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ABSTRACT OF THE DISSERTATION 
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Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Irvine, 2021 

Assistant Professor Erdem Sasmaz, Chair 

 

 

Carbon dioxide (CO2) utilization is indispensable to reduce high atmospheric CO2 

concentration, attributing to global warming and ocean acidification. Reduction of CO2 into 

high value-added chemicals and fuels is a promising process to mitigate CO2 emissions and 

opens possibilities to have carbon-based energy production with net-zero carbon 

emissions. CO2 is the most oxidized form of carbon and thermodynamically stable. To 

effectively reduce CO2, nanotubular yolk–shell catalysts for methane reforming, and 

tandem catalysts for direct CO2 hydrogenation to light olefins were developed. In the 

former process, Ni yolks encapsulated with SiO2 shell demonstrated excellent stability with 

a high resistance to carbon deposition in the confined morphology due to the efficient CO 

desorption. Forming Pt–Ni single-atom alloys on the yolks pushed the catalyst operating 

temperature down to 500 °C and further improved the catalyst stability due to the 

enhanced Ni reducibility. In the latter process, indium oxide supported on zirconia and 

SAPO-34 zeolite were operated as a tandem catalyst to produce a high light olefins 

selectivity by shifting the reaction equilibrium to the right for the CO2 to methanol 
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conversion. Zirconia promoted with yttria (YSZ) inhibited the reduction and hydroxylation 

of active indium sites. The improved oxygen vacancy formation in YSZ and strong metal–

support interaction between indium oxide and YSZ resulted in stable light olefins 

production. These discoveries can be adopted to the current power generation and 

manufacturing processes to utilize CO2 emissions to produce high value-added chemicals 

with net-zero carbon emissions.



 

1 
 

INTRODUCTION 

 

Serious climate change arising from the large amount of greenhouse gas (GHG) 

emissions by anthropogenic activities should be hindered by mitigating the emissions. Many 

efforts contributed from global institutions have emphasized that limiting the temperature 

increase below 2 °C by 2050 is required to slow down the climate change.1 At the same time, the 

need for valuable chemical resources has been exponentially grown by human civilization in the 

modern times, and the global energy consumption is projected to rise by 50% between 2020 and 

2050.2 While the renewable energy consumption is expected to suppress the fossil-based energy 

consumption by 2050, the global natural gas and liquid fuel consumption are expected to rise by 

40% and 20%, respectively. Therefore, it is imperative to develop the process to convert cheap 

and abundant sources into high value-added chemicals and fuels to solve both environmental 

concerns and meet the growing energy demand at the same time. GHG emissions have been 

continuously increasing over the decades, with CO2 being the primary GHG, accounting for 

82%, followed by methane (CH4), composing 10% by human activities. The combustion of fossil 

fuels for electricity generation remains the largest source of CO2 emissions in the US.3–5 Figure 1 

shows global carbon emissions from fossil fuels since 1900, and CO2 emissions have increased 

Figure 1. Global carbon emissions from fossil fuels 
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by more than 100% since 1970. The CO2 emissions are related to energy consumption and 

economic growth, and they need to be controlled to mitigate their effect on climate change.6 

The main climate change mitigation can be employed by decarbonization techniques 

through renewable energy, carbon capture and storage, or switching to low-carbon fuels.7 The 

CO2 gas captured or separated from fossil fuels-based processes can be utilized in the production 

of chemicals and fuels by introduction of alternative energy sources.8 Although transforming 

CO2 as the direct carbon source to chemicals and fuels cannot eliminate carbons over the 

complete life cycles, it can produce more environmental production, which also can solve the 

high energy demand in modern society. Transition to a low-carbon such as natural gas can be a 

promising approach to realize a net-zero carbon economy and environmental sustainability. 

Natural gas contains CH4 which can be converted to hydrogen (H2) with thermal processes 

through methane reforming.9,10 The H2 created by the methane reforming can be implanted to 

other reactions such as reverse water-gas shift (RWGS) or CO2 hydrogenation in order to 

produce high value-added chemicals such as methanol, light olefins, and diesel.11 Therefore, 

efficient and selective catalysts in an integrated reactor with a minimum of energy cost need to 

be developed to produce targeted products and realize a low carbon economy. 
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CHAPTER 1 

Nanotubular Yolk–Shell Catalysts for Tri-Reforming of Methane 

 

1.1 Introduction 

Many concepts have been explored to utilize CO2 as a feedstock including 

hydrogenation, reforming, mineralization, photoreduction, electroreduction, co-polymerization 

and bio-catalytic conversion.12–15 Among them, synthesis gas (syngas, a mixture gas of H2 and 

carbon monoxide) production through the application of reforming is proposed to be a valuable 

technology, which can be developed in the midterm by using novel catalytic routes to break C–O 

bonds and convert CO2 to valuable chemicals.12,16,17 Tri-reforming of methane (TRM) is a unique 

process that can be applied to utilize CO2 emissions directly from a combustion source using 

natural gas as the primary reactant.10,18–20 It has been reported that fossil fuel-fired power plants 

integrated with the TRM process could reduce CO2 emissions by up to 85%.21 TRM involves 

synergetic combination of dry reforming of methane (DRM, (1.1)), steam reforming of methane 

(SRM, (1.2)), and partial oxidation of methane (POM, (1.3)) as shown in the following reactions: 

CH4 + CO2 → 2CO + 2H2            ΔHº = +247.3 kJ·mol−1 (1.1) 

CH4 + H2O → CO + 3H2              ΔHº = +206.3 kJ·mol−1 (1.2) 

CH4 + (1 2⁄ )O2 → CO + 2H2       ΔHº = –35.6 kJ·mol−1  (1.3) 

In TRM, the CO2 in the flue gas can be converted to syngas by DRM. DRM produces a H2/CO 

molar ratio of 1, which can potentially be used for the production of liquid hydrocarbons and 

oxygenates.22 Although DRM has the advantage of utilizing CO2 as an oxidizer, it is a highly 

endothermic reaction, and it needs a pure CO2 stream with suffering from carbon deposition 
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leading to catalyst deactivation.23–25 Coupling DRM with SRM and POM can provide the 

advantage of adjusting the H2/CO molar ratios produced between 1 and 2.5, desired for the 

Fischer–Tropsch, methanol, and dimethyl ether synthesis.26–30 Incorporation of H2O and O2 as an 

oxidizer into the feed stream can eliminate carbon deposition and reduce energy needs through 

POM.31,32 The synergetic combination of three reactions in TRM eliminates the need for pre-

separate CO2, which can further decrease the energy consumption and cost of operation.  

Nickel (Ni)-based catalysts are widely studied for TRM as they have a low cost compared 

to noble metals and show high activity at 750 ºC.10,18,20,33,34 The addition of promoters to the Ni-

based catalysts can further increase the activity and stability of the material by strengthening the 

metal–support interaction, providing high oxygen storage capacity and creating strong basic sites 

for CO2 activation.35–37 Ni structures supported or promoted with ceria (CeO2) can improve the 

TRM activity, as CeO2 can store and release oxygen reversibly due to its oxygen vacancies and 

reversible valence redox property (Ce3+/Ce4+).38,39 In addition to the promoters, the effect of 

CeO2-based supports on TRM activity has been investigated, in which small Ni particle sizes on 

CeO2-based supports are reported to be beneficial for stable activity.40,41 In these earlier studies, 

the effect of promoters or order of metal impregnation on the TRM activity has been examined. 

However, the interaction among active Ni, promoter, and support, and the effect of particle size 

on the TRM activity has not been identified. 
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Catalyst morphologies with unique physical and chemical properties, i.e., core/yolk–shell 

structures have been investigated in reforming reactions and shown to have high resistance to 

carbon deposition and sintering due to the confinement effect and enhanced metal–support 

interaction.42–51 Compared to the core–shell, the yolk–shell structures (Figure 1.1) contain a void 

space between the core metals and the outer shell materials which can provide additional 

properties to the material. The unique nanoreactor environment of the yolk–shell can facilitate 

chemical storage and confinement of the reactants, intermediates, and products. The cavity 

between the yolk and shell provides not only high exposed active areas but also a homogenous 

environment for catalysis.52–56 Few papers have been published on the core/yolk–shell catalysts 

for DRM and POM. These studies emphasize that shell thickness, yolk size, pore size and 

porosity can influence the activity and stability of core/yolk–shell catalysts for DRM.57–59 In 

addition, core–shell catalysts promoted with La and Ce can further improve the stability of the 

catalyst by reducing the surface carbon growth in DRM and POM.52,60 To date, there is only one 

study reported the activity of a Ni@SiO2 core–shell catalyst under various feed stream 

concentrations in TRM. In this study, formation of a core–shell structure is inconclusive and the 

Figure 1.1. Schematic illustration of the core–shell, yolk–shell, and nanotubular multi–

yolk–shell structures. 
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effect of Ni particle size on the TRM activity at various oxidizer to methane feed ratios could not 

be understood.61 

It is important to note that TRM can be operated at different oxidizer (CO2 + H2O + O2) 

to methane (O/M) feed ratios. Variations in CH4 concentration in the feed stream can 

dramatically influence the catalyst performance for TRM. Generally, a catalyst for TRM should 

be able to exhibit high carbon resistance under reducing conditions (O/M ≤ 1), while re-

oxidation of active metallic Ni to NiO should be hindered under oxidizing conditions (O/M > 

1).61,62 Most of the studies involving core/yolk–shell structures were performed under DRM 

conditions, and the effects of catalyst morphology and Ni–promoter interaction on the TRM 

activity at various O/M feed ratios have not been investigated. In this work, we have evaluated 

the TRM activity and stability of nanotubular NiCe@SiO2 multi–yolk–shell catalysts at different 

O/M feed ratios and identified the influence of yolk size and Ni–Ce interaction on the catalytic 

performance. To the best of our knowledge, this is the first study reporting the effect of 

morphology on the activity of the yolk–shell structured catalysts at various O/M feed ratios 

under TRM. 

 

1.2 Experimental Methods 

1.2.1 Catalyst synthesis 

The nanotubular NiCe@SiO2 multi–yolk–shell catalyst was synthesized by reverse 

microemulsion method, and the chemical reagents were used as purchased without any further 

purification. The solution containing 0.2 M nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%, 

Alfa Aesar) and 0.05 M cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99%, Sigma Aldrich) in 4 
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ml of deionized (DI) water was added dropwise to the microemulsion dissolved in 0.17–0.26 M 

1-hexadecyl trimethyl ammonium bromide (CTAB) (CH3(CH2)15N(CH3)3Br, 98%, Alfa Aesar) 

in 15 ml of 1-butanol (CH3(CH2)3OH, anhydrous, 99.8%, Sigma Aldrich) and 80 ml of 

cyclohexane (C6H12, 99%, Alfa Aesar) mixture. After stirring the solution for 1 h, the transparent 

microemulsion solution was heated up to 70 °C in an oil bath, and 0.7 ml of hydrazine (N2H4, 

anhydrous, 98%, Sigma Aldrich) with 0.5 M sodium hydroxide (NaOH, Fisher Chemical) in 1.5 

ml DI was added to the solution dropwise, followed by further stirring for 40 min. The solution 

was cooled down to room temperature and aged for another 2 h under stirring. Finally, 1.5 ml of 

tetraethyl orthosilicate (TEOS) (Si(OC2H5)4, 99% Sigma Aldrich) was added to the solution 

dropwise, and after 1 h, 1.5 ml of ammonium hydroxide solution (NH4OH, 28% NH3, Alfa 

Aesar) was added to the solution dropwise. The final solution was aged for 1 day for hydrolysis 

and condensation of the silica precursor. The solution was washed with ethanol and separated by 

centrifuging. The washed sample was dried at 100 °C overnight, and then calcined in static air at 

500 °C for 4 h with a ramping rate of 5 °C min−1. Different yolk sizes and tube diameters can be 

obtained by controlling the water to surfactant (CTAB) molar ratio. A low water/CTAB ratio 

leads to larger yolk size with a shorter tube diameter, and a high water/CTAB ratio forms a 

smaller yolk size with a longer tube diameter. NiCe@SiO2
A, NiCe@SiO2

B, and NiCe@SiO2
C 

catalysts were prepared in a water to CTAB ratio of 12.6, 15.8, and 18.9, respectively. For 

comparison, conventional NiCe/SiO2
WI was synthesized by a wet impregnation method. 0.02 M 

Ni(NO3)2·6H2O, 0.005 M Ce(NO3)3·6H2O, and 0.5 g of fumed silica (SiO2, Sigma Aldrich) were 

mixed in 50 ml ethanol (C2H6O, anhydrous, Fisher Chemical). The whole mixture was stirred 

overnight, and the material was dried at 100 °C overnight, followed by calcination at 500 °C in 

stagnant air for 4 h with a ramping temperature rate of 5 °C min−1. 
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1.2.2 Characterization 

Field emission scanning electron microscopy (FESEM, Zeiss Ultra plus) and 

transmission electron microscopy (TEM, Hitachi H8000) images were obtained to investigate the 

morphology of the catalysts. Histogram distributions of yolk size were generated by analyzing 

TEM images, and 100 yolks were used for each distribution. The elemental mapping of the 

catalysts was collected using a scanning transmission electron microscope (STEM, FEI Talos 

F200X). The weight percent of Ni and Ce in the samples was analyzed by inductively coupled 

plasma optical emission spectroscopy (ICP-OES, Optima 2000 DV). Powder X-ray diffraction 

(XRD) patterns of the catalysts were obtained by using a Rigaku MiniFlex II with CuKα source 

radiation (α = 1.5406) for 2θ range of 10°–80° with a step rate of 2° min−1. The crystallite size of 

the components was calculated using the Scherrer equation from the peaks at the (111) phase of 

each chemical element. The specific surface area of the sample was measured using a 

Micromeritics ASAP 2020. The samples were degassed at 300 °C for 7 h to remove the moisture 

prior to the measurements. Hydrogen temperature programmed reduction (H2-TPR) was 

performed using a Micromeritics AutoChem II to identify the interaction between active species 

and supports and determine the reducibility of the catalysts. First, 50 mg of catalyst was heated 

up to 300 °C and held for 1 h under He flow to eliminate moisture and contaminants, and then 

cooled down to 30 °C. After the preparation step, the temperature of the catalyst was increased 

from 30 °C to 900 °C at a ramping rate of 10 °C min−1 in a 10% H2/Ar mixture, and the H2 

consumption was monitored by a thermal conductivity detector (TCD). The amount of H2 

reduced was calibrated by using CuO. H2 pulse chemisorption experiments were performed with 

the same apparatus as H2-TPR to determine the dispersion of Ni. First, 100 mg of catalyst was 

reduced under 10% H2/Ar at 600 °C for 5 h. Then the catalyst was purged at 610 °C for 1 h and 
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cooled down to 35 °C under He flow. H2 pulse chemisorption was conducted at 35 °C in 10% 

H2/Ar with 8 min intervals. The oxidation states of the elements presented in catalysts were 

determined by X-ray photoelectron spectroscopy (XPS) with a Kratos Axis Ultra DLD using 

AlKα radiation, and the binding energy was calibrated to the signal of C 1s at 284.8 eV. The 

spectra were obtained after the samples were reduced in H2 at 600 °C for 1 h. Thermogravimetric 

analysis (TGA) was employed using a TGA-50 Shimadzu to determine carbon deposition on the 

spent catalyst. The sample weight loss was characterized under air flow from 30 °C to 900 °C 

with a ramping temperature of 10 °C min−1. Raman spectra were obtained using an XploRA 

PLUS system from Horiba in the backscattering configuration at a 638 nm wavelength to 

determine the nature of carbon formed on the spent catalyst. 

1.2.3 TRM activity 

The performance of the catalyst for TRM was tested in a fixed-bed reactor at atmospheric 

pressure. 75 mg of the catalyst was placed between quartz wool in a quartz reactor with an inner 

diameter of 7 mm. Water was injected into an evaporator via a peristaltic pump and mixed with 

the reaction gases. The reaction gases (CH4, CO2, O2, and N2) were introduced to the evaporator 

via mass flow controllers. The reactor was placed in a furnace and the temperature of the catalyst 

was measured by a K-type thermocouple placed inside the catalyst bed. The effluent gases were 

passed through a condenser in which water vapor was removed, and their concentration was 

measured with a gas chromatograph (GC) using TCD. Prior to the reaction, all catalysts were 

reduced at 600 °C for 1 h with 25% H2 balanced with N2. Following the reduction, the catalysts 

were heated up to a reaction temperature of 750 °C under N2 flow. The TRM reaction was 

carried out for 20 h in a gas hourly space velocity (GHSV) of 60,000 ml g−1 h−1 at different O/M 

feed ratios including 0.85 (CH4 : CO2 : H2O : O2 = 2.59 : 1 : 1 : 0.2), 1 (CH4 : CO2 : H2O : O2 = 
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2.2 : 1 : 1 : 0.2), 1.1 (CH4 : CO2 : H2O : O2 = 2 : 1 : 1 : 0.2) and 1.25 (CH4 : CO2 : H2O : O2 = 

1.76 : 1 : 1 : 0.2). The catalytic activity was calculated using the following equations: 

Conversion (%) =  
Freact,in−Freact,out

Freact,in
 × 100 (1.4) 

H2 yield (%)  =  
FH2,out

2FCH4,in+FH2O,in
 × 100  (1.5) 

CO yield (%) =  
FCO,out

FCO2,in+FCH4,in
 × 100  (1.6) 

H2 CO⁄ ratio =  
FH2,out

FCO,out
    (1.7) 

where F is the molar flow rate of the reagent species measured at the inlet and outlet of the 

reactor. The reproducibility of the catalytic activity for all experiments is within ±5%. 

 

1.3 Results and Discussion 

1.3.1 Characterization of fresh catalysts 

Figure 1.2a–c show TEM images of nanotubular NiCe@SiO2
A, NiCe@SiO2

B, and 

NiCe@SiO2
C multi–yolk–shell catalysts synthesized in a solution containing water/CTAB molar 

ratios of 12.6, 15.8, and 18.9, respectively. The yolk nanoparticles of each catalyst are shown to 

be dispersed uniformly with a mean size of 32.9 nm, 23.7 nm, and 20.0 nm for NiCe@SiO2
A, 

NiCe@SiO2
B, and NiCe@SiO2

C, respectively. The yolks of NiCe@SiO2
A, NiCe@SiO2

B, and 

NiCe@SiO2
C are encapsulated by SiO2 with an average tube diameter of 41.8 nm, 243.0 nm, and 

275.0 nm, respectively. The nanotubular multi–yolk–shell structure prepared at a high 

concentration of CTAB, i.e. NiCe@SiO2
A, consists of larger yolks with a smaller diameter tube, 

whereas the nanotubular multi–yolk–shell structure synthesized at a low concentration of CTAB, 
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i.e. NiCe@SiO2
C, has smaller yolks within a larger diameter tube. Compared to the nanotubular 

multi–yolk–shell structured catalysts, conventional NiCe/SiO2
WI synthesized by wet 

impregnation method does not show any specific morphology (Figure 1.2d). It is important to 

note that Ce species are necessary to generate nanotube morphology. For instance, it is observed 

that Ni@SiO2 without Ce forms a spherical yolk–shell structure rather than a nanotubular 

structure when similar amounts of Ni exist as in NiCe@SiO2 (Figure 1.3). This is because the 

nanotube formation and elongation is limited by the amount of gas released during the synthesis, 

in which Ce ions produce double amount of N2 in comparison to Ni ions during reduction with 

hydrazine in the synthesis step.63 

Figure 1.2. TEM images of nanotubular multi–yolk–shell catalysts synthesized in 

different water to CTAB ratios of (a) 12.6 (NiCe@SiO2
A), (b) 15.8 (NiCe@SiO2

B), 

and (c) 18.9 (NiCe@SiO2
C) solution. The inset graph shows yolk size distribution. (d) 

TEM image of NiCe/SiO2
WI synthesized by wet impregnation. 
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As shown in Figure 1.4, the elemental mapping of STEM images of the NiCe@SiO2
A and 

NiCe@SiO2
C confirm that the yolks are composed of Ni species surrounded by an outer shell 

consisting of only SiO2. As shown in Figure 1.4a, accumulation of Ce on larger Ni yolks in 

NiCe@SiO2
A is more pronounced than that in NiCe@SiO2

C with smaller yolks. Ce is found to be 

more dispersed throughout the catalysts, yet it is mostly accumulated on the Ni yolks indicating 

the possible Ni–Ce interaction. It is important to note that characteristic X-ray signals detected 

for Ce in the energy dispersive X-ray (EDX) spectra is low compared to Ni and Si. Although 

most of the Ce components are inside the nanotube structures, Ce pixels observed outside the 

nanotubes are possibly due to the low signal-to-noise ratio. The contrast change of Si between 

the edges and inner parts of the nanotube indicates that the SiO2 shell has a cylindrical tube 

Figure 1.3. TEM images of Ni@SiO2 

synthesized without Ce promoter. 
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morphology with the presence of interstitial voids. Both the TEM and STEM images cannot 

definitively confirm whether the nanotubes are capped at each end. However, the overview SEM 

images of NiCe@SiO2
C, shown in Figure 1.5, confirm that the tube structure is hollow on the 

inside, and both Ni and Ce particles are attached to the inner walls of the hollow tube. 

The XRD measurements of the synthesized NiCe@SiO2
A, NiCe@SiO2

C, and 

NiCe/SiO2
WI are shown in Figure 1.6. All three catalysts show NiO and CeO2 diffraction patterns 

with an amorphous SiO2 structure. The peaks at 2-theta of 37.66°, 43.69°, and 63.24° are 

Figure 1.4. EDX elemental mapping images of (a) NiCe@SiO2
A and 

(b) NiCe@SiO2
C (Ni: green, Ce: yellow, Si: magenta, and O: blue). 
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identified as NiO, and the other peaks at 29.20°, 33.74°, 48.10°, 56.92°, and 75.74° belong to the 

cubic CeO2 structure. The broad peak at 21.26° indicates the formation of amorphous SiO2 

Figure 1.5. SEM images of NiCe@SiO2
C. 
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shells. Based on the XRD patterns, the NiCe@SiO2
A catalyst shows the largest NiO crystallite 

size of 18.3 nm, followed by 16.2 nm for NiCe@SiO2
C and 14.3 nm for NiCe/SiO2

WI (Table 1.1).  

Table 1.1. Textural properties of NiCe@SiO2
A, NiCe@SiO2

C, and NiCe/SiO2
WI. 

Catalysts 
Crystallite size (nm)a Surface area 

(m2 g−1)b 

Metal loading (wt%)c 

NiO CeO2 Ni Ce 

NiCe@SiO2
A 18.3 ± 0.2 6.7 ± 1.3 400.3 8.2 5.2 

NiCe@SiO2
C 16.2 ± 0.8 8.5 ± 1.1 366.9 7.5 5.3 

NiCe@SiO2
WI 14.3 ± 0.5 4.3 ± 0.3 486.0 7.2 4.6 

aCalculated according to the Scherrer equation applied to (111) phase. bBET surface area. 
cMeasured by ICP-OES analysis. 

 

The crystallite sizes of CeO2 for the NiCe@SiO2
A, NiCe@SiO2

C and NiCe/SiO2
WI catalysts are 

found to be 6.7 nm, 8.5 nm, and 4.3 nm, respectively. NiCe/SiO2
WI has the lowest CeO2 

crystallite size suggesting that ceria has higher dispersion and larger amount of oxygen vacancies 

than NiCe@SiO2
A followed by NiCe@SiO2

C.64 The average yolk size of NiCe@SiO2
A measured 

by TEM (32.9 nm) is much larger than the NiO crystallite size calculated by XRD (18.3 nm) 

indicating that the yolks in NiCe@SiO2
A are possibly formed with grain. On the other hand, the 

average yolk size of NiCe@SiO2
C by TEM (20.0 nm) matches reasonably well with the NiO 

crystallite size (16.2 nm). Figure 1.7 represents the XRD diffraction patterns of NiCe@SiO2
A, 

NiCe@SiO2
C, and NiCe/SiO2

WI after one hour of H2 reduction at 600 °C. The peaks at 2-theta of 

45.08°, 52.4°, and 76.84 correspond to metallic Ni phase. The NiO phase is not detected, 

indicating that NiO was fully reduced to metallic Ni in all catalysts. The Ni crystallite size of 

NiCe/SiO2
WI has the smallest value of 10.4 nm followed by 12.2 nm for NiCe@SiO2

A and 14.9 

nm for NiCe@SiO2
C. The crystalline CeO2 peaks get broader after the reduction, suggesting that 
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the phase transition of crystalline CeO2 into Ce2O3 has been initiated. For NiCe/SiO2
WI, no CeO2 

peaks are observed due to the formation of highly dispersed CeOx particles.65 

The textural properties of the catalysts such as specific surface area and metal weight 

percentages are presented in Table 1.1. The NiCe@SiO2
A catalyst with smaller tube diameter 

provides larger surface area than the NiCe@SiO2
C catalyst, while the NiCe/SiO2

WI catalyst has 

the highest surface area of 486.0 m2 g−1 among three catalysts. The weight percentages of Ni and 

Ce are measured to be in between 7.2–8. 2 wt% and 4.6–5.3 wt% by ICP-OES in all three 

catalysts, respectively. The nitrogen adsorption-desorption isotherms of the NiCe@SiO2
A, 

NiCe@SiO2
C, and NiCe/SiO2

WI catalysts are shown in Figure 1.8. The isotherms of 

NiCe@SiO2
A and NiCe@SiO2

C show type IV isotherm with H3 hysteresis, while NiCe/SiO2
WI 

has a type IV isotherm with H2 hysteresis. Both H2 and H3 hysteresis indicate that all three 

catalysts have a porous structure. However, isotherms of type IV with H3 hysteresis can be 
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Figure 1.7. XRD patterns of NiCe@SiO2
A, NiCe@SiO2

C, 

and NiCe/SiO2
WI after H2 reduction at 600 °C for 1 h. 
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found in a hierarchical porous structure consisting of mesopores and macropores, which is 

consistent with the morphology of the nanotubular multi–yolk–shell structure.66 

H2-TPR experiments are conducted to determine the reducibility of the synthesized 

catalysts and interaction between the active sites and support. The H2-TPR profiles of the 

Ni@SiO2, Ni/SiO2
WI, and Ce/SiO2

WI catalysts were also analyzed to elucidate the effect of the 

Ce promoter (Figure 1.9). As shown in Figure 1.10, three temperature regions are found to exist 

for the NiCe@SiO2
A, NiCe@SiO2

C, and NiCe/SiO2
WI catalysts. The first H2 consumption peak 

of α at temperatures between 215 °C and 400 °C is attributed to the combination of two 

reduction peaks of bulk NiO and aggregated NiO particles interacting more with the oxygen 

vacancies of CeO2, in which the latter is expected to be at lower temperatures as oxygen 

vacancies improve the reducibility of NiO.36,49,67 Compared to Ni@SiO2 (Figure 1.9), the α peak 

in the Ce promoted catalysts shifts to a lower temperature (311 °C) for NiCe@SiO2
A and a 

higher temperature (333 °C) for NiCe@SiO2
C. This can be explained by the yolk size effect and 

the formation of oxygen vacancies in the CeO2 lattice, as smaller yolks have less Ni–Ce 
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interaction and are harder to be reduced than the catalyst with larger yolks.68 The H2 

consumption peak of β in the medium temperature region is associated with the dispersed Ni 

species interacting with CeO2.
69 Formation of the β peak at slightly higher temperatures than the 

bulk NiO one has been observed by several other researchers.36,68 It is possible that dispersed Ni 

particles might have stronger interaction with SiO2 support, which can shift the Ni–Ce reduction 

γ

α

 Ni@SiO2

321

 Ni/SiO2
WI

α

γ

 Ce/SiO2
WI

100 200 300 400 500 600 700 800 900

577

 

  

 

T
C

D
 S

ig
n

a
l

352

428

  

Temperature (°C)

α: NiO γ: NiO–SiO2
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peaks to a higher temperature than the bulk NiO one.52,68 In the case of NiCe/SiO2
WI, the α peak 

consists of NiO particles interacting more with the surface oxygen vacancies of CeO2, and the 

NiO reduction peak observed at 352 °C on Ni/SiO2
WI (Figure 1.9) shifts to 386 °C after Ce 

promotion due to an enhanced NiO–SiO2 interaction. The H2 consumption peak of γ at 

temperatures above 400 °C is assigned to the NiO particles strongly bonded to the SiO2 support. 

The broad γ peak for nanotubular multi–yolk–shell catalysts is located in a higher temperature 

region compared to the impregnated catalyst. This indicates that NiO–SiO2 interaction in 

NiCe@SiO2 is stronger than that in NiCe/SiO2
WI due to the encapsulation of Ni and Ce yolks by 

mesoporous SiO2.
44,70 The H2 uptake of the nanotubular multi–yolk–shell and impregnated 

catalysts are compared with the actual Ni amount loaded on the catalyst, as shown in Table 1.2.  

Table 1.2. H2 uptake during H2-TPR experiments for NiCe@SiO2
A, NiCe@SiO2

C, and 

NiCe/SiO2
WI. 

Catalyst 
Overall Ni 

(mmol)a 

H2 uptake (mmol) 
α/β 

α β γ 

NiCe@SiO2
A 0.070 0.084 0.013 0.019 6.5 

NiCe@SiO2
C 0.064 0.056 0.008 0.013 7.0 

NiCe@SiO2
WI 0.053 0.017 0.055 0.003 0.3 

aMeasured by ICP-OES analysis. 

The overall H2 consumption is much larger than the theoretical amount of Ni on all three 

catalysts due to the lattice oxygen reduction of CeO2 by hydrogen spillover on Ni.36,69 The H2 

uptake ratio of α/β for the nanotubular NiCe@SiO2 multi–yolk–shell catalyst is approximately 

20 times higher than that of NiCe/SiO2
WI indicating that most of H2 is consumed by the bulk NiO 

and aggregated NiO particles interacting with CeO2. Compared to NiCe@SiO2
C, the higher 

overall H2 consumption observed on NiCe@SiO2
A indicates that larger yolks are easily reduced 

due to the formation of more oxygen vacancies in the CeO2 lattice.  
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The Ni particle size and dispersion estimated from the H2 chemisorption measurements is 

presented in Table 1.3. For nanotubular NiCe@SiO2 multi–yolk–shell catalysts, Ni particle size 

is over 290 nm and much larger than the Ni size observed in TEM and XRD. The large particle 

size obtained for all catalysts from H2 chemisorption does not represent the actual Ni particle 

size, indicating that Ni sites are not available to react with H2. This difference can be explained 

by the lack of Ni sites for H2 chemisorption due to the strong Ni–Ce interaction and partially 

embedded Ni particles in the SiO2 support.55,56,59 The effect of latter on Ni particle size has more 

pronounced in the nanotubular multi–yolk–shell catalysts compared to the impregnated catalyst, 

leading to a much larger Ni particle size. As shown in the H2-TPR experiments (Figure 1.10), the 

γ reduction peak is located at a high temperature for the nanotubular multi–yolk–shell catalysts 

indicating a strong NiO–SiO2 interaction. Ni dispersion has also been calculated through H2 

chemisorption measurements. As shown in Table 1.3, The NiCe/SiO2
WI exhibits the highest Ni 

dispersion of 1.71%, followed by 0.35% and 0.31% for NiCe@SiO2
C and NiCe@SiO2

A, 

respectively. Ni dispersions have previously been reported in the range of 0.12–0.27% for Ni 

based core/yolk–shell structures, which are in consistent with our work.59,71 The higher Ni 

dispersion observed on NiCe/SiO2
WI compared to the nanotubular multi–yolk–shell catalysts is 

consistent with the smaller Ni particle size and higher surface area measured on the NiCe/SiO2
WI 

catalyst. It is important to note that Ni dispersion on the core/yolk–shell structure in which the 

Table 1.3. Physicochemical properties of NiCe@SiO2
A, NiCe@SiO2

C, and NiCe/SiO2
WI. 

aObtained from XPS deconvolution. bCalculated based on H2 chemisorption. 

Catalysts Ce3+/(Ce3++Ce4+) (%)a Ni particle size (nm)b Ni dispersion (%)b 

NiCe@SiO2
A 61.6 327.3 0.31 

NiCe@SiO2
C 36.1 292.4 0.35 

NiCe@SiO2
WI 62.9 59.1 1.71 
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active metal is encapsulated by a support can be influenced by the shell material and strong 

metal–support interaction.59  

Analysis of the core level XPS spectra of Ni and Ce species shows consistent results with 

the H2-TPR measurement. As shown in Figure 1.11a, the Ni 2p core level spectra of the reduced 

NiCe@SiO2
A, NiCe@SiO2

C, and NiCe/SiO2
WI catalysts have characteristic metallic Ni peaks of 

Ni 2p3/2 (852.2 eV) and Ni 2p1/2 (869.5 eV) accompanied by shake-up structures.41,52 Figure 

1.11b shows the Ce 3d core level XPS spectra of the reduced samples. The Ce core level spectra 

can be deconvoluted into multiple peaks for Ce 3d5/2 (v) and Ce 3d3/2 (u). The v and v’’ bands are 

attributed to Ce4+, whereas v0 and v’ bands are assigned to Ce3+. The other bands (v”’ and u”’) 

available for Ce could not be detected due to the low signal-to-noise ratio. The relative Ce3+ 

concentration on the catalyst is calculated by the ratio of integrated Ce3+ peaks to the total Ce3+ 

and Ce4+ peaks (Ce3+/(Ce3++Ce4+)). It has been found that NiCe/SiO2
WI has the highest Ce3+ 

concentration of 62.9% followed by 61.6% and 36.1% for NiCe@SiO2
A and NiCe@SiO2

C, 

respectively (Table 1.3). This shows that more oxygen vacancies formed in the CeO2 lattice by 

the dispersed NiO particles in NiCe/SiO2
WI and aggregated NiO yolks in NiCe@SiO2

A. 
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Figure 1.11. (a) Ni 2p and (b) Ce 3d XPS spectra of reduced NiCe@SiO2
A, NiCe@SiO2

C, 

and NiCe/SiO2
WI. 
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1.3.2 TRM activity 

The experiments for TRM were carried out at different O/M feed ratios to determine the 

activity and stability of the nanotubular multi–yolk–shell and impregnated catalysts. Figure 

1.12a,b illustrate CO2 and CH4 conversions at 750 °C at O/M feed ratios of 1.1 and 1.0, 

respectively. As shown in Figure 1.12a, NiCe@SiO2
A and NiCe/SiO2

WI have comparable CO2 

conversions of 75% and 72%, and CH4 conversions of 79% and 78% at O/M ratio of 1.1, 

respectively. NiCe@SiO2
A and NiCe/SiO2

WI present H2 and CO yields of 75% and 77%, and 

79% and 72% with the same H2/CO ratio of 1.7, respectively (Figure 1.13). Both catalysts keep 

their activities stable over the 20 h period of reaction. In contrast, NiCe@SiO2
C shows an initial 

CO2 and CH4 conversions of 69% and 71%, respectively, yet both CO2 and CH4 conversions 

drop to below 5% within about 5 h. TRM activity of NiCe@SiO2
A with larger yolks was further 

tested at a higher O/M feed ratio of 1.25 to examine the catalytic activity and potential 

deactivation of the catalyst (Figure 1.14). The result shows that the NiCe@SiO2
A catalyst still 

presents a stable activity with conversions of 67% and 84% for CO2 and CH4, respectively. As 

the O/M feed ratio decreases to 1.0, the catalysts show distinctive behavior compared to those 
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tested at the O/M feed ratio of 1.1. As shown in Figure 1.12b, NiCe@SiO2
A and NiCe@SiO2

C 
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Figure 1.13. H2 and CO yields and H2/CO ratio of (A) NiCe@SiO2
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NiCe@SiO2
C, (WI) NiCe/SiO2

WI in O/M ratios of (a) 1.1 and (b) 1.0 feed stream 
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have CO2 conversions of 66% and 50%, and CH4 conversions of 67% and 58%, respectively. For 

NiCe@SiO2
A, these conversions correspond to the H2 and CO yields of 68% and 64% with a 

H2/CO ratio of 1.8 (Figure 1.13). The conventional NiCe/SiO2
WI starts with similar conversion as 

the nanotubular multi–yolk–shell catalysts, however, the conversions plummet after about 1 h 

(Figure 1.12b). The fast deactivation of NiCe/SiO2
WI can be attributed to severe carbon 

formation, which has blocked the catalyst bed. The higher resistance to carbon deposition for the 

nanotubular multi–yolk–shell catalyst than impregnated catalyst might come from the strong 

metal–support interaction due to confinement effect.72 Both lower conversion and yield 

measured under reducing condition (O/M = 1.0) than oxidizing condition (O/M = 1.1) can be 

explained by the side reactions (reactions (8–10) and (12)) which facilitate carbon deposition.73 

Most of the carbon can be deposited on the catalyst by methane cracking reaction (8) at 750 °C, 

leading to the increase in H2/CO ratio.61 

1.3.3 Characterization of spent catalysts 

Figure 1.15a,b show the XRD spectra of the spent catalysts after TRM at the O/M feed 

ratio of 1.1 and 1.0, respectively. The XRD measurements performed on the spent catalysts after 
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WI after 
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the TRM at the O/M feed ratio of 1.1 indicate that the reduced metallic Ni (2 = 44.7°, 52.0°, 

and 76.6°) and amorphous SiO2 shell maintained its phase in the NiCe@SiO2
A and NiCe/SiO2

WI 

catalysts (Figure 1.15a). No CeO2 peaks are observed on NiCe@SiO2
A and NiCe/SiO2

WI after the 

reaction because crystalline CeO2 phase turned into the amorphous phase in the presence of H2 at 

temperatures above 600 °C.65,74,75 Despite the change of Ni and Ce phases during the reaction, 

the TEM image of the spent NiCe@SiO2
A shows that the morphology of the nanotubular multi–

yolk–shell is preserved without collapsing, as shown in Figure 1.16a. Further testing of 

NiCe@SiO2
A at a higher O/M feed ratio of 1.25 also shows that higher oxidizer concentration in 

the feed stream does not influence the NiCe@SiO2
A catalyst morphology (Figure 1.17). The 

mean yolk size of the spent catalyst (32.7 nm) is similar to the size of the fresh catalyst (32.9 

Figure 1.16. TEM images of spent (a) NiCe@SiO2
A and (b) NiCe@SiO2

C after 20 

h of TRM in O/M ratio of 1.1 feed stream at 750 ºC. 

Figure 1.17. TEM image of spent 

NiCe@SiO2
A after 20 h of TRM in O/M 

ratio of 1.25 feed stream at 750 ºC. Inset 

graph shows yolk size distribution. 
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nm). These results show that yolks are not likely to sinter during the reaction due to the strong 

interaction between the metal yolk and the silica shell.76,77 However, in the case of NiCe@SiO2
C, 

crystalline phases of NiO, CeO2 and SiO2 are observed for the spent catalyst due to re-oxidation 

at O/M ratio of 1.1 during the TRM (Figure 1.15a). The deactivation of NiCe@SiO2
C is likely 

caused by oxidation of the active metallic Ni, followed by destruction of the nanotubular multi–

yolk–shell structure (Figure 1.16b). Figure 1.18 shows the diffraction pattern of NiCe@SiO2
C 

analyzed during the deactivation process. Both metallic Ni and Ni2+ phases are detected after 3 h 

of TRM, indicating that fully reduced Ni phase starts to be oxidized to the NiO phase at high 

O/M feed ratio, leading to the deactivation of the catalyst. It is important to note that a high 

amount of oxidizing species in the feed stream can still lead to the formation of carbon on the 

NiCe@SiO2
A catalyst. As shown in the diffraction pattern of the spent NiCe@SiO2

A (Figure 

1.15a), carbon is detected at a 2 of 26.6°.23,24 The carbon deposition can also be observed in the 

TEM image of the spent catalyst (Figure 1.16a). Our results suggest that carbon deposition on 

the spent NiCe@SiO2
A is not high enough to affect the stability of the catalyst. 

10 20 30 40 50 60 70 80

 

 

In
te

n
si

ty
 (

a
.u

.)

2θ (degree)

Ni       NiO SiO2

Figure 1.18. XRD pattern of NiCe@SiO2
C during the 

deactivation process at O/M ratio of 1.1 at 750 ºC. 
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The XRD spectra of the spent catalysts after TRM at the O/M feed ratio of 1.0 show that 

all three catalysts have metallic Ni peaks along with wide amorphous SiO2 peak, as shown in 

Figure 1.15b. Similarly, CeO2 turns to the amorphous phase and its diffraction peaks are not 

observed on all three spent catalysts after the reaction. The spent NiCe/SiO2
WI catalyst has much 

stronger intensity for carbon peak at 26.6° than NiCe@SiO2
A, while no carbon peak is detected 

for NiCe@SiO2
C after 20 h of the TRM reaction. These results suggest that the nanotubular 

multi–yolk–shell catalyst with smaller yolks presents high resistance to carbon deposition 

providing longer stability for TRM at the O/M feed ratio of 1.0. Raman spectra of the spent 

NiCe@SiO2
A, NiCe@SiO2

C, and NiCe/SiO2
WI catalysts after the reaction at O/M feed ratio of 

1.0 were collected to determine the nature of carbon formed on the spent catalyst. As shown in 

Figure 1.19a, both the spent NiCe@SiO2
A and NiCe/SiO2

WI catalysts have carbon formations, in 

agreement with the XRD measurement, while carbon peaks are barely seen for NiCe@SiO2
C 

after 20 h of TRM. The two bands observed at 1331.8 cm−1 and 1581.9 cm−1 on the spent 

NiCe@SiO2
A and NiCe/SiO2

WI catalysts can be ascribed to carbon sp2 bonds in which the first 

peak is assigned to the D band with defects or amorphous carbon, while the second peak belongs 
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to the G band with ordered graphite structure 52. TGA was performed to quantify the amount of 

carbon deposited on the spent catalysts after the reaction. As shown in Figure 1.19b, the weight 

of the spent nanotubular multi–yolk–shell catalysts slightly increases starting from 260 °C due to 

oxidation of the catalyst. The sample weight loss occurs at temperatures between 450 °C and 650 

°C for NiCe@SiO2
A and NiCe/SiO2

WI due to the gasification of the carbon formed during the 

TRM reaction. The deposited carbon amount is calculated to be 0.16 mg gcat
−1 and 0.20 mg gcat

−1 

for NiCe@SiO2
A and NiCe/SiO2

WI, respectively. In consistent with the XRD and Raman 

analysis, the weight of NiCe@SiO2
C remains constant at temperatures between 450 °C and 900 

°C, indicating that carbon species are not likely to form on the catalyst during 20 h of TRM. The 

high resistance to carbon deposition of nanotubular NiCe@SiO2 multi–yolk–shell catalysts can 

be possibly due to the strong binding of active Ni species to SiO2, as illustrated in the H2-TPR 

data. It is also possible that the unique morphology of the nanotubular multi–yolk–shell 

structures does not allow carbon to be deposited on the active sites due to the confinement effect. 

Despite the unique morphology of the nanotubular multi–yolk–shell catalysts, the XRD, Raman, 

and TGA results confirm that carbon can still form on larger yolks (NiCe@SiO2
A), while smaller 

yolks (NiCe@SiO2
C) exhibit higher resistance to carbon deposition at the O/M ratio of 1.0 feed 

stream. 

1.3.4 Effect of yolk size under reducing conditions 

To understand the effect of yolk size on TRM activity, NiCe@SiO2
B with a mean yolk 

size between NiCe@SiO2
A and NiCe@SiO2

C was synthesized, and three nanotubular multi–

yolk–shell catalysts were evaluated at much higher methane concentration with an O/M feed 

ratio of 0.85. As shown in Figure 1.20, NiCe@SiO2
C with a mean yolk size of 20.0 nm still 

presents a stable activity with CO2 and CH4 conversions of 73% and 61%, respectively. 
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However, the NiCe@SiO2
A catalyst with the largest yolks deactivates within 2 h by carbon 

formation. NiCe@SiO2
B with a mean yolk size of 23.7 nm shows slightly longer stability than 

NiCe@SiO2
A, but the catalyst also loses its activity in 4 h due to the blockage of the catalyst bed 

by carbon formation. As shown in Figure 1.21, carbon peaks in XRD are detected for both of the 
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spent NiCe@SiO2
A and NiCe@SiO2

C catalysts, but NiCe@SiO2
A with larger yolks have stronger 

carbon peak intensity than NiCe@SiO2
C with smaller yolks after the reaction with the O/M feed 

ratio of 0.85. Throughout the three nanotubular multi–yolk–shell catalysts tested, NiCe@SiO2
C 

exhibits the most stable activity at both O/M ratio of 1.0 and 0.85 due to the fast carbon removal 

reaction, whereas the other catalysts with mean yolk size larger than 20.0 nm (NiCe@SiO2
A and 

NiCe@SiO2
B) deactivate at high CH4 concentration feed streams. 

CH4 → C + 2H2              ΔHº = +74.9 kJ·mol−1  (1.8) 

CO + H2 ↔ C + H2O      ΔHº = –131.3 kJ·mol−1  (1.9) 

2CO ↔ C + CO2             ΔHº = –172.5 kJ·mol−1  (1.10) 

C + O2 → CO2                ΔHº = –394 kJ·mol−1  (1.11) 

2CeO2 + C ↔ Ce2O3 + CO    (1.12) 

2CeO2 + Ni ↔ Ce2O3 + NiO    (1.13) 

During the TRM reaction, carbon formation can occur via the following reactions: methane 

cracking (1.8), reduction of CO (1.9), and the Boudouard reaction (1.10). At the same time, the 

deposited carbon can be removed by the reverse reactions of (1.9) and (1.10), and the forward 

reaction of (1.11), in which carbon reacts with H2O, CO2 and O2, respectively. While these 

reactions occur simultaneously on the catalyst, carbon formation and removal reaction rates can 

be influenced by the Ni particle size. Different Ni particle sizes ranging in between 6 nm and 26 

nm have been reported for the net formation of carbon on Ni-based catalyst.78–80 It has been 

shown that the removal rate of carbon is faster than the formation rate of carbon on catalysts 

containing smaller Ni particles, indicating that large Ni particles are more susceptible to carbon 
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formation.79,81 In particular, the carbon formation rate in SRM is found to be directly related to 

the Ni particle size with smaller Ni particles resulting in a lower coking rate due to the low 

driving force for carbon diffusion through the Ni.82 In addition to the carbon formation rates, 

smaller Ni particles are shown to yield carbon filaments with smaller diameters in DRM 

compared to filaments formed on larger Ni particles.83 Growth of smaller diameter carbon 

filaments is not thermodynamically favorable, resulting in less carbon deposition compared to 

larger diameter carbon filaments. Carbon filament growth can be related to the equilibrium Gibbs 

free energy growth of graphite. Deviations from graphite’s equilibrium Gibbs free energy are 

inversely proportional to particle diameter. The deviations from the graphite equilibrium value 

represent extra energy needed by the system to form filamentous carbon, therefore smaller Ni 

particles lead to larger deviations resulting in less carbon filament growth.84 In POM, smaller Ni 

particles result in the formation of more hydrogen containing carbon species than graphitic or 

nanotube structure carbon.85 Carbon species containing hydrogen are easily gasified and 

therefore do not cause catalyst deactivation, meaning that smaller particles are not as easily 

deactivated by carbon as larger particles. It stands to reason that the catalyst containing smaller 

yolks might form less and more easily removable carbon than the catalyst containing larger 

yolks. However, no distinctive conclusion can be made in terms of what Ni particle size is more 

beneficial to prevent carbon formation, as it highly depends on the chemistry and morphology of 

the catalyst. In addition to the Ni yolk size, Ni–Ce interaction can play a major role on the 

stability of the catalyst. Under reducing conditions i.e., O/M feed ratios of 0.85 and 1.0, 

NiCe@SiO2
C has high resistance to carbon deposition possibly due to the high amount of Ce4+ 

concentration. The first step in methane reforming reactions is believed to start with CH4 

dissociation to generate hydrocarbon species and carbon atoms.86 Carbon atoms can be oxidized 
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by reacting with CO2 (reaction (1.10)) and Ce4+ (reaction (1.12)). The reverse reaction of (1.12) 

could be observed for the NiCe@SiO2
A and NiCe/SiO2

Imp catalysts as they have high Ce3+ 

concentration, thereby can produce more carbon deposits compared to NiCe@SiO2
C.86 

1.3.5 Effect of yolk size under oxidizing conditions 

The active metallic Ni phase in small yolks can be re-oxidized by adsorbing oxygen 

species from the feed gases or interaction with CeO2 at O/M feed ratios higher than 1.0. Large Ni 

yolks can have slower carbon removal rate leading to carbon deposition even at higher O/M 

ratios feed stream, as shown in Figure 1.15a and Figure 1.16a. However, it has been 

hypothesized that the carbon formation on large Ni particles can prevent Ni metal from being 

oxidized in the high oxygen-containing feed stream (O/M ratio > 1.0).87 On the other hand, 

carbon formation rate is slower than the carbon oxidation rate on the small yolks (NiCe@SiO2
C), 

therefore, the amount of deposited carbon may not be sufficient enough to prevent the oxidation 

of metallic Ni to NiO, leading to deactivation of the catalyst. In contrast to the nanotubular 

NiCe@SiO2 multi–yolk–shell catalyst, the conventional NiCe/SiO2
WI catalyst exhibits stable 

activity without both Ni oxidation and carbon formation confirmed by XRD at the O/M feed 

ratio of 1.1 (Figure 1.15a). This can be explained by the fact that NiCe/SiO2
WI has stronger 

interaction between dispersed Ni and Ce species confirmed by H2-TPR and XPS. The Ce3+/Ce4+ 

redox property on CeO2 provides high surface and bulk oxygen vacancies.38 Therefore, it is 

possible that the oxygen species migrate to the oxygen vacancies on CeO2, which hinders Ni 

species from being oxidized. The stable activity of NiCe@SiO2
A and NiCe/SiO2

WI at O/M ratio 

of 1.1 can also be explained by Ce effect as aggregated Ni yolks and dispersed Ni particles in 

interaction with Ce lead to the formation of more Ce3+ species evidenced by H2-TPR and XPS. 

Availability of Ce3+ and Ce4+ species can shift the equilibrium of the reaction (1.13) and 
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facilitate Ni oxidation 86. Both NiCe@SiO2
A and NiCe/SiO2

WI have higher Ce3+ concentration 

compared to NiCe@SiO2
C and show stable activity without Ni oxidation. On the contrary, the 

forward reaction of (1.13) can be observed for the NiCe@SiO2
C as it has high Ce4+ 

concentration, thereby can oxidize active Ni yolks. 

In summary, our results indicate that carbon formation and removal rates need to be 

balanced to obtain stable performance under the TRM by controlling the Ni yolk size and Ni–Ce 

interaction. If the carbon formation is faster than carbon removal process, the carbon will deposit 

onto the catalyst, whereas if the carbon removal reaction rate is faster than carbon formation rate, 

the metallic Ni species can be oxidized to NiO by exposing to oxygen species, which both cases 

can deactivate the catalyst.88,89 While the effect of yolk size and Ce effect on the TRM activity 

can be pronounced, other structural parameters, such as shell thickness and tube diameter of the 

nanotubular multi–yolk–shell catalysts, should be systematically analyzed in future studies. 

 

1.4 Conclusions 

Different morphologies of nanotubular NiCe@SiO2 multi–yolk–shell catalysts were 

synthesized by controlling the water to surfactant ratio in the reverse microemulsion method. The 

nanotubular multi–yolk–shell catalyst prepared at the high water/surfactant ratio forms smaller 

yolks surrounded by a longer diameter silica tube shell, whereas a low water/surfactant ratio 

produces larger yolks with a shorter diameter tube shell. Catalysts prepared with small and large 

yolks show distinct characteristic behavior at various feed gas ratios under TRM. At a low O/M 

feed ratio, the nanotubular NiCe@SiO2 multi–yolk–shell catalysts exhibit higher resistance to 

carbon deposition due to its confinement effect. In contrast, the conventional impregnated 
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NiCe/SiO2
WI catalyst produces a high amount of carbon deposition on the catalyst, which 

deactivates the catalyst fast. The nanotubular NiCe@SiO2 multi–yolk–shell catalyst with smaller 

yolks forms less carbon compared to the catalyst with larger yolk sizes (> 20 nm) possibly due to 

the facile oxidation of carbon on the smaller Ni yolks and low Ce3+ concentration. On the other 

hand, at a high O/M feed ratio, the NiCe@SiO2 catalyst containing smaller yolks tends to be 

easily re-oxidized by oxygen species leading to the catalyst deactivation followed by destruction 

of nanotubular multi–yolk–shell morphology. However, the NiCe@SiO2 with larger yolks shows 

stable activity without oxidation possibly due to the slower carbon removal reaction rate and 

high Ce3+ concentration. Our results show that the morphology of the nanotubular NiCe@SiO2 

multi–yolk–shell catalysts will influence the TRM activity at different O/M feed ratios, and this 

tunable morphology can be engineered for obtaining high TRM activity and stability. 
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CHAPTER 2 

Yolk–Shell Single-Atom Alloy Catalysts for Low-Temperature Dry Reforming 

of Methane 

 

2.1 Introduction 

One engineering approach to reduce CO2 emissions is to develop chemical processes for 

the synthesis of value-added chemicals or liquid fuels directly from the CO2 source. Dry 

reforming of methane (DRM, CH4 + CO2 → 2CO + 2H2, ΔHº = +247.3 kJ mol−1) is considered 

as a promising reaction to utilize streams with a high content of CO2 from ammonia plants, oxy-

fuel combustion, or biogas generated from anaerobic digestion of sewage, sludge, and 

landfill.90,91 DRM can convert CO2 and CH4 to syngas, which can be converted further to high 

value-added products, such as C2+ hydrocarbons and oxygenated chemicals, while avoiding 

costly CO2 and CH4 separation in the biogas stream.9 

DRM has strong endothermicity and requires high operating cost and energy. Therefore, 

developing a catalyst with high DRM activity and stability at relatively low reaction 

temperatures (e.g., 500 °C) is of interest.47,92,93 To date, Ni-based catalysts have been extensively 

studied for DRM due to their high activity and low cost compared to the noble metals.93–95 

Despite their high activity, carbon formation and/or metal sintering can reduce the stability of 

Ni-based catalysts leading to fast deactivation.96–98 Particularly, the carbon formation rate is 

substantially enhanced on the catalyst through the favorable Boudouard reaction (2CO ↔ C + 

CO2, ΔH° = −171.5 kJ mol−1) at low reaction temperatures under DRM.47 Further research is 

required to stabilize the active Ni metal and minimize the effect of the Boudouard reaction at low 

reaction temperatures. Our recent work has shown that nanotubular NiCe@SiO2 multi–yolk–
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shell catalysts can maintain a stable catalytic activity and decrease carbon deposition at 750 °C 

under tri-reforming of methane (TRM).99 The confined morphology of NiCe@SiO2 provides 

strong interaction between active Ni and SiO2 support, which can improve the catalytic activity 

and provide high resistance to carbon deposition compared to conventional catalysts synthesized 

by wet impregnation. The confined morphology of core/yolk–shell have shown to have high 

resistance to coking and sintering during methane reforming due to the confinement effect and 

strong metal–support interaction.59,100–102 The addition of CeO2 to the Ni-based catalysts can 

enhance the Ni dispersion and decrease carbon content on the catalyst due to its oxygen 

vacancies and reversible redox property.36,38,99 

Unlike TRM, DRM does not involve oxidizing reactants, i.e. H2O and O2, which can 

facilitate carbon removal during the reaction. Therefore, it is challenging to prevent deactivation 

of Ni species, specifically at low DRM reaction temperatures without carbon accumulation. 

Dopants added to the Ni-based catalyst has shown promising activity and stability under DRM 

conditions. A suitable dopant should have a moderate adsorption energy for carbon to improve 

the carbon resistance as well as low dissociation barriers for CH4 and CO2 activation to obtain a 

high DRM activity.103 Several studies have shown that adding a small amount of Pt to Ni-based 

catalysts can increase the activity and stability of the catalysts for DRM.92,104–106 Pt can improve 

the metal dispersion on the support and reducibility of Ni species due to H2 spillover 

effect.92,104,105 Formation of Pt–Ni alloy can produce reactive carbonaceous species, which can be 

removed more efficiently compared to monometallic Ni.107 Promotion of Ni catalysts with low Pt 

concentrations can lead to the formation of single-site catalysts (SSCs), including single-atom 

catalysts (SACs), and single-atom alloys (SAAs) with unique electronic and geometric 

structures.108–110 Compared to the catalysts with nanoparticles, SSCs has isolated metals, which 
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can enhance metal–support interaction providing good thermal stability in catalytic reactions and 

lower the activation barrier by shifting the reaction pathway.111–114 

In the present work, we report the DRM performance of the carbon-resistant nanotubular 

yolk–shell Pt-NiCe@SiO2 SAA catalyst at 500 °C. Effects of the confined morphology and Pt 

promotion are investigated to overcome the challenges associated with catalyst deactivation. The 

activity and stability of the yolk–shell catalysts are compared with the conventional catalysts 

synthesized by wet impregnation to elucidate the structural differences. Our results show that a 

0.25 wt% of Pt-promoted yolk–shell SAA catalyst (Pt0.25-NiCe@SiO2) exhibits excellent 

resistance to carbon deposition for DRM. The improved performance of Pt0.25-NiCe@SiO2 is 

attributed to the atomically dispersed Pt on the yolks with the formation of Pt–Ni SAA in the 

confined nanotubular SiO2 structure. 

 

2.2 Experimental Methods 

2.2.1 Catalyst preparation 

The yolk–shell catalysts were synthesized by a reverse microemulsion method. The 

solution containing 0.0006–0.006 M of platinum tetrachloride (PtCl4, 99.9%, Sigma Aldrich), 0.2 

M of nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%, Alfa Aesar), and 0.05 M of cerium 

nitrate hexahydrate (Ce(NO3)3·6H2O, 99%, Sigma Aldrich) in 4 ml of deionized (DI) water as 

yolk precursors was added dropwise to the microemulsion of 0.17 M of 1-hexadecyl trimethyl 

ammonium bromide (CTAB) (CH3(CH2)15N(CH3)3Br, 98%, Alfa Aesar) dissolved in a 15 ml of 

1-butanol (CH3(CH2)3OH, anhydrous, 99.8%, Sigma Aldrich) and 80 ml of cyclohexane (C6H12, 

99%, Alfa Aesar) mixture. After stirring the solution for 1 h, the transparent microemulsion 

solution was heated to 70 °C in an oil bath, and 0.7 ml of hydrazine (N2H4, anhydrous, 98%, 
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Sigma Aldrich) as a reducing agent with 0.5 M of sodium hydroxide (NaOH, Fisher Chemical) 

in 1.5 ml DI was added to the solution dropwise, followed by further stirring for 40 min. The 

solution was cooled down to room temperature and aged for another 2 h under stirring. Finally, 

1.5 ml of tetraethyl orthosilicate (TEOS) (Si(OC2H5)4, 99% Sigma Aldrich) as a silica shell 

precursor and 1.5 ml of ammonium hydroxide solution (NH4OH, 28% NH3, Alfa Aesar) were 

added to the solution dropwise. The final solution was aged for 20 h for hydrolysis and 

condensation of the silica precursor. The solution was washed with ethanol (C2H6O, anhydrous, 

Fisher Chemical) and separated by centrifuging. The washed sample was dried at 100 °C 

overnight and calcined in static air at 500 °C for 4 h with a ramping rate of 5 °C min−1. Ptx-

NiCe@SiO2 (where x = 0.1, 0.25, 0.5, and 1 corresponding to the wt% of Pt) was synthesized by 

controlling the PtCl4 concentration, while the weight percentages of Ni and Ce were fixed at 9.23 

wt% and 5.82 wt%, respectively. A conventional Ptx-NiCe/SiO2
WI catalyst was synthesized by 

the wet impregnation method. Fumed silica (SiO2, Sigma Aldrich) was added to the aqueous 

solution of PtCl4, Ni(NO3)2·6H2O, and Ce(NO3)3·6H2O with the same weight percentages of Pt, 

Ni, and Ce as the yolk–shell catalysts. The mixture was stirred for 15 h at 70 °C. The sample was 

dried at 100 °C overnight and calcined in static air at 500 °C for 4 h with a ramping rate of 5 °C 

min−1. 

2.2.2 Characterization 

Transmission electron microscopy (TEM) images were obtained using Hitachi H8000. High-

resolution TEM (HRTEM) and aberration-corrected high-angle annular dark field scanning TEM 

(AC-HAADF-STEM) images with energy dispersive X-ray spectroscopy (EDX) were collected 

using JEOL Grand ARM. The samples were ultrasonically dispersed in ethanol and loaded on a 

carbon-coated Cu grid. The particle size distribution of yolks was calculated using 100 yolk 
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particles and normalized by the total of measurements to obtain the fraction. The total metal 

loading (wt%) of the samples was analyzed by inductively coupled plasma optical emission 

spectroscopy (ICP-OES, PerkinElmer Avio 200) after dissolving the samples completely in a 

mixture of hydrochloric acid and nitric acid. Powder X-ray diffraction (XRD) patterns were 

recorded with Rigaku MiniFlex II using Cu Kα source radiation (λ = 1.5406 Å) in a 2θ range of 

10°–80° with a step rate of 2° min−1, and the crystallite size of the samples was calculated by the 

Scherrer equation. X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos Axis 

Ultra DLD using Al Kα radiation. The spectra were obtained after the catalysts were reduced in 

H2 at 500 °C for 1 h, followed by Ar+ etching for 9 min to analyze yolks inside the SiO2 shell. 

The binding energy was calibrated to the signal of C 1s at 284.8 eV. N2 adsorption and 

desorption isotherms were collected by Micromeritics ASAP 2020 at −196 °C. Prior to the 

measurements, the samples were degassed at 300 °C for 7 h. Hydrogen temperature-programmed 

reduction (H2-TPR) was performed on Micromeritics AutoChem II equipped with a thermal 

conductivity detector (TCD). First, 50 mg of catalyst was heated at 300 °C for 1 h under He flow 

to eliminate any moisture and contamination, and then cooled down to 30 °C. After this 

preparation step, the temperature was ramped from 30 °C to 900 °C at a rate of 10 °C min−1 in a 

10% H2/Ar mixture. H2 chemisorption experiments were performed on the same Micromeritics 

AutoChem II to determine Ni dispersion. 100 mg of catalyst was reduced in a 10% H2/Ar 

mixture at 500 °C for 3 h, and then the catalyst was purged at 500 °C for 1 h under He. H2 pulse 

chemisorption was carried out at 35 °C in 10% H2/Ar with 8 min intervals. The active Ni sites 

were obtained from the adsorbed H2 volume by assuming the H/Ni stoichiometry of 1. 

Thermogravimetric analysis (TGA) was employed on TGA-50 Shimadzu to determine carbon 

deposition on the spent catalyst. The samples were heated from 30 °C to 900 °C with a ramping 
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temperature of 10 °C min−1 under airflow. The nature of carbon deposited on the spent catalyst 

was determined by Raman spectroscopy using XploRA PLUS, Horiba in the backscattering 

configuration using 638 nm wavelength. The time-resolved in situ and operando diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were performed on 

Bruker infrared spectrometer (VERTEX 70) using the Harrick Praying Mantis DRIFTS gas cell 

equipped with ZnSe windows and mercury cadmium telluride (MCT) detector. Prior to the tests, 

catalysts were reduced at 500 °C in 25% H2/N2 mixture for 1 h and purged with N2 for an 

additional 1 h at 500 °C. CO2 injection experiments (CO2:N2=1:6) were performed on the 

reduced catalyst for 20 min followed by N2 purge for 1 h at 500 °C. After N2 purge, CH4 

(CH4:N2=1:6) was fed to the cell for 20 min. The DRM experiments were performed with a 

reactant mixture of CO2:CH4:N2=1:1:6 on the reduced catalysts at 500 °C for 15 min. The 

background spectra were collected after the H2 reduction. The background and sample spectra 

were collected 64 scans with a resolution of 4 cm−1. The X-ray absorption spectroscopy (XAS) 

measurements of the samples at Pt L3-edge, Ni K-edge, and Ce L3-edge were conducted at the 

10-BM beamline of the Advanced Photon Source (APS), Argonne National Laboratory. The 

fluorescence yield mode of the samples was collected using a 4 element Vortex detector. Pt 

metal foil and Ni metal foil were analyzed in transmission mode as a reference and for 

monochromatic energy calibration. The extended X-ray absorption fine structure (EXAFS) data 

at Pt L3-edge was weighted by k2 to gain the magnitude plots in radial space fitted by Artemis 

software.115 Fourier transformation was performed over the k-range of 3–10 Å−1, and the 

amplitude reduction factor was set to 0.76 calculated from the Pt foil. 

2.2.3 DRM activity 



 

41 
 

The DRM performance of the catalyst was tested in a fixed-bed reactor at atmospheric 

pressure. The prepared catalysts were pressed, crushed, and sieved to granules in the range of 

40–60 mesh (250–420 μm). The catalyst (75 mg) was placed between quartz wool in a quartz 

reactor with an inner diameter of 7 mm. The reactor was placed in a furnace and the temperature 

of the catalyst was measured by a K-type thermocouple placed inside the catalyst bed. The 

reaction gases were introduced to the reactor via mass flow controllers. The effluent gases were 

passed through a condenser in which any residual water was removed, and their concentration 

was measured with a gas chromatograph (GC) using a TCD. Prior to the reaction, all catalysts 

were reduced at 500 °C for 3 h with 25% H2 balanced with N2. Following the reduction, the 

DRM activity and stability of the catalysts were evaluated at 500 °C under atmospheric pressure 

in a reaction stream of CO2:CH4:N2=1:1:1 for 20 h time-on-stream (TOS). All activity and 

kinetic studies were conducted at a gas hourly space velocity (GHSV) of 60,000 ml g−1 h−1, and 

the catalytic activity was calculated using the following equations: 

Conversion, X (%) =  
Freact,in−Freact,out

Freact,in
 × 100     (2.1) 

H2 yield (%)  =  
FH2,out

2FCH4,in
 × 100       (2.2) 

CO yield (%) =  
FCO,out

FCO2,in+FCH4,in
 × 100      (2.3) 

H2 CO⁄ ratio =  
FH2,out

FCO,out
        (2.4) 

Conversion rate (mmol gNi+Pt
−1  s−1) =  

GHSV·Freact,in·Xreact

WNi+Pt
    (2.5) 

where F represents the mole fractions of the reagent species measured at the inlet or outlet of the 

reactor, and WNi+Pt denotes the sum of the Ni and Pt metal loadings. In all experiments, the 

carbon balance was close to 100%, and the reproducibility of the catalytic activity is within ±5%. 
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2.3 Results 

2.3.1 Catalysts characterization 

Figure 2.1a shows the TEM image of the reduced nanotubular yolk–shell Pt0.25-

NiCe@SiO2 SAA catalyst prepared by the reverse microemulsion synthesis. The yolks are well 

distributed inside the nanotubular SiO2 shell with an average cavity diameter of 106.5 nm and a 

wall thickness of 6.6 nm. The average length of the nanotubular SiO2 is as high as 1.7 μm, and 

the yolk sizes inside the SiO2 support vary from 5 nm to 65 nm with an average size of 20.5 nm. 

High-resolution AC-HAADF-STEM images of the reduced yolks reveal that Pt is atomically 

dispersed on the yolks (Figure 2.1b and Figure 2.2). The isolated Pt atoms are presented as bright 

dots (some of them are highlighted by yellow circles) with higher contrast than the surrounding 

Ni and CeO2 lattice, confirming the SAA structure. The HRTEM images in Figure 2.1c,d show 

the lattice fringes with interplanar spacings of 0.20 nm and 0.18 nm corresponding to the Ni 

Figure 2.1. (a) TEM (b) HAADF-STEM, and (c,d) HRTEM images of 

reduced nanotubular yolk–shell Pt0.25-NiCe@SiO2 SAA catalyst. 
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(111) and Ni (200) planes, respectively. Next to the Ni lattice fringes, CeO2 (111) and CeO2 

(200) planes are observable with interplanar spacings of 0.31 nm and 0.27 nm, respectively, 

indicating a possible Ni–CeO2 interaction (Figure 2.1c). In addition, the lattice fringe of 0.22 nm 

shown in Figure 2.1d and Figure 2.2d) can be associated with the (111) plane of a Pt–Ni 

alloy.116–118 The Pt–Ni alloys are observed mostly at the edges of the yolks rather than the core. It 

is possible that Pt-terminated supported Pt–Ni catalysts are thermodynamically stable under a 

reducing environment, where the reduced particles can form a core−shell type structure with Pt–

rich shell.119 Generally, Pt–Ni alloys can form thermodynamically by controlling the 

precipitation rate and concentration of precursor during the microemulsion synthesis. Pt has low 

Figure 2.2. (a–c) HAADF-STEM and (d) HRTEM images of reduced 

Pt0.25-NiCe@SiO2 SAA catalyst. 
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surface energy and can segregate to the surface when alloyed with Ni.120 At low Pt loadings, the 

slow reduction rate of Pt can lead Pt to deposit on the Ni surface. However, the increase in the Pt 

precursor concentration can accelerate the reduction rate, resulting in a higher degree of Pt–Ni 

mixture in the core with Pt enriched nanoparticles.121 In addition to the Pt–Ni interaction, Pt–

CeO2 interaction can be observed in Figure 2.1d. The lattice fringe size of 0.24 nm, which is 

slightly larger than 0.23 nm of Pt (111), can be observed near CeO2 (200) planes. This result can 

be attributed to the Pt lattice expansion due to the interaction with CeO2 species122,123 or assigned 

to the Pt−Ce alloy formations, yet they are not identified in our XRD analysis. As shown in 

Figure 2.2, the formation of voids in the yolks can be seen due to the possible restructuring that 

occurred from oxygen loss under H2 reduction.124 Elemental mapping and EDX spectrum of the 

reduced Pt0.25-NiCe@SiO2 are shown in Figure 2.3 and Figure 2.4. The images confirm that the 

yolks are composed of Pt, Ni, and Ce species surrounded by the nanotubular SiO2 shell. It is 

Figure 2.3. EDX elemental mapping images of reduced Pt0.25-NiCe@SiO2 

(Pt: cyan, Ni: green, Ce: yellow, Si: magenta). 
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important to note that Pt pixels are mostly observed on the yolks, yet they can also be detected 

outside of the shell at 0.25 wt% of Pt loading due to the low characteristic X-ray signals detected 

for Pt.  

Lastly, the reduced Pt0.25-NiCe/SiO2
WI catalyst synthesized by wet impregnation is 

analyzed by HRTEM (Figure 2.5). Pt species are mostly distributed as Pt nanoclusters (some of 

them are highlighted by yellow circles) with an average size of 0.746 nm on both Ni and Ce 

species. As shown in Figure 2.6, the elemental mapping images of the same particle depicts that 

the nanoparticle located at the center is composed of Ni and Ce species. The EDX image of Pt 

Figure 2.4. EDX spectrum for reduced Pt0.25-

NiCe@SiO2. 

Figure 2.5. (a) HAADF-STEM and (b) HRTEM images of reduced Pt0.25-

NiCe/SiO2
WI. 
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species matches with the nanoclusters marked in Figure 2.5. As shown in Figure 2.7, single 

distributed Pt atoms (some of them are indicated by red circles) can also be detected on the Ni 

and Ce nanoparticles, suggesting the co-existence of Pt nanoclusters and Pt single-atoms in the 

reduced Pt0.25-NiCe/SiO2
WI. This observation implies that the impregnated catalysts with 0.25 

wt% Pt can have less Pt–Ni interaction than the yolk−shell SAA catalysts. Pt and Pt–Ni alloy 

Figure 2.6. EDX elemental mapping images of reduced Pt0.25-NiCe/SiO2
WI. 

Figure 2.7. (a) HAADF-STEM and (b) HRTEM images of reduced Pt0.25-

NiCe/SiO2
WI. 
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species are mostly observed at the edges of the Ni nanoparticles for the impregnated catalyst, 

which is consistent with the yolk–shell morphology (Figure 2.7b). 

The XRD patterns of the fresh yolk–shell and impregnated catalysts with and without 

0.25 wt% Pt promotion are shown in Figure 2.8a. All fresh catalysts show the NiO and CeO2 

diffraction patterns together with amorphous SiO2. The peaks at 2θ of 37.3°, 43.3°, 62.9°, and 

75.4° belong to the cubic rock salt structure of NiO, and the peaks at 2θ of 28.6°, 33.1°, 47.5°, 

and 56.4° correspond to the cubic fluorite structure of CeO2. The broad peak observed at 2θ of 

21.6° indicates amorphous SiO2. Pt diffraction peaks could not be detected clearly on the 0.25 

wt% of Pt-promoted catalysts for both yolk–shell SAA and impregnated catalysts due to the low 
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Figure 2.8. XRD patterns of (a) fresh and (b) reduced yolk–shell and impregnated 

catalysts with and without 0.25 wt% Pt promotion. 
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concentration and high dispersion of the Pt species. Additionally, XRD patterns of the 1 wt% of 

Pt-promoted catalysts in the 2θ range of 35–50° are shown in Figure 2.9a. The result indicates 

that Pt peaks appear at 2θ of 39.8° and 46.3° for the fresh 1 wt% Pt-promoted yolk–shell 

catalysts, while Pt phases could not be identified for the impregnated catalysts, possibly due to 

the highly dispersed Pt on the support (Figure 2.10). Figure 2.8b represents the XRD patterns of 

the yolk–shell and impregnated catalysts with and without Pt promotion after 3 hours of H2 

reduction at 500 °C. The background noise in the XRD patterns is associated with the quartz 

wool used in the reactor. The peaks at 2θ of 44.7°, 52.0°, and 76.6° correspond to the metallic Ni 

phase. NiO phase is not identified in all samples indicating that NiO is fully reduced to metallic 

Ni, which is an active phase for the DRM.9,125 

The Pt (111) peaks for the fresh, reduced, and spent Pt0.25-NiCe@SiO2 are compared in 

Figure 2.9b. It has been shown that the Pt (111) peak observed in the fresh sample is not detected 

in the reduced Pt0.25-NiCe@SiO2, suggesting the formation of the isolated Pt atoms after the 

reduction. The Pt (111) peak for the spent one is located at a higher 2θ of 40.3° than that of 39.8° 
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Figure 2.10. XRD pattern of fresh Pt1-NiCe/SiO2
WI. 
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for the fresh one. This peak shift is more distinct when the same analysis is performed on Pt1-

NiCe@SiO2 (Figure 2.9a). These results imply that Pt atoms might be incorporated into the Ni 

lattice leading to the formation of Pt–Ni SAA structures,117,118,126,127 which is in good agreement 

with the HRTEM analysis. The lattice constants of the reduced catalysts are determined by 

Rietveld refinement, as shown in Table 2.1. It is found that the Ni lattice constant slightly 

increases after Pt promotion, suggesting the formation of Pt–Ni SAAs. The ceria lattice constant 

also increases for both yolk–shell SAA and impregnated catalysts after Pt promotion due to the 

partial reduction of Ce4+ to Ce3+. Scherrer equation is implemented to calculate the crystallite 

size using the (111) plane of the species, as shown in Table 2.1. The fresh impregnated catalysts 

without Pt promotion have smaller crystallite sizes of 12.90 nm and 4.79 nm for NiO and CeO2, 

respectively, compared to the fresh yolk–shell catalysts (15.99 nm and 6.58 nm for NiO and 

CeO2) due to the higher metal dispersion on the SiO2 support.99 Addition of 0.25 wt% Pt slightly 

decreases the NiO crystallite size to 15.73 nm and 11.83 nm for the yolk–shell SAA and 

impregnated catalysts, respectively, which is in good agreement with the literature.105,106 Similar 

to the fresh catalysts, the reduced NiCe/SiO2
WI has smaller crystallite sizes of 12.35 nm and 4.11 

nm for Ni and CeO2, respectively, compared to those in the reduced NiCe@SiO2 (16.31 nm and  

Table 2.1. Crystallite size and lattice constant for fresh and reduced yolk–shell and impregnated 

catalysts with and without 0.25 wt.% Pt promotion 

aCalculated by Scherrer equation for (111) plane. bMeasured by Rietveld refinement. 

Catalysts 

NiO Ni CeO2 Pt 

Crystal 

size 

(nm)a 

Lattice 

constant 

(Å)b 

Crystal 

size 

(nm)a 

Lattice 

constant 

(Å)b 

Crystal 

size 

(nm)a 

Lattice 

constant 

(Å)b 

Crystal 

size 

(nm)a 

Lattice 

constant 

(Å)b 

Fresh 

Pt0.25-NiCe@SiO2 15.73 4.188 - - 5.71 5.401 5.44 3.932 

NiCe@SiO2 15.99 4.179 - - 6.58 5.392 - - 

Pt0.25-NiCe/SiO2
WI 11.83 4.183 - - 4.95 5.405 - - 

NiCe/SiO2
WI 12.90 4.179 - - 4.79 5.388 - - 

Reduced 

Pt0.25-NiCe@SiO2 - - 16.25 3.523 6.66 5.411 - - 

NiCe@SiO2 - - 16.31 3.521 6.15 5.399 - - 

Pt0.25-NiCe/SiO2
WI - - 12.06 3.522 5.14 5.410 - - 

NiCe/SiO2
WI - - 12.35 3.521 4.11 5.391 - - 
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6.15 nm for Ni and CeO2). With the addition of 0.25 wt% Pt, the crystallite size of Ni in both 

reduced yolk–shell SAA and impregnated catalysts decrease to 16.25 nm and 12.06 nm, 

respectively. The crystallite sizes of the reduced Ni and CeO2 calculated by the XRD 

measurement are smaller than the yolk sizes determined by the TEM analysis, indicating that the 

yolks are in polycrystalline form. For the high loading of Pt (1 wt%), the reduced yolk–shell 

catalyst shows a large Pt crystallite size of 15.00 nm by XRD (not shown here). 

The XPS spectra of Ni and Ce species in Pt0.25-NiCe@SiO2 and NiCe@SiO2 after 1 h of 

in situ H2 reduction are shown in Figure 2.11. The Ni 2p core-level spectra of both catalysts 

show characteristic Ni0 and Ni2+ peaks of Ni 2p3/2 and Ni 2p1/2 with shake-up satellites. For the 

Pt-promoted catalysts, the Ni 2p3/2 core level energies located at 852.4 eV and 853.5 eV are 

assigned to Ni0 and Ni2+, respectively. These Ni 2p3/2 core level energies are similar to the non-

promoted catalysts (852.3 eV and 853.4 eV). Although non- and Pt-promoted catalysts show 

similar Ni binding energies, Pt promotion increases the reducibility of Ni species, such that 

Pt0.25-NiCe@SiO2 has a higher Ni0 concentration of 62.6% compared to that of NiCe@SiO2 

(57.5%). The Ce 3d core-level spectra can be deconvoluted into multiple peaks for Ce 3d5/2 (v) 

and Ce 3d3/2 (u), where v and v’’ peaks and v0 and v’ peaks are associated with Ce4+ and Ce3+, 
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Figure 2.11. (a) Ni 2p and (b) Ce 3d XPS spectra of reduced Pt0.25-NiCe@SiO2 and 

NiCe@SiO2. 
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respectively. Similar to the Ni species, the reducibility of Ce species increases after Pt 

promotion. Our results show that the Ce3+ concentration of Pt0.25-NiCe@SiO2 (63.1%) is higher 

than that of NiCe@SiO2 (59.4%), indicating that more oxygen vacancies are formed in the ceria 

lattice after Pt promotion. The interaction between Pt and CeO2 is observed in the HRTEM 

analysis in which a slight lattice expansion of Pt (111) has been detected (Figure 2.1d). It is 

possible that Pt can be incorporated into the Ce lattice leading to a partial reduction of Ce4+ to 

Ce3+ and an increase in the Ce–O bond length.105,128,129 This increase is consistent with the small 

change of the CeO2 lattice constant calculated in the XRD analysis (Table 2.1). High Ce3+ 

concentration observed after Pt promotion refers to an increased oxygen storage capacity of 

CeO2, which can enhance the carbon removal efficiency if Ce is located in close proximity to Pt 

and Ni.130 It is important to note that Pt peaks for Pt0.25-NiCe@SiO2 could not be observed in 

XPS due to the low Pt loading (Figure 2.12). 

H2-TPR analysis is performed to investigate the catalyst reducibility and metal-support 

interaction. Figure 2.13 shows the H2-TPR profiles of the yolk–shell and impregnated catalysts 

with and without 0.25 wt% Pt promotion. In addition to these samples, Pt0.25-Ni/SiO2
WI, Pt0.25-
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Figure 2.12. XPS spectrum of Pt0.25-NiCe@SiO2 in 

the Pt 4f region. 
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Ce/SiO2
WI, and Pt0.2 5/SiO2

WI with the same nominal loading of Ni or Ce are synthesized by wet 

impregnation and evaluated for their reducibility to identify the Ni reduction peaks (Figure 2.14). 

No H2 consumption peaks are detected when Ni is not present, indicating that all major reduction 

peaks observed in Figure 2.13 are associated with the Ni species. The H2 consumption peak of  

observed at temperatures from 240 °C to 350 °C is attributed to the reduction of bulk and 

aggregated NiO interacting with CeO2. The  peak shown in the medium temperature region 
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Figure 2.13. H2-TPR profiles for yolk–shell and 

impregnated catalysts with and without 0.25 wt% Pt 

promotion. 
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from 270 °C to 400 °C is associated with the dispersed NiO interacting with CeO2. Observation 

of the  peak at higher temperatures than the  peak can be attributed to the dispersed Ni species 

strongly coordinated with CeO2.
52,131 In the case of Pt0.25-Ni/SiO2

WI, the major reduction peak for 

NiO located at 307.2 °C (Figure 2.14) shifts to a higher temperature (323.5 °C) after Ce 

promotion (Figure 2.13) due to the enhanced Ni–support interaction. Since impregnated catalysts 

have more dispersed Ni species on the support evidenced by the XRD and H2 chemisorption 

analysis (Table 2.2), it has a low / peak ratio compared to the yolk–shell catalysts. The broad d 

peak located at temperatures above 400 °C is assigned to the reduction of NiO interacting with 

SiO2 support.99 The d peak for NiCe@SiO2 is located at a much higher temperature (648 °C) 

than that for NiCe/SiO2
WI (456 °C), indicating that the yolk–shell catalyst exhibits stronger 

metal-support interaction than the impregnated catalyst. The strong metal-support interaction in a 

confined morphology, especially in the two-dimensional yolk–shell structure, can inhibit the 

carbon deposition and metal sintering leading to improved catalyst stability.132 Compared to the 

H2-TPR of the catalysts without Pt promotion, the addition of 0.25 wt% Pt to both yolk–shell 

SAA and impregnated catalysts shifts , , and d peaks to the lower reduction temperatures while 

providing higher reduction intensity and narrower reduction peaks. This can be attributed to H2 

spillover from Pt to Ni as Pt can facilitate H2 dissociation and promote NiO reduction. In 

addition, a small peak of a located at around 200 °C is observed for impregnated 

Table 2.2. H2 uptake and Ni dispersion measured by H2 chemisorption for yolk–shell and 

impregnated catalysts with and without Pt promotion. 

 

 

 

 

Catalysts H2 uptake (mmol g−1) Ni dispersion (%) 

Pt1-NiCe@SiO2 0.0046 0.31% 

Pt0.25-NiCe@SiO2 0.0050 0.30% 

Pt1-NiCe/SiO2
WI 0.0231 1.46% 

Pt0.25-NiCe/SiO2
WI 0.0143 0.92% 
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 Pt0.25-NiCe/SiO2
WI, which pertains to the reduction of PtOx nanoclusters.107 This is consistent 

with the HRTEM analysis as the impregnated catalysts are shown to contain Pt nanoclusters. The 

appearance of the a peak can suggest that the impregnated catalysts have more pronounced Pt–

CeO2 interaction compared to the yolk–shell SAA catalysts. The absence of the a peak in the 

yolk–shell catalysts may suggest that the Pt species is highly distributed mainly on the Ni species 

as SAA structure rather than presented as PtOx nanoclusters on the yolks or support. 

Generally, the hydrogen reduction peaks for the yolk–shell catalyst after 0.25 wt% Pt 

promotion are located at lower reduction temperatures than those for the impregnated catalysts, 

which might imply that Pt is dispersed as single-atoms on the active Ni species forming the 

yolk–shell SAA structures. To elucidate Pt effect on the reduction, H2-TPR of the 1 wt% Pt-

promoted catalysts are analyzed along with the 0.25 wt% Pt-promoted catalysts (Figure 2.15 and 

Table 2.3). In most cases, the overall hydrogen uptakes are almost identical or slightly higher 

than the total amount of metals, considering two moles and one mole of H2 consumed per one 

mole of Pt and Ni, respectively. However, the H2 uptake for the a peak in the impregnated 
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Figure 2.15. H2-TPR profiles for Pt1-NiCe@SiO2, 

Pt0.25-NiCe@SiO2, Pt1-NiCe/SiO2
WI, and Pt0.25-
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catalysts is much larger than the actual amount of Pt (measured by ICP-OES (Table 2.4)), and it 

increases with the Pt loading (Table 2.3). This result can be explained by the H2 spillover from 

the adjacent Pt or incorporated Pt species into the CeO2 lattice leading to the lattice oxygen 

reduction of CeO2, which is also observed in the HRTEM analysis (Figure 2.7).133–135  

Table 2.3. H2 uptake during H2-TPR experiments for Pt1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt1-

NiCe/SiO2
WI, and Pt0.25-NiCe/SiO2

WI. 

Catalyst 
Pt 

(mmol)a 

Ni 

(mmol)a 

H2 uptake (mmol) 

a   d Sum 

Pt1-NiCe@SiO2 0.0015 0.086 - 0.058 0.024 0.010 0.092 

Pt0.25-NiCe@SiO2 0.0006 0.101 - 0.074 0.019 0.011 0.104 

Pt1-NiCe/SiO2
WI 0.0023 0.080 0.009 0.032 0.037 0.011 0.089 

Pt0.25-NiCe/SiO2
WI 0.0006 0.078 0.003 0.024 0.041 0.011 0.079 

          aMeasured by ICP-OES analysis. 

Table 2.4. Metallic content of Pt1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt1-NiCe/SiO2
WI, and Pt0.25-

NiCe/SiO2
WI measured by ICP-OES. 

 

2.3.2 Activity measurements 

The DRM performance of the yolk–shell and impregnated catalysts with and without 

0.25 wt% Pt promotion is evaluated at 500 °C for 20 h TOS, as shown in Figure 2.16. The DRM 

performances are assessed over 75 mg catalyst with particle sizes of 250–420 μm. The 

inter/intra-particle mass transfer resistances are evaluated by varying the gas hourly space 

velocity (GHSV) and particle size of the catalysts, respectively, at 500 °C under DRM condition 

as shown in Figure 2.17. The former one is confirmed by changing the mass of catalysts with 

Catalysts 
Pt Ni Ce 

Nominal ICP Nominal ICP Nominal ICP 

Pt1-NiCe@SiO2 1 0.88 9.23 9.76 5.82 5.72 

Pt0.25-NiCe@SiO2 0.25 0.22 9.23 8.34 5.82 6.55 

Pt1-NiCe/SiO2
WI 1 1.34 9.23 9.68 5.82 8.03 

Pt0.25-NiCe/SiO2
WI 0.25 0.36 9.23 8.90 5.82 7.20 
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keeping constants of other parameters, and latter one is measured by varying the particle size of 

 Pt0.25-NiCe@SiO2

 NiCe@SiO2

 Pt0.25-NiCe/SiO2
WI

 NiCe/SiO2
WI

0 5 10 15 20
0

5

10

15

20

25

30

 

 

C
O

2
 C

o
n

v
er

si
o

n
 (

%
)

Time (h)

Reactor blocked

 Pt0.25-NiCe@SiO2

 NiCe@SiO2

 Pt0.25-NiCe/SiO2
WI

 NiCe/SiO2
WI

0 5 10 15 20
0

5

10

15

20

25

30

 

 

C
H

4
 C

o
n

v
er

si
o

n
 (

%
)

Time (h)

Reactor blocked

(a) (b)

 Pt1-NiCe@SiO2

 Pt0.5-NiCe@SiO2

 Pt0.25-NiCe@SiO2

 Pt0.1-NiCe@SiO2

 NiCe@SiO2

0 5 10 15 20
0

5

10

15

20

25

30

 

 

C
O

2
 C

o
n

v
er

si
o

n
 (

%
)

Time (h)

 Pt1-NiCe@SiO2

 Pt0.5-NiCe@SiO2

 Pt0.25-NiCe@SiO2

 Pt0.1-NiCe@SiO2

 NiCe@SiO2

0 5 10 15 20
0

5

10

15

20

25

30

 

 

C
H

4
 C

o
n

v
er

si
o
n

 (
%

)

Time (h)

(c) (d)

Figure 2.16. (a) CO2 and (b) CH4 conversions of yolk–shell and impregnated 

catalysts with and without 0.25 wt% Pt promotion under DRM at 500 °C (Dashed 

line indicates equilibrium conversion). (c) CO2 and (d) CH4 conversions of Ptx-

NiCe@SiO2 in different wt% of Pt under DRM at 500 °C. 
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Figure 2.17. CO2 and CH4 conversions of Pt0.25-NiCe@SiO2 under DRM at 500 °C 

for (a) external mass transport resistance and (b) internal mass transport resistance 

measurements. 
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the catalysts with keeping constants of other parameters. The result shows that both CO2 and 

CH4 conversions does not increase at a high GHSV, indicating that no external mass transport 

resistance. The CO2 and CH4 conversions are also maintained at all ranges of particle size, 

demonstrating that the internal mass transport resistance is not occurred. Thermodynamic 

equilibrium conversions for CO2 and CH4 are calculated to be 25.8% and 17.4% at 500 °C, 

respectively, considering DRM and RWGS reaction (CO2 + H2 → CO + H2O, ΔHº = +40.6 kJ 

mol−1). It has been observed that the impregnated catalysts with and without Pt promotion have 

slightly higher initial CO2 and CH4 conversion than the yolk–shell catalysts, possibly due to the 

higher metal dispersion. Despite their high initial conversion, the impregnated catalysts show fast 

deactivation. In particular, the activity of NiCe/SiO2
WI plummets after 6 h TOS due to the severe 

carbon deposition, which blocks the catalyst bed. Addition of 0.25 wt% Pt to NiCe/SiO2
WI 

significantly improves the catalyst stability, yet the conversions of CO2 and CH4 for Pt0.25-

NiCe/SiO2
WI still decrease by 43.1% and 69.3%, respectively, over 20 h TOS. On the other hand, 

Pt0.25-NiCe@SiO2 shows a slight decrease in CO2 and CH4 conversions by 21.6% and 33.6%, 

respectively, over 20 h TOS. 

The catalytic conversion rates of CO2 and CH4 are calculated and shown in Figure 2.18. 

Pt0.25-NiCe/SiO2
WI demonstrates the highest initial CO2 and CH4 conversion rates of 0.392 mmol 

gNi+Pt
−1 s−1 and 0.277 mmol gNi+Pt

−1 s−1, while NiCe@SiO2 exhibits the lowest initial CO2 and 

CH4 conversion rates of 0.287 mmol gNi+Pt
−1 s−1 and 0.151 mmol gNi+Pt

−1 s−1, respectively. 

However, the activity of Pt0.25-NiCe/SiO2
WI decreases fast, reaching a plateau at 0.1 mmol 

gNi+Pt
−1 s−1 for the CH4 conversion rate within 10 h due to severe carbon formation. Among the 

catalysts tested, Pt0.25-NiCe@SiO2 achieves the highest activity over 20 h TOS. The yolk–shell 

catalysts show stable activity for up to 5 h, and the activity gradually decreases after 5 h, whereas 
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the impregnation catalysts deactivate fast for the first 10 h, and the activity stabilizes after 10 h. 

The yolk–shell catalysts show an increase in the activity during the initial hours of the reaction 

(Figure 2.16), possibly due to the reconstruction of the metal sites after interaction with the 

reactants and products. It is reported that the reconstruction of the active sites can be more 

pronounced on the larger size nanoparticles.136 The yolk–shell catalysts with larger Ni crystallite 

size (16.2 nm) (compared to the impregnated catalysts (12.1 nm)) show stable or increased 

activity in the beginning of the reaction. However, the activity can still gradually decrease by 

sintering. In the case of the impregnated catalysts, severe carbon accumulation can be observed 

in the TGA and XRD analysis of the spent samples, which is discussed in Section 2.3.3. This fast 

deactivation can be attributed to the blocking of the active sites by carbon species. The carbon 

formation and carbon removal reaction rate can be similar to each other after ~10 h of reaction, 

which might stabilize the activity. The CO and H2 yields and H2/CO ratios of the catalysts are 

shown in Table 2.5. In general, all catalysts exhibit a higher CO2 conversion than CH4, and their 

H2/CO ratios are below unity, indicating the effect of the concurrent RWGS reaction. The H2/CO 

ratios of the yolk–shell catalysts (0.46-0.49) are lower than those of the impregnated catalysts 

(0.57–0.79), implying that RWGS reaction is favored on the yolk–shell catalyst. A strong 
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Figure 2.18. (a) CO2 and (b) CH4 conversion rates of Pt0.25-NiCe@SiO2, 

NiCe@SiO2, and Pt0.25-NiCe/SiO2
WI under DRM at 500 °C. 



 

59 
 

oxidant like water produced by RWGS reaction can reduce the carbon formation, enhancing the 

catalyst stability.64 

Table 2.5. H2 and CO yield and H2/CO ratio of yolk–shell and impregnated catalysts with and 

without 0.25 wt.% Pt promotion under DRM at 500 °C and 750 °C. 

 

2.3.3 XAS analysis in different Pt loadings 

Reaction 

temperature 
Catalysts H

2
 yield (%) CO yield (%) H

2
/CO ratio 

500 °C 

Pt0.25-NiCe@SiO2 5.38 10.75 0.49 

NiCe@SiO2 4.67 9.84 0.46 

Pt0.25-NiCe/SiO2
WI 5.19 8.94 0.57 

NiCe/SiO2
WI 7.60 9.28 0.79 

750 °C Pt0.25-NiCe@SiO2 54.9 64.1 0.89 

Figure 2.19. AC-HAADF-STEM images of fresh (a) Pt0.1-NiCe@SiO2, 

(b) Pt0.25-NiCe@SiO2, (c) Pt0.5-NiCe@SiO2, and (d) Pt1-NiCe@SiO2. 
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The effect of Pt loadings on the structure and DRM activity of the yolk–shell catalysts 

has also been studied by the addition of 0.1 wt%, 0.5 wt% and 1 wt% Pt. Figure 2.19 shows the 

representative AC-HAADF-STEM images of the fresh Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, 

Pt0.5-NiCe@SiO2, and Pt1-NiCe@SiO2. As it can be seen in Figure 2.19a–c, individual Pt atoms 

are displayed as bright dots with higher contrast than the surrounding NiO lattice.137 The NiO 

nanoparticles (10–20 nm) exhibit lattice fringes of 0.21 nm, 0.24 nm, and 0.13 nm, assigned to 

the (200), (111), and (311) planes, respectively. The low number of Pt single atoms (indicated by 

arrows) observed for Pt0.1-NiCe@SiO2 can be due to the small Pt loading (Figure 2.19a). Both 

Pt0.25-NiCe@SiO2 and Pt0.5-NiCe@SiO2 display well dispersed Pt single-atoms on NiO, as 

shown in Figure 2.19b,c. However, small Pt nanoparticles (~3 nm) with 0.20 nm lattice fringe for 

Pt (200) are detected for Pt0.5-NiCe@SiO2 (Figure 2.20a). When the Pt/Ni atomic ratio is 

increased (Pt1-NiCe@SiO2), large Pt nanoparticles (~10 nm) are observed, as shown in Figure 

2.19d. This large Pt nanoparticles are also verified by the EDX elemental mapping (Figure 2.21), 

where the analyzed nanoparticle is only composed of Pt species. It is noted that the low number 

Figure 2.20. AC-HAADF-STEM images of fresh (a) Pt0.5-NiCe@SiO2 and 

(b) Pt1-NiCe@SiO2. 
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of Pt single atoms (indicated by arrows) can be anchored on NiO nanoparticles (Figure 2.20b), 

while the majority of Pt species form Pt nanoparticles. 

Figure 2.22a displays the normalized XANES spectra of the catalysts loaded with 

different amount of Pt. The Pt foil and PtO2 references at the Pt L3-edge are also plotted. The 

Pt 

Ce Ni 

1 0  n m

10 nm 10 nm 

10 nm 10 nm 

O 

10 nm 

Figure 2.21. EDX elemental mapping images of fresh Pt1-NiCe@SiO2. 
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Figure 2.22. (a) Normalized XANES spectra and (b) first-order derivative of the 

XANES spectra at Pt L3-edge for fresh Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt0.5-

NiCe@SiO2, Pt1-NiCe@SiO2, Pt foil, and PtO2. 
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absorption edges of Pt foil and PtO2 appear at 11563.0 eV and 11564.2 eV indicating Pt0 and 

Pt4+, respectively. The white lines for the fresh Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt0.5-

NiCe@SiO2 are similar to that of PtO2, indicating the Pt species are in a highly oxidized state. It 

is also confirmed that the Pt species are in cationic states from the first-order derivative of the 

XANES spectra (Figure 2.22b). The adsorption edge shifts to the lower energy values as the Pt 

loading increases, suggesting that Pt–Pt interaction gets stronger. The white line intensity for the 

Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, and Pt0.5-NiCe@SiO2 catalysts are higher than that for 

PtO2 due to the Pt 5d orbital of vacancy generated by the atomically dispersed Pt on NiO.137 The 

singly distributed Pt atoms over the oxide can facilitate charge transfer between metal atoms and 

host oxide due to the strong metal–support interaction. On the other hand, the normalized 

XANES data for Pt1-NiCe@SiO2 has the lowest rising absorption edge intensity, and its features 

are closer to the Pt foil spectrum. This is due to the Pt nanoparticle formation, in good agreement 

with the TEM analysis. Additionally, the white line intensity of Pt1-NiCe@SiO2 is in between 

that of the Pt foil and PtO2, suggesting a mixture of the two states due to the possible Pt–SiO2 

support interaction.138 

Figure 2.23a,b show the k2-weighted EXAFS and Fourier transformed EXAFS spectra of the 

fresh catalysts with different Pt loadings, respectively. Table 2.6 shows the structural parameters 

obtained from the EXAFS fittings of the first shell. The first prominent peak at 1.7 Å (without 

phase correction) in Figure 2.23b is attributed to the Pt–O contribution. This Pt–O contribution has 

a bond distance of 2.04 Å with coordination numbers (CN) in between 3 and 4 for the low Pt-

loaded catalysts, i.e. Pt0.1-NiCe@SiO2 and Pt0.25-NiCe@SiO2, which can be originated from the Pt 

atoms coordinated with four oxygen atoms on the host NiO.139 The close bond distance of Pt–O 

for the low Pt-loaded catalysts and PtO2 can imply strong Pt–NiO interaction.140 The  
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Table 2.6. Structural parameters obtained from the EXAFS fittings of the first shell at Pt L3-

edge for fresh Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt0.5-NiCe@SiO2, Pt1-NiCe@SiO2, Pt foil, 

and PtO2. (CN: coordination number, R: internal atomic distances, ΔE0: edge-energy shift, σ2: 

Debye–Waller factor, R-factor: closeness of the fit) 

 

second peak at 2.7 Å in the phase uncorrected spectra in Figure 2.23b can be originated from the 

next-nearest neighbor Ni atoms bridged by the nearest O atoms (not fitted).137 For the catalysts 

with high Pt loadings, i.e. Pt0.5-NiCe@SiO2 and Pt1-NiCe@SiO2, Pt–Pt contribution begins to 

appear at 2.3 Å (without phase correction) in the Fourier transformed EXAFS spectra, because of 

the Pt nanoparticles formation. The EXAFS spectrum of Pt1-NiCe@SiO2 resembles to the Pt foil 

spectrum, indicating a Pt–Pt CN and bond length of 7.6 and 2.74 Å, respectively. This confirms 

Samples Path CN R (Å) ΔE0 

(eV) 

σ2 

(10−3Å2

) 

R-factor 

Pt foil Pt–Pt 12* 2.76±0.00 7.5±0.5 3.8±0.2 0.004 

PtO2 Pt–O 6* 2.02±0.01 10.5±1.2 1.2±1.6 0.013 

Pt1-NiCe@SiO2 Pt–O 0.5±0.2 2.02±0.01 6.1±1.6 3* 0.016 

Pt–Pt 7.6±1.4 2.74±0.01 3.7±1.5 

Pt0.5-NiCe@SiO2 Pt–O 2.9±1.1 2.05±0.02 15.0±3.4 7.0±6.9 0.015 

Pt0.25-NiCe@SiO2 Pt–O 3.4±1.2 2.04±0.02 13.3±2.5 3.8±5.9 0.022 

Pt0.1-NiCe@SiO2 Pt–O 3.9±1.7 2.04±0.02 13.7±2.1 0.8±5.0 0.012 

Pt foil

Pt1-NiCe@SiO2

Pt0.5-NiCe@SiO2

Pt0.25-NiCe@SiO2

Pt0.1-NiCe@SiO2

PtO2

0 1 2 3 4 5

|χ
(R

)|
 (

Å
–

3
) 

R (Å)

Pt foil

Pt1-NiCe@SiO2

Pt0.5-NiCe@SiO2

Pt0.25-NiCe@SiO2

Pt0.1-NiCe@SiO2

PtO2

4 6 8 10

k
2
 χ

(k
) 

(Å
–

2
) 

k (Å–1)

(a) (b)

Figure 2.23. k2-weighted (a) EXAFS functions and (b) Fourier transforms of EXAFS 

spectra at Pt L3-edge for fresh Pt0.1-NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt0.5-NiCe@SiO2, 

Pt1-NiCe@SiO2, Pt foil, and PtO2. The fitting data are displayed in dashed lines. 
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that large Pt (~10 nm) nanoparticles form at high Pt loadings, in consistent with the STEM analysis. 

Similar Pt–Pt CN (8) has been reported for the samples having Pt sizes of 10 nm.141 It is noted that 

Pt1-NiCe@SiO2 has a small Pt–O contribution with CN of 0.5, which is probably due to the 

interaction between Pt nanoparticles and SiO2 support in the confined structure.142–144 

Figure 2.24 depicts the AC-HAADF-STEM images for the reduced Pt0.25-NiCe@SiO2. 

Many individual bright dots attributed to the Pt single atoms can be discerned on the surface of Ni 

(200) and Ni (111) with the lattice fringes of 0.17 nm and 0.20 nm, respectively, showing the 

possible formation of Pt–Ni SAA structure. The singly distributed Pt on NiO before the reduction 

can maintain its structure after the NiO is reduced.145 For the high Pt-loaded catalysts (Pt1-

NiCe@SiO2), the large Pt nanoparticles are still shown after the reduction with lattice fringes of 

0.20 nm and 0.22 nm, corresponding to the Pt (200) and Pt (111), respectively (Figure 2.25). It is 

noted that a superlattice structure can be observed as Ni-Pt L10 structure with the alternative 

arrangement of Pt and Ni column by the Z contrast on the edge of the Pt nanoparticles for Pt1-

NiCe@SiO2.
146 It is possible that Ni species around the Pt nanoparticles can react with Pt at the 

edge forming Ni-Pt alloys during H2 reduction. 

Figure 2.24. AC-HAADF-STEM images of reduced Pt0.25-NiCe@SiO2. 
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The electronic structure of Pt for the reduced Pt0.25-NiCe@SiO2 and Pt1-NiCe@SiO2 is 

evaluated by XANES and compared with that of the Pt foil and PtO2 references (Figure 2.26a,b). 

The absorption edge position and white line intensity for both Pt0.25-NiCe@SiO2 and Pt1-

NiCe@SiO2 are similar to the Pt foil, indicating that Pt atoms are in metallic state. A linear 

combination fitting (LCF) applied using the spectra of Pt foil and PtO2 (limited to 20 eV below 

and 50 eV above the edge jump) suggests that Pt presents primarily in metal state on both catalysts 

(Table 2.7). However, the SAA structured catalyst (Pt0.25-NiCe@SiO2) shows different edge 

feature as compared to Pt foil or Pt1-NiCe@SiO2, indicating a different Pt coordination geometry 

exists on Ni. In addition, the Pt1-NiCe@SiO2 shows slightly higher white line intensity than the Pt 

foil with 3.9% of PtO2 in LCF possibly due to the electron transfer between Pt and the SiO2 

support.142,144 Figure 2.26c,d shows the normalized XANES spectra of the reduced NiCe@SiO2, 

Pt0.25-NiCe@SiO2, and Pt1-NiCe@SiO2 at the Ni K-edge and Ce L3-edge, respectively. The Ni 

foil, NiO, CeO2, and Ce(NO3)3 samples are analyzed as references. The increased pre-edge 

Figure 2.25. AC-HAADF-STEM images of 

reduced Pt1-NiCe@SiO2. 
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intensity of Ni at 8334 eV and a decreased white line intensity for the Pt0.25-NiCe@SiO2 SAA 

imply that Ni reducibility is enhanced due to the high Pt–Ni interaction (Figure 2.26c).147 The LCF 

of the Pt0.25-NiCe@SiO2 SAA, calculated by using the Ni foil and NiO references, shows the 

highest Ni0 proportion of 65.0%, followed by 61.6% and 54.6% for NiCe@SiO2 and Pt1-

NiCe@SiO2, respectively. This analysis indicates that less Pt–Ni interaction exists when Pt forms 

large nanoparticles at the high Pt loadings.  

Figure 2.26d shows the normalized XANES spectra of the samples at Ce L3-edge. The 

reference spectra exhibit Ce4+ oxidation state with a double peak at 5730 eV and 5737 eV, and 

Ce3+ oxidation state with a peak at 5726 eV. All the reduced catalysts show pronounced Ce4+ 
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Figure 2.26. (a) Normalized XANES spectra and (b) first-order derivative of the 

XANES spectra at Pt L3-edge for reduced Pt0.25-NiCe@SiO2, Pt1-NiCe@SiO2, Pt 

foil, and PtO2. Normalized XANES spectra at (c) Ni K-edge for reduced 

NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt1-NiCe@SiO2, Ni foil, and NiO and (d) Ce L3-

edge for NiCe@SiO2, Pt0.25-NiCe@SiO2, Pt1-NiCe@SiO2, CeO2, and Ce(NO3)3. 
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Table 2.7. Linear combination fitting (LCF) results of the XANES spectra. 

 

oxidation state, however, the spectrum of Pt0.25-NiCe@SiO2 has features similar to that of 

Ce(NO3)3 with a high Ce3+ proportion of 32.3% (Table 2.7). It is found that CeO2 species can 

interact with Ni, as they are deposited on Ni species, as shown in Figure 2.27. The CeO2 

nanoparticles (~3 nm) with lattice fringes of 0.31 nm and 0.19 nm, assigned to the CeO2 (111) and 

CeO2 (202), respectively, are observed on the Ni nanoparticles. Since Pt0.25-NiCe@SiO2 has well 

dispersed Pt–Ni SAA structures, the high Ce3+ concentration can be derived by the electron transfer 

from Pt to CeO2 on the CeO2 deposited Pt–Ni SAA.148 

Figure 2.28a,b shows k2-weighted EXAFS and Fourier transformed EXAFS spectra for the 

reduced Pt0.25-NiCe@SiO2 and Pt1-NiCe@SiO2. The Pt0.25-NiCe@SiO2 has a peak at 2.1 Å 

(without phase correction), which is located between Pt–O peak (1.6 Å) of PtO2 and Pt–Pt peak 

Catalysts Pt L3-edge Ni K-edge Ce L3-edge 

Pt0 Pt4+ Ni0 Ni2+ Ce4+ Ce3+ 

Pt1-NiCe@SiO2 96.1% 3.9% 54.6% 45.4% 86.8% 13.2% 

Pt0.25-NiCe@SiO2 100% 0% 65.0% 35.0% 67.7% 32.3% 

NiCe@SiO2 - - 61.6% 38.4% 91.4% 8.6% 

Figure 2.27. AC-HAADF-STEM 

images of fresh Pt0.25-NiCe@SiO2. 
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(2.4 Å) of Pt foil, attributed to the Pt–Ni bonds, suggesting the formation of the isolated Pt atoms 

on Ni nanoparticles. The Pt–Ni interaction is detected in the first-shell at a bond distance of 2.53 

Å (Table 2.8), which is in between the Pt–Pt (2.76 Å) and Ni–Ni (2.49 Å) bond lengths and can 

further support the formation of SAA structures.149150 The Pt0.25-NiCe@SiO2 does not have any 

Pt–Pt interaction, indicating the absence of Pt nanoparticles at the low Pt loadings after the 

reduction. The fitting results demonstrate that Pt–Ni shell has a CN of 5 with a bond distance of 

2.53 Å. The low CN is possible, if the atomically dispersed Pt atoms are located at the outermost  

 

Table 2.8. Structural parameters obtained from the EXAFS fittings of the first shell at Pt L3-

edge for reduced Pt0.25-NiCe@SiO2, Pt1-NiCe@SiO2, Pt foil, and PtO2. (CN: coordination 

number, R: internal atomic distances, ΔE0: edge-energy shift, σ2: Debye–Waller factor, R-factor: 

closeness of the fit) 

 

Samples Path CN R (Å) ΔE0 (eV) σ2 (10−3Å2) R-factor 

Pt foil Pt–Pt 12* 2.76±0.00 7.5±0.5 3.8±0.2 0.004 

PtO2 Pt–O 6* 2.02±0.01 10.5±1.2 1.2±1.6 0.013 

Pt1-NiCe@SiO2 Pt–Ni 3.5±1.7 2.60±0.01 7.0±1.4 15.9±5.7 0.007 

Pt–Pt 7.4±1.5 2.75±0.01 5.7±1.7 

Pt0.25-NiCe@SiO2 Pt–Ni 5.1±0.6 2.53±0.01 5.5±1.4 6.4±1.1 0.011 
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Figure 2.28. k2-weighted (a) EXAFS functions and (b) Fourier transforms of EXAFS 

spectra at Pt L3-edge for reduced Pt0.25-NiCe@SiO2, Pt1-NiCe@SiO2, Pt foil, and PtO2. 

The fitting data are displayed in dashed lines. 
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layer of Ni nanoparticles without diffusing into the Ni bulk lattice.151 On the other hand, the shape 

of Fourier transformed EXAFS function for the Pt1-NiCe@SiO2 is similar to that of Pt foil with 

the Pt–Pt CN and bond distance of 7.4 and 2.75 Å, respectively, which shows the formation of Pt 

nanoparticles. It is calculated that Pt1-NiCe@SiO2 contains Pt–Ni contribution with a CN of 3.5 

due to the formation of Ni-Pt L10 structure during the reduction process evidenced by STEM 

analysis (Figure 2.25). 

The wavelet transforms (WT) of Pt EXAFS is performed for the reduced catalysts by 

decomposing both k and R signals of the EXAFS to identify the contributions of scattering paths. 
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Figure 2.29. Wavelet transform (WT) for the k2-weighted EXAFS signals of (a) Pt 

foil, (b) PtO2, (c) Pt1-NiCe@SiO2, and (d) Pt0.25-NiCe@SiO2. 
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As it can be seen in Figure 2.29, the WT contour plots of Pt foil and PtO2 references has the 

intensity maxima at 8.8 Å−1 and 5.9 Å−1, ascribing to the Pt–Pt and Pt–O contributions, 

respectively. The Pt0.25-NiCe@SiO2 SAA shows only one intensity maximum at 7.4 Å−1, owing to 

the Pt–Ni contribution without no distinct features at higher k values, resulting from the atomically 

dispersed Pt atoms on the Ni surface.152 The WT plots of the reduced Pt1-NiCe@SiO2 contains 

both Pt–Pt and Pt–Ni contributions, matching with the STEM and EXAFS analysis. 

As shown in Figure 2.16c,d, the Ptx-NiCe@SiO2 catalysts exhibit nearly identical CO2 

and CH4 conversions of 11.5% and 6.5%, respectively, over 20 h TOS. Finally, long-term 

stability tests are performed over 120 h TOS for the Pt1-NiCe@SiO2, Pt0.25-NiCe@SiO2, and 

NiCe@SiO2 catalysts, as shown in Figure 2.30. Among the catalysts tested, Pt0.25-NiCe@SiO2 

shows the most stable DRM activity over 120 h TOS, whereas the other catalyst beds are 

blocked at around 50 h TOS due to the carbon formation. Our results imply that amount of Pt 

does not influence the conversion rate of the yolk–shell catalysts, but the catalyst stability can be 

improved by minimizing the carbon formation at a certain Pt concentration, i.e., Pt0.25-
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Figure 2.30. Long-term stability of Pt1-NiCe@SiO2, 

Pt0.25-NiCe@SiO2, and NiCe@SiO2 over 120 h TOS 

under DRM at 500 °C. 
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NiCe@SiO2. Additionally, the DRM activity of the Pt0.25-NiCe@SiO2 SAA catalyst was tested at 

750 °C for 20 h, as shown in Figure 2.31 and Table 2.5. The catalyst shows high initial CO2 and 

CH4 conversions of 68.6% and 64.5% with H2 and CO yields of 54.9% and 64.1%, respectively. 

The activity decreases by 18% and 14% for CO2 and CH4 over 20 h TOS, respectively. However, 

there is no significant conversion drop during the reaction. The catalysts bed also is not blocked 

by severe carbon deposition. These results imply that the yolk–shell SAA presents good stability 

against the CO disproportionation reaction at high CO2 and CH4 conversions. 

2.3.4 Kinetic studies 

Kinetics experiments are performed to determine reaction order and activation energy for 

the best performing catalyst, i.e., Pt0.25-NiCe@SiO2, under differential conditions at 500 °C. The 

effect of the partial pressures of CO2 and CH4 on the consumption rate of reactants is depicted in 

Figure 2.32. The reaction rate is expressed by the following semi-empirical power-law rate 

equations for Pt0.25-NiCe@SiO2. 

RCH4 = k1(PCH4)
0.60(PCO2)

−0.55              (2.6) 

Figure 2.31. CO2 and CH4 conversion of Pt0.25-NiCe@SiO2 

under DRM at 750 °C. 
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RCO2 = k2(PCH4)
0.34(PCO2)

−0.22              (2.7) 

According to Eq. (2.6), the forward CH4 reaction rate is proportional to PCH4 with the 

reaction order of 0.60, while the reaction order with respect to CO2 is −0.55, suggesting that CO2 

adsorbs more strongly than CH4. A negative reaction order with respect to CO2 partial pressure is 

reported, when the catalyst shows high resistance to coking.153–155 The increased surface 

coverage of oxygen species originated from CO2 dissociation can block the sites for CO2 

adsorption. The high surface coverage of oxygen species can minimize coke formation as oxygen 

species react with the surface carbon.154,155 We observe facile re-oxidation of the Ni species by 

feeding CO2 in the in-situ DRIFTS experiments, which is discussed in Section 2.3.5. The 

apparent CH4, CO2, H2, and CO activation energies are measured within the temperature range of  
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Figure 2.32. Reaction rates for the consumption of (a,b) CO2 and (c,d) CH4 as 

a function of the CO2 and CH4 partial pressures for Pt0.25-NiCe@SiO2 at 500 

°C. 
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Table 2.9. Apparent activation energies (Ea,app) for Pt0.25-NiCe@SiO2 under DRM. 

 

 

 

 

 

450–510 °C based on the consumption rates of CH4 and CO2 and formation rates of CO and H2 

(Table 2.9). The Arrhenius plots are presented in Figure 2.33. The CH4 activation energy (99.0 

kJ mol−1) is higher than the CO2 activation energy (79.9 kJ mol−1), matching well with the 

literature. The activation energy for H2 formation is 120.4 kJ/mol, which is greater than that of 

CO formation of 86.7 kJ mol−1 due to the RWGS reaction.92,94,156–158 

 Ea,app (kJ mol−1) 

CH4 99.01 
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Figure 2.33. Arrhenius plots for reaction rates of (a) CO2, (b) CH4, (c) H2, and 

(d) CO on Pt0.25-NiCe@SiO2. 
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The inhibition effect with respect to PCO2 can be associated with the competitive occupancy 

of active sites by the CO2 species.159 It is reported that inert SiO2-supported metal catalysts follow 

the mono-functional pathway, in which both CO2 and CH4 are activated on the metal.64 The CO2 

reaction rate increases with CH4 partial pressure from DRM due to the facile adsorption of CH4 on 

the surface, followed by its dissociation (Eq. (2.7)). Dissociation of CH4 in DRM can produce H2, 

which can react with CO2 in RWGS reaction leading to an increase in the CO2 reaction rate.160 In 

contrast, the CO2 reaction rate decreases with increasing CO2 partial pressure. This can be 

attributed to the change in reaction mechanism, where at low CO2 partial pressure, not only DRM 

but also the RWGS reaction is favored by H* from CH4 decomposition, while CO2 reacts with 

CH4 by DRM at high CO2 partial pressure.  

Figure 2.34. (a) XRD patterns, (b) TGA profiles, and (c) Raman spectra of spent Ptx-

NiCe@SiO2 after 20 h of DRM and (d) TEM image of spent Pt0.25-NiCe@SiO2 after 

20 h of DRM. 

 Pt1-NiCe@SiO2

 Pt0.5-NiCe@SiO2

 Pt0.25-NiCe@SiO2

 Pt0.1-NiCe@SiO2

 NiCe@SiO2

10 20 30 40 50 60 70 80

 

  

  

 

In
te

n
si

ty
 (

a
.u

.)

  

 carbon     • Ni     * CeO2

•
•

•

**
*

*





  

2θ (degree)

100 200 300 400 500 600 700 800 900
0

20

40

60

80

100

 NiCe@SiO2

 

 

W
ei

g
h

t 
L

o
ss

 (
%

)

Temperature (°C) 

 Pt0.1-NiCe@SiO2

 Pt0.25-NiCe@SiO2

 Pt0.5-NiCe@SiO2

 Pt1-NiCe@SiO2

-61.8%

-57.4%

-45.9%

-42.9%

-20.5%

 Pt0.25-NiCe/SiO2
WI

0%

Pt1-NiCe@SiO2

 Pt0.5-NiCe@SiO2

 Pt0.25-NiCe@SiO2

 Pt0.1-NiCe@SiO2

 NiCe@SiO2

1000 1200 1400 1600 1800 2000

 

  

D

  

G

 

In
te

n
si

ty
 (

a
.u

.)

  

  

Raman shift (cm–1)

(a)

(c)

(b)



 

75 
 

2.3.5 Carbon deposition 

The spent yolk–shell catalysts loaded with different wt% of Pt are analyzed using XRD, 

TGA, and Raman spectroscopy to investigate carbon formation during DRM. As shown in 

Figure 2.34a, all the spent yolk–shell catalysts show diffraction peaks of metallic Ni and CeO2, 

indicating no oxidation has occurred. A Pt diffraction peak is also visible, especially at high Pt 

loadings, and shows a shift compared to the fresh ones indicating the formation of the Pt–Ni 

alloy structures. The spent yolk–shell catalysts except Pt0.25-NiCe@SiO2 show diffraction peaks 

at 2θ of 26.6° and 43.5° corresponding to graphitic carbon. These carbon formations are more 

pronounced on the spent impregnated catalysts. As shown in Figure 2.35, the spent Pt0.25-

NiCe/SiO2
WI shows strong carbon diffraction peaks, making it difficult to analyze the other metal 

species. 

TGA is performed to quantify the amount of carbon formed on the spent yolk–shell 

catalysts and Pt0.25-NiCe/SiO2
WI, as shown in Figure 2.34b and Table 2.10. The weight of the 

spent yolk–shell catalysts slightly increases starting from 250 °C due to oxidation of the catalysts  
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Figure 2.35. XRD pattern of spent Pt0.25-NiCe/SiO2
WI after 

20 h of DRM. 
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Table 2.10. Deposited carbon amount and ID/IG ratios calculated for Ptx-NiCe@SiO2 and Pt0.25-

NiCe/SiO2
WI after 20 h of DRM. 

 

 

 

 

 

 

by air. Generally, a dramatic weight loss is observed on the spent catalysts at the temperature 

region of 400–600 °C, which is attributed to gasification of filamentous or graphitic carbon 

deposited during the DRM.64 The amount of carbon formed during the DRM is calculated to be 

0.41 mg gcat
−1 for NiCe@SiO2, which decreases to 0.20 mg gcat

−1 after 0.1 wt% Pt promotion. 

Further promotion of the catalyst with 0.25 wt% Pt indicates that carbon accumulation is 

negligible, which is in good agreement with the XRD analysis. When the Pt loading exceeds 0.5 

wt%, a significant weight loss occurs again due to the carbon formation during the DRM. The 

Pt0.25-NiCe/SiO2
WI contains the largest amount of carbon deposition of 0.62 mg gcat

−1 showing 

that the impregnated catalysts are the least resistant to the carbon deposition despite the Pt 

promotion. 

The Raman spectra of the spent Ptx-NiCe@SiO2 are collected to determine the nature of 

carbon, as shown in Figure 2.34c. Two vibrational peaks centered at 1327 cm−1 and 1587 cm−1 

are observed for all the spent yolk–shell catalysts except for Pt0.25-NiCe@SiO2. The former peak 

is assigned to the D band associated with the disordered defective carbon correlating with 

amorphous carbon structures, while the latter peak is the G band belonging to the ordered and 

well-graphitized carbon structures. The integrated intensity ratio of D band to G band (ID/IG) is 

Catalysts Deposited carbon (mg gcat
−1)a ID/IG

b 

Pt1-NiCe@SiO2
 0.44 0.80 

Pt0.5-NiCe@SiO2
 0.56 1.00 

Pt0.25-NiCe@SiO2
 0 - 

Pt0.1-NiCe@SiO2
 0.20 0.89 

NiCe@SiO2
 0.41 0.82 

Pt0.25-NiCe/SiO2
WI 0.62 - 
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calculated to compare fractions of the disordered and ordered carbons, as shown in Table 2.10. 

NiCe@SiO2 exhibits ID/IG ratio of 0.82, and the value reaches unity for 0.5 wt% Pt promotion. 

Further promotion of the catalyst with 1 wt% Pt decreases ID/IG ratio to 0.8. The lack of a carbon 

peak on Pt0.25-NiCe@SiO2 might be explained by the disordered carbon formed mainly on the 

catalyst, which can be removed easily during DRM.107,161 

The XRD, TGA, and Raman data for the spent catalysts indicate that Pt0.25-NiCe@SiO2 

shows the highest resistance to carbon deposition during DRM. No significant carbon formation 

is observed in the TEM image of the spent Pt0.25-NiCe@SiO2 after 20 h TOS at 500 °C (Figure 

2.34d). In addition, its nanotubular yolk–shell structure remains stable without showing any 

degree of destruction. Our results show that the percentage of yolks having size of 0–10 nm 

decreases from 31% to 12% after the 20 h of DRM reaction, while the percentage of 10–20 nm 

sized yolks increases from 28% to 48% (inset graph of Figure 2.1a and Figure 2.34d). Similarly, 

the percentage of 20–30 nm sized yolks decreases from 24% to 16% after the reaction, and this 

change matches with the increased percentage of 30–50 nm sized yolks. These results indicate 

that yolks can sinter during the reaction, which could be the reason for decrease in CO2 and CH4 

conversions by 21.6% and 33.6%, respectively (Figure 2.16). In addition, the XRD patterns of 

the reduced and spent for Pt0.25-NiCe@SiO2 (Figure 2.9b) show that the Pt peaks are not 

observed before the reaction due to the singly distributed Pt, whereas the spent catalyst shows a 

very small hump, which could be attributed to the sintered Pt–Ni structure. However, the average 

yolk size of the spent Pt0.25-NiCe@SiO2 (24.4 nm) are similar to those of the reduced catalyst 

(Figure 2.1a), suggesting that SiO2 encapsulation limits sintering and provides a strong metal–

support interaction. The positive effect of SiO2 encapsulation can also be observed in the 

crystallite size of Ni (Table 2.1 and Table 2.11). The crystallite size of active Ni for the reduced  
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Table 2.11. Crystallite size for fresh and spent Ptx-NiCe@SiO2 after 20 h of DRM. 

 

(16.25 nm) and spent (17.29 nm) Pt0.25-NiCe@SiO2 remains similar. Finally, the structure of 

Pt0.25-NiCe@SiO2 SAA after the 20 h of DRM reaction at 500 °C is analyzed by AC-HAADF-

STEM and EXAFS analysis (Figure 2.36 and Figure 2.37). The presence of bright dots for the 

 

Catalysts 
Crystallite size (nm)a 

 
NiO Ni CeO

2
 Pt 

Fresh 

Pt1-NiCe@SiO2 14.94 - 6.25 12.35 

Pt0.5-NiCe@SiO2 15.12 - 5.93 7.43 

Pt0.25-NiCe@SiO2 15.73 - 5.71 5.44 

Pt0.1-NiCe@SiO2 13.44 - 6.60 - 

NiCe@SiO2 15.99 - 6.58 - 

Spent 

Pt1-NiCe@SiO2 - 17.40 6.11 12.00 

Pt0.5-NiCe@SiO2 - 17.37 5.97 - 

Pt0.25-NiCe@SiO2 - 17.29 5.97 - 

Pt0.1-NiCe@SiO2 - 18.56 6.43 - 

NiCe@SiO2 - 17.71 6.09 - 

Figure 2.36. AC-HAADF-STEM images of 

spent Pt0.25-NiCe@SiO2 after 20 h of DRM at 

500 °C. 
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isolated Pt atoms on Ni in STEM image and showing only one peak at 2.52 Å for the Pt–Ni 

contribution with CN number of ~7 in EXAFS fitting result (Table 2.12) indicate that the Pt–Ni 

SAA structure remains after the DRM reaction, providing the stability of the SAA structure. 

Overall, the developed Pt0.25-NiCe@SiO2 exhibits similar activity and longer stability by 

minimizing carbon formation compared to the studies reported at low DRM 

temperatures.92,93,162,163  

Table 2.12. Structural parameters obtained from the EXAFS fittings of the first shell at Pt L3-

edge for spent Pt0.25-NiCe@SiO2 after 20 h of DRM at 500 °C. (CN: coordination number, R: 

internal atomic distances, ΔE0: edge-energy shift, σ2: Debye–Waller factor, R-factor: closeness 

of the fit) 

 

 

2.3.6 In situ and operando DRIFTS  

To provide a mechanistic understanding for the DRM activity of the yolk–shell and 

impregnated catalysts with and without 0.25 wt% Pt promotion, in situ and operando DRIFTS 

experiments are conducted. First, only CO2 gas is injected into the DRIFT cell after H2 reduction 

of the catalyst, and the temporal activity of the catalyst is recorded for 20 min. As shown in 

Path CN R (Å) ΔE0 (eV) σ2 (10−3Å2) R-factor 

Pt–Ni 7.33±0.82 2.52±0.01 3.4±1.2 8.8±1.0 0.009 
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Figure 2.37. k2-weighted (a) EXAFS spectrum and (b) Fourier transforms of EXAFS 

spectra at Pt L3-edge for spent Pt0.25-NiCe@SiO2 after 20 h of DRM at 500 °C. 
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Figure 2.38, the Fourier-transform infrared (FTIR) spectra of the catalysts show the gaseous 

(2143 cm−1) and adsorbed (1730–2080 cm−1) CO bands along with the characteristic IR bands 

for carbonate (CO3
2−*) species located at 1410–1653 cm−1 in CO2 stream. As shown in Figure 

8c, Pt0.25-NiCe/SiO2
WI shows a strong CO* band for linearly adsorbed CO on the reduced metal 

sites at 2029 cm−1, and broad CO* bands at 1919 cm−1 and 1844 cm−1 for the bridge and multi-

centered bonded CO, respectively. The adsorbed CO2 dissociates to CO* and O* species on Ni, 

where CO* desorbs subsequently as CO gas. Vibrational CO* bands are immediately visible 

upon CO2 injection on the impregnated catalysts, yet their intensities decrease after 10 min. 

Similarly, the doublet of gaseous CO can be observed only for the first 10 min. It is possible that 

O* species formed during CO2 injection can oxidize reduced Ni leading to its deactivation. As a 
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Figure 2.38. Time-resolved in situ DRIFTS spectra in CO2 (CO2:N2=1:6) and CH4 

(CH4:N2=1:6) stream at 500 °C for (a) Pt0.25-NiCe@SiO2, (b) NiCe@SiO2, (c) Pt0.25-

NiCe/SiO2
WI, and (d) NiCe/SiO2

WI. 
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result, the CO* coverage on Ni decreases on the surface and limits CO production. Additionally, 

CO3
2−* species can form through the reaction of CO2* and O* on CeO2. As shown in Figure 8, 

the CO3
2−* bands develop after CO2 injection on both impregnated and yolk-shell catalysts, yet 

their intensity is much stronger on the impregnated catalysts. A clear difference between the 

yolk–shell and impregnated catalysts is shown in CO absorption bands. Unlike impregnated 

catalysts, the yolk–shell catalysts show a weak linear CO absorption band at 2011 cm−1, while 

bridge CO bands are not observed (Figure 2.38a,b). Like impregnated catalysts, the gaseous CO 

and small linearly adsorbed CO peaks are not seen after 10 min of CO2 stream due to the 

possible Ni oxidation. 

Following CO2 injection, CH4 is introduced after flushing the cell with N2 for 1 h. The 

linear and bridge CO absorption bands are still observed for the impregnated catalyst, whereas 

only a weak linear CO absorption band is identified for the yolk–shell catalysts during CH4 

injection. The CO3
2−* peaks are not observable throughout the CH4 feed stream. The presence of 

CO* bands at 1 min of CH4 stream on the impregnated catalysts can imply that the adsorbed CO 

formed during CO2 injection does not react with CH4. The gaseous CO appears upon CH4 

injection at 1 min, because the CO3
2−* species formed during CO2 injection can react with H* to 

generate formate species (COOH*) followed by their decomposition to CO.164 The gaseous and 

adsorbed CO peaks continue to increase for the first 5 min of CH4 injection and start to decrease 

after 10 min for the impregnated catalysts. The initial increase of CO bands can be explained 

with the reaction between the decomposed carbon from CH4 and reactive lattice oxygen. Once 

the reactive lattice oxygen is consumed, further decomposition of CH4 blocks the active sites 

with carbon, reducing the intensity of CO bands.64 The yolk–shell catalyst does not have any 

gaseous and adsorbed CO bands at 1 min CH4 stream due to the low amount of carbonate species 
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formed during CO2 injection. However, the gaseous CO band observed after 5 min remains up to 

20 min of CH4 stream indicating that yolk–shell catalysts present high resistance to carbon 

deposition, matching with DRM activity data.  

Lastly, operando DRIFTS experiment is performed at 500 °C. As shown in Figure 2.39, 

the FTIR spectra of all catalysts show the doublet of gaseous CO (2143 cm−1) produced from 

DRM. Similar to the in situ DRIFTS experiments, impregnated catalysts show absorption bands 

for linear- and bridge-bonded CO, whereas CO absorption bands are not pronounced on the 

yolk–shell catalysts. During DRM, carbon is formed through methane decomposition 

(CH4→C+2H2, ΔH°= +74.9 kJ mol−1) and CO disproportionation (the Boudouard reaction), and 

the latter reaction is dominant at the relatively low reaction temperature (e.g. 500 °C). The lack 

of CO absorption bands on the yolk–shell catalysts implies that carbon formation on the active 

sites through the Boudouard reaction might not occur.47,64,165 In comparison to CO2 injection 

experiments, the linearly adsorbed CO band is shifted to 2048 cm−1 from 2029 cm−1 during DRM 

due to the increase in the dipole-dipole coupling between the CO* molecules.93,166 It is important 

 Pt0.25-NiCe@SiO2, 15 min
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Figure 2.39. Operando DRIFTS spectra of yolk–shell 

and impregnated catalysts with and without 0.25 wt% 

Pt promotion in DRM condition (CO2:CH4:N2=1:1:6) at 

500 °C. 
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to note that linearly adsorbed CO bands on Ni and Pt cannot be differentiated from each other. 

As shown in Figure 2.40, the linearly adsorbed CO band on both Ni and Pt are detected at the 

same wavenumber (2050 cm−1) for Ni/SiO2
WI and Pt0.25/SiO2

WI under DRM condition, which is 

in agreement with the literature.127,167 Compared to the CO2 and CH4 injection experiments, the 

gaseous and adsorbed CO bands do not diminish during the operando experiments suggesting 

that feeding CO2 and CH4 simultaneously can stabilize the catalyst by inhibiting Ni oxidation or 

carbon deposition due to facile interaction among the intermediates. Based on the experimental 

data analysis, elementary steps of the DRM reaction mechanism can be summarized in Figure 

2.41. Both CH4 and CO2 are activated on the Pt–Ni SAA structures which are in interaction with 
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Figure 2.40. DRIFTS spectra of Ni/SiO2
WI and 

Pt0.25/SiO2
WI during DRM condition 

(CO2/CH4/N2=1/1/6). 
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CeO2 and supported on SiO2 shell. CH4 (g) adsorbs on the Pt–Ni and Ni sites and dissociates to 

CHx intermediates to form C* and H* species (eq. 2.8). H* species react on the Ni to form H2 (g) 

(eq. 2.9). CO2 adsorbs on the Ni site and dissociate to form CO (g) and O* (eq. 2.10 and eq. 

2.11).64 CO is produced from the reaction between O* formed on the Pt–Ni and Ni sites, and C* 

(eq. 2.12). The high mobility of lattice oxygen in CeO2 can play an important role for carbon 

removal reaction. The oxygen sites (Ox) on CeO2 can convert C* by forming CO* at the 

interface between Ni and CeO2, leaving Ox−1 vacancy. For the confined morphology of the yolk–

shell, CO* on Ni can easily desorb as CO (g) (eq. 2.11) rather than forming surface carbon 

through the CO disproportionation reaction (eq. 2.13). Pt single atoms can inhibit carbon 

generation by increasing the energy barrier for subsequent CHx dissociation (eq. 2.8). The overall 

mechanism can be more pronounced on the well dispersed Pt single atoms interacting with Ni, 

e.g. 0.1 wt% and 0.25 wt% Pt promotions. The yolk–shell catalysts without Pt promotion or with 

high Pt promotion (> 0.25 wt%) generate more amount of carbon due to the lack of Pt–Ni SAA 

structures. 

CH4* ↔ CHx* + H* ↔ C* + H*              (2.8) 

2H* ↔ H2 (g)            (2.9) 

CO2* ↔ CO* + O*     (2.10) 

Figure 2.41. Reaction mechanism for DRM on yolk–shell 

Pt0.25-NiCe@SiO2 SAA catalyst. 
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CO* ↔ CO (g)       (2.11) 

C* + O* ↔ CO*      (2.12) 

2CO ↔ C + CO2       (2.13) 

The RWGS reaction occurs during DRM by activation of CO2* with H* to generate OH* 

followed by reaction between OH* and H* to generate H2O gas (eq. 2.14 and eq. 2.15). 

CO2* + H* ↔ COOH* ↔ CO* + OH*    (2.14) 

OH* + H* ↔ H2O              (2.15) 

 

2.4 Discussion 

Our results confirm that the yolk–shell catalysts exhibit higher resistance to carbon 

deposition compared to the conventional ones during DRM. The cavity inside the shell can be 

beneficial for rapid chemical diffusion and conversion, which facilitates the gasification of 

carbon intermediates. The two-dimensional-confined cavity can disperse active metals as well as 

enhance adsorption and mass transfer of reactants.132 Addition of Pt can lead to the formation of 

Pt–Ni alloy structures, which can promote carbon oxidation while suppressing Ni oxidation on 

the surface by forming Pt-rich metal surfaces.127,149,168 The Pt-dominant bimetallic surface can 

weaken the O binding energy and reduce carbon oligomerization, thereby enhancing the DRM 

activity and stability.169 Particularly, promotion of active metals with low Pt concentrations (< 1 

wt%) can prevent carbon formation in methane reforming reactions due to the strong metal–

support interaction, high Pt dispersion, and enhanced coke gasification.106,130,170,171 A specific 

amount of Pt promotion might be necessary to keep the desired Pt concentration on the Ni 

surface, while minimizing the formation of Pt nanoclusters or nanoparticles. In our work, we 

report that carbon formation can be minimized at certain low Pt concentrations, i.e., 0.25 wt%, 
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with a positive effect of confined space in the yolk–shell structures. We observe that promotion 

of NiCe@SiO2 with 0.25 wt% Pt can form Pt–Ni SAA structures, which increase Pt–Ni 

interaction and the reducibility of Ni species, as shown in the HRTEM and H2-TPR analysis. Pt 

has low segregation energy, and it can remain on the Ni surface forming SAA structures.120 

When the Pt–Ni SAAs formed, it is shown that the SAAs can maintain a high activation energy 

for CHx dehydrogenation and increase carbon gasification rate compared to monometallic 

catalysts.111–114 Additionally, singly dispersed Pt can effectively dissociate H2 followed by its 

spillover on to the Ni surface.172,173 These highly reactive H atoms can hydrogenate adsorbed 

carbon species, which hinders the nickel carbide formation while minimizing the carbon 

dissolution into the Ni lattice.174 When Pt concentration increases from 0.25 wt% to 1 wt%, Pt 

nanoparticles are observed in the yolks, as shown in Figure S3 and S4. Formation of Pt 

nanoparticles at high Pt loadings can facilitate dehydrogenation of CH4, enabling oligomerization 

of C–H species to form coke.175 

In situ and operando DRIFTs experiments do not confirm directly whether intermediate 

CO* is reacting fast to form other surface adsorbed species or released from the surface as CO 

gas on the yolk–shell structures. It has been reported that CO binds weekly on single Pt atoms in 

SAAs that can impede the Boudouard reaction preventing carbon formation on the catalyst.176 

However, our results indicate that the linear- or bridge-bonded CO is not directly associated with 

Pt promotion; instead it is related to the confined morphology of the yolk–shell structures. It is 

possible that the adsorption energy of CO can be influenced by surface deformations in the 

confined morphology. Strain effects induced from the lattice mismatch between yolks and shell 

materials can affect the electronic property, producing a shift of the surface d-band states of the 

transition metals.177 A change in electron density of the confined Ni strongly interacting with 
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SiO2 shell can change CO adsorption behavior having CO species to be easily released from the 

surface.47 As shown in Table 2.5, the yolk–shell catalysts produce less H2/CO ratio than the 

impregnated catalysts, possibly due to the efficient release of CO species.178 In addition, the CO* 

absorption band observed on the Ni active sites can influence CH4 activation. As shown in 

Figure S15, a decrease in the CH4 conversion rate for the impregnated catalyst is faster than that 

for the yolk–shell catalysts, which might indicate that the active sites for CH4 is blocked by CO* 

from the mono-functional pathway.179 

 

2.5 Conclusions 

In this work, we have evaluated the low-temperature DRM performance of the 

nanotubular yolk–shell structured Pt-NiCe@SiO2 at 500 °C. The developed Pt-NiCe@SiO2 

exhibits high resistance to carbon deposition in the confined morphology due to the efficient CO 

desorption, whereas the conventional impregnated catalyst deactivates fast by severe carbon 

formation through favorable Boudouard reaction during DRM. The Pt0.25-NiCe@SiO2 catalyst 

presents atomically dispersed Pt on the yolks forming Pt–Ni SAA structures encapsulated by a 

nanotubular SiO2 shell. The Pt–Ni SAA facilitates Pt–Ni interaction and enhances the 

reducibility of Ni species, which further suppresses carbon formation during DRM. When the Pt 

loading increases above 0.25 wt%, Pt nanoclusters form leading to oligomerization of C–H 

species to form coke. Promotional effects of both confined morphology and Pt–Ni SAA 

structures can lower the operating temperature of DRM without showing any catalyst 

deactivation. These discoveries highlight the potential routes to design catalysts for industrially 

relevant DRM process to utilize GHGs to produce syngas, which can contribute to carbon 

neutrality. 
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CHAPTER 3 

Direct CO2 Hydrogenation to Light Olefins over Tandem Catalysts 

 

3.1 Introduction 

High atmospheric CO2 concentration contributes to global warming and ocean 

acidification.7 Activation of CO2 to high value-added chemicals and fuels is a promising route to 

mitigate CO2 emissions and open possibilities to net-zero carbon based energy production.11 One 

approach for CO2 utilization can be direct conversion of CO2 to light olefins (ethylene, 

propylene, and butylene) by a tandem catalyst via methanol mediated reaction, where CO2 is first 

hydrogenated to methanol (3.1), followed by methanol-to-olefins (MTO) reaction (3.2) in a 

single reactor.180,181 

CO2 + 3H2 ⇌ CH3OH + H2O, ΔHº = −49.5 kJ mol−1  (3.1) 

nCH3OH ⇆ CnH2n + nH2O     (3.2) 

CO2 + H2 ⇆ CO + H2O, ΔH° = +42.1 kJ mol−1   (3.3) 

The former reaction is thermodynamically favored at low reaction temperatures (< 250 

°C), while the MTO reaction can be operated at high reaction temperatures (> 350 °C).182,183 The 

difference in reaction temperatures can decrease the desired product selectivity, when two active 

catalysts for each reaction are coupled in a single reactor as a tandem reaction. However, the 

tandem process can promote consumption of the intermediate species, shifting the reaction 

equilibrium to the right, while minimizing the undesired CO formation by reverse water-gas shift 

(RWGS) reaction (3.3).184 Additionally, the methanol intermediate route occurring on the tandem 
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catalyst can break the Anderson–Schulz–Flory (ASF) distribution, which results in higher light 

olefins selectivity (> 80%) compared with the modified Fischer–Tropsch reaction.185,186 

Generally, the direct conversion of CO2-to-light olefins can be carried out on a mixture of 

In2O3 supported on ZrO2 and SAPO-34, where CO2 to methanol and MTO reactions occur, 

respectively.180,187 Surface oxygen vacancies of In2O3 has been identified as active sites for 

methanol formation by CO2 hydrogenation.188,189 The oxygen vacancies created by H2 can 

promote CO2 activation and stabilize the reaction intermediates, followed by replenishing the 

oxygen vacancy by CO2, producing methoxy species during the reaction.190 One of the most 

well-performing catalysts investigated for the CO2 hydrogenation to methanol is ZrO2-supported 

In2O3. In2O3 supported on monoclinic zirconia demonstrates up to 10 times higher methanol 

yield than In2O3 supported on Al2O3, CeO2, TiO2, ZnO, and SiO2 due to the tensile strain caused 

by pronounced lattice mismatching.189,191 In2O3/ZrO2 can provide not only higher dispersion and 

sintering resistance but also advantageous metal–support interaction, which all promote high 

stability of the catalyst.189,191,192 High dispersion of In2O3 on ZrO2 leads to a strong electronic 

interaction with ZrO2, The electrons located in the vicinity of ZrO2 can be depleted by In2O3 

impregnation, abstracting O atoms from the active phase leading to increase the vacancies.189 

Dang et al. demonstrated that chemisorption of CO2 is stronger on the oxygen vacancy sites close 

to Zr ions compared to that on the pure In2O3. These sites can also stabilize intermediate species 

for methanol formation in In1-xZrxOy and promote activity.193 

Unlike ZrO2, yttria-stabilized zirconia (YSZ) is a unique material with a stable cubic 

fluorite structure that is prone to higher levels of oxygen-ion conductivity due to the difference in 

valence charges of Y3+ to Zr4+. YSZ-based catalysts have been generally studied for oxidation 

reaction as it can facilitate spillover of oxygen ions onto the metal surface. For instance facile 
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oxygen ion diffusion in YSZ can replenish the oxygen consumed by partial oxidation of methane 

enhancing the activity.194 In addition to the oxygen diffusion, YSZ promotes metal–support 

interaction with high oxygen vacancies, and it is shown to have high reaction rate for low 

temperature toluene oxidation despite the low Pt dispersion.195 The spillover of oxygen ion 

species onto metals due to the strong metal–support interaction can enhance the activity because 

oxygen chemisorption on Pt is the rate-determining step for toluene oxidation. The YSZ-

supported catalysts can have beneficial effect for CO2 hydrogenation as strong interaction 

between metal and YSZ with high content of oxygen vacancies can facilitate CO2 adsorption 

with stabilizing the reaction.191,196 

For the MTO reaction, chabazite zeolites with high hydrothermal stability, such as 

SAPO-34, are great interest due to their excellent performance and high selectivity towards light 

olefins production.197 L. Han et al. synthesized hierarchical porous SAPO-34, and it presented a 

long lifetime of up to 740 min with light olefins selectivity of 87.5%.198 However, the channels 

in SAPO-34 can be partially blocked by coking, deactivating the reaction.199 It is reported that 

low crystal size of SAPO-34 can increase the catalyst lifetime and product selectivity because the 

high external surface area and short residence time of the reactants and products hinders the 

coking and further formation of paraffins or larger hydrocarbons.200,201 Therefore, applying the 

nano-sized SAPO-34 can benefit the stability of the tandem catalyst for CO2 hydrogenation to 

light olefins. 

Here, we report a tandem catalyst composed of indium oxide supported on zirconia and 

nano-sized SAPO-34 zeolite for direct CO2 hydrogenation to light olefins at high temperature 

(420 °C). Two different types of zirconia-based supports (YSZ and ZrO2) are adopted and 

compared in the reaction performance. The high oxygen vacancies in YSZ can stabilize the light 
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olefins production, and developed nano-sized SAPO-34 can prolong the lifetime of the catalytic 

reaction with high light olefins selectivity without any significant coke formation. 

 

3.2 Experimental Methods 

3.2.1 Catalyst preparation 

In2O3 supported on YSZ (Sigma Aldrich) and ZrO2 (Alfa Aesar) catalysts were prepared 

with 10 wt% of In using incipient wetness impregnation. Appropriate amounts of indium nitrate 

hydrate (In(NO3)3·xH2O, 99.99%, Alfa Aesar) was dissolved in deionized (DI) water, and the 

aqueous solution were added dropwise to the support. The sample was dried at 373 K overnight 

and calcined in static air at 773 K for 4 h with a ramping rate of 5 °C min−1. The prepared 

catalysts in YSZ and ZrO2 supports are denoted as In2O3/YSZ and In2O3/ZrO2, respectively. A 

nano-sized SAPO-34 was synthesized by a microwave-assisted hydrothermal method. Finely 

ground aluminum isopropoxide (Al(OPri)3, 98%, Sigma Aldrich) was mixed with 

tetraethylammonium hydroxide solution (TEAOH, ~40% in H2O, Sigma Aldrich) and DI water 

until dissolved completely. Tetraethyl orthosilicate (TEOS, 99.0%, Sigma Aldrich) was then 

added dropwise to the solution, followed by stirring for 2 h. After that, phosphoric acid (H3PO4, 

85%, Alfa Aesar) was added dropwise, and the mixture was further stirred for additional 1 h. The 

final precursors gel with the molar composition of 1.0Al2O3 : 1.2P2O5 : 0.6SiO2 : 2.0TEAOH : 

40H2O was transferred into Teflon vessels and placed inside a microwave oven (MARS 5, CEM 

Corporation). The vessels were heated to 180 °C with magnetic stirring for 1 h under autogenous 

pressure with an 800 W output. The resulting solids were collected by centrifugation and washed 

with ethanol (C2H6O, anhydrous, Fisher Chemical) and DI water. The washed sample was dried 

at 100 °C overnight and calcined in static air at 500 °C for 6 h with a ramping rate of 5 °C min−1. 
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The activity of microwave synthesized SAPO-34 is compared with the commercial SAPO-

34COM, purchased from ACS Material, LLC. 

3.2.2 Characterization 

High-resolution transmission electron microscopy (HRTEM) images with energy 

dispersive X-ray spectroscopy (EDX) were obtained using JEOL Grand ARM. The samples were 

ultrasonically dispersed in ethanol and loaded on a carbon coated Cu grid. Field emission 

scanning electron microscopy (FESEM) images were taken on Zeiss Ultra plus. Powder X-ray 

diffraction (XRD) patterns were recorded with Rigaku MiniFlex II using Cu Kα source radiation 

(λ = 1.5406 Å) in a 2θ range of 10°–80° with a step rate of 2° min−1. Raman spectroscopy 

measurements were conducted on XploRA PLUS, Horiba in the backscattering configuration 

using 638 nm wavelength. N2 adsorption and desorption isotherms were collected by 

Micromeritics ASAP 2020 at −196 °C. Prior to the measurements, the samples were degassed at 

300 °C for 7 h. Surface area, pore volume, and pore size were determined by Brunauer-Emmett-

Teller (BET) and Barrett-Joyner- Halenda (BJH) methods. H2 temperature-programmed 

reduction (H2-TPR) was conducted on Micromeritics AutoChem II. First, 50 mg of catalyst was 

heated at 300 °C for 1 h under helium, and then cooled down to 30 °C. After pretreatment step, 

the temperature was ramped from 30 °C to 900 °C at a rate of 10 °C min−1 in a 10% H2/Ar 

mixture with recording the signal in thermal conductivity detector (TCD). H2 chemisorption 

experiments were conducted on the same Micromeritics AutoChem II to obtain H2 uptake. 100 

mg of catalyst was purged at 300 °C for 1 h under He, and H2 pulse chemisorption was carried 

out at 35 °C in 10% H2/Ar with 8 min intervals. H2 temperature-programmed desorption (H2-

TPD) and CO2-TPD were performed on Micromeritics 3Flex equipped with TCD. First, 100 mg 

of catalyst was heated at 300 °C for 1 h under argon and cooled down to 50 °C. After the 
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preparation step, the sample was saturated in H2 or CO2 for 1 h at 50 °C, followed by purging 

with argon for additional 1 h to remove any physisorbed molecules. H2-TPD and CO2-TPD 

experiments were then performed at 50–1000 °C with a heating rate of 10 °C min−1 in argon 

flow. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD 

with Al Kα radiation, and the binding energy was calibrated to the signal of C 1s at 284.8 eV. 

Thermogravimetric analysis (TGA) was employed on TG 209 F1 Libra, NETZSCH. The 

samples were heated from 30 °C to 900 °C with a ramping temperature of 10 °C min−1 under 

flowing air. 

3.2.3 Catalyst evaluation 

The performance of tandem catalysts for CO2 hydrogenation to light olefins was carried 

out in a fixed-bed continuous-flow reactor. The supported In2O3 and SAPO-34 was mixed 

physically with a mass ratio of 1:1. 400 mg of the tandem catalyst was loaded in a stainless-steel 

tubular reactor with an inlet diameter of 7.7 mm. Temperature of the catalyst was measured 

using a K-type thermocouple placed on top of the catalyst bed. The reaction gases (CO2 : H2 : N2 

= 1 : 3 : 1) were introduced to the reactor via mass flow controllers. The reaction was conducted 

at 320–420 °C under 30 bar at a GHSV of 4,000 ml g−1 h−1. The effluent gases were analyzed 

online using a gas chromatograph (GC) equipped with a TCD and a flame ionization detector 

(FID). The CO2 conversion (X), product selectivity (S), and light olefins yield (Y) are calculated 

using the following equations: 

X (%) =  
FCO2,in−FCO2,out

FCO2,in
 × 100   (3.4) 

SCO (%) =  
FCO

FCO+∑ FCmHn
m
1

 × 100   (3.5) 

SCmHn (%) =  
∑ mFCmHn

m
1

FCO+∑ mFCmHn
m
1

 × 100  (3.6) 
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YC2
=–C4

=  (mmol h–1 gcat
–1 )   =  

GHSV·
XCO2

100
·
SC2–C4

100

22.4
    (3.7) 

where FCO2,in and FCO2,out are the molar flow rates of CO2 measured at the inlet and outlet of the 

reactor, respectively, and FCO and FCmHn are the molar flow rates of the products. In all 

experiments, carbon molar balance was closed within ±2%, and the reproducibility of the 

catalytic activity for all experiments is found to be deviating within ±5%. 

 

3.3 Results and Discussion 

3.3.1 Characterization of catalysts 

Figure 3.1a,b show TEM images of In2O3/YSZ and In2O3/ZrO2 with particle size 

distribution in the inset of the images. The particles of the In2O3/YSZ is distributed in the range 

of 2–10 nm with the average size of 6.0 nm, whereas In2O3/ZrO2 has particle size from 10 nm to 

45 nm with the average size of 21.1 nm. The HRTEM images in Figure 3.1c,d show a lattice 

fringe with interplanar spacings of 0.29 nm corresponding to the In2O3 (222) planes, and the 

In2O3 is shown to be deposited on the surface of both YSZ and ZrO2. The In2O3 particle 

supported on YSZ shows size of 7.1 nm, which is similar with the YSZ support, and In2O3 

deposited on ZrO2 has size of 9.4 nm. The EDX elemental mapping analysis indicates that the 

In2O3 particles are dispersed evenly on the YSZ and ZrO2 supports (Figure 3.1e,f). 

The XRD patterns of In2O3/YSZ, In2O3/ZrO2, and bare supports are shown in Figure 

3.2a. The diffraction patterns observed at 2θ of 24.2°, 28.2°, 31.6°, and 34.3° for In2O3/ZrO2 and 

ZrO2 correspond to the monoclinic zirconia phase (Crystallography Open Database (COD) no. 

96-900-5834). The XRD pattern for the In2O3/ZrO2 catalyst shows an additional diffraction peak 

at 2θ of 31.0°, which is assigned to the (222) plane of the In2O3 bcc phase (COD no. 96-152-
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1754). The XRD patterns for both In2O3/YSZ and YSZ show diffraction peaks at 30.5°, 35.3°, 

50.5°, and 59.9°, which are assigned to the cubic zirconia phase (COD no. 96-152-1754).202 

In2O3 diffraction peaks are not detectable for In2O3/YSZ because of the overlapped large cubic 

zirconia peak located at 30.5°. The lattice constants of cubic In2O3 and cubic zirconia are similar 

to each other, which makes the XRD patterns to be identical.191 The crystallite size of In2O3 

calculated using the Scherrer equation is 11.3 nm for In2O3/ZrO2 (Table 3.1). The crystallite 

sizes of YSZ and ZrO2 is 6.9 nm and 15.4 nm, respectively, which is in good agreement with the 

Figure 3.1. HRTEM and EDX elemental mapping images of (a) 

In2O3/YSZ and (b) In2O3/ZrO2 (In: green and Zr: red) 
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TEM analysis. After impregnation of indium species, the crystallite sizes of YSZ and ZrO2 
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Figure 3.2. (a) XRD patterns, (b) N2 adsorption–

desorption isotherms, and (c) Raman spectra of 

In2O3/YSZ, In2O3/ZrO2, and their bare supports. 
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slightly increase to 7.4 nm and 18.0 nm, respectively, possibly due to the sintering of ZrO2 

species during calcination. 

Table 3.1. Crystallite size of In2O3/YSZ, In2O3/ZrO2, and their bare supports. 

Catalysts Crystallite size (nm) 

m-ZrO2 (11−1) c-ZrO2 (111) In2O3 (222) 

In2O3/YSZ - 7.4 - 

YSZ - 6.9 - 

In2O3/ZrO2 18.0 - 11.3 

ZrO2 15.4 - - 

 

N2 adsorption–desorption isotherms of catalysts are shown in Figure 3.2b, and their 

textural properties are displayed in Table 3.2. All isotherms can be assigned to type IV isotherms 

with H2 hysteresis, indicating that mesoporous with bottle necked structures formed after 

impregnation and calcination process.187 The specific surface areas of the bare YSZ and ZrO2 

supports are 222.4 m2 g−1 and 158.7 m2 g−1 with the pore volume of 0.399 cm3 g−1 and 0.270 cm3 

g−1, respectively. YSZ possesses larger surface area and pore volume than ZrO2 because of 

smaller particle size of YSZ than ZrO2. After impregnation of In2O3, the surface area and pore 

volume of the both supports decrease as In2O3 can occupy pores of the support. The difference is 

more pronounced for the YSZ than ZrO2 due to the similar size between YSZ and In2O3. As 

shown in Figure 3.3 and Table 3.2, the pore sizes of In2O3/YSZ and In2O3/ZrO2 show similar 

values of 6.33 nm and 6.74 nm, respectively. The presence of mesopores in In2O3/ZrO2 could be 

associated with the interparticle voids within the particles possibly due to the large particle size 

of ZrO2, whereas In2O3/YSZ does not show the mesopores region due to the small particle size, 

evidenced by TEM and XRD analysis. 
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Table 3.2. Textural properties of In2O3/YSZ, In2O3/ZrO2, and their bare supports. 

Catalysts SBET (m2 g−1)a Vp (cm3 g−1)a Pore size (nm) 

In2O3/YSZ 184.8 0.292 6.33 

YSZ 222.4 0.399 7.18 

In2O3/ZrO2 157.6 0.266 6.74 

ZrO2 158.7 0.270 6.79 

                   aSBET and Vp represent the BET surface area and total pore volume, respectively. 

 

The Raman spectra of the catalysts are collected to determine the structural disorders and 

oxygen vacancies. As shown in Figure 3.2c, the spectra of In2O3/YSZ and YSZ can be 

characterized by amorphous-like broad bands, related to the disordered oxygen sublattice and 

lowering symmetry from the Y substitution of Zr.203,204 Both In2O3/ZrO2 and ZrO2 shows the 

typical vibrational peaks centered at 103 cm−1, 144 cm−1, 180 cm−1, 191 cm−1, and 223 cm−1 

corresponding to the monoclinic zirconia phase. The small peak located at 133 cm−1 for 

In2O3/ZrO2 can be assigned to the phonon vibration modes of the bcc-In2O3. The structural 

disordering in Raman for YSZ can be associated with the oxygen vacancies.204 The high amount 

Figure 3.3. Pore size distribution diagrams of 

In2O3/YSZ, In2O3/ZrO2, and their bare supports using 

the Barrett–Joyner–Halenda (BJH) method. 
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of oxygen vacancy in YSZ can provide facile oxygen vacancy elimination and generation cycle, 

which can enhance the catalytic performance. 

H2-TPR is performed to investigate the reducibility of In species and their interaction 

with the support in Figure 3.4. As a baseline, the bare YSZ and ZrO2 supports are also analyzed 

for their H2 consumption. Both bare supports do not show any distinct H2 reduction peaks up to 

900 °C due to the irreducible nature of YSZ and ZrO2. After In2O3 impregnation, a small broad a 

peak at the temperature range of 150–400 °C is observed on both In2O3/YSZ and In2O3/ZrO2, 

which can be ascribed to the partial reduction of dispersed In species on the surface.193 The 

dispersed species can have more oxygen vacancies with low formation energy of oxygen 

vacancy.205206 This indicates that the oxygen vacancies might be presented at the CO2 

hydrogenation reaction temperature applied. The high temperature peak () located at 464 °C for 

In2O3/ZrO2 can be assigned to the reduction of In2O3 into metallic In.207 The asymmetric shape 

with a tail of the reduction peak suggests the presence of heterogeneously distributed In species. 

The unsupported In2O3 also contains two broad peaks from the reduction of In2O3, as shown in 

Figure 3.5. The small broad peak (a) at low temperature below 127 °C is related with the 
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Figure 3.4. H2-TPR profiles of In2O3/YSZ, In2O3/ZrO2, 

and their bare supports. 
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reduction of surface In2O3, and the strong peak () at high temperature range (> 400 °C) is 

attributed to the reduction of bulk In2O3.
208 The peak located at much higher temperature (732 

°C) could be related to the reduction of the large crystallite size of In2O3.
209 When In2O3 is 

impregnated onto the ZrO2 support, the major peaks shift to the lower temperature from 580 °C 

to 464 °C, suggesting that supported In2O3 is more easily reduced than unsupported In2O3. 

However, when In2O3 is impregnated onto YSZ, no distinct peaks are observed. In2O3 on YSZ 

can be hardly reduced compared to In2O3 on ZrO2 due to the strong metal–support interaction, 

which can provide high metal dispersion, thereby high activity. H2 chemisorption measured on 

the samples shows that H2 uptake for In2O3/YSZ is 2.26 times larger than that for In2O3/ZrO2 

(Table 3.3).210 In addition, the strong metal–support interaction can prevent In2O3 from over-

reduction to metallic In, stabilizing the methanol production as oxygen vacancies in In2O3 is the  

Table 3.3. H2 uptake measured by H2 chemisorption for In2O3/YSZ and In2O3/ZrO2. 

Catalysts H2 uptake (mmol g−1) 

In2O3/ZrO2 0.0093 

In2O3/YSZ 0.0210 

Figure 3.5. H2-TPR profile of pure In2O3. 
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the active sites.188 

Figure 3.6a shows the H2-TPD profiles of the supported In2O3 and bare supports. The 

bare ZrO2 support presents less amount of H2 adsorption capacity and lower desorption 

temperature of 240 °C compared to the bare YSZ support. YSZ shows not only large amount of 

H2 adsorption capacity but also a higher H2 adsorption temperature of 440 °C. Impregnation of 

In2O3 onto the both supports lowers the desorption temperature and H2 adsorption capacity 

compared to the bare supports. However, In2O3/YSZ still shows larger H2 adsorption capacity 

and higher H2 desorption temperature of 263 °C than that of 231 °C for In2O3/ZrO2. CO2-TPD is 
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Figure 3.6. (a) H2-TPD and (b) CO2-TPD profiles of 

In2O3/YSZ, In2O3/ZrO2, and their bare supports. 
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performed to elucidate oxygen vacancies of the catalysts. As shown in Figure 3.6b, the 

desorption peak observed at low temperatures (50–200 °C) can be ascribed to the desorption of 

the physiosorbed CO2 from weak basic sites. The large peaks observed at temperatures higher 

than 200 °C can be associated to the chemisorbed CO2 on the oxygen vacancies.211 The bare 

YSZ presents the highest CO2 uptake, whereas the bare ZrO2 shows the lowest CO2 adsorption 

capacity. This finding indicates that YSZ provides stronger CO2 adsorption sites on the oxygen 

vacancy site near the Zr than the ZrO2. After In2O3 impregnation, In species on the supports 

lowers the CO2 uptake compared to the bare supports. However, In2O3/YSZ still shows a larger 

CO2 uptake compared to In2O3/ZrO2. Gao et al. reported that CO2 is strongly chemisorbed on the 

oxygen vacancy sites near the Zr dopant on In1−xZrxOy surface than the pure In2O3.
180 The 

enhanced adsorption capacity for both H2 and CO2 can increase CO2 hydrogenation activation on 

the YSZ-supported In2O3. 

Core level photoelectron spectra of the supported In2O3 and bare supports are collected to 

elucidate surface speciation. As shown in Fig. 3.7a, the O 1s core level spectra of catalysts can 

be deconvoluted into three peaks, whose relative contents are shown in Table 3.4. The main peak 

located at 530.0 eV originates from the lattice oxygen (Olatt), and two other peaks observed at  
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Figure 3.7. (a) O 1s, (b) In 3d, and (c) Zr 3d XPS spectra of In2O3/YSZ, 

In2O3/ZrO2, and their bare supports. 
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Table 3.4. Relative surface concentration of oxygen species of In2O3/YSZ, In2O3/ZrO2, and their 

bare supports measured by XPS 

Catalysts Olatt Oads OH Oads/Olatt 

In2O3/YSZ 77.3 15.4 7.3 0.20 

YSZ 74.8 20.2 5.0 0.27 

In2O3/ZrO2 80.5 12.6 6.9 0.16 

ZrO2 84.3 12.7 3.0 0.15 

 

531.6 eV and 532.5 eV can be assigned to surface adsorbed oxygen (Oads) and surface hydroxyls 

(OH) groups, respectively. The oxygen defect concentration, which is proportional to the 

Oads/Olatt ratio, are measured to be 0.20 and 0.16 for In2O3/YSZ and In2O3/ZrO2, respectively, 

indicating that the YSZ supported-In2O3 presents higher surface oxygen vacancies compared to 

In2O3/ZrO2. For the bare supports, YSZ possesses almost two times higher oxygen vacancies 

(0.27) than ZrO2 (0.15). The In 3d core level spectra show two main peaks corresponding to the 

characteristic spin-orbit coupling of In3+ (Figure 3.7b). It is noted that the In 3d5/2 peak of 

In2O3/YSZ has a lower binding energy of 444.7 eV compared to the one of 445.0 eV for 

In2O3/ZrO2, indicating that electron density of In on YSZ increases through the donated electrons 

from the neighboring Zr sites due to the strong metal–support interaction, matching well with the 

H2-TPR results.193 The Zr 3d core level spectra indicates that the spin-orbit doublet of Zr4+ has 

similar binding energies for Zr 3d3/2 (184.5 eV) and Zr 3d5/2 (182.1 eV) for both In2O3/YSZ and 

In2O3/ZrO2, as shown in Figure 3.7c. The atomic In/Zr ratios on the In2O3/YSZ and In2O3/ZrO2 

surfaces are calculated to be 12.7% and 20.4%, respectively (Table 3.5). The low In/Zr ratio on 

In2O3/YSZ indicates less In enrichment on the support surface, suggesting a high In2O3 

dispersion, in consistent with the H2-TPR and H2 chemisorption data. 
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Table 3.5. Relative surface chemical concentration of In2O3/YSZ, In2O3/ZrO2, and their spent 

catalysts without SAPO-34 after 45 h of reaction. 

Catalysts Surface concentration (at%)a ratios 

Zr In O Y C In/Zr Zr/O 

Fresh In2O3/YSZ 22.8 2.9 65.4 3.3 5.6 12.7

% 

34.9

% 
In2O3/ZrO2 24.0 4.9 59.3 - 11.8 20.4

% 

40.5

% 
Spent (320 °C) In2O3/YSZ 36.9 3.7 49.1 3.2 7.1 10.0

% 

75.2

% 
In2O3/ZrO2 37.1 3.4 40.7 - 18.8 9.2% 91.2

% 
Spent (693 °C) In2O3/YSZ 40.3 3.9 48.1 3.1 4.6 9.7% 83.8

% 
In2O3/ZrO2 45.5 5.1 42.4 - 7.0 11.2

% 

107.3

% 

aMeasured by XPS analysis 

Figure 3.8a,c,d show the SEM and STEM images of the nano-sized SAPO-34 

synthesized by microwave heating. The developed SAPO-34 presents small spherical particle 

200 nm 

(a) 

(c) (d) 

200 nm 

(b) 

Figure 3.8. SEM images of (a) nano-sized SAPO-34 and (b) commercial 

SAPO-34COM and (c) HAADF-STEM and (d) STEM images of nano-sized 

SAPO-34. 
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sizes ranging in between 0.2–0.35 μm, possibly formed by aggregation of the cubic crystals of 

ca. 60 nm. However, commercially obtained SAPO-34COM has much larger particle sizes ranging 

from 2–5 μm (Figure 3.8.b). The XRD pattern of the synthesized SAPO-34 shows characteristic 

diffraction peaks of the CHA structure and match with the XRD pattern of SAPO-34COM (Figure 

3.9). The diffraction peaks of the nano-sized SAPO-34 have broader shapes and their intensities 

are lower than those of SAPO-34COM, leading to an ~80% of relative crystallinity. N2 adsorption-
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Figure 3.9. XRD patterns of nano-sized SAPO-34 

and commercial SAPO-34. 
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desorption isotherms of the nano-sized SAPO-34 and SAPO-34COM are analyzed (Figure 3.10), 

and their textural properties are shown in Table 3.6. SAPO-34COM has Type I isotherm, whereas 

developed SAPO-34 has a composite of Types I and II isotherms with pronounced N2 uptake 

near saturation pressure. This indicates that the synthesized SAPO-34 has nano-sized hierarchical 

structures consisting of smaller crystal sizes as well as mesopores and macropores.201,212 The 

overall surface area of SAPO-34COM (527.0 m2 g−1) is larger than that of the nano-sized SAPO-

34 (455.9 m2 g−1). However, the nano-sized SAPO-34 possesses much larger external surface 

area of 162.0 m2 g−1 due to the small crystal size, whereas SAPO-34COM presents small external 

surface area of 20.7 m2 g−1. It is known that high external surface area can provide enhanced 

mass transfer for reactants and products.212 This would be beneficial for the MTO reaction. For 

instance, the less contact time of the produced light olefins with SAPO-34 can reduce further 

conversion of light olefins to paraffins or aromatics. Additionally, the decreased crystal size can 

shorten the diffusion length for the reactants and products leading to a less coke deposition.213 

 

 

Table 3.6. Textural properties of nano-sized SAPO-34 and commercial SAPO-34COM. 

 SAPO-34 SAPO-34com 

Soverall (m
2 g−1) 455.9 527.0 

Smicro (m
2 g−1) 293.9 506.3 

Sexternal (m
2 g−1) 162.0 20.7 

Pore size (nm) 2.485 2.023 

Vmicro (cm3 g−1) 0.152 0.259 

Vmeso (cm3 g−1) 0.131 0.007 

Crystal size (μm) 0.2–0.35 2–5 
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3.3.2 Activity measurements 

CO2 hydrogenation activity of In2O3/YSZ with/without the presence of the microwave 

synthesized SAPO-34 is measured at each reaction temperatures after 4 h of reaction. As shown 

in Figure 3.11(a) and Table 3.7, when only In2O3/YSZ presents, methanol is produced at 320 °C 

with CO2 conversion of 10.4% and methanol, CO and CH4 selectivity’s of 43.2%, 54.8% and 

2.0%, respectively. CO is the major product with high selectivity due to the kinetically favored 

endothermic RWGS reaction, and undesired CH4 can be generated by CO2 methanation reaction 

(the Sabatier reaction, CO2 + 4H2 → CH4 + 2H2O, ΔHº = −165.0 kJ mol−1). When the reaction 

temperature increases to 370 °C and 420 °C, the CO2 conversion increases to 25.9% and 34.9%, 

respectively, and CO selectivity increases to 77.1% and 97%, respectively. Hydrocarbons are not 

observed at all reaction temperatures, as molecular sieves are required for methanol conversion  
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Figure 3.11. CO2 conversion (black square), product selectivity (bar graph), and 

light olefins yield (red star) of (a) In2O3/YSZ, (b) In2O3/YSZ//SAPO-34, (c) 

In2O3/ZrO2, and (d) In2O3/ZrO2//SAPO-34. 
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Table 3.7. Catalytic performance in CO2 hydrogenation of supported In2O3 with/without SAPO-

34 at different temperatures. 

 

to hydrocarbons. When In2O3/YSZ is combined with SAPO-34 as a tandem catalyst, light olefins 

are produced at all reaction temperatures due to the MTO reaction, confirming that SAPO-34 

shifts the equilibrium right via selective C–C coupling. Our results show that the 

In2O3/YSZ//SAPO-34 tandem catalyst can show CO2 conversion of 6.8%, and selectivity for 

light hydrocarbons (C2–C4) and light olefins (C2
=–C4

=) as high as 26.8% and 16.3% at 320 °C, 

respectively. As the temperature increases to 370 °C and 420 °C, the CO2 conversion increases to 

18.5% and 30.3%, respectively. Compared to the catalyst without the presence of SAPO-34, the 

CO selectivity is reduced to 74.7% and 79.3% at 370 °C and 420 °C, respectively, indicating that 

presence SAPO-34 shifts the equilibrium of methanol formation reaction to the right with 

decreasing the RWGS rate. As it can be seen in Fig. 3.11c,d, In2O3/ZrO2 presents similar activity 

Catalysts 

XCO2 

(%) 

Product selectivity (%) Light olefins yield 

(mmol h−1 g−1) CO CH4 MeOH Light 

olefins 

Light 

paraffins 

320 °C 

In2O3/YSZ 10.4 54.8 2.0 43.2 - - - 

In2O3/YSZ//SAPO-34 6.8 72.1 1.1 - 16.3 10.5 0.380 

In2O3/ZrO2 6.3 22.1 0.3 77.6 - - - 

In2O3/ZrO2//SAPO-34 5.9 59.2 2.8 - 24.3 13.7 0.444 

370 °C 

In2O3/YSZ 25.9 77.1 1.1 21.8 - - - 

In2O3/YSZ//SAPO-34 18.5 74.7 1.1 - 15.2 9.0 0.960 

In2O3/ZrO2 20.9 61.2 0.3 38.5 - - - 

In2O3/ZrO2//SAPO-34 18.7 70.5 1.0 - 20.2 8.3 1.166 

420 °C 

In2O3/YSZ 34.9 97.0 2.0 1.0 - - - 

In2O3/YSZ//SAPO-34 30.3 79.3 1.9 - 10.8 8.0 1.121 

In2O3/ZrO2 31.9 98.2 0.5 1.3 - - - 

In2O3/ZrO2//SAPO-34 32.5 90.0 1.3 - 6.5 2.2 0.661 
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trends with In2O3/YSZ. The methanol selectivity of In2O3/ZrO2 at 320 °C shows higher value of 

77.6% compare to the In2O3/YSZ of 43.2%, and it can be attributed to the different CO2 

conversion. ZrO2-supported In2O3 exhibits lower CO2 conversion than that of In2O3/YSZ, and 

the low CO2 conversion leads to the higher selectivity of methanol production in CO2 

hydrogenation.214,215 Adsorption and activation of CO2 can be promoted on the defects of metal 

oxides.192,216 The oxygen vacancies defects in YSZ can be generated by addition of Y due to the 

charge neutrality. The abundance of oxygen vacancies on In2O3/YSZ//SAPO-34 facilitates CO2 

adsorption.191 In addition, H2O can dissociate on the defects of YSZ induced by Y3+ and form 

hydroxyl groups which are necessary for CO2 chemisorption.217 Our results show that bare YSZ 

displays a multitude of surface hydroxyl groups compared to bare ZrO2 (Table 3.5). Overall, the 

higher CO2 conversion observed on In2O3/YSZ compared to In2O3/ZrO2 can be attributed to the 

large surface area and high affinities towards H2 and CO2 coupled with high oxygen vacancies, 

evidenced by N2 isotherms and TPD analysis. 

The stability of catalytic performance for In2O3/YSZ//SAPO-34 and In2O3/ZrO2//SAPO-

34 tandem catalysts for CO2 hydrogenation reaction are evaluated at 420 °C for 45 h time-on-

stream (TOS) as shown in Figure 3.12. In the beginning of the reaction, In2O3/YSZ//SAPO-34 

shows higher CO2 conversion of 31.3% than that of 25.4% for In2O3/ZrO2//SAPO-34. CO is 

found to be the major product for both catalysts with the same initial CO selectivity of 81.6%. 

The initial selectivity of the light olefins for In2O3/YSZ//SAPO-34 and In2O3/ZrO2//SAPO-34 are 

6.3% and 9.7%, leading to light olefins yields of 0.844 mmol h−1 g−1 and 0.680 mmol h−1 g−1, 

respectively. Both catalysts show no obvious decline in CO2 conversion during 45 h TOS. 

However, the light olefins selectivity decreases to 4.2% for In2O3/ZrO2//SAPO-34, and CO 

selectivity increases to 91.8% after 45 h TOS. Decreasing light olefins production can be 
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ascribed to the further reduction of the catalyst with CO, leading to the formation an amorphous 

molten state of In0, which can block the active sites and decrease the methanol selectivity.188 On 

the other hand, the light olefins selectivity for In2O3/YSZ//SAPO-34 starts to increase for the 

first 20 h TOS and stabilizes at 11.9% after 20 h. Initial increase observed for the light olefins 

selectivity can be attributed to the creation of oxygen vacancies in In2O3.
188 Formation of oxygen 

vacancies is facilitated in the presence of CO compared to H2 due to the more exothermicity with 

CO than H2.
190 CO formed by RWGS can reduce In2O3 and generate more oxygen vacancies, 

which will enhance the reaction rate.189 Pustovarenko et al. observed that an induction period is 
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Figure 3.12. CO2 conversion (black square), 

product selectivity (bar graph), and light olefins 

yield (red star) of (a) In2O3/YSZ//SAPO-34 and 

(b) In2O3/ZrO2//SAPO-34 at 420 °C. 
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required for MOF-derived In@Co catalyst to stabilize the methanol selectivity, which is 

associated with the formation of the active phase between the indium oxide and cobaltite 

phase.218 After 45 h TOS, CO selectivity barely changes for In2O3/YSZ//SAPO-34 throughout 

the reaction, and the overall hydrocarbons selectivity maintains throughout the 45 h TOS. The 

longer stability in light olefins selectivity observed on In2O3/YSZ//SAPO-34 can be attributed to 

the higher metal dispersion and strong metal–support interaction which can inhibit the 

restructuring effects of the indium particles. In addition, In2O3/ZrO2//SAPO-34 generates two 

times higher CH4 selectivity (2.8%) than that of In2O3/YSZ//SAPO-34 (1.4%). Methanol is not 

observed throughout the reaction, indicating that all methanol converted to the C2–C4 

hydrocarbons on the SAPO-34. Table 3.8 shows CO2 conversion, product selectivity, and light 

olefins yield at the 45 h TOS for both catalysts. Our results show that CO2 conversion is slightly 

higher on In2O3/YSZ//SAPO-34 compared to In2O3/ZrO2//SAPO-34. Additionally, 

In2O3/YSZ//SAPO-34 presents hydrocarbons and light olefins selectivity’s of 16.4% and 11.9%, 

while In2O3/ZrO2//SAPO-34 shows much smaller selectivity’s of 5.3% and 4.0%, respectively. 

This can lead to produce almost three times higher light olefins yield for In2O3/YSZ//SAPO-34 

(0.997 mmol h−1 g−1) compared to In2O3/ZrO2//SAPO-34 (0.336 mmol h−1 g−1). Among the 

olefins produced, C3
= shows the most selective product followed by C2

= and C4
= for 

In2O3/YSZ//SAPO-34. 

Table 3.8. Catalytic performance in CO2 hydrogenation of In2O3/YSZ//SAPO-34 and 

In2O3/ZrO2//SAPO-34 at 45 h TOS. 

Catalysts 

XCO2 

(%) 

Product selectivity (%) Light olefins yield 

(mmol h−1 g−1) CO CH4 Light olefins Light paraffins 

C2
= C3

= C4
= C2 C3 C4 

In2O3/YSZ//SAPO-34 24.5 82.2 1.4 3.8 7.1 1.0 0.4 2.2 1.9 0.997 

In2O3/ZrO2//SAPO-34 23.5 91.9 2.8 1.5 0.1 2.4 0.4 0.3 0.6 0.336 
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3.3.3 Characterization of spent catalysts 

Carbon deposition in internal channels of zeolite during MTO reaction can be 

detrimental, resulting in deactivation.201,219 The TGA profiles of the spent catalysts are plotted in 

Figure 3.13a. Both In2O3/YSZ//SAPO-34 and In2O3/ZrO2//SAPO-34 shows a weight loss of 

6.1% and 7.5%, respectively, at temperatures below 157 °C, which can be attributed to the 

desorption of water. At temperatures larger than 157 °C, only 5.3%, and 2.9% of weight loss are 

observed due to carbon gasification deposited inside the nano-sized SAPO-34, indicating high 
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spent In2O3/YSZ//SAPO-34 and spent 
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resistance to carbon deposition. This also implies that coking does not account for the decrease in 

methanol selectivity. In2O3/YSZ//SAPO-34 would present slightly higher amount of weight loss 

than In2O3/ZrO2//SAPO-34 due to the larger amount of hydrocarbon yield with stable production 

during the 45 h TOS. The high carbon-resistant nature of SAPO-34 can also be determined by 

the C3
=/C2

= ratio during the reaction. It is known that larger hydrocarbon production can decrease 

over SAPO-34 during MTO reaction because the intracrystalline diffusion of hydrocarbon 

species over SAPO-34 can turn into the intercrystallite diffusion by occurrence of coke 

deposition.220 However, the C3
=/C2

= ratio maintains stable activity after 15 h without a decline in 

the stabilized region as shown in Figure 3.14, indicating that there is no significant coking during 

direct CO2 hydrogenation to light olefins reaction. 

Figure 3.13b and Table 3.9 show XRD patterns and crystallite size of the spent catalysts 

after 45 h of CO2 hydrogenation reaction at 420 °C. For the spent In2O3/YSZ//SAPO-34, the 

crystallite size of YSZ (7.4 nm) is identical to the fresh one, and no appreciable change in the 

structure is observed. Similarly, the spent In2O3/ZrO2//SAPO-34 presents identical diffraction 
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Figure 3.14. C3
=/C2

= product ratio during 45 h of reaction 

at 420 °C for In2O3/YSZ//SAPO-34 and 

In2O3/ZrO2//SAPO-34. 
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patterns of In2O3, ZrO2, and SAPO-34 compared with the fresh catalyst. The crystallite size of 

ZrO2 slightly increase to 20.0 nm from 18.0 nm, while the crystallite size of In2O3 remains the 

same as the fresh catalyst of 11.3 nm. This result might imply that In2O3 species has high 

resistance to sintering during the reaction. 

Table 3.9. Crystallite size and lattice constant for spent In2O3/YSZ//SAPO-34 and spent 

In2O3/ZrO2//SAPO-34 after 45 h of reaction at 420 °C. 

Catalysts Crystallite size (nm) 

m-ZrO2 (11−1) c-ZrO2 (111) In2O3 (222) 

In2O3/YSZ//SAPO-34 - 7.4 - 

In2O3/ZrO2//SAPO-34 20.0 - 11.3 

 

The oxidation states of the chemical species presented in the spent catalysts were 

evaluated by XPS. As shown in Figure 3.15, the In 3d core level spectra of the spent 

In2O3/ZrO2//SAPO-34 contain an additional peak located at 446.5 eV, which can be attributed to 

In(OH)3 with 41.1%, possibly formed due to the reaction with H2O.221 In the case of the spent 

In2O3/YSZ//SAPO-34, the In 3d core level spectra shows only one oxidation state of In3+ as the 

fresh catalyst without In(OH)3. Similarly, the Zr 3d core level spectra of the spent 

In2O3/ZrO2//SAPO-34, contains an additional peak at 182.8 eV, which can be associated with the 

Zr4+ bonding with OH groups due to the hydroxylation of Zr4+ ions with 28.9%.222 However, the 

spent In2O3/YSZ//SAPO-34 contains only peaks that are associated with the ZrO2 lattice. The 

spent In2O3 catalysts supported on YSZ and ZrO2 show similar In3+ binding energies as the fresh 

catalysts. The binding energy of Zr4+ in the spent catalysts shifts to the lower energies when 

compared to the fresh ones. This is possibly due to the fact that the part of the electrons remains 

in the oxygen vacancy, localizing the zirconium atoms during the reaction under the reducing 

environment.223 The O 1s XPS data for the spent catalysts could not be analyzed due to the 
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presence of SAPO-34. Therefore, we tested the activity of the supported In2O3 without the 

presence of the SAPO-34 at 420 °C for 45 h and analyzed them in XPS. As shown Figure 3.16, 

In2O3/ZrO2 still contains peaks associated with In(OH)3 and Zr(OH)4 with 20.2% and 26.3%, 

respectively, whereas In2O3/YSZ has only In2O3 and ZrO2 characteristic peaks. These results 

indicate that hydroxide formations do not related with the SAPO-34, but rather it can be directly 

associated with CO2-to-methanol and MTO reactions. The water produced during the reaction 

can adsorb on the surface, leading to an increase in the amount of hydroxyl (OH) species, as  

Table 3.10. Relative surface concentration of oxygen species of spent In2O3/YSZ and spent 

In2O3/ZrO2 after 45 h of reaction measured by XPS. 

 Catalysts Olatt Oads OH 

320 °C In2O3/YSZ 54.5 10.3 35.2 

In2O3/ZrO2 51.7 11.8 36.5 

420 °C In2O3/YSZ 55.5 12.9 31.6 

In2O3/ZrO2 58.1 23.6 18.2 
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Figure 3.15. (a) In 3d and (b) Zr 3d XPS spectra of spent 

In2O3/YSZ//SAPO-34 and spent In2O3/ZrO2//SAPO-34 after 45 h of 

reaction at 420 °C. 
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shown in O 1s spectra compared to the fresh catalysts (Figure 3.16 and Table 3.10). The high 

amount of H2O produced during CO2 hydrogenation and MTO reactions can be detrimental to 

the catalytic activity and the methanol selectivity.196 It is reported that the high concentration of 

H2O can aggregate In species, thereby decreasing the metal distribution on the support, 

deactivating the methanol selectivity.211 The amount of OH species on the spent In2O3/YSZ and 

In2O3/ZrO2 surfaces after the reaction at 420 °C is calculated to be 31.6% and 18.2%, 

respectively by O 1s XPS results (Table 3.10). It is possible that the adsorbed OH species react 

with ZrO2 and In2O3 to form Zr(OH)4 and In(OH)3. These results indicate that Zr ions in YSZ 

have more resistance to hydroxylation during the reaction. After H2O adsorption, the defect 

oxygen concentration in In2O3 decreases due to the increased concentrations of OH and In(OH)3 

species on the surface. The higher amount of oxygen vacancy in the YSZ support can adopt more 

OH species without forming hydroxide of Zr species, preventing further formation of indium 

hydroxide, leading to stabilizing the performance. The surface Zr/O ratio for the spent 

In2O3/YSZ obtained by XPS increases to 83.8% from 34.9% observed on the fresh one, while the 

ratio for spent In2O3/ZrO2 increases to 107.3% from the fresh one of 40.5% (Table 3.5). It can 

imply that ZrO2-supported In2O3 shows higher reducibility than YSZ-supported In2O3, which is 
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Figure 3.16. (a) O 1s, (b) In 3d, and (b) Zr 3d XPS spectra of spent 

In2O3/YSZ and spent In2O3/ZrO2 after 45 h of reaction at 420 °C. 
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in good agreement with H2-TPR data. High reducibility can lead to water-induced sintering or 

hydroxylation, which can decrease the methanol formation. M. S. Frei et al. studied Pd-promoted 

In2O3 for CO2 hydrogenation to methanol, and they observed deterioration of the performance 

for the Pd atoms deposited onto the In2O3.
224 It shows negative rate dependence on the water 

pressure, speculating that less facilitated water desorption by too much H2 spillover leaded to 

over-reduction and water-induced sintering of In2O3 crystals. On the other hand, the spent 

catalysts tested for 45 h at lower temperature of 320 °C present similar amount of OH species for 

In2O3/YSZ (35.2%) and In2O3/ZrO2 (31.6%) (Figure 3.17). In addition, the XPS spectra of In 3d 

and Zr 3d tested at 593 K do not show any In(OH)3 or Zr(OH)4 for both YSZ and ZrO2-

supported In2O3 unlike the ones tested at 420 °C. It is known that the zirconium hydroxide can 

be observed, upon exposure to the H2O in the bare zirconia. OH groups from water molecules are 

physisorbed on the ZrO2 surface followed by the penetration of OH species into the substrate 

lattice forming zirconium hydroxide with heat treatment.225 It is hypothesized that the OH can 

also migrate to the In species, transforming indium to the indium hydroxide. This can emphasize 

the beneficial of using YSZ support exhibiting high resistance to hydroxylation for tandem 

reactions applied at high reaction temperature. 
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Figure 3.17. (a) O 1s, (b) In 3d, and (b) Zr 3d XPS spectra of spent In2O3/YSZ 

and spent In2O3/ZrO2 after 45 h of reaction at 320 °C. 
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Figure 3.18 shows CO2 hydrogenation performance for In2O3/ZrO2 combined with 

commercial SAPO-34COM in a temperature range of 320–420 °C. At 320 K, the CO selectivity 

(59.2%) is similar to the value of tandem catalyst composed of developed nano-sized SAPO-34 

of 59.2% (Figure 3.11d). At the high temperature of 420 °C, In2O3/ZrO2//SAPO-34 shows a 

higher CO selectivity (90.0%) than that for In2O3/ZrO2//SAPO-34COM (77.5%). This is because 

In2O3/ZrO2//SAPO-34 shows higher CO2 conversion of 32.5% compared to In2O3/ZrO2//SAPO-

34COM of 27.0% since small crystallite size of nano-sized SAPO-34 can shift the CO2 to 

methanol reaction more. However, due to smaller diffusion path inside SAPO-34 channel, 

produced methanol converts to more light olefins rather than further transforming to paraffins. 

The light olefins/paraffins (O/P) ratio of hydrocarbon products for In2O3/ZrO2//SAPO-34 is 

always higher than SAPO-34COM (Table 3.11). The O/P ratio for the tandem In2O3/ZrO2//SAPO-

34 almost 4.5-times higher than that for In2O3/ZrO2//SAPO-34COM at the reaction of temperature 

of 420 °C. This data indicates that small crystallite with a short diffusion length of nano-sized 

zeolite is beneficial to produce high light olefins selectivity. However, acidity cannot be ruled 

out for considering light olefins selectivity, as low acidity with low Si/Al ratio in zeolites can  
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Table 3.11. Produced O/P ratio for In2O3/ZrO2//SAPO-34 and In2O3/ZrO2//SAPO-34COM in CO2 

hydrogenation reaction. 

 Temperatures 

Catalysts 320 °C 370 °C 420 °C 

In2O3/ZrO2//SAPO-34 

SAPO-34 

1.78 2.44 3.05 

In2O3/ZrO2//SAPO-34COM 0.80 0.70 0.66 

 

produce high O/P ratio of the products.226,227 The developed nano-sized SAPO-34 and 

commercially obtained SAPO-34COM has Si/Al ratio of 0.3 and 1, respectively. Therefore, it is 

possible that the higher O/P ratio of products in In2O3/ZrO2//SAPO-34 could be related with the 

acidity. This work has focused on the supported In2O3 for obtaining stable CO2 to light olefins, 

therefore investigating different physical and chemical structures of the zeolites for the tandem 

catalysts will need to be considered in future research.  

 

3.4 Conclusions 

In this work, we have prepared In2O3/YSZ//SAPO-34 tandem catalysts for stable and 

selective synthesis of light olefins by CO2 hydrogenation. The yield of light olefins reaches to 

0.997 mmol h−1 g−1 with selectivity of 11.9% (66.9% without CO) over 45 h TOS at 420 °C 

without any deactivation. It is concluded that the large amount of oxygen vacancies and strong 

metal–support interaction on YSZ-supported In2O3 can prevent In species from hydroxylation 

and over-reduction, stabilizing the active sites. However, In2O3 supporting on regular ZrO2 

presents a decline of light olefins production in time because water produced can fill the 

vacancies, generating indium hydroxide and zirconium hydroxide at high reaction temperature of 

420 °C. In addition, the In2O3 can be transformed to the molten In0 due to the low metal–support 
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interaction. The developed nano-sized SAPO-34 synthesized by microwave heating shows stable 

light olefins selectivity with high resistance to carbon formation due to low crystal size with high 

external surface areas. The new findings of this work can pave the way for integrating YSZ in 

CO2 hydrogenation for rational design of the tandem catalyst. 
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SUMMARY AND FUTURE WORK 

 

Two main reactions are investigated for CO2 utilization: methane reforming and CO2 

hydrogenation. First, TRM which CO2 reacts with CH4, H2O, and O2 is studied over nanotubular 

NiCe@SiO2 multi–yolk–shell catalyst. The conventional impregnated catalyst shows fast 

deactivation because of severe carbon deposition on the catalyst. However, the developed yolk–

shell catalyst exhibits high resistance to carbon deposition due to the facile CO* desorption in 

the confined morphology, which minimizes the Boudouard reaction. The catalyst presents 

distinct characteristic behavior at various feed gas streams under TRM, where carbon deposition 

or metal re-oxidation is correlated with the yolk size and Ce3+ concentration. Next, the yolk–shell 

catalyst is developed by doping with Pt forming SAA structure with Ni species to further 

strengthen the resistance against the carbon formation. The yolk–shell morphology with SAA 

structure shows high stability in DRM reaction at low temperature of 500 °C due to the enhanced 

Ni reducibility with high Pt–Ni interaction. The 0.25 wt% of Pt is the optimum loading to create 

the well dispersed Pt–Ni SAA structure, whereas a high Pt-loaded catalyst creates Pt 

nanoparticles, reducing the Pt–Ni interactions. The developed catalyst operated at wide 

temperature ranges is proven to be effective for the reactions generating carbon species. For the 

future work, more detailed experiments can be performed to investigate the behavior of 

intermediate species and carbon generation/removal reaction during methane reforming by 

DRIFTS-MS and isotope exchange methods. In addition, a computational study such as density-

functional theory (DFT) can be incorporated to investigate how the Pt–Ni SAA structure can 

alter the reactants dissociation path. Fundamental understanding of the unique structured yolk–



 

122 
 

shell SAA will guide us to prepare catalysts with low cost so that the overall methane reforming 

reactions can be feasible and carried out in a worldwide region. 

Secondly, the In2O3/YSZ//SAPO-34 tandem catalyst is prepared for CO2 hydrogenation 

to generate light olefins. Combination of In2O3/YSZ metal oxide and SAPO-34 zeolite in a single 

reactor can promote shifting of the methanol production equilibrium to the right, leading to a 

high light olefins selectivity. The light olefins selectivity for In2O3/YSZ//SAPO-34 shows steady 

production of 11.9% during 45 h of reaction whereas the tandem catalyst with conventional 

ZrO2-supported catalyst behaves decreasing in selectivity. The stable performance of the YSZ-

supported catalyst can be explained by higher oxygen vacancy in YSZ and stronger In2O3–YSZ 

interaction compared to the ZrO2-supported In2O3. The water produced during the reaction can 

facilitate hydroxide formation and overreduction of In2O3 for ZrO2-based one, inhibiting 

methanol formation and decreasing the light olefins production. On the other hand, YSZ with 

high oxygen vacancies presents high resistance to hydroxide formation and reduction of active 

species, maintaining the targeted production rates. To obtain high performances, the tandem 

catalysts should be combined in a well-tuned way with high proximity. A capsule catalyst such 

as core–shell morphology for the tandem catalyst can benefit the desired production rate by 

lower adsorption energy and large surface area of zeolite in the shell. The high proximity 

between core and shell structure can demonstrate better mass transfer and diffusion by 

minimizing the side reactions, enhancing the light olefins selectivity. In addition, the induction 

heating method can be applied to the tandem catalyst system. Incorporating inductive materials 

can solve the temperature mismatch between two different reactions in a single reactor, which 

can overcome the different thermodynamics. These studies highlight the potential approach to 
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design the catalysts for industrially relevant processes to utilize CO2 to produce useful chemicals, 

which can contribute to both carbon neutrality and human energy use. 
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