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Abstract
Solar-powered vanadium redox-flow batteries (VRFB) have emerged as an attractive 
alternative to large-scale and efficient energy storage and conversion. However, due to the 
stringent charging voltage requirements of vanadium-based systems (1.4–1.7 V), common 
photobatteries, applying standard photovoltaics with nonoptimized photovoltages, cannot 
be completely charged bias-free, i.e. by only using bias-free solar energy, or if they can be, 
only at unpractical low current densities of just a few mA cm−2. In response to this critical 
challenge, the present study aimed to design and test a compact device combining a high-
photovoltage silicon multijunction solar cell with an all-vanadium continuous-flow battery. In 
particular, we applied a monolithic triple junction solar cell, which can provide photovoltage 
of up to 2.2 V. Additionally, we have introduced the concept of increased illumination intensity 
for the solar VRFB. As a first demonstration, a complete bias-free solar charging at 25 mA 
cm−2 (300 mW cm−2 illumination) is reported. Moreover, we investigated the influence of the 
operation parameters of the redox-flow battery itself: the membrane type and the vanadium 
concentration in the electrolyte (i.e. storage capacity). The presented results provide evidence 
that the low-cost thin-film silicon based solar VRFB can be considered as an outstanding 
alternative for practical energy storage and conversion usage. A maximum bias-free solar 
conversion efficiency of 12.3% was achieved during charging, combined with promising and 
competitive energy efficiencies for the complete charge–discharge process that can guarantee 
an overall solar-to-electricity conversion efficiency of  >10%.

Keywords: vanadium redox-flow battery, silicon, concentrated photovoltaics, energy storage, 
energy conversion
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1. Introduction

There is a worldwide commitment to working towards a sus-
tainable and inclusive future; the efficient and large-scale 
storage of solar energy is considered a key challenge. It is 
vital that innovative and industrial scale storage solutions are 
channeled to circumvent the inherent intermittency of this 
renewable energy source. The utilization of solar energy in 
photoelectrochemical processes mimicking artificial photo-
synthesis, such as water splitting [1–3] or CO2 reduction [4, 5],  
presents an attractive way to store solar energy in the form of 
clean chemical fuels. However, the high cost of production 
and the subsequent storage and usage of these fuels, which is 
highly energy intensive and cannot draw upon infrastructures 
that are already available, has impeded the largescale imple-
mentation of such systems so far [6].

An alternative method is to store solar energy in the form 
of one or more dissolved electroactive species flowing through 
an electrochemical cell that, on charge, converts electricity 
(produced by a solar cell) into chemical energy, and on dis-
charge converts chemical energy back into electricity, which 
can be used for domestic usage or to feed the grid. According 
to this principle, redox-flow batteries (RFB) store electrical 
energy and generate electricity by a redox reaction between 
electroactive ions dissolved in two electrolyte compartments 
(anolyte and catholyte) [7–9]. In the present study, we inves-
tigate all-vanadium redox-flow batteries (VRFB) for solar 
energy storage and conversion, as they offer several unique 
advantages compared to conventional battery types, such as 
lithium ion batteries. (i) Design flexibility: in general, RFB 
offer the advantage of decoupling the power output from the 
energy capacity. Whereas the power output is determined by 
the electrochemical cell stack size and number of cells, the 
energy storage capacity of the battery can easily be adjusted 
by the electrolyte properties; volume and vanadium concen-
tration. As opposed to solid-state batteries, RFB therefore 
become more practical regarding large-scale systems [10]. 
(ii) Robust operation: in particular, VRFB alleviate the issue 
of cross-contamination during long-term operation because 
both the anolyte and catholyte contain the same element. This 
implies a quick response time, low self-discharge and a long 
life cycle [11–13]. (iii) High energy density: in comparison 
with other electrolyte solutions, VRFB operate at higher cell 
potentials (>1.4 V) and thus can reach higher energy densities 
than aqueous redox organic solutions, for instance [14].

This last point, however, induces a critical requirement 
for the applied solar cell in a solar-driven VRFB, especially 
regarding high photovoltage. Among the solar-driven VRFB 
reported thus far, no complete charging has been achieved due 
to the insufficient photovoltage provided by the applied solar 
cell, such as in CdS based systems [15], or if sufficient, only 
at impractical low vanadium concentrations (0.01 M) and low 
current densities (<0.04 mA cm−2), respectively, as for TiO2 
based systems [16, 17]. Toput into context the photovoltaic 
and battery characteristics, figure  1 shows the short-circuit 
densities (JSC) as a function of the open-circuit voltages 
(VOC) of common solar cell types and links this data with the 

theoretical cell potential of a VRFB of 1.26 V (red vertical line 
in figure 1).

In spite of high current densities of up to 43 mA cm−2, 
the majority of the presented solar cell types cannot provide 
enough photovoltage to enable unassisted solar charging of 
a VRFB (VOC  <  1.26 V). Only III–V semiconductors (GaInP 
and other multijunction cells) and multijunction thin-film 
(TF) silicon solar cells possess adequate J–V characteristics 
for integrated solar VRFB systems. Such compact design 
solutions utilizing monolithic solar cells earn a high usage 
flexibility compared to devices which apply solar modules 
connected in series (for higher photovoltages) and thus, suf-
fering from design constraints and additional processing 
steps, e.g. laser scribing and solar tabbing wire connection. 
Nevertheless, real systems losses, e.g. overpotentials, low 
ionic conductivity, kinetic losses, cause the operation point 
(theoretically at 1.26 V) to shift toward a more positive bias 
(1.6–1.7 V), as implied in figure 1. Hence, GaInP and tandem 
junction TF silicon (aSi/aSi) solar cells also might not pro-
duce enough voltage to be combined with VRFB. As multi-
junction III–V semiconductors are expensive, triple junction 
TF silicon (aSi/aSi/µcSi) cells appear to be the best solution 
for solar VRFB, especially if the characteristics of earth-
abundance, low material consumption (absorber layer thick-
ness sequence 80 nm/160 nm/2 µm), light-weight, low-cost 
production, facile large-scale deposition and good photovol-
taic characteristics (fill factors of around 72%) are considered. 
Although, the multijunction configuration with three distinct 
absorber layers (earning different band gap energies) absorbs 
a wide spectrum of wavelengths of the incoming light [22], 
the achievable current densities lie around 8–9 mA cm−2, and 
thus, are below commercially applied current densities for 
VRFB [25]. In order to increase the operation current den-
sity and circumvent the need to increase the battery electrode 
areas, which would introduce a supplementary cost factor, we 
introduce the concept of increased illumination intensity. With 
this approach, we exemplarily show that current densities of 
25 mA cm−2 can be achieved with the silicon TF triple cell 
(at 300 mW cm−2 illumination), which enabled solar charging 
of VRFB with industry-viable specific storage capacities of 
up to 21.44 Ah l−1 and power densities of up to 27 Wh l−1 at 
reasonable charging times. Additionally, we analyze the influ-
ence of operation parameters of the RFB itself, i.e. membrane 
type and vanadium concentration in the electrolyte. Our find-
ings show that the presented solar VRFB can exhibit energy 
efficiencies of up to 77% for the complete charge–discharge 
along with solar energy conversion efficiencies of up to 12%.

2. Experimental

2.1. Preparation of thin-film silicon solar cell and battery 
components 

The details regarding the preparation of the triple junction TF 
silicon solar cell can be found in [22]. The amorphous (a-Si) 
and microcrystalline (µc-Si) absorber layers were depos-
ited using the plasma enhanced chemical vapor deposition 
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technique in a multichamber system. The TF silicon solar cell 
was made in a stacked p–i–n superstrate configuration with 
a sputtered aluminum doped zinc oxide/silver (ZnO:Al/Ag) 
reflecting rear contact, defining the area (1 cm2) of the indi-
vidual cells [26].

For the VRFB, positive and negative electrodes were made 
of rayon-based carbon felt with a thickness of 6 mm (Carbon 
Lorraine). The geometrical area of the as-prepared elec-
trodes was 2 cm2. For the positive electrode a plasma treat-
ment was conducted and for the negative electrode hydrogen 
treated TiO2-based felt was applied (see [27] for more details). 
Vanadium oxide sulfate (⩾99.9%) was obtained from Sigma 
Aldrich and sulfuric acid (95%–98%) was obtained from 
Labkem. The electrolytes were prepared by dissolving 0.2, 0.5, 
1, and 1.6 M VOSO4 in 3 M H2SO4 solutions. Subsequently, the 
corre sponding anolytes and catholytes were electrogenerated 
starting from VO2+ species in both reservoirs. For the charge, 
40 ml of catholyte and 20 ml of anolyte solution were used, 
while purging nitrogen to the anolyte solution to minimize 
self-oxidation of the active species. After the charging process 
was completed, 20 ml of the as-prepared 40 ml of VO+

2  was 
removed from the catholyte solution, meanwhile the 20 ml of 
the as-prepared V2+ anolyte solution was left unchanged. By 
doing so, the discharge was started with 20 ml of catholyte 
(VO+

2 ) and anolyte (V2+), respectively. Consequently, after 
complete discharging, 20 ml of VO2+ and V3+ were obtained, 
which served as the starting catholyte and anolyte solutions 
for the solar VRFB tests, respectively.

2.2. Solar VRFB setup and characterization

The solar VRFB performance was assessed using a flow cell 
system that was designed in-house, which is schematically 
shown in figure 2(a) and has been adapted based on designs 

previously published by our group [28–31]. As depicted in 
figure 2(a), the device was assembled by ‘sandwiching’ the 
membrane (Nafion® 117, Nafion® 115, Bipolar FUMASEP, 
Selemion AMV AGC Engineering, Zirfon Perl AGFA, all with 
the dimensions of 4 cm  ×  6 cm) between the two carbon felt 
electrodes (positive and negative) with an area of 2 cm2 and 
two current collectors made of graphite SGL CARBON Grade 
R 8710. The characteristics of the used membranes are summa-
rized in the supplementary information in table S1 (stacks.iop.
org/JPhysD/00/0000/mmedia). Viton® gaskets were placed in 
between each of the aforementioned components in order to 
avoid leakage of the electrolytes. At both ends of the battery, 
metallic aluminium endplates were mounted. The TF silicon 
solar cell was attached to one of the metallic aluminium end-
plates and electrically connected to both current collectors by 
wiring. The complete solar VRFB was tested using catholyte 
and anolyte reservoirs of 5 ml, respectively, which were con-
nected to the battery by tubing of 1.6 mm in diameter.

(Photo)electrochemical measurements were conducted 
using a Biologic® VMP-3 multipotentiostat controlled by 
EC-lab® software. The flow rate at each side was kept con-
stant at 35 ml min−1, while continuously purging the negative 
reservoir with nitrogen (the same as for the electrogenera-
tion). The flow cell was charged up to 1.7 V and then dis-
charged to 0.7 V at different current densities, depending on 
the light intensity used for illumination (100, 200, and 300 
mW cm−2). Complete charge and discharge, i.e. the state-of-
charge of the vanadium solutions, was deduced based on the 
particular color changes of the oxidized and reduced vana-
dium solutions, respectively (as shown by the photographs in 
figure 2(b)) [32]. A solar simulator equipped with a 150 W 
xenon lamp was used as the light source. The intensity of the 
light source was adjusted to match standard sunlight condi-
tions at 100 mW cm−2 as well as concentrated illumination 
conditions of 200, and 300 mW cm−2 intensity, respectively, by 
varying the solar VRFB-simulator distance. The performance 
evaluation method for the VRFB single cell was determined 
by measuring the cell potential versus time, from which the 
following efficiencies could be deduced: (1) Coulombic effi-
ciency (CE), i.e. the ratio of the average discharging capacity 
to the average charging capacity, (2) voltage efficiency (VE), 
i.e. the ratio of the average discharging voltage to the average 
charging voltage, (3) energy efficiency (EE), i.e. the product 
of EE and VE, and (4) the electrolyte utilization (EU), i.e. the 
ratio between measured capacity during solar charging and 
the theor etical storage capacity of the given vanadium concen-
tration. For the discharge we applied the same average current 
density as measured during the solar charging.

As shown in figure 2(b), the first step in the operation of the 
solar VRFB is the conversion of solar energy into electrical 
energy through a solar cell. In the second step, this energy is 
stored, i.e. used to drive the redox reaction producing a reduced 
(V2+) and an oxidized (VO+

2 ) chemical species (charge), as 
depicted in figure  2(b). To generate electricity, i.e. to reuse 
the stored electrical energy, the resulting redox species can 
be readily oxidized (V3+) and reduced (VO2+), respectively 
(discharge). The corresponding reversible chemical reactions 
are as follows: AQ6

Figure 1. Short-circuit current densities (JSC) and open-circuit 
voltages (VOC) of common solar cell types linked with the 
theoretical operation point of a VRFB device at 1.26 V (red dashed 
vertical line, without overpotential losses). Solar cell parameters 
of Si IBC, GaAs, CIGS, CdTe, CZTS, perovskite, DSSC, and 
organic can be found in [18]. Information on Si HIT, aSi, aSi/aSi, 
aSi/aSi/µcSi, III–V, and GaInP can be found elsewhere [19–24]. 
In real solar VRFB devices this operation point is shifted due to 
overpotential losses, indicated by the grey arrow.
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Catholyte: VO2+ + H2O VO2
+ + 2H+ + e−| E0 = + 1.0 V versus NHE

Anolyte: V3+ + e− V2+| E0 = –0.26 V versus NHE ,
RFB: VO2+ + V3+ + H2O V2+ + VO2

+ + 2H+ | E =1.26 V versus NHE

Figure 2. (a) Scheme of the solar VRFB setup showing the main components of the device. (b) Schematic drawing of the VRFB 
configuration illustrating the charge–discharge process.

where the water (H2O) and protons (H+) are required in the 
cathodic reaction to maintain the charge balance and the 
stoichiometry.

3. Results and discussion

3.1. Membranes

We initiated our study with the investigation of the influence 
of the utilized membrane on the performance of the solar 
VRFB. The membrane is a key component of the VRFB since 
it affects the efficiency, lifespan and cost of VRFB systems. 
Its main function consists of separating the positive and nega-
tive half-cell compartments, while providing high proton con-
ductivity, low vanadium ion permeability, and ensuring high 
stability against the harsh acid and oxidation environment 
of vanadium electrolytes [33]. There have been tremendous 
efforts made by other groups regarding these stringent require-
ments. However, thus far, these studies have been conducted 
in view of high current operations (>100 mA cm−2) [34–38] 
and thus not dedicated toward solar-driven systems, which 
work in the low-current regime (<30 mA cm−2). For this 
purpose, the present study aimed to assess the performance 
of conventional membranes also for solar VRFB. In order to 
assure reasonable charging times at 100 mW cm−2 illumina-
tion, i.e. low photocurrent densities (<10 mA for 1 cm2 TF sil-
icon solar cell), we started with 0.2 M vanadium electrolytes 
to test different membranes. We selected Nafion 117, Nafion 
115, Selemion, Bipolar, and Zirfon and conducted charging 
for 0.2 M vanadium solutions under 100 mW cm−2 illumina-
tion. Figure 3 shows the cell potential versus time measure-
ments during charge for the investigated VRFB systems under 
100 mW cm−2 illumination (1 sun).

As is apparent from figure 3 and expected from figure 1, 
the TF silicon solar cell provided enough photovoltage to 
completely charge all the tested VRFBs without any external 

applied bias, i.e. only by using sunlight energy. The average 
bias-free photocurrent density over the charging time was 
8 mA cm−2 (±0.1 mA cm−2). Table  1 presents the storage 
capacity and electrolyte utilization values for the tested mem-
brane based VRFB, including the respective membrane thick-
nesses. Nafion type membranes, although relatively costly, are 
known to possess a high chemical stability along with high 
ionic conductivities (2  ×  10−1 S cm−1 for type 117) [34]. This 
implies a lower resistance of the membrane compared to other 
types, which was confirmed by our findings as the Nafion 117 
and Nafion 115 provided the lowest starting charging volt-
ages of all tested membranes. Furthermore, the Nafion 117 
based solar VRFB achieved the highest storage capacity of 
2.64 Ah l−1 for the tested 0.2 M vanadium electrolyte (5 ml 
for each compartment) along with a high EU of 98.5%. For 
the Nafion 115, the decreased membrane thickness (see last 
column in table 1) should straightforwardly reduce even more 
the membrane resistance. This was, however, only observable 
during the first two hours of charging, when the cell voltage of 
Nafion 115 was below that of Nafion 117 (see figure 3). After 
complete solar charging, the Nafion 115 membrane provided a 
lower capacity of 2.53 Ah l−1 than the Nafion 117 membrane, 
resulting in an EU of 88.6%. This finding can be explained by 
the fact that thinner membranes suffer more from ion cross-
over and thus increasingly imbalance the electrolytes and 
reduce the electrolyte utilization efficiency during charging. 
Furthermore, it is well known that the crossover issue, i.e. V2+ 
permeation and thus, self-discharge, is even more pronounced 
for low current densities [35, 36], which might be the reason 
for the difference in the charging time for both Nafion mem-
branes and, consequently, the EU of the complete process (see 
table 1).

Selemion, which is a hydrocarbon-type ion exchange 
membrane, was tested in this study because it exhibits a 
similar ionic conductivity to Nafion-based membranes [34] 
and is more cost effective than most other membrane types 
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[37]. Additionally, its anionic character might hinder vana-
dium crossover more than cationic Nafion membranes. The 
good ionic conductivity was confirmed by a good capacity 
after complete solar charging of 2.58 Ah l−1 and an EU of 
96.4% (see figure  3 and table  1). The slightly lower values 
compared to the Nafion 117 membrane presumably can be 
linked to the negative effects of the reduced thickness of the 
tested Selemion, as already mentioned for the Nafion 115 
type. Nevertheless, in view of large-scale commercial appli-
cations for solar VRFB, this membrane type can potentially 
reduce system costs.

In order to reduce the permeation of vanadium ions 
during cycling of the battery, a bipolar membrane was tested. 
Although it is known that bipolar membranes exhibit higher 
membrane-derived voltage losses, they offer the advantage of 
stable complementary cathode and anode catalysis with stable 
(local) ion concentrations, and thus might reduce the problem 
of electrolyte imbalance. Indeed, the solar VRFB utilizing the 
bipolar membrane exhibited the second best charging capacity 
of 2.62 Ah l−1, next to the Nafion 117 membrane, indicating 
a stable charge behavior along with a good EU of 97.9% (see 
table  1). However, the charging voltage was significantly 
higher compared to the Nafion and Selemion, resulting from a 
higher membrane resistance. Zirfon as a separator membrane 
is usually applied for alkaline water electrolysis and microbial 

fuel cells [38], offering high robustness at reduced cost. Here, 
for the first time, Zirfon was tested for a solar VRFB system. 
The results from figure 3 show that Zirfon is not suitable as a 
membrane for VRFBs. Although a capacity of 2.57 Ah l−1 and 
an EU of over 95% were measured, the system provided a large 
overpotential (1.45 V starting charging voltage) compared to 
the other membrane types, which makes the tested system 
inadequate for commercial applications. The high resistance 
can be explained by its increased thickness (500 µm) and the 
harsh acidic conditions of the solar VRFB operation, whereas 
the Zirfon can operate more efficiently in pH  >  7 regimes. 
In total, it can be concluded that the Nafion 117 membrane 
provided the best capacity and electrolyte utilization values, 
which is why it was chosen for the following tests in this study. 
Nevertheless, it shall be noted that Selemion membranes offer 
a low-cost alternative to Nafion and might even reach the same 
performance under long-term operations. Prolonged charge–
discharge cycling tests could not be assessed in the framework 
of this study, but are currently under investigation.

3.2. Light intensity

In view of a niche application opportunity for solar driven 
VRFB, operation current densities of below 10 mA cm−2 are 
not suitable for reaching the target power outputs required 
in indutry or domestic usage. In particular, if the aim is to 
lower the cost of solar electricity in the system, it is crucial 
to find ways to increase the photocurrent without expensive 
upscaling. The most efficient and straightforward method is to 
increase the available illumination intensity for the solar cell 
by light concentration. Concentration of sunlight onto photo-
voltaic cells, and the consequent replacement of the expensive 
photovoltaic area with less expensive designs, is seen as one 
efficient method to reduce the cost of solar electricity [39]. 
In figure  4(a), the effect of increased illumination intensity 
on the photovoltaic characteristics of the applied TF silicon 
solar cell is shown. We tested concentration factors of two 
and three, giving illumination intensities of 200 and 300 mW 
cm−2, respectively. Please note that the light concentration 
was achieved by moving the VRFB closer to the sun simulator 
and thus might introduce some small deviations from the exact 
concentration factors. Nevertheless, as can be seen from the 
J–V curves in figure 4(a), measured under different intensities, 
the JSC linearly increased with the light concentration factor 
(up to 26.4 mA cm−2 for 300 mW cm−2). The VOC also slightly 
increased (up to 2.3 V at 300 mW cm−2), but is less sensitive 
to light intensity than the short circuit current. The value of the 
VOC depends much more on the internal structure of the solar 
cell, i.e. on the phenomena of recombination and conduction 
[40]. In fact, VOC is defined by the splitting of the quasi-Fermi 
levels under illumination, which increases upon illumination 
intensity, i.e. in the presence of more photogenerated charge 
carriers [41]. The fill factor slightly decreases for higher inten-
sities of irradiation due to the influence of series resistance in 
the solar cell device [41]. Figure 4(a) additionally depicts the 
VRFB cell voltage range, in which the solar cell will be oper-
ated during charging, which can be estimated to lie between 
1.4 V to 1.7 V. Consequently, this illustration enables us to 

AQ7

Figure 3. Charge performance of solar VRFBs applying different 
membrane types: Nafion 117, Nafion 115, Selemion, Bipolar, and 
Zirfon. A vanadium concentration of 0.2 M was chosen for the 
experiment, along with a constant electrolyte flow rate of 35 ml 
min−1. For the solar charge an average photocurrent density of  
8 mA cm−2 was achieved under 100 mW cm−2 illumination intensity.

Table 1. Storage capacity and electrolyte utilization (EU) of the 
solar VRFB during charging using different membranes (with 
indicated thickness) at 100 mW cm−2 illumination and 0.2 M 
vanadium concentration.

Membrane
Capacity 
[Ah l−1]

Electrolyte  
utilization EU [%]

Thickness 
[µm]

Nafion117 2.64 98.5 180
Nafion115 2.53 94.4 125
Selemion 2.58 96.4 110
Bipolar 2.62 97.9 200
Zirfon 2.57 95.8 500
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deduce the expected maximum solar charging current densi-
ties in the solar VRFB configuration. The fact that the conven-
tional VRFB voltage range lies very close to the maximum 
power point of the TF silicon solar cell (see figure 4(a)), even 
after light concentration, further confirms the efficient and 
adaptable coupling of VRFB with TF silicon photovoltaics 
for efficient bias-free solar charging. Temperature effects of 
increased illumination intensity were not investigated within 
this study, but will be explored in upcoming works. In fact, 
like all semiconductor-based devices, the investigated solar 
cell is sensitive to temperature variations, which may also 
contribute to changes in the current density. The influence of 
the temperature on the performance of the applied triple junc-
tion solar cell has been investigated in more detail in [42]. The 
power density versus voltage plots of the TF silicon solar cell 
under varied illumination intensity can be found in the supple-
mentary information in figure S1.

Figure 4(b) shows the solar charging curves of the solar 
VRFBs using 0.2 M vanadium electrolytes and operated 
under different light irradiation conditions. Two distinct 
observations can be made: firstly, as expected, the charging 
time decreased with increasing light intensity, i.e. increasing 
current density. Complete charging was achieved after 3.3, 

1.6, and 1.0 h for 100, 200, and 300 mW cm−2, respectively. 
Secondly, as a consequence of the higher current density, the 
cell overpotential increased. Cell charging voltages started at 
1.38 V for 100 mW cm−2, 1.44 V for 200 mW cm−2, and 1.51 
V for 300 mW cm−2. The achieved bias-free photocurrent 
densities during charging are plotted in figure 4(c), showing 
that average photocurrent densities of 8 mA cm−2, 15.5 mA 
cm−2, and 23.5 mA cm−2 were measured for 100, 200, and 
300 mW cm−2 illumination intensity. These currents corre-
late very well with the currents estimated from figure  4(a), 
which confirms the statements made above with respect to 
estimating the operation photocurrent density in solar-driven 
VRFB. In total, these findings confirm that concentrating light 
is an effective method to increase the operation current den-
sity for unassisted solar-driven VRFB. Furthermore, the avail-
ability of higher photocurrent densities will eventually allow 
us to increase the vanadium concentration and thus the energy 
storage capacity of the solar VRFB.

3.3. Vanadium concentration

In VRFB, or RFB in general, the storage capacity and energy 
density of the system are directly linked to the active species 

Figure 4. (a) Current density–voltage curves of the applied TF silicon solar cell for different light intensities: 100, 200, and 300 mW cm−2. 
The colored bar indicated the cell voltage window of the VRFB during the charging process. (b) Charge performance of solar VRFBs 
operated under different light intensities. A vanadium concentration of 0.2 M was chosen for the experiments, along with a constant 
electrolyte flow rate of 35 ml min−1. (c) Current densities provided by the solar cell during charging for the different applied illumination 
intensities.
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in the electrolytes. Vanadium concentrations of 0.2 M are very 
different to practical electrolyte concentrations, which usually 
lie around 1.6 M [32 43, 44], which corresponds to a theor-
etical specific storage capacity of 21.44 Ah l−1 and an energy 
density of 54 Wh l−1. Therefore, we investigated the influence 
of increased vanadium contents on the complete round trip 
solar VRFB performance and tested 0.5 M, 1 M, and 1.6 M 
under 300 mW cm−2 illumination intensity using Nafion 117 
as membrane. Figure 5 shows the charge–discharge behavior 
of the solar VRFB under 300 mW cm−2 irradiation intensity 
for the different vanadium contents. An average charging pho-
tocurrent density of 23.5 mA cm−2 (±0.1 mA cm−2) was mea-
sured for all solar VRFB (similar to the result in figure 4(c)) 
and applied for the respective discharge sequences by means 
of a potentiostat. The latter implies that the discharge of the 
solar VRFB was simulated and thus might slightly differ from 
a complete solar charge–discharge process.

Nevertheless, the results presented in figure  5 confirm 
that the thin-film silicon-based VRFB can effectively be 
charged up to industry-relevant vanadium concentrations of 
1.6 M by using the solar energy as the only energy input and 
thus demonstrate its feasibility for commercial applications. 
The results of the efficiency evaluation based on the charge 
(solar)–discharge (simulated) curves in figure 5 are presented 
in table 2. The CE values only slightly varied among the tested 
vanadium concentrations, showing the lowest value of 78.4% 
for the 0.2 M and the highest values of 82.3% and 81.3% for 
the 0.5 and 1.6 M solutions, respectively. Such small changes 
are understandable as the bias-free charging current density 
was kept constant (slight variations due to differences in cell 
potential taken into account through the error of 0.1 mA cm−2) 
for all the measurements and thus the kinetics of the process 
were only marginally affected.

In contrast, VE was very sensitive to an increase in the vana-
dium concentration and significantly increased from 73.4% 
for 0.2 M to 95.4% for 1.6 M. This result is expected, as low 
vanadium concentrations induce mass transfer resistances that 

contribute to voltage losses and consequently to lower VE and 
EE values, respectively [45]. From table 2, it becomes apparent 
that the solar VRFB using 1.6 M concentrated vanadium elec-
trolytes performs best and can reach an energy efficiency of 
77.5%, which is among the highest values for VRFBs pre-
sented in the literature [10, 46]. As can be seen from figure 5, 
the solar VRFB utilizing 1.6 M vanadium solutions reaches a 
bias-free charging time of approx. 9 h, which implies a storage 
capacity of 21.15 Ah l−1 for each of the 5 ml electrolyte com-
partments. This results in an excellent electrolyte utilization 
efficiency of 98.6% (for charging), which was the highest for 
all investigated VRFBs (see last column of table 2).

Besides the efficiency values, the applicability of the pre-
sented approach is also an important parameter. In fact, 9 h 
of solar charging is practically feasible when referring to the 
average annual sunlight hours per day in many regions of the 
world, e.g. California with 9:09 h [47]. The power density 
of the prototype solar VRFB was 31.7 Wh l−1 for 1.5 VCell, 
i.e. 317 mWh for 10 ml of electrolyte. Considering a typical 
household with an average electricity consumption of 8 kWh 
per day, the presented device is obviously still far away from 
practical application. Therefore, from an engineering point 
of view, advances in cost-effective upscaling approaches for 
the concentrated photovoltaic and the battery system need to 
be undertaken [48, 49]. From a more scientific point of view, 
further attention should be devoted to studies on the long-term 
stability of the solar VRFB. This will be achieved, for instance, 
by controlling the potentials of the anolyte and catholyte com-
partments during prolonged cycling tests, while assessing the 
membrane properties in more detail. The stability of the inves-
tigated battery system has been assessed in [27], showing the 
excellent durability of the employed rayon-based carbon felt 
electrodes (see section 2.1). Thin-film silicon based solar cells 
suffer from light-induced degradation (LID), which needs to 
be taken into account for long-term solar battery operations. 
The effect of LID on the herein tested triple junction TF solar 
cell was investigated in detail in [50], showing a 13% decrease 
of the initial solar cell efficiency after 1000 h of operation. 
Furthermore, parameters such as electrolyte temperature, 
H2SO4 concentration, electrolyte flow rate, additives in the 
electrolyte, and membrane surface and pore size aspect ratio 
can significantly influence the performance and stability of 
VRFBs [43, 44, 51–53].

For the successful application of the solar VRFB concept 
in a commercial system or product, the final metric of via-
bility is the cost of the electricity produced. Several studies 

Figure 5. Charge–discharge performance of the solar VRFB as a 
function of the vanadium concentration. The illumination intensity 
was 300 mW cm−2 for all investigated devices along with an 
average charging photocurrent density of 23.5 mA cm−2, which was 
also applied for the discharge processes. The electrolyte flow rate 
was kept constant at 35 ml min−1.

Table 2. Charge–discharge performances including the electrolyte 
utilization efficiency EU (for the charging) of the solar VRFB using 
different vanadium concentrations at an illumination intensity of 
300 mW cm−2.

Vanadium  
concentration  
[mol l−1]

CE 
[%]

VE 
[%]

EE 
[%]

Electrolyte  
utilization  
EU [%]

0.2 78.4 73.4 57.5 87.0
0.5 82.3 80.7 66.4 96.4
1.0 80.6 86.6 69.8 97.1
1.6 81.3 95.4 77.5 98.6
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addressed the costs and life-cycle analysis and compared them 
for technologies aiming at solar energy storage and conver-
sion concepts [54–56]. These studies show that, among others, 
the conversion efficiency is the most sensitive parameter to 
lower the cost of the produced electricity or fuel. For the pre-
sented solar battery, the solar conversion efficiency, i.e. the 
efficiency of the solar energy into chemical energy conversion 
for the solar charging process, can be assessed according to 
the evaluation presented in the Supplementary Information. A 
maximum solar conversion efficiency of 12.3% was measured 
for the 1.6 M solar VRFB device at 300 mW cm−2 illumina-
tion intensity, as shown in figure 6.

Referring to a recently published review article [57], this 
value is the highest ever reported for unassisted solar charging 
of RFBs. It is, however, important to highlight that this effi-
ciency value only accounts for the charging process and not 
for the complete round trip of the solar battery. The complete 
round trip solar-to-electricity efficiency for the solar VRFB 
can be assessed by using the EE value of the VRFB system 
and the electrical conversion efficiency of the solar cell, i.e. 
77.5% and 13.5% (at 300 mW cm−2, see figure S1), resulting 
in an efficiency of 10.46% for the overall solar-to-electricity 
conversion process. This value is for state-of-the-art solar 
fuel cell devices, which can store around 10% of solar energy 
into hydrogen [22], for instance, which in a second step is 
converted into electricity by a fuel cell operating at 60% effi-
ciency. The round trip efficiency for this approach will be 
around 6%. As both technologies produce electricity at similar 
costs (<6 c€ kW−1), it can be concluded that the solar VRFB 
approach offers a very attractive alternative to systems pro-
ducing electricity through solar fuel conversion in fuel cells.

These examples outline the viability of the proposed solar 
battery concept regarding novel energy storage and conversion 
technologies. The presented prototype device therefore may 
pave the way for future lines of work, which will be needed 
to address efficiency improvements and techno-economical 
questions while assessing cost competitiveness.

4. Conclusion

In this study, we developed a prototype solar-driven vanadium 
redox-flow battery using concentrated TF silicon photovoltaics 
for efficient photoelectrochemical energy storage and conver-
sion. The device was optimized regarding the membrane used, 
the vanadium concentration in the electrolyte, and the applied 
current density, i.e. illumination intensity. The bias-free solar 
battery device could reach storage capacities of up to 21.15 Ah 
l−1 paired with excellent energy efficiencies of up to 77.5% for 
the complete charge–discharge process. An overall solar-to-
electricity efficiency of 10.46% was achieved, demonstrating the 
potential of the presented solar VRFB concept as a viable alter-
native for photoelectrochemical energy storage and conversion.
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