
HAL Id: hal-03924564
https://hal.science/hal-03924564v1

Submitted on 5 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Photocatalytic Partial Oxidation of Methane to Carbon
Monoxide and Hydrogen over CIGS Solar Cell

Chunyang Dong, Di Yu, Karima Ben Tayeb, Pardis Simon, Ahmed Addad,
Martine Trentesaux, Danilo Oliveira de Souza, Sergei Chernyak, Deizi V

Peron, Amelle Rebai, et al.

To cite this version:
Chunyang Dong, Di Yu, Karima Ben Tayeb, Pardis Simon, Ahmed Addad, et al.. Photocatalytic
Partial Oxidation of Methane to Carbon Monoxide and Hydrogen over CIGS Solar Cell. Applied
Catalysis B: Environmental, 2023, 325, pp.122340. �10.1016/j.apcatb.2022.122340�. �hal-03924564�

https://hal.science/hal-03924564v1
https://hal.archives-ouvertes.fr


Journal Pre-proof

Photocatalytic Partial Oxidation of Methane to
Carbon Monoxide and Hydrogen over CIGS Solar
Cell

Chunyang Dong, Di Hu, Karima Ben Tayeb, Pardis
Simon, Ahmed Addad, Martine Trentesaux, Danilo
Oliveira de Souza, Sergei Chernyak, Deizi V.
Peron, Amelle Rebai, Jean-Francois Guillemoles,
Xavier Wallart, Bruno Grandidier, Andrei Y.
Khodakov, Negar Naghavi, Vitaly V. Ordomsky

PII: S0926-3373(22)01281-4

DOI: https://doi.org/10.1016/j.apcatb.2022.122340

Reference: APCATB122340

To appear in: Applied Catalysis B: Environmental

Received date: 28 September 2022
Revised date: 24 December 2022
Accepted date: 27 December 2022

Please cite this article as: Chunyang Dong, Di Hu, Karima Ben Tayeb, Pardis
Simon, Ahmed Addad, Martine Trentesaux, Danilo Oliveira de Souza, Sergei
Chernyak, Deizi V. Peron, Amelle Rebai, Jean-Francois Guillemoles, Xavier
Wallart, Bruno Grandidier, Andrei Y. Khodakov, Negar Naghavi and Vitaly V.
Ordomsky, Photocatalytic Partial Oxidation of Methane to Carbon Monoxide and
Hydrogen over CIGS Solar Cell, Applied Catalysis B: Environmental, (2022)
doi:https://doi.org/10.1016/j.apcatb.2022.122340

This is a PDF file of an article that has undergone enhancements after acceptance,
such as the addition of a cover page and metadata, and formatting for readability,
but it is not yet the definitive version of record. This version will undergo
additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier.

https://doi.org/10.1016/j.apcatb.2022.122340
https://doi.org/10.1016/j.apcatb.2022.122340


1 
 

Photocatalytic Partial Oxidation of Methane to Carbon Monoxide and Hydrogen over CIGS 

Solar Cell 

Chunyang Dong
a
, Di Hu

a
, Karima Ben Tayeb

b
, Pardis Simon

c
, Ahmed Addad

c
, Martine 

Trentesaux
a
, Danilo Oliveira de Souza

d
, Sergei Chernyak

a
, Deizi V. Peron

a
, Amelle Rebai

e
, Jean-

Francois Guillemoles
e
, Xavier Wallart

f
, Bruno Grandidier

f
, Andrei Y. Khodakov

a
*, Negar 

Naghavi 
e
* and Vitaly V. Ordomsky 

a
* 

a
 Univ. Lille, CNRS, Centrale Lille, ENSCL, Univ. Artois, UMR 8181 – UCCS – Unité de Catalyse 

et Chimie du Solide, F-59000 Lille, France 

b
 Univ. Lille, CNRS, UMR 8516 – LASIRE – Laboratoire de Spectroscopie pour les Interactions, 

la Réactivité et l'Environnement, F-59000 Lille, France 

c
 Univ. Lille, CNRS, INRAE, Centrale Lille, Univ. Artois, FR 2638-IMEC-Institut Michel-Eugène 

Chevreul, F-59000 Lille, France 

d
 Elettra-Sincrotrone Trieste, Strada Statale 14 - km 163.5, 34149 Basovizza, Trieste ITALY 

e 
CNRS, UMR 9006,

 
Institut Photovoltaïque d’Ile-de-France (IPVF), 91120 Palaiseau, France, 

f
 Univ. Lille, CNRS, Centrale Lille, Univ. Polytechnique Hauts-de-France, Junia-ISEN, UMR 8520 

- IEMN, F-59000 Lille, France 

Corresponding authors: andrei.khodakov@univ-lille.fr, negar.naghavi@chimieparistech.psl.eu, 

vitaly.ordomsky@univ-lille.fr 

Abstract 

Methane valorization is one of the main challenges in the modern chemical industry. However, 

existing processes require high reaction temperatures. The alternative photocatalytic routes for 

methane valorization at ambient conditions would be highly attractive. Today, photovoltaic (PV) 

generation of electricity is one of the main sources of renewable energy. PV absorbers could be 
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excellent candidates for photochemical applications. Herein, we report selective methane 

photocatalytic oxidation at ambient conditions into CO and H2 by conventional Cu(In,Ga)Se2 

(CIGS) absorbers used in solar cells. A thin film of CIGS coated over Mo exhibits exceptional 

performance in methane partial oxidation to CO and H2 with a stable CO productivity of 2.4 mmol 

per g of CIGS and a selectivity to CO of over 80 %. The reaction proceeds via the facile 

dissociation of methane into disordered carbon and hydrogen over CIGS surface with subsequent 

regeneration of the surface by partial oxidation of carbon into CO.  

Keywords 

CIGS; Methane; Oxidation; Syngas; Photocatalysis. 

1. Introduction 

As the main constituent of renewable and fossil feedstocks (biogas, natural gas, shale gas…), 

methane is one of the most abundant carbonaceous feedstocks on earth. Currently methane is 

mostly used as fuel for heat and power generation, which coincides with a major emission of CO2. 

Chemical valorization of methane into platform molecules is attractive from both economic and 

environmental aspects [1, 2]. The main well-established reaction routes for methane 

transformation are steam reforming (SRM) or partial oxidation of methane (POM) into syngas (a 

mixture of CO and H2) [3, 4], which can be further used for the synthesis of methanol, olefins, 

middle distillates, acetic acid etc [5]. However, these processes require high temperature (700-

1000 
o
C) due to the high stability of the methane molecule (C-H bond energy is 434 kJ·mol

-1
 (4.5 

eV)) [6, 7].  

SRM: CH4 + 2H2O = 4H2 + CO2, ΔH
o 

= +206 kJ/mol; 

POM: CH4 + 1/2O2 = 2H2 + CO, ΔH
o 
= -36 kJ/mol; 

Adopting solar energy as the driving force for methane activation can be one of the best 

strategies to address the above-mentioned energetic and environmental challenges [8-15]. 

Previously, it was shown that a combination of thermo-catalytic methane activation over metal-

based catalysts such as CuRu [16], Rh [17-19], Pt [20], Ni [21] etc. with photocatalysis could 

reduce the SRM temperature. Nevertheless, a relatively high temperature (at least 300 
o
C) has 

been still required to achieve noticeable CH4 conversion. 

POM by molecular oxygen takes place at lower temperatures (500 – 700 
o
C) in comparison with 
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thermal and photothermal processes of SRM or DRM [4]. The main challenge of this process lies 

in the explosion risk of premixed CH4/O2 and undesirable over-oxidation route to the most stable 

oxidation products (H2O and CO2) [22-24]. Previously, we have shown that methane can be 

transformed into CO over a Zn-heteropoly-acid/TiO2 photocatalyst at ambient temperature (Table 

S1) [25]. Though the CO selectivity reached over 84 %, yet, only a trace amount of H2 was 

detected. To date, to the best of our knowledge, direct production of syngas from methane at 

ambient temperature still has not been reported.  

At the moment, the main rapidly growing technology for solar light utilization is photovoltaics 

(PV) which reached an energy generation of 1000 TWh in 2021 and has doubled since 2018 [26, 

27]. This technology solves the disadvantages of traditional bulk semiconductor photocatalysis 

due to the use of visible light, high quantum efficiency and scalable and adaptable technology. 

Among different PV technologies, CuInxGa1-xSe2 (CIGS) based solar cells are one of the most 

prominent thin-film technologies [28, 29]. The current state-of-the-art CIGS solar cells are based 

on p-n junctions, where 2 μm-thick p-type polycrystalline CIGS is directly co-evaporated onto a 

soda-lime glass substrate covered with molybdenum (Mo) back contact. The junction forms with a 

thin (≈ 30 nm) n-type CdS and i-ZnO/n-ZnO:Al front contact [30]. 

The CIGS-based solar cell has several important properties. First of all, it is a proven good 

photo-absorber with an extremely high solar cell efficiency of 23.3% [28, 31]. CIGS can be 

produced at a reasonably low cost at industrial scale. Second, it has a high absorber coefficient in 

the visible range of wavelength with a band gap that is tunable between 1.0 and 1.7 eV by 

changing the Ga/(Ga+In) ratio. Moreover, it presents higher stability compared to other emerging 

thin-film solar cell technologies [32]. Only a few articles have been published dealing with the use 

of CIGS for solar hydrogen production [33-35]. 
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Figure 1. Scheme of CH4 partial oxidation to syngas over CIGS. 

Herein, we report methane partial oxidation to syngas over CIGS absorbers at ambient 

conditions under light irradiation. Under an optimized condition, the CIGS thin film enables a 

stable synthesis of 3.4 mmol of CO, H2 and CO2 per g of CIGS in 15 h with the CO/H2 ratio at 

around 2:1 and the carbon-based CO selectivity over 80 %. The reaction proceeds by sequential 

CH4 dissociation and coupling into hydrocarbons and followed by dehydrogenation into 

disordered carbon with further partial oxidation of carbon to CO (Figure 1). 

2. Experimental 

2.1 Preparation of CIGS photocatalyst 

The CIGS absorber layer was deposited in a co-evaporation reactor under high vacuum in the 

order of 10
-5

 Pa on 800 nm DC sputtered Mo layer coated over soda lime glass. The four 

constituents (Cu, In, Ga and Se) were evaporated according to the standard 3-stage process. The 

substrate temperature was set to nominal values of T= 400 °C in the first stage and T = 425 °C in 

the 2nd and 3rd stage [36]. 

2.2 Characterization of CIGS photocatalyst 

PL measurements were performed using a LabRam HR800-UV Horiba–Jobin Yvon 

spectrometer in combination with a confocal microscope, using a 532 nm excitation wavelength. 

Elemental in-depth composition profiles of the absorbers are obtained with glow discharge optical 

emission spectroscopy (GD-OES) using a GD-profiler HR by Horiba. Both EDX and scanning 

electron microscopy micrographs are obtained using a Zeiss Ultra 55 microscope. The crystalline 
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structure of films was examined by X-ray diffraction (XRD) with a Panalytical Empyrean X-ray 

diffractometer using CuKα1 radiation (1.54057 Ả) in the classical Bragg-Brentano -2 

configuration.  

NAP XPS was performed at TEMPO-B beamline at SOLEIL synchrotron facility in a setup 

previously described equipped with a NAP-XPS Phoibos 150 (SPECS GmbH) analyzer [37]. The 

sample holder was mounted vertically, with the sample normal aligned to the analyzer axis 

alongside a metallic gold foil. A spot light source (Hamamatsu L9588 LightningCure) was 

clamped to a quartz flange facing the sample for irradiation. The samples were exposed to CH4 

with or without  irradiation, followed by subsequent oxidation under O2 with or without irradiation. 

The gas was introduced into the analysis chamber by leak valves and evacuated via the analyzer 

nozzle. A steady-state regime was reached at the constant pressure of 1 mbar. Due to the 

overlapping of several Auger peaks, and the loss of photon flux at higher energy, the spectra were 

recorded at photon energy of 1100 eV and 50 eV pass energy. The binding energy (BE) was 

calibrated with respect to the Au 4f reference. Due to the difference in kinetic energies (KE), only 

a relative ratio between intensities could be determined. 

The in-situ X-ray absorption spectra were recorded at the XAFS beamline station of the Elettra 

Synchrotron (Trieste, Italy) [38]. The beam was vertically collimated silicon ingot with Pt-coating 

mirror positioned at 3.0 mrad with respect to the direct beam. No noticeable features on the XAFS 

signal by the Pt coating, particularly, L edges of Pt (11.5 - 14 keV) were detected on experimental 

spectra. The beam was monochromatized by a fixed-exit double cam double crystal 

monochromator, using a pair of Si (111) crystals. Harmonic rejection for Cu K-edge is achieved 

by detuning the second slightly the second Si (111) crystal. The monochromatic beam is high 1.2 

mm in vertical and horizontally variable according to the sample size inside the capillary. Prior to 

the XAS measurements, the CIGS powder scratched from the surface of the plate was packed 

between two layers of quartz wool within a quartz capillary (O.D. = 2 mm). Next, the capillary 

was stabilized on a metallic holder (with and epoxy glue) and connected to the gas lines of N2, 

CH4 and air. During the test, the spectra (using in transmission mode) of the catalysts were 

recorded via the following steps: (1) 30 min in dark under 4 bar N2; (2) 60 min illuminated by a 

spot light source (Hamamatsu L9588 LightningCure) in 4 bar CH4, N2 or air.  
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Ultraviolet (UV) photoemission spectroscopy was performed with a helium UV lamp which 

produces spectral lines of hn = 21.22 eV (He I) and 40.82 eV (He II). The energy scale of the 

spectrometer was calibrated using the Au 4f7/2 core level at 84.0 eV of a clean and sputtered Au 

sample. For the spectra acquisition, the bias applied to the sample was either zero or -3 V to get a 

clear signal of the secondary electron cutoff. 

The analysis of paramagnetic species has been performed by Continuous-Wave - Electron 

Paramagnetic Resonance (CW–EPR). These experiments were performed on a Bruker ELEXSYS 

E500 spectrometer operating in X-band (9.5 GHz). The experimental conditions for recording 

spectra are a microwave power of 10 mW, modulation amplitude of 2 G, corresponding to non-

saturation conditions. The solid state EPR spectra were recorded 100 K. The aqueous phase spin 

trapping EPR experiments are performed at room temperature with [DMPO] = 80 mM, microwave 

power of 10 mW, modulation amplitude of 0.2 G, a conversion time of 5 ms and 100 scans. An 

EPR quick pressure tube is used to work under CH4 (5 bar) atmosphere. A spot light source 

(Hamamatsu L9588 LightningCure) was used for the illumination. Data were simulated using 

WinSim software. 

In-situ diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded on a 

Nicolet 6700 FT-IR Spectrometer (Thermo Fisher Scientific) with a mercury cadmium telluride 

detector using the Praying Mantis DRIFT cell from Harrick. Before the analysis, a piece of CIGS 

plate was transferred into the in-situ reaction cell and was purged by a continuous CH4 flow (10 

mL/min) at atmospheric pressure for 30 min. Afterwards, a spectrum was recorded as the 

background. Subsequently, the CIGS plate was irradiated by a spotlight source (Hamamatsu 

L9588 LightningCure) for 30 min. During the irradiation process, the DRIFT spectrum was 

recorded continuously (32 scans at a resolution of 4 cm
-1

). 

2.3 Photocatalytic evaluation measurement 

The photocatalytic reactions were performed in a 250 mL batch reactor, with a mercury-xenon 

(Hg-Xe) arc lamp (Newport, 200 – 500 W) used as the light source. A quartz window is located on 

the top of the reactor which enables the vertical transmission of the incident light. The temperature 

of reactor was maintained at 20 
o
C by a circulating water machine. After photocatalytic reactions, 

the gaseous products were analyzed by a gas chromatograph (PerkinElmer Clarus 580 GC) 
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equipped with a PoraBOND Q and a ShinCarbon ST 100/120 columns, as well as a thermal 

conductive detector and a flame ionized detector.  

3. Results and Discussion 

3.1 Structure and catalytic performance of CIGS 

A 2 µm thick CIGS absorber was deposited on the Mo-coated soda-lime glass substrates 

employing the three-stage co-evaporation processes [39]. The surface morphology and cross-

sections of the CIGS absorbers investigated by scanning electron microscopy (SEM) are shown in 

Figure 2 and Figure S1, SI. The surface of the films is quite rough (Figure 2), however, the films 

are dense and the grains are well defined.  

The X-ray fluorescence analysis showed an average ratio of 0.8 for Cu/(Ga+In) (CGI) and 0.3 

for [Ga]/([Ga]+[In]) (GGI). Figure S2, SI shows in-depth profiles of Ga ([Ga]/([Ga]+[In]) 

measured by glow discharge optical emission spectroscopy (GD-OES). Owing to a preferred 

reaction of In with Cu over Ga with Cu during film growth, the three-stage deposition results 

always in a double-graded composition profile with a higher Ga content towards the back and the 

front of the film, and a characteristic notch of low Ga content in between. These samples present a 

Ga/(Ga+In) (GGI)  0.43 at the front interface and a GGI  0.6 at the back. The XRD pattern of 

the CIGS absorber (Figure 2b) pattern shows the presence of CIGS phases and Mo back contact 

[40]. Typical (112), (220/204) and (312/316) planes of CIGS thin-film are observed at 2θ = 27.2
o
, 

45.0
o
 and 52.8

o
, respectively, while the (110) Mo layer is observed at 40.5

o
. Based on the literature, 

such CIGS absorbers exhibit a chalcopyrite structure with a preferred (112) orientation. The 

photoluminescence (PL) spectrum of CIGS absorber measured at room temperature using a 532 

nm excitation wavelength (2.33 eV) presents a typical broad single peak corresponding to the 

energy transition at around 1.16 eV (Figure S3, SI). 

Photocatalytic oxidation of methane was investigated on the glass/Mo/CIGS sample of = 2×2 

cm
2
 containing 2 mg of CIGS (Figure 2). The 250 mL reactor has been filled with air and 

methane with subsequent light irradiation using a 400 W Hg-Xe lamp. The pressure ratio between 

air and methane was varied from 0.1 / 9.9 to 1 / 9 (unit, bar), outside of the explosive range of 

methane. The products including CO, H2, CO2 and a small amount of C2H6 were detected during 
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photocatalytic reactions. Note that no products have been detected using visible light irradiation 

(Table S2, SI).  

 

 

Figure 2. (a) Image of CIGS coated plate 2×2 cm
2
, (b) XRD pattern of CIGS, SEM analysis of 

CIGS layer coating: (c) top view and (d) cross-section. 

The thermocatalytic partial oxidation of methane to syngas is challenging because it is difficult 

to control the reaction selectivity to CO and to avoid full oxidation to CO2 at relatively low 

temperatures (400 – 500 
o
C) [41]. Temperature and partial pressures of methane and oxygen are 

the key parameters for the selectivity control. In our case, the reaction is performed at room 

temperature over CIGS and the varied parameter was the pressures of methane and oxygen. The 

lowest air content (air/methane = 0.1/9.9) results in a generation of 0.5 mmol/g of CO with a 

carbon-based selectivity of about 70 % (Figure 3a). An increase in air pressure to 0.25 bar results 

in a sharp increase in the CO production to 1.7 mmol/g with the same selectivity. The CO/H2 ratio 

under this condition is around 2:1. Higher air content results in the suppression of catalytic activity, 

which coincides with an increase in the CO2 selectivity.  

Further, the stability of the catalyst at optimal conditions of air/methane = 0.25/9.75 (bar) has 

been studied by performing 5 cycles (Figure 3b). After each cycle, the reactor was evacuated and 
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charged with fresh reactants without any regeneration treatment. It is interesting to note that the 

CO production and carbon-based CO selectivity even increase after the first catalytic cycle, 

reaching 2.4 mmol/g and 80 %, respectively, at the CO/H2 ratio of about 2:1 with a stable 

performance afterward. This fact could be explained by the deactivation of non-selective sites 

after the first reaction cycle.  

 

Figure 3. (a) Photocatalytic performance of CIGS sample under different air/CH4 ratios. (b) 

Stability test of CIGS samples in 5 cyclic tests. Reaction conditions: 2 mg catalyst, 250 mL reactor, 

20 
o
C, 15 h, a 400 W Hg-Xe lamp as the light source. 

 

3.2 Mechanism of the reaction 

Probing the evolution of the oxidation state of the elements in CIGS during the reaction is 

critical for understanding the mechanism of photocatalytic partial oxidation of methane. 

Consequently, the in-situ X-ray absorption spectroscopy studies of CIGS plate at Cu, Ga and Se 

K-edges were conducted during CH4 and O2 treatments. The X-ray absorption near edge spectra 

(XANES) of Ga and Se K-edges did not show any noticeable change during the CH4 and O2 

treatments (Figure S4-S5, SI). Conversely, the intensity of the white line of Cu K-edge XANES 

which corresponds to Cu
+
 slightly decreases during the catalyst treatment in the CH4 with a 

subsequent increase during O2 treatment under light irradiation (Figure 4a). The decrease in the 

intensity of the Cu K-edge white line suggests some increase in the electronic density of Cu 

cations during the interaction with methane. The subtraction of the initial spectrum shows the 

appearance of a negative peak at 8985 and 8992 eV (Figure 4b) during treatment in the methane 
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and CH4/O2 atmosphere. This feature has been assigned earlier to a decrease in electron density, 

for example, by the interaction of metal with adsorbed molecules such as CO or O2 [42, 43]. 

Additional cycles confirm that the process is reversible. The state of Cu could be recovered by 

exposure to air to the initial level. Note that coordination of the Cu does not evolve during the 

reaction.  

 

Figure 4. In-situ Cu K-edge XANES spectra of CIGS after N2, CH4, O2 and CH4/O2 treatment in 

comparison with reference samples (a) and the difference between these samples and initial 

spectrum (b). 

The CIGS sample was further characterized by synchrotron-based near ambient pressure X-ray 

photoemission spectroscopy (NAP-XPS) (Figure 5). In the fresh sample, the Cu 2p3/2, In 3d5/2 and 

Se 3d5/2 BEs are locate at 932.1 eV, 444.6 eV and 54.1 eV, which corresponds to the oxidation 

states of Cu
+
, In

3+ 
and Se

2-
, respectively [44, 45], along with the modified Auger parameter equal 

to 1849.6 eV as well as the Cu L2,3M4,5M4,5 Auger peak shape. These XPS and Auger data are 

characteristic of the CIGS material [46, 47]. All BEs values are summarized in Table S3, SI. 

The exposure to CH4 under irradiation does not result in any spectral shift of Se 3d, In 3d and 

Cu L2,3M4,5M4,5 spectra. However, the intensity of the carbon peak visible on the survey spectra is 

highly increased. The exposure to methane also leads to a drastic loss in the intensity in the Cu 2p 

spectra and In 3d spectra recorded with low kinetic energy (Figure 5a). Note that the Cu 2p 

photoelectrons are superficial. The exposure to methane under irradiation leads to the deposition 

of carbon on the surface of CIGS plate, thus leading to a drastic loss in the intensity in the Cu 2p 

spectra due to their low kinetic energy (Figure S6, SI). In contrast, Cu Auger peak has a 918 eV 

kinetic energy, the intensity, thus, remains high enough when the CIGS is exposed to CH4. The 
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removal of carbon deposited on the CIGS surface by O2 treatment results in the increase in the 

intensity of Cu 2p XPS peak. 

The carbon to indium ratio is multiplied by a factor of 35.8 (Table S3, SI) after exposure to 

methane under irradiation. This is consistent with the deposition of carbon on the surface of the 

sample. Carbon deposition on the CIGS surface can also lead to higher electronic density over Cu 

and thus a decrease in the intensity of Cu K-edge white line observed in the XAS spectra (Figure 

4). Moreover, the Se species of CIGS demonstrated good stability under irradiation. The peak 

position and the ratio between Se 3d5/2 and Se 3d3/2 suggest that the valence state of Se was not 

modified when exposed to CH4 or O2 upon illumination (Figure S7, SI). 

 

Figure 5. In-situ XPS normalized spectra of CIGS under different conditions (a) survey spectra; 

(b) Cu L2,3M4,5M4,5 spectra; (c) C 1s spectra. 

After subsequent exposure to O2 under irradiation, Se 3d, In 3d and Cu L2,3M4,5M4,5 spectra 

preserved their initial state, whereas the carbon to indium ratio decreases to its original value 

(Figure 5 and Table S3, SI). At the same time, the intensity of Cu 2p spectra partially recovered. 
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The C 1s spectra also show additional peaks at higher BEs that can be attributed to oxygenated 

carbon species. 

 

Figure 6. (a) Photocatalytic performance of CIGS plate under sequential pure CH4 and air 

conditions. Reaction condition: 2 mg catalyst, 20 
o
C, 5 bar, 15h irradiation. (b) Raman spectra of 

fresh and spent CIGS plate. SEM and EDX-mapping images of carbon over fresh (c,d) and spent 

CIGS plate (e,f). Note that the spent CIGS plate underwent the same treatment in pure CH4 

atmosphere as mentioned above. 

In order to confirm the deposition of carbon on the surface of CIGS, we have performed SEM 

analysis of the plate treated with CH4 under irradiation. Figure 6 demonstrates the presence of the 

non-uniformly distributed carbon coating after this treatment. The formation of this carbon coating 

coincided with a generation of 350 µmolH2/g. The Raman spectra also demonstrate the appearance 

of a broad peak with a maximum at 1400 cm
-1

 with a shoulder at 1550 cm
-1

 after treatment of 

CIGS by methane. According to the literature, carbon materials usually show the in-phase 
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vibration of the graphite lattice (G band) at about 1575 cm
-1

 related to sp
2
 bonds of carbon and a 

disorder band caused by the graphite edges with sp
3
 configuration (D band) at approximately 1355 

cm
-1

 [48]. Taking it into account, the carbon deposited over CIGS demonstrates a highly 

disordered structure with a low contribution of ordered graphite sheet.  

Subsequent irradiation of the plate in the presence of air results in the oxidation of carbon, 

which coincides with a production of carbon dioxide (2900 µmolCO2/g). The generation of CO2 on 

exposure to air of CIGS plate pretreated with methane under irradiation further confirms the 

deposition of carbon.  

To gain more insight into the reaction mechanism, we performed in-situ electron paramagnetic 

resonance (EPR) studies on a CIGS sample with 5,5-dimethyl-1-pyrrolyne N-oxide (DMPO) as a 

radical trapping agent within aqueous media. Apparently, upon light irradiation, no methyl 

radicals (·CH3) but only hydroxyl radicals (·OH) were observed in CH4 atmosphere (Figure S8, 

SI). Besides, the intensity of ·OH signal in CH4 is quite weak compared to that in air atmosphere. 

Therefore, we ruled out the possibility that ·CH3 is an intermediate in the methane activation 

process.  It seems that methane dissociation results in simultaneous splitting of several C-H bonds. 

Subsequently, we investigated the evolution of surface intermediates of CIGS plate over in-situ 

diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. A broad absorption band 

centered at 2850 cm
-1

 was observed and continuously increased upon irradiation in the flow of 

methane (Figure S9, SI). According to the literature, this signal can be assigned to the symmetric 

stretching vibrations of CH2 groups [49]. Taking into account the detection of C2H6 as a minor 

side product during photocatalysis (in the presence of both CH4 and air) (Figure 3), the surface 

hydrocarbon species generated by methane activation by photo-generated holes should be 

intermediates prior to the formation of disordered carbon. The low ratio of H2 to CO2 (Figure 6) 

and the variation of O 1s peak in NAP-XPS (Figure 5) at sequential pure CH4 and air treatment 

suggest oxygen-assisted activation of methane over the surface of CIGS. 

The dissociation of methane over a CIGS cell to carbon and hydrogen could proceed through 

interaction with paramagnetic species over the surface of CIGS. The solid state EPR analysis of 

CIGS shows the signals which can be assigned to Mo
5+

 produced due to partial oxidation of Mo to 

oxide or selenide and conducting electrons with hyperfine couplings between the two isotopes 

Ga
69

 and Ga
71

 (Figure S10, SI). However, the signals do not demonstrate reversible character with 
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on-off light switching, which excludes their role in catalysis.  

Ultraviolet photoelectron spectroscopy (UPS) analysis has been used to identify the states in the 

valence band for the potential activation of methane. The spectra (Figure 7a) were recorded by He 

II (40.82 eV) radiation for a fresh CIGS sample before and after Ar
+
-ion etching of the surface. 

The edge of the valence band EV is found 0.4 eV below the Fermi level. A shoulder in the valence 

band, which becomes more pronounced upon etching the CIGS surface, is measured about 3.0 eV 

below the Fermi level. This shoulder is consistent with a peak of the density of states related to the 

Cu 3d orbitals [50, 51]. In contrast to the visible light spectrum where photons have energies 

lower than ~3 eV, a value corresponding to the energy separation between these states and the 

conduction band of CIGS corresponds to UV irradiation. The Hg-Xe lamp, which emits UV light, 

can generate electron-hole pairs from these bands under irradiation. Due to the high density of Cu 

3d-like states, a significant concentration of photoexcited holes is available at the CIGS surface. 

As their energy is well below the valence band, they have an oxidizing power higher than 1.75 eV. 

Therefore, they can react with CH4 molecules over copper sites, as indicated by the drop of the Cu 

2p peak in NAP XPS upon reaction (Figure 5) and Cu K-edge in XAS (Figure 4), leading to the 

production of hydrocarbon species with further dehydrogenation to carbon and hydrogen (Figure 

7b).  

 

Figure 7. (a) UPS spectra acquired for an as-grown CIGS sample and after Ar
+
 treatment for 10 

minutes at an energy of 1 keV. The positions of the Cu 3d like-states and the Fermi level are 

indicated with vertical segments. (b) Band levels and elementary steps in methane coupling.  

Overall, based on all the experimental results, the mechanism of partial oxidation of methane 
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over CIGS can involve methane dissociation, coupling and further dehydrogenation on the surface 

of CIGS with the generation of hydrogen and carbon (Figure 1). Subsequent oxidation of carbon 

on the surface of CIGS results in the generation of CO with partial oxidation of hydrogen to water. 

It is interesting to note that in comparison with traditional photocatalytic methane activation, it 

does not lead to the generation of ethane (Table S1, SI). It could be explained by deep C-H 

dissociation of methane to carbon with strong adsorption on the surface in comparison with 

conventional catalysts generating ·CH3 radicals [10].  

Traditionally, the mechanism of thermo-catalytic partial oxidation of methane implies several 

steps. It starts with deep oxidation to CO2 and H2O with subsequent SRM and DRM to CO and H2 

[52, 53]. Thermocatalytic DRM requires high temperatures for CO2 conversion to syngas and it 

makes difficult low temperature reforming and partial oxidation of methane. The proposed 

photocatalytic route using PV technology proposes an alternative mechanism by methane splitting 

into hydrogen and carbon with subsequent oxidation to CO. 

4. Conclusion 

In summary, we demonstrated that thin film CIGS absorbers exhibited noticeable catalytic activity 

in methane activation and could be used for the selective partial oxidation of methane to syngas at 

ambient temperature. The mechanism of the reaction involves the dissociation of CH4 to carbon 

and hydrogen on the surface of CIGS with subsequent coupling, dehydrogenation and oxidation of 

carbon to CO. Our study provides a fresh insight into the use of photovoltaic absorbers for 

catalytic applications and opens broad perspectives for the industrial valorization of solar cells in 

catalysis.  
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Highlights 

 Cu(In,Ga)Se2 (CIGS) used in solar cells was tested in photocatalytic methane oxidation 

 It shows exceptional CO productivity of 2.4 mmol per g of CIGS at 82 % selectivity 

 Reaction goes via methane splitting to H2 and carbon with subsequent oxidation to CO 

Jo
ur

na
l P

re
-p

ro
of




