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ABSTRACT: The urgent need for innovative renewable energy
technologies and strategies to reduce greenhouse gas emissions is
increasingly critical for global sustainability. Photocatalytic fuel cells
(PFCs) present a promising solution by integrating solar energy
harvesting with the direct and spontaneous conversion of chemical
energy into electricity, not only achieving zero carbon emissions but
also generating carbon credits. In this study, we developed BiVO4/
WO3/V2O5 photoanodes and Cu2O/CuO photocathodes for a
single-compartment, membraneless, solar-driven fuel cell that
simultaneously converts CO2 and sulfite ions into electrical power
and green fuels. Our optimized device achieved an open-circuit
voltage of 0.50 V, a short-circuit current of 0.50 mA cm−2, and a
maximum output power of 0.05 mW cm−2 at one sun illumination.
We extensively characterized the photoelectrodes’ morphology and their structural, optical, and electronic properties to elucidate the
PFC’s operating mechanism. The device primarily produced ethanol from CO2 reduction, followed by formate, acetate, and
methanol as liquid products. In the gas phase, CH4 was the sole product from CO2 conversion, with a Faradaic efficiency (FE) of
40.8% at zero voltage bias, and hydrogen evolution accounted for only 0.5% FE. Overall, our PFC device demonstrates the capability
to spontaneously generate renewable electric power and green fuels at ambient pressure and temperature, using solar energy as the
only driving force.
KEYWORDS: photocatalytic fuel cell, CO2 reduction, photoelectrochemical conversion, photoanode, photocathode, solar fuels

1. INTRODUCTION
In recent decades, the growth of industrial activity and
dependence on fossil fuels have led to increasing concen-
trations of greenhouse gases in the Earth’s atmosphere,
particularly carbon dioxide (CO2). This has motivated the
investigation of different approaches to mitigate CO2,
including thermochemical, electrochemical, and photochemical
processes.1−4 The electrochemical CO2 reduction reaction
(CO2RR) is a promising approach for converting CO2 into
chemicals such as methanol, ethanol, methane, and formate
using renewable energy sources, particularly solar energy.5,6 It
may enable the creation of a carbon-neutral cycle that reduces
dependence on fossil fuels and decreases the environmental
impact of CO2 emissions.

Among the CO2RR processes, photoelectrochemical (PEC)
devices and photocatalytic fuel cells (PFCs) are particularly
interesting since they can convert solar energy directly.7−9

Figure 1 highlights the similarities and differences between
these two systems. Solar fuel generators that contain a solid/
electrolyte junction are referred to as PEC cells, and several
subclassifications have been described.10 In a PEC system, light

excitation generates electron−hole pairs in a semiconductor
electrode. However, external voltage is usually required to
drive coupled oxidation and reduction reactions, as in the case
of photoelectrolysis or CO2 reduction. It can be performed
with or without sacrificial agents such as methanol or SO3

2−,
among others, to decrease the external electrical input required
and increase overall activity due to the slow kinetics of the
water oxidation half-reaction. When the PEC cell only operates
through a voltage bias-driven process, it is thermodynamically
nonspontaneous (ΔG > 0), where external electrical energy
input is necessary to sustain the coupled redox reaction (Figure
1A). In contrast, a PFC operates spontaneously (ΔG < 0),7,8

where photoexcited charge carriers flow naturally due to the
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intrinsic potential difference between two electrodes�at least
one of which is light-active and under illumination�allowing
simultaneous power generation without an external voltage
bias (Figure 1B).11,12 Unlike a biased-PEC system, which
operates as an intrinsically solar-powered electrolyzer, a PFC is
a hybrid device that combines photocatalysis and fuel cell
principles to harness solar and chemical energy to simulta-
neously generate electricity and valuable products�in certain
cases, green fuels�such as when CO2 serves as the oxidant.
Therefore, a PFC is a self-sustained solar energy converter,
operating through a coupled redox reaction that generates
power directly once we ensure the reduction reaction potential
exceeds the oxidation one (detailed discussion in due course).
As for a PEC electrolyzer, a PFC may be engineered using a
single photoelectrode (a dark electrode combined with a
photocathode or a photoanode) or a dual-photoelectrode
configuration. The dual-photoelectrode configuration offers
advantages over single-photoelectrode systems since it has the
ability to increase cell photovoltage, making the dual-
photoelectrode PFC an attractive option for solar fuel
production, wastewater treatment, and environmental reme-
diation applications.7,13 For further details on the structural
and operational principles of PFCs, readers are referred to
recent comprehensive reviews.11,12

PFC characteristics are influenced by both the design and
photoelectrode performance. H-type cells, extensively studied,
feature a membrane separator to create distinct compartments
for the photoanode and photocathode, preventing product
crossover but increasing system complexity and cost. In
contrast, membraneless configurations, such as microfluidic
and single-cell PFCs, eliminate the need for membranes,
reducing costs and simplifying the system. Microfluidic PFCs
enhance molecule-electrode interactions,8,9,14 while single-cell
designs allow the photoanode and photocathode to be
positioned either side by side or face to face, offering a low-
cost alternative at the expense of some degree of product
crossover.15

Regarding the photoelectrode, bismuth vanadate (BVO) is a
potential photoanode thoroughly investigated for PEC water
oxidation, among other target oxidation reactions.16−18

Modifications have been proposed to increase the BVO
photoactivity, such as heterojunction formation,19 defect
controlling,20,21 doping,22 and cocatalyst deposition.18,21 A
BiVO4/WO3 heterojunction film is a promising candidate for
photoelectrochemical water splitting, specifically to increase
charge separation in BVO.23 For the BiVO4/WO3 hetero-
junction, electrons can travel from BVO to WO3, while holes
can migrate from the WO3 to BVO. Therefore, the well-
matched BiVO4/WO3 heterojunction efficiently drives the
transport of the photogenerated carriers but still lacks
improvements in the interfacial carriers’ transfer resistance
and surface defect passivation. Recently, one of us reported
using a special band structure engineering with W-doped
BiVO4 (W:BVO) to form a ternary W:BiVO4/WO3/V2O5
heterojunction with increased photoactivity.24 This photo-
anode presented increased visible light absorption and lesser
charge recombination, where V2O5 facilitated the transport of
holes and WO3 additionally increased electron mobility.

Additionally, Cu-based photocathodes have garnered sig-
nificant interest for CO2RR due to their ability to efficiently
convert CO2 into carbon monoxide, formate, hydrocarbons,
and alcohols.25 Cuprous oxide (Cu2O) with a band gap of
∼2.2 eV26 also possesses additional characteristics that make it
suitable for various photocatalytic applications, particularly
CO2RR.27−29 However, Cu2O suffers from photocorrosion,6

and various strategies have been employed to minimize this
issue,4 including morphological control,30 the application of
protective layers,31 and junction manipulation.32,33 The
formation of a Cu2O/CuO junction has proven effective in
suppressing photocorrosion and enhancing the photocatalytic
reaction, leading to improved efficiency and stability.33 This
synergy represents a significant advance toward more robust
and sustainable photocatalytic technologies and marks a
noteworthy contribution to the current scientific landscape.

In this work, we describe a novel, membraneless, and
stationary PFC designed to spontaneously convert SO3

2− and
CO2 into green fuels and electrical power under simulated
solar illumination. Our system, featuring a unique shoulder-to-
shoulder and dual-electrode configuration, consists of a
W:BiVO4/WO3/V2O5 (W:BVO/WO/VO) photoanode and
a Cu2O/CuO photocathode, achieving an open-circuit photo-
voltage of 0.50 V and a short-circuit photocurrent of 0.50 mA
cm−2 at one sun illumination (100 mW cm−2, AM 1.5G).
Notably, the system delivered a maximum power output of
0.05 mW cm−2, the highest reported to date for a direct CO2
PFC without noble metal-based catalysts. We systematically
explore the anodic and cathodic reaction pathways both in
half-cell experiments and within the operational device and the
low-cost membraneless configuration, demonstrating enhanced
CO2 conversion efficiency coupled with sulfite oxidation. This
work successfully achieves simultaneous CO2 reduction and
electricity generation without using exchange membranes,
advancing sustainable and spontaneous solar-driven chemical
fuel production.

Figure 1. Schematic representation comparing (a) a PEC CO2
reduction full cell under an applied bias and (b) a PFC fed by CO2
(oxidant) and sulfite as fuel. Both diagrams depict systems without a
separation membrane between the two photoelectrodes, as inves-
tigated in this work, with labeled arrows indicating reactants,
products, and electron flow. However, the concept is also applicable
to H-type cells with a separation membrane, as well as to systems with
a single semiconductor-based electrode under light illumination.
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2. EXPERIMENTAL SECTION

2.1. Synthesis of the Photoelectrodes
Fluorine-doped tin oxide (FTO)-coated glass substrates were
employed and thoroughly cleaned by sequential treatments with
detergent, deionized water, acetone, and isopropyl alcohol.

The photocathode (Cu2O/CuO) was prepared via electro-
deposition using a plating bath composed of 0.3 M copper sulfate
(Sigma-Aldrich, 99.8%) and 3 M lactic acid (Sigma-Aldrich, 85% w/
w) with the pH adjusted to 11 using NaOH.33,34 FTO slides, limited
to 1 cm2, underwent Cu2O electrodeposition at −0.8 mA cm−2 for 25
min using a CorrTest CS310 potentiostat at 40 °C. Platinum foil
served as the counter electrode. After deposition, films were washed
with water and ethanol and then annealed in air at 400 °C for 1 h to
partially convert Cu2O to CuO.

The photoanode (W:BVO/WO/VO) was prepared following
previous reports.24,35 Using a mass ratio of 2:1:1, powders of
W:BVO4 (2 mg), WO3 (1 mg), and V2O5 (1 mg) were mixed and
dispersed in 400 μL of isopropanol, followed by sonication for 2 h to
ensure thorough mixing. The resulting suspension was then drop-cast
onto FTO substrates with a 1 cm2 geometric area. The films were
subsequently annealed at 500 °C for 2 h in air to improve crystallinity
and adhesion to the substrate. This three-phase heterojunction was
chosen as a photoanode based on previous works highlighting the
synergistic behavior of these materials in facilitating charge separation
and transfer under ideal quantities, by balancing the light absorption
capabilities of BiVO4, enhancing electron mobility with WO3, and
facilitating hole mobility with V2O5.

24

2.2. Characterization of the Photoelectrodes
The morphology and chemical properties of the electrodes were
investigated using energy-dispersive X-ray spectroscopy (EDS) in a
Zeiss Sigma scanning electron microscope coupled with a field
emission gun (FEG). X-ray diffraction (XRD) was performed using a
PANalytical Empyrean instrument with a Cu−Kα source. The XRD
measurements were performed from 10 to 90° (Bragg−Brentano
geometry) with a 3.2°/min scan speed. The step size and time per
step were set at 0.013° and 60 s/step, respectively. UV−vis absorption
measurements of the films were performed by using a Shimadzu UV-
2600 spectrometer fitted with an integrating sphere. X-ray photo-
electron spectroscopy (XPS) was used to elucidate the chemical
surface composition of the samples. The analysis was carried out using
an XPS spectrometer (Scienta-Omicron ESCA+) equipped with a
high-performance hemispheric analyzer (EAC2000) and monochro-
matic Al K-α radiation (hν = 1486.6 eV) as an excitation source. The
operating pressure was 10−9 Pa, and the high-resolution XPS spectra
were recorded at a constant pass energy of 20 at 0.05 eV per step. The
XPS spectra were calibrated using adventitious carbon (C 1s) at 284.8
eV. Curve fitting was preceded by data analysis using CasaXPS
software and Shirley-type background subtraction. The thicknesses of
the photoanode and photocathode films were determined by using a
KLA Tencor P7 profilometer. Measurements were conducted with a
scan rate of 50 μm per second and a sampling rate of 100 Hz. To
ensure accuracy, 10 measurements were taken at different points on
the sample and the values were averaged.

2.3. (Photo)electrochemical Measurements
Photoelectroactivity was examined using a CS310 CorrTest
potentiostat, a solar simulator model 105000 from Abet Tech (150
W xenon lamp), and an AM1.5G filter. All measurements were
calibrated using the reference solar cell model 15151 from Abet Tech
to ensure a light intensity of 100 mW cm−2. Half-cell linear sweep
voltammetry (LSV) experiments were performed using a conventional
three-electrode cell setup made of Teflon and quartz window, with
and without light irradiation. For anodic half-cell measurements, three
different N2-saturated, aqueous electrolytes were evaluated: (i) 0.5 M
Na2SO4 (pH 9), (ii) 0.5 M Na2SO4 + 0.5 M Na2SO3 (pH 9.7), and
(iii) 0.5 M Na2SO4 + 0.5 M Na2SO3 + 0.04 M NaHCO3 (pH 8.8).
For the cathodic half-cell study, the same electrolyte solutions were
tested under both N2- and CO2-saturated conditions to assess the

impact of CO2 on performance. It is worth noting that CO2-saturated
electrolytes presented a reduced pH of 6.7. LSV curves were obtained
with potential scans ranging from −0.7 to 0.6 and 0.2 to −0.4 V vs.
Ag/AgCl for the anodic and cathodic half-cell investigation with a step
of 1 mV and a scan rate of 10 mV s−1 recorded. A platinum wire was
employed as the counter electrode, while an Ag/AgCl electrode was
the reference. The potentials referenced to Ag/AgCl were converted
to the reversible hydrogen electrode (VRHE) using the Nernst
equation, as follows:9 VRHE = VAg/AgCl + (0.059 × pH) + 0.197 V.

PFC polarization curves were obtained in a single-chamber reactor
under stationary conditions with electrodes shoulder-by-shoulder (see
Figure S1 for further details) using back illumination and W:BVO/
WO/WO as the photoanode and Cu2O/CuO as the photocathode.
The electrolyte for PFC measurements was a 0.5 M Na2SO4 + 0.5 M
Na2SO3 + 0.04 M NaHCO3 solution with a saturated amount of CO2
for 60 min. Polarization curves were recorded in potentiodynamic
mode from the open-circuit voltage (Voc) to 0 V, with a scan rate of
10 mV s−1. Before each measurement, Voc was allowed to stabilize
until variations within the tolerance limit of 10 mV min−1 were
reached.

To calculate the power density, the following equation was used:36

P = V × J. Chronoamperometry was performed at 0.35 V (point
corresponding to 2/3 of maximum power in polarization curves) and
at 0 V, conducted with a Metrohm potentiostat−galvanostat
PGSTAT128N in a two-electrode setup, using a newly developed
cell with a gastight cover to allow gas quantification (details in Figure
S2). Prior to measurements, the reactor was saturated with high-
purity CO2 for 30 min (5 min at 4 mL min−1 followed by 25 min at 2
mL min−1). A control test was conducted for 10 min in the dark (no
products detected) and, subsequently, for 60 min under illumination
(AM1.5 filter, 100 mW cm−2). Gaseous products were analyzed every
20 min using an Agilent 7890B gas chromatograph (GC) equipped
with flame ionization (FID) and thermal conductivity (TCD)
detectors. The reactor outlet was directly connected to the GC
through a stainless-steel line. CO2 (99.999%) was used as the carrier
gas at a constant flow rate of 1.0 mL min−1, controlled by a mass flow
controller. Gas samples were introduced via a fixed-volume sampling
loop, corresponding to an injected volume of 0.99 mL per analysis.
Gas separation was achieved using two columns connected in series:
an HP-PLOT/Q column (40 m length, 0.53 mm internal diameter,
and 40 μm film thickness) for the separation of CO2, CO, and CH4,
followed by a molecular sieve column (30 m length, 0.53 mm internal
diameter, and 40 μm film thickness) for the separation of H2, O2, and
N2. The GC oven was operated under isothermal conditions at 300
°C throughout the analysis. The injector temperature was set to 110
°C. Detector temperatures were 200 °C for the TCD and 300 °C for
the FID. A methanizer operated at 380 °C was employed upstream of
the FID for CO detection, with N2 used as the FID makeup gas. The
total chromatographic run time was 11 min, allowing the complete
separation of all target gaseous species. Retention times and
calibration curves for all analyzed gases were obtained using certified
standard gas mixtures (White Martins, Brazil). Faradaic efficiencies
(FE) for gaseous products were calculated based on the amount of
charge associated with the formation of each product relative to the
total charge passed during the reaction. The number of moles of each
gaseous product (ni) was determined from GC quantification using
the corresponding calibration curves. The Faradaic efficiency for a
given product i was then calculated using

=
· ·

×
n z F

Q
FE (%) 100i

i i

where zi is the number of electrons required to form one molecule of
product i (8 for CH4, 2 for H2), F is the Faraday constant (96,485 C
mol−1), and Q is the total charge passed during the selected time
interval, obtained by integrating the photocurrent−time curves.
2.4. Identification of Liquid Products from CO2

For NMR analysis, 400 μL of the sample and 200 μL of deuterated
water with TSP-d4 0.05% (w/v) were added to an NMR tube of 0.5
mm. 1H NMR spectra were carried out on a Bruker Avance Neo
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Figure 2. Morphological and optical characterization of the electrodes: representative top-view SEM images of (a) W:BVO/WO/VO and (b)
Cu2O/CuO. Representative cross-sectional view SEM images of (c) W:BVO/WO/VO and (d) Cu2O/CuO. (e) UV−vis diffuse reflectance spectra
and (f) Tauc plot of the photoelectrodes.

Figure 3. Photoelectrochemical tests using simulated solar irradiation (AM1.5G, 100 mW.cm−2), a Ag/AgCl reference electrode, and a Pt counter
electrode, with different electrolytes: (a) sulfite oxidation using the W:BVO/WO/VO photoanode and (b) CO2 reduction using the Cu2O/CuO
photocathode. Full-cell measurements feature (c) polarization and (d) power density curves. Performance of the PFC (c, d) was obtained in the
shoulder-by-shoulder configuration with a stationary two-electrode and single-compartment cell, employing W:BVO/WO/VO as the photoanode
and Cu2O/CuO as the photocathode. The electrolyte was 0.5 M Na2SO4 + 0.5 M Na2SO3 + 0.04 M NaHCO3, with the CO2 saturated for 60 min.
Dark curves in panels (a) and (b) were obtained in the sulfate electrolyte for comparison. All other dark curves showed identical results without
notable current generation.
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(11.75 T) spectrometer, operating at 500 MHz for 1H frequency. 1H
NMR spectra were acquired with 1 k scans (NS), 64 k points (TD),
2.62 s acquisition (AQ), a relaxation delay of 12 s (d1), and a spectral
width (SW) of 25 ppm. NS and d1 values were adjusted to obtain a
good signal-to-noise ratio. All spectra were processed using zero
filling, an exponential multiplication of 1.0 Hz (LB), and manual
phase and baseline corrections. Spiking tests using standard
compounds were performed to corroborate the presence of the
identified compounds in the sample. The relative proportion was
calculated using the integral of the signals divided by the number of
hydrogens present in each signal.

3. RESULTS AND DISCUSSION
The pristine W:BVO/WO/VO film surface reveals a complex
structure with particles randomly dispersed on the FTO
substrate, as shown in SEM images in Figure 2a. These
particles exhibit diverse morphologies, encompassing spherical,
rod-shaped, and plate-shaped structures, representing the
W:BVO, VO, and WO components, respectively. This
configuration establishes different heterojunctions within the
material, as previously reported.24 Figure 2b shows the SEM
image of the pristine Cu2O/CuO electrode, characterized by
irregular and compacted truncated polyhedron-shaped par-
ticles. Figures 2c and 2d show cross-sectional views of the
W:BVO/WO/VO and Cu2O/CuO photoelectrodes, respec-
tively. The profilometry of the photoanode and photocathode
films shows mean thicknesses of 16.5 ± 0.5 and 3.5 ± 0.5 μm,
respectively. The thicker photoanode film results from the
drop-casting deposition of multiple-sized particles on the FTO
(Figure 2a). The more uniform shape and size distribution of
the Cu2O/CuO particles obtained by electrodeposition fits
better the particles on a film structure, generating a thinner and
smoother film (Figure 2b).

Figure 2e illustrates that the photoanode can absorb light up
to approximately 550 nm, whereas the photocathode can
absorb light over the entire visible range. Previous research has
reported the band gaps of V2O5, W:BiVO4, and WO3, prepared
exactly as in this work, as 2.27, 2.44, and 2.90 eV,
respectively.24,35 Herein, the whole ternary composite photo-
anode exhibits a single band gap of 2.53 eV, as determined
from the Tauc plot (Figure 2f). In contrast, as expected, the
Cu2O/CuO photocathode demonstrated a lower band gap of
1.34 eV.

Redox reactions at the electrolyte−electrode interface play a
crucial role in photocurrents in a photoelectrochemical system.
We conducted half-cell experiments to understand how each
photoelectrode behaves under different electrochemical
conditions. The results of these experiments are presented in
Figure 3.

As shown in Figure 3a, the photoanode exhibited a
photocurrent density of 0.4 mA cm−2 at 0.4 VAg/AgCl during
water oxidation when sulfate was the only component in the
electrolyte. When sulfite was added to the electrolyte (sulfate/
sulfite) at the same applied potential, the photocurrent
increased from 0.4 to 1 mA cm−2, more than doubling it.
According to earlier research, the sulfite ion is a highly selective
hole scavenger that facilitates effective charge transfer and
photooxidation processes, resulting in enhanced photocurrents
in anodic half-cells.37 This result suggests that sulfite oxidation
is a promising option as an inorganic fuel in a PFC.
Additionally, the onset potential of the light-driven reaction
was decreased by 0.25 V. On the other hand, the addition of
carbonate ions does not significantly affect the PEC perform-
ance of the photoanode, indicating that the presence of these

species in the electrolyte does not impact water/sulfite
oxidation. This result is pivotal in allowing membraneless
single-chamber PFCs for CO2 reduction. Thus, the CO2 fed in
a cell will not react at the anodic surface, assuring that the
active site of the photoanode exclusively participates in fuel
oxidation.

In the cathodic half-cell investigation (Figure 3b), a
photocurrent of −0.40 mA cm−2 at −0.3 VAg/AgCl can be
observed with only sulfate in the electrolyte. Interestingly, the
addition of sulfite (sulfate/sulfite) slightly improved the
efficiency of the photocathode, resulting in a slight increase
in the photocurrent to −0.6 mA cm−2 at the same applied
potential. Here, although sulfite can theoretically be reduced, it
would occur at higher reducing potentials, near −0.86 V vs.
Ag/AgCl at pH ∼9.7 (without CO2).

38 This observation
suggests that the increase in conductivity enhances current
and/or that sulfite could act as a trap for holes created on the
electrode surface and enhance the reduction process at the
photocathode.39 Adding bicarbonate (HCO3

−) to the sulfite/
sulfate electrolyte increases the cathodic current (Figure 3b),
resulting in a photocurrent of ∼−0.8 mA cm−2 at −0.3
VAg/AgCl. Notably, the CO2 was not externally saturated in the
electrolyte in this case. Therefore, the photocurrent increase
mostly comes from HCO3

− reduction since it is the
predominant species at pH 8.8, as indicated by the Bjerrum
plot for carbonic acid derivatives.40 Figure S3 presents the
voltammograms on the RHE scale, for comparison. However,
we emphasize that scale conversion may not account for
interfacial pH variations.41

After saturating the sulfate/sulfite-based electrolyte with
CO2, the pH reduced from 8.8 to 6.7, and the photocurrent
increased from −0.6 to −1.7 mA cm−2 at −0.3 VAg/AgCl. This
result is a consequence of the CO2 and bicarbonate (from
CO2) reduction reactions, since now both species may coexist
according to the Bjerrum plot,40 from here onward described
solely as CO2RR. Figure 3b also shows that the current is
virtually constant by adding bicarbonate to a solution saturated
with CO2.

In summary, as shown in due course, the solution pH is
initially alkaline and close to neutral after saturating with CO2;
thus, the CO2RR is mostly controlled by the reduction of
dissolved CO2 and HCO3

−. Regardless of the mechanism, the
electrons�harvested from the anode and delivered to the
cathode, and those directly generated through the photo-
cathode light excitation�drive the conversion of CO2 into
products on the photocathode surface.42−44 Therefore, these
results highlight the potential of this electrolyte for use in
shoulder-to-shoulder PFC systems for sustainable CO2
conversion and utilization, demonstrating the importance of
understanding the influence of electrolyte composition on the
performance of both the photoanode and the photocathode in
a PEC system.

A PFC works as a galvanic cell, generating cell voltage and
electric work through a spontaneous redox reaction. The
condition for spontaneity is governed by ΔG < 0, as defined by
ΔG = −nFΔE, where n is the number of electrons transferred,
F is Faraday’s constant, and E is the cell voltage. A positive ΔE
is crucial to ensure PFC functionality, indicating a spontaneous
redox reaction that allows current flow and work production.
In practical terms, the feasibility of PFC operation relies on the
onset potential of the reduction reaction (Eonset

C) in the
cathode surpassing that of the oxidation reaction (Eonset

A) in
the anode, given by (ΔE) = Eonset

C − Eonset
A.7 Therefore,
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assessing the onset potentials of the proposed oxidation and
reduction reactions is essential to demonstrate PFC viability
under realistic conditions.

The onset potentials identified from the derivative
voltammetry of the reactions45,46 in this study are shown in
Figure S4. When coupling the illuminated W:BVO/WO/VO
photoanode for sulfite oxidation with the Cu2O/CuO
photocathode for CO2 reduction, the onset potentials are
−0.41 and 0.15 V vs. Ag/AgCl (0.31 and 0.74 V vs. RHE),
respectively. This results in a positive ΔE of 0.43 V, enabling
spontaneous operation under illumination, where the device
simultaneously generates electrical power and drives CO2
reduction and sulfite oxidation in water. The spontaneous
operation of the W:BVO/WO/VO-Cu2O/CuO PFC arises
from the combined photovoltage (net built-in potential)
generated by the illuminated n-type and p-type semi-
conductors and the alignment of their band edges with the
redox potentials of the coupled reactions.7 Under illumination,
the built-in electric fields at each semiconductor−electrolyte
interface separate charge carriers, driving holes at the
photoanode surface to oxidize sulfite and electrons at the
photocathode to reduce CO2. It allowed spontaneous charge
transfer and product formation without an external voltage
bias.

Consequently, PFC polarization and power density curves
were obtained by assembling the two photoelectrodes in a
shoulder-to-shoulder configuration under single-chamber sta-
tionary cell conditions (Figure S1). The polarization and
power density curves are shown in Figures 3c and 3d,
respectively. Under dark conditions, the performance is
negligible with VOC = 0.13 V and Pmax = 0.08 μW cm−2.
These values significantly increased when the electrodes were
exposed to light under a one sun condition. Specifically, the
VOC increased to ∼0.50 V, the Pmax increased to 0.05 mW
cm−2, and the Jmax reached 0.50 mA cm−2.

Yu et al.47 reported a PFC featuring a H-type cell, Nafion
211 membrane, flow conditions, TiO2 as a photoanode, and
commercial Pt-coated carbon paper (DMFC Cathode, Alfa
Aesar, UK) as an air-breathing cathode. They investigated the
PFC performance in using methanol as a fuel and anolyte
saturated with CO2 under acidic conditions, achieving a VOC of
0.97 V, a Jmax of 0.391 mA cm−2, and a Pmax of 0.207 mW cm−2

under a UV-LED illumination source (HTLD-S60-365,
China). Zhang et al.48 reported a similar PFC system but
with a rotating Ti3C2 as a cathode and 0.1 M Na2SO4 + methyl
orange solution as the electrolyte. They showed that
wastewater is oxidized on the anodic side, producing CO2

that was supplied to the cathodic chamber through a
switchable gas channel. The CO2 diffused into the cathode
chamber was then further reduced at the cathode to produce
CO and CH4. The device achieved a VOC of 0.80 V, a Jmax of
0.70 mA cm−2, and a Pmax of 28.5 μW cm−2 using two 8 W low-
pressure mercury lamps (G8 T5, Philips) as a light source. In
another work,49 a similar system with the same photo-
electrodes was reported with some modifications, where 0.1
M Na2SO4 solution with CO2 saturation was used as the
catholyte (anolyte pH 13 and catholyte pH 1). The best results
reached VOC = 0.80 V, Jmax = 0.34 mA cm−2, and Pmax = 10.50
μW cm−2, with CH4 as the main product.

Xie et al.,50 constructed a flow PFC system consisting of the
TiO2 photoanode and Pt-coated carbon paper cathode, with
the CO2-saturated H2SO4 electrolyte. They showed CO2
reduction to methanol and ethanol, achieving VOC = 0.88 V,
Jmax = 0.08 mA cm−2, and Pmax = 0.03 mW cm−2, using a UV-
LED (HTLD-S60-365, China) as a light source. Jiao et al.51

also reported CO2 reduction to methanol and ethanol using a
flow PFC comprising an integrated 3D TiO2/Ni foam and
TiO2-coated FTO photoanode and commercial Pt/carbon
paper as a cathode, with a CO2-saturated 0.02 M H2SO4
electrolyte. They achieved a VOC of 0.98 V, a Jmax of 0.20 mA
cm−2, and a Pmax of 0.122 mW cm−2 using a UV-LED (HTLD-
S60-365, China, 10 mW cm−2) as a light source.

Table 1 compiles key findings from related studies on the
PFC performance for the CO2RR under different config-
urations. After analyzing the data in Table 1, it becomes very
difficult to establish a direct relationship between the results
since some studies do not use light sources that match the
solar spectrum, an important parameter for applications.
Therefore, our results are comparable to the best works
reported in Table 1, demonstrating enhanced photoelectrodes
for solar energy conversion in a single-chamber, shoulder-to-
shoulder, membraneless, and stationary PFC configuration.
3.1. Liquid and Gas Product Identification from CO2
Reduction

After all half-cell experiments and the two-electrode polar-
ization studies, potentiostatic experiments were performed at 0
V (unbiased, Figure 4) and 0.35 V (2/3 of the maximum
power density produced by the PFC, Figure S5) for 1 h. Gas
quantification was conducted using online GC every 20 min in
a specially designed cell with a gastight cover (Figure S2).
Subsequently, aliquots from the electrolyte were collected after
1 h and subjected to 1H NMR analysis to identify the CO2RR
liquid products. As shown in Figure 4a, the device operated at
0 V exhibited an initial photocurrent density of ∼0.12 mA

Figure 4. Photocurrent stability (a) and gas-phase product formation (b) during spontaneous CO2 reduction in solar-driven PFC at 0 V.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c03695
ACS Appl. Energy Mater. 2026, 9, 2197−2208

2203



cm−2, which remained stable for approximately 25 min before
gradually declining to ∼0.03 mA cm−2 at 35 min. This decrease
is attributed to photocorrosion of the Cu2O-based photo-
cathode (discussed later). After this point, the photocurrent
continued to decrease, reaching nearly zero at ∼50 min. Figure
4b presents the corresponding gas-phase products detected
over time. CO2 was selectively reduced to CH4 at a rate of 0.25
μmol cm−2 h−1, while proton reduction yielded H2 at trace
quantities of 0.02 μmol cm−2 h−1. Faradaic efficiencies,
calculated in the first 20 min (0.13 C of total charge), prior
to a significant photocurrent drop, were 40.8% for CH4 and
0.5% for H2. These results demonstrate that CO2 reduction
overwhelmingly dominates over the competing water reduc-
tion pathway under the applied conditions.

The 1H NMR spectral profiles of the samples displayed
characteristic signals of ethanol, acetate (CH3COO−),
methanol, and formate (HCOO−), alongside a few unidenti-
fied compound signals in a lesser proportion (Figure S6). All
identified compounds were annotated using standard addition
experiments (spiking). The identified compounds are present
in low concentration owing to a high proportion of water from
the reaction medium, and their detailed relative proportions
are presented in Table 2. Consequently, it can be observed that
the predominant compound formed was ethanol, followed by
formate, acetate, and methanol.

The unprotonated formate is found instead of formic acid
due to pH 6.7 of the product solution since the pKa of the acid
is 3.77. Carbonate may be directly reduced to formate in a half-
reaction involving two electrons. Although bicarbonate is not
likely to reduce in the presence of carbonate, as shown by the
differences in ER

0 and the voltammograms in Figure 3b, some
small amount of such anions could be reduced to formate as
well since we cannot distinguish whether formate originates
from carbonate or bicarbonate reduction reaction. Methanol
and ethanol are protonated at pH 6.7 due to their pKa 15.5 and
15.9, respectively. Considering that the pKa of acetic acid is
4.75, the product found here is unprotonated at pH 6.7.

Our study presents a dual PFC system that effectively
captures and converts CO2 into high-value compounds without
needing external bias. While the current output power of our
PFC ranks among the highest reported in the literature under
one sun conditions (AM1.5G, 100 mW cm−2), integrating the
photocatalysts into a membraneless configuration showcases
significant potential in tackling the issue of CO2 mitigation. To
optimize both product yield and conversion efficiency,
exploiting convective mass transport within a flow-through
electrode setup could be advantageous. This approach can
enhance collision rates between reactants and catalyst surfaces,
potentially boosting overall performance.

3.2. Discussion of Photoelectrode Stability and Surface
Composition

XPS analysis was performed to better understand the chemical
processes occurring on the sample surface. Measurements were
performed before and after the PFC experiment. The XPS data
are displayed in Figure S7. For C 1s, four components were
shown at approximately 284.8, 285.8 (±0.2), 287.0 (±0.2),
and 288.8 (±0.1) eV, attributed to the C−C, C−OH (or C−
O−C), C=O, and O−C=C bonds, respectively. These
contributions come from adventitious carbon; the main peak
was used for energy calibration.

The high-resolution spectrum of the as-prepared photo-
anode was deconvoluted into four distinct components, Figure
S7a. At 530.0 ± 0.1 eV, the main peak comes from oxygen
atoms bound to metals in the lattice structure.18,52 Since the
photoanode comprises three distinct oxides, isolating each
metal−oxygen signal proves challenging. Additionally, the peak
at 530.9 eV is ascribed to adsorbed hydroxyl groups on the
surface (HO−), and the 531.9 and 533.0 eV peaks are
attributed to carbon surface contaminations from C−OH and
C−O−C (or O−C−C), respectively.53,54 The W 4f spectra
showed two peaks positioned at 35.7 and 37.7 eV and
attributed to W6+, Figure S7b.55 The Bi 4f spectrum shows two
peaks located at 164.4 and 159.0 eV, with an energy separation
of 5.3 eV, Figure S7c. The V 2p spectrum shows two peaks at
524.0 and 516.6 eV, with an energy separation of 7.4 eV,
Figure S7d. It indicates that the bismuth and vanadium species
are in the trivalent and pentavalent states, respectively.9,18 The
photoanode surface composition was investigated after PFC
operation under light irradiation (AM1.5G, 100 mW cm−2).
After PFC tests, the photoanode’s Bi 4f and V 2p peaks
showed a 0.2 and 0.3 eV shift to lower binding energy,
respectively. For O 1s, the shift was 0.1 eV in the same
direction. W 4f signal decreased after PFC operation, making it
difficult to ensure a chemical shift. These results indicate that
the surface composition is only slightly affected after the
electrode is exposed to the operating conditions. Details of
peak component fittings can be accessed in Table S1.

Figure 5 shows the O 1s and Cu 2p high-resolution XPS
spectra of the Cu2O/CuO photocathode for investigating its
chemical surface composition before and after PFC operation.
The as-obtained photocathode showed five O 1s peaks located
at 529.8 eV (48.43%), 530.7 eV (15.76%), 531.5 eV (19.32%),
532.2 eV (9.90%), and 533.2 eV (6.59%), as shown in Figure
5a. The first two peaks can be assigned to Cu−O bonding in
CuO and Cu(OH)2 lattice, respectively.56−58 The peak at
531.5 eV is ascribed to HO−; the other peaks at 532.2 and
533.2 eV are attributed to surface contaminations from C−OH
and C−O−C (or O−C−C).59 After irradiation, the Cu(OH)2
and HO− contents were practically the same, but carbon-based
contaminations increased in the latter case, see Table S2.

The Cu 2p high-resolution spectra showed two doublets in
the spectrum and their associated satellites, characteristics of
Cu2+, as shown in Figure 5b. One doublet shows two peaks
centered at 933.6 and 953.4 eV, which is assigned to the Cu
2p3/2 and Cu 2p1/2 from CuO, respectively.57,58 These peaks
contribute 79.6% of the Cu 2p spectrum. The other 20.4%
comes from the doublet centered at 934.9 and 955.4 eV,
evidencing the formation of Cu(OH)2.

57,58 As can be seem,
Cu2O was not found on the photocathode surface, which is
expected since the electrodes were calcined at 400 °C for the
Cu2O/CuO heterojunction formation. It is important to
highlight that the Cu 2p spectra before and after PFC

Table 2. Relative Proportion of Identified Liquid
Compounds Using NMR

compound
1H NMR chemical shift

(ppm)
assignment

(number of H)
relative

proportiona

formate 8.46 HCOOH (1) 1.0
methanol 3.37 CH3 (3) 0.56
acetate 1.93 CH3 (3) 0.95
ethanol 1.19 CH3 (3) 1.4
aCalculated by dividing the integral values from the 1H NMR
spectrum by the number of hydrogens in each signal.
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operation are almost identical with similar surface contribu-
tions. The CuO and Cu(OH)2 peaks shifted 0.1 and 0.2 eV to
the lower binding energy direction, respectively (Table S2).

The XRD patterns and optical characterization of the
samples are presented in Figure S8. The photoanode presents
diffraction peaks corresponding to the expected crystalline
phases (BVO, WO, and VO), Figure S8a.24,35 Conversely, the
photocathode’s XRD data are displayed in Figure S8b. After
the peaks associated with FTO are discarded, the most
prominent peaks associated with Cu2O in the cubic phase
(crystallography open database�COD, 9005769) are those
located at around 29.5, 36.3, 42.3, and 61.2°. The remaining
peaks are indexed to CuO in the monoclinic phase (COD
1011194). These photocathode XRD data confirm the
expected Cu2O/CuO composition. The XRD data further
confirm that the photoanode structural properties did not
drastically change after the PFC operation. However, this was
not the case with the photocathode. As shown in Figure S8b,
the peaks from Cu2O, estimated around 30, 36, 43, and 61°,
disappeared, indicating a complete oxidation of Cu2O to CuO
after PFC operation. Drastic changes in the morphology of the
photocathode can also be observed, as shown in Figure S9.

As already mentioned, the drawback of copper-based
photocathodes is photocorrosion. Wang et al.6 investigated
photocorrosion under diverse conditions to comprehensively
elucidate the corrosion mechanism of Cu2O and its influencing
factors. Their findings underscored the pivotal role of
accumulated photogenerated electrons in Cu2O corrosion,
attributable to the sluggish kinetics of the carbon dioxide
reduction reaction on the Cu2O surface. The authors
highlighted the efficacy of electron sacrificial agents in reducing
corrosion by promoting the immediate electron consumption.
Additionally, their work revealed that oxygen aids in corrosion
reduction, enhancing the electron utilization efficiency.

Given that photogenerated electrons (e−) at the photo-
cathode/electrolyte interface likely participate in CO2
reduction, while the resulting holes (h+) may recombine at
the photocathode/substrate interface with e− coming from the

photoanode, a plausible mechanism arises: the quantity of
generated electrons might not completely neutralize all formed
h+. In such a scenario, residual h+ could theoretically initiate
oxidation processes at the photocathode/substrate interface.
This speculative explanation implies a potential correlation
between the availability of e− from the external circuit and the
photocathode stability, underscoring the intricate interactions
within the photocatalytic system.

Undoubtedly, a thorough investigation into stability
mechanisms is imperative to fully follow the oxidation
phenomenon’s impact on the sample’s performance. However,
this aspect currently awaits further exploration in future
research endeavors. A deeper comprehension of the interplay
between oxidative processes and material stability holds
promise for refining strategies to optimize the photocathode’s
functionality.

4. CONCLUSIONS
We investigated for the first time a stationary, single-chamber,
membraneless, solar-driven fuel cell system for CO2 reduction
and sulfite oxidation employing two light-sensitive semi-
conductor-based electrodes. The photocathode and photo-
anode were specifically designed to have improved photo-
electroactivity for CO2 reduction and sulfite oxidation,
respectively, converting solar light into electrical energy and
green liquid fuels spontaneously. Different electrolyte
compositions were tested using half-cell measurements,
showing that the combination of Na2SO4, Na2SO3, and
NaHCO3 offered better conditions for the CO2 reduction
reaction in a single-compartment PFC.

The W:BiVO4/WO3/V2O5 photoanode showed outstanding
photoactivity, initiating sulfite oxidation at −0.4 V vs. Ag/AgCl
and showed a photocurrent density of 1.0 mA cm−2 at 0.4 V vs.
Ag/AgCl. The photocathode started CO2 photoreduction at
0.15 V vs. Ag/AgCl and presented a photocurrent density of
1.7 mA cm2 at −0.3 V vs. Ag/AgCl. The photocathode and
photoanode combination showed a theoretical VOC of 0.56 V
for coupled CO2 reduction and sulfite oxidation. Under
simulated sunlight exposure, the shoulder-to-shoulder, single-
compartment, and membraneless PFC demonstrated an
experimental VOC of 0.50 V and a short-circuit current of 0.5
mA cm−2, resulting in a maximum power output of 0.05 mW
cm−2. The small deviation from the experimental VOC to the
theoretical value is attributed to low internal losses.

Following PFC operation, the device selectively converted
CO2 into CH4 in the gas phase, while only trace amounts of H2
were detected, confirming minimal competition from water
reduction. In the liquid phase, ethanol, formate, acetate, and
methanol were formed with ethanol showing the highest
relative selectivity among these products. These results
demonstrate that the proposed PFC can generate C1−C2
green fuels while simultaneously producing renewable energy
under simulated sunlight despite gradual photocathode
degradation over time.
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