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ABSTRACT: Designing high-quality interfaces is crucial for high-
performance photoelectrochemical (PEC) water-splitting devices. Here,
we demonstrate a facile integration between polycrystalline n+p-Si and
NiFe-layered double hydroxide (LDH) nanosheet array by a partially
activated Ni (Ni/NiOx) bridging layer for the excellent PEC water
oxidation. In this model system, the thermally deposited Ni interlayer
protects Si against corrosion and makes good contact with Si, and NiOx
has a high capacity of hole accumulation and strong bonding with the
electrodeposited NiFe-LDH due to the similarity in material
composition and structure, facilitating transfer of accumulated holes to
the catalyst. In addition, the back illumination configuration makes NiFe-
LDH sufficiently thick for more catalytically active sites without
compromising Si light absorption. This earth-abundant multicomponent
photoanode affords the PEC performance with an onset potential of
∼0.78 V versus reversible hydrogen electrode (RHE), a photocurrent density of ∼37 mA cm−2 at 1.23 V versus RHE, and retains
good stability in 1.0 M KOH, the highest water oxidation activity so far reported for the crystalline Si-based photoanodes. This
bridging layer strategy is efficient and simple to smooth charge transfer and make robust contact at the semiconductor/
electrocatalyst interface in the solar water-splitting systems.

KEYWORDS: Water oxidation, Si-based photoanode, NiFe-layered double hydroxide, transition metal catalyst, interfacial engineering,
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The promising conversion of intermittent solar radiation
into a storable, clean, and sustainable hydrogen fuel

through photoelectrochemical (PEC) water splitting demands
efficient, stable, and cost-effective materials.1−3 Over four
decades of pursuit, no single material has been found to meet
all these requirements, so developing multicomponent systems
that integrate high-efficiency photoabsorbers with high-turn-
over catalysts is attracting more attention.4−8 Earth-abundant
Si, which is widely used in the electronics and photovoltaic
industries, has a suitable bandgap (1.1 eV) for absorbing a
larger portion of the solar spectrum, superior charge transport
properties comparing to metal oxide semiconductors, and
mature fabrication technology for device integration, generally
leading to higher efficiencies as an attractive photoabsorber.9−15

Unfortunately, the stability of Si in aqueous solution is
poor,16,17 especially prone to corrosion in the photoanode,
where the sluggish oxygen evolution reaction (OER) is the
bottleneck of water splitting.18 Integration of catalysts with Si
often improves the PEC device performance by expediting
OER18−34 and/or protects Si against corrosion.19−27 So far,
most studies have been focused on engineering interfacial
energetics for higher photovoltage in Si-based PEC devices,

such as suppressing surface charge recombination by inserting
an insulator layer as in the metal−insulator−semiconductor
(MIS) architecture which is common for Si-based photo-
electrodes,18,19,21−23 tuning the band structure ener-
getics.19−22,29−32,34−36 However, there is always a trade-off
between light shielding and catalytic performance, so the
transparent property of the catalyst is required.21 Otherwise,
the high-cost noble-metal catalysts or expensive film coating
facilities22,33 often used are unrealistic for future large-scale
water-splitting applications.20,29

Recently, transition metal compounds with high OER
catalytic activity in the alkaline electrolytes, high abundance,
eco-friendly property, and facile preparation have appeared to
be a family of potential catalysts.8,37 Especially for the high-
efficient NiFe-layered double hydroxide (LDH), its unique
layered structure is favorable for diffusion of water molecules
and fast release of gaseous products.38,39 However, LDH is
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difficult to directly incorporate into the MIS architecture,18,23

and the open-channel architecture cannot well protect Si from
electrolyte corrosion.38 Herein, we demonstrate a facile
integration between the attractive photoabsorber Si and the
high-turnover NiFe-LDH nanosheet array by a partially
activated Ni bridging layer for the excellent PEC water
oxidation performance. The designed n+p-Si/SiOx/Ni/NiOx/
NiFe-LDH model system has a few key features: (1) the Ni
metal layer is used to protect Si against corrosion because the
Ni-based anodes have long been used in industrial water
electrolysis with excellent stability;40 (2) Ni is an attractive
interface for buried junction-PEC architectures owing to its
ability to make excellent contact with Si and is easily deposited
by a variety of techniques (thermal deposition in our case);35,41

(3) NiOx has a high capacity of hole accumulation and strong
bonding with the electrodeposited NiFe-LDH due to the
similarity in material composition and structure, facilitating
transfer of accumulated holes to the catalyst; and (4) this anode
structure allows back illumination from the Si substrate, so
NiFe-LDH can be sufficiently thick for more catalytically active
sites without concerns about any light shielding issues.10 This
earth-abundant multicomponent photoanode affords excellent
PEC performance with a very low onset potential (∼0.78 V
versus reversible hydrogen electrode, RHE), a high photo-
current density (∼37 mA cm−2 at 1.23 V versus RHE), the
maximum solar-to-oxygen conversion efficiency (∼4.3% at 1.02
V versus RHE) and retains the activity for 68 h in 1.0 M KOH
under simulated AM 1.5G irradiation at 1 sun. To the best of
our knowledge, it is the highest OER activity so far reported for
the crystalline Si-based photoanodes (Table S1, Supporting
Information). Furthermore, the underlying mechanism for
interfacial engineering is systematically analyzed.
The schematic illustration of integrating NiFe-LDH onto the

polycrystalline n+p-Si substrate through a partially activated Ni
interlayer is shown in Figure 1. First, the Ni metal film was

thermally deposited on the p-side surface of n+p-Si with native
SiOx. Then, this Ni film was partially activated in a PEC three-
electrode system to form a thin NiOx layer on its surface.
Finally, the NiFe-LDH nanosheet array was electrodeposited
onto the NiOx surface (see experimental and characterization
details in Figures S1−S4, Supporting Information).
The structure and morphology characterizations of the

designed photoanode are shown in Figure 2. Figure 2a displays
the cross-sectional transmission electron microscopy (TEM)
image of the n+p-Si/SiOx/Ni/NiOx/NiFe-LDH photoanode
with a porous NiFe-LDH layer. A thin native SiOx layer is
observable at the interface between Si and Ni (Figure 2b),

which is also corroborated by the Auger electron spectroscopy
depth profiling (Figure S3a, Supporting Information).The
amorphous NiOx layer encasing the Ni particles, which has
intimate contact with the NiFe-LDH overlayer, is formed on
the Ni film (Figure 2c, Figure S3b,c, Supporting Information).
The top-view and side-view scanning electron microscopy
(SEM, Figure 2d, Figure S3d in Supporting Information) and
the digital (Figure S3e, Supporting Information) images
disclose the microscopic nanosheet array structure and the
macroscopic homogeneous flat film of NiFe-LDH with the
thickness varying from ∼1 to 3 μm on the surface of the
textured Si substrate. The high-resolution TEM image (Figure
2e) reveals the fringe spacing of 0.26 nm which agrees well with
the NiFe-LDH spacing of the (012) lattice plane in the XRD
pattern (Figure S3f, Supporting Information), further confirm-
ing the formation of NiFe-LDH on the surface of the
photoanode. The PEC performance of the n+p-Si/SiOx/Ni/
NiOx/NiFe-LDH photoanode was evaluated in a three-
electrode voltammetry configuration in 1.0 M KOH solution
under simulated AM 1.5G back illumination at 1 sun without
correction for resistance losses. The optimized photoanode
affords a typical photocurrent onset potential (Von, defined as
the potential required to achieve an anodic current of 0.1 mA
cm−2)29 of ∼0.78 V versus RHE, a current density of ∼37 mA
cm−2 at 1.23 V (E0(O2/H2O), the equilibrium potential for
water oxidation at pH = 13.6) versus RHE, and a saturation
current density of ∼41 mA cm−2 (red solid curve in Figure 3),
which is the 93.8% of the theoretical value (43.7 mA cm−2) that
crystalline Si can afford.30,42 The dark current is near zero
(green dashed curve in Figure 3), implying that the observed
current under illumination is related to the photogenerated
charge carriers. These results of our designed photoanode show
the best performance so far comparing to any n-Si or np+-Si
based photoanodes integrated with noble metal or earth-
abundant catalyst.24 To ensure the reproducibility of the results,
over 20 samples with the same configuration were tested, and
the n+p-Si/SiOx/Ni/NiOx/NiFe-LDH photoanode yielded
photocurrent onset potentials of 0.78 ± 0.02 V versus RHE,
and the highest photocurrent density of ∼37 ± 2 mA cm−2 at
1.23 V versus RHE.
By comparing the theoretical O2 production calculated from

the photocurrent to the actual O2 yield, the average Faradaic
efficiency was obtained, which is ∼100%, indicating the efficient
splitting of water during the PEC water oxidation reaction
(Figure S5a, Supporting Information). And considering the
100% Faradaic efficiency, the applied bias photon-to-current
efficiency (ABPE, also called the ideal solar-to-O2 conversion
efficiency) of this photoelectrode is 4.3% ± 0.2% at 1.02 V
versus RHE (Figure S5b, Supporting Information). Stability is
another important feature to estimate the application potential
of the fabricated photoanode. The PEC stability of this n+p-Si/
SiOx/Ni/NiOx/NiFe-LDH photoanode is found to maintain a
photocurrent density of ∼9 mA cm−2 for 68 h of continuous
operation in 1.0 M KOH solution as evaluated by
chronoamperometric response (Figure S5c, Supporting In-
formation). The variation of the current density was caused by
the absorption/desorption of O2 bubbles and fluctuations in
the illuminated light intensity. After the stability test, the
morphology of NiFe-LDH shows a negligible change (Figure
S5d, Supporting Information), and the textured polycrystalline
Si substrate basically keeps intact (Figure S6, Supporting
Information). Although a small amount of nanoscale etch pits
appear, nearly all its PEC activity was able to retain for some

Figure 1. Cross-sectional schematic and energy band alignment of the
designed multicomponent n+p-Si/SiOx/Ni/NiOx/NiFe-LDH photo-
anode for water oxidation.
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time in the next round of the stability test as previously
reported.21

To explore the underlying mechanism for the excellent PEC
performance of the n+p-Si/SiOx/Ni/NiOx/NiFe-LDH photo-
anode, we investigated the respective role of the different
deposition layers. The bare n+p-Si anode displays a very low
photocurrent density (<1 mA cm−2) and its performance
decays rapidly within three successive cyclic voltammetry (CV)
sweeps (Figure S7, Supporting Information). After depositing
the 30 nm Ni film, the initial J−V curve of n+p-Si/SiOx/Ni with
the photocurrent onset potential (Von) of ∼1.0 V versus RHE
and the current density of ∼14.2 mA cm−2 at 1.23 V verse RHE
(black solid curve in Figure 3) indicates that Si corrosion is

greatly inhibited because of the Ni film protection. After
activation, the PEC activity of the anode shows improved
performance with Von of ∼0.965 V and a current density of
∼23.6 mA cm−2 at 1.23 V versus RHE (blue solid curve in
Figure 3). The Ni metal oxidation process on the anode was
investigated by X-ray photoelectron spectroscopy (XPS). The
Ni 2p peaks display that the signal of metallic Ni for n+p-Si/
SiOx/Ni almost disappears and the Ni2+ and Ni3+ signals
become dominant (black and blue curves in Figure 4). During

the OER, the Ni2+ resting state in Ni(OH)2 is oxidized to Ni3+

in NiOOH, which reacts with OH− to evolve O2 as active
sites.25,33,43 Because of the main contribution of the n+p-Si
junction,31 the generated photovoltage (Vph) of the n+p-Si/
SiOx/Ni/NiOx photoanode is ∼578 mV as manifested by the
potential difference between n+p-Si/SiOx/Ni/NiOx under
illumination (blue solid curve in Figure 3) and a metallic

Figure 2. Structure and morphology characterizations of the designed photoanode. (a) Cross-sectional TEM image of the n+p-Si/SiOx/Ni/NiOx/
NiFe-LDH photoelectrode. High-resolution TEM images of (b) Si/SiOx/Ni structure and (c) a particle-like Ni/NiOx layer between the Ni metal
layer and the NiFe-LDH overlayer, enlarged from the rectangular areas outlined in (a) corresponding to their respective border color. (d) Top-view
SEM and (e) high-resolution TEM images of NiFe-LDH.

Figure 3. PEC performance of photoanodes. J−V behavior of Ni/
NiOx/NiFe-LDH (under illumination, red solid curve; in the dark,
green dashed curve), Ni/NiOx (blue solid curve), Ni (black solid
curve) coated n+p-Si/SiOx anodes, and Ni/NiOx/NiFe-LDH (red
dashed curve) and Ni/NiOx (blue dashed curve) coated non-
photoactive p++-Si electrodes (here the degenerate p++-Si simply acts
as a conductive substrate). The vertical and horizontal black dashed
lines are for the convenience of comparison of the water oxidation
activity of all electrodes at the equilibrium potential for water oxidation
and the potential needed to reach the current density of 10 mA cm−2.

Figure 4. Ni 2p XPS spectra of Ni, Ni/NiOx, and Ni/NiOx/NiFe-
LDH coated n+p-Si/SiOx photoanodes.
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(heavily doped) p++-Si (0.001 to 0.005 Ω cm) coated with Ni/
NiOx in the dark (blue dashed curve in Figure 3) at 10 mA
cm−2 (see Supporting Information for the detailed explan-
ation),19,21,29,34 which is the approximate operational current
density expected for overall solar-to-fuel conversion devices
achieving 10% efficiency and is also a critical figure of merit for
OER catalysts.44

After NiFe-LDH deposition, Von in n+p-Si/SiOx/Ni/NiOx/
NiFe-LDH shows a further negative shift of ∼180 mV relative
to that of n+p-Si/SiOx/Ni/NiOx, which is equal to the cathodic
shift of the potential required to oxidize water at the current
density of 10 mA cm−2 between the two electrodes (Figure 3).
The Vph of ∼608 mV is generated in n+p-Si/SiOx/Ni/NiOx/
NiFe-LDH as measured by the potential difference between
this illuminated photoanode and p++-Si/SiOx/Ni/NiOx/NiFe-
LDH electrode in the dark. The negative shift (∼35 mV) of the
flatband voltage (Vfb) in the Mott−Schottky (MS) plot of n+p-
Si/SiOx/Ni/NiOx/NiFe-LDH relative to that of n+p-Si/SiOx/
Ni/NiOx (Figure S8a, Supporting Information) implies that
deposition of NiFe-LDH induces a larger upward band-bending
at the surface of Si, which causes an increase of ∼30 mV in Vph
and also promotes the charge separation and the motion of
holes toward the OER catalyst/electrolyte interface.21 Vph and
OER kinetic overpotential (ηk) are the two important factors in
influencing Von, which is described by (see details in the
Supporting Information)

η= − +V V E O H O( / )on k ph
0

2 2 (1)

On the basis of eq 1, ηk decreases about 150 mV, displaying
that the negative shift of Von after NiFe-LDH deposition is
mainly due to the kinetic factor. It is further supported by
electrochemical active surface area (ECSA) measurements and
XPS. An increase of ECSA by 4.6-fold (Figure S8b, Supporting
Information) after NiFe-LDH deposition, an enhancement of
the Ni3+ signal intensity (XPS Ni 2p, red curve in Figure 4), and
introduction of Fe (XPS in Figure S9, Supporting Information)
indicate more catalytically active sites are produced, thereby
favoring the kinetic reaction.21,45−49 For the whole n+p-Si/
SiOx/Ni/NiOx/NiFe-LDH photoanode, both energetic and
kinetic factors contribute to the excellent performance as
quantitatively summarized in Table 1.

In this work, the partially activated Ni bridging layer plays an
indispensable role in the efficient and stable photoanode
integration. Without activation of the Ni layer, an additional
potential of ∼70 mV should be applied in n+p-Si/SiOx/Ni/
NiFe-LDH to reach the current density of 10 mA cm−2

compared to that in n+p-Si/SiOx/Ni/NiOx/NiFe-LDH (Figure
5a). Electrochemical impedance spectroscopy (EIS) analysis

was carried out to elucidate the effect of NiOx on the interfacial
charge transport behavior in the photoanodes. The Nyquist
plots showing two semicircles at the high-frequency and low-
frequency regions, together with the equivalent circuit model
(Figure 5b), correspond to charger transfer resistances at the
photoanode/electrolyte interface and in the photoanode,
respectively.7,24,50 For n+p-Si/SiOx/Ni/NiOx/NiFe-LDH, both
of the semicircle radii were smaller than those of n+p-Si/SiOx/
Ni/NiFe-LDH, indicating the smaller charge transfer resistance
at the photoanode/electrolyte interface and in the photoanode.
These results demonstrate that NiOx greatly improves the OER
performance by facilitating transfer of charge carriers both at
the photoanode/electrolyte interface and in the bulk photo-
anode. In addition, severe peeling of NiFe-LDH from the n+p-
Si/SiOx/Ni/NiFe-LDH photoanode occurs after the first CV
sweep (Figure S10a,b, Supporting Information). It can be
inferred that the dense Ni surface is oxidized to form the
porous NiOx by the electrolyte penetrating through NiFe-LDH.
The consequent volume expansion of NiOx between Ni and
NiFe-LDH causes exfoliation of NiFe-LDH. The great strain
arising from this rapid volume expansion of NiOx at the Ni/
NiFe-LDH interface causes exfoliation of NiFe-LDH. For the
n+p-Si/SiOx/Ni/NiOx/NiFe-LDH anode, a particle-like layer is
formed on the Ni surface after activation before NiFe-LDH
deposition (Figure 2c, and Figure S3c in Supporting
Information), and oxidation of Ni will not go further than
∼2.5 nm in this layer.29 NiOx (including Ni(OH)2 and
NiOOH) and NiFe-LDH have stronger interfacial interaction
such as hydrogen bonding owing to the similar metal hydroxide
structure and composition compared to Ni and NiFe-LDH, and
the volume of NiOx will not further expand after activation, so
the high stability is achieved in n+p-Si/SiOx/Ni/NiOx/NiFe-
LDH. NiOx has a high capacity of hole accumulation51 and
strong bonding with NiFe-LDH, facilitating transfer of
accumulated holes to the catalyst. For the n+p-Si/SiOx/NiFe-
LDH photoanode without any Ni-based interlayer, it is difficult
to deposit a homogeneous NiFe-LDH film on the Si surface
owing to the great difference in material structure and
composition between Si and NiFe-LDH (Figure S10c,
Supporting Information). Also, the anode performance is really
poor with an onset potential of ∼0.950 V versus RHE and a
very low current density of ∼4.7 mA cm−2 at 1.23 V verse RHE
(Figure S10d, Supporting Information). This comparison of the
performance with and without the partially activated Ni
bridging layer highlights the importance of the interfacial
engineering on the PEC performance improvement. Without
proper design of the interface, it is difficult to integrate Si with
NiFe-LDH and take full advantage of the merits of each
component.
In summary, the n+p-Si photoabsorber has been successfully

integrated with the NiFe-LDH nanosheet array catalyst by
facilely engineering a partially activated Ni bridging layer for a
high-efficient, stable, and earth-abundant photoanode. In the
n+p-Si/SiOx/Ni/NiOx/NiFe-LDH photoanode, Ni has good
contact with Si and protects Si against corrosion, and the NiOx
layer developed from PEC activation of Ni before NiFe-LDH
deposition has strong bonding with NiFe-LDH owing to the
similarity in material structure and composition and also avoids
exfoliation of NiFe-LDH from the Ni surface caused by the
great strain arising from the rapid volume expansion of in-situ
growth of NiOx. The intimate contact at each interface
guarantees smooth charge transfer in the anode and affords
the best OER activity and good stability combining with the

Table 1. Summary of Water Oxidation Dataa

photoanodes Von (V*)
a V@10

b (V*) Vph (V) Vfb (V*) ηk (V)

Ni/NiOx/NiFe-
LDH

0.78 0.91 0.608 −0.102 0.158

Ni/NiOx 0.96 1.09 0.578 −0.067 0.308
difference −0.18 −0.18 0.030 −0.035 −0.150
aThese data values were extracted from Figure 3, where superscript
letters a and b denote the potential versus RHE and the potential
corresponding to the photocurrent density of 10 mA cm−2,
respectively. Ni/NiOx/NiFe-LDH and Ni/NiOx represent n+p-Si/
SiOx/Ni/NiOx/NiFe-LDH and n+p-Si/SiOx/Ni/NiOx photoanodes,
respectively.
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excellent properties of n+p-Si and NiFe-LDH compared to all
previous reported crystalline Si-based photoanodes. Our work
provides a new, simple, and low-cost interfacial engineering
strategy to integrate Si with catalysts to minimize losses and
resist degradation and also sheds light on a complete
understanding and control of the heterogeneous interface
between the photoabsorber and the charge-carrier collector, a
crucial aspect of any device structure in the field of solar energy
conversion.
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