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Solar water splitting provides a clean and renewable approach to
produce hydrogen energy. In recent years, single-crystal semi-
conductors such as Si and InP with narrow band gaps have demon-
strated excellent performance to drive the half reactions of water
splitting through visible light due to their suitable band gaps and low
bulk recombination. This Minireview describes recent research
advances that successfully overcome the primary obstacles in using
these semiconductors as photoelectrodes, including photocorrosion,
sluggish reaction kinetics, low photovoltage, and unfavorable planar
substrate surface. Surface modification strategies, such as surface
protection, cocatalyst loading, surface energetics tuning, and surface

texturization are highlighted as the solutions.

1. Introduction

Since the pioneering work of Honda and Fujishima using
single-crystal n-TiO, (001) photoanode in 1972, photoelec-
trochemical (PEC) water splitting has received considerable
attention. Overall water splitting is an energetically uphill
process that includes a hydrogen evolution reaction (HER)
and an oxygen evolution reaction (OER), accompanied by
a positive change in the Gibbs free energy (AG=
237.3kJmol™" or 1.23 eV per electron under standard con-
ditions).”! Thus, the band gap of a semiconductor should be
large enough to straddle the HER and OER potentials (0 and
1.23 V vs. normal hydrogen electrode, NHE, respectively, at
pH 0) to achieve unassisted solar water splitting.

Alternatively, a hydrogen-evolving photocathode and an
oxygen-evolving photoanode can be connected in series as
a tandem device, as in the Z-Scheme water splitting except
that external circuits instead of reversible redox shuttles are
used to connect the two electrodes.”! In such dual-absorber
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tandem cell configuration, semiconductors with narrow band
gaps (ie., 1.1-1.7eV) can be used for improved light
absorption, while maintaining the thermodynamic require-
ment of 1.23 eV to split water by coupling the photovoltages
generated by the two electrodes.

With the 1.23eV band-gap requirement lifted, it is
possible to design tandem PEC water splitting electrodes
using semiconductors with a mature substrate manufacturing
infrastructure. Among them, Si is an extremely attractive
candidate owing to its narrow band gap (1.1eV), earth
abundancy and wide applications in the photovoltaics and
microelectronics industries with a vast knowledge base.[*! As
a direct band-gap III-V semiconductor, InP is also an
attractive candidate due to its suitable band gap (1.3 eV),
appropriate band edge position, and low surface recombina-
tion velocity.’! Highly active single-crystal InP-based photo-
cathodes were demonstrated by Heller and Vadimsky with an
appreciable solar-to-hydrogen efficiency of 12% in 1981.
Turner et al. further significantly advanced the performance
of III-V semiconductor-based photoelectrode by coupling
a bottom GaAs (1.42 eV) photovoltaic cell with a top GalnP,
(1.83 eV) PEC cell, which realized unassisted water splitting
with a remarkable H, production efficiency of 12.4%.["
Subsequently, Licht et al. have shown that it is possible to
perform solar water splitting with an AlGaAs/Si tandem
photoelectrolysis cell at an extraordinary energy conversion
efficiency of 18.3%."

In terms of the quality of the semiconductor, single-crystal
substrates without grain boundaries could offer unique
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advantages to the PEC activity. The bulk properties of single
crystals can be finely controlled by the industrially mature
processes such as the Czochralski growth. As the crystallinity,
dopant concentration, carrier diffusion length are well-
optimized with high reproducibility, the bulk recombination
and carrier transportation become less of a problem. Thus,
tailoring the surface properties and energetics of single-
crystal semiconductors stands out as the particularly impor-
tant and effective approach to improve the overall efficiency.

The costs of single-crystal substrates, especially for those
containing rare elements and compounds such as InP, might
be a concern, but the achieved high performance may
partially trade off the costs.”) These highly defined photo-
electrodes could also serve as excellent models to understand
the rate-limiting processes in PEC water splitting. Moreover,
as the second most abundant element in Earth’s crust, Si still
dominates the solar cell market. The costs of single-crystal Si
PEC electrodes can be largely reduced by transferring
knowledge obtained from single crystals to electrodes of the
same material but produced in a low-cost fabrication process
using material-efficient configurations, such as solar-grade
multicrystalline Si or thin films, which has already been
adopted by the photovoltaics industry.!”

A main obstacle to using narrow-band-gap semiconductor
for water splitting is that these materials suffer from photo-
corrosion or passivation in contact with aqueous electrolytes,
under either operation or idle conditions. Additionally, the
sluggish water splitting kinetics on semiconductor surfaces is
another major limiting factor. To generate a photovoltage
higher than half of 1.23 V, which is required for overall water
splitting for tandem water splitting cells, the surface ener-
getics of narrow-band-gap semiconductors must be opti-
mized. Lastly, a carefully controlled morphology of the
photoelectrodes is desired for maximum antireflection and
surface hydrophilicity.

This Minireview overviews the recent research progresses
in surface monifications for single-crystal semiconductors
with narrow band gaps for solar water splitting. First,
strategies for surface protection are summarized. Second,
surface cocatalysts for the HER and the OER are introduced.
Construction of homo- and herterojuncions for surface
energetics optimization is then discussed. Additionally, sur-
face texturization methodes are briefly described.
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2. Surface Protection

A fundamental problem shared by many narrow-band-
gap semiconductors (Si, InP, GaAs, etc.) is their photo-
corrosion or passivation in aqueous electrolytes. This is
especially true for n-type semiconductors with narrow band
gaps that always have thermodynamic oxidation potentials
above the O,/OH™ redox potential. For this type of semi-
conductors, self-oxidation reaction would compete with the
water oxidation reaction, resulting in serious photocorrosion
and the formation of insulating surface oxide layers. Even
though this issue is less serious for p-type semiconductors
under cathodic protection, surface oxidation is still a concern
for photocathode under idle conditions or in alkaline electro-
lytes." Tt was found that the dissolved O, concentration must
be less than 15 ppb to prevent p-type Si from oxidation, which
is unfeasible for practical applications.'”? One possible
solution is to coat a surface protective layer while allowing
sufficient interfacial transfer of photogenerated minority
carriers.

2.1. Surface Protection for Photocathodes
2.1.1. Ultrathin Tunneling Protective Layers for HER

Coating protective oxide layers that are thin enough to
allow electrons to tunnel through are effective to both
photocathodes and photoanodes. With a metallic overlayer
acting as a surface catalyst or electron collector on top of the
oxide layer, such electrode protection methodology is some-
times referred to as a metal-insulator-semiconductor (MIS)
photoelectrode design.

Esposito et al. has investigated the H, evolution mecha-
nism using p-Si-based discontinuous MIS photocathodes.™!
Metallic Pt/Ti collectors (20/30 nm thick and 500 um in
diameter) were deposited onto p-Si(100) covered by 2 nm
rapid thermal oxidation (RTO)-grown SiO,, in a square
lattice with 850 um spacing. It was found that H, bubbles
could evolve on the SiO, surface outside the Pt/Ti collector,
and a photocurrent could be generated when a 25 um
diameter laser (532 nm) beam was positioned far away from
the collector edge. Based on photovoltaic and catalytic
properties acquired by scanning electrochemical techniques,
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these phenomena could be explained by the long-distance
lateral collection of photogenerated electrons through an
electrolyte-induced inversion layer beneath the Si/SiO, inter-
face, as well as the hydrogen spillover-assisted H, evolution
on the SiO, surface.

More recently, the MIS PEC photocathode design was
further thoroughly studied by Ji et al. using four-unit-cell (ca.
1.6 nm) molecular beam epitaxy (MBE)-grown SrTiO; as
a corrosion-resistant layer on p-type Si(001) for H, produc-
tion.™ The negligible conduction-band offset between
SrTiO; and Si could facilitate electrons to tunnel through.
In addition, this MBE-grown SrTiO; is featured by its single-
crystalline nature, a small lattice mismatch (—1.7%) with
Si(001), as well as a high-quality SrTiOs-Si epitaxial interface
with reduced recombination centers. Covered by discontin-
uous metallic Pt/Ti (20/30 nm thick) cocatalyst with 1 um
diameter in a square array of 2 um spacing, the p-Si/SrTiO,/
Ti/Pt MIS cathode exhibited an open circuit potential of
450 mV, and a saturate photocurrent density of 35 mA cm~2,
with no observable degradation after 35h (Figure 1a) of
operation at 0V versus Ag/AgCl (0.5m H,SO,, AM1.5G).
The existence of an inversion layer underneath SrTiO; was
confirmed by solid-state capacitance—voltage measurements,
which supported the electron travelling mechanism proposed
by Esposito et al.'¥ The optimized Pt/Ti cocatalyst patterning
with 0.05 um diameter and 0.1 um spacing using the nano-
sphere lithography lift-off process yielded a high energy
conversion efficiency of 4.9 %.

J. Gong and T. Wang

2.1.2. Thick TiO, Protective Layers for HER

Although ultrathin layers allow direct tunneling, thicker
TiO, protective layers with efficient electron transfer cannot
be explained by the same theory. Chorkendorff and co-
workers carefully investigated the electron conducting mech-
anism of thick Ti0,.""! TiO, (100 nm thick) was sputtered on
top of a 5 nm Ti metal layer, which protected the underlying
pn*-Si(100) photocathode for H, evolution for 72 h. Interest-
ingly, the pn*-Si/Pt, pn*-Si/Ti/Pt, and pn*-Si/Ti/TiO,/Pt elec-
trodes displayed a similar HER onset potential of 0.52V
versus RHE (Im HCIO,), and a similar Tafel slope of
30mVdec' under the long-wavelength part of AM1.5G
irradiation (4 > 635 nm, the possible working spectrum of the
cathode component of a tandem water splitting device),
indicating that the 100 nm TiO, layer imposed negligible
Ohmic resistance to the electrode; that is, TiO, behaves like
a metallic conductor. The authors ascribed this behavior to
the alignment of the TiO, conduction band with the H*/H,
redox potential, which allows the electrons from Si to easily
travel through the TiO, layer. With optimized annealing
conditions, the pn"-Si/Ti (5 nm)/TiO, (100 nm)/Pt electrode
exhibited an excellent HER photocurrent stability without
significant degradation over 72 h (Figure 1b) at 0.3 V versus
RHE (1M HCIO,4, AM1.5G with 4 > 635 nm). The stability of
a TiO,-protected pn*-Si photocathode can be further im-
proved by using a 100 nm TiO, layer deposited by atomic
layer deposition (ALD).'"! ALD has been recognized as an
enabling thin-film deposition technique for PEC electro-
des.'V It was found that the ALD-grown TiO, was superior to
sputtered TiO, in terms of stability, owing to the prevention of
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Figure 1. Photocathodes with protective layers under HER conditions: a) p-Si protected by MBE-grown SrTiO; (four unit cells, 1.6 nm),[) b) pn*-Si
protected by sputtered TiO, (100 nm),l"™! ¢) pn™-Si protected by ALD-grown TiO, (100 nm),'® d) p-InP protected by ALD-grown TiO, (2-5 nm).
Reproduced with permissions. Copyright 2014 Nature Publishing Group. Copyright 2013 American Chemical Society. Copyright 2014 The Royal
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a high deposition temperature and the bombardment of TiO,
particles during the sputtering process. With optimized post-
deposition annealing conditions of 400°C for 1 hour, the
ALD-TiO, protected pn*-Si(100) electrode exhibited a re-
markable stability over two weeks (Figure 1¢), producing
a stable photocurrent of 21 mA cm 2 at 0.3 V versus RHE (1m
HCIO,, AM1.5G with 1> 635 nm). As a cost-efficient alter-
native, a solution-deposited stack of 50 nm TiO, on top of
50 nm F:SnO, was also found to be able to protect a micro-
textured pn*-Si substrate in 1M KOH for H, evolution for
24 h.1"

TiO, with the conduction-band electron-transport mech-
anism was also applied to protect amorphous Si based
photocathodes. Javey and colleagues deposited 80 nm of
TiO, using reactive sputtering on top of 8 nm sputtered Ti
layer to protect amorphous Si PEC cathodes with Ni-Mo
catalytic layer and buried p-i-n junction (Ni-Mo cocatalyst
and p-i-n junction will be discussed in Section 3.1.3 and 4.1,
respectively).'”) The thin Ti layer was introduced to prevent
the damage of amorphous Si during the TiO, sputtering
process. The resulting Si/Ti/TiO,/Ni-Mo electrode showed
a stable photocurrent of 11 mAcm™> at 0V versus RHE
(pH 4, AM1.5G), with less than 5% decay over 12 h. The
amorphous Si photocathode without the TiO, protective layer
decayed to 10 % of its original photocurrent after 12 h.

The same group also disclosed the anti-corrosion ability of
TiO, for p-InP photocathode.” InP nanopillars fabricated
from p-InP(100) were protected by ALD-grown amorphous
TiO, (2-5 nm) with a sputtered Ru cocatalyst (2 nm). The
nanopillar p-InP/TiO,/Ru electrode presented a stable HER
photocurrent of 37 mAcm™ for more than 4 h (Figure 1d,
black circles) at 0.23 V versus NHE in 1M HCIO, (pH 0.51,
0.26 V vs. RHE) under AM1.5G, and the morphology of the
electrode remained unchanged after the stability test accord-
ing to scanning electron microscopy (SEM). A record high
energy conversion efficiency of 14 % was obtained at 0.5V
versus NHE (pH 0.51, 0.53V vs. RHE) under AM1.5G.
Furthermore, the authors explored the specific role of ALD-
grown TiO, when protecting planar p-InP(100) substrates.”!]
In addition to the anti-corrosion effect, 10 nm stoichiometric
TiO, without Ti*" species could induce a 200 mV anodic shift
for the water reduction onset potential without affecting the
saturate photocurrent density. This additional photovoltage
was caused by the type II heterojunction formed between InP
and TiO,, where the large valence band offset (1.9 eV)
resulted in a large potential barrier for holes, repelling holes
from the junction. As the conduction band of TiO, was well-
aligned with that of InP, an electron transport pathway was
established. With a 2 nm Pt catalytic layer, the planar p-InP/
TiO,/Pt photocathode exhibited an appreciable HER onset
potential of 800 mV versus RHE (pH 0.3, AM1.5G), demon-
strating the possibility of obtaining high photovoltage from
anti-corrosion layers without fabricating buried p-n junctions.

2.2. Surface Protection for Photoanodes

Under water oxidation conditions, narrow-band-gap semi-
conductors are thermodynamically prone to self-oxidation,
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forming insulating oxides that block the transfer of photo-
generated carriers. The photocurrent density of bare n-Si was
essentially zero in strong alkaline solutions®??! or dropped to
zero quickly during the second scan in neutral electrolytes.*!
Although transparent conductive oxides (TCOs) such as
indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)
could protect the substrate against corrosion to some extent
under neutral or mild pH conditions,?" limited success with
modified TCO has been reported for high pH solutions.”™ Ti
films were also shown to enable Si to withstand the OER
conditions or the oxidizing preparation procedures of coca-
talyst, but the metallic nature of Ti makes it compete with the
semiconductor for light absorption.""™ Thus, robust and
transparent protective layers are required to enable the n-
type substrate to work under extreme pH conditions.

2.2.1. Ultrathin Tunneling Protective Layers for OER

Although the oxidative environment is catastrophic to
narrow-band-gap semiconductors, especially in base solu-
tions, ultrathin oxides have been shown to be effective
protective layers for continuous water oxidation operations.
Chen et al. have demonstrated the successful protection of
the n-type Si(100) photoanode under a wide pH range with
a MIS design, by using an ALD-deposited TiO, layer (2 nm)
with an e-beam-deposited Ir catalytic overlayer (3 nm).”" The
n-Si/TiO,/Ir anode generated an appreciable photovoltage of
550 mV, and presented stable potentials in chronopotentio-
metric tests (constant 1 mA over a 0.196 cm? sample area) for
more than 8 h under AM1.5G illumination under both 1m
acid and 1m base conditions, while the anode without the 2 nm
TiO, protective layer quickly failed within 0.5 h. The temper-
ature independency of the p*-Si/TiO, (2 nm)/Ir electrode in
solid-state current—voltage measurements strongly indicated
the direct tunneling mechanism for carrier transfer. The
existence of the metallic overlayer was critical acting as
a tunneling mediator for electron transport between the
substrate and the solution.

Sharing a similar MIS PEC concept, Dai and colleagues
demonstrated the protection of n-Si(100) using an ultrathin e-
beam-deposited Ni film (2 nm), which was partially oxidized
to form NiO, cocatalyst.””) With the existence of Si native
oxide, a MIS photoanode was formed and the n-Si/SiO,/Ni/
NiO, electrode exhibited a photovoltage of ca. 300 mV. When
using a thicker 5nm Ni film, acting as bulk nickel with
relatively low work function (4.8-5.0 V®1), the photovoltage
produced by the MIS junction was decreased to ca. 200 mV.
The higher effective work function of the ultrathin 2 nm Ni/
NiO, resulted in a higher built-in potential at the MIS
junction, which enabled a water oxidation onset potential of
1.07V versus RHE, with a photocurrent density of
10.5mAcm 2 at 1.23 V versus RHE (pH 14, 2 Sun illumina-
tion). This Ni protected n-Si photoanode presented an
impressively stable OER performance at 10 mAcm * chro-
nopotentiometric test for 80 h (Figure 2a) in a mixed lithium
borate-potassium borate electrolyte (pH 9.5).
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Figure 2. Photoanodes with protective layers under OER conditions: a) n-Si protected by ultrathin e-beam-deposited Ni (2 nm),””! b) np*-Si
protected by ALD-grown TiO, (44 nm),®¥ ) n-CdTe protected by ALD-grown TiO, (144 nm).P% Reproduced with permissions. Copyright 2013
AAAS. Copyright 2014 AAAS. Copyright 2014 The Royal Society of Chemistry.

2.2.2. Thick TiO, Protective Layers with Defect States for OER

While electrons can easily inject into the conduction band
of non-tunneling TiO, in p-Si-based photocathodes, thick
TiO, films should present a potential barrier for holes owing
to the large valence band offset (2.0 eV) between Si and TiO,.
Thus, it seems unlikely to use thick TiO, to protect photo-
anodes while allowing sufficient hole transport for water
oxidation. However, Lewis and co-workers have elegantly
demonstrated the successful protection of single-crystal Si,
GaAs, and GaP photoanodes using ALD-grown amorphous
TiO, (4 to 143 nm) that was electronically defective to
promote hole conduction.”® The existence of defect states
were revealed by X-ray photoemission spectra, suggesting
that holes could be transported through TiO, by the defect
states instead of the valence band. These defect states were
not presented in the topmost surface of as-deposited TiO,,
likely due to the oxidation by air or moisture. However, hole
conduction pathways could be established by forming inva-
sive contacts such as sputtering or e-beam evaporation of Ni
cocatalysts that intermix with TiO, within a region of ca. 5 nm
in depth, or physically removing the topmost layer of TiO,.
With ca. 100 nm Ni islands, the np*-Si photoanodes protected
by 44 nm TiO, maintained continuous OER operation of
more than 100 h (Figure 2b) at photocurrent densities of
more than 30 mAcm™* at 0.93 V versus saturated calomel
electrode (SCE) (Im KOH, 1.25 Sun illumination, 2V vs.
RHE), with a Faradaic efficiency near unity. The fluctuations
of the photocurrent were related to variations in the
illumination intensity of the lamp. np*-GaAs and n-GaP
photoanodes protected by TiO, (118 nm) displayed photo-

www.angewandte.org
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voltages of 0.81 and 0.59 V, with saturate OER photocurrent
densities of 14.3 and 3.4 mAcm 2, respectively (Im KOH,
AM1.5G).

This ALD-grown electronically defective TiO, can also be
applied to protect II-VI semiconductors such as CdTe. With
a direct band gap of 1.44 eV and large absorption coefficient
of more than 10* cm™', CdTe has found application in thin-
film solar cells, and exhibits potential for PEC solar water
splitting. Like other narrow-band-gap semiconductors, how-
ever, CdTe suffers from photocorrosion. Amorphous ALD-
deposited TiO, (140 nm thick) was found to effectively
protect single-crystal n-CdTe(111) photoanodes against the
corrosion or passivation in OER conditions.”” A Ni layer
(2nm) was sputtered on top of TiO,, which was further
converted to a NiO, cocatalyst. The n-CdTe/TiO,/Ni/NiO,
photoanode showed a photovoltage of 435 mV with a saturate
photocurrent density of 21 mAcm ™ (pH 14, AM1.5G). This
electrode also presented a stable OER photocurrent of
20mAcm? for more than 100 h of continuous operation
(Figure 2¢) at 2.07 V versus RHE (pH 14, AM1.5G), while
the photocurrent of n-CdTe/Ni/NiO, electrode without TiO,
decayed to 60 % of its original value over 4 h under the same
test condition.

While TiO, has been recognized as an effective protective
layer for corrosion-vulnerable substrates, the hole conduction
mechanism of thick TiO, (i.e., defect state-based) is funda-
mentally different from thin TiO, (tunneling) under water
oxidation conditions® as well as thick TiO, (electron
transport by conduction band alignment) in water reduction
conditions.™
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2.3. Multifunctional Surface Protective Layers

Surface protective layers with multiple functions, such as
serving as cocatalysts, are preferred. As a potential non-noble
HER catalysts, MoS, was shown to protect pn'-Si(100)
photocathodes for water reduction over five consecutive days
at 10 mAcm™2at 0 V versus RHE (1m HCIO,, AM1.5G with
2> 635 nm).BY Angle-resolved X-ray photoelectron spectros-
copy (XPS) revealed that the MoS, layer is unaffected after
the stability test. This MoS, was prepared by thermal
sulfidization of sputtered metallic Mo, which resulted in an
inherently low concentration of active sites. Higher activity
was obtained by loading the high-surface area electrodepos-
ited MoS,["™™ on top of MoS,. This MoS, layer could
effectively resist the oxidative condition of MoS, electro-
deposition, and enabled the electrode to be reactivated for
three 24-hour stability tests.

Sol-gel prepared crack-free catalytic NiO, films (37.4 nm
thick) were able to protect n-type Si(100) under water
oxidation conditions to some extent. The photocurrent
density deceased from 6 to 1 mAcm™ at 1.3V versus a Pt
counter electrode during 4 h of intermittent operation over
three days (pH 7.2, AM1.5G).* Crack-free catalytic NiRuO,
films (ca. 20 nm) prepared by co-sputtering could also
function as a protective layer for nanotextured n-Si(100)
photoanode.™! At 1.65 V versus RHE (pH 7.2, AM1.5G), the
photocurrent density degraded from 7 to 5.95 mA cm? after
500 cycles of pulsing external bias over 1.5h, suggesting
a relatively stable photoelectrode. Thinner ALD-deposited
Co0, (4-5 nm) was also capable of protecting n-Si(100) from
water oxidation, and the amorphous nature of the CoO, film
was found to be critical to its anti-corrosion property.’* When
depositing on nanotextured np*-Si, the amorphous CoO, with
minimum grain boundaries could prevent the alkaline solu-
tion from attacking the substrate. The nanotextured np*-Si/
CoO, electrode presented a stable potential of 1.2 V versus
RHE to maintain a constant 10 mAcm™2, and exhibited
a fairly stable photocurrent density of 2 mA cm 2 at a constant
bias of 1.1V versus RHE (pH 13.6, AM1.5G) over 24 h,
respectively.

Very recently, multifunctional NiO, protective coatings
(70 nm) were also shown for a n-InP(001) substrate by Lewis
and colleagues using reactive RF sputtering.*! The np*-InP/
NiO, photoanode showed an OER onset potential of 0.86 V
versus RHE, and a photocurrent density of 17.5 mAcm ? at
123V versus RHE (Im KOH, AMI1.5G). During the
chronoamperometric test at constant 1.73V versus RHE
(Im KOH, AM1.5G), the photocurrent of the np*-InP/NiO,
electrode showed a 20% decrease during the first 2 h, and
then remained constant at 20 mA cm 2 for the remaining 46 h
of operation, with a near unity Faradaic efficiency, indicating
the excellent anti-corrosion ability of sputtered NiO, films.
Moreover, the NiO, layer could act as a catalytic layer with
high transparency (optical band gap 3.74 eV), as well as an
antireflective layer due to the refractive index matching.
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3. Surface Cocatalysts

One of the bottleneck issues for solar water splitting is the
sluggish kinetics on semiconductor surfaces, which requires
large overpotentials to drive the HER and the OER.
Consequently, energy loss is significant during electron-
transfer processes at the semiconductor/liquid interface.
Cocatalysts could lower the activation energy or overpoten-
tial for H, and O, evolution reactions on the surface of
semiconductors.*! Pt are generally considered as the most
effective HER cocatalyst, while IrO, and RuO, are well-
known as excellent OER cocatalysts.*® However, the scarcity
and high costs of these noble-metal-based cocatalysts have
hindered their application on a large scale. Thus, the design
and development of non-noble water splitting cocatalysts with
high efficiency is highly desired.””!

3.1. HER Cocatalysts

Even though the HER is considered as an easier reaction
compared to the OER, the H, evolution kinetics on p-type
narrow-band-gap semiconductors is too sluggish to compete
with the recombination of e™-h™ pairs.”® Loading cocatalysts
has been shown to be an efficient approach to solve this
problem.

3.1.1. Platinum-Group Metals as HER Cocatalysts

Pt-group metals are known as the best HER catalysts.
Although they are rare and suffer from high cost, this group of
metals may serve as archetypical catalysts to overcome the
sluggish reaction kinetics, so that other performance-deter-
mining factors can be identified and optimized, such as the
effectiveness of the anti-corrosion layer (using Pt,['>1 Ir,1®!
and Ru®), or the improvement of photovoltage from buried
junctions (using Ptl'?). Although highly catalytically active,
the high work function of Pt (5.7 ¢V) should be considered
when contacting with p-type semiconductors,’*! as discussed
in Section 4.3.

3.1.2. MoS, HER Cocatalysts

Using density functional theory (DFT) calculations, it has
been predicted that the molybdenum edges of triangular
MoS, nanoplatelets are highly electrochemically active for
HER.P” These surface-active sites were quantitatively iden-
tified by scanning tunneling microscopy (STM), and the HER
catalytic activity of MoS, was verified by electrochemical
measurements.*”) Based on these findings, Chorkendorff and
colleagues further demonstrated that Mo;S, can be an
efficient HER catalyst for p-type Si(100) photocathode in
strong acidic aqueous electrolyte (1M HCIO,) illuminated by
AM1.5G irradiation with A > 620 nm.""? Upon the deposition
of MosS, clusters using a drop-casting method, the HER onset
potential of a planar p-Si electrode was shifted from —0.4 to
+0.15V versus RHE (Figure 3a), exhibiting a hydrogen
evolution current density of 8 mAcm ™ at 0V versus RHE.
By forming a pillared structure with 2 nmol Mo;S, loaded, the
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Society.

photocurrent density was further improved to 9 mAcm 2 at

0 V versus RHE. High-surface area amorphous MoS, can also
be electrodeposited onto pn*-Si(100).'" To protect pn*-Si
against the oxidative condition during the MoS, electro-
deposition process, a 9 nm Ti protective layer was sputtered
first, which also prevented the Si(100) substrate from
passivation by dissolved O, during the HER and under idle
conditions. Upon the deposition of MoS,, the pn*-Si/Ti/MoS,
electrode showed a substantial shift of HER onset potential
(at 1 mAcm?) to 0.33 V versus RHE, as compared to the
onset potential of —0.22 V versus RHE for pn*-Si/Ti elec-
trode (Figure 3b). This catalytic effect was comparable to that
of Pt (0.47 V vs. RHE onset potential for pn*-Si/Ti/Pt), while
MoS, was less likely to block the light absorption, rendering
a photocurrent density of 16.2mAcm 2 at 0V versus RHE
(Im HCIO,, AM1.5G with 4> 635 nm), higher than the Pt
catalyzed electrode (14.8 mAcm > at 0 V vs. RHE).
Improved photocatalytic HER performance was also
observed for p-InP(111) decorated by MoS, nanoparticles
using a photochemical reduction process.”! Transmission
electron microscopy (TEM) images revealed that the photo-
chemical deposited MoS, was amorphous. XPS confirmed the
composition of MoS; When MoS; was deposited on a planar
single-crystal p-InP electrode, the open circuit voltage
increased from 0.20 to 0.55V versus RHE (Im HCIO,,
AM1.5G), and the maximum energy conversion efficiency
increased from 0.3 to 3.9 %, primarily due to the catalytic
effect of MoS;, while the surface passivation effect of MoS;
was also revealed by photoluminescence tests. For single-
crystal p-InP with 3% of the surface covered by InP

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanowires, depositing MoS; nanoparticles could improve the
maximum energy conversion efficiency from 1.2 to 6.4%,
which was among the highest efficiency reported for PEC
water reduction using nanowire-based photocathodes. At 0 V
versus RHE (1M HCIO,, AM1.5G), the MoS; decorated p-InP
nanowire electrode was relatively stable with a photocurrent
retaining 93 % of its initial value after one hour.

3.1.3. Ni-Mo Alloy HER Cocatalyst

Ni-Mo alloy HER catalysts were investigated by Lewis
and colleagues as an earth-abundant alternative that may
replace the noble metal catalysts. The Ni-Mo nanoparticles
were electrodeposited from a bath containing Ni" sulfamate
and Na,MoO, at pH 4.5, onto p*- and p-type Si,*"! as well as
planar and microwire-array pn*-junction Si.*”! The selection
of an acidic Ni" sulfamate bath avoided the electrodeposition
process under alkaline conditions that would oxidize the Si
surface. For both planar and microwire-array p*-Si electrodes
in the dark (pH 4.5), the Ni-Mo alloy exhibited considerably
higher dark electrocatalytic activity than electrodeposited Ni
nanoparticles, primarily due to the improved surface area.
The electrocatalytic activity of Ni-Mo alloy nanoparticles was
comparable to e-beam-deposited Pt film (ca. 1nm) and
higher than electrodeposited Pt nanoparticles for p*-Si
microwire samples (Figure 3¢). Despite the noticeable cata-
lytic activity of the Ni-Mo alloy in the dark, no substantial
improvement of HER onset potential was observed for the p-
Si/Ni-Mo electrode under AM1.5G illumination (pH 4.5),
which was ascribed to the lower photovoltage generated by
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the p-Si/Ni-Mo interface due to the less effective “pinch-off”
effect (more discussions in Section 4.3)."!! In the case of pn*-
Si where the photovoltage was generated from the buried pn*
junction, the pn*-Si/Ni-Mo microwire-array photocathode
yielded an energy conversion efficiency of 1.9% under
AM1.5G illumination (pH 4.5).1”! Javey and co-workers also
electrodeposited this Ni-Mo catalyst onto TiO, protected p-i-
n amorphous Si photocathodes.'”) The Ni-Mo catalyzed
amorphous Si electrode showed an onset potential of 0.87 V
versus RHE, only 0.06 V more negative than that of
areference electrode catalyzed by a 2 nm Pt film (Figure 3d),
under AM1.5G illumination (pH 4), indicating the high HER
catalytic activity of this Ni-Mo alloy.

3.2. OER Cocatalysts

Being the first step of water splitting, the OER is
particularly demanding due to its intrinsic nature as an
energy uphill reaction that involves a four-electron oxidation
of two water molecules, leading to the removal of four protons
to form an O-O double bond. Subsequently, the four protons
and four electrons released from OER could be combined to
form two hydrogen molecules in the HER half reaction.”!
The activation energy of water oxidation dominates that of
the overall water splitting reaction.™! Most of the photo-
voltage produced by the photoanode is used to overcome the
sluggish O, evolution kinetics coupled with rapid charge
recombination. Thus, efficient water oxidation cocataysts are
expected to improve the efficiency of water splitting signifi-
cantly.

3.2.1. Noble Metals as OER Cocatalysts

An Ir/IrO, film stack was prepared by sputtering as an
OER catalyst for np*-Si photoanodes in an acidic media (1m
H,SO,). Upon thermal treatment at 648 K, the np*-Si/It/IrO,
electrode exhibited a photocurrent density of 10 mA cm? at
123V versus RHE under AM1.5G irradiation with 4>
635 nm. Without inserting an extra interfacial anti-corrosion
layer, this 2 nm Ir/IrO, catalytic layer could protect the Si
substrate against corrosion for 18 h at 1.23 V versus RHE.!
The high activity of IrO, is not unexpected, but it is still highly
desirable to enable earth abundant materials to replace, or at
least diminish the usage of noble metals.

A NiRuO, catalytic film was synthesized by RF co-
sputtering using NiO and Ru targets on a n-type Si(100)
photoanode.! Upon the incorporation of RuO,, the Ni'/Ni'!
ratio changed from 0.86 to 0.35 as revealed by XPS, indicating
that the NiRuO, film was Ni™-rich. By depositing this
NiRuO, film on FTO, the dark OER overpotentials at
10 mAcm? decreased from 1829 (bare FTO) to 797 mV
versus RHE (pH 7.2), which outperformed the pure NiO, film
that needed a 1043 mV overpotential to drive the same
current density. For the n-Si/NiRuO, photoanode under
AMI1.5G illumination, an onset potential of 1.08 V versus
RHE (pH 7.2) was observed, with a photocurrent density of
0.94mAcm™? at 1.23V versus RHE. This PEC water
oxidation performance is comparable to an n-Si(100) photo-
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anode directly coated with metallic Ru (n-Si/Ru) with similar
Ru loading.

3.2.2. Cobalt-Phosphate (Co-P;) OER Cocatalysts

Nocera and colleagues pioneered the in situ formation of
a Co-based OER cocatalyst on conductive electrodes by the
electrodeposition of Co*" ions in aqueous solutions contain-
ing phosphate at pH 7 (denoted as Co-P;). The resulting Co-P;
catalytic thin film was amorphous with a Co to phosphate
ratio of about 2:1.! Co-P; catalytic films can also be prepared
directly from 800 nm thick cobalt metal thin films on non-
conductive Si substrates in phosphate-containing solutions at
pH 7, where the metallic cobalt partially transformed into Co-
P, while the remaining cobalt metal could act as the protective
layer.”

Using the solution-based method with potassium phos-
phate and Co*", the Co-P; film was deposited on npp*-Si, with
a conductive ITO layer sandwiched between Co-P; and Si as
the protective layer. The electrode exhibited an onset
potential of 0.7 V versus NHE at pH 7 (1.1 V vs. RHE) under
AM1.5G illumination, producing a photovoltage of 0.52 V.
Using a triple junction (3jn) amorphous Si solar cell covered
with ITO as the anode, the solution-deposited Co-P; catalytic
layer resulted in an negative onset potential of —0.37 V versus
RHE (1M potassium borate, pH 9.2, AM1.5G) for water
oxidation, which enabled spontaneous water splitting using
NiMoZn on Ni mesh as the counter electrode with an overall
efficiency of 4.7% (Figure 4a).”*!

3.2.3. 3d Metal (Ni, Co, Fe, Mn) Oxides as OER Cocatalysts

3d Transition-metal (Ni, Co, Fe, Mn) oxides have been
demonstrated as promising earth-abundant OER cocatalysts,
and an amorphous Feq_, ,/Co,Ni,O, composite prepared by
a photochemical deposition method presented comparable
activity to noble-metal oxide catalysts.*®] Another cost-
effective sol-gel process followed by drop casting was
presented by Wang and co-workers to prepare crack-free
NiO, films (37.4nm thick) on n-type Si(100).*? Upon
annealing at 400°C for improved crystallinity, the sol-gel
NiO, film became oxygen rich with Ni*" being the dominant
nickel species. Although the number of Ni**, which was the
OER catalytic centers, reduced upon annealing, the NiO, film
still exhibited noticeable catalytic effect for water oxidation,
since the onset potential (at 0.1 mA cm™) of n-Si/ITO/NiO,
showed a significant cathodic shift (ca. 900 mV) compared to
an n-Si/ITO electrode (Figure 4b) under AM1.5G illumina-
tion at pH 7.2, resulting in an overall conversion efficiency of
1.34%. Furthermore, a porous NiO, OER catalyst was
synthesized by adding a non-ionic surfactant as the complex-
ing agent in the precursor, which produced dense and
compact NiO, nanoparticles, providing a large surface area,
and the catalyst activation processes could be simplified.!

CoO, catalytic layers deposited by plasma-enhanced
ALD from Co(Cp), and O, plasma was demonstrated by
Sharp and colleagues to assist the water oxidation on nano-
textured np*-Si buried junction substrate.* The np*-Si/CoO,
electrode exhibited a photocurrent density of 17 mAcm ? at
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Figure 4. a) Unassisted solar water splitting with Co-P; as the OER cocatalyst, resulting in an energy conversion efficiency of 4.7%.2*! OER
catalytic effect of b) NiO,,*? c) CoO,,**! and d) MnO® with Si photoanodes. Reproduced with permissions. Copyright 2011 AAAS. Copyright 2012
The Royal Society of Chemistry. Copyright 2014 American Chemical Society. Copyright 2013 American Chemical Society.

1.23 V versus RHE (pH 13.6, AM1.5G) (Figure 4c¢). XPS and
X-ray absorption near-edge spectroscopy (XANES) indicated
that these CoO, films are composed of Co;O, with an
underlying interfacial Co" layer. Surface CoO(OH) species
were formed upon water oxidation reaction for one hour.

Jacobson and co-workers deposited Ti-doped a-Fe,O;
(Ti:Fe,05) films on n-type Si(100) as the catalytic layer.*!
The ultrathin (<10 nm) Fe,O; permitted the space charge
region to be primarily within silicon, which enabled silicon to
preserve its upward band bending at the semiconductor—
liquid junction without being disturbed by the Ti:Fe,O;
catalytic layer. The Ti:Fe,O; catalyzed planar n-Si photo-
anode with optimized cocatalyst thickness and backside
contact displayed an onset potential of 1.05 V versus RHE,
and reached photocurrent density of 12 mAcm™ at 123 V
versus RHE (pH 13.8, AM1.5G).

Additionally, a MnO thin film (10 nm) was deposited on
n-type Si(100) by ALD. While bare n-Si exhibited negligible
photocurrent, n-Si/MnO presented an ORE current density of
45mAcm™ at 1.23 V versus RHE, and a saturate value of
28 mAcm? (Im KOH, AM1.5G) (Figure 4d). With p'-Si/
MnO in the dark as reference, the n-Si/MnO electrode
produced a high photovoltage of ca. 500 mV, indicating the
OER catalytic effect of MnO."*

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4. Surface and Interface Energetics

4.1. Buried Junctions for Higher Photovoltage and Device
Flexibility

Another limitation of narrow-band-gap semiconductor
photoelectrodes is the relatively small photovoltage as
compared to other semiconductors such as TiO,, owing to
their intrinsic small band gap and unfavorable band positions.
Lewis and colleagues investigated the hydrogen evolution
ability of Pt decorated planar (100)-oriented and microwire-
array p-Si electrodes.''! Although a highly active Pt electro-
catalyst was used, it was found that the performance was still
low for both planar (Figure 5a) and microwire-array (data not
shown) p-Si/Pt electrodes, primarily due to the small photo-
voltage produced at the p-Si/solution junction, since the
valence band edge energy of Si is not positive enough with
respect to the H"/H, redox potential (Figure 5c), consistent
with the previous finding.” In addition, the p-Si/Pt Schottky
junction was also incapable of generating a significant built-in
potential owing to the limited difference between the work
function of p-Si and Pt."*!* (more details in Section 4.3).

To obtain a higher photovoltage, a top n* emitter layer
was introduced to form a buried pn* junction as in photo-
voltaic solar cells, using the thermal diffusion method.!'!
Upon the formation of buried pn™ junction, the generation
of photovoltage is decoupled from the semiconductor/solu-
tion interface where the electrocatalyst is loaded (Figure 5d).
Thus, the Schottky junction at the semiconductor/solution
interface is no longer required, which allowed the surface
cocatalysts to be optimized independently. In addition, edge
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positions of the conduction and valence band are not required
to be more negative or positive than the thermodynamic HER
or OER redox potentials, respectively, as long as the photo-
voltaic cell could provide enough potential for water split-
ting.>*!

A shallow upward band bending (not shown in Figure 5d
for clarity) exists at the pn*-Si/solution interface, but the
depth of this band bending is limited to a few nanometers
owing to the high doping level in the n* layer, thus the
minority carriers (holes for photocathodes) can easily tunnel
through. This is the reason why a shallow and heavily doped
top n' layer is preferred for p-type substrates.

The resulting planar (Figure 5b) and microwire-array
(data not shown) pn'-Si/Pt electrodes both exhibited stable
and reproducible photovoltages of 0.55 V, with energy con-
version efficiencies of 9.6 and 5.8%, respectively (pH 2,
AM1.5G), which is among the highest for Si-based photo-
cathode. By using a textured commercial pn’-Si substrate
coated with F:SnO,/TiO, as the anti-corrosion layer and an Ir
cocatalyst (2 nm thick), the textured pn*-Si photocathode
reached an energy conversion efficiency of 10.9% (1m KOH,
AM1.5G)."™ Similar planar""® and microwire-based*? p-type
Si with top n* emitter layers were also used to fabricate high-
performance photocathodes by loading MoS, and Ni-Mo
alloy cocatalysts.

Forming buried homogenous p-n junctions also allows n-
type substrates to obtain increased photovoltages for water
oxidation. A np*-Si substrate has been fabricated using
diffusion or ion implantation methods.?***% A degenerately
doped p*™-Si(100) electrode with MnO cocatalysts showed
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a dark OER onset potentials of 0.6V versus Ag/AgCl
(Figure 4d), corresponding to 1.6 V versus RHE at pH 13.6,
very similar to p*-Si(100) catalyzed by CoO, under similar
test condition (Figure 4c), suggesting similar activity of the
two cocatalysts prepared by the two groups. Under AM1.5G
illumination, the np*-Si(100)/CoO; electrode produced a pho-
tovoltage of 610 mV,** while the n-Si(100)/MnO photoan-
odes only produced ca. 500 mV.?? This is largely due to the
difference between the metallurgic np* junction and the n-Si/
solution junction.

In addition to the metallurgical p-n junctions constructed
within Czochralski-grown Si substrates by dopant diffusion or
ion implantation, buried junctions can also be fabricated using
bottom-up techniques such as thin-film deposition. A p*-
doped emitter layer (100 nm) was deposited on n-type single-
crystal InP(001) substrates using gas-source MBE, and the
np*-InP anode generated a photovoltage of 700 mV for water
oxidation.” Javey and co-workers demonstrated the fabri-
cation of amorphous Si with buried p-i-n junction using
plasma enhanced CVD (PECVD). Covered by a TiO,
protective layer and a Pt catalytic layer, the p-i-n junction
cathode exhibited an exceptionally positive HER onset
potential of 0.93 V versus RHE, with a saturation photo-
current of 11.6 mA cm 2, and reached an energy conversion
efficiency of 6% for water reduction (pH4, AML1.5G).
Noticeably, the p-i-n junction cathode presented a sharp
onset of photocurrent, and reached high values of 6.1 and
9.4 mAcm™ at large positive biases of 0.8 and 0.7 V versus
RHE, respectively, which is the key to reach a high overall
efficiency in a tandem PEC device where two half cells are
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connected in series.”) Very recently, Wang and colleagues
fabricated a Si-based heterojunction structure with n-type
single-crystal Si(001) sandwiched between PECVD-grown p-
type amorphous Si (6 nm) and n"-type amorphous Si (10 nm)
layers, with ultrathin intrinsic amorphous Si presented at the
two interfaces for dangling band passivation.”” Generating
a high open circuit voltage of 670 mV, this heterojunction
device can be used as both photoanode and photocathode
with ITO layers deposited to isolate Si from the electrolyte.
Catalyzed by sol-gel-prepared NiO,, the heterojunction
photoanode with micropyramidal surface exhibited an OER
photocurrent density of 10 mAcm 2 at 1.06 V versus RHE,
and an energy conversion efficiency of 1.5% (1m NaOH,
AM1.5G). When loading Pt as the HER cocatalyst, this
heterojunction photocathode presented a record high effi-
ciency of 13.26 % for water reduction with Si-based electrodes
(Im H,SO,, AM1.5G). These examples clearly demonstrate
the importance of buried junction in the enhancement of PEC
water splitting efficiency.

4.2. Reduction of Interfacial Electrical Resistance

In addition to generating higher photovoltages, reducing
the voltage drop due to resistive losses, and preventing the
oxidation of the substrate or protective layers are also
important considerations to ensure that all photovoltages
are used to split water. For example, the backside of an n-
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Si(100) photoanode can be converted to a shallow n* layer by
thermal diffusion to make Ohmic contact with the metallic
aluminum/silver contact. With 10 nm Fe,O; films as the
cocatalysts for n-Si in 1M KOH (pH 13.8) under AM1.5G, the
photocurrent density was significantly improved from 1.6 to
122 mAcm 2 at 1.23 V versus RHE upon the formation of
the n* back contact layer (Figure 6a,b).[*) To obtain more
information about the Si/cocatalyst interface, Nocera and
colleagues designed an npp*-Si-based electrode configuration
that can be used for OER to investigate the interfacial
electrical resistances across the interfaces of the Si/protec-
tion-layer/cocatalyst structure, where the protective layer was
conductive FTO, ITO, or Ni metal (Figure 6¢).**! In semi-
conductor/solution junction-based photoelectrodes, p-Si is
only suitable for water reduction. But for the npp*-Si
electrode with a buried junction where the np side is
illuminated to generate photovoltage, the water oxidation
reaction can take place on the unilluminated p* side, where
different conductive protective layers and OER cocatalysts
could be loaded to explore the interfacial voltage drop. In
addition to not containing rare element indium, FTO was
identified as a preferred interfacial protective layer compared
to ITO and Ni, since FTO exhibited the best Tafel behavior
among the three materials, with a 100 % Faradic efficiency.
When using Ni metal as the protective layer, about 80 %
Faradaic efficiency indicated the partial oxidation of Ni to
NiO,, suggesting that interfacial properties must be carefully
controlled.
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Figure 6. Photocurrent density-potential behaviors of a) planar n-Si/Fe,O; and b) planar n*n-Si/Fe,O; photocathodes, where the n* back contact
layer significantly reduces the OER onset potential by forming Ohmic contact.*? c) Schematic of the npp*-Si buried-junction photoelectrode to
investigate the interfacial voltage drop. Photoelectrocatalytic activity can be drawn by applying potential to the metal grid. When potential is
applied to the TCO or Ni layer, results only reflect the activity of the OER catalyst.”*! d) Higher photovoltage and lower onset potential obtained
with n-Si(100) covered by ultrathin (2 nm) Ni metal with higher effective work function, in comparison with n-Si(100) covered by thicker (5, 10
and 20 nm) Ni films with relatively low work function.””? Reproduced with permissions. Copyright 2012 Wiley-VCH. Copyright 2013 The Royal

Society of Chemistry. Copyright 2013 AAAS.
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4.3. Surface Energetics of Overlayers

Surface energetics also need to be considered when
choosing overlayers for the substrate, such as cocatalyst
layers or protective layers. Generally, when the overylayer is
metallic, a low work function material is preferred for p-type
substrate, while a high work function material is desired for n-
type substrate. The Fermi level pinning at the interface is also
a consideration.

Despite the excellent reaction kinetics enabled by Pt, the
band bending at the Pt/semiconductor interface must be
considered for photovoltage generation. The metallic electro-
catalysts are preferred to form a Schottky junction with the
underlying semiconductor, with a large work function differ-
ence, to facilitate the injection of photoinduced minority
carriers to the metallic catalyst. Although Pt is an excellent
HER catalyst, its work function is high (5.7 eV!*®) and similar
to that of p-Si(5.0-5.2 eV*)), which may result in a small
photovoltage.'”! By inserting a low work function metal, such
as Ti (4.3 eV), between Pt and the p-Si(100) substrate, the
photovoltage can be effectively improved.'*!* These findings
are consistent with the early investigation that p-Si(111)
modified with Pt nanoparticles showed improved HER
catalytic effect, but the photovoltage output was hampered."
A profound review with more details about metal/semi-
conductor interfacial energetics can be found elsewhere ')

Additionally, the work function of protective layer can be
controlled to lower the barrier height for hole transport in n-
type anodes. An investigation tuning the work function of the
ITO (4.4-4.7 eV?*)) protective layer for n-Si photoanode was
recently reported by Wang and co-workers.””! As a high work
function metal, Au was sandwiched into ITO to increase its
work function, which could facilitate the hole injection while
retaining the transmittance of ITO. With modified work
function, the ITO/AuWITO layer was also an effective anti-
corrosion layer for the underlying np'-Si substrate as
relatively small water oxidation current decay was observed
after 360 scans up to 0.9 V versus NHE (pH 13.8, 1.7 V versus
RHE) under 0.51 Sun illumination. Similarly, n-Si(100) pho-
toanode protected by ultrathin (2 nm) Ni metal generated
a higher photovoltage and exhibited lower onset potential
than those covered by thicker (5, 10, and 20 nm) Ni films
(Figure 6d), due to the higher effective work function of
ultrathin Ni relative to bulk Ni films. When the same 2 nm
thick Ni films were deposited on top of other metals with
different work functions to protect n-Si(100), the OER onset
potential followed the order of n-Si/Ni(2nm) < n-Si/Pt-
(2 nm)/Ni(2 nm) < n-Si/Ti(2 nm)/Ni(2 nm). The inferior per-
formance of n-Si/Ti(2 nm)/Ni(2 nm) was due to the low work
function of Ti (4.3 eV!"¥)), resulting in a nearly Ohmic contact
instead of a Schottky junction at the interface.””!

The existence of continuous overlayers may also induce
a high density of interface states, resulting in Fermi level
pinning at the interface with decreased photovoltage gener-
ation. Instead, if discrete metallic particles are in contact with
the semiconductor, the photovoltage will be primarily deter-
mined by the semiconductor/solution junction, rather than
the semiconductor/metal junction, known as the “pinch-off”
effect.”) To ensure an effective “pinch-off” effect, the size of
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the particles should be comparable to the depletion width of
the semiconductor, and these particles should be widely
separated from each other. When Ni-Mo alloy nanoparticles
were electrodeposited onto p-Si(100), the small interparticle
distances and the intimate contact with Si surface resulted in
a less prominent “pinch-off” effect. Thus, the photovoltage of
p-Si/Ni-Mo was largely reduced.*!

5. Surface Texturization

Like in many other semiconductor solar-to-fuel systems,
nanotextured surfaces could provide an enlarged solid-liquid
space charge layer area, and decouple the direction of light
absorption from the direction of minority carrier transport.”
For polished single-crystal planar substrates, surface texturi-
zation may provide additional advantages such as improved
antireflection and surface wettability to facility the release of
gas bubbles.

The polished planar single-crystal Si(100) substrates
exhibited high specular reflectance of 55, 42, and 37% at
ultraviolet (below 400 nm), visible (400 to 700 nm) and
infrared (700 to 1100 nm) regions, respectively, at 30° incident
angle. Upon surface nanotexturing using a chemical etching
method, a broadband suppression of reflection was observed
with a minimum value of ca. 0.1 % at 640 nm (Figure 7a),
accompanied by a 50% increase of OER photocurrent at
12.3 V versus RHE in a neutral electrolyte (pH 7.2) under
AM1.5G (Figure 7b).”! For water reduction, photolitho-
graphically prepared Si micropillars also showed enhanced
HER photocurrent density from 8 to 9 mAcm ™ at 0 V versus
RHE (1M HCIO,, AM1.5G with 4> 635 nm) compared to
planar p-Si(100) electrodes.™” Similarly, both InP nanopillars
(Figure 7¢)? and InP nanowire arrays (Figure 7d)P were
demonstrated to suppress the reflectance of polished planar
InP from ca. 30 to 1% at 400 to 800 nm. A micropyramidal
surface structure was also used to improve the light trapping
of heterojunction Si substrates.”™” The antireflection ability of
these patterned substrates was originated from the sub-
wavelength surface micro- and nanostructures that can be
considered as a mixture of the semiconductor and air, with
gradient refractive index from air to substrate, serving as an
antireflective layer.”® Thus, nanoscale pyramid- or cone-like
structures with shrinking lateral dimensions are preferred
over nanorods or nanowires for antireflection purposes.

Fluctuating photocurrents with spikes were observed on
planar Si(100) photoanodes due to the accumulation of O,
bubbles on the electrode surface follow by rapid detachment
(Figure 8a).”?! Similar H, bubble accumulation was also
observed on planar InP(100) photocathodes, hindering the
mass transportation between the electrolyte and the semi-
conductor, and reducing the electrode stability (Figure 1d,
gray circles). These bubble accumulation issues were attrib-
uted to the hydrophobic nature of the planar semiconductors,
which makes gases, instead of the electrolyte, stick to the
surface. Upon the formation of an InP nanopillar structure
(Figure 8b), the surface wettability of InP increased signifi-
cantly as the contact angle of the electrolyte droplets
decreased from 57 to 0° (Figure 8c,d), which significantly
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suppressed H, bubble accumulation (Figure 8e,f). The InP  tial owing to a more intimate semiconductor/electrolyte
nanopillar sample could further reduce the HER overpoten-  interface.?” Substrate surface texturization does not guaran-
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Table 1: Energy conversion efficiencies of recent representative PEC photoelectrodes based on narrow-band-gap semiconductors.

Efficiency Structure Configuration Conditions Ref.
HER

14% p-InP/TiO,/Ru nanopillar 1M HCIO, (pH 0.51), AM1.5G 20]
13.26% Pt/ITO/(n"-i a-Si)/n-Si/(i-p a-Si)/ITOE micropyramid 1™ H,SO,, AM1.5G [50]
10.9% pn*-Si/F:SnO,/TiO,/Ir micropyramid 1m KOH, AM1.5G [18]
9.6% pn-Si/Pt planar 0.5mMK,SO, (pH 2), AM1.5G [114]
6.4% p-InP/MoS; nanowire 1™ HCIO,, AM1.5G [5]
6% p-i-n a-Si/TiO,/Pt deposited on textured ZnO 0.5m KHP® (pH 4), AM1.5G [19]
4.9% p-Si/SrTiO,/Ti/Pt planar 0.5m H,SO,, AM 1.5G [14]
OER

4.7% 3jn-a-Si/ITO/Co-Pi deposited on stainless steel 1™ KBi(pH 9.2), AM1.5G! [24b]
1.9% np'-Si/Ni-Mo microwire buffered KHP (pH 4.5),AM1.5G [42]
1.5% ITO/(n*-i a-Si)/n-Si/(i-p a-Si)/ITO/NiO, micropyramid 1M NaOH, AM1.5G [50]
1.34% n-Si/ITO/NiIO, planar buffered Na,SO, (pH 7.2), AM1.5G 132]
[a] a-Si: amorphous Si, i: intrinsic; [b] KHP: potassium hydrogen phthalate; [c] KBi: potassium borate.

tee simultaneous antireflection and enhanced hydrophilici-
ty."”! Additionally, the larger surface area of nanostructured
surface may result in a high density of defect states. Care must
be taken to avoid extra bubble adhesion and surface
recombination when designing the surface nanostructures
for antireflection.

6. Summary and Outlook

Single-crystal semiconductors with narrow band gaps
have shown great potentials for efficient solar water splitting
(Table 1). Particularly, the thermodynamic instability of
narrow-band-gap semiconductor could be overcome by
depositing anti-corrosion layers with tunneling, conduction
band transport, or defect-state transport mechanisms that
ensured efficient conduction of photogenerated minority
carriers. The sluggish H, and O, evolution kinetics on
semiconductor surfaces can be largely accelerated by loading
earth-abundant cocatalysts, such as MoS, and Ni-Mo alloy for
the HER, as well as Co-P; and 3d transition-metal (Ni, Co, Fe,
Mn) oxides for the OER. Forming buried p-n junctions,
surface Schottky junctions, and backside Ohmic contacts are
important approaches to enlarge the photovoltage genera-
tion, and ensure that photovoltage is essentially used to split
water. Lastly, antireflection and improved wettability can be
obtained by surface texturization of polished single-crystal
substrates.

In spite of the above progresses, there are still many
challenges and opportunities in designing narrow-band-gap
semiconductors for solar water splitting. As shown in Table 1,
although relatively high energy conversion efficiencies have
been achieved for the HER half reaction, the OER part of
water splitting is still low in efficiency. Thus, high performance
OER cocatalysts and advanced electrode structures for
photovoltage generation will continuously require extensive
future investigations. In the fabrication of surface nano-
structures or heavily doped shallow p-n junctions, it is
desirable to explore more effective methods to avoid the
use costly capital equipment such as photolithography tools,
ion-implanters, or reactive ion etchers, to enable practical
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solar water splitting on a large scale. Additionally, it is
desirable to develop cost-efficient methods to prepare multi-
functional surface protective layers with catalytic activity,
controlled energetics to form p-n junction or Schottky
junction with the underlying semiconductor, and with an
intermediate refractive index between the substrate and
electrolyte for antireflection. In order to thoroughly under-
stand the water splitting kinetics at atomic or molecular
scales, in situ electrochemical measurement techniques with
nanoscale spatial resolutions need to be applied to monitor
the localized interfacial transfer processes of electrons and
intermediates, such as scanning electrochemical microscopy
(SECM) and electrochemical scanning tunneling microscopy
(EC-STM).
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