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power, where solar electricity plays a key 
role.[1] Electrochemical water splitting is 
one such technique that allows the direct 
conversion of electrical power to high 
energy density hydrogen (H2) fuel. How-
ever, present-day H2 production relies on 
the byproducts of fossil fuel extraction 
to generate industrial H2 which invari-
ably has a high associated carbon cost.[2,3] 
Alternatively, by using photovoltaic (PV)-
assisted electrochemical water splitting 

to convert incident solar energy to H2, H2 production can 
be accomplished with a lower carbon footprint. Achieving a 
high solar-to-hydrogen efficiency (STH) using low-cost light-
absorbing components remains a key determinant to the cost of 
H2 generation,[4] thereby determining the commercial competi-
tiveness of electrochemical systems to conventional methods.
Figure 1 shows recent trends in the laboratory-scale devel-

opment of solar-assisted water splitting technology using inte-
grated electrochemical and photovoltaic systems (references 
in Table S1, Supporting Information). Batch systems using 
standard H-cells can be built in combination with photovoltaic 
devices operated at lower light intensities due to the lower cur-
rent output. For instance, STH efficiency >21% (at 0.35-Sun 
equivalent light intensity) has been reported for an integrated 
system using an InGaP/GaAs/Ge triple-junction solar cell and 
ruthenium-based molecular water-oxidation catalysts.[5] Con-
tinuous flow electrochemical cells (ECs), however, can achieve 
higher operating currents due to the use of thin solid-state 
electrolytes that have higher ionic conductivity in comparison 
to liquid electrolytes commonly used in H-cells and reduced 
inter-electrode distance (<100 µm), reducing ohmic losses.[6] 
Furthermore, the constant water flow avoids the accumulation 
of gaseous products at the electrode’s surface, allowing higher 
currents to be achieved at lower potentials.[7] Hence, common 
water splitting systems using inorganic multijunction PV cells 
and continuous flow ECs typically use light concentration tech-
niques in order to reach the high current output. For instance, 
STH efficiency of 30% has been reported using a InGaP/GaAs/
GaInNAsSb triple-junction solar cell operated at 42-Sun equiva-
lent light intensity, coupled to a Ir/Pt catalyst combination for 
the anode/cathode sub-cells in the flow EC series.[8]

Lead halide perovskite-based multijunction solar cells 
promise a cost-effective route to increase power conversion 
efficiency (PCE) due to the comparatively inexpensive material 

Solar-assisted water electrolysis is a promising technology for storing the 
energy of incident solar irradiation into hydrogen as a fuel. Here, an inte-
grated continuous flow electrochemical reactor coupled to a monolithic 
perovskite-silicon tandem solar cell is demonstrated that provides light-driven 
electrochemical solar-to-hydrogen conversion with an energy conversion effi-
ciency exceeding 21% at 1-Sun equivalent light intensity and stable operation 
during three simulated day-night cycles.
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1. Introduction

Energy storage is a core element in a decarbonized energy 
economy as it helps overcome the intermittency of wind and 
solar energy, thereby ensuring a reliable supply of renewable 

© 2022 The Authors. Advanced Materials Technologies published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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and processing costs associated with perovskite-based solar 
cells. Furthermore, the high luminescence quantum efficiency 
of such materials allows for achieving high open-circuit voltage 
(Voc) in devices. As a result, by combining wide-bandgap 
perovskite semiconductors with narrow-bandgap crystalline 
silicon (c-Si) bottom cells, multijunction devices are projected 
to exceed 30% PCE in the near future.[9,10] As one-half of PV-
assisted water splitting systems, such devices are especially 
interesting because their high Voc enables a high current output 
at the required operating potential (>1.23 V). In static EC sys-
tems based on H-cells, perovskite-based multijunction cells 
have been used to deliver high STH efficiency, reaching over 
18% based on monolithic perovskite-silicon, 20% with stacked 
perovskite-silicon, and over 12% using monolithic perovskite-
organic tandem devices.[11–13]

In this work, we report a light-driven continuous flow water 
splitting device, powered by a 1 cm2 monolithic perovskite-sil-
icon tandem solar cell operated at 1-Sun equivalent light inten-
sity. The good compatibility between the electrical behavior of 
the PV and EC components results in a STH efficiency >21%, 
exceeding previously reported values at 1-Sun, together with 
stable operation during 72 h of diurnal operation.

2. Results and Discussion

An electrochemical flow cell with an active area of 4 cm2 
was constructed based on a two-compartment design; the 

compartments are separated by a Nafion NRE-212 mem-
brane (50 µm thickness) coated with 1.2 mg cm−2 Pt 
and 2.0 mg cm−2 RuO2 for hydrogen and oxygen evolution 
respectively (Figure 2a). The membrane-electrode assembly 
(MEA), along with titanium (anode) and carbon (cathode) 
porous transport layers (PTLs), is pressed between two tita-
nium plates with parallel flow fields that act as current collec-
tors and fluid distributors. Figure  2b shows the cross-section 
scanning electron microscopy (SEM) image of the MEA. The 
thickness of Pt/C layer is about 30 ± 2 µm and the RuO2 layer 
has a thickness of 16 ± 2 µm; the total thickness of the MEA is 
≈100 µm. The reduced inter-electrode distance grants decreased 
ohmic loss, and accordingly, higher currents can be more easily 
achieved.

The polarization curve of the EC at room temperature 
(Figure  2c) shows that a cell voltage of 1.42 V is measured at 
an applied current of 20 mA (JEC = 5 mA cm−2). However, the 
potential only slightly increases to 1.60 V when the applied cur-
rent is increased to 1500 mA (JEC = 375 mA cm−2). The small 
increase in potential at a high current density range allows the 
solar-assisted water splitting system to operate within a narrow 
potential window, independent of solar illumination intensity, 
minimizing the degradation of the catalysts and electrodes.[14,15] 
Furthermore, the EC cell is operationally stable when applying 
a constant current of 18.0 mA (JEC  = 4.5 mA cm−2) as shown 
in Figure  2d. Finally, hydrogen evolution, as quantified by in-
line gas chromatography, was found to be similar to that deter-
mined theoretically (Figure S1, Supporting Information). As a 

Figure 1.  Development of photovoltaic-based water splitting systems. a) Schematics of (top) static H-cell and (bottom) continuous flow electrochemical 
cell-based devices. b) Solar-to-hydrogen efficiency across different classes of electrochemical cells driven by perovskite-based or other photovoltaic devices. 
The color of the marker distinguishes batch (blue) or flow (red) electrochemical cells, the shape indicates perovskite-based (square) or other photovoltaic 
devices (circle), and the size emphasizes illumination intensity. Unless specified, all the devices are operated at approx. 1-Sun equivalent light intensity.
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result, under operating conditions, the flow EC has a Faradaic 
efficiency (ηfar) close to unity (0.999).

Monolithic perovskite-silicon tandem solar cells (Figure 3a) 
were prepared using a wide-bandgap (Eg ≈ 1.67 eV) perovskite 
(nominally K0.05Cs0.05(FA0.79MA0.21)0.90Pb(I0.79Br0.21)3) top-cell 
integrated with a silicon heterojunction (SHJ) bottom-cell. 
The perovskite top-cell was fabricated using an atomic layer 
deposited (ALD) NiO interlayer and a self-assembled mono
layer (SAM) of [2-(9H-carbazol-9-yl)ethyl]phosphonic acid 
(2PACz) as hole-selective contact, and a thermally evaporated 
C60 layer as electron-selective contact. The perovskite/C60 
interface was treated with choline chloride to reduce interfa-
cial defects and improve the Voc of the perovskite sub-cell.[16,17] 
The SHJ device platform was chosen for the bottom-cell 
because of the high achievable Voc (0.70 V) which makes it 
commonly used in efficient perovskite-silicon tandem struc-
tures.[18] Photovoltaic performances of representative p-i-n 
perovskite and SHJ single-junction solar cells are shown 
in Figure S2 and Table S2 (Supporting Information). The 
perovskite top-cell and c-Si bottom-cell were monolithically 
integrated using an indium tin oxide (ITO) interconnection 
layer. Figure 3b shows the X-ray photoelectron spectra (XPS) 
in the oxygen (O1s) region of the ITO surface which allows 
quantifying the ratio between hydroxyl (–OH) and metal oxide 
(M–O) species at the ITO surface. As can be seen, transparent 
ITO electrodes on glass (commercial ITO) used to prepare 
single-junction solar cells have an –OH to M–O ratio of 0.61 
(Figure  3c). In contrast, the –OH to M–O ratio of the ITO 

layer deposited in-house (sputtered ITO) has a lower –OH to 
M–O ratio of 0.57.

Tandem cells made using a 2PACz SAM directly on the sput-
tered ITO interlayer showed a oc

tandemV  of 0.74 V (Figure 3d), i.e., 
close to oc

c SiV −  of an SHJ single-junction device. The low oc
tandemV  

indicates a partial coverage of the 2PACz SAM, which binds 
to metal oxide surfaces through a phosphonic acid anchoring 
group,[19] leading to a poorly-functioning hole-selective contact 
in the perovskite top-cell. This was solved by depositing a thin 
(≈8 nm) NiO layer on the sputtered ITO using ALD.[20] Subse-
quent XPS characterization showed that the –OH to M–O ratio 
increased from 0.57 for the ITO surface to 0.70 for the NiO sur-
face. The increased hydroxyl surface concentration, and thereby 
improved 2PACz coverage, resulted in a significantly higher 

oc
tandemV  of 1.78 V, approaching the sum of oc

c SiV −  and oc
perovskiteV . A 

champion device with a stable PCE of 25.1% (Jsc = 17.9 mA cm−2, 
Voc = 1.80 V, FF = 0.78) with minimal mismatch in short-circuit 
current density (Jsc) between the two sub-cells (Figure 3e,f) can 
therefore be prepared, aided by the ALD-NiO layer.

The electrochemical and photovoltaic cells were wire-
connected into an integrated solar-assisted water-splitting 
system. Here, the overlap between the polarization curve (EC) 
and current density versus voltage curve (PV) determines the 
operating point of the system (1.41 V and 17.5 mA) at 1-Sun 
equivalent light intensity (Figure 4a).[12,13,21,22] Under these con-
ditions, the system is operating below the thermoneutral poten-
tial for water splitting ( tn

0E = 1.48 V); thus, the remaining energy 
(0.07 V) is provided by the water flowing in the electrochemical 

Figure 2.  Electrochemical flow cell. a) Schematic of the electrochemical flow cell assembly indicating the membrane, PTLs, Teflon (PTFE) gaskets, and 
titanium current collectors. b) Cross-section SEM image of a representative MEA. The hydrogen (Pt) and oxygen (RuO2) evolution sides are identi-
fied. c) Polarization curve of the electrochemical flow cell (active area = 4 cm2, Pt/Nafion NRE-212/RuO2) using ultrapure water at room temperature.  
d) Galvanostatic measurement at I = 18.0 mA for 1 h.
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cell. The system was operated over 18 h of continuous illumina-
tion (Figure 4b), and subsequently simulating three 12 h diurnal 
cycles (Figure 4c). The system shows a stable output (STH) at 
the same potential as above (1.41 V) during 18 h of continuous 
illumination. The average output current of the solar cell was 
18.0 mA, corresponding to a solar to hydrogen efficiency of 
21.5% as calculated from:

STH
1.23 op far

sc in

I

A P

η
= 	 (1)

where Iop is the average operating current (18.0 mA), ηfar  = 
0.999, Asc the solar cell area (1 cm2), and Pin the irradiance 
(103 mW cm−2).[23] The Tafel slope of the electrochemical system 
is 37.3 mV dec−1 and the contact resistance is 369 mΩ cm2.  
This would amount to about 27 mV increased potential if the 
area of the electrochemical and photovoltaic components 

were equal and increase the operating potential from 1.411 
to 1.438 V, and reduce the current from 17.5 to 17.3 mA cm−2 
(at 1-Sun intensity). This would lower the efficiency marginally 
from 21.5% to 21.3%.

The stability of the solar-assisted water splitting system was 
explored in multiple diurnal (12 h on–off) cycling.[24] Figure 4c 
further shows stable current and potential during the 72 h meas-
urement window with similar irradiation conditions, indicating 
that the system is able to operate through several day-night 
cycles without loss of performance. The EC and PV units were 
characterized after the cumulative 90 h of operation; the polari-
zation curve (EC) and current density versus voltage curves 
(PV) are nearly identical to initial measurements (Figure S3, 
Supporting Information), indicating that both systems retain 
their original performance, and that the operating potential of 
the integrated system remains unchanged. The shown stability 

Figure 3.  Monolithic perovskite-silicon tandem solar cell. a) Schematic of monolithic tandem device. b) X-ray photoelectron spectra (O1s) of com-
mercial ITO, sputtered ITO, and sputtered ITO with an 8 nm-thick ALD-NiO interlayer. Spectral fits for metal oxide M–O and hydroxyl groups (–OH) 
are identified. c) –OH to M–O ratios derived from panel (b). d) Current-density versus voltage curves of tandem solar cells without (w/o) or with (w/) 
ALD-NiO interlayer, and champion device. e) Maximum power point tracking data of perovskite-silicon tandem solar cell. f) External quantum efficiency 
(EQE) spectrum of perovskite-silicon tandem solar cell. For each sub-cell the integrated short-circuit current density (Jsc) is indicated.
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is greater than most reports in the literature with only a few 
reports showing system stabilities over 90 h.[5,8,11–13,21,22,25–34] 
Nonetheless, degradation of the individual components cannot 
be overlooked if the duration of the measurements is extended.

3. Conclusions

This work describes an integrated solar-assisted water splitting 
system using a flow electrochemical cell and a monolithic per-
ovskite-silicon tandem solar cell, delivering an STH efficiency 
>21%. This STH efficiency is the highest reported for systems 
operating at approx. 1-Sun equivalent light intensity, and among 
the highest reported across a variety of combinations of EC and 
PV systems (Figure  1 and Table S1, Supporting Information). 
Specifically, to the best of our knowledge, this work is the first 
to demonstrate an efficient flow electrochemical cell operated 
without any light concentration techniques. Light concentration 
techniques are typically employed for systems using flow elec-
trochemical cells, however, in this work, this was not required 
as the monolithic perovskite-silicon tandem solar cell generates 
a high current (≈18 mA) that allows the operation of the flow 
electrochemical cell at an operating potential over 1.4 V, which 
is close to the maximum power point of the solar cell. Despite 
the use of less abundant electrocatalysts, the high STH effi-
ciency, the absence of light-concentration methods, and the use 
of low-cost monolithic perovskite–silicon tandem photovoltaics 
demonstrate a potential route to produce low-cost H2.[35] More-
over, optimizing the EC/PV area ratio can be beneficial in terms 
of material cost in practical applications while maintaining 
high STH. In this work, a reduction of the EC/PV area ratio 
from 4 to 1 would imply only a minor drop in STH (21.5% to 
21.3%). Recent efforts to develop earth-abundant electrocatalytic 

materials for use in electrochemical cells can further be used 
to construct low-cost electrochemical systems, augmenting the 
economic viability of solar-assisted H2 production.[36]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  Continuous solar-assisted water splitting. a) Overlap of the J–V curve of the perovskite-silicon tandem solar cell with the polarization curve 
of the electrochemical flow cell. b) Solar-to-hydrogen conversion as a function of time using integrated PV-EC system over 18 h continuous operation 
at approx. 1-Sun equivalent light intensity. c) Diurnal cycling of PV-EC system (12 h light and 12 h dark) for a total of 72 h at approx. 1-Sun equivalent 
light intensity. Fluctuations in STH traces in panels (b) and (c) arise from fluctuations in lamp intensity during the operation of the device.
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