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Highly efficient and durable III-V semiconductor-catalyst 
photocathodes via a transparent protection layer
Shinjae Hwang, a James L. Young, b Rachel Mow, b Anders B. Laursen, a,d Mengjun Li,a Hongbin 
Yang,a Philip E. Batson,c Martha Greenblatt,a Myles A. Steiner,b Daniel Friedman,b Todd G. 
Deutsch,b Eric Garfunkel, a,* and G. Charles Dismukes a,d,*

Durable performance and high efficiency in solar-driven water 
splitting are great challenges not yet co-achieved in 
photoelectrochemical (PEC) cells. Although photovoltaic cells made 
from III-V semiconductors can achieve high optical-electrical 
conversion efficiency, their functional integration with 
electrocatalysts and operational lifetime remain great challenges. 
Herein, an ultra-thin TiN layer was used as a diffusion barrier on a 
buried junction n+p-GaInP2 photocathode, to enable elevated 
temperatures for subsequent catalyst growth of Ni5P4 as nano-
islands without damaging the GaInP2 junction. The resulting PEC 
half-cell showed negligible absorption loss, with saturated 
photocurrent density and H2 evolution equivalent to the 
benchmark photocathode decorated with PtRu catalysts. High 
corrosion-resistant Ni5P4/TiN layers showed undiminished 
photocathode operation over 120 h, exceeding previous 
benchmarks. Etching to remove electrodeposited copper, an 
introduced contaminant, restored full performance, demonstrating 
operational ruggedness. The TiN layer expands the synthesis 
conditions and protects against corrosion for stable operation of III-
V PEC devices, while the Ni5P4 catalyst replaces costly and scarce 
noble metal catalysts.

Solar energy is, by far, the largest underutilized source of  CO2-
free energy.1 If collected without loss, it could supply the global 
yearly energy consumed by humans in less than 2 hours.2 If 
adequate energy storage were availble,3 this resource could 
accelerate future renewable energy usage.4-6 The solar-driven 
water splitting process captures solar energy and converts 
water to its constituent elements of hydrogen and oxygen, 

which can be efficiently utilized by advanced fuel cell 
technology.7

GaInP2 is the important III-V material for photovoltaic cells, 
possesses excellent electronic properties and an ideal bandgap 
(1.8 eV) for potential use as the top (exposed) junction in a 
tandem PEC device.8,9 However, GaInP2 is highly unstable in 
common electrolytes, corroding in acids and alkalis by 
dissolution or forming oxides (e.g., Ga2O3, In2O3) that are 
unstable in applied bias.10-13 Because the interface has not been 
successfully passivated yet, its use as PEC photocathode has 
been limited.10-12 This instability contrasts with commonly used 
Si photoabsorbers that are less reactive in acid electrolyte and 
form a stable oxide.13 Numerous attempts have been made to 
protect GaInP2 in PEC devices under hydrogen evolution 
reaction (HER) conditions.10,11,14 For example, a thin film of 
MoS2 was coated onto p-GaInP2 as a catalyst and protection 
layer, using a strategy similar to that developed for protection 
of  Si photocathodes.15,16 This protection layer stabilizes the 
photocathode for 70 h, but starts to show decrease of activity.10 
Additionally, significant parasitic absorption by MoS2 and 
unconverted Mo (~40%) reduces the maximum photocurrent 
density of the GaInP2 by 30%. Using a so-called graded approach 
(MoS2/MoOzSy/MoOx) with transparent TiO2 layer, the optical 
losses can be reduced.11 The resulting g-MoS2/TiO2/p-GaInP2 
junction achieves saturated photocurrent on par with the 
unmodified benchmark (bare GaInP2 plus PtRu), which indicates 
that this approach is successful for improving transparency. 
However, the device maintained the initial photocurrent 
density for 20 h but was not tested further hence leaving the 
corrosion stability unanswered.11 This method is limited in 
scope by the choice of materials and inter-diffusional mixing at 
the catalyst/protection/photoabsorber interfaces during 
fabrication especially at elevated temperatures. Hence, it 
precludes the use of buried junctions with n+-GaInP2 layers (10-
20 nm), which are responsible for increasing the photovoltage 
by as much as 550 mV.17 Therefore, new, better catalyst-
protection layers are required, which do not compromise the 
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GaInP2 interface, while protecting under the harsh water-
splitting conditions. 

TiN has excellent physical and chemical properties, including 
high conductivity and density, hardness, and corrosion 
resistance.18 TiN is superior to both TiOx/Ti and TiO2 as a 
diffusion barrier,19,20 and forms durable interfaces between the 
photoabsorber and platinum-group-metal-free (PGM-free) HER 
catalysts (e.g., transition metal phosphides).21,  It forms a hard 
protection layer for Si-photocathodes under high-temperature 
synthesis conditions which enables undiminished stability in 
PEC operation over 125 h.21

Herein, we demonstrate a dual approach to stabilizing the 
buried junction n+p-GaInP2 photoabsorber against corrosion 
without compromising its relevant optical performance, by 
creating a TiN interface that supports polycrystalline Ni5P4, one 
of the leading PGM-free HER catalysts.22-24 Superior stability is 
achieved by combining: 1) low temperature (130 °C) pulsed 
laser deposition of an ultra-thin TiN film on n+p-GaInP2 (TiN/n+p-
GaInP2) to preserve thermally unstable GaInP2, and 2) semi-
transparent catalyst film of polycrystalline Ni5P4 nano-islands 
(Ni5P4/TiN/n+p-GaInP2). This dual approach achieves 
photoactivity for HER that is comparable to the benchmark 
photocathode: PtRu nanoparticles on n+p-GaInP2 (PtRu/n+p-
GaInP2). Compared to this benchmark, the semi-transparent 
nano-island Ni5P4/TiN/n+p-GaInP2 photocathode exhibits a 
slightly improved onset photocurrent (∆η~+120 mV, at -1 
mA/cm2) with decreased fill factor, but an identical saturation 
photocurrent density using only earth-abundant materials.

Future commercial PEC devices will need to deal with 
contamination from various metal impurities in the electrolyte 
that deposit on the electrodes. We developed an effective 
cleaning treatment to remove surface contamination from 
electro-deposited Cu ions on the photocathode, introduced by 
exposure of the copper electrical leads to the electrolyte 
through crack in the epoxy. A simple acid wash (2M HCl) was 
developed to selectively etch Cu from the surface and expose 
the underlying Ni5P4, which restores the photocurrent density to 
its original level. Despite repeating the reactivation procedure 
twice, the device maintained undiminished performance for 
120 h without failure or net loss in photocurrent, limited only 
by the duration of the test. The high activity and operational 
stability even after using acid washes to remove common 
contaminants, is consistent with our previous results on 
NiP2/TiN/Si photocathodes,21 indicating that this protection 
approach may be generally applicable to other PEC devices.    

We fabricated a buried junction n+p-GaInP2 on a GaAs (100) 
miscut 4° toward <111>B substrate wafer by epitaxial growth in 
a custom-built, atmospheric pressure metal organic vapor 
phase epitaxy (MOVPE) reactor.25,26 Before performing the 
surface modification, we studied the effect of various etching 
solutions (acid, alkaline) for removing the surface oxides on 
GaInP2 to form a clean and stable interface layer. X-ray 
photoelectron spectroscopy (XPS) was performed on the bare 
and etched surface (Figure S1). Peak fitting and reference 
standards confirm that the bare GaInP2 has surface oxides 
(when exposed to ambient conditions), identified as Ga2O3, 
In2O3, and POx which introduce an interfacial layer with low 

conductivity. Several etching solutions effectively removed the 
Ga2O3 and POx signals, but varying residual amount of In2O3 was 
observed for all etchants. Among the tested etching solutions, 
the buffered NH4F/HF oxide etchant was the most efficient at 
removing all three of the surface oxides, while not dissolving the 
GaInP2 substrate.27 Hence, it was used for the final cleaning.

Figure 1(a) and (b) shows helium ion microscope (HIM) 
images of the TiN/n+p-GaInP2 and Ni5P4/TiN/n+p-GaInP2 
surfaces.28 The clean and featureless image in Figure 1(a) 
demonstrates that the TiN protection layer conformally coats 
the n+p-GaInP2 photoabsorber. On the other hand, Figure 1(b) 
shows that the Ni5P4 layer consists of uniform-size crystallites, 
approximately 20-30 nm in diameter, that are irregularly 
spaced. These “nano-islands” have similar size and morphology 
as cubic-NiP2 on Si(100), as we previously reported. 21 The non-
conformal coating of Ni5P4 was produced by design, as it serves 
to minimize undesired parasitic absorption that occurs with 
conformal coatings of this conducting material.   

Optical measurements were performed on Ni5P4/TiN 
deposited on quartz (q-SiO2) as well as n+p-GaInP2 substrates to 
confirm the spectral losses. Figure 1(c) shows the transmittance 
(T%), reflectance (R%), and absorptance (A%) of the 
Ni5P4/TiN/q-SiO2. We assumed scattering (S%) is negligible for a 
polished quartz substrate.17 The measured absorptance from 
the Ni5P4/TiN layers is 10–15% in the range of 350–700nm 
wavelengths which is the relevant range for GaInP2.11 However, 
a comparison of the total reflectance for bare GaInP2 to 
Ni5P4/TiN/n+p-GaInP2 (Figure 1(d)) shows a 10-15% decrease by 
adding Ni5P4/TiN on GaInP2. Our previous study of a TiN layer’s 
contribution to reflectance in air and water have shown that the 
contribution from changing the surrounding media from air to 
glass and water served as a linear displacement of the total 
reflection to lower values. This is expected since the glass and 
water reduce the refractive index change between air and the 
photoabsorber (we note the similarities in n for Si = 3.9 and 
GaInP2 = 3.5 at 600 nm)21,29,30 The results reveal that the light 
loss caused by absorption in the catalyst and protection layers  
is compensated by a decrease in reflectance. This indicates that 
the catalyst-protection layer acts as a partial anti-reflective 
coating. 

The chemical states of the catalyst and interfacial layer were 
evaluated by X-ray photoelectron spectroscopy (XPS). Figure 2 
shows the XPS core level spectra of Ni2p, P2p, Ga2p, and In3d. 
Both the Ni2p and P2p core levels show the presence of partially 
oxidized elements. Spectral fitting best describes these as 
partially oxidized Ni (NiOx, 2p3/2: 854.8eV) and phosphorus-
oxide (POx, 2p3/2: 132.3 eV), resulting from air-exposure during 
catalyst synthesis, as previously reported for these 
catalysts21,23,31 In addition, a majority component of partially 
oxidized Ni+δ (2p3/2: 853.8 eV) and reduced P-δ (2p3/2: 129.3 eV) 
is ascribed to Ni5P4, in agreement with previous assignments. 
21,23,31 Core level spectra in the Ga2p and In3d region show no 
Ga or In signals, as expected based on the known mean free 
path of photoelectrons.32,33 This confirms that the ultra-thin TiN 
layer is both conformal and sufficiently robust to prevent 
atomic diffusion during catalyst formation. 
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Cross-sectional images taken by scanning transmission 
electron microscope using high angle annular dark field (STEM-
HAADF) and energy dispersive spectroscopy (EDS) maps (Figure 
3) of the top 80 nm of the device shows the elemental 
distribution and architecture of the interface. The strong 
localization of catalyst, protection layer and photoabsorber 
layers is demonstrated and in agreement with the HIM images. 
The formation of crystalline Ni5P4 nano-islands was verified by 
lattice fringe distances of 0.340 and 0.274 (±0.02) nm (Figure 
S2), matching the (110) and (004) d-spacing of Ni5P4 
respectively. This is further confirmed by X-ray diffraction 
analysis of a thick Ni5P4 film on Si(100) (using the same 
synthesis) clearly showing polycrystalline Ni5P4 (Figure S3). The 
HAADF image also reveals a 3-4 nm layer under the catalyst of 
lower contrast. STEM EDS of Ti and N elemental maps identifies 
this as the TiN protection layer. The absence of both Ga and In 
(Figure 3) in this layer confirms the diffusion barrier properties 
of TiN during catalyst synthesis. The O-map shows a significant 
intensity in the TiN region, indicating that the TiN layer contains 
a significant amount of oxygen. The relatively low temperature 
(120⁰C) and imperfect vacuum level (1x10-3 Pa) during the 
deposition may be the origin of the relatively high oxygen 
content in TiN.34 The presence of an oxide shell covering the 

Ni5P4 catalyst, confirms the XPS assignment of  surface nickel 
(NiOx) and phosphorus (POx) oxides. Ni and P EDS maps confirm 
the 20–30 nm particle diameter.

Photoelectrochemical activity was evaluated in a three-
electrode configuration in 0.5M H2SO4 electrolyte with 1mM 
Triton X-100 surfactant (to facilitate bubble detachment) using 
simulated 1.5 AM G solar illumination (calibrated with an NREL-
certified 1.81 eV bandgap GaInP2 reference cell). The catalytic 
activity of the PtRu/n+p-GaInP2 benchmark was tested starting 
with a non-uniform coating of PtRu alloy nanoparticles (2-5nm 
diameter)11. This PtRu alloy nanoparticle catalyst is known to 
outperform both Pt or Ru alone20 and shows negligible current 
loss by parasitic absorption.11 Figure 4 (a) shows the linear 
sweep voltammograms (LSVs) of both Ni5P4/TiN/n+p-GaInP2 and 
PtRu/n+p-GaInP2. Linear scan voltammograms show the 
photocurrent onset reaches -1 mA/cm2 at 1.04 V for 
Ni5P4/TiN/GaInP2 and 0.92 V for the PtRu/GaInP2 benchmark. 
The positive shift of the photocurrent onset observed for 
Ni5P4/TiN/GaInP2 is likely due to the low intrinsic overpotential 
of Ni5P4 and high loading compared to Pt that we previously 
reported.22 The slightly poorer fill factor compared to the PtRu 
benchmark is probably due to  ohmic losses caused by the 
comparatively higher resistivity in both Ni5P4 (630 μΩ ・

(a) (b)

Bare GaInP
2

Ni
5
P

4
/TiN/GaInP

2

200 nm200 nm
(d)(c)

Figure 1 Surface morphologies and optical measurements. Helium ion microscope (HIM) image of (a) TiN modified GaInP2  
and  (b) Ni5P4 on TiN/GaInP2. (c) Optical transmittance (red), reflectance (wine) and absorptance (magenta) of Ni5P4/TiN layer 
on quartz substrate. (d) Reflectance of unmodified bare GaInP2 and Ni5P4/TiN modified GaInP2.
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cm)    and TiN (30-100 μΩ・cm) compared to Pt and Ru (9.8 and 
7.1 μΩ ・cm), respectively.11,21,22,35,36 We note that the actual 
conductivity of the TiN layer synthesized here, at low 
temperature, would likely be higher due to lattice defects, such 
as O-insertion.36 An identical saturated photocurrent density 
(Jsat ~ 8.3 mA/cm2) reveals that the nano-island morphology of 
the Ni5P4 catalyst and ultra-thin TiN are highly transparent and 
thus do not compromise the limiting photocurrent density. 
Also, Figure S4 shows that the Faradaic efficiency for H2 

production for Ni5P4/TiN-n+p-GaInP2 at saturated current 
density is 100%, in agreement with electrocatalysis on pure 
Ni5P4.22

Incident photon to current efficiency (IPCE) was measured 
using the underfill illumination method, allowing the results to 
be free from any uncertainty in the measured surface area.17 
The IPCE measurements (Figure 4(b)) confirms the nearly 
identical spectrally resolved photon-conversion efficiency of 
the nano-island Ni5P4/TiN-n+p-GaInP2 and PtRu/n+p-GaInP2, in 
the range of 375-700nm. Ni5P4/TiN/n+p-GaInP2 show a small 
increase in IPCE from 300-375nm, which may be attributed to 
the reduced reflection in this range (Figure 1). The IPCE was 
integrated over a reference solar irradiance standard (AM 1.5G, 
ASTM G173-3), and used to determine an accurate saturated 
current density (JIPCE) of ~ 10.2 mA/cm2 for both photocathodes. 
The photocurrent density measured by IPCE is higher than that 
observed by the LSV measurements, which is attributed to slight 
discrepancies in the active device-area when masked by epoxy 
for the LSV measurements. This values is slightly lower than the 
state-of-the-art GaInP2 PV cell due to the lack of window layer 
and back reflector.37

Photoelectrochemical stability of the devices was evaluated 
using chronoamperometry (CA) at + 0.25V vs RHE in 0.5M H2SO4 
using copper leads as contact on working electrode. This 
potential was selected close to the onset of Jsat to allow easy 
monitoring of small changes to device performance during the 
test and to avoid exaggeration of device stability. Figure 4(c) 
shows the CA of Ni5P4/TiN/n+p-GaInP2 photocathode, which 
indicates a slow decrease in photocurrent over the first 24h. 
Post-reaction XPS after this time shows accumulation of 
metallic Cu plating (Figure S5). The source of the Cu-
contamination was identified as dissolution of the Cu wire and 
plating on the cathode. The Cu could be selectively removed by 
immersing in 2M HCl for 3s. XPS analysis (Figure S6) shows the 
effective removal of Cu and re-exposure of Ni5P4. LSVs of Cu 
contaminated sample (Figure S7) also confirms that Cu 
contamination shifts the photocurrent onset potential to less 
positive values (0.83 V vs. RHE) and lower photocurrent density 
at 0.25 V vs. RHE by covering the active Ni5P4 catalyst. However, 
when the Cu is selectively etched with 2M HCl, the catalytic 

Figure 3 Cross-sectional STEM high angle annular dark field (HAADF) image of Ni5P4/TiN/GaInP2 and  EDS elemental maps of Ga 
(yellow), In (purple), P (green), Ni (red), Ti (magenta), N (orange), and O (cyan).  Scale bars are 20 nm. 

HAADF Ga In P

Ni Ti N O

(a) (b)

(c) (d)

Ni2p P2p

In3dGa2p

Figure 2 X-ray photoelectron spectra of Ni5P4/TiN/GaInP2. (a) 
Ni2p core level. Peaks were deconvoluted to Ni2p3/2, and 
Ni2p1/2 for both Ni5P4 (blue), and partially oxidized Ni (red). (b) 
P2p core level. Peaks were deconvoluted to P2p3/2, and P2p1/2 
for both Ni5P4(blue), and phosphate (wine). (c) Ga2p core level 
(d) In3d core level.
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activity is fully recovered in agreement with the re-exposure of 
Ni5P4 catalyst. The CA experiment was continued in the same 
configuration and the original photocurrent was restored, 
followed again by slow deterioration in photocurrent over the 
next 80 h (104 h total). The surface was again examined by XPS 
and found to be contaminated with Cu (data not shown). The 
HCl etching was repeated again, and the original operating 
current was restored. After removal of the Cu contaminant, 
stable device performance was recorded for an additional 20 h 
with no evidence of current loss before termination of the CA 
run at 120 h (Fig. 4(c)). By contrast, CA analysis of PtRu/n+p-
GaInP2 (Figure S8) shows the photocurrent decreases within 3h, 
even in the presence of a more cathodically protective applied 
potential (-0.78 V vs. RHE). This decrease is primarily due to 
photo-corrosion/dissolution of GaInP2 in the acidic 
electrolyte.38 In conclusion, the nano-island Ni5P4-TiN catalyst-
protection layer performs on par with the PGM-nanoparticle 
catalyst without protection layer, with respect to catalytic 
activity and limiting photocurrent density, while exhibiting 
greatly superior stability against corrosion in electrolyte and 
even tolerance to mild etching to remove Cu contamination. 

In summary, we describe the fabrication and performance 
of a PGM-free photocathode consisting of semi-transparent 
nano-islands of Ni5P4 catalyst, synthesized on a TiN protection 

layer on top of n+p-GaInP2. STEM/EDS and XPS analysis reveal a 
conformal, ultra-thin, TiN coating that effectively hinders 
interatomic-diffusion during the high temperature catalyst 
synthesis. Faradaic efficiency and saturated photocurrent 
density identical to that of state-of-the-art PtRu/n+p-GaInP2 
benchmark is achieved. The resulting photocathode has 
negligible optical losses. We show that the catalyst-protection 
layer provides superior operational stability for at least 120 h 
with undiminished performance. Etching, to remove copper 
surface contamination on the operating photocathode, restores 
the original photocurrent and HER activity, demonstrating the 
potential for ruggedness and extended lifetime essential for 
commercial applications.
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