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Highlights: 

 Novel Ni-SiO2@CeO2 catalyst with unique sandwiched core shell structure developed. 

 Coke formation prevented on Ni-SiO2@CeO2 in low temperature biogas dry reforming. 

 Excellent coke resistance due to confinement effect & redox capacity of CeO2 shell. 

 CeO2 shell increases activity by increasing reducibility and dispersion of Ni. 

 CeO2 shell changes reaction pathway from mono-functional to bifunctional mechanism 

 

Abstract 

In this paper, a novel sandwiched core-shell structured Ni-SiO2@CeO2 catalyst, with 

nickel nanoparticles encapsulated between silica and ceria, was developed and 

applied for dry reforming of biogas (CH4 / CO2 =3/2) under low temperature 

conditions to test its coke inhibition properties. Ni-phyllosilicate was used as the Ni 

precursor in order to produce highly dispersed Ni nanoparticles on SiO 2. Cerium 

oxide was chosen as the shell due to its high redox potential and oxygen storage 

capacity, that can reduce coke formation under severe dry reforming conditions. The 

core shell Ni-SiO2@CeO2 catalyst showed excellent coke inhibition property under 

low temperature (600oC) reforming of biogas, with no coke detected after a 72 hour 

catalytic run. Under the same conditions, Ni-SiO2 catalyst deactivated within 22 

hours due to heavy coke formation and reactor blockage, while Ni-CeO2 catalyst 

showed very low activity. The higher activity of the core-shell catalyst is attributed to 

its higher Ni dispersion and reducibility. TEM and XRD results show that the core 

shell catalyst shows higher resistance to Ni particle sintering and agglomeration 

during the reaction than the Ni-SiO2 and Ni-CeO2 catalysts. In-situ DRIFTS on the 

Ni-SiO2@CeO2 catalyst indicate a change in the reaction mechanism from a mono-
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functional pathway on the Ni-SiO2 catalysts to a bi-functional route on the Ni-

SiO2@CeO2 catalyst with active participation of oxygen species from CeO2 in carbon 

gasification. The confinement effect of the sandwich structure and the bifunctional 

mechanism of dry reforming are the primary reasons for the excellent coke resistance 

of the Ni-SiO2@CeO2 catalyst.  

 Keywords: Dry Reforming of Methane, Core shell, Ni – Silica – Ceria, Coke 

Resistance, DRIFTS 

1. Introduction 

With the changing energy landscape and increasing concerns over climate change and global 

warming, there is increasing focus on developing a hydrogen economy for sustainable 

development. While clean hydrogen generation by water splitting still remains highly energy 

intensive and uneconomical, methane containing gaseous fuels such as natural gas, shale gas 

or bio-gas are currently more economical sources for hydrogen production. Dry reforming of 

methane using CO2 as a soft oxidant (Eq. 1) to produce syn-gas, a mixture of H2 and CO, has 

garnered significant research interest over the last decade due to its economic and 

environmental benefits. Dry reforming provides a way of consuming two major greenhouse 

gases, namely CO2 and CH4 to produce syn-gas which can be used as a source of hydrogen 

for fuel cells, as fuel for gas engines or even for producing valuable chemicals through 

Fischer Tropsch synthesis. Bio-gas is a clean and renewable fuel with CH4 and CO2 as the 

major components and hence is an excellent candidate for dry reforming applications. Bio-

gas by itself is a poor quality fuel due to its high CO2 content that reduces its calorific value 

and limits application in combustion engines. Dry reforming of bio-gas obviates the need of 

separating CO2 from the bio-gas, and increases its calorific value by converting it to syn-gas.  

ACCEPTED M
ANUSCRIP

T



𝐶𝐻4 + 𝐶𝑂2 → 2𝐶𝑂 + 2𝐻2                                  ∆𝐻𝑜 = 247.3 𝑘𝐽 𝑚𝑜𝑙−1                               (1) 

In spite of all the benefits of dry reforming applications, a major hurdle in this process is the 

development of stable catalysts which are not easily deactivated. The major reason behind the 

deactivation of the catalyst is deposition of coke or inactive carbonaceous species that can 

block active sites or plug reactors, thus reducing the useful life of catalyst.  Generally, noble 

metals like Pt, Ru, Ir, Rh and transition metals like Ni, Cu, Co, Fe are active for dry 

reforming of methane [1], [2]. Being cheaper, nickel based catalysts are more economically 

attractive than noble metal catalysts. However, nickel catalysts have a very high propensity 

for the formation of coke under dry reforming conditions, which limits their long-term 

application. Apart from the choice of metal, other factors which contribute towards the 

abundance of coke deposition over the catalyst are the catalyst structure and composition 

combined with the reaction conditions. Several studies have shown that coke formation is 

reduced at high reaction temperatures (>800 oC) and high CO2/CH4 ratios. The side-reactions 

that contribute mostly to coke formation and deposition are: 

Methane cracking: 

𝐶𝐻4 → 𝐶𝑎𝑑𝑠 + 2𝐻2                                  ∆𝐻𝑜 = 75 𝑘𝐽 𝑚𝑜𝑙−1                                                     (2) 

Boudouard reaction: 

2𝐶𝑂 ↔ 𝐶𝑎𝑑𝑠 + 𝐶𝑂2                                  ∆𝐻𝑜 = −172 𝑘𝐽 𝑚𝑜𝑙−1                                              (3) 

The exothermic Boudouard reaction is disfavoured at higher temperatures (> 800oC) and 

hence, beyond this temperature, the surface carbon formed is primarily produced by methane 

decomposition. Carbon formed by methane cracking is relatively more active and can be 

gasified by CO2. Hence, operating at high reaction temperatures (>800 oC) and high CO2/CH4 

ratios can be effective in inhibiting coke formation [1–4]. However, from an industrial point 
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of view, it is desirable to operate at lower temperature and stoichiometric CO2/CH4 ratio. 

Also, alternate methane sources like biogas have a CO2/CH4 content of less than 1, making it 

even more challenging to prevent coke deposition [5].  

Extensive research has been done over the last decade on designing coke-resistant Ni-based 

catalysts for dry reforming. Some of the approaches that have been shown to enhance coke-

resistance are increasing metal-support interaction in the catalyst [6–8], doping basic metal 

oxides, introducing a second metal for bimetallic synergistic effect [9–12] etc. The formation 

of whisker carbon has been reported to increase with Ni particle size [13] and hence, sintering 

of Ni particles to form bigger particles at high temperature is considered a major cause of 

coke deposition. A recent development is the synthesis of novel metal@support core-shell 

structured catalysts which have shown significant resistance to metal sintering and coke 

formation [2]. Li et al. prepared a Ni@SiO2 catalyst from phyllosilicate precursors that 

showed excellent resistance to sintering and coke deposition in DRM at 700 – 800oC[14]. 

Han et al. developed a SiO2 coated Ni nanoparticle@SiO2 sphere that showed stable 

performance for DRM at 800oC for 170 h [15]. Similarly, Ni@Al2O3 [16], Ni@TiO2 [17], 

Na@ZrO2 [18] core-shell catalysts have been developed, which show good stability in dry 

reforming. Confining nickel nanoparticles within the pores of ordered mesoporous supports 

have also shown promising results in minimizing coke formation in dry reforming[19–21]. 

However, most of these studies have been done at high reaction temperatures (>700oC) and a 

CH4/CO2 ratio of 1 and the reported catalysts may not be as stable at lower operating 

temperatures or high CH4/CO2 ratio as is expected in biogas. So far, there are few reports on 

Ni-based catalysts that can prevent coke formation in low temperature DRM (≤600oC)[22]. 

In this study, we have synthesized an innovative sandwiched core-shell structured Ni-

SiO2@CeO2 catalyst that showed high activity and stability at low temperature (600oC) dry 

reforming of a model bio-gas mixture (CH4/CO2 = 3:2) during a 72 h run with negligible coke 
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formation. The unique sandwiched core-shell structure of the catalyst consists of a layer of 

nickel nanoparticles anchored between a spherical silica core and a thin cerium oxide shell. 

The dual confinement effect provided by the strong metal-support interaction between Ni and 

both the silica core and ceria shell prevents metal sintering and provides a physical barrier for 

the growth of carbon whiskers, which are known to uproot Ni from the support material. The 

cerium oxide shell, due to its redox property and high oxygen storage capacity, can gasify 

active carbon formed on the nickel metal by continuously supplying lattice oxygen. In fact, 

we observe that the cerium oxide shell causes a change in the mechanism of dry reforming 

from a mono-functional pathway on the Ni-SiO2 catalyst to a bi-functional pathway on the 

ceria coated catalyst where the support sites are also involved in the reaction. The 

sandwiched core-shell Ni-SiO2@CeO2 catalyst showed far superior activity and coke 

inhibition than both Ni-SiO2 (Ni-phyllosilicate-derived) and Ni-CeO2 catalysts under same 

reaction conditions. 

 

2. Experimental 

2.1. Catalyst Preparation 

All chemicals were purchased from Sigma Aldrich and used without further pre-treatment. 

The reagents used were: Ni(NO3)2·6H2O, Ce(NO3)3·6H2O, Tetra-ethyl orthosilicate (98%), 

NH4OH solution (25%), Hexamethylenetetramine (99%), Ethanol Absolute (99.8%). 

 

2.1.1. Preparation of Ni-SiO2 catalyst 

Ni-SiO2 catalysts were prepared via a Ni-phyllosilicate precursor route as reported 

before[23]. SiO2 nano-spheres were first synthesized by a modified Stöber method [24]. 4 ml 

TEOS was added to 140 ml ethanol and a solution of 4.2 ml ammonia (25%) in 25 ml water 

was then added to the solution. The precipitation was allowed to continue for 24 hours under 
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stirring. Nickel phyllosilicate was formed on the synthesized SiO2 spheres by the ammonia 

evaporation method. Appropriate amount of Nickel nitrate hexahydrate was added to the 

synthesis solution mentioned above and the solution was heated at 70oC until the pH reached 

7. The mixture was then centrifuged, washed with ethanol and water and dried overnight in 

an oven. Nickel phyllosilicate supported on silica was finally obtained by calcining the solid 

obtained at 700oC for 4 hours. The catalyst was reduced in hydrogen in-situ at 800oC before 

reaction and denoted as Ni-SiO2. 

 

2.1.2. Preparation of Ni-SiO2@CeO2 catalyst 

250 mg of Nickel phyllosilicate supported on SiO2 and 330 mg Cerium nitrate hexahydrate 

was added to 40 ml ethanol. 5 g Hexamethylenetetramine dissolved in water was added to the 

previous mixture and heated to 70oC for 7 h. The solid catalyst was recovered by centrifuging 

and subsequently washed with water and ethanol. The sample was calcined at 700oC for 4 

hours and reduced in hydrogen in-situ at 800oC before reaction. The catalyst is denoted as Ni-

SiO2@CeO2. 

 

2.1.3. Preparation of Ni-CeO2 catalyst 

A third catalyst, Ni-CeO2 was synthesized by impregnation method and used as a reference to 

compare the dry reforming activity of the Ni-SiO2@CeO2 catalyst. CeO2 support was 

synthesized by calcining Cerium nitrate hexahydrate at 400oC for 4 hours. Appropriate amount of 

Nickel nitrate hexahydrate solution in water was added to the CeO2 support and stirred overnight at 

50oC. The Ni loading was kept at 10 wt%. The dried sample was then calcined in air at 700oC for 4 

hours and reduced in-situ at 800oC before reaction to produce Ni-CeO2. 

 

2.2. Catalyst Characterization: 
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Morphology of the catalyst was examined by a JEOL JEM-2100 transmission electron 

microscope (TEM).  

The X-ray diffraction (XRD) pattern of each sample was measured on a Shimadzu XRD-

6000 diffractometer using Cu Kα radiation. All the catalysts were scanned at 2θ range 

between 20° to 80° (rate of 2°/min). 

The specific surface area of the fresh and spent catalysts was measured by nitrogen physical 

adsorption at 77 K by an ASAP 2020 instrument, followed by calculated with the Brunauer–

Emmett–Teller (BET) method.  

Ni and Ce loading of the catalyst was measured with Thermal Scientific iCAP 6000 ICP-OES 

Analyser. 15mg powder was dissolved in a mixture of 0.5 ml HF (48%), 2ml HNO3 (65%), 2 

ml H2O2 (30%) and 40ml DI water aided by ultrasonic treatment. Ni and Ce ICP standard 

solution diluted to appropriate concentrations was used to prepare the calibration curve. 

X-ray photoelectron spectra (XPS) was performed in a Kratos AXIS Ultra DLD equipped 

with monochromatic Al Kα gun (photon energy of 1486.6 eV, 225W) as the X-ray source and 

concentric hemispherical analyser. The results were referenced to the standard calibrated 

value of the adventitious carbon, C 1s hydrocarbon peak at 284.6 eV prior to fitting the 

spectra of samples. All samples were reduced at 800oC for 1 hour under 30 ml/min hydrogen 

flow prior to testing. 

H2 Temperature-programmed reduction (TPR) measurements for the catalysts was performed 

on a Thermo Scientific TPDRO 1100 series system equipped with a thermal conductivity 

detector (TCD). Typically, 50 mg sample was tested with a flow of 5% hydrogen in nitrogen 

(30 ml/min) with a temperature ramping rate of 10oC/min after degassing with helium for 10 

min. 

The metal dispersion measurement on catalyst was also done on a Thermo Scientific TPDRO 

1100 series by a Hydrogen chemisorption method. 100 mg sample was first reduced by 
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treating with a 5% Hydrogen in nitrogen flow (30 ml/min) with a temperature ramp up to 

800oC and held for 1 hour. The reduced sample was then cooled under nitrogen flow to an 

appropriate temperature (30oC, 100oC and 150oC) and treated with 10 pulses of hydrogen of 

known volume. The moles of hydrogen chemisorbed was used to calculate the moles of 

surface nickel on the catalyst assuming that one hydrogen atom is adsorbed on one surface 

nickel atom. The average size of nickel crystallites was calculated from the equation d = (6 × 

103)/ (gNi × SNi), where gNi is the density of nickel and SNi is the surface area of nickel 

(m2/gNi), assuming that nickel crystallites are spherical, stoichiometry of hydrogen 

chemisorption is 1, and the surface area occupied by one atom of hydrogen equals to 0.065 

nm2[25]. 

The carbon residue on the spent catalyst after dry reforming reaction was measured by 

thermo-gravimetric analysis (TGA) coupled with DTA (differential thermal analysis) on a 

Shimadzu DTG-60 thermogravimetric analyser. A fixed weight of spent catalyst was used 

heated in static air to 850°C with a ramping rate of 10°C/min and its weight was monitored 

with temperature. 

In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) experiment 

was conducted in a Bruker FTIR Vertex 70 spectrometer using Harrick Praying Mantis 

DRIFTS gas cell equipped with ZnSe windows and a controlled gas system. Prior to testing, 

the catalyst was first reduced ex-situ at 800oC for 1 hour. The catalyst was then loaded into 

the DRIFTS cell and reduced again at 600oC for 30 mins under 15 ml/min H2 flow.  The 

remaining gas in the cell was flushed with 20 ml/min Helium flow for 1 hour at 400oC, 

following which a background scan was taken. The reaction mixture was then introduced into 

the cell (CH4/CO2/He = 2/2/20 ml/min) and the IR spectra were collected in the temperature 

range of 400 – 600oC with a 50oC step. The spectra were taken 32 times each with a 

resolution of 4 cm-1. 

ACCEPTED M
ANUSCRIP

T



For DRIFTS study with pulsed flow of reactants, the catalyst was reduced ex-situ and then in-

situ at 600oC in the cell, followed by flushing with Helium for 2 hours. The background scan 

was taken at 500oC under He flow followed by introduction of a short pulse of methane. The 

IR spectra was collected every 20 seconds (repeated 4 times, resolution of 4 cm-1) after the 

pulse for 5 minutes. A CO2 pulse of equal volume was then introduced followed by another 

methane pulse and IR spectra were collected with time. 

The XAS experiments were carried out at XAFCA beamline of Singapore Synchrotron Light 

Source[26]. The samples were measured under transmission mode and Ni standard foil was 

applied for the energy calibration. 

 

2.3. Catalytic Evaluation 

Biogas reforming was conducted in a quartz tube reactor with an inner diameter of 4 mm 

under atmospheric pressure. Before the reaction, the catalyst was reduced in-situ by pure H2 

(30 ml/min) at 800°C for 1 h. The reaction temperature was set at 600oC and undiluted model 

biogas with a composition of CH4/ CO2 of 3:2 was introduced at a GHSV of 200 L hr-1 gcat
-1. 

The flow rates of the gases were controlled by mass flow controllers and the composition of 

outlet gas was analysed online by a gas chromatograph (Agilent 7820A) equipped with a 

thermal conductivity detector (TCD). The GHSV was kept high so as to keep the conversion 

far below the equilibrium conversion and stay within the kinetic regime. 

CO2 and CH4 conversion activity of the catalysts were calculated by following equations: 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝑂2 =  
𝑖𝑛𝑙𝑒𝑡 𝐶𝑂2 − 𝑜𝑢𝑡𝑙𝑒𝑡 𝐶𝑂2 (𝑚𝑜𝑙𝑠/𝑚𝑖𝑛)

 𝑁𝑖 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑔𝑟𝑎𝑚)
                                            (4) 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐶𝐻4 =  
𝑖𝑛𝑙𝑒𝑡 𝐶𝐻4 − 𝑜𝑢𝑡𝑙𝑒𝑡 𝐶𝐻4 (𝑚𝑜𝑙𝑠/𝑚𝑖𝑛)

 𝑁𝑖 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑔𝑟𝑎𝑚)
                                            (5) 

The carbon balance and overall mass balance was ±5% for all catalytic runs. Carbon balance 

was calculated as 
(𝑚𝑜𝑙𝑠 𝐶𝐻4+𝐶𝑂2 𝑖𝑛 𝑖𝑛𝑙𝑒𝑡)−(𝑚𝑜𝑙𝑠 𝐶𝐻4+𝐶𝑂2+𝐶𝑂 𝑖𝑛 𝑜𝑢𝑡𝑙𝑒𝑡)

(𝑚𝑜𝑙𝑠 𝐶𝐻4+𝐶𝑂2 𝑖𝑛 𝑖𝑛𝑙𝑒𝑡)
 𝑥 100%.  
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3. Results & Discussion 

3.1. Characterization of Fresh Catalyst 

3.1.1. TEM analysis 

The morphology of the freshly prepared and reduced catalysts was studied using TEM. 

Scheme 1 and Fig.1(a-e) depict the schematic and TEM micrographs for the stepwise 

synthesis of the Ni-SiO2 and Ni-SiO2@CeO2 catalysts.  

First, uniform silica nano-spheres of ~ 250 nm diameter (Fig. 1a) were synthesized using the 

Stöber method [24]. This SiO2 nano-sphere acts as an inert support and a silica source for the 

formation of a nickel phyllosilicate layer in the subsequent ammonia evaporation method. 

Nickel Phyllosilicate forms a thin layer of fibrous lamellae over the silica spheres (Fig. 1b)[2, 

28]. Upon reduction, this Ni-phyllosilicate layer decomposes to form Ni nanoparticles of size 

5 - 10 nm dispersed uniformly on the spherical silica support (Fig. 1c).  

For the preparation of Ni-SiO2@CeO2, the fresh Ni-phyllosilicate spheres are coated with a 

thin layer of CeO2 using a precipitation method. CeO2 precipitates in the form of small 

nanocrystals on the porous surface of the Ni-phyllosilicate spheres (Fig. 1d). Upon reduction, 

the ceria nanocrystals undergo a morphological change and a uniform layer of CeO2 is 

formed which coats the Nickel nanoparticles supported on the silica spheres (Fig. 1e). The 

presence of Ni in the reduced Ni-SiO2@CeO2 catalyst is confirmed using TEM-EDX 

mapping as the high density of the Ceria over-layer makes it difficult to identify the Ni 

nanoparticles using just TEM. Fig. 2 shows the EDX mapping for a reduced Ni-SiO2@ CeO2 

catalyst. The relative intensities of the elements clearly reflect the sandwiched core shell 

structure of the catalyst with an inert silica core and a thin ceria shell (~ 10 nm) with nickel 

nanoparticles uniformly dispersed on the silica core. Nickel particles embedded in ceria are 
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also identified by their characteristic lattice fringes in a High Resolution TEM image, as 

shown in Fig. 1f [29-31].  

TEM images of the fresh and reduced Ni-CeO2 catalyst synthesized by impregnation method 

are shown in Fig. S1. In the reduced Ni-CeO2 sample, Ni nanoparticles in the size range of 

10-30 nm can be observed dispersed on a bulk CeO2 support. Ni nanoparticles can be 

identified by its characteristic lattice fringes.  Histogram in Fig. S2 exhibits the Ni particle 

size distribution observed by TEM for all catalysts.  

  

3.1.2. XRD analysis 

Fig. 3 depicts the XRD patterns for the calcined and reduced catalysts. The calcined Ni-SiO2 

(pattern (a)) catalyst shows weak diffraction peaks at a 2θ value of 34, 37 & 61o characteristic 

of the nickel containing phyllosilicate phase [23,32]. A very weak peak is observed at 43.2o 

which shows that a small fraction of the Ni also exists in the NiO phase [27]. However, all 

peaks for the phyllosilicate phase are not clearly observed, which may be because of the weak 

crystallization of the phyllosilicate phase. In fact, it has been reported that the crystallinity of 

the phyllosilicate phase is highly affected by the preparation method, precipitation time and 

calcination temperature [33]. The broad XRD peak at 20 – 25o corresponds to the amorphous 

SiO2 phase. Overall, the XRD pattern indicates a poorly crystallized Ni-phyllosilicate phase 

co-existing with a NiO and SiO2 phase. The presence of Ni phyllosilicate phase is further 

confirmed with FT-IR analysis of the unreduced sample, which showed characteristic bands 

at 670, 710, 1024 and 3632 cm-1 [34], [35]. The detailed analysis method and FT-IR spectrum 

(Fig. S3) is provided in the Supplementary Information. 

The XRD pattern of the reduced Ni-SiO2 (pattern (b)) catalyst shows diffraction peaks at 44.5 

and 51.8o corresponding to metallic Ni phase which show that the nickel phyllosilicate and 

NiO phases of the fresh catalyst have been reduced to form metallic nickel phase.  
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The XRD pattern for calcined Ni-SiO2@CeO2 (pattern (c)) catalyst clearly shows the peaks 

for typical fluorite phase of CeO2 at 2θ = 28.6, 33.1, 47.5, 56.4, 59.4, 69.6, 76.7 and 79.2o in 

addition to the NiO and Ni-phyllosilicate phases. It is to be noted that a very weak and broad 

diffraction peak for metallic nickel phase is observed for the reduced Ni-SiO2@CeO2 catalyst 

(pattern (d)), indicating that metallic Ni in Ni-SiO2@CeO2 has lower crystallite size than Ni-

SiO2 catalyst [36]. This result is interesting because the same nickel phyllosilicate precursor 

is used to synthesize both Ni-SiO2 and Ni-SiO2@CeO2 catalyst; yet upon reduction, a distinct 

diffraction peak for metallic Ni is observed for Ni-SiO2 while for the Ni-SiO2@CeO2 

catalyst, the Ni peak is broad and barely visible. This suggests that during the reduction of the 

catalyst, the nickel species interacts with ceria, causing it to become more dispersed into 

smaller particles. HRTEM images of the reduced Ni-SiO2@CeO2 catalyst (Fig. 1(f), S2) also 

show Ni particle sizes in the range of 3 – 5 nm, which is smaller than Ni particles on Ni-SiO2 

(6-8 nm), supporting the XRD results. This effect was also observed by Wang et al. in ceria 

doped Ni/Al2O3 catalyst, where higher ceria doping reduced the Nickel particle size, making 

it impossible to detect Ni by XRD [37]. The reason was attributed to the redox character and 

higher dispersive character of CeO2, wherein the Ce4+/ Ce3+ redox couple creates surface and 

bulk oxygen vacancies that result in the formation of metal – oxygen complexes.  

XRD pattern for Ni-CeO2 prepared by impregnation method are consistent with previous 

reports [37] and are provided in Fig. S4. Diffraction peaks for NiO and CeO2 and metallic Ni 

phases are observed for fresh and reduced Ni-CeO2 catalyst respectively. Ni crystal size 

calculated from the Scherrer equation is 18.2 nm. 

 

3.1.3.  H2 -TPR analysis 

The reduction behaviour of the Ni-SiO2 and Ni-SiO2@CeO2 catalysts were investigated using 

H2-TPR and are presented in Fig. 4.  The TPR profile for the Ni-SiO2 catalyst can be divided 
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into three main reduction peaks. The lower temperature reduction peak around 350 – 450oC is 

attributed to the reduction of NiO to Ni0 species with low interaction with the SiO2 support 

while the reduction peak around 450 – 600oC can be assigned to reduction of Ni2+ in the 1:1 

phyllosilicate structure with strong interaction with silica. The last peak around 690oC can be 

associated with the reduction of 2:1 Nickel phyllosilicate, which is hardest to reduce [33, 38]. 

The TPR profile for the Ni-SiO2@CeO2 catalyst is distinctly different from the Ni-SiO2 

catalyst and includes contribution from the partial reduction of ceria as well. The low 

temperature reduction peak between 200 – 300 oC is assigned to the reduction of easily 

reducible oxygen species in oxygen vacancies formed by the replacement of Ce4+ with Ni2+ 

[39]. The entry of Ni2+ ions into the ceria lattice causes lattice deformation and charge 

imbalance, forming oxygen vacancies, and the oxygen species adsorbed on the vacancies are 

easily reducible at low temperature. The broad peak starting at 300oC is assigned to the 

reduction of NiO species and of surface Ce4+ to Ce3+ [39]. The high temperature reduction 

peak around 650oC for Ni2+ with strong interaction with SiO2 is still observable but is much 

attenuated in intensity.  

Table 1 shows the amount of H2 consumed for nickel reduction up to 800oC and percentage 

of Ni reduced in the Ni-SiO2 and Ni-SiO2@CeO2 catalysts. Since the TPR profile for Ni-

SiO2@CeO2 also includes the contribution from partial reduction of CeO2, TPR was 

conducted on Ni-SiO2@CeO2 without any Ni content (Fig. S6) and the contribution for ceria 

reduction was substracted from H2 consumption of Ni-SiO2@CeO2. From table 1, nickel is 

mostly reduced to metallic state in Ni-SiO2, but a small portion remains unreduced, likely in 

the phyllosilicate phase. On the other hand, the calculated extent of Ni reduction for Ni-

SiO2@CeO2 is slightly higher than 100% (~102.8%), which is because of the extra hydrogen 

consumed by the low temperature reduction of oxygen vacancies caused by entry of Ni2+ in 

the CeO2 lattice. Complete reduction of Ni in Ni-SiO2@CeO2 is further evidenced by 
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XANES analysis of the reduced catalyst in Sec. 3.3.4. Higher extent of Ni reduction and 

lower temperature of the reduction peak in Ni-SiO2@CeO2 indicates that ceria promotes the 

reducibility of Nickel and allows reduction at lower temperatures. The promotion effect of 

CeO2 on nickel reducibility is well accepted in literature and has been attributed to the ability 

of the doped CeO2 to moderate the interaction of nickel with the support, thereby enhancing 

its reducibility[33, 36-37].  

The TPR profile for Ni-CeO2 (Fig. S5) shows two reduction peaks – one around 200-350oC 

for reduction of surface oxygen species formed by by replacement of Ce4+ by Ni2+ in the ceria 

lattice and another around 350 – 500oC for the reduction of NiO to Ni0 and surface Ce4+ to 

Ce3+ species. 

 

3.1.4.  Textural and elemental analysis 

The textural properties of the fresh and reduced catalysts were studied with N2 isothermal 

adsorption-desorption (Table 1). 

The fresh Ni-SiO2 catalyst has a porous structure stemming from the porous lamellae of Ni-

phyllosilicate. The average pore size is 12.1 nm which is consistent with previous reports 

[23]. The fresh Ni-SiO2@CeO2 catalyst has lower surface area and pore volume than the Ni-

SiO2 catalyst because the ceria nanoparticles deposit on the porous branches of the 

phyllosilicate structure and blocks some pores. Upon reduction, the surface area of both 

catalysts was decreased, which is primarily because of the collapse of the porous 

phyllosilicate structure. It is interesting to note that the average pore size for the reduced Ni-

SiO2@CeO2 catalyst is in the mesoporous region, which suggests that the thin CeO2 shell 

(~10 nm) may not provide significant diffusional resistance to the small reactant/product 

molecules during reforming reaction. 
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The Ni loading for the fresh Ni-SiO2 catalyst was measured to be 8.63% by ICP-OES. Since 

the same Ni-SiO2 core is used to synthesize the Ni-SiO2@CeO2 catalyst, the Ni loading for 

the latter is lower (5.29%) due to the addition of CeO2. 

3.1.5.  XPS analysis 

XPS was carried out to understand the surface nickel species in the freshly reduced catalysts. 

Fig. 5a shows the 2p binding energies (BE) for the reduced Ni-SiO2 and Ni-SiO2@CeO2 

catalysts. For the reduced Ni-SiO2 catalyst, peaks for Ni0
 2p3/2 and Ni0

 2p1/2 BE’s are 

observed at 852.7 and 870 eV respectively[42]. Apart from metallic Ni peaks, a small peak is 

also observed at 856.7 eV that is assigned to Ni2+ in a 2:1 phyllosilicate phase[43]. This 

indicates that even after reduction at 800oC, some of the Ni species remains in the 

phyllosilicate phase, which is in agreement with TPR results. 

The spectra for reduced Ni-SiO2@CeO2 does not show any distinct peak for nickel species, 

which indicates that the surface concentration of nickel species in reduced Ni-SiO2@CeO2 is 

almost negligible. It is known that the detectable depth of XPS spectroscopy is around 5 nm, 

and in our case, the thickness of the ceria shell over the Ni is ~10 nm, because of which the 

nickel species cannot be detected by XPS. Thus, this result further supports the core-shell 

structure of the catalyst, where all the nickel particles are covered with a CeO2 shell. 

Fig. 5b and 5c shows the Ce 3d spectra for reduced Ni-SiO2@CeO2 and Ni-CeO2 

respectively. The spectra were deconvoluted into ten peaks due to Ce 3d5/2 (labelled as v) and 

Ce 3d3/2 (labelled as u) contributions. The v, v”, v”’ bands are attributed to Ce4+ and v0 and v’ 

bands are attributed to Ce3+. It has been widely reported that the existence of Ce3+ in ceria is 

associated with the formation of oxygen vacancies, and higher concentration of Ce3+ implies 

larger amounts of oxygen vacancies[44]. The relative Ce3+ concentration on the catalyst 

surface is calculated as Ce3+/(Ce3++Ce4+). The Ni-SiO2@CeO2 catalyst shows a much higher 
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concentration of Ce3+ {Ce3+/(Ce3++Ce4+) = 0.295} compared to Ni-CeO2 {Ce3+/(Ce3++Ce4+) = 

0.191}. This shows that the reduced Ni-SiO2@CeO2 catalyst has higher amount of oxygen 

vacancies compared to reduced Ni-CeO2 catalyst, which can be explained by the lower 

crystallite size and higher dispersion of ceria in Ni-SiO2@CeO2[45]. 

 

3.1.6. H2 pulse chemisorption 

H2 pulse chemisorption was done to determine the accessible nickel sites on the reduced 

catalysts. H2 chemisorption was conducted at three different temperatures, 30oC, 100oC and 

150oC. The amount of hydrogen chemisorbed was highest at 100oC and subsequently   

decreased at higher temperature[25]. From the amount of chemisorbed hydrogen at 100oC, 

the Ni metal dispersion in reduced Ni-SiO2 catalyst was calculated to be 9.15% (Table 2). 

The Ni crystal size calculated from chemisorption results on Ni-SiO2 is ~11 nm, which is 

slightly higher than the observations from TEM (6-8 nm). The higher nickel crystallite size 

estimation from H2 chemisorption may be because the Ni-phyllosilicate derived Ni particles 

are partially embedded in the support [46], causing some of the nickel surface to be 

unavailable for chemisorption. 

On the other hand, the hydrogen chemisorption on Ni-SiO2@CeO2 catalyst was very low at 

all tested temperatures (Table 2), indicating that surface Ni sites are not available for 

hydrogen chemisorption. Even at 100oC which corresponds to the maximum amount of 

chemisorption, the estimated nickel crystallite size for Ni-SiO2@CeO2 from chemisorption 

results is >150 nm, which is clearly very different from TEM or XRD observations. This 

inability to chemisorb hydrogen is likely caused by the coverage of nickel surface by ceria in 

the core-shell catalyst and/ or by the strong metal support interaction (SMSI) between ceria 

and nickel, which blocks the Ni active sites for hydrogen chemisorption. The inability to 
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chemisorb hydrogen by Ni-CeO2 catalysts has also been previously observed by Uner et al. 

for Ni-CeO2 catalysts due to SMSI effect [47]. It is important to note that this strong 

interaction between nickel and ceria is beneficial for coke resistance in dry reforming 

reactions because it imparts higher stability to the nickel particles. The inability of Ni-

SiO2@CeO2 catalyst to chemisorb hydrogen at room temperature does not, however, mean 

that active nickel sites are not available for methane reforming at DRM conditions, as is 

apparent from the catalyst performance (Fig. 6 and 7) and reported literature [47,48]. 

As we are not able to accurately quantify the number of active sites for the Ni-SiO2@CeO2 

catalyst from the H2 chemisorption technique, we report the specific activity of the catalyst in 

terms of moles of reactant converted per gram of nickel per unit time [14,49]. 

 

3.2. Catalyst performance and stability for dry reforming of bio-gas 

3.2.1.  Bio-gas reforming activity 

The catalytic performance of Ni-SiO2, Ni-SiO2@CeO2 and Ni-CeO2 catalysts was tested for 

dry reforming of bio-gas with a CH4/ CO2 ratio of 3:2 for the temperature range of 600oC to 

750oC. Reaction was carried out at high GHSV (200L/h g catalyst) to ensure that the 

conversion was much lower than equilibrium conversion to reflect the true activity of 

catalyst.  

Fig. 6 (a)-(c) shows the CH4 and CO2 conversion rate and H2/CO ratio for Ni-SiO2, Ni-

SiO2@CeO2 and Ni-CeO2 catalysts respectively. Ni-CeO2 catalyst showed the lowest 

activity. The poor activity may be explained by the low Ni dispersion (see Fig. S1 and S2) 

and poor thermal stability of CeO2 as a support. Additionally, the SMSI effect for Ni-CeO2, 

especially after reduction at high temperature, can also contribute to attenuated activity of the 

catalyst. Uner et al. reported that a thin coating of CeO2 on Ni was formed in Ni-CeO2 

ACCEPTED M
ANUSCRIP

T



catalysts that led to very strong metal support interaction between Ni and CeO2 [47]. This 

SMSI imparted high coke-resistance to the catalyst but at the same time, suppressed the 

catalyst activity.   

Out of the other two catalysts, Ni-SiO2@CeO2 shows much higher activity than the Ni-SiO2 

catalyst at all temperatures. This higher activity can be attributed to the higher Ni dispersion 

and the higher reducibility of the Ni-SiO2@CeO2 catalyst than Ni-SiO2, as can be observed 

from TEM, XRD and TPR results. We expect that the encapsulation of Ni by CeO2 in the Ni-

SiO2@CeO2 catalyst and the consequent SMSI does have a suppressing effect on the activity 

of Ni, but it is outweighed by the increase in activity due to the higher Ni dispersion. Also, 

compared to Ni-CeO2, we believe that the metal support interaction in between Ni and CeO2 

is lower in Ni-SiO2@CeO2 because there is a strong interaction between Ni and SiO2, which 

may moderate the interactions between Ni and CeO2.  

For all the catalysts, the CO2 conversion is higher than the CH4 conversion, which is because 

of the reverse water gas shift reaction occurring simultaneously with dry reforming of 

methane. As a result, the H2/CO ratio is always lower than 1.  

𝐻2 + 𝐶𝑂2 ↔ 𝐶𝑂 + 𝐻2𝑂           ∆𝐻𝑜 = 41 𝑘𝐽 𝑚𝑜𝑙−1                                                       (6) 

The H2/CO ratio achieved over the Ni-SiO2@CeO2 and Ni-CeO2 catalysts is slightly lower 

than that for Ni-SiO2 catalyst. This is because of the higher CO2 conversion on ceria due to 

adsorption and activation of CO2 on the oxygen vacancies in the ceria support and on the 

Ni/ceria interface[50,51]. Ni/ceria is known to be an efficient water gas shift (WGS) catalyst. 

Thus, at high temperatures, the reverse water gas shift (RWGS) is highly favoured on the Ni-

SiO2@CeO2 and Ni-CeO2 catalyst leading to lower H2/CO ratio. 

 

3.2.2.  Catalyst Stability 
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Fig. 7 shows the stability test of Ni-SiO2, Ni-SiO2@CeO2 and Ni-CeO2 for dry reforming of 

biogas at 600oC. We have conducted the stability test at 600oC because inactive coke 

accumulation is most severe at low temperature for dry reforming [3, 52].  

The Ni-SiO2 catalyst shows an initial methane conversion of 0.09 mol min-1 gNi-1 and a CO2 

conversion of 0.13 mol min-1 gNi-1 The H2/ CO ratio is lower than 1 due to the concurrent 

occurrence of RWGS reaction, which is quite prominent at the reaction temperature of 600oC. 

After an initial drop, the activity of the Ni-SiO2 catalyst remained quite stable but the catalyst 

showed a high coke accumulation rate that blocked the catalyst bed within 22 hours and 

increased the backpressure in the reactor, preventing the reactant gases from entering the 

reactor.  

The Ni-SiO2@CeO2 catalyst, on the other hand, maintains a stable performance throughout 

the 72-hour run undergoing only 10% loss in activity over the entire duration. In contrast to 

the Ni-SiO2 catalyst, there is no build-up of pressure in the reactor over the 72 hr TOS, 

indicating no bed blocking by coke deposition.  

The Ni-CeO2 catalyst also shows a stable performance over 72 h at a much lower conversion.   

Fig S7(a-c) shows the amounts of reactants converted and products measured for this 

catalytic run for the different catalysts. 

 

3.3. Spent Catalyst Characterization 

The spent catalysts were characterized by TGA, XRD, TEM and XANES. 

3.3.1 TGA Analysis 

Coke accumulation on the Ni-SiO2 catalyst was confirmed by TGA coupled with DTA of the 

spent catalyst (Fig. 8). TGA of the spent Ni-SiO2 catalyst shows a dramatic weight loss in the 

region of 480-660°C, and the DTA exhibits a corresponding exothermic peak indicating the 
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combustion of deposited coke. The high temperature of coke oxidation show that the coke 

deposited is mostly filamentous or graphitic in nature [53]. 

On the other hand, the TGA of the spent Ni-SiO2@CeO2 catalyst after 72 h reaction shows 

negligible weight loss and no detectable exotherm in the temperature range of 480-700oC, 

indicating that coke accumulation on the spent catalyst is negligible. The initial weight gain 

observed in the TGA profile is because of the re-oxidation of Ni and partially reduced CeO2 

in the spent catalyst. 

Interestingly, the spent Ni-CeO2 catalyst after 72 hr of reaction shows ~4.5% weight loss in 

TGA. High stability and low coke formation on Ni-CeO2 is expected because of the redox 

nature of the CeO2 support, but compared to Ni-SiO2@CeO2 which has much less ceria 

content, the Ni-CeO2 catalyst clearly shows higher coke deposition. It is likely that the large 

Ni particle size in Ni-CeO2 accelerates the formation of coke, which cannot be completely 

oxidized by the ceria lattice oxygen. 

 

3.3.2. XRD Analysis 

The XRD of the spent Ni-SiO2 catalyst (Fig. 9) shows peaks at 2θ = 26.5 and 42.4o for 

graphitic phase in the multiwalled carbon nanotubes that are formed during the reaction [54]. 

Peaks for metallic Ni0 are also observed at 2θ = 44.5o and 51.8o.  

In line with TGA results, the XRD profile for the spent Ni-SiO2@CeO2 catalyst shows no 

peak for carbon. Also, there is no detectable peak for Ni0 in the spent Ni-SiO2@CeO2 

catalyst, suggesting that sintering of nickel particles during reaction is minimal. XRD peaks 

observed for CeO2 at 2θ = 28.6, 33.1, 47.5, 56.4 & 76.7o in the spent catalyst are broader and 

weaker than those for the reduced catalyst.  

For Ni-CeO2, a small peak for graphitic carbon is observable in the XRD spectrum of the 

spent catalyst (Fig. S4).  
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3.3.3. TEM Analysis 

TEM micrographs of the spent Ni-SiO2 catalyst (Fig. 10a-b) show extensive growth of carbon 

whiskers. Fig. 10b shows a magnified image of a carbon nanotube on the spent Ni-SiO2 

catalyst with a nickel particle at the tip, showing that the filamentous carbon has captured the 

nickel particle and uprooted it from the silica support. The formation of filamentous carbon 

does not deactivate the nickel surface but causes a breakdown of the catalyst by pore-

plugging [77]. The uncontrolled growth of carbon whiskers thus causes an expansion of the 

reactor bed and leads to complete bed blocking in severe cases as we observe here. Sintering 

of Ni particles is also observed in the spent Ni-SiO2 TEM images. Fig. S8a shows a Ni 

particle size distribution for the spent Ni-SiO2 catalyst, which shows that the majority of Ni 

particles are higher than 10 nm in the spent catalyst. 

On the contrary, TEM images of the spent Ni-SiO2@CeO2 catalyst (Fig. 10c) do not show the 

growth of filamentous carbon. From the Ni particle size distribution in the spent catalyst (Fig. 

S8b), we can see that there is very less sintering with the average Ni particle size increasing 

from 3-5 nm to 4-6 nm only over 72 hrs and no Ni particles observed above 10 nm. 

Formation of whisker carbon is observed on Ni-CeO2 (Fig. 10d), in line with TGA and XRD 

results. Substantial sintering of Ni is also observed on the spent Ni-SiO2 catalyst (Fig. S8c). 

Thus, we see that the CeO2 shell reduces metal sintering and effectively eliminates the 

formation and deposition of coke even at conditions that favour coke formation (low 

temperature and high CH4/CO2 ratio), making the catalyst an excellent candidate for low 

temperature bio-gas reforming reaction. The Ni-SiO2@CeO2 catalyst is superior to both the 

Ni-SiO2 and Ni-CeO2 catalyst in terms of activity and coke resistance. Table 3 shows a 

comparison of the coke inhibition property of the Ni-SiO2@CeO2 catalyst with some of the 

recent Ni-based catalysts developed for carbon free dry reforming reaction [5, 20, 23, 55-67]. 
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It is to be noted that most of the stability tests cited in Table 3 were conducted at high 

temperatures and low CH4/ CO2 ratio or with dilution by inert gas, which favour lower carbon 

deposition when compared to the conditions used in this study. While this is by no means an 

exhaustive list, it does reflect the superb coke inhibition property of our Ni-SiO2@CeO2 

catalyst while maintaining a high dry reforming activity. 

 

3.3.4. XANES analysis 

To investigate the change in the Ni oxidation state before and after reaction, XANES analysis 

was done on all three catalysts after reduction and after 6 hour of bio-gas reforming reaction. 

The XANES signals from the measured absorption spectra were extracted by the pre-edge 

background and were normalized by dividing the peak intensity by the height of the 

absorption edge. The data reduction was done using the Athena software program. 

 

Fig. 11a shows the XANES spectra for the Ni-K absorption edge for Ni foil (Ni0) and NiO 

(Ni2+) and Fig. 11b-d shows the Ni-K absorption edge for the reduced and spent Ni-SiO2, Ni-

SiO2@CeO2 and Ni-CeO2 catalysts respectively. The XANES spectra for nickel in oxidized 

state Ni2+ shows a pre-edge peak, and a white line is observed at 8350.2 eV. For metallic Ni0, 

the spectrum shows a weaker pre-edge peak and no white line[68]. For the reduced Ni-SiO2 

catalyst, the XANES spectrum shows a small white line intensity, showing that Ni is not 

completely reduced to metallic state, in line with TPR results (Table 1). The spent Ni-SiO2 

catalyst shows a similar white line intensity and a slightly stronger pre-edge peak, indicating 

it is slightly more oxidized than the reduced catalyst. The spectrum for the freshly reduced 

Ni-SiO2@CeO2 catalyst shows Ni in completely reduced state. The spent Ni-SiO2@CeO2 

spectrum, however, shows a clear increase in the white line intensity compared to the freshly 

reduced catalyst, showing that the Ni is partly surface oxidized[68]. It is likely that the ceria 
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in the Ni-SiO2@CeO2 catalyst aids in the gradual surface oxidation of nickel by activating 

CO2 by means of its oxygen vacancies and providing oxygen species for Ni oxidation. This 

partial oxidation of Ni may explain the gradual reduction in activity for the Ni-SiO2@CeO2 

catalyst as shown in Fig. 7. 

 

Interestingly, for the impregnated Ni-CeO2 catalyst, such an oxidation of Ni is not observed. 

This may be explained by the lower amount of oxygen vacancies in Ni-CeO2 as compared to 

Ni-SiO2@CeO2, as shown by XPS measurements on the reduced catalysts (Sec. 3.1.5). Also, 

the nickel particle size is much bigger in Ni-CeO2 than Ni-SiO2@CeO2, making it less 

susceptible to oxidation at the nickel -  ceria interface. 

 

3.4. In-situ DRIFTS analysis 

3.4.1. In-situ DRIFTS analysis on Ni-SiO2 

In-situ DRIFTS analysis was conducted to identify the intermediate species formed on the 

catalyst surface during reaction and to understand the reaction mechanism. DRIFTS results 

were recorded by introducing a continuous flow of CH4 and CO2 diluted with Helium to the 

reduced catalyst in an FTIR cell. Prior to introducing reactant gases, the catalyst was reduced 

ex-situ at 800oC for 1 hour and then in-situ at 600oC for 30 minutes in a hydrogen flow of 30 

ml/min followed by purging with Helium. 

The DRIFTS spectrum of Ni-SiO2 (Fig. 12a) shows peaks at 3015, 1304 cm-1 and 2360, 2340 

cm-1 for gas phase CH4 and CO2 respectively. The gas phase CO peak appearing as a doublet 

at 2170 and 2130 cm-1 gets stronger with increasing temperature, indicating increasing 

conversion of methane and carbon dioxide. A strong peak observed at 2040 cm-1 is attributed 

to linearly adsorbed CO on Ni while the weaker peaks at 1930 and 1800 cm-1 are assigned to 

bridged and multi-centred CO on Ni [69-70]. The linearly adsorbed CO peak stays strong 
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even at 600oC, suggesting that it is an active intermediate in the reaction. Peaks are also 

observed in the 3500 – 3800 cm-1 range which may be attributed to O-H stretching of 

hydroxyl groups on the unreduced Ni-phyllosilicate surface.  

The observed spectra agree with the reported mono-functional pathway for DRM on SiO2 

supported metal catalysts where both the CH4 and CO2 are activated on the metal [71-72], 

with the inert SiO2 support playing no direct role in the reaction. CH4 adsorbs on a Ni site in a 

dissociative manner to form H2 and adsorbed carbon either directly or via intermediates like 

CHx. CO2 adsorbs on Ni and can dissociate to form CO and adsorbed O, and the adsorbed Ni-

O species subsequently reacts with Ni-C produced from methane decomposition to form 

another molecule of CO. The schematic for the reaction mechanism on Ni-SiO2 catalyst is 

shown in Scheme 2(a). 

 

3.4.2. In-situ DRIFTS Analysis on Ni-SiO2@CeO2 

The DRIFTS spectrum for the Ni-SiO2@CeO2 catalyst under DRM conditions (Fig. 12b) 

shows a broad peak around 1400 – 1550 cm-1 assigned to carbonate species on CeO2 along 

with gas phase CO2, CH4 and CO peaks. A distinct feature of the DRIFTS spectrum of the 

Ni-SiO2@CeO2 catalyst is the absence of linearly adsorbed carbonyl species on Ni. At higher 

temperatures, peaks are observed at 1930 and 1804 cm-1 characteristic of bridging carbonyl 

groups. The absence of linearly adsorbed CO on the Ni-SiO2@CeO2 suggests that the 

presence of ceria, especially on the Ni surface, either modifies the surface properties of Ni, 

making it unable to adsorb CO and/or changes the reaction mechanism where the formation 

of adsorbed CO on Ni is no longer a major intermediate. Either way, this phenomenon can 

directly inhibit coke formation from the Boudouard reaction (Eq. 3) by reducing the 

concentration of adsorbed CO on Ni. 
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To get a better insight into the reaction mechanism, we conducted DRIFTS analysis by 

alternately pulsing CH4 and CO2 streams on the catalyst at 500 oC. The catalyst is first 

reduced under hydrogen flow followed by helium purging. A methane pulse is then 

introduced, and the transient spectra is recorded with time (Fig. 13a). It is interesting to note 

that apart from the gas phase CH4 peaks, we can also observe weak gas phase CO2 peaks at 

2360 cm-1 and a broad peak in the range of 1400 – 1500 cm-1 for carbonates. Since methane 

is the only gas introduced, the presence of carbonates and CO2 peaks suggest that the lattice 

oxygen of ceria is able to oxidize the carbon species formed from methane decomposition. 

Toyir et al. also made a similar observation where a temperature programmed reduction of 

Ir/CeO2 catalyst under CH4 yielded CO, CO2 and H2 due to the reduction of Ce4+ into 

Ce3+[73]. The ability of ceria to oxidize methane in the absence of CO2 is of high significance 

to the coke resistance property of the Ni-SiO2@CeO2 catalyst. 

 

Apart from carbonates, peaks are also observed at 1345 and 2800-2900 cm-1, indicating the 

formation of formate species [74]. The methane pulse is followed by a CO2 pulse where the 

spectrum shows an increase in the carbonate peaks and -OH peaks. In a subsequent methane 

pulse, no change in the carbonate peak intensity is observed on introducing the methane 

pulse, which indicates that the carbonates may not be an active intermediate in this case but 

are rather a spectator species [75].  

 

Based on the absence of the linearly adsorbed CO peaks on the Ni-SiO2@CeO2 catalyst (Fig. 

12b) and the ability of the lattice oxygen in ceria to oxidize carbon (Fig 13), we infer that the 

dry reforming reaction over this catalyst happens via a bi-functional redox mechanism with 

the ceria lattice oxygen playing an active role in carbon conversion [4]. Methane undergoes 

dissociative adsorption on Ni to form C-Ni which is converted by the oxygen sites Ox on 
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ceria at the Ni-CeO2 interface to form CO and an oxygen vacancy Ox-1. The oxygen vacancies 

created on CeO2 act as adsorption and activation sites for CO2 which readily dissociates to 

form CO and regenerates the Ox. Due to the high mobility of lattice oxygen of ceria, the Ox 

species can diffuse very fast from the bulk to the Ni-CeO2 interface where it is consumed. 

The schematic for the bi-functional mechanism on Ni-SiO2@CeO2 catalyst is shown in 

Scheme 2(b). 

Since CO2 is dissociated on sites on the ceria support and not on Ni surface, adsorbed Ni-CO 

species formed by CO2 dissociation is not formed on the Ni-SiO2@CeO2 catalyst. This can 

explain why the intensity of the adsorbed CO on Ni peak for the Ni-SiO2@CeO2 catalyst is 

much lower than the Ni-SiO2 catalyst, where CO2 dissociation occurs on Ni surface.  

3.4.3. In-situ DRIFTS analysis on Ni-CeO2 

The DRIFTS spectra for Ni-CeO2 is shown in Fig. 12c and is similar to that of Ni-

SiO2@CeO2. Gas phase peaks for CH4 at 3015, 1304 cm-1, CO2 at 2360, 2340 cm-1 and CO 

product at 2170 and 2130 cm-1
 are observed. The gas phase CO peaks for Ni-CeO2 start 

appearing at slightly higher temperature compared to Ni-SiO2@CeO2, which is consistent 

with the lower activity of Ni-CeO2.  Carbonate and formate species are observed at 1400 – 

1600 cm-1 and 1345 cm-1 respectively.  Similar to Ni-SiO2@CeO2, no peak is observed for 

CO adsorbed on Ni, which indicates that the same bi-functional redox mechanism is followed 

in Ni-CeO2, as is expected. The carbonate peaks are much weaker in Ni-CeO2 compared to 

Ni-SiO2@CeO2, which is possibly because of higher oxygen vacancies in Ni-SiO2@CeO2 

making CO2 absorption stronger. 

Thus, from the DRIFTS analysis on the Ni-SiO2, Ni-SiO2@CeO2 and Ni-CeO2 catalysts, we 

propose that the ceria shell causes a change of the dry reforming mechanism from a mono-

functional to bi-functional pathway involving active sites on ceria in the Ni-SiO2@CeO2 

catalyst. The absence of adsorbed CO on Ni on the Ni-SiO2@CeO2 and Ni-CeO2 catalyst 
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provides evidence supporting the bi-functional mechanism. The close interaction of Ni and 

ceria, as evidenced by TPR, H2 Chemisorption and HRTEM results for the Ni-SiO2@CeO2 

catalyst also indicate that there is sufficient Ni-CeO2 interface which can cause this change in 

mechanism.  

 

3.5. Discussion - Superior Coke-resistance of Ni-SiO2@CeO2 

To understand the factors behind the high coke inhibition property of Ni-SiO2@CeO2 

catalyst, it is first important to look at the product distribution over the different catalysts. 

From the H2/CO ratio during biogas reforming over the three catalysts at 600oC (Sec. 3.2.1), 

it is clear that the reverse water gas shift reaction and water formation is favoured on the ceria 

containing catalysts. The water formation rate per mole methane converted increases in the 

sequence Ni-SiO2 (~0.75mol H2O/ mol CH4) < Ni-SiO2@CeO2 (~0.88mol H2O/ mol CH4) < 

Ni-CeO2 (~1mol H2O/ mol CH4) (refer Fig. S7 in Supplementary Information). Steam being a 

stronger oxidant than CO2 helps in easier coke removal during reforming reaction and hence, 

the higher water formation may be a factor in the reduced coke formation on the core-shell 

Ni-SiO2@CeO2 catalyst.  

In order to investigate the effect of the higher water formation on Ni-SiO2@CeO2 on its coke 

formation as compared to Ni-SiO2, dry reforming of biogas was conducted on Ni-SiO2 with 

the external addition of water. Keeping all other conditions same as the stability test in 

Sec.3.2.2, 0.045 mols min-1 gNi
-1 of water were introduced into the reaction feed to Ni-SiO2 

catalyst, to make up for the difference in water formed on Ni-SiO2 and Ni-SiO2@CeO2. TGA 

was performed on the spent catalyst after 15 hours of reaction at 600oC (Fig. S9). The TGA 

curve shows a weight loss of 33% or 0.49 coke/gcat.  The amount of coke formed is lower 

than that in the run with no additional water feed but is still much higher than that of Ni-

SiO2@CeO2 (Sec. 3.3.1). This result shows that while the higher water production in Ni-
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SiO2@CeO2 does play a role in reducing coke formation, there are other factors that lead to 

the excellent coke resistance in Ni-SiO2@CeO2. 

The excellent stability and coke inhibition properties of the Ni-SiO2@CeO2 catalyst is caused 

by two other factors: the confinement effect of the ceria shell on the nickel nanoparticles and 

the strong redox ability of ceria.  

In our Ni-SiO2@CeO2 catalyst, the Ni particles are encapsulated between the silica support 

and the CeO2 shell, which provides a dual confinement effect on the Ni particles. Using a Ni 

phyllosilicate precursor to form Ni-SiO2 itself provides the first confinement as 

decomposition of the phyllosilicate structure during reduction produces uniform and small Ni 

nanoparticles embedded in SiO2 with strong metal support interaction. However, under the 

current dry reforming conditions, this partial encapsulation in the SiO2 matrix is not enough 

to prevent Ni sintering. TEM images of the spent Ni-SiO2 catalyst (Fig. 10a,b, S8a ) clearly 

show the presence of agglomerated Ni particles after the reaction. In the Ni-SiO2@CeO2 

catalyst, the CeO2 layer provides another layer of encapsulation and protects the particles 

from sintering. HRTEM and XRD analysis of the spent Ni-SiO2@CeO2 catalyst (Sec 3.3) 

shows that there is very low sintering and the average Ni particle size remains less than 6 nm 

even after 72 hours of reaction. Additionally, the presence of the encapsulating CeO2 

provides a steric inhibition to the growth of carbon whiskers that are the primary form of 

carbon on the spent N-SiO2 catalyst and cause the uprooting of Ni nanoparticles from the 

silica support. From Fig. 10(c), we can see that the CeO2 shell has inhibited the growth of 

filamentous carbon around the active Ni centre.  

The redox property of the CeO2 shell is the other and probably the more important factor in 

the high coke inhibition property of the Ni-SiO2@CeO2 catalyst. It is well-known that CeO2 

can undergo substantial oxygen stoichiometric changes by switching between Ce4+ and Ce3+, 

which creates a high concentration of highly mobile oxygen vacancies that act as source or 
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sink for oxygen involved in reactions on ceria surface [4]. CeO2 can thus promote the 

dissociation of CO2 to form mobile oxygen species that can oxidize the active carbon formed 

on Ni during reforming, preventing the growth or accumulation of inactive carbonaceous 

deposits. For the participation of CeO2 in carbon gasification, it is however essential that all 

the Ni particles are in close contact with CeO2. That is why we have used a thin Ni-

phyllosilicate layer supported on silica as the core instead of a homogeneous Ni-phyllosilicate 

core which could prevent interaction of the outer ceria layer with the inner core nickel 

particles. The TPR, XRD and TEM analysis of the fresh Ni-SiO2@CeO2 catalysts indicate 

good interaction between Ni and CeO2. From in-situ DRIFTS analysis, we observe that the 

ceria shell has altered the entire reaction mechanism for DRM from a monofunctional 

pathway on Ni-SiO2 to a bi-functional mechanism in Ni-SiO2@CeO2 where the ceria also 

actively participates in the reaction by continuously providing lattice oxygen. This bi-

functional mechanism is likely a major reason for the higher stability and coke-inhibition 

properties of the Ni-SiO2@CeO2 catalyst.  

Ni-CeO2 catalyst also possesses much higher stability and coke-resistance than Ni-SiO2 

because of the availability of oxygen species in CeO2. However, CeO2 by itself has poor 

thermal stability and sinters easily at high temperatures [75]. The Ni/CeO2 catalyst suffers 

from poor Ni dispersion and sintering at dry reforming conditions, leading to poor activity 

[43, 44]. The large Ni particle size also results in the formation of some whisker carbon 

during dry reforming. 

 

4. Conclusion 

A novel core-shell structured Ni-SiO2@CeO2 catalyst with Ni nanoparticles sandwiched 

between SiO2 and CeO2 layers was synthesized and applied for dry reforming of bio-gas 

(CH4/CO2 = 1.5) at low temperature (600oC). The Ni-SiO2@CeO2 catalyst showed negligible 
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coke formation over a 72 h stability test while maintaining high dry reforming activity (~0.12 

mol CH4 min-1gNi-1). In comparison, a Ni-SiO2 catalyst without the CeO2 coating showed 

low activity (~0.08 mol CH4 min-1 gNi-1) and extensive coke formation (1.39 gC/gcatalyst) that 

blocked the reactor within 22 h, while a Ni-CeO2 catalyst demonstrated stable performance 

for 72 h but at very low activity (~0.04 mol CH4 min-1.gNi-1) and higher coke formation than 

Ni-SiO2@CeO2 (0.047 gC/gcatalyst). The higher activity of the Ni-SiO2@CeO2 catalyst is 

attributed primarily to the higher Ni dispersion on Ni-SiO2@CeO2. 

The high coke resistance of the sandwiched core-shell catalyst is due to the dual confinement 

effect provided by the encapsulation of Ni nanoparticles between SiO2 and CeO2, the redox 

capacity of the ceria shell and higher RWGS activity of ceria. The confinement effect of the 

core shell structure prevents Ni sintering and is the primary reason for higher coke resistance 

of Ni-SiO2@CeO2 than Ni-CeO2. When compared to the Ni-SiO2 catalyst, the redox nature of 

the ceria shell also contributes heavily to the higher coke-resistance of Ni-SiO2@CeO2. In-

situ DRIFTS on the pristine Ni-SiO2 and Ni-SiO2@CeO2 catalysts show a clear difference in 

intermediate species which indicate that the CeO2 shell participates in the dry reforming 

reaction by supplying oxygen species, thus reducing coke accumulation.  
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Figure Captions 

 

Scheme 1. Schematic for synthesis of Ni-SiO2 and Ni-SiO2@CeO2 catalyst. 

Scheme 2. Mono-functional and Bi-functional reaction mechanism for methane dry 

reforming on (a) Ni-SiO2 and (b) Ni-SiO2@CeO2 catalyst, respectively. 

Figure 1. TEM image for (a) SiO2 nano-sphere (b) Ni-phyllosilicate supported on SiO2 (c) 

reduced Ni-SiO2 (d)  CeO2 coated Ni-phyllosilicate on SiO2 (e) Reduced Ni-SiO2@CeO2 (f) 

High resolution image of reduced Ni-SiO2@CeO2 showing lattice fringes of CeO2 and Ni. 

Figure 2. TEM-EDX image of Reduced Ni-SiO2@CeO2. (a)TEM image of a Ni-SiO2@CeO2 

sphere, (b-d) Elemental mapping of Si, Ni and Ce respectively for image (a). 

Figure 3. XRD of (a) Fresh Ni-SiO2 (b) Reduced Ni-SiO2 (c) Fresh Ni-SiO2@CeO2 (d) 

Reduced Ni-SiO2@CeO2. • CeO2, ○ NiO, ◊ Ni,    Ni-phyllosilicate. 

Figure 4. H2 - TPR profile for Ni-SiO2 and Ni-SiO2@CeO2 

Figure 5. XPS Profile for (a) Ni 2p for Ni-SiO2 and Ni-SiO2@CeO2, (b) Ce 3d for Ni-

SiO2@CeO2, (c) Ce 3d for Ni-CeO2. 

Figure 6. Specific Activity of (a) Ni-SiO2, (b) Ni-SiO2@CeO2 and (c) Ni-CeO2 for bio-gas 

reforming at 600oC - 750oC. Reaction Conditions: GHSV = 200 L h-1gcat
-1, CH4: CO2 = 3:2. 

Figure 7. Long term stability test for dry reforming of bio-gas at 600oC; (a) Specific activity 

for CH4 conversion, (b) Specific Activity for CO2 conversion, (c) H2/ CO ratio.  Reaction 

Conditions: GHSV =200 L hr-1gcat
-1, CH4:CO2 = 3:2 

Figure 8. TGA and DTA analysis of spent catalyst - Ni-SiO2 after 22 hrs, Ni-SiO2@CeO2 

after 72 hrs, Ni-CeO2 catalyst after 72 hrs of bio-gas reforming at 600oC. 

Figure 9. XRD pattern for spent catalyst - Ni-SiO2 after 22 hrs and Ni-SiO2@CeO2 after 72 

hrs of bio-gas reforming at 600oC. ◊ Ni,     Graphite, • CeO2. 

Figure 10. TEM Micrograph of spent catalyst. (a) Ni-SiO2 after 22 hrs, (b) Magnified image 

for filamentous carbon formed on spent Ni-SiO2 showing Ni metal at the tip, (c) Spent Ni-

SiO2@CeO2 after 72 hrs reaction, (d) Spent Ni-CeO2 after 72 hrs reaction. 
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Figure 11. XANES Ni K-edge spectra for (a) Ni0 and NiO standard, (b) freshly reduced and 

spent Ni-SiO2, (c) freshly reduced and spent Ni-SiO2@CeO2, and (d) freshly reduced and 

spent Ni-CeO2. 

Figure 12. DRIFTS spectra obtained during dry reforming of methane on (a) Ni-SiO2, (b) Ni-

SiO2@CeO2 & (c) Ni-CeO2 at 400oC - 600oC (CH4/CO2/He = 2/2/20 ml/min). 

Figure 13. DRIFTS spectra obtained for Ni-SiO2@CeO2 under alternate pulses of CH4 and 

CO2 at 500oC. (a) First CH4 pulse after in-situ reduction and 1-hr long He purge, (b) 

subsequent CO2 pulse, (c) subsequent CH4 pulse. 
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Scheme 1. 
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Figure 1a 
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Fig. 1b. 
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Figure 1c. 
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Figure 1d. 
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Figure 1e. 
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Figure 2a. 
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Figure 2c. 
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Figure 2d.  
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Figure 3.  
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Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

  

ACCEPTED M
ANUSCRIP

T



Figure 5a. 
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Figure 5b.  
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Figure 5c. 
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Figure 6a. 
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Figure 6b. 
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Figure 6c. 
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Figure 7a. 
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Figure 7b. 
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Figure 7c.  
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Figure 8. 
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Figure 9. 
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Figure 10 a.  
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Figure. 10 b 
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Figure 10 c. 
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Figure 10 d. 
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Figure 11 a. 
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Figure 11 b. 
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Figure 11 c. 
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Figure. 12 a. 
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Figure 12 b. 
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Figure 12 c. 
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Figure 13a. 
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TABLES: Table 1. Textural Properties and Metal Content of catalysts 

Catalyst Surface 

area(a), 

m2g-1 

Pore 

Volume(a) 

cm3g-1 

Pore 

Size(a)

nm 

Ni 

loading(b)

wt% 

Ce 

loading(b) 

wt% 

H2 

consumed 

in TPR for 

Ni 

reduction, 

mmol/ gcat 

Ni 

reducti-

on 

extent, 

% 

Ni-SiO2 

(fresh) 

95.94 0.293 12.1 8.63 nil 1.395 94.9 

 

Ni-SiO2 

(reduced) 

61.78 0.140 9.1     

 

Ni-

SiO2@CeO2 

(fresh) 

49.91 0.144 11.7 5.29 27.7 0.927(c) 102.8 

 

Ni-

SiO2@CeO2 

(reduced) 

31.95 0.123 15.7    
 

 (a) Measured by N2 isotherm adsorption-desorption, surface area and pore size were 

calculated with BET method and pore volume was calculated with BJH method. 

(b) Measured by ICP-OES. 

(c) H2 consumption only for Ni reduction calculated after substracting H2 consumption from 

CeO2 reduction (0.867 mmol H2/gcat) 

 

Table 2. Ni Dispersion measurement by H2 chemisorption.  

Catalyst H2 chemisorbed 

(μmol H2 gcat
-1) 

Ni 

loading, 

wt% 

Ni 

Dispersion(a), 

% 

Estimated Ni 

particle size(a), 

nm 30oC 100oC 150oC 

Ni-SiO2 47.4 67.2 58.7 8.63 9.15 11.04 

Ni-SiO2@CeO2 0.7 2.9 1.7 5.29 0.63 158.8 

(a) Calculated based on H2 chemisorption at 100oC 
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Table 3. Activity and Coke-resistance of Ni-SiO2@CeO2 catalyst compared to recently 

published catalysts for dry reforming of methane (emphasis has been given to recent and low 

temperature studies). 

Catalyst Reaction Conditions Methane 

conversion activity 

(for selected 

catalyst) 

Coke 

Deposition 

Ref. 

Ni-SiO2@CeO2 600oC, CH4/CO2 = 3:2 

GHSV = 200,000 h-1, 

TOS = 72 hr 

0.12 mol CH4 min-1 

g metal-1 

Not detected This 

work 

SiO2 supported Ni catalysts  

Ni-SiO2 

(Reduction- 

Oxidation- 

Reduction 

pretreated) 

600oC, CH4/CO2/N2 = 

1:1:1 

GHSV = 144,000 ml/h g, 

TOS = 12 hr 

0.114 mol CH4 min-

1 g metal-1 declines 

by 80% in 12 hrs  

(10% Ni-SiO2 

ROR) 

18 mg Carbon/ 

L CH4 

converted 

[59] 

Ni-

phyllosilicate 

@SiO2 

600oC, CH4/CO2/He = 

1:1:1 

GHSV = 60,000 ml/h g, 

TOS = 24hr 

0.21 mol CH4 min-1 

g metal-1 

(NiPS@SiO2-0.4) 

7.6% weight 

loss in TGA 

for spent 

catalyst 

[23] 

Ni/ MCM-41 600oC, CH4/CO2/Ar = 

1:1:1 

GHSV = 36,000 ml/h g, 

TOS = 4 hr 

0.015 mol CH4 min-

1 g metal-1 

(0.5Ru@Ni/MCM-

41) 

~70% weight 

loss in TGA 

for spent 

catalyst 

[58] 

Ni@SiO2 yolk-

shell 

700oC, CH4/CO2/N2 = 

1:1:1 

GHSV = 36,000 ml/h g, 

TOS = 50 hr 

0.55 mol CH4 min-1 

g metal-1 

(Ni yolk@Ni@SiO2 

12 hr treatment) 

1.4% carbon 

after 20 hr 

reaction 

[55] 

Ni@SiO2 750oC, CH4/CO2/N2 = 

1:1:2 

GHSV = 48,000 ml/h g, 

TOS = 25hr 

0.017 mol CH4  

min-1 g metal-1 

 

0.012 g coke/ g 

catalyst. 

[63] 

Ni-Mg 

Phyllosilicate 

nanotube @ 

SiO2 

750oC, CH4/CO2/He = 

1:1:1 

GHSV = 60,000 ml/h g, 

TOS = 72hr 

0.109 mol CH4 min-

1 g metal-1 

(NiMg-

Phyllosilicate 

@SiO2) 

Not detected [64] 

Ni/SiO2@SiO2 800oC, CH4/CO2/N2 = 

9:9:2 

GHSV = 12,000 ml/h g, 

0.502 mol CH4 min-

1 g metal-1 

(5.2 nm 

No coke 

detected in 

TPO. 

[66] 
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TOS = 100hr Ni/SiO2@SiO2) 

CeO2 supported Ni catalyst 

Mesoporous 

Ni/Ce1−xNixO2−y 

700oC, CH4/CO2 = 1:1 

GHSV = 12,000 ml/h g, 

TOS = 40hr 

0.027 mol CH4  

min-1 g metal-1 

(Ni/mp-

Ce1−xNixO2−y) 

~10% weight 

loss in TGA 

for spent 

catalyst 

[67] 

Ce doped Ni-

SBA-16 

700oC, CH4/CO2/He = 

1:1:1 

GHSV = 45,000 ml/h g, 

TOS = 100hr 

0.16 molCH4 min-1 

g metal-1 

(NiCe/ SBA-16) 

 

3.8% coke [20] 

Ni-Co/ CeZrO2 750oC, CH4/CO2= 3:2 

GHSV = 12,000 ml/h g, 

TOS = 80hr 

0.098 molCH4 min-1 

g metal-1 

(CeZr 3EG) 

5.7 % coke [5] 

Ag promoted 

Ni-CeO2 

750oC, CH4/CO2/N2 = 

25:25:18 

GHSV = 13,400 h-1, TOS 

= 100hr 

0.023 mol CH4  

min-1 g metal-1 

(Ni/CeO2 -3 Ag) 

0.251% coke [65] 

Other Ni- based catalysts 

Zr promoted 

(Mg, Ni, Al) O 

550oC, CH4/CO2/Ar = 

1:1:8 

GHSV = 20,000 h-1, TOS 

= 5 hr 

0.0017 mol CH4 

min-1 g metal-1 

(HNiZr3) 

12.7% weight 

loss in TGA 

for spent 

catalyst 

[57] 

La promoted 

Ni-Mg-Al 

(hydrotalcite 

derived) 

550oC, CH4/CO2/Ar = 

1:1:8 

GHSV = 20,000 h-1, TOS 

= 8.3 hr 

0.0004 mol CH4 

min-1 ml catalyst-1 

(NiLaMgAl – HN3) 

 

~87.5% weight 

loss in TGA 

for spent 

catalyst 

[56] 

Ni-Co/ 

Mesoporous 

Al2O3 

600oC, CH4/CO2/Ar = 

1:1:1 

GHSV = 36,000 ml/h g, 

TOS = 4hr 

0.053 mol CH4 min-

1 g metal-1 

(2.5Co-

2.5Ni@SGA) 

~12% weight 

loss in TGA 

for spent 

catalyst 

[60] 

Mg/ Ca 

promoted Co-

Ni ordered 

mesoporous 

material 

700oC, CH4/CO2 = 1:1 

GHSV = 15,000 ml/h g, 

TOS = 100 hr 

0.058 mol CH4 min-

1 g metal-1 

(OMA-5Co5Ni3Ca) 

 

6 % weight 

loss in TGA 

for spent 

catalyst 

[61] 

Ni-La2O3 

nanorod 

700oC, CH4/CO2/N2 = 

3:3:14 

GHSV = 60,000 ml/h g, 

TOS = 50 hr 

0.082 mol CH4 min-

1 g metal-1 

(5Ni/La2O3 -LOC) 

 

10.3 % weight 

loss in TGA 

for spent 

catalyst 

[62] 
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