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C H E M I S T R Y

A photovoltaic-electrolysis system with high 
solar-to-hydrogen efficiency under practical 
current densities
Qingran Zhang1,2†, Yihao Shan1†, Jian Pan1,3, Priyank Kumar1, Mark J. Keevers4, John Lasich5, 
Gurpreet Kour1, Rahman Daiyan1, Ivan Perez-Wurf4, Lars Thomsen6, Soshan Cheong7,  
Junjie Jiang1, Kuang-Hsu Wu1, Chao-Lung Chiang8, Kristian Grayson5, Martin A. Green4,  
Rose Amal1*, Xunyu Lu1*

The photovoltaic-alkaline water (PV-AW) electrolysis system offers an appealing approach for large-scale green 
hydrogen generation. However, current PV-AW systems suffer from low solar-to-hydrogen (STH) conversion effi-
ciencies (e.g., <20%) at practical current densities (e.g., >100 mA cm−2), rendering the produced H2 not economi-
cal. Here, we designed and developed a highly efficient PV-AW system that mainly consists of a customized, 
state-of-the-art AW electrolyzer and concentrator photovoltaic (CPV) receiver. The highly efficient anodic oxygen 
evolving catalyst, consisting of an iron oxide/nickel (oxy)hydroxide (Fe2O3-NiOxHy) composite, enables the cus-
tomized AW electrolyzer with unprecedented catalytic performance (e.g., 1 A cm−2 at 1.8 V and 0.37 kgH2/m−2 
hour−1 at 48 kWh/kgH2). Benefiting from the superior water electrolysis performance, the integrated CPV-AW 
electrolyzer system reaches a very high STH efficiency of up to 29.1% (refer to 30.3% if the lead resistance losses 
are excluded) at large current densities, surpassing all previously reported PV-electrolysis systems.

INTRODUCTION
Hydrogen (H2) is a promising energy carrier that can effectively 
store renewable electricity (e.g., generated by photovoltaics or wind 
turbines) in the form of chemical energy, thereby bypassing the in-
termittency issue of renewable resources and fulfilling their contin-
uous usage purpose. Besides, in global markets, H2 can also be 
traded as a clean energy commodity, which satisfies the interconti-
nental carbon neutralization agreement between those major and 
rising economies. Therefore, the development of clean and efficient 
H2 production technologies is highly sought after. Currently, among 
various H2 generation approaches, photovoltaic (PV) powered water 
electrolysis (WE) represents the most mature technology for green 
hydrogen production as both PV and WE components are commer-
cially manufactured at large scale. Moreover, the versatile nature of 
both PV and WE technology also enables the green H2 generation at 
different scales in a decentralized manner, thus necessitating the at-
tainment of advanced PV-WE systems per demand. Recently, because 
of considerable breakthroughs in material science and cell manufac-
turing, the past few decades have witnessed a rapid technological 

advancement in the PV industry, with the solar-to-electricity effi-
ciency reaching a record of 47.1% in 2023 (1). However, the overall 
solar-to-hydrogen (STH) conversion efficiency during the PV-WE 
process is still severely constrained by the sluggish WE kinetics, 
which leads to huge energy consumption and cost for H2 produc-
tion. In this regard, the development of efficient WE technologies 
that can achieve both high energy efficiency and low cost is highly 
desired. Typically, the industrially practiced low-temperature WE 
technologies can be mainly divided into two categories, namely, alka-
line water (AW) electrolysis and proton-exchange membrane (PEM) 
electrolysis. PEM electrolyzers normally exhibit higher energy effi-
ciency and power density than AW electrolyzers (AWEs), while the 
necessity of using precious metals, both as the catalyst materials and 
the current collector coatings, has rendered their global scale de-
ployment unsustainable. In contrast, the AWE, as the most mature 
WE technology, has been commercialized for more than a century 
and is currently manufactured at gigawatt scale with a much lower 
capital expenditure [€750 ($773.45 USD) per kilowatt] than that of 
PEM counterparts [€1200 ($1237.52 USD) per kilowatt] (2). Never-
theless, compared with PEM devices, the AW electrolysis is still 
largely limited by the low energy efficiency at high current densities 
(e.g., less than 70% at current densities over 0.3 A cm−2), thereby 
stagnating the further reduction of green H2 cost. Notably, in alka-
line electrolytes, despite the development of anion exchange mem-
brane (AEM) technologies showing promises in achieving a high WE 
efficiency, the stability of those AEM setups still calls for further 
improvement to meet the durability requirements for their large-
scale applications. Under the ideal scenario, if the performance of 
AWEs can be improved drastically to reach a level that approaches 
PEM technology (e.g., reaching a current density of 0.3 and 1 A cm−2 
at applied voltages of no higher than 1.6 and 1.8 V, respectively), the 
capital cost of green H2 can be decreased substantially, benefiting a 
sustainable H2 economy. To this end, tremendous research effort has 
been made to improving the overall AW electrolysis efficiency, 
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including but not limiting to electrolyzer engineering, cell perfor-
mance modeling, and the design of efficient electrocatalysts (3–6).

Among many attempts aimed to mitigate the AWE energy losses, 
designing the efficient oxygen evolving electrocatalysts plays a piv-
otal role in enabling a high-rate electrolysis process. This is mainly 
attributed to the huge energy barriers associated with the four 
proton-coupled electron transfer steps of the anodic oxygen evo-
lution reaction (OER), where a scaling relationship among oxygen 
intermediates has long stagnated the improvement of its kinetics 
(7). Hence, material innovation/breakthroughs are indeed needed 
to attain high-performance catalysts to overcome the sluggish reaction 
kinetics of OER. Fortunately, the past few decades have witnessed a 
surge in the development of oxygen evolving catalysts, especially 
those first-row transition metal–based (TM) materials. Because of 
their tunable electronic properties, the TM electrocatalysts exhibit 
great promise in delivering high intrinsic OER activities at low over-
potential range, including but not limited to the geled FeCoW (8) 
oxyhydroxides, exfoliated NiFe-layered double hydroxide (9), Co-
Zn oxyhydroxide (10), and mass-selected Ni(Fe)OxHy nanoparticles 
(NPs) (11). However, despite some progress, the inherent OER ac-
tivity of these materials is still unsatisfactory, which is severely con-
strained by the scaling relationship between each reactive intermediate 
and the slow charge/spin transport within such catalytic processes 
(12, 13). This insufficiency not only limits their ability to effectively 
mitigate the sluggish OER kinetics, but also results in poor current 
densities at low applied overpotentials. Further, when an enlarged sur-
face area is applied to the electrocatalysts (such as from ~1 cm2 to 
over 100 cm2), the apparent catalytic performance of the OER 
electrodes developed tends to decline quickly. This inevitably poses 
a great challenge when attempting to scale up these state-of-the-art 
OER electrodes, which largely stagnates their practical applications 
in the WE industry. Therefore, it is of paramount importance to de-
sign the efficient OER catalysts/electrodes with a high intrinsic 
activity that can be effectively retained when scaled up, providing 
opportunities to improve the AW electrolysis performance that can 
benefit a high STH efficiency with cost-effectiveness.

Here, we present a practical PV-WE system that can maintain a 
high STH efficiency at large current density. By developing a multi-
component OER catalyst with exceptional performance, a high-rate 
AW electrolyzer is designed and fabricated, which is distinctive for 
its high energy efficiency at large current densities. This matches well 
with the state-of-the-art high-performance CPV receiver that in turn 
benefits an efficient STH conversion. Notably, the efficient OER cata
lyst developed in this work is mainly composed of ultrasmall Fe2O3 
NPs loaded on nickel (oxy)hydroxide (Fe2O3-NiOxHy) nanosheets. 
Because of the ultrasmall nature of iron oxide, abundant catalytic 
interfaces can be formed between Fe2O3 and NiOxHy species, pro-
viding two different neighboring adsorption sites for expediting the 
OER process. Through theoretical computations and spectroscopic 
experiments, it was indicated that the OER can proceed through a 
bifunctional mechanism on such composites, where two kinds of 
different adsorption sites facilitate the independent tailoring of 
binding strength for each intermediate, thereby enabling an acceler-
ated OER kinetics. As a result, the oxygen electrodes based on the 
Fe2O3-NiOxHy composite exhibit exceptionally high OER activity in 
1 M KOH, reaching a current density of 100 and 500 mA cm−2 with 
less than 230 and 400 mV of overpotentials, respectively, in the absence 
of any iR corrections. In addition, using the Fe2O3-NiOxHy–based 
oxygen electrode as the anode, a high-performance AWE is fabricated, 

which delivers large current densities of 0.5 A cm−2 and 1 A cm−2 at 
applied cell voltages of merely 1.65 and 1.80 V (no iR corrections, in 
hot KOH solution), respectively. Further integrating such high-rate 
AWE with a state-of-the-art concentrator PV (CPV) receiver yields 
a high-performance CPV-AW system, which demonstrates a record-
breaking STH efficiency of 29.1% (correspond to 30.3% excluding 
the lead resistance losses) under large current densities (up to 240 mA 
cm−2), providing valuable knowledge for designing electrolysis 
systems (including catalysts and PV-WE devices) that can generate 
green hydrogen efficiently from solar energy.

RESULTS
Synthesis and characterization
The Fe2O3-NiOxHy composite in this work is first prepared on the 
surface of nickel foam (NF) substrate through a controllable hy-
drothermal process in weak alkaline environment (see details in 
Materials and Methods). In brief, a solution of methanol and water, 
containing iron nitrate and ethylenediaminetetraacetic acid anions 
(EDTA4−), was introduced into a Teflon-lined autoclave in the 
presence of NF. During the hydrothermal reaction, the Ni species 
in NF react with the hydroxide ions, forming ultrathin nickel oxy-
hydroxide (NiOxHy) nanosheets (see details in fig. S1). Then, the 
slow release of metal cations from Fe-EDTA complexes in metha-
nol solution enabled a controllable hydrolysis rate of Fe3+, which 
eventually results in the formation of numerous ultrasmall Fe2O3 
NPs on the surface of NiOxHy nanosheets. Scanning electron mi-
croscopy (SEM) analysis revealed that the hydrothermal process 
has resulted in the formation of a highly rippled and interconnected 
nanosheet structure on the surface of the NF skeleton (Fig. 1A 
and fig. S2). This is in stark contrast to the morphology of the NF 
before the reaction (fig. S2). Transmission electron microscopy 
(TEM) images (Fig. 1B and fig. S3) showed that the electrocatalyst 
produced through the as-prepared method is composed of a thin 
nanosheet structure decorated with numerous ultrafine NPs (be-
tween 5 and 10 nm), which is further echoed by the atomic-
resolution scanning TEM in high-angle annular dark-field mode 
(HAADF-STEM; Fig. 1D and fig. S4). The clear lattice fringes of 
approximately 0.27 nm on the NPs (Fig. 1C) provide additional 
evidence for the highly crystalline structure of the NPs. These 
fringes can be assigned to the ⟨104⟩ planes of a hematite struc-
ture, which is confirmed by the fast Fourier transform pattern de-
rived from the image in Fig. 1C. Upon further analysis of the 
HAADF-STEM image and the corresponding energy-dispersive 
x-ray spectroscopy (EDS) maps (Fig. 1, D to G, and fig. S4) from 
a selected area of Fe2O3-NiOxHy, it was observed that there is a 
spatially separated distribution of Ni and Fe elements across the 
composite. The Fe signals were primarily concentrated on the 
NPs, while the Ni element was detected throughout the entire 
nanosheet structure. Notably, the electron energy-loss spectros-
copy (EELS) measurements (fig. S5) have further provided evi-
dence of the absence of Fe signals in the nanosheet area, suggesting 
that the nanosheet is predominantly composed of NiOxHy, rather 
than NiFeOxHy. Furthermore, through the atomic force micros-
copy characterization (fig. S6), an average thickness of 1 nm was 
revealed for the iron oxide NPs, which confirms a characteristic 
feature of the planar hematite structure that may include a four-
layer stacking of O-Fe-Fe-O units (9). Hence, the above results all 
indicate that the as-synthesized catalysts are mainly composed of 
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Ni (oxy)hydroxide nanosheets decorated with numerous ultra-small 
Fe2O3 NPs.

To gain a deeper understanding of the interactions between the 
Fe2O3 and NiOxHy components in the composite, x-ray photoelec-
tron spectroscopy (XPS) measurements were conducted. It was re-
vealed that the formation of ultrasmall Fe2O3 NPs on the NiOxHy 
nanosheet does not disturb the valence state of Ni species, exhibiting 
the similar Ni 2p spectra on both NiOxHy/NF and Fe2O3-NiOxHy/
NF that are dominated by Ni2+ (Fig. 1H), in conformity with the Ni 
L-edge EELS measurements (fig. S5). However, compared to the pure 
NiOxHy nanosheets, the Ni 2p3/2 peak of Fe2O3-NiOxHy/NF shifts 
positively to the higher binding energy side, indicating a strong elec-
tronic interaction between NiOxHy and Fe2O3 species after forming 
the hybrid Fe2O3-NiOxHy catalysts. This phenomenon can be further 
confirmed by the Fe 3p measurements (fig. S7), showing a negative 
shift of the Fe 3p spectrum on Fe2O3-NiOxHy/NF, which illustrates a 
possible electron transfer from the NiOxHy to the Fe2O3 NPs. To fur-
ther investigate the chemical state of Fe species that possibly correlates 

to such interaction within Fe2O3-NiOxHy, x-ray absorption spectros-
copy (XAS) characterizations were performed. As shown in Fig. 1I, 
the Fe K-edge x-ray absorption near-edge spectra (XANES) features a 
main absorption edge at ≈7133.8 eV, which is due to the dipole-
allowed 1s → 4p orbital transition. Notably, after forming the hy-
brid Fe2O3-NiOxHy catalysts, the main absorption peak intensity is 
decreased (fig. S8), implying a reduced Fe 4p unoccupied state that 
might be originated from the gain of charges at Fe atoms in Fe2O3-
NiOxHy in comparison with pure ultrasmall Fe2O3 NPs. This further 
supports the observations in XPS that the electronic interactions be-
tween Fe2O3 and NiOxHy species would lead to an interfacial charge 
transfer that might be beneficial for OER catalysis. Moreover, com-
pared to the bulk Fe2O3 NPs (see preparation method in Materials 
and Methods), the Fe2O3-NiOxHy exhibits way higher pre-edge inten-
sity and a decrease in white line intensity, together with a shift of main 
absorption edge to low energy side (~0.4 eV). This not only indicates 
a lower local oxygen coordination of Fe atoms but also further evi-
dences an electron-rich Fe2O3 phase in Fe2O3-NiOxHy catalysts 

Fig. 1. Microstructural analysis of the Fe2O3-NiOxHy catalyst. (A) SEM images of Fe2O3-NiOxHy/NF electrode under different magnifications. (B) TEM image of Fe2O3-
NiOxHy showing a nanosheet structure loaded with abundant NPs. (C) HAADF-STEM image of the ultrafine Fe2O3 NPs showing a hexagonal structure. Inset is the fast 
Fourier transform pattern of ultrafine Fe2O3 NPs. (D) HAADF-STEM image of the Fe2O3-NiOxHy catalyst and the corresponding EDS elemental maps of (E) Fe and (F) Ni de-
rived from Fe2O3-NiOxHy composite in (D). (G) Overlapped elemental maps of Fe and Ni derived from Fe2O3-NiOxHy composite in (D). (H) Ni 2p XPS spectra of Fe2O3-NiOxHy/
NF and NiOxHy/NF electrode. (I) Fe K-edge XANES spectra of ultrasmall Fe2O3 NPs, bulk Fe2O3 NPs, and Fe foil.
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(14). Through the corresponding Fourier-transformed extended x-
ray absorption fine structure (XAFS) Fe K-edge spectra (fig. S9), an 
average coordination number of 3.4 and 5.8 was revealed for Fe2O3-
NiOxHy and bulk Fe2O3 NPs (table S1), respectively, suggesting a 
defective nature of ultrasmall Fe2O3 NPs in the Fe2O3-NiOxHy cata-
lysts. This is also confirmed by XPS O 1s spectra (fig. S10) that more 
O vacancies exist in Fe2O3 of Fe2O3-NiOxHy and might be beneficial 
for the OER process (15, 16). Therefore, on the basis of the x-ray 
spectroscopic characterizations above, it was evident that the forma-
tion of Fe2O3-NiOxHy has resulted in an electronic interaction between 
Fe2O3 and NiOxHy species that in turn generates an electron-rich 
Fe2O3 phase with O defects.

Electrocatalytic OER performance
The electrochemical OER performances of the electrodes prepared 
were first evaluated in a purified 1 M KOH solution at a scan rate of 
1 mV s−1. As shown in Fig. 2A, Fe2O3-NiOxHy/NF exhibits the earliest 
onset potential [~1.42 V versus reversible hydrogen electrode (RHE)] 
among the three electrodes tested, and only requires an overpotential 
of 290 mV to reach a current density (j) of 100 mA cm−2 without any 
iR correction (see iR-corrected results in fig. S11). The presence of 
the Fe2O3-NiOxHy composite is apparently more advantageous in 
catalyzing the OER, as the NiOxHy/NF and pure NF electrodes call 
for additional 130 and 220 mV of overpotential to reach the same j 
of 100 mA cm−2. The enhanced activity on Fe2O3-NiOxHy could be 

A B C

D E F

G H I

Fig. 2. Electrochemical measurements of Fe2O3-NiOxHy/NF, Fe2O3-NiOxHy/PTF, and relevant mechanism studies in purified 1 M KOH. (A) OER polarization curves 
of Fe2O3-NiOxHy/NF, NiOxHy/NF, and pure NF with a scan rate of 1 mV s−1 (no iR correction). (B) The long-term durability test on Fe2O3-NiOxHy/NF evaluated at 100 mA cm−2. 
(C) OER polarization curves of Fe2O3-NiOxHy/PTF, NiFeOxHy/PTF, Fe-NiOxHy/PTF, NiOxHy/PTF, Fe2O3/PTF, and pure PTF electrodes in purified 1 M KOH without iR correction. 
(D) O K-edge soft x-ray absorption spectroscopy (sXAS) spectra of Fe2O3-NiOxHy/PTF, postreaction Fe2O3-NiOxHy/PTF, NiOxHy/PTF, and Fe2O3/PTF. The O K-edge peaks in 
yellow area are correlated to the transitions to unoccupied oxygen 2p states hybridized with the metal 3d band, while the green area represents oxygen 2p character 
hybridized with metal 4s and 4p states. (E) Ni and (F) Fe L-edge sXAS spectra of Fe2O3-NiOxHy/PTF, postreaction Fe2O3-NiOxHy/PTF, NiFeOxHy/PTF, Fe-NiOxHy/PTF, and 
Fe2O3/PTF. (G) In situ Raman spectra of Fe2O3-NiOxHy/PTF obtained at various potentials for oxygen isotope labeling in 0.1 M KOH-H2

18O solution and subsequent isotope 
exchange experiments. (H) The free-energy diagram of the OER processes on Fe2O3-NiOxHy, NiFeOOH, and NiOOH. (I) The free-energy diagram of the OER processes on Fe 
(fig. S22) and Ni site (fig. S28) of Fe2O3-NiOxHy catalysts. The inset shows the structure model of Fe2O3-NiOxHy catalysts used for DFT simulations.
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mainly attributed to the formation of numerous boundary sites be-
tween the Fe2O3 and NiOxHy components, which is beneficial to 
lower the energy barriers of OER process, as evidenced by a lower 
catalytic performance on samples with less Fe2O3-NiOxHy inter-
faces (figs. S12 and S13). Considering the ubiquitous appearance of 
iron impurities in the environment, the possible origin of OER ac-
tivity from a NiFeOOH composite cannot be fully excluded. Thus, 
electrodeposited NiFe oxyhydroxide and Fe-incorporated Fe2O3-
NiOxHy electrocatalysts on an NF skeleton (named as NiFeOxHy/
NF and Fe2O3-NiFeOxHy/NF, respectively; see preparation details 
in Materials and Methods) were further prepared and evaluated 
under the identical testing conditions. It was indicated in fig. S14 
that the OER activities on NiFeOxHy/NF and Fe2O3-NiFeOxHy/NF 
were much lower than that of Fe2O3-NiOxHy/NF in terms of both 
onset potential (Eonset) and current density (j), suggesting that the 
high OER performance on Fe2O3-NiOxHy/NF electrode is origi-
nated from neither the NiFeOOH species nor the incorporated Fe 
impurities. To meet the requirements of practical PV-WE devices, 
the long-term stability on Fe2O3-NiOxHy/NF was also evaluated at 
100 mA cm−2. As can be seen from Fig. 2B, no obvious decay of 
OER activity can be observed on Fe2O3-NiOxHy/NF after over 50 hours 
durability test, demonstrating a good stability of the Fe2O3-NiOxHy 
catalyst. The same conclusion can be further supported by the ac-
celerated durability tests, which exhibits no decay of catalytic be-
havior after 5000 cyclic voltammetry scans (fig. S15).

The above results have clearly indicated the advantageous role 
of the Fe2O3-NiOxHy composite in advocating OER, while the 
spurious effects arising from the interaction between the compos-
ite and NF need to be precluded to explore its intrinsic activity. In 
this case, platinized titanium fiber (PTF) is used as a highly con-
ductive and nonreactive substrate. Apart from Fe2O3-NiOxHy, 
Fe2O3 NPs, and NiOxHy, the OER benchmarks, including the elec-
trodeposited NiFe oxyhydroxide (NiFeOxHy) and Fe-incorporated 
NiOxHy (Fe-NiOxHy), are also prepared on PTF as the control 
samples (see details in Materials and Methods). As expected, 
Fe2O3-NiOxHy/PTF (figs. S16 and S17) exhibits the best OER ac-
tivity in the rigorously purified 1 M KOH among all samples (Fig. 
2C), further verifying the highly active nature of the Fe2O3-
NiOxHy composite. The exceptional OER performance of Fe2O3-
NiOxHy/PTF can be also reflected by its lowest Tafel slope (46 mV 
per decade; fig. S18) among all the samples tested here, suggesting 
the important role of the interplay between Fe2O3 and NiOxHy in 
promoting the OER. Furthermore, the possible enhancement ef-
fect of Fe impurities on the OER behavior of Fe2O3-NiOxHy was 
also excluded by Fe-spiking experiments, showing a slightly de-
creased OER performance after Fe spiking (fig. S19), which indi-
cates that the superior catalytic activity on Fe2O3-NiOxHy is not 
correlated to the Fe-incorporation phenomenon during OER. To 
further evaluate the intrinsic OER activity of Fe2O3-NiOxHy, we 
calculated the turnover frequencies on the PTF-based electrodes 
[turnover frequencies (TOFs); table S2, details can be found in the 
Supplementary Materials]. The Fe2O3-NiOxHy exhibits TOFs of 
0.86 s−1 per Fe atoms, which is not only at least a magnitude high-
er than the other PTF electrodes but also way higher than most of 
the advanced OER catalysts reported so far (table S2). Considering 
the fact that the amount of Fe atoms used in TOF calculation is 
much higher than that of edge sites in Fe2O3 within the active Fe2O3-
NiOxHy interface, the intrinsic OER activity of Fe2O3-NiOxHy/PTF 
is clearly underestimated herein.

Spectroscopic analysis and mechanistic investigation
Through soft XAS (sXAS), the chemical state of Ni and Fe atoms 
within Fe2O3-NiOxHy active species was further investigated care-
fully using the PTF-based electrodes to exclude the possible influ-
ence from metallic substrate (such as Ni foam). As can be seen from 
Fig. 2E, after forming the Fe2O3-NiOxHy hybrid catalysts, the Ni L-
edge near-edge XAFS (NEXAFS) spectroscopy of Fe2O3-NiOxHy/
PTF shifted positively to the higher energy side compared with that 
of NiOxHy/PTF, evidencing an electronic interaction between Fe2O3 
and NiOxHy species that induces possible charge transfer from Ni to 
Fe atoms, as supported by XPS measurements. In addition, further 
postreaction sXAS measurements were also performed to investi-
gate the OER process within Fe2O3-NiOxHy catalysts. It was indi-
cated that no obvious changes have been detected in the Ni and Fe 
L-edge NEXAFS spectroscopy of Fe2O3-NiOxHy/PTF before and 
after OER measurements (Fig. 2, E and F), revealing a dominant 
Ni2+ and Fe3+ state in the catalysts. In contrast, after OER, the O K-
edge NEXAFS spectra of Fe2O3-NiOxHy/PTF exhibit obvious varia-
tions in those pre-edge features (529 to 535 eV; Fig. 2D), which 
correspond to the transitions to unoccupied oxygen 2p states that 
are hybridized with the metal 3d band (17, 18). Notably, in the O 
K-edge spectra of the Fe2O3-NiOxHy/PTF electrode, two pre-edge 
features can be observed, which represent the metal 3d eg-t2g sym-
metry that are separated by oxygen octahedral (Oh) crystal field 
(ligand-field splitting) (18, 19). After OER, these pre-edge intensity 
of Fe2O3-NiOxHy/PTF decreases slightly, suggesting the possible 
variation of oxygen content in Fe2O3-NiOxHy during the O2-evolving 
reaction (20), which might lead to O vacancies or lattice O replace-
ment in the catalysts (21). Furthermore, it is worth noting that the 
splitting of such pre-edge peak becomes less obvious after the OER 
process, showing the merge of t2g and eg features. This can be cor-
related to an increased degree of multiplicity on Fe or Ni sites (19), 
as the OER process involving a possible lattice O replacement mech-
anism may create structure disorder in the catalysts.

Further in-depth study of the OER process on Fe2O3-NiOxHy 
was carried out through in situ Raman measurements. It was re-
vealed that the NiOxHy species within Fe2O3-NiOxHy catalysts de-
protonates [e.g., α-Ni(OH)2 → γ-NiOOH] gradually along with an 
applied anodic potential (fig. S20), showing an increased intensity of 
two apparent peaks at 480 and 560 cm−1 that corresponds to the eg 
bending [δ(NiIII-O)] and the A1g stretching [ʋ(NiIII-O)] vibration 
of Ni-O in γ-NiOOH, respectively (22). In contrast, the A1g mode 
(700 cm−1) featured in a Fe2O3 structure exhibits negligible changes 
upon an applied anodic bias (23, 24), indicative of an electrochemically 
inert property of Fe2O3 that remains a stable crystal structure during 
OER. The higher relative intensities of the 480 and 560 cm−1 bands 
(IB/IS) in Fe2O3/NiOxHy under the anodic potentials might be ascribed 
to the formation of disordered Ni oxyhydroxide structure at high over-
potential range, in consistency with the previous reports (22, 25). 
Notably, no obvious NiOO− signal (active oxygen, ~1000 cm−1) is ob-
served on Fe2O3-NiOxHy under all OER conditions, suggesting that 
the NiOO− is not the precursor for dioxygen. Previous reports de-
picted that the redox of Ni species during OER process may lead to 
the participation of lattice oxygen in the catalytic cycle (26, 27). Thus, 
to verify the possible role of lattice oxygen, isotope labeling experi-
ments were also performed. During the experiments, the Fe2O3-
NiOxHy/PTF electrode was first activated in 0.1 M 18O-KOH solution 
and then subjected to positive potential in electrolyte with H2

16O. As 
can be seen from Fig. 2G, after the activation process, the δ(NiIII-O) 
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and ʋ(NiIII-O) Raman peaks of Fe2O3-NiOxHy/PTF both shifted 
negatively by 15 cm−1 to lower frequencies (Fig. 2G), which is mainly 
due to the effect of O mass on vibration modes, suggesting the suc-
cessful 18O labeling of lattice oxygen. Then, the 18O-labeled Fe2O3-
NiOxHy catalysts were placed immediately back to 0.1 M 16O-KOH 
under an OER potential. After this process, it is worth noting that 
the δ(NiIII-O) and ʋ(NiIII-O) features both shifted positively back to 
higher frequencies, indicative of the partial exchange of lattice oxygen 
on Fe2O3-NiOxHy composites, which echoes well with the NEXAFS 
O K-edge results (25). Within a Ni-(oxy)hydroxide–based multi-
component catalyst, the exchange of lattice O normally suggests the 
emergence of Ni2+ during a catalytically active Ni(II/III) redox cy-
cle, where a possible bifunctional mechanism could proceed that 
enables the regeneration of NiII-O species (25). In contrast, for those 
Fe-incorporated NiOOH that follows a single reactive site mecha-
nism, previous reports suggest no observation of lattice O exchange 
in the catalysts (26, 28). To this end, it is plausible to postulate that 
two kinds of catalytic adsorption sites (such as Ni in NiOxHy and Fe 
in Fe2O3) might be actively involved in the OER process of Fe2O3-
NiOxHy catalysts. As a result, the adsorption state of those key OER 
intermediates could be tailored independently on two different ac-
tive species, thereby bypassing the scaling relationship for enhanced 
reaction kinetics. Thus, collectively, on the basis of the above spec-
troscopic experiments, it is evident that the lattice oxygen might 
participate in OER of Fe2O3-NiOxHy catalysts, which may lead to a 
bifunctional mechanism where NiOxHy and Fe2O3 species act syn-
ergistically to accelerate OER kinetics.

To further elucidate the as-proposed OER mechanism, density 
functional theory (DFT) simulations were conducted. Previous theo-
retical and experimental investigations suggested that γ-NiOOH is 
more likely to form under the anodic OER potentials (29, 30), while 
α-Fe2O3 remains stable within most electrocatalytic processes. More-
over, in this work, combined microscopic measurements identified 
the coexistence of α-Fe2O3 and γ-NiOOH species even after the du-
rability tests (fig. S21), where the former located uniformly on top of 
the latter composites. Therefore, during the computational studies, a 
model with α-Fe2O3 cluster attached on top of a γ-NiOOH mono-
layer was adopted to represent our catalyst structure (Fig. 2I). On the 
basis of previous reports, the four-step OER mechanism proposed 
by Rossmeisl et al. (31) was used for the theoretical simulations. For 
comparison, numerous potential active sites within such catalyst 
structure were screened (fig. S22), and the catalytic behavior of pure 
α-Fe2O3, γ-NiOOH, and benchmark Fe-doped Ni oxyhydroxide 
(NiFeOxHy) composites was also simulated to verify the genuine 
active species. As shown in Fig. 2H and figs. S23 and S24, we find 
that the Fe edge sites of α-Fe2O3, which bond covalently with the 
γ-NiOOH substrate, exhibit a superior OER behavior and the low-
est overpotential than the other active moieties, which even sur-
passes the benchmark Fe sites in a doped Ni oxyhydroxide (fig. S25 
and Fig. 2H), giving an overpotential value of only 0.45 V (fig. S26). 
In contrast, the pure α-Fe2O3 and γ-NiOOH (Fig. 2H and fig. S27) 
both have high overpotential values for OER (fig. S26), in consis-
tency with the previous reports (32, 33). Furthermore, the Fe edge 
sites that bridge the α-Fe2O3 NP and γ-NiOOH substrate provide op-
portunities to facilitate OER through a multisite functionality (34, 35), 
where different active atoms can act synergistically to stabilize one 
transition state (such as OOH*) without stabilizing the others (e.g., 
OH*), bypassing the scaling relationship that far limits OER kinet-
ics. In this regard, the Gibbs free energies of both Fe and Ni atoms at 

the α-Fe2O3-γ-NiOOH interface were investigated. It is revealed that 
the formation of OOH* intermediate is the rate-determining step 
(RDS) on the Fe edge site of α-Fe2O3 (fig. S22), while the RDS on Ni 
site sited at the α-Fe2O3-γ-NiOOH interface (fig. S28 and 29) is the 
formation of OH* species (Fig. 2I). To this end, if the Fe and Ni atoms 
located at the α-Fe2O3-γ-NiOOH interface act synergistically to form 
the OH* and OOH*, respectively, the OER overpotential can be 
further decreased due to the breaking of scaling relationship for 
OER. Thus, theoretical modeling above indicates a superior OER 
performance on the Fe2O3-NiOxHy catalysts, which is mainly due to 
the optimized adsorption energy on the Fe2O3 edge sites. Further mul-
tisite simulations suggest a possible bifunctional mechanism where Fe 
atoms on the edge of ultrasmall α-Fe2O3 clusters can act synergisti-
cally with Ni atoms in oxyhydroxide to facilitate the formation of 
necessitate OER intermediates, providing opportunities to bypass 
the scaling relationship limit.

Scaled fabrication of Fe2O3-NiOxHy/FeF electrode
Notably, although the above electrochemical measurements based 
on Ni foam and PTF substrates all confirmed a superior OER activity 
and stability on the Fe2O3-NiOxHy composites, it remains a grand 
challenge to further scale up the laboratory-based active electrodes 
in terms of size and catalyst loading to afford an improved apparent 
activity, especially on an enlarged geometric surface area, thus far 
impairing those laboratory-derived active electrocatalysts from the 
industrial electrolysis. Here, because of the limited amount of NiOxHy 
species generated on the NF skeleton during the hydrothermal 
process (fig. S1), further increasing the loading of Fe2O3 NPs will 
not lead to the formation of more active interfaces between iron ox-
ide and nickel oxyhydroxide, resulting in a decreased current den-
sity alongside with the enlarged electrode size. To resolve this issue, 
we electrodeposited ample amount of Ni oxyhydroxide on the iron 
foam (FeF) skeleton to create more Fe2O3-NiOxHy active interfaces 
for an improved apparent OER performance (see details in Materials 
and Methods), which helps to satisfy the WE requirements (ampere 
level) in a practical PV-WE device, where large current densities at 
low overpotentials are indeed needed to match up with the PV per-
formance. Through combined microscopic and spectroscopic char-
acterizations (fig. S30), the successful loading of the Fe2O3-NiOxHy 
electrocatalyst on a FeF substrate (Fe2O3-NiOxHy/FeF) was con-
firmed. To exclude the possible role of NiOOH or NiOOH/FeOOH 
species during the electrochemical OER tests, FeF electrodes with the 
Ni oxyhydroxide (NiOxHy/FeF) and NiFe oxyhydroxide (NiFeOOH/
FeF) composites were also fabricated and evaluated. From Fig. 3A 
and fig. S31, it is clear that Fe2O3-NiOxHy/FeF showed a much higher 
OER activity than the NiFeOxHy/FeF, NiOxHy/FeF and pure FeF 
counterparts in 1 M KOH, suggesting that the highly efficient OER 
performance on Fe2O3-NiOxHy/FeF is mainly originated from the 
interfaced Fe2O3-NiOxHy species rather than Fe-doped oxyhydroxides. 
This further confirms the intrinsic active nature of the Fe2O3-NiOxHy 
hybrid electrocatalysts. Because of the highly effective electrode prepa-
ration method (see details in Materials and Methods) used to fabri-
cate the active Fe2O3-NiOxHy species here, the OER activity on the 
Fe2O3-NiOxHy/FeF does not decay evidently even with an enlarged 
surface area (fig. S32), which is of great importance for practical WE 
applications. Further durability tests demonstrate a prolonged stability 
on Fe2O3-NiOxHy/FeF electrode under large current densities (100 mA 
cm−2), showing negligible changes of OER activity after over 160 hours 
(fig. S33) that can benefit a robust WE performance.
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Alkaline WE performance and STH conversion
Using the as-fabricated Fe2O3-NiOxHy/FeF electrode and the MoNi4/
NF materials [prepared according to previous report (36)] as the anode 
and the cathode, respectively, a zero-gap AWE cell is assembled to 
achieve a high WE performance. As can be seen from Fig. 3C, because 
of the highly efficient OER performance of Fe2O3-NiOxHy/FeF, the 
as-assembled Fe2O3-NiOxHy/FeF||MoNi4/NF electrolyzer exhibits a 
remarkably high WE activity in 6 M KOH, reaching a j of 280 mA 
cm−2 at 1.8 V. Notably, the robust stability of the Fe2O3-NiOxHy/FeF 
electrode endows the Fe2O3-NiOxHy/FeF||MoNi4/NF electrolyzer a 
durable WE behavior, showing no evident decay of WE performance 
over 520 hours (fig. S34). Such an efficient overall WE performance 
can be further improved under 75°C due to the promoted electrode 
kinetics and mass transport, delivering a current density of 1 A cm−2 
at merely 1.8 V, which surpasses most of the alkaline WE technologies 
reported so far (table S3). Typically, WE is an endothermal process at 
low overpotential range, while this becomes exothermal at large cell 
voltages, generating ample amount of heat on the electrodes that 
might destroy the active species and membranes under ultrahigh 
current densities (37). To this end, taking the external heating may 
not be necessary and economic to accelerate the WE rate at high 
voltages. In contrast, under low overpotentials (where a high WE 
efficiency can be obtained), balancing the energy for an external 
heating would be important to make a trade-off between overall en-
ergy efficiency and WE performance. Therefore, at low voltages 

(e.g., <2 V), managing an external heating source with the WE pro-
cess would be more meaningful.

In addition to an enhanced WE performance, the solar cell effi-
ciency and the proper integration between WE and PV components 
are also crucial for attaining a high overall STH performance at practi-
cal current densities (38). Among various PV technologies, CPV pro-
vides the highest sunlight-to-electricity conversion efficiency under 
large current densities. Moreover, during operation, ample amount of 
heat can be generated by CPV modules under concentrated sunlight, 
which offers opportunities to produce energy or valuable chemicals 
in a hybrid (e.g., electrical-thermal) system, thereby enabling a ca-
pability for power generation near 100% (39, 40). In this regard, 
electrically and thermally coupling the CPV and AWE units offers 
great promises to obtain a high-performance PV-WE process (Fig. 
3D), as the electrolysis rate can be escalated drastically using the 
CPV by-product heat that is otherwise detrimental to PV performance 
(38). Thus, to demonstrate the advances of the as-developed electro-
catalysts for a high-rate STH conversion, the zero-gap Fe2O3-NiOxHy/
FeF||MoNi4/NF electrolyzer was electrically integrated with a high-
performance CPV receiver (consisting of a highly reflective 8-inch- 
diameter concentrating mirror focusing sunlight onto a single 1-cm2 
GaInP/GaInAs/Ge triple-junction concentrator cell mounted on a 
water-cooled heatsink), through a customized DC-DC converter (as 
shown in fig. S35). Because of the limited amount of heat obtained 
from a 20-W CPV receiver, an external heating source was used to 

A B C

D E

CPV	module

HElectrolyzer

DC-DC	converter

Flow	channel Fe O -NiOxHy/NF

MoNi /NF

Zirfon

Chamber

Gasket

CPCPCPCPCPCPCPCPCPCCCC VVV	VVV mom dule

HHHHHHElectrolyzer

DC-DC converter

Fig. 3. Electrochemical measurements of Fe2O3-NiOxHy/FeF electrode and the corresponding WE and PVE performance using the Fe2O3-NiOxHy/FeF anode. 
(A) OER polarization curves of Fe2O3-NiOxHy/FeF and pure FeF electrodes in 1 M KOH at a scan rate of 1 mV s−1 without iR correction. (B) Schematic illustration of the zero-
gap AWE using Fe2O3-NiOxHy/FeF and MoNi4/NF as the anode and the cathode (Fe2O3-NiOxHy/FeF||MoNi4/NF), respectively. (C) WE polarization curves of Fe2O3-NiOxHy/
FeF||MoNi4/NF at 25°, 50°, and 75°C in 6 M KOH. (D) The schematics of the PVE system consisting of a high-performance Fe2O3-NiOxHy/FeF||MoNi4/NF zero-gap AWE cell 
that is electrically coupled with a CPV mini-module through a customized DC-DC converter. The natural sunlight is focused onto a single 1-cm2 GaInP/GaInAs/Ge triple-
junction concentrator cell (mounted on a water-cooled heatsink) via a highly reflective concentrating mirror. The movement of the CPV unit (including the mirror and the 
solar cell module) is controlled by a sun tracker. (E) Measured characteristic I-V curves of the PV and electrochemical components (measured separately) of the PVE device, 
showing the efficiency of CPV and STH processes.
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heat the WE unit to emulate the by-product heat generated from a 
scaled CPV-WE system (e.g., >1 kW; fig. S36). Impressively, under 
natural sunlight irradiation (i.e., outdoor testing), the integrated 
CPV-AWE system can exhibit a STH efficiency as high as 29.1 and 
25.9% (refer to 30.3 and 28.9% if the lead losses are subtracted; see 
details in fig. S37) at a current density of 95 and 240 mA cm−2, 
respectively, which is the highest among all PV-WE systems re-
ported so far (table S4), outperforming nearly all the state-of-the-
art solar-to-X (X  =  fuels or chemicals) systems. This not only 
sheds light into the development of efficient WE technologies but 
also demonstrates feasible strategies in constructing economic so-
lar fuel production approaches.

DISCUSSION
In conclusion, through the development of efficient OER electrocata-
lysts comprising ultrasmall Fe2O3 NPs loaded on a Ni oxyhydroxide 
substrate, a high-performance AWE cell is fabricated, which substan-
tially enhances the PV-WE activity that in turn benefits superior STH 
efficiencies. Combined spectroscopic investigations suggested that the 
high OER performance on the Fe2O3-NiOxHy catalysts is mainly as-
cribed to the formation of abundant Fe2O3-NiOxHy interfaces, where 
edge Fe atoms and surface Ni sites can act synergistically to enable a 
bifunctional mechanism, as supported by the computational studies. 
Constructing such kind of highly active OER catalysts on FeF sub-
strate generates efficient WE anodes that can be readily scaled up for 
practical AWE process, delivering a WE current density of 1 A cm−2 at 
merely 1.8 V. Further integrating such high-performance AWE unit 
with a highly efficient CPV module generates a record-breaking high 
STH efficiency of around 30% at large currents, which surpasses all 
solar H2 systems reported so far for practical currents. Hence, through 
designing the efficient OER electrocatalysts by forming the Fe2O3-
NiOxHy hybrid, the as-demonstrated PV-WE system here not only 
provides a feasible approach to realize the green H2 production with 
cost-effectiveness but also proves the practical efficacy of developing 
high-rate AWE technology in facilitating the PV-WE process.

MATERIALS AND METHODS
Chemicals
All reaction reagents and chemicals were obtained and used in their 
as-received form without any further purification. Ni(NO3)2·6H2O, 
Fe(NO3)3·9H2O, Nafion solution (5 weight %), potassium hydrox-
ide, and ethylenediaminetetraacetic acid tetrasodium salt hydrate 
(Na4EDTA·xH2O) were obtained from Sigma-Aldrich. Deionized (DI) 
water was obtained through the water purification system (Milli-Q 
water) in the laboratory. Nickle and iron foam were purchased 
from Goodfellow and American Elements, respectively. Platinized 
titanium felt (PTF) was purchased from Fuel Cell Store. The GaInP/
GaInAs/Ge-based CPV module was obtained from AZUR SPACE.

Material synthesis
Typically, to prepare the Fe2O3-NiOxHy/NF, certain amounts of 
Fe(NO3)3·9H2O (4 mM) and Na4EDTA·xH2O (2 mM) were dis-
solved into 50  ml of DI water to afford a homogeneous aqueous 
solution, followed by adding 25 ml of methanol into it. The mixed 
solution obtained above was then transferred into a Teflon-lined con-
tainer containing NF substrates and enclosed into a 100-ml stainless 
steel autoclave followed by heating at 190°C for 3 hours. After the 

hydrothermal process, the as-obtained Fe2O3-NiOxHy/NF products 
were washed with DI water several times to remove possible chem-
ical impurities and dried in oven at 75°C. To characterize the phys-
icochemical properties of ultrasmall Fe2O3 NPs, the red precipitates 
(mainly Fe2O3) yielded from the above hydrothermal process were 
further collected and washed with DI water several times, followed 
by drying in oven at 75°C. For comparison purpose, NiOxHy/NF 
was also fabricated through the similar hydrothermal method in 
absence of Fe(NO3)3·9H2O. Notably, to afford Fe2O3-NiOxHy/NF 
sample with large Fe2O3 NPs, DI water was adopted to replace the 
methanol solution during the hydrothermal process. For mecha-
nism studies and WE applications, Fe2O3-NiOxHy/PTF and Fe2O3-
NiOxHy/FeF were also synthesized by a modified hydrothermal 
process combined with electrodeposition. For example, through 
conducting chronoamperometry at −1 VSCE for 1200 s in 600 mM 
Ni(NO3)2 solution, a uniform layer of NiOxHy was deposited onto 
the Fe foam skeleton, forming the NiOxHy/FeF electrodes. Then, the 
NiOxHy/FeF was transferred into a Teflon-lined container containing 
a mixed aqueous methanol solution (50 ml of DI water and 25 ml of 
methanol) with 0.4 M Fe(NO3)3·9H2O and 0.2 M Na4EDTA·xH2O, 
followed by a hydrothermal process in 100-ml stainless steel auto-
clave at 190°C for 3 hours to afford Fe2O3-NiOxHy/FeF. To prepare 
Fe2O3-NiOxHy/PTF for intrinsic activity studies, a two-step hydro-
thermal method was adopted. First, 50 ml of aqueous solution con-
taining 5 mM Ni(NO3)2 and 2.5 mM Na4EDTA·xH2O was prepared 
and enclosed into a Teflon-lined autoclave container with PTF sub-
strates. After adding 25 ml of methanol into the above solution, the 
autoclave was kept at 190°C for 6 hours to afford the NiOxHy/PTF elec-
trode. To avoid the formation of possible Fe-doped NiOOH species on 
NiOxHy/PTF, Ni(NO3)2 with a high purity (99.999%, trace metals 
basis, Sigma-Aldrich) was used here, while the Teflon-lined container 
was washed carefully with hydrochloric acid before use. Within 
the second step, the NiOxHy/PTF was put into a 0.5 mM Fe(NO3)3 
solution (50 ml of DI and 25 ml of methanol) containing 0.25 mM 
Na4EDTA·xH2O, followed by another hydrothermal process for 
3 hours at 190°C to yield the Fe2O3-NiOxHy/PTF. For comparison, 
Fe2O3/PTF was synthesized through a similar procedure in the 
absence of the first hydrothermal process (formation of NiOxHy). 
NiFeOxHy was obtained by directly conducting hydrothermal reac-
tion in an aqueous solution containing both 5 mM Ni(NO3)2 and 
0.5 mM Fe(NO3)3 (together with 2.75 mM Na4EDTA·xH2O). On the 
basis of previous report, Fe-incorporated NiOxHy was prepared 
through a Fe-spiking process (41). PTF, Ni foam, and Fe foam sub-
strates were all cleaned in ethanol before use with the help of a soni-
cation process for 15 min.

Electrochemical measurement
The electrochemical tests were all performed in 1 M KOH aqueous 
solution within a three-electrode system at room temperature on a 
computer-controlled potentiostat (Autolab, PGSTAT204) with cur-
rent booster (Autolab, Booster 10A). The oxygen evolution activity 
was investigated by polarization curves with a scan rate of 1 mV 
s−1. To preclude the influence of Fe impurities, 1 M KOH solution 
adopted within a three-electrode system was purified using the 
method in previous reports (30). The as-prepared Fe2O3-NiOxHy/
NF, Fe2O3-NiOxHy/PTF, and Fe2O3-NiOxHy/FeF were directly used 
as working electrodes. A graphite rod and mercury/mercury ox-
ide (Hg/HgO) electrode were used as counter and reference elec-
trode, respectively.
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All of the obtained potentials were calibrated to a RHE (ERHE = 
EHg/HgO + 0.092 + 0.059 × pH) and all current densities were nor-
malized to a geometric surface area. Linear sweep voltammetry for 
OER was conducted at a scan rate of 1 mV s−1 and all the polarization 
curves were not iR corrected. The Tafel slope was calculated using 
the Tafel equation: η = b log (j/jo) (η, b, j, and jo represent the over-
potential, Tafel slope, current density, and exchange current density, 
respectively), and a scan rate of 1 mV s−1 was used to obtain the po-
larization curves for Tafel plots. The long-term stability tests of OER 
were performed on the as-prepared self-supported Ni or Fe foam 
electrode with a surface area of 0.25 cm2. To study the intrinsic ac-
tivity of the as-prepared catalysts on PTF substrates, the PTF-based 
electrodes were immersed into 30% HNO3 to dissolve the catalysts 
with a microwave-assisted digestion method. The amount of different 
metal content in catalysts was lastly determined by inductively coupled 
plasma–mass spectroscopy (ICP-MS).

Further, the TOF values of the electrocatalysts were calculated 
from equation as following

where J is obtained at 95% iR-corrected overpotential = 300 mV, 
normalized by geometric area of electrodes (e.g., 0.25 cm2), and R is 
the series resistance obtained from the fitting of electrochemical im-
pedance spectroscopy. A is the geometric area of electrodes (e.g., 
0.25 cm2). F is the Faraday constant and η is the Faradaic efficiency. 
Within this study, Fe edge sites on the Fe2O3 were regarded as the 
active sites that interact strongly with Ni atoms on NiOxHy, which 
form abundant catalytic interface for OER. Therefore, during the 
TOF evaluation, n is adopted as the mole number of iron atoms on 
the electrode.

In situ Raman measurements were conducted using an electro-
chemical cell with quartz window (Gooss Union, China), where 0.1 M 
KOH-H2

16O or KOH-H2
18O solution was used as electrolyte. During 

the measurements, each spectrum was recorded at a constant poten-
tial until the Raman test is finished.

To perform the WE tests, a Ni-alloy–based electrolyzer (5 × 5 cm2, 
Fuel Cell Store) with serpentine flow channels was used. During the 
WE experiments, the Fe2O3-NiOxHy/FeF was directly used as the OER 
anode, while a MoNi4/NF was prepared according to previously re-
ported method was adopted as the HER cathode (36). To evaluate the 
alkaline WE performance of Fe2O3-NiOxHy/FeF electrode under in-
dustrial conditions, the electrochemical measurements within such 
AW device were carried out in 6 M KOH solution at different tem-
peratures with external heating.

Within a CPV-AWE system, the STH efficiency was evaluated 
carefully using a linear product of three elemental efficiencies as below

where DCDC refers to the DCDC converter connecting the CPV 
and AWE. The difference between PCPV out and PDCDC in is due to 
lead resistance (I2R) loss, as is the difference between PDCDC out 
and PEC in. The AW performance can be monitored simultaneously 
through integrated detection probe. During the measurements, the 
sun tracker was kept under alignment with sunlight while mirror 
was concentrating the sunlight on CPV module (Azur Space, 3C44 
triple junction). An iris aperture on mirror was used to control the 

sunlight incident. This experiment is conducted under real sunlight, 
so the inlet irradiation could be slightly affected by clouds and 
celestial movement. An alignment check (to ensure full capture of 
the concentrated sunlight inside the CPV cell active area) and irra-
diation calibration were performed before and after every test.

Limited by the small scale of setup (e.g., up to 20 W for CPV 
device), the heat generated by the AWE and CPV module is not 
enough to warm up the AWE unit. Therefore, an external circulating 
water heating system (e.g., temperature-controlled water bath) is 
used to maintain the AWE temperature (e.g., 80°C). Four resistance 
temperature detectors were used to monitor the AWE temperature 
including electrolyte in, electrolyte out, cathode body, and anode 
body. A separate temperature-controlled bath was used to maintain 
the CPV solar cell temperature, affixed to a heatsink, at 25°C. The 
efficiency of the CPV receiver was typically 39% at the highest con-
centrations measured.

Physicochemical characterizations
TEM was carried out on a Phillips/CM 200 microscope operated at 
an accelerating voltage of 200 kV. SEM was conducted on a JEOL 
7001F operated at 5 kV. XPS measurements were carried out on a 
Thermo ESCALAB250Xi x-ray photoelectron spectrometer using 
Cu Kα x-rays as the excitation source with a voltage of 12.5 kV and 
power of 250 W. HAADF-STEM and energy-dispersive x-ray map-
ping were obtained on a spherical aberration-corrected transmission 
electron microscope (FEI Titan G2 80-200), which was operated at 
200 kV. Fe K-edge XAS measurements were performed on the beam-
line 17C1 (BL17C1) at the National Synchrotron Radiation Research 
Center (NSRRC, Taiwan). Data were collected using a fluorescence 
geometry and scanned from 200 eV below the Fe K-edge (7709 eV) 
to ~1000 eV past the edge. Multiple scans (six times) were averaged 
to improve the signal-to-noise ratio. Data reduction and subsequent 
modeling efforts were performed using the Demeter software package 
(42). Modeling results used a Fe2O3 cluster (materials project ID: 
mp-565814) to model Fe-O and Fe-Fe backscattering paths. An S0

2 
value of 0.776 was used for all models and obtained from modeling 
a reference Fe foil. ICP-MS was carried out using a PerkinElmer 
quadrapole Nexion instrument. O K-edge, Ni L-edge, and Fe L-edge 
NEXAFS spectroscopy measurements were collected at a 55° angle 
of incidence in a vacuum chamber with a base pressure of 10−7 mbar 
on the soft x-ray beamline at the Australian Synchrotron, ANSTO. The 
signals were acquired in total electron yield mode and the data were 
processed using the program called QANT.

DFT calculations
DFT + U was used to carry out free energies calculations using the 
Vinenna Ab initio Simulation Package code (43, 44). The electron 
correlation functional was used through the generalized gradient 
approximation in the form of Perdew-Burke-Ernzerhof (45). The 
dispersion interaction was considered by using DFT + D3 semiem-
pirical correction in Grimme’s scheme (46). Blöchl’s all-electron, 
frozen-core projector-augmented wave method was chosen to describe 
ion-electron interactions (47, 48). In case of geometrical optimiza-
tion, the convergence tolerances of displacement, force, and energy 
were set to 5 × 10−3 Å, 5 × 10−3 eV Å−1, and 10−5 eV, respectively. To 
determine the trend of OER, Hubbard U values of 4.3 and 3.8 eV 
were used for Fe and Ni atoms, respectively (49, 50). For all the 
structures, a vacuum gap of 15 Å was used in the z-direction to re-
move the spurious layer interactions. In this system, (110) surface of 

TOF =
J × A × η

4F × n
(1)

STH=ηCPVηDCDCηEC=

(

PCPV out

Pirradiation

)(

PDCDC out

PDCDC in

)(

IEC ∗1.23V

PEC in

)

(2)
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hametite was chosen as it is reported to be more OER active phase 
(51). A slab of four layers for hematite was used for the calculations.

The complete OER process can be described as the following 
equation (52)

It consists of four elementary steps, also known as four-electron steps

where * represents one activated site, and l and g represent the liquid 
and gas phases, respectively.

The calculation method to calculate the Gibbs free-energy differ-
ence for each step as proposed by Nørskov et al. was used and is 
given as (14)

where ΔE is the electronic energy change and can be obtained directly 
from the DFT calculations, ΔZPE is the change of zero-point energy, 
T is the temperature and (298.15 K), and ΔS is the change in entropy 
of products and reactants. ΔGU = −eU is the contribution of electrode 
potential to free energy change, and ΔGpH = −kBT ln10 × pH.
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