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Catalyst Properties

(a) (b) (c)

Figure S1 XRD patterns of CexSiyO2 from (a) 20 ° - 100 ° and (b) magnified spectra between 26 ° - 32 °. 

The Miller indices of CeO2 were referenced to JCPDS: 01-083-9465. The XRD patterns of (c) reduced 

and passivated Ni/CexSiyO2 were recorded from 20 ° - 100 °; JCPDS: 04-016-4592 (Ni).

(a) (b)

Figure S2 (a) UV-vis absorbance of CexSiyO2 from 200 – 800 nm. (b) UV-vis-NIR absorbance of 

reduced and passivated Ni/CexSiyO2 from 200 – 2000 nm. The absorption peak at 830 nm is due to the 

instrument.
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Table S1 Actual Ni loading as determined from ICP-OES of as-prepared Ni/CexSiyO2. The Ni catalysts 

have a nominal loading of 10 wt.%.

Catalyst Actual Ni loading (wt.%)
Ni/CeO2 8.7
Ni/Ce0.9Si0.1O2 9.7
Ni/Ce0.8Si0.2O2 10.1
Ni/Ce0.2Si0.8O2 9.4
Ni/SiO2 9.1

Thermogravimetric analysis of SiO2 was performed on a TGA Q5000 (TA instruments) under 

a flow of dry compressed air from 50 °C – 800 °C, ramped at 20 °C/min. The SiO2 (~ 2 mg) was 

analysed using a platinum pan. SiO2 was selected for TGA analysis as it had the highest specific surface 

area where any weight loss from residual carbon is most likely to be observed. The TGA shows ≈ 6% 

up to 500 °C (due to water and dehydroxylation) with negligible loss observed > 500 °C. The catalysts 

were all calcined at 400 °C and reduced at 500 °C. The weight loss difference between 400 °C – 500 °C 

is ≈ 0.5%. Hence, the catalyst preparation conditions reached temperatures beyond the point where any 

further mass loss occurred. However, the presence of carbon species on the catalyst surface due to 

adsorption upon exposure to the atmosphere is likely. XPS C 1s spectra show that carbon specie were 

present on the catalyst surface, which may originate from the atmospheric adsorption (Figure S6). 

 

Figure S3 Thermogravimetric analysis of SiO2 showing weight loss over the range 50 °C – 800 °C 



3

Defects and oxygen vacancies were identified using electron paramagnetic resonance (EPR) on 

a Bruker EMX X-Band ESR Spectrometer operated at frequency of approximately 9.43 GHz. The 

samples (20 mg) were loaded into a 4 mm (internal diameter) quartz tube and characterised at -153 °C, 

with the system cooled by liquid nitrogen. Raman spectra were collected at 25 MW using a 514 nm 

laser on a Renishaw inVia Raman Microscope.

(a) (b)

(c) (d)

(e)

Figure S4 Raman spectra of (a) as-prepared and (b) reduced CexSiyO2. Inset shows magnified spectra 

over the range 500 – 700 cm-1. Peak at approximately 464 cm-1 corresponds to the F2g mode of CeO2 

(symmetrical stretching of Ce-O) while the broad peak between 500 cm-1 to 600 cm-1 confirms the 

presence of oxygen vacancies.1–5 EPR spectra of (c) as-prepared CexSiyO2, (d) reduced CexSiyO2 and 

(e) Ce0.2Si0.8O2 without baseline correction, only observed for as-prepared and reduced Ce0.2Si0.8O2. 
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Fourier-transform infrared (FTIR) spectra were collected using a Spotlight 400 FTIR 

(PerkinElmer) from 600 – 4000 cm-1 under ambient conditions with scan resolution of 4 cm-1 with 

8 scans per spectrum.

Figure S5 FTIR spectra of as-prepared and reduced (R) CexSiyO2 from (a,c) 4500 - 2500 cm-1 and 

(b,d) 2000 – 650 cm-1, respectively. The broad peak region between 3750 cm-1 – 2750 cm-1 for both 

CeO2 and SiO2 indicate water adsorption.1,6,7 In the CeO2 spectrum, the peak at 1319 cm-1 (C) 

corresponds to stretching vibrational mode Ce-O-Ce 8, the peak at 1628 cm-1 (A) is attributed to the 

O-H deformation vibration8. The SiO2 sampled exhibited peaks at (D) 1049 cm-1, asymmetric stretch 

(Si-O-Si), and (G) 801 cm-1, symmetric stretch (Si-O-Si).7 
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The oxidation states and shifts in binding energies of the elements present in the reduced and 

passivated Ni catalysts were studied via X-ray photoelectron spectroscopy (XPS) using an ESCALAB 

250Xi (Thermo Scientific) with an Al Kα X-ray source. The binding energies of the spectra were 

referenced to carbon 1s at 284.8 eV. For insights into the catalyst surface properties, XPS spectra for 

Ni 2p, Ce 3d, and Si 2p of the reduced and passivated catalysts are shown in Figure S6. The Ni 2p 

spectra in Figure S6a indicates that, with an increase in SiO2 concentration, the ratio of Ni2+ (attributed 

to NiO)9,10 and Ni0 (attributed to metallic Ni)9,10 decreases. Thus, the presence of SiO2 resulted in a 

greater presence of metallic Ni. The Ce 3d spectra in Figure S6b show that the ratio of Ce4+/Ce3+ is 

similar across all samples: Ni/CeO2: 3.71, Ni/Ce0.9Si0.1O2: 4.10, Ni/Ce0.8Si0.2O2: 3.81, 

Ni/Ce0.2Si0.8O2: 4.23. The comparable oxidation state of Ce can be influenced by the oxygen 

passivation, after hydrogen reduction, in the catalyst pretreatment. The Si 2p spectra are provided in 

Figure S6c. Using the pretreated Ni/SiO2 as reference, the peak at 104.1 eV can be attributed to Si in 

SiO2. With the addition of CeO2, a shift to lower binding energy is observed. It is also apparent that 

further increases in CeO2 concentration result in corresponding increases in the binding energy. The 

increase can indicate interaction between the CeO2 and SiO2. A similar shift to higher binding energy 

was also observed in the XPS peaks for oxygen. The binding energy of both silicon and oxygen increase 

with the addition of CeO2.
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(a) (b) (c)

(d) (e)

Figure S6 XPS spectra of (a) Ni 2p; (b) Ce 3d; (c) Si 2p; (d) O 1s; and (e) C 1s for Ni/CexSiyO2. With 

respect to the Ce 3d peaks, Ce3+ (red labels) are represented by u0/v0 and u’/v’; Ce4+ (black labels) are 

represented by u/v, u’’/v’’, and u’’’/v’’’. 11,12 The Ni/CexSiyO2 were reduced and passivated prior to 

analysis. The deconvolutions of O 1s 13,14 and C 1s 9,15,16 were referenced to literature. 
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The role of light in photothermal methanation

The carbon balance can be derived from the decoupled light and heat catalytic activity under continuous 

flow conditions. The balance was calculated as follows:

CO2 + 4H2 ⇌ CH4+ 2H2O

CO2 + H2 ⇌ CO + H2O

The mol ratios of CO2:CH4 and CO2:CO were 1:1 for both reactions. So as to demonstrate that carbon 

accumulation does not occur in the reaction, a sample case of the carbon balance is included. The 

flowrate of inlet CO2  = 4 mL/min = 0.164 mmol/min and theoretically, the CH4 outlet flowrate would 

be 0.164 mmol/min for 100% CO2 conversion and CH4 selectivity with no accumulation. Under thermal 

conditions, the CO2 conversion of Ni/CeO2 was 61.6% with CH4 and CO selectivity of 97.3% and 2.7%, 

respectively at 400 °C. The molar flowrate of CO2 at the outlet stream was calculated to 0.0631 

mmol/min, based on CO2 calibration. The product formation of CH4 and CO were 0.0985 mmol/min 

and 0.0027 mmol/min, respectively. Therefore, the carbon balance was close to 100%. Additionally, 

carbon accumulation in the system was not observed and characterisation of selected spent catalyst 

indicated negligible change.
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Figure S7 TEM and EDS images of (a) Ni/CeO2 and (b-c) Ni/Ce0.9Si0.1O2. The figures include (1) 

dark field images, (2) bright field images, and (3) EDS mapping.

Table S2 Crystallite size of Ni and catalyst support for reduced and passivated and selected spent 

catalysts.  The spent catalysts were collected after the decoupled activity tests under flow conditions.  

Catalyst Support (nm) Ni (nm)
Ni/CeO2 12.2 13.8
Photo and Thermal: Ni/CeO2 12.4 12.2
Ni/SiO2 N/A 15.0
Thermal: Ni/SiO2 N/A 15.8
Photo and Thermal: Ni/SiO2 N/A 14.4
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(a) (b)

Figure S8 XRD pattern of (a) Ni/SiO2 and (b) Ni/CeO2. The spent catalysts were collected after the 

decoupled activity tests (i) thermal and ii) photo and thermal) under flow conditions.  The reduced and 

passivated catalysts (Ni/CeO2 and Ni/SiO2) are included for comparison.
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Exploring the different pathways over Ni/CexSiyO2 via DRIFTS

(a) (b)

(c) (d)

Figure S9 DRIFTS spectra from 50 °C – 400 °C for Ni/CeO2 and Ni/Ce0.9Si0.1O2 from (a, c) 4000 –

 2750 cm-1 and (b, d) 2250 – 1200 cm-1.
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(a) (b)

Figure S10 DRIFTS transient spectra of (a) Ni/CeO2 and (b) Ni/Ce0.9Si0.1O2 at 200 °C under N2 purging 

and H2 flow after N2 purge (purple lines) from 2600 – 1000 cm-1. The spectra include the first five 

minutes of the gas transition stage. The CO2 peak intensity and hydrogen carbonate peak (1617 cm-1) 

of (a) Ni/CeO2 decrease under N2. In the case of (b) Ni/Ce0.9Si0.1O2, intermediates were retained under 

the N2 purge. 

(a) (b)

Figure S11 DRIFTS transient spectra at 200 °C under N2 purging at 4000 – 2250 cm-1 for (a) Ni/CeO2 

and (b) Ni/Ce0.9Si0.1O2 collected under 1 min intervals. A decrease in CO2 intensity of both samples were 

observed with time increase.
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(a) (b)

(c) (d)

Figure S12 Ni/CeO2 and Ni/Ce0.9Si0.1O2: DRIFTS transient spectra at 50 °C after introduction of CO2 

and H2 at ratio of 1:4, diluted with N2 (a,c) 4000 – 2250 cm-1 and (b,d) 2200 – 1000 cm-1. The spectra 

was collected under 1 min intervals.
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