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Abstract: The wittichenite-type compound (Cu3BiS;, CBS) shows great potential for
photovoltaics and solar-to-fuels applications due to its favorable optoelectronic properties.
However, precise control over composition and phase stability in thin films remains challenging
to achieve due to phase complexity and a limited kinetic stability window. This research focuses
on obtaining homogeneous and stable CBS phases with ideal composition through a simple
sulfurization process of an oxide Cu-Bi-O (CBO) precursor film in the thermodynamically
permissible temperature range (350 - 425 “C). The findings confirm successful conversion of oxide
film to wittichenite phase, free of secondary phases, at 350 ‘C with a direct bandgap energy of 1.61
eV. The energy band positions from photoelectron spectroscopy show favorable energetics
towards water splitting and CO; reduction. Photoelectrochemical performance of a prototype
CBS/TiO> heterojunction device demonstrates photocurrent density of 0.12 mA/cm? and 0.96
mA/cm? for water splitting and CO» reduction, respectively. The presented method can be further

explored to fabricate CBS films in various configurations for PEC and solar cell devices.
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1. Introduction

Bismuth-based chalcogenide (BC) compounds have drawn considerable attention for several
energy harvesting systems, such as photothermal,! photo(electro)catalytic,”> and photovoltaic
applications.®> Recently, the orthorhombic and ternary copper-bismuth chalcogenide I-V—VI
compound, Cu3BiS; (CBS), has spurred interesting characteristics owing to its favorable
optoelectronic properties such as an outstanding high optical absorption coefficient (a >10° cm™)
in the visible region, a pseudo-direct band gap (Eg = 1.10-1.86 eV),* and its apparent p-type
conductivity.’ Additionally, it is stable at room temperature® and found in nature as the wittichenite
mineral.” These properties make CBS a promising candidate for a low-cost energy harvesting
system,? particularly photovoltaics and photoelectrochemical cells.

A key challenge in the synthesis of pure-phase CBS is the lack of an adequate understanding of its
phase diagram, which is essential for guiding the synthesis and ensuring the formation of a pure
phase with minimum defects. The CBS phase diagram shows that the compound Cu3BiS; is formed
in a narrow compositional range, with a stability domain from 350 to 527 ‘C,” which highlights
the challenges in obtaining a pure phase with the desired stoichiometry (i.e., 3:1:3). Moreover, the
phase diagram also highlights the importance of precisely controlling the temperature during the
synthesis process since minor deviations can lead to the formation of secondary phases (such as
CuzS or Bi2S3) or variation in the stoichiometric composition (e.g., CuBiS2, CusBi4So). Several
reports on vacuum and non-vacuum-based synthesis techniques include co-evaporation, sputter
deposition, spray pyrolysis, chemical bath deposition, and electrodeposition.* Despite several
efforts, producing high-quality CBS thin films without any phase impurities remained challenging.
This is exemplified in terms of the low power conversion efficiency of 1.7 % for the best CBS

solar cell reported so far.!® Hence, an adequate understanding of its fabrication and complete



characterization is necessary before testing the material for different applications. There are many
critical challenges for the integration of CBS into efficient systems, mainly two fundamental
aspects: 1. the establishment of reproducible growth of a pure phase material, and ii. a
comprehensive understanding of its optoelectronic properties. Therefore, maintaining the correct
temperature and stoichiometry during the synthesis is essential to balance both kinetic and
thermodynamic factors, ensuring the process remains within the stability domain. Beyond the
challenges of obtaining a suitable stoichiometry, there has been limited study of their
photoelectrochemical applications. While CBS has been previously explored for
photoelectrochemical water splitting!!, its potential for CO2 reduction has not been thoroughly
investigated.

In this study, we investigated the conversion of oxide to sulfide via anion exchange, focusing on
understanding the sensitivity towards secondary phase formations throughout the process. We
evaluate the influence of processing temperature on the formation of different phases and
understand the phase transformation mechanism to identify the ideal conditions for forming
Cu3BiSs pure phase. Here, we synthesized CBS using a two-step approach. First, copper-bismuth-
oxides (CBO) thin films were prepared with a proper stoichiometric composition (Cu/Bi, 3:1)
using an aqueous chemical solution deposition (CSD) route via spin coating'? and converted to
CBS by the sulfurization process via a solid-gas reaction. The oxide-based conversion approach
offers a promising strategy for effective synthesis, aiming at controlling the formation of specific

1415 exhibit greater

phases.!® This is because oxides are chemically more stable than sulfides,
thermal stability, and are easier to control during deposition processes. Moreover, a controlled

sulfurization process allows the navigation of complex phase space, which reduces the probability

of formation of secondary phase(s). Beyond the synthesis of CBS, this study conducts a



comprehensive investigation of topography, optical properties, oxidation states, and energy band
positions within the temperature range of 350 — 425 °C (i.e. within the stability window). PEC
water splitting measurements are presented as a benchmark to confirm the photoactivity of the
films. Additionally, we evaluated the PEC CO; reduction activity of CBS in a CO;-saturated

electrolyte, providing initial insights into its suitability as a CO2R photocathode.

2. Experimental section

2.1 Fabrication of Cu3BiS3 thin film

CBS films were obtained by a two-stage process: (i). copper-bismuth-oxide (CBO) precursor
obtained by solution processing using aqueous CSD and (ii). sulfurization of CBO to obtain
copper-bismuth-sulfide (CBS), as schematically shown in Figure 1.

The synthesis procedure of copper-bismuth oxide has been described elsewhere by Joos et al.!?
Briefly, the fluoride-doped Tin oxide (FTO) deposited on soda lime glass (SLG) (FTO/SLG) was
used as a substrate (Sigma Aldrich). Prior to the processing, the substrates were cleaned
sequentially in deionized water and acetone, followed by 30 min of UV-Ozone treatment to
improve the surface’s wettability. The multi-metal ion solution was obtained by mixing a copper-
based solution containing copper(Il) formate tetrahydrate and a bismuth-based solution containing
bismuth(IIl) citrate (3:1 stoichiometric molar ratio). The final multimetal ion precursor was
deposited via spin-coating at 3000 rpm for 30 seconds. The films were deposited by five
consecutive spin-coating cycles, each followed by drying/heating steps at 120 ‘C, 270 C, and 480
°C to remove organics and convert the precursor to oxide. This resulted in a total film thickness of
~350 nm. The films were then annealed at 480 “C for 2 h to achieve full crystallization in the CBO

layer.



The second stage involved sulfurising the 3:1 CBO oxide thin film using a two-zone tube furnace.
The tube furnace is equipped with two thermocouples, one located on the left side and the other
on the right side. These thermocouples continuously measure the temperature at their respective
positions, providing real-time feedback to the furnace’s control system. During the process, a
crucible containing 0.5 g of sulfur (S) powder and precursor CBO film was placed in different
heating zones of the tube furnace at 200 °C and (350 - 425 °C), respectively (Fig. 1). Subsequently,
the tube was purged with N> gas three times and then filled with N to create an inert atmosphere.
In the annealing step, the thin film precursor was heated to the desired temperature (Tx =350, 375,
400, or 425 “C) for 20 minutes, held for 30 minutes, and then allowed to cool naturally. In contrast,
during the sulfur thermal cycle, the temperature was set at 200 "C for 45 minutes, with a ramping
rate of 13.3 °C min™!. The ramp-up in sulfur is shorter compared to the sample’s annealing process

to ensure a S-rich atmosphere. The annealing profile is shown in Figure S1.

2.2 Characterization of thin-film photo absorber

CBS thin films' morphological characteristics and cross-section were obtained by high-
resolution scanning electron microscopy (SEM) analysis (TESCAN Vega3 SBU) operated at 15
kV. The energy-dispersive X-ray spectrometer (EDX) (Bruker XFlash 610M) operated at 15 kV
was employed to evaluate the elemental composition of the copper-based oxide thin film subjected
to sulfurization. The resulting elemental compositions are semi-quantitative and were used to
compare relative changes in elemental concentrations across samples rather than to determine
absolute compositions. The crystallinity and phase formation were determined by X-ray
diffractometry (XRD) using a Bruker D8 equipped with a Cu-Ko (A = 1.5418 A) radiation source

operating at 40 kV and a LYNXEYE detector. Complementary to XRD, Raman spectroscopy,



Renishaw VirsaTM analyzer, was employed to confirm the phases formed in the sample. A laser
excitation of 532 nm with a power of 10 mW, a spot size of 1 um, and an Olympus 100X long
working distance objective was used for the measurements. To estimate the bandgap of the CBS
thin film, samples were tested by visible and near-infrared (NIR) spectroscopy (Bentham 605).
Optical reflectance and transmittance were recorded using a 3.7x3.7 mm? filter and both Si and Ge
detectors (covering a total range of 400 - 1400 nm wavelength). The optical absorption (A) and
the absorption coefficient (o) were calculated according to equations 1 and 2, respectively. To
estimate the bandgap, the Tauc Plot method (Eq. 3) was employed, in which n corresponds to the
transition type (direct or indirect allowed/forbidden transitions) and E,; corresponds to the bandgap
value for CBS. The core-level and valence band (VB) spectra of the CBS sample were acquired
using X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).
Both measurements were conducted in an ultrahigh vacuum chamber with a base pressure of 10
 mbar. For the XPS experiments, a monochromatized Al Ko radiation source (hv= 1486.6 eV)
operated at 300 W was used as the excitation source, achieving an overall energy resolution of
0.36 eV full width at half maximum (FWHM). The UPS measurements employed a He I gas

discharge lamp (hv=21.2 eV), which provided significantly improved energy resolution.

T
A= % 100% (Eq. 1)
2.303%A
= == (Eq.2)

(ahv)s = A(hv — Ey) (Eq. 3)

2.3 Photoelectrochemical studies
TiO, blanket layers were deposited on CBS via atomic layer deposition to create a p-n

heterojunction using ALD R200 from Picosun. Titanium tetrachloride (TiCls4) was used as the Ti



precursor, and H>O was the oxidizing agent. The reactor chamber was maintained at 250 ‘C, and
the substrate was subjected to 1000 cycles of each of the Ti and oxidizing precursors to deposit a
50 nm layer.

Photoelectrochemical measurements were performed using a 3-electrode system containing a
working electrode (CBS/Ti0O,), a counter electrode (carbon electrode), and a reference electrode
(Ag/AgCl, 3M KCI). In order to identify the performance of the material, linear sweep
voltammetry was conducted. For that, 0.1 M NaxSO4 (pH 7.4) or 0.1 M KHCO3 (pH 8.0) were
used as a supporting electrolyte. All the experiments were performed using an Oriel light source
equipped with a 150 W Xe lamp (100 mW cm™) for illumination. The potential values were
converted with respect to RHE using Equation 4.

3. Results and discussion

The synthesis of polycrystalline copper bismuth sulfide thin films was performed by thermal
sulfurization of copper-bismuth-oxide (CBO) precursor thin films, as described in section 2. Figure
1 represents the basic scheme of the oxide-to-sulfide conversion process. We investigated the
phase distribution and optoelectronic properties of the CBS films obtained after sulfurization of
oxide films within a temperature range of 350 - 425 ‘C. The conversion of the oxide film is
suggested to proceed through a gas-phase anion exchange reaction, where anions such as S* from
the gas phase react with the precursor. The final structure of the film is governed by the annealing
temperature. The Cu:Bi stoichiometric ratio was maintained at 3:1 in the precursor films to achieve
the final stoichiometric Cu:Bi ratio of 3:1 in the aimed CuzBiS3 thin films. The composition ratio

of each element in CBO was analyzed through EDX (Supplementary Table 1, showing that the



atomic ratio of the oxide precursor was very close to the expected ratio). The SEM image showed
a compact and uniform continuous morphology for the CBO samples, with small grain sizes

(Figure S2).

T1

350°C 375C 400°C 425°C

oo

Annealing profile

Figure 1 Schematic illustration of the fabrication of copper-bismuth-sulfide (CBS) via

sulfurization of a copper-bismuth-oxide (CBO) precursor on FTO substrates. Two heating zones

(T1-thermal couple 1 and T2-thermal couple 2) are presented for precursor and sulfur annealing.

Effect of annealing temperature on crystallinity and phase distribution. XRD analysis was
performed to identify the crystal structure and phases formed after the sulfurization process at 350,
375, 400, and 425 °C, and are shown in Figure 2. The dominant peaks at 26.4 °,33.7°,37.7 °, and
51.5 " are ascribed to the FTO (F:SnO») substrate. The wittichenite pure phase was obtained for all
temperatures with diffractogram peaks well indexed with the wittichenite orthorhombic structure,
space group 19, P2;2,2;, JCPDS No. 01-071-2115.7 This is better observed in the specific two

theta ranges (10 *- 24 ") and (27 "- 33 *), as shown in Figures 2b and c. We also note that impurities
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or other secondary/ternary phases related to CuzS and Bi»S3 (6CuS + Bi»S; — 2Cu3BiS; + 3S)!%or
CusBisSo (8CuS + 4Bi2S; — 2CusBisSo + 2S)!7 were not observed (Figure S3), indicating that the
conversion process bypasses these secondary phases.

Although the CBS phase appeared at 350 °C, the sulfurization temperature has a strong influence
on the crystalline quality of the film. Therefore, we increased the sulfurization temperature in steps
(375, 400, and 425 °C) to explore the temperature window that promotes the formation of
wittichenite phase and enhances crystallinity. As the temperature increases, XRD peaks became
narrower and more intense, consistent with grain growth and reduced structural disorder due to
enhanced atomic diffusion and recrystallization'®. Similar temperature-dependent improvements
in crystallinity have been reported for other copper-chalcogenide thin films, attributed to thermally
activated grain coalescence and defect annealing!®. However, at temperatures above 350 °C,
secondary phases start to appear (see Fig. S4), likely due to sulfur loss and cation interdiffusion
that disturb the stoichiometry of the CBS phase. This behavior suggests that CBS phase stability
is governed by a delicate balance between thermodynamic driving forces for crystallization and
kinetic limitations related to sulfur volatility and element diffusion at elevated temperatures.
Raman spectroscopy was also performed in order to confirm the formation of the phases, as shown
in Figure 2d. For all the temperatures studied, Raman spectra showed two main peaks at 279.3 and
471.0 cm™. These were attributed to the pure CusBiS3 phase, matching well with spectra previously

' is observed to contain an

reported for the wittichenite phase.”’ The peak centred at 279 cm’
additional shoulder at lower frequencies for all sulfurization temperatures. Upon deconvolution,
the 350 ‘C annealed film renders this additional shoulder peak at around 263 cm™ (Figure S5).
This peak is attributed to the other CBS Raman-active mode at around 263 cm’!, as reported by

Whittles et al.*! It is not clear why it appears only at low annealing temperatures. A possible
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explanation could be the presence of an amorphous CBS phase that is Raman active, as

corroborated by a broad signature of the peak.
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Figure 2 XRD diffractogram a. full scan, and magnified scan in the two-theta range, b. 10 — 24 °,

and ¢. 27 — 33 °; d. Raman spectra of the CBS films obtained after the sulfurization of CBO

precursor films at different temperatures (350 — 425 “C).
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Effect of temperature on grain formation and composition. One of the critical features of thin
films is characterized by grain growth, and temperature plays a crucial role in determining it. The
surface morphology of the CBO thin film sulfurized at different temperatures is shown in Figure
3. Through SEM images, it is possible to observe a significant surface morphological change of
CBS thin films annealed at different temperatures. A compact film with particles on its surface is
observed at low temperatures. Besides, it is noticed that the morphology of the phase-pure CBS is
free of pinholes and other imperfections. An increase in temperature leads to the coalescence of
grains through diffusion-enhanced grain growth, facilitating the migration and merging of grain
boundaries.?* This is clearly observed, especially above 400 ‘C. EDX results reveal that increasing
the sulfurization temperature promotes sulfur ingress in the film, as shown in Figure 3b and Table
S2. Cross-sectional SEM images (Figure S6) reveal that the CBO precursor and the film sulfurized
at 350 °C (Figure 6b) maintain its initial thickness (~350 nm). This can be attributed to the correct
stoichiometry of the precursor, confirming that the sulfurization involves mainly substitution of O
by S, rather than large-scale cation diffusion or loss to correct the composition. With an increase
in temperature, morphological changes are noticed during the sulfurization process. At 375 °C,
slight densification and a reduction in thickness (~300 nm) are observed, and EDX analysis reveals
Bi enrichment, Cu depletion, and an increase in sulfur content, suggesting partial sulfide formation
(Table S2). Upon further heating to 400-425 °C, the Bi content gradually decreases, while Cu
continues to decline, and sulfur incorporation reaches its maximum. The reported EDX trends are
qualitative, intended to compare relative elemental changes rather than provide absolute
composition. The film exhibits pronounced grain coalescence and surface roughening, with an
apparent thickness increasing up to ~400 nm. These results reflect the interplay between

densification, diffusion-enhanced grain growth, cation redistribution, and sulfur incorporation.

13



1 ——Cu
90 Bi
80—_ 'S
70+ - - - -Ideal

Ofemos—m—ouo ]

0

Y VN N Y L R |

350 360 _370 380 390 400 410 420
Temperature (°C)

Figure 3. a. SEM image showing the morphological evolution with increasing temperature; b.
EDX spectra of the sulfurized samples confirm the elemental composition and presence of Cu, Bi,
and S in CBO precursors sulfurized at different temperatures (350 — 425 “C). The reported atomic

percentages (at.%) are included to indicate the approximate elemental proportions.

Optoelectronic properties. The bandgap of the CBS films formed from CBO precursors was
determined using UV-Vis measurements. Copper-based oxide materials have a higher bandgap
compared to copper-based chalcogenide materials. This is reportedly because chalcogen atoms
have a lower electronegativity compared to oxygen, leading to weaker bonding,”* and due to a
difference in its defect chemistry. ' This was shown by comparing the transmission for the CBO
precursor film and the final CBS film. A decrease in transmission at wavelengths between 400 and
1200 nm in the CBS film compared to the CBO precursor implies a reduction in the bandgap after
the sulfurization of CBO (Figure S7).

UV/Vis absorption spectra of the CBS thin films reveal distinct features corresponding to their
electronic transitions (Figure S7b). At higher photon energies (> 2.0 eV), the sample annealed at

350 °C exhibits the highest absorption, suggesting improved film uniformity and optical quality.
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More interestingly, at around 0.8—1.2 eV, which is expected to lie within the electronic bandgap
of the CBS films, a lower energy tail is observed, and may be attributed to sub-bandgap states and
defect-related absorption?*. Furthermore, the absorption coefficient (o) was calculated from the
measured absorption profile via the Tauc plot method, which enabled the estimation of the optical
band gap. The linear dependence of (chv)? on hv (Fig. 4a) suggests that the electronic transition in
CBS corresponds to a direct allowed transition. The absorption coefficient of the resulting Cu3BiS3
from CBO sulfurization at 350 "C showed a high a.~ 10° cm ™' (at 1.61 eV, Fig. S8). The bandgap
values of 1.61, 1.57, 1.38, and 1.38 eV (individual linear fits shown in Figure S9) were estimated
for CBS films obtained after sulfurization at 350, 375, 400, and 425 °C, respectively, lower than
the corresponding oxide (CuBi>O4) bandgap'? and consistent with the range of values (1.0 — 1.81
eV) reported in the literature.* The direct optical transition behavior, along with considerable band-
tailing in the spectra, indicates the high defect concentration in the CBS film.?* The bandgap
successively reduces as the sulfurization temperature increases, most likely due to the contribution
of secondary phases, whose existence was inferred from the XRD patterns discussed previously
(see Fig. S4). A correlation is found between the change in the bandgap and the composition.
Figure 4b shows that the Cu/Bi ratio and bandgap concomitantly decrease with sulfurization
temperature.

For relevance of a semiconductor electrode in photoelectrochemical applications, its band edges
must be suitably positioned in reference to the redox potentials for the reactions of interest. This
is because the necessary driving force for the photogenerated carriers to contribute to redox
reactions is provided by the energetic (mis)alignment of the energy bands with the electrochemical
potential of the redox species in the electrolyte. For instance, for photoelectrochemical water

splitting, the conduction band minimum (CBM) should be higher in energy than the potential for
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hydrogen evolution reaction (HER) to allow for reduction of water by photo-electron capture at
CBM. Similarly, the valence band maximum (VBM) should be lower in energy than the potential
for oxygen evolution reaction (OER) to allow for water oxidation from capture of the
photogenerated holes at the VBM.? Owing to the potential of HER being 0 V vs RHE and potential
for OER being 1.23 V vs RHE, the bandgap of the semiconductor must be greater than 1.23 eV.
Furthermore, since the electron-transfer processes at the semiconductor/liquid junctions produce
losses (i.e. from electrolyte and circuit resistances, kinetic overpotentials, etc.)*, additional energy
inputs are necessary to account for the losses. Therefore, in principle, an energy input higher than
1.5 eV is required (illustration shown in Figure S10). Considering that the CBO precursor
sulfurized at 350 °C showed a pure wittichenite phase and a suitably high bandgap (1.61 eV), a

detailed study was conducted to infer its band-edge positions.
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Figure 4. a. Tauc plot and b. correlation of bandgap, temperature, and Cu/Bi elemental ratio for

CBO precursor sulfurized at different temperatures (350 — 425 °C).

Oxidation states and characterization of energy band positions. X-ray photoelectron
spectroscopy (XPS) was performed on the CBS films to determine the oxidation state of the film

constituents (see Fig. 5). With only few XPS studies on CBS thin films in the literature, we
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emphasized the need of careful fitting of the overlapping Bi 4f and S 2p peak. A fitting procedure
from Whittles et al.?! was used to analyze the peaks in this work accurately. Peaks from Cu, Bi,
and S were observed in the XPS survey scans of the surface of all the CBS films, in addition to
signals from C and O contaminants (Figure S11a). Cu 2p, Bi 4f, and S 2p spectra are shown in
Figure 5. Cu 2p showed a doublet (with a peak splitting of 19.8 eV) that was assigned to Cu!". The
absence of a satellite peak from Cu?" at 942 eV suggests that impurities, such as CuS, did not form,
corroborating the XRD and Raman results. The Bi 4f and S 2p core level regions for CBS are also
shown in Figure 5b. The spectra reveal two bismuth components at 163.3 and 158.0 eV (with a
splitting of 5.3 eV), which are attributed to CBS and assigned to Bi**. Another doublet at 163.9
and 158.7 eV is associated with bismuth oxide (Bi.03), likely formed as a result of surface
exposure to the air. This difference in XPS and XRD analysis can be explained by their respective
probing depth, with the former providing more surface-sensitive (~ 5-10 nm) and the latter
containing more bulk information. Finally, a third doublet, represented in yellow, is assigned to
S* and corresponds to S 2p. Additionally, a singlet is observed at around 225 eV (Fig. S11b),
attributed to the S 2s region. This singlet is remarkable and not commonly reported.

Ultraviolet photoelectron spectroscopy (UPS) was performed on the CBS electrode to determine
the valence band maximum (VBM). The intercept was determined with the Multipak software’s
Edge tool using a linear approximation®’. Figure 5c¢ shows the unbiased UPS for CBS at room
temperature. VBM for CBS was found to be 0.13 eV with respect to the Fermi level (i.e., Er-Evs
= (.13 eV). Further, considering the relation of CBM = VBM + Eg, it is possible to determine the
energetic position of the CBM. Based on these derivations, we attempt to draw the full energy
band diagram of the CBS and its correspondence with typical redox reactions. Figure 5d shows

the band-edge position for CBS, where the energy values are referenced to the normal hydrogen
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electrode (NHE). CBS exhibited p-type behavior, as the Fermi level was located very close to the
VBM, as determined from the UPS measurements. The VBM, however, existed at energies higher
than the potential for OER, which does not allow for an isoenergetic hole capture by the reductant
density of states in water at VBM, making CBS inefficient for OER. Nonetheless, it is inferred
that the CBM was appropriately positioned at higher energies (CBM >> potential for HER), so
that HER was enabled from the isoenergetic capture of photo-electrons at the CBM. In fact, the
highly negative CBM and a small enough bandgap to allow absorption of the visible spectrum
make the p-type CBS electrode an interesting candidate for photo-electrochemical CO2 conversion

applications (see Fig. 5d).
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Figure 5 a. XPS spectra for the Cu 2p region and b. Bi 4f and S 2p overlap region of the CBO
sulfurized at 350 "C; ¢. Unbiased VBM UPS spectra with linear fits and d. a comparison band
alignment for the most known copper-bismuth-oxide, CuBi204, and CBS with respect to the H

production and CO; reduction potentials reactions.

p-n heterojunction for photoelectrochemical tests. To investigate the performance of CBS for
cathodic applications (reduction reactions), a photoelectrochemical (PEC) setup was employed, as
shown in Figure 6a. A 3-electrode PEC cell was formed, where the CBS-based photocathode, a
carbon electrode, and a 3M KCl1 Ag/AgCl electrode served as the working, counter, and reference
electrodes, respectively. The current-potential (i-U) characteristics were obtained both in darkness
and under a constant 1 sun illumination. We evaluated the photoelectrochemical behavior of CBS
in 0.1 M NaySOg, saturated with N> (pH 7.4) (Figure 6a), and 0.1 M KHCO3, saturated with CO»
(Figure 6b), as these electrolytes are the most commonly used in PEC applications.?® While
NaxSO4 provided a neutral, inert, and stable environment for hydrogen production without

interference from side reactions, KHCO3 created a buffered system with the dissolved CO>
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supplied for efficient photoelectrochemical CO» reduction. A 50 nm thin-film of n-type TiO, was
deposited by atomic layer deposition (ALD) on the ~300 nm thin film of p-type CBS to construct
a p-n heterojunction. The built-in electric field at the heterojunction, in addition to an external bias,
would enable the separation of photo-generated charge carriers and suppress recombination. The
TiO; film may further passivate the defect states at the CBS surface, and also protect it from
parasitic reactions with the electrolyte. It should also be noted that owing to the typical large
bandgap of TiO2 (> 3.0 eV), it is expected to be transparent to the visible spectrum incident on the
electrode, and any photo-absorption therefore must occur in the CBS film. Figure 6 shows the
current-potential (i-U) characteristics from a linear sweep voltammogram (LSV) for the CBS/TiO»
photocathode under darkness and in light, in both electrolytes. For CBS in Nz-saturated Na>SO4
electrolyte in darkness, the currents remained near 0 mA cm. However, when illuminated, a non-
zero current was measured at the electrode-electrolyte interface. Although small, still -0.12 mA
cm™ of photocurrents were achieved at -0.2 V vs. RHE. In case of the CO,-saturated KHCOs
electrolyte in darkness and scanning negative potential, the current remained stable at 0 mA cm™
down to 0.1 V vs. RHE, below which the dark currents increased slightly, reaching -0.25 mA cm’
2at-0.1 V vs. RHE. When illuminated, the photocurrents increased significantly and reached -0.95
mA cm™ at -0.1 V vs. RHE, representing a nearly fourfold increase from the dark current. In fact,
the cathodic photocurrents in illuminated CO-saturated electrolyte were 8-fold compared to the
N»-saturated electrolytes, at 0 V vs RHE. Additionally, a cathodic shoulder was observed at around
0.5 V vs RHE in the CO»-saturated but not in the Nz-saturated electrolyte and may therefore be
ascribed to bicarbonate ions (HCOz3") or adsorbed CO- intermediates. A CBS/Ti0> heterojunction
electrode was further subjected to a constant potential of 0 V vs RHE in the CO»-saturated

electrolyte to evaluate its stability and (photo-)electrochemical CO> reduction performance under
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continuous illumination. The associated current transients are given in Figure 6d. The photocurrent
initiated from a large negative value at t = 0 s (-0.4 mA cm) and then plateaued at —0.1 mA cm™
at t > 200 s without any significant decay, going up to 1200 s (= 20 mins) of operation. The
observed photocurrent during the first few seconds arises from non-Faradaic processes, including
double-layer charging and surface-state filling?®. After this, the photocurrent stabilizes at —0.10
mA cm?, which represents the true steady-state faradaic response of the photoelectrode. This
indicated that the CBS/TiO: heterojunction possessed good operational durability for
(photo)electrochemical CO; reduction. These results suggest that the CBS/TiO> may interact
favorably with CO: under illumination. In other words, the presence of CO2 could facilitate
interfacial reactions at the photocathode surface, indicating that the CBS/TiO2 has potential for
CO; reduction applications. However, since the electrolyte composition also changed between the
Nz-saturated and COs-saturated electrolytes, the possibility of enhanced water oxidation or
alternative parasitic reaction pathways, instead of CO> reduction, cannot yet be fully ruled out.
Future work will include systematic control experiments with CO»-free KHCOj3 electrolyte and
direct detection of COz reduction products to confirm CO> reduction activity. To contextualize the
performance of CBS in PEC CO2R, a comparison with literature reports is provided in Table S4.
Although the activity and stability are moderate compared to CBS applied to hydrogen evolution
reaction (HER) and water splitting applications, this work represents the first use of CBS in COzR.
Moreover, exploring alternative n-type buffer layers, such as In2S33° could improve the charge
transfer. Additionally, a co-catalyst (e.g., Au or Ag) on the surface may be explored to improve

the reaction kinetics further.?!
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Figure 6 a. Schematic illustration of the PEC setup; b. Top surface SEM image before and after
CBS immersion in the electrolyte and cross-section SEM of FTO/CBS; e¢. Linear Sweep
Voltammetry (LSV) for copper-bismuth-oxide precursor sulfurized at 350 °C in different
supportive electrolytes: 0.1 M NaSO, (pH 7.4) saturated with N> and 0.1 M KHCO3 (pH 8.5)
saturated with CO»; d. Current transients up to 1200 s for CBS in CO;-saturated KHCOj electrolyte

at a constant applied potential bias of 0 V vs RHE.

4. Conclusions

The Wittichenite Cu3BiS3 phase was successfully obtained by sulfurizing the CBO precursor at
350 °C with a bandgap of 1.61 eV, and the bandgap successively reduced as the sulfurization
temperatures increased. UPS results showed that the band edge positions are suitable for
(photo)electrochemical HER and CO» reduction reactions. The photoelectrochemical performance
of a CBS/TiO> heterojunction in 0.1 M Na>SOj4 electrolyte was evaluated. We found that the TiO»

heterojunction effectively separated the photogenerated carriers in CBS, and the corresponding
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PEC device delivered a photocurrent density of 0.12 mA/cm?. However, in CO»-saturated KHCOs
aqueous electrolyte, photocurrent density was slightly enhanced (-0.95 mA cm?at-0.1 V vs RHE),
suggesting that the CBS/Ti10; heterojunction was viable for CO2R. Further studies are required to
suppress bulk recombination and enhance carrier separation using electron transport and hole
transport layers, ETL and HTL, respectively, thereby improving photocurrent density and
increasing selectivity towards PEC hydrogen or CO; reduction. Further exploration of co-catalysts

to facilitate electron transfer is also highly recommended.

Supporting Information
Annealing profile, SEM images, EDX analysis, XRD diffractograms, Raman spectra, cross-
section SEM, UV-Vis spectra, single-fitting Tauc plots, XPS survey, XPS peaks for S 2s region,

comparison among state-of-the-art CBS photocathodes for PEC application.
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