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Hybrid photothermal–photocatalyst sheets 
for solar-driven overall water splitting 
coupled to water purification

Chanon Pornrungroj    1,2,4, Ariffin Bin Mohamad Annuar    1,4, Qian Wang    1,3, 
Motiar Rahaman    1, Subhajit Bhattacharjee    1, Virgil Andrei    1 & 
Erwin Reisner    1 

Photocatalytic water splitting converts sunlight directly into storable 
hydrogen, but commonly involves the use of pure water and land for plant 
installation while generating unusable waste heat. Here we report a hybrid 
device consisting of a photocatalyst (PC) and a solar vapour generator (SVG) 
for simultaneous overall water splitting and water purification from open 
water sources. Specifically, an ultraviolet light-absorbing RhCrOx–Al:SrTiO3 
PC is deposited on top of a floating, visible and infrared light-absorbing 
porous carbon SVG, which produces green fuel with a solar-to-hydrogen 
efficiency of 0.13 ± 0.03% and 0.95 kg m−2 h−1 of water vapour as the feed for 
the PC and collectable purified water. This integrated system maintains 
operational stability in seawater and other aqueous waste streams for 
over 154 h due to the isolation of the PC from contaminants in the liquid 
feedstock. This work provides a new concept for developing an off-grid 
energy production/storage solution and is a first step towards alleviating 
both energy and water supply challenges.

Photocatalysis can enable solar energy to be stored directly in the 
form of chemical fuels such as green hydrogen produced from water 
splitting, but its need for pure water limits its commercial viability, 
particularly in regions facing water scarcity. Even small amounts of 
contaminants in the feedstock can severely reduce the lifetime and 
performance of photocatalytic systems1, and feasibility analyses often 
underestimate the cost of purified water and its transportation, which 
can be as high as US$45 per tonne in some regions2,3. Additionally, the 
use of pure water for hydrogen production may further strain the water 
supply chain. The frequency and severity of droughts worldwide is 
expected to increase due to anthropogenic climate change4,5, and a 
drought was even declared in the majority of areas in England by the 
Environment Agency in 20226. The land available for industrial devel-
opment is also becoming increasingly limited due to competing use 
for agricultural, commercial and residential purposes7. Rising global 

populations, competing land use and increasing concerns over water 
and land scarcity justify an urgent need to consider a shift towards 
alternative water sources for fuel production8.

The use of untreated water sources such as seawater to drive 
photocatalytic reactions is increasingly being reported9–12, but the 
performance and long-term stability of these systems are low and 
re-engineering of the co-catalysts is often required for the systems to 
work under such conditions11–13, leaving their practicality question-
able. Alternatively, using water vapour from untreated water may help 
to avoid issues such as photocatalyst poisoning and the scattering, 
reflection and absorption of sunlight by contaminants in the water14.

Vapour-phase photocatalytic or electrolysis processes have a 
lower energy requirement for splitting water due to the lower standard 
Gibbs free energy of formation of gaseous water compared with liquid 
water (ΔG∘

H2O(g)  = −228.6 kJ mol−1 versus ΔG∘
H2O(l)  = −237.2 kJ mol−1)15. 
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with the photocatalytic degradation of organic contaminants13,22–24, 
but there are only a few examples of overall water splitting25. Previous 
studies employed a design where the PC (solid) interacts with water 
(liquid) to produce H2 and O2 (gas), leading to stability issues, espe-
cially when seawater was used13. By contrast, our approach offers new 
insights by using a unique design where the PC (solid) interacts only 
with water vapour, H2 and O2 (gas). This complete separation of the PC 
from the solution underneath improves the stability and inertness of 
the physically separated PC towards various dissolved substrates. The 
versatility of this design could allow off-grid green energy and clean 
water production in regions facing water and land scarcity.

Assembly of the SVG-PC sheet
Aluminium-doped strontium titanate (Al:SrTiO3) was selected as the 
UV-active PC material due to its high activity towards overall water 
splitting, simple synthesis and low cost. The Al:SrTiO3 powder was 
synthesized following a previously reported flux method (see Methods 
section)26,27. The absorption edge of Al:SrTiO3 of ~380 nm corresponds 
to a bandgap energy26 of 3.2 eV (Fig. 1e). Fig. 2a shows a scanning elec-
tron microscopy (SEM) image of Al:SrTiO3. The crystal structure of 
Al:SrTiO3 was confirmed by its powder X-ray diffraction pattern (PXRD; 
Supplementary Fig. 1). The RhCrOx hydrogen evolution co-catalyst was 
loaded onto Al:SrTiO3 (RhCrOx–Al:SrTiO3) by impregnation28. The Cr 
component prevents the water-forming backward reaction of O2 and 
H2 by blocking O2 from reaching the embedded Rh species29. Transmis-
sion electron microscopy energy-dispersive X-ray elemental mapping 
(TEM–EDX) and inductively coupled plasma optical emission spectrom-
etry (ICP-OES) analysis confirmed the conformal deposition of RhCrOx 
on Al:SrTiO3 (Fig. 2b, Supplementary Fig. 2 and Supplementary Table 1).

A carbon-based gas diffusion layer comprising a fibrous macropo-
rous bottom layer and a smooth macroporous top layer was selected 
as the SVG (Fig. 2c and Supplementary Fig. 3). The material provides 
broadband light absorption, and its porous structure gives it the ability 
to float on water (density ≈ 0.49 g cm−3) and allows for efficient water 

Furthermore, vapour-phase reactions decrease mass transfer resist-
ance and promote the rapid desorption of evolved hydrogen (H2) and 
oxygen (O2) gases, which inhibits back reactions and reduces light 
scattering16,17. However, vapour-phase water splitting systems require 
complex microreactors for proper gas distribution18. This, coupled 
with the energy-intensive production of water vapour, largely negates 
the potential advantage of vapour-phase water splitting18.

Sunlight could be an alternative green energy source to generate 
water vapour via photothermal conversion devices such as solar vapour 
generators (SVGs), which can convert most of the solar spectrum into 
thermal energy to heat water at the liquid–vapour interface. Such 
devices offer a cost-effective alternative to other water desalination 
and purification technologies19. Carbon-based materials are often 
used as solar absorbers due to their low cost, ease of fabrication and 
broad-spectrum solar absorption20. Conversely, most photocatalytic 
water splitting systems can use only high-energy photons to drive the 
reaction, leaving a large portion of the solar spectrum, particularly 
the long-wavelength visible and infrared regions, unused21. Hence, 
combining these two solar conversion technologies could provide a 
light management strategy for the full use of the solar spectrum.

In this study, we addressed the above-mentioned challenges and 
limitations in current solar fuel systems by integrating two complemen-
tary solar technologies, namely a photocatalytic device for the green 
production of hydrogen from water vapour and an SVG for clean water 
production. We developed a hybrid photothermal-photocatalyst sheet 
(Fig. 1a–c) that integrates a photocatalyst (PC) powder on top of an SVG 
to give a single floating device (SVG-PC). The resulting floating sheet 
uses the entire solar spectrum due to the synergistic absorption of UV 
light by the PC top layer and visible–infrared light by the SVG (Fig. 1a,e).  
Evaporation of the aqueous feedstock by the SVG supplies the PC 
layer with ample water vapour to generate H2 and O2 without the use 
of sacrificial reagents. The remaining clean water vapour is condensed 
and collected. The concept of photothermal–photocatalysis has previ-
ously been explored in the context of solar vapour generation coupled 
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Fig. 1 | Architecture of the hybrid SVG-PC sheets for solar water splitting and 
purification. a, Illustration of device construction and working principles of 
the SVG-PC sheet. UV, ultraviolet; Vis, visible; IR, infrared; VB, valence band; CB, 
conduction band. b,c, Photographs showing the top (b) and side (c) views of a 
SVG-PC sheet held by tweezers (photoactive area of 1 × 1 cm2). d, Experimental 
set-up for H2 production consisting of the SVG-PC sheet floating on a turbid 

feedstock in a top-down photoreactor under AM1.5G illumination. e, UV–visible 
diffuse reflectance spectra of the RhCrOx–Al:SrTiO3 PC and SVG substrate.  
f, Schematic diagram of the photoreactor used to demonstrate integrated water 
splitting and clean water production. The reactor dimension is 57 × 57 × 47 mm3 
(width × depth × height).
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transport (see Supplementary Discussion 1). Additionally, the bilayer 
construction and macroscopic porous structure of the SVG provide 
a natural salt rejection pathway preventing salt fouling issues30. The 
floating SVG-PC sheet was fabricated by drop casting RhCrOx–Al:SrTiO3 
powder dispersed in isopropanol onto a hydrophobically treated 
(silanization) SVG substrate, followed by drop casting Nafion solution 
(Supplementary Fig. 4). Afterward, the sheets were dried at 338 K over-
night to ensure removal of isopropanol. The Nafion ionomer was used 
to better adhere the PC to the SVG and improve the interaction between 
the PC and the water vapour generated by the SVG, thus increasing the 
robustness and efficiency of our devices31–33. The weight and density 
of the as-prepared sheets (consisting of SVG, PC powder and optical 
adhesive) were approximately 37.4 ± 0.1 mg cm−2 and 0.67 ± 0.01 g cm−3, 
respectively, allowing them to intrinsically float on the surface of water 
without additional support8. EDX elemental mapping confirmed the 
presence of RhCrOx–Al:SrTiO3 on the SVG substrate (Supplementary 
Fig. 5). The sheets were studied in a top-down reactor under AM1.5G 
(100 mW cm−2) irradiation for 22 h (Fig. 1d) with H2 and O2 quantifica-
tion by gas chromatography (GC) and a fluorescence oxygen sensor 
probe, respectively. Subsequently, the vapour generation rates were 
measured in a 1.5 × 1.5 × 5.0 cm3 open-top custom-designed reactor 
(see Methods section).

The optimum PC powder loading of the SVG-PC sheets for both 
water splitting and water purification was found to be 2.0 mg cm−2  
(Fig. 2d,e and Supplementary Discussion 2). With this loading, the 
obtained vapour generation rate of 0.95 ± 0.10 kg m−2 h−1 (equating to 
~53 mol vapour per m2 per h) agrees well with reported literature values 

for carbonaceous SVGs (Fig. 2e and Supplementary Tables 2 and 3). The 
rate of vapour production via the SVG is in excess of that theoretically 
required to sustain the overall water splitting reaction carried out by 
RhCrOx–Al:SrTiO3, which requires three orders of magnitude less water 
than the current SVG output, with the excess water vapour producing 
distilled water26.

Seawater splitting and desalination
On average, natural seawater contains 3.1–3.8% salinity and has a pH 
of 7.5–8.4. It contains various ions, such as Na+, K+, Mg 2+, Ca2+ and Cl−, 
with NaCl being the predominant component. Thus far, seawater has 
rarely been used for solar fuel synthesis using photovoltaic-electro-
lyser, photoelectrochemical or photocatalytic devices due to their 
reduced performance as a result of catalyst poisoning and possible 
side reactions10,12 (Supplementary Table 4). For liquid-phase seawater 
splitting using a powder suspension of RhCrOx–Al:SrTiO3 or RhCrOx–
Al:SrTiO3 immobilized on a glass substrate (Glass-PC), the H2 evolution 
rate decreased more than fourfold and a substantial decrease in the 
O2 evolution rate was observed compared with pure water splitting  
(Fig. 3a, Supplementary Fig. 6 and Supplementary Table 5). This sug-
gests that the performance of RhCrOx–Al:SrTiO3 is strongly inhibited 
when the particles are in direct contact with seawater. The reduced 
H2 evolution may be attributed to the poisoning of a fraction of the 
H2 evolution catalyst on direct contact with impurities present in  
seawater10,12. The observed non-stoichiometric H2/O2 ratio implies 
that other oxidation reactions also occur. For example, the oxidation 
of Cl− (Cl−/Cl2, 1.36 V versus the normal hydrogen electrode at pH 0) in 
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Fig. 2 | Physical characterization and PC loading optimization. a, SEM image 
of pristine Al:SrTiO3, b, TEM–EDX image of the as-prepared RhCrOx–Al:SrTiO3.  
c, Cross-section SEM images of the as-prepared SVG-PC sheet. d, Optimization 
of PC loading for H2 evolution (The units mmol gcat

−1 h−1 represent mmol per gram 
catalyst per hour.) Data in red corresponds to both H2 and STH. e, Solar vapour 

generation rate and solar thermal conversion efficiency for the SVG substrate 
and SVG-PC sheets. Photocatalytic and solar vapour generation measurements 
were performed using pure water under AM1.5G illumination for 22 and 4 h, 
respectively. The data in d and e are presented as mean values ± SD for reactions 
performed in triplicate (n = 3).
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seawater might be more favourable because its two-electron oxidation 
is kinetically easier than the four-electron oxidation of water34.

Although there already exists a physical separation between the 
PC layer and aqueous feedstock via the SVG (Fig. 1a), the SVG substrate 
was also hydrophobically treated before PC deposition to further repel 
any contaminants dissolved in the bulk solution that might permeate 
through the SVG top layer to the PC layer. Thus, before PC deposi-
tion, the SVG was treated with a silanization solution (2.5 vol% dichlo-
rodimethylsilane (DCDMS) in hexane) to increase its hydrophobicity 
(Supplementary Fig. 4). The resulting hydrophobically treated SVGs 
displayed a higher contact angle than untreated samples (Fig. 3b,c and 
Supplementary Fig. 7), and also showed better water repellency against 
water droplets than untreated samples (Supplementary Video 1). As a 
result, our SVG-PC sheet in artificial seawater achieved a H2 evolution 
rate and solar-to-hydrogen (STH) efficiency of 17.8 ± 2.2 mmol m−2 h−1 
and 0.11 ± 0.02%, respectively. The values obtained with the SVG-
PC were around three times higher than those obtained with the  
Glass-PC for liquid-phase seawater splitting (Fig. 3a). In contrast to the 
Glass-PC, near-stoichiometric H2 and O2 evolution was achieved from 
seawater with the SVG-PC (Fig. 3d and Supplementary Table 5). The 
H2 evolution rates of the SVG-PC sheet over pure water and seawater 
were also linear throughout the photocatalytic tests (Supplementary 
Fig. 8 and Supplementary Table 6). SVG-PC sheets irradiated with only 
visible–infrared light yielded no H2, and their performance was halved 
without the photothermal effect of the SVG (UV irradiation only; Sup-
plementary Fig. 9 and Supplementary Table 7); under UV irradiation 
alone, the sheets maintained a reasonable performance as the rate 
of vapour generation was still enhanced by the SVG (Supplementary  
Fig. 10 and Supplementary Table 8). Further control experiments  

under full-spectrum irradiation showed that when the SVG-PC sheet 
was suspended over seawater, without the direct interaction between 
the SVG and the liquid phase, the H2 evolution of SVG-PC decreased 
by an order of magnitude (Supplementary Fig. 11 and Supplementary 
Table 9). This indicates that localized heating at the liquid–vapour 
interface by the SVG is crucial for the optimal function of the SVG-PC 
sheet by maintaining a high flux of water vapour over the PC. The pho-
tothermal effect of the SVG was visualized using infrared thermal imag-
ing, which showed a higher local temperature on the SVG compared 
to the bulk liquid (Supplementary Figs. 12 and 13 and Supplementary  
Video 2). These results confirm the synergistic effect of the hybrid 
SVG-PC design for use of the full solar spectrum.

The importance of the hydrophobic treatment in our system was 
evident when we compared the SVG-PC with a sheet consisting of the 
PC deposited on a bare SVG (denoted untreated SVG-PC), as shown in 
Fig. 3a. The seawater splitting rate obtained with the SVG-PC was ~2.8 
times greater than that of the untreated SVG-PC. These results imply 
that without the hydrophobic treatment, some harmful inorganic ions, 
such as Cl− and Mg2+, may still be able to reach the PC, allowing side reac-
tions, leading to a lower photocatalytic rate compared with the use of 
pure water as a feedstock35 (Supplementary Tables 5 and 10). Note that 
an overly silanized SVG (>2.5 vol%) may inhibit water evaporation by the 
SVG and have an adverse effect on the H2 evolution rate (Supplementary 
Fig. 14). ICP-OES analysis of the condensed desalinated seawater, col-
lected from the reactor wall after each experiment, showed that the 
concentrations of Na, K, S and Si were 9.11, 0.09, 0.14 and 9.41 mg l−1, 
respectively, while the concentrations of Ca and Mg were below the 
detectable threshold (Fig. 3e, Supplementary Table 11). These numbers 
are well below the salinity standards of drinking water set by the World 
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and STH using the SVG-PC sheet under various light intensities. g, H2 evolution 
and STH from various contaminated water feedstocks using the SVG-PC sheet. 
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Health Organization (WHO) and the US Environmental Protection 
Agency (EPA)36,37. Our design yields one of the highest activities among 
photocatalytic seawater splitting systems while also providing purified 
water as a secondary product (Supplementary Table 4).

The performance of our devices was then evaluated under 
0.2‒1.5 Sun irradiation using seawater. The H2 evolution rate and STH 
efficiency increased from 1.71 ± 0.1 mmol m−2 h−1 and 0.06 ± 0.01%, 
respectively, at 0.2 Sun to 32.6 ± 2.49 mmol m−2 h−1 and 0.14 ± 0.01%, 
respectively, at 1.5 Sun (Fig. 3f and Supplementary Table 12). The  
disproportionate increase in the water splitting rate with increasing 
light intensity contradicts conventional PC suspension systems, where 
the rate of water splitting by the PC commonly increases linearly for 
a light intensity below 1 Sun (ref. 38). It has been reported that the 
performance of gas-phase water splitting is proportional to the partial 
pressure of water, which affects the coverage of water molecules on the 
surface of the PC18. Hence, the disproportionate increase in the water 
splitting rate could be attributed to the fact that the SVG performs more 
efficiently at a higher light intensity and therefore yields a higher water 
partial pressure in the reactor for the PC layer39. This result suggests 
that this system could benefit from higher light intensity40.

Universality and stability of SVG-PC sheets
Next, we evaluated our SVG-PC design using other real-word feed-
stocks, that is, river water (River Cam, United Kingdom) and turbid 
industrial waste from the paper industry (Sustainable Fiber Technolo-
gies). For the river water, the H2 evolution rate and STH efficiency were 
19.8 ± 1.5 mmol m−2 h−1 and 0.13 ± 0.01%, respectively (Fig. 3g). These 
results show that organic material and other contaminants present in 
river water do not affect the performance of our device. Furthermore, 
for the turbid waste, the H2 evolution rate and STH efficiency were 
18.9 ± 0.5 mmol m−2 h−1 and 0.12 ± 0.01%, respectively, demonstrating 
that light absorption and scattering by the liquid feedstock are avoided 
entirely because light does not need to travel through the liquid phase 
to reach the PC. O2 analysis showed that the H2 and O2 evolution ratio 
of the SVG-PC in the river water and turbid waste were 2.51 and 2.31, 

respectively (Supplementary Table 5). ICP-OES analysis of the con-
densed water from each feedstock showed that clean water (meeting 
WHO and EPA salinity standards for drinking water) was produced in 
all cases (Supplementary Table 11). Hence, the SVG-PC sheet performs 
similarly well regardless of the type of water used. These results further 
validate the versatility of this approach.

For the long-term stability study, we evaluated three different sys-
tems (Glass-PC, untreated SVG-PC and SVG-PC) in both pure water and 
seawater (Fig. 4a). In pure water, Glass-PC initially exhibited a higher pho-
tocatalytic performance than the untreated SVG-PC and SVG-PC (Sup-
plementary Discussion 3). These three systems showed STH efficiencies 
in the first 22 h of 0.17, 0.11 and 0.13%, respectively. However, the activity 
of the Glass-PC rapidly decreased by over 40% after 66 h. This decrease 
was attributed to the loss of Cr species from the RhCrOx–Al:SrTiO3 sur-
faces, as evidenced by a notable decrease in the Cr/Rh ratio from 1.1 to 
0.6 after 154 h of irradiation (Supplementary Table 1). Conversely, both 
the untreated SVG-PC and SVG-PC were stable up to 154 h in pure water, 
with the former retaining 89% of its initial performance and the latter 
seeing no noticeable change in performance. The performance of the 
SVG-PC sheet had already surpassed the performance of the Glass-PC by 
the end of the third cycle (≥66 h). In artificial seawater, the performance 
of the Glass-PC and the untreated SVG-PC was considerably lower than 
their performance in pure water. Both systems showed an STH efficiency 
of only 0.04% in the first 22 h, and their H2 evolution rates continued to 
decrease in later cycles. Conversely, the SVG-PC performed similarly 
in both seawater and pure water. Even in artificial seawater, the sys-
tem retained 80% of its initial performance after 154 h (Supplementary  
Table 13). The slight decrease in performance in seawater may be due to 
a small amount of PC being exposed to the liquid phase. Contact angle 
measurements showed that the SVG-PC retained its hydrophobicity to 
a far greater extent than the untreated SVG-PC after 154 h of operation 
(Supplementary Fig. 15). Thus, the hydrophobically treated SVG not 
only separates the PC from contaminants in seawater, but also prevents 
co-catalyst dissolution by keeping the PC relatively dry. This was verified 
by ICP-OES analysis of the SVG-PC after catalysis, which showed that the 
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Fig. 4 | Long-term stability, large-scale and integrated SVG-PC set-up.  
a, Long-term H2 evolution from pure water (top) and seawater (bottom) using 
Glass-PC, untreated SVG-PC and SVG-PC PC sheets. Photocatalytic measurements 
were performed under AM1.5G irradiation for 22 h each cycle. The reactor was 
purged with N2/CH4 for 15 min before each cycle. b, Photograph of the assembled 
reactor containing a 25 cm2 SVG-PC sheet and artificial seawater. c, Time course 
of H2 and O2 evolution via the water splitting reaction using a 25 cm2 SVG-PC sheet 

over artificial seawater (22 h). d, Outdoor set-up for integrated H2 evolution and 
clean water production using the SVG-PC sheet with river water. e, Integrated H2 
evolution and clean water production rate under simulated and natural sunlight. 
The photocatalytic experiments were performed under AM1.5G irradiation 
and natural sunlight for 4 and 2 h, respectively. The data are presented as mean 
values ± SD for experiments performed in duplicate (n = 2).
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Rh and Cr content of the SVG-PC remained constant (Supplementary 
Table 1). SEM images also showed no apparent difference between the 
as-prepared and used SVG-PC sheets (Supplementary Figs. 5 and 16). 
Furthermore, there was no noticeable salt accumulation on the SVG 
substrate for the sample tested in seawater.

The scalability of our system was demonstrated by using a 25 cm2 
SVG-PC sheet (Fig. 4b). The weight (19.8 ± 0.1 mg cm−2) and density 
(0.44 ± 0.02 g cm−3) of the sheets were reduced in the large-scale 
samples compared with their 1 cm2 counterparts. In artificial seawa-
ter, the H2 evolution rate and STH efficiency of the large sheet were 
9.87 mmol m−2 h−1 and 0.063%, respectively. The drop in performance 
can be attributed to a decrease in incident light due to water condensa-
tion and the use of Plexiglass as the reactor window, as well as to gas 
leakage that might occur in the scaled-up reactor. However, stoichio-
metric overall water splitting (H2/O2 ratio of 2.4) was again achieved 
(Fig. 4c and Supplementary Fig. 17). Thus, the potential scalability of 
the hybrid device was successfully demonstrated.

Finally, we used a custom-designed photoreactor (Fig. 1f) to 
demonstrate integrated water splitting and clean water production 
using water from the River Cam. In the reactor, H2 from water split-
ting was trapped in the gas-tight headspace of the reactor while con-
densed water vapour from the SVG formed droplets on the sloped 
window, which flowed down into a separate partition for collection 
(Fig. 4d and Supplementary Figs. 18 and 19). Figure 4e shows that under 
AM1.5G irradiation, the H2 evolution and clean water production rate 
of the SVG-PC were 16.1 ± 3.6 mmol m−2 h−1 (STH: 0.10 ± 0.02%) and 
0.94 ± 0.12 kg m−2 h−1, respectively (Supplementary Table 14). These  
values are similar to those obtained from separate H2 evolution and 
water evaporation experiments, thus confirming the successful demon-
stration of simultaneous water splitting and clean water production by 
the SVG-PC sheet. The slight drop in performance can be attributed to 
the scattering of light from the water layer and droplets formed on the 
tilted window of the integrated reactor. This could be avoided by hydro-
phobically treating the reactor window via silanization to improve the 
formation and flow of water down the window41. Under natural sunlight, 
a consistent STH of 0.08 ± 0.01% was achieved, while the H2 evolution 
and clean water production rate dropped to 7.82 ± 1.52 mmol m−2 h−1 and 
0.71 ± 0.12 kg m−2 h−1, respectively. The decline in the overall products in 
the outdoor experiments is likely due to the lower incident light inten-
sity over the course of the outdoor experiments (average of ~0.6 Sun; 
Supplementary Fig. 20a,b). Our techno-economic analysis reveals that 
the proposed hybrid SVG-PC sheets have potential economic advan-
tages over existing PC panels where the cost of water purification and 
land use are more expensive in a real-world scenario (Supplementary 
Table 15 and Supplementary Discussion 4).

Overall, these findings provide the proof of concept of a full-
spectrum-powered SVG-PC device for the production of solar fuel and 
clean water from polluted open water sources. By integrating the com-
plementary UV absorption of a PC with a broadband light-absorbing 
SVG, the full solar spectrum can be used with minimal compromise on 
hydrogen and water production compared with their non-integrated 
counterparts. Without requiring direct contact between the PC and the 
aqueous liquid phase, the photocatalytic process can take place directly 
on top of a variety of aqueous feedstocks without having to modify the 
PC. H2 production from contaminated feedstocks via conventional 
photocatalytic, photoelectrochemical and photovoltaic-electrolysis 
systems suffers from catalyst poisoning. The SVG-PC device designed 
in this study circumvents this issue, and its potential use on a range of 
open-water sources, whether it be a river, sea, water reservoir or indus-
trial waste, also suggests great potential for reducing competition for 
land and lowering the cost of water purification in energy production as 
well as providing clean water8.

This approach could be extended to a range of other photocata-
lytic and photothermal materials42. Although the performance of the 
current system is limited by the light absorption of the model PCs, the 

activity may be improved further through the use of different photo-
catalytic materials42, a Z scheme assembly43, solar concentration and 
more efficient SVGs for water evaporation20. While the reaction tem-
perature when using liquid water is limited to less than 100 °C, which 
limits the use of highly concentrated solar irradiation (without external 
cooling), this design opens up the possibility of using concentrated 
solar light to enhance photocatalytic activity and improve scalability. 
This design approach could be used in a large-scale floating plant and 
can benefit from the use of parabolic solar concentrators to enhance 
photocatalytic activity and solar fuel production efficiency as well as 
to reduce the amount of active material to save costs, as we propose in 
Supplementary Fig. 21. A membrane gas separation unit could also be 
incorporated into the hypothetical floating plant to prevent pressure 
build-up and ensure that the hydrogen and oxygen gas mixture remains 
outside explosive limits44. The concept explored in this study has also 
the potential to be adapted to other moisture-harvesting systems, such 
as atmospheric water harvesters using a metal–organic framework for 
similar applications in arid areas45. Due to both supply and logistical 
challenges, over 2 billion people live in regions experiencing high water 
stress and about 730 million people do not have access to modern 
electricity infrastructure. The hybrid SVG-PC sheet device introduced 
in this work offers a potential pathway towards decentralized fuel 
production, energy storage and clean water production to support the 
needs of developing regions experiencing energy and water scarcity.

Methods
Materials
SrTiO3 (99.9%, Wako), Al2O3 nanopowder (Sigma-Aldrich), SrCl2 
(99.99%, Merck), Na3RhCl6·nH2O (17.8 wt% Rh, Mitsuwa), Cr(NO3)3·9H2O  
(98.0–103.0%, Kanto), Nafion (~5%, Sigma-Aldrich), isopropanol 
(≥99.5%, Sigma-Aldrich), DCDMS (~5%, Sigma-Aldrich), heptane (≥99%, 
Sigma-Aldrich), nitric acid (67–69%, Fisher Scientific), carbon paper 
(Freudenberg H23C2, Freudenberg Performance Materials), opti-
cal adhesive (NOA 63, Norland Products), artificial seawater (liquid, 
Reagecon), river water (collected from the River Cam, Darwin College, 
University of Cambridge, UK) and turbid wastewater (collected from 
Sustainable Fiber Technologies) were used without further purification 
unless otherwise stated.

Synthesis of Al:SrTiO3

Al:SrTiO3 was prepared using a flux method following a previously 
reported procedure27. SrTiO3, Al2O3 nanopowder and SrCl2 were mixed 
in a molar ratio of 1:0.02:10 using an agate mortar. The mixture was 
then heated in an alumina crucible at 1,423 K for 10 h and subsequently 
cooled to room temperature, after which the product was stirred in 
500 ml Milli-Q water. The resulting powder was collected by filtration 
to remove any impurities associated with SrCl2. This rinsing process 
was repeated three times. The resulting Al:SrTiO3 powder was dried 
at 338 K in an oven overnight.

Co-catalyst loading
Al:SrTiO3 powder was loaded with RhCrOx (0.1 wt% Rh and 0.1 wt% Cr) 
by impregnation from an aqueous solution of Na3RhCl6 and Cr(NO3)3, 
followed by calcination at 623 K for 1 h in air following a previously 
reported procedure27.

PC sheet fabrication
To fabricate the floating PC sheets for vapour-phase water splitting, 
carbon paper was cut into 1.4 cm × 1.4 cm sheets and a thin layer of opti-
cal glue was applied to the perimeter of the sheets. The carbon paper , 
which functions as the SVG, consists of a smooth macroporous top layer 
upon which the PC can be deposited, as well as a fibrous macroporous 
bottom layer which enables the sheets to float and allows for efficient 
water vapour transport through the sheet. The optical glue mask acts 
as a second layer of protection to prevent the PC layer from being 
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exposed to the liquid feedstock. The sheets were then placed in a UV/
ozone cleaner for 20 min to cure the glue and remove possible organic 
material from the surfaces of the sheets. A hydrophobic coating was 
applied to the sheets following a modified literature procedure46. In 
brief, DCDMS and heptane were mixed in a volume ratio of 2:1 and the 
sheets were immersed in this solution for 1 h. After rinsing in heptane, 
the sheets were heat-treated at 423 K for 30 min.

For PC deposition, 2 mg RhCrOx–Al:SrTiO3 was added to 200 μl 
isopropanol and the mixture ultrasonicated for about 1 min until the 
catalyst was well dispersed. This catalyst mixture was drop cast onto 
the carbon paper in four equal layers (50 μl per layer), with the sheets 
allowed to dry between each successive layer. Next, 2 μl Nafion solution 
was diluted in 50 μl isopropanol and then drop cast onto the sheets. 
The sheets were then dried at 338 K overnight (Supplementary Fig. 4).

Submerged PC sheets for liquid-phase water splitting were pre-
pared following a similar procedure but with several key differences. 
After applying the layer of optical glue onto glass sheets and treatment 
in a UV/ozone cleaner, RhCrOx–Al:SrTiO3 was deposited onto the glass 
without the addition of Nafion. The glue mask was then removed and 
the sheets annealed at 673 K for 1 h.

Material characterization
UV–visible diffuse reflectance spectra were recorded on a Varian Cary 
60 Bio spectrophotometer equipped with a Harrick Scientific Video 
Barrelino probe. A TESCAN MIRA3 field emission gun-scanning electron 
microscope equipped with an Oxford Instruments Aztec Energy X-maxN 
80 EDS system was used for SEM and EDX mapping. PXRD patterns of the 
samples were measured with a PANalytical Empyrean Series 2 diffractom-
eter using Cu Kα irradiation operated at 40 kV and 40 mA. ICP-OES was 
performed on a Thermo Scientific iCAP 700 spectrometer at the Uni-
versity of Cambridge Microanalysis Service (Department of Chemistry).

Photocatalytic reaction
All the photocatalytic measurements were conducted in custom-
designed top-irradiation-type glass photoreactors with a screw-top 
cap and a quartz window (Supplementary Fig. 22). First, 10 ml H2O 
or other water source was added to the photoreactor. The liquid was 
purged with N2 (containing 2% CH4 as an internal standard for gas 
chromatographic analysis) for 30 min. All purging needle holes were 
then sealed with Loctite Superglue universal adhesive. The prepared 
floating PC sheets were then placed on the surface of the liquid (note 
that the submerged PC sheets were placed directly in the liquid) and 
the headspace of the photoreactor was purged with the same N2/CH4 
mixture for 15 min. The sheets were then irradiated using a solar light 
simulator (G2V Sunbrick LED Solar Simulator) at AM1.5G irradiance; 
the light irradiation was calibrated in the range of 10–100 mW cm−2 
using a certified Newport 843-R optical power meter. The experi-
ments were conducted without stirring and temperature control. H2 
evolution was measured at set times (0, 2, 4, 8 and 22 h) by GC. At each 
sampling time, a 50 μl gas sample was taken from the headspace of the 
photoreactors and analysed using a Shimadzu GC-2010 Plus gas chro-
matograph equipped with a barrier discharge ionization detector. To 
avoid any aerobic leakage, O2 was quantified separately inside a Belle 
Technology glove box under an inert atmosphere. The O2 evolution was 
monitored using a NeoFox-GT fluorometer and Fospor-R fluorescence 
oxygen sensor probe (Ocean Optics). The H2/O2 ratio was calculated 
from the gas accumulated after 22 h of experiment. For the long-term 
experiments, the reactors were purged with the N2/CH4 mixture for 
15 min before each cycle (no washing or substrate change took place 
between cycles). For the integrated set-up, 1 × 1 cm2 SVG-PC sheets were 
tested in a three-dimensional (3D)-printed reactor (Supplementary 
Figs. 18 and 19). The reactor was printed using CPE+ (co-polyester) 
filament with UV-transmitting Plexiglass attached to the top part of 
the cell using two-part epoxy. The 25 cm2 SVG-PC sheets were tested 
in a custom-made, one-compartment reactor (Fig. 4b).

The STH efficiency of this system was calculated using equation (1), 
where rH2 is the rate of H2 evolution, ΔG° is the Gibbs free energy of reac-
tion (237 kJ mol−1 for liquid-phase and 228.6 kJ mol−1 for vapour-phase 
overall water splitting under standard conditions at 298 K), Plight is the 
energy flux of the incident sunlight and A is the device photoactive area27 
(measured using ImageJ software, as shown in Supplementary Fig. 23).

STH (%) = Energy output as H2
Incident solar light energy

=
rH2 × ΔGo

Plight × A × 100 (1)

Water evaporation rate measurement
Open-top containers with an irradiation area of 1.5 cm × 1.5 cm were 
designed at SolidWorks and fabricated using an Ultimaker 2 Extended+ 
3D printer for the water evaporation experiments47 (Supplementary 
Fig. 24). The containers were filled with H2O and the floating PC sheets 
were placed on the liquid surface. The samples were irradiated using 
a solar light simulator (G2V Sunbrick LED Solar Simulator) at AM1.5G 
irradiance. Note that factors such as temperature, humidity and wind 
speed could adversely affect the evaporation rate of an open system 
during testing. To avoid these potential issues, a constant room tem-
perature and humidity level were maintained in the laboratory envi-
ronment. The water evaporation rate was calculated from the change 
in the mass of the reservoir. For the integrated set-up, the generated 
water vapour condensed on the tilted window of the reactor and flowed 
down into a separate compartment (Supplementary Figs. 18 and 19). 
After experiments, this water was collected and weighed to quantify 
the clean water produced by the device. The solar thermal conversion 
efficiency (η) was also calculated using equation (2)48:

η = mhLV
I (2)

where m is the evaporation rate, hLV is the total enthalpy of the liq-
uid–vapour phase change of H2O (2,256 kJ kg−1) and I is the irradiation 
intensity.

Purified water characterization
Solar vapour generation using the floating PC sheets over artificial sea-
water, river water and turbid paper mill wastewater was conducted in 
the same reactors as used for the photocatalytic reactions. Condensed 
water vapour inside the reactors was collected and analysed by ICP-OES 
to determine the content of elements commonly found in these water 
sources (Na, K, Ca, Mg, S and Si).

Statistics
Average values are based on measurements performed in triplicate, 
except for the integrated and large-scale experiments, where the values  
are based on measurements performed in duplicate or as a single 
experiment, respectively. The errors correspond to the standard devia-
tion of data points from individual samples.

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

Data availability
The data supporting the findings of this study are available within the 
paper and its Supplementary Information.
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and evaluate the impact of a each variable.
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