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ABSTRACT: H, production by direct photoelectrochemical (PEC) water < NisP4/TiO2/TiN/IIl-V tandem
splitting has remained unachievable commercially, mainly due to rapid failure 0
at the interface between the photoabsorber(s) and catalyst(s). PEC devices made
from multijunction III-V semiconductors with platinum group metal (PGM)
catalysts have yielded impressive initial solar-to-H, (STH) efficiency >19%,
which rapidly corrodes in aqueous electrolytes. Here, TiO,/TiN layers were
fused to create a bifunctional interface between a GalnP,/GaAs III-V tandem
photoabsorber and a polycrystalline Ni;P, HER catalyst. The TiO, serves as a
conducting corrosion barrier, while a thin layer of much denser TiN (1 nm)
blocks interlayer diffusion during fabrication. This strategy allows the elevated
temperatures needed to crystallize the NisP, nanoparticles and fuse to the TiO,/ . 0 50 100 150 200
TiN junction to achieve minimal optical loss without damaging the sensitive Time (h)
photoasbsorber. The resulting photocathode exhibits an initial STH efficiency of

11.4%—13.2% in sodium phosphate electrolyte at neutral pH 7. It operated continuously for over 200 h without failure above
10% STH efficiency, exceeding all previous benchmarks. The earth-abundant Ni;P, catalyst replaces costly PGM catalysts at
comparable HER activity in neutral, acidic, or basic pH electrolytes.

Future sustainable energy usage will rely upon the photocathode and an inverted metamorphic PtRu/

efficient, low-cost, long-term conversion of solar energy Gag g 1Ing 40P/ Gag golng ;;As tandem photocathode, respec-
into a pollution-free, high-energy density fuels like tively.””'? However, these devices lost ~31% and ~15%
hydrogen." Photoelectrochemical (PEC) water splitting is activity in the first 0.5 and 1.4 h, respectively, due to
considered a promising pathway toward solar-driven hydrogen photocorrosion. Practical solar hydrogen production using

production by using an integrated device comprised of solar
absorbers and catalysts for sunlight harvesting and electrolysis,
respectively.”~* An efficient photoabsorber material is p-type
GalnP,, which has a bandgap of ~1.8 eV that is nearly optimal
for a wide-bandgap junction in a tandem solar cell.”>~*
Monolithic tandem semiconductors coupling a GalnP, top
junction with a lower-bandgap bottom junction such as GaAs
or lattice-mismatched GalnAs have achieved extremely high

III-V materials has remained unrealized due to their
photocorrosion and inherent thermodynamic instability in
aqueous electrolytes over a wide range of pH, especially acidic

and alkaline electrolytes.”'"'* Other emerging thin-film
photoabsorbers are being developed that face similar

challenges, such as hybrid organic—inorganic perovskites,

power conversion efficiencies (PCEs). This has motivated Received: December 1, 2023
efforts to make PEC cells from them.” Among the laboratory- Revised:  January 10, 2024
developed PEC devices, the III-V semiconductor photo- Accepted: January 10, 2024

electrodes have yielded the highest solar-to-hydrogen (STH)
efficiencies under simulated one-sun illumination of ~19% and
~16% using a Rh/TiO,/Gag4IngsoP/Gaggolng ;As tandem
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Scheme 1. Schematic Ilustration of III-V Tandem Photocathode for HER Applications (a) and Surface Topological Images of
the Photocathode and Its Modification Layers without and with a Catalyst Layer (b)“
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“The photocathode is made up of an integrated catalyst:tandem photoabsorber combination of NisP,/TiO,/TiN(catalyst/protection layer/
diffusion barrier) plus GalnP,/GaAs. It performs water splitting under solar illumination in combination with an anode with OER catalysts (IrO,

particles).

based on monolithic photoelectrodes for unassisted PEC water
splitting."*'*

One strategy to slow the photocorrosion of GaInP, under
HER conditions is to functionalize its surface. Electronic and
chemical passivation has been achieved by applying a tightly
bonded layer of ultrathin AllnP and subsequently oxidizing
it."> This slowed the PEC degradation in acid when used with
noble metal catalysts but resulted in short-lived durability. An
analogous strategy is to add a conductive, optically transparent
protection barrier.'” Several transition metal sulfides, oxides,
and nitrides have been investigated as potential protection
layers. A MoS, thin film was integrated onto a p-GalnP, single
junction photocathode by sulfidation of a Mo thin film that
played a bifunctional role as protection layer and HER
catalyst.'® This process stabilized the photocathode for 60 h in
acid without loss of activity but degraded thereafter. MoS, has
been coated on p-GalnP, also by photoelectrodeposition,
achieving a marginally better combination of activity and
durability (50 h in acid with ~14% loss of the photocurrent
density).” Applying a MoS, thin film on II[-V tandem enabled
an STH efliciency of 6.1% and a durability of 120 h with ~
23% loss of efficiency in acid under simulated 2.6-sun
illumination.'” In addition to MoS,, a TiO, thin film was
used to protect the GaInP,/GaAs photoanode.'® The resulting
photoanode exhibited an STH efliciency of 10% in a 0.5 M
potassium borate solution (KBi, pH 9.3) and performed
unassisted water splitting for 100 h, the longest PEC durability
so far. Similarly, a GaN coating on a GalnP,/GaAs/Ge triple-
junction cell has been shown to protect the absorber from
degradation.'” When used with Pt nanoparticles as catalyst, a
peak STH efhiciency of 12.6% and stability of 70 h with ~ 29%
loss of efficiency in acid was achieved.

GalnP, exhibits poor intrinsic electrocatalytic activity for
reduction of protons or water and must therefore be coupled
to an additional catalyst layer.”** A graded MoS,/Mo0Q,S,/
MoO,, coating as catalyst with TiO, has been found to slow the
photocorrosion of p-GalnP,, allowing operation for 20 h in
acid. However, performance was likely compromised by
significant interlayer diffusion of elements at the TiO,/
GalnP, interface (~70 nm interlayer diffusion region).”'
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Other problems such as pin holes in the protection layer have
limited the durability of atomic layer deposited TiO, used to
protect III-V triple-junction photocathodes. For example, Pt/
TiO,/Ti/GalnP/GaAs/Ge photocathode exhibited a limited
durability in acid (a loss of STH efficiency of ~52% within 72
h).””> The foregoing reports all identify failure at the
electrolyte—catalyst—photoabsorber interface as the weakest
component in PEC devices. Interlayer diffusion (loss of
interface) and corrosion are the root causes of these failures.

Previously, we reported using TiN as a diffusion barrier to
allow use of elevated temperature for synthesis of crystalline
NisP, particles at the interface of a p-GalnP, single-junction
photocathode. This procedure enabled operation for 120 h in
acid at 0.25 V vs reversible hydrogen electrode (RHE) without
any losses using a three-electrode measurement configuration.
This strategy did not work using TiO, alone."® TiN exhibits
exceptional chemical and physical properties, including high
conductivity, high density and hardness, and good corrosion
resistance.?’ Herein, we use a bifunctional protection/diffusion
barrier composed of crystalline TiO,/TiN that permits device
fabrication at even higher temperatures needed to synthesize
crystalline NigP, electro-catalyst for HER and functionally
connect it to the III-V tandem photoabsorber via a
conducting n*-GalnP, layer. To minimize optical losses and
maintain a high saturated photocurrent density, we reduce the
thickness of TiN to 1 nm. To retard photocorrosion by the
electrolyte, a pH 7 solution of 0.5 M sodium phosphate was
used as the buffered electrolyte. The designed NisP,/TiO,/
TiN/III-V tandem photocathode is illustrated in Scheme 1,
and the fabrication metrics are described below. To
demonstrate unassisted solar water splitting and assess the
STH efficiency and durability for solar hydrogen production,
we use a two-electrode measurement configuration.”*

The chosen photoabsorber is a lattice-matched, upright-
grown GalnP,/GaAs tandem, fabricated by epitaxial growth
using a metal organic vapor-phase epitaxy (MOVPE) reactor
(see the Supporting Information for this and following
procedures).>*> Prior to integration of the layers, the surface
of GalnP, was first etched using NH,F/HF (denoted buffered
oxide etchant or BOE). This treatment removed all surface
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Figure 1. Deposition of 1 nm thick TiN between TiO, and GaInP,. (a) HAADF cross-sectional image of the TiO,/TiN/GalnP, interface of
the Ni;P,/TiO,/TiN/III-V tandem photocathode, revealing coalignment of the [110] axis of FCC-structured GaInP,. EELS mapping was
carried out in this cross-sectional region. Integration of the EELS spectra was performed on a rectangular region equal in size to the double-
headed arrows. (b) The integrated EELS spectra of the layers of TiO,, TiN, and TiN with its TiO, and GalnP, interfacial regions (the
measured layer thicknesses are indicated by the orange, green, and blue arrows shown in panel a, respectively). (c and d) Zoomed-in EELS
spectra in panel b. (e) The integrated EELS spectrum of the GalnP, layer (the measured layer thickness is indicated by the brown arrow in

panel a).

oxides including Ga,03, In,O;, and PO,, while not dissolving
the GaInP, photoabsorber surface.® The TiN diffusion barrier
and TiO, protection layers were subsequently deposited onto
the III—V tandem samples by pulsed laser deposition (PLD),
starting from the respective solids. For comparison, we
deposited the TiO, protection layer alone onto the III-V
tandem samples by using the same method. The resulting
TiO,/III-V tandem and TiO,/TiN/III-V tandem samples
were annealed at 375 °C in vacuum (~1 X 107® Torr). The
NiP, compound was synthesized in situ on the surface-
modified III-V tandem photoabsorbers, first by thermal
evaporation of a 2 nm Ni layer, followed by high-temperature
phosphidation of the predeposited Ni layer with red
phosphorus (P) at 375 °C in an air-evacuated quartz ampule.
This step was followed by appropriate furnace cooling and air
quenching.® Using this protocol and by optimizing the
phosphidation conditions, especially the P pressure at 375
°C, we are able to synthesize phase-pure NisP, crystallites with
a thickness of ~10 nm that form interconnected islands. The
sample surface roughness (Rq) was measured by atomic force
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microscopy (AFM) (Figure S1). Rq values were equal to 3 or 4
nm after adding the aforementioned layers. The composition
of the surface layer was analyzed by X-ray photoelectron
spectroscopy (XPS) (see details in Figure S2 and Table S1).

Previously, we measured the transmission, reflection, and
absorptance between wavelengths 380 to 800 nm of a 4 nm
thick film of PLD-deposited TiN.>® Here, we sought to reduce
the thickness further to improve the optical transmission. The
optical losses from the NisP,/TiO,/TiN layers arise mainly
from the absorption of TiO, at shorter wavelengths and by
absorption from NisP, and TiN at longer wavelengths (Figure
S3).

Figure la gives a cross-sectional image of the TiO,/TiN/
GalnP, interface after the NisP, synthesis of the final PEC
device. This image was observed by high-resolution trans-
mission electron microscopy (HRTEM) along the [110]
direction of face-centered cubic (FCC)-structured GalnP, by
the high-angle annular dark field (HAADF) technique. As the
ternary Ga—In—P system forms solid solutions, GaInP, has the
same zincblende-type FCC structure as GaP (F43m space

https://doi.org/10.1021/acsenergylett.3c02606
ACS Energy Lett. 2024, 9, 789797
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Figure 2. The influence of adding a 1 nm TiN layer on the interlayer diffusion of elements within the TiO,/GalnP, interface during high-
temperature synthesis. (a and b) The integrated EELS spectra measured at Positions #1—8 in Figure la. (c) XPS depth profiles of elemental
composition (atomic %) of 30 nm TiO,/1 nm TiN/III-V tandem. (d) N 1s spectrum of 1 nm TiN at the TiO,/GalnP, interface obtained
during the XPS depth profiling. For each etch level during depth profiling, Ar* sputtering at an energy of 500 eV was carried out for 60 s on

the sample surface that was 2 mm in diameter.

group, JCPDS-88-2491) and InP (F43m space group, JCPDS-
73-1983), and its lattice parameter falls between that of GaP
and InP.”” The FCC structure is confirmed by the atomic
pattern in Figure la and by fast Fourier transformation (FFT)
analysis (Figure S4d). The PLD procedure creates a uniform
TiN layer of ~1 nm thickness and relatively brighter contrast
vs TiO,. The brighter contrast from this layer arises from the
higher angle scattering of electrons and reveals the presence of
the high density TiN material. FFT analysis reveals that both
TiN and TiO, layers are amorphous (Figure S4b,c). Our
recent work discovered that annealing of the physical vapor
deposited TiO,/TiN on n*-Si at 300 °C results in formation of
the crystalline anatase phase of TiO,."* It may be feasible to
use air annealing of TiO,/TiN/GalnP, to form a crystalline
TiO, layer for future tests of further durability improvement.

Electron energy loss spectroscopy (EELS) and XPS,
together with TEM imaging, were used to determine the
chemical states and bonding partners around the excited atoms
as a function of depth. In the core EELS spectra, the TiO, layer
is identified by the Ti L2,3-edge at 454.1 eV and O K-edge at
531.0 eV, while the TiN layer is identified by the Ti L2,3-edge
at almost the same energy and N K-edge at 392.5 eV (Figure
1b—d).*® Also, a small O K-edge peak is found within the TiN
layer. This is likely due to the formation of TiON, which is
confirmed by the XPS results (Figure S2a—c). The oxygen may
arise from the hydroxides on the BOE-etched GalnP, surface
prior to the TiN deposition."” The P L2,3-edge is identified
within the GalnP, layer (Figure le).

EELS analysis along the depth direction was performed to
examine interlayer diffusion (EELS Spectra #1—8 in Figure 2a
and b corresponding to Position #1—8 in Figure la). The P
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L2,3-edge peak is not seen within the TiN and TiO, layers
(Spectra #1—S5 in Figure 2a), indicating the successful blocking
of P diffusion into the TiO, layer by the 1 nm thick TiN. The
O K-edge peak cannot be observed within the GalnP, absorber
layers, indicating prevention of diffusion of O from outer layers
into the GaInP, (Spectra #6—8 in Figure 2b). However, the Ti
L2,3-edge peak but not the N K-edge peak was found within
the first three atomic layers of GalnP,, indicating a low degree
of diffusion of Ti into the GalnP,. Both our recent work and
the literature work reveal that Ti from TiN can diffuse into Si
during annealing above 300 °C."”*” XPS depth profiling
(Figure 2c) gave results consistent with EELS profiling,
demonstrating both the thickness and localization of the TiN
layer. The sample, 30 nm TiO,/1 nm TiN/III-V tandem, was
preannealed at 375 °C in a high vacuum for 30 min. The
surface has a Ti:O composition slightly under the stoichiom-
etry of TiO,. Between the TiO, and GalnP, layers, a small N
1s peak was detected at binding energy of 397.0 eV that results
from TiN (Figure 2d). The corresponding N profile is plotted
in blue (Figure 2c). It demonstrates that N remained localized
at the interface and that interlayer diffusion between TiO, and
GalnP, did not occur during the elevated temperature
annealing. The ultrathin TiN layer successfully stopped the
atoms of Ga, In, and P from penetrating into the TiO, layer.

The PEC activity was evaluated in a two-electrode
configuration in which an anode made from IrO,-coated
carbon paper was kept in neutral electrolyte (0.5 M sodium
phosphate solutions, pH 7). The resulting Faradaic efficiency
for the oxygen evolution reaction was >95% (Table S2).
[lumination was performed under simulated AM 1.5G solar
illumination. The representative current density—voltage (J—
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Figure 3. PEC analysis of the catalyst/protection layer-coated or catalyst/protection and diffusion barrier bilayers-coated GaInP,/GaAs III—
V tandem photocathodes in pH 7 sodium phosphate buffer solution under one-sun illumination. (a) LSV curves of NisP,/TiO,/III-V
tandem and NiP,/TiO,/TiN/III-V tandem photocathodes compared to the bare III-V tandem and TiO,/III-V tandem interfaces,
measured in a two-electrode configuration. (b) IPCE of the NiP,/TiO,/TiN/III-V tandem photocathode measured at zero bias in a two-
electrode configuration. (c and d) Photocurrent responses of NigP,/TiO,/III-V tandem and NisP,/TiO,/TiN/III-V tandem were obtained
using alternating light on/off conditions at zero bias. Note the different current scales.

V) curves are shown in Figure 3a. There was no measurable
HER activity for any of the tested photocathodes under dark
conditions in the bias voltage window. The BOE-etched III-V
tandem showed a saturated photocurrent density, J,,, of —13.4
mAcm ™2, which is larger than that obtained in the photovoltaic
J—V curve measured in air (—9 mAcm™?, Figure SS). This gain
was shown to be due to the removal of surface oxides and the
reduced reflection at the photoabsorber/electrolyte interface
compared to the air interface.”> The Ni;P,/TiO,/TiN/III-V
tandem photocathode exhibited a J,, of —11.3 mAcm™ and a
photocurrent density at zero bias, J,, of —10.3 mAcm™
corresponding to an STH efficiency of 12.7%. The measured
Jeat is lower than that of bare III—V due to light absorption by
the NigP,/TiO,/TiN layers. The high J, confirms the good
HER catalytic activity of the NisP, catalyst in a neutral
electrolyte. Measurements of replicates showed a range of J,
values from —9.3 to —10.7 mAcm ™, corresponding to an STH
efficiency between 11.4% and 13.2%. An almost identical J,
was achieved using the photocathodes without the 1 nm thick
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TiN diffusion barrier (TiO,/III-V tandem and NisP,/TiO,/
11—V tandem). This indicates that the ultrathin TiN layer is
highly transparent and does not appreciably compromise the
photocurrent density. By contrast, the unprotected electrode
exhibited a significant negative shift of ~—1.04 V to achieve a
photocurrent density of —S mAcm™ for the TiO,/III-V
tandem photocathode referenced to the bare III-V tandem.
Adding NisP, imparts some activity to the NisP,/TiO,/III-V
tandem, indicated by the anodic shift of its J-V curve
compared to that of the TiO,/III-V tandem, but the
improvement is significantly smaller below 30% compared to
the case with the additional TiN layer present. The squareness
of the J—V curves (Fill Factor) of the NisP,/TiO,/TiN/III-V
tandem and the bare III-V tandem is comparable. However,
the J—V curves of the tandem photocathodes lacking the TiN
diffusion barrier have appreciably smaller squareness. As the 1
nm thick TiN succeeded in blocking the interlayer diffusion
between TiO, and GalnP,, as revealed by the EELS and XPS
results above, the loss of squareness without the TiN layer can
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Figure 4. Durability comparison of the catalyst/protection and diffusion barrier bilayers-coated GaInP,/GaAs III-V photocathode with
other surface-modified III-V photoelectrodes reported in the literature (see Tables S3 and S4). (a) CA curve and the corresponding STH
efficiency as a function of time of the Ni;P,/TiO,/TiN/III-V tandem photocathode measured in pH 7 sodium phosphate buffer solution
under one-sun illumination in a two-electrode configuration. (b) Initial photocurrent densities of GaInP, single-junction photocathodes
measured at or near 0 V vs RHE and initial STH efficiencies of III—V multijunction photoelectrodes that are calculated from the unbiased
photocurrent density measured in a two-electrode configuration. The squares and circles represent the single-junction photoelectrodes and
the tandem or triple-junction photoelectrodes, respectively. Most of the multiple-junction photoelectrodes are tandem, while the triple
junction is labeled. Most of the photoelectrodes were evaluated under one-sun illumination, while the more concentrated illumination is
labeled. Most of the photoelectrodes were examined in acid at pH 0, while the other pH conditions are labeled. (c) The corresponding final
photocurrent densities and final STH efficiencies of the compared photoelectrodes after the durability tests. The compared photoelectrodes
are as follows: 1: Rh/Surface oxidized AlInP/III-V tandem photocathode;'® 2: MoS,+Mo/p-GaInP, photocathode;'® 3: Ni/amorphous
TiO,/III-V tandem photoanode;18 4: Mon/MoOySZ/ MoO,/crystalline TiO,/p-GalnP, photocathode;21 S: PtRu/n-GalnP/n-AlInP/n-
GalnP/III-V tandem photocathode;3 6: RuO,/GaAs/III-V tandem/AlInP/AlInPO,/crystalline TiO,/Rh photoelectrode;9 7: Pt/n-GaN/
GalnP,/GaAs/Ge triple junction photocathode;'? 8: MoSy/p-GalnP, photocathode;” 9: Ni/AuBe/Au/GaAs/GalnP tandem photoanode;*’
10: MoS,/ III;V tandem photocathode;l7 11: Pt/TiO,/Ti/GalnP/GaAs/Ge triple photocathode;22 and 12: NisP,/TiN/n*p-GalnP,
photocathode.
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be attributed to the enhanced interlayer diffusion at the TiO,/ as a function of wavelength in the visible light range. The top
GalnP, interface during the elevated temperature annealing.”' GalnP, junction absorbs and converts the photons that have
Such interlayer diffusion likely results in the formation of energies >1.8 eV to photocurrent with IPCE in the range of
Ga,03, In,0;, and PO,, thereby increasing the series resistance 0—54% from 330—750 nm. Photons with lower energies and
of the photoelectrodes and thus lowering the J—V curve long wavelengths were transmitted through the top junction
squareness.”’ Also, consumption of the conductive n*-GalnP, and are absorbed by the bottom GaAs junction, resulting in
layer due to interlayer diffusion could retard the separation of additional photocurrent with IPCE in the range of 0—75%
light-induced carriers and reduce the photovoltage. from 600—950 nm. The photocurrent densities that are
Figure 3b shows the incident photon-to-current efficiency generated by the individual top and bottom junctions are
(IPCE) of the NigP,/TiO,/TiN/III—V photocathode meas- calculated to be 9.0 and 10.0 mAcm™> respectively, by
ured in the same neutral electrolyte under zero-bias conditions integrating the IPCE over a reference solar spectrum standard
794 https://doi.org/10.1021/acsenergylett.3c02606
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(AM 1.5 G, ASTM G173-3). The device photocurrent density
is limited by the top junction, which is slightly lower than the
absolute J, value obtained in the LSV curve. The IPCE
confirms the high photon-conversion efficiency of the NisP,/
TiO,/TiN/III-V tandem photocathode across the visible
spectrum and that the thickness of the GalnP, top junction
should be increased slightly for a better current match in the
tandem.

The photocurrent responses of the photocathodes with and
without the ultrathin TiN diffusion barrier were measured by
chronoamperometry (CA) under zero bias in a two-electrode
configuration under alternating dark and light (one-sun
illumination) conditions with a fixed time interval (Figure
3c,d, respectively). Significant photocurrent loss and transients
in the response were observed for the photocathode without
TiN, indicating that charge recombination of light-induced
carriers likely occurs within the photocathode under
illumination. By contrast, a large photocurrent and stable
response were observed for the photocathode with a 1 nm
thick TiN interface. This indicates that no significant charge
recombination is detectable between the NiP,/TiO,/TiN/
GalnP,/GaAs interfaces nor the anode/contact interfaces at
the start. The light-induced photocurrent densities observed at
zero bias for the two electrodes are consistent with those
obtained from the J—V curves. These results demonstrate the
effectiveness of ultrathin TiN as a diffusion barrier during high-
temperature fabrication processes.

To evaluate the interfacial durability during PEC operation
for hydrogen production, CA measurements were performed at
zero bias under one-sun illumination for the NisP,/TiO,/TiN/
II-V tandem photocathode under the same two-electrode
configuration for the LSV measurements (Figure 4a). At the
beginning of the durability test, the cathodic photocurrent
density was —10.7 mA cm ™ and exhibited a rapid decay, losing
~22% within the initial 7.5 h, then recovering nearly
completely to a steady value of —10 mA cm™ within the
next ~12 h. The initial 25 h durability is reproduced and is
shown in Figure S6. The transient loss and recovery process
was identified as being due to migration of epoxy from internal
masking onto the catalyst surface (see Figure S7-13). After
that, stable performance was observed until operation for ~60
h. After 60 h, a slow decrease in the photocurrent density
occurs. Testing was stopped when the STH efficiency was
dropped to around 10%. The corresponding STH efliciency
curve calculated based on the zero-biased photocurrent
densities is also shown in Figure 4a, where the photocurrent
density had fallen to —8.8 mAcm™>, corresponding to an STH
efficiency of 10.8%. The total loss of photocurrent current
density was ~18% over 202 h, which is the longest trial
attempted among our triplicate tests at the same photocurrent
loss (Figure S14). The surface layers of NisP,/TiO, remained
intact after the >200 h durability test, and no out-diffusion of
elements of Ga and In from the underneath photoabsorber was
detected (Figure S15). The slow photocurrent decrease after
60 h is attributed to photoelectrodeposition of metallic copper
and silver on the photoelectrode surface (Figures S131 and
S15e,g).° These contaminants originate from the fabrication of
the anode (IrO,-coated porous carbon paper that is composed
of carbon fibers) using Cu wire and Ag paint. The same
photocathode was also examined in 0.5 M H,SO, in a two-
electrode configuration, showing a limited durability of ~2 h at
an STH efficiency between 10.1% and 10.5% (Figure 16).
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The photoelectrodes and strategies reported in the literature
are listed in Tables S3 and S4, together with our new data for
the NisP,/TiO,/TiN/III-V tandem photocathode. The initial
photocurrent densities measured in a three-electrode config-
uration and the initial STH efficiencies measured at zero bias
in a two-electrode configuration for the single-junction and
multiple-junction photoelectrodes are plotted in Figure 4b.
Figure 4c compares the final photocurrent densities and STH
efficiencies measured after durability tests for different times.
Although not the highest STH efliciency, the photocathode
reported herein and made using an Earth-abundant HER
catalyst exhibits stable STH efficiency >10% for the longest
durability yet reported and without catastrophic failure of any
interfaces.

In summary, while surface passivation using a protection
layer alone or a diffusion barrier alone can slow down the
degradation of III—V-based photoelectrodes in corrosive
electrolytes, we show here that the use of a bifunctional
TiO,/TiN interface gives synergistic improvement well beyond
that of the individual materials. This is attributed to the
different functions of these materials. The high density of TiN
suppresses interlayer diffusion between TiO, and GalnP, at
elevated temperatures needed for synthesis of crystalline NisP,
catalyst and also contributes to protection of the unstable
GalnP,/GaAs tandem in the pH 7 sodium phosphate buffer
during PEC operation. Negligible photocurrent density was
lost from the thin protective bilayers and NisP, catalyst. This
protection strategy enables the use of nickel phosphides as
HER catalysts for the first time together with high-performance
yet chemically fragile III-V tandem photoabsorbers. The
combination of a nickel phosphide catalyst and bilayer
protection provides durability for at least 202 h of continuous
hydrogen production above 10% STH efficiency. To the best
of our knowledge, this is the longest durability of an integrated
PEC device with any catalyst for direct solar hydrogen
production at this efficiency. This advance offers hope for
continued improvements using these strategies and ultimately
leading to commercial applications in the future.
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