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A new era in solar fuels: battery pushes PV-driven CO2 reduction 
beyond its limits
Thérèse Cibakaa,d, Tsvetelina Merdzhanova*a, Oleksandr Astakhova, Robert Zandonellab, Sergey 
Shcherbachenkoa,c, Paul Paciokb, Marc Heggenb, Rafal Dunin-Borkowskib, Christoph Brabeca,c, Peter 
Strasserd

Photovoltaic (PV) technologies are central to renewable energy generation, yet their intermittent output limits efficient 
utilization and grid integration. Coupling PV with short- and long-term energy storage at the earliest stage of electricity 
generation is an attractive but challenging strategy for stabilizing PV output. Using batteries is a feasible way to cover short-
term PV output variations. For longer, seasonal variations, an electrochemical (EC) pathway to produce fuels and chemicals 
is a promising solution. Here, we demonstrate a self-sufficient directly coupled hybrid PV-battery-electrochemical CO₂ 
reduction (PV-B-EC) system that autonomously and continuously converts PV energy to fuels under realistic daily irradiance 
and temperature variations. In comparison with a directly coupled PV-EC reference, the PV-B-EC storage combination 
iscapable of covering timescales ranging from seconds to years. This is achieved while operating efficiently without the need 
for control electronics. Furthermore, the PV-B-EC combination stabilises the CO2 reduction process by minimising power 
peaks. In our experiment the system with battery achieved near-ideal energy coupling efficiency (0.99 vs 0.96), higher 
electrochemical voltage efficiency (57.8 % vs. 47 %), and a 2.3 %abs. increase in solar-to-chemical efficiency, exceeding even 
the theoretical limit of the equivalent reference PV-EC system. These results validate a previously predicted synergistic 
efficiency enhancement arising from the redistribution of photovoltaic energy through the battery. Implications of the 
power input stabilization provided by the battery on Ag catalyst structure are studied in a dedicated experiment involving  
scanning transmission electron microscopy (STEM) in combination with Energy-dispersive X-ray spectroscopy (EDX) and 4D-
STEM analyses. For the tested voltage profiles, no discernible differences in microstructural features were observed between 
the PV-B-EC and PV-EC reference. The findings demonstrate that the simple addition of a  Li-ion battery substantially 
enhances the PV-to-fuel efficiency in realistic field conditions offering a simple and scalable route towards stable and 
efficient solar-driven CO₂ conversion.

Introduction
Photovoltaics are one of the primary contributors to renewable 
energy, their rapid growth is promising for accelerating the 
green energy transition.1 Due to daily and seasonal fluctuations, 
photovoltaic power capacity often exceeds the immediate 
demand and capabilities of the grid, or is unavailable when 
irradiance is low. This mismatch leads to PV curtailment and grid 
instabilities once PV generation gains significant share 2-4 and 
may become a major challenge for national and international 
grids in the near future. The temporal generation-demand 
mismatch must be mitigated by storage solutions that capture 
excess generation capacity. To cover the entire spectrum of 
variability, these storage solutions must operate on a wide 
range of timescales, from seconds to years. Ideally, storage 

should be coupled with PV at the earliest point of generation, 
before DC-AC conversion and feeding into the grid. This PV-
storage architecture minimizes infrastructure demands at the 
PV system and grid levels while maximizing PV capacity 
utilization.  Battery technology is most versatile and suitable for 
short term energy storage 5 at DC side of PV systems. Batteries 
integrated at PV module 6, 7 or at system level 5 are expected to 
store energy equivalent to several hours of nominal PV output 
8 which in practice can mitigate generation-demand mismatch 
on a timescale of 1-2 days. In seasonal or yearly  time frames, 
the most promising way of capturing unutilized PV capacity is 
the conversion of PV electricity into solar fuels by 
electrochemical (EC) reactors producing chemicals, like 
hydrogen via water splitting 9-13 or hydrocarbons via 
electrochemical CO2 reduction 14-18. The latter process of CO2 
reduction is of particular interest because of industry 
decarbonization and variety of potential products. To avoid 
ambiguity, it should be noted that the electrochemical cell or 
reactor referred to in this study specifically denotes an 
electrocatalytic cell.
Combining batteries (B) and electrochemical cells (EC) to create 
PV-B-EC systems could be the ultimate solution for absorbing 
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b.Forschungszentrum Jülich GmbH, Ernst-Ruska, Jülich, Germany.
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Engineering and Information Technology, RWTH Aachen University, Aachen, 
Germany.
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PV's intermittent DC power and stabilising its output for 
connection to the grid. This would facilitate the smooth and 
virtually unlimited integration of PV generation into energy 
systems. Batteries and electrolysers are typically connected to 
photovoltaics via power electronics, with multiple DC-AC-DC 
conversion of electric power in some cases 9, 11, 19-22. However, 
it was pointed out in a number of publications that power 
electronics are actually not necessary when PV is coupled to 
batteries or electrochemical cells 23-28, and properly combined 
components allow efficient operation of PV-EC 29-34 or PV-B6, 24, 

28, 35-40 systems under realistic variations in irradiance and PV-
module temperature. Additionally, direct coupling of PVs to EC 
devices have demonstrated the potential for efficient self-
sustained operation 20, 31-33, 41-45 and the highest solar-to-
chemical (STC) efficiencies 30, 33, 41, 42, 44-47. 
In our previous work, we investigated PV-B-EC systems with 
water-splitting electrolysers under direct coupling. We 
demonstrated self-sustaining operation in idealised day-night 
cycles, with the battery enabling high-power coupling during 
the day and extending EC operation into the night 48, 49. Beyond 
the expected stabilising effects, we showed both theoretically 
and experimentally that PV-B-EC systems achieve a synergistic 
gain in solar-to-hydrogen (STH) efficiency compared to PV-EC 
references without a battery 48-50. This gain arises because the 
battery shifts part of the daytime energy to nighttime 
operation, reducing electroyser current densities, power 
demand and thus kinetic overpotential losses. Notably, even 
after accounting for battery losses, total system losses are lower 
than in the battery-free case 48, 49. Most recently, we 
demonstrated that in a basic day-night cycle, an optimally 
coupled PV-B-EC system can surpass the theoretical STH limit of 
the corresponding optimally coupled reference system without 
a battery 50. In this work, we take the next step by exploring the 
potential of PV-B-EC systems to operate with a CO₂ electrolyser 
under realistic PV generation profiles, reflecting typical solar 
irradiance and module temperature. The 2022 CO₂ reduction 
roadmap identifies CO as a strategic target, serving as a key 
building block for numerous industrially relevant processes 47. 
Accordingly, this study focuses on CO as the primary product of 
CO₂ reduction, with H₂ from the hydrogen evolution reaction 
(HER) considered as a valuable by-product. 
In this work, a parallel-connected photovoltaic-electrochemical 
cell system (PV-EC) and a parallel-connected photovoltaic-
battery-electrochemical cell (PV-B-EC) were respectively tested 
under a double day and single night cycle. Daytime reproduced 
an accelerated summer day in Golden Colorado USA. For 
dynamic changes of irradiance and temperature conditions and 
photovoltaic design flexibility, we utilised emulation tool, a 
computer-based algorithm run by a source measure unit able to 
reproduce any IV characteristics of any photovoltaic under any 
irradiance and temperature condition 51. While this protocol 
provides an accelerated representation of diurnal operation, it 
should be regarded as an emulation rather than a 
demonstration of long-term, real-world performance; 
accordingly, long-term degradation, battery cycling stability, 
and weather variations are not explicitly addressed. Instead, the 
focus is on demonstrating the feasibility and key operational 

aspects of self-sustained CO₂ reduction under dynamically 
coupled photovoltaic conditions using a laboratory-scale 
reactor. This approach brings field to the lab and enables fast 
and realistic screening of catalyst material, representing a 
necessary step prior to outdoor validation and upscaling. For 
straightforward comparison between PV-EC and PV-B-EC, the 
emulated PV always displayed identical attainable maximum 
daily energy output when connected to EC or B-EC, the same EC 
was utilised in the two system configurations. Under realistic 
field irradiance and temperature, PV-EC operation experiences 
natural fluctuations in irradiance that induce corresponding 
variations in the EC operating voltage, resulting in a dynamic 
voltage regime. The addition of a battery stabilises the EC 
operating voltage and as a result the operating current of the 
EC device even during dark periods. In the PV-EC system, the EC 
operated only during daytime, powered directly by PV. In 
contrast, in the PV-B-EC system, the PV supplied power to the 
EC and simultaneously charged the battery during daytime, 
while the battery sustained EC operation during nighttime. 
Herein, we show that under realistic irradiance and 
temperature fluctuations, our PV-EC system achieves high solar-
to-chemical efficiency and tolerates up to a fivefold variation in 
current density. Notably, the simple addition of a battery 
further enhances the coupling factor while reducing 
overpotential, thereby improving STC performance. In
Addition to the device performance detailed study of the impact 
of the two distinct operating regimes on the Ag catalyst was 
analysed using STEM and 4D-STEM.

Experimental section 
PV module

The time series of IVs representing the target 'day' was 
generated using the IV characteristics of silicon heterojunction 
(SHJ) solar cell 52 measured under different combinations of 
irradiance and temperature, with irradiance (G) ranging from 
0.2 to 1.1 sun and temperature (T) varying between 25°C and 
60°C.  For CO2RR, the SHJ solar cell was virtually converted into 
a 46.22 cm2 PV module for optimum coupling to the loads (EC 
or B-EC).

Battery

The battery utilized in this study is a commercial lithium-ion 
based with 1.3 Ah capacity and 2.4 V nominal voltage with 1.5-
2.85 V voltage range. Charge-discharge curves presented in 
Figure S1 in supplementary information were measured with 
Origalys OGF 05A potentiostat at C rating of 0.1, 0.25, 0.5 and 
1. From these curves, current voltage characteristics of the 
battery at state of charge (SOC) 10%, 30%, 50%, 70% and 90% 
were calculated and shown in Figure S2 in supplementary 
information. In order to maintain EC operation at meaningful 
working current and voltage during “day” and “night” cycle, PV-
B-EC operated with the battery at 70% SOC at the beginning of 
the cycle.

Electrochemical cell
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The electrochemical CO2 reduction reaction (CO2RR) was 
conducted in a microflow electrochemical cell (EC) 
commercially available from Electrocell. The preparation of 
silver-based gas diffusion electrode (Ag-GDE, cathode) and a 
schematic of EC cell performing CO2 reduction at Ag-GDE and 
oxygen evolution at the anode (IrO2 bulk plate provided by the 
EC manufacturer) is presented in supplementary information 
(Figure S3). The anolyte and catholyte are both CO₂-saturated 
solutions of 1 M KHCO₃ (KHCO3 salt, Sigma Aldrich). In addition 
to the CO₂ dissolved in the electrolyte, CO₂ flows through the 
GDE. The Ag-GDE cathode, which has an area of 9.5 cm², was 
prepared with homogeneous and high coverage of silver on the 
GDE to enhance CO selectivity. Cathode and anode 
compartments were separated with Selemion, an anion 
exchange membrane that allows hydroxide ions diffusion from 
cathode to anode. Catholyte and anolyte reservoirs were in-
house built Teflon cup, with a volume capacity of 100 mL, 
equipped with liquid and gas inlet and outlet connections and a 
built-in temperature sensor. EC operations were sustained at 45 
°C by heating all electrolyte tubing using heat pipes (HilleSheim, 
HT 60). Gas products, along with unreacted CO₂, were analyzed 
using online gas chromatography (Shimadzu GC 30301) at 15-
minute intervals. Prior to measurements, the GC was calibrated 
with an internal three-point calibration curve, established 
through two-fold serial dilutions of a reference gas (Linde, 
purity 5.6) composed of 96% He, 1% H₂, 1% CO, 1% CH₄, and 1% 
CO₂. These dilutions were prepared by blending the reference 
gas with high-purity He (Linde, 5.6).

Microstructure analysis of silver nanoparticles under constant and 
dynamic voltage conditions

Following the assessment of electrochemical performance in 
the PV-EC and PV-B-EC configurations, we conducted a 
dedicated experiment to evaluate the effect of fluctuating 
versus constant applied voltage on the micro and nanostructure 
of silver nanoparticles. For this, silver nanoparticles were 
deposited on three TEM finder grids (grid 1, grid 2 and grid 3). 
Grid 1 coated with the reference pristine Ag, grid 2 with Ag 
destined to CO2 reduction reaction (CO2RR) under dynamic 
applied voltage and grid 3 with Ag for CO2RR under constant 
stable applied voltage. The TEM finder grids (S147A9, Plano) 
were prepared by spraying a solution containing approximately 
0.1 mg of silver nanoparticles, 1 mL of ultrapure water 
(resistivity 18.2 MΩ·cm), and 0.5 mL of HPLC-grade propanol. 
The grids were then allowed to air-dry. 

Ag-coated TEM grid cathode preparation
To employ an Ag-coated grid in electrochemical operation 
ensuring mechanical stability, the grid was mounted in a 
sandwich-like configuration comprising a nylon grid without 
carbon coating (418CN-MB, SPI Supplies), two M2 stainless steel 
washers, and titanium reverse-action tweezers (N5TI, Dumont). 
Prior to assembly, all components were sequentially cleaned by 
ultrasonication in isopropyl alcohol and ultrapure water, 
followed by plasma cleaning (MCA Chamber, ibss Group Inc.). 
Assembly was performed by placing the Ag-coated grid over the 

aperture of the first washer with the carbon film facing upward, 
followed by placement of the nylon grid to contact the carbon 
film and a second washer to complete the sandwich-like 
structure. The assembled configuration was directly used as the 
cathode during CO₂RR experiments.

CO2 reduction using Ag-coated TEM grid cathode
To investigate the effect of different operating profiles on Ag 
nanoparticles, Ag-coated TEM grid cathodes were employed in 
a dedicated CO₂ reduction experiment. The reaction was carried 
out at room temperature and atmospheric pressure in a 
custom-built H-cell, conditions selected to minimize mechanical 
and thermal stress on the TEM grid carbon film. The cell was 
separated by a glass frit and equipped with a fixed Luggin 
capillary. A graphite rod was used as the counter electrode, 
while the cathodic compartment contained a hydrogen 
reference electrode (Hydroflex, Gaskatel) and inverted 
tweezers holding the Ag-TEM grid cathode. Both compartments 
were filled with 110 mL of CO₂-saturated 1 M KHCO₃ and stirred 
at 330 rpm (Variomag micro, Thermo Scientific). The Ag-TEM 
grid cathode was immersed immediately prior to applying the 
potential sequence, with the carbon film oriented toward the 
counter electrode.
Dynamic PV-EC operation was simulated by applying a sequence 
of 11 consecutive potentials versus RHE (−0.52, −0.58, −0.64, 
−0.70, −0.76, −0.78, −0.76, −0.70, −0.66, −0.58, −0.52 V), each 
held for 54.5 s. Stabilized PV-B-EC operation was simulated on 
a separate Ag-TEM grid cathode by applying a constant 
potential of −0.58 V versus RHE for 10 min. These potential 
profiles correspond to those experienced by the Ag gas-
diffusion electrode under the respective PV-EC and PV-B-EC 
operating conditions. All potentials were applied using a 
potentiostat (SP-50, BioLogic) controlled by EC-Lab software 
(v11.20), with current recorded without iR compensation.

Electron microscopy characterization
All three Ag-coated TEM grids (grid 1 with pristine Ag, grid 2 
with Ag after CO2RR under dynamic applied voltage and grid 3 
with Ag after CO2RR under stable applied voltage) were 
characterized using a probe-corrected Hitachi HF5000 scanning 
transmission electron microscope. High-resolution (HR) 
mapping was performed using aperture C2-4 in EELS1 mode, 
with a convergence angle of 21 mrad and a beam current of 9 
μA. Imaging was carried out using an on-axis dark-field detector, 
complemented by secondary electron imaging to assess surface 
topology. Energy-dispersive X-ray spectroscopy (EDX) line scans 
were acquired using an Ultim Max TLE detector (Oxford). 
Representative acquisition parameters (line scan spot 10) 
included a magnification of 80,000×, 2048 energy channels over 
a 20 keV range (10 eV per channel), 200 points per line, 400 
passes, a pixel dwell time of 2 ms, and eight accumulated lines. 
Pulse pile-up correction was applied during acquisition. The 4D-
STEM inverstigation was performed with Tescan Tensor STEM 
using beam precession and 100kV accelerating voltage. 
Diffraction pattern matching was performed with Tescan´s in-
house software “Explore”, cif files were downloaded from 
https://next-gen.materialsproject.org/
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Field profiles of PV module irradiance and temperature profile

Realistic irradiance and temperature conditions were 
established by analyzing available NREL data set of a silicon 
heterojunction PV module installed in Golden, Colorado-USA, 
operating during one year 53, 54. Figure 1a displays the 
cumulative energy of that installed PV module over a 
combination of irradiance and temperature during that year in 
Golden. To design a representative summer day, we selected a 
set of eleven irradiance (G) and temperature (T) combinations 
that allowed for high PV energy. These eleven G and T pairs are 
highlighted with green circles in Figure 1a. 
To accurately evaluate and compare PV-EC and PV-B-EC 
operation under irradiance and temperature variations during 
the daytime, as well as day-night cycles, we designed two 
identical "days" each lasting one hour, separated by a long 

"night" of nearly two hours, as illustrated in Figure 1b. Each of 
the day was composed by a succession of the selected eleven G 
and T pairs in Figure 1a. Unlike typical summer conditions, our 
designed nighttime was longer than the daytime to ensure 
sufficient time for battery to supply EC with the solar energy 
stored during the day.

Power and Energy coupling optimization

In a simple generator-load circuit, the power generated by the 
source equals the power consumed by the load at every instant. 
In other terms, when a generator and a load are directly 
coupled, the operating point (OP) of the system is defined by 
the intersection of their respective current-voltage (I-V) 
characteristic curves. This operating point is characterised by an 
operating current (IOP) and an operating voltage (VOP), whose 
product defines the operating power (POP), as shown in 
equation (1).
P𝑂𝑃 =  𝑉𝑂𝑃 ×  𝐼𝑂𝑃   (1)

For a photovoltaic (PV) generator, the maximum power that can 
be delivered corresponds to the maximum power point (MPP) 
of its I-V curve and is denoted as PMPP. At any given time, the 
degree of power coupling between a PV generator and a load is 
quantified by the power coupling factor, C, defined as the ratio 
between the maximum power available from the PV device and 
the actual operating power of the coupled system, as shown in 
equation (2):
𝐶 = 𝑃𝑂𝑃 / 𝑃𝑀𝑃𝑃    (2)
A value of C=1 indicates ideal power matching, where the 
system operates exactly at the maximum power point of the PV, 
while deviations from unity reflect suboptimal power coupling.
When the power input is intermittent, the power coupling 
factor, which reflects performance at a single point in time, may 
not fully capture the overall coupling behavior during extended 
operation. For this reason, it is more appropriate to assess the 

energy coupling factor, defined as the ratio between the energy 
consumed by the EC and the maximum energy the PV system 
could have supplied over the same time interval. The solar-to-
chemical efficiency, STC, is then the product of photovoltaic 
efficiency, electrochemical cell efficiency and the coupling 
factor. 
𝑆𝑇𝐶 = 𝜂𝑃𝑉 𝐶 𝜂𝐸𝐶   (3)
Where photovoltaic efficiency (ƞPV)  is defined as the fraction of 
incident solar irradiance on the PV surface that is converted into 
electrical power at the maximum power point and; EC effiency 
(ηEC) denotes the fraction of the applied electrical power 
(voltage × current) that is effectively converted into desired 
chemical products. 
In both PV-EC and PV-B-EC scenarios, we utilized current-
voltage characteristics of two equivalent photovoltaic modules 
based on silicon heterojunction (SHJ) solar cells with the same 
total area and power conversion efficiency (PCE). PV devices 
were mathematically designed to optimally match the 
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characteristics of the EC or B-EC under dynamic conditions at 
1.1 sun 53.3°C. To ensure equal power density across both 
operations, the equivalents PV devices maintained a fixed total 
area of 46.22 cm². Figure 3 in Results and discussion shows PV 
maximum power matching with EC and PV maximum power 
matching with B-EC in current-voltage graph and power-voltage 
graph.  For the PV-EC operation, the PV system consisted of a 
module with 5.25 serially connected cells (equivalent to 525 
cells PV in connected to 100 electrochemical cells), with each 
cell having an area of 8.81 cm². For the PV-B-EC scenario, the PV 
system consisted of a module with 4.25 serially connected cells, 
each with an area of 10.87 cm².

PV-EC and PV-B-EC experiments with hardware-emulated 
photovoltaics

Under laboratory conditions, PV-driven operations are typically 
conducted with photovoltaics illuminated at 1 sun AM1.5G and 
controlled temperature of 25°C by a sun simulator. This setup 
however presents insufficient dynamic irradiance (G) and 
temperature (T) flexibility and long-time irradiance and spectral 
stability. The dynamic variation of irradiance-temperature 
combinations simulating a summer day, along with the 
flexibility of PV current-voltage characteristics, is achieved using 
a dedicated PV emulator. This emulator is a computer-driven 
algorithm that controls a source measurement unit, which in 
turn replicates the IV characteristics of PV devices of any type, 
size, and number of cells under the specified irradiance and 
temperature conditions. The PV emulator developed for this 
study reproduce PV IV characteristics with precision and 
accuracy comparable to that of a AAA-class solar simulator 51.  
The time series of IVs representing the target 'day' was 
generated using the IV characteristics of an in-house fabricated 
246.21 cm² SHJ solar cell. The specific sequence of irradiance 
and temperature representing sunny day profile is shown in 
supplementary information in Table S1. 

PV-EC and PV-B-EC configurations

With PV-EC operation, EC is directly connected to the source 
measure unit (SMU) emulating PV. The operating voltage (VOP) 
and current (IOP) are recorded by Keithley SMU. With PV-B-EC 
operation, all three devices are connected in parallel and B-EC 
is connected to PV in a four-wires configuration to account of 
voltage losses in the cables. During daytime, operations are 
mostly powered by emulated-PV via the SMU, which records 
operating current (IOP*) and voltage (VOP*) of B-EC. To assess 
specific current and voltage of the battery, a data logger located 
at the connection to the battery measured and recorded both 
VB and IB. 
Figure 2 shows the electrical circuit operation of both systems 
(PV-EC and PV-B-EC) in terms of the current.

PV-B-EC daytime: VOP*= VB = VEC             
        IOP*= IB charging + IEC day

PV-B-EC nighttime: VB = VEC

              IB discharging = IEC night

The system efficiency including equations for PV conversion, EC, 
and solar-to-chemical efficiencies are provided in the 
Supplementary Information.

Results and discussion
Power coupling optimization for PV-EC and PV-B-EC

Two equivalents photovoltaic (PV) devices, each with the same 
maximum power, were designed for optimal power coupling 
with their respective loads, EC or B-EC, under 1 sun and 49 °C 
conditions, corresponding to the irradiance (G) and 
temperature (T) with the highest PV energy during the 
simulated day. 
Figure 3a presents the PV-EC and PV-B-EC coupling in terms of 
current-voltage (I-V) characteristics. The black curve represents 
the PV, the blue line denotes the battery’s I-V characteristic at 
70 % SOC, the EC is shown by the blue curve, and the combined 
EC-B system is shown in pink. Charge-discharge curves and 
current-voltage characteristics of the battery at different SOC 
are available in Figure S1 and Figure S2 in supplementary 
information. Batteries typically exhibit very low internal 
resistance, resulting in an I-V curve that is nearly parallel to the 
current axis. When an electrochemical cell (EC) is connected in 
parallel with a battery (B), the combined I-V characteristic 
becomes dominated by the battery’s behavior, closely 
resembling its nearly vertical profile. The red circles represent 
the set of current-voltage with equal maximum power (1.12 W) 
for equivalent photovoltaics with varying configurations of cell 
count and cell area. More detailed description of the approach 
to PV scaling and power coupling optimization for very similar 
case of equivalent PV-EC and PV-EC-B systems can be found in 
Chibuko et. al., 2025 50. Figure 3a shows the power-voltage (P-
V) curves of the equivalent PVs (black lines), which exhibit 
identical maximum power values but at different voltages. The 
corresponding load power-voltage characteristics align at these 
points: The B-EC curve (pink) reaches PV maximum power at 
VMPP = 2.5 V, while the EC curve (blue) matches with PV 
maximum power at VMPP = 3.1 V. 

Figure 2.  Electrical circuit of PV-EC operation and PV-B-EC during both daytime 
and nighttime
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Comparison of PV-EC and PV-B-EC operation over a double-day, 
single night cycle

The current-voltage (I-V) characteristics of the PV under the 11 
selected irradiance (G) and temperature (T) conditions 
representing “daytime” are plotted in grey in Figure 4a. The PV 
maximum power points are indicated by red hollow circles for 
the PV-EC configuration and red hollow squares for the PV-B-EC 
configuration. In the PV-EC configuration (Figure 4a), the 
operating points (OP), shown as blue dots along the PV I-V 
curves, shift toward higher voltages under each tested 
condition. Such voltage instabilities during EC operation have 
been previously reported in the literature55-57. As irradiance 
increases from 0.2 sun to 1.1 sun, both the operating current 
(IOP) and voltage (VOP) rise from 67 mA to 335 mA and from 2.24 
V to 3.24 V, respectively. In the PV-B-EC configuration (Figure 
4a), the B-EC operating points (OP*) are represented by purple 
dots along the PV I-V curves. During the morning hours, OP*(day) 
points lie close to the B-EC I-V characteristic. From noon to 
evening, they gradually shift away from the initial B-EC curve 
due to the substantial increase in the battery’s state of charge 
(SOC) as the PV system continuously charges it. Because the 
battery has a very low internal resistance and acts as a voltage 
stabilizer, voltage fluctuations that typically occur during EC 
operation have a negligible impact on OP*(day). As irradiance 
increases from 0.2 sun to 1.1 sun, the operating current (IOP*(day)) 
rises significantly from 83 mA to 444 mA, while the operating 
voltage (VOP*(day)) increases only slightly from 2.48 V to 2.54 V. 
During nighttime when PV output is zero, the battery behaves 
as the only generator to EC. The operating points (OP*(night)) are 
related to EC night operation and are plotted with negative 
currents (IIOP*(night)) for visual clarity. VOP*(night) varies from 2.56V 
to 2.48V due to decreasing SOC as the battery discharged. As a 
result, the absolute value of I OP*(night) decreased from 112 mA to 
90 mA. The current values of ECnight are lower than original EC 
polarization curve because of the cumulative operating voltage 
instabilities. 

Figure 4b compares the power coupling factors of the PV-EC and 
PV-B-EC configurations. The PV-EC coupling factor varies 
between 0.75 and 1, indicating less consistent power matching. 

In contrast, the PV-B-EC coupling factor remains high and nearly 
constant, with only slight variation between 0.95 and 1. The 
inclusion of the battery enables the B-EC system to more 
effectively utilize the available photovoltaic power, thereby 
enhancing the overall system efficiency.

Battery operation in PV-B-EC configurations over a double-day, 
single night cycle

The low internal resistance of the battery limits voltage 
fluctuations, even under substantial changes in charging or 
discharging current. As shown in Figure 5, the battery voltage 
remains nearly constant (2.48-2.54 V) despite an approximately 
six-fold variation in current. In the PV-B-EC configuration, the 
battery stabilizes the operating voltage (VOP*) of the parallelly 
connected B-EC which is consistent with our earlier 
observations48-50. During daytime on both day 1 and day 2, the 
battery current closely follows the irradiance pattern shown in 
Figure 1b. In contrast, EC maintained a relatively low and 
constant current throughout the double day single night as 
shown in Figure 6b. In PV-B-EC, B absorb most of the PV current-
voltage fluctuation during daytime and power EC during 
nighttime with more steady current-voltage.
At low irradiance levels, during mornings, evenings, and 
nighttime, negative current values indicate battery discharge 
while supplying power to the EC. Between approximately 0.4 
sun and 1.1 sun, the battery is charged by the PV, with charging 
currents ranging from 6 mA/cm2 to 35 mA/cm2. At the 
beginning of the PV-B-EC experiment, the battery was at 70% 
state of charge, allowing it to power the EC. Note that the 
performance evaluation of the PV-B-EC system considers only 
the energy generated by the PV; therefore, the initial battery 
contribution to the EC will be excluded from the overall system 

Figure 4. PV-EC and PV-B-EC operating points during double-day and single 
night. (a) Current-voltage characteristics of PV in grey, of EC in blue and of 
parallelly connected B-EC. The maximum power points are red hollow circles 
for the PV connected to EC and red hollow squares for the equivalent PV 
connected to battery and EC, the operating points are blue dots aligned with 
PV IV curve for PV-EC and purple dots aligned with PV IV curves for PV-B-EC. 
For clarity, night operation is shown with negative currents, EC operating 
points are purple dots. (b) power coupling factor of PV-EC and PV-B-EC over 
operating voltage.
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assessment. At the beginning of day 1, the battery capacity 
decreases slightly as it powers the EC, then increases to 174 
mAh as it is recharged by the PV system until late in the day. By 
the end of day 1, under 0.2 sun, the battery begins discharging 
again to power the EC throughout the long night, during which 
all PV energy stored during the day is supplied to the EC. On day 
2, the battery exhibits a similar behavior: a slight decrease in 
capacity in the early morning, followed by an increase toward 
the end of the day. 

EC operation in PV-EC and PV-B-EC configurations over a double-
day, single night cycle

The experiments were first conducted using the PV-EC 
configuration over a two-day, single-night cycle, followed by the 
PV-B-EC configuration under another identical cycle. In both 
cases, the electrochemical cell was equipped with the same IrOₓ 
anode and Ag-GDE to minimize variability and isolate the effect 
of the system configuration. Both system configurations 
exhibited identical maximum attainable PV energy output. In 
the PV-EC system, the EC operates exclusively during daytime 
hours. In contrast, in the PV-EC-B, the addition of a battery 
enables EC operation to extend into the nighttime. Figure 6 
displays a comparison between EC operation in PV-EC 
configuration and PV-B-EC configuration during a double day 
and single night. The operating voltage and current of the EC are 
designed VEC and IEC in both the PV-EC and PV-B-EC 
configurations shown in Figure 6. In this figure, each day is 
compressed into one hour, followed by an extended night 
period of approximately two hours. In the PV-EC configuration, 
both current and voltage follow the irradiance pattern 
displayed in Figure 1b. From morning to noon, the current 
density increases by a factor of five (7 to 35 mA/cm2), with the 
voltage varying by approximately 1.0 V. In PV-B-EC 
configuration, the operating points of EC remain relatively 
constant irrespective to the irradiance. From morning to noon 
and during the night, EC current density ranges between 8 
mA/cm2 to 13 mA/cm2 with a voltage gradient of only 0.12 V. 

The power coupling factor in any of the configuration is a 
measure of what fraction of the maximum power deliverable by 
PV is being utilized. In PV-EC, the load is EC and in PV-B-EC, the 
load is B-EC. In PV-EC, the coupling factor varies between 0.75 
and 1 with peak values near “noon” when PV power output is 
the highest. In PV-B-EC configuration, the power coupling 
efficiency remains high between 0.95 and 1 during daytime. The 
addition of the battery, not only allowed continuous EC day and 
night operation, but also stabilized EC operating voltage, 
current and power throughout daytime despite irradiance 
fluctuation and day-and-night cycle. Figure S4 in supplementary 
information presents the operating power of EC in PV-EC 
configuration in comparison with PV-B-EC.
Electrochemical (EC) faradaic efficiency consistently favored CO 
across all current-voltage conditions examined in this work. 
During PV-EC operation on day 1, H₂ faradaic efficiency was 7% 
at the start of the day when the operating voltage (VOP) was low, 
decreased to 6% at midday when VOP reached its maximum, and 
returned to 8% by the end of the day. A similar trend was 
observed on day 2, with H₂ selectivity starting at 14%, dropping 
to 8% at midday, and rising to 19% by the end of the day. 
In contrast, during PV-B-EC operation using the same Ag-GDE, 
where the operating voltage remained nearly constant, H₂ 
faradaic efficiency increased steadily from 19% at the beginning 
of day 1 to 34% by the end of day 2, including the overnight 
period. These results highlight two key observations: first, the 
current-voltage profile influences EC selectivity, with H₂ 
formation minimized at higher voltages and currents (midday 
conditions). This dependence of the product selectivity on 
voltage has been observed in other works 58, 59,60, 61. Secondly, 
even though CO remains the predominant product in our work, 
H₂ selectivity gradually increases over time. This has been 
observed in our previous work34 and was attributed to the initial 
high hydrophobicity of the freshly prepared Ag gas-diffusion 
electrode (Ag-GDE). In a flow cell, electrolyte access to the 
catalyst surface is indispensable for CO₂ reduction; however, 
excessive wetting undermines CO selectivity by promoting the 
hydrogen evolution reaction (HER) and possible flooding62. GDE 
Hydrophobicity limits electrolyte (1 M KHCO₃) contact with the 
catalyst surface, but with continued operation, exposure to 
ionic species such as OH⁻, HCO₃⁻, and K⁺, as well as potential salt 
accumulation, progressively reduces the hydrophobic character 
of the Ag-GDE. 57, 63 
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density JB and capacity during a simulated accelerated double-day, single 
night cycle.
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This increase water availability (from electrolyte) at the triple-
phase boundary, thereby promoting hydrogen evolution via 
water reduction. To determine whether the observed selectivity 
is associated with microstructural changes in the silver particles 
caused by dynamic versus constant voltage profiles, their 
morphology and sutructural phase was examined in a dedicated 
experiment using scanning transmission electron microscopy 
(STEM) and 4D-STEM. 

Microstructural analysis of Ag nanoparticles under fluctuating 
versus constant voltage operation

To study the influence of the operating conditions on the 
catalyst microstructure, we conducted a dedicated experiment 
in an H-cell using silver nanoparticles deposited on TEM finder 
grids. From a total of three TEM grids (Grid 1, Grid 2, and Grid 
3), Grid 1 supported pristine silver nanoparticles without 
electrochemical utilization. Silver nanoparticles submitted to 10 
minutes electrochemical process in the H-cell were deposited 
on Grid 2 subjected to dynamic voltage (simulating PV-EC 
operation), and on Grid 3 subjected to constant voltage 
(simulating PV-B-EC operation). The fabrication workflow and 
experimental setup are illustrated in Figure S5 and Figure S6 of 
the Supplementary Information, and the corresponding 
current-voltage characteristics are shown in Figure S7.
All three TEM grids were characterized using scanning 
transmission electron microscopy (STEM) and four-dimensional 
scanning transmission electron microscopy (4D-STEM). Figure 7 
presents STEM secondary electron and dark-field images of Grid 
1 (Figure 7a), Grid 2 (Figure 7b), and Grid 3 (Figure 7c). Across 
all grids, the silver nanoparticles, whether pristine, subjected to 
dynamic voltage, or subjected to constant voltage, appear 

agglomerated with inhomogeneous shape and particle sizes 

ranging from 50 to 200 nm. Occasionally, elongated flake- or 
chip-like protrusions are observed in all three samples.
Notably, no drastic changes in the appearance and surface 
topology of the silver nanoparticles (50-200 nm) are observed 
when comparing the pristine catalyst with those used for CO₂ 
reduction under either dynamic or constant voltage conditions. 
After electrolysis under both constant and dynamic voltage 
conditions, both grids occasionally exhibited regions containing 
ensembles of aggregates of smaller particles, predominantly 
below 10 nm in size, this can be seen in Figure S8 in 
supplementary information. While small-nanoparticle 
formation was not predominant, it may become increasingly 
relevant during prolonged operation, with the present 
observations capturing its early onset.

2 µm

2 µm

2 µm

2 µm

2 µm

Figure 7. STEM images of silver nanoparticles. (a) secondary electrons 
image on the right and dark field image on the left of pristine silver 
nanoparticles deposited on grid 1, (b)  secondary electrons image on the 
right and dark field image on the left of  silver nanoparticles deposited on 
grid  2  employed for electrochemical process under dynamic voltage 
profile, (c) secondary electrons image on the right and dark field image on 
the left of  silver nanoparticles deposited on grid  3  employed for 
electrochemical process under constant voltage profile.

CO

H2

Figure 6 (a) Temporal evolution of EC operating voltage VEC and current density JEC, 
coupling factor of PV-EC, products faradaic efficiency during a simulated accelerated 
double-day, single night cycle. (b) Temporal evolution of EC operating voltage VEC and 
current density JEC, coupling factor of PV-B-EC, products faradaic efficiency during a 
simulated accelerated double-day, single night cycle. 

2.0
2.5
3.0
3.5

0
15
30
45

0.7
0.8
0.9
1.0

Voltage
ECV

E
C
[V

]

PV-B-EC

B-EC

morning

noon

evening

PV-EC
day 1 day 2

night
day 2day 1

night

morning

noon

evening

(a) (b)

Current 
density EC

J E
C
[m

A
/c

m
2 ]

0 1 2 3 4

Power 
  Coupling

FE
 [%

]

Time, t [hour] Time, t [hour]

C
 [-

]

Faradaic 
efficiency

0 1 2 3 40
25
50
75

100

Page 8 of 16EES Solar

E
E

S
S

ol
ar

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

10
:1

9:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EL00076B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00076b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

The generation of small Ag nanoparticles after CO₂R under 
constant voltage has previously been reported in identical-
location studies by Yun, et al64. The newly formed smaller 
particle aggregates observed in Grid 2 and Grid 3 were further 
investigated by energy-dispersive X-ray spectroscopy (EDX) 
(Figure S8), which confirmed the presence of silver under both 
voltage protocols. Following this confirmation, the aggregates 
were analyzed using 4D-STEM (Figure 8) to identify the 
structural phases of silver and assess the potential influence of 
electrochemical operating conditions on particle structure.
The experimentally obtained diffraction patterns from particle 
aggregates in Grid 2, formed after electrolysis under dynamic 
voltage, and Grid 3, formed after electrolysis under constant 
voltage, were compared with simulated crystallographic 
reference patterns for cubic metallic silver, silver(I) oxide, silver 
fluoride, and silver chloride. Among these, metallic silver and 
silver oxide are considered the most plausible phases, given the 
metallic nature of the commercial silver catalyst and the 
possibility of partial oxidation over time. The presence of silver 
fluoride may be attributed to the intrinsic fluorine content of 
the TEM grids, while silver chloride could originate from trace 
chloride contamination in the H-cell electrolyte. The reference 
patterns and corresponding phase assignments are shown in 
Figure 8, where dark blue indicates metallic silver, red silver 
oxide, light blue silver fluoride, and light orange silver chloride. 
In small particle aggregate regions, the diffraction signatures 
were most frequently consistent with metallic silver, with 
occasional areas showing patterns compatible with silver oxide. 
In contrast, diffraction features consistent with AgF and AgCl 

were observed only rarely and with substantially lower 
occurrence in both grids. 
The selectivity obtained with the flow cell in the PV-EC and PV-
B-EC experiments are distinct, although CO remains the 
dominant product in both cases. However, we find no decisive 
evidence that this difference in selectivity originates from 
changes in microstructural features or in the silver oxidation 
state under either dynamic or constant voltage profiles. For grid 
2 and grid 3, despite a current variation of approximately 
fivefold in grid 2, the overall morphology, surface texture of the 
silver particles, and the emergence of smaller Ag particle sizes 
are remarkably similar. This observation highlights the 
structural resilience of the Ag catalyst, independent of the 
applied voltage-current profile during the 10 min H-cell 
experiment. Preserving catalyst structure is generally desirable, 
as it helps maintain targeted active-site characteristics and can 
therefore sustain catalytic activity and selectivity65. Based on 
these observations, we propose that selectivity differences 
emerging on short time scales are likely governed by 
macroscopic effects, such as gas-diffusion electrode (GDE) 
flooding or salt deposition on the membrane or within the GDE, 
both of which are well documented in flow-cell CO₂ electrolysis 
systems.
 In our recent work on Ag-GDE efficiency in PV-EC systems under 
realistic field irradiance and temperature profiles, we 
highlighted the importance of developing cathodes that 
maintain high selectivity despite the unavoidable broad 
variations in current density encountered in practical 
operation34. Here, we demonstrate PV-B-EC as an effective 
strategy to mitigate current density fluctuations and reduce the 
operating voltage, enabling continuous electrolysis during both 
day and night. Consequently, operation in a PV-B-EC 
configuration substantially relaxes the requirement for 
cathodes to sustain high selectivity across wide current density 
ranges.

Energy balance comparison between PV-EC and PV-B-EC in 
double-day, single night cycles

The energy balance presented in this section evaluate the 
efficiency of converting a one-day photovoltaic energy output 
into chemicals. In both devices’ configurations, the Ag-GDE in 
the electrochemical cell was unchanged. To minimize the 
influence of the catalyst age when evaluating the systems 
performance, we compared day 2 of PV-EC experiment and 
day1+long night on PV-B-EC. With identical PV area and 
efficiency in PV-EC and PV-B-EC configurations, Figure 9a and 
Figure 9b show identical cumulative maximum attainable PV 
energies, 0.722 Wh. In Figure 9a, EC is the only load, and its 
operating energy reached 0.69Wh, representing a remarkable 
energy coupling factor of 0.96, on par with values achieved with 
maximum power point trackers 66. In Figure 9b, with a parallelly 
connected load B and EC load, the cumulative operating energy 
at the end of day 1 is 0.716 Wh, corresponding to an energy 
coupling of 0.99. This value is higher than that achieved in the 
PV-EC configuration and exceeds typical values obtained with a 
maximum power point tracker across a broad range of PV 

Figure 8. 4D-STEM images of smaller particle aggregates and their corresponding 
phase assignments, obtained by comparison with reference diffraction patterns 
of metallic silver (dark blue), silver oxide (red), silver fluoride (green), and silver 
chloride (orange). (a) Particles on grid 2 after electrochemical processing under 
dynamic voltage. (b) Particles on grid 3 after electrochemical processing under 
constant voltage.
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power inputs (from 0.2 sun to 1.1 sun). This remarkable result 
aligns with our previous observations of improved coupling 
efficiency 48-50. PV-B-EC combinations are therefore a very 
attractive option for PV-storage integration, addressing 
timescales from hours to seasons with a high degree of intrinsic 
operational stability without any active control.

In PV-EC configuration (Figure 9a), the cumulative sun energy 
stored using EC in the CO2 reduction into CO and hydrogen 
evolution (H2 and CO) was 0.330 Wh corresponding to total 
solar-to-chemical efficiency of 10.0 %. Solar-to-chemical H2 
efficiency (STCH2) was 1.0 % and Solar-to-chemical CO efficiency 
(STCCO) was 9.0 %. In contrast, with PV-B-EC configuration 
(figure 9b), The PV energy stored in the battery on day 1 is 
utilized by the EC during the subsequent night. Therefore, to 
evaluate STC of the PV-B-EC system, the energy balance must 
encompass both day 1 and the following night. Across the entire 
day-night cycle of PV-B-EC operation, the cumulative sun energy 
stored through chemicals formation (CO and H2) was 0.394 Wh 
or a STC of 12.5 % with STCH2 of 3.2 % and STCCO of 9.3 %.
Table 1 summarizes the efficiencies of the PV-EC and PV-B-EC 
systems. A high coupling factor helps prevent mismatches 
between PV generation and EC demand while minimizing 
electrical losses during PV energy storage. The photovoltaic 
module exhibited an energy efficiency of 21.9 % over the day of 
operation. The EC component was identical in both 
configurations; however, its efficiency was higher in the PV-B-

EC system (57.8 %) compared to the PV-EC system (47.5 %). The 
inclusion of a battery led to a more stable EC operating voltage, 
maintaining it around 2.5 V, whereas in the PV-EC configuration, 
the voltage fluctuated with irradiance between 2.4 V and 3.2 V. 
Consequently, in the PV-B-EC configuration, the EC utilized PV 
energy more effectively by operating at a steadier and lower 
power level over a longer duration. 
This effect arises because the battery stores a portion of the PV 
power that would otherwise be immediately consumed by the 
EC in a PV-EC system and releases it later, enabling continued 
EC operation during nighttime. With the nearly optimal coupling 
factor and higher EC efficiency achieved in the PV-B-EC system, 
the overall solar-to-chemical efficiency was 2.3 %abs. higher than 
that of the PV-EC system 57.8 % vs 47.5 %. Due to the increased 
H₂ selectivity in the PV-B-EC configuration, the solar-to-
chemical efficiency toward H₂ improved from 1.2 % to 3.2 %. 
Although CO selectivity was lower in the battery-assisted EC 
compared to the standalone EC, the solar-to-chemical efficiency 
toward CO (STCCO) still increased by 0.3 % abs. as a result of 
improved coupling and voltage efficiency. In CO₂ reduction, the 
hydrogen evolution reaction (HER) is typically a competing 
pathway that reduces product selectivity. In the present study, 
the improved solar-to-chemical (STC) efficiency partially reflects 
increased hydrogen production. it is important to note that 
mixed CO and H₂ streams (syngas) are relevant for a range of 
downstream processes, including Fischer-Tropsch synthesis, 
methanol synthesis and anaerobic fermentation, where specific 
CO:H₂ ratios are required. In this context, our previous work 
demonstrates that electrochemical systems can flexibly tune 
CO:H₂ ratios to match downstream requirements67. 
Accordingly, STC efficiency is retained as a meaningful system-
level metric for evaluating overall solar energy conversion. 

Analysis of the results, synergy in B-EC operation and efficiency 
beyond the limit. 

In our previous work, we investigated a simplified on/off 
operating cycle with a rectangular time profile and single-
product electrolysis (H₂ from water splitting) 48-50. This 
controlled setup was necessary to isolate the differences 
between PV-EC and PV-EC-B operation and to evaluate 
efficiency with minimal uncertainty. In the present study, we 
advance to a more complex and realistic scenario involving CO₂ 
reduction under field-relevant PV operating conditions. The 
increased complexity arises from the introduction of two 
products (CO and H₂) and from the dynamic irradiance-
temperature effects on both EC and EC-B configurations. 
Despite these added layers, the results remain qualitatively 
consistent with our previous findings 48-50. While the 
electrochemical aspect of the study is presented above, in this 
section we delve into the details of the operating performance. 
The simple parallel connection of a battery to a PV-EC device 
has been theoretically and experimentally demonstrated 48, 49 to 
have three key aspects : Firstly, the PV-EC-B device is capable of 
self-sustained operation without the need for power conversion 
or matching electronics, providing stable, smooth input EC 
power throughout the day/night cycle. Secondly, the battery 

Table 1. Comparison of PV-EC and PV-B-EC system 
efficiency in terms of energy coupling efficiency and solar-
to-chemical efficiency (CO and H2).

PV-EC PV-B-EC
Photovoltaic efficiency 21.9 % 21.9 %
Energy Coupling factor 0.96 0.99
Electrochemical cell 
efficiency

47.5 ± 4.7 % 57.8 ± 3.2 %

Solar-to-chemical 
efficiency (STC)

10.2 ± 1.0 % 12.5 ± 0.7 %

STCCO 9.0 ± 0.8 % 9.3 ± 0.3 %
STCH2 1.20 ± 0.4 % 3.20 ± 0.5 %

Figure 9. Temporal evolution of cumulative energies involved in each step of 
the solar-to-chemicals conversion efficiency of a single day PV output for the 
two scenarios (a) PV-EC and (b) PV-B-EC
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facilitates effective power coupling in the PV-EC-B device by 
stabilising the operating voltage. Thirdly, the battery distributes 
PV energy over a longer period of time, delivering this energy at 
a lower power to the EC compared to a system without a 
battery. This is beneficial to electrolyser efficiency and 
therefore to the total STC of the whole PV-EC-B device 48-50. 
As demonstrated in the previous sections, all three points have 
been confirmed in realistic operating cycle tests. This is the next 
milestone in the development of simple and efficient hybrid 
storage solutions for integration with PV at the module, string 
or field level, before the inverter. This concept is vital for the 
early stabilisation of PV output and the smooth deployment of 
PV in a grid rich in renewable generation. 
The third aspect, the efficiency boost facilitated by the battery, 
is of particular interest and has been addressed in detail in 
previous work. This boost in efficiency is synergistic and is 
observed despite battery losses because these losses are 
subtracted from, rather than added to, the energy losses in the 
EC device48, 49. This boost has been predicted theoretically and 
demonstrated experimentally48, 49, and has been used to show 
that the solar-to-hydrogen efficiency of a PV-EC-B system can 
be 1.9 % higher than the theoretical efficiency limit of an 
equivalent PV-EC system in an idealised operating cycle50. In this 
study, we examine these effects under a realistic operating 
cycle and analyse how they compare to the results obtained 
under idealised on/off operating conditions. To do so, we first 
determine the efficiency limit of the PV-EC reference system. 
We employ our recently developed reverse analysis procedure, 
designed for the rapid evaluation of solar-to-chemical efficiency 
in PV-driven electrolysers68. This method extends earlier work 
originally developed for evaluating solar-to-hydrogen efficiency 
in PV-driven water-splitting electrolisers 69. The updated version 
has been generalised to systems that produce multiple products 
and accounts for variations in the main factors that determine 
the power input to the EC device: the PV efficiency (ηₚᵥ), the 
irradiance (G), and the PV-to-EC area ratio (AR). These system 
parameters, together with the known EC output characteristics, 
define the solar-to-chemical efficiency that the electrolyser can 
achieve when paired with any PV device, under any irradiance, 
at any PV-to-EC area scaling, and with any mode of power 
coupling. The resulting value defines the efficiency limit of the 
ideally coupled PV-EC system. Importantly, this implicit solution 
does not require system simulation; instead, it is derived 
through straightforward mathematical transformations. Using 
the EC polarization curves as input and the corresponding 
partial current densities for CO and H₂ as output, we calculated 
the maximum achievable solar-to-chemical efficiency (STClimit) 
for the given PV device and PV-to-EC area ratio for the range of 
irradiance covered in the experiment. In the calculations of 
STClimit coupling factor of 1 is assumed as direct coupling is in 
principle capable of approach 100 % of maximum PV power 
transfer to EC with marginal loss in electric connections. Figure 
10 presents STClimit as filled circles (black for CO+H₂, blue for CO, 
and grey for H₂) as a function of solar irradiance G for constant 
PV efficiency ηPV = 22.09 % and PV-to-EC area ratio AR= 4.87. The 
experimentally measured STCCO and STCH2 over the course of a 

single day are shown as blue and black hollow circles, 
respectively.
In Figure 10, the hyperbolic decrease in STClimit with increasing 
irradiance arises from the fundamental dependence of the EC 
voltage efficiency on the EC operating voltage. As irradiance 
increases, the PV delivers a higher operating voltage to the EC 
device. However, the EC voltage efficiency exhibits a hyperbolic 
decline with increasing operating voltage, this dependence is 
shown in Figure S9 in supplementary information. Since the 
STClimit is directly proportional to the EC voltage efficiency, it 
consequently inherits this hyperbolic decay. At low irradiance, 
the measured STC of the PV-EC device lies substantially below 
the attainable limit due to coupling losses under low-power 
operating conditions (see Figure 6a). At higher irradiances, from 
approximately 600 W m⁻² and above, the measured STCCO+H2, 
STCH2 and STCCO of the PV-EC device approach their respective 
limits, causing the trends to converge. This represents the 
maximum performance regime, where the power coupling is 
close to its ideal value. The slight overshoot of the experimental 
values above the limit line arises from variations in the EC input 
and output characteristics during the measurements. The limit 
calculations are representative of the state of the EC 
characteristics from 2.30 V to 3.25 V. Any variation in these 
characteristics affects the limit line. Here, we demonstrate that 
the PV-EC-B hybrid can exceed the limit of the equivalent PV-EC 
system by a significant amount under realistic field utilisation 
scenarios. As shown in Figure 10, STC increases by 2.3 %abs. 
above the PV-EC reference limit. The battery-assisted system 
exceeds this reference system-efficiency limit because the 
battery decouples PV power generation from instantaneous EC 

conversion, allowing the same solar energy to be converted at 
a lower EC power density.

Figure 10. Comparison between the theoretical solar-to-chemical efficiency limit 
(STClimit) calculated for the EC using ηPV = 22.09% and a PV-to-EC area ratio (AR) of 4.87, 
and the experimentally measured total solar-to-chemical efficiencies (CO + H₂). The 
calculated STClimit values (CO + H₂) are shown as black filled circles, while the measured 
STC values for the PV–EC configuration are indicated by black hollow circles. The 
measured STC values for the PV-B-EC device (pink hollow circles) exceed the STClimit 
achievable by the PV–EC reference system.
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 In the Supplementary Information (Figure S10), the measured 
STC values and the corresponding theoretical limits are 
presented separately for CO and H₂.

This feature of the EC-B hybrid can be exploited in two ways: 
either as a direct increase in product yield, or to reduce the size 
of the costly EC component while maintaining the same 
efficiency as the PV-EC counterpart with a larger EC. In our 
research on water splitting, we demonstrated that 
approximately a twofold reduction in EC capacity can be 
achieved 50. While the extent of EC downsizing under realistic 
operating conditions remains to be fully quantified, these 
results provide a clear indication of the potential and direction 
for further investigation.

Solar-to-Chemical Efficiency in Si-PV driven Electrochemical CO₂ 
Reduction: Benchmarking and Insights

The solar-to-chemical efficiency depends on the PCE of the PV 
device, coupling and efficiency of the electrolyser. In this study, 
we selected silicon-based PV technology due to its widespread 
adoption, making it the most practical candidate for large-scale 
photovoltaic-driven CO₂ reduction. In systems comparable to 
ours (Si-PV coupled with GDE flow-type EC cell) 70-72, the 
electrochemical cell efficiency (ȠEC) for CO and H2 production 
typically ranges between 40 % and 50 %.
Strategies to enhance ȠEC include operating at lower voltage 
and consequently low current density 73, optimizing anode and 
cathode for reduce overpotentials, and improving EC 
architecture to minimize ohmic losses such as through zero-gap 
cell design 74. At low operating voltages and current densities, 
the EC potential approaches the thermoneutral potential of the 
targeted reactions, leading to high voltage efficiency. However, 
for practical applications, achieving a high STC at relevant 
current densities remains the key challenge. For instance, Arai 
et. al reported an impressive ȠEC 57 % 73 but only at 1.5 mA/cm2 
while Sriramagiri et. al presented a large Silicon PV-EC system 
operating with an ȠEC of 42 % at current density of 40 mA/cm2, 
the highest current density reported for the same class of 
device. In our Si-PV coupled with GDE flow-type EC cell, ȠEC 
ranged from 60 % to 46 % across current densities from 7.2 
mA/cm2 to 35 mA/cm2 during daytime operation. Integration of 
a battery further improved ȠEC to 52 % and 60 % by extending 
the EC operation period while maintaining a stable and lower 
operating voltage, approx. 2.5 V, and current density in the 
range of 8.3 to 12.6 mA/cm², as shown in Figure 11.

The simple addition of a commercial Li-ion battery increased EC 
efficiency, leading to an improvement in solar-to-chemical 
efficiency from 10.2 % to 12.5 % under the same solar energy 
input. This study demonstrates that integrating a battery can 
serve as a powerful strategy to enhance PV-EC system 
performance, improving solar-to-chemical conversion 
efficiency without requiring complex or costly modifications to 
the PV or EC components. This represents an important 
milestone in optimizing photovoltaic energy utilization under 
realistic, intermittent operating conditions. The battery-
assisted configuration enables stable and self-sustained solar 
energy storage through continuous fuel production at lower 
and more stable EC operating power, thereby contributing to 
CO₂ emission mitigation and advancing the practicality of solar-
driven chemical energy systems.

Conclusion
We investigated the conversion of solar energy into chemical 
fuels via CO2RR under realistic daily irradiance and temperature 
conditions using two direct-coupled system configurations: a 
direct photovoltaic-electrochemical system (PV-EC) and a 
photovoltaic-battery-electrochemical system (PV-B-EC) system. 
In both cases, the PV modules of same active area exposed to 
same solar irradiance and temperature profile had total 
maximally attainable electricity output of 0.722 Wh. In the PV-
EC system, the power coupling factor (C) fluctuated between 
0.75 and 1, reaching its maximum during periods of peak PV 
output. In contrast, the PV-B-EC configuration maintained a 
consistently high C value (0.95-1) regardless of environmental 
variations. By the end of daytime operation, the energy 
coupling factor of the PV-EC system was 0.96, whereas that of 
the PV-B-EC system reached 0.99. This enhanced stability 
resulted from the battery’s ability to buffer PV power 
fluctuations with minimal deviation in operating voltage. The 
integration of the battery extended the electrolysis runtime 
enabling the EC system to convert daily PV energy at steadier 
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and lower power compared with the PV-EC configuration and 
resulting in a 2.3 %abs. increase in solar-to-chemical (STC) 
efficiency. Using a reverse analysis, we show that the PV-B-EC 
hybrid exceeds the theoretical PV-EC efficiency limit, confirming 
a synergistic boost from battery-mediated voltage stabilization. 
This effect persists under realistic operating conditions and can 
be leveraged to increase product yield or reduce electrolyser 
size while maintaining efficiency. Scanning transmission 
electron microscopy (STEM) and four-dimensional STEM (4D-
STEM) analyses show no significant microstructural or phase 
differences between silver particles operated under stabilized 
and dynamic voltage-current conditions. While our previous 
work highlighted the need for cathodes to maintain high 
selectivity under the broad current density variations inherent 
to PV-EC operation under realistic field conditions, the present 
results demonstrate that PV-B-EC mitigates these fluctuations, 
lowers the operating voltage, and enables continuous day-and-
night electrolysis. Consequently, the requirement for cathodes 
to sustain selectivity across wide current density ranges is 
substantially relaxed. 
PV-B-EC systems present a promising, scalable route for day-
night solar fuel production, mitigating both short-term 
variability and long-term intermittency in solar power. This 
work reframes the role of batteries in solar-to-fuel 
technologies, not as costly, oversized storage devices, but as 
precision components that unlock greater efficiency, stability, 
and year-round performance in photovoltaic-driven chemical 
conversion.
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