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Métaux, 38000 Grenoble, France. E-mail: vi
cUniv. Grenoble Alpes, CEA, LITEN, DTNM,
dUniv. Grenoble Alpes, CEA, LITEN, Campus

† Electronic supplementary informa
https://doi.org/10.1039/d4se00547c

‡ Present address: Univ. Grenoble Alpes,
France.

Cite this: Sustainable Energy Fuels,
2024, 8, 3726

Received 25th April 2024
Accepted 26th June 2024

DOI: 10.1039/d4se00547c

rsc.li/sustainable-energy

3726 | Sustainable Energy Fuels, 20
ated photoelectrochemical
devices with perovskite/silicon tandem solar cells:
a modular approach for scalable direct water
splitting†

Angela R. A. Maragno, a Adina Morozan,b Jennifer Fize,b Michel Pellat,c

Vincent Artero, *b Sophie Charton *a and Muriel Matheron ‡*d

Direct solar water splitting appears to be a promising route to produce hydrogen, avoiding competition for

electricity with other important economic uses. Halogenated hybrid perovskites recently enabled the

demonstration of efficient and potentially low-cost photoelectrochemical cells and PV-coupled

electrolysers, reaching high efficiencies but so far limited to a small active area of a few mm2, in the case

of perovskite/silicon tandem solar cells. Here, we show the added value of integrating a thermal

exchanger into the system thanks to additive manufacturing, providing a thermally integrated

photoelectrochemical cell (IPEC) with performance doubled compared to the device without any heat

exchanger (from 3.3 to 8% STH). In addition, we develop a modular approach to scale-up this concept

from 7.6 to 342 cm2, highlighting statistical variations in the efficiency of single integrated

photoelectrochemical cells and their origin. We conduct an outdoor stability test for 72 hours, achieving

a STH performance of 6.3%, and investigate the causes of device degradation through the easy

disassembly of the integrated photoelectrochemical devices. We identify the interface between the

perovskite layer and p-layer as critical for achieving stable photoelectrochemical devices integrating

perovskite/silicon tandem solar cells.
1 Introduction

The conversion of solar energy and water into chemical energy
via the production of hydrogen is a topic that has attracted
substantial interest for years. Many different technologies have
been investigated so far to produce hydrogen from sunlight and
water. To reach maturity, such technologies should be at the
same time (i) efficient (in terms of solar-to-hydrogen (STH)
efficiency), (ii) stable under intermittent operation and over
years of operation, and (iii) scalable, which means that they
should rely on earth-abundant materials and cost- and energy-
effective processes.1 The main challenge is to achieve high
STH efficiency with low-cost materials (light absorbers,
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catalysts, and membranes) and to overcome barriers that limit
the scalability and the stability of such new technologies.

Several architectures exist and are oen grouped into three
categories: (i) photocatalytic (PC) cells, (ii) photo-
electrochemical (PEC) cells, and (iii) photovoltaic cells coupled
to electrolysers (PVEs), with or without a power management
system. In the latter case, integrated photoelectrochemical cells
(IPEC cells) are single devices with an area-matched photo-
absorber and electrocatalyst.2 When calculating the levelized
cost of hydrogen (LCOH) of the various possible congurations,
having in mind the target of $ 2 per kg set by the U.S. Depart-
ment of Energy (DOE) to compete with hydrogen derived from
fossil sources,3,4 no system obviously takes the lead. In addition
to the immaturity of certain technologies, introducing uncer-
tainty into the cost calculations, the outcomes of these studies
are highly dependent on the location where the system will be
implemented, the expected lifetimes, the cost of materials
(which can uctuate, particularly as the result of potentially
unpredictable geopolitical events), and local regulations or
incentives. For example, some studies show that concentrated
solar power achieves the lowest cost, provided it is implemented
in locations with high irradiance levels.5 Regarding the use of
a power converter, the literature reports contradictory results.
One study, for example, claims that lower costs would be
This journal is © The Royal Society of Chemistry 2024
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View Article Online
obtained for PVE systems tted with a power converter,6 while
another states that the use of power converters has no signi-
cant effect on cost.5

However, there is a consensus that the demand for electricity
will increase in the coming years. All scenarios promote elec-
trication, whenever possible, to decarbonize our economy.7

Therefore, competition for electricity availability and greater
constraints on grid stability are expected to emerge. With this
perspective, producing renewable fuels, such as hydrogen,
without drawing electricity from the grid, seems particularly
relevant.8 In order to advance the deployment of these systems
and subsequently rene the cost analysis, it is important to
carry out practical demonstrations, whether they involve scal-
ability validations or preliminary tests in a real environment.
This will provide clearer knowledge of the concrete issues that
need to be overcome.9–11

Here, we focus on water splitting devices based on haloge-
nated hybrid perovskites, emerging as efficient low-cost light
absorbers, assembled into integrated photoelectrochemical
(IPEC) cells and modules.2 Halogenated perovskite materials
have become attractive candidates for efficient and cheap light
harvesting applications, such as photovoltaics, photocatalysis
and photoelectrochemistry. They reconcile efficiency and cost,
although more needs to be done in terms of long-term stability.
Since 2015, halogenated perovskites have been coupled to low
band-gap absorbers in tandem solar cells in order to reduce
thermalization losses in the high-energy region of the solar
spectrum. This approach has enabled rapid rise in the efficiency
of power conversion,12 with a 33.9% record recently reported for
perovskite/silicon tandems, hence surpassing the theoretical
limit for a single junction solar cell.§ Recent papers report the
association of a perovskite/silicon tandem solar cell with an
electrolysis device, demonstrating high STH efficiency. The rst
demonstration came in 2019 with a STH efficiency of 17.52%.13

A STH efficiency of 18–19% followed in early 202014,15 and then
close to 20% (ref. 16 and 17) and nally above 21% since
2021.18–20 According to theoretical studies, the maximum
achievable STH efficiency for a tandem system is above 25%,21,22

provided that materials with optimal band gaps can be
synthesized. The tunability of the band gap of perovskites
explains the growing interest in these materials from the solar
fuels community.23

To date, studies on the combination of perovskite/silicon
tandem solar cells and electrolysers, or on photoelectrodes
based on perovskite/silicon absorbers, have all been carried out
on a small scale and under laboratory conditions. The largest
active surface area14 and the longest stability test20 already re-
ported under controlled indoor conditions are 1.42 cm2 and
102 h, respectively. In the present work, instead of targeting for
record performance for single devices, we adopted a practical
approach towards real-life implementation. We used
perovskite/silicon tandem solar cells with a signicantly larger
active area (7.6 cm2), collected repeatability data on more than
fourty-ve IPEC cells, included a gas separation function in the
§ Longi claims 33.9% efficiency for perovskite-silicon tandem solar cells – pv
magazine International (https://pv-magazine.com).

This journal is © The Royal Society of Chemistry 2024
electrolyser (which had only been demonstrated once in
previous work19), and assessed stability under outdoor condi-
tions. In addition, we integrated an internal heat exchanger to
transfer heat from the solar cell to the electrolyser to improve
efficiency. The benets of thermal integration have already been
demonstrated, in the case of PEC cells under concentrated
illumination,24 for PEC architectures comprising mature single
junction absorbers such as silicon and copper indium gallium
selenide (CIGS)25 and for silicon-based triple junctions. For
instance, in the latter case, the loss in the multi-junction effi-
ciency at high temperature was balanced by the improved
kinetics in the electrolyser, and optimal conditions were
observed close to 50 °C.26 Simulation studies performed on
perovskite/silicon tandem solar cells also show that thermal
coupling is benecial.27 For perovskite-based absorbers, this
approach could be particularly relevant, as heat and its
combination with illumination, even non-concentrated, are
known to have deleterious effects on their lifetime.28

To achieve this, we chose a modular approach for the IPEC
fabrication, allowing easy assembly and disassembly of the
components, so that rapid material variations can be assessed
(initially and aer ageing) and scaled through numbering-up.
IPEC cells, which can separate the H2 and O2 gases produced
and integrate a heat-exchanger to boost performances, were
rst built and tested on a small scale (7.6 cm2 active surface
area)29 to assess the gain in STH efficiency from thermal inte-
gration. Then, we designed IPEC modules assembling nine
IPEC cells (68.4 cm2 active surface area).30 Five of these IPEC
modules were nally combined, with a total active surface area
of 342 cm2, enabling a more in-depth study of the performance
dispersion. Stability was assessed in the laboratory during “day–
night” cycles, and outdoors during 72 hours of autonomous
operation.31 Dismantling the modules enabled the components
to be characterized aer ageing and the identication of the
limits to be overcome to improve lifetime.

2 Materials and methods
2.1 Components description

2.1.1 Tandem solar cell fabrication and encapsulation
Silicon bottom cell fabrication. Silicon heterojunction bottom

cells are processed starting from commercially available n-type
oat-zone (100) oriented both side polished silicon wafers
(chemical mechanical polishing), 4 inch size, with a thickness
between 260 and 300 mm and a resistivity between 1 and 5U cm.
Wet cleaning with hydrouoric acid (HF) and hydrochloric acid
(HCl) is performed to remove native oxides and contaminants,
before the deposition of intrinsic amorphous silicon layers (a
few nanometers thick) on both sides of the wafer, by plasma
enhanced chemical vapour deposition (PECVD) at 200 °C with
SiH4 and H2 gases. Doped amorphous silicon layers are then
deposited by PECVD on each side of the wafer, adding phos-
phine gas (PH3) for the n-doped a-Si:H layer and diborane
(B2H6) for the p-doped a-Si:H layer. The back-side electrode,
made of indium tin oxide (ITO), is then deposited by sputtering.
The recombination layer, also made of ITO, is then deposited by
physical vapor deposition (PVD). The thickness and carrier
Sustainable Energy Fuels, 2024, 8, 3726–3739 | 3727
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density are adjusted to provide enough recombination centers
in the bulk of the layer while maintaining an acceptable trans-
parency in the infrared range.

Perovskite top cell fabrication. Silicon heterojunction bottom
cell wafers are laser cut to 5× 5 cm2 size. A 200 nm layer of silver
is then thermally evaporated to form the back-side electrode.
The electron transport layer (ETL) is prepared from a commer-
cially available tin oxide (SnO2) nanoparticle colloidal suspen-
sion diluted in deionized water. Perovskite and hole transport
layers are prepared in a glovebox the day before deposition, as
follows. Formamidinium lead iodide (FAPbI3), lead bromide
(PbBr2) and cesium iodide (CsI) mother solutions are prepared
by dissolving lead iodide (PbI2) and formamidinium iodide
(FAI) in an N,N-dimethylformamide/dimethylsulfoxide mixture
(DMF/DMSO) at 40 °C, PbBr2 in a DMF/DMSO mixture at 40 °C
and CsI in DMSO at ambient temperature. The solution of
CsxFA1−xPb(I1−yBry)3 is prepared the next day, mixing in a vial
the FAPbI3, PbBr2 and CsI solutions so that x = 0.05 and y =

0.17. The hole transport layer (HTL) is prepared as follows:
poly(triaryl amine) (PTAA) is dissolved in toluene and lithium
bis(triuoromethylsulphonyl)imide (Li-TFSI) in acetonitrile at
ambient temperature, and then Li-TFSI solution and 4-tert-
butylpyridine (tBP) are added to the PTAA solution, and the
resulting mixture is kept at 65 °C overnight. Right before the top
cell fabrication, a 30 min UV–ozone surface treatment is applied
to the recombination ITO. The cells are immediately introduced
into a glovebox to perform further steps under an inert nitrogen
atmosphere. The SnO2 colloidal suspension is spin-coated on
the recombination ITO, followed by annealing at 80 °C for 1 min
on a hot plate. The perovskite layer is then deposited by spin-
coating, with a chlorobenzene quenching step to promote
perovskite crystallization. Annealing is performed on a hot plate
at 100 °C for 1 h. The HTL is then formed on top of the perov-
skite by spin-coating the PTAA solution. The transparent front
side electrode is obtained by sputtering at ambient temperature
to form a 100 nm thick ITO layer. A 200 nm thick gold grid,
thermally evaporated, is nally added. Devices are then stored
in the dark in ambient air before use.

Solar cell encapsulation. A conductive metal ribbon (3M 3007
solar tape) is manually pressed on the front and back sides of
the solar cell. 5 × 5 cm2 glass lids are cleaned using acetone,
isopropanol and water and dried in an oven for 1 h. An epoxy
glue is manually spread over the cells' front side before carefully
placing the glass lid on top. The glue thickness is adjusted to
around 120 mm thanks to tape separators placed at the cell
corners. Crosslinking is then triggered by 400 nm incident
photons provided by a DELOLUX source (LED) for 2 min. The
cells are stored in the dark and in ambient air before use.

2.1.2 PEM electrolyser. The proton exchange membrane
(PEM) electrolyser consists of two current collector plates with
ow channels (cathodic and anodic) between which the
membrane electrode assembly (MEA) is interposed, on either
side of which the gas release reactions take place. All compo-
nents are placed in an anodic box, which is essential for closing
the device and managing water distribution and collection.

Cathodic and anodic plates, as well as the anodic box, are
manufactured using 3D printing32 to maximize the cell's
3728 | Sustainable Energy Fuels, 2024, 8, 3726–3739
compactness, with metal being replaced by polymer where
feasible for the function of the component. This makes it
possible to reduce the weight of the cell, develop alternative
energy conversion devices and overcome the restrictions of
traditional hydrogen manufacturing methods for hydrogen
generators. The anodic box is made of polyoxymethylene (POM),
a technical thermoplastic. The anodic ow-plate features
a machined ow channel consisting of six serpentines, each
1 mm wide, which distribute preheated water evenly over the
entire anode surface. The serpentine ow channel is manufac-
tured from polypropylene (PP) by Fused Deposition Modeling
(FDM). A 200 nm thick electrically conductive gold layer was
deposited on the ow area of the PP plate using the electron-
beam physical vapour deposition (EBPVD) technique.

The MEA was prepared using a Naon NRE-212 membrane
(50 mm thick, Alfa Aesar), iridium black (Alfa Aesar) as the anode
catalyst with a xed loading of 5.7 mg cm−2, and a 0.5 mg cm−2

60% Pt-Vulcan/carbon cloth gas diffusion electrode (FuelCell-
Store) as the cathode. The anode catalyst ink was deposited by
drop-casting onto a 12.3 cm2 area of a decal substrate poly(-
tetrauoroethylene) (PTFE)-coated berglass cloth (Plastic
Elastomer) until the desired catalyst loading was reached. The
cathode electrode and the coated decal substrate were assem-
bled by sandwiching the Naon membrane and hot-pressing it
at 120 °C for 90 s under 5 MPa. The anode catalyst was trans-
ferred to the Naon membrane by peeling off the decal
substrate following the hot-pressing process.

The cathodic plate is made of 316L stainless steel by additive
manufacturing (AM) using Laser Powder Bed Fusion (LPBF)
technology, also known as Selective Laser Melting (SLM). A laser
is used to melt and solidify metal powder in a specic area,
which is then molded into a layer-by-layer stack. Aer each
cycle, the powder is raked or rolled onto the previous consoli-
dated layer. Thanks to this technique, we were able to integrate
thirteen parallel channels into the metal mass. These channels,
with their 2.3 mm side, are distributed across the entire width
of the plate, the outer face of which is designed to host the solar
cell, and thus enable optimum distribution of the water to be
preheated. The integrated pin ow channel design, facing the
MEA, was chosen because of its enhanced performance
compared to “conventional” ow channels due to reduced
ohmic resistance.33

A Pt-coated titanium grid (254 mm thick, 12.25 cm2, Fuel-
CellStore) was added on the anode side without pressing during
the PEM electrolyser cell assembling. The cell is closed with
silicon gaskets (GETELEC), nuts and bolts.

2.1.3 IPEC cell and module. In the IPEC cell, the PEM
electrolyser and the perovskite/silicon tandem solar cell (PV) are
electrically connected via the external surface of their cathode
sides. This direct integration is enhanced by the intercalation of
an indium sheet between the two sides. The face-to-face contact
does not induce any additional series resistance to that
measured at the solar cell terminals. To conduct holes to the
water oxidation sites, the positive terminal (anode) of the
tandem solar cell is connected to the anode of the electrolyser
via a low-resistivity tin-plated copper ribbon, a silver wire and
a platinum wire. Finally, a mask in polyamide 11 (PA11) is
This journal is © The Royal Society of Chemistry 2024
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positioned around the PV to precisely dene the irradiated
surface.

The IPEC module has been developed to integrate nine
individual IPEC cells (Fig. S1†). The module anodic box is
manufactured in a single piece to optimize thermal integration,
limit both the number of steps for uidic assembly and the risk
of leaks. The nine IPEC cells are electrically independent and in
series 3 by 3 in terms of uid management.

Table S1† summarizes the main components of the IPEC cell
and module, and their specic features.
2.2 Characterization of efficiency and stability

2.2.1 Photovoltaic efficiency measurement. A class A solar
simulator (Oriel 92190, Xe source and AM1.5 lter) is used to
simulate solar irradiation in continuous mode. The current–
voltage I(V) curves of the illuminated cells are recorded using
a Keithley 2602A source measure unit (SMU). Calibration is
performed with a standard silicon solar cell (monocrystalline
silicon solar cell, WPVS) from Fraunhofer ISE and a spectro-
photometer (Aescuso). The electrical connection of the cells is
ensured either by gold probes positioned on the front side and
a metal chuck on the back-side, or (in the case of encapsulated
devices) using crocodile clamps placed on themetal ribbons. An
8.5 cm2 mask is used in all cases. Unless otherwise stated,
results are not corrected for the shading losses due to metal
contacts (estimated to be around 15%).

Acquisitions are monitored with homemade Labview so-
ware. Several I(V) sweeps are performed under continuous
illumination and under the following conditions, until the
efficiency stabilizes: reverse scans (from 2.2 V to – 1.5 V) with
one scan every 10 s, steps: 50 mV, dwell time: 20 ms, scan speed:
1.36 V s−1, the number of power line cycles (NPLCs) set to 1, and
the cell kept at open circuit between measurements.

2.2.2 Active area measurement. The aperture of each mask
was determined using ImageJ soware and a calibrated scale for
accuracy. The aperture of the standard mask used to charac-
terize the photovoltaic cells (according to 2.2.1) was 8.5 cm2.
The aperture of the mask placed on the solar cells integrated
into the IPEC cells was 10.2 cm2. The active area of the IPEC
cells was determined by contrast analysis to identify the area
where all layers of the solar cells are present (9.0 cm2, corre-
sponding to the PVD hard mask), from which the shaded areas
are subtracted (Fig. S2†). They have variable surfaces, depend-
ing on the alignment of the ribbon in the metallization. On
average, a shaded area of 1.4 cm2 was obtained, leading to an
active area of 7.6 cm2 for the IPEC cells (Table S2†).

2.2.3 (Photo)Electrochemical measurements. The set-up
for electrochemical measurements, along with the electro-
chemical reaction cell, includes two peristaltic pumps (PP1300,
WVR), an ultrapure water (Milli-Q) reservoir with a temperature
controller (Pilot ONE HUBER circulation thermostat), and
a computer-controlled potentiostat (SP-300 Bio-Logic with a ±

10 A/[0, 5] V booster). For a series of specic measurements, two
separate water circuits were installed, one to pump water into
the internal heat exchanger of the cathodic plate and the other
directly to the anodic ow side. Before starting operation and
This journal is © The Royal Society of Chemistry 2024
measurement, water was pumped for 30 min into the IPEC cell
at a ow rate of 5 mL min−1. A REGLO-CPF digital reciprocated
pump with a piston pump-head RH0CKC was used to deliver 17
mL min−1 for an IPEC module. A Hioki Memory HiLogger
(LR8431-20) and several temperature sensors were used to
control the temperature of the various parts of the IPEC cell or
module.

The performance of MEAs in the PEM electrolyser was eval-
uated by recording their polarization curves from 0 to 1.6 V with
a scan rate of 10 mV s−1. The curves were iR-corrected by
automatically carrying out ohmic drop compensation using EC-
Lab soware through the electrochemical impedance technique
(ZIR).

A Solaronix Solar simulator (M205 500-1300 We SN:120125-
16; FADEC Soware – Multiple Light Engine Version) was
used for the photoelectrochemical measurements. The IPEC
cell (or the module) is positioned facing the light beam. The
IPEC device and the potentiostat are connected in series as
follows: the working electrode port of the potentiostat is con-
nected to the top contact (+) of the solar cell, the bottom contact
(−) of the solar cell is connected to the cathode (−) of the
electrolyser, and the counter electrode port of the potentiostat is
connected to the anode (+) of the electrolyser. The reference
electrode port of the potentiostat is connected to the counter
electrode port in order to measure the current passing through
the closed system. No additional potential was applied. Chro-
noamperometry (CA) measurements were carried out at a xed
irradiation power density (1 sun) and under light/dark cycles.

The operating voltage and current of the tandem integrated
in the IPEC cell were measured using a multimeter (RS:123-
3245, range 2 V, resolution 1 mV, and error: ± 0.5%).

2.2.4 Gas ow measurements. For single IPEC cells and
PEM electrolysers, (photo)electrochemical measurements are
coupled with a gas detection device (MilliGascounter type MGC-
1 PMMA, RITTER) to quantify the H2 volume and ow rate. The
MGC-1 is specially adapted to small gas ow rates with an error
smaller than ± 1% in the range 1 mL h−1 to 1000 mL h−1.

Gas ow values for a single IPEC module were estimated
from the electrical current, assuming a constant faradaic effi-
ciency of 74% for each cell.

For the assembly of IPEC modules, the H2 ow-rate was
measured with a BROOKS SLA5850S mass owmeter.

2.2.5 Outdoor stability tests. Outdoor experiments were
carried out on IPEC modules tested in the eld (Fig. S3†), at the
Joint Research Center (JRC) of the European Commission, Ispra
(Italy), under conditions close to ISOS-O-1 conditions (with the
solar cells delivering their power to the electrolyser). The IPEC
modules were tilted 25° against the horizontal and oriented
south to optimize the irradiance striking the solar cells. The
solar cell I(V) curves were recorded aer an ageing test to detect
any changes in their performance before/aer outdoor expo-
sure. To do so, the solar cells were dismounted from the IPEC
modules and measured according to the lab procedure
described in 2.2.1. The values of Global Horizontal Irradiance
(GHI) were recorded from the ESTI Meteo Tower in Ispra (JRC
Ispra ‖ 45° 480 43.40 N–8° 370 37.40 E ‖ altitude: 220 m), posi-
tioned approximately 100 m from the IPEC modules.
Sustainable Energy Fuels, 2024, 8, 3726–3739 | 3729
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2.3 Data analysis and calculation of solar-to-hydrogen (STH)
efficiency

All calculations have been carried out considering standard
conditions of pressure and temperature (25 °C and 1.013 bar),
from the Environmental Protection Agency (EPA) and Standard
Ambient Temperature and Pressure (SATP) reference.34

The STH efficiency is calculated according to the following
equation:35

STH ¼ Iop � E� � FE

Esun � A
(1)

where Iop is the operating current in A, E° is the potential (here,
1.23 V), FE is the faradaic efficiency, Esun is the incident solar
power in W m−2, and A is the active area of the solar cell in
m2.

Another denition, STH*, is given by the following equation9

that compares the produced energy in the form of H2 to the
energy of the incident light on the active area of the device:

STH* ¼ nH2
� DGr

Esun � A� t
(2)

where nH2
is the total amount (in mol) of hydrogen produced,

DGr is the reaction's Gibbs free energy (237 kJ mol−1) of the
water splitting reaction at 298 K (corresponding to 1.23 V, the
thermodynamic voltage of water splitting), and t (in s) is the
duration of the hydrogen production experiment.

For the outdoor experiment in Ispra, to calculate the STH*

efficiency, a correction factor was applied to GHI values in order
to account for the tilt angle between the IPEC plane and the
horizontal plane and obtain the power density striking the IPEC
modules. This correction factor, equal to 0.9, was estimated by
comparing the calculated horizontal and tilted irradiance
values (Fig. S4†).
3 Results and discussion
3.1 IPEC cell features and motivation for thermal
integration

Fig. 1 describes the building blocks of the IPEC cell; we inte-
grated a monolithic perovskite/silicon tandem solar cell
(Fig. 1b) with an n–i–p architecture on the cathode side of
a proton exchange membrane (PEM) electrolyser (Fig. 1a). This
allows the water splitting reaction to be driven under illumi-
nation, by means of the photovoltage produced by the tandem
solar cell. The tandem solar cell is made of a 1.58 eV bandgap
halide perovskite absorber sandwiched between charge trans-
port layers (SnO2 for electrons and doped poly(triaryl amine)
(PTAA) polymer for holes) and transparent conducting oxide
electrodes, connected in series to a silicon heterojunction
bottom cell via an indium tin oxide (ITO) recombination layer,
which enables the charge recombination of electrons (from the
perovskite top cell) and holes (from the bottom cell). Fig. 1c
shows the current–voltage I(V) curves recorded under illumi-
nation. Typical voltages reached at the maximum power point
are of the order of 1.3–1.4 V (Fig. S5†), above the thermody-
namic voltage for water splitting (1.23 V).
3730 | Sustainable Energy Fuels, 2024, 8, 3726–3739
We built the PEM electrolyser described in Fig. 1a by additive
manufacturing to enable the integration of a heat exchanger
into the cathodic ow plate and to optimize uid distribution.
The membrane electrode assembly (MEA) is sandwiched
between two gaskets and two 3D printed ow plates. A Pt-coated
titanium grid improves electrical contact and water distribution
at the anode. The anodic ow plate is adapted from the litera-
ture,33,36 where the printed serpentine ow channels facilitate
a fast and uniform water distribution. Polypropylene (PP) was
selected because of its low cost, exibility (to facilitate nal
sealing of the assembly), chemical compatibility with PEM
water electrolysis components, and availability from a wide
range of suppliers. The cathodic ow plate is a 3D-printed
stainless steel monolithic plate32 with a pin structure designed
both to maximize electrical contact with the MEA and to
accommodate the gas ow (H2). We also implemented a heat
exchanger in this cathodic ow plate through additional
internal channels (see Fig. S6†), which preheats the water
(before sending it to the anode) while cooling the tandem solar
cell. The stack is assembled in a polyoxymethylene (POM)
anodic box and tightened with nuts and bolts. Fig. 1c shows
a typical I(V) curve of such a PEM electrolyser.

The operating point of the IPEC cell sits at the crossing point
of the I(V) curves of the PEM electrolyser and the solar cell, as
shown in Fig. 1c. In general, only the crossing point at 25 °C is
considered, whereas in practice under illumination, the device
temperature rarely remains at 25 °C. The IR range of the solar
spectrum (which is not fully absorbed by the 1.12 eV silicon
bottom cell) results in signicant heating of the system. For
instance, it is known that solar panel temperature can reach at
least 60 °C outdoors. In this work, the I(V) curves of tandem
solar cells were recorded both on a hot plate aer temperature
stabilization (near 60 °C) and at room temperature (Fig. 1c), the
curves recorded at 60 °C being more representative of the real
IPEC working conditions. As the operating temperature
increases, even if water splitting reactions are favoured thanks
to the reduction in thermodynamic and kinetic barriers,
a signicant voltage drop is observed in the tandem solar cells,
which could prevent reaching a sufficiently high potential for
hydrogen production. An ideal situation could be achieved if
the PEM electrolyser could operate at 60 °C and the tandem
solar cell at 25 °C. In this case, the operating current and
therefore the hydrogen production would be maximized
(Fig. 1c). These considerations motivated us to integrate a heat
exchanger into the electrolyser, as already done in some IPEC
cells operating under concentrated illumination.24
3.2 Inuence of a heat exchanger on IPEC cell efficiency

Fig. 2a shows the path of the water inside the heat exchanger to
the anode, and Fig. 2b shows the temperatures recorded along
the water circuit, on the tandem solar cell and the cathodic
plate, when the IPEC cell was exposed to 1 sun illumination.
Several cycles of around 10 h each were performed. The stabi-
lized working temperature of water at the anode (T4) was ca. 40 °
C, with the water inlet temperature to the heat exchanger (T1)
always 10 °C lower than the water outlet temperature from the
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 IPEC cell description (7.6 cm2 active area) and its operating points as a function of temperature. (a) Scheme of the PEM electrolyser with an
internal heat exchanger and perovskite/silicon tandem solar cell integrated on the cathode side. (b) Details of the perovskite/silicon tandem solar
cell architecture. (c) Crossing points of the I(V) curves of the tandem solar cell and the PEM electrolyser operating with water at different
temperatures (black: 25 °C and orange: 60 °C).
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heat exchanger (T2), revealing preheating of the water in the
exchanger before entering the anode. Equilibrium was reached
between the cathodic plate temperature (T5) and the water
outlet temperature from the heat exchanger (T2). However, the
operating temperature of the tandem solar cell (T6) was around
55 °C, always higher than T4 and T5, meaning that in practice
the ideal case described in Fig. 1c was not achieved. A more
efficient heat exchanger would have to be implemented in order
to effectively decrease the temperature of the tandem solar cell
to a value equal to or lower than that of the electrolyser.
Nevertheless, our strategy was relevant since we observed a heat
This journal is © The Royal Society of Chemistry 2024
transfer from the cathodic plate to the anode, resulting in
improved efficiency for the IPEC cell, as shown in Fig. 2d and
Table 1. The progressive increase in T1 was explained by the fact
that the water outlet at the anode (T4) was directed to the inlet
water tank feeding the cathodic plate.

The performance of the IPEC cell under 1 sun, with and
without water ow inside the heat exchanger, is compared in
Table 1. The heat exchanger operation (i.e., with water ow) led
to an increase in operating current from 46 to 70 mA, with the
corresponding hydrogen ow rates of 0.2 to 0.4 mL min−1. As
a result, the STH* was more than doubled, from 3.2% to 8.0%.
Sustainable Energy Fuels, 2024, 8, 3726–3739 | 3731
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Fig. 2 IPEC cell thermal integration and performance. (a) Detailed scheme of the water circuit in the IPEC cell and (b) recorded temperatures. T1
(blue): water inlet in the heat exchanger. T2 (red): water outlet from the heat exchanger. T3 (red): water inlet in the anodic compartment. T4
(green): water outlet from the anodic compartment. T5 (black): temperature of the cathodic plate. T6 (yellow): temperature of the tandem solar
cell. (c) Water splitting current (solid line) and H2 flow rate (solid line + circles) of the PEM electrolyser under different heating conditions (through
the exchanger with water at different temperatures or under illumination). (d) Water splitting current (solid line) and H2 flow rate (solid line +
circles) of the IPEC cell without (blue) or with (red) the heat exchanger.

Table 1 Detailed results of the PEM electrolyser and IPEC cell performance (Vop and Iop: operating voltage and current recorded at the elec-
trolyser's terminals, t: duration of the hydrogen production, Vol. H2: corresponding hydrogen volume produced during the experiments of Fig. 2,
STH and STH*: solar-to-hydrogen efficiencies calculated using two methods as described in the Materials and methods section, and ** without
water flow in the heat exchanger)

Dark/illuminated
mode

Initial inlet water temperature
(°C) Vop (V) Iop (mA) t (h) Vol. H2 (L) STH (%)

STH*

(%)

PEM electrolyser Dark 25 1.50 250 6 0.69 — —
PEM electrolyser Dark 50 1.50 800 6 2.41 — —
PEM electrolyser 1 sun 25 1.50 1000 6 2.94 — —
IPEC cell** 1 sun 25 1.49 46 5 0.05 3.6 3.3
IPEC cell 1 sun 25 1.44 70 6 0.13 8.4 8.0
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This can be explained, at least in part, by the heating of the PEM
electrolyser. By switching from 25 °C to 50 °C, the performance
of the PEM electrolyser (biased at a xed voltage of 1.50 V, in the
dark) was improved, as shown in Fig. 2c. At 50 °C, an operating
current (Iop) of 800 mA and a corresponding hydrogen ow rate
of 6 mL min−1 were obtained, compared to 250 mA and 2
mL min−1 at 25 °C. Moreover, under 1 sun, with no external
heating other than the illumination source, the operating
current stabilized close to 1 A with a hydrogen ow rate of
around 8 mL min−1. This is likely due to the more homoge-
neous heating achieved by the uniform surface irradiation than
by the hot water ow alone. The slight shi in operating voltage
3732 | Sustainable Energy Fuels, 2024, 8, 3726–3739
(Vop) with heating (decreasing from 1.49 to 1.44 V) is also
consistent with the PEM electrolyser operating at a higher
temperature. The faradaic efficiency (FE) is 74% on average (see
Table S3†) in the IPEC cell compared to more than 98% in the
PEM electrolyser (dark) at 1.5 V. The reason for this might be
linked to the current value, which was ten times lower in the
IPEC cells than for the PEM electrolysers measured in the dark
(see Fig. 2c and d). Lower operating currents have been reported
to favour gas crossover through the membrane, and conse-
quently, decrease faradaic efficiency, as modelled by Scha-
lenbach et al.37
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 IPEC cell stability in light/dark cycles. (a) Operating current (in blue) and hydrogen flow rate (in green). (b) I(V) curves of the PEM elec-
trolyser (red) and of the tandem solar cell (black) before (plain) and after (dashed) the three 8 h-long illumination cycles.
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We systematically observed the positive impact of the
thermal integration on IPEC cell performance (see Table S4†),
although the STH efficiency did not always strictly reach the
same value. This could be explained by the dispersion in the I(V)
shape of the solar cells. On a batch of fourty ve solar cells, we
recorded some variations in the I(V) curves, particularly in the
area of the crossing point with the PEM electrolyser curve. This
resulted in some dispersion of the expected STH efficiency,
calculated from the current delivered by the tandem solar cells
at 1.45 V (and taking a constant FE of 74%). The calculated STH
efficiency ranged from 7.5 to 10.8% (see Fig. S7†).

3.3 IPEC cell stability and efficiency under cyclic light (1
sun)–dark illumination

The stability of the IPEC cells under cyclic 1 sun illumination
was evaluated, following the so-called ISOS-LC-1 protocol from
the perovskite photovoltaics community,38 but with the solar
cell delivering its power to the electrolyser. We performed 8
hour light cycles, followed by a recovery time of at least 16 h in
the dark. A slow decay in operating current was systematically
observed under illumination (Fig. 3a and S8†). The behaviour
during recovery in the dark is different for cycles 1–2 and 2–3. In
both experiments, while the starting point of cycle 2 stands at
the ending point of cycle 1, the starting point of cycle 3 is lower
than the ending point of cycle 2, as if the cells were degrading in
the dark. This could indicate that different degradation modes
occur initially and aer the second cycle.

The I(V) curves of each component of the IPEC were
compared before/aer the three light cycles (Fig. 3b). Signicant
degradation was observed for the solar cell; open circuit voltage
(Voc), ll factor and series resistance are markedly affected,
Table 2 Performance of the IPEC cell over three cycles of 8 h under 1 s
current recorded at the electrolyser's terminals, t: duration of the hydrog
experiments of Fig. 3, and STH and STH*: solar-to-hydrogen efficienc
methods section)

Cycle Vop (V) Average Iop (mA)

1 From 1.45 to 1.53 66
2 59
3 40

This journal is © The Royal Society of Chemistry 2024
possibly indicating a degradation in the perovskite material and
its interface layers (ETL and HTL). The increase in current
produced by the tandem solar cell close to short circuit could
originate from a shunted perovskite subcell and/or from the
change in current balance due to perovskite material degrada-
tion. As the perovskite/silicon tandem solar cell is the least
mature component of the IPEC cell, it is not surprising that it is
the least stable.

In order to optimize the operating current Iop, we adjusted
the perovskite thickness to be in a bottom-limited conguration
(providing a better ll factor). But as the perovskite material
degrades, this may no longer be true, and shunts in the perov-
skite top cell may appear on the I(V) curve, with a slope
impacting the short-circuit current. Regarding the PEM elec-
trolyser, the I(V) curve shis towards higher potentials (reect-
ing an increase in resistance, overpotential and/or mass
transport limitations). The mechanisms at the origin of this
phenomenon have to be further investigated (starting with
a study of membrane degradation over time). Overall, the ex-
pected operating point is shied toward lower current, which is
consistent with the experimental results. The performance of
the IPEC cell under cyclic light (1 sun)–dark illumination is
compared in Table 2. STH efficiency drops to half of its initial
value aer three 8 h illumination cycles, from 8.6 to 4.5%, in
accordance with the observations from Fig. 3b.

3.4 IPEC module efficiency

Fig. 4a shows an exploded view of water circulation in the
module. Cold water (T1) enters the heat exchanger (cathodic
plate) of each IPEC successively and gradually heats up until it
reaches its maximal temperature at the outlet of the last IPEC
un (inlet water temperature: 25 °C, Vop and Iop: operating voltage and
en production, vol. H2: corresponding hydrogen produced during the
ies calculated using two methods as described in the Materials and

t (h) Vol. H2 (L) STH (%) STH* (%)

8 0.19 8.6 8.6
8 0.16 7.2 7.2
8 0.10 4.5 4.4

Sustainable Energy Fuels, 2024, 8, 3726–3739 | 3733
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cathode. The preheated water ow (T2) is then divided into three
identical ows, each passing through a series of three anodes,
where it is oxidized to O2 and protons. The reason for dividing
the water ow into three equal parts is to limit the overvoltage
potentially associated with the accumulation of O2 bubbles.39

Fig. 4b shows that the heat exchanger of the IPEC module
under 1 sun operates in the same way as that of the IPEC cell.
The temperatures stabilize at values comparable to those for the
IPEC cell (Fig. 2b): close to 60 °C for the tandem solar cells (T6)
and 50 °C for the water in the anodic compartment of the PEM
electrolyser (T3). Fig. 4c shows the operating currents of the nine
IPEC cells constituting the IPECmodule, initially and during a 6
hour stability test under continuous 1 sun illumination (see
details in Table S5†). Initial operating currents range from 24 to
57 mA and are lower than those observed for the IPEC cell (70
mA, Table 1), which can be explained by the already marked
ageing of the tandem solar cells used in previous experiments.
Under these conditions, according to the measured currents,
the IPEC module delivers an estimated amount of 552 mL of
hydrogen in 6 h, corresponding to a hydrogen ow rate of
around 2 mL min−1 (Fig. 4d).

The corresponding STH efficiencies are reported in Table 3.
Assuming a constant FE of 74%, the measured currents result in
a STH efficiency of 3.7%, about two times less than what would
be expected from nine fresh and stable IPEC cells (as in Table 1).
Therefore, the volume of H2 produced by the best achievable
IPEC module (made with nine fresh tandem solar cells) could
reach 1.21 L over 6 h under 1 sun.

3.5 IPEC module stability outdoors and origin of
degradation

Several IPEC modules were tested in an autonomous device
dedicated to the production of green methane.31 The conditions
of this 72 hour demonstration, conducted at the JRC center in
Ispra,{ differ signicantly from the laboratory tests described
previously on several major points.

First, the modules had to operate under real sunlight and
climate conditions (ISOS-O-1 protocol38). They all shared the
same water inlet and hydrogen outlet circuits. In addition, they
were coupled to a bioreactor carrying out the continuous
conversion of CO2 with “as produced” H2 into green methane
(without any compression, heating or storage step prior to
use).40 Consequently, the H2 ow at the IPEC outlet was regu-
lated using a control system that only allows H2 to evacuate
above a pressure of 20 mbar.31

The device was sized for an average hydrogen conversion
capacity of 0.5 L h−1 (8 mL min−1). To this end, we assembled
ve IPECmodules, capable of delivering around 16mLmin−1 of
H2 initially, based on the data reported in Table 1 and taking
into account the effect of aging. Fourty ve tandem solar cells
were selected within several batches, the selection criterion
being the current delivered by the solar cell under 1 sun at
{ European Commission, Directorate-General for Research and Innovation, Fuel
from the Sun: Articial Photosynthesis – EIC Horizon Prize – Commissariat à
l’énergie atomique et aux énergies alternatives (CEA), Publications Office of the
European Union, 2022, https://data.europa.eu/doi/10.2777/18380

3734 | Sustainable Energy Fuels, 2024, 8, 3726–3739
a given xed voltage of 1.45 V (close to the operating point). This
value stands a few tens of mV above the typical maximum power
point of n–i–p perovskite/silicon tandem solar cells under 1 sun
(see Fig. S5†), in a region where the I(V) curve follows an expo-
nential shape, with a steep slope. To improve this current
(increase the maximum power point voltage), we modied the
parameters of certain batches, adjusting the concentration of
the perovskite solution (from 1.2 to 1.4 mol L−1, see Fig. S9†) to
increase the thickness of the perovskite layer and shi the
tandem into a bottom cell limited conguration. The p-layer
concentration (PTAA solution) was also increased from 6 to
12 g L−1 as it led to a slightly better maximum power point
voltage (see Fig. S9†). Unfortunately, such improvements were
lost once the tandems were encapsulated: the current values
delivered by the solar cells at 1.45 V aer encapsulation were all
in the same range, as displayed in Fig. 5b (blue points). The
mechanical stress linked to crosslinking of the glue, imposing
stress on the interfaces, could be a clue to explain this result,41

as an increased series resistance was observed aer
encapsulation.

Fig. 5a presents the volume of hydrogen produced by the ve
IPEC modules over time and the corresponding irradiance. As
hydrogen is measured close to the bioreactor inlet, signicant
dead volumes have to be taken into account, which explains the
delay between irradiance onset and hydrogen detection. In
total, around 7 L of hydrogen were evolved by the ve IPEC
modules over the 72 h test. For comparison with the previous
ageing cycles performed under simulated 1 sun conditions,
production periods with steady hydrogen production were
selected (Fig. 5a). The corresponding volumes, reported for an 8
hour period, per module, for the production periods indicated
in Fig. 5a, are reported in Table 4. They are consistent with the
values observed for the IPEC module comprising aged tandems
from Fig. 4 and Table 3 (0.55 L in 6 h). Thus, between 0.66 and
0.72 L of hydrogen were produced by each module in 8 h, under
natural illumination with an irradiance of several hundreds of
watts per square meter. The corresponding STH* values are
reported in Table 4 and range between 3.8 and 9.3%, depending
on the outdoor conditions. Overall, the STH* from the whole 72
hour outdoor test for the ve IPEC modules was 6.3%.

Fig. 5b shows the evolution of the current of the tandem solar
cells at 1.45 V under 1 sun (representative of the operating
current) before and aer outdoor ageing. To obtain these values,
we disconnected the tandem solar cells from the IPEC modules
and characterized themunder a calibrated solar simulator.While
variations in perovskite and PTAA thickness led to devices with
initial current values in the same range, the highest current
losses observed aer ageing occur in the case of the thickest p-
layer. The analysis of the I(V) curves indicates that degradation
results in an increase in open-circuit resistance and a reduction
of the ll factor (Fig. S10 and S11†). As the open-circuit voltage
remains stable, the perovskitematerial is not degraded. Thus, the
degradation of the tandem solar cell seems to originate at the
perovskite/p-layer interface or within the p-layer.

The tandem solar cells were encapsulated with glass and
a glue with high gas barrier properties, and hence the main
stress factors affecting them during outdoor ageing should be
This journal is © The Royal Society of Chemistry 2024
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Table 3 Performance of the IPEC module (68.4 cm2 active area) over 6 h under 1 sun (inlet water temperature: 25 °C, average Iop: average Iop
recorded at each electrolyser's terminals over 6 h, t: duration of the hydrogen production, vol. H2: corresponding calculated hydrogen produced
during the experiments of Fig. 4, and STH and STH*: solar-to-hydrogen efficiencies calculated as described in the Materials and methods
section). Values for the best expected IPEC module (consisting of 9 fresh and stable IPEC cells) are also given

Average Iop (mA) t (h) Calculated vol. H2 (L) STH (%)
Estimated STH*

(%)

IPEC module from Fig. 4 282 6 0.56 3.7 3.6
9 IPEC cells as in Table 1 630 (70 × 9) 6 1.21 (∼0.13 × 9) 8.3 8.0

Fig. 4 IPECmodule thermal integration and performance (68.4 cm2 active area). (a) Detailed scheme of the water circuit in the IPECmodule and
(b) recorded temperatures. Tamb: ambient temperature. T1 (blue): water inlet in the heat exchanger. T2 (red): water outlet from the heat
exchanger. T3 (red): water inlet in the anodic compartment. T4 (green): water outlet from the anodic compartment. T5 (black): temperature of the
cathodic plate. T6 (yellow): temperature of the tandem solar cell. (c) Operating points (Vop and Iop) of the nine IPEC cells in the IPEC module
before and during constant 1 sun illumination. (d) Calculated H2 volume and flow rate produced by the IPEC module.
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light, heat, their combination and cycling. From our previous
experience, we did observe moisture ingress, which quickly
made the tandem edges turn yellow due to perovskite decom-
position, but only aer heavy rain. Here, devices are more likely
affected by illumination and thermal stress.

Some studies report the thermal oxidation and morpholog-
ical changes in PTAA thin lms (aged at 65 °C in air)42 that could
potentially induce lower conductivity and impact the ll factor
when integrated into solar cells. Delamination at interfaces due
to thermal expansion coefficient mismatch was also reported.43

Yaghoobi Nia et al. studied the thermal stability of n–i–p
perovskite solar cells with doped PTAA and highlighted the
impact of PTAA molecular weight and doping on device
stability, through modication of the passivation of the
This journal is © The Royal Society of Chemistry 2024
perovskite/p-layer interface.44 Similarly, Rombach et al.43

assigned the degradation of n–i–p perovskite solar cells to PTAA
doping, which affects the perovskite/PTAA interface. Therefore,
our assumption that the solar cells degrade at the perovskite/p-
layer interface or within the p-layer is consistent with previous
detailed investigations on similar devices. Better stability could
be reached by tuning the tandem interfaces and performing in-
depth analysis of the degradation pathways.

4 Comparison with state-of-the-art

Fig. 6 and Table S6† show the performance of the devices from
this study compared with the largest and most efficient solar
hydrogen production systems selected from the literature.
Sustainable Energy Fuels, 2024, 8, 3726–3739 | 3735

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4se00547c


Fig. 5 Outdoor functioning of five IPEC modules (342 cm2 active area). (a) Evolved hydrogen (in red) and corresponding Global Horizontal
Irradiance (GHI, in orange) recorded in the field. Three periods (shown in red) were selected for STH efficiency calculations. (b) Current delivered
by the tandem solar cells at 1.45 V under 1 sun: before (blue) and after outdoor ageing (red), from batches with variations in perovskite top cell
conditions (perovskite and p-layer concentrations). To perform these measurements, the solar cells were dismounted from the IPEC modules
and measured under a calibrated solar simulator.
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Today, the largest systems deployed are using mature and
abundant silicon-based absorbers. However, such systems
have an intrinsic efficiency limitation due to the single junc-
tion optical absorption.22 The maximum reported STH
Table 4 Amount of hydrogen produced outdoors by each IPECmodule,
hour periods for comparison with IPEC cell data. The total amount of hyd
reported. STH* values are calculated from the measured hydrogen vol
Materials and methods section

Calculated vol
H2 (L) for 8 h

Period 1 0.72
Average irradiance 850 W m−2

Period 2 0.62
Average irradiance 297 W m−2

Period 3 0.66
Average irradiance 389 W m−2

72 hour outdoor test, 5 IPEC modules (342 cm2) —

Fig. 6 Performance of selected reports from the literature regarding ph
(PVEs), photoelectrochemical cells and integrated photoelectrochemical
multi-junctions (with III–V absorbers), and perovskite-based tandems. (a)
and tested lifetime (results gathered under various ageing conditions: ligh
to the devices from this study: IPEC cells from Table 1 (7.6 cm2 and 8% S
Table 4.

3736 | Sustainable Energy Fuels, 2024, 8, 3726–3739
efficiencies so far are close to 15%. Alternately, large-scale
devices can be obtained with cheap abundant photocatalysts
(PCs). Their lower efficiency, in the range of a few percent, is
mitigated by the possibility of scaling-up the system. The use
measured over real periods (shown in red in Fig. 5) and calculated for 8
rogen produced by the five IPEC modules over the 72 hour test is also
umes and corrected global horizontal irradiance, as explained in the

. Measured vol.
H2 (L) STH* (%)

0.33 3.8

0.33 9.3

0.64 7.6

7.43 6.3 (without GHI correction: 7.0%)

otocatalytic systems (PCs), photovoltaic cells coupled to electrolysers
cells (PECs and IPECs), with single junction absorbers (silicon or CIGS),
STH efficiency as a function of absorber active area. (b) STH efficiency
t cycling, continuous illumination or outdoor). The red stars correspond
TH*) and IPEC modules aged outdoors (342 cm2 and 6.3% STH*) from

This journal is © The Royal Society of Chemistry 2024
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of PC inorganic metal oxide particles, in slurry form or
deposited onto solid substrates, has demonstrated long-term
stability and scale-up potential (with a recent demonstration
of over 100 m2).45 However, this type of device has so far been
limited to a low STH efficiency and requires downstream
separation of O2 and H2.46

The US Department of Energy (DoE) recommends and
targets STH efficiencies of at least 20% for systems to be
commercially viable.47 This motivated the development of
multi-junction water splitting devices. Today, the most efficient
way to produce solar hydrogen, with up to 30% STH efficiency,
is through the combination of III–V absorbers in a multi-
junction cell connected with electrolysers and using light
concentration. This mature technology guarantees high
performance48 but it is associated with high investment costs.49

A monolithic buried junction device using the same high effi-
ciency high-cost components reaches a STH efficiency of 19%,
but with lower stability because of the corrosion of III–V semi-
conductor materials in contact with liquid electrolytes.50,51 Such
multi-junctions were used in kilowatt scale devices by Holmes-
Gentle et al.11 Perovskite-based multi-junctions have shown
high STH efficiency (over 20%) at a potentially low cost.
However, no data is available beyond 1.42 cm2. Here, we have
demonstrated that larger photoelectrochemical devices can be
obtained using larger perovskite/silicon tandems (7.6 cm2) and
up to 342 cm2 through a numbering-up approach. It should be
noted that there is no technological obstacle to adapting this
strategy to larger cells, such as the ones recently reported.52

Higher STH efficiencies could have been obtained if the
operating point of the IPEC cells had perfectly matched the
maximum power point of the solar cells, which was not the case
here, contrary to previous work from the literature. Indeed,
although we adjusted the perovskite and PTAA layers, the initial
gains obtained at the maximum power point could not be
translated into the encapsulated tandems, probably due to the
mechanical stress arising from the adhesive crosslinking. In
fact, today, the record power conversion efficiencies of
perovskite/silicon tandems are obtained with p–i–n architec-
tures, probably due to the better quality of the interfaces that
can be achieved with the materials implemented in such
architectures (self-assembled monolayers, buffer layers.). We
expect that the combination of p–i–n-based architectures with
optimized encapsulation and more efficient heat transfer will
show signicant progress in STH efficiency.53 Progress towards
the commercialization of solar panels made of perovskite/
silicon tandem cells54 will undoubtedly help in this direction.

5 Conclusions and prospects

In conclusion, this work not only demonstrates results
regarding the scaling up of perovskite-based integrated photo-
electrochemical devices and their lifetime assessment in a real
environment, but also provides an example of a modular and
scalable system that enables rapid testing and characterization
of components, thanks to reversible integration. Additive
manufacturing has enabled the implementation in a single
component of the gas collection function and a heat exchanger.
This journal is © The Royal Society of Chemistry 2024
This study conrms the benets of thermal integration in
improving STH efficiency, obtaining almost doubled values
with the embedded heat exchanger in direct contact with the
back side of the solar cell. With a more efficient thermal
transfer, effectively cooling the solar cell, even better results
could be achieved.

Our study provides noteworthy insights into the practical
deployment of integrated photoelectrochemical devices. We
collected repeatability data on over fourty-ve IPEC cells,
showing the expected scatter in STH efficiencies due to vari-
ability in solar cell I(V) curves. The modular approach presented
here enabled us to rapidly scale-up the device to an active
surface area of 342 cm2 , even though individual components
remained on a scale of a few cm2. The development of larger
components, and especially of tandem solar cells,54 will also
directly contribute to upscaling the IPEC devices. This
numbering up strategy is in line with the recent concept of
golden hydrogen for adaptable and decentralized hydrogen
production units.8

The approach presented here paves the way for further
investigations of other promising materials, such as light
absorbers, electrocatalysts, or membranes, in order to compare
performance, stability, and repeatability, and to highlight the
limitations of such new systems.
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