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ABSTRACT 
 Methane and carbon dioxide are major greenhouse 

gases contributor. CO2 dry reforming of methane (DRM) 
for syngas production is a promising approach to 
reducing global CO2 emission and extensive utilization of 
natural gas. However, the reported catalysts endured 
rapid deactivation due to severe carbon deposition at 
high temperature. Here, CO2 reduction by CH4 on 
hexagonal nano-nickel flakes wrapped by porous SiO2 
(Ni@SiO2) catalysts driven by thermal and solar light are 
tested. High resistance to carbon deposition and reactive 
activity are demonstrated under focused solar light. 
Furthermore, the mechanism of light-enhanced reaction 
reactivity is investigated by Infrared spectroscopy and 
the activation effect of light is depicted. The light-driven 
DRM provides a promising method for renewable solar 
energy conversion and CO2 emission reduction due to 
the excellent activity and durability. 
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1. INTRODUCTION 
The worldwide researchers have devoted to reduce 

the emission of greenhouse gases for years, which was 
mainly consisted of carbon dioxide and methane. The dry 
reforming of methane (DRM) emerged as a promising 
method for CO2 and CH4 utilization, as described in (1) 
[1,2]. 

𝐶𝐻4 + 𝐶𝑂2 ⇌ 2CO + 2𝐻2, ∆𝐻298
𝜃 = 247𝑘𝐽/𝑚𝑜𝑙(1) 

However, the side reactions, mainly the reverse 
water-gas shift (RWGS) (2) and the methane cracking 

reaction (3), lead to carbon deposition and lower H2/CO 
ratio[3]. 

𝐶𝑂2 +𝐻2 ⇌ CO +𝐻2𝑂, ∆𝐻298
𝜃 = 41𝑘𝐽/𝑚𝑜𝑙   (2) 

𝐶𝐻4 ⇌ 𝐶(𝑆) + 2𝐻2, ∆𝐻298
𝜃 = 75𝑘𝐽/𝑚𝑜𝑙     (3) 

The highly endothermic DRM reaction always 

requires high temperature (>700℃ ) for promoting 
reaction proceeding, with a large amount of energy 
input[4]. Therefore, concentrated solar energy is a 
promising energy source for supplying the heat 
requirement in DRM, realizing clean solar energy 
conversion and storage[5]. 

The reported thermal catalysts for DRM always 
contain noble metals to enhance the reactivity. However, 
the carbon deposition and metal sintering under high 
temperature always led to the deactivation of 
catalysts[6,7]. As the high cost and insufficient reserve of 
precious metals, Ni-based catalyst has been explored as 
alternatives due to its considerable activity and 
abundance[8,9]. Nevertheless, nickel meets more severe 
issue of carbon deposition, which mainly caused by the 
thermodynamically favorable CH4 decomposition and CO 
disproportionation[10,11]. Therefore, it is attractive to 
develop Ni-based catalyst with carbon resistance, 
excellent reactivity, and high durability. 

To inhibit the sintering of Ni and reducing the heat 
dissipation of sample, core-shell structure consisted of Ni 
and inert shell can be considered for metal separation 
and heat insulation. Among virous support as CeO2, TiO2, 
Al2O3, SiO2, and ZrO2, SiO2 attracts widespread attention 
due to its inertness, excellent stability, and controlled 
surface properties[12,13]. And researchers have widely 
studied Ni-based catalysts over various silica support for 
thermocatalytic DRM, such as mesoporous SBA-15, 
MCM-41, and KIT-6[14–17]. However, few studies about 
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modified SiO2 supported Ni catalyst for light-driven DRM 
reaction have been reported. Cai et al. designed a core-
shell structured Ni@SiO2 hexagonal nanosheet with heat 
insulation and infrared shielding effects of SiO2 shell for 
light-driven RWGS reaction.[18]. The Ni@SiO2 catalyst 
showed significant enhancement in conversion rate and 
carbon resistance under focus solar illumination. 
Nevertheless, this catalyst has not been further explored 
in methane dry reforming process.  

2. MATERIAL AND METHODS 

2.1 Sample synthesis 

Ni@SiO2 was synthesized through a hydrothermal 
method. Ni(NO3)2·6H2O and Polyvinyl Pyrrolidone (PVP) 
were dissolved in ultrapure water under magnetic 
stirring. Then NH3·H2O solution (28%) was added to 
adjust the pH to 8. After 1 h stirring, the solution was 
sealed into autoclave and heated at 150 °C for 36 h. Then 
the precipitate was washed with water and collected by 
centrifugation, and dispersed in ethanol water. The SiO2 
shell was then coated through a sol-gel method, adding 
NH3·H2O solution (28%) and Tetraethyl orthosilicate into 
the solution with vigorous stirring for 1 h. Then the solid 
was collected by centrifugation and dried at 110 °C 
overnight. The dried particles were calcined at 400 °C for 
4 h with heating rate at 10 °C per minute. The schematic 
diagram of the reaction process was shown in Fig. 1a. 

2.2 Material characterization 

The scanning electron microscope (SEM) images was 
obtained by FE-SEM Zeiss MERLIN compact. 
Transmission electron microscope (TEM) images was 
obtained by field emission transmission electron 
microscopy (JEM-F200) operated at 200 kV acceleration 
voltage. UV-VIS-NIR adsorption data was captured by 
UV–vis-Nir diffuse reflectance absorption spectrum 

(Agilent Cary 7000). Catalyst crystal phase test was 
carried on by X-Ray Diffractometer (Bruker D8 Focus). 

2.3 Experimental set-up 

The tests of reactive performance were carried by a 
commercial photoreactor (Fig. 1b) with a quartz window. 
In each test, 15 mg of catalyst was added into the sample 
cup of a diameter of 7 mm. A thermocouple was placed 
under the irradiation surface to directly measure the 
actual reaction temperature under focused solar light. 
The light source was supplied by a 300 W Xenon lamp 
(MC-PF300C) equipped with a convex lens of 120 mm 
focal length. The reaction temperature was controlled at 
400, 450 and 500 °C, which were corresponding to the 
light intensity of 7.3, 8.8 and 10.6 W/cm2, respectively.  

In a catalytic test, the sample was first purged with 
Ar (30 mL/min) for 30 min and activated with H2 (10 
mL/min) at 500 °C for 5 min. After another purge for 30 
min, the sample was heated under Ar atmosphere (30 
mL/min) to the settled temperature by electrical heating 
elements or light. Then CH4 (5 mL/min) and CO2 (5 
mL/min) were introduced into the reactor, and the outlet 
gas was collected with gas bags for each 5 min. A GC 
(Agilent 8890) was used for the products analysis, which 
equipped with TCD and FID detectors.  

A Bruker INVENIO-S FTIR spectrometer was used for 
the in-situ diffuse reflectance Infrared Fourier transform 
spectroscopy (DRIFTS) test with the same reactor 
equipped with a specialized 4-window cap. The gas flow 
was the same as ex-situ part, and the reaction 
temperature was settled at 450 °C for both dark and light 
reaction. 

2.4 Calculation 

For data processing, the conversion rates of the 
reactants were calculated according to the following 
equations, 

𝐹𝑜𝑢𝑡 = 𝐹𝑖𝑛,𝐴𝑟/𝑋𝑜𝑢𝑡,𝐴𝑟   (4) 

 
Fig. 1 (a) The depict of the reaction process. (b) Schematic representation of the reactor  
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𝐹𝑜𝑢𝑡,𝑖 = 𝑋𝑜𝑢𝑡,𝑖 ∙ 𝐹𝑜𝑢𝑡   (5) 

𝑋𝐶𝐻4 = (𝐹𝑖𝑛,𝐶𝐻4 − 𝐹𝑜𝑢𝑡,𝐶𝐻4)/𝐹𝑖𝑛,𝐶𝐻4  (6) 

𝑋𝐶𝑂2 = (𝐹𝑖𝑛,𝐶𝑂2 − 𝐹𝑜𝑢𝑡,𝐶𝑂2)/𝐹𝑖𝑛,𝐶𝑂2  (7) 

where F is the flow rate of the gases, X is the 
conversion of reactant, i means the specific gas species, 
and subscript in and out are corresponding to the inlet 
and outlet gases. Further, the consuming and producing 
rate of gases were deduced as following: 

𝑟𝐶𝐻4 = (𝐹𝑖𝑛,𝐶𝐻4 ∙ 𝑋𝐶𝐻4 ∙ 𝑃𝑟)/(𝑚 ∙ 𝑅 ∙ 𝑇𝑜𝑢𝑡) (8) 

𝑟𝐶𝑂2 = (𝐹𝑖𝑛,𝐶𝑂2 ∙ 𝑋𝐶𝑂2 ∙ 𝑃𝑟)/(𝑚 ∙ 𝑅 ∙ 𝑇𝑜𝑢𝑡) (9) 

𝑟𝐻2 = (𝐹𝑜𝑢𝑡,𝐻2 ∙ 𝑃𝑟)/(𝑚 ∙ 𝑅 ∙ 𝑇𝑜𝑢𝑡)  (10) 

𝑟𝐶𝑂 = (𝐹𝑜𝑢𝑡,𝐶𝑂 ∙ 𝑃𝑟)/(𝑚 ∙ 𝑅 ∙ 𝑇𝑜𝑢𝑡)  (11) 
here r is the conversion or production rate of the 

reactants, m represents the mass of sample, Pr is the 
reaction pressure (1 atm), Tout is room temperature 
(273.15 K), and R is the gas constant at room 
temperature.  

 For the data of TGA (Thermogravimetric 
Analysis) test, the weight percentage of oxidized 
NiO@SiO2 was recorded as X1, and that of the reduced 
Ni@SiO2 as X2. Thereby, the weight percentage of 
Ni@SiO2 in the spent sample can be calculated as 
following: 

𝑋Ni@SiO2
= 𝑋1 ∙ 𝑋2    (12) 

So that the accumulated carbon to catalyst fraction 
in mass can be expressed as: 

𝑋𝐶𝑎𝑟𝑏𝑜𝑛 = (1/𝑋Ni@SiO2) − 1  (13) 

3. RESULTS AND DISCUSSION 

3.1 Morphology, structure, crystal phase, and 
absorption spectrum of Ni@SiO2 catalyst 

The SEM and TEM results of Ni@SiO2 sample were 
depicted in Fig. 2. From the SEM images, the block was 
formed by close packing hexagonal structure 
nanosheets, with a lot of voids between them. Notably, 
the nanosheets were arranged in order and possessed 
the same normal direction, instead of random 
distribution. According to the TEM images, the diagonal 
length of the thin Ni-nanosheets is in range of 120-

150nm. And each Ni-sheet was wrapped by the porous 
SiO2 shell, which measured 50 nm thick. From Fig. 1d, the 
shell of the sheet was measured uniformly 25nm thick at 
each edge, demonstrated the evenness of the shell. 

The XRD pattern of Ni@SiO2 was showed in Fig. 3a, 
which fitted well with the standard crystal information of 
metallic Ni. Besides, due to the amorphous structure of 
SiO2, there were no peaks of silicon oxide detected. From 
the adsorption spectra in Fig. 3b, the Ni@SiO2 sample 
showed excellent adsorption in the spectra range of 200-
2000 nm. 

 
Fig. 3 (a) XRD and (b) the UV-Vis-NIR adsorption spectra of 

fresh Ni@SiO2.  

3.2 Reaction performances of Ni@SiO2 under 
illumination and in darkness  

To investigate the characteristics of light-driven DRM 
of Ni@SiO2, the catalyst performance was tested under 
light and in the dark at the temperate range of 400-
500 °C, respectively. The light reaction only used a 300 W 
Xe lamp as the light and energy source without electric 
heating block. As mentioned above, in order to measure 
the temperature of the light-driven reaction more 
accurately, a thermocouple was placed to touch the 
sample surface from below (Fig. 1a) to control the 
reaction temperature. As compared in Fig. 4a-b, the 
light-driven DRM showed superior performance at each 
temperature point. 

At low temperature (400 °C) in the dark, the reaction 
activity was extremely low and the ratio of H2/CO was 
close to 1, meant there was almost no side reaction 
occurred. With reaction temperature rising, dark 
reactivity significantly increased and the H2/CO ratio 

 
Fig. 2 (a) (b) Scanning electron microscope (SEM) images and (c) (d) Transmission electron microscope (TEM) images of as-

prepared Ni@SiO2 sample.  
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reduced. Due to the endothermic reaction RWGS was 
also promoted at high temperature, more inlet CO2 was 
consumed by produced H2. Thus, the CO2 conversion 
increased faster along with temperature than CH4, also, 
the H2 production rate was lower than CO. 

 
Fig.4 The (a) conversions and (b) production rate of DRM at 
various temperatures on Ni@SiO2 under illumination and in 

darkness. 

The light reaction owned higher conversions and 
products, showed that light possessed facilitating effect 
on the DRM process. Notably, a larger gap between CH4 
and CO2 was found than the dark reaction, and CO2 
conversion increased faster than CH4. It meant that more 
RWGS reaction occurred under focus light. In one aspect, 
the endothermic reactions DRM and RWGS can be 
promoted by high temperature, so it is possible that 
there was some zone at higher temperature than 
measured. In addition, researchers have found that light 
has certain activation effect on the chemical bonds so 
that can activate the reactants and intermediates. 
Therefore, the species in the reaction got more chance 
to get higher transient energy and participate in chemical 
reactions.  

From 400 °C to 500 °C, the performance of dark 
reaction lifted faster than under illumination, indicated 
that the decline of light-enhancing effect at higher 
temperature due to the intense driving force from heat. 
Which implied that light-driven DRM of Ni@SiO2 
possessed more advantages at milder temperature. So 
that medium solar concentration ratio can be combined 
with DRM, lowered material requirements for the solar 
reactor. Meanwhile, the severe sintering of catalysts can 
be mitigated to enhance the material durability. 

3.3 Durability and carbon deposition of Ni@SiO2 
samples under illumination and in darkness 

The long duration catalytic test was lasted for one 
hour, in which the dark reaction accumulated too much 
carbon to carry on. As shown in Fig. 5a, the performance 
of dark reaction decreased after 10 min and the 
conversion reached a relatively stable activity after 35 
min. The higher CO2 conversion and lower H2 production 
rate indicated that RWGS reaction proceeded in the 
whole duration, which produced CO and H2O.  

The catalyst volume increased obviously during the 
dark reaction at 500 °C, so that the decline of conversion 
was led by the carbon accumulation. As the production 
rate of H2 maintained stability while CO decreased 
continuously, the carbon deposition was formed by CH4 
decomposition and possibly from the CO 
disproportionation.  

 
Fig.5 The reaction activity of DRM of Ni@SiO2 (a) in the dark 

and (b) under light versus reaction time at 500 °C. 

For the light reaction, see in Fig. 5b, the slight 
increase in the initial stage could be caused by the 
adsorption procedure. Reaching the equilibrium 
between adsorption and desorption, the performance 
stabilized within 10 min and remained stable, without 
obvious sample volume expansion observed. Comparing 
with dark reaction, the values of CO2 and CH4 conversion 
and the gap between them were all higher under light, 
meant the solar illumination promoted the DRM and 
RWGS reactions at the same time. 

TGA (Thermogravimetric Analysis) test was adapted 
to analyze the amount of carbon deposition of Ni@SiO2 
samples used under illumination and in darkness. First, 
the used samples were heated to 600 at air flow (30 
mL/min), see in Fig. 6a. After oxidation, the atmosphere 
was switched to H2 (H2 at 10 mL/min with Ar at 20 
mL/min) for reducing the NiO, with temperature 
maintaining (Fig. 6b). The weight of used samples slightly 
increased during the temperature program oxidation, 
which was caused by the oxidation of metallic nickel. 
Then the carbon was oxidized and the weight decreased, 
and there was only NiO@SiO2 left after the weight loss 
line stabilized. The fully oxidized sample was then 
reduced by H2 to calculate the actual weight of carbon. 

 
Fig.6 The weight loss profiles of the used samples of Ni@SiO2 
in the dark and under light. (a) Oxidation at air flow and (b) 

reduction in H2. 

According to the calculated results, light reaction 
produced much less carbon (0.12g/h/gcatalyst) than in 
darkness (0.66 g/h/gcatalyst), corresponding to the 
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durability of reaction performance. Which demonstrated 
that focus light possessed the ability of inhibiting carbon 
deposition or promoting the oxidation of carbon. 
Besides, the approximate weight decrease in the 
reduction certificated the consistency of the samples. 

3.4 Mechanism investigation in light-driven DRM of 
Ni@SiO2 

To investigate the mechanism in the reaction process 
of Ni@SiO2 in photothermal and thermal catalysis, time-
resolved in-situ diffuse reflectance Infrared Fourier 
transform spectroscopy (DRIFTS) test was carried out. 

The results of DRM at 450 °C were showed in Fig. 7. 
The peak at 3015 m-1 was consistent with CH4 and the 
band at 2342 cm-1 was corresponding to CO2

[19]. And the 
intensity of reactants turned to steady along with 
adsorption. The signal of CH4 was relatively weaker than 
CO2 in Fig. 7a, implied that more cracking consumed the 
inlet CH4. 

 
Figure. 7 In-situ DRIFTS spectra of (a) thermal and (b) 

photothermal DRM of Ni@SiO2. 

As there was no dipole moment change of H2, a 
completely symmetrical molecule, it showed no infrared 
activity. Thus, CO was the only signal to present the 
products, matched the doublet at 2145 cm-1[20]. From Fig. 
7b, the CO signal increased faster under illumination, 
meant higher production rate of light reaction. In 
addition, the vibration over 3500 cm-1 and the band in 
1300-1900 cm-1 was caused mainly by hydroxy and CHxO 
species, respectively[21,22]. The stronger fluctuation in 
these bands illustrated that the gaseous intermediates 
were excited at the gas-solid interface by light and 
gained superior reactivity. 

The results from infrared spectrogram were 
corresponding to the results discussed above, and it can 
be deduced that focus light facilitated DRM of Ni@SiO2 
by activating the intermediates. By contrast, the reaction 
in darkness was prone to methane cracking, with less 
reactivity of intermediates.  

In conclusion, the main mechanism for light-
enhanced performance can be concluded as following:  

The local high temperature in the irradiated core-
shell sample. The SiO2 shell of the sample provided a 
shielding layer to prevent infrared light and heat from 

dispersing outward, thus, the input light energy was 
confined in the sheath. Thereby, there was higher 
temperature in the inside Ni zone. Due to high 
temperature, the equilibrium of DRM and RWGS 
reaction shifted positively.  

The focus light activated the metallic Ni and chemical 
bonds of C, H, O species. Ni can be promoted to its 
excited state with light irradiation and get superior 
reactivity. Although the Ea values of dissociation of CO2, 
CH4, CH3 and CH2 reduces negligibly in the excited state, 
the oxidation Ea values of C and CH reduce obviously[23]. 
Thus, the light excitation of species results in the high 
activity of the DRM reaction. 

4. CONCLUSIONS 

In summary, a core-shell structured Ni@SiO2 
nanosheet was used for thermal and photothermal DRM 
to investigate the enhancing-effect of focus solar light. 
The light-driven DRM presented impressive production 
rates of H2 and CO (11.6 and 13.8 mmol/min/g, 
respectively) under 10.6 W/cm2 full-spectra illumination, 
higher than the dark reaction (7.9 and 9.1 mmol/min/g 
for H2 and CO) at 500 °C. Accordingly, the heat insulation 
and infrared shielding effects of the SiO2 shell were 
demonstrated, which needed further study for its 
optimal operating temperature in larger range of solar 
concentration ratio. Also, the photo-enhanced reaction 
efficiently inhibited carbon deposition during long 
duration operation. Carbon accumulated in one hour 
with light was only 18 % of which in darkness, consisted 
with the DRM durability difference. In addition, the 
mechanism of photoactivated reactivity was revealed by 
the in-situ DRIFTS study. In the spectroscopy results, the 
intermediates showed significant activity under 
irradiation, and thus the light-driven reaction presented 
superior production rate. Our work investigated the 
performance and mechanism of photo-enhanced DRM 
of Ni@SiO2 at mild-temperature, and proved a method 
of catalyst design for renewable solar energy conversion 
and CO2 emission reduction. 
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