocatalytic active sites [232, 

246, 247]. The OER long-term stability @50 mA.cm-2 was verified for 50 hours in 1.0 M KOH as shown 

in Figure 5. 20(c). 
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Figure 5. 18: CV plots of Co3O4-composites at different scan ranges in the non-Faradic region from 0 to 0.2 vs. Hg/HgO. 
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Figure 5. 19: Plots of the current density vs. scan rate of Co3O4-graphene composite 

Figure 5. 20: LSV, the derived Tafel plot, and the stability test @50 mA.cm-2 of OER (a, b, c) and of HER (d, e, f) of 

Co3O4-graphene hybrid catalysts 
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5. 2. 7. Hydrogen evolution activity of Co3O4-graphene hybrid catalysts  

Figure 5. 20(d, e) shows the IR-corrected linear sweep voltammetry and Tafel plots of the pure 

phases of Co3O4/NF, graphene/Ni foam, as well as their composites at different Co3O4 content (25, 50, 

and 75 wt.%) in the potential range from 0 to -0.6 V vs. RHE to investigate the electrocatalytic activity 

toward the HER in 1.0 M KOH. The overpotential () and the corresponding Tafel slope values were 

calculated according to Eq. 2. (3 and 4), as well as Rct from the Nyquist plots at HER of 100 mV, Figure 

5. 21(b) and recorded in Table 5. 1. It was noticed that the nanostructured Co3O4/NF catalyst reveals 

relatively high HER activity compared with the pure graphene/NF catalyst, which provides 10 mA.cm-2 

at a relatively lower  of 188 mV, Tafel slope of 97 mV.dec-1,
 and Rct of 18 . Meanwhile, the pure 

graphene/NF catalyst provides 10 mA.cm-2
 at a higher  of 213 mV, Tafel slope of 125 mV.dec-1, Rct of 25 

. The electrocatalytic activity of Co3O4-graphene hybrid catalysts toward the HER in 1.0 M KOH was 

also investigated at different Co3O4 content (25, 50, and 75 wt.% content). It was observed that the 

combination between the nanostructured Co3O4 and graphene nanosheets resulted in an overall 

improvement in the HER electrocatalytic activity. The estimated HER, Tafel slope, and Rct values of the 

hybrid catalysts were recorded in Table 5. 1.  

 

 

Figure 5. 21: Nyquist plot in 1.0 M KOH of the Co3O4-graphene catalysts at an overpotential 300 mV correspond for 

the (a) OER, and (b) at an overpotential of 100 mV correspond HER 
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The hybrid catalyst with 50 wt.% Co3O4 revealed the best electrocatalytic performance compared 

with the pure nanostructured Co3O4/NF catalyst and graphene nanosheets/NF catalysts, as well as hybrid 

catalysts with 25, and 75 wt. Co3O4 content. It provides 10 mA.cm-2 at the lowest  of 108 mV, a Tafel 

slope of 90 mV.dec-1, and a small Rct of 8.3 . Moreover, the observed enhancement in the HER 

electrocatalytic activity can also be attributed to the improvement in the number of active sites at the 

interface of the working electrode, in which the catalyst with 50 wt.% content possesses the highest ECSA 

value of 23.12 mF.cm-2. Furthermore, the HER long-term stability @50 mA.cm-2
 was verified for nearly 

30 hours in 1.0 M KOH as shown in Figure 5. 20(f).  

Table 5. 1: Electrocatalytic activity of Co3O4-graphene composite/Ni foam for OER and HER 

  Composition ratio 
(wt.%) 

Overpotential η (mV) Tafel  
slope 

(mV.dec-1) 

Rct 

() 

Co3O4  

(wt.%) 
ECSA 

(mF.cm-2) 
Co3O4 Gr 

10 20 50 100 150 

mA.cm-2 

OER 

Bare Ni Foam 372 398 440 - - 164 19.5 
Ni foam 3.5 

0 100 283 294 310 320 328 32 2.6 

25 75 283 294 307 315 318 25 3.5 
0 4.6 

50 50 295 308 324 335 340 36 5 

75 25 316 332 353 370 - 50 7.4 
25 12.04 

100 0 349 370 398 422 - 77 13.5 

HER 

Bare Ni Foam 230 273 333 386  179 25.7 
50 23.12 

0 100 213 254 302 340 360 125 25 

25 75 137 176 219 248 265 99 15.2 
75 14.9 

50 50 108 149 195 223 236 90 8.3 

75 25 147 187 234 269 288 117 17 
100 4.32 

100 0 188 223 260 288 305 97 18 

5. 2. 8. H2O2 electrochemical sensing by Co3O4-graphene hybrid catalysts  

Figure 5. 22(a) reveals the cyclic voltammogram (CV) plots of the graphene nanosheets/NF, Co3O4 

nanoparticles/NF, and their hybrid catalysts at 50 mV.s-1 in 0.1 M NaOH without and with 5 mM H2O2. 

It can be observed that a spontaneous increase in the response current upon the addition of 5 mM H2O2 

starts from 0 V for the pure Co3O4/NF, as well as the hybrid catalysts with 25, 50, and 75 wt.% Co3O4 

content. This behavior reflects the high reduction tendency of H2O2 by the prepared electrocatalyst, which 

is associated with the redox transition of Co(OH)2/Co3O4 at potential > -0.4 V [215, 219] as illustrated 

below:  

2𝐶𝑜2+ + 𝐻2𝑂2 → 2𝐶𝑜3+ + 2𝑂𝐻−   Eq. 5. 1 
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The electrochemical reduction of H2O2 reduction by Co3O4-graphene hybrid catalyst in 0.1 M NaOH is 

further studied by the chronoamperometric measurements at -0.45 V at different H2O2 concentrations, 

Figure 5. 22(b). It can be observed that the Co3O4/NF catalyst and the Co3O4-graphene hybrid catalysts 

with 25, 50, and 75 wt.% Co3O4 content reveals a good step response with the gradual increase of H2O2 

concentration. For the quantitative analysis of the H2O2 sensing response characteristics by the Co3O4-

graphene hybrid catalyst, the current response behavior for each catalyst was studied as a function of the 

injected H2O2 concentration from the calibration curves, Figure 5. 23(a-d).  

 

It was observed that the nanostructured Co3O4/NF catalyst exhibits a strong reduction tendency with 

a very high sensitivity of 7790 A. mM-1.cm 2, linear detection ranges from 6 M to 1 mM of H2O2, and 

a low detection limit (LOD) of 0.04 M. Moreover, the nanostructured Co3O4-graphene/NF hybrid 

catalyst revealed a linear detection range from 0.02 to 1 mM of H2O2 for all hybrid catalysts, LOD range 

from 0.14 to 0.3 M, and a superior sensitivity of 12424, 18110, and 16280 A. mM-1 .cm-2 corresponding 

to 25, 50, and 75 wt.% Co3O4, respectively. The improvement in the electrocatalytic activity toward the 

H2O2 reduction by the Co3O4-graphene hybrid catalyst can be explained through the provided mechanism 

based on eq. 6 that is schematically illustrated in Figure 5. 24. In the Co3O4-graphene hybrid catalysts, 

each of the Co3O4 nanoparticles and the graphene nanosheets has different contribution in the observed 

Figure 5. 22: Cyclic voltammogram from 0 to -0.7 vs. Hg/HgO at a scan rate of 50 mV.s-1 without and with 5 mM of 

H2O2 in 0.1 M NaOH (a) and the corresponding amperometric response at -0.45 V of Co3O4-graphene hybrid catalyst 

at various Co3O4 content.   
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sensitivity enhancement of H2O2 reduction in the alkaline medium that can be further illustrated as 

follows: The graphene nanosheets have two separate roles that effectively contribute to the observed H2O2 

improvement by the deposited hybrid catalyst electrodes, the first function is increasing of the high-spin 

Co species (Co2+) concentration at the interface of the working electrode during the deposition process, 

which explained in more details in the XPS analysis of the Co3O4-graphene composites; the second role 

is during the measurement of the electrocatalytic activity of the deposited Co3O4-graphene hybrid catalyst 

toward the reduction of H2O2 species, which the superior electrical conductivity of the graphene 

nanosheets and the observed synergetic effect between the Co3O4 and the graphene plays a vital role in 

the improvement of the charge transfer kinetics of the hybrid electrode.  
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On the other hand, according to Eq 5. 1, the detection of H2O2 mainly depends on the existence of the 

high-spin state Co2+ of the Co3O4 species at the interface of the working electrode, which directly oxidized 

by the H2O2 to the low-spin state (i.e. Co3+), Figure 5. 24. The hybrid catalysts of Co3O4-graphene 

nanosheets combine multiple functional species that result in an overall enhancement in the 

electrocatalytic activity toward the H2O2 reduction. In the case of the hybrid catalyst, we observed that 

composites with 50 wt.% Co3O4 revealed the optimum combination for H2O2 reduction, which can be 

understood through the above-mentioned mechanism and the related XPS analysis of Co3O4-graphene 

composites at different Co3O4 content. As illustrated in the discussion of the Co 2p high-resolution XPS 

scan, we observed that all hybrid catalysts at Co3O4 contents of 25, 50, and 75 wt.% have a relatively large 

concentration of higher spin state Co2+of the Co3O4 spinel structure compared with the lower spin state 

Co3+. The observed improvement in the high spin states Co2+ results in an increase of electrocatalytic 

active states to the H2O2 reduction at the interface of the working electrode. The obtained sensitivity of 

our hybrid catalyst is superior compared with other Co3O4-based catalysts fabricated by other techniques, 

which in comparison with the recently published papers was provided in Table 5. 2. Hence, the obtained 

results revealed that the Co3O4-graphene hybrid catalyst is a promising nonenzymatic sensor for the rapid 

detection of H2O2 with superior sensitivity.   

 

 

 

 

Figure 5. 24: Schematic diagram for illustration the H2O2 detection mechanism by the Co3O4-Graphene hybrid 
catalysts 
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Table 5. 2: Comparison of the electrochemical performance between the present work and recently published 

work of Co-based nonenzymatic amperometric H2O2 sensors 

Modified 
electrode 

Potential 
(V) 

Electrolyte 
Response  
time (s) 

Sensitivity 
(A⸱mM-

1⸱cm-2) 

Linear range 
(mM) 

LOD 
(M) 

Ref. 

50 wt.% Co3O4/NF 

-0.45 0.1 M NaOH 2-3 

18110 

0.02-1 

0.14 

This work 
75 wt.% Co3O4/NF 16280 0.16 
25 wt.% Co3O4/NF 12424 0.3 

Co3O4/NF 7790 0.006-1 0.04 

NiCo2O4/Co3O4 -0.35 0.1 M NaOH - 303.42 0.02-1.1 
0.59

6 
[248] 

NiCo2S4/rGO -0.45 0.1 M NaOH 5 118.5 0.025-11.25 0.19 [249] 

Co3O4/NPG -0.3 0.1 M NaOH 2 1338.7 0.02-19.1 6.4 [215] 

Au@C-Co3O4 +0.5 
0.1 M PBS 
(pH 7.4) 

- 7553 0.00005-0.1 
0.01

9 
[216] 

Co3O4/rGO  
0.1 M PB 
(pH 7.0) 

 3450 0.00005-0.4 
0.01

5 
[218] 

MnO2-Co3O4/GO +0.5 
PBS (PH 

7.0) 
3 53.65 0.005-1.2 0.8 [250] 

Co3O4-rGO -0.19 
0.1 M PBS 
(pH 7.4) 

5 1140 0.015-0.675 2.4 [251] 

Co3O4 hollow 
sphere 

+0.39 
0.1 M NaOH 

3 979.79 0.0004-2.2 
0.10

5 
[214] 

Co3O4/CNTs -0.19 - 1002.8 0.02-0.43 2.46 [219] 

Nanoporous Co3O4 -1 
0.1 MPBS 
(pH 7.0) 

2 1357 0.2-1.3 200 [252] 

Co3O4-NWs/CF -0.48 0.1 M KOH 3 230 0.01-1.05 1.4 [253] 

Nafion/GO/Co3O4 0.76 
Phosphate 

(pH 7.4) 
4 560 0.001-0.1 0.3 [254] 

5.3. Summary 

 Nanostructured Co3O4-graphene composites with different Co3O4 contents (25, 50, and 75 wt.%) 

were deposited on Ni foam supporting substrate using the NPDS from initial micro-sized particles of 

Co3O4 and graphite powders. The resultant deposited films were investigated for the OER, HER 

electrocatalytic activity in 1.0 M KOH, as well as H2O2 sensing in 0.1 M NaOH. Analysis of the ECSA 

revealed the hybridization between Co3O4 and graphene resulted in an overall enhancement of ECSA. 

Consequently, the increase in the concentration of the active sites on the surface of the hybrid working 

electrode was noted. A hybrid catalyst with 50 wt.% Co3O4 exhibited the highest ECSA value of 23.2 

mFcm-2. The observed enhancement in the electroactive sites at the interface of the nanostructured Co3O4-

graphene/NF hybrid catalyst is due to the increase of the high-spin states (Co2+) concentration compared 

with the pure Co3O4/NF catalyst. The graphene/NF, as well as the hybrid catalyst with 25 wt.% Co3O4 

revealed the highest electrocatalytic activity toward the OER that provided 10 mAcm-2 at an overpotential 

() of 283 mV. On the other hand, a hybrid catalyst with 50 wt.% Co3O4 exhibited the highest HER 
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electrocatalytic activity with a small overpotential of 108 mV to provide 10 mAcm-2 in 1.0 M KOH. In 

the case of H2O2 reduction by the nanostructured Co3O4-graphene/NF hybrid catalyst, we found that the 

pure catalyst of Co3O4/NF revealed a very high reduction tendency toward the H2O2 in 0.1 M NaOH, 

which resulted in an ultra-high sensitivity of 7790 A mM-1cm-2 with a linear detection range from 6 M 

to 1 mM and low detection limit of 0.04 M. Moreover, hybridization with graphene nanosheets in the 

hybrid catalyst resulted in further improvement of the working electrode sensitivity that reached superior 

values compared with previously reported papers, in which the hybrid catalyst with 50 wt.% Co3O4 

revealed the highest sensitivity of 18110 AmM-1cm-2.



 

 

 

Chapter 6: 

3Facile One-Step Deposition of ZnO-Graphene Nanosheets 

Hybrid Photoanodes for Enhanced Photoelectrochemical 

Water Splitting 

  

 

This chapter has been published in Journal of Alloys and Compounds, Volume 870, 25 July 2021, 159430. 
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6. 1. Overview 

The heterostructure nanocomposites (NCs) between transition metal oxides (TMOs) and two-

dimensional (2D) nanomaterials such as graphene nanosheets have recently gained a great deal of interest 

due to their novel properties compared with the pure phase of either TMOs or the 2D materials. The 

modification of the formed surface states at the grain boundaries interfaces between the TMO and the 

graphene nanosheet is mostly accompanied by the variation of various physicochemical properties such 

as Fermi energy level, charge carrier concentration as well as the fabricated heterostructure electrode work 

function. The modification of these characteristics due to the synergy improvement between each 

component in the hybrid NCs results in novel properties and superior performance in energy conversion 

and storage applications [255-258].  

The vast spread of graphene-based energy storage and conversion applications requires a cost-

effective technique that is amenable to mass production. However, the common techniques for graphite 

to graphene reduction have a very long preparation time, high production cost, and a small production 

yield [259]. It is known that top-down approaches for the graphite-to-graphene transformation are more 

suitable for mass production such as sonochemical-assisted graphite exfoliation [91], and shear exfoliation 

[94]. These techniques result in relatively slow graphite-to-graphene transformation rates and produce a 

secondary waste product because they require stabilizing liquids and need solvent removal. The ball 

milling approach in the form of dry and wet ball milling has also been used for the exfoliation of graphite 

to graphene nanosheets of small size. Also, the graphite-to-graphene transformation using the ball milling 

technique is very slow and requires a very long time (~ 20 h), and sometimes requires waste removal using 

sonication leading to a decrease in the total production yield [49, 54, 95, 97].  

In contrast to the above-mentioned techniques, here we report the direct transformation of graphite 

micro-sized flakes to graphene nanosheets in a one-step process at room temperature with a very short 

preparation time using a top-down approach based on the nanoparticle deposition system (NPDS), which 

is one of the vacuum kinetic spray processes [101, 163, 164]. This spontaneous transformation of graphite 

to graphene nanosheets was accompanied by the hybridization of the TMOs to produce efficient electrodes 

that were modified with hybrid NCs for energy storage and conversion applications. In our previous 

studies, we already fabricated various modified electrodes using the NPDS to produce nanosized TMOs 

hybrids with 2D materials such as graphene and MoS2 nanosheets. These modified electrodes revealed 
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high performance in many electrochemical energy conversion and storage applications such as 

supercapacitors [260] and electrocatalytic water splitting [261, 262], photocatalytic degradation of organic 

dyes [263] as well as the nonenzymatic electrochemical sensor of H2O2 in an alkaline medium [258, 264]. 

Nanostructured ZnO is a well-known material that exhibits high performance in many photo-energy 

conversion and storage applications, such as photocatalysts, photoelectrochemical (PEC) water splitting, 

and photovoltaics [265-268]. The formation of NCs with carbon-based materials such as graphene 

nanosheets, reduced graphene oxide (rGO), and carbon nanotubes (CNT) provides an overall enhancement 

in the charge transfer kinetics. This improvement in the electrochemical reaction kinetics is associated 

with the enhanced electrocatalytic activity due to the interface reconstruction and synergy improvement 

between different species in the heterostructure NCs [269]. This, in turn, enhances the related physical 

and chemical properties that are desired for improving the energy conversion and storage applications 

[270-273]. 

The alteration of physical and chemical properties due to the interface reconstruction of ZnO-based 

hybrid photoanodes can be strongly affected by the fabrication technique. Optimizing the heterostructure 

constituents and the fabrication conditions can help to achieve the optimum design with improved photo-

energy conversion performance. Min et al., [274] prepared a ZnO-graphene heterostructure using the ionic 

liquid-solvothermal assisted method. The rGO, prepared using the common Hammer technique, was 

mixed with ZnO powder by stirring, followed by 2 h of ultrasonication, and hydrothermal treatment for 4 

h at 160 oC. The obtained composites exhibited a photocurrent of 0.015 mAˑcm-2 @ 0.3 V vs. Ag/AgCl 

in 1 M NaOH. Yusoff et al., [275] synthesized rGO decorated by Fe3O4-ZnO core-shell structure using 

the hydrothermal technique. The fabricated heterostructure photoanode revealed a photocurrent of 0.85 

mAˑcm-2 @ 1.23 V vs. the reversible hydrogen electrode (RHE) in 0.1 M KOH. Chandrasekaran et al., 

[276] reported on the evolution of complex structures between the rGO sheets and the triangle-shaped 

ZnO in the heterostructure photoanodes. The utilized preparation method involved serval steps using the 

hydrothermal technique. The obtained photoanode exhibited a photocurrent of 1.52 mAˑcm-2 @ 1.45 V 

vs. RHE in 0.1 M NaOH. Khan et al, [271] prepared ZnO/rGO heterostructure photoanode using a 

combination of sonochemical-assisted calcination at 400 oC for ZnO and the hydrothermal technique for 

the preparation of rGO according to the Hammer method. This multi-step preparation process consumed 

a great deal of time of more than 8 h. The fabricated photoanode revealed a maximum photo-response 

current of 1.55 mAˑcm-2 @ 1 V vs. Ag/AgCl in 0.5 M Na2SO4. Tayebi et al., [273] have synthesized ZnO-
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graphene composites in several steps, including the separate preparation of graphene nanosheets using the 

common Hammer exfoliation technique for graphite micro-sized powder in concentrated sulfuric acid. 

ZnO was separately prepared using a hydrothermal autoclave at 500 oC and then mixed with the graphene 

nanosheet by ultrasonication. Finally, the obtained powder was loaded to the substrate using a binder in a 

separate step. The obtained ZnO-graphene hybrid photoanode exhibited maximum of 0.6 mAˑcm-2 at 0.6 

V vs. Ag/AgCl under the visible light irradiation of 100 mwattˑcm-2 in 0.5 M Na2SO4 electrolyte.  

The above-mentioned survey concerning the fabrication of ZnO-based heterostructure photoanodes 

revealed a good electrochemical performance toward the PEC water splitting in a neutral medium. 

However, these synthetic techniques can only be used on a substrate of small size for research and 

development purposes and they are not suitable for broad commercial use due to several reasons: a) they 

do not consider the production cost efficiency because they consume substantial preparation time for 

producing small size electrodes in several consecutive steps for obtaining the desired nano-sized powder 

and then uploading it to the holding substrate using a binder; b) other synthetic techniques use dangerous 

chemicals as a reactant and produce secondary products after chemical reaction as waste, especially the 

common Hammer exfoliation method; c) it is difficult to scale-up the above-mentioned techniques to 

produce large devices suitable for commercial applications. In contrast with the previously mentioned 

techniques, the top-down approach for fabrication of the nanostructured hybrid electrodes using NPDS 

has various distinctive features such as a) one-step deposition using the vacuum kinetic spray at room 

temperature; b) no thermal heating that can damage the substrate [277]; c) binder-free; d) no hazardous 

chemicals or waste  [100, 221]; and e) easy fabrication of large-sized depositions in a manner ready for 

mass production. For example, a 1 m2 electrochromic device based on nanostructured WO3 thin films was 

fabricated using NPDS [99].  

 In this work, we deposited nanostructured ZnO-graphene hybrid photoanodes with different 

graphite contents (25, 50, and 75 wt.%) using a one-step kinetic spray of mixed ZnO and graphite micro-

sized powders on titanium (Ti) sheet substrates by the NPDS method. The fabricated electrodes were 

utilized as photoanodes for PEC water splitting in the alkaline medium. The effect of graphite content on 

the photogenerated charge carrier separation and kinetics was studied and the optimization of ZnO-

graphene hybrid photoanodes for improving PEC water splitting was demonstrated. 
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6. 2. Results and discussion 

6. 2. 1. X-ray diffraction  analysis of ZnO-graphene composites 

The structural phase of micro-sized ZnO, graphite and mixed micro-sized powders with 

differing graphite content (25, 50, and 75 wt.%) was identified using the XRD patterns. The XRD 

pattern of ZnO microparticles in Figure 6. 1(a) exhibits several diffraction peaks that belonged to the 

wurtzite-type hexagonal structure of ZnO (space group: P63mc, ICDD: 04-008-8198) [278]. The XRD 

pattern of graphite micro-sized powder reveals two characteristic diffraction peaks at 26.5° and 

56.42° attributed to the (002) and (004) crystalline planes of the graphite hexagonal structure 

(space group P63/mmc (ICDD: 00-056-016, PDF 2010) [261, 264]. Furthermore, the XRD patterns 

of ZnO-graphite mixed micro-sized powder with different graphite content (25, 50, and 75 wt.%) depicts 

the mixed diffraction peaks belonging to the hexagonal phases of either the bulk structure of ZnO or 

graphite without the evolution of any other secondary phases caused by the ball milling process.     

Figure 6. 1(b) exhibits the XRD patterns of the bare titanium sheet and the deposited thin 

films of pure ZnO and ZnO-graphene NCs at various graphite contents (25, 50, and 75 wt.%). The 

XRD pattern of the titanium sheet substrate depicted several characteristic peaks at 40.08, 52.92, 

and 70.56˚ that represented the (102), (2-11), and (102) crystalline planes of the hexagonal 

titanium structure (space group: P6/mmm), respectively [279, 280]. The XRD pattern of pure ZnO 

and ZnO-graphene NCs thin film exhibits several diffraction peaks with very small intensities. 

These peaks were assigned to the wurtzite hexagonal structure of ZnO and were accompanied by 

multiple intense XRD peaks matching with the titanium substrate. This behavior demonstrated the 

micro-sized particle fragmentation to a very small crystalline size at the surface of the titanium 

substrate. Moreover, no detectable XRD peaks were belonging to the hexagonal structure of 

graphite powder, demonstrating the layer separation of the graphite micro-sized structure to a very 

short ordering range in the form of graphene nanosheets. This behavior was observed in most of 

the fabricated heterostructure electrodes produced by the NPDS method [260-262]. The observed 

low degree of crystallinity in the fabricated electrodes in most cases is accompanied by the 

evolution of several interfacial structural defects at the grain boundaries that act as electroactive 

sites for any various electrocatalytic reactions at the semiconductor/electrolyte interface [223]. 
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6. 2. 2. Surface morphology of ZnO-graphene composites  

Figure 6. 2 reveals the FE-SEM images and the corresponding EDS elemental analysis of pure ZnO 

and mixed ZnO-graphite micro-sized powder with different graphite content (25, 50, and 75 wt.%). The 

surface morphology of the ZnO and ZnO-graphite mixed powder according to the SEM images exhibits a 

wide size variation of a multiple layered sheet structure with various size dimensions up to 500 nm. The 

elemental analysis using the EDS spectra revealed the presence of graphite species (i.e., carbon atoms) for 

all mixed powders that were used for the deposition of hybrid photoanode fabrication by NPDS. Figure 

6. 3(a, b) shows the SEM image of the nanosized ZnO thin films on a titanium sheet substrate and the 

corresponding elemental analysis. The deposited thin film exhibited a mixed morphology of nanorods 

(width ≤ 50 nm and length ≤ 200nm) and nanosheets with lateral dimensions ≤100 nm. The homogenous 

distribution of ZnO species all over the deposited area on the titanium sheet substrate was demonstrated 

from the compositional elemental mapping of Zn kα and O kα as shown in Figure 6. 3(c, d).  The SEM 

morphology of the deposited ZnO-graphene NCs with 25, 50, and 75 wt.% graphite content is shown from 

Figure 6. 4 to Figure 6. 6. The fragmentation of ZnO and graphite micro-sized powder to merged 

nanosheets with a variable size smaller than 100 nm was observed.  

 

 

Figure 6. 1: XRD patterns of mixed micro-sized ZnO-graphite powder (a) and nano-sized ZnO-graphene thin film 

deposited on a titanium sheet (b). 
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Figure 6. 2: SEM image and the corresponding EDS elemental analysis of pure ZnO powder (a), mixed ZnO-graphite 

micro-sized powder with 25 wt.% (b), 50 wt.% (c), and 75 wt.% graphite contents (d). 



 

Page | 145 

 

The homogenous distribution of Zn, O and C species on the titanium sheet substrate were also 

demonstrated for all hybrid NCs through tracking the elemental mapping of Zn kα, O kα, and C kα using 

the EDS compositional elemental mapping. Figure 6. 7 reveals the cross-sectional view and 

corresponding composition elemental mapping (Ok, ZnK, and Ck) of ZnO-graphene NCs on a titanium 

sheet substrate with 50 wt.% graphite contents. The elemental analysis mapping in Figure 6. 7(b-d) 

exhibits the homogeneous distribution of ZnO and graphene species across the deposited area. This 

provided the observed synergy improvement as explained in the XPS analysis discussion. Furthermore, 

the HR-TEM image in Figure 6. 8(a, b) depicts the typical interface between the adjacent nanocrystalline 

domains of ZnO and graphene nanosheets. It can be observed that on the side of the ZnO, multiple 

crystalline domains with low-angle grain boundaries are mostly oriented along the preferable (100) 

crystalline plane of the hexagonal ZnO with an interplanar distance ~ 0.287 nm [281], see Figure 6. 8(c). 

 

Figure 6. 3: SEM image and the corresponding EDS elemental analysis mapping of ZnO nanosheet thin films on a 

titanium sheet. 
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Figure 6. 4: SEM image and the corresponding EDS elemental analysis mapping of the ZnO-graphene NCs thin films 

with 25 wt.% graphite contents on a titanium sheet. 



 

Page | 147 

 

 

Figure 6. 5: SEM image and the corresponding EDS elemental analysis mapping of ZnO-graphene NCs thin films with 

50 wt.% graphite contents on a titanium sheet. 
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Figure 6. 6: SEM image and the corresponding EDS elemental analysis mapping of the ZnO-graphene NCs thin films 

with 75 wt.% graphite contents on a titanium sheet. 
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On the other hand, the observed single crystalline domain with an interplanar distance of 0.22 nm, see 

Figure 6. 8(d), belongs to the (1120) crystalline plane of the graphene nanosheets. This confirms the 

transformation of the micro-sized layered structure of graphite powder with a weak van der Waals layer 

separation of 0.33 nm to small graphene nanosheets [282-284]. The small size of the graphene nanosheets 

is mostly accompanied by a large concentration of interfacial edge defects that enable the hybridization 

of graphene nanosheets through the electronic cloud of p-orbitals with the nanosized ZnO crystalline 

domains. This hybridization is expected to further improve the synergy between ZnO and the graphene 

species in the deposited hybrid photoanode. 

  

Figure 6. 7: Cross-sectional view (a), and the corresponding EDS elemental analysis mapping (b-d) of  ZnO-graphene 

with 50 wt.% graphite content on titanium sheets. 
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6. 2. 3. FTIR and Raman studies on ZnO-graphene composites 

Figure 6. 9(a) reveals the FTIR spectrum of ZnO micro-sized powder in the wavenumber 

range from 650 to 4000 cm-1. Several vibration bands were recognized at 692, 833, 985, 1380, 

1510, 1560, and 3400 cm-1. The observed bands at 692 and 833 cm-1 are assigned to the induced 

microstructural modification of the wurtzite-type hexagonal lattice of ZnO [285]. The active 

vibrations related to the bending and stretching vibration of the adsorbed O−H groups were 

observed at 1380 and 3400 cm-1, respectively [286]. The vibration bands centered at 985 cm-1, as 

Figure 6. 8: HRTEM image and the corresponding interplanar distance histogram analysis of ZnO-graphene 

nanosheet thin films on titanium sheets. 
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well as the overlapped bands ranging from 1510~1560 cm-1, can be attributed to the bending 

vibrations of the C−H bonds [287] and the asymmetric stretching vibration of the C=O bonds, 

respectively. These active vibration modes can be originated from the organometallic ionic sources 

used in the preparation of the ZnO micro-sized powder or from the adsorbed CO2 at the surface of 

ZnO powder [278, 288]. 

 

Figure 6. 9(b) demonstrated the FTIR spectra of the ZnO-graphite mixed powder at different 

graphite contents (25, 50, and 75 wt.%). All mixed powders showed the characteristic lattice 

vibrations of hexagonal ZnO at 692 and 870 cm-1. These bands showed a wide overlap with other 

Figure 6. 9: FTIR spectra of ZnO and ZnO-graphite mixed powder (a, b), nanostructured ZnO and ZnO-graphene thin 

films on a titanium sheet (c, d). 
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absorption bands resulting from the bonding between ZnO and the graphite species in the mixed 

powder, such as C=O and C−O−C bonds [256]. Figure 6. 9(c, d) reveals the FTIR spectra of the 

deposited thin films of ZnO and ZnO-graphene nanosheets with various graphite contents (25, 50, 

and 75 wt.%) on the titanium sheet substrate. Various active vibration modes were detected related 

to either ZnO species or other carbon-bonded states in the deposited nanocomposites thin films. 

By comparing the FTIR spectra of the micro-sized powder and the deposited nanostructured ZnO 

thin film, we observed the enhancement of the ZnO lattice active vibrations that are induced by 

the interfacial defects at the crystalline grain boundaries during the deposition process. The layer 

separation of the graphite crystalline hexagonal structure and the fragmentation to lower domain 

size resulted in a reduction in the intensity of carbon-related vibrations. Furthermore, a 

distinguished peak caused by the skeletal vibration of the graphene nanosheets was observed at 

1590 cm-1 [289]. In addition, the bonding between ZnO and the graphene species through C−O−C 

bonds was observed at 1100 cm-1 [256]. Further investigation into the variation in the active 

vibrations related to ZnO species, and the direct transformation of layered structure graphite to 

graphene nanosheets during the deposition process by the NPDS, was performed using micro-

Raman spectroscopy as illustrated below.  

 The micro-Raman spectrum of ZnO powder in the Raman shift range of 200 to 800 cm -1, 

seen in Figure 6. 10(a), reveals multiple active Raman modes at 332, 379, and 439 cm-1. The 

observed active Raman vibrations are related to optical phonons at the -point of the wurtzite-type 

hexagonal structure of ZnO according to the linear combination of optical phonons 

(1A1+2B1+1E1+2E2). The A1-symmetry mode represents the transverse optical (TO) phonon mode 

and E1 refers to the longitudinal optical (LO) phonon mode. The E2-symmetry mode is divided 

into two modes. The low-frequency mode (E2L) refers to the vibration related to oxygen atom 

whereas the high-frequency mode (E2H) refers to the vibration of the heavy Zn atoms. Besides, 

two inactive silent Raman modes at low frequency (B1L) and high frequency (B1H) mode can be 

activated through the incorporation of some interfacial structural defects [290-292]. The active 

Raman mode at 332 cm-1 is mainly attributed to the interference of the optical phonon vibration 

(E2H-E2L) [278, 293]. The first-order vibration corresponding to the polar transverse optical 

phonon mode with A1 symmetry was observed with low intensity at 379 cm-1, meanwhile, the non-

polar second-order vibration related to the E2H symmetry was observed at 439 cm-1 [294]. Figure 

6. 10(b) shows the micro-Raman spectra of ZnO-graphite mixed micro-sized powder at different 
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graphite contents (25, 50, and 75 wt.%). The detected vibrations were located at Raman shifts of 

332, 439, 1350, 1582, 2720, and 3250 cm-1. By comparing the Raman spectra of the mixed powder 

with pure ZnO powder, the second-order vibrations of the wurtzite-type hexagonal structure of 

ZnO were found at Raman shifts of 332 and 439 cm-1. Meanwhile, the first-order polar vibration 

related to the A1(TO) symmetry mode was inhibited. Other active Raman vibrations were detected 

in the case of ZnO-graphite mixed powder that belongs to various graphite species. The 

characteristic G-band active Raman mode of graphite corresponding to the E2g mode was observed 

at 1582 cm-1. Whereas the grain boundary related to active vibration corresponding to the D mode 

was recorded at 1350 cm-1[110]. In addition, other second-order vibrations at 2720 and 3250 cm-

1belonged to the 2D and intravalley 2D-symmetry modes respectively [111, 112]. The intensity 

ratio (ID/IG) between the defect-related active Raman mode D and the main active Raman G modes 

is of particular interest because it refers to the degree of fragmentation and layer separation of 

micro-sized graphite powder. When ID/IG > 1, it represents the transformation of the graphite 

micro-sized layered structure to the nano-sized graphene nanosheets (i.e., the decrease of domain 

size in the sp2 plane) [115].  

Figure 6. 10(c) depicts the deconvoluted micro-Raman spectrum of the nanostructured ZnO 

thin film on the titanium sheet substrate. The Raman spectrum contains three overlapped bands 

centered at 287, 335, and 518 cm-1. The observed band centered at 335 cm-1 refers to the second-

order vibrations of the wurtzite-type hexagonal structure of the ZnO. Like the powder, this band 

has a slight shift to lower wavenumber. However, the other detected Raman modes at 287 and 518 

cm-1 were not observed in the Raman spectrum of the ZnO micro-sized powder. The observed new 

vibrations at 287 and 518 cm-1 are attributed to the induced activation of the ZnO low-frequency 

first (B1L) and second-order silent modes (2B1L). The activation of silent modes at the -point in 

the wurtzite-type hexagonal structure of ZnO has been observed in many ZnO-based thin films. 

This behavior was attributed to the decrease of the crystallinity range and the evolution of a 

specific interfacial structural defect in the short-order crystalline domain [295-301]. This behavior 

indicates the fragmentation of the micro-sized ZnO powder with a high degree of crystallinity to 

a lower size range with a very small domain size. This illustration is supported by the observed 

absence of XRD peaks in the nano-sized ZnO-based thin films using the NPDS. Figure 6. 10(d) 

exhibits the Raman spectra of ZnO-graphene NCs thin films on titanium sheet substrate with 

different graphite contents (25, 50, 75 wt.%). All hybrid NCs revealed several active Raman modes 
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at 305, 567, 1349, 1586, 1620, 2692, and 2940 cm-1. The observed active Raman modes related to 

the ZnO species are 305 and 567 cm-1 corresponding to the first and second-order silent vibration 

of B1L and 2B1L, respectively. Furthermore, we observed the shift of these vibrations to a higher 

Raman shift due to the intergranular hybridization with the graphene nanosheet by comparison 

with the pure ZnO nanostructured thin film. 

 

The characteristic active Raman vibrations of the graphene nanosheets at 1349, 1586, and 

2692 cm-1 were attributed to the same active Raman modes in the graphite microstructure 

corresponding to the D, G, and second-order 2D vibration mode, respectively. The observed weak 

Figure 6. 10: Raman spectra of the ZnO micropower (a), ZnO-Graphite micro powder mixture (b), nanostructured ZnO 

thin film (c), and nanostructured ZnO-Graphene thin films on a titanium sheet. 
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shoulder at 1620 cm-1 is attributed to the D-symmetry mode caused by the displacement of carbon 

atoms inside the crystal lattice to the surface layer [110, 114]. The graphite-to-graphene phase 

transformation due to the size reduction and layer separation in the nano-sized ZnO-graphite thin 

film on titanium sheet substrate were identified from the change in the intensity ratio (ID/IG) 

between the characteristic Raman modes D and G. The layer separation in the micro-sized graphite 

powder is mainly accompanied by the enhancement of the disorder-related Raman modes (D, G), 

whereas the G and 2D bands that distinguish crystallinity or order degree are inhibited. In the case 

of ZnO-graphite mixed micro-sized powder, the ID/IG ratio was 0.65, 0.71, and 0.54 corresponding 

to the mixed powder with 25, 50, and 75 wt.% graphite content, respectively. After the deposition 

process using the NPDS, the ID/IG ratio was improved to 1.07, 1.2, and 1.24 for hybrid 

nanocomposites with respective 25, 50, and 75 wt.% graphite content, which depicted the 

evolution of graphene nanosheets in all the ZnO-graphene NCs/Ti-sheet hybrid photoanodes. 

6. 2. 4. Surface bonding characterization of ZnO-graphene NCs 

X-ray photoelectron spectroscopy (XPS) was used to identify the interfacial chemical bonding states 

on the titanium-modified surface with either pure nanosized ZnO or ZnO-graphene NCs on titanium sheets 

at different graphite contents (25, 50, and 75 wt.%). Figure 6. 11(a) shows the XPS survey spectra for the 

nanosized ZnO/Ti-sheets and ZnO-graphene NCs/Ti-sheet with 25, 50, 75 wt.% graphite contents. The 

XPS survey spectrum of nanostructured ZnO/Ti-sheet reveals various signals related to the zinc metallic 

phase (Zn 3d, Zn 3p, Zn 3s, Zn LMM1, Zn KLL, Zn LL M3, Zn 2p3/2, and Zn 2p1/2), and others 

correspond to oxide bonded states (O 1s, O KLL). The same active states related to ZnO species were also 

observed in ZnO-graphene hybrid photoanodes as well as the C 1s state referring to the presence of 

graphene species. For understanding the mutual synergy behavior between the nano-sized ZnO and 

graphene nanosheets species, the high-resolution XPS scan for each active bonded state (Zn 2p, O 1s, and 

C1s) was carried out as shown in Figure 6. 11(b-d), and the deconvoluted band was recorded in Table 6. 

1. Figure 6. 12 exhibits the Zn 2p high-resolution XPS scan in the binding energy range from 1010 to 

1050 eV for the titanium-modified electrodes with the nano-sized ZnO/Ti-sheet and ZnO-graphene 

NCs/Ti-sheet hybrid photoanodes.  
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The deconvoluted Zn 2p XPS scan revealed two well-resolved and sharp bands centered at 1022.18, 

and 1045.28 eV corresponding to Zn 2p3/2 and Zn 2p1/2, respectively, with an energy separation of 23.1 

eV of the related active bonded Zn-metallic phases [273, 302]. The observed band at low binding energy 

(1022.18 eV) was attributed to the Zn ions in the nonstoichiometric hexagonal structure of ZnO. Besides, 

there were no observable peak position changes of Zn 2p3/2 and Zn 2p1/2 in the case of the ZnO-graphene 

NCs compared with the pure ZnO phase. The XPS band sharpness of the Zn 2p scan for pure ZnO and 

hybrid ZnO-graphene photoanodes with different graphite contents demonstrates the presence of Zn ions 

with the active divalent state (Zn2+) [303, 304]. Furthermore, the relative peak intensity was improved in 

Figure 6. 11: XPS survey spectrum (a) and, high-resolution XPS scans of Zn 2p (b), and O 1s (c), and C 1s (d) of ZnO-

graphene NCs on titanium sheet. 
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the case of hybrid NCs with 25 and 50 wt.% graphite contents compared with the pure nano-sized ZnO/Ti-

sheet. This refers to the improvement in the concentration of Zn2+ active states at the surface of those 

hybrid NCs thin films.  

Table 6. 1: XPS band centers according to the deconvolution of the high-resolution XPS scans of Zn 2p, O 1s, 

and C1s of ZnO-graphene nanosheet hybrid photoanodes at different graphite contents (wt.%) 

Band 
Binding Energy (eV) 

ZnO 25 wt. % graphite 50 wt. % graphite 75 wt. % graphite 

C 1s 

- 284.32 284.37 284.36 

285.57 285.43 285.20 285.25 

287.33 287.15 287.24 287.20 

289.52 289.51 289.20 289.23 

O 1s 
530.82 530.78 530.78 530.62 

532.57 532.44 532.41 532.40 

Zn 2p 
1022.32 1022.13 1022.17 1022.21 

1045.40 1045.21 1045.26 1045.30 

 

Figure 6. 13(a-d) shows the deconvoluted high-resolution O 1s XPS scan of the nanosized ZnO/Ti-

sheet and ZnO-graphene NCs/Ti-sheet with 25, 50, and 75 wt.% graphite content in the binding energy 

range of 525 to 545 eV. The deconvoluted bands of the high-resolution O 1s XPS scan of the nano-sized 

ZnO/Ti-sheet exhibit two overlapped bands centered at 530.82 and 532.57 eV.  The first band at a lower 

binding energy (530.82 eV) refers to the divalent state of bonded oxygen anions (O2-) in the wurtzite-type 

hexagonal structure of ZnO [305]. The second peak at higher binding energy (532.57 eV) is ascribed to 

either the adsorption hydroxyl group at the surface of the nano-sized ZnO [306] or the presence of some 

reduced Zn ions at the interface of the ZnO grain boundaries that tend to decrease the crystalline domain 

size [307]. In the case of titanium modified with ZnO-graphene hybrid NCs, the deconvolution of the 

high-resolution O 1s XPS scan reveals similar band positions with slight variations in the positions of the 

peaks compared with the pure nano-sized ZnO/Ti-sheet, as summarized in Table 6. 1. Furthermore, the 

incorporation of graphene nanosheets with nano-sized ZnO resulted in the intensity improvement of the 

first band at lower binding energy compared with the second band at a higher binding energy, Figure 6. 

11(c), referring to the improvement of various possible oxygen-related states (Zn−O/O−C). Besides, the 

intensity of the second band at higher binding energy (~ 532 eV) was gradually decreasing with increasing 

graphite content in ZnO-graphene NCs/Ti-sheet. This behavior is attributed to the improvement in the 

hydrophobic tendency in the hybrid NCs as a result of the formation of graphene nanosheets that is mostly 

accompanied by the enhancement of the charge transfer kinetics in photon energy conversion processes 
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[308, 309]. This behavior depicts the hybridization and synergy improvement between the graphene and 

nanostructured ZnO species in the fabricated ZnO-graphene nanosheet hybrid photoanodes [276].  

 

Figure 6. 14 shows the high-resolution C 1s XPS scans of nano-sized ZnO/Ti-sheet and ZnO-graphene 

NCs/Ti-sheet at different graphite content (25, 50, and 75 wt.%). The deconvoluted C 1s XPS spectrum 

of the nano-sized ZnO/Ti-sheet in Figure 6. 14(a) reveals several bonded states, see Table 6.1, which 

can be attributed to adsorbed CO2 and structural carbonate species containing C=O [310]. This result is 

supported by the detected active vibrations in the FTIR spectra of the ZnO micro-sized powder and the 

corresponding nanosized ZnO/Ti-sheet thin films as shown in Figure 6. 9. The deconvolution of the C 

1s XPS scans of all hybrid ZnO-graphene NCs/Ti-sheet in Figure 6. 14(b-d) exhibits the main band at 

Figure 6. 12: Deconvoluted Zn 2p XPS scan of pure ZnO (a) and ZnO-graphene NCs/Ti-sheet thin films on titanium 

sheet with 25 wt.% (b), 50 wt.% (c), and 75 wt.% (d) graphite content. 
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284.34  0.02 eV that was caused by the sp2-hybridized carbon (C−C) in the graphene nanosheets [242]. 

Besides, we observed several oxygenated bonds mostly located at the boundaries of the graphene 

nanosheets resulting from hybridization with metal-oxide compounds, such as the C−O bond at 285.3  

0.2, C=O bond at 287.2  0.05 eV, and −O−C = O at 289.35  0.15 eV [189, 245]. The modifications of 

ZnO-graphene NCs/Ti-sheet hybrid photoanodes after the end of the PEC water splitting measurements 

were investigated using the XPS analysis as shown in Figure 6. 15.  

 

The XPS survey spectra of ZnO-graphene NCs in Figure 6. 15(a) reveals the appearance of some 

additive active states S 2p, O 1s, and Na 1s that are caused by the adsorption of the used electrolyte 

Figure 6. 13: Deconvoluted O 1s XPS scan of pure ZnO (a) and ZnO-graphene NCs/Ti-sheet thin films with 25 wt.% 

(b), 50 wt.% (c), and75 wt.% (d) graphite content. 
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species for the PEC water splitting experiment. Besides, the intensity of Zn 2p active states was strongly 

inhibited in the case of hybrid NCs at different graphite content.  

 

To illustrate the photo-induced chemical change on the surface of ZnO-graphene NCs/Ti-sheet, we 

provide the high-resolution XPS of Zn 2p, O 1s, and C 1s for all photoanodes as shown in Figure 6. 15 

(b-d). The position of detected peaks in the high-resolution XPS scan is recorded in Table 6. 2. The high-

resolution Zn 2p XPS scan in Figure 6. 15(b) reveals that the active states characterized by the ZnO 

species (Zn 2p3/2 and Zn 2p1/2) were strongly decreased in the case of ZnO-graphene hybrid NCs/Ti-

sheets compared to pure ZnO/Ti-sheets. This behavior is ascribed to the photo-induced dissolution of ZnO 

species during the PEC water splitting process that is accompanied by the photoinduced formation of 

Figure 6. 14: Deconvoluted C 1s XPS scans of nano-sized ZnO/Ti-sheet (a), and ZnO-graphene NCs/Ti-sheet thin 

films with 25 wt.% (b), 50 wt.% (c), and 75 wt.% (d) graphite content. 
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soluble ZnSO4 species in the Na2SO3 solvent for prolonged exposure for light illumination [311, 312]. 

Furthermore, the improvement in the visible-light harvesting in the case of ZnO-graphene hybrid NCs 

compared with the nano-sized ZnO make the photo-induced dissolution more observable. Analysis of the 

O 1s XPS scans in Figure 6. 15 (c), exhibits the disappearance of O 1s peak at low binding energy that 

distinguishes the hexagonal phase of ZnO. Whereas, the O 1s peaks related to OH adsorption and 

formation of Zn(OH)2 species [313] were detected at higher binding energies, see Table 6. 2.  

 

Figure 6. 15: XPS survey spectrum (a) and, high-resolution XPS scans of Zn 2p (b), and O 1s (c), and C 1s (d) of ZnO-

graphene NCs on titanium sheet after the photoelectrochemical water splitting measurements. 
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Another interesting feature was recognized from the analysis of C 1s high-resolution XPS scan of ZnO-

graphene hybrid NCs. The detected peaks in the C 1s scan of the nano-sized ZnO/Ti-sheet photoanode 

after the PEC experiment exhibit two characteristic peaks related to the CO2 adsorption as explained 

before for the nano-sized ZnO/Ti-sheet before the PEC measurements. Moreover, in the case of ZnO-

graphene hybrid NCs the intensity of C 1s peaks, Figure 6. 15(c), related to the bonding between carbon 

and oxygen species was diminished. This behavior can be attributed to either the dissolution of ZnO 

species or the photocatalytic reduction of graphene nanosheets [314], [315]. 

Table 6. 2: Analysis of the high-resolution XPS scans of Zn 2p, O 1s, and C1s of ZnO-graphene NCs hybrid photoanodes at 

different graphite contents (wt.%) after the photoelectrochemical water splitting measurements 

Band 
Binding Energy (eV) 

ZnO 25 wt. % graphite 50 wt. % graphite 75 wt. % graphite 

C 1s 
- 284.88 284.78 284.78 

285.48 - - - 
289.28 288.78 - - 

O 1s 
532.38 532.38 532.48 5322.28 
536.68 536.58 - - 

Zn 2p 
1022.38 1022.1 - - 

1045.38 1045.1 - - 

 

6. 2. 5. The optical band gap of ZnO-graphene nanosheets photoanodes 

Figure 6. 16(a) reveals the diffuse reflectance spectra of titanium modified with nano-sized ZnO/Ti-

sheet and ZnO-graphene NCs/Ti-sheet at various graphite contents (25, 50, and 75 wt.%) in the 

wavelength range from 200 to 800 nm. The recorded diffuse reflectance (R) is related to the material 

absorption coefficient (α) as described by the Kubelka-Munk function (F) given by Eq. 6. 1 [316]. Then, 

the optical bandgap (Eg) of the ZnO-graphene NCs/Ti-sheet hybrid photoanode was estimated by 

substituting the α from in Tauc’s relation for the direct allowed transition described by Eq. 6. 2 [317]. 

𝛼 

𝑆
= 𝐹 =

(1−𝑅)2

2×𝑅
    Eq. 6.  1 

(𝛼ℎ𝜈)2 = 𝐶(ℎ𝜈 − 𝐸𝑔)   Eq. 6.  2 

Where S is the scattering coefficient, h is the incident photon energy, and C is the proportionality 

constant.  

The Eg of the ZnO-graphene NCs/Ti-sheet was estimated from the extrapolation of the linear part in the 

high-energy level with the x-axis according to Tauc’s relation, see Figure 6. 16(b). The determined Eg of 

ZnO-graphene hybrid NCs with 25, 50, and 70 wt.% graphite contents were 2.9, 2.6, and 3.1 eV, 
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respectively. The obtained values were lower than the nano-sized ZnO-/Ti-sheet. This demonstrated that 

the incorporation of graphene nanosheets resulted in a decrease in the optical band gap of the ZnO host 

lattice. This behavior is expected to improve solar radiation light-harvesting in the visible spectral region. 

Figure 6. 16(c) reveals the valence band (VB) level estimation from the XPS survey spectrum of the 

titanium-modified photoanodes with nano-sized ZnO and ZnO-graphene NCs in the binding energy range 

from -3 to 6 eV. The VB of the titanium-modified photoanode with the nano-sized ZnO was 2.75 eV, 

meanwhile, the incorporation of graphene nanosheets results in the negative shift of the VB level to lower 

binding energy at 2.5 eV for all ZnO-graphene NCs. An illustrative energy band structure diagram for 

titanium modified with the nanostructured ZnO and ZnO-graphene heterostructured photoanodes is 

illustrated in Figure 6. 16(d). 

 

Figure 6. 16: Diffuse reflectance spectra and the corresponding Kubleka-Munk plot (a, b), Valence band estimation 

from the XPS survey spectrum (c), and demonstrative band structure diagram of ZnO-graphene hybrid photoanodes 

with different graphite contents (d). 
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6. 2. 6. Photoluminescence studies on ZnO-graphene nanosheets hybrid photoanodes  

Photoluminescence spectroscopy is a powerful tool for examining the behavior of the interfacial 

structural defects through the identification of various defect-related trapping and recombination centers 

within the band structure of the used semiconductor material [318]. Nano-sized ZnO materials have 

various types of structural related defects (interstitials and vacancies) that provide several pathways for 

radiative recombinations [278, 319]. Hence, we used the PL emission spectra for studying the effect of 

graphene hybridization with ZnO species on the recombination centers concentration in the hybrid NCs 

thin films. PL emission spectra of ZnO-graphene NCs/Ti-sheet at different graphite contents (25, 50, 75 

wt.%) were scanned at three different excitation wavelengths (ex) to detect all possible radiative centers 

in the band structure of these hybrid NCs as shown in Figure 6. 17(a-c). The high excitation energies at 

3.82 and 3.31 eV corresponding to 325 and 375 nm, respectively, were used to examine the band edge 

and the accompanied excitonic band emission as well as other shallow defect-related emissions. Besides, 

the lower excitation energy at 2.92 eV corresponding to an ex of 425 nm was used to detect other deep 

defect-related emissions. Based on the recorded PL emission spectra various emission bands in the UV-

visible spectral regions were detected at 362, 378, 422, 444, 487, 512, and 520 nm. The origin of the 

emission centers was identified as illustrated in the schematic band diagram in Figure 6. 17(d). The first 

UV emission band at 362 nm represents the band edge emission; meanwhile, the second UV emission 

band could be ascribed to either exciton-related recombination emission or the recombination of shallow 

trapped electrons at interstitial zinc (Zni) species with photogenerated holes [320, 321]. The observed blue 

emission bands in the range from 420 to 440 nm are mainly ascribed to the recombination of shallow 

trapped electrons at Zni with trapped holes with extended vacancy states related to Zinc (Znv) near the top 

of the valence band.  The observed emission bands at a lower energy in the blue-green spectral region 

could arise from the recombination of trapped electrons with deeper defect states mostly oxygen vacancies 

(Ov) with either photogenerated holes or trapped holes at Znv [318, 322, 323]. The PL emission spectra of 

ZnO-graphene NCs/Ti-sheet hybrid photoanodes reveal the quenching of PL emission intensity with the 

addition of graphene nanosheets to the nanostructured ZnO-based hybrid photoanodes at all used 

excitation energies (band edge and defect -related emission), as shown in Figure 6. 17(a-c). The utilized 

ZnO-graphene NCs/Ti-sheet hybrid photoanode with 50 wt.% graphite contents exhibited the lowest PL 

emission intensity. The observed decrease in the PL emission intensity revealed the reduction in the 

photogenerated electron-hole pair recombination and the improvement of photogenerated electron-hole 
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pair separation. This, in turn acts to enhance the photoconversion efficiency in the ZnO-graphene NCs/Ti-

sheet photoanodes [324, 325]. 

 

6. 2. 7. Photoelectrochemical water splitting measurements 

Figure 6. 18(a) reveals the photo-response current of a nano-sized ZnO/Ti-sheet and ZnO-graphene 

NCs hybrid photoanodes with different graphite contents (25, 50, and 75 wt.%) in the potential range from 

0.5 to 1.8 V vs. RHE (-0.177 to 1.23 V vs. Hg/HgO). The onset potential of the nano-sized ZnO/Ti-sheet 

photoanode was 1.024 V vs. RHE, which is negatively shifted with the incorporation of graphene 

nanosheets.  

Figure 6. 17: Photoluminescence emission spectra of ZnO-graphene hybrid photoanodes at different excitation 

wavelengths (λex) and the corresponding radiative center illustrative band diagram. 
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Figure 6. 18: Photocurrent density vs. applied potential (a), Nyquist plot under illumination at 1.23 V vs. RHE (b), 

Mott-Schottky (M-S) plot in the dark state (c), the change in the open circuit potential (OCP) with light illumination 

(d), incident photon-to-electron conversion efficiency (IPCE) vs. potential (e), and response current stability for 10 

cycles (f) of ZnO-graphene hybrid photoanodes at different graphene contents. 
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The onset potential of ZnO-graphene nanosheets on Ti-sheet photoanodes was reduced by 25, 428, and 

107 mV, which corresponds to hybrid NCs hybrid photoanodes with 25, 50, and 75 wt.% graphite content, 

respectively. Besides, the measured photocurrent at 1.23 V vs. RHE for NCs hybrid photoanodes was 

1.69, 4.73, and 2.53 mA. This revealed the improvement of the hybrid photoanode response current 

compared with the nano-sized ZnO/Ti-sheet that exhibited a lower photo-response current of 0.469 mA. 

Figure 6. 18(b) reveals the Nyquist plots of ZnO-graphene NCs/Ti-sheet hybrid photoanodes at 1.23 V. 

vs. RHE under visible light illumination. It can be observed that the incorporation of graphene nanosheets 

results in an overall improvement in the charge transfer kinetics of the nano-sized ZnO/Ti-sheet 

photoanodes under visible light illumination. The hybrid photoanode with 50 wt.% graphite contents 

exhibited the lowest charge transfer resistance (Rct) of 8  compared with the hybrid photoanodes with 

25 wt.% graphene contents (15 ), and 75 wt.% graphene contents (13 ) as well as the pure ZnO/Ti-

sheet photoanode with Rct of 52 . This demonstrates the improvement of the photogenerated charge 

carrier separation with the addition of graphene to the NCs hybrid photoanode. The modification of the 

flat band potential (Vfb) and the donor concentration (ND) of ZnO/Ti-sheet photoanode with the 

incorporation of graphene nanosheets was investigated through the Mott-Schottky equation. The 

interfacial capacitance of the semiconductor electrode (CSc) due to the space-charge layer varied as a 

function of the electrode potential, which is represented by equation Eq. 6. 3 [326]: 

1

𝐶𝑆𝑐
2 =

1

2𝜀𝜀𝑜𝐴2𝑒𝑁𝐷
(𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵𝑇

𝑒
)   Eq. 6.  3 

where ND is the donor concentration (majority carrier concentration, i.e. electron in n-type ZnO 

semiconductor, εo is the vacuum electric permittivity, ε is the dielectric constant of ZnO (8.5) [327], V is 

the anode potential, Vfb is the flat band potential, e is the electron charge, kB is  Boltzmann’s constant, and 

T is the absolute temperature.  

The Mott-Schottky plots of the nano-sized ZnO and ZnO-graphene NCs hybrid photoanodes with 

different graphite contents (25, 50, and 75 wt.%) are shown in Figure 6. 18(c). The estimated slopes and 

x-intercepts provided the desired information for estimating ND and Vfb as illustrated in Table 6. 3. We 

found that graphene nanosheet hybridization with ZnO results in a strong positive shift in Vfb. The hybrid 

photoanode with 50 wt.% graphene content reveals the highest positive shift compared with the pure 

ZnO/Ti-sheet photoanode. The reduction in Vfb and ND plays an important role in the observed 

improvement in the PEC water splitting performance. This can be further illustrated as follows: from the 

basic definition of the flat band potential, it is equal to the electrode bias potential relative to the reference 
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electrode when the band is flat referring to the consumed external electrical energy for controlling the 

electrode surface polarization [328]. Hence, the reduction in the Vfb demonstrates the improvement the 

energy conversion efficiency. The variation of ND in an n-type semiconductor is not directly related to the 

PEC water splitting because it represents the variation in the majority carrier concentration. The majority 

of carriers are not directly involved in the PEC reactions at the electrode/electrolyte interface as described 

by Eq. 6. 4. However, the variation in ND strongly affects the position of Fermi level (Ef) relative to the 

intrinsic energy level (Ei) at the bandgap center of the modified electrode, as demonstrated by Eq. 6. 5. 

Furthermore, the minority carrier concentration (i.e., holes) within the space-charge layer given by the 

solution of Poisson's equation, as described by Eq. 6. 6, refers to the improvement of the minority carrier 

concentration (P) within the space charge layer when an Ef shift toward the Ei level [329]. The variation 

in Vf, ND, and the associated modification of Ef for ZnO-graphene hybrid photoanodes with varying 

graphene content is schematically illustrated in Figure 6. 19. 

𝑁𝐷 = 𝑛 = 𝑛𝑖𝑒
(

𝐸𝑓−𝐸𝑖

𝑘𝐵𝑇
)
    Eq. 6.  4 

𝐸𝑓 = 𝐸𝑖 + 𝐾𝑇 × ln (
𝑁𝐷

𝑛𝑖
)   Eq. 6.  5 

𝑃 = 𝑛𝑖𝑒
(−

𝐸𝑖−𝐸𝑓

𝑘𝐵𝑇
)
     Eq. 6.  6 

The formed space charge layer at the interface between the modified photoanode and the electrolyte plays 

an important role in the photogenerated charge carrier separation and overall energy conversion 

performance. According to Kelly et al., [330], the spatial separation at the semiconductor/electrolyte 

interface between the photogenerated electrons and holes is necessary for observing the PEC response 

current. They emphasized that the photogenerated electron-hole pairs at the depletion layer are separated 

by the applied external potential within a very short time (~ ps) [331], in which the photogenerated 

electrons drift to the bulk region within the photoanode surface. Meanwhile, the photogenerated holes 

migrate to the photoanode/electrolyte interface and participate in the PEC water splitting process. Hence, 

the width of the space charge layer (WSCL) represents an important parameter that is strongly related to 

the minority carrier lifetime since a large WSCL requires a relatively long carrier lifetime or it would 

recombine within the bulk region of the semiconductor before reaching the depletion region edge.  WSCL 

can be calculated from the band bending potential (V-Vfb) at the interface of the utilized photoanode 

according to Eq. 6 .7:   
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𝑊𝑆𝐶𝐿 = √
2𝜀𝜀𝑜(𝑉−𝑉𝑓𝑏)

𝑒𝑁𝐷
     Eq. 6.  7 

The calculated WSCL for the nano-sized ZnO/Ti-sheet and ZnO-graphene hybrid photoanodes is < 1nm, 

which is very small compared with the minority carrier diffusion length of ZnO (~ 30 nm) [332]. The 

photogenerated electron-hole pair separation is strongly affected by the variation of WSCL. This can be 

explained in more detail as follows: since the formed space charge layer at the photoanode/electrolyte 

interface has a built-up localized electric field where the majority carriers (i.e., electrons in an n-type 

semiconductor) are depleted bulk region of photoanode and away from the photoanode/electrolyte 

interface. Hence, the photogenerated electron-hole pair recombination rate within the space charge region 

would be reduced and consequently, the charge carrier separation will be improved [333]. Based on the 

estimated WSCL values of ZnO-graphene NCs hybrid photoanodes, the incorporation of high graphene 

nanosheet content (50 and 75 wt.%) resulted in the increase of WSCL compared with the nano-sized ZnO 

photoanodes, Table 6. 3.  

 

This demonstrated that the incorporation of graphene nanosheets not only improves the charge carrier 

kinetics of ZnO-graphene NCs hybrid photoanodes but also improves the photo-generated carrier 

separation within the space charge layer at the semiconductor/electrolyte interface. This demonstrated that 

the photogenerated minority carriers in all fabricated electrodes have a high possibility to reach the 

photoanode/electrolyte interface and effectively participate in the PEC oxidation of water. The incident 

photon to current efficiency (IPCE) for ZnO-graphene NCs/Ti-sheet hybrid photoanodes in the presence 

of external bias voltage was determined according to Eq. 6. 8 [334]: 

Figure 6. 19: Schematic band diagram to illustrate the effect of graphene on the band structure of ZnO-based 

photoanodes 
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𝐼𝑃𝐶𝐸(%) = 𝐽𝑝ℎ
(1.23−(𝑉−𝑉𝑜𝑐𝑝))

𝑃𝑙𝑖𝑔ℎ𝑡
 × 100%   Eq. 6.  8 

where Jph is the photocurrent density (mA·cm−2), V is the electrode bias potential, Vocp is the open circuit 

potential in the electrolyte under the light illumination, and P is the incident light power density 

(mW·cm−2).  

The change in the open circuit potential (OCP) with light illumination is shown in Figure 6. 18(d), which 

was used for calculating the IPCE (%) for ZnO-graphene hybrid photoanodes. The estimated IPCE vs. the 

applied bias potential plots for the nanostructured ZnO photoanode and graphene hybrid electrodes with 

25, 50, and 75 wt.% graphite content is shown in Figure 6. 18(e), which demonstrates the improvement 

of IPCE with graphene hybridization. The hybrid photoanode with 50 wt.% graphite contents revealed the 

best PEC water oxidation performance with an IPCE of ~ 4 % compared with pure ZnO and other graphene 

hybrid photoanodes. Furthermore, the photo-response current stability was verified for 10 cycles using 

chronoamperometric plots for all titanium modified electrodes as shown in Figure 6. 18(f). 

Table 6. 3: The estimated donor concentration (ND), flat band potential (Vfb), and width of the space charge 

layer (WSCL) of ZnO-graphene NCs/Ti-sheet hybrid photoanodes at different graphite content. 

Electrode Vfb (V) ND  1027 (m-3) 
WSCL (nm) 

@1.23 V vs. RHE 

ZnO -0.63097 7.35059 0.39 

25 wt.% graphite -0.53126 9.30419 0.33 

50 wt.% graphite -0.36329 3.06452 0.53 

75 wt.% graphite -0.43222 4.87644 0.44 

6. 3. Summary  

ZnO-graphene NCs hybrid photoanodes were directly deposited in a one-step process on a titanium 

sheet at room temperature by a vacuum kinetic spray using the NPDS without any chemical treatment or 

any other post-treatment. The fabricated hybrid ZnO-graphene NCs/Ti-sheet hybrid photoanodes were 

used to study the PEC water splitting in 0.5 M Na2SO3. The analysis of FTIR and Raman spectra revealed 

the direct transformation of the micro-sized graphite powder to small domains of graphene nanosheets in 

the NCs hybrid photoanodes with 25, 50, and 75 wt.% of graphite contents. Furthermore, the 

fragmentation of the micro particles resulted in the evolution of new active modes that were strongly 

influenced by the interfacial structural defects. The SEM images exhibited the fragmentation of ZnO and 
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graphite microparticles to the morphology of a combination of nanorods and nanosheets. The HR-TEM 

image of ZnO-graphene NCs with 50 wt.% graphite contents exhibited the typical interface between the 

nanocrystalline domains of ZnO and the graphene nanosheets. This referred to the strong hybridization 

between ZnO and the graphene species in the fabricated photoanode. The high-resolution O 1s and C 1s 

XPS scan revealed the evolution of many bonded states (C−O, C=O, and −O−C=O) indicating the synergy 

improvement between ZnO and graphene species in ZnO-graphene NCs/Ti-sheet hybrid photoanodes. 

The estimated optical band gap of the nanosized ZnO thin film was 3.35 eV, which was reduced to 2.9, 

2.6, and 3.1 eV corresponding to the NCs hybrid photoanode with 25, 50, and 75 wt.% graphite content. 

This behavior was attributed to the hybridization with graphene nanosheets and the accompanied 

improvement in the interfacial space charge between the ZnO and graphene boundaries. The PL emission 

spectra revealed the quenching of emission intensity in the ZnO-graphene NCs/Ti-sheet compared with 

the nanosized ZnO/Ti-sheet. The hybrid NCs with 50 wt.% graphite contents exhibited the lowest 

emission intensity. This behavior revealed a decrease in the photogenerated carrier recombination rate, 

which is associated with charge carrier separation as well as the improvement in the visible light-

harvesting efficiency. The analysis of the Mott-Schottky plots revealed a positive shift of the flat band 

potential, a decrease in the donor concentration, the tuning of hybrid photoanode Fermi energy level, as 

well as the increase in the width of the space charge layer. This behavior played an important role in the 

photogenerated electron-hole separation within the space charged layer at the interface between the 

electrode and the electrolyte and resulted in an overall improvement of PEC water splitting. We found 

that the incorporation of graphene in ZnO-graphene NCs/Ti-sheet hybrid photoanodes resulted in an 

improvement of the charge transfer resistance and the associated photo-response current compared with 

nanosized ZnO/Ti-sheet photoanodes. The ZnO-graphene NCs/Ti-sheet hybrid photoanodes with 25, 50, 

and 75 wt.% graphite content exhibited a photo-response current @ 1.23 V vs. RHE of 1.69, 4.82, and 2.6 

mAˑcm-2, respectively, compared with only 0.47 mAˑcm-2 for the nanosized ZnO/Ti-sheet photoanode. 

Also, the maximum IPCE for ZnO-graphene NCs/Ti-sheet hybrid photoanodes was shifted to a lower 

potential relative to ZnO/Ti-sheet. The NCs hybrid photoanode with 50 wt.% graphite contents exhibited 

the highest efficiency of 4.23 % at the smallest bias potential of 1.4 V vs. RHE. The photocurrent stability 

was verified for 10 cycles for all fabricated photoanodes. Compared to other preparation techniques of 

ZnO-graphene NCs/Ti-sheet hybrid photoanodes, the NCs hybrid photoanodes were fabricated using the 

NPDS method in a very short time with a relatively low cost. Finally, these photoanodes conclusively 

revealed high-performance toward the PEC water splitting in an alkaline medium. 



 

 

 

 

Chapter 7: 

4Room-Temperature Deposition of ZnO-Graphene 

Nanocomposite Hybrid Photocatalysts for Improved Visible-

Light-Driven Degradation of Methylene Blue 
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7.1. Overview 

Nanostructured semiconductor materials are widely used for photocatalytic degradation of organic 

pollutants because they are highly efficient at mineralization of various types of organic materials at 

normal ambient conditions. This is of great importance in many commercial applications, such as water 

purification and self-cleaning [335-339]. Nanostructured ZnO semiconductors with a high exciton binding 

energy of ~ 60 meV exhibit excellent optoelectronic characteristics [323], which make them a popular 

material for energy conversion applications such as photovoltaics, photo-electrocatalytic water oxidation, 

and photocatalytic degradation of organic dyes [265, 266]. ZnO-based photocatalysts have exhibited 

optimal photocatalytic performance in neutral media, in contrast to TiO2-based photocatalysts that usually 

perform better in acidic media. This makes nanostructured ZnO-based materials and their nanocomposites 

(NCs) widely used for photocatalytic degradation of various types of organic dyes, such as phenol [340], 

2-phenylphenol [341], 4-nitrophenol [342], methyl orange [343-345], and methylene blue (MB) [346, 

347]. However, ZnO-based material has exhibited low photocatalytic activity due to the high optical 

bandgap in the UV region [278] as well as the high recombination of photogenerated electron-hole pairs 

[256].       

The formation of nanocomposites between nanostructured semiconductors and graphene species is 

widely used for photon energy conversion applications. This arises from the overall improvement in the 

charge transfer kinetics at the semiconductor/solution interface [348-352]. The formation of 

nanocomposites is accompanied by tuning the interfacial surface states between the nanostructured grain 

boundaries. Hence, the space-charged layer of the nanosized grains would strongly affect the 

photogenerated carrier concentration at the semiconductor/electrolyte interface. The tunability of 

nanocomposite interfacial states makes it possible to improve their performance for energy conversion 

and storage applications [270-273]. 

Graphene-based NCs are widely used in wastewater treatment from the contaminating organic dyes 

through the photocatalytic degradation process. Vinothkannan et al., [353] synthesized reduced graphene 

oxide (rGO)/Fe3O4 hybrid NCs, and the nanosized rGO was prepared by the Hammer process. Besides, 

chemical precipitation was used for preparing Fe3O4 nanoparticles (NPs). The synthesized NCs exhibited 

high adsorption and photocatalytic degradation efficiency for MB dye molecules under visible light 

irradiation. However, the fast recombination process of photogenerated electron-hole pairs is the main 

drawback of Fe3O4-based materials. This results in an overall reduction of the solar energy 
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photoconversion efficiency. On the other hand, ZnO-based materials and NCs are distinguished by long 

minority carrier lifetime (i.e., holes), and this makes them promising materials for solar energy conversion 

applications. However, the wide bandgap of ZnO in the UV region restricts the usage of the pure ZnO 

nanostructure in visible light harvesting and conversion applications [354]. This limitation can be 

overcome by the formation of hybrid NCs with either lower bandgap materials or graphene nanosheets. 

Jenita Rani et al., [207] have reported the preparation of rGO/zinc ferrite NCs using a two-step process 

involving the Hammer technique for reducing graphite micro-sized powder to rGO and solvothermal 

technique for heterostructure formation with nanosized zinc ferrite and rGO nanosheets. The designed 

rGO/zinc ferrite NCs photocatalyst with narrow band gap of 1.86 eV exhibited high photocatalytic 

degradation efficiency toward MB degradation in the presence of H2O2 oxidative agent due to the - 

interactions and hydrogen bonding between the rGO and MB dye species. Hsieh et al., [355] prepared Cu-

doped ZnO-graphene NCs using a combination of Hammer process and microwave techniques. The 

incorporated Cu ions in the prepared NCs resulted in the enhancement of visible light harvesting and MB 

photocatalytic degradation efficiency in H2O. Ahmad et al., [356] synthesized ZnO-graphene NCs using 

a combination of the common Hammer technique for graphene preparation and solvothermal technique 

for hybridization of graphene and ZnO NPs. The prepared NCs exhibited a variety of optical band gap 

extending from 2.9 to 3.3 eV that depends on the mixing ratio between ZnO and rGO species. The 

incorporation of graphene nanosheets in ZnO resulted in the improvement of visible light harvesting as 

well as the enhancement of MB photocatalytic degradation efficiency. Atchudan et al. [357] reported the 

preparation of rGO decorated with ZnO NPs using several consecutive steps for the incorporation of ZnO 

species involving thermal refluxing at 65 oC for 24 h that followed by thermal oxidation in the oven at 

100 for 5 h. Xue et al. [358] prepared ZnO-rGO NCs using Hummer and Offeman technique to reduce the 

micro-sized graphite powder to nanostructure rGO and photochemical precipitation technique for ZnO 

NPs. The synthesized heterostructure ZnO-rGO NCs exhibited high photocatalytic degradation efficiency 

of MB under UV and visible light irradiation.  

The photocatalytic degradation of organic pollutants using nanostructured semiconductor materials 

has mainly two forms, the dispersed particulate, and the thin film. Nalajala et al. [359] demonstrated that 

the thin film form is more efficient since 1 mg of nanostructured thin film photocatalysts has the same 

photocatalytic activity as 25 mg of sample powder photocatalysts. Besides, the removal of the dispersed 

nanoparticles from the solution after the organic material degradation is very difficult and needs a 

centrifuge with a very high rotation speed (> 6,000 rpm) to guarantee that all the dispersed powder is 
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collected. This increases the cost of organic dye removal using a nano-semiconductor powder; hence, thin-

film is more suitable for most practical applications.  

The widespread of nanosized graphene in various commercial applications concerned with energy 

conversion and storage has driven the need to find a suitable technology that takes into consideration mass 

production with high cost-efficiency. There are multiple techniques for graphite-to-graphene 

transformation, including top-down techniques such as sonochemical-assisted graphite exfoliation [91],  

shear exfoliation [94], as well as dry- and wet-ball milling [49, 54, 95, 97]. However, these techniques 

have some restrictions, such as a slow rate of graphite-to-graphene transformation, low production yield, 

involvement of waste products, and high production cost [259].  

In contrast to the above-mentioned techniques, the fabrication of hybrid NCs using the direct 

deposition by the nanoparticle deposition system (NPDS), which is a vacuum kinetic spray process [101, 

163, 164]. This technique takes into consideration the production cost efficiency, which is of great 

importance for commercial applications related to wastewater treatment because it provides a large 

deposition area in a short time with a reasonable production cost. Besides, no chemical treatment was 

involved that make our technique eco-friendly [99, 262]. Here we report on the direct transformation of 

graphite into graphene nanosheets in a one-step process at room temperature with a very short preparation 

time, using the NPDS. The instantaneous fragmentation of the 2D layered structure of bulk graphite to 

graphene nanosheets is usually accompanied by a sharp increase in the localized temperature. This 

provides a suitable environment for strong bonding between the grains and hybridization between the 

nanostructured transition metal oxide (TMO) and the formed graphene species in the fabricated 

nanocomposites thin films. NPDS has been used by our research group to fabricate various functional 

nanostructured thin films from TMO hybrids with 2D material, such as graphene and MoS2 nanosheets. 

Such optimized nanostructured thin films have been utilized in many electrochemical energy conversion 

and storage applications, such as supercapacitors [260] and electrocatalytic water splitting [261, 262], as 

well as for non-enzymatic H2O2 detection in an alkaline medium [258, 264]. 

In the present study, we provided an effective and economically viable technique for the fast 

fabrication of nanosized hybrid photocatalysts using a one-step kinetic spray deposition at room 

temperature by the NPDS technique. Herein, we directly deposited ZnO-graphene nanocomposites (NCs) 

hybrid photocatalysts with various graphite contents (25, 50, and 75 wt.%) on nickel foam (NF) porous 

substrate without any chemical treatment from ZnO and graphite microparticles. Also, we investigated the 
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dependence of the graphite-to-graphene transformation in the deposited ZnO-graphene NCs/NF 

heterostructured thin films on the incorporated graphite ratio using various analytical techniques. We also 

evaluated the effect of graphite content variation on the photocatalytic activity of ZnO-graphene NCs/NF 

hybrid photocatalysts using the photocatalytic degradation of MB under visible light illumination. 

7.2. Results and Discussion 

7. 2. 1. XRD patterns of ZnO-graphene NCs hybrid photocatalysts 

Figure 7. 1(a) exhibits XRD patterns of ZnO and graphite micro-sized powder as well as their 

mixtures with different graphite contents (25, 50, and 75 wt.%). The XRD pattern of ZnO 

microparticles revealed several characteristic peaks matched with the wurtzite-type hexagonal structure 

of the ZnO phase (space group: P63mc, ICDD: 04-008-8198) [278]. In contrast, the XRD pattern of the 

pure graphite phase depicted two distinct peaks at 26.5° and 56.42° ascribed to the (002) and (004) 

crystalline planes of the hexagonal graphite phase (space group P63/mmc (ICDD: 00-056-016, 

PDF 2010) [261, 264]. The XRD patterns of ZnO and graphite mixed micro-sized powders with graphite 

content of 25, 50, and 75 wt.% revealed the presence of ZnO and the graphite species in all composites 

that were used for the thin film deposition process, without any new secondary phases. Figure 7. 1(b) 

presents the XRD patterns of ZnO thin film as well as ZnO-graphene NCs thin films on NF porous 

substrate with graphite content of 25, 50, and 75 wt.%. 

 

Figure 7. 1: XRD patterns of ZnO-graphite micro-sized powders at different graphite contents (a), and the 

corresponding deposited nanostructured thin films on the NF porous substrate (b). 
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All the deposited thin films on the NF substrate exhibited characteristic XRD  peaks at 2 of 44.19°, 

51.54°, and 76.09° belonging to the (111), (200), and (220) crystalline planes of the cubic phase of Ni, 

respectively (ICDD: 00-004-0850) [264]. Additionally, several distinct peaks related to the wurtzite-

type hexagonal ZnO phase were detected in the deposited thin films of pure ZnO and all hybrid 

nanocomposites with graphite content of 25, 50, and 75 wt.%. The detected XRD peak intensity 

corresponding to the ZnO species was lower than that of the corresponding powder, revealing a 

decrease in the crystalline domain size due to micro-sized particle fragmentation during the 

deposition by the NPDS. Furthermore, the characteristic peaks that were matched with the 

crystalline hexagonal phase of the graphite powder completely disappeared. This behavior 

revealed the layer separation of the micro-sized graphite powder into a smaller domain size, in the 

nano-size range. This behavior was observed during the fabrication of various types of graphene-

based NCs that were used for energy conversion and storage applications [260-262, 264]. The 

observed reduction in the crystallite size was associated with the increase of the surface-to-volume 

ratio and the associated interfacial surface states that act as active sites for various catalytic 

reactions at the interface between the modified electrocatalyst and the electrolyte [223]. 

7. 2. 2. Raman studies on ZnO-graphene NCs  

The active Raman modes of ZnO micro-sized powder were identified in the Raman shift 

range from 200 to 800 cm-1 as shown in Figure 7. 2(a). Various Raman peaks were depicted at 

332, 379, and 439 cm-1 correspond to the optical phonons at the -point of wurtzite-type hexagonal 

structure of ZnO. These modes were theoretically explained in the form of mathematical 

summation of various active and silent optical phonon modes (1A1+2B1+1E1+2E2). The transverse 

active optical vibration is represented by a single state A1-symmetry mode and the active 

longitudinal vibration is represented by a single state E1-symmetry mode. The E2-symmetry mode 

has two active vibrations, the first at the low-frequency side (E2L) is caused by the lighter oxygen 

atom vibration, and the second at the high-frequency side (E2H) caused by the heavier Zn atoms 

vibrations. Furthermore, there are some inactive phases in normal conditions called silent low-

frequency vibration (B1L) and high-frequency vibration (B1H). These silent modes can be activated 

as a result of the evolution of special defects at the interfacial grain boundaries [290]. The second-

order vibration corresponds to the optical phonon mode  (E2H-E2L) was observed at 332 cm-1[293, 

318]. Whereas the first-order transverse optical phonon mode A1(TO) was recorded at a higher 
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Raman shift of 379 cm-1. The active second-order mode caused by the non-polar E2H symmetry 

mode was observed at 439 cm-1 [294]. The micro-Raman spectrum of nanostructured ZnO/NF 

thin-film in Figure 7. 2(b) depicts various active Raman modes at 327, 378, 438, and 571 cm-1. 

The observed phonons at 327, 378 and 438 cm-1 are corresponding to E2H-E2L, A1(TO), and E2H 

symmetry modes as explained in the powder case. The new vibration at 571 cm-1 can be attributed 

to the longitudinal optical phonon A1 (LO) symmetry mode [360]. The observation of this 

vibration mode indicates the fragmentation of micro-sized crystalline ZnO particles to a lower size 

range with high polycrystalline tendency and very small crystalline domain size [292]. This 

supports the observed low degree of crystallinity of the deposited nanostructured ZnO/NF thin 

film [361].   

Raman spectra of the ZnO-graphite micro-sized powder in Figure 7. 2(c) reveals two 

characteristic bands matching with the wurtzite-type hexagonal structure of ZnO at 332 and 439 

cm-1, as well as new active Raman vibration caused by the mixed graphite powder at 1,350, 1,582, 

2,720, and 3,250 cm-1. The characteristic G-band caused by the E2g-symmetry mode of the bulk 

structure graphite microcrystals was observed at 1,582 cm-1, while the active vibrations related to 

the D-band that induced by the interfacial grain boundaries was depicted at 1,350 cm-1[110]. 

Furthermore, the second-order vibrations related to the 2D and intravalley 2D-symmetry modes 

were recognized at 2,720 and 3,250 cm-1, respectively [111, 112]. The fragmentation and layer 

separation of the two-dimensional layered structure of graphite microcrystals into small-sized 

graphene nanosheets were demonstrated from the intensity ratio variation between the D band and 

the G band (ID/IG). When ID/IG < 1, this depicted the large size of the crystalline domain in the 

graphite microcrystals, whereas the increase of the ID/IG ratio to > 1 referred to the layer separation 

of the graphite microcrystals and the transformation into small-sized graphene nanosheets [115]. 

Figure 7. 2(d) depicts the micro-Raman spectra of ZnO-graphene NCs/NF hybrid photocatalysts 

at graphite content of 25, 50, and 75 wt.%. The NCs exhibited multiple active phonon modes at 

327, 433, 580, 1,348, 1,593, 1,621, 2,688, and 2,935 cm-1. The detected Raman vibrations at low 

Raman shift values of 327, 433, and 588 cm-1 corresponded to E2H-E2L, E2H, and A1(LO) symmetry 

phonon modes of the wurtzite-type hexagonal phase of the ZnO [360]. The observed active phonon 

vibrations at Raman shifts of 1,348, 1,593, and 2,688 cm-1 had the same origin as explained in the 

case of graphite powder corresponding to the D, G, and second-order 2D vibration modes, 

respectively. The weak shoulder at the Raman value 1,621 cm-1 is attributed to the D-vibration 
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caused by the displacement of carbon atoms from the entire hexagonal graphite host lattice to the 

interfacial boundaries between the adjacent nano-sized grains [110, 114]. Also, the disorder 

improvement at the grain boundaries of the graphene nanosheets induced the G vibration Raman 

shift of 2,935 cm-1[112].  

 

The graphite-to-graphene transformation due to the layer separation and micro-sized particle 

fragmentation in the deposited ZnO-graphene NCs/NF thin films was recognized from the 

variation in the intensity ratio (ID/IG) between the characteristic Raman modes D and G-symmetry 

modes. In comparing the Raman spectra of the micro-sized mixed powders at different graphite 

Figure 7. 2: Raman spectra of the ZnO micro-sized powder and the corresponding nanostructured thin film (a, b), 

ZnO-graphite mixed micro-sized powders, and the corresponding nanostructured thin films (c, d). 
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contents and the corresponding nanostructured thin films, we found an improvement in the ID/IG. 

This intensity ratio was enhanced from 0.65 to 1.6, from 0.71 to 1.7, and from 0.54 to 0.95 for the 

NCs with graphite contents of 25, 50, and 75 wt.%, respectively. This behavior indicates that the 

graphite-to-graphene transformation through microparticle fragmentation was highly probable in 

the hybrid composites with a high content of graphite content of 25 and 50 wt.%. Whereas the 

degree of graphite-to-graphene transformation was relatively lower in the case of ZnO-graphene 

with low ZnO content. 

7. 2. 3. Surface morphology of ZnO-graphene nanocomposites photocatalysts  

The surface morphology and the equivalent compositional elemental analysis of ZnO microparticles 

and ZnO-graphite mixed micro-sized powder with 25, 50, and 75 wt.% of graphite contents are shown in 

Figure 7. 3. SEM image of ZnO powder revealed aggregated particles with semispherical and flake 

morphology with a lateral dimension < 500 nm. The relative percentage of flake-like morphology was 

increased with increasing graphite powder content. This powder was used for the deposition of 

nanostructured pure ZnO and ZnO-graphene NCs thin films on NF porous substrate using the NPDS 

without any chemical treatment. Figure 7. 4(a) shows SEM images of the deposited nanostructured 

ZnO/NF thin films, which reveal mixed nanosheets and nanorods morphology with lateral dimensions in 

the range from < 100 nm to 200 nm. The deposition uniformity of the ZnO/NF thin film is illustrated by 

the corresponding composition mapping shown in Figure 7. 5. The fragmentation of the micro-sized 

graphite powder into nanosized graphene with various morphology (nanoflakes and nanoflowers) is 

depicted in SEM images of ZnO-graphene NCs/NF with various graphite contents (25, 50, 75 wt.%); see 

Figure 7. 4(b-d). The SEM image of hybrid NCs with 25 wt.% graphite content exhibits a relatively low 

percentage of graphene nanoflakes compared with the main matrix species of ZnO host lattice. 

Furthermore, increasing the graphite weight percentage in ZnO-graphene NCs up to 50 wt.% resulted in 

the total transformation to the nanoflakes morphology. This indicated that the main matrix of the hybrid 

composites was changed from ZnO to graphene species. Further, increase the graphite content up to 75 

wt.% exhibited a second morphology change to the nanoflower morphology as illustrated in Figure 7. 

4(d). This interesting feature revealed the morphology dependence of ZnO-graphene NCs/NF on the 

graphite content used during the deposition process by the NPDS. The spatial uniformity of ZnO-graphene 

NCs/NF thin film on the lateral area of the NF porous substrate was also demonstrated from the 

corresponding composition mapping as shown in Figure 7. 6 to Figure 7. 8.  
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Figure 7. 3: SEM image and the corresponding EDS elemental analysis of pure ZnO powder (a), mixed ZnO-Graphite 

micro-sized powder with 25 wt.% (b), 50 wt.% (c), and 75 wt.% graphite contents (d). 
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Figure 7. 4: SEM images of nanostructured ZnO/NF thin film (a), and ZnO-graphene NCs/NF thin films at graphite 

content of 25 wt.% (b), 50 wt.% (c), and 75 wt.% (d) 
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Figure 7. 5: The elemental composition analysis and the corresponding lateral mapping of nanostructured ZnO/NF 

photocatalyst. 
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Figure 7. 6: Elemental composition analysis and the corresponding lateral mapping of ZnO-graphene /NF 

nanocomposites photocatalyst with 25 wt.% graphite contents. 
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Figure 7. 7: Elemental composition analysis and the corresponding lateral mapping of ZnO-graphene/NF 

nanocomposites photocatalyst with 50 wt.% graphite contents. 
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Figure 7. 8: Elemental composition analysis and the corresponding lateral mapping of ZnO-graphene /NF 

nanocomposites photocatalyst with 75 wt.% graphite contents. 
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7. 2. 4. Investigation of the surface bonding states on ZnO-graphene NCs/NF hybrid photocatalysts. 

The nature of chemical bonding states at the surface of nanostructured ZnO/NF and ZnO-graphene 

NCs/NF hybrid photocatalysts with various graphite contents (25, 50, and 75 wt.%) were depicted using 

XPS. Figure 7. 9(a) reveals the XPS survey spectra in the binding energy range from -3 to 1,400 eV, in 

which the survey spectrum of ZnO/NF nanosheets exhibited various typical signals of zinc element (Zn 

3d, Zn 3p, Zn 3s, Zn LMM1, Zn KLL, Zn LL M3, Zn 2p3/2, and Zn 2p1/2), and oxygen element (O 1s, 

O KLL). Also, the carbon signal was detected in all the ZnO-graphene NCs/NF hybrid photocatalysts. 

The high-resolution XPS scans for Zn 2p, O 1s, and C 1s were further investigated to illustrate the synergy 

improvement in the case of the NCs hybrid photocatalysts, as demonstrated in Figure 7. 9(b-d). 

 

Figure 7. 9: XPS survey spectra (a) and high-resolution XPS scans of Zn 2p(b), O 1s (c), and C 1s (d) of ZnO-graphene 

NCs/NF hybrid photocatalysts at different graphite contents. 
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The origin of each XPS band was recognized and recorded in Table 7. 1. The Zn 2p high-resolution XPS 

spectra of nanostructured ZnO/NF and ZnO-graphene NCs/NF were further analyzed using the 

deconvolution process to estimate the exact positions of the peaks; see Figure 7. 10. The deconvoluted 

spectrum of nanostructured ZnO/NF exhibited two characteristic sub-bands 2p3/2 and 2p1/2 at 1,022.1 eV 

and 1,045.2, respectively. The energy line separation between the maximum of these bands was 23.1 eV, 

which arose from the divalent ionic state of zinc in the nonstoichiometric phase of the wurtzite-type 

hexagonal structure of the ZnO [273, 302]. In the ZnO-graphene NCs/NF hybrid photocatalysts, we 

observed a positive shift in the peak position of Zn 2p sub-bands (2p3/2 and 2p1/2) to higher binding 

energy compared with the ZnO/NF; see Table 7. 1.  

 

Figure 7. 10: Deconvoluted Zn 2p XPS scans of nanostructured ZnO/NF (a) and ZnO-graphene NCs/NF hybrid 

photocatalysts with 25 wt.% (b), 50 wt.% (c), and 75 wt.% graphite contents (d). 
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The NCs hybrid photocatalyst with 50 wt.% graphite contents exhibited the highest energy shift ( = 1.4 

eV) compared with the other hybrid photocatalysts with graphite content of 25 wt.% ( = 0.24 eV) and 75 

wt.% ( = 0.62 eV). The deconvolution of the O 1s XPS spectrum of ZnO/NF nanosheets in Figure 7. 

11(a) exhibits the presence of oxygen active states related to the ZnO host lattice at binding energies of 

530.91 and 532.67 eV. The observed main peak at 530.91 eV was attributed to the characteristic bonded 

state in the hexagonal structure of ZnO between the oxygen anion and the Zn cation  [305].  

 

 

Figure 7. 11: Deconvoluted O 1s XPS scans of nanostructured ZnO/NF (a) and ZnO-graphene NCs/NF hybrid 

photocatalysts with 25 wt.% (b), 50 wt.% (c), and 75 wt.% (d) graphite content. 
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On the other hand, the presence of either adsorbed hydroxyl groups or reduced Zn atoms at the grain 

boundaries of nanostructured ZnO was the main reason for the observed shoulder at the higher binding 

energy of 532.67 eV [306], [307]. The analysis of high-resolution O 1s XPS spectra by deconvolution of 

ZnO-graphene NCs/NF hybrid photocatalysts at different graphite contents is shown in Figure 7. 11(b-

d). The recognized O 1s sub-band positions in the hybrid photocatalysts with graphite contents of 25 and 

75 wt.% were like the pure nanosheets ZnO/NF, with a slight variation in the position of the peak; see 

Table 7. 1. On the other hand, the NCs hybrid photocatalysts with 50 wt.% graphite content exhibited a 

new band at a higher binding energy of 533.6 eV, corresponding to the C = O bond [357].  

 

Figure 7. 12: Deconvoluted C 1s XPS scans of ZnO-graphene NCs/NF hybrid photocatalysts with 25 wt.% (a), 50 wt.% 

(b), and 75 wt.% (c) graphite content. 
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The deconvoluted spectra of the C 1s scan for the ZnO-graphene NCs/NF heterostructure with 25, 50, and 

75 wt.% of graphite contents are shown in Figure 7. 12(a-c). The characteristic C−C bond of graphene 

nanosheets caused by the sp2-hybridization between adjacent carbon atoms was observed at 284.43  0.03 

in the ZnO-graphene NCs/NF hybrid photocatalysts. Multiple bonded states between oxygen and the 

graphene species were detected, such as C−O, C=O, and −O−C=O bonds at 285.72  0.14, 287.41, and 

290.34  0.16 eV, respectively. The NCs hybrid photocatalysts with 50 wt.% graphite content exhibits 

certain distinct features in some of the oxygenated bonds, such as the negative shift of the C=O bond to 

lower binding energy, whereas the −O−C = O bond was detected at higher binding energy (291.32 eV) 

compared with other NCs hybrid photocatalysts. The hybridization between ZnO and the graphene species 

in the deposited NCs thin films was depicted by either the evolution of new bond states or a noticeable 

peak position shift. This confirmed the strong synergy between the different species presented in the ZnO-

graphene NCS/NF hybrid photocatalysts [276]. 

Table 7. 1: Deconvoluted high-resolution XPS bands of Zn 2p, O 1s, and C1s scans of ZnO-graphene NCs/NF 

hybrid photocatalysts at different graphite contents (wt.%) 

Band 
Binding Energy (eV) 

ZnO 25 wt.% graphite 50 wt.% graphite 75 wt.% graphite 

C 1s 

- 284.43 284.42 284.46 

- 285.87 - 285.58 

- 287.41 286.42 - 

- 290.50 291.32 290.17 

O 1s 

530.91 530.95 - 530.84 

532.67 532.81 532.67 532.88 

- - 533.60 - 

Zn 2p 
1,022.10 1,022.34 1,023.52 1,022.72 

1,045.20 1,045.44 1,046.58 1,045.82 

7. 2. 5. The optical band gap of ZnO-graphene NCs/NF hybrid photocatalysts 

Figure 7. 13(a) exhibits the optical absorbance spectra of ZnO nanosheets/NF and ZnO-graphene 

NCs/NF hybrid photocatalysts at different graphite contents (25, 50, and 75 wt.%), in the UV-visible 

region extending from 200 to 800 nm. The optical absorbance spectrum of the ZnO nanosheets/NF reveals 

the main absorption region in the UV region from 200 to 375 nm and a sharp absorption edge near the UV 

region at about 390 nm. The excitation with lower energy in the visible region was accompanied by a 

relatively smaller absorbance that seemed to be independent of excitation light wavelength (). In the case 

of ZnO-graphene NCs/NF hybrid photocatalysts, the main absorption edge was positively shifted to 

relatively longer wavelengths, and the optical absorbance in the visible region was improved. The optical 
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band gaps (Eg) of the ZnO nanosheets/NF and the ZnO-graphene NCs/NF were estimated from the 

corresponding optical absorbance spectra using Tauc’s plots as shown in Figure 7. 13(b), based on the 

following equation  [317]: 

(𝛼ℎ𝜈)2 = 𝐶(ℎ𝜈 − 𝐸𝑔)    Eq. 7. 1 

where α is the optical absorption coefficient, h is the incident photon energy, and C is the proportionality 

constant. The estimated Eg of the ZnO nanosheets/NF and ZnO-graphene NCs/NF hybrid photocatalysts 

with 25, 50, and 75 wt.% graphite contents were 3.18, 3.0, 2.9, and 3.05 eV, respectively.  

 

The observed decrease in the optical band gap of nanostructured ZnO with graphene species incorporation 

indicated the role of the graphene nanosheets in improving the solar light-harvesting of nanostructured 

Figure 7. 13: Optical absorbance spectra and the corresponding Tauc plots (a, b), valence band estimation from the 

XPS survey spectrum (c), and a demonstrative band structure diagram of ZnO-graphene NCs/NF hybrid 

photocatalysts with different graphite contents. 
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ZnO thin films. The effect of the graphite content variation on the valence band energy level of the ZnO 

host lattice was investigated using XPS survey spectra in the binding energy range from -3 to 5 eV, as 

shown in Figure 7. 13(c). We found that the incorporation of graphene in the NCs hybrid photocatalysts 

with 25 and 50 wt.% graphite contents resulted in a positive shift of the ZnO host lattice VB from 2.5 to 

3.25 eV, while an increase in the graphite content up to 75 wt.% resulted in a negative shift of the ZnO 

VB to 2 eV. Based on the estimated values of the optical bandgap and the corresponding VB energy levels, 

the position of the conduction band energy level was estimated for the nanostructured ZnO/NF as well as 

the NCs/NF hybrid photocatalysts according to the energy band diagram illustrated in Figure 7. 13(d). 

7. 2. 6. Photocatalytic activity of ZnO-graphene nanocomposite photocatalysts   

Figure 7. 14 reveals the proposed mechanism of MB photocatalytic degradation using ZnO-

graphene NCs/NF hybrid photocatalysts. This mechanism can be understood as cumulative effects caused 

by the synergy improvement between the ZnO and graphene species in the hybrid NCs photocatalysts. 

The presence of graphene nanosheets in the hybrid NCs photocatalyst is expected to improve the 

transportation and separation of photogenerated electron-hole pairs at the semiconductor/solution 

interface. This behavior is ascribed to several possible reasons. The characteristic planar -bonded 

structure of carbon arrays with superior electrical conductivity in the graphene nanosheets can improve 

the transportation of photogenerated electrons [362]. The high surface area of graphene nanosheets can 

endow a preferable interfacial hybridization with nanostructured ZnO species in the deposited NCs 

photocatalysts. Hence, the synergy improvement provides transportation pathways for the photogenerated 

electrons from ZnO to graphene nanosheets according to the known percolation mechanism. This by turn 

will enhance the photogenerated charge carrier separation and increases the photogenerated electron 

lifetime [363, 364]. The improvement of ZnO-graphene NCs surface area, as well as the transportation of 

photogenerated electrons to graphene nanosheets, are expected to improve the cationic dye molecules 

(MB) adsorption via the spatially localized electrostatic field at the NCs photocatalyst/solution interface 

[365].  The MB dye molecules would adsorb to the surface of ZnO-graphene NCs hybrid photocatalysts 

through the electrostatic interaction, hydrogen bond formation, or - interaction with graphene nanosheet 

species [366]. The photocatalytic degradation mechanism of adsorbed MB molecules at the interface of 

ZnO-graphene NCs photocatalysts can be explained according to the following equations [367]:  

𝑍𝐺 + ℎ𝜈 (𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦) → 𝑍𝐺(𝑒𝐶𝐵
− + ℎ𝑉𝐵

+ )   Eq. 7. 2 

𝑍𝐺(ℎ𝑉𝐵
+ ) + 𝐻2𝑂 → 𝑍𝐺 + 𝐻+ + 𝑂𝐻−      Eq. 7. 3 
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𝑍𝐺(ℎ𝑉𝐵
+ ) + 𝑂𝐻− → 𝑍𝐺 + 𝑂𝐻•     Eq. 7. 4 

𝑀𝐵 + 𝑂𝐻• → 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑      Eq. 7. 5 

The incident light radiation with photon energy (h) in the visible light spectral region induces charge 

carrier excitation within the ZnO bandgap and results in photo-generation of electron-hole pairs. Then the 

photogenerated holes in the valence band stimulate water splitting at the semiconductor/solution interface 

as well as the formation of active hydroxide radicals (OH•). The formed OH• radicals initiate the MB 

degradation gradually by increasing the illumination time. According to the illustrated mechanism, the 

photocatalytic degradation of MB is affected by many parameters related to the utilized nano-sized 

photocatalyst, such as the optical band, the ability of the photogenerated charge carrier to separate, as well 

as the reaction rate constant for producing the active OH• radicals desired for MB degradation. The 

incorporation of graphene species in the nanostructured ZnO/NF thin film photocatalyst likely affects all 

of these parameters because it improves the transport and charges separation of photogenerated carriers 

as well as improving the visible light harvesting;  hence, the overall MB degradation process would be 

improved [368]. 

 

However, finding the optimal combination of ZnO and graphene species in the fabricated NCs hybrid 

photocatalyst is important because sometimes a high concentration of graphene can induce surface 

recombination centers for the photogenerated carriers, resulting in the deterioration of charge separation 

of the photogenerated carriers and overall inhibition of the MB degradation process [369]. Hence, we 

Figure 7. 14: Schematic diagram for ZnO-graphene NCs hybrid photocatalysts formation and MB degradation 

mechanism under visible light illumination 
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fabricated ZnO-graphene NCs/NF hybrid photocatalysts with different graphite contents (25, 50, 75wt.%) 

to find the optimal combination for improving the visible light degradation of MB (Figure 7. 15(a-d)). 

 

The incorporation of graphene species in the nanostructured ZnO matrix resulted in the improvement of 

MB degradation, as shown in Figure 7. 16(a). The photocatalytic degradation efficiency (η) of MB 

correlated with illumination time by ZnO-graphene NCs/NF photocatalysts was evaluated based on the 

following equation: 

𝜂(%) = 1 −
𝐶

𝐶𝑜
   Eq. 7. 6 

Figure 7. 16(b) presents the photocatalytic degradation efficiency plots of MB for the ZnO-graphene 

NCs/NF photocatalysts at different graphite contents. The nanostructured ZnO/NF photocatalyst exhibited 

Figure 7. 15: The variation of MB optical absorbance with illumination time in the presence of nanostructured 

ZnO/NF photocatalyst (a), and ZnO-graphene NCs photocatalysts with 25 (b), 50 (c), and 75 wt.% (d) graphite 

content under a visible light intensity of 50 mWˑcm-2. 
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around 72% MB degradation after 3 h of illumination, whereas the NCs photocatalysts with 25, 50, and 

75 wt.% graphite contents induced 93%, 98%, and 80% degradation, respectively.  

 

The photocatalytic degradation of MB by the hybrid ZnO-graphene NCs/NF under visible light was 

evaluated based on the Langmuir–Hinshelwood kinetics expression. In this case, the photocatalytic 

reaction expresses the pseudo-first-order kinetics as a function between the MB dye concentration (C), 

and the incident illumination time (τ) [370]: 

ln (
Co

C
) = kaτ   Eq. 7. 7 

where Co is the initial concentration of MB (5 ppm) and ka refers to the apparent kinetic constant in the 

linear region.  

Figure 7. 16: Optical absorbance spectra at 2 h illumination time (a), the photocatalytic degradation efficiency at 

different illumination times τ (b), and the linear relation of ln(Co/C) vs. the illumination time τ (c) of the ZnO-

graphene NCs/NF hybrid photocatalysts. 
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Figure 7. 16(c) presents ln(C/Co) vs. τ plots of the nanostructured ZnO/NF and ZnO-graphene NCs/NF 

photocatalysts, in which the slope was used to determine ka according to Eq. 7. The estimated ka values 

are 0.00674, 0.01116, 0.0147, and 0.0082 min-1 corresponding to ZnO/NF and ZnO-graphene NCs/NF 

with 25, 50, and 75 wt.% graphite contents, respectively. 

7.3. Summary 

ZnO-graphene NCs/NF hybrid photocatalysts with different graphite contents (25, 50, and 75 

wt.%) were directly deposited at room temperature on nickel foam (NF) porous substrate in a one-step 

vacuum kinetic spray process using the NPDS technique without any post-treatment. The deposited 

nanostructured thin films resulted from the fragmentation and localized thermal bonding of ZnO and 

graphite microparticles. The deposited nanostructured ZnO/NF and ZnO-graphene NCs/NF thin films 

with 25, 50, and 75 wt.% graphite contents were utilized as photocatalysts for MB degradation under 

visible light illumination. The XRD patterns of the nanostructured thin films revealed the total 

disappearance of the crystalline planes of the related graphite microcrystalline domains, indicating the 

layer separation and transformation of the graphene nanosheets. Also, the XRD peak intensity of the 

crystalline domains related to the ZnO species was strongly inhibited in the deposited nanostructured thin 

films due to the ZnO particles being reduced to the nano-size range caused by the kinetic-induced particle 

fragmentation. Raman spectra of the deposited thin films of ZnO nanosheets/NF exhibited the evolution 

of a new active Raman mode corresponding to A1 (LO) of the ZnO species induced by the improvement 

of disorder at the interfacial grain boundaries. This was also observed for the ZnO-graphene NCs/NF thin 

films with 25, 50, and 75 wt.% graphite contents, in which the disorder-sensitive Raman modes (D, D, 

and G) related to the graphite species were noticeably changed compared with the corresponding bulk 

graphite powder. These results indicated the fragmentation and thinning of the graphite micro-sized 

particles into nano-sized graphene flakes. The relative fragmentation of graphite microparticles into nano-

sized graphene nanoflakes in the NCs thin films was strongly dependent on the ZnO content. The NCs 

hybrid photocatalysts with high ZnO contents (75 and 50 wt.%) had more micro-sized graphite powder 

fragmentation into nano-sized graphene flakes compared with the hybrid photocatalyst with 25 wt.% ZnO 

content.  SEM images of the ZnO/NF thin films revealed nanorods and nanosheets morphology. With the 

addition of 25 wt.% graphite content to the deposited ZnO-graphene NCs/NF thin films, we observed the 

initiation of morphological transformation into nanoflakes. The increase of graphite content up to 50 wt.% 

in the NCs thin films was accompanied by the total transformation into nanoflakes morphology. 
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Furthermore, an increase in the graphite content up to 75 wt.% resulted in a second morphology 

transformation to nanoflower morphology. This behavior revealed the strong dependence of surface 

morphology on the ZnO-to-graphite composition ratio. The effect of graphite content variation on the 

ZnO-graphene NCs/NF surface bonding states was studied using the deconvolution of high-resolution 

XPS spectra of C 1s, O 1s, and Zn 2p. The deconvoluted Zn 2p spectra of ZnO-graphene NCs/NF exhibited 

a positive shift of Zn 2p3/2 and Zn 2p1/2 binding energies to higher values, with energy shifts of 0.24, 

1.4, and 0.62 eV corresponding to the NCs hybrid photocatalysts with graphite contents of 25, 50, and 75 

wt.%, respectively. The high-resolution C 1s XPS spectra exhibited multiple bonded states between the 

ZnO and the graphene species in the deposited thin films, such as C−O, C = O, and −O−C = O bonds. 

Furthermore, the relative intensity of the C = O bonds in the NCs hybrid photocatalysts with 50 wt.% 

graphite content was noticeably enhanced compared to those with other graphite contents. The O 1s high-

resolution spectrum of the NCs hybrid photocatalyst with 50 wt.% graphite content exhibited the evolution 

of new oxygenated bonded states at 533.6 eV, corresponding to the C = O bond. The observed binding 

energy shift in some bonded states, as well as the evolution of new bonding states, evidenced the strong 

hybridization between the ZnO and the graphene species, and the improved synergy in all the fabricated 

ZnO-graphene NCs/NF hybrid photocatalysts, especially the NCs hybrid photocatalysts with 50 wt.% 

graphite contents. Our analyses of the UV-visible optical absorbance spectra of ZnO-graphene NCs/NF 

revealed the improvement of visible light harvesting by decreasing the optical bandgap from the 3.18 eV 

of nanostructured ZnO/NF to 3.0, 2.9, and 3.05 eV corresponding to the NCs hybrid photocatalysts with 

25, 50, and 75 wt.% graphite content, respectively. We also studied the photocatalytic activity of 

nanostructured ZnO/NF and ZnO-graphene NCs/NF hybrid photocatalysts using MB degradation under 

visible light illumination of nearly 50 mW·cm-2. The estimated photocatalytic degradation efficiencies 

after 3 h of illumination were 72%, 93%, 98%, and 80%, corresponding to nanostructured ZnO/NF and 

NCs hybrid photocatalysts with 25, 50, and 75 wt.% graphite contents, respectively. The photocatalytic 

reaction rate constant was evaluated from the time-dependent concentration variation of the characteristic 

optical absorbance peak at 664 nm. The estimated rate constants were 0.00674, 0.01116, 0.0147, and 

0.0082 min-1, corresponding to the nanostructured ZnO/NF and the NCs hybrid photocatalysts with 25, 

50, and 75 wt.% graphite contents, respectively. The observed enhancement in the photocatalytic activity 

of ZnO-graphene NCs/NF was attributed to the improvement of visible light harvesting as well as the 

synergy between the ZnO and the graphene species in the deposited nanostructured thin films.



 

 

 

 

Chapter 8: 
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Improving the Oxygen Evolution Reaction in an Alkaline 

Medium 
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8.1. Overview 

Nanostructured Co3O4 electrocatalysts are widely utilized as efficient anodes for water oxidation in 

alkaline media [194, 371-373] because they have many advantages such as abundance, low cost, chemical 

stability, and corrosion resistance [192, 193]. On the other hand, these electrocatalysts have weaknesses 

related to the chemisorption of oxygen-containing intermediates between the working electrode and the 

electrolyte that may result in poor electrocatalytic reaction kinetics. This behavior can be modified by the 

incorporation of metal oxide species and by increasing active site concentrations at the surface of the 

electrocatalyst [374]. Conway et al., [375] investigated the behavior of oxygen-related surface 

intermediates in the oxygen evolution reaction (OER) with Co3O4 on Ni substrate. They found that the 

reaction kinetics of the OER depends on the oxidation state of the active sites (i.e., metal ions), as well as 

the interfacial coverage by oxygen-related intermediates (i.e., OH/O) between the oxide-based 

electrocatalyst and the electrolyte.  

Also, MoS2-based electrodes are commonly used for water splitting applications due to their layered 

structure, electronic band structure [376-378], and the existence of interfacial edge sites that act as 

electrocatalytic active sites [379]. However, there are a few drawbacks with these materials such as the 

low concentration of active sites and the high potential barrier required to initiate water dissociation 

oxidation due to the strong adsorption of the interfacial OH  ̅ group [380]. Many efforts have been made 

to overcome these restrictions by improving the concentration of the interfacial active centers by activation 

of the MoS2 surface [381, 382]. 

Recently, low dimension interface engineering has provided efficient methods that greatly enhance 

the electrochemical performance of electrocatalysts. These have included inducing novel interfacial 

physical and chemical properties that are accompanied by synergistic effects between the various 

electroactive species at the working electrode surface. The formation of heterostructure electrodes is a 

powerful way to modify the surface structure of the working electrode that results in high concentrations 

of interfacial active sites. For example, it was reported that the existence of metallic clusters on the oxide 

surface is responsible for increasing the OER rate in alkaline media because they improve the adsorption 

of OH−and oxygen-containing intermediates [383]. Hence, the fabrication of novel heterostructures that 

create synergies between electroactive species and increases binding affinities for the oxygen‐formed 

intermediates is very important for improving the overall efficiency of water splitting [384, 385]. Chen et 

al., [194] fabricated nanostructured Co3O4 composites with an organic framework that revealed OER 
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improvement with a small overpotential (η) 320 mV. Yang et al., [386] have fabricated CoFe@NiFe-LDH 

nanosheets with core-shell architecture on Ni foam using a hydrothermal process for 6 hours followed by 

electrodeposition technique. The prepared hybrid electrodes exhibited high electrocatalytic activity toward 

the OER in an alkaline medium, which provided 10 mA·cm-2 at a very small η of 190 mV. Xun et al., 

[387] constructed integrated ternary composites of CoO/Co3O4  nanoparticles supported on CoMoO4 

nanorods through a hydrothermal treatment at 120 oC for 12 hours followed by two-step thermal annealing 

at 400 and 600 oC for 2 hours. The designed ternary hybrid electrode revealed high electrocatalytic activity 

toward the OER in 1.0 M KOH that provided 10 mA·cm-2 at a low η of 253 mV. Malik et al., [196] have 

synthesized a heterostructure of CoPt/ Co(OH)2 NPs that exhibit good activity toward the OER with a 

small η value of 334 mV at10 mA.cm-2
. On the other hand, the evolution of an amorphous region at the 

interface of a Co-based electrocatalyst also improved the overall OER electrocatalytic activity [195]. 

Many researchers have shown that the bulk structure does not influence the heterostructure activity toward 

the water oxidation (i.e. OER). For example, polycrystalline or amorphous nanostructured Co-based 

materials electrodes revealed higher electrocatalytic activity toward the oxygen evolution reaction 

compared with the corresponding crystalline electrocatalysts [197]. Moreover, the amorphous 

heterostructure electrocatalysts are characterized by higher volume and surface confinement of 

electrocatalytic species compared with crystalline materials [198] as well as a high density of electro-

active sites toward the OER at the surface of the electrocatalyst [199, 200]. Based on these interesting 

features, many researchers reported efficient amorphous heterostructure electrocatalysts based on 

nanostructured Co3O4  [202-205]. Also, the architecture engineering of MoS2-based heterostructure 

electrodes has a great role in improving the efficiency of overall water splitting. Si et al. [388] synthesized 

co-doped MoS2 nanosheets with Co and Fe through a template confined strategy that improved the 

electrode active surface area, charge transfer, and concentration of electroactive centers. This resulted in 

an overall enhancement in the electrocatalytic activity toward overall water splitting. Wei et al. [389] 

prepared MoS2-Ni(OH)2 heterogeneous electrocatalyst on Ni foam.  The obtained heterostructure 

electrode revealed improvement in the interface synergy between the layered structure of MoS2 nanosheets 

and the Ni(OH)2 nanorods that resulted in an enhancement of charge transfer kinetics and overall water 

splitting efficiency.        

One of the promising heterostructure combinations is a nanostructured Co3O4-MoS2 hybrid catalyst. 

This material possesses several factors that provide high OER activity in an alkaline medium m including 

(1) a high concentration of the active sites due to the thermal equilibrium OH  ̅ adsorption on Co species 
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that can dissociate the H-OH bonds, (2) the free energy (ΔG) value is close to the thermo-neutral potential 

of water dissociation due to charge transfers from Co3O4 to MoS2 caused by the large difference in 

electronegativity between S and Co [390], and (3) the existence of antibonding empty states of related Co 

species (i.e. Co2+, Co3+) that can enhance oxygen intermediates adsorption [391]. Liu et al. [244] prepared 

nanostructured Co3O4, MoS2, and their heterostructure Co3O4@MoS2 on carbon cloth (CC) by a 

hydrothermal reaction in two separate steps, in which the whole preparation process takes more than 24 

hours. The obtained electrocatalyst provided 10 mA.cm-2 at a η of 417, 315, and 269 mV corresponding 

to MoS2/CC, Co3O4/CC, and Co3O4@MoS2/CC, respectively. Muthurasu et al., [210] have synthesized 

metal-organic framework derived Co3O4@MoS2 on Ni foam (NF) using a combination of pyrolysis at 300 

oC for 1 h followed by a hydrothermal process for 10 hours at 200 oC. The obtained electrocatalysts 

revealed high OER electroactivity in 1.0 M KOH that provided 10 mA·cm-2 at a η of 230 mV and a Tafel 

slope of 45 mV·dec-1.    

In our previous studies, we fabricated various heterostructures electrodes in the nano-size range with 

an amorphous or polycrystalline structure that exhibited high efficiency toward various electrochemical 

applications as oxygen evolution and hydrogen evolution reactions [261], nonenzymatic H2O2 sensors 

[392], and supercapacitors [79] using one of the top-down techniques called the nanoparticle deposition 

system (NPDS), which is characterized by low-temperature deposition of binder-free ceramic-based thin 

films in the nano-size range  [221, 277]. Unlike other fabrication techniques, our deposition technique (i.e. 

NPDS) considers the cost-efficiency that is needed for commercializing the electrochemical water 

splitting applications and its applicability for mass production for real-life commercial applications [100]. 

Besides, our technique has a very short fabrication time (i.e. one step deposition with minutes) and does 

not use hazardous chemicals. Moreover, in contrast to all the techniques mentioned above our deposition 

techniques can be scaled up for large deposition areas as reported by Sung-Ik Park [99] who deposited 

WO3 thin films with 1 m2 geometrical area using NPDS. 

8.2. Results and discussion 

8. 2. 1. XRD patterns of Co3O4-MoS2 composites 

The microcrystalline structure of Co3O4, MoS2 as well as their mixed micro-sized powder with 25, 

50, and 75 wt.% MoS2 content was investigated using the XRD patterns as shown in Figure 8. 1(a). The 

XRD pattern of Co3O4 microparticles revealed several diffraction peaks, which are in good agreement 

with the face-centered cubic phase of Co3O4 (space group: Fd-3m, ICDD: 43-1003) [222]. The XRD 
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pattern of MoS2 microparticles exhibited several characteristic peaks with relatively high intensity 

compared to other peaks with lower intensity at 28.96, 32.62, 33.44, 35.82, 39.4, 44.1, 49.74, 55.94, 58.28, 

and 60.1o corresponding to (004), (100), (101), (102), (103), (006), (105), (110), and (008), respectively, 

of bulk MoS2 hexagonal structure (space group: P63/mmc, ICDD: 03-065-1951, PDF 2010). Besides, 

XRD patterns of the Co3O4-MoS2 mixed micro-sized powder with 25, 50, and 75 wt.% MoS2 content 

exhibited the presence of both phases, cubic Co3O4, and hexagonal MoS2 without the presence of any new 

secondary phases due to the ball milling before the deposition process. Figure 8. 1(b) shows XRD patterns 

of the bare Ni foam (NF) substrate without deposition, the deposited films of MoS2/NF, Co3O4/NF, and 

their composites thin films with different MoS2 content (25, 50, and 75 wt.%) on Ni foam. In the case of 

the bare Ni foam, three main diffraction peaks were observed at 2θ values of 44.19, 51.54, and 76.09° 

corresponding to the (111), (200), and (220) crystalline planes of the face-centered cubic of pure Ni phase 

(space groups: Fm-3m, ICDD: 00-004-0850, PDF 2010). It can be observed that the deposited films' XRD 

patterns of pure phases MoS2/NF, Co3O4/NF, and their hybrid composites revealed only XRD peaks 

characteristic to the cubic structure Ni foam substrate. However, when we magnified the XRD patterns 

we found several peaks matched with Co3O4 and MoS2 phases with a very low intensity compared with 

the background radiation. This behavior is due to the high crystalline nature of the used Ni foam substrate. 

 

Furthermore, the low intensity of the XRD peaks in all deposited films demonstrated the 

fragmentation of the initial microparticles to many domains with a very small domain size. This behavior 

is commonly observed during the deposition of functional semiconductor thin films on a substrate with a 

Figure 8. 1: XRD patterns of Co3O4-MoS2 composites in powder form (a) and thin film deposited on Ni foam 

substrate. 
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high degree of crystallinity using the NPDS [261]. Moreover, according to Du et al [223], the low degree 

of crystallinity in Co3O4-based heterostructure electrodes is accompanied by a higher concentration of 

metal oxide interfacial defects that act as an electrocatalytic active center for the oxygen evolution 

reaction. Hence, the micro-Raman analysis was performed for precise identification of the actual active 

phases at the surface Co3O4-MoS2 heterostructures electrodes as discussed in the next section. 

8. 2. 2. Raman spectra of Co3O4-MoS2 composites 

8. 2. 2. 1. Microparticles in powder form 

Figure 8. 2(a) shows the Raman spectrum of MoS2 microparticles that consists of several first-order 

Raman peaks at Raman shift of 279, 373, and 400 cm-1. Second-order Raman peaks at 447, and 562 cm-1, 

as well as the linear combination of these active modes at 585 cm-1, were observed (see Table 8. 1). The 

observed active Raman modes matched the 2H-bulk structure of MoS2, in which the two most intense 

Raman peaks at 373 and 400 cm-1 correspond to the first-order vibration modes of E1
2g, and A1g, 

respectively. The observed Raman peaks with small intensities at 279 cm-1 were attributed to the first-

order symmetry mode E1g [119-123]. Meanwhile, Raman peaks at 447, 562, and 585 cm-1 were attributed 

to the second-order vibrations of the longitudinal acoustic (2LA) mode, 2E1g(), and E1
2g (M)+LA(M), 

respectively [393]. The Raman spectrum of the Co3O4 micro powder, Figure 8. 2(e), exhibited various Raman 

peaks centered at 188, 474, 515, 611, and 679 cm-1 related to either separate or linear combinations of A1g+Eg+3F2g 

Raman active modes of the Co3O4 spinel structure. The observed Raman peak with the highest relative 

intensity at 679 cm-1 is related to the A1g mode caused by the O7
h spectroscopic symmetry of the octahedral 

site (CoO6). The lower intensity vibration band correspond to Eg symmetry mode was observed at 474 cm-

1. The F2g symmetry mode that matched the tetrahedral sites of CoO4 caused many vibration modes with 

various intensities at 192, 515, and 611 cm-1 corresponding to F(1)
2g, F

(2)
2g, and F(3)

2g, respectively [224-226]. 

Raman spectra of the mixed Co3O4-MoS2 microparticles at various MoS2 contents (75, 50, 25 wt.%) are 

shown in Figure 8. 2(b-d). These reveal the same characteristic bands for Co3O4 and MoS2, Table 8.1. 

8. 2. 2. 2. Nanosized Co3O4-MoS2 thin films  

The Raman spectrum of the nanostructured MoS2 electrode on the porous NF substrate is shown in 

Figure 8. 3(a), which consists of several characteristic first and second-order symmetry modes related to 

the MoS2 phase. The first order vibration modes were observed at 283, 381, and 405 cm-1, and these were 

attributed to the E1g, E
1

2g, and A1g symmetry modes of the MoS2 phase, respectively. The second-order 

vibration modes were observed at 451, 570, and 598 cm-1 resulting from the 2LA (M), 2E1g(), and 
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E1
2g(M)+LA(M) symmetry modes, respectively. The active Raman vibration modes for the nanostructured 

Co3O4 thin films were identified as illustrated in Figure 8. 3(e), in which Raman peaks centered at 192, 

483, 525, 620, and 690 cm-1
 belong to various Raman modes (A1g+Eg+3F2g) characteristic of 

Co3O4. The active Raman modes A1g caused by the octahedral site (CoO6) vibration according to 

the O7
h spectroscopic symmetry with the highest relative intensity was observed at 690 cm -1, 

whereas other characteristic vibration modes with relatively lower intensities corresponding the 

Eg, F(2)
2g,  and F(2)

2g modes were observed at 483, 525, and 620 cm-1. Moreover, another 

characteristic peak related to the tetrahedral sites of CoO4 corresponding to the F(3)
2g mode of the 

tetrahedral sites of CoO4 was observed at a Raman shift of 192 cm-1[224-226]. Raman spectra of the 

heterostructure composite of Co3O4-MoS2 are shown in Figure 8. 3(b-d) and the identified Raman peaks 

are tabulated in Table 8. 2. All heterostructure composites with various MoS2 content (75, 50, and 25 

wt.%) possessed the same peaks related to either Co3O4 or MoS2 phases. Moreover, overall positive shifts 

to higher Raman shift values were observed in the nanostructured thin films and the bulk phase for MoS2 

and Co3O4 as well as the mixed composites before the deposition due to powder fragmentation, which 

was accompanied by lattice disorder within the low range crystalline domains [124, 227]. 

Table 8. 1: Identification of Raman modes in the mixed Co3O4-MoS2 powder at different MoS2 contents (wt.%). 

Characteristic 
bands 

Raman shift (cm-1)  

MoS2 
75 wt.% 

MoS2 
50 wt.% 

MoS2 
25 wt.% 

MoS2 
Co3O4 

Co3O4 

F2g     188 
Eg    474 474 
F2g  516 516 516 515 
F2g    611 611 
A1g  684 684 680 679 

MoS2 

E1g 279 283 278 278  
E12g 373 377 377 377  
A1g 400 400 400 400  

2LA(M) 447 447 447 447  

2E1g() 562 562 562 562  

E12g (M)+LA(M) 585 589 589 589  
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Figure 8. 2: Raman spectra of mixed Co3O4-MoS2 microparticles at different MoS2 contents 
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Figure 8. 3: Raman spectra of the MoS2/NF (a), Co3O4-MoS2 heterostructure composites (b-d), and Co3O4/NF (e). 



 

Page | 208 

 

Table 8. 2: Identification of active Raman modes in the nanostructured Co3O4-MoS2 heterostructure electrodes 

at different MoS2 contents (wt.%) 

Characteristic 
bands 

Raman shift (cm-1) 
MoS2 75 wt.% MoS2 50 wt.% MoS2 25 wt.% MoS2 Co3O4 

Co3O4 

F2g     192 
Eg  483 483 483 483 
F2g  520 520 520 525 
F2g  620 620 620 620 
A1g  693 693 693 690 

MoS2 

E1g 283 283 283 283  
E12g 381 381 381 381  
A1g 405 405 405 405  

2LA(M) 451 451 451 451  

2E1g() 570 570 570 570  
E12g (M)+LA(M) 598 593 593 593  

8. 2. 3. Morphology investigation of Co3O4-MoS2 composites  

8. 2. 3. 1. The initial microparticles  

Figure 8. 4(a, b) shows SEM images of MoS2 microparticles that consist of several multi-layered 

sheets with variable lengths in the micro-scale range (0.5 m  sheet diagonal length  3m) stacked 

together with various orientations. The analysis of Co3O4 microparticle SEM images, Figure 8. 5(e, f), 

revealed the existence of self-aggregated particles with relatively isotropic semispherical shapes with a 

broad size variation from less than 1 m to  5 m. The aggregation tendency is further illustrated in the 

magnified SEM image in Figure 8. 5(f). SEM images of Co3O4-MoS2 mixed powder with various MoS2 

contents (75, 50, and 25 wt. %), are shown in Figure 8. 4(c, d) and Figure 8. 5(a-d). They reveal a mixed 

sheet and semispherical shape that seemed proportional to the amount of micro powder used for each 

phase of Co3O4 or MoS2. The elemental analysis using the EDS spectra for the microparticles of Co3O4 

and MoS2 as well as their mixed powders (MoS2 contents of 25, 50, and 75 wt.%) are shown in Figure 8. 

6. The EDS spectra of all composite powders exhibited typical signals to OK, CoK, SK, and MoL, which 

represent the existence of Co3O4 and MoS2 species in the mixed powder used for the deposition of the 

heterostructure Co3O4-MoS2 thin films. The contributions of Co3O4 and MoS2 species in the mixed powder 

are recorded in Table 8. 3. In the case of the pure Co3O4 powder, the elemental atomic ratio of Cok/Ok 

was 0.347, which is smaller than the theoretical value of 0.75 [229]. This is due to the deficiency of Co 

species caused by a high density of Co-related structural and interfacial defects ( i.e., vacancies at either 

octahedral and or tetrahedral sites in the Co3O4 structure) [227]. Moreover, we noticed that the Cok/Ok in 
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the mixed powder was further reduced to 0.065, 0.145, and 0.169 corresponding to MoS2 contents of 25, 

50, and 75 wt.%, respectively. This reveals that mixing Co3O4 and MoS2 powder had a strong effect that 

induced distortion of Co species within the interior crystal lattice of the spinel structure of Co3O4. 

Table 8. 3: EDS elemental analyses of Co3O4-MoS2 mixed powder 

Mixed powder (wt.%) EDS Elemental analysis (at. %) 

Co3O4 MoS2 SK MoL OK CoK CoK/OK 

0 100 67.28 32.72 - - - 

25 75 30.9 17.2 48.72 3.18 0.065 

50 50 24.01 12.29 55.62 8.08 0.145 

75 25 20.32 9.76 60.22 10.15 0.169 

100 0 - - 64.77 22.47 0.347 

8. 2. 3. 2. Nanosized Co3O4-MoS2 heterostructure electrodes  

SEM images of the nanostructured MoS2/NF thin film in Figure 8. 7(a, b) exhibit sheet 

morphologies with various dimensions in the nano-size range (50 nm  average size  300 nm) according 

to the high-resolution SEM image shown in Figure 8. 7(b). Moreover, a denser or more highly packed 

film layer was also observed, which revealed the possibility of fragmented particles with a lower size 

range. On the other hand, the surface morphology of the deposited Co3O4/NF thin film, Figure 8. 8(e, f), 

revealed nearly spherical shapes with a relatively wide size distribution that consists mainly of 

semispherical particles with an average size of less than 100 nm and agglomerated particles with relatively 

larger sizes. In the case of the heterostructure composites with 75 wt.% MoS2, we observed that the 

deposited films, Figure 8. 7(c, d), exhibited nanosheets with dimensions less than 100 nm accompanied 

by dense packing of the heterostructures particles at the film surface that resulted in merging of particle 

grain boundaries and overlapping of their spatial coordination.  This may reduce the ability to recognize 

the interlayer grain boundaries. Further increases in the MoS2 content up 50 wt.% showed different 

morphology behaviors. SEM images in Figure 8. 8(a, b) revealed a lower fragmentation degree of the 

deposited microparticles compared with other composites. The sizes of the flake morphologies of the 

deposited grains with various sizes and orientations varied from less than 100 nm to several hundreds of 

nanometers. The surface morphology of the heterostructure thin film with 25 wt.% MoS2, Figure 8. 8(c, 

d), demonstrated a combination of relatively high concentration nanoparticles with sizes less than 100 nm 

accompanied by a lower contribution of nanosheets with variable sizes up to 200 nm. Moreover, the 

surfaces of the deposited film seemed to be less packed or less dense (i.e., higher roughness) compared 
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with the pure phase MoS2/NF and 25 wt.% MoS2 composites thin films. There are some common 

characteristic features shared by all the deposited films including the wide size distribution of the 

fragmented particles during the deposition process associated with the intersections of particles at grain 

boundaries. These features can be further illustrated as follows. According to the particle fragmentation 

mechanism active when using NPDS, particles carried by compressed air are accelerated due to the 

pressure difference between the inlet and outlet of a converging-diverging nozzle. Thus, the acceleration 

of the carried microparticles resulted in a change in their kinetic energy.  

 

The accelerated particles do not all have the same value of kinetic energy, and there is an average 

kinetic energy value that represents the maximum of the statistical kinetic energy distribution. The amount 

of kinetic energy each particle has influenced the particle fragmentation degree due to the impact. Hence, 

it is expected that we would obtain a relatively wide particle size distribution in the deposited films. 

Moreover, as a result of inelastic collapse upon impact with the substrate, there is a high probability of 

local thermal heating at the same impact point coordinates within a very short time (in the nanosecond 

range) that might induce local thermal welding of the grain boundaries resulting in the observed 

agglomeration in SEM images [230, 231]. A quantitative elemental analysis of the pure phases of Co3O4, 

MoS2, and their heterostructure thin films from the EDS spectra is illustrated in Figure 8. 9 to Figure 8. 

Figure 8. 4: SEM images of the micro-sized particles of (a, b) MoS2, and (c, d) composites with 75 wt.% MoS2 content  
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13. The estimated element percentage of Co3O4 and MoS2 species in the nanostructured Co3O4-MoS2 

heterostructure thin films (i.e., OK, CoK, MoL, and SK) are recorded in Table 8. 4. The elemental atomic 

ratio of CoK/OK was 0.318 in the case of the Co3O4/NF thin-film, which is lower than the corresponding 

value in the micro powder and still lower than the theoretical value, indicating a significant deficiency in 

the Co species in the host lattice of bulk Co3O4. The estimated CoK/Ok values in the case of the 

heterostructure thin film are 0.3384, 0.367, and 0.188 corresponding to composites with 75, 50, and 25 

wt.% MoS2, respectively. 

 

Figure 8. 5: SEM images of the micro-sized particles of composites with (a, b) 50 wt.%, (c, d) 25 wt.% MoS2 content, 

and (e, f) pure Co3O4 powder 
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Figure 8. 6: Elemental analyses from the EDS spectra of the used micro-sized powder before deposition of Co3O4-

MoS2 composites at different MoS2 contents 
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Table 8. 4: EDS elemental analyses of heterostructure composites of Co3O4-MoS2/NF thin films 

Composite (wt.%) EDS Elemental analysis (wt.%) 

Co3O4 MoS2 NiK SK MoL OK CoK CoK/OK 

0 100 90.82 6 3.17 - - - 

25 75 63.41 7.2 3.47 19.43 6.49 0.334 

50 50 57.2 8.07 3.5 22.84 8.4 0.367 

75 25 35.53 6.37 2.31 47.33 8.46 0.188 

100 0 2.96 - - 73.64 23.41 0.318 

 

Figure 8. 7: SEM images of pure MoS2/NF (a, b), and 75 wt.% MoS2/NF (c, d). 
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Figure 8. 8: SEM images of composites with 50 wt.% MoS2/NF (a, b), 25 wt.% MoS2/NF (c, d), and pure Co3O4/NF (e, f).
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Figure 8. 9: Elemental analysis from EDS spectrum and the corresponding maps of the MoS2 thin film on the 3D Ni 
foam substrate. 

Figure 8. 10: Elemental analysis from EDS spectrum and the corresponding maps of the pure phase Co3O4 thin film 

on the 3D Ni foam substrate.  
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Figure 8. 11: Elemental analysis from EDs spectrum and the corresponding maps of the heterostructure composite 

with 75 wt.% MoS2 thin film on the 3D Ni foam substrate. 
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Figure 8. 12: Elemental analysis from the EDS spectrum and the corresponding maps of the heterostructure 

composite with 50 wt.% MoS2 thin film on the 3D Ni foam substrate. 
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Figure 8. 13:  Elemental analysis from EDS spectrum and the corresponding maps of heterostructure composite with 

25 wt.% MoS2 thin film on the 3D Ni foam substrate. 
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8. 2. 4. Surface bonding states of Co3O4-MoS2 hybrid electrocatalysts  

The XPS was utilized to study the characteristics of the interfacial active site of the deposited Co3O4-

MoS2 heterostructure electrodes. Figure 8. 14(a) reveals the XPS survey scans of the Co3O4-MoS2 

heterostructure composites at various MoS2 contents (25, 50, and 75 wt.%) including the typical signals 

of S, Mo, O, and Co elements. Moreover, the corresponding high-resolution XPS scans of S 2p, Mo 3d, 

O 1s, and Co 2p sub electronic bands are illustrated in Figure 8. 14(b-e). Figure 8. 15(a) reveals the 

deconvoluted XPS scan of the S 2p band of the pure phase MoS2, which consists mainly of two sub-bands 

centered at 162.25 eV and 163.49 eV, which correspond to S 2p3/2 and S 2p1/2. Similar sub-bands were 

observed in the case of the heterostructure electrodes with MoS2 content 75, 50, and 25 wt.%, Figure 8. 

15(b-d), and the positions of the estimated peaks are recorded in Table 8. 5. Peak positions related to both 

S 2p3/2 and S 2p1/2 for the heterostructure electrodes are negatively shifted to lower binding energy values, 

and the observed shift is relatively higher in the case of the S 2p1/2 sub-band compared with S 2p3/2. This 

negative shift may represent an improvement in the electron density at the interface of the MoS2-based 

heterostructure electrodes [384, 394]. The deconvoluted high-resolution Mo 3d XPS scan, Figure 8. 16(a), 

of the pure phase of the MoS2 electrode, reveals 2 characteristic sub-bands centered at 229.4 and 232.54 

eV corresponding to Mo 3d5/2 and Mo 3d3/2, respectively. There is also a weak band corresponding to the 

high oxidation state (Mo6+) at 236.2 eV [395]. Furthermore, there is a detectable sub-band at 226.57 eV, 

which is related to the S 2s states that commonly overlap with the high-resolution XPS scan of the Mo 3d 

states [396]. The deconvoluted Mo 3d XPS scans of the heterostructure composites are shown in Figure 

8. 16(b-d). These reveal the same characteristic bands in the MoS2 phase. Also, all the observed states in 

the Mo 3d XPS scan were negatively shifted to lower binding energy values with increasing Co3O4 content 

like the case of the S 2p XPS scan.  The deconvoluted high-resolution O 1s XPS scan (Figure 8. 17 (d)) 

of the pure Co3O4 electrode exhibited one characteristic peak at 531.5 eV that represents the Co−O−Co 

bond in the cobalt oxide materials. Besides, the O 1s XPS scan of the heterostructure electrodes with 

different MoS2 contents, Figure 8. 17(a-c), shows sub-bands peaks position corresponding to the O 1s 

scan listed in Table 8. 5, which revealed positive shifts with increasing MoS2 content relative to the pure 

phase of Co3O4. Moreover, in the case of heterostructure composites, additional sub-band shoulders were 

observed at 530.1 and 529.78 eV, corresponding to composites with 50 and 25 wt.% MoS2, respectively.  

The deconvoluted Co 2p XPS scan, Figure 8. 18(d), exhibited the presence of cobalt-related peaks (Co 

2p3/2 at 780.73 eV and Co 2p1/2 796.65 eV) associated with a low-intensity shoulder as a result of the 

spin-orbital coupling between these electronic sub-bands.  
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Figure 8. 14: XPS survey spectrum (a) and, high-resolution XPS scans of S 2p (b), and Mo 3d (c), O 1s (d), and Co 2p 

(e) of Co3O4-MoS2 heterostructure thin films. 
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Table 8. 5: XPS peaks positions estimated from the deconvolution of XPS scans of S 2p, Mo 3d, O 1s, Co 2p of 

Co3O4-MoS2 heterostructure composites at different MoS2 contents (wt.%) 

Band 
Binding Energy (eV) 

MoS2 75 wt. % MoS2 50 wt. % MoS2 25 wt. % MoS2 Co3O4 

S 2p 
162.25 162.25 162.21 162.11 - 
163.49 163.44 163.4 163.31 - 

Mo 3d 

226.57 226.63 226.47 226.4 - 
229.4 229.4 229.36 229.3 - 

232.54 232.54 232.52 232.45 - 
236.2 236 235.57 235.22  

O 1s 
- 531.78 531.92 531.7 531.545 
- - 530.1 529.78 - 

Co 2p 
- 780.92 780.92 780.88 780.73 
- 797 797 796.11 796.65 

 

Figure 8. 15: Deconvoluted S 2p XPS scan of pure MoS2 (a), 75 wt.% MoS2 (b), 50 wt.% MoS2 (c), and 25 wt.% MoS2 

(d) heterostructure thin films. 
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Furthermore, the deconvolution of the 2p3/2 sub-band exhibited two peaks at 780.5 eV and 781.5 eV that 

matched with Co3+ and Co2+
 states, respectively. The deconvoluted sub-band of 2p1/2 states exhibited 

Co3+states at 795 eV and Co2+ states at 797.5 eV. The average energy separation between the two main 

spin-orbital states is around 15.25 eV, which is a characteristic value for Co 2p3/2 and Co 2p1/2 orbital in 

Co3O4 [188, 189, 233, 234]. Moreover, the high-resolution Co 2p XPS scan of the heterostructure 

electrodes with different MoS2 contents, Figure 8. 18(a-c), showed a strong overlapping between the high 

and low spin states that made it difficult to distinguish between them by deconvolution. However, the 

observed Co 2p states (i.e., 2p3/2 or 2p1/2) in all heterostructure electrodes exhibited a positive shift with 

increasing MoS2 content compared with the pure phase of Co3O4, Table 8. 5. The observed positive shift 

Figure 8. 16: Deconvoluted Mo 3d XPS scan of pure MoS2 (a), 75 wt.% MoS2 (b), 50 wt.% MoS2 (c), and 25 wt.% MoS2 

(d) heterostructure thin films. 
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in the binding energy of Co 2p with increasing MoS2 content demonstrates the strong coupling between 

the Co3O4 and MoS2 in the deposited heterostructure films within the nanoscale range [397]. 

 

Figure 8. 17: Deconvoluted O 1s XPS scan of 75 wt.% MoS2 (a), 50 wt.% MoS2 (b), 25 wt.% MoS2 (c) heterostructure 

thin films, and pure Co3O4 thin films (d). 
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8. 2. 5. Electrochemical active surface area   

The electrochemical active surface area (ECSA) of the nanostructured Co3O4-MoS2 heterostructure 

electrodes was determined using capacitance components corresponding to the double-layer [78] in which 

the potential was linearly scanned in the non-faradaic range from 0 to 0.1 vs. Hg/HgO in 1.0 M KOH 

electrolyte. The CDL represents the slope of the linear relationship between the current density (J) at 

various scan rates (υ) as described by Eq. 2. 5. Cyclic voltammogram plots of the Co3O4/NF and MoS2/NF 

electrodes, as well as their heterostructure electrocatalysts at various MoS2 contents (25, 50, and 75 wt.%), 

were recorded at various scan rates from 10 to 100 mV·s-1, Figure 8. 19.  A linear between J at 0.05 vs. 

Hg/HgO and υ were plotted for all modified electrodes, see Figure 8. 20(e). The obtained CDL values are 

Figure 8. 18: Deconvoluted Co 2p XPS scan of 75 wt.% MoS2 (a), 50 wt.% MoS2 (b), 25 wt.% MoS2 (c) heterostructure 

thin films, and pure Co3O4 thin films (d). 
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recorded in Table 8. 6. The estimated ECSA values in terms of CDL of Co3O4/NF and MoS2/NF modified 

electrodes are 4.32 and 2.9 mF·cm-2
, respectively. Moreover, the modified heterostructure electrodes 

exhibited improvement in the ECSA with increasing Co3O4 content. 

8. 2. 6. Electrocatalytic activity of Co3O4-MoS2 heterogeneous electrodes 

Figure 8. 20(a, b) reveals the LSV curves and the Tafel plots of the Co3O4/NF, MoS2/NF, and their 

heterostructure electrocatalysts at various MoS2 contents (25, 50, and 75 wt.%) in the potential range from 

1.2 to 1.8 V vs. RHE to study the OER activity in 1.0 M KOH. As shown, the modified electrode with 

nanostructured Co3O4 had an OER onset potential of 1.6 V. Modified electrodes with the MoS2 nanosheets 

and the nanostructured composites with 25, 50, and 75 wt.% MoS2 content possessed lower onset 

potentials extending from 1.52 to 1.54 V. The OER overpotential () and the associated Tafel slope values 

were estimated according to Eq. 2. 2 and Eq. 2.4. The OER charge transfer resistance (Rct) at 300 mV 

was determined from the Nyquist plots as illustrated in Figure 8. 20(c) and recorded in Table 8. 6. The 

modified electrodes with Co3O4 NPs provided a current density of 10 mA·cm-2
 at an  of 349 mV, a Tafel 

slope of 77 mV·dec-1, and an Rct of 13.5 . In contrast, the modified electrode with MoS2 nanosheets 

exhibited better OER electrocatalytic activity with a small  of 310 mV at 10 mA·cm-2, a small Tafel 

slope of 64 mV·dec-1
, and a small Rct of 5 . Moreover, the modified electrode with the nanostructured 

Co3O4-MoS2 composites exhibited higher efficiency and an overall improvement in the OER 

electrocatalytic activity due to the improvement in the synergy between the various electroactive species 

at the surface of the hybrid electrocatalysts catalysts, in which increasing MoS2 content resulted in a 

reduction of onset potential,  and Tafel slope values. Moreover, the heterostructure electrocatalysts with 

75 wt.% MoS2 content revealed the best combination for the OER activity with the smallest  value  of 

298 mV at 10 mA·cm-2, a very small Tafel slope of 46 mV·dec-1, and an Rct of 2.5 . This behavior was 

attributed to the improvement in the charge transfer kinetics. Moreover, the OER long-term stability @50 

mA⸱cm-2
  was verified for 50 hours in 1.0 M KOH as shown in Figure 8. 20(d).   
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Figure 8. 19: CV plots of Co3O4-MoS2 hybrid catalysts at different scan ranges in the non-faradic region from 0.924 

to1.024 vs. RHE (0 to 0.2 vs. Hg/HgO). 
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Figure 8. 20: OER LSV curves (a), Tafel plots (b), Nyquist plots (c), and stability test at 50 mA.cm-2 for 50 hours using 

Co3O4-MoS2 heterostructure electrodes (d), and the current density vs. scan rates plot in the non-faradic region at 

different MoS2 contents (e). 
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Table 8. 6: Values of η, Tafel slope, Rct, and ECSA of the modified electrode with Co3O4-MoS2 composites at 

various MoS2 contents. 

  Composition ratio 
 (wt.%) 

Overpotential  (mV) Tafel  
slope 

(mV dec-1) 

Rct 
(W) 

ECSA 
(mF cm-2) 

Co3O4 MoS2 
10 20 50 100 150 

mA cm-2 

OER 

Bare Ni Foam 372 398 440 - - 164 19.5 3.5 

0 100 311 327 352 372 385 64 5 2.9 

25 75 298 312 331 345 353 46 2.5 4.1 

50 50 300 314 334 352 361 51 3 4.47 

75 25 303 318 338 354 363 56 3.5 6.16 

100 0 349 370 398 422 - 77 13.5 4.32 

8.3. Summary  

Nanosized Co3O4-MoS2/Ni foam heterostructure electrodes with various MoS2 content (25, 50, and 

75 wt.%) were fabricated using NPDS from initial powders of Co3O4 and MoS2 microparticles. The 

obtained nanostructured thin films were utilized to investigate the OER in 1.0 M KOH. The existence of 

Co3O4 and MoS2 constituents at the surface of the nanostructured Co3O4-MoS2 thin films at different MoS2 

concentrations was identified by Raman spectra that revealed several characteristic first and second-order 

Raman vibration mode that belonged to either the pure phase of Co3O4 (F2g, Eg, and A1g) or MoS2 (E1g, 

A1g, E1
2g, and LA). By comparing Raman spectra for the corresponding microparticle, we observed a 

positive spectral shift for all characteristic Raman peaks in the fabricated heterostructure electrodes due 

to the fragmentation to smaller size ranges. Further investigations of the nature of the active states at the 

interface of the heterostructure electrodes were performed using XPS. High-resolution XPS scan of Co 

2p, O 1s, Mo 3d, and S 2p revealed positive shifts with increasing MoS2 content, demonstrating synergetic 

improvement in the nanostructured Co3O4-MoS2 hybrid electrocatalysts. Linear sweep voltammetry plots 

of Co3O4-MoS2 in 1 M KOH revealed that the incorporation of MoS2 in the heterostructure electrodes led 

to OER activity enhancement, which the heterostructure electrode with 75 wt.% MoS2 exhibited an 

efficient combination with an overpotential of 298 mV at 10 mA·cm-2, a small Tafel slope of 46 mV·dec-

1, and OER stability at 50 mA·cm-2
 for 50 hours. 



 

 

 

Chapter 9: 

6Facile One-step Deposition of Co3O4-MoS2 Nanocomposites 

using a Vacuum Kinetic Spray Process for Non-Enzymatic 

H2O2 Sensing 

  

 

This chapter has been published in Surfaces and Interfaces, Volume 21, December 2020, 100748. 
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9.1. Overview 

Accurate and real-time evaluation of hydrogen-peroxide concentrations can serve as a useful tool 

for the diagnosis of various disease stages [398-400]. Enzymatic biosensors offer efficient and sensitive 

H2O2 detection under certain circumstances [401]. However, high fabrication costs and low recycling 

reproducibility have restricted the commercialization of enzymatic H2O2 detection sensors. Considerable 

resources have been devoted to developing alternative techniques for non-enzymatic H2O2 detection using 

direct oxidation of H2O2 and an electrocatalytic process at the interface between modified electrodes and 

various metallic or semiconductor nanostructures characterized by a fast response, high stability, and 

recyclability [402-404]. However, a metallic non-enzymatic biosensor reportedly displayed high 

electrocatalytic efficiency toward the H2O2 detection [405, 406], and high costs continue to restrict the 

commercial application of metallic-based biosensors. Transition-metal electrocatalysts with high 

electrocatalytic activity are popular alternatives for metallic electrocatalysts because of their availability 

and low costs, as well as the chemical stability associated with resistance to corrosion [192, 193, 407]. 

Co3O4-based materials and composites are promising electrocatalysts for non-enzymatic detection of 

H2O2, either by oxidation or reduction with effective sensitivity and a wide linear-detection range [216, 

217, 248, 392, 408, 409]. The pure phase of nanostructured Co3O4 offers a wide surface area and a high 

concentration of electroactive sites, but poor electrical conductivity and the tendency of the internal grains 

to aggregate may result in slow charge-transfer kinetics and reduce electrochemical performance [410].  

One of the most effective techniques to improve the charge transfer kinetics of nanostructured Co3O4 

is to assemble hybrid composites with layered structures such as carbon-based or dichalcogenide 

materials, including MoS2. The synergy enhancement between the electroactive species of spinel Co3O4 

(i.e., Co2+ and/or Co3+) and such layered structures increases the electroactive species concentration as 

well as the development of charge-transfer kinetics, which are accompanied by an overall enhancement 

in electrochemical performance. In a previous study, we fabricated a hybrid electrocatalyst of Co3O4-

graphene nanosheets with superior detection sensitivity to H2O2 reduction. The hybrid electrocatalyst was 

associated with enhanced charge transfer and an increase in electroactive-site concentration due to the 

high spin state of spinel Co3O4 (i.e. Co2+) [392]. Wang et al. [214] prepared nanostructured Co3O4/glassy 

carbon using pyrolysis, with the results exhibiting a relatively wide linear H2O2 detection range of 0.4 M 

to 2.2 mM in 0.1 M NaOH and relatively low sensitivity of 120.55 A·mM-1·cm-2. Dai et al. [216] 

synthesized Au@C-Co3O4 hybrid electrodes using high-temperature pyrolysis at 450 °C for 4 h as well as 
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oxidative calcination at 250 °C for 2 h. The modified electrocatalyst achieved a sensitivity toward H2O2 

reduction of 7553 A·mM-1·cm-2 within a small linear detection range of 0.05 to 100 M. Kong et al. 

[217] reported preparing Co3O4-reduced graphene oxide (rGO) nanostructured composite electrocatalysts 

using a multi-stage hydrothermal process, with the resulting composite exhibiting relatively high H2O2 

sensitivity of 1140 A·mM-1·cm-2. Kogularasu et al. [218] synthesized polyhedral Co3O4-rGO composites 

electrocatalysts with high activity toward the reduction of H2O2, detection sensitivity of 3450 A·mM-

1·cm-2, and relatively small linear detection range of 0.05 to 400 M.  

In our previous work, we deposited various thin-film semiconductor nanostructures that 

demonstrated high electrochemical performance for supercapacitor application [79], high electrocatalytic 

activity toward oxygen and hydrogen evolution reactions in alkaline medium [261, 262], and superior 

non-enzymatic detection of H2O2 reduction in alkaline medium [392] using a nanoparticle deposition 

system (NPDS), which is a vacuum kinetic spray process. The NPDS involved the deposition of 

nanostructured ceramic-based materials and their alloys at room temperature without any binders or 

dangerous chemicals [221, 277]. In contrast with other deposition techniques, the NPDS takes into 

consideration the cost and fabrication time of the desired electrocatalyst [100]. The NPDS can also be 

scaled up for large deposition areas, such as those involved in WO3 thin films with areas of 1×1 m2 [99].       

Based on a literature survey, nanostructured Co3O4-MoS2 hybrid electrocatalysts have not been previously 

examined as non-enzymatic sensors for H2O2 oxidation.  In the present work, we fabricated titanium-

modified electrodes with Co3O4-MoS2 nanocomposites (NCs) containing 25, 50, and 75 wt.% Co3O4 using 

a one-step deposition by the NPDS at room temperature without any post-treatment after the deposition 

process. The results revealed high electrocatalytic activity toward the oxidation of H2O2 in an alkaline 

medium. Compared with the other reported techniques, ours is a simple, one-step process that can rapidly 

generate composite catalysts with no chemical hazards, and in a manner suitable for scaling up to large-

volume production. We also evaluated the electrochemical performance of non-enzymatic detection of 

H2O2 oxidation by Co3O4-MoS2 NC/Ti with different Co3O4 contents in an alkaline medium.  

9.2. Results and Discussion 

9. 2. 1. XRD analysis of Co3O4-MoS2 composites 

The crystal structure of Co3O4 and MoS2 microparticles, and their mixed powder with 25, 

50, and 75 wt.% Co3O4 content was investigated using the XRD patterns as demonstrated in Figure 
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9. 1(a). The XRD pattern of Co3O4 micro-sized powder exhibited several characteristic peaks, which 

matched with the face-centered cubic structure of spinel Co3O4 (space group: Fd-3m, ICDD: 43-1003) 

[222]. The XRD pattern of MoS2 micro-sized powder revealed several diffraction peaks at 28.96, 32.62, 

33.44, 35.82, 39.4, 44.1, 49.74, 55.94, 58.28, and 60.1 corresponding to (004), (100), (101), (102), (103), 

(006), (105), (110), and (008), respectively, of bulk MoS2 hexagonal structure (space group: P63/mmc, 

ICDD: 03-065-1951, PDF 2010). The XRD patterns of the Co3O4-MoS2 mixed powder with 25, 50, and 

75 wt.% Co3O4 content exhibited the presence of both phases, cubic Co3O4, and hexagonal MoS2 without 

the evolution of new secondary phases as a result of the ball milling process. 

Figure 9. 1(b) revealed the XRD patterns of Co3O4-MoS2 heterostructure composites thin film 

on titanium sheet at different Co3O4 content (25, 50, and 75 wt.%). The XRD of the bare titanium 

sheet demonstrated three distinctive peaks located at 40.08, 52.92, and 70.56˚correspond to (102), 

(2-11), and (102) crystalline planes of titanium hexagonal structure (space group: P6/mmm) [279, 

280].  In the case of the deposited thin films of Co3O4, MoS2, and their heterostructure composites 

there are some peaks with a small intensity that matches with the structural phased of deposited 

material (Co3O4 and MoS2 species) as well as the characteristic peaks of titanium sheet holding 

substrate. This indicated the particle fragmentation to lower domain sizes at the surface of the 

deposited films, which is a common behavior in most of the deposited thin films on a crystalline 

metallic substrate with kinetic spray technique [79, 261, 262]. Besides, the low crystallinity degree 

observed in Co3O4-based nanostructured composites thin films is mostly accompanied by a large 

concentration of interfacial surface defect at the grain boundaries that increases with decreasing 

domain size. This large number of metal oxide surface defects can act as electrocatalytic active 

sites for many electrochemical applications [223]. Hence, the micro-Raman analysis was performed 

for precise identification of the actual active phases at the surface Co3O4-MoS2 NCs thin film on the 

titanium sheet as discussed in the next section. 
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9. 2. 2. Surface morphology of Co3O4-MoS2 composites 

9. 2. 2. 1. Co3O4-MoS2 micro-sized powder 

The surface morphology of MoS2 micro-sized powder is shown in Figure 9. 2(a, b), which reveals 

the layered structure of the micro-sized flakes (0.5–3m) with various orientations. The surface 

morphology of the pure phase Co3O4 micro-powder, as shown by SEM in Figure 9. 3(e, f) consisted of 

several aggregated particles with a semispherical morphology that exhibited a range of sizes 0.5 to 5 m. 

SEM images of surface morphology of mixed micro-sized powder of Co3O4-MoS2 with various Co3O4 

contents (25, 50, and 75 wt.%) are provided in Figure 9. 2(c, d) and Figure 9. 3(a-d). The SEM images 

revealed mixed morphology of micro-sized flakes and micro-sized spheres for both micro-sized phases of 

Co3O4 and MoS2. The measured dimensions had the same size range without any noticeable reduction 

caused by the ball milling during the mixing process. Figure 9. 4 depicts energy-dispersive X-

ray spectroscopy (EDS) spectra of the micro-sized powder of Co3O4, MoS2, and their mixed powder at 

different Co3O4 contents. The EDS spectra of mixed powders displayed characteristic signals 

corresponding to OK, CoK, SK, and MoL, indicating the presence of Co3O4 and MoS2 species in the powder 

provided for the deposition process using the NPDS. The amounts of each element in the pure phase of 

Co3O4, MoS2 as well as their mixed powders were estimated and recorded in Table 9. 1. In Co3O4-based 

materials and composites, the elemental ratio of Cok/Ok provided useful information about the cation’s 

distribution efficiency with the spinel structure of Co3O4, for which the known theoretical value is 0.75, 

Figure 9. 1: XRD patterns of Co3O4-MoS2 composites in powder form (a) and nanostructured thin film deposited on 

titanium sheet. 



 

Page | 234 

 

and the decrease of this value was correlated with a deficiency in Co species within the bulk lattice and at 

the interface between the grains of the spinel structure [227, 229]. The Cok/Ok elemental ratio in the case 

of Co3O4 microparticles is 0.347, which is further decreased in the case of mixed powders with 0.065, 

0.145, and 0.169, corresponding to Co3O4 contents of 25, 50, and 75 wt.%, respectively. This indicates 

that powder mixing between Co3O4 and the layered structure of the MoS2 resulted in an increase in the 

deficiency of cobalt species in the Co3O4 spinel structure during the ball-milling process.  

 

Table 9. 1: EDS elemental analysis of mixed Co3O4-MoS2 microparticles 

Mixed powder (wt.%) EDS elemental analysis (at. %) 

Co3O4 MoS2 SK MoL OK CoK CoK/OK 

0 100 67.28 32.72 - - - 

25 75 30.9 17.2 48.72 3.18 0.065 

50 50 24.01 12.29 55.62 8.08 0.145 

75 25 20.32 9.76 60.22 10.15 0.169 

100 0 - - 64.77 22.47 0.347 

 

Figure 9. 2: SEM images of micro-sized particles of (a, b) MoS2, and (c, d) composites with 25 wt.% Co3O4. 
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Table 9. 2: EDS elemental analysis of nanocomposite Co3O4-MoS2 thin films a titanium sheet. 

Composite (wt.%) EDS elemental analysis (at.%) 

Co3O4 MoS2 TiK SK MoL OK CoK CoK/OK 

0 100 43.83 35.99 20.17 - - - 

25 75 35.04 3.95 2.3 52.23 6.48 0.124 

50 50 53.49 1.35 0.65 42.03 2.49 0.059 

75 25 33.06 1.63 0.94 31.47 5.51 0.175 

100 0 44.19 - - 52.87 2.94 0.0556 

 

Figure 9. 3: SEM images of micro-sized particles of composites with (a, b) 50 wt.%, (c, d) 75 wt. % Co3O4, and (e, f) 

pure Co3O4 powder 
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Figure 9. 4: Elemental analysis of EDS spectra of micro-sized powder before deposition of Co3O4-MoS2 composites at 

different Co3O4 contents. 
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9. 2. 2. 2. Co3O4-MoS2 hybrid composites on titanium sheets  

The images of titanium-modified electrodes from high-spatial-resolution SEM of MoS2 nanosheets 

are shown in Figure 9. 5(a, b) exhibit a sheet morphology with dimensions in the nano-size range (100 

nm ~ 500 nm). A layered structure of MoS2 sheets was observed after the fragmentation of the initial 

micro-sized flakes to nanosized sheets. Figure 9. 6(e, f) depicts SEM images of the titanium-modified 

electrode with Co3O4 nanostructures. The semispherical Co3O4 microparticles were completely 

fragmented to the nano-size range and exhibit a sheet morphology (average lateral length 100 nm). 

Comparing SEM images for the pure phase of Co3O4 and MoS2 at the same length scale, the microstructure 

roughness of the titanium modified electrode with Co3O4 nanosheets is expected to be higher than that of 

layered structured MoS2 nanosheets. SEM images of the modified titanium electrodes with hybrid 

nanostructured composites of Co3O4-MoS2 at Co3O4 contents of 25, 50, and 75 wt.% are shown from 

Figure 9. 5(c, d) to Figure 9. 6(a, d). 

 

  

Figure 9. 5: SEM images of MoS2/Ti (a, b), and 25 wt.% Co3O4/Ti (c, d) 
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Figure 9. 6: SEM images of composites with 50 wt.% Co3O4/Ti (a, b), 75 wt.% Co3O4/Ti (c, d), and Co3O4/Ti (e, f) 
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The hybrid composites displayed a nanosheet morphology, with a two-size range less than 100 nm 

expected for Co3O4 species and other sheets with dimensions more than 100 nm related to MoS2 at the 

surface of the deposited films. The presence of Co3O4 helped fragment the MoS2 layer to a size comparable 

to MoS2-deposited thin films. All titanium modified electrodes with Co3O4-MoS2 hybrid composites 

exhibited a wide size distribution of fragmented particles during the deposition process, which was 

associated with the merging of particle grain boundaries. This can be illustrated in more detail according 

to the deposition mechanism of the microparticles by the NPDS: First, the microparticles carried by a 

pressure difference of compressed air and a vacuum acquired kinetic energy through the converging-

diverging nozzle outlet. This increase in the kinetic energy of the microparticles can cause an inelastic 

collapse between the accelerated particles and the hard substrate. Second, local thermal heating is expected 

due to the inelastic impact between the accelerated powder and the fixed substrate. The heating can lead 

to the merging of deposited grains and cause the agglomeration in the SEM images [230, 231]. Elemental 

Figure 9. 7: Elemental analysis using EDS spectrum and corresponding mapping of nanostructured Co3O4 thin films 

on a titanium substrate. 
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EDS analysis and the corresponding mapping of the titanium-modified electrodes with nanostructured 

Co3O4, MoS2 as well as their hybrid nanostructured composites are illustrated in Figure 9. 7 through 

Figure 9. 11. The estimated elemental percentage of Co3O4 and MoS2 (i.e., OK, CoK, MoL, and SK) are 

provided in Table 9. 2. Based on the provided microstructure elemental mapping of all deposited thin 

films we found that both Co3O4 and MoS2 species are distributed homogeneously within the lateral area 

of the deposited films. 

 

Figure 9. 8: Elemental analysis using EDS spectrum and the corresponding mapping of MoS2 thin films on titanium 

sheet substrate. 
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Figure 9. 9: Elemental analysis using EDS spectrum and corresponding mapping of nanocomposites with 25 wt.% 

Co3O4 thin films on a titanium sheet substrate. 
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Figure 9. 10: Elemental analysis using EDS spectrum and corresponding mapping of nanocomposite with 50 wt.% 

Co3O4 thin films on a titanium substrate. 
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9. 2. 3. Raman studies on Co3O4-MoS2 heterostructure composites 

Micro-structure Raman spectroscopy is a non-destructive surface analysis technique sensitive to 

localized change at the material surface, with a high spatial resolution in the micro-size range possible by 

modifying electron-phonon interactions [411]. We employed this technique to distinguish changes due to 

Figure 9. 11: Elemental analysis using EDS spectrum and corresponding mapping of nanocomposite with a 75 wt.% 

Co3O4 thin film on a titanium substrate. 
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the fragmentation of microparticles to the nanometer scale, as well as variations associated with the hetero-

structural formation of Co3O4-MoS2 NCs.   

9. 2. 3. 1. Co3O4-MoS2 mixed micro-sized powder  

The micro-Raman spectrum of MoS2 powder in the Raman shift range from 100 to 800 cm-1 is 

illustrated in Figure 9. 12(a) and estimated peaks are provided in Table 9. 3. The Raman peaks were 

classified primarily as either first-order symmetry modes at 279, 373, and 400 cm-1 or second-order 

vibrations at 447, and 562 cm-1. These Raman active modes are characterizing by the 2H-layered structure 

of MoS2. The first-order vibration with the highest intensity corresponds to E1
2g, and A1g at 373 and 400 

cm-1, respectively. A third first-order vibration mode E1g with a very smaller intensity of 279 cm-1 [119-

123]. However, second-order vibration modes at higher Raman shifts caused by the longitudinal acoustic 

(2LA) mode, and 2E1g() were observed at 447 and 562 cm-1, respectively. Besides, a linear combination 

between first- and second-order vibration modes (E1
2g [M]+LA[M]) was observed at a higher Raman shift 

of 585 cm-1 [393]. Figure 9. 12(e) depicts the micro-Raman spectrum of pure-phase Co3O4 microparticles 

that consist of several active symmetry modes at shifts of 188, 474, 515, 611, and 679 cm-1. The observed 

peaks indicate various symmetry modes related to the Co3O4 spinel structure. The most intense peak 

at 679 cm-1 is related to the A1g mode caused by the octahedral site (CoO6). Raman vibration mode 

with lower intensity at 474 cm-1 can be attributed to the Eg symmetry mode.  

Table 9. 3:  Raman active modes in the Co3O4-MoS2 microparticles at different Co3O4 content (wt.%). 

Characteristic 

bands 

Raman shift (cm-1)  

MoS2 75 wt.% MoS2 50 wt.% MoS2 25 wt.% MoS2 Co3O4 

Co3O4 

F2g     188 

Eg    474 474 

F2g  516 516 516 515 

F2g    611 611 

A1g  684 684 680 679 

MoS2 

E1g 279 283 278 278  

E12g 373 377 377 377  

A1g 400 400 400 400  

2LA(M) 447 447 447 447  

2E1g() 562 562 562 562  

E12g (M)+LA(M) 585 589 589 589  

The F2g symmetry mode that arose from CoO4 tetrahedral sites in the spinel structure of Co3O4 

exhibited active Raman states at 192 cm-1 (F(1)
2g), 515 cm-1 (F(2)

2g), and 611 cm-1 (F(3)
2g)

 [224-226]. 

Raman spectra of mixed Co3O4-MoS2 microparticles at different Co3O4 contents (25, 50, and 75 wt.%) 
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are illustrated in Figure 9. 12(b-d), which reveals characteristic bands of Co3O4 and MoS2 micro-

powder with no noticeable change in Raman peak position, Table 9. 3. 

 
Figure 9. 12: Raman Spectra of mixed Co3O4-MoS2 micro powders at different Co3O4 contents. 
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The F2g symmetry mode that arose from CoO4 tetrahedral sites in the spinel structure of Co3O4 

exhibited active Raman states at 192 cm-1 (F(1)
2g), 515 cm-1 (F(2)

2g), and 611 cm-1 (F(3)
2g)

 [224-226]. 

Raman spectra of mixed Co3O4-MoS2 microparticles at different Co3O4 contents (25, 50, and 75 wt.%) 

are illustrated in Figure 9. 12(b-d), which reveals characteristic bands of Co3O4 and MoS2 micro-

powder with no noticeable change in Raman peak position, Table 9. 3. 

9. 2. 3. 2. Co3O4-MoS2 hybrid composites on titanium sheet  

Figure 9. 13(a) shows the micro-Raman spectrum of the titanium-modified electrode with MoS2 

nanosheets. Several first-order active Raman modes related to the MoS2 layered structure were detected 

at 405, 377, and 283 cm-1 corresponding to the A1g, E
1

2g, and E1g vibration modes, respectively. Other 

active modes corresponding to either second-order vibration modes or a linear combination between them 

were also detected at Raman shifts of 451, 561, and 589 cm-1
.  The micro-Raman spectrum of the modified 

titanium electrode with Co3O4 nanosheets in Figure 9. 13(e) shows various Raman peaks at 193, 483, 

520, 620, and 693 cm-1 related to the Co3O4 phase. The most intense Raman peak related to the first-order 

A1g symmetry mode due to octahedral (CoO6) vibration was observed at 693 cm-1. A first-order Eg 

symmetry mode was observed at 483 cm-1 and multiple active Raman modes related to the F2g 

symmetry mode at evident 193, 520, and 620 cm-1[224-226]. Figure 9. 13(b-d) depicts micro-Raman 

spectra of the titanium-modified electrodes with Co3O4-MoS2 NCs with Co3O4 content of 25, 50, and 75 

wt.%.   

Table 9. 4: Raman peaks of titanium modified electrodes with Co3O4-MoS2 NCs at different Co3O4 contents. 

Characteristic 
bands 

Raman shift (cm-1) 
MoS2 25 wt.% Co3O4 50 wt.% Co3O4 75 wt.% Co3O4 Co3O4 

Co3O4 

F2g - - - - 193 
Eg - - - 483 483 
F2g - 525 525 521 520 
F2g - 630 630 621 620 
A1g - 693 693 693 693 

MoS2 

E1g 283 283 283 283 - 
E12g 377 381 381 381 - 
A1g 405 405 405 405 - 

2LA(M) 451 451 451 451 - 

2E1g() 561 566 566 566 - 
E12g (M)+LA(M) 589 598 593 593 - 
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Figure 9. 13: Raman spectra of MoS2 (a), nanocomposites of Co3O4-MoS2 (b-d), and Co3O4 (e) nanostructured thin 

film on titanium sheets. 
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The recognized active Raman modes related to both phases of Co3O4 and MoS2 are mentioned in Table 

9. 4. All identified active Raman modes in the deposited thin films of Co3O4-MoS2 NCs on the titanium 

sheet substrate exhibited a positive shift in peaks position to a higher value compared with the 

corresponding micropower. This behavior can be attributed mainly to powder fragmentation and lattice 

disorder at the nanometer scale [124, 227]. 

9. 2. 4. XPS studies on Co3O4-MoS2 nanostructure composites 

The origin of electroactive sites at the interface of titanium-modified hybrid electrodes with MoS2 

nanosheets, Co3O4 nanosheets, and Co3O4-MoS2 NCs at different Co3O4 contents (25, 50, and 75 wt.%), 

were investigated in more detail using XPS in a binding-energy range of 0 to 1300 eV. The XPS survey 

spectra of all modified titanium electrodes in Figure 9. 14(a), reveal the presence of various active states 

related to sulfur, molybdenum, oxygen, and cobalt. To understand the synergetic behavior of MoS2 and 

Co3O4 nanosheets in a nanostructured Co3O4-MoS2 hybrid electrocatalyst, high-resolution XPS scans of 

S 2p, Mo 3d, O 1s, and Co 2p in the case of the heterostructure electrodes were compared with 

corresponding pure phases of either MoS2 or Co3O4 nanosheets, as shown in Figure 9. 14(b-e). The 

deconvolution of a high-resolution S 2p XPS scan of the modified titanium electrode with the pure MoS2 

phase is shown in Figure 9. 15 (a). The S 2p3/2 band is evident at 162 eV and the S 2p1/2 band is at 163.18 

eV. These sub-bands were also detected in modified titanium electrodes with Co3O4-MoS2 NCs with 

different Co3O4 contents (25, 50, and 75 wt.%) as shown in Figure 9. 15(b-d). The positions of the 

estimated peaks corresponding to S 2p3/2 and S 2p1/2 for the individual composites are reported in Table 

9. 5. In the case of modified titanium electrodes with NCs, an increase in Co3O4 content was accompanied 

by a slight positive shift to higher binding energy values. This behavior indicates the enhancement of 

interfacial charge-carrier density in the case of nanostructured MoS2-modified electrodes [384, 394]. 

Analysis of a high-resolution Mo 3d XPS scan of the nanostructured MoS2/Ti electrode in Figure 9. 16 

(a) revealed various active states at binding energies of 226.39, 229.19, 232.36, and 235.69 eV. The 

observed peaks at 229.19 and 232.36 eV represent molybdenum species in the MoS2-layered structure 

corresponding to suborbital states of Mo 3d5/2 and Mo 3d3/2, respectively. Another active state related to 

higher molybdenum oxidation states (Mo6+) was observed at a higher binding-energy value of 235.69 eV 

[395]. An overlapping peak caused by S2s states is usually reported in high-resolution XPS scans of Mo 

3d states at a lower binding energy value of 226.39 eV [396].  
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Figure 9. 14: XPS survey spectra (a), high-resolution XPS scans of S 2p (b), and Mo 3d (c), O 1s (d), and Co 2p (e) of 

Co3O4-MoS2 nanocomposite thin films 
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An analysis of the high-resolution Mo 3d XPS scan in the case of the titanium-modified electrode with 

Co3O4-MoS2 NCs is shown in Figure 9. 16(b-d). The results exhibit the same characteristics bands 

matching the MoS2 pure phase. A positive shift to a higher binding-energy value was also evident with 

the incorporation of Co3O4 in the heterostructures electrodes, indicating the improvement in the synergy 

between MoS2 and Co3O4 electroactive species.  

 

 

Figure 9. 15: Deconvoluted S 2p XPS scan of pure MoS2 (a), nanocomposites with 25 wt.% (b), 50 wt.% (c), and 75 

wt.% Co3O4 (d) thin films. 
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Figure 9. 17(d) depicts a deconvoluted O 1s XPS scan of the modified titanium electrode with 

nanostructured Co3O4. The main band at 529.92 eV overlapped with a peaked shoulder at higher binding 

energy (531.13 eV). High-resolution O 1s XPS scans of the modified titanium electrode with Co3O4-MoS2 

NCs at different Co3O4 content are shown in Figure 9. 17(a-c). The results display the same characteristics 

bands with small variations in peak positions. The intensity ratio between the peak shoulder to the main 

peak in the O 1s XPS scan was improved in the case of the NC electrocatalyst. This might be caused by 

the evolution of new metallic bond states (Co-O-Mo).  

 

 

Figure 9. 16: Deconvoluted Mo 3d XPS scan of pure MoS2 (a), nanocomposites with 25 wt.% (b), 50 wt.% (c), and 

75 wt.% Co3O4 (d) thin films. 
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The estimated peak position of O 1s high-resolution XPS scan was tabulated in Table 9. 5.The high-

resolution Co 2p XPS scans of the modified titanium electrode with nanostructured Co3O4 and Co3O4-

MoS2 hybrid electrocatalysts with 25, 50, and 75 wt.% Co3O4 contents are provided in Figure 9. 18. 

Deconvolution was performed to precisely identify the electroactive sites related to cobalt species. The 

peaks were divided primarily into Co 2p3/2 and Co 2p1/2 states, as well as secondary satellite peaks 

caused by spin-orbital interaction of these sub-bands states.  

 

Figure 9. 17: Deconvoluted O 1s XPS scan of nanocomposites with 25 wt.% (a), 50 wt.% (b), 75 wt.% Co3O4 (c), and 

pure Co3O4 (d) thin films.  
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Table 9. 5:  Characteristic peaks of S 2p, Mo 3d, O 1s, and Co 2p deconvoluted XPS scans in nanocomposite 
Co3O4-MoS2 thin films. 

Band 
Binding Energy (eV) 

MoS2 25 wt. % Co3O4 50 wt. % Co3O4 75 wt. % Co3O4 Co3O4 

S 2p 
162 162.04 162.04 162.02 - 

163.18 163.2 163.22 163.22 - 

Mo 3d 

226.39 226.41 226.43 226.44 - 
229.19 229.21 229.24 229.23 - 
232.36 232.38 232.43 232.43 - 
235.69 235.41 235.73 235.7  

O 1s 
- 530.2 530.2 530.00 529.92 
- 531.45 531.5 531.49 531.13 

Co 2p 

- 780.72 780.21 780.46 779.74 
- 782 782.00 782.07 781.00 
- 786.12 787.30 785.9 785.35 
- 794.24 795.28 794.77 794.83 
- 796.26 797.17 796.82 796.6 

Figure 9. 18: Deconvoluted Co 2p XPS scan of nanocomposites with 25 wt.% (a), 50 wt.% (b), 75 wt.% Co3O4 (c), and 

pure nanostructured Co3O4 (d) thin films.  
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Estimated peak positions are reported in Table 9. 5.In the case of the modified electrode with 

nanostructured Co3O4, a high-resolution Co 2p XPS scan revealed peaks related to lower-spin-state Co3+ 

at 779.74 and 794.83 eV, corresponding to Co 2p3/2 and Co 2p1/2, respectively. Meanwhile, higher spin 

states of cobalt species (Co2+) were observed at 781 eV of Co 2p3/2 and 796.6 eV of Co 2p1/2. Moreover, 

the average energy separation between the two main suborbital states was approximately 15.34 eV, 

matching that of cobalt species in the Co3O4 phase [188, 189, 233, 234]. Analysis of Co 2p high-resolution 

XPS scans corresponding to modified electrodes with nanostructured composites was performed and the 

estimated sub-orbital peak positions were tabulated in Table 9. 5. The detected Co 2p sub-bands in the 

modified titanium electrode with Co3O4-MoS2 NCs with Co3O4 content of 25, 50, 75 wt.% had the same 

origin as a pure phase of Co3O4. In a comparison of the modified electrode with pure Co3O4, the positions 

of the deconvoluted peaks shifted positively to a higher binding-energy value due to strong coupling with 

MoS2 species in the hybrid electrocatalysts. This demonstrates the overall improvement of the synergetic 

effect in all modified electrodes with Co3O4-MoS2 NCs [397].  

9. 2. 5. Electrocatalytic active surface area evaluation 

The implicit representation of the electrochemical active surface area (ECSA) of the modified 

titanium electrode with nanosheets of Co3O4 and Co3O4-MoS2 composites with 25, 50, and 75 wt.% Co3O4 

and pure MoS2 were evaluated using the double-layer capacitive current density difference (∆J) with a 

gradual increase in the potential scan rate (υ) in the non-faradaic region [78].  The potential scan rates 

were 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV·s-1
 in a potential range of 0 to 0.1 against Hg/HgO. 

The estimated slope according to Eq. 2. 5 represents the double layer capacitance (CDL). Figure 9. 19 

provides the cyclic voltammetry (CV) curves of Co3O4-MoS2/Ti NC electrodes at different Co3O4 

contents. The derived linear relationship between the current density difference (∆J) and the scan rate (υ) 

is supplied in Figure 9. 20(a). The change in ECSA at different contents of Co3O4 is illustrated in Figure 

9. 20(b). A gradual increase in Co3O4 content in the NCs was accompanied by an increase in the double-

layer capacitance, demonstrating an overall improvement in the ECSA. The Co3O4-MoS2 NC with 75 

wt.% Co3O4 revealed the highest CDL value of 2.35 mF·cm-2, compared with pure-phase MoS2 and Co3O4, 

as well as other composites with 25 and 50 wt.% Co3O4, which exhibited CDL values of 0.276, 0.423, 

0.516, and 1.36 mF·cm-2, respectively. 
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9. 2. 6. Electrocatalytic activity of Co3O4-MoS2 NCs toward H2O2 oxidation  

Figure 9. 21(a-e) depicts CV plots of the modified titanium sheet anode with the nanostructured 

thin film of MoS2, Co3O4-MoS2 composites with various Co3O4 contents, and Co3O4, respectively, at scan 

rates from 10 to 100 mV·s-1 with increasing steps of 10 mV·s-1 in 0.1 M NaOH. The observed redox peak 

in the plot of the modified titanium electrode with nanostructured Co3O4 and Co3O4-MoS2 related to Co3O4 

species can be described by the reversible electrochemical conversion of Co3O4 to CoOOH according to 

the following equation [412]:  

𝐶𝑜3𝑂4 + 𝑂𝐻− + 𝐻2𝑂 ⇌ 3𝐶𝑜𝑂𝑂𝐻 + 𝑒−   Eq. 9. 1 

As shown in Figure 9. 21(f), the linear and systematic variation of the redox-peak current density with a 

changing scan rate of the utilized working electrodes based on the Co3O4-MoS2 NCs at various Co3O4 

contents (25, 50, and 75 wt.%) exhibited electrochemical stability of Co3O4 species redox reactions as 

well as controlled diffusion of electrolyte species at the interface of the working electrode [408]. Because 

H2O2 molecules have high activity and a slow decomposition rate, they can be accelerated through the 

electrocatalytic process at the surface of a metal-oxide electrocatalyst in an alkaline medium with 

relatively low H2O2/O2 redox potential [216]. Co3O4-based materials are widely used as electrocatalysts 

for H2O2 oxidation because of an abundance of electroactive species at their surfaces that can recognize 

small interruptions induced by an electrochemical reaction at the interface between the electrolyte and the 

utilized working electrode [212, 213, 264]. Figure 9. 22(a) reveals the CV plots of nanostructured 

MoS2/Ti, Co3O4-MoS2 NCs/Ti with various Co3O4 contents, and Co3O4/Ti at a scan rate of 50 mV·s-1
 in 

0.1 M NaOH without and with 5 mM H2O2. In the case of bare titanium electrodes as well as a modified 

electrode with MoS2 nanosheets, there would be no significant change in the response in current density 

to the addition of H2O2. Meanwhile, the CV plot of the modified electrode with nanostructured Co3O4/Ti 

revealed a high response current upon the addition of 5 mM H2O2, demonstrating that any detectable 

current response in the modified electrodes with Co3O4-MoS2 NCs would arise from the Co3O4 

electroactive species.  
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Figure 9. 19: CV plots of Co3O4-MoS2 nanocomposites electrodes at different scan range in the non-faradic region 

from 0.924 to1.024 vs. RHE (0 to 0.1 vs. Hg/HgO). 
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The mechanism of H2O2 oxidation by Co3O4-based electrocatalysts can be described by an equation 

provided by Heli et al. [219]: 

2𝐶𝑜(𝐼𝐼𝐼) + 𝐻2𝑂2 + 2𝑂𝐻− → 2𝐶𝑜(𝐼𝐼) + 2𝐻2𝑂 + 𝑂2   Eq. 9. 2 

The oxidation of H2O2 is more favorable at electroactive sites with lower spin states related to Co3O4 

(e.g., Co3+) unlike the case of H2O2 reduction in the negative potential regions, in which higher spin 

states (e.g., Co2+) are more favorable [264, 408]. The combination of MoS2 nanosheets with Co3O4 

resulted in an overall improvement in the induced response current caused by H2O2 oxidation at the 

interface of the composites electrode. The response current gradually increased with Co3O4 content and 

the composites with 75 wt.% Co3O4 exhibited the greatest change in the response current. Quantitative 

evaluation of the modified anode’s amperometric response was carried out using chronoamperometric 

curves with the gradual addition of H2O2 at various concentrations as shown in Figure 9. 22(b). The 

anodic potential for amperometric detection of H2O2 was fixed at +0.6 V for all working electrodes to 

optimize electrocatalytic sensitivity toward H2O2 oxidation in 0.1 M NaOH. The utilized working 

electrodes responded rapidly to the oxidation of H2O2, producing a steady-state current within 4 s. Figure 

9. 22(c) supplies Nyquist plots of Co3O4-MoS2 NCs at different Co3O4 concentrations in 0.1 M NaOH. 

The frequency range was from 1 to 10 kHz at a DC potential of 0.5 V and an AC signal with an amplitude 

of 5 mV in the presence of 5 mM H2O2. 

Figure 9. 20: Plot of double-layer capacitive current at different scan rates (a) and the corresponding ECSA of Co3O4-

MoS2 NCs in the non-faradic region at different Co3O4 contents (b). 
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Figure 9. 21: CVs of MoS2/Ti (a), nanocomposite Co3O4-MoS2 (b-d), and pure nanostructured Co3O4/T  (e) at different 

scan rates in 0.1 M NaOH. The linear regression of anodic and cathodic peaks vs. scan rate of Co3O4 nanocomposite 

electrodes (f). 
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Figure 9. 22: CV curves recorded from 0 to 0.8 vs. Hg/HgO at a scan rate of 50 mV.s-1 without and with 5 mM  of H2O2 

in 0.1 M NaOH (a), the amperometric response at 0.6 V (b), a Nyquist plot in 0.1 M NaOH at a DC potential of 0.5 V 

and 5 mM H2O2, and the corresponding behavior of charge-transfer resistance (c, d), oxidation selectivity test using 

amperometric response at 0.6 V with the addition of 1 mM from H2O2, NaCl, saccharose, and glucose in 0.1 M NaOH 

(e) of Co3O4-MoS2 Nanocomposite electrodes at various Co3O4 contents 
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 The estimated charge-transfer resistance (Rct) at different Co3O4 contents is depicted in Figure 9. 22(d). 

Increasing the content of Co3O4 in the NCs resulted in an overall improvement in the Rct in the presence 

of H2O2 and the composite with 75 wt.% Co3O4 exhibited the lowest Rct (10 ) accompanied by an overall 

improvement in detection sensitivity. The oxidation selectivity of titanium modified electrodes with 

Co3O4-MoS2 NCs toward the H2O2 in 0.1 M NaOH was investigated for several interfering species, as 

shown in Figure 9. 22(e), which revealed the amperometric response at oxidation potential of 0.6 V with 

the successive injection of 1 mM of H2O2, NaCl, ethanol, saccharose, and glucose. It was noticed that the 

injection of 1 mM H2O2 before and after the injection of interfering species was accompanied by a sharp 

and rapid increase in the response current, meanwhile, the injection of other interfering species induced a 

very small or negligible response current compared with the H2O2. This result demonstrated the superior 

selectivity of H2O2 oxidation using titanium modified electrodes with Co3O4-MoS2 NCs. Figure 9. 23 

exhibited the amperometric calibration curves with the injected concentration of H2O2 for titanium 

modified electrode with the nanostructured Co3O4 as well as Co3O4-MoS2 NCs with 25, 50, and 75 wt.% 

Co3O4. All titanium modified electrodes with a wide linear detection range of 20 M to 1 mM of H2O2 

oxidation in 0.1 M NaOH. The amperometric-response sensitivity was estimated using the calibration 

curves between the steady-state response current and the injected H2O2 concentration. The linear 

regression for the modified electrodes at different Co3O4 contents can be derived from the following 

equations: 

𝐶𝑜3𝑂4: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = 1466 𝐶 (𝑚𝑀) + 0.052,    𝑅2 = 0.991    Eq. 9. 3 

25 𝑤𝑡. %𝐶𝑜3𝑂4: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = 1587 𝐶 (𝑚𝑀) + 0.122,    𝑅2 = 0.992  Eq. 9. 4 

50 𝑤𝑡. %𝐶𝑜3𝑂4: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = 2410 𝐶 (𝑚𝑀) + 0.049,    𝑅2 = 0.994  Eq. 9. 5 

75 𝑤𝑡. %𝐶𝑜3𝑂4: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = 3000 𝐶 (𝑚𝑀) + 0.122,    𝑅2 = 0.991  Eq. 9. 6 

The estimated slope for each electrode represents its sensitivity to H2O2 oxidation. The titanium-modified 

electrode with nanostructured Co3O4 achieved a detection sensitivity of 1466 A·mM-1·cm-2. The 

detection sensitivity to H2O2 oxidation was further enhanced in the case of modified electrodes with 

Co3O4-MoS2 NCs with the gradual increase of Co3O4 content. The sensitivity of nanocomposites with 

Co3O4 contents of 25, 50, and 75 wt.% were 1587, 2410, and 3000 A·mM-1·cm-2, respectively. 

Furthermore, the lowest detection limit for the H2O2 response was in a range of 2 to 5 nM for all working 

electrodes, revealing the high sensing tendency of the Co3O4-MoS2 NCs electrodes.  Based on the 



 

Page | 261 

 

estimated electrocatalytic activity of titanium modified electrodes with Co3O4-MoS2 NCs toward H2O2 

oxidation in 0.1 M NaOH in this study, we made a non-enzymatic sensing performance comparison with 

recent developed Co-based electrocatalysts as illustrated in Table 9. 6. 

 

 

 

  

Figure 9. 23: Calibration curves of current-induced response to H2O2 concentration by Co3O4-MoS2 nanocomposites 

electrodes at different Co3O4 contents. 
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Table 9. 6: Comparison of electrochemical performance of the present work and recently published work of 

Co-based nonenzymatic amperometric H2O2 sensors. 

Modified 
electrode 

Potential 
(V) 

Electrolyte 
Response  
time (s) 

Sensitivity 
(A⸱mM-1⸱cm-2) 

Linear range 
(mM) 

LOD 
(M) 

Ref. 

75 wt.% Co3O4/Ti 

0.6 0.1 M NaOH ~ 4 

3000 

0.02-1 0.002~0.005 This work 
50 wt.% Co3O4/Ti 2410 

25 wt.% Co3O4/Ti 1587 

Co3O4/Ti 1466 
NiCo2O4 /Co3O4  −0.35 0.1 M NaOH - 303.42 0.02-1.1 0.596 [248] 

NiCo2S4/rGO −0.45 0.1 M NaOH 5 118.5 0.025-11.25 0.19 [249] 

Co3O4/NPG −0.3 0.1 M NaOH 2 1338.7 0.02-19.1 6.4 [408] 

Au@C-Co3O4 +0.5 
0.1 M PBS 
(pH 7.4) 

- 7553 0.00005-0.1 0.019 [216] 

Co3O4/rGO  
0.1 M PB 
(pH 7.0) 

 3450 0.00005-0.4 0.015 [218] 

MnO2-Co3O4/GO +0.5 
PBS (PH 

7.0) 
3 53.65 0.005-1.2 0.8 [250] 

Co3O4-rGO −0.19 
0.1 M PBS 
(pH 7.4) 

5 1140 0.015-0.675 2.4 [251] 

Co3O4 hollow 
sphere 

+0.39 
0.1 M NaOH 

3 979.79 0.0004-2.2 0.105 [214] 

Co3O4/CNTs −0.19 - 1002.8 0.02-0.43 2.46 [219] 

Nanoporous Co3O4 −1 
0.1 MPBS 
(pH 7.0) 

2 1357 0.2-1.3 200 [252] 

Co3O4-NWs/CF −0.48 0.1 M KOH 3 230 0.01-1.05 1.4 [253] 

Nafion/GO/Co3O4 0.76 
Phosphate 

(pH 7.4) 
4 560 0.001-0.1 0.3 [254] 

9.3. Summary  

Co3O4-MoS2 nanocomposite thin films at different Co3O4 contents (25, 50, and 75 wt.%) were 

successfully fabricated at room temperature using an NPDS through one-step deposition from micro-sized 

powders of Co3O4 and MoS2. Optimized Co3O4-MoS2 NCs/Ti heterostructure electrodes were used as 

electrocatalysts for non-enzymatic detection of H2O2 oxidation in 0.1 M NaOH. The deposited thin-film 

surface was examined using SEM, Raman spectroscopy, and XPS. The SEM images of the titanium-

modified electrodes with Co3O4-MoS2 NCs revealed nanosheets with merged grain boundaries, indicating 

fragmentation of the initial microparticles of Co3O4 with a semispherical shape and a multilayer structure 

of MoS2 as well as interfacial bonding between Co3O4 and MoS2 species in the deposited films. Increasing 

Co3O4 content resulted in further fragmentation of MoS2 layers to a lower size range. Analysis of Raman 

spectra of titanium-modified electrodes with nanostructured Co3O4, MoS2 nanosheets, and their 

composites at different Co3O4 contents, revealed a positive shift to higher values compared with the 

corresponding composites in the bulk phase due to the fragmentation to the nano-size range. A synergy 

effect improvement between various electroactive species at the surface of the titanium-modified 
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electrodes with Co3O4-MoS2 NCs was evident in a high-resolution XPS analysis of the various active 

state, including S 2p, Mo 3d, O 1s, and Co 2p at the deposited thin-film surfaces. Incorporation of Co3O4 

in hybrid Co3O4-MoS2 NCs was accompanied by a positive shift in binding-energy for MoS2-related active 

states (i.e., S 2p, and Mo 3d) compared with the titanium-modified electrode with pure MoS2 nanosheets. 

Modified titanium electrodes with Co3O4-MoS2 NCs exhibited a relative improvement in the low spin 

states (Co3+) related to cobalt species compared with the modified titanium electrode with pure 

Co3O4nanosheets, which have more preferable electroactive sites for H2O2 at high spin states (Co2+). The 

modified electrodes with 75 wt.% Co3O4 supplied the highest contribution from a low spin state (Co3+) 

compared with other composites. The electrochemical surface area for all titanium-modified electrodes 

was evaluated using the double-layer capacitance in the non-faradic region, and the modified titanium 

electrode with pure Co3O4 nanosheets achieved a relatively high ECSA of 0.432 mF·cm-2 compared with 

pure MoS2 nanosheets (0.276 mF·cm-2). Furthermore, titanium-modified electrodes with Co3O4-MoS2 

NCs Co3O4 contents of at 25, 50, and 75 wt.% exhibited a higher ECSA compared with the pure phase of 

Co3O4 and MoS2, and the composite with 75 wt.% Co3O4 had the highest ECSA (2.35 mF·cm-2) indicating 

a gradual improvement in the concentration of electrocatalytic active sites with gradual incorporation of 

Co3O4. The electrochemical performance of titanium-modified heterostructure electrodes with Co3O4-

MoS2 NCs toward the H2O2 oxidation was evaluated using electrochemical impedance spectroscopy, 

cyclic voltammetry, and chronoamperometric plots in the presence of H2O2. The CV plots of Co3O4-MoS2 

NCs/Ti sheets at 50 mV·s-1 revealed a high response current at the Co3O4 oxidation peak with the addition 

of 5 mM H2O2, and the gradual addition of Co3O4 was accompanied by enhancement of the response 

current and charge-transfer kinetics. Detection sensitivity of H2O2 was obtained by analyzing the 

amperometric response with the sequenced addition of H2O2 at various concentrations in 0.1 M NaOH. 

We found that all titanium-modified electrodes have a wide detection range from 20 M to 1mM with a 

2~5 nM limit of detection. The obtained H2O2 sensitivity values were 1446, 1587, 2410, and 3000 A·mM-

1·cm-2, corresponding to titanium-modified electrodes with nanostructured Co3O4 and Co3O4-MoS2 NCs 

with 25, 50, and 75 wt.% Co3O4, respectively. Furthermore, the oxidation selectivity of titanium modified 

electrodes with Co3O4-MoS2 NCs toward the H2O2 in 0.1 M NaOH was investigated for several interfering 

species such as NaCl, ethanol, saccharose, and glucose, which revealed high H2O2 oxidation selectivity 

compared with other interfering species.
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10. 1. Overview 

The applicability of nanomaterial (NM) engineering enables the research community to improve the 

performance of various technological applications. The high surface-to-volume ratio of NMs makes their 

physical properties incredibly sensitive to size, morphology, composition, and surface state defects. The 

design of novel heterostructure interfaces is widely used for improving the charge transport properties 

within the space-charged layer on the surface of NMs. NMs with an anisotropic morphology, like nanorods 

or nanosheets, have attracted much attention in various electrochemical fields related to energy storage 

and conversion, as well as non-enzymatic biosensor applications [413-415].    

Nanostructured electrocatalysts based on transition metal oxides (TMOs) are characterized by their 

low cost, chemical stability, resistance to corrosion, and high electrocatalytic activity. These materials are 

considered as a promising alternative to expensive noble-metal-based electrocatalysts [192, 193, 407]. 

This makes nano-sized TMOs and their composites widely used in practical applications. One of the most 

interesting structural configurations is the spinel phase of magnetic nanoparticles, such as Co3O4 and 

Mn3O4. This phase is characterized by the presence of several oxidation states that are spatially distributed 

in different lattice sites in the spinel structure (i.e., octahedral, or tetrahedral). These active states serve as 

electroactive sites for various electrocatalytic redox reactions. Chen et al. [416] demonstrated that using a 

nano-sized spinel structure containing mixed phases of cobalt and manganese oxide with various oxidation 

states (i.e., Co2+, Co3+, Mn3+, and Mn4+) improved H2O2 electrocatalytic reduction. Manganese oxides 

with different forms (i.e., MnO2, Mn2O3, and Mn3O4) are attractive materials with a diversity of 

electroactive sites on their surfaces that exhibit high activity in various electrochemical applications [417-

420]. Additionally, the presence of multivalent states of manganese (i.e., Mn3+ and Mn4+) in catalysts has 

a profound effect on the H2O2 dissociation rate [421]. However, it is known that TMO-based nanomaterials 

suffer from poor electrical conductivity and small surface areas due to their intrinsic aggregation tendency. 

These materials also show sluggish charge transport kinetics. This would cause low electrochemical 

performance in the case of modified electrodes with only TMOs [410, 422]. Wang et al. [423] prepared 

aggregated octahedral Mn3O4 particles with micro-sized domains using a solvothermal technique. Then, 

the obtained powder was bonded to a glassy carbon substrate. This whole process takes more than 15 h. 

The fabricated electrode revealed a wide linear detection range from 5 M to 17 mM H2O2. However, the 

estimated detection sensitivity was very small (about 5.74 A⸱mM-1⸱cm-2). Another attempt for improving 

the electrocatalytic activity through the formation of an Mn3O4/Co3O4 heterostructure was performed by 
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Wu et al. [424]. They synthesized Mn3O4-MnCo2O4 NCs by a solvothermal precipitation method. The 

fabricated heterostructure electrode exhibited a wide linear detection range from 0.1 M to around 1.2 

mM H2O2 at a high oxidation potential of 0.8 V. However, the determined sensitivity for the amperometric 

response was very small (34.5 A⸱mM-1⸱cm-2).  

The electrocatalytic performance of TMOs can be markedly improved by forming a heterostructure 

with other functional materials. A common way to improve the charge transfer kinetics at the 

electrode/electrolyte interface is to form a heterostructure with two-dimensional (2D) materials, such as 

graphene or MoS2. Graphene nanosheets, which are an sp2-hybridized carbon array, are the most widely 

used form of 2D materials,. Graphene nanosheets exhibit outstanding surface area, superior electrical and 

thermal conductivities, and very high mechanical strength  [425, 426]. MoS2 nanosheets are also widely 

used for improving charge transportation as an alternative to graphene nanosheets because they show very 

high in-plane charge carrier mobilities [427]. This makes 2D -material nanosheets the optimum choice for 

improving the charge transport properties of TMO-based catalysts. The expected improvement in the 

electrocatalytic activity would result from the synergy improvement at the formed heterostructure 

interfaces [428-430].  

The interfacial dislocation and lattice mismatch between heterogeneous compounds still represents 

a great challenge for researchers. An optimized technique is needed for assembling the different primary 

building grains in heterostructure composites [431]. Li et al. [432] synthesized heterostructured MnO-

Mn3O4@reduced graphene oxide (rGO) composites in several consecutive but separate steps, in which 

the rGO was separately prepared through sonication and solvothermal treatment followed by adding the 

manganese precursor at high calcination temperatures ranging from 400 to 600 oC. This fabrication 

process takes more than 28 h and the product is in a powder form, which is then mixed with a binder so it 

can adhere to the electrode surface. This electrode has a wide linear range for H2O2 reduction, but shows 

a very small detection sensitivity of 274.15 A⸱mM-1⸱cm-2. Li et al. [250] prepared a binary MnO2-

Co3O4@rGO nanocomposite (NC) by an electrochemical process in the potential range from 0 to -1.5 V, 

in which the purchased rGO was electrochemically reduced on glassy carbon followed by 

electrodeposition of MnO2-Co3O4 on the modified electrode surface. The fabricated electrode was used 

for H2O2 detection at a high oxidation potential of 0.5 V in 0.1 M phosphate-buffered saline (PBS). The 

optimized electrode revealed a very small sensitivity of 53.65 A⸱mM-1⸱cm-2 with a wide linear detection 

range of H2O2 extending from 0.1 M to 1.2 mM. Zeng et al. [433] prepared heterostructure NCs of 
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Mn3O4-MnO2@graphene using hydrothermal techniques in multiple separate steps. The fabrication 

process for separate phases and NCs takes more than two days. The obtained hybrid NCs were utilized for 

H2O2 reduction in 0.1 M NaOH, which exhibited high sensitivity (1443 A⸱mM-1⸱cm-2) in a relatively 

wide linear range from 1 to 200 M H2O2.    

Recently, we fabricated various heterostructure composites from spinel Co3O4 and either graphene 

nanosheets or MoS2 nanosheets by using a nanoparticle deposition system (NPDS). The Co3O4-graphene 

hybrid NCs were utilized for H2O2 reduction. Alternatively, H2O2 oxidation was investigated with Co3O4-

MoS2 hybrid NCs. In both cases, the hybridization between spinel Co3O4 and the 2D material nanosheets 

improved the non-enzymatic detection sensitivity of H2O2 in an alkaline medium [258, 264]. Furthermore, 

we also fabricated other hybrid NCs for energy conversion and storage applications in our recently 

published works [260, 262, 263]. The spontaneous fragmentation of TMOs and the mechanical exfoliation 

of 2D materials in the hybrid NCs upon the impact of micron powder with the substrate are expected to 

dramatically increase the localized pressure and temperature. This adiabatic increase in the localized 

thermodynamics parameters is saturated within a few nanoseconds and provides enough bonding energy 

between the nano-sized domains of the deposited thin films [100]. Moreover, the deposition by the NPDS 

process has many advantages. For example, there is no need to use dangerous chemicals, the process does 

not use any external binders, the cost and fabrication time required to make the desired electrocatalyst are 

low [221, 277], and the process can be used to produce large samples [99].    

A comparison between different hybrid materials consisting of 2D material nanosheets and Mn3O4 

nanorods, made via a single-step fabrication process, has not been reported in the literature.  To clearly 

understand the role of various synergy routes between the 2D material nanosheets and Mn3O4 on the non-

enzymatic detection of H2O2 reduction, we fabricated modified electrodes with Mn3O4 nanorods as well 

as hybrid NCs with MoS2 and graphene nanosheets. This was done using a one-step, simple, and cost-

effective vacuum kinetic process via by the NPDS at room temperature within a very short time span (as 

compared with other techniques). The obtained results showed that the incorporation of 2D material 

nanosheets strongly enhanced the electrocatalytic activity toward the reduction of H2O2 in 0.1 M NaOH. 

10. 2. Results and Discussion 

10. 2. 1. XRD analysis of Mn3O4-2D-layered materials composites 

Figure 10. 1(a) reveals the XRD patterns of the Mn3O4, MoS2, graphite, Mn3O4- composites 

with either graphite or MoS2 micron powder. The XRD pattern of the MoS2 micron powder 
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exhibits multiple XRD peaks at 14.38, 28.96, 32.62, 33.44, 35.82, 39.4, 44.1, 49.74, 55.94, 58.28, 

and 60.1º 2, corresponding to the (002), (004), (100), (101), (102), (103), (006), (105), (110), and 

(008) planes, respectively, of the hexagonal phase of micro-crystalline MoS2 ( P63/mmc, Ref. card 

no.: 00-037-1492, PDF 2010). The XRD plot of the micron graphite powder shows the most 

intense peaks at 26.52° and 54.62º 2, corresponding to the (002) and (004) crystalline planes, 

respectively, of the hexagonal phase of bulk graphite (P63/MMC, a = 2.643 Å and c = 6.714 Å 

Ref. card no.: 00-056-016, PDF 2010).  

 

 Figure 10. 1: XRD patterns of Mn3O4-2D material composites in powder form (a) and corresponding nano-sized 

film on the NF porous substrate (b). Magnified XRD peak related to the c-axis of the (002) plane in the powder and 

deposited thin films with graphite (c) and MoS2 (d).  
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Furthermore, another XRD peak with a smaller intensity was observed at a lower 2 of 23.92° due 

to the edge oxidation of long-order graphite crystalline domains [105]. The XRD pattern of the 

micro-sized Mn3O4 powder reveals several diffraction peaks at 17.96, 28.84, 30.96, 32.26, 36.06, 

37.97, 44.4, 50.66, 53.84, 55.96, 58.52, and 59.8 º 2,  corresponding to the (101), (112), (200), 

(103), (211), (004), (220), (105), (312), (303), (321) and,  (224) planes, respectively, of the 

tetragonal Mn3O4 structure ( 141/amd, Ref. card no.: 00-002-1062, PDF 2010). The XRD patterns 

of the micro-sized powder of Mn3O4 mixed with either MoS2 or graphite powder exhibited the 

presence of all phases without the evolution of any secondary phases. Here,  mixing was carried 

out via the ball milling processing before deposition. Figure 10. 1(b) shows the XRD patterns of 

the deposited MoS2, graphite, Mn3O4, and their composites thin films on NF porous substrates. It 

can be observed that the XRD patterns of all deposited thin films show three main diffraction 

peaks at 44.19, 51.54, and 76.09° 2. These peaks match with the (111), (200), and (220) planes 

of the cubic nickel foam phase (Fm-3m space group, Ref. card no. 00-004-0850, PDF 2010). The 

mechanism of size reduction caused by the micron particles impacting with the hard substrate has 

two main possibilities. The first is the fragmentation of the micron crystalline domains into nano-

sized crystalline domains with very short-order range as a result of the high impact velocity of the 

accelerated micron powder on the hard substrate. This behavior was recognized by comparing the 

intensity of all XRD peaks of the micro-sized particles with the corresponding peaks after the 

deposition process by the NPDS. The second potential mechanism of size reduction is mechanical 

exfoliation and interlayer separation of the layered material (i.e., graphite or MoS2), which can be 

further illustrated as follows. In Figure 10. 1(c, d the XRD peak corresponding to the c-axis along 

the (002) crystalline plane of the hexagonal layered structure of graphite and MoS2 is magnified 

for the micro-sized material and the corresponding thin film. In the case of the graphite/NF thin 

film, the XRD peak corresponding to the (002) crystalline plane vanished, demonstrating the 

interlayer separation and layer thinning of the stacked graphite layers. A similar behavior was 

observed in the case of MoS2/NF. However, the XRD peak did not disappear because of the 

relatively strong interlayer interaction, as compared with the hexagonal graphite phase. The 

detected XRD peak position of MoS2/NF was slightly shifted to a lower diffraction angle (14.16º 

2) compared with the corresponding MoS2 micron powder (14.38º 2). This peak shift indicated 

an increase in the interplanar distance after the stacked-layer separation during the deposition 

process by the NPDS. This behavior was also observed for Mn3O4-based composites with layered 
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materials. This reveals the successful mechanical exfoliation of the layered materials using the 

vacuum kinetic process of the NPDS. 

10. 2. 2. Investigation of the surface structural phase of Mn3O4-2D materials hybrid composites 

The changes in the structural phases at the surface of the micro-sized powder and the corresponding 

deposited thin films are identified using the inelastic phonon scattering results obtained by Raman 

spectroscopy, which are very sensitive to the spatial variations of the material surface. The micro-Raman 

spectrum provides highly localized scanning control within the micro-size range [411]. Since the 

deposition of ceramic-based NCs by the NPDS is mostly accompanied by size reduction due to the fracture 

of the micron powder into the nano-size range, various disorder-related modes are expected to be 

enhanced. This behavior is associated with multiple variations in the related Raman symmetry modes, 

which can provide valuable information about the corresponding surface structural phase after the 

deposition process. Therefore, we used micro-Raman spectroscopy to compare the surface states of the 

micron powders and the deposited thin films of pure phases of Mn3O4, MoS2, graphite, and their 

composites. The identified Raman peaks for all phases are recorded in Table 10. 1. Raman spectra of 

MoS2 micron powder and the deposited thin film on NF porous substrate are shown in Figure 10. 2(a). 

The micro-Raman spectrum of the MoS2 micron powder revealed several Raman peaks at 279, 372, 400, 

442, and 557 cm-1. The fundamental first-order vibrations at 372 and 400 cm-1 are attributed to the Mo-S 

bond vibrations, where the in-plane vibrations correspond to the E1
2g symmetry mode and the out-of-plane 

vibrations correspond to the A1g symmetry mode. Here, the difference in the first-order peak positions is 

28 cm-1. The small Raman peak at 279 cm-1 is caused by the first-order vibration of the E1g symmetry 

mode. The illustrated first-order vibration indicates the layered hexagonal structure of the bulk MoS2 

phase [120-123]. The second-order Raman peaks observed at higher Raman shift values of 442, 557, and 

585 cm-1 are ascribed to the symmetry modes of the longitudinal acoustic (2LA), 2E1g (), and their linear 

combinations, respectively [393]. The micro-Raman spectrum of the nano-sized MoS2 thin film on the NF 

porous substrate exhibits active vibrations that are matched with the micron MoS2 powder. However, the 

detected Raman peaks were upshifted to a higher wavenumber, as shown in Table 10. 1. This behavior is 

related to the lattice disorder improvement at the interfacial grain boundaries [124]. Furthermore, the 

peak position difference between the fundamental first-order E1
2g and A1g symmetry modes was reduced 

to 23 cm-1. The observed spectral shift of all Raman peaks to higher values and the decrease of the 

fundamental Raman peak difference has two significant meanings. The first is related to the size reduction 
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due to the micron powder fragmentation, while the second is related to the spontaneous mechanical 

exfoliation of stacked MoS2 layers [119, 434]. This behavior is expected to arise from the high-velocity 

impact between the powder and the hard substrate during the deposition by the NPDS. 

Figure 10. 2(b) reveals the micro-Raman spectra of the graphite micron particles and the 

deposited thin films on the NF porous substrate. The micron powder shows various Raman peaks 

at 1345, 1575, 2709, and 3231 cm-1. The first Raman peak at 1345 cm-1 corresponds to the first-

order D symmetry mode of the hexagonal phase of bulk layered graphite. This vibration is induced 

by grain boundary edge defects. The Raman peak related to the G band of the hexagonal phase of 

bulk crystalline graphite at 1575 cm-1 is attributed to the first-order vibration caused by the E2g 

mode. The intensity of the G band of the bulk graphite phase is strongly affected by the alteration 

of the ordering range (i.e., the crystallinity degree) [110]. The observed Raman peaks at higher 

Raman shift values of 2709 and 3231 cm-1
 are ascribed to the second-order vibrations related to 

the 2D intervalley and 2D symmetry modes, respectively [111, 112]. The micro-Raman spectrum 

of the graphite thin films on the NF porous substrate exhibits multiple Raman peaks centered at 

1354, 1592, 1624, 2701, and 2942 cm-1. The observed Raman peaks at 1354 and 1592 cm-1 

represent the first-order symmetry modes of the D and G bands, respectively. Moreover, the 

Raman peak positions of these bands were upshifted to higher values compared with the 

corresponding positions in the micron powder. Meanwhile, the second-order 2D symmetry mode 

at 2701 cm-1 exhibited a downshift compared with the corresponding position in the micron 

graphite powder. The observed alteration of Raman peak positions of either first- or second-order 

symmetry modes indicates the enhancement of interfacial surface defects due to the fragmentation 

of the micron powder by the high-velocity impact with the hard substrate. This behavior is further 

verified by the observation of other disorder-related modes in the deposited graphite thin films at 

1619 and 2936 cm-1. The first disorder-related mode at 1619 cm-1 is due to the translational 

movement of carbon atoms from bulk lattice sites into the crystalline domain surface. The small 

band at 2936 cm-1 is induced by the disorder-related G band [113, 114]. The layered material 

exfoliation is another interesting feature that is expected to be caused by the high-velocity impact 

of the micron power [101]. The interlayer separation and reduction of graphite stacked layers into 

small graphene nanosheets can be identified based on the enhanced disorder-related D band and 

the reduced crystallinity-related G band. This can be recognized by looking at the intensity ratio 

between the D and G band peaks (ID/IG). In the case of the micron graphite powder, the ID/IG ratio 
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is 0.187, which is sharply increased in the case of the nanostructured thin film to 1.4. The observed 

improvement in the ID/IG ratio is caused by the fragmentation and interlayer separation of the 

micron-crystalline domains in the graphite powder to a few graphene layers. This is mostly 

accompanied by the presence of a high concentration of edge defects [115]. The reported ID/IG 

ratio of 1.42 is higher than the values in other reports that investigated graphite exfoliation with 

other techniques [116-118]. This demonstrates the successful exfoliation of the layered graphite 

hexagonal structure into small graphene nanosheets via one step with the NPDS. 

Figure 10. 2(c) depicts the micro-Raman spectra of the Mn3O4 micron powder and the 

corresponding thin film on the NF porous substrate. The micron powder exhibits Raman peaks at 314, 

370, and 654 cm-1, which are related to the bulk tetragonal phase of spinel Mn3O4
 [435, 436]. The phonons 

detected at relatively low wavenumber values of 314 and 370 cm-1 are attributed to the Eg and T2g 

symmetry modes, respectively. The most intense peak at 654 cm-1 corresponds to the A1g symmetry mode 

that is caused by the stretching vibration of the Mn-O bond in the spinel structure of Mn3O4 [437]. The 

observed active vibration bands, with a negligible intensity at 476 and 558 cm-1, are caused by either 

asymmetric stretching or out-of-plane bending of oxygen bonds (Mn-O-Mn) in the α-Mn2O3 phase [438, 

439]. Another probable cause for this weak band is the presence of some divalent Mn2+ oxides [440]. The 

Raman spectrum of the nano-sized Mn3O4/NF thin film shows the same active vibration with lower 

intensity compared with the corresponding Raman peaks of the micron powder. Additionally, there is a 

downshift for all Raman peak positions, which is attributed to an improvement in the surface state defects 

associated with the reduction of the crystalline domain size [441]. The change in the micro-Raman 

spectrum of the Mn3O4-MoS2 composite micron powder after deposition on the NF porous substrate is 

illustrated in Figure 10. 2(d). The Raman spectrum of the Mn3O4-MoS2 mixed micron powder 

reveals various active vibrations related to Mn3O4 or MoS2 pure phases, as shown in Table 10. 1. 

However, the observed Raman peaks in the mixed powder related to the MoS2 phase exhibit 

spectral upshifting to higher wavenumbers compared with the pure phase of the MoS2 micron 

powder. This change may arise from the alteration of the interfacial polarization at the grain 

boundaries of the formed heterostructure composite during the mixing process carried out via ball 

milling. Furthermore, the Raman spectrum of the deposited Mn3O4-MoS2 NCs/NF thin films 

exhibited the same active vibrations, but with further upshifting in the Raman peak positions. 

Alternatively, the active vibration related to the Mn3O4 phase is slightly shifted to a lower 

wavenumber value.  
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Figure 10. 2: Raman spectra of the micro-sized powder and the corresponding thin films of MoS2 (a), 

graphite (b), Mn3O4 (c), Mn3O4-MoS2 (d), and Mn3O4-graphite (e) composites.   
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The variation in the Raman peak positions is strongly correlated with the spatial localization of 

interfacial surface states, which can be tuned by the kinetic-induced size reduction through 

fragmentation of the micron powder or mechanical exfoliation of the stacked layers by the 

NPDS.In the case of  Mn3O4-graphite composites micron powder, the Raman spectrum in Figure 10. 2 

(e) demonstrates the presence of Mn3O4 and graphite species in the mixed powder. The Raman spectrum 

of the deposited Mn3O4-graphite NCs/NF shows the improvement of disorder-related modes and the 

inhibition of bulk crystalline modes. The ID/IG ratio corresponding to the graphite species in the NC thin 

film is 1.34, which is higher than the ratio of the corresponding powder (0.8). This shows that the interlayer 

separation of the layered graphite micron powder is smaller, taking the form of graphene nanosheets. All 

first-order Raman peaks related to either Mn3O4 or graphite species exhibit upshifting to higher values 

compared with the corresponding peak positions of the mixed micron powder. Meanwhile, the peak 

position of the second-order 2D symmetry mode at 2692 cm-1 exhibited a stronger downshift 

compared with the corresponding peak position in the micron graphite powder. Furthermore, a 

new disorder-sensitive vibration is detected at 1615 and 2932 cm-1. This indicates a reduction in 

the crystalline domain size to the nano-size range, which is accompanied by an improvement in 

the interfacial defects at the crystalline domain boundaries. 

Table 10. 1: Raman active vibrations peaks of Mn3O4-2D materials composites in the form of powder (P) and 

the corresponding thin film (TF) on NF porous substrate. 

Raman Shift (cm-1) Characteristic Raman symmetry modes 

Phase 
MoS2 Graphite Mn3O4 

E1g E12g A1g 2LA 2E1g D G 2D G” Eg T2g A1g 

MoS2 (P) 279 372 400 442 557        

MoS2 (TF) 283 381 404 451 566        

Graphite (P)      1345 1575 2710 -    

Graphite (TF)      1354 1592 2701 2942    

Mn3O4 (P)          314 370 654 

Mn3O4 (TF)          309 356 649 

Mn3O4-MoS2 (P) 285 379 407 453 563     314 - 654 

Mn3O4-MoS2 (TF) 290 388 411 459 -     - - 649 

Mn3O4-graphite (P)      1345 1574 2703 - 305 - 640 

Mn3O4-graphite (TF)      1349 1590 2692 2940 318 375 658 

10. 2. 3. Surface morphology of Mn3O4-2D materials composites  

Investigating the surface morphology using SEM images can visually demonstrate the grain size 

alteration during the deposition process by the NPDS, which can be performed through either kinetic-

induced fragmentation of the micron powder or mechanical exfoliation of the mixed layered materials by 
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spontaneous interlayer separation. Figure 10. 3(a-c) show SEM images of the MoS2 micron powder and 

the corresponding thin film on the NF substrate, in which the micro-sized powder exhibits stacked flake 

layers with a wide size distribution extending from less than 1 m to several m. The deposited MoS2/NF 

thin film shows very thin grains with nanosheet morphology. The observed nanosheets exhibit a wide size 

distribution with an average size less than 200 nm. Also, the SEM morphology of the graphite micron 

powder and the corresponding thin films in Figure 10. 3(d-f) exhibit the size reduction of the micro flake 

graphite powder (variable grain sizes  10 m) to very small and thin nanosheets with a grain size less 

than 200 nm. The surface morphology of the micron Mn3O4 powder in Figure 10. 3 (g) reveals large semi-

spherical agglomerates with a lateral size  5 m. Moreover, the observed aggregates feature micron rods 

with various orientations. After the fragmentation process, these micron rods become nanorods (length < 

500 nm, width < 50 nm) in the nano-sized Mn3O4/NF thin films, as shown in Figure 10. 3(h, i). Figure 

10. 4(a-c) demonstrate the surface morphology of the mixed Mn3O4-MoS2 micron powder and the 

corresponding thin film on the NF substrate. The micro mixed powder exhibits a micro flake morphology, 

which is transformed into small nanosheets with an average size less than 200 nm after the deposition 

process. In the case of the Mn3O4-graphite micron powder, the SEM morphology in Figure 10. 4(d) shows 

semi-spherical agglomerates related to the Mn3O4 species and the micron flakes correspond to the graphite 

powder with the same range observed in the case of the pure phases. Furthermore, the SEM morphology 

of the Mn3O4-graphene NCs/NF thin films in Figure 10. 4(e, f) illustrate the fragmentation of micron 

powder into small nanorods and nanosheets. The elemental compositional analyses of the micron powder 

of Mn3O4, MoS2, graphite, and their mixed phases are illustrated in Figure 10. 5. The homogeneity of 

compositional distribution after the deposition process on the NF porous substrate for the pure phases and 

their hybrid NCs is illustrated using EDS elemental mapping with micro-sized spatial resolution as shown 

from Figure 10. 6 to Figure 10. 8. 
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Figure 10. 3: SEM images of the micro-sized powders and the deposited nano-sized thin films on the NF porous 

substrate: MoS2 (a-c), graphite (d-f), and Mn3O4 (g-i) 

Figure 10. 4: SEM images of the micro-sized powders and the deposited nano-sized thin films on the NF porous 

substrate: Mn3O4-MoS2 (a-d), and Mn3O4-graphite (d-f) composites. 
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Figure 10. 5: Micron powder EDS elemental composition analysis of MoS2 (a), graphite (b), Mn3O4 (c), Mn3O4-MoS2 

composite (d), and Mn3O4-graphite composite (e).  
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Figure 10. 6: EDS elemental mapping analysis of MoS2 (a), graphene (b), and Mn3O4 (c) thin films on the NF porous 
substrate. 

Figure 10. 7: EDS elemental mapping analysis of Mn3O4-MoS2 NCs on the NF porous substrate. 
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10. 2. 4. XPS studies on Mn3O4-2D materials composites  

The valence and core chemical states on the surface of Mn3O4-based NCs with 2D materials (i.e., 

MoS2 and graphene) were examined using XPS. The survey scans in Figure 10. 9(a) show that all of the 

detected chemical states are related to either Mn3O4, MoS2, or graphene species in the deposited nano-

sized thin films. To demonstrate the hybridization between the nano-sized Mn3O4 and the 2D material 

nanosheets in the hybrid NCs, high-resolution XPS spectra of S 2p, Mo 3d, C 1s, O 1s, and Mn 2p were 

examined as shown in Figure 10. 9(b-f). For accurate evaluation of the peak position centers, a fitting 

process was performed for all high-resolution XPS scans as demonstrated from Figure 10. 10 to Figure 

10. 14. The estimated peak positions are recorded in Table 10. 2. The detected phases in the NCs were 

compared with the corresponding pure phases to recognize the synergy developed between the Mn3O4 and 

2D material nanosheet species. The fitting of the high-resolution S 2p and Mo 3d scans for the pure MoS2 

phase and Mn3O4-MoS2 hybrid NCs are shown in Figure 10. 10 and Figure 10. 11. 

Figure 10. 8: EDS elemental mapping analysis of Mn3O4-graphene NCs on the NF porous substrate. 
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Figure 10. 9: XPS survey spectra (a) and high resolution XPS scans of S 2p (b), Mo 3d (c), C 1s (d), O 1s (e), 

and Mn 2p (e) of Mn3O4-2D material NCs/NF thin films 
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The deconvoluted S 2p scan of the MoS2 nanosheets exhibits a double degenerate state at 162.2 and 

163.39 eV. Besides, the deconvoluted Mo 3d scan exhibits several states at 226.48, 229.36, 232.5, and 

235.95 eV, respectively. These subbands were at almost the same positions in the case of Mn3O4-MoS2 

hybrid NCs, as shown in Table 10. 2. The detected subbands of Mo 3d at 229.36 and 232.5 eV are related 

to the valence Mo states in the layered hexagonal structure of MoS2 and correspond to the spin-

degenerate states of the 3d sublevels (5/2 and 3/2). Furthermore, the secondary subbands with relatively 

low intensity at the higher binding energy side at 235.95 eV are attributed to the oxidation of the Mo 

core state (Mo6+) [395]. Another core state is observed at the lower binding energy side of 226.48 eV, 

which is caused by the S 2s states is observed [396]. The deconvolution of C 1s XPS scans of the pure 

graphene nanosheets and the Mn3O4-graphene hybrid NCs are shown in Figure 10. 12(a, b), where the 

fitted C 1s scan of the pure graphene nanosheets reveals the main transition state at 284.53 eV; this is 

caused by the in-plane sp2-hybridized carbon bond in the graphene nanosheets [242]. Moreover, other 

secondary subbands with small intensities are detected at 284.69 and 287.32 eV; these correspond to 

oxygenated bonds (i.e., C-O and C=O) at the graphene nanosheets grain boundaries [189]. Similar bands 

were observed with slight variation in the deconvoluted peaks of Mn3O4-graphene hybrid NCs as shown 

in Table 10. 2. 

 
Figure 10. 10: High-resolution S 2p scan of MoS2 (a) and Mn3O4-MoS2 NC (b) thin films 
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The high-resolution O 1s XPS scans of the pure Mn3O4, Mn3O4-MoS2 NCs, and Mn3O4-graphene 

NCs are shown in Figure 10. 9(e). The deconvoluted O 1s spectra are shown in Figure 10. 13(a-

c). The resolved O 1s spectrum of the nano-sized Mn3O4 in Figure 10. 13(a) consists of two 

overlapped subbands at 529.51 and 530.76 eV. The first band is attributed to the bonded oxygen 

in the spinel structure of the Mn3O4 tetragonal phase.  

Figure 10. 11: High-resolution Mo 3d scan of MoS2 (a) and Mn3O4-MoS2 NC (b) thin films 

Figure 10. 12: High-resolution C 1s scan of graphene (a) and Mn3O4-graphene NC (b) thin films 
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The second band, centered at 530.76 eV, can be attributed to the oxygen species adsorbed through physical 

or chemical processes [442, 443]. The deconvolution of the O 1s scan of the Mn3O4-MoS2 hybrid NCs in 

Figure 10. 13(b) reveals a new oxygen bonded state at 531.65 eV. This band, which was not observed in 

the O 1s scan of the pure Mn3O4 phase, is attributed to the synergy improvement in the heterostructure 

NCs through the formation of interfacial S−O bond states at the Mn3O4 grain boundaries with the MoS2 

nanosheets [444, 445]. In the case of the Mn3O4-graphene hybrid NCs, the deconvoluted O 1s scan in 

Figure 10. 13(c) exhibits two overlapped bands at 529.62 and 531.75 eV. The first band is a characteristic 

band of bonded oxygen in the lattice of the spinel Mn3O4 phase. The second band at 531.75 eV is ascribed 

to the evolution of new interfacial oxygen bonded states (O−C) with the graphene nanosheets in the hybrid 

Figure 10. 13: High-resolution O 1s scan of Mn3O4 (a) Mn3O4-MoS2 NC (b), and Mn3O4-graphene NC (c) thin films 
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NCs. This may indicate the synergy improvement between the Mn3O4 and graphene species in the hybrid 

NCs [446, 447].  The high-resolution Mn 2p spectra for the nano-sized Mn3O4, Mn3O4-MoS2 NCs, and 

Mn3O4-graphene NCs are illustrated in Figure 10. 9(f). The deconvolution results for Mn 2p subbands for 

the pure Mn3O4 phase, as well as the hybrid NCs, are shown in Figure 10. 14(a-c) and the estimated peak 

positions are recorded in Table 10. 2. The Mn 2p spectrum in Mn3O4 reveals double-degenerate spin-

orbital lines at 641.5 and 653.3 eV corresponding to Mn 2p3/2 and Mn 2p1/2, respectively. The binding 

energy separation is 11.8 eV, which distinguishes the Mn ions in the spinel structure of Mn3O4 [448, 449].   

 

 

Figure 10. 14: High-resolution Mn 2p scan of Mn3O4 (a) Mn3O4-MoS2 NC (b), and Mn3O4-graphene NC (c) thin films 
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Table 10. 2: Characteristic peaks of S 2p, Mo 3d, C 1s, O 1s, and Mn 2p deconvoluted XPS scans in Mn3O4-2D 

material NC thin films. 

Band 
Binding Energy (eV) 

MoS2 Graphene Mn3O4 Mn3O4-MoS2 NCs Mn3O4-Graphene NCs 

C 1s  

284.53 

  

284.50 

284.69 284.88 

287.32 286.82 

S 2p 
162.2 

  
162.21 

 
163.39 163.4 

Mo 3d 

226.48 

  

226.41 

 
229.36 229.37 

232.50 232.51 

235.95 235.82 

O 1s   

529.51 
 

529.62 

530.76 - 

- 531.65 531.75 

Mn 2p   

641.23 641.73 641.14 

642.79 - 642.37 

- 644.75 645.8 

 647.30  

653.27 652.60 653.52 

- 654.26 - 

The Mn 2p spin-orbital lines in the Mn3O4-graphene NCs are observed at 641.68 and 653.48 with an 

energy separation of 11.8 eV. Also, the Mn 2p spin-orbital lines in Mn3O4-MoS2 NCs are observed at 

641.76 and 653.5 eV with an energy separation of 11.74 eV. This demonstrates the presence of Mn3O4 

active species at the surface of all hybrid NC thin films. Furthermore, each subband of Mn 2p (3/2 and 

1/2) was deconvoluted into a pair of doublets, which can be used to qualitatively recognize the relative 

concentration of internal oxidation states (i.e., Mn3+ and Mn2+). The estimated subband positions are 

recorded in Table 10. 2. The deconvolution of the Mn 2p3/2 band of the nano-sized Mn3O4 exhibits two 

overlapped subbands centered at 641.23 and 642.79 eV, which correspond to Mn3+ and Mn2+, respectively. 

The relative contribution of Mn2+/Mn3+ in the spinel structure based on the area of the subbands is 1.15. 

In the case of the Mn3O4-MoS2 hybrid NCs, Mn2+ was not identified for Mn 2p3/2, but a new state was 

detected at 644.75 eV. This new band corresponds to the higher oxidation state of manganese species 

(Mn4+) [450]. Additionally, the deconvoluted Mn 2p1/2 band exhibits overlapped subbands centered at 

652.6 and 654.26 eV, corresponding to Mn3+ and Mn2+, respectively. Moreover, other satellite peaks are 

observed at 644.75 and 647.3 eV. The deconvoluted Mn 2p3/2 subbands of the Mn3O4-graphene hybrid 
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NCs were observed at 641.14 and 642.37 eV, corresponding to Mn3+ and Mn2+, respectively. It can be 

observed that the position of the fitted peak of the Mn3O4-graphene hybrid NCs reveals a slight downshift 

to the lower binding energy side, as compared to the pure phase of Mn3O4. The Mn2+/Mn3+ ratio revealed 

more than a two-fold enhancement, reaching 2.65. Furthermore, a new shake-up satellite band is observed 

at 645.8 eV. These results demonstrate the synergy improvement in the graphene-based hybrid NCs, as 

well as the role of graphene nanosheets in the transformation of Mn3+ species into Mn2+ to form more 

electrocatalytic active sites [432, 433, 451].   

10. 2. 5. Electrocatalytic activity of Mn3O4-2D materials toward H2O2 reduction  

It is known that H2O2 molecules have high activity when they react with other materials. However, 

they exhibit a slow dissociation rate. The dissociation kinetics of H2O2 by reduction or oxidation can be 

enhanced by electrochemical processes on modified electrode surfaces with nano-sized, transition metal-

based electrocatalysts [216]. Nano-sized Mn3O4-based electrocatalysts are widely used for non-enzymatic 

electrochemical applications due to the abundance of various electroactive sites at their surfaces, which 

can detect small variations that are caused by electrocatalytic processes at the electrode/electrolyte 

interface [452-456].  

 Figure 10. 15(a) exhibits the CV curves using a 50 mV·s-1 scan rate and modified working 

electrodes with Mn3O4 nanorods, MoS2 nanosheets, graphene nanosheets, and their hybrid NCs before and 

after the injection of 5 mM H2O2 in 0.1 M NaOH. It can be observed that the addition of H2O2 results in 

an improvement in the electrocatalytic reduction response current for the pure Mn3O4 phase, as well as 

their hybrid NCs with either MoS2 or graphene nanosheets. Furthermore, a clear reduction peak is 

observed near -0.4 V in the case of Mn3O4-graphene hybrid NCs. The suggested electrocatalytic reduction 

mechanism of H2O2 by Mn3O4-based electrocatalysts was described in earlier reports [433, 457] according 

to the following equation: 

2𝑀𝑛3𝑂4 + 𝐻2𝑂2 + 2𝐻2𝑂 ⇌ 6𝑀𝑛𝑂𝑂𝐻   (Eq. 10.  1) 

The observed improvement in the reduction response current in the Mn3O4-2D material hybrid NCs 

can be ascribed to the following aspects: (a) the hybridization between the Mn3O4 nanorods and either 

MoS2 or graphene nanosheets is expected to improve the charge transfer kinetics at the 

electrode/electrolyte interface; (b) the formation of hybrid NCs with 2D-material nanosheets is associated 

with variations in the manganese species oxidation states, which is accompanied by the evolution of more 
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electrocatalytic active sites and an improvement in the redox reactions at the electrode /electrolyte 

interface (this explanation is supported by the XPS and Raman results); and (c) the heterostructured 

interface surface between Mn3O4 and the 2D material nanosheets would modify the internal local field at 

the surface grain boundaries, which would further enhance the mobility of the charged carriers produced 

by the redox reactions [432, 458]. To demonstrate the improvement in the electrocatalytic reduction of 

H2O2 on the working electrode surface, the real-time detection of the H2O2 concentration in 0.1 M NaOH 

was investigated using the CA technique. A typical CA measurement involves the gradual injection of 

H2O2 at -0.4 V for all working electrodes, as shown in Figure 10. 16(a). It can be observed that the bare 

NF electrode and NF-modified electrodes with MoS2 and graphene nanosheets have negligible 

electrocatalytic reduction for H2O2 for all H2O2 concentrations. Alternatively, spontaneous electrocatalytic 

reduction of H2O2 was observed in the case of NF-modified working electrodes with Mn3O4 nanorods, 

Mn3O4-MoS2 hybrid NCs, and Mn3O4-graphene hybrid NCs. The average time to reach a steady-state 

current for Mn3O4-based working electrodes is around 4 s. The CA calibration curves with the injected 

H2O2 concentration are shown in Figure 10. 16(c-d).  

 

 

Figure 10. 15: CV plots measured from 0 to -0.7 V vs. Hg/HgO at a scan rate of 50 mV.s-1 without and with 5 mM 

H2O2 in 0.1 M NaOH (a). Electrocatalytic reduction selectivity test using the amperometric response at -0.4 V with 

the addition of 1 mM H2O2, NaCl, saccharose, and glucose (b) for the pure Mn3O4 phase and Mn3O4 NCs with MoS2 

and graphene nanosheets.    
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The estimated linear detection range in 0.1 M NaOH extends from 0.2 to 1 mM with a variable limit 

of detection (LOD) ranging from 18 to 80 M. The electrocatalytic reduction sensitivity for the Mn3O4 

nanorods, Mn3O4-MoS2NCs, and Mn3O4-graphene NCs was estimated from the amperometric response 

in the linear detection range. The linear regression for the modified electrodes with pure Mn3O4 and its 

composites is described by the following equations: 

𝑀𝑛3𝑂4: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = −2320 𝐶 (𝑚𝑀) − 1260,    𝑅2 = 0.98      (Eq. 10.  2) 

𝑀𝑛3𝑂4 − 𝑀𝑜𝑆2 𝑁𝐶𝑠 ∶  𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = −3220 𝐶 (𝑚𝑀) − 2190,    𝑅2 = 0.99   (Eq. 10.  3) 

𝑀𝑛3𝑂4 − 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑁𝐶𝑠: 𝐽(𝜇𝐴 ∙ 𝑐𝑚−2) = −5400 𝐶 (𝑚𝑀) − 2280,    𝑅2 = 0.99  (Eq. 10.  4) 

The slope for the linear detection range refers to the electrocatalytic sensitivity to H2O2 reduction. The 

working electrode modified with Mn3O4 nanorods exhibits a high reduction sensitivity of 2320 A·mM-

1·cm-2 towards H2O2, which is further improved upon the incorporation of 2D material nanosheets. The 

electrocatalytic reduction sensitivity values of the modified electrode with Mn3O4-MoS2 NCs and Mn3O4-

graphene nanosheets are 3220 and 5400 A·mM-1·cm-2, respectively. These results reveal that the working 

electrodes based on Mn3O4-2D material hybrid NCs fabricated by the NPDS are suitable for non-

enzymatic electrochemical sensing of H2O2. These materials demonstrate very high sensitivity compared 

with other Mn3O4-based electrocatalysts and a wide linear detection range, as demonstrated by comparing 

these results with recent studies (Table 10. 3). 

Table 10. 3: Comparison of the electrochemical performance between the present work and the recently 

published work of Mn3O4-based nonenzymatic amperometric H2O2 sensors. 

Modified electrode 
Potential 

(V) 
Electrolyte 

Sensitivity 

(A⸱mM-1⸱cm-2) 

Linear 

range 

(mM) 

LOD 

(M) 
Ref. 

Mn3O4/NF 

-0.4 0.1 M NaOH 

2320 

0.2-1 

18 
This 

work 
Mn3O4-MoS2 NCs/NF 3220 80 

Mn3O4-graphene NCs/NF 5400 28 

MnO-Mn3O4@rGO -0.45 0.2 M NaOH 274.15 0.004-17 0.1 [432] 

MnO2-Co3O4@graphene +0.5 0.1 M PBS 53.65 0.005-1.2 0.8 [250] 

Mn3O4-MnCo2O4 NCs +0.8 0.1 M PBS 34.5 0.0001-1.2 0.02 [424] 

Mn3O4-MnO2@graphene -0.4 0.1 M NaOH 1443 0.001-0.2 0.16 [433] 

Mn3O4 OSMs +0.75 0.1 M PBS 5.74 0.005-17 1.5 [423] 

Mn3O4@graphene +0.36 0.1 M PBS - 1-10 250 [452] 

Mn3O4/3DGF 0 0.1 M NaOH 1030 0.002-6.5 10 [459] 
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The reduction selectivity of NF-modified electrodes with pure Mn3O4 and Mn3O4-2D material nanosheets 

toward H2O2 in 0.1 M NaOH was investigated for several interfering species, as shown in  Figure 10. 

15(b). The utilized working electrodes exhibited a spontaneous amperometric reduction current upon the 

addition of 1 mM H2O2 at -0.4 V, whereas the addition of other interfering species, such as NaCl, ethanol, 

saccharose, and glucose (1 mM), does not produce a sizeable reduction current. This behavior was 

confirmed by adding 1 mM H2O2 for a second time after the interfering solution, which also produced a 

large reduction time. These results confirm the high selectivity of the fabricated Mn3O4-2D material hybrid 

NCs toward H2O2 reduction in an alkaline medium. 

 

Figure 10. 16: Chronoamperometric response at -0.4 V (a). The calibration curves of the current induced response 

with increasing H2O2 concentration by the pure Mn3O4 phase (b) and Mn3O4 NCs with MoS2 (c) and graphene 

nanosheets (d). 
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10. 3. Summary  

Mn3O4-2D material (MoS2 or graphene) hybrid NC thin films were successfully deposited on NF 

substrates at room temperature with one step using the NPDS. The deposited Mn3O4, Mn3O4-MoS2 hybrid 

NCs, and Mn3O4-graphene hybrid NCs were used as electrocatalysts for non-enzymatic detection of H2O2 

reduction in 0.1 M NaOH. The deposited nanostructured thin films were examined using XRD, SEM, and 

Raman and XPS spectroscopy. XRD patterns of the deposited thin films showed a reduction in the 

crystalline domain size due to fragmentation and interlayer separation of the micron powder, which was 

further confirmed by analyzing the surface morphology via SEM. SEM images of the deposited Mn3O4 

thin films revealed a nanorod morphology, whereas the deposited thin films of MoS2 and graphene 

consisted of nanosheets. The SEM images of Mn3O4-MoS2 and Mn3O4-graphene hybrid NCs 

demonstrated mixed nanosheet and nanorod morphologies. This indicated the occurrence of micron 

powder fragmentation and mechanical exfoliation of the 2D material stacked layers. Comparing the 

Raman spectra of the micron powders with the spectra of the corresponding deposited nano-sized thin 

films demonstrated the size-dependent changes of the related Raman symmetry modes, in which all active 

Raman vibrations in the deposited thin films exhibited upshifting to higher values. Furthermore, the 

disorder-related modes were strongly enhanced compared with the crystalline modes. This is observed in 

the case of the deposited graphite thin film, indicating the successful exfoliation of the graphite layered 

structure into smaller nanosheets via the one-step, vacuum kinetic process. Another interesting feature 

was noticed in the case of Mn3O4-graphene hybrid NCs, where a new phase related to the Mn2O3 phase 

was detected. This indicated the hybridization between the nano-sized Mn3O4 and the formed graphene 

nanosheets, where the formation of graphene nanosheets in the hybrid NCs was accompanied by the 

reduction of manganese states from lower-spin states to higher-spin states. These states can provide more 

electroactive sites on the surfaces of hybrid NCs. The high-resolution XPS scans of S 2p, Mo 3d, C 1s, O 

1s, and Mn 2p were provided to further demonstrate the synergy between the Mn3O4 and MoS2 or graphene 

nanosheets in the hybrid NCs. We found no observable changes in the high-resolution XPS scans of S 2p, 

Mo 3d, or C 1s, but the O 1s and Mn 2p scans were strongly affected. New oxygen-bonded states were 

detected around 531.65 and 531.75 eV in the Mn3O4 hybrid NCs with MoS2 and graphene nanosheets, 

respectively. The high-resolution XPS scan of Mn 2p demonstrated that the concentration of higher-spin 

states (Mn2+) relative to the concentration of lower-spin states (Mn3+) in the spinel structure of Mn3O4 was 

greatly enhanced in the case of Mn3O4-graphene hybrid NCs. Additionally, the formation of hybrid NCs 

with MoS2 nanosheets resulted in the evolution of a higher oxidation state (Mn4+) related to the spinel 
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phase of Mn3O4. This behavior illustrated the synergy improvement between the Mn3O4 and the 2D 

material nanosheets in the deposited hybrid NCs. The electrocatalytic activity of Mn3O4-2D material 

hybrid NCs/NF toward H2O2 reduction was initially recognized based on CV plots at 50 mV·s-1, in the 

absence or presence of 5 mM H2O2 in 0.1 M NaOH. The nano-sized heterostructure electrodes of Mn3O4-

2D material nanosheets revealed improvements in the reduction response current compared with the 

modified electrode that only contained nano-sized Mn3O4. Furthermore, the hybrid NCs with graphene 

exhibited the highest reduction current compared with the other electrodes. The electrode sensitivity 

toward H2O2 reduction was investigated by analyzing the amperometric response while gradually 

increasing the H2O2 concentration. All fabricated electrodes showed a wide linear detection range from 

0.2 to 1 mM H2O2. The estimated reduction sensitivity values of 2320, 3220, and 5400 A·mM-1·cm-2 

correspond to the modified electrodes with Mn3O4 nanorods, Mn3O4-MoS2 nanosheets, and Mn3O4-

graphene nanosheets, respectively. Moreover, the reduction selectivity to H2O2 with other interfering 

species was examined for all of the fabricated electrodes. These results show the successful fabrication of 

heterostructured electrodes of Mn3O4-2D material NCs using a simple, room-temperature, one-step 

vacuum kinetic process by the NPDS. These materials also showed higher detection sensitivity toward the 

non-enzymatic detection of H2O2 as compared with Mn3O4-based electrocatalysts fabricated by other 

techniques.



 

 

 

 

Chapter 11: Conclusions 
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The conventional techniques for producing 2D NMs through the mechanical exfoliation of micron 

powder require several sequenced steps that mainly occurred in the presence of organic solvents. This 

takes a long fabrication time and needs further cleaning from waste products. This is a key issue that 

restricts the mass production of 2D NMs. Hence, the fabrication cost for the commercial applications 

related to 2D NMs would be so high. The NPDS was successfully used for mechanical exfoliation of 

graphene nanosheets from the graphite micron power in a simple one-step process at room temperature in 

a very short time. So, we tried to investigate the mechanical exfoliation of other layered materials with 

similar hexagonal structural phases such as MoS2 and BN using the same deposition conditions. Then, we 

examined the applicability of hybrid NCs formation between layered materials (i.e., graphite and MoS2) 

with various TMs compounds in one step process at room temperature using the NPDS. This would 

dramatically decrease the fabrication time and save a lot of labor work. So, the production cost efficiency 

is expected to be strongly improved.  

The deposited nano-sized thin films of pure 2D materials (i.e., graphene, MoS2, and BN) and their 

hybrid NCs with various TMs compounds (i.e., Ni(OH)2, Co3O4, Mn3O4, and ZnO) were characterized 

using several surface scanning techniques such XRD patterns, SEM and HRTEM images. The obtained 

results indicated the micron particle fragmentation to small nanosized sheets as well as successful 

mechanical exfoliation of layered materials to small size nanosheets either in the case of pure 2D NMs 

these films or their hybrid NCs. Besides, the hybridization between the 2D NMs and the TMs species was 

recognized from well-resolved spectroscopic techniques such as micron-Raman and XPS spectroscopy, 

which indicated the successful interfacial bonding (i.e., synergy improvement) in either graphene or 

MoS2-based hybrid NCs. The fabricated hybrid NCs were utilized for energy conversion through various 

water splitting routes (i.e., electrocatalysis, photocatalysis, and photo-electrocatalysis) and non-enzymatic 

H2O2 detection in an alkaline medium. The optimum performance of modified electrodes with hybrid NCs 

is strongly sensitive to the initial composition ratio between TMs and layered materials. So, the effect of 

composition on the performance of the fabricated electrode toward various applications was investigated 

as illustrated below. 

The fabricated heterostructured electrodes were utilized in several applications related to energy 

conversion and sensing in the alkaline medium, which the fabricated hybrid NCs was classified according 

to the desired application as follows:    

➢ Electrocatalytic water splitting in an alkaline medium. 
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Graphene-based hybrid NCs with Ni(OH)2 and spinel Co3O4 were deposited on nickel foam porous 

substrates at different graphite content. The fabricated heterostructure electrodes were used to study the 

electrocatalytic water splitting half reactions the oxygen evolution reactions (OER) and the hydrogen 

evolution reaction (HER) in 1.0 M KOH. All fabricated electrodes exhibited strong synergy between 

graphene nanosheets and either Ni(OH)2 or Co3O4 species. Besides, the graphene nanosheets have 

improved the concentration of high spin states (Co2+) in the case of nano-sized spinel Co3O4. The 

electrocatalytic activity toward the OER and the HER was strongly affected by the initial concentration 

of graphite content. The graphene hybrid NCs with either Ni(OH)2 or Co3O4 that has graphite content 

ranging from 75~80 wt.% exhibited the highest electrocatalytic activity toward the OER. Meanwhile, the 

optimum composition for the HER is different depending on the type of TMs. Ni(OH)2-graphene hybrid 

NCs with 25 wt.% graphite content exhibit the highest activity toward the HER in 1.0 M KOH. 

Meanwhile, stoichiometric Co3O4-graphene hybrid NCs with initial graphite content of 50 wt.% exhibited 

the heist activity toward the HER.  

Co3O4-MoS2 hybrid NCs was deposited on nickel foam porous substrate at different MoS2 content. 

The modified electrodes with pure phases of Co3O4 nanoparticles, and MoS2 nanosheets, and their hybrid 

NCs were utilized for water splitting 1.0 M KOH. The synergy improvement between Co3O4 and MoS2 

species in the hybrid NCs resulted in the overall enhancement of electrocatalytic activity toward the OER 

in 1.0 M KOH, which hybrid NCs with high MoS2 content (75 wt.%) exhibited the highest electrocatalytic 

activity toward the OER. 

Based on our finding, the fabrication of hybrid electrodes using a vacuum kinetic spray approach at 

a high concentration of 2D NMs (either graphene or MoS2 nanosheets) is strongly recommended for 

improving the electrocatalytic water oxidation (i.e., OER) in an alkaline medium.        

➢ Photocatalytic and Photo-electrocatalytic water splitting.  

ZnO-graphene hybrid NCs were deposited at different graphite content on nickel foam porous 

substrate and titanium sheet flat substrate. Hybrid NCs on nickel foam substrate was utilized for the 

methylene blue degradation induced by photocatalytic water splitting under visible light illumination. 

Whereas the hybrid NCs at flat titanium sheets were utilized for the photo-electrocatalytic water splitting 

in an alkaline medium under visible light illumination. All hybrid NCs exhibited successful mechanical 

exfoliation of graphite species to small size graphene nanosheets. Besides, the hybrid NCs exhibited a 
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strong synergy improvement between ZnO and graphene species. The hybridization between ZnO and 

graphene resulted in the improvement of visible harvesting efficiency and enhancement of both 

photogenerated carrier transfer kinetics and separations. This was accompanied by the enhancement of 

both photocatalytic degradation of methylene blue and the response photocurrent under visible light 

illumination. The ZnO-graphene hybrid NCs with an initial stoichiometric ratio (i.e., 50 wt.%) revealed 

the highest performance compared with other photoanodes.     

➢ Non-enzymatic H2O2 detection in alkaline medium. 

Several hybrid NCs between 2D NMs (graphene and MoS2 nanosheets) and spinel structure of 

Co3O4 and Mn3O4 were directly deposited in one step by the NPDs at room temperature. The modified 

electrodes with hybrid NCs exhibited high electrocatalytic activity toward the non-enzymatic H2O2 

reduction and oxidation in an alkaline medium as illustrated below:  

Co3O4-graphene hybrid NCs was deposited on nickel foam porous substrate at different graphite 

content that used to investigate the electrocatalytic reduction of H2O2 in 0.1 M NaOH. The modified 

electrodes with Co3O4-graphene hybrid NCs exhibited strong improvement in the electrocatalytic 

reduction current compared with the pure nano-sized Co3O4 phase. The hybrid NCs with an initial 

composition ratio of 50 wt.% graphite content exhibited superior electrocatalytic reduction sensitivity 

toward H2O2 compared with Co3O4-based electrodes fabricated by other conventional techniques. 

Mn3O4-based NCs with graphene and MoS2 nanosheets were deposited on nickel foam substrate. 

The deposited thin films have an initial stoichiometric composition ratio between Mn3O4 and the layered 

materials (i.e., graphite or MoS2). In this study, we tried to investigate the effect of synergy with different 

routes between 2D NMs and the spinel structural phase of Mn3O4. In both cases, Mn3O4-2D hybrid NCs 

revealed strong hybridization between Mn3O4 and either graphene or MoS2 nanosheets that associated 

with an improvement in the electrocatalytic activity toward H2O2 reduction in 0.1 M NaOH compared 

with pure Mn3O4 phase. Besides, Mn3O4-graphene hybrid NCs exhibited the highest sensitivity compared 

with other electrodes. 

Co3O4-MoS2 hybrid NCs at various MoS2 content were directly deposited in one step by the NPDS 

on a flat titanium sheet.  The fabricated heterostructure electrodes were used to investigate the 

electrocatalytic oxidation of H2O2 in 0.1 M NaOH. The modified electrodes with Co3O4-MoS2 hybrid NCs 
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exhibited strong improvement in the electrocatalytic oxidation current compared with the pure nano-sized 

Co3O4 phase. The hybrid NCs with low MoS2 content (25 wt.%) exhibited high electrocatalytic oxidation 

sensitivity toward H2O2 compared with Co3O4-based electrodes fabricated by other conventional 

techniques. 

Finally, the major finding of these studies is the ability of layered materials exfoliation and hybrid 

NCs formation with various functional nano-sized materials in one-step deposition process by the NPDS 

according to the vacuum kinetic spray mechanism. Besides, fabricated heterostructured electrodes 

exhibited high the performance in various electrochemical applications. This indicate the applicability of 

using the NPDS technique as single process for fabrication of efficient 2D NMs hybrid electrodes with 

high cost efficiency compared with other conventional technique.  
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