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The increasing demand for bringing electricity to rural areas 
poses many challenges but also presents a great opportu-
nity for developing decentralized electrification systems1,2. 

Compared with conventional electrical grids based on large central-
ized power generation stations that are commonly seen in devel-
oped countries, the decentralized electrification approach features 
lower capital cost, smaller footprint and shorter deployment time, 
expediting electrification in rural or remote locations. Due to the 
abundance of solar resources, solar home systems that can deliver 
energy on demand are considered one of the most feasible decen-
tralized approaches in developing countries3,4. Solar home systems 
usually convert solar energy into electricity using photovoltaic 
panels and then store electricity in separate energy storage units, 
such as lead–acid batteries or Li-ion batteries5. Devices that inte-
grate solar energy conversion and storage6,7 in one unit would be 
an attractive approach for solar home systems. Toward this end, the 
emerging solar flow batteries (SFBs) that monolithically integrate 
photoelectrochemical solar cells and redox flow batteries (RFBs) in 
a single device are very promising. The unique integrated design of 
SFBs fulfils all the requisite functions for stand-alone solar home 
systems without using the relatively expensive maximum power 
point tracking and d.c.–d.c. conversion electronics5,6, thereby poten-
tially reducing the cost of solar home systems while achieving high 
efficiency, convenient integrated thermal management and com-
pact device size (Supplementary Note 1, Supplementary Fig. 1 and 
Supplementary Table 1)8–12.

Despite the short history of SFBs, considerable progress has been 
made recently in both mechanistic understandings10–12 and device 
demonstrations of SFBs13–19 (Supplementary Table 2). Among the 
various crucial metrics to make SFBs competitive for solar home 
system applications, solar-to-output electricity efficiency (SOEE) 
and device lifetime have received most attention so far. The highest  

SOEE of 14.1% so far for SFBs was achieved by integrating 
III–V tandem solar cells and methyl viologen (MV)/4-hydroxy-
2,2,6,6-tetramethylpiperidin-1-oxyl (4-OH-TEMPO) redox 
couples11. Nevertheless, the photocorrosion-prone III–V materi-
als20,21 and the fast decomposition of the 4-OH-TEMPO redox 
couple22,23 greatly limit the lifetime of such SFB devices. Taking 
advantage of the recent progress in photoelectrode protection24,25 
and stable organic redox couples26, a recent study using well pro-
tected silicon photoelectrodes and robust bis-(trimethylammonio)
propyl-functionalized redox couples demonstrated an SFB with a 
substantially improved continuous operation lifetime of more than 
200 h but a lower SOEE of 5.4% (ref. 12) (Supplementary Fig. 2 shows 
an itemized comparison between the two aforementioned SFBs). 
With these advances, the urgency lies in the design and demonstra-
tion of a monolithically integrated SFB that can deliver both high 
SOEE and long lifetime. Bearing these goals in mind, we turn our 
attention to silicon-based tandem solar cells that possess both high 
power conversion efficiency (PCE) (due to the wider solar spectrum 
absorption range27) and stable silicon bottom cells, which, with 
proper protection layers, can prevent corrosion from aqueous elec-
trolytes28,29. To achieve the optimal voltage matching between the 
solar cell and the redox couples, which has been previously shown 
to be critical for high SOEE in SFBs11, the tandem junction solar cells 
need to be carefully designed to ensure not only high PCE but also 
a suitable photovoltage. The emerging high-efficiency perovskite/
silicon tandem cells30–32 thus stand out because of the exceptional 
bandgap tunability of the perovskite top layer33 in a cost-effective 
manner compared with conventional inorganic top layer materials 
such as III–V and II–VI (ref. 34).

Here, we present a (FAPbI3)0.83(MAPbBr3)0.17 (MA, methylam-
monium; FA, formamidinium) perovskite/silicon tandem solar cell 
with high efficiency and suitable photovoltage for aqueous organic 
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SFBs. We introduce a theoretical modelling method, which, together 
with electrochemical study of state-of-the-art aqueous organic RFB 
redox couples35–39, predicts that the bis-(trimethylammonio)pro-
pyl viologen (BTMAP-Vi) and 4-trimethylammonium-TEMPO 
(NMe-TEMPO) redox couples can be well matched with the 
perovskite/silicon tandem solar cells. A simple and effective pro-
tection method can make the silicon bottom cell that is exposed to 
aqueous electrolyte corrosion resistant. Enabled by such rational 
design, we demonstrate a high SFB SOEE of 20.1%, which effec-
tively utilizes over 90% of the PCE of the perovskite/silicon cell, and 
an unprecedented continuous operation lifetime of more than 500 h.

Design of perovskite/silicon tandem solar cells
There are three major considerations for designing perovskite/sili-
con tandem solar cells for high-performance SFBs: suitable photo-
voltage, high PCE, and good corrosion resistance when in contact 
with aqueous electrolytes. Previous mechanistic study reveals that, 
to realize the highest possible SOEE for SFBs with certain solar 
cells, the maximum power point voltage (VMPP) of the solar cell 
needs to be matched with the formal cell potential (Ecell

0), that is, 
the cell potential of the SFB or RFB at 50% state of charge (SOC) 
determined by the formal potentials of the redox couples chosen11. 
Additionally, a higher Ecell

0 is generally desired for SFBs since it is 
beneficial for improving the internal energy conversion efficiency, 
discharging power density and energy density40. Considering the 
stable operation voltage window of aqueous electrolytes and the sta-
bility limitation of redox couples, Ecell

0 for aqueous RFBs, especially 
aqueous organic RFBs, rarely exceeds 1.4 V (refs. 39,41). On the basis 
of these considerations, we designed and fabricated (FAPbI3)0.83(MA
PbBr3)0.17 perovskite/silicon tandem solar cells following a previous 
report31 (Fig. 1a and Supplementary Fig. 3). Current density–voltage 
(J–V) measurements of this solid-state perovskite/silicon solar cell 
in the configuration shown in Fig. 1b reveal an open-circuit voltage 
(Voc) of 1.68 V, a short-circuit current density (Jsc) of 15.8 mA cm−2, 
a fill factor of 80.2% and a PCE of 21.3% (Fig. 1c). Importantly, the 
composition of the (FAPbI3)0.83(MAPbBr3)0.17 perovskite results in 
a bandgap well suited for the tandem design, producing a VMPP of 
1.38 V, which is in the optimum range for aqueous organic SFBs as 
discussed above.

To protect the silicon bottom cell from corrosion by aqueous 
electrolyte, an established method is to deposit Ti/TiO2/Pt layers on 
Si12,15. However, because no catalyst is needed for SFBs due to the fast 
kinetics of RFB redox couples, a wide range of stable and conduc-
tive materials (such as gold and titanium) can be used to fabricate 

the protection layers24,25. For ease of fabrication, here we deposited 
a thin (100-nm) layer of gold on the silicon bottom cell using ther-
mal evaporation (Fig. 1a), which proved to be a very robust protec-
tion material for silicon in neutral aqueous electrolytes. We then 
fabricated the photoelectrode using the resultant cell and charac-
terized its solar performance in the solar cell configuration of SFB, 
in which photogenerated electrons are collected by the BTMAP4+/3+ 
redox couple at the Au–electrolyte interface and regenerated on the 
carbon felt counter electrode (Fig. 1b). As shown in Fig. 1c, the per-
formance of the photoelectrode (Voc, 1.71 V; Jsc, 15.8 mA cm−2; fill 
factor, 78.3%; PCE, 21.1%) closely resembled that of the solid-state 
cell, indicating a fast charge transfer at the solid–liquid interface.

SFB performance estimation with theoretical modelling
To quantitatively understand the principles of voltage matching 
between the Ecell

0 of the SFB and VMPP of the solar cell, and determine 
the exact Ecell

0 that can enable the highest SOEE with the perovskite/
silicon tandem solar cells, we performed a numerical calculation of 
SOEE with different hypothetical Ecell

0 values. Note that the actual 
cell potential (Ecell) of an SFB changes with SOC and needs to be 
calculated using the following equation derived from the Nernst 
equation:

Ecell ¼ E0
cell � RT

nF ln 1�SOC
SOC

� �2þIRDC ð1Þ

where R is the universal gas constant, T is temperature, n is the num-
ber of electrons transferred in the redox reaction, F is the Faraday 
constant, I is the applied current and RDC is the overall d.c. resistance 
of the SFB in RFB mode40 (see Methods, Supplementary Note 2 and 
Supplementary Fig. 5 for calculation details). Figure 2a presents a 
series of representative I–Ecell lines (calculated with an Ecell

0 of 1.34 V) 
at different SOCs overlaid with the I–V curve of the perovskite/sili-
con photoelectrode in solar cell mode (the blue curve in Fig. 1c), 
from which we can find the operating points marked by the green 
circles. Building on the concept of instantaneous solar-to-output 
electricity efficiency (SOEEins)12, defined as the PCE of the SFB at a 
specific SOC, we calculated the SOEEins at different SOCs (Fig. 2b) 
using the following equation:

SOEEins ¼ Pelectrical;in
Pillumination

PEinternal ¼ IoperatingVoperating

SA CE ´VE ð2Þ

where Pelectrical,in is the input electrical power provided by the photo-
electrode, Pillumination is the illumination power, which can be calcu-
lated with the input light irradiance (S) and the active area of the 
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Fig. 1 | Schematic design and solar performance of perovskite/silicon tandem solar cell. a, Architecture of the perovskite/silicon tandem solar cell that 
consists of an (FAPbI3)0.83(MAPbBr3)0.17 top cell, a silicon bottom cell and a 100-nm gold bottom protection layer. ITO, indium tin oxide; AR, anti-reflection. 
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photoelectrode (A), PEinternal is the internal PCE of the SFB, which 
consists of both Coulombic efficiency (CE) and voltage efficiency 
(VE), and Ioperating and Voperating are the current and voltage at a specific 
operating point of the SFB, respectively.

The overall SOEE of an SFB operated between 1% SOC and 99% 
SOC (98% capacity utilization rate) can be calculated as the integral 
average of SOEEins with respect to SOC (Fig. 2b). By repeating the 
calculation described above with different Ecell

0 values from 1.10 to 
1.60 V with a 10-mV interval, we reveal the qualitative relationship 
between SOEE and Ecell

0 (Fig. 2c). A maximum SOEE of 19.67% is 
found at an Ecell

0 of 1.34 V. Note that SOEE–Ecell
0 and SOEEins–Ecell 

curves convey completely different information and should be care-
fully differentiated (see Supplementary Fig. 7 for a detailed discus-
sion). This simulation also shows that the best-matched Ecell

0 should 
always be slightly smaller than the VMPP of the solar cell, and the dif-
ference between these two points depends on the shape of the solar 
cell I–V curve (Supplementary Fig. 8). In addition, this simulation 
method allows us to estimate the SFB performance under differ-
ent irradiation conditions and thus predict the behaviour of the SFB 
under realistic outdoor operating conditions with irradiation fluc-
tuations (Supplementary Note 3 and Supplementary Fig. 9).

Design and electrochemical study of electrolytes
To design the electrolytes for high-performance SFBs, we mainly 
focused on three aspects: low corrosiveness, good voltage match-
ing and long lifetime. We specifically targeted those redox couples 
that are soluble and stable at neutral pH to minimize the corrosive-
ness to solar cells. The SOEE–Ecell

0 relationship (Fig. 2c) reveals 
that Ecell

0 needs to be at least 1.25 V to enable an SOEE higher than 
19%, which led us to the three redox couple pairs shown in Fig. 3a: 
MV2+/+ and [4-OH-TEMPO]+/· (Ecell

0 = 1.26 V)22, [BTMAP-Vi]4+/3+ 
and [NMe-TEMPO]+/· (Ecell

0 = 1.29 V)36 and [BTMAP-Vi]3+/2+ 
and [FcN]2+/+ (FcN, (ferrocenylmethyl)trimethylammonium) 
(Ecell

0 = 1.31 V)36,42.
The stability of these redox couples was assessed by RFB galvano-

static cycling tests43 conducted in a nitrogen purge box using electro-
lytes consisting of 0.10-M redox couples, 1.0-M NaCl as supporting 
salt and a Selemion AMV anion-exchange membrane (Fig. 3b).  
The RFBs built with MV2+/+ and [4-OH-TEMPO]+/· and with 
[BTMAP-Vi]3+/2+ and [FcN]2+/+ showed high capacity fade rates of 
9.13% per day and 4.78% per day, respectively, which can be mainly 
attributed to the fast chemical degradation of [4-OH-TEMPO]+/· 
and [BTMAP-Vi]3+/2+ redox couples22,36. In contrast, the RFB built 
with [BTMAP-Vi]4+/3+ and [NMe-TEMPO]+/· exhibited a particularly 
low temporal capacity fade rate of 0.60% per day, which is among 
the most stable aqueous organic RFBs reported so far35,36. Despite 

the fact that BTMAP-Vi is considered one of the most stable redox 
couples for aqueous organic RFBs26, we found that it is only stable 
when the reduction reaction is limited to the first redox state at 
−0.353 V (Supplementary Fig. 10). Detailed characterizations of the 
[BTMAP-Vi]4+/3+/[NMe-TEMPO]+/·redox couples were further car-
ried out using cyclic voltammetry (CV), RFB galvanostatic cycling, 
d.c. polarization, 1H-NMR and rotating disc electrode (RDE) mea-
surements (Supplementary Figs. 11–16), which confirmed the fast 
kinetics and very low membrane crossover of these redox spe-
cies. In particular, open-circuit voltage measurement revealed an 
actual Ecell

0 of 1.26 V for the [BTMAP-Vi]4+/3+/[NMe-TEMPO]+/· RFB 
(Supplementary Fig. 13a), which is very close to the Ecell

0 of 1.29 V 
estimated from CV shown in Fig. 3a.

Characterization and analysis of integrated SFB device
After carefully validating the individual components, we built the 
SFB device using well characterized perovskite/silicon photoelec-
trode and BTMAP-Vi/NMe-TEMPO redox couples (Supplementary 
Fig. 17). The SFB can be switched among three operating modes: 
solar cell mode, solar recharge mode and RFB mode (Supplementary 
Fig. 18). The cycling test of the SFB was performed by first charg-
ing the device in solar recharge mode with simulated solar irradia-
tion until Ecell reached the upper cutoff potential of 1.5 V (instead 
of a time cutoff) to ensure a near-unit capacity utilization rate. The 
device was then discharged galvanostatically in RFB mode until Ecell 
reached the lower cutoff potential of 0.8 V. To match the average 
photocurrent during the solar charging process, a discharging cur-
rent of 15 mA (3.75 mA cm−2, on the basis of the area of the car-
bon felt electrode) was applied. The photocurrent and cell potential 
(blue and red curves in Fig. 4a, respectively) were monitored during 
the cycling test with two synchronized potentiostat channels.

The SFB was continuously cycled for 426 cycles (516 h) and 
maintained a very stable performance during the whole time of 
operation. The actual SOEE of the SFB device is calculated using 
the photocurrent/cell voltage data as shown in Fig. 4a (see Methods 
for calculation details). We observed a slight increase of SOEE in the 
first 51 cycles from 18.9% to 20.1%, and it then stabilized around 
20.1% during the rest of the cycling period (Fig. 4c). To further anal-
yse the cycling behaviour of the SFB, we calculated the experimental 
SOEEins with respect to SOC using equation (2). Figure 4b shows 
that the overall SOEEins increases from cycle 1 to cycle 51, owing to 
the increase of photocurrent density (Supplementary Fig. 19), and 
remains unchanged from cycle 51 to cycle 401. Moreover, the shape 
of the SOEEins–SOC curve also changes from a near-symmetrical 
rise–decay shape to a continuous rise shape. In light of the simulated 
SOEEins–SOC curve shape discussed previously (Supplementary 
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Fig. 6), we hypothesized that this curve shape change is caused by 
an increase of the best-matched Ecell

0 for the perovskite/silicon pho-
toelectrode (Ecell of the SFB was controlled by cutoff voltages and 
thus less likely to change). Indeed, after the cycling test, charac-
terization of the photoelectrode in solar cell mode again revealed 
increases in both photocurrent and photovoltage, resulting in an 
overall PCE improvement from 21.1% to 22.3% (Supplementary 
Fig. 20a). The SOEE–Ecell

0 relationship calculated using the J–V data 
of the photoelectrode after cycling showed that the best-matched 

Ecell
0 increased from 1.34 V to 1.36 V, which validates our model that 

uses the shape of the SOEEins–SOC curve to qualitatively diagnose 
changes of the best-matched Ecell

0 during operation. As expected 
from the RFB cycling tests (Fig. 3b), the total capacity of the SFB 
decreased from 1.075 Ah l−1 to 0.883 Ah l−1 (calculated on the basis 
of the total volume of anolyte and catholyte) during the cycling test 
(Supplementary Fig. 21), which indicates that the major limiting 
factor for the lifetime of this SFB is the stability of redox couples 
(more specifically, probably NMe-TEMPO). Over the whole cycling 
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period, the SFB delivered an average discharge energy of 1.16 Wh l−1 
with a near-unit CE and VE of 99.8% and 97.3%, respectively  
(Fig. 4c). We further tested another SFB device using higher con-
centrations of the redox couples (0.5 M and 1.0 M) in longer (>7-h) 
charge/discharge cycles to show that the high SFB performance is 
maintained at a more practical higher discharge energy density of 
13.14 Wh l−1 (Supplementary Fig. 22).

Importantly, the average SOEE of 20.1% achieved by the SFB 
shown in Fig. 4 is more than 40% higher than the previous record 
efficiency of 14.1% for integrated solar rechargeable battery 
devices11. Furthermore, due to the good voltage match between 
the perovskite/silicon tandem solar cell and the BTMAP-Vi/
NMe-TEMPO redox couples, we are able to achieve the substantially 
increased SOEE with a solar cell that exhibits a PCE of only 22.3% 
(the highest value after cycling test), which is much lower than the 
PCE of the III–V tandem solar cell (26.1%) used in the previous 
record-holding SFB11. Naturally, the ratio between SOEE and PCE 
can be used as a quantitative measure of the voltage match between 
photoelectrodes and redox couples, and we propose to name it the 
‘solar power conversion utilization ratio (SPUR)’. SPUR is a new and 
important figure of merit for SFBs, as it characterizes how effec-
tively the solar energy conversion ability of the photoelectrodes can 
be extracted in the SFBs. It is also worth noting that, because of 
the SOC dependence of SOEEins, it is not possible to achieve 100% 
SPUR even with the best-matched Ecell

0. The SFB device demon-
strated here exhibits a SPUR of 90.1%, which is very close to the the-
oretical maximum of 95.5% achievable with the perovskite/silicon 
solar cell and almost twice the next highest value reported for the 
SFB device based on the III–V tandem cell11. A detailed analysis and 
comparison of the voltage match and SPUR between the two SFB 
devices (Supplementary Fig. 23) reveals the reasons for such sub-
stantial improvements. In addition to the SOEE and SPUR, capacity 
utilization rate, lifetime and cost are also important for SFBs. By 
qualitatively plotting the five most important metrics for SFBs in a 
radar plot, we can clearly see that, unlike the other two previously 
reported SFBs, which can cover only a few performance dimensions 
well, the SFB powered by the perovskite/silicon solar cell can deliver 
good performance in all the dimensions (Fig. 4d).

Conclusions
This work presents a monolithically integrated SFB device based 
on perovskite/silicon tandem solar cells that features important 
breakthroughs in several dimensions, including SOEE, SPUR, 
capacity utilization rate and device lifetime, without compromis-
ing low fabrication cost. The (FAPbI3)0.83(MAPbBr3)0.17 perovskite/
silicon tandem solar cell rationally designed specifically for aqueous 
organic SFBs not only delivers high efficiency, but the cost-effective 
perovskite-compatible method of fabricating the electrolyte contact 
for silicon bottom cell also enables good stability and device life-
time. We have also developed a numerical calculation method that 
has not only guided us to the selection of BTMAP-Vi/NMe-TEMPO 
redox couples to match the perovskite/silicon cells and achieve a 
high SOEE and SPUR, but also shed light on the deeper concep-
tual understanding of the voltage matching principles for integrated 
solar storage technologies in general. These results constitute a 
major advance toward a practical approach of using integrated SFBs 
for solar home systems and other distributed solar power genera-
tion and storage applications.
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Methods
Electrochemical measurements. CV measurements were conducted using a 
Bio-Logic SP-200/BP-300/VMP3 potentiostat. A 3-mm-diameter glassy carbon 
disc electrode (BASi or CH Instruments) was used as the working electrode, 
which was polished using 0.3-μm and 0.05-μm alumina slurry to mirror polish 
and washed with deionized water (Milli-Q, 18.2 MΩ cm) and methanol before 
each test. The glassy carbon electrode was further cleaned electrochemically in 
1-M Na2SO4 solution (with 1-mM potassium ferrocyanide as internal reference) 
by sweeping the potential between −1.0 V and 1.5 V versus the reference electrode 
at 100 mV s−1 until the peak separation of the ferrocyanide/ferricyanide redox 
couple reaches about 60 mV. A Pt wire electrode (0.5-mm diameter) and a 
saturated calomel electrode (CH Instruments) were used as the counter- and 
reference electrodes, respectively. The electrolyte consisted of 5-mM active redox 
material and 1.0-M NaCl and was purged with inert gas (argon or nitrogen) before 
measurements. CV was scanned at a rate of 10 mV s−1 and the formal potentials 
of the redox couples were estimated by calculating the average potential between 
the anodic peak and cathodic peak in the CV curves. Electrochemical kinetics of 
NMe-TEMPO was studied using an RDE setup (BASi, RDE-2) at different rotating 
speeds (Supplementary Fig. 16). A 3-mm-diameter glassy carbon RDE (BASi) 
was cleaned as described before and used as the working electrode. Counter- and 
reference electrodes were the same as those in CV measurements. Linear scan 
voltammetry (LSV) was carried out at a scan rate of 10 mV s−1 from 0.4 V to 1.0 V 
versus the saturated calomel electrode. The diffusion coefficient (DR) of the reduced 
NMe-TEMPO was calculated using the Levich equation, il = 0.62nFAD2/3𝜔1/2𝑣−1/6C,  
where n = 1, F = 96,485 C mol−1, electrode area A = 0.0707 cm2, NMe-TEMPO 
concentration C = 5.0 × 10−6 mol cm−3, 𝑣 = 0.9380 × 10−2 cm2 s−1 (kinematic viscosity 
of 1.0-M NaCl at 298 K), 𝜔 is rotation rate and the limiting current (il) was 
determined at an overpotential (𝜂) of 250 mV. Koutecký–Levich plots (1/i versus 
𝜔−1/2) were used to determine the kinetic currents (ik) at different overpotentials 
by extrapolating the fitted 1/i versus 𝜔−1/2 lines to 𝜔−1/2 = 0. To calculate the 
standard rate constant (k0) and charge transfer coefficient (𝛼, reduction reaction) 
of NMe-TEMPO, a Tafel plot (log ik versus 𝜂) was linearly fitted in an 𝜂 region 
of 40–80 mV to yield slope and y-intercept values. On the basis of the Butler–
Volmer equation for a one-electron oxidation reaction, slope = (1 − 𝛼)F/(2.3RT), y 
intercept = log(FAk0C).

Fabrication of RFB and integrated SFB device. The RFB and SFB measurements 
were carried out in a custom-made zero-gap device, similar to what was reported 
previously11. In brief, graphite plates (1/8-inch thickness, MWI) were used as the 
current collector for RFB devices. Modified current collectors with an additional 
15 × 15 mm2 clearance window at the centre of the square pocket were used for SFB 
devices to allow direct contact between the photoelectrode and liquid electrolyte. 
20 × 20 mm2 graphite felts (GFD 3 EA, SIGRACELL) were pretreated at 400 °C in 
air for 6 h before being used as electrodes on both sides of the cell. 25 × 25 mm2 
Selemion AMV (Asahi Glass Co.) was used as an anion-exchange membrane. The 
membrane was soaked in 1.0-M NaCl solution for more than 24 h before use.

General RFB measurements. NMe-TEMPO and FcNCl were synthesized following 
the method described in the previous report36. Solutions of 0.1-M redox-active 
molecules in 1.0-M NaCl (5.0 ml) were used as the electrolytes for RFB tests. The 
RFB was kept in a nitrogen purge box (Terra Universal) during the whole RFB 
test. The electrolytes were purged with nitrogen for at least 1 h before tests. The 
electrolyte flow rate was controlled at 20 ml min−1 for all RFB measurements.

The RFB cycling and polarization performance tests were carried out 
using a Bio-Logic BP-300 or SP-200 potentiostat. Galvanostatic cycling tests 
were performed by charging and discharging the device at a desired constant 
current density with the following potential windows: 0.7–1.5 V for MV2+/+ 
and [4-OH-TEMPO]+/·, 0.8–1.6 V for [BTMAP-Vi]4+/3+ and [NMe-TEMPO]+/·, 
1.1–1.6 V for [BTMAP-Vi]3+/2+ and [FcN]2+/+ and 0.5–1.1 V for [BTMAP-Vi]4+/3+ 
and [FcN]2+/+. Figure 3b shows the normalized capacity–time profile for the RFBs 
during cycling tests, from which the temporal capacity fade rate of each RFB can 
be calculated using the following equation: capacity fade rate ¼ capacity t0ð Þ�capacity t1ð Þ

capacity t0ð Þðt1�t0Þ
I

. 
The capacity fade rate for these full cell RFB tests is a measure of the overall RFB 
stability that can be affected by many factors, including both the degradation and 
membrane crossover of the anolyte/catholyte redox couples43. To measure the 
open-circuit voltage of the RFB at different SOCs, the battery was galvanostatically 
charged or discharged with a 10% SOC step and then rested for 2 min to measure 
the open-circuit voltage. The 0% SOC and 100% SOC were accessed by the 
galvanostatic–potentiostatic cycling method until the current density reached 
1 mA cm−2 at cutoff potentials12. The RFB was kept at open circuit for 20 min to 
reach a stable measurement of open-circuit voltage for 0% and 100% SOC. In the 
cell polarization characterization, LSV was performed at a scan rate of 100 mV s−1. 
Forward scan (0 V to 1.6 V) was used at 0% SOC and backward scan (1.6 V to 0 V) 
was used for all the other SOCs to minimize SOC swing during the LSV test. To 
further avoid the disturbance of the SOC by LSV scans, the RFB was completely 
discharged to 0% SOC and then recharged to the specific SOC before each LSV 
was measured. All the SOCs mentioned in this study were calculated on the basis 
of the capacity determined by the galvanostatic–potentiostatic cycling method. 
Potentiostatic electrochemical impedance spectroscopy measurement of the RFB 

was performed at 0% SOC, with a voltage offset of 10 mV, a bias potential equal to 
its open-circuit voltage, and frequencies ranging from 100 kHz to 1 Hz.

Fabrication of photoelectrode assembly for integrated SFB device. For fabrication 
of the (FAPbI3)0.83(MAPbBr3)0.17 perovskite/homojunction silicon tandem solar 
cell, an n-type 〈100〉 floating zone 1–5-Ω-cm silicon wafer with a thickness of 
300 μm was used to prepare the bottom silicon cell with a 130.0-Ω-per-square 
n+ high–low junction, 15.1-Ω-per-square p++ (from BBr3) front emitter and n++ 
(from POCl3)-doped rear contacts completed by a Ti/Pd/Ag metal stack. The 
rest of the non-contacted rear was passivated by thermally grown and annealed 
SiO2. The p++ area was defined to 1 cm2 as the active area with thermally grown 
SiO2 covering the non-contacted area. To complete full tandem fabrication, the 
surfaces of front-polished silicon solar cells were treated using ultraviolet ozone 
cleaner for 6 min before SnO2 electron transport layer deposition. The SnO2 
colloidal suspension (Alfa Aesar, tin iv oxide, 15% in H2O colloidal dispersion) 
was diluted with water to 3.75% and then deposited as the electron transport layer 
by spin-coating on the front of the silicon solar cells at 3,000 rpm for 30 s and 
annealing at 100 oC for 20 min. After cooling, the SnO2-coated silicon substrates 
were directly transferred to the N2-filled glovebox for fabrication of the perovskite 
absorber and hole transport layer. The perovskite precursor solution was prepared 
by dissolving FAI (1 M), lead iodide (1.1 M), MABr (0.2 M) and lead bromide (0.2 M) 
in a mixed solvent of N,N-dimethylformamide and dimethylsulfoxide (4:1 v/v). 
The perovskite precursor was spin-coated on the SnO2-coated silicon bottom cell at 
2,000 rpm for 20 s, followed by 6,000 rpm for 30 s. During the spin-coating, 100 μl 
chlorobenzene was quickly dispensed 5 s before the end of the spin process. The film 
was annealed at 100 °C for 10 min, producing a dark-brown dense perovskite film. 
The hole transport layer precursor was prepared by dissolving 72.3 mg 2,2′,7,7′-te
trakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD), 
28.8 μl 4-tert-butylpyridine, 17.4 μl lithium bis(trifluoromethylsulfonyl)imide 
solution (520 mg ml−1 in acetonitrile) and 8 μl FK209-cobalt(III)-TFSI solution 
(300 mg of FK209-cobalt(III)-TFSI in 1 ml of acetonitrile) in 1 ml chlorobenzene. 
The spiro-OMeTAD precursor was then deposited onto the perovskite layer by 
spin-coating at 3,000 rpm for 30 s. An 18-nm MoOx buffer layer and 100-nm indium 
tin oxide transparent contact were then deposited sequentially using thermal 
evaporation and radiofrequency sputtering, respectively. A metal contact grid of 
silver with a thickness of 230 nm was deposited by thermal evaporation defining the 
area of 1.0 cm2, aligning well with the p++ silicon emitter area (Supplementary Fig. 4).

The photoelectrode assembly for the integrated SFB device characterization 
was fabricated using a method similar to that described in a previous report12. In 
brief, the perovskite/silicon tandem cell was affixed onto a custom-made graphite 
current collector using epoxy resin (Hysol 9460) to cover the window of the 
current collector. The electrolyte can directly contact the back side of the silicon 
cell through the window of the current collector and harvest the photogenerated 
charges during SFB device operation in solar recharge mode and solar cell mode. 
Ohmic contact to the photoelectrode was made by attaching a copper foil onto 
the front silver metal contact area of the cell with a Ga/In eutectic mixture (Sigma 
Aldrich) and fixed with silver paint (Ted Pella, PELCO colloidal silver). The ohmic 
contact area was then sealed using epoxy resin.

Solid-state and SFB solar cell characterization of perovskite/silicon cell. 
Solid-state J–V performance of the perovskite/silicon cells was measured in a 
two-electrode configuration by making ohmic contact to the front and back sides 
of the cell with a tungsten probe and copper plate. The J–V data were collected 
using a Bio-Logic SP-200 potentiostat under 1 Sun (100 mW cm−2) of AM1.5G 
simulated illumination by a Newport model 91191 xenon arc lamp solar simulator 
with a scan rate of 100 mV s−1. The illumination intensity of the AM1.5G solar 
simulator was calibrated to 100 mW cm−2 with a silicon photodiode before J–V 
measurements. Note that the design area of the perovskite/silicon tandem in 
this work is 1.0 cm2 (the p++ diffusion area, SiO2 insulating open area and silver 
grid metal surrounding the open area are all 1.0 cm2); there is no difference in 
the J–V measurements with and without using the 1.0-cm2 metal shadow mask 
(Supplementary Fig. 4).

The solar performance of the perovskite/silicon photoelectrodes was measured 
in the assembled SFB device with a Bio-Logic BP-300 potentiostat and 1 Sun 
(100 mW cm−2) of simulated solar illumination provided using the same xenon arc 
lamp as mentioned above. The light was guided by a branched flexible silica light 
guild (Taiopto MEMS International) fed through a N2 flush box and collimated 
by an OSL2COL convex lens collimation tube (Thorlabs). The illumination 
intensity inside the N2 purge box with light guide and collimator was calibrated 
to generate the same short-circuit current (Isc) of the solid-state perovskite/
silicon tandem junction cell as measured under 1 Sun of AM1.5G simulated solar 
light outside the box. The photoelectrode measurements were performed in a 
two-electrode configuration in SFB solar cell mode (Supplementary Fig. 18) with 
the same electrolytes as used in the RFB test (0.1-M NMe-TEMPO as anolyte and 
0.1-M BTMAP-Vi as catholyte in 1.0-M NaCl as supporting electrolyte). The 
electrolytes were precharged to 50% SOC before solar measurements. A flow 
rate of 20 ml min−1 was used for all the solar measurements. All J–V curves were 
recorded at a scan rate of 100 mV s−1 without correcting for any uncompensated 
resistance losses. To confirm the lack of hysteresis in the solid-state solar cell and 
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SFB photoelectrode J–V behaviours, a reverse scan (from the Voc to Jsc direction) 
was first performed, followed by a forward scan (from the Jsc to Voc direction) 
(Supplementary Fig. 22a). Reverse-scan J–V curves are shown in all other figures 
and used in the SOEE simulation.

SFB performance estimation with theoretical modelling. To quantitatively 
evaluate the solar conversion and energy storage efficiency of the integrated SFB 
device, a specific figure of merit should be considered: SOEE, which is defined 
by the ratio of the usable electrical energy delivered by the integrated SFB device 
(Eelectrical,out) at a later time over the total solar energy input (Eillumination). The SOEE 
can be calculated using the following equation15:

SOEE ¼ Eelectrical;out
Eillumination

¼
R
IoutVout dtR
SA dt

where Iout is the output (discharging) current, Vout is the output voltage, S is the 
average incident solar irradiance and A is the total illumination area of the 
perovskite/silicon photoelectrode (1.0 cm2). Note that this SOEE is the round-trip 
efficiency of the delivered electrical energy at any time on demand over the original 
solar energy input.

The hypothetical overlaid J–V curves of photoelectrodes shown in Fig. 2a  
illustrate that the operating point for the integrated SFB device could be 
substantially influenced by the working voltage matching between the 
photoelectrode and the SFB cell potential. Even though the I–V characteristic of 
the photoelectrode generally remains unchanged at different SOCs, the SFB cell 
potential may vary greatly during its charging/discharging process, resulting in 
a considerable SOEE change at different SOCs. To quantitatively analyse such an 
SOEE change at different SOCs, SOEEins can be defined and estimated using the 
following equation12:

SOEEins ¼ Pelectrical;out
Pillumination

 Pelectrical;in PEinternal
Pillumination

¼ IoperatingVoperating

SA CE ´VE

where Pelectrical,out is the electrical discharging power of the SFB; PEinternal can be 
estimated as the arithmetic product of the CE and VE of the SFB; Ioperating is the 
operating photocurrent provided by the photoelectrode during the solar recharging 
process and Voperating is the cell potential measured at the same time as Ioperating.

To find the cell voltage profile of the SFB, we used a simple battery model 
assuming ideal Nernstian behaviour and constant d.c. resistance40. Thus, the cell 
potential can be calculated using equation (1).

Ecell ¼ E0
cell � RT

nF ln 1�SOC
SOC

� �2þIRDC ð1Þ

Note that Ecell
0 generally remains constant with a given anolyte/catholyte 

combination (Ecell
0 = Eanolyte

0 – Ecatholyte
0, where Eanolyte

0 and Ecatholyte
0 are the formal 

potentials for anolyte and catholyte, respectively). Because the operating current 
will not be higher than the Jsc of the perovskite/silicon solar cell and RDC is around 
1.1 Ω (Supplementary Fig. 5c), IRDC (<20 mV) does not contribute substantially 
to Ecell and is neglected in the calculation for simplicity. Ecell is calculated from 1% 
SOC to 99% SOC with an increment of 1% using an arbitrary Ecell

0 to find Voperating 
(Voperating = Ecell in this case) at different SOCs. Because IRDC is neglected, Ioperating can 
be easily found from the I–V curve of the perovskite/silicon photoelectrode in solar 
cell mode and thus SOEEins can be calculated as described above. The average SOEE 
for an SFB operated from 1% SOC to 99% SOC is then given by

SOEE ¼
Pn
i¼m

SOEEins i%SOCð Þ

n�mþ1 ; ðm ¼ 1; n ¼ 99Þ
Note that summation rather than integration is used here because the 

numerical calculation is already based on uniformly spaced discrete values of 
SOCs. For experimental data with non-uniformly spaced SOCs, integration should 
be used to calculate SOEE as the integral average of SOEEins. By repeating the 
calculation described above with different Ecell

0 inputs, we can obtain the SOEE–
Ecell

0 relationship in the Ecell
0 range of interest.

The modelling method presented above only considers the specific SFB devices 
studied in this work. Because the SFB was operated under a relatively low charging/
discharging current density, the modelling method was simplified with some 
assumptions that may not hold true under higher current densities. Additional 
considerations and a revised method for modelling SFBs under more general 
operating conditions are presented in Supplementary Note 2. The method used in 
this study only considers the cell voltage profile of the SFB, so the I–V curve of the 
perovskite/silicon photoelectrode needs to be experimentally measured and used as 
input information before conducting the calculation. This method can be further 
revised with additional modelling for the photoelectrodes (such as using a diode 
equation) so that it can be generally used to estimate the SOEE–Ecell

0 relationship 
for other solar cells.

Integrated SFB device characterization. The integrated SFB device was assembled 
using a photoelectrode assembly and with all the other components the same as 
for the RFB device described in the previous section (Supplementary Fig. 17). The 
electrolyte flow rate was controlled at 20 ml min−1 for all the SFB cycling tests, if not 
specified otherwise. The SFB was kept in a nitrogen purge box (Terra Universal) 
during the SFB test.

To characterize the charging–discharging behaviours of the integrated SFB 
device, a Bio-Logic BP-300 bipotentiostat was used: channel 1 was configured as 
solar recharge mode to monitor the photocurrent; channel 2 was configured as RFB 
mode to monitor the potential difference between the two carbon felt electrodes (the 
connections for different modes are illustrated in Supplementary Fig. 18). During 
the solar recharging process, the perovskite/silicon photocathode was illuminated 
at near 100 mW cm−2 irradiance without applying any external bias until the cell 
potential measured by channel 2 reaching the upper cutoff potential of 1.5 V. 
During the discharging process, the illumination was blocked by an analogue signal 
regulated beam shutter, and the integrated device was operated as a normal RFB 
with a discharging current of −15 mA applied by channel 2 until the cell potential 
reached 0.8 V. The discharging current was selected to match the average solar 
recharging current. The light intensity was monitored using a solid-state silicon 
solar cell illuminated by the other branch of the light guide to ensure no substantial 
light intensity change during the SFB cycling test. Due to the natural irradiance 
decay of the Xe lamp in continuous operation, the power provided to the Xe lamp 
was manually adjusted during the cycling test to maintain a constant irradiance 
near 100 mW cm−2 (Supplementary Fig. 19a). The recorded illumination intensity 
was also used in the calculation of SOEEins and SOEE. The total capacity of the SFB 
device was measured by the galvanostatic–potentiostatic method before and after the 
SFB cycling test for several cycles with cutoff voltages of 0.8 V and 1.6 V, galvanostatic 
current density of 50 mA cm−2 and cutoff current density of 1 mA cm−2.

The experimental SOEEins data as shown in Fig. 4b were calculated using the 
following equation:

SOEEins ¼ Pelectrical;out
Pillumination

 Pelectrical;in PEinternal
Pillumination

¼ IoperatingVoperating

SA CE ´VE

where Ioperating and Voperating are extracted from data in the solar recharging half cycle 
(Ecell from 0.8 V to 1.5 V) as shown in Fig. 4a. S is 100 mW cm−2 and A is 1.0 cm2. CE 
and VE are calculated using the following equations, respectively.

CE ¼ Qdischarge

Qcharge
¼

R
Iout dtR

Ioperating dt
; VE ¼ �Vdischarge

�Vcharge
¼

R
Vout dtR

dtR
Voperating dtR

dt

where Vout is extracted from data in the discharging half cycle (Ecell from 1.5 V to 
0.8 V) as shown in Fig. 4a. Iout is 15 mA. The experimental SOEE data as shown in 
Fig. 4c were calculated using the following equation:

SOEE ¼ Eelectrical;out
Eillumination

¼
R
IoutVout dtR
SA dt

IReporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. The remaining data that support the 
findings of this study are available from the corresponding author upon reasonable 
request.
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