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Production of hydrogen fuel from sunlight and water, two of the most abundant
natural resources on Earth, offers one of the most promising pathways for

carbon neutrality’ . Some solar hydrogen production approaches, for example,
photoelectrochemical water splitting, often require corrosive electrolyte, limiting
their performance stability and environmental sustainability*. Alternatively, clean
hydrogen can be produced directly from sunlight and water by photocatalytic water
splitting***. The solar-to-hydrogen (STH) efficiency of photocatalytic water splitting,
however, has remained very low. Here we have developed a strategy to achieve a high
STH efficiency of 9.2 per cent using pure water, concentrated solar light and anindium
gallium nitride photocatalyst. The success of this strategy originates from the
synergistic effects of promoting forward hydrogen-oxygen evolution and inhibiting
the reverse hydrogen-oxygen recombination by operating at an optimal reaction
temperature (about 70 degrees Celsius), which can be directly achieved by harvesting

the previously wasted infrared light in sunlight. Moreover, this temperature-
dependent strategy also leads to an STH efficiency of about 7 per cent from widely
available tap water and sea water and an STH efficiency of 6.2 per centin alarge-scale
photocatalytic water-splitting system with a natural solar light capacity of 257 watts.
Our study offers a practical approach to produce hydrogen fuel efficiently from
natural solar light and water, overcoming the efficiency bottleneck of solar hydrogen

production.

Bias-free unassisted photocatalytic overall water splitting (OWS) into
hydrogen (H,) and oxygen (O,) at a stoichiometric ratio of 2:1is desir-
ableforlong-termclean, renewable and sustainable fuel production on
Earth'®. Compared with the extensively studied photoelectrochemical
water splitting® 8, photocatalytic OWS does not require the use of con-
ductive electrolyte, for example, strongly acidic or alkaline solutions?.
Instead, fresh water, or sea water, can be readily splitinto H,and O,
via photocatalytic OWS without any external bias or circuitry, which
can significantly reduce the system cost and mitigate photocatalyst
corrosion, stability and safety-related issues***. The major challenges
for photocatalytic OWS, however, are directly related to the narrow
visible-light-response range, severe photogenerated electron-hole
recombination, high surface catalytic overpotential and the undesir-
able recombination of produced hydrogen and oxygen of common
photocatalyst materials, leading to alimited solar-to-hydrogen (STH)
efficiency (less than about 3%) in most reported photocatalytic sys-
tems® . The light-response range of a photocatalyst directly deter-
mines its theoretical maximum STH efficiency. Although an external
quantum efficiency of 96% has been reported under ultraviolet light
(350-360 nm) illumination for aluminium-doped strontium titanate in
photocatalytic OWS, the total content of ultraviolet light (300-400 nm)
inthe natural solar spectrumis less than 3% (ref.'?). Nearly 40% of solar
light liesin the visible spectrum (400-700 nm), which can theoretically

contribute toaSTH efficiency 0of24% in photocatalytic OWS®. However,
the currently reported visible-light-responsive catalysts are generally
restricted to 400-485 nmwith limited energy conversion efficiency®.
Inadditionto ultraviolet and visible light, the content of infrared light
inthesolar spectrumreaches up to 50%. Infrared light, however, cannot
directly photo-excite the catalyst to produce electrons and holes with
sufficient energy to drive OWS, which limits the maximum achievable
STHefficiencyin photocatalytic OWS. Hence, an effective strategy that
can potentially utilize the full solar spectrum for photocatalytic OWS
is expected to substantially improve STH efficiency®.

Recently, indium gallium nitride (InGaN)/gallium nitride (GaN)
nanowire (NW) photocatalysts with high crystallinity have been con-
trollably grown on commercial silicon wafers, which have shown awide
visible-light-response range (400-700 nm) and suitable band-edge
potentials for OWS'". Substantial progress has also been made on
tuning the surface band structure, internal electric field and cocatalysts
toimprove STH efficiency®*'8. Hence, InGaN/GaN NW photocatalysts
provide asuitable platformto achieve high-efficiency photocatalytic
water splitting. Here we report an observable temperature-dependent
hydrogen-oxygen recombination effect in photocatalytic OWS on
rhodium (Rh)/chromium oxide (Cr,0,)/cobalt oxide (Co,0,)-loaded
InGaN/GaN NWs. Guided by this finding, we propose a high-efficiency
reaction mechanism and successfully demonstrate an STH efficiency
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Fig.1|Structure characterization. a, A45°tilted FESEM image of the
InGaN/GaN NWs. b, XRD pattern of the InGaN/GaN NWs. ¢, STEM image of the
InGaN/GaN heterostructure.d, HRTEM of the supported Rh/Cr,0,/Co,0,

ofabout 9.2% for the photocatalytic OWS reaction, whichis attributed
tothe enhanced forward hydrogen-oxygen evolution reaction and the
inhibited hydrogen-oxygenrecombination reaction at an optimal reac-
tion temperature (about 70 °C). In addition, guided by this strategy,
an STH efficiency of 6.2% was achieved on alarge-scale photocatalytic
OWS system with a high, concentrated natural solar light intensity of
about16,070 mW cm2on a4 cm x 4 cm photocatalyst wafer, showing
the feasibility of InGaN/GaN-based solar hydrogen technology from
the lab for practical application.

InGaN/GaN NWs supported on silicon wafer were synthesized by
molecular-beam-epitaxy technology in this study"*. The field-emission
scanning electron microscopy (FESEM) image showed the well arrayed
InGaN/GaN NWs with alength of about 1.2 um onsilicon wafer (Fig. 1a).
The X-ray diffraction (XRD) pattern and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image
indicated the high crystallinity of InGaN/GaN NWs, which were grown
alongthe[002] direction according to the standard powder diffraction
file (2-1078) of Ga(In)N (Fig. 1b,c). Inaddition, it was observed that GaN
withathickness of about10 nmacted asthe cap layer tosupportInGaN,
indicatinga controllable atomic configuration for the InGaN/GaN NWs
(Fig. 1c). The Rh/Cr,0; core/shell and Co,0, nanoparticles (shown in
Fig. 1d) were photo-reduced on the InGaN/GaN NWs, and acted as
the cocatalysts for hydrogen and oxygen production, respectively.
Energy-dispersive X-ray (EDX) elemental mapping analysis showed
thedistribution of Rh, Crand Co inthe whole InGaN/GaN NW (Fig. 1e),
and revealed uniform hydrogen- and oxygen-production regions along
the whole NW. The contents of Rh, Cr and Co in the InGaN/GaN NWs
were examined by an inductively coupled plasma-atomic emission
spectrometer (ICP-AES) tobe 5.2 ug cm™,1.9 pg cm2and 33.3 pg cm=,
respectively (Extended Data Table 1). Owing to the composition pulling
effect, the distribution of Inin InGaN/GaN NWs varied along with the
growth direction, leading to a large variation of the energy bandgap
and therefore broad-band light absorption. This was confirmed by
SEM-cathodoluminescence (SEM-CL) measurements (Extended Data
Fig.1).Inaddition, ultraviolet-visible diffuse reflectance spectroscopy
(DRS) showed three peaks at 408 nm, 494 nm and 632 nm in the full
visible spectrum (Extended Data Fig. 2a). On the basis of the function

cocatalystontheInGaN/GaN NWs. Inset: FESEM of the Rh/Cr,0,/C0,0,-loaded
InGaN/GaN NWs. d, the distance between successive, parallel planes. e, STEM
and element mapping of the Rh/Cr,0,/Co,0,-loaded InGaN/GaN NWs.

relationship between the In content and the bandgap of InGaN, the In
contentin InGaN NWs was calculated to be in the range of 0.09-0.40
(Extended DataFig. 2b)"**. Itis noted that the different InGaN segments
could not form the commonly reported heterojunction or Z-scheme
chargetransferaccordingto the obtained band diagram (Extended Data
Fig.2b)”. Instead, it was considered that the different InGaN segments
independently worked in the charge carrier separation and transfer.
However, it was considered that the multi-band structure was benefi-
cial to the maximization of the redox ability of the photogenerated
electronsand holes, which could accelerate the rate of photocatalytic
reaction”. In particular, the bandgap corresponding to 632 nm could
theoretically contribute to a maximum STH efficiency of17.7% under
natural solar light and 31.1% under simulated solar light from a xenon
(Xe) lamp with the incorporation of an AM1.5G filter (Extended Data
Fig.2c,d).

First, a temperature-controllable photocatalytic system was
designed to perform OWS in pure water at different temperatures
ranging from 30 °C to 80 °C under the same concentrated simu-
lated solarlight (3,800 mW cm™2; Extended DataFig. 3a,b and Extended
DataTable 2). The STH efficiency of the Rh/Cr,0,/C0,0,-loaded InGaN/
GaN NWs showed a remarkable dependence on the operating tem-
perature of the system, which increases significantly with tempera-
ture (Fig. 2a). The STH efficiency reached a maximum value (8.8%)
at 70 °C by varying cocatalyst content and light intensity (Extended
DataFig.3c,d). However, further increasing the temperature to 80 °C
did notimprove the STH efficiency. Hence, the temperatureis a curial
factor determining the STH efficiency of photocatalytic OWS on the
present Rh/Cr,0,/C0,0,-loaded InGaN/GaN NWs. Guided by this find-
ing, aheat-insulating-layer-equipped system was designed to directly
utilize the infrared light of the solar spectrum to heat the system to
about 70 °C (Extended Data Fig. 4a,b), which avoided any additional
energy consumption for maintaining the temperature of the reac-
tion system (Extended Data Fig. 4c-e). The obtained results showed
that the incorporation of a heat-insulating layer enabled the system
to operate at a temperature of about 70 °C. In a 74-hour test, an STH
efficiency of 9.2% using pure water was obtained under concentrated
simulated solar light (3,800 mW cm2; Fig. 2b, Extended Data Fig. 5a
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Fig.2|Performance evaluation and mechanism analysis. a, Temperature-
dependent STH efficiency of the Rh/Cr,0,/C0,0,-InGaN/GaN NWs.A300-W Xe
lamp equipped with an AM1.5G filter was used to produce concentrated light of
3,800 mW cm2ona0.8 cm x 0.8 cmRh/Cr,0,/Co,0,-loaded InGaN/GaN NW
wafer. b, Stability test of the Rh/Cr,0,/C0,0,-loaded InGaN/GaN NWs in the

and Extended Data Table 3). The turnover frequency (TOF) and
turnover number (TON) were calculated to be 601 h™ and 44,458 in
the 74-hour test, respectively. It is noted that the activity of the Rh/
Cr,0,/C0o50,-InGaN/GaN NWs decreased by 26% in a further 6-hour
test (Extended Data Fig. 5b), indicating the partial deactivation of
photocatalyst. According to the SEM analysis after reaction, the
thickness of the InGaN/GaN NWs was still maintained at about 1.2 pm,
indicatinglittle loss of the InGaN/GaN photocatalyst (Extended Data
Fig. 5c). In addition, the HRTEM analysis indicated that the crystal
structure of the InGaN/GaN photocatalyst and the distribution of
the Rh/Cr,0,/Co0,0, cocatalyst were the same as before the reac-
tion (Extended Data Fig. 5d,e). However, the ICP tests on the cocat-
alyst contents after and before reaction (Extended Data Table 1)
showed that the Rh and Co contents decreased by 50%, which is a
common phenomenon for the deactivation of photocatalyst after
along-term test?. Hence, the decrease in the STH efficiency after
the 74-h stability test is primarily owing to the loss of cocatalysts.
As acomparison, the photocatalytic OWS was also performed without
aheat-insulating layer, which yielded areaction temperature of only
50.8 °Cand an STH efficiency of about 2-3% (Extended Data Fig. 6a,b).
This clearly demonstrated the feasibility of a temperature-control
strategy for significantly improving the STH efficiency on Rh/Cr,0,/
Co0,0,-InGaN/GaN NWs.

In general, increasing the reaction temperature can enhance mass
transfer and chemical bond formation and breaking in a catalytic reac-
tion, thus contributing to a higher reaction rate”® %, By using metha-
nol as an electron donor and potassium iodate (KI10O,) as an electron
acceptor in photocatalytic water splitting, it was found that both
the half hydrogen-production and oxygen-production rates were
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self-heated photocatalytic OWS system (Extended Data Fig. 4) under
concentratedlight of 3,800 mW cm ™. Each cycleis1hour.c, Temperature-
dependent hydrogen-oxygen recombinationreaction.d, Free-energy profile
of hydrogen-oxygen recombination on the cocatalyst Co;0,, Rhand Cr,0;.
Errorbarsindicate standard deviation for three measurements.

significantly improved with reaction temperature (Extended Data
Fig. 6¢,d). However, the difference was that the oxygen-production
rate was not further improved with temperatures higher than 70 °C.
Thisimplied that further increase of the STH efficiency with tempera-
ture was probably limited by the rate-determining oxygen evolution
reaction®* %, In addition to the forward reaction, the back reaction,
thatis, hydrogen-oxygen recombination, was another determining
factor influencing the maximum achievable STH efficiency. In photo-
catalytic OWS, hydrogen-oxygen production (2H,0 »> 2H, + 0,) often
competes with hydrogen-oxygen recombination (2H,0 « 2H, + 0,)*%,
For example, with increasing hydrogen/oxygen concentration in the
present photocatalytic system, the hydrogen-oxygen production
and recombination reached a balance (2H,0 < 2H, + O,) (Extended
DataFig. 6e). This strongly indicates aremarkable inhibiting effect of
hydrogen-oxygen recombination on the photocatalytic OWS. Although
the Rh/Cr,0; core/shell structure has been reported to potentially
reduce hydrogen-oxygen recombination in the photocatalytic OWS,
its behaviour at different temperatures has remained unknown™.,
Ahydrogen-oxygen recombination experiment was designed to inves-
tigate the temperature effect on hydrogen-oxygen recombination
(Fig.2c). The stoichiometric hydrogen and oxygen were first produced
under the same light irradiation at different temperatures. Then the
amounts of hydrogen and oxygen gradually decreased with time atan
approximate stoichiometric ratio of 2:1 after the light was removed,
directly demonstrating the hydrogen-oxygen recombination. Finally,
the contents of hydrogen and oxygen were maintained at certain values.
Surprisingly, the balance contents of hydrogen and oxygen varied
significantly with temperature. The balance contents of hydrogen and
oxygen firstincreased withtemperature and reached the highest value
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Fig.3|Practical and large-scale application.a,b, STH efficiency of Rh/Cr,0,/
Co;0,-loaded InGaN/GaN NWs in tap water from Ann Arbor, Michigan, United
States (a) and seawater simulated by 3.5 wt% NaCl aqueous solution (b).
Theintensity of simulated solar light froma300-W Xelamp equipped with an
AML.5G filter was 3,800 mW cm™. The sample size is 0.64 cm? Each cycle is
1hour.c,d, Image of outdoor photocatalytic OWS system on North Campus
atthe University of Michigan, Ann Arbor, Michigan, United States (c) and the
corresponding STH efficiency of a4 cm x 4 cm Rh/Cr,0,/Co;0,-loaded

atabout 70 °C.Itis noted that hydrogen and oxygen evolution cannot
be directly produced in the dark at 70 °C as the Gibbs free energy of
OWSisupt0237,000] mol™ (Extended Data Fig. 6f). However, further
increasing the temperature to 80 °C was found to enhance the recom-
bination of hydrogen and oxygen. A higher balance content suggestsa
higher tolerance on hydrogen-oxygen contents, which contributes to
areduced hydrogen-oxygen recombination reaction and a stronger
ability for the system to support mixed hydrogen and oxygen gas.
This well explains the highest photocatalytic OWS activity at 70 °C.
To further investigate the mechanism of temperature-dependent
hydrogen-oxygen recombination at the atomic scale, density func-
tional theory (DFT) calculations were used to simulate the reaction
pathway on cocatalyst Co,0,, Rhand Cr,0; (Fig.2d, Extended DataFig.7
and Extended Data Table 4). The results suggested that the energy bar-
rier (0.11eV) of hydrogen-oxygen recombination on Rh was muchless
positive thanthat on Co;0,(1.03 eV) or Cr,0,(0.97 eV). Hence, Rh was
the main hydrogen-oxygenrecombination centre, whichis consistent
with the speculation of previous experimental studies™. More impor-
tantly, most steps except water desorption in the hydrogen-oxygen
recombination on Rh were typically exothermal. Hence, increasing
the temperature of reaction systemin a certain range could desirably
inhibit hydrogen-oxygen recombination on the Rh cocatalyst. Thus,
the hydrogen-oxygen recombination was decreased with increasing
temperature from 30 °C to 70 °C. The enhanced hydrogen-oxygen
recombination at a higher temperature (80 °C) was attributed to the
improved diffusivity coefficient of hydrogen and oxygen caused by
further temperature increase accelerating the mass transfer in water,
which became dominant in the hydrogen-oxygen recombination
reaction®. Hence, about 70 °C was the optimal temperature for inhibit-
ing hydrogen-oxygen recombination on the Rh/Cr,0,/C050,-InGaN/
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InGaN/GaN NW wafer under concentrated natural solar light (about

16,070 mW cm™) (d). Each cycleis 10 min. The detailed system parameters are
shownin Extended DataFig. 8. The dynamic process of gas (hydrogen, oxygen
and vapour) productionis shownin Supplementary Video 1(direct view)

and Supplementary Video 2 (filter view). The control experiment with the
production of only water vapour by using pristine silicon wafer as the sample is
showninSupplementary Video 3.

GaN NWsin this study. Furthermore, an excessively high temperature
may enhance the non-radiative recombination of photogenerated
electrons and holes in photocatalyst, which also contributes to the
optimal temperature at 70 °C (ref.*).

Toexplore the practicality of temperature-dependent photocatalytic
OWS, we also used tap water and sea water, which generated hydrogen
and oxygen with an approximate stoichiometric ratio of 2:1, over
Rh/Cr,0,/Co;0,-InGaN/GaN NWs at about 70 °C (Fig. 3a,b). The STH
efficiency achieved in 10-hour tests was 7.4% and 6.6%, respectively,
lower than the 9.2% STH efficiency achieved with deionized water.
Thereduced efficiency might be the result of ions or otherimpurities
presentintap water and seawater reducingthe activity of the photocat-
alyst material. As usinglight of higher intensity canin principle decrease
material costs (a given irradiated area will receive more light energy
and generate more product than systems using one-sun irradiation),
we operated a larger and simple water-splitting system consisting of
a4 cm x 4 cm photocatalyst wafer exposed to concentrated solar light
(about 16,070 mW cm™) that delivered 257 W (Fig. 3c and Extended
DataFig. 8a)'>*% Outdoor tests showed that the insulating-layer-coated
chamber could maintain the optimized operating temperature
(75 +£3°C) (Extended Data Fig. 8b), and that the photocatalyst wafer
remained stable when exposed to the concentrated solar light that
had the highestintensity used in photocatalytic OWS (Fig. 3¢, Supple-
mentary Videos1and 2). During a140-mintest, the system achieved an
average STH efficiency of 6.2%, one of the highest values reported so far
for photocatalytic water splitting under natural solar light (Fig. 3d and
Extended Data Table 3)2. The TOF and TON values of InGaN/GaN NWs
during this 140-min outdoor test were 24,063 h™ and 56,148, respec-
tively, indicating efficient use of the InGaN/GaN NW photocatalysts.
During further outdoor testing, partial loss of cocatalysts reduced
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the STH efficiency of the photocatalyst system (Extended Data Fig. 8c
and Extended Data Table 1). Although this issue and other challenges
remain to be addressed, our findings demonstrate that it is possible
to efficiently produce hydrogen using sunlight and tap or sea water.
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Methods

Synthesis of InGaN/GaN NWs

InGaN/GaN NWs were grown on a three-inch silicon wafer by molecular-
beam-epitaxy technology***, which have also been widely grown utiliz-
ing various other processes, such as chemical vapour deposition and
sputtering®**’. The silicon wafer was first cleaned with acetone and
10% buffered hydrofluoric acid. Then the residual oxide on the silicon
wafer was removed by in situ annealing at about 787 °Cin the reaction
chamber before growth. The InGaN/GaN NWs were spontaneously
grownon thesilicon wafer under nitrogen-rich conditions to promote
the formation of nitrogen-rich surfaces to prevent photo-corrosion
and oxidation. Gallium (Ga), Inand magnesium fluxes were controlled
by using thermal effusion cells, while nitrogen radicals were produced
from a radio-frequency nitrogen plasma source. Multi-stack InGaN/
GaN layers were grown on a GaN layer and finally terminated by a GaN
capping layer. A nitrogen flow rate of 1.0 standard cubic centimetres
per minute and a forward plasma power of about 350 W were used in
the growth process.

Cocatalystloading

Rh/Cr,0, core/shell and Co;0, nanoparticles were loaded on InGaN/
GaNNWs by atypicalinsitu photodeposition®*.Inadetailed process,
a 0.8 cm x 0.8 cm photocatalyst wafer was first stabilized on a Teflon
holder. Thenthe holder was transferred to the 390-ml chamber contain-
ing 50 ml of 20 vol% methanol aqueous solution. Then 5 pl of 0.2 mol I
Na,RhCl, (Sigma-Aldrich) was added into the methanol aqueous solu-
tion. The chamber was covered by aquartz cover and vacuumized. After
that, the chamber was irradiated under a 300-W Xe lamp (Cermax,
PE300BUV) for 10 min. After reaction, 5 pl of 0.2 mol I K,CrO,
(Sigma-Aldrich) was injected into the chamber and the chamber was
irradiated foranother10 min. Similarly, 5 pl of 0.2 mol I Co(NO,),-6H,0
(Sigma-Aldrich) was alsoinjected into the chamber and thenirradiated
for 20 min. Finally, the obtained photocatalyst wafer was washed by
deionized water and dried at 80 °Cinair. It is noted that the deposited
metallic cobalt (Co) nanoparticles in photoreduction can be readily
oxidized inair, which were finally converted into Co,0, nanoparticles.
The photocatalyst wafers with different cocatalyst contents were also
prepared by changing the precursors. For the outdoor test, Rh/Cr,0,
core/shell and Co;0, nanoparticles were loaded on the 4 cm x 4 cm
photocatalyst wafer by using 125 pl of 0.2 mol I"* Na,RhCl,, 125 pl
of 0.2 mol I K,CrO, and 125 pul of 0.2 mol I Co(NO;),-6H,0 in the
photodeposition. Other procedures were the same as described above.

Characterization

The crystal structure of InGaN/GaN NWs was examined by XRD, which
was collected on a Rigaku X-ray diffractometer equipped with Cu Ka
radiation working at an acceleration voltage of 40 kV and a current of
80 mA. The scanning rate was set to 0.05° 26 s™'(6, angle). The morpho-
logy of the samples was observed using a Hitachi SUS000 FESEM at an
acceleration voltage of 10 kV. The HRTEM and HAADF-STEM analyses
were performed on aJEOL 3100R05 double spherical aberration cor-
rected TEM/STEM witha300-kV acceleration voltage. The ultraviolet-
visible diffuse reflectance spectrum was collected using a Shimadzu
UV-2600 spectrophotometer. The various bandgaps of the InGaN
structures were attributed to the different In distributions according
to Vegard'slaw***?, whichimproved the utilization efficiency of visible
light**¢. The band-edge potentials were calculated according to the
reported formula®:

ECB:X+ EO_ O.SEg
where E, x and E, are the conduction band-edge potential, absolute

electronegativity of pristine InGaN and bandgap of InGaN, respec-
tively. £, is a constant (-4.5 eV) that stands for the Fermi level of the

normal hydrogen electrode at 25 °C with respect to the vacuum level.
The valence band-edge potential (E,;) can be directly calculated by
the following formula:

Evg=Ecg— Eg

The SEM-CL measurements were conducted on a Tescan Rise
scanning electron microscope with an acceleration voltage of 10 kV.

Photocatalytic OWS

Photocatalytic OWS was performedina390-mlPyrex chamber contain-
ing 50 ml deionized water under a 300-W Xe lamp equipped with an
AML5Gfilter. The 0.8 cm x 0.8 cm photocatalyst wafer loaded with Rh/
Cr,0;core/shelland Co,0, nanoparticles was stabilized in the holder with
avolume of 10 ml. The holder was installed on the bottom of the Pyrex
chamber, and covered by avacuum-tight quartzlid and avacuum-tight
plasticring. Before the photocatalytic reaction, the chamber was vacu-
umizedtoareducedpressure, which helpsreducethebackreactionandto
enhancetheextraction of hydrogenand oxygen producedinthereaction.
Avacuum-tight plasticring connected the chamber with vacuum-tight
quartz lid. The light intensity on the photocatalyst wafer was meas-
ured to be 3,800 mW cm™ by a thermopile detector (919P, Newport
Corporation). A circulating water layer or heat-insulating layer was
used to control the temperature of the chamber under continuouslight
irradiation (Extended Data Figs. 3 and 4), and to maintain the reaction
chamber at a stable temperature. At the start of the experiment, only
water vapour existed in the gas phase of the chamber. With hydrogen
and oxygen production, the pressure in the chamber increased withreac-
tiontime (Extended Data Table 2). The produced hydrogen and oxygen
were manually sampled each hour by using a vacuum-tight syringe, and
analysed in a gas chromatograph (Shimadzu GC-8A) equipped with a
thermal conductivity detector and a 5-A molecular-sieve column. The
thermal conductivity detector and the 5-A molecular-sieve column
using high-purity argon as the carrier gas worked at 110 °C and 50 °C,
respectively. In the stability test of the photocatalyst, the chamber was
repeatedly vacuumized each hour to exclude the hydrogen and oxygen
producedinthelast cycle before the next cycle.

Forthelarge-scale outdoor experiments under natural solarligh
a4 cm x4 cm photocatalyst wafer was stabilized on aholder with avol-
ume of about 50 ml. The photocatalyst wafer and holder were installed
inawell designed chamber with a volume of 4,350 ml containing 300 ml
deionized water. Ingeneral, the use of concentrated sunlight, as shown
inrecent studies, can significantly reduce the cost of solar hydrogen
production®***>!, Thus,al.1 m x 1.1 m Fresnel lens was used to produce
concentrated solar light of about 16,070 mW cmon an approximately
8 cm x 8 cmplaneregioninwhichthe as-prepared 4 cm x 4 cm photo-
catalyst wafer wasinstalled (Extended Data Fig. 8). The sampling, ana-
lysing and circling procedures were the same as described above for
the indoor testing. In the stability test, the chamber was repeatedly
vacuumized every 10 min to exclude the produced hydrogen and
oxygen before the next cycle.

7,

Calculation of STH efficiency
The STH efficiency of the photocatalytic OWS devices was calculated
by the following formula®?~¢;

STH =Hydrogen production rate (mmols™)
x237,000) mol "/Light intensity (mW cm™2) 0

/Wafer area (cm?)

where 237,000 ] mol™is the reaction Gibbs free energy of OWS.

The theoretical maximum STH conversion efficiency for a photocata-
lyst system absorbing photons with wavelengths (A, nm) up toA,,,, (nm)
was calculated by the following formulas:
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Number of photons (s 'm™2, A<,

A max
=I Light power density (Wm™ nm™?) @)
280nm

x A(nm)/1, 240 eV nm/(1.6 x 107 J) dA (nm)

where1,240 (eV nm) is the coefficient of wavelength-to-energy conver-
sionand 1.6 x107 (J) is the energy of 1 eV.

Amount of H, molecules (mols ' m2)

P )]
=Number of photons (s 'm2,1<A,,,,,)/2/(6.02 102 mol ™)

STH,.x (%) = Amount of H, molecules (mols ™ m™2)

_ 4)
x237,000 Jmol “/Light intensity (s m™2) x100%
The obtained results are shown in Extended Data Fig. 2.

Calculation of TON and TOF
The TON and TOF for OWS were calculated by the following formula:

TON =Hydrogen production amount (mmol)

©)
/Photocatalyst amount (mmol)
TOF = Hydrogen production amount(mmol)
/Photocatalyst amount (mmol) (6)

/Reaction time (h)

The mass density of Ga(In)N on silicon wafer was 6.15 g cm™.
The amount of photocatalyst on 0.64 cm™of silicon wafer used in the
photocatalytic OWS was calculated to be 5.64 pmol.

Theoretical simulation

The hydrogen-oxygen recombination reaction on the cocatalyst Co;0,,
Rhand Cr,0; was studied by DFT calculations based on the Vienna
Ab initio Simulation Package. The revised Perdew-Burke-Ernzerhof
exchange-correlation function of the generalized gradient approxima-
tion was adopted in all calculations. The interaction between valence
electrons and the ionic core was described with the projector aug-
mented wave pseudo-potential. The Co;0,, Rhand Cr,0, surfaces were
simulated by their typical Co;0, (311), Rh (111) and Cr,0, (104) facets,
respectively. A1x 2 Co;0, (311) supercell with three O-Co-0O layers,
a3 x4Rh(111) supercell with four Rhlayersand a2 x 2 Cr,0, (104) super-
cellwith three O-Cr-0 layers were used in the simulation. The geom-
etry optimization was conducted with the convergence threshold of
0.001eV A™'and a cut-off of 400 eV at the T point.
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Extended DataFig.1|Bandgap determination. SEM-CL images of InGaN/GaN
nanowires. The high-energy electrons from the scanning electron microscope
were used to photo-excite photocatalyst to produce photogenerated electrons
and holes. The recombination of photogenerated electrons and holes leads to

the cathodoluminescence phenomenon, which could be used to estimate the
bandgap of the photocatalyst. Abandwidth of 5 nmwas used to capture these
monochromatic CLimages. The luminescence bands at445-545 nmrevealed
thevisible-light response of InGaN/GaN nanowires.
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suggests that the visible-light-response range of InGaN/GaN nanostructures is AML.5G filter from Newport Corporation. The red dashed line correspondstoa
extended to 632 nm (1.96 eV). b, Band diagram of InGaN/GaN segments. photocatalyst withbandgap of1.96 eV (632 nm).
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Extended DataFig.3| Temperature-controllable photocatalytic OWS
systemand reaction condition optimization. a, Temperature-controllable
photocatalytic OWS system. b, Schematicillustration of the temperature-
controllable photocatalytic OWS system. Adouble-layer chamber was used to
performthe temperature-controllable photocatalytic OWS. The circulating
water provided by a PolyScience 7L heated circulator was used to control the
temperature of the reaction chamber. ¢, STH of InGaN/GaN NWs with different
Rh/Cr,0,/Co,0, precursorvolumesat70 °C.x(x=2,3,4,5,6) ulof 0.2 mol I
Na;RhClg, x pul of 0.2 mol I K,CrO,, x ul of 0.2 mol I Co(NO,),-6H,0 were usediin
the photodeposition of cocatalyst. The photodeposition method was shownin
the experimental section. The optimized contents (ug cm™) of cocatalyst

obtained by ICP was shownin the Extended Data Table1.d, STH of Rh/Cr,0,/
Co,0,-InGaN/GaN NWs under different lightintensity at 70 °C.1sun:100 mW cm™.
The STH of Rh/Cr,0,/C0,0,-InGaN/GaN NWs firstincreased with cocatalyst
contentand thenreached amaximum value. A furtherincrease on the cocatalyst
content could notimprove the STH. The optimized cocatalyst content was
utilized in all subsequent experiments. The lightintensity on the photocatalyst
wafer was adjusted from1,000 mW cm™t0 3,800 mW cm2at 70 °C. The results
showed that the STH was not observably changed with the light intensity larger
than13sunsatthesametemperature (70 °C). Error barsindicate standard
deviation for three measurements.
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Extended DataFig. 4| Self-heated photocatalytic OWS system. a, Self-heated
photocatalytic OWS system. b, Schematic parameters of the self-heated
photocatalyticOWS system.c,d, Thermodynamic parameters of the reaction
system (c) without and (d) with a heat-insulating layer. The heat-insulating layer
(thickness of approximately 0.5 cm) consisted of ordinary A4 printing paper.
Thewall thickness of the Prexy chamber was approximately 0.3 cm. e, Synergetic
effect mechanism of promoting forward hydrogen-oxygenevolution and
inhibiting the reverse hydrogen-oxygen recombination in the photocatalytic
OWS. The UV-vislight wasresponsible for the production of photogenerated
electronsand holes viathe photoexcitation of InGaN/GaN semiconductor,
which canfurther cause the redox of water. Although the infrared light was non-
effective for the photoexcitation of InGaN/GaN, it could produce a substantial
thermal effect to promote hydrogen/oxygen production and simultaneously
inhibit the hydrogen-oxygen recombination. In this mechanism, the infrared
lightindirectly, but substantiallyimproved the utilization efficiency of UV-vis

Vacuum-tight quartz lid

428 mW IR light (> 750 nm)

50 mL H20

AM1.5G filter

Vacuum-tight plastic ring
== —Vacuum port

Photocatalyst wafer
(0.8 cm x 0.8 cm)
Heat insulating layer

Holder

~70°C

Water: 600 mW m™ K™
Pyrex glass: 1143 mW m™ K
Paper: 50 mW m”'K"!

light by enhancing the surface catalytic hydrogen/oxygen production, which
finally contributed to the maximizing of STH. A thermal transfer balance existed
inour system during photocatalytic reaction, which was influenced by the
thermal conductivity coefficients of materials used inthereaction system. The
role of the heat-insulating layer was to produce alarger temperature difference
betweenambientand internal environment of reaction system. The thermal
conductivity coefficients of Prexy glass, heat-insulating layer and water were
1,143,50 and 600 mW m™ K™, respectively. In the absence of the heat-insulating
layer, the temperature of water in the chamber was maintained at roughly 50 °C.
However, with the addition of low thermal-conductivity heat-insulating layer,
thetemperature of reaction system could be increased to approximately 70 °C
under thesamelRinput (428 mW). The speciesand content ofimpuritiesintap
water can be found on the website of Ann Arbor Water Treatment Services Unit
(https://www.a2gov.org/departments/water-treatment/Documents/water_
quality_report_2020.pdf).
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Extended DataFig. 5|Stability evaluation. a, Time-course photocatalytic (c), HAADF-STEM (d) and elemental mapping (e) of Rh/Cr,0,/Co0,0,-InGaN/GaN
production of H,and O, in deionized water on Rh/Cr,0,/C0;0,-InGaN/GaN NWs after 80-hour photocatalytic OWSreaction.
NWs. b, Activity test after 74-hour photocatalytic OWS reaction. c-e, FESEM
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Extended DataFig. 6| Mechanisminvestigation oftemperature-dependent
photocatalytic OWS system. a, Photocatalytic OWS system without circulating
water layer or heat-insulating layer. b, Corresponding time-course production
of stoichiometric H,and O, in deionized water on Rh/Cr,0,/C0,0,-InGaN/GaN
NWs. ¢, Photocatalytic hydrogen production with methanol (20vol%) as electron
donorat70°C.d, Photocatalytic oxygen production with KIO; (0.4 mol1™) as
electronacceptorat 70 °C.e, Time-course production of stoichiometric H,and
0, indeionized water on Rh/Cr,0,/C0,0,-InGaN/GaNNWs at 70 °Cin 360 min.
Inthe photocatalytic overall water splitting, the hydrogen-oxygen production
(2H,0 » 2H, + 0,) often competes with hydrogen-oxygen recombination
(2H,0 « 2H, + 0,). Commonly, the rate of chemical reaction strongly depends
ontheconcentrationofreactant. Thus, in theinitial stage of photocatalytic water
splitting (2H,0 < 2H, + 0,), the reaction rate of hydrogen-oxygen production
was theoretically higher than that of hydrogen-oxygen recombination.

However, with increasing hydrogen/oxygen concentration, the hydrogen-oxygen
productionand recombination would reach abalance. Asaresult, theamount
of produced hydrogen and oxygen could not be furtherincreased with reaction
time. Especially, for the continuous flow-type water splitting system, the
produced hydrogen and oxygen would be full of chamber under atmospheric
pressure before transferred. This easily leads to a high-concentration
hydrogen and oxygenin the chamber, which unavoidably leads to the more
severe hydrogen-oxygen recombination. f, Time-course production of H,and
0,indeionized water onRh/Cr,0,/Co,0,-InGaN/GaN NWs with and without
light sourceat 70 °C. Light source: 3,800 mW cm2produced bya300 W
Xelamp equipped with AM1.5Gfilter. Sample: 0.8 cm x 0.8 cm Rh/Cr,0,/
Co0,0,-loaded InGaN/GaN nanowires wafer. Error barsindicate standard
deviation for three measurements.
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and Cr,0;. Besides, thisalsoimplied that water tended to be adsorbed on Co,0,
and Cr,0;, whichinhibited the further hydrogen-oxygen adsorptionor

(b)Rhand (c) Cr,0;. Theresults suggested that the desorption of product water  recombinationonthem.

was therate-determiningstep in hydrogen-oxygenrecombinationon Co,0,



Article

a

Sampling port
i 13cm

Fresnel lens

wall of chamber were approximately 0.5 cm and approximately 0.3 cm,
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respectively. The outdoor photocatalytic OWS was conducted from
5November2020to 7 November2020. The average natural solar light intensity
was determined to be approximately 85 mW cm?between1lpmand3pmbya
thermopile detector (919P, Newport) witha 5 cm?detector. ¢, Activity test after
140-min outdoor photocatalytic OWSreaction. Each cycle: 10 min.



Extended Data Table 1| Contents of Rh, Cr and Co on InGaN/
GaN nanowires by ICP-AES test

Elements Rh (ug em?) Cr(pgcem?)  Co (pug cm?)
Before reaction 52 19 333
Indoor test
After reaction 2.6 1.9 17.2
Before reaction 58 1.6 62.3

Outdoor test
After reaction 4.6 1.7 423




Article

Extended Data Table 2 | Pressure changes contributed

by water vapour, hydrogen and oxygen before and after
reaction in photocatalytic overall water splitting at different
reaction temperature under 3,800 mW cm™2

Pressure (kPa)

Temperature (°C)
Water vapor H: O: Total
Before 42 0 0 42
30
After 42 10 05 57
Before 7.4 0 0 74
40
After 74 23 13 109
Before 12.4 0 0 124
50
After 12.4 69 3.1 224
Before 19.9 0 0 199
60
After 19.9 154 74 427
Before 312 0 0 312
70
After 312 245 127 684
Before 474 0 0 474
80
After 474 245 12.1 84.0

The partial pressure of water vapour was calculated by the saturated vapour pressure of
water. The partial pressure of hydrogen and oxygen was calculated by their contents in the
chamber.



Extended Data Table 3 | List of some state-of-the-art unassisted photocatalytic OWS systems

Photocatalysts Cocatalysts Light source ?;5})[ Stability Year [Ref!
(1]
InGaN/GaN nanowires Rh/Cr;03, C0304 Xe lamp with AM1.5G 9.2 74 h This
filer work
. . . This
InGaN/GaN nanowires Rh/Cr;03, Co304 Natural solar light 6.2 140 min work
CoO nanoparticles N/A Xe lamp ‘fzite}; AML3G 5 0.5h 2014 B2
InGaN/GaN nanowires RWCR,Os, Cos0, ¢ 1amp ‘z;g; AML5G 1.9 3h 201851
Mo:BiVO,-TiO/CH;NH:Pbl; Pt, CoCOs Xe lamp Vf‘ﬁgi AML.5G 3.0 12h 201505
InGaN/GaN nanowires RI/Cr205 Xe lamp ‘z;te}; AMLSG 1.8 10h 201504
P-doped g-C:Ni (PCN) Co1-Ps Xe lamp Vg;gi AMISG 0.16 24h 201704
Si/TiO, nano-tree array Pt-IrOy Xe lamp Vgite}; AMISG 0.12 45h 201309
Y;Ti:05S nanoparticles Rh/Cr20s, IrO; Xe lamp ‘f’fl;g; AML5G 0.007 20h 201959
SrTiOs:La/Au/BiVO4:Mo Rh, ‘ Xe lamp with AM1.5G 11 10h 20160101
sheet Ru/Cr205/TiO; filer
SrTiOs:Al Rh/CrOy, CoOy Natural solar light 0.76 0.5h 202122
SrTiOs:Al Rh/CrOy, CoOy Natural solar light 0.4 0.5h 201814
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Extended Data Table 4 | Free-energy (eV) evolution of reaction steps in hydrogen-oxygen recombination on the cocatalyst

Co;0,, Rhand Cr,0,
Catalyst * *0O, *O,tH, *O,H+H *OH,+tO *O *O+H, *OH+H *OH; *
C0304 0 -2.02 -2.06 -3.07 -4.81 495 -544 -5.99 -6.67 -5.64
Rh 0 -2.07 -2.06 -3.45 -3.96 -3.85 -447 -4.99 -5.74  -5.64
Cr,O3 0 -1.79 -1.87 -3.01 -5.80 -5.97 -6.37 -6.21 -6.60 -5.64
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