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Photoelectrochemical (PEC) artificial leaves hold the potential to lower the costs of sustainable solar fuel production by 
integrating light harvesting and catalysis within one compact device. However, current deposition techniques limit their 
scalability,1 while fragile and heavy bulk materials can affect their transport and deployment. Here, we demonstrate the 
fabrication of lightweight artificial leaves by employing thin, flexible substrates and carbonaceous protection layers. Lead 
halide perovskite photocathodes deposited onto indium tin oxide coated polyethylene terephthalate achieve an activity of 
4266 µmol H2 g-1 h-1 using a platinum catalyst, whereas photocathodes with a molecular Co catalyst for CO2 reduction attain 
a high CO:H2 selectivity of 7.2 under a lower 0.1 sun irradiation. The corresponding lightweight perovskite-BiVO4 PEC devices 
display unassisted solar-to-fuel efficiencies of 0.58% (H2) and 0.053% (CO), respectively. Their potential for scalability is 
demonstrated by 100 cm2 standalone artificial leaves, which sustain a comparable performance and stability of ≈24 h to their 
1.7 cm2 counterparts. Bubbles formed under operation further enable the 30-100 mg cm-2 devices to float, while lightweight 
reactors facilitate gas collection during outdoor testing on a river. The leaf-like PEC device bridges the gulf in weight between 
traditional solar fuel approaches, showcasing activities per gram comparable to photocatalytic suspensions and plant leaves. 
The presented lightweight, floating systems may enable open water applications, while avoiding competition with land use. 
 

While the concept of "artificial leaves" mimicking natural 
photosynthesis shows great promise,2 the complexity of high-
performance photoelectrochemical prototypes combining light 
absorbers with electrocatalysts still limits their scalability,1 
leading to a gap between solar fuels and other light harvesting 
technologies.3,4 Therefore, device fabrication must also undergo 
a paradigm shift, by adopting state-of-the-art deposition 
techniques.5 Those procedures must be geared towards 
portable, lightweight systems, which enable reduced 
consumption of resources, facile transport, deployment and off-
grid operation of PEC devices under potentially demanding 
environments. 

An inspiration for this approach can be drawn from the 
electronics industry. The miniaturisation of circuitry led by the 
introduction of disruptive micro- and nanofabrication 
techniques6 revolutionised a broad range of fields, from 
computing to healthcare.7 A similar trend has been envisioned 
for sustainable electronics, with wearable sensors, artificial skins 
and body-heat harvester prototypes already under 
development.8,9 Roll-to-roll organic photovoltaic (OPV),10 dye-
sensitised11 and perovskite3,12 solar cells have recently 
demonstrated the suitability of such scalable nanofabrication 
techniques for light harvesting applications. 

Here, we showcase the potential of these approaches 
towards (photo)electrochemical fuel production. For this 
purpose, spreadable graphite epoxy pastes are first investigated 
as robust interfaces linking perovskite devices to proton and CO2 
reduction catalysts. Thin encapsulants are compatible with lead 
halide perovskite photocathodes and BiVO4 photoanodes, which 
can be fabricated onto flexible plastic or metal substrates of 
desired shapes. The photoelectrodes combine into a lightweight 

artificial leaf (Fig. 1), yielding a variety of products with an 
activity per gram comparable to plants and semiconductor 
suspensions. 

 
Graphite epoxy encapsulation 
Araldite Standard epoxy adhesive was mixed with graphite 

powder in a 4:3 mass ratio to obtain a carbonaceous 
encapsulant, which provides advantages in terms of low 
material cost, room temperature processability, scalability and 
flexibility over established metal coatings. 2,13,14 A 100-300 µm 
film of the conductive graphite epoxy (GE) presented a negligible 
electrocatalytic activity over a broad potential range (Fig. 2a, 
Supplementary Fig. 1). An electrocatalytic onset potential 
around 0 V against the reversible hydrogen electrode (RHE) was 
observed when sputter-coating a 5 nm layer of Pt as H2 
evolution catalyst (HEC) onto the GE film (Fig. 2a).15  

The freshly prepared graphite paste could also adhere 
directly to carbon nanotube (CNT) sheets (Fig. 1g), which were 
pre-incubated in cobalt(II) meso-tetrakis(4-methoxyphenyl)-
porphyrin (CoMTPP, the CO2 reduction catalyst, Supplementary 
Fig. 2) solutions in N,N-dimethylformamide (DMF).14 Cyclic 
voltammetry (CV) and controlled potential electrolysis (CPE) 
studies revealed that CO2 reduction occurs below -0.4 V vs. RHE 
at these GE|CoMTPP@CNT electrodes (Fig. 2a, Supplementary 
Figs. 3-5). A CO:H2 ratio above 1 was observed over all applied 
potentials and catalyst loadings (Fig. 2b, Supplementary Figs. 
5,6, Tables 1,2), reaching 3.45±1.20 at -0.6 V vs. RHE for CNT 
sheets incubated in a 0.05 mM CoMTPP solution. A plateau of 
≈60 µmol cm-2 was observed for CO evolved during 4 h CPE, 
whereas the amounts of H2 remained below ≈40 µmol cm-2. This 
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result may be due to the geometric constraint imposed by the 
GE substrate, as protons can only access the catalyst located 
within the porous CNT network from one side of the electrode, 
in contrast to a free-standing CNT sheet.14 As shown in recent 
experimental and computational studies, such transport 
limitations within porous electrocatalysts may favour a higher 
CO:H2 selectivity by supressing the proton reduction.16,17 

Another reason for the improved electrocatalysis was 
indicated by two-point electrical resistance measurements, 
which revealed that ≈500 µm thick GE possesses a low cross-
plane resistance of 6.67±0.79 Ω (see data for GE and CNT sheets 
in Supplementary Figs. 7-9, Table 3). The graphite epoxy 
provides a large-area electrical contact to the CNT sheet surface, 
which improves the electrochemical current by minimizing 
resistive losses. Only a small cross-plane ohmic drop was 
observed over the GE, with currents reaching 20 mA cm-2 within 
0.1 V (see inset in Fig. 2a), which further supports its suitability 
as a conductive encapsulant. 

 
Lightweight photoelectrodes 
To mitigate the weight (i.e. material consumption) and 

mechanical frailty of conventional PEC devices, perovskite and 
BiVO4 were deposited onto thin, flexible substrates. To this end, 
a careful design of the fabrication conditions was needed, as 
described in Supplementary Discussion 1. Perovskite 
photovoltaic (PV) devices with ≈0.25 cm2 active areas were 
prepared onto indium tin oxide (ITO) coated polyethylene 
terephthalate (PET, 127 µm thick) films requiring solution-
based, low-temperature (< 423 K) deposition techniques (see 
Methods, Fig. 1f and Supplementary Fig. 10 for the device 
architecture). 

 An intermediate poly[bis(4-phenyl)(2,4,6-trimethylphenyl) 
amine] (PTAA) hole transport layer (HTL) doped with 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ)18 was 
deposited onto a poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS) HTL.19 The additional PTAA layer enabled 
a better alignment between the valence band levels of 
PEDOT:PSS and the triple cation mixed halide perovskite 
(Supplementary Fig. 11).20 This increased the open circuit 
voltage (VOC) from the 0.6-0.9 V reported for PEDOT:PSS 
devices,21,22 to 1.04±0.02 V for the 56 PV cells prepared in this 
study (see Supplementary Figs. 12-14 for histograms and J-V 
examples). 

Flexible perovskite photocathodes (fPVK) were obtained by 
encapsulating the photovoltaic (PV) cells with graphite epoxy. 
The exposed edges and wiring were further sealed by chemical 
vapor deposition (CVD) of a ≈10 µm parylene-C coating 
(Supplementary Fig. 15), replacing typical bulk epoxy 
encapsulants.14,23,24 Thermogravimetric analysis (TGA) 
confirmed that the devices can withstand transient 
temperatures reaching 393 K in the CVD sample chamber 
(Supplementary Fig. 16).  

The photocathode performance was benchmarked against 
established Pt hydrogen evolution and CoMTPP@CNT CO2 
reduction catalysts.14,22 The photocathodes were characterised 
in a three-electrode, two-compartment configuration, with a 
Ag/AgCl reference and Pt mesh counter electrode (see examples 
in Fig. 2 and Supplementary Figs. 17,18). The high perovskite 
photovoltage resulted in a literature-best onset potential of 
≈1.1 V vs. RHE for fPVK|GE|Pt (Fig. 2c).13,15,25 The fPVK|GE|Pt 
photocathodes weighing 54±8 mg cm-2 maintained a 

photocurrent density of -16.5±0.5 mA cm-2 and produced 
919±39 µmol cm-2 H2 with a faradaic yield (FY) of 92.9±1.4% 
over 4 h CPE at 0 V vs. RHE, under 1 sun irradiation 
(photoelectrode metrics were calculated based on their 
photoactive areas, as commonly reported in the literature22). A 
≈3:1 ratio between the geometric areas of the CNT sheet and 
light absorber helped disperse the perovskite photocurrent over 
a larger surface, improving selectivity as CO2 reduction is known 
to be mass transport limited.14,16 Accordingly, 71±6 mg cm-2 
fPVK|GE|CoMTPP@CNT electrodes reached a high CO:H2 ratio 
of 5.7±0.6 at a lower photocurrent density, under 0.1 sun 
irradiation, which was further improved to 7.2±0.2 under stirring 
(Fig. 2d, Supplementary Fig. 19, Table 4). Long term CPE 
demonstrated 35 h stability with a CO:H2 ratio above 1 for a 
fPVK|GE|CoMTPP@CNT electrode under 1 sun, which is the 
longest reported stability for perovskite CO2 reduction 
photocathodes (Fig. 2e). PTAA provided a hydrophobic barrier 
between the acidic, hydrophilic PEDOT:PSS and the perovskite 
layer, yielding a one order of magnitude increase in stability over 
PEDOT:PSS-based devices.19 

BiVO4 was prepared by electrodepositing BiOI26 onto a 25 µm 
thin, 11 mg cm-2 light Ti foil, which could withstand the 
subsequent vanadium precursor annealing at 723 K (see 
Methods). SEM, EDX elemental mapping, UV-vis and X-ray 
powder diffraction (XRD) confirmed the presence of BiVO4 
alongside a thin TiO2 layer on the Ti substrate (Supplementary 
Figs. 20-25). Ti foils were submerged in conc. H2SO4 before 
electrodeposition to remove the native TiO2 layer, but no 
significant change in photocurrent was observed with the 
dipping time (Supplementary Fig. 26). Instead, the morphology 
of the BiVO4 nanostructures varied with the BiOI 
electrodeposition time (Supplementary Fig. 27). An 
inhomogeneous Ti coverage by small BiVO4 grains provided a 
less effective light absorption for short deposition times, 
whereas nanocrystals began to fuse for longer times, decreasing 
the surface area (Supplementary Fig. 20-23). A 3 min 
electrodeposition of BiOI yielded an optimal porosity, 
corresponding to the well-known "nanoworm" morphology 
observed on fluorine doped tin oxide (FTO) glass (Fig. 1e and 
Supplementary Figs. 20,22).26 The optimised Ti|BiVO4 samples 
with a spin-coated TiCoOx (TiCo) O2 evolution catalyst22 
presented an average photocurrent density of 
1.64±0.27 mA cm-2 at 1.23 V vs. RHE and an early onset 
potential of ≈0.25 V vs. RHE for water oxidation (Fig. 2f, 
Supplementary Figs. 28,29), comparing favourably among the 
few reported examples of metal-deposited photoanodes.27,28 

 
Scalable perovskite-BiVO4 PEC devices 

Unassisted PEC devices weighing between 30-100 mg cm-2 
were assembled by attaching perovskite photocathodes to 
BiVO4 photoanodes with a contact adhesive (Fig. 1, 
Supplementary Figs. 37-39). In this quasi-tandem design, a hole 
in the opaque photoanode allows direct 1 sun light irradiation of 
the perovskite (Fig. 1a-d). Due to the direct irradiation and 
earlier onset potentials of both photoelectrodes, 1.7 cm2 wired 
PEC devices presented onset biases of -0.9 V for water splitting, 
and -0.6 V for syngas production coupled to O2 evolution 
(Supplementary Fig. 30g,h). These very early onsets can make 
the device compatible with liquid fuel production (e.g. 
multicarbon alcohols), where higher overpotentials need to be 



3 
 

overcome even with state-of-the-art catalysts.29 The difference 
in active areas between the two light absorbers further 
improved the photocurrent matching (Fig. 3a,b). 

Wired Ti|BiVO4|TiCo – fPVK|GE|CoMTPP@CNT devices 
achieved solar-to-fuel (STF) efficiencies of 0.053±0.006% (CO) 
and 0.021±0.004% (H2) in respect to the entire device area, with 
a CO:H2 selectivity of 2.34±0.48, whereas the corresponding 
water splitting devices reached an STF efficiency of 
0.578±0.152% (H2) over 10 h CPE at 0 V applied bias voltage 
(Supplementary Table 5). Due to their improved design, the 
syngas PEC devices showed a 4.1 times higher total product rate 
(0.756±0.091 µmol h-1 CO, 0.328±0.040 µmol h-1 H2, 
0.378±0.048 µmol h-1 O2) over our conventional BiVO4-
perovskite|CoMTPP PEC tandems of same device area.14 
Deviations from a (H2 + CO):O2 ratio of 2:1 and a FY of 100% were 
observed due to O2 reduction on the cathodic side and bubbles 
forming on the tip of the fluorescence O2 sensor (see detailed 
explanations in Supplementary Fig. 33), which also caused a 
noisy signal in Fig. 3c,d. A fifteen-fold decrease in mass was 
obtained by replacing bulk FTO glass, Field’s metal and epoxy 
encapsulants with thin ITO-coated PET, Ti foil, graphite epoxy 
and parylene-C. This mass reduction resulted in an order of 
magnitude higher activity per gram, producing 
4.88±0.68 µmol g-1 h-1 CO, 2.11±0.30 µmol g-1 h-1 H2, 
2.44±0.36 µmol g-1 h-1 O2 for syngas devices, and 
70.6±27.1 µmol g-1 h-1 H2, 23.2±11.5 µmol g-1 h-1 O2 for water 
splitting. The standalone lightweight artificial leaves could 
therefore gain buoyancy, as they produced visible CO and H2 
bubbles during operation (Fig. 1a,d, Supplementary Figs. 34,40-
42, Videos 1,2). Their symmetric design was key to maintaining 
balance while floating (Supplementary Discussion 1). 

The activities per gram of our lightweight PEC devices were 
comparable or even surpassed the activities of challenging 
photocatalytic (PC) reactions (e.g. CO2 reduction), PC sheets,30 
biomass/plastic photoreforming,31 or plants32 (see visual 
guidelines in Fig. 3g and additional references in Supplementary 
Table 6). This comparison of activity against product rate was 
extended to other solar fuel technologies, e.g. PEC 
photocathodes and PC with sacrificial reagents. Fig. 3g indicates 
that PC and PEC technologies follow two distinct trends 
corresponding to low and high mass per irradiated area, with the 
lightweight PEC devices bridging the gap between them. Among 
those, fPVK|GE|Pt photocathodes displayed a high 
4266±633 µmol g-1 h-1 activity per gram and 
230±10 µmol cm-2 h-1 H2 production rate. This showcases the 
thin photocathodes as promising alternatives for solar fuel 
production, as they attain the excellent activity per gram of 
state-of-the-art PC systems with sacrificial reagents,31,33 while 
maintaining the high product rates of classical PEC systems.1,14,25 

Larger-scale samples for water splitting and syngas 
production were also fabricated using similar deposition 
methods and evaluated in custom-built, partially 3D-printed 
reactors (Fig. 1b,c, Supplementary Figs. 39,40,42). 16 cm2 
perovskite photocathodes and 84 cm2 BiVO4 photoanodes 
displayed absolute photocurrents of up to 60 mA, whereas their 
photocurrent overlaps indicated that the tandems operate at 
absolute photocurrents of 5-20 mA (Fig. 3b, Supplementary Figs. 
14,31,32). 100 cm2 floating PEC devices demonstrated an 
encouraging scalability, displaying similar activities per gram 
(Fig. 3g, Supplementary Fig. 33) to the 1.7 cm2 wired samples. 
Moreover, both syngas PEC devices sustained a steady CO:H2 

ratio and comparable total CoMTPP turnover frequencies of 
200-250 h-1 during 24 h of operation (Fig. 3c,d, Supplementary 
Figs. 33,35,36). Device stability is generally limited by moisture 
infiltration to the perovskite phase and catalyst degradation, as 
the graphite epoxy encapsulant showed no signs of decay even 
after long-term CPE tests (Supplementary Figs. 43,44). 

Leaves sealed inside low-cost, floating reactors (overall 54 
mg cm-2) could further demonstrate water splitting during 
subsequent outdoor and laboratory tests, sustaining a H2:O2 
ratio of 2:1 even during a cloudy day, under air. Gases were 
sampled through rubber disk septa attached underneath the 
reactors (Fig. 3e,f, Supplementary Figs. 45-47). The reactors 
could also withstand the ignition of such explosive gas mixtures 
with minimal damage (Supplementary Fig. 48, Video 3). These 
demonstrations indicate how thin, flexible PEC devices can truly 
mimic natural leaves in terms of performance and function, 
operating at the interface between gas and liquid phases, similar 
to a lotus leaf (Fig. 1a).1  

More broadly, this study demonstrates that lightweight 
artificial leaves can be upscaled with only minor performance 
losses. Hence, floating devices become suitable candidates for 
applications at sea, whereas modern fabrication techniques 
could also provide benefits to land-based solar fuel 
technologies.5 However, considerable challenges remain for the 
widespread implementation of floating solar fuel systems. 
Beyond their advantages in terms of material cost, scalability 
and recyclability, further progress is needed on stability, gas 
collection and pressurisation, as outlined in the Methods section 
and Supplementary Discussion 2. 

 
Conclusions 
This work introduces lightweight, leaf-like PEC devices for 

unassisted water splitting and syngas production. These artificial 
leaves attain a high activity per gram comparable to plant leaves, 
by replacing conventional glass substrates and bulk 
encapsulants with flexible, thin film alternatives. Standalone 
floating leaves weighing below 100 mg cm-2 are compatible with 
scalable fabrication techniques, sustaining similar product rates 
when scaled up to 100 cm2, during laboratory and outdoor tests. 
Our redesigned perovskite photocathodes combine the high 
activity per gram of photocatalysts with the compact design of 
PEC systems, yielding a high selectivity towards CO2 reduction 
under low light irradiation. These proof-of-concept devices help 
envision a future, where autonomous fuel production units may 
access the vast potential of light harvesting in open waters, 
riding the waves of ponds or seas. 
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Figure legends 
Fig. 1 | The thin perovskite-BiVO4 artificial leaf and its components. a, 
Thin standalone device floating under operation (left) and held by a 
sharp tweezer (right). b, A flexible 100 cm2 device. c, Setup employed 
to characterise the large-scale floating leaves. d, Schematic illustration 

of the working principle: the lightweight PEC device achieves flotation, 
as gas bubbles emerge during light irradiation. Integrated 
photocathodes are irradiated through the transparent PET substrate. e, 
Depiction of a Ti|BiVO4 photoanode and corresponding energy-
dispersive X-ray (EDX) elemental mapping. f, Architecture of a wired 
perovskite photocathode and false colour scanning electron 
microscopy (SEM) image of the corresponding layers. g, Depiction of 
the CoMTPP molecular catalyst attachment onto carbon nanotubes and 
SEM cross-section of a CNT sheet. 
 
 
Fig. 2 | (Photo)electrochemistry of the graphite epoxy electrodes, thin 
perovskite and BiVO4 photoelectrodes. a, CVs of GE electrodes without 
catalyst, with 5 nm sputtered Pt, and with a CoMTPP molecular CO2 
reduction catalyst immobilised onto a CNT sheet. Inset shows the cross-
plane resistive drop within a ≈500 µm thick GE layer. b, Amounts of 
gaseous products and CO:H2 selectivity obtained after 4 h CPE. CPE is 
conducted at -0.2 V vs. RHE for GE|Pt electrodes. Experiments are 
performed at -0.6 V vs. RHE for CNT sheets pre-incubated in CoMTPP 
solutions of different concentrations, and at various potentials for CNT 
sheets incubated in 0.05 mM CoMTPP. c, CVs of the perovskite 
photocathodes with Pt and CoMTPP catalysts under continuous and 
chopped light irradiation. d, Influence of the light intensity on the 
performance of perovskite photocathodes over 4 h CPE at 0 V vs. RHE. 
e, Stability test of a fPVK|GE|CoMTPP@CNT photocathode for syngas 
production at 0 V vs. RHE. f, CVs of Ti|BiVO4 photoanodes with and 
without a TiCo water oxidation catalyst. Light experiments are 
performed under 1 sun irradiation (AM1.5G, 100 mW cm-2) except 
otherwise noted. All experiments are conducted in a 0.1 M KBi, 0.1 M 
K2SO4 solution, pH 8.5, under N2 for H2 and O2 evolution, and in 0.5 M 
KHCO3, under CO2, pH 7.4 for CO2 reduction (room temperature). 
 
 
Fig. 3 | Performance of scalable lightweight photoelectrodes and PEC 
devices for solar fuel production. a, CVs of the small-scale individual 
perovskite and BiVO4 photoelectrodes assembled in a ≈1.7 cm2 wired 
PEC device. b, Absolute photocurrents of the corresponding large-scale 
photoelectrodes, which were later integrated in a 100 cm2 standalone 
artificial leaf. The sign of the photocathode signals is inverted to 
emphasise the photocurrent overlap. c, Chronoamperometric trace and 
amounts of products obtained for a 1.7 cm2 wired perovskite-BiVO4 
device with a CoMTPP@CNT catalyst over 24 h at zero applied bias 
voltage. d, Amounts of products obtained for the corresponding 
100 cm2 standalone device. Experiments are performed under 1 sun 
irradiation (AM1.5G, 100 mW cm-2) at room temperature, in 0.1 M KBi, 
0.1 M K2SO4, pH 8.5, under N2 when employing the Pt catalyst for 
proton reduction, and in 0.5 M KHCO3, under CO2, pH 7.4 otherwise. e, 
Water splitting tests performed under real-world conditions, 
demonstrating gaseous product collection in inflatable sealed reactors. 
f, Outdoor test on the river Cam, in front of the Bridge of Sighs, St John’s 
College, during a cloudy day (≈0.2 sun, T ≈ 15 °C). g, Performance of 
different photo(electro)catalytic systems. The product rate is plotted 
against the activity per gram, revealing three distinct trends. Most 
photocatalysts require a low mass per irradiated area (yellow), whereas 
conventional PEC systems attain a high performance at the expense of 
an increased device weight (purple). Lightweight PEC systems bridge 
this gap (blue), providing simultaneously a high activity and product 
rate (see visual guidelines for some examples from this work). Further 
performance metrics, data and references are given in Supplementary 
Table 6.
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Methods 
Further upscaling and practical applications. Remaining challenges towards 

the practical implementation of floating solar fuel farms are described below 
and in Supplementary Discussion 2. Lightweight systems may operate in 
different configurations (sealed reactors, or free-floating leaves) based on the 
desired reaction products (Supplementary Fig. 49). Arrays of lightweight leaves 
could be integrated in ion exchange membranes separating the inflatable 
reactors into anodic and cathodic compartments, with separate valves or septa 
for CO+H2 and O2 collection (Supplementary Figs. 49c,50,51). This would prevent 
product mixture, avoiding the use of external gas-separating membrane units.34 
Several reactors could be confined to a certain area by a floating cord, suitable 
anchoring, or mooring systems to facilitate their retrieval for gas collection.35 

While established PV-electrolyser systems with STF efficiencies >20% will 
contribute significantly to the fuel economy,1 lightweight devices could justify 
lower efficiencies and stabilities from a cost perspective. Such floating devices 
may need to operate beyond a year at efficiencies above 5%. This could be 
achieved with better encapsulants (e.g. CNT-polymer composites36) and 
moisture-resistant light absorbers (e.g. OPV10), which could be deposited 
homogeneously by scalable, roll-to-roll techniques.3 Remote floating farms 
could operate in synergy with high-performance PV-electrolysers, which may be 
more suitable in the vicinity of dense urban areas.  
This use of non-land areas would provide a major advantage among light 
harvesting technologies, as indicated by the recent surge in floating solar 
farms.1,35 Floating platforms can decrease water temperature and evaporation 
(beneficial for agriculture in hot climates), or decrease algae growth which 
improves water quality.35 However, this can also decrease the level of dissolved 
O2,37 which affects the aquatic ecosystem. A modular design can minimize the 
effect of light shading on aquatic life, whereas a sturdy, elastic reactor is required 
to withstand biofouling37 and local fauna (Supplementary Fig. 45). Alternatively, 
floating leaves could be installed on abandoned grounds or polluted waters with 
limited biodiversity such as mining lakes, or near ports for ship refuelling. 

Materials. FTO glass (≈7 Ω □-1, Sigma-Aldrich), ITO coated PET (60 Ω □-1, Sigma-
Aldrich), PEDOT:PSS (Clevios P VP.AI 4083, Heraeus), PTAA (Mw 17,700, EM 
INDEX), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ, 97%, 
Sigma-Aldrich), PbI2 (99.99%, for perovskite precursor, TCI), PbBr2 (for perovskite 
precursor, TCI), formamidinium iodide (Dyesol), methylammonium bromide 
(Dyesol), N,N-dimethylformamide (DMF; anhydrous, 99.8%, Sigma-Aldrich, and 
99%, Alfa Aesar), dimethyl sulfoxide (DMSO; ACS reagent, ≥99.9%), 1-methyl-2-
pyrrolidone (NMP; 99.5%, extra dry over molecular sieves, ACROS), chloroform 
(99.9%, extra dry over molecular sieves, ACROS), [6,6]-Phenyl C61 butyric acid 
methyl ester ([60]PCBM; 99%, Solenne BV), chlorobenzene (extra dry over 
molecular sieves ≥99.5%, ACROS), polyethylenimine (PEIE; 80% ethoxylated 
solution, 35-40 wt.% in H2O, average Mw 70,000, Sigma-Aldrich), isopropanol 
(IPA; ≥99.5%, Honeywell), graphite (powder, <20 µm, synthetic, Sigma-Aldrich), 
Ti foil (127 µm thick, 99.7%, Sigma-Aldrich, and 25 µm thick, 99.98%, Sigma-
Aldrich), H2SO4 (≥95%, Fisher Scientific), Bi(NO3)3 · 5H2O (98%, Sigma-Aldrich), 
NaI (≥99%, laboratory reagent grade, Fischer Scientific), p-benzoquinone (≥98%, 
Sigma-Aldrich), ethanol (absolute, VWR), vanadyl acetylacetonate (98.0%, 
Sigma-Aldrich), NaOH (analytical reagent grade, Fisher), graphite foil (0.254 mm 
thick, 99.8%, Alfa Aesar), thin multi-wall carbon nanotubes (95+% C purity, 
Nanocyl-3100), cobalt(II) mesotetrakis(4-methoxyphenyl)porphyrin (Alfa Aesar), 
H3BO3 (BioReagent, ≥99.5%, Sigma-Aldrich), K2SO4 (≥99%, ACS reagent, Sigma-
Aldrich) and KHCO3 (BioUltra, ≥99.5% (T), Sigma-Aldrich) were used as purchased 
without further purification. 

Flexible perovskite PV devices. Patterned ITO-coated PET was attached with 
double-sided adhesive tape to glass substrates to maintain films flat, while 
adhesive tape was used to mask the conductive ITO contact during perovskite 
deposition. PEDOT:PSS was spin-coated through a Millex-GP 0.22 µm PES filter 
onto the 1.3´1.3 cm2 substrates (4000 r.p.m., 60 s)19 and annealed in air at 383 K 
for 40 min. Inside a N2 glovebox, 5.56 mg PTAA was dissolved in 1 ml toluene, 
then 111 µl of a 1 mg ml-1 F4TCNQ solution in chlorobenzene was added, to give 
a 5 mg ml-1 PTAA solution with 0.1 mg ml-1 F4TCNQ (2% doping). The 
PTAA:F4TCNQ solution was dynamically drop-casted onto the substrates 
spinning at 4000 r.p.m. for 30 s, then annealed at 383 K for 10 min. The samples 
were briefly taken outside the glovebox for UV-ozone treatment (60 s in a 
BioForce Nanosciences UV/Ozone ProCleaner), to improve the wettability of the 
PTAA layer.38 Cesium formamidinium methylammonium mixed-halide 
perovskite, PCBM, PEIE and Ag layers were next deposited as previously 
described,22 to give devices with ≈0.25 cm2 active area. Large-scale devices 
(16 cm2 active area) were deposited onto 25 cm2 patterned substrates, using 
0.75 ml PEDOT:PSS, 0.5 ml PTAA, 0.5 ml perovskite, 1.0 ml chloroform 
antisolvent, 0.3-0.4 ml PCBM and 0.5 ml PEIE solutions per substrate. 

Perovskite photocathodes. A conductive paste was obtained by mixing Araldite 
Standard epoxy and graphite powder in a 4:3 mass ratio. The encapsulative paste 
was spread on top of the silver contacts of the PV devices and left to solidify for 
24 h. The paste was evenly spread onto larger samples via doctor-blading. After 
wiring, the samples were coated with a ≈10 µm layer of parylene-C via the 
Gorham process39 using the SCS Labcoter® 2 Parylene Deposition System (PDS 
2010). The parylene-C thickness was measured by a Dektak XT Profilometer on 
a reference sample. After carefully peeling off the parylene-C from a central area 
of the graphite epoxy masked with Blu Tack, a 5 nm layer of Pt was deposited by 
magnetron sputtering using a Quorum Technologies Q150T ES instrument 
(30 mA sputter current, 12-14 nm min-1 sputter rate). Alternatively, CNT sheets 
with a CoMTPP CO2 reduction catalyst were directly attached to the device using 
a thin layer of fresh graphite epoxy. The CoMTPP@CNT composites were 
prepared following reported procedures.14 Briefly, CNT sheets were obtained by 
sonicating CNTs in DMF and vacuum filtering the suspension through a PTFE 
membrane. ≈1.2´0.7 cm2 sheets were incubated in CoMTPP solutions in DMF, 
then subsequently rinsed in DMF and Milli-Q water. Two or three 2.5´2.6 cm2 
CNT sheets were used for each larger photocathode. 

Ti|BiVO4 photoanodes. Reported procedures were adapted to prepare BiVO4 
photoanodes on titanium.22,40 Electrode optimisation was conducted on 127 µm 
Ti foils, while 25 µm thin Ti was used for the final devices. The Ti slides were 
cleaned in 95% H2SO4 for 0.25-10 min and rinsed with Milli-Q water shortly 
before BiOI electrodeposition, to remove the native TiO2 layer. BiOI 
electrodeposition on masked Ti foil occurred in two steps, applying –0.3 V 
vs. Ag/AgCl for 5 s, then –0.1 V vs. Ag/AgCl between 0.5-10 min. BiOI was 
electrodeposited onto the 84 cm2 samples in a 360 ml custom 3D-printed vessel. 
The Ti foil was directly clamped to the working electrode, whereas 100 cm2 
graphite foil was used as the counter electrode. The samples covered by a 
VO(acac)2 suspension were annealed at 723 K, before removing excess V2O5 in a 
NaOH solution. A TiCoOx (TiCo) water oxidation catalyst was deposited through 
spin-coating of a [Ti4O(OEt)15(CoCl)] single-source precursor solution in air.22  

Lightweight PEC devices. Unassisted PEC devices were prepared by binding the 
perovskite photocathodes to BiVO4 photoanodes using Evo-Stik Impact contact 
adhesive. Excess Ti foil provided an electrical contact to the ITO substrate in case 
of small-scale devices, whereas copper tape connected both electrodes of a 
100 cm2 leaf. Conductive silver paste was additionally applied to minimise 
resistive losses. 

Photovoltaic characterisation. A certified RS-OD4 reference silicon diode was 
used to calibrate an Abet Technologies Sun 2000 Solar Simulator to 1 sun (1/1.12 
mismatch factor). J-V scans were typically conducted between -0.1 and 1.2 V, at 
a 100 mV s-1 scan rate, in 0.02 V steps, with a Keithley 2635 source meter. 
Samples were characterised under N2 atmosphere, at room temperature, 
without masking (active area was manually measured). 

(Photo)electrochemical characterisation. Light experiments were performed 
using Newport Oriel 67005 solar light simulators with AM 1.5G optical filters. A 
certified Newport 1916-R optical power meter was used to calibrate the light 
intensity to 1 sun (100 mW cm-2). (Photo)electrochemical tests were conducted 
in a 0.1 M H3BO3, 0.1 M K2SO4 buffer (adjusted to pH 8.50 with 10 M KOH) for H2 
evolution experiments, or in 0.5 M KHCO3 for syngas production, with the PEC 
cells purged for 30 min with N2 or CO2, respectively. Experiments were 
performed using Ivium CompactStat and PalmSens Multi EmStat3+ potentiostats, 
without stirring, at room temperature. A Ag/AgCl/NaCl(sat) (Basi MW-2030) 
reference and a platinum mesh counter were employed in the 3-electrode 
configuration, with a Selemion (AGC Engineering) ion exchange membrane 
between the anodic and cathodic compartments. A one compartment PEC cell 
was used in the 2-electrode device configuration. CV scans were recorded 
between -0.8 and 0.6 V vs. RHE for the graphite epoxy electrodes, -0.1 and 1.2 V 
vs. RHE for the perovskite photocathodes, 0.1 and 1.4 V vs. RHE for the BiVO4 
photoanodes, and -0.8 and 0.6 V for syngas PEC devices (10 mV s-1 scan rate). 
No masking was required for photoelectrodes or PEC devices. A Shimadzu GC-
2010 Plus gas chromatograph (GC) was employed for CO and H2 quantification, 
while an Ocean Optics Fospor-R fluorescence oxygen sensor probe followed the 
O2 evolution. The amounts of dissolved gaseous products were estimated using 
Henry’s law.22 A LOT-QD LS0816-H large area solar simulator, Biologic VSP 
potentiostat, Thorlabs ME8S-G01 8´8 in2 protected aluminum mirror and 
custom-made one-compartment PEC reactors were employed for the scalability 
tests. Parts of the reactor setup were designed in SolidWorks and created with 
Ultimaker 2 Extended+ 3D printers using polylactic acid. Outdoors floating tests 
were performed in lightweight flexible reactors, containing one leaf, 100 mL 
electrolyte solution and 20 mL gas (air or N2). Reactors were made by attaching 
a rubber disk acting as a gastight septum to a 12.5´12.5 cm2 zip lock plastic bag 
(ebay) with contact adhesive. The bags were sealed using a FoodSaver FFS015 
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vacuum sealing system. A certified Newport 843-R-USB optical power meter was 
used to track the time-dependent light intensity of natural sunlight. 

Materials characterisation. A TESCAN MIRA3 FEG-SEM with an Oxford 
Instruments Aztec Energy X-maxN 80 system was employed for SEM images and 
EDX mapping. TGA was recorded on a Mettler Toledo TGA/DSC 2 Star System 
between 323-1073 K. Approximately 10 mg of the samples were first heated up 
in an alumina crucible at a 10 K min-1 rate, then cooled down at –50 K min-1. UV-
vis diffuse reflectance spectra (DRS) were recorded on a Varian Cary 50 Bio 
Spectrophotometer with a Harrick Scientific Video Barrelino probe. X-ray 
powder diffraction (XRD) patterns were recorded with a Panalytical Empyrean 
X-ray diffractometer using Cu Kα radiation, operating at 40 kV and 40 mA. The 
patterns were recorded between 10° and 90°, with a scan step size of 0.0084°. 

Statistics. Average values are calculated from sample triplicates. The reported 
errors correspond to the standard deviation. 

Data availability 
The raw data that support the findings of this study are available from the 
University of Cambridge data repository41: doi.org/10.17863/CAM.82770. 
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