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A B S T R A C T   

Considering the influence of carbon dioxide (CO2) on global warming, an all-solution approach is presented here 
to fabricate nanocrystalline film of the ternary chalcopyrite for the photoelectrochemical CO2 reduction. High- 
purity nanocrystalline catalysts CuGaS2, Cu(Ga,Bi)S2, and Cu(Ga,In)S2 were obtained by a facile and fast spray 
method using a molecular ink. Those semiconductors were evaluated in the photoelectrocatalytic CO2 reduction 
under illumination of 1 Sun (100 mW cm− 2) applying potentials from − 0.3 V to − 0.7 V vs Ag/AgCl. Methanol 
was identified as the major product, furthermore, 2 C and 3 C compounds were also identified. Despite the 
interesting results, doping with In and Bi caused the formation of defects in the absorber layer, probably inducing 
recombination mechanisms, thus, affecting the stability and the performance of the photocathode in the CO2 
reduction. Meanwhile, Mo/CuGaS2/CdS/TiO2 photocathode showed promising stability and reproducibility for 
CO2 reduction under illumination (100 mW cm− 2) for 240 min at − 0.7 V.   

1. Introduction 

CO2 emissions from the intensive use of fossil fuels sustain the re-
searches on the reuse, reform, and reduction of CO2[1–3], which are 
mainly related to generating fuels by artificial photosynthesis[4–8]. In 
that sense, photoelectrochemical (PEC) catalysis has been presenting 
promising results with high faradaic efficiency for the conversion of CO2 
into fuels[9–12]. The most common product from this reaction is 
methanol[13–16]. However, many studies have also reported the 
obtention of fuels with more than 1 C from the photoelectrocatalytic 
reduction of CO2[17–20]; such products are more desirable due to their 
higher value and higher energy density[21,22]. 

The contribution of PEC in the CO2 reduction is related to the effi-
cient and fast photogeneration of electron-hole (e− /h+) pairs and their 
low recombination rate, culminating in a high faradaic efficiency[9,23]. 
In addition to the technique, some of the major influences in the effi-
ciency of the reaction and the type of the products obtained from CO2 
reduction are the composition of the semiconductor and the photo-
electrode configuration. There is a consensus that the biggest challenge 
for the PEC reduction of CO2 is to improve the low activity and stability 
of the catalysts[24], which is the reason why the development of cata-
lysts for CO2 reduction is a growing research area[25]. 

The I–III–VI2 chalcopyrite p-type semiconductors have been 
considered emergent materials for application as photocathodes in PEC 
devices, due to their success in photovoltaics and their high efficiency to 
convert solar energy into electricity[26,27]. These chalcogenides are 
suitable for PEC reductions due to their high absorption coefficient, 
relatively low toxicity, and improved stability in aqueous electrolytes 
[28,29]. The sulfide-based chalcopyrite has an advantage over the 
selenide-based compounds due to the large relative abundance of sulfur 
[30,31]. CuGaS2 is a chalcopyrite semiconductor with a direct band gap 
around 2.4 eV[32,33]. The attractiveness of this material is related to 
the fact that its wide band gap can be easily modulated by metal 
alloying, which can also adjust the position of the conduction band and 
create appropriate shallow defects that can be suitable for the target 
reduction reaction[29–31,34,35]. 

CuIn1− xGaxS2 is an indium-alloyed form that has been extensively 
applied in photovoltaics because of its excellent optical and optoelec-
tronic properties. Depending on the concentration of In, the band gap of 
In-alloyed CuGaS2 can be modulated from 1.55 eV to 2.53 eV [36]. 
Bismuth has also been reported to tune the band gap of CuGaS2 to values 
up to 1.7 eV and to improve reduction reactions[28]. CuGaS2 has 
already been employed in photoelectrochemical reduction reactions, 
such as water splitting[29–31,34,35] and nitrobenzene reduction into 
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aniline[28], moreover, it has been used as a photocathode for the 
reduction of CO2 to produce CO and H2 with 69.2% of faradaic efficiency 
related to the formation of H2[37]. In photovoltaic applications, those 
chalcopyrite thin films are usually deposited using physical vapor 
methods, for example, electron beam physical vapor deposition 
(EBPVD)[38] and metalorganic vapor phase deposition (MVPD)[39]. 
These methods are relatively expensive, due to the use of vacuum 
equipment, and may present throughput limitations [40]. 

The fabrication of sulfide chalcopyrite thin films has relied on vac-
uum co-evaporation techniques that are expensive and limited the 
possibilities for scale-up, followed by sulfurization where the poor 
control on the stoichiometry causes detrimental phase segregation 
(CuxS, In2O3, InS)32. In this work, the photocathodes were produced by 
inexpensive and rapid all solution-processed approaches that would 
allow the production of phase-pure films and possibility to scale up using 
a roll-to-roll process. Nanocrystalline CuGaS2, Cu(Ga,Bi)S2, and Cu(Ga, 
In)S2 films were prepared by spray deposition on a molybdenum foil and 
stacked with other solution-processed layers of CdS and TiO2. To 
improve the catalyst’s performance, the additional thin layer of CdS was 
used for charge separation, while a TiO2 film acted as a protective layer 
against photocorrosion. The Mo/CuGaS2/CdS/TiO2 photocathodes were 
applied in the photoelectrochemical CO2 reduction and we examined 
the role of Bi and In doping on the physical characteristics of CuGaS2, as 
well as the PEC response targeting the formation of methanol. 

2. Experimental Part 

2.1. Preparation of CuGaS2-based photoelectrodes 

The photoelectrodes used for the photocatalytic reduction of CO2 
consisted of Mo/CuGaS2/CdS/TiO2. First, CuGaS2 films were deposited 
by spray coating on a molybdenum foil. The precursor molecular inks 
were prepared with the composition: 0.789 mol L− 1 CuCl, 0.433 mol L− 1 

Ga2(SO4)3.xH2O mol L− 1, and 4.737 mol L− 1 thiourea in 20 mL of 
DMSO. Thiourea and DMSO produce complexes with the metal cations. 
All chemicals were poured into a glass vial, which was sealed with a 
silicon cap. Then, the solution was stirred at 1000 rpm and heated up to 
50 ◦C under microwave irradiation for 2 min for a fast dissolution and 
metal complexation. Thiourea is a well-known complexing agent and, 
here, it stabilizes the Cu(I) in a soluble complex, Cu(TU)4Cl. DMSO is 
seen to form complexes with Ga(III) via bonding through oxygen, Ga 
(DMSO)2Cl3[41]. 

The precursor solution for the Bi- and In-doped CuGaS2 were pre-
pared following the same procedure described above adding 0.008 mol 
L− 1 InCl3 to obtain Cu(Ga,In)S2 and 0.008 mol L− 1 BiCl3 to prepare the 
Cu(Ga,Bi)S2 precursor solution. 

The inks were deposited onto 0.1 mm molybdenum foils (10 mm ×
20 mm) placed on a hot plate at 270 ◦C. The spray coating was per-
formed using an airbrushing system connected to a compressed air flow 
of 10 mL min− 1. The nozzle was placed 20 cm above the substrates and 
the ink was sprayed for 2 s on each substrate. The deposition was 
repeated 15 times. 

The CdS buffer layer was deposited onto the spray-coated CuGaS2 
films. A ~40 nm CdS thin film was deposited through the chemical bath 
deposition (CBD) technique. Briefly, the molybdenum substrates coated 
with chalcopyrite films were immersed in a bath, at 65 ◦C, containing 
183 mL of deionized water, 25 mL of 0.015 mol L− 1 CdSO4 and 31.25 mL 
of NH4OH for 1 min. Then, 12.5 mL of 1.5 mol L− 1 thiourea was added to 
the bath solution and the deposition proceeded for 10 min. Then, the 
substrates were rinsed with deionized water and dried by blowing 
nitrogen. 

Finally, the top TiO2 thin films were deposited, also using a chemical 
bath. The Mo/CuGaS2/CdS substrates were immersed in an aqueous 
solution containing 40 mmol L− 1 of a TiCl4.2THF complex in a closed 
container, which was kept at 80 ◦C for 30 min. After the deposition, the 
films were rinsed with deionized water and ethanol. 

2.2. Characterization of chalcogenide films 

The long-range organization of the spray-coated CuGaS2-based thin 
films was determined at room temperature by X-ray powder diffraction 
(XRD) analysis, performed with Cu Kα radiation (40 kV, 30 mA) using a 
Shimadzu, model XRD 6000, diffractometer with 0.5, 0.5, and 0.3 mm 
slits for the entrance, scattering and exit, respectively. The Raman 
spectra was obtained using a Micro Raman Horiba iHR 550 spectro-
photometer with a 514 nm laser. The UV-Vis spectra of the chalcogenide 
films were measured between 350 and 800 nm in an instrument with an 
integrated sphere, namely, a Cary5G Varian UV-Vis-NIR spectropho-
tometer. The band gap energy for the material obtained by Tauc’s 
graphic using Kubelka-Munk function, according to the Eq. (1): 

α = (1 − R)1/γ
/

2R (1)  

where α is the material absorptivity and R being the reflectance. The γ 
was assumed as two (indirect electronic transition allowed). Scanning 
electron microscopy (SEM) images were obtained using an Inspect F50 
model (FEI) coupled with energy dispersive X-ray spectroscopy (EDS). 
X-ray photoelectron spectroscopy (XPS) measurements were performed 
on a Thermo Scientific K-Alpha spectrometer using monochromatic Al 
Kα (1486.6 eV) radiation. 

2.3. CO2 reduction by photoelectrocatalysis 

The experiments concerning the photoelectrocatalytic reduction of 
CO2 were performed in a cylindrical one-compartment glass reactor 
(50 mL) equipped with three electrodes, a cooling system maintained at 
20 ◦C, and a quartz window. The semiconductors were applied as the 
working electrode, a Pt foil was used as a counter electrode and the 
reference electrode was an Ag/AgCl (sat KCl). The working electrode 
was irradiated by a 150 W commercial solar simulator lamp (Newport 
66902), using illumination of 1 sun (100 mW cm− 2), and submitted to a 
controlled potential, maintained using a potentiostat / galvanostat 
(Autolab model PGSTAT 302, Metrohm). The CO2 gas was dissolved in 
0.1 mol L− 1 Na2SO4 by bubbling into the supporting electrolyte for 
30 min before the photoelectrocatalytic reduction, as well as during the 
entire reaction. Aliquots of the solution were taken at controlled times 
and the products were evaluated as described hereafter. 

2.4. Analysis of the products formed from the reduction of CO2 

Products such as methanol, ethanol, propanol and ketones were 
analyzed by gas chromatography with flame ionization detection (GC- 
FID, Shimadzu 2010 instrument) using a Stabilwax column and N2 as the 
carrier gas (1.0 mL min− 1)[42]. The sample (0.5 mL) was prepared in a 
sealed container, with capacity of 1.5 mL, heated at 65 ◦C for 7 min. 
After that, the analytes were preconcentrated in a solid-phase micro-
extraction fiber (SPME) by exposure to the headspace for 5 min. The 
chromatography analysis was performed following a heating ramp 
starting at 40 ◦C, followed by heating (2 ◦C min− 1) up to 46 ◦C, followed 
by further heating (45 ◦C min− 1) up to the temperature of 170 ◦C, which 
was maintained for 3 min. The injector and detector temperatures were 
250 and 260 ◦C, respectively. 

The same method was employed to construct the calibration curves 
in triplicate for methanol, ethanol, and acetone, which presented 
determination coefficients of 0.98, 0.99, and 0.98, respectively. The 
curves showed ranges of linearity from 0.2 × 10− 6 to 2.00 × 10− 3 

mol L− 1 for methanol and ethanol, while for acetone this characteristic 
was observed from 0.02 × 10− 6 to 0.20 × 10− 3 mol L− 1. 

J.F. Brito et al.                                                                                                                                                                                                                                  



Journal of CO2 Utilization 57 (2022) 101902

3

3. Results and discussion 

3.1. Characterization of the chalcogenide films 

Photocathodes composed of Mo/Cu(Ga,X)S2/CdS/TiO2 were applied 
in an efficient photoelectrocatalytic reduction of CO2. The ternary 
chalcogenide is the absorber layer, the buffer layer is constituted by a 
thin film of CdS (~40 nm), and the ~200 nm TiO2 film acts as a pro-
tective layer and improves electron transport. The films of ternary 
CuGaS2 and doped Cu(Ga,X)S2 semiconductors, where X = In or Bi, 
were prepared by spray-coating to examine an all-solution procedure to 
fabricate nanocrystalline electrodes. 

The incorporation of bismuth and indium into the chalcopyrite was 
confirmed by X-ray photoelectronic spectroscopy (Fig. 1). Figs. 1a and 
1b present the XPS results for the CuGaS2 catalyst. The high-resolution 
spectrum for the Cu 2p (Fig. 1a) shows two strong peaks at 932 and 
952 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, agreeing with the 
literature for Cu+[43]. The absence of a satellite peak of Cu2+ at 942 eV 
suggests that impurities, such as CuS, were not formed[44]. Fig. 1b 
shows the peaks at 1144 eV and 1117 eV attributed to the Ga3+. [45,46]. 
Fig. 1c shows the spectrum of Cu(Ga,In)S2. The peaks at 445 and 453 eV 
are assigned to In 3d5/2 and In 3d3/2, respectively, indicating that In3+ is 
doping the ternary chalcopyrite. Additionally, Fig. 1d shows the 
deconvoluted spectrum of Cu(Ga,Bi)S2 containing two intense S 2p 
peaks at 163 and 161.3 eV, the Ga 3 s peak at ~160 eV, and two weak 
peaks at 158.0 and 164.5 eV assigned to Bi 4 f7/2 and Bi 4 f5/2 [47]. The 

concentration of the dopants in the CuGaS2 films was calculated by the 
peak areas of the Ga, Bi and In cores, which provided the following 
atomic ratios: Ga/(Ga+Bi) equal to 0.03 in Cu(Ga,Bi)S2 and Ga/(Ga+In) 
equal to 0.04 in Cu(Ga,In)S2. 

X-ray diffraction (XRD) patterns acquired for the as-prepared films 
(Fig. 2a) and the thermally treated films (Fig. 2b) confirm the chalco-
pyrite structure of the CuGaS2-based nanocrystalline films. The dif-
fractograms were well indexed with the chalcopyrite CuGaS2 (JCPDS: 
75–0103) showing the main peaks (112), (220)/(204), and (312)/(116) 
centered around 2θ = 29, 48, and 57◦[48], respectively, indicating the 
characteristic tetragonal cell and space group I42d (Fig. 2b)[49]. The 
subsequently spray-deposited films present broad peaks, typical of 
nanostructured films. After thermal treatment under sulfur atmosphere 
(sulfurization), the width of the XRD peaks decreases, which indicates 
that the crystallinity of the films increased. 

The improvement of crystallinity with thermal treatment was 
confirmed for all as-prepared catalysts by the crystallite size values 
calculated using the Scherrer equation[50] (Eq. 2): 

B(2θ) = Κλ/L.cosθ (2)  

where B is the full width at half maximum, K is a constant that depends 
on the crystallite shape (K = 0.9 for spherical particles), λ is the X-ray 
wavelength (1.542 Å), L is the crystallite size, and θ is the diffraction 
angle[51,52]. The as-prepared films presented crystallite sizes of 
18–26 Å and, after thermal treatment, the crystallite size values 
increased tenfold (184–278 Å). Bismuth-doping induces crystallite 

Fig. 1. XPS spectra presenting the binding energy of a) Cu 2p, b) Ga 2p observed in all the samples, c) In 3d for Cu(Ga,In)S2, and d) Bi 4 f and S 2p for Cu(Ga,Bi)S2.  
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growth due to the coalescence of small particles; this effect was reported 
in our previous study[53]. Guijarro et al.[34] suggested that Bi-based 
chalcogenides with low-melting points are formed during annealing 
and that they act as flux agents forming an eutectic with CuGaS2. This 
increases the ionic mobility and mass transfer, which promote coales-
cence. The same effect is not observed for Cu(Ga,In)S2, since all In-based 
chalcogenides have high melting points (the melting point of CuInS2 is 
~1400 K) and, therefore, limit mobility and mass transfer. That should 
be the reason why a peak at ~26◦, corresponding to a CuInS2 impurity 
phase, is observed in the diffractogram of Cu(Ga,In)S2. For CuGaS2 and 
Cu(Ga,Bi)S2, peaks related to CuBixSy, CuxS, or GaxS phases are not 
identified in the diffractograms, suggesting the synthesis of high-purity 
films. The diffraction peaks at 42◦ and 58◦ 2θ are related to the Mo 
substrate[54,55]. 

The (112) peak in the diffractograms for Bi- and In-doped CuGaS2 
(Fig. 2c) shifts approximately 0.1◦ towards lower 2θ values in compar-
ison to the behavior observed for CuGaS2 samples. This shift corresponds 
to a 0.02 Å interplanar distance increment and may be associated with 
the fact that the ionic radii of Bi3+ (1.03 Å) and In3+ (0.80 Å) are larger 
than that of Ga3+ (0.62 Å)[56], affecting the lattice parameters when 
Ga3+ is substituted by larger Bi3+ and In3+ cations (Table 1). 

Considering that Bi3+ is much larger than In3+, it would be expected that 
the volume of Cu(Ga,Bi)S2 would also be larger than the volume of Cu 
(Ga,In)S2. However, this is not what was observed in this study, the 
volumes of Cu(Ga,In)S2 and Cu(Ga,Bi)S2 are quite similar (287 Ǻ3 and 
290 Å3, respectively). This large lattice volume may be due to a lattice 
disordering caused by the substitutions. A relationship between the 
lattice parameters, c/2a (Table 1), can be used to identify if the crys-
talline structure shows different trends related to a different symmetry 
due to tetragonal distortions. The c/2a ratio for CuGaS2 is approximately 
equal to 1, while c/2a deviates to a value of 0.95 upon doping with Bi 
and In, indicating the tetragonal distortion in the chalcopyrite lattice. 
This distortion can also be caused by defects in the structure. 

The defects in the CuGaS2 were examined through Raman spectros-
copy. Fig. 2d shows an intense band at approximately 310 cm− 1. This 
peak corresponds to the A1 optical vibration mode, which is the domi-
nant active mode in chalcopyrite. It corresponds to vibrations of sulfur 
atoms, while atoms of the other elements are stationary[57,58]. The 
peaks centered at 340 cm− 1 and 386 cm− 1 correspond to E modes due to 
the vibrations of the Ga-S bond, while the E mode at 274 cm− 1 is related 
to the vibration of Cu-S[57]. The intensity of the peaks at 274 cm− 1 and 
340 cm− 1 decreases when CuGaS2 is doped with In or Bi. These peaks 
are related to the CH-ordering of the chalcopyrite phase[59]. The lower 
intensities observed for them in Cu(Ga,In)S2 indicate that In3+ substi-
tution promotes a greater disordering in CuGaS2 than Bi3+. 

The capacity of the semiconductors to absorb light from the elec-
tromagnetic spectrum was evaluated from the diffuse reflectance and 
photocurrent analyses. The absorbance spectra obtained for each film is 
presented in Fig. 3a. The direct band gap (Eg) of each material was 
estimated from the Tauc plots in Fig. 3b. The values of Eg obtained for 
the CuGaS2-based films were similar, varying from 2.2 to 2.3 eV, and 
coinciding with those typically reported in the literature for the 

Fig. 2. a) X-ray diffractograms of as-deposited and b) thermal treated CuGaS2, Cu(Ga,In)S2, and Cu(Ga,Bi)S2 thin films on Mo. c) shift of the (112) peak upon doping 
CuGaS2 with X/(X + Ga) = 0.01, where X = In or Bi. d) Raman spectra of the chalcogenide films. 

Table 1 
Lattice parameters and crystallite size of the chalcogenide films.  

Film crystallite size 
(Å) as prepared 

crystallite size 
(Å) sulfurized 

a 
(Å) 

c (Å) V 
(Å3) 

c/2a 

CuGaS2  23  258  5.25  10.40  286  0.991 
Cu(Ga, 

Bi)S2  

26  278  5.31  10.18  287  0.958 

Cu(Ga, 
In)S2  

18  184  5.33  10.22  290  0.959  
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tetragonal chalcopyrite (between 2.3 eV and 2.5 eV)[32,33]. Although 
the exceptionally low concentration of In3+ and Bi3+ did not promote 
any variation in the band gap, an increase in the absorption around the 
low-energy region was observed (Fig. 3c). This can be associated to 
factors such as impurities, defect centers, recombination of surface 
states, grain sizes, thickness, and non-uniformity of the film[60,61]. In 
this work, it can possibly be associated to a large density of defects in the 
doped CuGaS2, leading to a band tailing. To confirm this, the Urbach tail 

energy (Eu) was extracted from the inverse of the slope of the linear 
region below Ebg from the plot of ln(α) vs. hν[62](Fig. 3c). The results 
reveal that the Eu for CuGaS2 and Cu(Ga,Bi)S2 is of ~62 meV, a value 
below 3kBT, which associates this tailing energy to shallow defects[63]. 
For CuGaS2 the dominant intrinsic defects are the vacancy VCu and the 
antisite GaCu, contributing to its p-type characteristics[64]. The Eu for 
the Cu(Ga,In)S2 film is equal to 152 meV. This high Eu value must be 
associated to a high number of defects caused by In3+ doping, hence, this 

Fig. 3. a) Absorbance spectra, b) Tauc plot and c) ln(α) vs photon energy plot for Urbach energy fitting of the CuGaS2 films.  

Fig. 4. a) Linear sweep voltammetry under chopped-light illumination and b) chronoamperometry at − 0.7 V vs Ag/AgCl with transient light incidence for Mo/ 
CuGaS2/CdS/TiO2 (black line), Mo/Cu(Ga,In)S2/CdS/TiO2 (blue line), and Mo/Cu(Ga,Bi)S2/CdS/TiO2 (red line), both in solution bubbling N2. 
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must also be a cause for the disordering and the tetragonal distortion 
observed in Fig. 2 and discussed above. 

3.2. Photochemical characterization 

The photoactivity of the photocathodes was evaluated concerning 
the potential applied in the cathodic region by linear sweep voltam-
metry under illumination of 100 mW cm− 2. Once the photoactivity de-
pends on generation, separation and transport of the charge carriers 
[65], and because we are interested in evaluating the properties of the 
absorber layers, the reduction reactions were performed on the 

photocathodes comprised by FTO/Cu(Ga,X)S2/CdS/TiO2 (X––In and Bi). 
In this case, a thin CdS layer forms a heterojunction with CuGaS2, and 
TiO2 acts as an electron transport layer[34]. Due to the fact that bare 
CuGaS2 presented photocurrents lower than 1 µA cm− 2, all the results 
here regard to the FTO/Cu(Ga,X)S2/CdS/TiO2 catalyst. 

The photoactivity of the photocathodes was evaluated concerning 
the potential applied in the cathodic region by linear sweep voltam-
metry under illumination of 100 mW cm− 2. The results are presented in 
Fig. 4a. The photocurrent was analyzed under chopped-light illumina-
tion to observe the increase in the photocurrent, to more negative 
values, when there is light incidence over the semiconductor and the e-/ 

Fig. 5. Concentration of the products formed by CO2 reduction using a CuGaS2 semiconductor and PEC under illumination of 1 Sun and a) − 0.3 V, b) − 0.5 V, and c) 
− 0.7 V vs Ag/AgCl. d) Chronoamperometry at − 0.7 V with incidence of transient light on Mo/CuGaS2/CdS/TiO2 with and without CO2 in the electrolyte. 

Fig. 6. a) Cross-section SEM image of the Mo/CuGaS2/CdS/TiO2 photocathode. b) Calculated band alignment for the electrode-electrolyte interface considering the 
Mo/CuGaS2/CdS/TiO2 photocathode. 
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h+ pairs are formed[42]. The voltammogram of the CuGaS2-based 
photocathode presents two regions where the light incidence promoted 
a higher separation of the e-/h+ pairs, one between − 0.2 V and − 0.3 V 
and another from − 0.5 V to − 0.8 V, indicating that the applied po-
tential influences the conductivity and charge separation[66]. Further-
more, comparing the photocurrent generated for the three 
photocathodes, it can be observed that the ones based on CuGaS2 and Cu 
(Ga,Bi)S2 present quite similar photoactivities. The difference between 

them is that the Cu(Ga,Bi)S2 semiconductor responds to illumination 
within the entire range from − 0.2 V to − 0.8 V, while the Cu(Ga,In)S2 
shows a smaller photocurrent with the applied potentials, despite the 
fact that it also presents a continuous response to light incidence. 

The three photoelectrodes presented the best photocurrent response 
at potentials around − 0.6 V and − 0.8 V. Hence, the potential of 
− 0.7 V was chosen to perform the chronoamperometry under transient 
light to evaluate the stability of the semiconductors (Fig. 4b). In this 
case, the highest photocurrent is obtained with the Cu(Ga,Bi)S2 elec-
trode. Nevertheless, the photocurrent (12 µA cm− 2) decreases by about 
33% after 300 s of experiment, which results in final a photocurrent 
similar to that of the CuGaS2 semiconductor. The CuGaS2 and Cu(Ga,In) 
S2 electrodes presented a more stable photocurrent during the time 
investigated, indicating better stability of the material compared to the 
Cu(Ga,Bi)S2 electrode. 

3.3. Photoelectrochemical catalysis for the reduction of CO2 

Regarding the photocurrent response of the CuGaS2-based photo-
cathode with respect to the HER, the PEC CO2 reduction reaction was 
evaluated at − 0.3, − 0.5, and − 0.7 V using a solar light simulator 
(100 mV cm− 2, AM 1.5). The reaction was not evaluated at potentials 
more positive than − 0.3 V because the OCP of the photocathodes is 
approximately − 0.24 V. On the other side, the reason to not investigate 
the reaction applying potentials lower than − 0.7 V is to avoid the 
massive formation of hydrogen gas on the surface of the photocathode 
and, consequently, the suppression of the CO2 reduction[43,67]. Fig. 5 
presents the concentration of the identified products of the CO2 reduc-
tion during 240 min of reaction at the chosen potentials. 

The reduction of CO2 using the Mo/CuGaS2/CdS/TiO2 electrode at 
− 0.3 and − 0.5 V resulted in low concentrations of methanol, ethanol, 
and acetone, with methanol as the main product (Figs. 5a and 5b). The 
concentration of the products increased as did the time of reaction. At 
− 0.3 V, ethanol was only quantified after 240 min of reaction, while at 
− 0.5 V it was quantified after the first 30 min of reaction. In both 
conditions, the concentrations of methanol were similar. However, the 
reaction performed at − 0.7 V resulted in a high concentration of the 
identified products; at this potential, 1.30 mmol L− 1 methanol, 
0.45 mmol L− 1 ethanol, and 0.25 mmol L− 1 acetone were quantified. 
The concentration of methanol produced under these conditions repre-
sents 65% of the total concentration of the identified organic products. 

According to the literature, the PEC CO2 reduction reaction may 
happen by different pathways forming different products[68,69]. The 
global reactions for the products identified in this study are described by 
the Eq. (3) to Eq. (5)[19,70,71] (the potentials are in V vs NHE at pH 7). 

CO2 + 6H+ + 6e− → CH3OH + H2O E0
redox = − 0.33 V (3)  

CO2 + 12H+ + 12e− → C2H5OH + H2O E0
redox = − 0.38 V (4)  

CO2 + 16H+ + 16e− → CH3COCH3 + H2O E0
redox = − 0.61 V

(5) 

According to Eqs. 2–4, methanol requires fewer electrons and pro-
tons to be formed, which possibly justifies the high number of studies in 
the literature that are able to identify this compound as the main product 
formed from the CO2 reduction[14,23,72]. On the other hand, in the 
case of organic molecules with more than 1 C, C-C coupling occurs due 
to the reaction between 1 C intermediates in the electrode surface 
and/or due to different species released from the electrode, forming a 
more stable compound in the solution[73]. There are some proposals for 
the mechanism pathway for the formation of methanol, ethanol, and 
acetone in the literature, which are based on the •CH3 intermediates 
formed by the cleavage of methanol, the product that is probably the 
first one to be formed[74–76]. 

The response of the CuGaS2 photocathode to the medium with and 

Fig. 7. Concentration of products from the photoelectrocatalytic CO2 reduction 
using the photocathodes a) Mo/CuGaS2/CdS/TiO2, b) Mo/Cu(Ga,Bi)S2/CdS/ 
TiO2 and c) Mo/Cu(Ga,In)S2/CdS/TiO2 under incidence of one sun at − 0.7 V 
vs Ag/AgCl. 

J.F. Brito et al.                                                                                                                                                                                                                                  



Journal of CO2 Utilization 57 (2022) 101902

8

without CO2 under chopped-light incidence and potential of − 0.7 V is 
presented in Fig. 5d. The chronoamperometry shows that the photo-
current increases by 25% in the presence of CO2 (red curve), in com-
parison to the photocurrent generated in the absence of CO2 in the 
supporting electrolyte (black curve). This confirms the PEC activity to-
wards the reduction of CO2. In addition, there was little change in the 
photocurrent response with the time, indicating a good photochemical 
stability of the photocathode. 

The success of the photoelectrochemical CO2 reduction is based on 
the adsorption of CO2 on the electrode surface with the transference of 
one electron present in the conduction band (CB), forming the carbon 
dioxide radical (•CO2

-)[77,78]. When the CuGaS2 absorber layer, in 
Mo/CuGaS2/CdS/TiO2, absorbs photons with energy higher than the 
band gap energy (Ebg), electrons are excited from the valence band (VB) 
to the CB. The band aligning of the semiconductors that compose the 
Mo/CuGaS2/CdS/TiO2 electrode (Fig. 6a) drives the photogenerated 
electrons to the surface of TiO2 by means of a z-scheme (Fig. 6b), while 
the holes are directed to the opposite direction, specifically, to the 
external circuit through Mo[34,79], seeking the lowest energy condition 
for both charges[34,37,80]. The oxidation of the water on the counter 
electrode generates the protons (H+) that react with •CO2

− and other 
intermediates to form the possible products[7,42,81,82]. The potential 
applied in the semiconductor contributes to the separation and orien-
tation of the e-/h+ charges, driving the electrons to the surface and the 
holes to the back contact, thus, minimizing charge recombination[70, 
83]. The TiO2 by itself is not able to form the products reported in this 
work in a satisfactory way, once it is a n-type semiconductor with poor 
performance in cathodic reactions, as can be observed in several works 
reported in the literature about CO2 reduction by PEC[66,84–86]. 

Considering the high concentration of products obtained from CO2 
reduction using Mo/CuGaS2/CdS/TiO2 photocathodes at − 0.7 V 
(Fig. 5c), the same potential and experimental conditions were applied 

for the CO2 reduction process using the photocathodes fabricated with 
doped-CuGaS2 as the absorber: Mo/Cu(Ga,In)S2/CdS/TiO2 and Mo/Cu 
(Ga,Bi)S2/CdS/TiO2. Beyond studying the influence of doping CuGaS2 
with Bi and In on the products formed during the reaction, the reus-
ability of the photocathodes was also evaluated. For that, each photo-
cathode was used a second time, without previous treatment, for the CO2 
reduction reaction. The results obtained for all cases are presented in 
Fig. 7. 

Methanol is the major CO2 reduction product with all three different 
photocathodes. The concentration of methanol for the reaction with the 
Cu(Ga,In)S2-based electrode (Fig. 7c) was higher than the concentra-
tions reached using the CuGaS2 (Fig. 7a) and Cu(Ga,Bi)S2 (Fig. 7b) 
photocathodes. Furthermore, the pseudo first-order rate constant (k1), 
presented in Table 2, for the formation of methanol using Cu(Ga,In)S2 
(k1 = 0.15 min− 1) is twice the values obtained for the generation of the 
same product applying the other cathodes (CuGaS2 k1 = 0.07 min− 1 and 
Cu(Ga,Bi)S2 k1 = 0.08 min− 1). Therefore, doping the CuGaS2 absorber 
with In provided a faster generation of methanol. The band tailing in Cu 
(Ga,In)S2 may have improved the charge separation in this catalyst 
surface providing a high number of photogenerated electrons to the 
reaction. On the other hand, the concentration of methanol formed on 
the Cu(Ga,Bi)S2-based electrode was 22% lower than that observed with 
the CuGaS2, even though the k1 for methanol production was the same 
for the reaction using both photocathodes. However, the opposite can be 
observed for hydrogen evolution (Fig. 4a). The Cu(Ga,Bi)S2 photo-
cathode presented the highest photocurrent for HER, suggesting that, in 
this case, the hydrogen evolution reaction competes with the CO2 
reduction reaction[87]. 

The maximum amount of the products that require a high number of 
electrons and protons was higher in the reactions performed with 
CuGaS2-based photocathodes (24 µmol cm2 ethanol and 12 µmol cm2 

acetone, Table 2) than those found using Bi- or In-doped CuGaS2 

Table 2 
Pseudo first-order kinetic parameters, recycling percentage and selectivity percentage for the production of acetone, methanol, and ethanol on Mo/Cu(Ga,X)S2/CdS/ 
TiO2 photocathodes.   

Acetone Methanol Ethanol 

Absorber Qa k1 (min− 1) Rec (%) Sel (%) Qa k1 (min− 1) Rec (%) Sel (%) Qa k1 (min− 1) Rec (%) Sel (%) 

CuGaS2  12  0.42  38  12  63  0.07  88  64  24  0.18  56  24 
Cu(Ga,Bi)S2  3  0.05  86  05  49  0.08  26  77  12  0.07  52  19 
Cu(Ga,In)S2  3  0.37  74  03  79  0.15  31  81  15  0.21  36  16  

a Q is the amount of products in µmol cm− 2 

Fig. 8. Schematic representation of a proposed mechanism for the reduction of CO2 using a Mo/CuGaS2/CdS/TiO2 photocatalyst to produce methanol, ethanol, 
and acetone. 
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electrodes (12–15 µmol cm2 ethanol and µmol cm2 acetone, respec-
tively). The selectivity for methanol is higher in all cases, followed by 
ethanol and acetone. The higher selectivity for methanol was obtained 
under Cu(Ga,In)S2 photocatalyst (Table 2). As discussed previously, 
even been difficult to present a precise pathway for the products for-
mation[4,18,20,88], several studies in the literature indicate that the 
most probably options is 1 C product be converted in another products 
with 2 C or more, and in the case presented here, 2 C and 3 C products 
may depend on the production of methanol. The C-C coupling can be a 
result of the radical reaction between •CO2

- and •CH3 from the cleavage 
of methanol molecules. Therefore, the concentration of ethanol and 
acetone is dependent on the availability of •CO2

- and •CH3. Besides the 
low kinetics for the formation of methanol, the production of acetone 
and ethanol with CuGaS2-based photocathodes is faster compared to the 
photocathodes composed of Bi and In, which suggests that •CH3 is more 
available in the reactions on CuGaS2 electrodes. The concentration of 
ethanol was higher than the concentration of acetone, possibly because 
the two last steps of the mechanism to produce acetone involve the re-
action with •CH3[77,89–91], as shown by the proposed mechanism in 
Fig. 8. 

The stability of the photocathodes was evaluated according to their 
reusability and the recycling of the photocathodes is presented for each 
product identified for the CO2 reduction reaction. The recycling is rep-
resented by the percentual over the concentration of each product 
produced in the second use (Fig. 7), with respect to its concentration 
obtained in the first run. For all photocathodes, the concentration of the 
products in the second use is lower than the values obtained from the 
reaction using the fresh electrodes. For the recycling of the Mo/CuGaS2/ 
CdS/TiO2 in the photoelectrocatalytic CO2 reduction, 88% of the 
methanol concentration was obtained (Table 2), with respect to the 
initial production. The production of ethanol dropped by 56% by the 

end of the second use, moreover, the concentration of acetone formed 
was below 40% of the values obtained in the first use. The results 
indicate that Mo/CuGaS2/CdS/TiO2 is very stable for methanol pro-
duction. On the other side, the concentration of the products from the 
second use of Bi- or In-doped CuGaS2-based photocathodes presented 
values lower than half of the values obtained initially. Even though the 
reactions with fresh Mo/Cu(Ga,In)S2/CdS/TiO2 photocathodes pro-
duced the highest concentration of methanol, its reusability did not 
reproduce the same results in consecutive reactions. As shown by Raman 
and by the Urbach energy, In-doping promote defects in CuGaS2. During 
constant illumination, the defects may act as recombination center or 
trap photogenerated electrons and, consequently, decreasing the charge 
separation and the electron transfer in the Z-scheme. That can also be 
seen in Fig. 4b for the application of the photocathodes in the water 
reduction reaction. Under illumination, the current for hydrogen pro-
duction on the photocathodes Mo/Cu(Ga,In)S2/CdS/TiO2 and Mo/Cu 
(Ga,Bi)S2/CdS/TiO2 decrease with time, while the current for the Mo/ 
CuGaS2/CdS/TiO2 is almost constant. That suggests the rapid recombi-
nation of the photogenerated electrons that can be caused by sub- 
bandgap states associated with the dopants. Although In and Bi 
doping in CuGaS2 improve the absorptivity, they can be detrimental to 
the photocathode’s stability. 

A comparison between researches on the photoelectrocatalytic CO2 
reduction using photocathodes based on chalcopyrite ternary chalco-
genides can be observed in Table 3. The products generated from the 
CO2 reduction in our study are extremely more complex than those 
mentioned in the reported literature using similar conditions. This study 
presents, for the first time, the synthesis of products with more than 1 C 
from ternary chalcogenide semiconductors, as well as a high yield for 
methanol production in a reduced time of reaction. Moreover, the 
products reported in the literature until this moment, carbon monoxide 
and methanol, require 2 and 6 electrons, respectively, to be formed, 
while the products obtained in this study necessitate 6 (methanol), 12 
(ethanol), and 16 (acetone) electrons, as discussed above. It proves an 
effective photogeneration of electron-hole pairs with low recombination 
rate, fast charge transfer, and available reaction sites on the catalyst 
surface to develop the CO2 reduction. 

4. Conclusion 

All-solution fabricated Mo/CuGaS2/CdS/TiO2 photocathodes were 
prepared for the photoelectrochemical CO2 reduction reaction. The ef-
fect of the spray-coated nanocrystalline CuGaS2 absorber layers and the 
doping of this chalcogenide with indium and bismuth were evaluated. 
The nanocrystalline CuGaS2 and Cu(Ga,Bi)S2 films were obtained with 
high purity, while In2S3 impurities were identified in the Cu(Ga,In)S2 
films. Although In and Bi doping did not significantly affect the band gap 
of the absorber layers, the presence of these metals in the chalcopyrite 
structure may have originated VCu and Gacu defects that could have 
caused band tailing. The intrinsic defects in the absorber layer can affect 
the photoelectrocatalytic CO2 reduction mechanism. Methanol has been 
identified as the major product from the photoelectrochemical CO2 
reduction reaction at − 0.7 V and under illumination of 1 sun. 
Furthermore, 2 C and 3 C organic compounds, such as ethanol and 
acetone were identified in small concentrations. Those products were 
related to lower production rates for the photoelectrocatalytic reactions 
with the photocathodes containing the In- and Bi-doped absorber layers. 
The defects in the absorber layer possibly induce recombination mech-
anisms, affecting the final performance of the CO2 reduction and the 
stability of the photocathode. On the other side, the selectivity towards 
methanol increased with the photocathodes containing In- and Bi-doped 
CuGaS2. Photocathodes containing CuGaS2 promoted effective photo-
generation of electron-hole pairs with low recombination rate, fast 
charge transfer, and available reaction sites on the catalyst surface to 
develop the CO2 reduction, being promising for the production of 
methanol, ethanol, and acetone under illumination (100 mW cm− 2) for 

Table 3 
CO2 reduction and the products obtained by PEC reported in the literature using 
ternary chalcogenide-based photocathodes.  

Photocatalysts Experimental Conditions Products Ref. 

Cu/CuInSe2/ 
Ni3Al+TiO2 

0.1 mol L-1 KHCO3 under 
simulated sunlight radiation 
(200 mW cm− 2) at − 0.8 V 
vs Ag/AgCl, catalyst with 
0.25 cm2. 

16% Faradaic 
efficiency for 
CH3OHa 

[92] 

FTO/CuInS2 Saturated CO2 in 
0.1 mol L− 1 acetate buffer 
solution and 10 mmol L− 1 

pyridine under 1 sun 
irradiation (100 mW cm− 2) 
at − 0.6 V vs Ag/AgCl for 
11 h, catalyst with 1.00 cm2. 

0.109 mmol L− 1 h− 1 

CH3OH 
[93] 

ITO/CuInS2/ 
CuO/CuS 

Saturated CO2 in 50.0 mL of 
0.1 mol L− 1 acetate buffer 
and 10 mmol L− 1 pyridine 
at − 0.6 V vs SCE for 5 h, 
catalyst with 2.00 cm2. 

0.026 mmol L− 1 h− 1 

CH3OH 
[94] 

Mo/Cu(In,Ga) 
S2/CdS/ZnO/ 
AZO 

Saturated CO2 in 
0.5 mol L− 1 KHCO3 under 
simulated sunlight radiation 
(AM 1.5 G) at − 0.5 V vs. 
RHE, catalyst with 1.00 cm2. 

0.089 mmol L− 1 h− 1 

CO 
[95] 

Mo/CuGaS2 0.1 mol L− 1 KHCO3 under 
simulated sunlight radiation 
(AM 1.5 G) at − 0.6 V vs. 
Ag/AgCl for 7 h, catalyst 
with 0.56 cm2. 

~0.01 mmol L− 1 

h− 1 CO 
~0.927 × 10− 3 

mmol L− 1 h− 1 H2 

[37] 

Mo/CuGaS2/ 
CdS/TiO2 

Saturated CO2 in 50.0 mL 
of 0.1 mol L¡1 Na2SO4 

under 1 sun irradiation 
(100 mW cm¡2) at ¡ 0.7 V 
vs Ag/AgCl for 4 h, 
catalyst with 1.00 cm 2. 

0.325 mmol L¡1 

h¡1 CH3OH 
0.113 mmol L¡1 

h¡1 C2H5OH 
0.063 mmol L¡1 

h¡1 CH3COCH3 

This 
study  

a Product concentration has not been reported in [92]. 
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240 min at the applied potential of − 0.7 V. 
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