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ABSTRACT: The sputtering deposition commonly adopted in
the photoelectrochemical water splitting device usually causes
structure damage and accordingly performance degradation.
Taking the Si-based photoanode as a model system, we propose
a facile strategy to enable sputtering deposition of the film without
damaging the underlying layer by introducing a metal sputtering
buffer layer, which ensures high-quality interface structure and
excellent water oxidation performance. In our work, the Ni
sputtering buffer layer avoids the damage on the Al2O3 passivation
layer during the NiFe oxide electrocatalyst sputtering process.
Consequently, a Si/Al2O3/Ni metal−insulator−semiconductor
junction with a precise configuration is formed, which increases
the Si barrier height by reducing the interface state density and suppressing Fermi-level pinning, thus enhancing the photovoltage in
thermodynamics and accelerating the oxygen evolution reaction (OER) in kinetics. In addition, the dense NiFe oxide with high
transmittance and antireflection properties functions as both an efficient OER electrocatalyst and a robust protective layer and
contributes to efficient use of the incident light. The photoanode affords a high water oxidation activity with an onset potential of
∼0.92 V vs reversible hydrogen electrode (VRHE) and a high photocurrent density of ∼31 mA cm−2 at 1.23 VRHE after further
incorporating the cocatalyst NiFe-layered double hydroxide and has no obvious decay after 330 h of continuous operation. This
strategy is beneficial for developing energy conversion devices on a large scale.
KEYWORDS: sputtering damage, buffer layer, water oxidation, Si-based photoanode, MIS junction, photovoltage, solar water splitting,
transition metal oxide

■ INTRODUCTION

Photoelectrochemical (PEC) water splitting is one of the most
promising ways to convert solar energy into renewable,
sustainable, and green hydrogen energy.1−5 In PEC devices,
semiconductors usually suffer sluggish reaction kinetics and/or
poor stability. To address these problems, incorporation of
appropriate electrocatalysts (ECs) is indispensable. Transition
metal oxides (TMOs) are widely employed as oxygen
evolution reaction (OER) ECs in the PEC system due to
their advanced OER catalytic activity, low cost, good light
transmission, and high stability in alkaline solution. Thus,
various methods such as atomic layer deposition (ALD),
electrodeposition, and magnetron sputtering have been
developed to deposit TMOs.6−11 ALD, a layer-by-layer growth
method for depositing materials one atomic layer at a time
using surface limited reactions, is not suitable for large-scale
preparation of thick TMO films due to the slow deposition
rate. Electrodeposition often produces amorphous films, which
cannot provide good protection for the electrode from
corrosion, usually resulting in poor stability. Among these
methods, magnetron sputtering with the advantages of uniform

coating, fast coating, and large-scale fabrication has been
widely used to deposit ECs.12,13

Unfortunately, it has been known that the high-energy
particles bombardment during the sputtering process usually
damages the underlying layer, leading to structure damage and
accordingly performance degradation for photoelectronic
devices such as light-emitting diodes and photovoltaic
cells.12,14 To address this issue, sputtering buffer layers
including metal, alloy, metal oxide, and organic matter have
been introduced into the device structure.14−17 Increasing the
thickness of the buffer layer has a better effect on decreasing
damage on the underlying layer, while the possible increased
light shielding might deteriorate the performance of some
devices. Hence, there is a trade-off between increasing the film

Received: March 20, 2020
Accepted: August 17, 2020
Published: August 17, 2020

Articlewww.acsaem.org

© 2020 American Chemical Society
8216

https://dx.doi.org/10.1021/acsaem.0c00609
ACS Appl. Energy Mater. 2020, 3, 8216−8223

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 C
T

R
 N

A
N

O
SC

IE
N

C
E

 &
 T

E
C

H
N

O
L

O
G

Y
 o

n 
D

ec
em

be
r 

7,
 2

02
0 

at
 0

6:
20

:0
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beidou+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guancai+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengcheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjing+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yawen+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinlong+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Ru+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Ru+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.0c00609&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00609?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00609?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00609?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00609?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00609?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/9?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00609?ref=pdf
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


thickness to enhance protection effect and decreasing the film
thickness to achieve high optical transparency. As one type of
photoelectronic device, the PEC water-splitting cell has the
special complexity and uniqueness besides the common
problems in other photoelectronic systems for the sputtering
deposition of materials. However, as far as we know, little work
has been done to explore the effect of sputtering damage and
ways to tackle it in the water-splitting system.
Herein, taking the Si-based photoanode as a model system,

we introduce a metal buffer layer to avoid sputtering damage
on the underlying layer, which ensures a high-quality interface
structure and precise device configuration and accordingly
excellent PEC water oxidation performance. Specifically, a Si/
Al2O3/Ni metal−insulator−semiconductor (MIS) junction
with a strictly controlled layer thickness is formed, which
contributes to increase the Si barrier height by reducing the
interface state density and suppressing Fermi-level pin-
ning,18−29 enhancing the photovoltage in thermodynamics
and accelerating the OER in kinetics. In addition, the dense
sputtered NiFeOx with high transmittance functions both as a
favorable EC to reduce the OER overpotential and as a
protection layer against Si corrosion.30,31 As a result, our
photoanode exhibits a high activity with an onset potential of
∼0.92 V vs reversible hydrogen electrode (VRHE) and a high
photocurrent density of ∼31 mA cm−2 at 1.23 VRHE after
further incorporating cocatalyst NiFe-layered double hydroxide
(NiFe-LDH) and has no obvious decay after 330 h of
continuous operation.

■ RESULTS AND DISCUSSION
A schematic illustration of the Si/Al2O3/Ni/NiFeOx photo-
anode is shown in Figure 1. A thin film (∼2.2 nm) of Al2O3

was first prepared on a HF-etched n-Si substrate by ALD. After
that, an ultrathin Ni film (∼2 nm) was deposited on the Si/
Al2O3 substrate by thermal evaporation. Next, a NiFeOx
overlayer (∼57 nm) was coated by reactive sputtering. The
thickness of each film and the content of Fe in Si/Al2O3/Ni/
NiFeOx were optimized to yield the best PEC OER activity
(Figures S1 and S2, Supporting Information). The obtained
NiFeOx film is very smooth as confirmed by scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
images (Figure S3).32 Moreover, the photoanode with the
NiFeOx film shows reduced light reflection in the entire
wavelength range, demonstrating the effective antireflection

property of the NiFeOx film (Figure S4a) and good
transparency (Figure S4b). This broad decrease in reflectance
results in an efficient incident light utilization, which is
beneficial for the increase of the photocurrent density.
The structure and elemental composition of the designed

photoanode were then determined by combining microscopy
and spectroscopic methods. Figure 2a shows the cross-

sectional spherical aberration-corrected high-resolution trans-
mission electron micrograph (Cs-corrected HRTEM) image of
the Si/Al2O3/Ni/NiFeOx photoanode after 30 cyclic voltam-
metry cycles of activation. The elemental composition of the
films in the photoanode has been determined by energy-
dispersive spectroscopy (EDS) mapping (Figure 2b). A thin
amorphous layer (∼2.9 nm) is detected at the interface
between the Si substrate and the Ni film. The thickness of the
amorphous Al2O3 layer estimated from the EDS mapping of
the Al element is ∼2.2 nm, meaning an ∼0.7 nm thick
amorphous layer of SiOx was formed by the rapid oxidation of
the Si surface even after etching with HF solution. The Ni film
thickness is ∼2 nm and shows obvious lattice fringes. To
observe the crystal plane spacing clearly, the cross-sectional
HRTEM image of the Si/Al2O3/Ni/NiFeOx photoanode
(Figure S5a) and the zoomed-in HRTEM images of selected
areas (Figure S5b−e) are analyzed. The fringe spacing of 0.18
nm is in accordance with that of the (200) lattice plane of
metal Ni (Figure S5b) (PDF Card No. 04-0850). The NiFeOx
overlayer shows a homogeneous distribution of Ni, Fe, and O
elements, and the lattice spacing values measured in the
selected area (Figure S5c−e) are in good agreement with the
interplanar distances of (200), (200), and (110) lattice planes
of NiO, Ni2O3, and Fe2O3, respectively.

33−36 It is seen that
various thin films constituting the photoanode are uniform
with clearly distinguishable boundaries. No obvious damage to
the Ni film caused by the sputtering process can be identified.
For comparison, we also studied the structure and elemental
composition of the photoanode without the Ni film. The

Figure 1. Schematic illustration of the PEC device with a Si/Al2O3/
Ni/NiFeOx photoanode and a Pt counter electrode.

Figure 2. (a) Cs-corrected cross-sectional HRTEM image and (b)
EDS mapping of the Si/Al2O3/Ni/NiFeOx photoanode. (c) Cs-
corrected cross-sectional HRTEM image and (d) the EDS mapping of
the Si/Al2O3/NiFeOx photoanode. Scale bars: 5 nm.
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amorphous layer in this sample is nonuniform with thicknesses
<1 nm in some areas (Figure 2c,d), which is due to
bombardment of high-energy sputtering particles.14,16,17 The
images of the Figure 2a,c without coloring are shown in Figure
S6. These results indicate that the Ni film provides an efficient
buffer protection effect for the Al2O3 during the NiFeOx
sputtering process. Hence, we conclude that the film with
good crystallinity could maintain intact during the sputtering
process relative to the amorphous layer and act as a sputtering
buffer layer. Besides, after introduction of the Ni buffer layer,
the thickness of Al2O3 can be precisely controlled, which plays
an important role in passivating the surface states of Si. Further
X-ray photoelectron spectroscopy (XPS) chemical state
analysis of the Si/Al2O3/Ni/NiFeOx verifies that both Ni
and Fe are in their oxidized forms, confirming the formation of
NiFeOx (Figure S7).
The PEC OER performances of the photoanodes were

evaluated by performing cyclic voltammetry in 1 M potassium
hydroxide (KOH). Figure 3a shows the current dentisy−

potential (J−V) characteristics of the designed Si/Al2O3/Ni/
NiFeOx photoanode and the photoanode without a Ni layer.
The Si/Al2O3/Ni/NiFeOx photoanode exhibits a low onset
potential (Von, which is the potential required to achieve an
anodic current of 1 mA cm−2 in our study, Figure S8) of ∼1.00
VRHE, a photocurrent density of ∼28.4 mA cm−2 at 1.23 VRHE,
and a saturated current density of ∼33.5 mA cm−2 (Figure 3a).
In comparison, the photoanode without the Ni buffer film
exhibits a higher Von of ∼1.19 VRHE and a much lower
photocurrent density of ∼1.2 mA cm−2 at 1.23 VRHE (Figure
3a). To ensure the reproducibility of the results, over five
samples with the same configuration were tested, and the Si/
Al2O3/Ni/NiFeOx photoanode yielded onset potentials of 1.00
± 0.02 VRHE and a photocurrent density of 28.4 ± 2 mA cm−2

at 1.23 VRHE (Figure S9). It is clear that the OER activity of the
photoanode shows significant enhancement after inserting the
thin Ni sputtering buffer layer. The dark currents of these two
photoanodes are negligible, indicating that the measured
photocurrents under irradiation originated exclusively from
photogenerated charges. The maximum applied bias photon-
to-current efficiency (ABPE) of the Si/Al2O3/Ni/NiFeOx
photoanode is calculated to be ∼1.73% at 1.12 VRHE from its
J−V plot while assuming 100% Faradaic efficiency for the
oxidation of water to O2 (Figure S10). Stability is also an
important figure of merits for Si-based photoanodes. The
stability of the Si/Al2O3/Ni/NiFeOx was tested in 1 M KOH
at a constant external bias of 1.7 VRHE with a saturated

photocurrent density during continuous operation. No obvious
decay of the photocurrent density was observed after 330 h of
continuous operation (Figure 3b). To further confirm the
stability of the photoanode, we also tested the J−V plot of the
Si/Al2O3/Ni/NiFeOx photoanode after the stability test as
shown in Figure S11. The photocurrent density of the Si/
Al2O3/Ni/NiFeOx photoanode at 1.7 VRHE before and after
the stability test is close, which is consistent with that of the Si/
Al2O3/Ni/NiFeOx photoanode shown in Figure 3b, indicating
that the photocurrent density of the Si/Al2O3/Ni/NiFeOx
photoanode can maintain 330 h with almost no decay. As a
comparison, we also test the chronoamperometric curve of the
Si/Al2O3/Ni photoanode; the photocurrent density drops
sharply in a few hundred seconds (Figure S12). These results
indicate that the NiFeOx film can effectively protect Si from
corrosion. The observed fluctuation in the photocurrent
density could be due to the adsorption and desorption of O2
bubbles, decrease in pH due to consumption of OH− during
continuous operation, and possible fluctuation in light
intensity.37

The mechanism behind the remarkable enhancement in the
PEC OER performance of the Si/Al2O3/Ni/NiFeOx photo-
anode relative to that without the Ni buffer film was
investigated from both thermodynamic (photovoltage, Vph)
and kinetic (charge separation and transfer) aspects. The Vph,
which is the thermodynamic driving force for the OER,2 is the
difference between the electrochemical open-circuit potential
(OCP) in the dark and that under irradiation.21,26,38 The Si/
Al2O3/Ni/NiFeOx photoanode exhibits a Vph of ∼518 mV,
which shows an increase of ∼99 mV relative to the photoanode
without a Ni buffer film and provides a stronger driving force
for the OER (Figure 4). The Vph values of the n-Si/Al2O3/Ni/

NiFeOx and Si/Al2O3/NiFeOx photoanodes were also
estimated by comparing the potential at 1 mA cm−2 of the
photoanode under illumination and the nonphotoactive p+-Si/
Al2O3/Ni/NiFeOx and p+-Si/Al2O3/NiFeOx (Figure S13),39

which is consistent with the measured photovoltage from the
OCP. After inserting the Ni film, the Vph shows an increase of
∼99 mV, which can demonstrate that the passivation of surface
states for the photoanode with a Ni film. Moreover, the Vph is

Figure 3. (a) J−V curves of the photoanodes under simulated AM
1.5G solar irradiation and in the dark, in 1.0 M KOH. (b)
Chronoamperometric curve of the Si/Al2O3/Ni/NiFeOx photoanode
measured at 1.7 VRHE in 1 M KOH under simulated AM 1.5G solar
irradiation. The electrolyte was changed every 12 h to maintain its pH
constant.

Figure 4. Electrochemical open-circuit potential measurements for
the Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx photoanodes.
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one of the most important parameters influencing the Von,
which represents the minimum external bias required for the
OER and can be described by the following equation:37

η= ° + −V E V(O /H O)on 2 2 k ph (1)

where ηk is the overpotential and E°(O2/H2O) is the
equilibrium potential for OER. On the basis of eq 1, ηk
decreases by 91 ± 20 mV for Si/Al2O3/Ni/NiFeOx compared
to Si/Al2O3/NiFeOx. Taken together, both the increased Vph

(∼99 mV) and the decreased ηk (91 ± 20 mV) contribute to a
negative shift of 190 ± 20 mV in the Von for Si/Al2O3/Ni/
NiFeOx. In addition, the reduced ηk shows that the OER
kinetic process is accelerated in the presence of a Ni film.

We next explored the charge behaviors by tracing electro-
chemical impedance spectra (EIS) and fitting with an
equivalent circuit model (see details in the Supporting
Information). As shown in Figure 5a, the equivalent circuit
model includes the system resistance (Rs), the bulk charge
transfer resistance (R1), the Si-based photoanode−electrolyte
interface charge transfer resistance (R2), and the two constant
phase elements (CPE1 and CPE2), in which R1 and R2

correspond to the first and second semicircle of the Nyquist
plots, respectively.37,40 For the Si/Al2O3/Ni/NiFeOx photo-
anode, both R1 and R2 are lower than those of the Si/Al2O3/
NiFeOx (Table S1). This result indicates that the Ni film
facilitates the transport of both photogenerated charge carriers
inside the bulk of the Si/Al2O3/Ni/NiFeOx photoanode and of

Figure 5. (a) Nyquist plots and equivalent circuit model. (b) J−V curves in ferri/ferrocyanide solution. (c) Charge separation and (d) injection
efficiencies of the Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx photoanodes.

Figure 6. (a) Mott−Schottky plots and (b, c) representative energy band diagrams of the Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx
photoanodes. The green, blue, and red arrows represent charge generation, recombination, and transport, while thick and thin arrows represent
faster and slow rates, respectively. SCR denotes the space charge region.
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holes across the anode−electrolyte interface. Furthermore, the
conductivities of the two electrodes were compared by
analyzing their J−V curves in the ferri/ferrocyanide solution
(Figure 5b).41,42 The peak-to-peak separation (ΔEp), i.e., the
separation of the anodic and cathodic peaks, for the Si/Al2O3/
Ni/NiFeOx is narrower than that of the Si/Al2O3/NiFeOx,
indicating the lower bulk resistance of the Si/Al2O3/Ni/
NiFeOx photoanode. This suggests that inserting a Ni film in
the Si/Al2O3/NiFeOx can effectively decrease its resistance in
the bulk and improve its conductivity, which is consistent with
the reduced R1 in the EIS data.
Furthermore, we have quantitatively estimated the charge

separation efficiency (ηsep) (Figure 5c) and injection efficiency
(ηinj) (Figure 5d) of the photoanodes (see details in
Experimental Procedures of the Supporting Information).4,40

It is clearly seen that the Si/Al2O3/Ni/NiFeOx photoanode
exhibits higher ηsep and ηinj than Si/Al2O3/NiFeOx within the
entire applied bias range and achieves ηsep of ∼97.7% and ηinj
of ∼70.9% at 1.23 VRHE. Compared to Si/Al2O3/NiFeOx, the
inserted Ni film in Si/Al2O3/Ni/NiFeOx is conducive to the
separation of charge and transfer of holes across the anode−
electrolyte interface. Consequently, more holes in Si/Al2O3/
Ni/NiFeOx can participate in the oxidation reaction of water
relative to the photoanode without the Ni film, thereby
reducing the overpotential. Therefore, the increase in both ηsep
and ηinj values also demonstrates that the inserted Ni film
accelerates the OER kinetics by promoting the separation of
photogenerated charges and transfer of holes across the
anode−electrolyte interface. The difference in light absorption
between the two electrodes is negligible (Figure S14),
demonstrating that the better OER activity of Si/Al2O3/Ni/
NiFeOx is due to increased charge separation and injection
rather than increasing light absorption.
We further evaluate the band structure of the photoanode

before and after the introduction of the Ni film. The barrier
heights of the two electrodes were calculated from Mott−
Schottky plots of the photoanodes (see details in the
Supporting Information).9,43−45 The flat-band potentials
(Efb) of Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx are
about −0.88 and −0.50 V vs E(Fe(CN)6

3−/4−) (Figure 6a),
and the barrier heights calculated from the flat-band potential
for the two photoanodes are found to be 1.03 and 0.65 eV,
respectively (Figure 6b,c). The Mott−Schottky plots of the Si/
Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx photoanode (Figure
6a) display that their slope is (1.6 ± 0.2) × 1014. According to
eq S4 in the Supporting Information, the donor concentration
of the semiconductor (ND) was calculated to be (7.5 ± 1) ×
1016 cm−3, corresponding a resistivity of about 0.1 Ω cm for
the n-Si wafer, which is in accordance with the range of 0.1−
0.9 Ω cm provided by the manufacturer.9 The sputtering of the
NiFeOx film was performed under an oxygen atmosphere. It is
unlikely to form a new metal Al phase from the unstable Al2O3
under this oxygen atmosphere to reduce the work function
near the interface. We can exclude that the decrease of the
barrier height for the photoanode without a Ni layer is not
caused by the formation of a new metal Al phase. The Ni and
Fe elements in the prepared NiFeOx film exist in their
oxidation states, which have been proved by the XPS analysis
(Figure S7). It is widely known that the work function of the
nickel oxide is higher than that of the Ni.21 Without
consideration of the Fermi-level pinning, the Si/Al2O3/NiFeOx
photoanode should have larger band bending relative to the
Si/Al2O3/Ni/NiFeOx photoanode since NiFeOx possesses a

larger work function than Ni. However, the opposite result that
the photoanode with a Ni layer exhibits larger band bending
than that of the photoanode without a Ni layer is shown,
indicating that the work function difference between Ni and
NiFeOx is not the main cause for the different barrier height,
and thus the surface states Fermi-level pinning on the Si
surface of the Si/Al2O3/NiFeOx photoanode cannot be
ignored.
To demonstrate the presence of the surface states and

Fermi-level pinning, we tested the solid-state device measure-
ment of the Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx solid-
state cell in the dark under atmosphere, where forward bias is
defined as a positive pole of DC voltage applied on the NiFeOx
electrode (Figure S15). The decrease in the surface states can
be proved by the results obtained from the measurement of the
solid-state Si/Al2O3/Ni/NiFeOx and Si/Al2O3/NiFeOx cells.
As shown in Figure S15, the reverse saturation current density
of Si/Al2O3/Ni/NiFeOx is lower than that of Si/Al2O3/
NiFeOx. Because the surface states act as recombination
centers, lower surface state densities can decrease the reverse
saturation current density.27,46 The lower reverse saturation
current density of Si/Al2O3/Ni/NiFeOx implies the decrease
in the surface state densities on the Si surface. At the Si/SiOx
interface, the silicon atoms always have unsaturated dangling
bonds, which will result in a high density of surface states.47 To
reduce the Fermi-level pinning, the insulated metal oxides such
as Al2O3 and TiO2 film are widely used as passivation layers to
reduce the surface states density. As for the photoanode
without a Ni buffer layer, the semiconductor/insulator
interface is relatively unaffected by the sputtering directly.
However, the Al2O3 passivation layer is highly affected during
the sputtering process and suffers a serious damage, which
affects its uniformity, leading to inferior surface passivation
effects and Fermi-level pinning. These surface states tend to
strongly pin the Fermi level at the Si surface of the Si/Al2O3/
NiFeOx photoanode and result in a low barrier height. After
introduction of the Ni buffer layer, the Al2O3 without damage
can significantly passivate the interface states and thus alleviate
the Fermi level pinning and as a result obtain a higher barrier
height relative to Si/Al2O3/NiFeOx. We therefore conclude
that the obtained intact Al2O3 film due to the insertion of the
Ni film can effectively passivate the Si surface states and reduce
Fermi-level pinning and thereby increase the barrier height
after Ni deposition. This greater barrier height leads to a higher
photovoltage due to their linear relationship (eq S9).20 In
addition, this larger Si barrier height in the Si/Al2O3/Ni/
NiFeOx promotes better separation of the photogenerated
charges because of the increased distribution of the built-in
electric field with increasing width of the space charge region
(eq S12).48,49 It is also conducive to decreasing the forward
electronic dark current50 arising from thermionic emission and
tunneling.51

To further improve the OER performance of the photo-
anode, we electrodeposited NiFe-LDH on the surface of Si/
Al2O3/Ni/NiFeOx as an OER cocatalyst due to its superior
OER activity and layered open channel structure favorable for
faster diffusion of water molecules and gaseous products. As
depicted in Figure 7, after depositing NiFe-LDH, the Si/
Al2O3/Ni/NiFeOx/NiFe-LDH photoanode affords a photo-
current density of ∼31 mA cm−2 at 1.23 VRHE under AM 1.5G,
which is close to the highest reported value among previously
reported n-Si-based photoanodes (Table S2). Among the
reported n-Si based photoanodes without noble metals, our
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photoanode exhibits the highest photocurrent density at 1.23
VRHE. Moreover, the onset potential of the photoanode with
NiFe-LDH as a cocatalyst negatively shifted to ∼0.92 VRHE,
indicating that the water oxidation can occur at a lower
external bias relative to the photoanode without NiFe-LDH.
The saturated photocurrent density of the photoanode with
NiFe-LDH is almost the same as that before NiFe-LDH
deposition (Figure 7), which indicates that the deposited
NiFe-LDH is thin enough without introducing parasitic light
absorption. Besides, it is hard for us to observe this flake
structure in our photoanode, further proving that the deposited
NiFe-LDH is thin.

■ CONCLUSIONS

In this work, we developed a facile strategy to enable sputtering
deposition of the film without damaging the underlying layer
by introducing a metal sputtering buffer layer, which ensures
high-quality interface structure and excellent water oxidation
performance. In the Si/Al2O3/Ni/NiFeOx photoanode, the
thin Ni film works as a sputtering buffer layer to avoid the
damage from bombardment of high-energy particles on the
Al2O3 passivation layer during the sputtering process, achieving
precise control of the thickness of Al2O3. The thus-formed
intact Si/Al2O3/Ni MIS junction contributes to enhancing the
performance from both thermodynamics by increasing the
photovoltage and kinetics by promoting charge separation in
the bulk photoanode and transfer of holes across the anode−
electrolyte interface. Moreover, the NiFe oxide film functions
as an effective OER electrocatalyst to reduce the overpotential
and a protection layer to prevent Si from corrosion, and it also
shows an effective antireflection property, which contributes to
efficient use of the incident light. Furthermore, we promote the
OER activity of the photoanode by electrodepositing NiFe-
LDH as an OER cocatalyst, resulting in a photocurrent density
close to the highest value among previously reported n-Si
based photoanodes. The buffer layer is important for the high
quality of the photoelectrode fabricated by sputtering
deposition in our experiment. Also, it should be noted that
the role of the buffer layer might vary depending on the
specific material, layer thickness, electrode configuration, and
sputtering power. This strategy is beneficial for developing
energy conversion devices on a large scale.
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Figure 7. J−V curves of the Si/Al2O3/Ni/NiFeOx and Si/Al2O3/Ni/
NiFeOx/NiFe-LDH photoanodes under simulated AM 1.5G solar
irradiation and in the dark, in 1.0 M KOH.
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