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Abstract
Improving the stability of semiconductor materials is one of the major challenges for sustainable
and economic photoelectrochemical water splitting. N-terminated GaN nanostructures have
emerged as a practical protection layer for conventional high efficiency but unstable Si and III-V
photoelectrodes, due to their near-perfect conduction band-alignment, which enables efficient
extraction of photo-generated electrons, and N-terminated surfaces, which protects against
chemical and photo-corrosion. Here, we demonstrate that Pt-decorated GaN nanostructures on n+p Si photocathode can exhibit ultrahigh stability of 3000 h (i.e., over 500 days for usable sunlight
~5.5 h per day) at a large photocurrent density (> 35 mA/cm2) under AM 1.5G one-sun
illumination. The measured applied bias photon-to-current efficiency of 11.9%, with an excellent
onset potential of ~ 0.56 V vs. RHE, is one of the highest values reported for a Si photocathode
under AM 1.5G one-sun illumination. This study provides a paradigm shift for the design and
development of semiconductor photoelectrodes for PEC water splitting: stability is no longer
limited by the light absorber, but rather by co-catalyst particles.

2

Page 2 of 27

Page 3 of 27

Journal of Materials Chemistry A

Introduction
Photoelectrochemical (PEC) solar water splitting is one of the clean and sustainable
approaches to convert the two most abundant natural resources on earth, i.e., sunlight and water,
into high calorific value, storable and clean chemical fuels such as hydrogen (H2) 1-6. It is essential
to develop high efficiency, durable, and cost-effective photoelectrode materials using industryready semiconductors for large-scale implementation of PEC devices 5, 7, 8. To date, high efficiency
photoelectrodes have been demonstrated using only a few semiconductors, including Si 6, 9-13 and
III-V compound semiconductors 14-18, which, however, suffer from poor stability due to chemical
and photochemical corrosion

19-22.

Compared to photovoltaic electrolyser (PV-EL) devices, the

light absorber of PEC devices is often in direct contact with electrolyte 23, leading to more rapid
degradation. The corrosion of semiconductors is influenced by many factors, including intensity
of light illumination, biasing conditions, catalyst, surface passivation, semiconductor electronic
band structure, electrolyte composition, and the interfaces of semiconductor/electrolyte as well as
catalyst/electrolyte

6, 19, 20, 24.

These factors can be potentially addressed by exploring

thermodynamic and kinetic protection schemes.
Gerischer’s model

25

describes the thermodynamic considerations for photo-corrosion of a

photoelectrode. To avoid competition between cathodic and anodic photo-corrosion of
photoelectrode with hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
respectively, it is vital that the photoelectrodes satisfy the basic criteria: 𝜙ℎ𝑐𝑜𝑟𝑟 < 𝐸𝑎𝑛𝑜𝑑𝑖𝑐 (1.23 V
vs. RHE) and 𝜙𝑒𝑐𝑜𝑟𝑟 > 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 (0 V vs. RHE), where 𝜙𝑒𝑐𝑜𝑟𝑟 is energy level for cathodic corrosion
reaction of semiconductor, and 𝜙ℎ𝑐𝑜𝑟𝑟 is energy level for anodic corrosion reaction of
semiconductor. Previous studies 26, 27 have shown that it is difficult to find an ideal semiconductor
material that can satisfy both thermodynamic requirements simultaneously. Si can be easily
3
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oxidized under anodic conditions but is expected to be thermodynamically stable under cathodic
conditions 26. Other studies, however, suggested that Si could also get oxidized into an insulating
oxide even under cathodic conditions 24, 28, which leads to poor stability. III-V compounds, such
as GaAs, often go through chemical corrosion reaction due to accumulation of surface hole
concentration in dark and light 29. In this regard, various protection schemes have been developed
to enhance the stability of photoelectrodes

20.

Kinetic protection for a given photoelectrode is

possible by using a synergetic combination of stable surface protection layer and highly active cocatalyst 19, 20. The first generation of photoelectrodes often rely on the coupling with highly active
catalysts, illustrated in Figure 1(a), which can improve the stability due to the excellent reaction
kinetics and more efficient charge carrier extraction. Recent studies showed that hematite (αFe2O3) and bismuth vanadate (BiVO4) with NiFe co-catalyst exhibited a high level of stability with
efficiencies reaching their theoretical maximum values

30,31.

Extensive studies have also been

performed with the use of Pt 32-35, MoS2 11, 15, 16, 36, 37 and NiMo 38, 39 as both protection layers and
co-catalysts for HER. To further improve the device stability, the second generation of
photoelectrodes, illustrated in Figure 1(b), employ relatively thick metal oxides, such as TiO2 27,
40-42,

Al2O3 43, and IrOx 44, as passivation layers, in addition to the use of suitable co-catalysts 27, 44-

46. Although the stability of these devices has improved, one major issue is the loss of photocurrent,

due to poor charge transfer and, in some cases, undesired light absorption of the protection layers
19, 21, 47.
23

One of the best-performing photocathodes, in terms of stability, was reported by Bae et al.

using Pt co-catalyst and 100 nm thick TiO2 for metal oxide semiconductor junctions Si

photocathode, which exhibits stable operation for ~82 days with a photocurrent density (≤ 23
mA/cm2) (see Table S1, ESI).

4
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In this context, we envision that, to achieve both high efficiency and long-term stability, a
multi-functional surface protection scheme should be developed, schematically shown in Figure
1(c). Such a protection scheme should offer not only robust surface protection but also significantly
improved optical, electrical, and photoelectrochemical performance. In this study, we demonstrate
such a unique class of photoelectrodes by integrating Pt-decorated N-rich GaN nanostructures with
n+-p Si wafer. The N-terminated surfaces of GaN can protect the underlying Si absorber against
photocorrosion and oxidation48-50. Unique to the GaN/Si heterointerface is that the conduction
band edges are near-perfectly aligned, thereby leading to efficient extraction of photo-generated
charge carriers (electrons) from the undelying Si absorber, schematically shown in Figure 1(d). In
this work we demonstrate that, with such a unique surface protection scheme, Si photocathodes
can exhibit an ultrahigh stability of 3,000 h with a stable photocurrent density ~38 mA/cm2 in 0.5
M H2SO4 under AM 1.5 G one sun illumination, which, to the best of our knowledge, is the longest
stability ever measured for any photoelectrode materials for H2 production in a half-cell
configuration (see Table S1, ESI). The best performing platinized n+-GaN nanowires/n+-p Si
photocathode showed excellent onset potential (Von) ~0.56 V vs. RHE with high photocurrent
density of ~37 mA/cm2 and a high applied bias photon-to-current efficiency (ABPE) of 11.9%.
The device stability is further studied by using atomic force microscopy (AFM) measurements.
Significantly, the utilization of GaN and Si, two most produced semiconductor materials in the
world, to realize high efficiency and highly stable photoelectrochemical water splitting provides a
scalable and practical approach for solar fuel production.

5
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Results and discussion
In this study, n+-GaN nanowires were grown on n+-p Si wafer using a Veeco GEN II
molecular beam epitaxial (MBE) system equipped with a radio frequency plasma-assisted nitrogen
source (see Experimental section, ESI). The fabrication of n+-p Si substrate was discussed in
previous reports 9. Illustrated in Figure 1(d), the conduction band minimum (CBM) for n+-GaN is
near-perfectly aligned with that of n+-Si 9, which was measured using XPS in previous studies 9.
Consequently, photo-generated electrons from n+-p Si substrate can be efficiently extracted by
GaN nanowires, i.e., with negligible resistivity, even when a relatively thick GaN protection layer
is employed (see Figure S2, ESI), which is in direct contrast to the undesirable high resistivity
associated with a relatively thick conventional protection scheme 9, 11, 41, 51. Shown in Figure 2(a)
is the scanning electron microscope (SEM) image of as grown nanowires, which are vertically
aligned to the Si substrate, with an average length ~400 nm and diameter ~40 nm. A detailed
description of the photoelectrode preparation, including photo-deposition of Pt nanoparticles is
presented in Experimental section, ESI. The structural characterization after Pt photo-deposition
for the samples was performed using scanning transmission electron microscopy (STEM). Figure
2(b) shows the distribution of Pt nanoparticles around GaN nanowires. In Figure S1, ESI, further
STEM images are illustrated for GaN nanowires after Pt deposition. Figure 2(c) shows the linear
scan voltammogram (LSV) of Pt-decorated n+-GaN nanowires on n+-p Si photocathode under AM
1.5G one sun illumination (red curve) and dark (black curve) conditions. The Pt/n+-GaN
nanowires/n+-p Si photocathode showed excellent performance with an onset potential (Von) of
~0.56 V vs RHE and high photocurrent density of ~37 mA/cm2 under AM 1.5G one-sun
illumination in 0.5 M H2SO4. Shown in Figure 2(d), the maximum ABPE (see Experimental
section, ESI) for Pt/n+-GaN nanowires/n+-p Si photocathode (red curve) is 11.9% at 0.38 V vs.

6
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RHE under AM 1.5G one sun illumination, which is one of the best reported values for Si
photocathodes 9, 13, 41, 52. For the stability tests (both under dark and light), we have chosen samples
with ABPE ≥ 10% and J at 0 V vs. RHE ~38 mA/cm2.
Before starting the stability experiments, the electrode was thoroughly rinsed with distilled
water and dried with N2 gun. The photoelectrode was then placed in 0.5 M H2SO4 inside the PEC
chamber, and the stability experiment was conducted at a constant applied potential of 0 V vs.
RHE under AM1.5G one-sun illumination. Our initial studies, as described in previous reports,
showed that stability ~113 h can be achieved. Further stability testing, however, showed
performance degradation (see Figure S3(a), ESI). In Figure S3(b), ESI, STEM image shows
considerable loss of Pt nanoparticles on GaN nanowire surface, which explains the poor onset
potential. The photoelectrode material itself, including GaN and Si, showed no sign of degradation.
To study the intrinsic stability of GaN/Si photocathodes, in this work we have therefore employed
the catalyst regeneration process, which was performed after approximately every 24 h PEC
experiments (see Experimental section, ESI). The entire process is schematically shown in Scheme
S1, ESI. After each catalyst regeneration, the J-V characteristics were measured under both dark
and AM 1.5G one-sun illumination and were compared to the 0th h J-V characteristics (Figures
S4(a), (b) and (c), ESI). Then the experiment was resumed for the next cycle of stability test and
catalyst regeneration. The details of each regeneration cycle are summarized in Table S2, ESI. It
is important to mention here that after every 24 h experiment, the electrolyte was replaced with a
fresh solution to maintain a constant pH ~0 for all the runs and to reduce possible carbonaceous
contaminations from epoxy 23.
Figure 3(a) shows the photocurrent density variation over the entire duration of 3,000 h for
Pt/n+-GaN nanowires/n+-p Si photocathode under AM 1.5G one-sun illumination at 0 V vs. RHE

7
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in 0.5 M H2SO4. Shown in Figure 3(b), for 80-264 h runs, i.e., between the 4th and 12th regeneration
cycles (see Table S2, ESI), the photocurrent density varied between 36-40 mA/cm2, which is
within ±10% of the average J0 value measured at 0 V vs. RHE. Figure 3(c) shows that the variations
in J increased to ~±20-25% from 1270 to 1539 h, i.e., between 59 and 73 regeneration cycles (see
Table S2, ESI). These variations are mainly due to the unexpected epoxy meltdown,
malfunctioning of potentiostat (due to electrical fluctuations in the building) and poor backside
contact. In these cases, we had to stop the experiments and troubleshoot these issues, which lead
to increase in the number of regeneration cycles as shown in Table S2, ESI. The experimental
problems were addressed during the subsequent runs by frequently redoing the backside contact
after every 100-120 h runs and carefully monitoring the potentiostat during the cycles. Figure 3(d)
shows that the photocurrent variations for 2350-2640 h runs (between the 113th and 125th
regeneration cycles) is within ±10% of the J0. It is to be noted that despite photocurrent variations,
the J-V characteristics at the start of the 141st regeneration cycle, i.e., after 3008 h run with Pt
redeposition, are nearly the same as the J0 curve at the start of the experiments (see Figure 3(e)
and Figure S4(d), ESI), which implies that GaN nanowires remain intact on Si surface.
Furthermore, Figure 3(f) shows the variation of Von for each regeneration cycle at the start (purple
curve) and end (red curve) of each cycle. The slight reduction of Von at the end of each regeneration
cycle is due to the loss of some Pt nanoparticles as described earlier. The catalyst regeneration, at
the start of each cycle, helps in immediately recovering the Von for the LSV curves (see Figure
S4(d), ESI).
Detailed structural characterization was further performed after 3,000 h experiments. SEM
image in Figure 4(a) shows that there is virtually no change in nanowire morphology compared to
the as grown samples. Illustrated in Figure 4(b), STEM image shows that the nanowire length is

8
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~400 nm and the diameter is ~ 40 nm, which are nearly identical to those shown in Figure 2(b).
No apparent etching of the nanowire surface was observed. The inset in Figure 4(b) shows the
reduction of Pt nanoparticles over the nanowire compared to Figure 2(b). More TEM images of
the nanowires are shown in Figure S5, ESI. Due to the Pt nanoparticles falling-off, the J-V curve
immediately at the end of the 140th regeneration cycle (see blue curve in Figure S4(c), ESI)
degraded somewhat. By doing Pt regeneration at the start 141st regeneration cycle, the J-V
characteristics were restored to the 0th h curves (see Figure S4(c), ESI), which clearly shows that
GaN nanowires are still protecting the Si photocathode and the GaN-protected Si photocathode
can last significantly longer than 3,000 h. The dark currents before and after Pt regenerations for
the 46th, 96th, and 140th regeneration cycles (as shown in Figure S4, ESI and Table S2, ESI) are
nearly the same as the 0th h dark current. In Figure S6, ESI, the ABPE for the 0th h and at the start
of the 141st regeneration cycles under AM 1.5G one-sun illumination is found to be ~10%. These
results are also consistent with the nearly identical X-ray diffraction measurements performed on
the sample before and after stability test (see Figure S7, ESI). The dissolved Ga and Pt elements
in the electrolyte are analyzed using inductively coupled plasma mass spectroscopy (ICP-MS).
ICP-MS results for different runs (see Figure S8, ESI and Experimental section, ESI) show
dissolved Ga concentrations of 15-20 nmol and Pt concentrations of 1-5 nmol, considering an error
bar ~ 10% in the measurements. These results clearly show that GaN remains stable throughout
the course of the stability test which agrees well with the above-mentioned STEM analysis.
We also evaluated the Faraday efficiency (see Experimental section, ESI) by analyzing the
H2 generation from Pt/n+-GaN nanowires/n+-p Si photocathode between 0-2 h and 3000-3002 h.
As shown in Figure 5(a), the photocurrent and H2 evolution are simultaneously measured for the
sample between 0-2 h at 0 V vs. RHE for a duration of 2 h in 0.5M H2SO4 under AM 1.5G one sun

9
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illumination. Similarly, H2 evolution experiment was carried out for the sample between 30003002 h (shown in Figure 5(b)) under the same conditions. In both cases, the Faraday efficiency is
nearly 100%, considering that there is an error bar ~10% of H2 sampling. Given the nearly identical
LSV curves measured at 0 h and 3000 h, it is reasonably concluded that the GaN/Si photocathode
can drive solar water splitting with stability over 3,000 h.
The total charge passed during 3000 h light experiment for Pt/n+-GaN nanowires/n+-p Si
photocathode is 410,400 C/cm2 by considering an average saturation photocurrent density of ~38
mA/cm2 for 3,000 h. The presented platinized n+-GaN nanowires/n+-p Si photocathode for 3,000
h operation had the same amount of charge passed during >1.5 years of outdoor operation under
AM 1.5G one-sun conditions with a solar capacity of 20% 5. As the projected operation is a lower
limit on the actual stability of Pt/n+-GaN nanowires/n+-p Si, it is required to do accelerated longterm stability tests with temperature and light intensity variations to precisely identify the
degradation/corrosion mechanisms. Furthermore, Figure 5(c) shows the amount of H2 production
(in Lit/cm2) at standard temperature and pressure (STP) conditions for some of the best reported
long-term stability photocathodes 10, 11, 23, 42, 53 over the entire duration of the stability experiments.
Compared to these photocathodes, the platinized n+-GaN nanowires/n+-p Si photocathode has the
highest H2 production of > 45 Lit/cm2. These results, combined with the fact that GaN and Si are
industry established materials, suggest the scalability and economic viability of this photocathode
system for large-scale implementation of PEC water splitting. Recent studies show that the PEC
characteristics for n+-GaN nanowires/n+-p Si photocathode are further improved by using
controllable Pt loading amounts through PEC photo-deposition 51. For future studies, we will focus
on in-situ catalyst regeneration by using controllable Pt loading amounts, which can further reduce
the H2 production cost, to achieve ultrahigh stability and high efficiency.

10
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We have also performed atomic force microscope (AFM) measurements on GaN-protected
Si photocathodes before and after chronoamperometry testing to compare the morphology change
due to the photoelectrochemistry. Since such AFM measurements can only be performed on planar
surfaces, nearly coalesced GaN nanostructures with a quasi-planar morphology was used in this
experiment. The measurement details are described in Experimental section, ESI. Shown in
Figures 6(a) and (b), no change in surface morphology was observed for 10 h of reaction, further
confirming that GaN is intrinsically stable in harsh photocatalysis conditions. Studies were also
performed by varying the thickness of the GaN surface protection layer (see Figure S2, ESI). The
measured photocurrent densities (shown in Figure S2, ESI) are nearly the same for the samples
studied, which is consistent with the near-perfect conduction band alignment between GaN and Si
measured previously.
The underlying mechanism for the unprecedentedly ultrahigh stability of GaN protected Si
photocathode is described. Firstly, wurtzite GaN nanowires grown on Si wafer are nearly free of
dislocations due to the efficient surface strain relaxation, and have strong ionic bonds which lead
to bunching of surface states near the band edges

48, 54.

Our previous studies suggest that the

presented GaN nanostructures have the unique N-termination, not only on the top c-plane surface
but also for the lateral nonpolar surfaces, which can protect against photocorrosion and oxidation
48, 50.

As shown previously, there is also a thin GaN layer beneath the nanowires which protects

the Si from the formation of insulating oxide and passivates the surface states to prevent charge
carrier recombination 9. Moreover, due to the negligibly small conduction band offset between Si
and GaN there is virtually no loss in charge carrier extraction 9. As such, the unique GaN
nanostructures can protect the underlying Si surface against photo-corrosion with enhanced charge
carrier extraction kinetics and better light absorption. The Pt/GaN interface further improves the

11
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charge carrier extraction compared to Pt/Si

9, 51

and thereby enhances the overall stability of the

photocathode. In future devices, the catalyst regeneration process can be minimized, or eliminated
by utilizing more robust co-catalyst integration process, such as atomic layer integration.

Conclusion
In conclusion, we have demonstrated that Pt/n+-GaN nanowires/n+-p Si photocathode can
exhibit both high efficiency and long-term stable operation. The unique GaN nanostructures can
significantly enhance the performance of Si photocathodes (achieving high photocurrent density
of ~ 38 mA/cm2 and ABPE ~11.9%) and further provide extremely robust protection of the Si
surface for over 3000 h (>500 days) without any performance degradation, i.e., without any loss
of photocurrent, onset potential, or efficiency. Future work includes a more fundamental
understanding of the surface properties of such GaN nanostructures and the underlying mechanism
for the extraordinary stability in harsh PEC water splitting. This unique PEC platform, by utilizing
the two most produced semiconductors, i.e., Si and GaN, lays a solid foundation for realizing
practical PEC water splitting devices and systems that are efficient, stable, and of low cost.
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Figure Captions
Figure 1. Schematic illustration of photoelectrochemical (PEC) photoelectrode and various
surface protection schemes. (a) Illustration of a PEC device consisting of semiconductor
photoelectrode and catalyst (pink color) on top. Photogenerated electrons (light cyan
color spheres) and holes (red color spheres) are separated, and electrons are transferred
to the catalyst active sites for proton reduction. (b) Illustration of the second generation
of surface protection scheme which consists of semiconductor photoelectrode,
conventional thick protection layer (green color) and catalyst. The device efficiency is
often compromised with the use of such a surface protection, due to parasitic light
absorption, reduced charge carrier separation and extraction, and/or undesirable charge
carrier recombination (recombination centers denoted as light orange color), which
leads to lower H2 production (grey bubbles). (c) Illustration of the third generation of
protection scheme, which consists of semiconductor photoelectrode, multi-functional
protection layer (light blue color), and catalyst. The protection layer is inherently stable
in electrolyte, which not only provides long-term stability but significantly enhances
the light absorption, charge carrier separation, and extraction and further reduces
surface recombination, thereby leading to enhanced efficiency. (d) Illustration of Pt/n+GaN nanowires on n+-p Si photocathode as the third generation of surface protection
scheme. The band-diagram at the bottom shows the unique advantage of negligible
conduction band offset between n+-GaN and n+-Si, enabling efficient charge carrier
extraction 9.
Figure 2: Structural and PEC characterization of n+-GaN nanowires on n+-p Si substrate. (a) 45o
tilted SEM image of n+-GaN nanowires on Si. (b) STEM image (HDAAF) of Pt
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nanoparticles decorated n+-GaN nanowire. Inset is the magnified HDAAF image of the
highlighted box region (brown color) showing the distribution of Pt nanoparticles on
the nanowire. (c) J-V curves of platinized n+-GaN nanowires/n+-p Si photocathode
under AM 1.5G one-sun illumination (red curve) and dark (black curve) in 0.5M H2SO4.
(d) ABPE of n+-GaN nanowires/n+-p Si photocathode under AM 1.5G one sun
illumination.
Figure 3: Long term stability of platinized n+-GaN/n+-p Si photocathode. (a) Chronoamperometry
long term stability measurements for platinized n+-GaN nanowires/n+-p Si
photocathode at 0 V vs. RHE in 0.5M H2SO4 under AM 1.5G one sun illumination. (b)
Stability results of the highlighted (brown dashed box) for 80-264 h runs (4th-12th
regeneration cycles). (c) Stability results of the highlighted (green dashed box) for
1270-1539 h runs (59th-73rd regeneration cycles). (d) Stability results of the highlighted
(red dashed box) for 2350-2640 h runs (113th-125th regeneration cycles). (e) LSV
comparison between 0 h (red curves) and start of the 141st regeneration cycle (blue
curves) under dark (dotted) and AM 1.5G one-sun illumination (solid) in 0.5M H2SO4.
(f) Von (versus RHE) variations at the start (purple) and end (red) of each regeneration
cycle.
Figure 4: Structural characterization of platinized n+-GaN/n+-p Si photocathode after stability
test. (a) 45o tilted SEM and (b) STEM of Pt-decorated n+-GaN nanowire/n+-p Si
photocathode after 3,000 h stability experiment. Inset in (b): STEM HDAAF image
showing fewer Pt nanoparticles non-uniformly distributed on the highlighted (brown
dashed box) segment of n+-GaN nanowire.
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Figure 5: Faraday Efficiency of platinized n+-GaN nanowires/n+-p Si. H2 generation for platinized
n+-GaN nanowires/n+-p Si photocathode at 0 V vs. RHE under AM 1.5G one-sun
illumination in 0.5M H2SO4 for (a) 0 h- 2 h and (b) 3000 h – 3002 h. Red dots represent
the average amount of H2 generated at various times, and the black dotted line is the
theoretical amount of H2 produced vs. time based on photocurrent. The sample area is
0.12 cm2 which corresponds to a photocurrent density of ~38 mA/cm2. (c) Total H2
production in Lit/cm2 at STP for Si based photocathodes with various protection
schemes: MoS2 11, NiMo/NiSi 53, Pt/TiO2/Ti 42, Pt NPs/TiO2/Ti 10 and Pt/TiO2 23.
Figure 6: AFM analysis of planar n+-GaN on n+-p Si. Pristine sample without Pt nanoparticles (a)
before reaction and (b) after 10 h stability test in 0.5M H2SO4 under AM 1.5G one-sun
illumination.
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Figure 1. Schematic illustration of photoelectrochemical (PEC) photoelectrode and various surface
protection schemes. (a) Illustration of a PEC device consisting of semiconductor photoelectrode and
catalyst (pink color) on top. Photogenerated electrons (light cyan color spheres) and holes (red color
spheres) are separated, and electrons are transferred to the catalyst active sites for proton reduction. (b)
Illustration of the second generation of surface protection scheme which consists of semiconductor
photoelectrode, conventional thick protection layer (green color) and catalyst. The device efficiency is often
compromised with the use of such a surface protection, due to parasitic light absorption, reduced charge
carrier separation and extraction, and/or undesirable charge carrier recombination (recombination centers
denoted as light orange color), which leads to lower H2 production (grey bubbles). (c) Illustration of the
third generation of protection scheme, which consists of semiconductor photoelectrode, multi-functional
protection layer (light blue color), and catalyst. The protection layer is inherently stable in electrolyte, which
not only provides long-term stability but significantly enhances the light absorption, charge carrier
separation, and extraction and further reduces surface recombination, thereby leading to enhanced
efficiency. (d) Illustration of Pt/n+-GaN nanowires on n+-p Si photocathode as the third generation of
surface protection scheme. The band-diagram at the bottom shows the unique advantage of negligible
conduction band offset between n+-GaN and n+-Si, enabling efficient charge carrier extraction 9.
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Figure 2: Structural and PEC characterization of n+-GaN nanowires on n+-p Si substrate. (a) 45o tilted
SEM image of n+-GaN nanowires on Si. (b) STEM image (HDAAF) of Pt nanoparticles decorated n+-GaN
nanowire. Inset is the magnified HDAAF image of the highlighted box region (brown color) showing the
distribution of Pt nanoparticles on the nanowire. (c) J-V curves of platinized n+-GaN nanowires/n+-p Si
photocathode under AM 1.5G one-sun illumination (red curve) and dark (black curve) in 0.5M H2SO4. (d)
ABPE of n+-GaN nanowires/n+-p Si photocathode under AM 1.5G one sun illumination.
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Figure 3: Long term stability of platinized n+-GaN/n+-p Si photocathode. (a) Chronoamperometry long
term stability measurements for platinized n+-GaN nanowires/n+-p Si photocathode at 0 V vs. RHE in 0.5M
H2SO4 under AM 1.5G one sun illumination. (b) Stability results of the highlighted (brown dashed box) for
80-264 h runs (4th-12th regeneration cycles). (c) Stability results of the highlighted (green dashed box) for
1270-1539 h runs (59th-73rd regeneration cycles). (d) Stability results of the highlighted (red dashed box)
for 2350-2640 h runs (113th-125th regeneration cycles). (e) LSV comparison between 0 h (red curves) and
start of the 141st regeneration cycle (blue curves) under dark (dotted) and AM 1.5G one-sun illumination
(solid) in 0.5M H2SO4. (f) Von (versus RHE) variations at the start (purple) and end (red) of each
regeneration cycle.

24

Page 24 of 27

Page 25 of 27

Journal of Materials Chemistry A

Figure 4: Structural characterization of platinized n+-GaN/n+-p Si photocathode after stability test. (a) 45o
tilted SEM and (b) STEM of Pt-decorated n+-GaN nanowire/n+-p Si photocathode after 3,000 h stability
experiment. Inset in (b): STEM HDAAF image showing fewer Pt nanoparticles non-uniformly distributed
on the highlighted (brown dashed box) segment of n+-GaN nanowire.
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Figure 5: Faraday Efficiency of platinized n+-GaN nanowires/n+-p Si. H2 generation for platinized n+-GaN
nanowires/n+-p Si photocathode at 0 V vs. RHE under AM 1.5G one-sun illumination in 0.5M H2SO4 for
(a) 0 h- 2 h and (b) 3000 h – 3002 h. Red dots represent the average amount of H2 generated at various
times, and the black dotted line is the theoretical amount of H2 produced vs. time based on photocurrent.
The sample area is 0.12 cm2 which corresponds to a photocurrent density of ~38 mA/cm2. (c) Total H2
production in Lit/cm2 at STP for Si based photocathodes with various protection schemes: MoS2 11,
NiMo/NiSi 53, Pt/TiO2/Ti 42, Pt NPs/TiO2/Ti 10 and Pt/TiO2 23.
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Figure 6: AFM analysis of planar n+-GaN on n+-p Si. Pristine sample without Pt nanoparticles (a) before
reaction and (b) after 10 h stability test in 0.5M H2SO4 under AM 1.5G one-sun illumination.
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