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ABSTRACT

The active sites over Ni/CexZr1-xO2 were studied for ethanol steam reforming (ESR). 

Oxygen vacancy is an essential active site affecting hydrogen production. In this study, 

to understand catalytic behavior depends on the lattice structures and temperatures over 

oxygen vacant sites, CexZr1-xO2 as the support was modified with Ce-rich (CZ) and Zr-

rich (ZC). Two types of CexZr1-xO2 solid solution were used as support for preparing 

Ni/CZ (CZN) and Ni/ZC (ZCN) catalysts. ESR for all the catalysts was conducted at 550 �

and 750 .� The CZ catalyst contained higher oxygen vacancy not only on the surface but 

also in the bulk structure than the ZC catalyst. Ni contributes to the activity of the surface 

oxygen vacancy of both CZ and ZC catalysts by helping the reduction of the support. The 

oxygen vacancy in the bulk ZC structure completely disappeared due to the Ni 

impregnation whereas the bulk oxygen vacancy of CZ was still maintained. 

Oxygen vacancy generated active oxygen species via the steam activation and then, 

the active oxygen species simultaneously involved steam reforming, water gas shift 

reaction, and ethylene oxidation during ESR. From the reaction result, the lack of oxygen 

vacancy over ZC resulted in limited reaction routes due to limited active oxygen species.

The ZC catalyst, when compared with CZ, exhibited the limitation of the ethylene 

oxidation at 550 � and water gas shift reaction at 750 , � respectively. With the Ni species, 

even though the surface oxygen vacancy behavior over CZN and ZCN was the same, the 

oxygen-involved reaction was enhanced with the bulk oxygen vacancy of CZN, resulting 

in the highest H2 production of 1112.2 μmol/g•min for the CZN catalyst.
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Chapter 1: Introduction

1.1 Global energy demand increases and hydrogen energy as an alternative

Fossil energy has been a primary energy source of the technological, social, 

economic and development progress which has followed. This has continued in the 

beginning of the 21st century with almost all energy from gasoline, diesel, or natural gas. 

The continued use of fossil fuels to meet most of the world's energy demand is threatened 

by rising concentrations of carbon dioxide (CO2) in the atmosphere and concerns about 

global warming [1]. 

Figure 1.1. Global primary energy consumption by region (2010-2050) [2]

Fossil fuels depletion and rising concerns on the global warming issue resulted from 

fossil fuel burning causing CO2 emission as shown in Fig. 1.2, and it necessitates the 

development and utilization of sustainable alternative energy resources. The 

sustainability of industry and economy with high renewable energy source rates is a 

topic of major interest, especially when considering the intermittency of renewable 

energy source (RES) production and the actual growing trend of energy consumption 

[2]. The transition from fossil fuels to RESs is the inevitable choice Before major 

disruptions caused by fossil fuel-based energy supply and environmental issues. 
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Figure 1.2. Global CO� emissions from land-use change [3]

Among the renewable energy sources investigated, hydrogen (H2) is likely of utmost 

importance as highly feasible energy due to its highest energy content per weight (120 

MJ/kg) and environmental beingness [4]. Today, H2 is widely used in electronics, fuel 

cells, refinery, metallurgical-processing industries, etc. [5]. The application of H2 in 

internal combustion engines and fuel cells also gained substantial significance, credited 

to its clean emission (no carbon dioxide, CO2 is emitted) [6]. As shown in Fig. 1.3, 

most of the H2 is generated from fossil fuels (coal and natural gas), with approximately 

50% of H2 production coming from the steam reforming (SR) of natural gas and other 

light hydrocarbons [7].
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Figure 1.3. Primary sources of H2 and its application [8]

1.2 H2 production using ethanol(C2H5OH) steam reforming technology.

Recently, as global interest in the environment has increased, interest in hydrogen 

(H2) as clean energy is growing rather than fossil fuels such as petroleum and coal [6, 7]. 

However, the natural gas reforming reaction and coal gasification processes using 

hydrocarbons as fuel for hydrogen production inevitably emit greenhouse gases during 

the reforming process. Therefore, there is a growing demand for an environmentally 

friendly hydrogen production process that is different from the existing hydrogen 

production processes. Accordingly, the ethanol steam reforming reaction is receiving 

great attention as an environmentally friendly clean hydrogen production process that can 

realize carbon neutrality. Ethanol is non-toxic, and when bioethanol produced mainly 

through fermentation of saccharide [9, 10] is used as feed, carbon neutrality can also be 

achieved because carbon dioxide generated from reforming can be reabsorbed into 

biomass as a raw material. 

Steam reforming of C2H5OH is reversible and not simple to maintain. On the other 

hand, complete C2H5OH conversion is essential for the process to be economical. The 

catalyst has an important role in achieving this because it increases the rate of reaction in 

such a way that the system tends toward thermodynamic equilibrium [11]. However, 
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different catalysts induce different pathways to produce H2. Therefore, the development 

of suitable catalysts has a vital role in the reforming process [12].

Nickel-based catalysts are investigated for this process, leading to high hydrogen

yield at the high reaction temperature, due to their C–C bond cleavage ability [13, 14].

Usually, these catalysts are dispersed in a matrix formed by pure or mixed oxides like 

Al2O3 [15] with CeO2–ZrO2 solid solutions as co-catalyst [16, 17]. Ni-based catalysts 

have a strong tendency to sintering and to form coke in reforming reactions. The nature 

of the support like Al2O3 has also great importance for the catalytic performance of 

supported metals as catalysts for ethanol steam reforming reaction. From a practical point 

of view high surface area Al2O3, which provides good mechanical properties and 

relatively low cost is widely used as support to maximize the exposed surface of the metal.

The use of second metal can give rise to different structures like alloys which are more 

resistant to carbon deposition due to decreased solubility and diffusion of carbon atoms 

in metal nanoparticles [18, 19]. The other oxides, such ZrO2, CeO2–ZrO2 solid solutions

(CexZr1-xO2), ZnO, and La2O2, have been also widely used [16, 17]. As an important rare-

earth oxide material, ceria is widely applied in industry forming a solid solution with 

zirconia. The oxygen storage capacity (OSC) and the metal-support interaction in oxygen-

buffer ceria-zirconia based metal catalysts always showed higher catalytic activity when 

compared with non-oxygen-buffer oxides [20, 21]. It stores oxygen by filling oxygen 

vacancies in the oxygen storage material (OSM). Maximizes oxygen storage capacity 

through large deviations of the oxygen specific non-stoichiometry δ, for example CeO2-δ

[22]. Through the reduction/oxidation of Ce4+ (Zr4+) and Ce3+ (Zr3+), CeO2-δ and ZrO2-δ

can release and incorporate oxygen [22]. 

1.3 Research objectives

It is well known that CexZr1-xO2 solid solutions have a high oxygen storage capacity 

with oxygen vacancy which plays the important role of enhancing catalytic activity under 

reducing and oxidizing conditions [23]. Therefore, tracking the reaction pathway of 

oxygen vacancy is very important for the elucidation of the mechanism of ethanol steam 

reforming. However, there are several reaction pathways (Fig. 1.4) that could occur in the 

ethanol steam reforming process [24]. The complex mechanism, which is a disadvantage 

of ethanol steam reforming, greatly hinders the tracking of the reaction pathway.
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Figure 1.4. Reaction pathways that can occur during ethanol steam reforming over 
metal catalysts [12]

To clarify the mechanism, the catalyst configuration was simplified by excluding alumina. 

Although Al2O3 support exhibits high surface area and high activity in the reforming 

process, they can easily undergo deactivation due to the formation and subsequent 

accumulation of carbon deposits [15]. It occurs due to various side reactions such as 

Boudouard reaction (Eq. 1), decomposition of methane (Eq. 2). 

Boudouard reaction 

2CO → CO2 + C ΔHr
o 

298 = - 172kJ/mol (1)

Decomposition of methane

CH4 → 2H2 + C ΔHr
o 

298 = 75kJ/mol    (2)

 

Moreover, the catalytic performance of gas-phase reactions over the ceria-zirconia based 

catalysts was found significantly influenced by structures, which were originated from 

the different arrangements of atoms in different crystal planes that resulted in different 

specific surface energies, metal dispersion, and metal-support interaction [25-28]. 
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However, to our knowledge, there has been no report on the role of oxygen vacant sites 

over Ni/CexZr1-xO2 in ESR depending on structure and temperature. In hence, CexZr1-xO2 

catalysts with two major different phase structures were prepared with a specific ratio of 

Ce/Zr as a support (Fig. 1.5). Ni/CexZr1- xO2 catalysts were prepared by impregnating Ni 

species into the cubic and tetragonal CexZr1- xO2 supports to investigate not only the 

formation of oxygen vacancy by Ni-CexZr1-xO2 interaction but also the role of oxygen 

vacancy in the reaction pathways of ESR.

Figure 1.5. Phase structure of Ce-rich catalyst and Zr-rich catalyst
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Chapter 2: Experiments

2.1 Catalyst preparation

Two kinds of CexZr1-xO2 supports with different Ce/Zr ratios were prepared by use 

of the sol-gel method, using an aqueous solution of Ce(NO3)3∙6H2O (≥99%; Sigma-

Aldrich Korea, Gyeonggi, South Korea) and ZrO(NO3)2∙xH2O (99%; Sigma-Aldrich 

Korea, Gyeonggi, South Korea) as precursors [29-31]. Appropriate amounts of cerium 

nitrate, zirconium nitrate, and citric acid were dissolved in distilled water at a rate of 600

rpm with a magnetic stir bar on a stir plate. The molar ratio of citric acid to metal precursor 

was 1:2. A transparent solution was heated at 70 � during preparation. After obtaining

opaque viscous gel while heating, ethylene glycol was added into the continuously 

agitating dissolved solution. The molar ratio of ethylene glycol to citric acid was 1:2.5.

In this method, a metal salt is dissolved in a solution with citric acid and ethylene glycol 

to form a homogeneous precursor solution containing metal–citrate chelate complexes. A 

more viscous gel was formed and then decreased the stirring rate to 300 rpm while 

maintaining the temperature for 10-20 minutes. Then the mixture was dried at 120 °C for 

obtaining a homogeneous gel. The gel was dried at 120 °C for 3 h and heated under N2 at 

800 °C for 1 h. Then the mixture was calcined at 700 °C for 6 h with a rate of 2 °C/min. 

Ni impregnated catalysts were synthesized using the wet impregnation method with the 

rotary evaporator using an aqueous solution of Ni(NO3)2·6H2O (Sigma-Aldrich, 

Gyounggi, South Korea). The amount of Ni in the solution was calculated to be 10 wt.% 

on each support. After nickel impregnation, these catalysts were dried at 85 °C for 12 h 

and then, calcined at 700 °C for 4 h with the rate of 1.5 °C/min. Ni-impregnated catalysts 

were reduced in the hydrogen atmosphere before doing ethanol steam reforming reaction 

experiments. In all catalysts, the molar ratio of cerium to zirconium is shown in Table 1, 

and "N" after support means nickel impregnated.
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2.2 Catalyst characterization

The Brunauer–Emmett–Teller (BET) surface area of the catalysts was detected by 

nitrogen adsorption/desorption on an ASAP 2020 apparatus (Micromeritics, Norcross, 

GA, USA). Crystal sizes were calculated using the Scherrer equation from X-ray 

diffraction (XRD) patterns on a RAD-3C diffractometer (Rigaku Corp., Tokyo, Japan) 

with copper K-α radiation (k = 1.5418 Å) at a scan rate of 5º(5θ)/min, operated at 40 kV 

and 30 mA. The Raman spectra were obtained with a DXR Raman Microscope (Thermo 

Fisher Scientific, Waltham, MA, USA) using a 532-nm excitation source. X-ray 

photoelectron spectroscopy (XPS) data were obtained through the use of the Thermo K-

alpha XPS with an aluminum K-a X-ray source (Thermo Fisher Scientific, Waltham, MA, 

USA). The samples were collected using an X-ray spot size of 400 μm, pass energy of 50 

eV, and an energy step size of 0.1 eV. Hydrogen temperature-programmed reduction (H2-

TPR) was carried out in a multipurpose analytical system (BELCAT-M, MicrotracBEL 

Corp., Osaka, Japan) using a thermal conductivity detector (TCD). Nitrogen gas and 

mixture gas (5% H2 in N2) was used as a carrier gas and a reducing gas, respectively. The 

ramp rate was 2 ºC/min from 50 � to 900 � .

2.3 Reaction test

The overall reaction test is summarized in fig. 2.1. Experiments were performed at 

atmospheric pressure in a fixed-bed vertical quartz tube reactor of 450mm in length and 

10mm i.d. In all experiments, 0.3 g of catalyst was used as it was placed on a frit inside 

the reactor with glass wool. Catalysts were reduced in situ in flowing H2 (6 mL/min) with 

helium (30 ml/min) at 750 � for 2 h. The flow rate of each gas was controlled by a mass 

flow controller. After the reduction step, stop the hydrogen supply and then mixture flow 

of water and ethanol (0.05 mL/min) and helium flow (70 mL/min) were vaporized at 180 

◦C and fed into the fixed-bed reactor. Water and ethanol mixture (EtOH/H2O = 15:85 

mol/mol) were pre-mixed in a separate container and fed to the reactor by a pump (Model 

SP-22-12S; FLOM, JAPAN). Helium was used as a carrier gas. Then the reaction tests 

were conducted for 8 h at 550 � and 750 � . Steam to carbon mole ratios (S/C = 3) was

adjusted for every reaction test. Gas product was sampled and analyzed directly every 30 

minutes. Liquid products are stored in a connected low-temperature container after the 

reactor during the reaction and then analyzed. The product stream was analyzed by two 
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different gas chromatographs. The first chromatography (Acme 6000 GC, YL Instrument 

Co., Ltd., Dongan-gu, South Korea) for the gas product, equipped with a packed column

(Supelco) and a TCD with He as the carrier gas, was used for the analysis of H2, CO, CH4,

CO2, C2H4. The second chromatography (Agilent 6890 N Network GC, Agilent 

Technologies, Inc., Santa Clara, CA, USA) for the liquid product, equipped with a

capillary column (Agilent) and TCD with Helium as the carrier gas, was used for the 

analysis of ethanol and acetone.

The ethanol conversion, H2 selectivity, H2 production rate, and carbon – containing 

product selectivity from the reaction results were determined from:

��ℎ���� ���������� (%) =
�������� ��������

�������
× 100,

�� ����������� (%) =
���

����������������
,

�� ���������� ���� (����/������. ∙ ���) =
��� ��� ���

���� �� ���������
,

and

������ − ���������� ������� ����������� =
�×��

∑ �×��
,

Where ni is the moles of the product i, and j represents the number of carbon atoms in the 

carbon-containing product.
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Figure 2.1. Schematic diagram of the ethanol steam reforming reaction system
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Chapter 3: Results and discussion

3.1 Catalyst characterizations

3.1.1 BET

Table 1 summarizes BET surface areas for all synthesized samples. Nitrogen 

adsorption isotherm and Pore-size distribution of CexZr1-xO2 and Ni/CexZr1-xO2 catalysts

are summarized in Fig. 3.1 and Fig. 3.2, respectively. The CexZr1-xO2 catalysts showed an 

IUPAC type IV of isotherms with the hysteresis type H1 [32] and after nickel was

impregnated, in the Ni/CexZr1-xO2 catalysts showed an IUPAC type IV of isotherms with 

the hysteresis type H4 [33]. The BET surface area results were similar to those reported 

by Liotta [34]. In addition, according to the study of Noelia [35], the surface area of the 

solid solution of ceria-zirconia varies greatly depending on the calcination temperature, 

and the results calcinated at 750°C in this study showed a value between 500°C and 

1000°C of the above study. From the results, the BET surface areas decreased as Ni 

loaded. It is probably because Ni is impregnated in the pores on the support, as it can be 

seen that the existing pore volume is decreased in Fig. 3.2.
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Figure 3.1. N2 adsorption-desorption isotherms of Ni/CexZr1-xO2 and CexZr1-xO2 

catalysts
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Figure 3.2. Pore-size distribution of Ni/CexZr1-xO2 and CexZr1-xO2 catalysts
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Table 1. Structural parameters and surface area of Ni/CexZr1-xO2 and CexZr1-xO2 catalysts 

Catalyst SBET (m2/g)

Ce/Zr ratio
Ni contents 

(%)

Ni particle 

size*

(nm)

(111) support 

particle size*

(nm)Theoretical XRD 

CZ 19.0 93/7 91/9 ‒ ‒ 13.2

CZN 15.4 93/7 90/10 10.0 59.9 14.7

ZC 6.4 7/93 90/10 ‒ ‒ 13.0

ZCN 3.1 7/93 85/15 10.0 50.3 13.8

* The values are calculated from the Scherrer equation.
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3.1.2 XRD   

The crystalline structures of the Ce-rich and Zr-rich catalysts are shown in Fig. 3.3.

CZ sample showed visible peaks at 2θ = 28.59°, 33.15°, 47.59°, and 56.49° which

represent the indices of (111), (200), (220) and (311) planes, respectively. ZC sample 

showed visible peaks at 2θ = 30.07°, 34.55°, 35.06°, 58.99°, and 59.89° which represent 

the indices of (101), (002), (110), (112) and (200) planes, respectively. The CexZr1-xO2

peak positions of each plane provided evidence of the homogeneity and actual

composition of a solid solution. In addition, XRD results showed that the Ce-rich and Zr-

rich catalysts possessed the characteristic peaks of cubic (ICDD, 01-075-9469, Fm3m

(225)) and tetragonal (ICDD, 01-074-8058, P42/nmc (137)) structures.

The XRD figure was plotted with three lines, each line showing a different stage of 

the catalyst. This was to observe the different behaviors due to the different interactions 

of Ni and support in each step. Each row means after reduction, after calcination, and in 

a support state before the Ni impregnated. Nickel oxide (ICDD, 00-047-1049, Fm3m 

(225)) and Nickel (ICDD, 00-004-0850, Fm3m (225)) peaks were evident after 

calcination and after reduction, respectively. In addition, the Ni crystallite sizes and Ce 

and Zr solid solutions crystallite sizes were calculated using the Scherrer equation 

corresponding to the Ni (1 1 1) peak in the “After reduction” XRD patterns, and the results 

are summarized in Table 1.
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Figure 3.3. XRD patterns of Ce-rich and Zr-rich catalysts obtained from 3 steps: 
Support ((a), (d)), After calcination ((b), (e)), and After reduction ((c), (f)).
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3.1.3 Raman spectroscopy    

Raman spectroscopy is a very useful method in characterizing the structure of the 

support, and it also can be employed for the change in the structure after impregnation of 

Ni through observing stress-induced Raman band shifts [36]. Fig. 3.4 shows the Raman

spectra of the CZN, CZ, ZCN, and ZC.

F2g mode detected on the CZ graph at 469 cm -1 is characteristic of cubic fluorite 

ceria oxides and is attributed to the symmetric stretching of oxygen around cerium cations 

in the CeO8 vibrational [37]. The spectrum of ZC revealed that a tetragonal structure was 

formed on ZC catalyst, as evidenced by the set of characteristic bands at 146, 260, 316, 

460, 600, and 641 cm-1 [38]. In addition, the state of the main peak of support was shown 

in the graph in order as Ni is impregnated. Among the various peaks, the main peak of 

CZ was the Ce-O-Ce peak (F2g) located at 469 cm-1, and the main peak of ZC was the 

Zr-O-Zr peak (Eg) located at 260 cm-1.

The shift in the main characteristic Raman peak is due to the incorporation of Ni, 

which changes the bonding between atoms because of differences in size [39]. The total 

difference between before and after loading of Ni was 14-15 cm -1 on both CZN and ZCN. 

However, the difference between each step was a more remarkable result. The graph 

“after calcination” indicated that Ni was impregnated in the NiO state and the graph “after 

reduction” indicated that it was impregnated in the Ni state. In the case of CZN, a shift 

occurred by 13 cm -1 from 469 to 456 cm -1 when NiO was impregnated, and the peak

shifted by 2 cm -1 from 456 to 454 cm -1 when NiO was then reduced to Ni. On the other 

hand, in the case of ZCN, the peak shifted by 14 cm -1 from 260 to 246 cm -1 only when 

Ni was reduced. These results indicate that CZN has strong metal-support interaction, 

which causes Ni to be impregnated more deeply as well as with less energy.
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Figure 3.4. Raman spectra of (A) Ce-rich and (B) Zr-rich catalysts obtained from 3 

steps: (a) After reduction (CZN and ZCN), (b) After calcination, and (c) support (CZ 
and ZC).
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3.1.4 H2-TPR   

H2-TPR is usually performed to characterize the redox properties of materials. The 

corresponding profiles using H2-TPR of all supports and Ni impregnated catalysts are 

shown in Fig. 3.5.

Two main reduction peaks were noted for both CZ and ZC support, one between 

450 � and 550 � , representing surface reduction, and the other around 736� representing 

bulk reduction [37]. The hydrogen consumption for the reduction in the surface, bulk, and 

nickel oxide on the CexZr1–xO2 support is shown in Table 2. TPR profiles are very 

important to prove oxygen vacancy on each catalyst. In this study, all the supports were 

reduced in-situ at 750 °C, implying that the formation of Ce3+ and Zr3+ on supports 

occurred on the surface and bulk [40]. And that oxygen-deficient generated the oxygen 

vacancy. Therefore, total hydrogen consumption from the reduction peak can be 

considered as the amount of oxygen vacancy, and CZ (0.166 mmol/g) shows 2.4 times 

larger than that of ZC (0.070 mmol/g).

When nickel was impregnated, the peak tendency was changed. First, a large 

reduction peak occurred in the low-temperature portion. In the enlarged TPR profiles of 

Ni-impregnated catalysts (Fig. 3.6), two NiO reduction ranges were observed. The first 

one was a reduction of NiO interacting weakly with the support (300 °C–350 °C) and the 

second one, which appears only in CZN, was a reduction of NiO interacting strongly with 

a CexZr1–xO2 support (350 °C–380 °C).

Second, the shift to the lower temperature of the surface oxygen peak. When Ni was

impregnated, hydrogen spilled over from the metal helps the reduction of the support, and 

surface oxygen vacancy sites were formed more easily [41]. As a result, the peak of the 

support shifted to a lower temperature. And the formation similar amount of surface 

oxygen vacancy was 0.083 and 0.076 mmol/g in CZN and ZCN, respectively.

Third, the bulk reduction part of the support around 736 °C. In CZN, the bulk peak 

was maintained similarly, but in ZCN, the bulk peak disappeared. The formation amount 

of bulk oxygen vacancy was 0.086 mmol/g in CZN only. These results indicated a change 

in bulk oxygen vacancy, and there was no formation of bulk oxygen vacancy in ZCN.

When connecting the NiO (350 °C–380 °C) and the bulk results, the influence of Ni in 

the lattice structure was different, and ZCN had a structure that prevents the formation of 
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oxygen vacancy. Schematic of the oxygen vacancy behavior of all catalysts based on the 

H2-TPR results is summarized in Fig. 3.7.
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Figure 3.5. H2-TPR profiles of CZ, CZN, ZC, and ZCN
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Table 2. Quantitative analyses of surface oxygen species-derived H2 consumptions in H2-
TPR.

Catalyst
H2 consumption (mmol/gcatal.)

Surface Ov Bulk Ov Total

CZ 0.075 0.091 0.166

CZN 0.083 0.084 0.169

ZC 0.044 0.026 0.070

ZCN 0.076 0 0.076
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Figure 3.6. H2-TPR profiles of (A) CZN (B) ZCN catalysts with peaks assigned in the 
temperature range of 250 � to 500 �.
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Figure 3.7. Schematic of oxygen vacancy on (A)CZ, (B)ZC, (C)CZN, and (D)ZCN.
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3.1.5 XPS    

XPS was performed to confirm the electronic state of Me3+ (Me = Ce or Zr) that 

creates oxygen vacancy and the Ni metallic site impregnated on the surface. The XPS 

data of Ce 3d, Zr 3d, and Ni 2p of the support and Ni impregnated catalysts are shown in 

Fig. 3.8. In the Ce 3d spectra (Fig. 3.8 – (A)), which showed the characteristics of Ce-

rich catalysts, the peaks marked as v, v2, v3, u, u2, and u3 corresponded to Ce4+ species, 

while the peaks denoted by v1 (884.1 eV) and u1 (902.4 eV) were assigned to Ce3+ with 

oxygen vacancies [42-44]. In the Zr 3d spectra (Fig. 3.8 – (B)), which shows the 

characteristics of Zr-rich catalysts, two broad peaks related to Zr 3d5/2 and Zr 3d3/2 were

observed. The curves of the Zr-rich catalysts were fitted to Zr3+ and Zr4+ species, with Zr 

3d5/2 184.2 eV and 182.0 eV, respectively, with a spin-orbit splitting value of 2.6 eV [45, 

46]. An increase in the M3+ (M = Ce or Zr) peak area indicated an increase in oxygen 

vacancy, and the change was confirmed in the support, calcination, and reduction stages. 

For CZN, it increased to 7.0, 7.1, and 9.1%, respectively, and for ZCN, it increased to 

21.6, 23.4, and 44.0%, respectively. As Ni was impregnated, oxygen vacancy increased

with hydrogen spillover from Ni, which is in agreement with the results of H2-TPR.

The Ni 2p XPS data (Fig. 3.8 – (C)) can be assigned into four peaks which consist 

of three peaks and one satellite peak. The first peak at 855.5eV and two smaller peaks at 

854.0 and 852.5eV were assigned to Ni3+ form of Ni cluster [47], Ni2+ of Nickel oxide 

(NiO) [48, 49] and Ni+ of metallic nickel (Ni) [49], respectively. Ni was impregnated on 

the catalyst in the form of NiO in the calcination step. And in the reduction step, NiO was 

reduced to Ni as the Ni peak appears in the graph. From the Ni-2p XPS results, the area 

of the Ni peak was much smaller in CZN than in ZCN. Because XPS analyzes the surface 

at about 10nm, it is difficult to observe Ni impregnated on the bulk. However, in the case 

of ZCN, most of the Ni was located on the surface, and the peak of the Ni metallic site 

appeared large, which prevented the desorption of oxygen from the bulk. This indicated

that the formation of the bulk oxygen vacancy was disturbed, and it was the same as the 

results of Raman spectroscopy and H2-TPR.
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Figure 3.8. XPS (A) Ce 3d, (B) Zr-3d, and (C) Zr 2p of Ce-rich and Zr-rich catalysts 
obtained from 3 steps: After reduction (CZN and ZCN), After calcination, and support 
(CZ and ZC).
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Table 3. The binding energy of O 1s and Ni 2p lines and the corresponding surface 
atomic concentration of catalysts.

XPS Peak

Peak intensity ratio (%)

CZ
CZN 

(A.C)

CZN

(A.R)
ZC

ZCN 

(A.C)

ZCN

(A.R)

M-3d* M3+ (Ce3+ or Zr3+) 7.0 7.1 9.1 21.6 23.4 44.0

Ni-2p Ni metallic site (852.5eV) - - 12.2 - - 40.8

* (A.C) = after calcination
* (A.R) = after reduction

* M-3d is Ce-3d in Ce-rich catalyst & Zr-3d in Zr-rich catalyst
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3.2 Reaction test

3.2.1 Overview of ethanol steam reforming

The conversion of ethanol (XC2H5OH), as well as the distribution of the products in 

terms of selectivity and hydrogen production rate at 550 � and 750 � over supports only 

and Ni, impregnated catalysts are reported in Table 4. It is well known that ethanol steam 

reforming is a reaction with a complex mechanism along several reaction pathways

involving products such as CO, CO2, CH4, C2H4, CH3CHO, CH3COCH3, and coke. The 

reaction pathways of major mechanisms in the literature are expressed by Equations 1 to 

9 [12, 50-52]. However, in this study, which simplified the catalyst composition, the main 

products were simplified to CO, CO2, CH4, and C2H4 as summarized in Table 4, and 

carbon deposition hardly occurred. In addition, a simplified reaction pathway is shown in 

Fig. 3.9, and it also shows the reaction pathway (Fig. 3.9 – (A)) in which active oxygen 

participates and the generation pathway (Fig. 3.9 – (B)) of active oxygen.

Among them, the main reaction pathway of ESR included five reactions on three 

active sites in this study: 

1) dehydration of ethanol at the metal cationic site on the support, 

2) ethylene oxidation, water gas shift reaction, and water activation at the oxygen 

vacancy on the support, and

3) steam reforming of ethylene at the metallic Ni site.

First, Meijun Li et al. reported that Ethanol adsorbs and forms ethoxide, and then 

ethylene desorption results from a unimolecular E1 mechanism with concerted β–CH and 

C–O cleavage of the ethoxy. At higher temperature when the surface is covered with 

ethoxide, β-CH scission is activated and leaves labile O on the surface [53].

Second, for reactions related to oxygen vacancy, it has been widely accepted that 

catalysts with oxygen vacancy participate in reaction mainly through a Mars-van-

Krevelen-like mechanism [37], in which reactant is oxidized by the Ox
− species generated 

over oxygen vacancy. The reductive reactant such as ethylene was molecularly or 

dissociatively adsorbed on the support or Ni metallic site. And the ethylene oxidized by 

the lattice oxygen to form either a selective oxidation product, such as CO, or complete 

oxidation products, such as CO2, which were subsequently desorbed from the surface and 
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diffuse to the bulk fluid phase [54]. The oxygen vacancy sites were simultaneously 

replenished by the surface adsorption and dissociation of gaseous water molecules 

followed by the lattice O2− diffusion [55]. Schematic of the mechanism by which oxygen 

vacancy participates over CZ, CZN, ZC, and ZCN catalysts, is summarized in Fig. 3.10.

   (Reaction path)

Ethanol Dehydration

C2H5OH(g) → C2H4(g) + H2O(g)              ΔHr
o

298 = 45.5kJ/mol (1)

Water Gas Shift              

CO(g) + H2O(g) → CO2(g) + H2(g) ΔHr
o 

298 = - 41.2kJ/mol (2)

Ethylene Steam Reforming

C2H4(g) + 2H2O(g) → 2CO(g) + 4H2(g)    ΔHr
o 

298 = 210.1kJ/mol (3)

Ethanol Decomposition       

C2H5OH(g) → CH4(g) + CO(g) + H2(g) ΔHr
o
,298 = 49.6kJ/mol (4)

Methane Steam Reforming    

CH4(g) + 2H2O(g) → CO(g) + 3H2(g)      ΔHr
o

298 = 206.1kJ/mol (5)

Dehydrogenation            

C2H5OH(g) → CH3CHO(g) + H2 (g) ΔHr
o

298 = 68.9kJ/mol (6)

Acetone formation           

2CH3CHO(g) → CH3COCH3(g) + CO(g) + H2 (g) ΔHr
o

298 = 4.1kJ/mol (7)

Ethylene decomposition     

C2H4(g) → 2C(s) + 2H2 (g)                ΔHr
o

298 = -52.3kJ/mol (8)

Coke precursor oxidation

CxHy + Oz → Cx-1Hy + CO + Oz-1 (9)
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Figure 3.9. Reaction pathway of (A) ethanol steam reforming and (B) water split (water 
activation).
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Table 4. Catalyst performance of the ESR reaction in 550 ℃ and 750 ℃ (reaction 
conditions: S/C = 3, GHSV = 10619 h-1).

T 
(� )

Catalyst
Xethanol

(%)
CO2/CO 

ratio

C- containing product selectivity (%) H2

selectivity 
(%)

H2 Production 
rate 

[μmol/g•min] CO CO2 CH4 C2H4 C2H6 CH3COCH3

550 CZ 91.6 7.22 3.5 25.0 8.7 55.6 0.0 7.2 37.8 479.0

ZC 90.2 No CO 0.0 10.3 2.7 84.3 0.0 2.7 15.7 171.9

750 CZ 100 2.20 15.6 34.5 32.0 13.8 1.4 2.7 43.3 788.5

ZC 100 0.26 37.5 9.9 36.0 14.6 1.5 0.6 32.8 410.8

550 CZN 40.3 3.14 13.0 40.7 8.6 37.7 0.0 0.0 69.3 67.3

ZCN 36.9 1.69 15.6 26.3 7.2 50.9 0.0 0.0 47.3 34.8

750 CZN 100 2.15 21.3 45.9 28.6 0.0 3.2 1.0 59.6 1112.2

ZCN 100 0.29 56.0 16.7 26.4 0.1 0.7 0.0 57.0 829.2
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Figure 3.10. Schematic of the mechanism by which oxygen vacancy participates: (A) 
formation of active oxygen, (B) Ethylene oxidation, (C) Water gas shift reaction, and 

(D) Steam reforming on Ni metallic site.
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3.2.2 Reaction results of support (CZ & ZC)

Product distributions as a function of TOS obtained for CZ and ZC catalysts during 

ethanol steam reforming at 550 � and 750 � are presented in Fig. 3.11.

Over CZ catalyst, ethanol conversion is 91.6% at 550 � and reached 100% at 750 � .

At 550 � , ethylene (C2H4) was the main reaction product (55.6% selectivity), whereas at 

750 , � when ethanol conversion was 100%, CO (15.6% selectivity), CO2 (34.5% 

selectivity), and CH4 (32% selectivity) were mainly detected. Accordingly, hydrogen was

produced 479.0 μmol/g•min at 550 � and it increased by 309.5 to become 788.5

μmol/g•min at the high conversions and temperatures.

Over ZC catalyst, ethanol conversion was 90.2% at 550 � and reached 100% at 

750 � . At 550 � , ethylene was the main reaction product (84.3% selectivity) even at the 

similar ethanol conversions to CZ with the less formation of CO, CO2, and CH4. Whereas 

at 750 , � when ethanol conversion was 100%, CO (37.5% selectivity), CO2 (9.9% 

selectivity), and CH4 (36% selectivity) were mainly detected, and especially the CO2

selectivity was very low compared to CO. Accordingly, hydrogen was produced 171.9

μmol/g•min at 550 � and it increased by 238.9 to become 410.8 μmol/g•min at the high 

conversions and temperatures.

At 550 � reaction result, both catalysts had similar ethanol conversions. The 

difference in conversion was only about 1% between CZ and ZC, and the product from

the ethanol was mostly ethylene. Ethylene was a product of the dehydration reaction of 

ethanol. In addition, TGA results (Fig. 3.12) indicated the effect of carbon deposition in 

both catalysts was very small, so the amount of ethylene produced was similar in both 

catalysts. Therefore, the lower ethylene selectivity than ZC at CZ of 550 °C indicates that 

ethylene acts as a reactant to produce CO, CO2, and CH4. After conversion to ethylene,

an oxygen-involved reaction occurred. Active oxygen was generated through a water 

activation reaction in which water was decomposed into hydrogen and active oxygen in 

oxygen vacancy. The generated active oxygen participated in ethylene oxidation and 

water gas shift reaction. The degree of ethylene oxidation can be determined by the 

selectivity of reacted ethylene. And the degree of water gas shift reaction can know how 

much CO was converted to CO2 through the CO2/CO ratio. Both reactions occurred in 

the same active site, oxygen vacancy. Therefore, a large amount of oxygen vacancy 
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produced a large number of active oxygen species and enhanced the ethylene oxidation 

and water gas shift reaction resulting higher hydrogen production of CZ. Through the 

reaction results, the role of oxygen vacancy was confirmed.

When the reaction temperature was raised to 750 � , the reaction path was the same 

as the reaction result at 550 � . However, a change in the selectivity of the reaction 

occurred. First, the selectivity of ethylene sharply decreases as the temperature increases. 

CZ showed a sharp decrease to 13.8% and ZC to 14.6%, respectively. The C-C bond of 

ethylene is easily broken as the temperature rises, which makes ethylene oxidation easier 

to occur and generates a greater amount of CO as a product. Second, when comparing the 

water gas shift reaction with respect to temperature through the CO2/CO ratio, the 

CO2/CO ratio decreases. The CO2/CO ratio shows a sharp decrease from to 2.20 for CZ 

and 0.26 for ZC, respectively. The water gas shift reaction is an exothermic reaction and 

decreases with increasing temperature. Comparing the results of CZ and ZC, the 

selectivity of ethylene at 750 °C was similar, but the degree of water gas shift reaction in 

ZC shows a sharper decrease than in CZ. The lack of oxygen vacancy over ZC resulted 

in limited reaction routes for the active oxygen species that was temperature-dependent 

catalytic behavior. 
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Figure 3.11. Product distributions versus TOS obtained during steam reforming for 8 
hours over CZ ((a)550�, (b)750�) and ZC ((c) 550�, (d)750�).
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Figure 3.12. TGA results at (A) 550 ℃ and (B) 750  reactions℃
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3.2.3 Reaction results of Ni-impregnated catalysts (CZN & ZCN)

Product distributions as a function of TOS obtained for CZN and ZCN catalyst 

during ethanol steam reforming at 550 � and 750 � are presented in Fig. 3.13.

Over CZN catalyst, ethanol conversion was a very low value of 40.3% at 550 �

and reached 100% at 750 � . At 550 � , ethylene (37.7% selectivity) and fully oxidized 

CO2 (40.7% selectivity) were the main reaction product. At 750 , � when ethanol 

conversion was 100%, all ethylene was converted as the reactant, and CO (21.3% 

selectivity), CO2 (45.9% selectivity), and CH4 (28.6% selectivity) were mainly detected. 

Accordingly, hydrogen was produced 67.3 μmol/g•min at 550 � and it increases by 

1044.9 to become 1112.2 μmol/g•min at high conversions and temperatures.

Over ZCN catalyst, ethanol conversion was also the very low value of 36.9% at 

550 � and reaches 100% at 750 � . At 550 � , ethylene (C2H4) was the main reaction 

product (55.6% selectivity), whereas, at 750 , � when ethanol conversion is 100%, most 

of the ethylene was converted (0.1% selectivity) as reactant and CO (56.0% selectivity),

CO2 (16.7% selectivity), and CH4 (26.4% selectivity) were mainly detected. Accordingly, 

hydrogen was produced 34.8 μmol/g•min at 550 � and it increased by 794.4 to become 

829.2 μmol/g•min at the high conversions and temperatures.

As Ni was impregnated, one more active site was added. Ni was the active point of 

steam reforming to cleavage the C-C bond, and the reaction proceeded with the 

participation of active oxygen through water activation. Through this reaction, the Ni 

active site helped in the conversion of ethylene. In addition, when Ni was impregnated, it 

affected the formation of the surface and the bulk oxygen vacancy as shown in Table 2.

In the 550 °C results, a notable result was the conversion of the Ni impregnated 

catalyst. In other studies, studying catalysts with high surface area, conversion increased 

as the amount of Ni increases. But in this study, the support had a very low surface area

except for supports like Al2O3, and the excess Ni cluster peak at 855.5eV in Ni-2p XPS 

results shows an excess of Ni clusters was formed on the surface. Independent of the 

behavior of Ni metallic sites, the formation of Ni clusters can inhibit the reaction by 

blocking the access of reactants. This trend appeared in both CZN and ZCN catalysts, and 

the conversion decreased as Ni was impregnated from 92.18% to 47.48% for CZN and 

from 88.92% to 41.07% for ZCN with many fluctuations. In addition, the decrease in 
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ethanol conversion influenced the decrease in hydrogen production as shown in Table 4. 

However, when comparing selectivity, as Ni was impregnated on the support, the 

selectivity of C2H4 decreases, and the hydrogen selectivity increases. This indicated that 

Ni could act as an active site after ethanol was converted to C2H4. When the ethylene 

selectivity of CZN and ZCN was compared, it can be confirmed that CZN showed a lower 

value and was converted to CO, CO2, and CH4. It can be seen that the bulk oxygen 

vacancy affected the oxygen storage capacity and the amount of active oxygen as the 

surface oxygen vacancy.

When the reaction temperature was raised to 750 � , ethanol was 100% converted.

Since the ethanol-decomposed reaction was an endothermic reaction, conversion 

increased with temperature. In both catalysts, the selectivity of ethylene was reduced to 

near zero as almost all the ethylene was converted as a reactant. And the CO2/CO ratio 

decreased from 3.14 to 2.15 for CZN and from 1.69 to 0.29 for ZCN. This was consistent 

with the results of support that the activation of ethylene oxidation and inhibition of the

water gas shift reaction occurred at high temperatures. These results suggested that bulk 

oxygen vacancy contributes to OSC in the same way as surface oxygen vacancy did.

To elucidate another role of bulk oxygen vacancy, the selectivity ratio of CO2

increased to C2 product (C2H4, C2H6) decreased when Ni was impregnated is summarized

in Fig. 3.14 and table 6. This was to compare the degree of the active oxygen migration

(Fig. 3.14 –(A)) when CO was generated from Ni for steam reforming (Fig. 3.14 –(B))

converting CO to CO2 (Fig. 3.14 –(C)). This degree was explained through the ratio of 

the selectivity difference (ΔCO2/ΔC2) before and after nickel loading. In addition, 

according to the H2-TPR results, the bulk oxygen vacancy was more activated at high 

temperature, so the role of bulk oxygen vacancy was confirmed more clearly by 

comparing the low and high temperature results of CZN and ZCN. In the case of CZN, 

when the temperature increases from 550 to 750 � , it increases from 0.88 to 0.95, whereas 

for ZCN, it decreases from 0.47 to 0.44. This result indicates that oxygen migration was 

activated in CZN where bulk oxygen vacancy exists, whereas oxygen migration did not 

occur in ZCN. 
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Figure 3.13. Product distributions versus TOS obtained during steam reforming for 8 

hours over CZN ((a)550�, (b)750�) and ZCN ((c) 550�, (d)750�).
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Figure 3.14. Schematic of (A) Oxygen migration, (B) CO formation on Ni, and (C) 
Conversion of CO to CO2 on Ni.
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Table 5. Migration rate of bulk oxygen species

Catalyst
ΔCO2/ΔC2

(550℃)

ΔCO2/ΔC2

(750℃)

CZN-CZ 0.88 0.95

ZCN-ZC 0.47 0.44
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Chapter 4: Conclusions

In this work, the oxygen vacancy sites affecting hydrogen production over 

Ni/CexZr1-xO2 were studied for ethanol steam reforming (ESR). To understand catalytic 

behavior depends on the lattice structures and temperatures over oxygen vacant sites, 

CexZr1-xO2 as the support was modified with Ce-rich (CZ) and Zr-rich (ZC). From the 

results of characterization, it was revealed that oxygen vacancy was located on the surface 

and bulk, and there was a greater amount of oxygen vacancy in the CZ. Ni contributes to 

the activity of the surface oxygen vacancy of both CZ and ZC catalysts by helping the 

reduction of the support. The oxygen vacancy in the bulk ZC structure completely 

disappeared due to the Ni impregnation whereas the bulk oxygen vacancy of CZ was still 

maintained. Oxygen vacancy generated active oxygen species via the steam activation 

and then, the active oxygen species simultaneously involved steam reforming, water gas 

shift reaction, and ethylene oxidation during ESR. From the reaction result, the lack of 

oxygen vacancy over ZC resulted in limited reaction routes due to limited active oxygen 

species. The ZC catalyst, when compared with CZ, exhibited the limitation of the ethylene 

oxidation at 550 � and water gas shift reaction at 750 , � respectively. With the Ni species, 

even though the surface oxygen vacancy behavior over CZN and ZCN was the same, the 

oxygen-involved reaction and oxygen migration were enhanced with the bulk oxygen 

vacancy of CZN, resulting in the highest H2 production of 1112.2 μmol/g•min for the 

CZN catalyst.
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