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Solar-driven CO, reduction to liquid fuels such as formate provides an attractive solution for renewable
energy storage. This paper investigates the application of an electrochemical (EC) cell for CO, reduction
directly coupled to a photovoltaic (PV) module, which enables early-stage, long-term storage of solar
energy through a waste-to-value pathway. An earth-abundant gas-diffusion cathode based on sulfur-
modified copper oxide is employed as the core catalyst for the CO, reduction process. The cathode is
synthesized and tested in a gas-diffusion electrode (GDE) flow-cell configuration under conditions of
a realistic, directly coupled PV-EC device. Realistic field operation of the PV-EC device is reproduced
using a hardware PV emulator replicating the Si PV module /-V characteristics over a full day—night
irradiance and temperature time series, while the EC cell operates at 40 °C. Under these realistic
operating conditions, the directly coupled PV-EC device demonstrates self-sustained operation with
a high energy-coupling efficiency of 94%. The sulfur-modified copper oxide catalyst achieves stable CO,
reduction with a total solar-to-chemical efficiency of ~12% and a solar-to-formate efficiency
(STChcoo ) of ~8% at current densities of 6-19 mA cm™. Our achieved STChcoo™ is presented

alongside recorded operating current densities (jop) against previously reported literature, allowing for
Received 17th April 2026 direct . bet diff t electrochemical catalyst I desi l trateqi o
Accepted 26th June 2026 irect comparison between different electrochemical catalysts, cell designs or coupling strategies. Our
results demonstrate the feasibility of liquid-fuel production under realistic PV-driven direct-coupling
DOI: 10.1035/d6se00442c operation, representing a key step toward early-stage long-term storage of surplus PV output in

rsc.li/sustainable-energy renewable-energy-dominated systems, and coupling of PV generation to non-electrified energy sectors.

Introduction

CO, as a greenhouse gas propagates infrared re-emission,
leading to gross negative environmental and climate
changes." This is the driving force behind advancements in
the mitigation of the atmospheric accumulation of CO,,
whereby a number of approaches are considered, including CO,
usage, storage, and the reduction of the amount of CO,
produced by using low- or non-carbon technologies and energy
sources.”® In 2024, global CO, emissions from energy

combustion and industrial processes increased by
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approximately 3.6% in comparison to pre-pandemic levels.”
Transition of electricity generation to renewable energy sources
is one of the major measures of reducing CO, emissions. The
deployment of solar photovoltaics (PVs) alone curtails around
1.4 Gt of annual CO, emissions worldwide.” At the same time,
variability and intermittency of PV generation stand in the way
of fast PV deployment toward large energy shares due to the
natural generation-demand mismatch.*** This temporal
generation-demand mismatch can be resolved by temporal PV
energy coupling to the load via energy storage. This storage
must cover essentially two timescales: the relatively short time
scale from weather related fluctuations to daily variations and
the long-time seasonal variations of PV output. Most versatile
scalable and universal storage solutions belong to the realm of
electrochemical devices. The short time scale management
involves PV coupling to supercapacitors®™® and batteries
while seasonality is addressed with electrolyzers*** producing
fuels and chemicals. The whole required timescale can be
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covered via hybrid systems.”*?® The electrochemical route for
long term storage has additional advantage as it can utilize CO,
as a feedstock for solar fuel production via electrochemical CO,
reduction.>>* The storage in general and particularly electro-
chemical (EC) CO, reduction can be coupled to PV at different
stages of electricity conversion and transmission. In order to
minimize the overhead for the grid reinforcement, the PV
variability must be captured as close to the origin as possible.
The ultimate solution is to couple storage at the PV module or
PV string level directly without any intermediate power
conversion or conditioning. The feasibility and high perfor-
mance of direct coupled PV-EC devices particularly for CO,
reduction have been reported in numerous studies.>*** These
studies, however, mostly address constant standard lab condi-
tions well suited for accurate performance evaluation but less
indicative of the validity of the approach for field applications.
This gap has to be covered in order to increase the technology
readiness level of the promising PV-EC CO, reduction solutions.
Testing the PV-EC approach in realistic operating cycles is one
of the main goals of this work. Another aspect of the close
coupling of PV and EC is the practicality of product handling. In
the case of the distributed EC storage solution, it is highly
desirable to produce liquid products which simplifies and
reduces cost of product collection and handling. In this work we
address both aspects by testing an EC cell producing formate
(HCOO™) directly coupled to the PV device exposed to realistic
daily operating cycles. On the EC side the operating tempera-
ture has been elevated to 40 °C in order to approach conditions
typical for industrial low temperature electrolyzers. Any EC
technology developed as a storage solution for PV must be
scalable up to the TW scale, which implies that it must be based
on abundant materials. We approach this key aspect of the
development by testing an earth-abundant gas diffusion
cathode that is based on sulfur-modified copper oxide. With an
appropriate formulation, particularly low S content, these
catalyst components enhance selectivity to formate and reduce
the formation of CO, allowing for a high carbon selectivity.**-*”
To facilitate the cathode reaction, the sulfur-modified copper
oxide was airbrushed on a gas diffusion layer (GDL) substrate
(Cu,0:S/GDL). The focus of the work was on the cathode side
performance and therefore, established IrO,/GDL was used on
the anode side for water oxidation in the oxygen evolution
reaction (OER). For the PV-power input, a Si-based PV module
with an efficiency of 24.8% (Standard Test Conditions (STC): AM
1.5 1000 W m ™2 25 °C) was used. One key limitation of typical
PV-EC experiments is mismatching the device sizes and volt-
ages. The lab scale electrochemical devices have geometrical
electrode areas from a few cm? to approx. hundred em?” and are
represented by a single cell reactor. The operating voltage of
such devices ranges from typically 2---5 V with a power of 0.1---
10 W. The practically relevant commercial PV modules include
60 or more cells with a power of hundreds of Watts. Therefore,
the PV-EC experiments must rely on small size custom PV
devices which are less representative of real field applications
and severely limit flexibility and finetuning of the PV-EC
devices. Another experimental limitation is related to the diffi-
culties in realizing long term experiments with variable
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irradiance and temperature for the PV devices. To overcome
these limitations, we employ our recently developed PV
emulator®® which is capable of reproducing the physical I-V
output of any required PV module under the target timeseries of
temperature and irradiance, and has been successfully applied
in our previous studies.**** The emulator provides flexibility in
the choice of PV module, the timeseries of PV conditions and
scaling of the PV output to match the EC operating range. With
this approach we can test an EC device of any scale as if it was
a part of the real PV-EC device configuration operating under
the target climatic conditions and reproduce the experiment
with high accuracy for the required number of times. Here, the
operating profile of the PV module was represented by a typical
sunny summer day in Freiburg, Germany, over various plane-of-
array (POA) irradiances (G) and PV module temperatures (7),
depicting sunrise to sunset.

The PV-EC device demonstrated stable operation under the
investigated fluctuating input power conditions, with high
energy coupling efficiency achieved between the two devices
and improved I-V characteristics of the EC cell observed
thereafter. The fabricated cathode material retained its overall
selectivity to formate under these operating conditions and
showed no major irreversible loss of catalytic activity via linear
sweep voltammetry (LSV) after over 6 hours of PV-EC device
operation and electrolyte replacement. This work provides an
introduction for scalable, real-world outdoor applications of
direct coupled PV-EC device configurations, whereby highly
efficient solar fuel production can be designed and tuned
through optimized coupling of the devices. This is a key step
toward early-stage long-term storage of surplus PV output in
renewable-energy-dominated systems, and coupling of PV
generation to non-electrified energy sectors.

The paper is organized as follows:

First, the experimental details of the materials, measure-
ment procedures, and testing setup are presented, including
the experimental preparation and characterization of the
materials. Then, the devices utilized in the PV-EC configuration
are described, alongside relevant optimization techniques, total
performance evaluation and key performance metrics used for
assessment. Subsequently, the properties of the synthesized
cathode material are discussed, and its temperature- and
voltage-dependent performance in the EC cell is evaluated
across a cell voltage range of 2.4 V to 3.2 V and a temperature
range of 20 °C to 60 °C. Finally, the PV-EC configuration is
tested in a realistic day cycle under the target climatic condi-
tions using a PV emulator. The results are shown and discussed
individually and in comparison with previously reported liter-
ature in terms of STCxcoo and jop.

Experimental
Solvothermal synthesis of the Cu,0:S catalyst

16 mmol of copper(u) nitrate trihydrate (Sigma-Aldrich =99.5%)
was homogenized in 80 mL of ethylene glycol (Sigma-Aldrich
=99%) for 30 minutes at room temperature. The mixture was
then transferred into a 125 mL polytetrafluoroethylene (PTFE)
cup where 0.268 mmol of elemental sulfur flakes (Sigma-Aldrich

This journal is © The Royal Society of Chemistry 2026
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99.998%) was broken into smaller particle sizes. The PTFE cup
was then heat treated at 140 °C in an autoclave, with an initial
ramp rate of 5 °C min~" for 10 h and then allowed to naturally
cool to room temperature. The resulting mixture was washed by
centrifugation with Milli-Q water (18 MQ cm) at 4000 rpm for
10 min in three cycles. The powder obtained was dried over-
night in an oven at 80 °C. The representative schematic is
shown in Fig. S1a.

Fabrication of gas diffusion electrodes

Gas diffusion layer (GDL) sheets (Ion Power, Sigracet 39BB) were
used as substrates for both gas diffusion electrodes (GDEs). A
36 mm diameter hole punch (JLB 260PACC, BOEHM) was used
to cut the substrate material into the desired shape. The
cathode and anode were fabricated using the synthesized
Cu,0:S powder and commercially purchased IrO, (Thermo
Scientific, 99.99% metal basis) powder, respectively. For each
electrode, 100 mg catalyst powder, 100 pL Nafion 117 (Sigma-
Aldrich, 5 wt% in a mixture of lower aliphatic alcohols and
water) and 4 mL 2-propanol (VWR Chemicals, =98%) were
combined to form a catalyst ink. The inks were then ultra-
sonicated for at least 30 min at room temperature before being
sprayed onto the GDL with an airbrush (Iwata Eclipse Takumi)
supported on a hot plate at 40 °C to facilitate solvent evapora-
tion. A mold was applied such that only a diameter of 30 mm
was airbrushed, and then the amount of catalyst loading in mg
em~? for each electrode was determined by comparing the
weight of the bare substrate and gas diffusion electrode (GDE),
with a targeted catalyst load of 1.5 mg cm 2. The representative
schematic is shown in Fig. S1b.

Surface characterization of the cathode material

The synthesized Cu,O:S powder was analyzed via X-ray diffrac-
tion (XRD) using an Empyrean (Malvern Panalytical, Nether-
lands) to evaluate its crystal structure. The patterns were
recorded in the 20-80° 26 range with a step size of 0.026° and
a counting time of 250 s per step using a 255 channel PIXcel
detector. The morphology and composition of the self-prepared
Cu,0:S/GDL was characterized before use via scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX), employing an FEI Magellan in combination with
a conversion tool, EDX detector model X-Max 80 mm” (Oxford
Instruments GmbH) and the respective software (AZtec 6.1).

Electrochemical CO, reduction setup

A custom-built GDE flow cell consisting of a cathode side, anode
side and gas chamber was used for the electrochemical CO,
reduction reaction. A visual representation of the EC cell and its
components is shown in Fig. 1. The EC cell gas chamber was
integrated on the cathode side and separated from it by the gas
diffusion cathode/working electrode, while the cathode and
anode sides were separated by a PTFE reinforced cation
exchange membrane (N324, Nafion). The in-house-prepared
Cu,0:S/GDL and IrO,/GDL with a diameter of 36 mm were
employed as the cathode and anode, respectively. 0.1 M KHCO;
saturated with CO, at a flow rate of 20 sccm was used as the

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Visual representation of the gas diffusion electrode (GDE) flow
cell used and its components. (a) Schematic illustration of the working
principle of the electrochemical (EC) cell. The abbreviations ‘GDL’,
‘CO2RR’, 'CEM’, and ‘OER’ correspond to the gas diffusion layer, carbon
dioxide reduction reaction, cation exchange membrane, and oxygen
evolution reaction, respectively. (b) Exploded view of the EC cell
showing related electrodes, membranes and sealing gaskets.

catholyte, whilst 1 M KOH was used as the anolyte. Both elec-
trolytes flowed from their respective reservoirs into the EC cell
at a flow rate of 50 rpm. CO, gas was also introduced into the EC
cell via the gas chamber inlet at 20 scem as shown in the
representative schematic below. With the gas chamber outlet on
the GDE flow cell closed, only the overhead space in the cathode
reservoir was investigated for gaseous products using an online
gas chromatograph. The full schematic of the experimental set-
up is depicted in Fig. S2.

Ambient pressure electrolysis was performed in a two-
electrode configuration between 20 °C and 60 °C at an applied
cell voltage of 2.6 V and at 40 °C in the cell voltage range of 2.4 V
to 3.2 V. In both cases, the electrolytes were heated using
heating pipes along the tubing and the temperature was
monitored using a temperature controller connected to the
electrolyte reservoirs. Linear sweep voltammetry (LSV)
measurements were also performed periodically to explore the
electrochemical behavior of the cathode material. Measure-
ments for the electrochemical characterization of the EC cell
were performed at temperatures between 20 °C and 60 °C using
a multichannel OrigaFlex potentiostat (OGFDRV and OGF05A,
OrigaLys). At each operating temperature, an LSV measurement
was conducted at a scan rate of 5 mV s~ ' followed by a CA
measurement at an applied voltage of 2.6 V for a time period of
1 h. After each LSV and CA run, the used electrolytes were
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flushed, and a new batch of fresh electrolytes was introduced
into the EC cell before being heated up to the required
temperature for the next measurement. For the target operation
of the EC cell with a PV device, the experiments were performed
at 40 °C using a PV emulator. Here, the same electrolytes were
used throughout, with a 15 min rest period observed between
applied voltages.

PV emulation

A PV emulator has been applied to provide realistic output of
a commercial PV module installed in Freiburg, Germany. The
PV emulator is designed to accurately reproduce the electric
output of the target PV module according to its I-V character-
istics under the target operating conditions. The emulator
consists of both hardware (PC and source measure unit) and
software components (Python and Standard Commands for
Programmable Instruments (SCPI)).*® Application of the PV
emulator allows the coupling of the output of a realistic PV
device installed in the field to the experimental EC devices
operating in a typical electrochemical lab with necessary scaling
and mutual matching to realize conditions of a properly
designed PV-EC device. This enables operation under defined
irradiance and temperature conditions in accurately controlled
and reproducible experiments and flexible selection of the PV
module (type, size, and number of cells) as demonstrated in our
previous studies.***!

In this work, the output of the AIKO-A495-MCE54Mw Si-
based PV module from Neostar was used for emulation. Its
parameters are described in the SI. Initially, all current-voltage
(I-V) curves are generated for the reference PV module for
a typical sunny summer day in Freiburg, Germany, using the
standard  six-parameter  photovoltaic module  model
(CEC6PPVMM™) as described in the SI. The generated PV
module I-V curves over the representative 24 hour condition set
are shown in Fig. S3. We selected a temporal subset (hours 5-22)
of the original set for the operating profile and then derived
a condensed (accelerated) laboratory timescale of around 7
hours from it. While this timescale enables direct comparison
with existing literature, it does not yet reflect the long-term
operational stability required for practical applications. The
profile features plane-of-array irradiance (G) from 36 W m ™~ to
a maximum of 1055 W m~2 and back to 8 W m™2, and PV
module temperatures (7) from 4 °C at the beginning of the day,
to 42 °C at maximum solar irradiance, and 13 °C at the end of
day. All combinations of G and T'in the original 24 hour set, and
the condensed laboratory timescale are shown in Fig. S4. The
original PV module has an active area of approximately 2 m>
and consists of Ngmoq = 54 cells connected in series which
results in severe output voltage and current mismatch to the
tested lab scale EC device.

For proper function and optimal performance, the
elements of the PV-EC device must be power-matched. This is
achieved via selection and scaling of the PV and EC parts in
such a way that the common operating point at the intersec-
tion of their I-V characteristics is at or close to the maximum
power point of the PV module and is within the target
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operating range of the EC device. The PV emulation approach
provides useful flexibility in this case as the PV I-V can be
scaled to match the lab scale EC. The PV I-V scaling along the
voltage axis in practical terms is equivalent to the selection of
such a number of PV and EC cells connected in series in PV
and EC modules, respectively, to match the required voltage.
The scaling of the PV current or power is equivalent to the
scaling of the area of the PV or EC device. The PV module
voltage Vyoq is a product of the cell voltage V.. and the
number of cells connected in series Ng. Optimal output of the
PV module is attained at the maximum power point voltage
Vmpp_mod therefore we use this voltage for scaling. The EC
device voltage follows trivially the same rule while the target
operating voltage is defined by the optimal performance and
product evolution. Once the EC target voltage Vgc_target iS
specified the voltage adjustment of PV I-V is done by multi-
plying the I-V by the following scaling factor

VECN EC
Vscaling = Vil\;pv [1)
mpp< Ve

where Vgcaling is the factor for scaling the PV -V along the
voltage axis. Vg is the target operating voltage for the single EC
cell, Negc is the number of EC cells connected in series, Viypp, is
the maximum power point of the single PV cell under reference
operating conditions and N.py is the number of PV cells in
series.

The scaling along the current scale is related to current
densities of the devices and their areas as follows

Iscaling = ].—ECAEC (2)

JmppApy
where igcaling is the factor for scaling the PV I-V along the current
axis. jic is the target operating current density of the EC cell, Axc
is the area of the EC cell, and jnpp is the maximum power point
current density of the whole PV device calculated as the total
current of the PV cell or module divided by its total area Apy.

Using these scaling factors the generated set of the PV I-V
curves are converted into the resulting set of I-Vs shown in
Fig. 2a prepared to drive the EC cell in our experiment. In
a direct coupled PV-EC configuration, the operating current and
voltage (Iop and Vop) at the intersection of the PV I-V curve and
the EC polarization curve determine the electric PV output and
EC input, respectively,**** where operating power is Pop = Vop
x Iop. Note that the scaling of the PV device is naturally done
once, at the PV-EC design phase. At the same time, a variety of
ambient conditions makes the choice of the scaling factors less
obvious as compared to the typical laboratory standard test
conditions. Optimization of the scaling in realistic scenarios
can be performed with the aim to optimize the system efficiency
towards the target product. This optimization requires simula-
tion of the system output for the whole timeseries of the test
scenario and calculation of the product output based on the EC
characteristics. By scanning over the range of PV voltage and
current scaling the optimum can be found. The optimization is
performed for formate (HCOO™) with the solar-to-formate effi-
ciency as the optimization criterion. The results of these opti-
mizations are shown in Fig. 2b.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 PV-EC configuration performance evaluation. (a) Polarization
curve of the EC cell plotted together with the family of scaled PV
module /-V curves over the representative 24 hour condition set. Blue
curves represent PV /-V characteristics at each hour, black markers
denote the corresponding MPP points, and the red curve is the EC -V
curve. (b) Calculated EC efficiency as a function of operating voltage,
showing voltage efficiency (green), faradaic efficiency toward formate
(orange), and total solar-to-formate efficiency (blue) which is
a product of both. (c) Solar-to-formate efficiency map as a function of
the PV and EC cell-number ratio (npy/Nec) and the PV-to-EC area ratio
(Apv/Aec). Contours indicate efficiency levels, with the global
maximum marked by a green triangle and the selected design point
marked by a golden star.

The voltage efficiency of the EC cell for a specific reaction
product at the operating point is defined as

(3)

nvollage.i(VOP) = V—(;l’

where E is the theoretical thermodynamic potential required
for the formation of a specific electrochemical reaction

This journal is © The Royal Society of Chemistry 2026

Sustainable Energy & Fuels

product and Vp is the operating cell voltage of the EC cell. E°
for HCOO™ is 1.43 V. The faradaic efficiency for formate
FEncoo is determined experimentally by comparing the
charge corresponding to formate production with the total
charge after a certain time period as shown in eqn (S1). The
instantaneous power contributing to formate production is
therefore given by

Prcoo (1) = Pop(?) X Myoltage(Vor) X FEncoo (4)

As temperature and irradiance vary according to the
prescribed operating reference profile, this power is calculated
at each time step. Integration of Pycoo (t) over time gives the
total energy predicted to be converted into formate production.
The solar-to-formate efficiency (STChcoo ) is then obtained as

Pycoo- (1)dt
STCHCO()* = (5)

JG(z) X Atargerdt

where G({) is the incident solar irradiance [W m™~?] and Atarget 18
the active area of the PV module [m?].

By repeating this calculation for different values of Ng carget
and Agarger, and expressing the results as a function of the PV-to-
EC area ratio, one obtains a PV-EC device matching map as
shown in Fig. 2c, which visualizes the optimal coupling condi-
tions between the photovoltaic and electrochemical compo-
nents. Note that the x and y scales are presented by the ratios of
PV and EC cell numbers (nNpy/Nec) and PV-to-EC areas (Apy/Agc)
to link the optimization to the physical properties of both
devices. Fig. 2c shows the predicted solar-to-formate efficiency
(STCxcoo ) global maximum marked by a green triangle, and
the selected design point, marked by a golden star. This selected
design point corresponds to higher values for both npy/ngc and
Apy/Agc. A higher PV-to-EC area ratio accounts for better oper-
ating conditions for power input without limited operation of
the EC cell below the onset voltage of the target product,
particularly under dynamic solar irradiance, showing a trade-off
between theoretical maximum performance for STCycoo and
practical operability.

Metrics for performance evaluation of the PV-EC device

To evaluate the performance of the PV-EC device, the solar-to-
chemical efficiency (STC) of the produced chemicals are calcu-
lated as follows

STC; = npv x Cpv.ec X MEc, (6)

where npy is the PV efficiency, Cpy.gc is the PV-EC coupling
efficiency and ngc; is the efficiency of the EC cell in the
formation of a specific reaction product. STC shows the effi-
ciency of solar energy conversion in the production of chem-
icals.”® The PV efficiency is defined as the ratio of the electrical
energy delivered by the PV device at its maximum power point
(MPP) to the incident solar energy received by the device over
a given time interval. Both quantities are obtained by inte-
grating power with respect to time.

Sustainable Energy Fuels, 2026, 10, 3699-3714 | 3703
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153 2
[ PMpp(I)dl 4[ (IMpp(l) X VMpp(l))dl
_ EMPP _ 1 _Jy
Mpv = Esun = Jrz

5t

= =+
G(l) X Apvdt ‘ G([) X Apvd[
Jn

)

The electrical power at the maximum power point Pypp, is
the product of the current and voltage at the maximum power
point, Iyipp and Vypp. The total incident solar power Egy, is the
product of the solar irradiance G(¢) and area of the PV device
Apy. Npy is a measure of how much of the incident solar irra-
diation reaching the surface of the PV device is converted into
the PV electrical power at the maximum power point.

The energy coupling efficiency Cpy.gc is defined as the ratio
of the total energy utilized by the EC cell to the maximum
deliverable energy by the PV device over a given time interval.
This metric is used to evaluate how effectively the PV device and
EC cell are matched in a direct coupled system.

" Pt | (Top(t) X Vow(t))dt
EOP _ .‘11 _ .‘11 (8)

E = T 2
MPP J PMpp(t)dl J (IMpp(l) X VMpp(I))dI
|

!

CPV-EC =

The power coupling factor is defined as the ratio of the
instantaneous power utilized by the EC cell at the operating
point to the maximum deliverable power by the PV device at the
MPP. The electrical power at the operating point of the EC cell
Pop, is the product of the operating current Iop and operating
voltage Vop.

P, Iop X V,
c— for _ for oP 9)
Pypp Ivipp X Vmpp

For a defined operating point, Ngc; is generally defined as
the product of the faradaic efficiency and the voltage efficiency
of said reaction product as given in eqn (S1) and (3), respec-
tively. The theoretical thermodynamic potential E° for HCOO ™,
H, and CO is 1.43 V, 1.23 V and 1.34 V, respectively.

neci = FEi X Nyvottagei( Vor) (10)

For prolonged operation under variable input, it is more
practically meaningful to define ngc; as the ratio of the total
energy required for the production of a specific reaction product,
i, to the total energy utilized by the EC cell over a given time
interval. Ej 1ot can be calculated as a product of the total electric
charge supplied to the EC device and selectivity towards the
product of interest, whilst Eqp is obtained by integrating the input
electrical power at the operating points with respect to time.

Ei,total
Eop

(11)

NeCi =

The energy required for the production of a specific reaction
product, i, Ej ¢oca1 i given by
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Ei,tolal = Elo X Qi (12)

where E; is the theoretical thermodynamic potential of product
i, and Q; is the amount of charge contributing to its formation.
For gaseous products, the charge is expressed as the product of
the EC cell current I(¢), the time of measurement ¢, and the
faradaic efficiency of product i, FE;.

anseous products — I(t) XX FEI (13)

For HCOO™, the charge is given by the product of Qotal,
which is the integration of the current over the total experiment
time interval when the liquid product is accumulated in the
catholyte, and its faradaic efficiency.

Oncoo- = CQiotal X FEncoo- (14)

Experimental uncertainties were estimated from instrument
precision, calibration procedures, and repeated measurements
where available, as presented in the dedicated section of the SI.

Results and discussion

The study has been carried out in three main experimental
stages. First, the catalyst responsible for formate production
has been synthesized and thoroughly characterized. Then, the
performance of the catalyst has been tested in the EC cell at
different temperatures using standard electrochemical
methods. Finally, the EC cell has been connected to the PV
emulator and the main experimental study of the PV-EC oper-
ation under realistic conditions has been carried out. The
results of the experiments are presented in this order below.

Characterization of the Cu,0:S cathode material

Sulfur-modified copper oxide nanopowder was synthesized
based on research previously reported and adapted.***” Fig. 3a
shows the XRD pattern of the Cu,O:S catalyst, while Fig. 3b and
¢ show the SEM and EDX images after deposition on the GDL
substrate via airbrushing.

The diffraction peaks marked with ‘4’ with dominant
reflections at 29.6°, 36.4°, 42.3°, 52.5°, 61.3°, 73.5° and 77.4° 26
were detected, which correspond to the (110), (111), (200), (211),
(220), (311) and (222) crystallographic planes of cubic copper(1)
oxide (Cu,O) with space group Pn3m (ICDD 01-080-3714).%%%°
Those marked with ‘+’ correspond to a secondary phase copper
oxalate monohydrate (CuC,0,-H,0). This phase is confirmed
by its characteristic low-angle reflections, particularly at around
22-23° and 31-32° 26 which correspond to the (110) and (020)
planes, respectively.>®**

EDX imaging shows surface oxidation and the homogeneous
distribution of sulfur particles across the geometric area of the
GDE. The element distribution sum spectrum is as follows:
oxygen (O) = 32.8 at%, copper (Cu) = 32.4 at%, carbon (C) =
23.2 at%, fluorine (F) = 10.2 at% and sulfur (S) = 1.4 at%. Larger
high-resolution images of the SEM and EDX images are shown
in Fig. S5 and S6.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Characterization of the Cu,O:S cathode material. (a) X-ray
diffraction (XRD) pattern of solvothermally synthesized Cu,O:S
nanopowder. (b) Scanning electron microscopy (SEM) image of the
Cu,0:S/GDL electrode and the corresponding elemental maps for Cu
(cyan), O (red) and S (yellow) obtained by energy-dispersive X-ray
spectroscopy (EDX). (c) Element distribution sum spectrum in
atomic%%.

The XRD pattern of the solvothermally synthesized nano-
powder shown in Fig. 3a indicates a mixed-phase material. The
sharp and intense peaks, especially at around ~36-38° and
~42° 26, demonstrate high crystallinity and confirm the selec-
tive formation of the Cu,O phase, with no evident peaks
attributable to metallic Cu or CuO. The higher-angle CuC,0,-
-H,0 phase peaks appear weak and overlapped, suggesting
either low concentration or surface-associated residues. Given
the starting materials (copper(u) nitrate salt) and solvent system
(ethylene glycol), the formation of CuC,0,-H,O is attributed to
in situ oxalate ion formation from the oxidative decomposition
of ethylene glycol in the presence of Cu®" ions under simulta-
neous reduction of nitrate to nitrous gases.**** The oxalate ions
then coordinate with Cu®" and crystallizes as CuC,0,-H,O
during the cooling and washing steps. Overall, the XRD results
confirm the successful synthesis of predominantly poly-
crystalline Cu,O, with a small residual amount of CuC,0,-H,0
arising from polyol-mediated side reactions.

This journal is © The Royal Society of Chemistry 2026
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The EDX spectrum indicates that the synthesized material is
primarily composed of a copper oxide phase (65.2 at% total for
Cu and O), and it also confirms the elemental composition of
the fabricated GDE. The PTFE-lined carbon-based GDL
substrate and the Nafion binder used both contribute to the C
and F elements detected. S is detected at a low level of 1.4 at%
and this is consistent with the synthesis conditions, where
elemental S was added in a small molar amount (0.268 mmol S
to 16 mmol Cu-salt, with an expected atomic ratio of sulfur S/(S
+ Cu) of 1.6 at%). Although the Cu:O atomic ratio is close to
unity, which nominally corresponds to a CuO phase, the
absence of CuO reflections in the XRD pattern indicates that the
bulk material is Cu,O, with the EDX-derived O content likely
due to surface oxidation which is evident in Fig. 3b. The
combined XRD-EDX analysis confirms the successful synthesis
of a sulfur-modified copper oxide earth-abundant catalyst,
which is the desired cathode material for controlled selectivity
towards formate. These characterization methods, however, do
not provide direct information regarding the chemical state of
sulfur or its evolution under these specific reaction conditions.
More extensive characterization of similarly prepared sulfur-
modified copper oxide catalysts performed before and after
CO, reduction experiments can be found in the literature.***

Temperature- and voltage-dependent electrochemical CO,RR
performance of the Cu,0:S/GDL cathode

Practical “low temperature” electrochemical reactors experience
somewhat elevated operating temperatures due to the heat
dissipation within the tightly packed stacks of the EC cells. In
order to approach the practically relevant operating conditions,
we study the influence of temperature on the CO, reduction
reaction performance. This was assessed by recording linear
sweep voltammetry (LSV) and chronoamperometry (CA) curves
as well as the faradaic efficiencies of the reaction products at
different temperatures. Quantification of the CO, reduction
reaction products revealed the presence of formate (HCOO ),
hydrogen (H,) and carbon monoxide (CO). Fig. 4a and b show
the effect of the operating temperature on the EC product
distribution as a function of temperature between 20 °C and
60 °C. The smallest contribution in the product mix was CO
with partial current density increasing across the temperature
range from 0 mA cm ™ to 1.4 mA em™> (no more than 6% of the
total current density at its maximum). The faradaic efficiency to
CO (FE¢o) increases with increasing temperature up to 50 °C
and decreases slightly by 0.6 percentage points at 60 °C. The
next contributor in the product mix is H, with partial current
density increasing monotonically across the temperature range
from 1.4 mA cm ” to 8.5 mA cm %, whilst H, selectivity
increases similarly with increasing temperature from 12% to
32%. The dominating product of the CO, reduction reaction
was formate, HCOO ™, with partial current density increasing
from 9.7 mA cm ™2 at room temperature to 16.9 mA cm > at 50 ©
C and with a slight decrease by 0.4 mA cm™? at 60 °C. The
faradaic efficiency to HCOO™ (FEpcoo ) attains a maximum of
88% at 20 °C and decreases with increasing temperature
steadily to 82% at 40 °C and more significantly to 63% at 60 °C.

Sustainable Energy Fuels, 2026, 10, 3699-3714 | 3705
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1 h CA at each voltage at an operating temperature of 40 °C.

The results of the LSV and CA measurements are shown in
Fig. 5. It is observed therein that an increase in temperature
from 20 °C to 60 °C increases the ionic conductivity of the
electrolytes, both across the voltage range of 0 V to 4 V for LSV
and a time period of 1 h for CA. CA also shows that ionic
conductivity increases over time more significantly as the
operating temperature increases, with an 8% increase in EC
current from 57 mA to 62 mA after a time period of 1 h at 20 °C
and a 20% increase in EC current from 127 mA to 152 mA after
the same time at 60 °C.

The increase in EC cell current with increasing operating
temperature as observed in Fig. 5a is due to improved kinetics,
as the conductivity of aqueous electrolytes typically increases
with temperature.® As the operating temperature increases,
a decrease in CO, solubility is also expected.***® With this
decrease in CO, availability on the surface of the electrode, it is
expected that the CO, reduction reactions are stalled. However,
the CA curves in Fig. 5b show an increase in the ionic conduc-
tivity of the electrolytes for the given applied voltage of 2.6 V
over the 1 h time period at every operating temperature. This
trend is typically not observed in a conventional water splitting
or CO, reduction reaction (particularly to gaseous products).
Instead, a stable or diminishing current is seen as the degra-
dation of the cathode material occurs over time. Therefore, this
characteristic could be associated with the production of
HCOO™ ions in the catholyte as shown in Fig. 5c, its subsequent

3706 | Sustainable Energy Fuels, 2026, 10, 3699-3714

accumulation over time at the same temperature/in the same
catholyte, and also its rate of production as it changes with
temperature. These two scenarios have a direct impact on the
ionic conductivity of the catholyte. Additionally, other factors
such as the partial reduction of Cu(i) to Cu(0), improved
wettability, exposure of additional active sites or changes in the
local reaction environment could also enhance EC current
during prolonged electrolysis, outweighing the effects of
decreased CO, solubility. Therefore, the observed EC current
trend is likely the result of a combination of formate accumu-
lation and dynamic interfacial/electrode effects.

As the solubility of CO, decreases exponentially with
increasing temperature, the competitive hydrogen evolution
reaction (HER) is supported over the reduction of CO, to
HCOO™ as observed in the literature.*” An increase in operating
temperature also increases the conductivity of the membrane
which favors the HER pathway due to more efficient proton
transport from the anode to the cathode side.”” This is reflected
in the increase in both selectivity and activity to H,. CO selec-
tivity and activity also increase with increasing temperature;
however, CO selectivity decreases slightly at 60 °C.

The slight decrease in HCOO™ activity at 60 °C by 0.4 mA
em™> to 16.5 mA cm > after a consistent increase with
increasing temperature could be due to the reduced rate of
HCOO™ production which influences the ionic conductivity of
the catholyte. As shown in Fig. 5¢, HCOO™ production follows

This journal is © The Royal Society of Chemistry 2026
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the same trend as the current density and reduces from
1.67 mmol h™" to 1.63 mmol h™". A decrease in HCOO ™~ selec-
tivity with increasing temperature is observed and could be
concluded to be a trade-off as the HER becomes more domi-
nant. Fig. 5d shows the accumulated formate (HCOO™)
concentration during the CA measurements at 40 °C in the
same catholyte across the cell voltage range of 2.4 V to 3.2 V. The
term “prech” represents the concentration of accumulated
HCOO™ in the during the singular
characterization LSV performed at a scan rate of 5 mV s .
Fig. 4c and d show the effect of the applied voltage on the
product distribution at 40 °C. Although FEyco0  is observed to
be maximum at 20 °C, operation at this temperature does not

catholyte pre-

necessarily reflect realistic outdoor and upscaled PV-EC device
conditions. While formate selectivity decreases moderately to
82% at 40 °C, the more pronounced drop to 63% at 60 °C
indicates that higher temperatures shift selectivity to being
more HER dominant. Therefore, an operating temperature of
40 °C was selected for subsequent experiments, balancing the
desired formate selectivity with realistic thermal conditions
during targeted PV-EC device operation. The partial current
densities for CO, H, and HCOO ™ increase monotonically across
the voltage range from 2.4 V to 3.2 V. An increase from 0 mA
m~2 to 1.4 mA cm ™2 is observed for CO, from 4 mA cm™? to 14
mA cm 2 for H, and from 10 mA cm 2 to 30 mA cm 2 for

HCOO™. In this case, because the CA measurements observed

This journal is © The Royal Society of Chemistry 2026

in the catholyte during the pre-characterization LSV.

across the voltage range occur continuously using the same
electrolyte, the accumulation of HCOO™ ions improves the
conductivity of the catholyte and overall current density. CO
selectivity increases monotonically up to 3% at the maximum
applied voltage of 3.2 V. H, selectivity is 28.2% at 2.4 V and is
between 30.5% and 31.8% at the other applied voltages. HCOO™
selectivity fluctuates between a low of 64% and peak of 68%
across the applied voltage range of 2.4 V to 3.2 V.

Selectivity for H, was suppressed, with fluctuations charac-
terized by a sample standard deviation of 1.35% observed across
the voltage range. HCOO™ selectivity being maintained between
64% and 68% and CO selectivity slightly increasing across the
voltage range could be due to catalyst specific surface reactions.

Electrochemical devices operated with copper(i) oxide
cathode catalysts with 0.4 at% and 0.45 at% expected sulfur-
modifications, respectively, have been shown to demonstrate
increasing HCOO™ selectivity with higher applied voltages (—0.4
to —1.0 V vs. RHE) and low-selectivity CO production at the
highest operating voltages of —0.9 V vs. RHE and —1.0 V vs.
RHE, respectively.*>*” In this work, the expected atomic ratio of
sulfur is 1.6 at% and the influence of heteroatom doping with S
on the enhanced product selectivity to HCOO™ by suppressing
or completely deactivating the CO path persists.

The same sequence of measurements was carried out using
commercially purchased Sn nanopowder airbrushed on a GDL
substrate (Sn/GDL) as the cathode, fabricated similarly as

Sustainable Energy Fuels, 2026, 10, 3699-3714 | 3707
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previously described. The results are shown in Fig. S7. Similarly,
with increasing operating temperatures, we observe a mono-
tonical increase in H, selectivity up to 31.8% as the HER is
supported, whilst CO selectivity increases from 0.2% up to 5.9%
at 50 °C before decreasing again slightly to 5.2% at 60 °C.
However, as opposed to the relatively stable production of
HCOO™ across the applied voltages when utilizing the Cu,0:S/
GDL cathode, we observe a monotonical decrease in H, selec-
tivity as HCOO™ selectivity improves from 50.4% to 75.5% and
CO selectivity remains relatively constant at around ~14-16%.

Operation of the direct-coupled PV-EC device under realistic
dynamic irradiance and at realistic temperatures

The PV-EC device was operated according to the sizing param-
eters defined for the PV component as described above. The
selected design point, marked by a golden star in Fig. 2c,
corresponds to a PV and EC cell-number ratio (Npy/Nec) of 4.
Although a global maximum in solar-to-formate efficiency
(STCxcoo ) is observed at a different ratio, marked by a green
triangle, this point was not selected due to a lower PV-to-EC area
ratio (Apy/Agc). Lower Apy/Agc results in less favorable operating
conditions for power input and can restrict EC cell operation
below the onset voltage, particularly under dynamic solar irra-
diance. Instead, the selected design point represents a delib-
erate trade-off between theoretical maximum performance for
STCucoo and practical operability. It prioritizes robust PV
power input without current-limited operation of the EC cell,
yielding higher concentrations of the desired product. An
integer Npy/Nec also enables a more straightforward modular
upscaling using discrete cell stacks.

The PV-EC device was operated using an emulated 4-cell Si-
based PV module with a total area of 10.35 cm” across the
plane-of-array (POA) irradiance (G) and PV module temperature
(T) combinations shown in the representative 24 hour condition
set in Fig. S3. The EC cell with a geometric area of 5.31 cm? was
operated at 40 °C via heating of the electrolytes. The geometric
area of the cathode is smaller than the nominal diameter of the
GDE due to the coverage of its external diameter by the sealing
gasket.

Fig. 6 shows the scaled PV I-V curves of the emulated PV
device across the defined G and T operating conditions. As the
irradiance increases from sunrise to midday to a maximum
value of 1055 W m ™2, the PV voltage output at the MPP varies
slightly by about 0.2 V, whilst the PV current output and power
output increase more significantly. As the irradiance decreases
from midday to sunset, the PV power output decreases.

The polarization curves of the EC cell are measured via linear
sweep voltammetry (LSV) over a voltage range of 0-4 V at a scan
rate of 5 mV s~ . The initial EC cell polarization curve was
measured after the 6.8 h accelerated laboratory-timescale PV-EC
experiment. The second polarization curve was measured after
the EC cell was flushed of both electrolytes, replenished with
fresh electrolytes, and re-stabilized at the operating tempera-
ture of 40 °C. Herein, we observe that the resulting I-V char-
acteristics of the EC cell after the electrolytes were replenished
closely resemble those measured at the same operating
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and the red curves are the EC /-V polarization curves post the PV-EC
experiment and after a fresh electrolyte is used.

temperature of 40 °C during the temperature-dependent
electrochemical characterization of the EC cell between 20 °C
and 60 °C. The PV-EC operating points, denoted by blue
markers, also fall relatively within the limits of both EC cell
polarization curves and align with the EC polarization curve
used for PV sizing shown in Fig. 2a. These observations are
summarized in Fig. S8.

During the operation of the PV-EC device, the EC cell
polarization curve was measured twice in order to assess
whether the PV-EC experiment altered the intrinsic electro-
chemical behavior of the EC cell. The initial polarization curve
measured immediately after the 6.8 h accelerated PV-EC
experiment reflects the condition of the EC cell after extended
operation. Here, we observe an improvement in I-V character-
istics due to the accumulation of HCOO™ in the catholyte and
possible dynamic interfacial/electrode effects. The second
polarization curve was measured after flushing, replenishing
and re-stabilizing both electrolytes at the operating tempera-
ture, and closely reproduces the previous measurements made
during the electrochemical characterization of the EC cell as
shown in Fig. S8a. The PV-EC operating points lying within the
limits of both polarization curves and matching the polariza-
tion curve used for PV sizing as shown in Fig. S8b, confirm that
the PV-EC device operated within the intended I-V range. It also
indicates that the original EC polarization curve used for system
design remains valid under real operating conditions.

Fig. 7 displays the evolution of the input conditions
(G, and T) as well as the performance of the PV-EC device via
metrics previously defined (Vop, jop, C, Npv, FE, Nec, and STC).
The duration of operation stays within the typical range of state-
of-the-art reports for direct comparison. Both Vop and Iop fol-
lowed trends similar to the irradiance (G), and the PV-EC power

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Input conditions and performance as a function of time for the
PV-EC device in a realistic cycle at 40 °C using the Cu,O:S/GDL
cathode. The evolution of PV module irradiance and temperature,
operating voltage and operating current density, coupling factor and
PV efficiency, faradaic efficiency, EC efficiency and solar-to-chemical
efficiency with time is shown during the accelerated laboratory-
timescale PV-EC experiment.

coupling factor (C) remained between 0.83 and 1 at significant
irradiance levels (>457 W m™>) and for the majority of the
operating period. At the maximum irradiances of 1-1.055 kW
m 2, the EC cell operated at around 2.5 V, with C being between
0.98 and 1.

Within the first hour of the PV-EC experiment, G was around
200 W m 2, corresponding to a Vop of approximately 1.74 V and
EC cell operating current density (jop) of 4.4 mA cm™ 2. Under
these conditions, the total FE toward H, and HCOO™ was
~67%, with H, being the dominant product (FEy, = ~53%). As
G and Vop increase similarly across the realistic cycle, FEycoo
increases from 13.5% to a maximum value of 69.4% at 1000 W

This journal is © The Royal Society of Chemistry 2026
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m 2, and 2.49 V and 18.4 mA cm 2 on the upcycle, concurrently,
as FEy, decreases to a minimum value of 27.6% at a Vgp of
1.12 V and jop of 2.2 mA cm ™ on the downcycle. At maximum
irradiance, both the electrochemical efficiency for hydrogen
production (Ngc,) and solar-to-hydrogen efficiency (STCy,)
reached their lowest values of 15.36% and 3.45%, respectively.
In contrast, at G > 557 W m ™ 2, FEycoo  ranged between 53 and
69%, corresponding to an nNgcucoo ©Of 35.4-40.4% and
STCucoo Of 7.9-9.1%. CO was not detected by the GC within
this range of EC operating current and voltage.

The predominant production of H, during the first hour of
the experiment at an operating voltage of around 1.74 V is due
to the HER being more kinetically favored over CO, reduction.
Moreover, this operating voltage is only ~0.31 V above the
theoretical thermodynamic potential for HCOO™ formation and
therefore does not sufficiently account for the additional over-
potentials attributed to the PV-EC device components for
dominant production of HCOO™. The trends in FE, Ngc, and
STC inversely follow the curvature of the irradiance up- and
downcycles, with higher selectivity, EC efficiency and solar-to-
chemical efficiency towards HCOO™ observed at higher irradi-
ances. The lowest values of Ngcy, and STCy, at maximum
irradiance indicates suppression of the HER despite the highest
available PV power output. Fluctuations in FEycoo  are directly
attributed to the detected concentrations by the IC. As irradi-
ance decreases in the downcycle up to 110 W m™2, HCOO ™ is no
longer detected due to insufficient PV power input to overcome
cathodic overpotentials and sustain the current densities
required for CO, reduction. A PV-EC device energy coupling
efficiency (Cpy.ec) of 94% was achieved, indicating highly
effective transfer of PV energy to the EC cell.

Fig. 8 shows the temporal evolution of energies associated
with the PV-EC experiment. Energy evolution was determined by
calculating the energy input from the PV device to the EC cell,
and energy output into chemical products. The solar energy
irradiated on the PV area was 3315 mWh and the energy at the
MPP of the PV module was 800 mWh, namely the PV conversion
efficiency (solar-to-electricity) was 24.1%. The energy at the OP
was approximately 750 mWh, indicating a PV-EC energy
coupling efficiency of 94%. The cumulative energy utilized to
produce chemical products HCOO™ and H, was 401.79 mWh,
equating to an EC cell efficiency of 53.6%. Their respective total
solar-to-chemical efficiencies are indicated, accounting for
preferences for either CO, reduction or the HER and operating
point/power coupling mismatch as irradiance fluctuates during
the realistic cycle. The largest part of the energy was lost due to
overpotential losses of the EC cell represented by the voltage
difference between the voltage at the MPP and the voltage where
the electrochemical reaction occurs. The PV-EC device achieved
a total STC of 12.1%, with an STCycoo  of 7.9%.

Fig. 9 shows a direct correlation between PV-EC device effi-
ciency (STChcoo ) and electrochemical operating conditions
(jop). This allows for comparison between different electro-
chemical catalysts, cell designs or coupling strategies inde-
pendent of absolute device area.

The grey pentagon with black borders is attributed to an EC
cell where a Sn plate was employed as the cathode.*® The grey
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Fig. 8 Energy evolution with time using the Cu,O:S/GDL cathode.
Empp is the energy generated at the maximum power point of the PV
module. Eop is the energy delivered to the EC cell. £y, Ecoo™ and Eco
represent the energies utilized in the formation of each individual
product. Comparing the energy profiles indicates the PV-EC device
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are also shown.

T 1 T ¥ T x T T T

. X g This work ]

A %% gel@~1sun® 8
- * A e -

A

® O M Avarez-Guerra, 2014
I~ T. Lei, 2018 .

0O M. Ramdin, 2019 1
L G. Diaz-Sainz, Sn-CCME, 2020 _
G. Diaz-Sainz, Bi-CCME, 2020
J. L. White, 2014
G. Piao, 2020 1
N. Kato, no DC-DC converter, 2021
N. Kato, DC-DC converter, 2021
C. Ampelli, 2023
This workl, 2026

STCicoo [%]
oN A O ® O N

Solar-to-Formate efficiency,

20 30 40

Operating current density,
Jop [MA/cm?]

A—
O [ @ %%

Fig. 9 Comparison of solar-to-formate efficiency (STChcoo ) as
a function of operating current density reported for EC cells and PV-
EC devices in the literature. The greyed out icons are representative of
experiments carried out using an EC cell, with approximations for
solar-to-formate efficiency (STChcoo ) in a direct coupled PV-EC
device calculated using egn (6) and (10). The reported faradaic effi-
ciencies and operating voltages were taken into account, alongside an
assumed PV efficiency of 24% and energy coupling efficiency of 1,
adopting optimal device coupling conditions with no energy losses
due to mismatch. The blue stars, on the other hand, are representative
of experiments carried out using a Si-based PV device coupled with an
EC cell. The results of this study are depicted by green circles enclosed
in yellow borders, showing single-point STCcoo™ across the oper-
ating current density range.
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triangles are attributed to experiments performed at current
densities of 5, 10, 15 and 25 mA cm ™~ using a Sn/GDE cathode.
Grey triangles with purple, black, red and blue borders show
results where a Nafion 117 cation exchange membrane and
FAD, Yichen and A901 alkaline membranes were employed,
respectively.*® The grey square with black borders shows results
for the application of a Sn-based cathode employed in a high
pressure semi-continuous batch electrolyzer.®® The grey dia-
monds with black, blue, orange and red borders shows results
for the application of a Sn catalyst-coated membrane cathode
used in a continuous filter cell at varying temperatures of 25 °C,
20 °C, 37.5 °C and 50 °C, respectively.®* The grey circles with
blue, black, orange and red borders shows results for the
application of a Bi-based catalyst-coated membrane cathode at
varying temperatures of 20 °C, 25 °C, 37.5 °C and 50 °C,
respectively.®?

The blue star with wine borders is attributed to experiments
performed using an indium cathode in an integrated Si PV
electrolyzer system, and represented the highest STC for solar
CO, reduction at the time of publication (2014).%* The blue star
with blue borders shows results for the application of a porous
Bi dendrite cathode and IrO, anode.®* The blue stars with black
and purple borders represent data from publications by N. Kato,
in which a Ru-complex polymer cathode was utilized. The
higher STChycoo was achieved in a system whereby a DC-DC
converter with an efficiency of ~93% was employed.®**® The
blue star with red borders shows results for the application of
a similarly prepared sulfur-modified copper oxide cathode
utilized alongside a mixed-metal oxide anode. A total STC of
10.1% was reported, with an STChxcoo  of 6.2% and the rest
towards H,.*”

The results of this study are depicted by green circles
enclosed in yellow borders, showing relevant STCycoo in
a broader current density range of 6-19 mA cm™> with PV-EC
device operation under dynamic solar irradiance. This
approach accounts for PV variability as a result of fluctuating
weather and climate conditions, allowing for device perfor-
mance evaluation relevant for field applications.

Conclusion

In our study, we demonstrated feasibility of the production of
liquid solar fuels via the CO, reduction reaction in an electro-
chemical cell directly coupled to a PV module under realistic
field operating cycles. This is achieved with combined applica-
tion of a gas diffusion electrode (GDE) with earth-abundant
sulfur-modified copper oxide as the catalyst in a flow electro-
chemical cell. The study progressed from the preparation and
characterization of the catalyst material to characterization of
the electrochemical device operating at variable temperatures,
and finally to the testing of electrochemical CO, reduction
under the input from a commercial PV module operating under
field irradiance and temperature cycles. The accurate and
reproducible operation of the PV module and coupling to the
small-scale experimental EC device were realized with a high
precision hardware PV emulator which can reproduce the
required PV output in the target field scenarios.
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In comparison with the literature, this work shows a robust
application of a direct coupled PV-EC device operating in
arealistic cycle under dynamic solar irradiance, and at dynamic
current densities and an elevated EC cell temperature of 40 °C.
With the pairing of a Cu,0:S/GDL cathode and IrO,/GDL anode,
we demonstrate a successful CO, reduction reaction with
HCOO™ as a main product, and H, as a byproduct with total
faradaic efficiencies >92%. The performance of the PV-EC
device transitions from being HER-dominated at solar irradi-
ance below approx. 300 W m ™2, to being HCOO -dominated at
higher irradiance. While HCOO™ production was dominant in
the highest energy generation regime, the PV-EC power
coupling factor (C) stayed within the range of 0.83:--1. An
overall energy coupling efficiency of 94%, solar-to-formate effi-
ciency (STCucoo ) of 7.9% and total solar-to-chemical efficiency
(STC) of 12.1% were achieved over the operating cycle. At the
maximum current density of 19 mA cm >, single-point
STChcoo reached 8.3% and total STC 11.7%. These values of
STCucoo at the recorded current densities supersede previ-
ously published findings for comparable solar-driven CO,
reduction setups. The initial I-V characteristics of the EC cell
were maintained after 5.6 h of prolonged operation under
variable solar irradiance conditions, and an additional 1.2 h in
the dark. Although the stable catalytic performance observed
suggests that the cathode catalyst remains structurally stable
after prolonged operation, possible changes in the electrode
structural or compositional state cannot be excluded. High
overall energy coupling efficiency in the realistic operating cycle
is due to the optimized mutual sizing and power matching
between PV and EC devices which was analyzed using a dedi-
cated simulation procedure and realized experimentally using
flexibility of the solar emulator. This demonstrates the feasi-
bility of liquid-fuel production under realistic PV-driven direct-
coupling operation, representing a key step toward early-stage
long-term storage of surplus PV output in renewable-energy-
dominated systems, and coupling of PV generation to non-
electrified energy sectors.
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