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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The 25 cm2 Si-based SRFB achieved a 
solar-to-chemical efficiency (STC) of 
9.54 %.

• This system uses Iodide-Bromide redox 
couples in a neutral pH aqueous 
electrolyte.

• A 360-hour-long cycle with a maximum 
SOEE of 3.11 % demonstrated.

• Electrochemical analysis shows high 
reversibility and stability of the redox 
couple.
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A B S T R A C T

Solar redox flow battery (SRFB) technology offers a compelling strategy for the efficient conversion and storage 
of solar energy, mitigating the intermittency challenges associated with renewable energy sources. This study 
presents an experimental investigation into the performance of a 25 cm2 SRFB employing a single-junction sil
icon photo-device coupled with a neutral pH aqueous iodine-bromine redox couple. The iodine-bromine redox 
couple was selected through a preliminary screening process, considering its compatibility with the photovoltaic 
device’s current-voltage performance and desirable electrochemical properties. Experimental results demon
strate the successful integration of a 25 cm2 photoactive-area device with the SRFB system, showcasing efficient 
solar charging capabilities. The integrated SRFB presented in this study reaches a solar-to-chemical (STC) 
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conversion efficiency of 9.54 %. Subsequent discharge of the stored chemical energy yielded a maximum solar- 
to-output electricity efficiency (SOEE) of 3.11 %, with an average efficiency of 2.44 % over a continuous 360- 
hour cycling period. Furthermore, the electrochemical characterisation of the iodine-bromine redox couple 
confirmed desirable reversibility and stability. These findings underscore the potential of neutral pH aqueous 
iodine-bromine redox couples for scalable and sustainable solar energy storage applications, providing valuable 
insights for the further scale-up of SRFB systems.

1. Introduction

Harvesting energy directly from sunlight is considered one alterna
tive route to a more sustainable energy source compared to power 
generation reliant on fossil fuels. Simply put, a substantial amount of 
solar energy, approximately 5,938 times the world’s primary energy 
consumption (6.4 × 1020 J) in 2022, reaches the Earth’s surface. How
ever, the intermittent nature of solar radiation challenges grid stability 
and transmission/distribution efficiency.

In response to these challenges, significant research efforts have been 
directed towards photoelectrochemistry (PEC) technologies for direct 
solar energy conversion [1–4]. Notably, recent attention has focused on 
solar redox flow cells [5], or batteries (SRFCs or SRFBs), which offer the 
advantage of electrochemical solar energy storage coupled with facile 
reaction kinetics and generation of electricity via reversible reactions 
[6–11]. SRFBs can be broadly categorised into two major configurations 
[12]. The first is the monolithic integration of the PEC device and redox 
flow battery (RFB), establishing a direct device/liquid interface between 
the semiconductor photoelectrode (PE) and the redox electrolyte. The 
coupled solar batteries enable direct solar energy storage via photo
coupled ion transfer (PCIT); however, charge recombination and energy 
level misalignment remain critical performance-limiting factors. Recent 
advancements, including covalent organic framework (COF)-based ar
chitectures and molecular photoelectrochemical materials, have yielded 
notable enhancements in solar-to-electrochemical energy storage effi
ciency [13–15]. The second approach employs physical integration (i.e., 
mechanically stacked up) of photo-devices and flow cells [16,17]. In this 
integration, electrons and heat transfer occur across the solid/solid 
interface of the physically stacked assembly of photovoltaic (PV) devices 
and RFB cells, but ions are transferred between each electrode. Effective 
SRFB design necessitates careful selection of redox couples, considering 
both the redox potential of the redox couple and the operating voltage of 
the semiconductor-based photoelectrode. While maintaining RFB’s ca
pacity and power decoupling advantage, SRFB additionally has the po
tential to mitigate the photovoltaic device’s overheating under 
prolonged light exposure through heat transfer to the liquid flow [7,18].

The vanadium redox couple has been extensively investigated as the 
most suitable for commercial RFB [19–22]. In addition to their 
well-established electrochemical stability and scalability, recent 
research has underscored the techno-economic benefits of vanadium 
redox flow batteries (VRFBs) when integrated into solar energy systems. 
Zheng et al. demonstrated that VRFB can achieve a high round-trip ef
ficiency (RTE) exceeding 78 % while also offering a cost-effective so
lution with a levelised cost of energy (LCOE) lower than hydrogen-based 
storage alternatives, highlighting their suitability for large-scale solar 
energy storage applications [23]. While some studies have explored 
all-vanadium systems for SRFB applications [24,25], challenges remain. 
These include the toxicity of the vanadium in strongly acidic electrolytes 
(e.g., sulfuric acid or hydrochloric acid), its limited operating temper
ature range (10–45 ◦C [26]) due to the precipitation formation problem 
of VO2

+ ions, and potential scarcity impacting its commercial viability 
[27]. The chosen redox couples for SRFB must be compatible with the 
performance curve of PE and the operating potential between the redox 
couple to ensure the system’s stable charging performance. By matching 
the operating voltage range of the charging PE in the SRFB and the cell 
voltage (Vcell) of the system, high states of charge (SOC) can be achieved 
without requiring additional bias [28]. Notably, the SOC-dependent 

shift of the Vcell also should be considered [29]. For instance, Wedege 
et al. demonstrated 95 % SOC using a c-Si photocathode with a photo
voltage exceeding the standard Vcell by ca. 30 % [28]. In a recent study 
by Wang et al. [30], a Fe–Br-based solar-rechargeable redox flow battery 
(SRFB) was fabricated using 3D printing technology, utilising Mo-BiVO4 
and polyterthiophene (PTTh) dual photoelectrodes to achieve efficient 
solar energy conversion and storage. In addition, the 3D-printed system 
demonstrated significantly improved discharge capacity and initial 
discharge voltage compared to H-type cells, achieving approximately 
10-fold higher discharge capacity, thereby proving its efficiency and 
stability. However, SRFB is still at an early research stage based on 
trial-and-error screening of redox chemicals [31,32]. Given that typical 
flow cells operate under higher cell voltage conditions [33] than PV 
devices, careful preselection of compatible redox couples is crucial for 
effective solar-driven RFB charging. This compatibility often necessi
tates more complex device architectures, such as heterogeneous 
multi-junction or interconnected solar charging devices [34–37] (see 
Fig. 1).

In this study, we present a zero-gap SRFB system (illustrated in 
Figs. 1 and S1) incorporating a relatively large active area of 25 cm2 

silicon heterojunction (SHJ) photovoltaic device (Fig. 2), representing 
one of the largest SRFB active areas reported to date [7,11]. We focus on 
the experimental evaluation of a carefully selected redox couple chosen 
for its compatibility with the SHJ device’s operating voltage, which is 
responsible for charging the SRFB system. We also experimentally 
evaluated a competitive osmotically balanced neutral pH aqueous 
iodine/bromine redox couples combination, which, to the best of our 
knowledge, has not been previously explored in solar-power electro
chemical energy storage applications. The outcomes of this study offer 
valuable insights and practical guidelines for the engineering scale-up 
required for further practical application of this solar-rechargeable 
RFB technology.

2. Experimental

2.1. Electrolyte preparation

The electrolyte for electrochemical evaluation was prepared by 

Fig. 1. Photo of the (a) whole experimental SRFB setup integrated with a 
pumping system and electrolyte tanks and (b) diagonal view of SRFB with 25 
cm2 active area.
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adding 1 M KCl (potassium chloride, Thermo scientific, 99 %) as a 
supporting electrolyte. 1 M KBr (potassium bromide, Alfa Aesar, 99 %) 
was used as the active ion in the anolyte preparation. 1 M I2 (Iodine, 
Thermo scientific, 99 %) and 1 M KI (potassium iodide, Sigma-Aldrich, 
99 %) were used as active ions in catholyte preparation. The electrolyte 
used in the charge/discharge experiments using a single cell was an 
electrolyte whose osmotic pressure was adjusted according to the 
following equilibrium equation (Eq. (1)) [38]: 

Π= icRT (1) 

where Π is the osmotic pressure (kPa) dependent on ionic strength, i is 
the van’t Hoff factor (− ), c is the concentration (mol L− 1), and R is the 
universal gas constant (8.314 m3 Pa K− 1 mol− 1). In our study, the con
centration of the negative electrolyte was controlled based on the pos
itive electrolyte.

2.2. Electrolyte analysis

The fresh electrolytes were measured using a pH meter, and the 
bromine and iodine electrolytes were 6.618 ± 0.011 and 7.830 ± 0.008, 
respectively. The electrochemical performance analysis of the osmoti
cally balanced neutral pH aqueous iodine/bromine electrolytes intro
duced in this study to charge the RFB system using a photovoltaic device 
was measured using an electrochemical workstation for potentiostat/ 
galvanostat (Biologic - SP-50e). Each electrolyte sample used in standard 
three-electrode cyclic voltammetry (CV) had completed one charge/ 
discharge cycle. All three electrodes were made of ALS products: the 
reference electrode (ASL, RE-1B 012167) was Ag/AgCl with saturated 
KCl solution, the counter electrode (ASL, 012961) was 23 cm long spiral 
Pt, and the working electrode (ASL, 002012) was glassy carbon with a 
diameter of 3 mm.

2.3. Solar-redox flow battery cell assembly

The Silicon Heterojunction (SHJ) solar cells were fabricated using 
M2-size n-type Czochralski (CZ) crystalline silicon as-cut wafers with 
resistivity of 1–5 Ωcm and a thickness of 130 μm. The wafers were firstly 
chemically etched to remove saw damage and then textured in an 
alkaline solution to obtain random pyramids (Fig. S2) on both sides. 
Intrinsic and doped thin film silicon layers were deposited in an AK 1000 

plasma-enhanced chemical vapor deposition (PECVD) tool from Meyer 
Burger. Around 80 nm of indium tin oxide (ITO) layers were sputtered 
from a 3 % Sn-doped In2O3 target onto both sides of the wafers with a 
direct current mode. The cells (size 25 cm2) were cut out of the wafer 
with a laser and characterised under simulated sun irradiation 
(AM1.5G). Encapsulated using a glass/thermoplastic polyolefin (TPO)/ 
back sheet was performed. Additional details can be found in Fig. S1 and 
references [39,40].

The light illumination used for the PV cell testing and charging 
process of SRFB is ABET Technologies’ 11044A model (AAA grade) 
containing a 150W DC Xe arc lamp. The simulated sunlight used for 
charging represents 1 solar equivalent lighting (i.e., 1 sun) at AM 1.5G 
spectral match A grade (100 mW cm− 2).

The SRFB cell used in the experiments is joined to a stainless-steel 
outer frame (160 mm × 160 mm x 8 mm) with a window for a photo
voltaic device measuring 50 mm × 50 mm (25 cm2 active area) on one 
side. To secure all cell layers and prevent slipping, four holes (6.4 mm) 
for guide bars were added to each corner of the cutout window. Two 
rubber spacers with size 110 mm × 110 mm x 2.5 mm and a window size 
of 65 mm × 65 mm were applied. The window cutouts in the rubber 
surface are larger than the PV charging device’s active area, preventing 
shading and the application of direct pressure. A rubber gasket was 
chosen to avoid unintentional conduction of electricity between cell 
layers. The anode electrode of the PV device is directly connected to the 
bipolar plate of the RFB cell, and the cathode electrode sticks out and is 
connected to a potentiostat. The RFB cell used in our study has the same 
layout as the typical configuration of a flow battery [11,20]. Charge/
discharge cycling was performed within a 0.2–1.0 V potential window. 
During the constant current charge/discharge process, a constant cur
rent of 100 mA was applied, while during the solar charging regime, the 
condition of charging through the solar cell, the rated current changes 
according to the voltage. This is due to the characteristics of the solar 
cell’s I-V curve (refer to Fig. 7 for details). The electrolytes were stored 
in sealed containers of 500 mL each and were supplied to the active area 
of the cell at a flow rate of 50 mL min− 1. The 50 mm × 50 mm graphite 
felt (SGL carbon, SIGRACELL GFD 4.65 EA) electrodes and cation ex
change membrane (FuelCell Store, Fumasep FKS-30) were untreated and 
used after immersion in 1 M KCl solution for 1 h.

Fig. 2. Schematic diagram of a redox flow battery (RFB) cell integrated with silicon solar cells of the solar redox flow battery (SRFB) tested in this work. Note that the 
illustration is not to scale, and the space between the charge collectors and the membrane is filled with the carbon felt (i.e., zero-gap condition; see also Fig. S1). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion

The results of the screening metrics for selecting redox pairs are 
summarised in Fig. 3. The figure presents a matrix, in total, for 36 redox 
couples, with cations and anions ordered by their standard potentials 
(E0) in descending order. The number at the intersection of each ion 
represents the theoretical redox potential of the redox couple. The sol
ubility is determined by the less soluble of the two redox couples, and 
the pH range was chosen to be compatible with the redox reaction of 
each redox couple. A critical criterion for the screening matrix is iden
tifying new redox couple combinations, matching the operating voltage 
and photovoltage maximum of the SHJ solar-charging device (open 
circuit voltage (Voc) of ca. 0.7 V with a maximum power point (Pmax) 
below 0.6 V). This ensures efficient charging of the RFB cell by the 
single-junction photovoltaic device. Based on this criterion, the I− /I3−

and Br− /Br2 redox couples were prioritised. A critical criterion for the 
screening matrix is identifying new redox couple combinations that 
align with the operating voltage and maximum photovoltage of the SHJ 
solar-charging device. This ensures the efficient charging of the RFB cell 
by the single-junction photovoltaic device. Based on this criterion, the 
I− /I3− and Br− /Br2 redox couples were prioritised. Beyond voltage 
compatibility, additional factors such as solubility and long-term sta
bility were also considered in the selection process [41]. While some 
alternative redox couples exhibited comparable redox potentials (e.g., 
0.56 V and 0.60 V), their applicability was constrained by lower solu
bility, which could restrict the achievable energy density. In contrast, 

both the I− /I3− and Br− /Br2 couples exhibit high solubility in aqueous 
electrolytes, which allows for higher active species concentrations and 
improved capacity. Moreover, cost analysis favoured the 
iodine-bromine system due to the relative abundance and accessibility 
of these halogen species compared with alternative transition 
metal-based redox couples. Notably, halogen-based RFB systems have 
been reported to achieve system-level costs in the range of approxi
mately 85–148 USD kWh− 1, which is substantially lower than the 
300–600 USD kWh− 1 typically associated with conventional VRFB sys
tems [42]. Accordingly, while voltage compatibility was established as 
the primary selection criterion, additional considerations of solubility, 
cost-effectiveness, and long-term stability further supported the selec
tion of the iodine–bromine redox couple over other candidates.

As shown in Fig. 4, the I-Br redox couple combination can exhibit a 
standard cell voltage (potential differences between the I− /I3− and Br− / 
Br2 redox couples) of 0.60 V, consistent with the value from the 
literature-driven screening matrix in Fig. 3. These measurements were 
taken at room temperature and a scan rate of 100 mV s− 1. The mecha
nisms of Br− oxidation and Br2 reduction that occur in the anode active 
area of the RFB cell have been detailed by Brent et al. and further sub
stantiated in subsequent research [43]. Furthermore, the high vapor 
pressure characteristic of bromine makes it challenging to maintain the 
concentration of active ions during long-term operation, but this can be 
improved by introducing a bromine capturing agent (BCA) [44,45].

In Fig. 5a and b presents the Randles-Sevcik plot derived from the 
CVs of selected redox couples [46]. In general, the redox reaction of Br−

Fig. 3. Screening metrics for selecting redox couples for SRFB systems can identify standard potential, redox potential, solubility, and pH range.
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ions, especially the reduction reaction, is irreversible at carbon elec
trodes [43], particularly under high current density conditions, the 
observed linear relationship between peak current and the square root of 
scan rate (60 mV s− 1) suggests that the mass transfer is primarily 
diffusion-controlled within the employed scan rates. Therefore, the 
irreversible properties due to the high vapor pressure of Br [43], as re
ported in several studies, are not considered to have occurred in our 
experimental conditions. As shown, iodine (Fig. 5c) exhibits a reversible 
CV curve compared to the redox reaction of bromine (Fig. 5d). In 
addition, the I− /I3− redox conversion follows a well-defined electro
chemical process at the electrode surface (3I− → I3− + 2e− and I3− + 2e−

→ 3I− ), while a chemical equilibrium (I2 + I− ↔ I3− ) occurs simulta
neously in the bulk solution. This mixed mechanism is characteristic of 
iodine-based systems and is confirmed by both CV and charge/discharge 

profiles, demonstrating Butler-Volmer kinetics and stable reversibility 
under our experimental conditions. More detailed analyses can be found 
in Fig. S3 and SI Note 1. Additionally, the excellent reversibility of the 
Br/I couple is evident in the charge/discharge results for the SRFB 
system.

The charge/discharge behaviour of the SRFB cell with selected redox 
couples is shown in Fig. 6. The figure shows the solar charging and GCD 
(galvanostatic charge-discharge) discharge curves separately (black and 
red, respectively) obtained under 100 mA constant current mode. To 
minimise polarisation effects, a 10-min open-circuit rest period (no-load 
operation) between charge and discharge cycles was implemented with 
a charge voltage limit of 0.7 V. The figure also includes photographs 
illustrating the colour changes of each electrolyte under RFB mode as a 
function of SOC change. The bromine electrolyte is initially colourless 
and transparent, but its transparency decreases (turns brown) in pro
portion to the SOC during the charge/discharge process, corresponding 
to the oxidation of Br− to Br2. This colour change reflects the increasing 
concentration of tribromide species. The iodide electrolyte is generally 
colourless in aqueous solution. However, the concentration of molecular 
iodine is dominant, and the electrolyte used in this work is dark yellow- 
brown under standard operating conditions. In the overcharged state, 
the iodine ions in the electrolyte form a higher oxidation state and 
become transparent. The transparent iodine electrolyte can be seen in 
Fig. S4. Charging and discharging took approximately 14 and 13 h, 
respectively, and the electrolyte level (500 mL each) in each electrolyte 
storage tank remained constant during repeated experiments, indicating 
no significant electrolyte loss due to evaporation or other processes. 
These standard potential results were validated with our SRFB system. 
Specifically, the power produced by a silicon PV device was successfully 
stored (charged) in an RFB cell.

The linear sweep voltammetry (LSV) curves for the RFB mode in 
Fig. 7a were measured immediately following full discharging and 
charging, after a dwell period under open-circuit conditions (VOC of 
0.336 V and 0.531 V at SOC 0 % and 100 %, respectively). The photo
current increases by approximately 2.7 times at the given bias as the 
SOC increased. This enhancement is attributed to a shift in the 

Fig. 4. Cyclic voltammetry for electrochemical characterisation of redox 
couple aqueous solutions.

Fig. 5. Linear relationship between oxidation/reduction peak current and square root of scan rate (v1/2) for (a) I− /I3− and (b) Br− /Br2 electrolytes. In addition, CV 
curves of 100 consecutive cycles for (c) I− /I3− and (d) Br− /Br2 were measured at a constant scan rate (60 mV s¡1). The electrolyte used in the measurements was all 
100 % SOC, with a molar concentration of 1 M KBr and 1 M KI and 1 M I2.
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photocurrent onset potential with increasing SOC.
Fig. 7b presents the overlaid IV curves of the PV regime (i.e., dry 

condition) only (dark) and SRFB system. The mechanically stacked PV 
device served as the power source for charging the SRFB. As expected, it 
is anticipated that employing a high-efficiency photo-device could 
further enhance the charging rate of the SRFB and consequently reduce 
its charging time. Under the same unbiased two-electrode condition, 
both the PV device and SRFB charging modes exhibited a photocurrent 
of approximately 300 mA (ca. 12 mA cm− 2). A notable aspect of the LSV 
curve of the SRFB is that the current begins to decrease as the voltage 
exceeds 0.4 V. This I-V characteristic of photo-device at low current 
region can actually be an advantage for RFB, as it can reduce the con
centration overvoltage at high SOC. Furthermore, the change in slope 
observed in the current reduction region of the PV cell and the SRFB 
indicates an increased series resistance in the SRFB operation regime. 
This increase is attributed to the increased contact resistance resulting 
from the mechanical contact between the photovoltaic device and the 
bipolar plate of the SRFB, an important factor that should be considered 
for future system scaling and integration.

Fig. 8a presents the charging behaviour of the SRFB system with 
various electrolyte conditions and cycling numbers under simulated 
solar illumination. The black solid line represents the results of the 3rd 
galvanostatic charging of pristine electrolyte prepared at a 1 M 

concentration, while the black dotted line indicates the 10th charge. The 
polarisation effect increases most dramatically with the number of cy
cles, likely attributed to electrolyte crossover through the membrane 
[38], resulting in different electrolyte volumes in the two electrolyte 
reservoirs. During cycling tests with pristine electrolyte conditions, a 
decrease in the anode electrolyte storage capacity was observed. This 
crossover increases polarisation losses caused by the concentration dif
ference between the anode and cathode electrolytes [38].

To mitigate this crossover issue, we introduced an osmotic pressure- 
controlled electrolyte solution. The red line in Fig. 8a shows the result of 
charging with a controlled osmotic pressure (COP) electrolyte. To apply 
the COP, 1 M KBr and 1 M KCl electrolytes were set as references. This 
was chosen due to the solubility limit of aqueous solutions. Using Eq. (1)
in Section 2.2, the concentrations of KI and I2 were calculated to be 
0.667 M. The concentrations of KI and I2 used in this study were chosen 
to be 1:1. And the concentration of KCl was the same as that of the Br 
electrolyte (1 M). While this approach resulted in a slightly lower initial 
energy capacity compared to the pristine electrolyte due to the adjusted 
ionic strength of the I− /I3− couple, it significantly improved capacity 
retention by suppressing water crossover (Fig. 8b). Additionally, the 
results of solar-charging with an electrolyte adjusted for osmotic pres
sure balance are shown in blue lines. The SRFB system exhibited the 
same electrochemical charging characteristics seen in the constant 
current charging process (red line) of an RFB charging/discharging 
regime, demonstrating the compatibility of the COP electrolyte with the 
solar-charging regime. The volume of COP electrolyte remained 
consistent with the initial electrolyte volume even after the end of the 
cycling experiment, implying the mass transport through the membrane, 
i.e., crossover, was significantly reduced with the COP electrolyte 
compared to the pristine electrolyte. Furthermore, as can be seen from 
the LSV curve of the PV device, the relatively low charging current at 
charging conditions above 80 % SOC provides deep charging and re
duces the risk of side reactions.

During the charging process, as the SOC of the cell approaches 100 
%, the charging current driven by the photovoltaic device to the cell 
decreases, resulting in relatively improved reversibility (discharge ca
pacity retention rate) due to the lowered contribution from the ohmic 
overpotential. Furthermore, the voltage plateau observed above 90 % 
SOC during the SRFB charging process is attributed to the photovoltage 
limit, with the SRFB voltage remaining below the 0.7 V limit due to the 
PV device’s I-V characteristics. However, the rapid voltage increase (i.e., 
concentration overpotential) that occurs from approximately 80 % SOC 
is a typical performance characteristic of RFBs. This is due to the current 
level supplied by the photo-device relative to the increasing polarisation 
loss caused by mass transfer limitations and depletion of active ions.

To quantitatively assess our SRFB system performance, the solar-to- 
chemical (STC) conversion efficiency and solar-to-output electricity ef
ficiency (SOEE) are expressed as follows [47]: 

Fig. 6. Solar charging and GCD discharge curves (black and red, respectively) 
and colour changes of each electrolyte under RFB mode as it changes oxidation 
state. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 7. Current-voltage (J–V) curves recorded (a) RFB and (b) with and without light for various cell conditions using a two-electrode setup. SOC was classified 
through OCV measurement after each stage of charging/discharging.

J. Kim et al.                                                                                                                                                                                                                                      Journal of Power Sources 644 (2025) 237045 

6 



STC(%)=
jopEredox

Pinput
(2) 

SOEE(%)=
Edischarge

Eillumination
=

∫
IdisVdisdt
∫

SAdt
(3) 

where jop is the operating photocurrent density or measured current 
density at zero bias voltage under the two-electrode conditions, Eredox is 
the redox potential difference, Pinput is the power of solar radiation, Idis is 
the output current, Vdis is the output voltage, S is the incident solar 
power density, and A is the area of the photoelectrode. The STC calcu
lated using Eq. (2) is 9.54 %, while the SOEE calculated using Eq. (3)
remains relatively constant at a maximum of 3.11 % and an average of 
2.44 % for the entire cycle (Fig. 8c). STC represents the instantaneous 
efficiency of converting solar energy into chemical energy during 
charging, while SOEE reflects the cumulative efficiency across the entire 
charging (i.e., solar storage) and discharging processes. The disparity 
between the STC of 9.54 % and the SOEE of 2.44–3.11 % is attributed to 
the energy losses inherent in the system coupled with the RFB. These 
losses encompass the factors, including charge transfer overvoltage, 
shunt current, self-discharge, and voltage inefficiency during discharge. 
Matching the operating voltage ranges of photovoltaic devices and RFB 
cells is the most challenging task in SRFBs when selecting redox couples 
for the maximisation of STC and SOEE. So, it is noteworthy that our 
SRFB system has been successfully cycled for over 360 hours.

As seen in Fig. 8a, it is necessary to apply a photovoltaic device with 
improved photovoltage characteristics to ensure that the redox reaction 
occurs over a wide voltage range. Based on Eq (3), SOEE could be further 
improved by selecting redox couples with a potential window that better 
aligns with the PV device’s operating curve. While the silicon-based PV 
devices introduced so far are readily available and inexpensive, their 
relatively low voltage output and the narrow potential window of the 
redox couples that meet this voltage condition constrain SOEE 
improvement. Furthermore, the SRFB device, with its large active area 
(25 cm2), may have experienced unintended electrolyte leakage or 
stagnation due to its large cell size. As evidenced by the contact resis
tance observed in Fig. 7b (i.e., high series resistance represented by a 
moderate slope near open-circuit voltage), efforts to reduce the series 
resistance of the photo-device are also necessary. In addition, the neutral 
pH electrolyte gradually becomes acidic as it goes through the charge 
and discharge process. The following are the pH values measured after 
the 10th charge and discharge. Under the condition of 0 % SOC, the 
bromine electrolyte was 1.217 ± 0.014, and the iodine electrolyte was 
4.820 ± 0.005. Under the condition of 100 % SOC, the bromine elec
trolyte was 1.092 ± 0, and the iodine electrolyte was 5.309 ± 0.009. 
The pH difference that increases with the cycle is because H+ accumu
lates to balance the charge for the ions that have moved through the 
cation membrane [48]. Capacity retention can be further improved by 
modifying the membrane or by using a system that takes pH into 
account.

Despite these limitations, this work demonstrates a long-period and 
relatively high STC efficiency single-junction photo-device-based SRFB 
in the largest reported area (25 cm2). However, considering the current 
solar cell size, there is still room for further improvement. Additionally, 
achieving enhanced SOEE relies on minimising the series resistance and 
the shunt currents of the photo-device through improved cell architec
ture. Despite these challenges, this study demonstrates the feasibility of 
large-area (25 cm2) SRFBs with stable long-term operation, providing a 
critical step towards scaling up economically viable systems (<USD 100 
per semiconductor [49]) with uniform mass transfer performance [50].

4. Conclusions

This work demonstrates a 25 cm2 zero-gap solar-rechargeable redox 
flow battery, representing one of the largest areas among the single- 
junction photo-device-based SRFB reported to date. The integrated 

Fig. 8. (a) Comparison of cell voltage according to the charge state of SRFB 
with 25 cm2 active area, (b) discharge capacity according to charge/discharge 
cycle and (c) SOEE of converting input solar energy into output power of SRFB.
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system achieved an STC conversion efficiency of 9.54 % and a peak 
SOEE of approximately 3.11 % during the 39 cycles (total 360-hour 
operating time) demonstration. This 360-hour total cycle is the longest 
operation among the single-cell-based SRFB systems published so far. 
Our findings contribute to advancing solar energy harvesting technology 
and provide insights for scalable engineering for practical SRFB 
applications.

A rigorous redox couple screening process was conducted, address
ing several key aspects: i) redox potential, ii) operating voltage range, 
and iii) solubility to maximise the compatibility between the photo
voltaic device and the electrolyte system. The chosen iodine-bromine 
redox couple effectively matched the operating characteristics of the 
silicon photovoltaic device. Experimental results confirmed the suc
cessful integration of a silicon photovoltaic device with an iodine- 
bromine RFB system, showcasing efficient and unbiased solar charging 
capabilities. The aligned I-V curves of the PV cell (dry condition) and 
SRFB regime minimised the concentration overpotential of electrolytes 
and ensured stable operation within the desired potential range. More
over, our investigation into the electrochemical properties of the iodine- 
bromine redox couple revealed its favourable reversibility and stability, 
as evidenced by cyclic voltammetry and charge/discharge experiments. 
The use of osmotically controlled electrolyte solutions further enhanced 
the cycle reversibility and discharge capacity retention rate by miti
gating concentration gradients between the anolyte and catholyte. 
Although the high vapor pressure of bromine presents a potential limi
tation for long-term operation, ongoing research on bromine-capturing 
agents (BCAs) may provide an effective mitigation strategy. Further
more, implementing controlling strategies that limit deep charge/ 
discharge cycles may help maintain bromine concentration in the 
electrolyte.

Overall, this study highlights the potential of neutral pH aqueous 
iodine-bromine redox couples for efficient solar energy storage using a 
silicon-based SRFB system. Considering the dimensions of commercially 
available crystalline silicon photovoltaic devices, we anticipate that 
future large-scale SRFB systems will probably consist of interconnected 
multiple individual modules, each with an active area in the range of 
200~400 cm2.
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