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Metal Oxide/Graphene/Metal Sandwich Structure
for Efficient Photoelectrochemical Water Oxidation

Guancai Xie, Beidou Guo, and Jian Ru Gong*

Single-layer graphene (SLG) has drawn considerable interest in photoelec-
trochemical (PEC) cells due to its atomically flat pinhole-free structure and
remarkable in-plane carrier mobility. It is challenging, however, to obtain
efficient SLG-modified photoelectrodes for PEC water splitting mainly due to
the inefficient charge transfer interface. Here, a transition metal oxide/SLG/
transition metal sandwich structure modified n-Si-based model photoanode is
constructed to regulate the interfacial charge transfer behavior for enhanced
PEC water oxidation performance. In this sandwich configuration, SLG tailors

of the fundamentals has cast doubt on the
controllability of graphene derivatives for
PEC water splitting.

By contrast, single-layer graphene (SLG)
can be prepared in a controllable manner
with a low level of structural defects using
chemical vapor deposition.?! Moreover,
SLG has larger carrier mobility, higher
conductivity, lower light absorption, and
better chemical stability compared with

the morphology, structure, and work function properties of surface metal
electrocatalysts to obtain both higher thermodynamic photovoltage and faster
kinetical charge transfer at the semiconductor/electrolyte interface. In addi-

its derivatives.” In addition, the pinhole-
free large-area SLG film can be transferred
onto arbitrary substrates and protect semi-
conductor photoelectrodes from degrada-

tion, SLG promotes the surface catalytic reaction as an effective charge trap tion.®] These remarkable physicochem-

and storage layer. This study provides a new structural design to engineer the
SLG interfacial properties for high-performance energy conversion devices.

1. Introduction

Graphene derivatives, such as graphene oxide and reduced
graphene oxide, have aroused increasing interest in the
photoelectrochemical (PEC) water-splitting system, by virtue
of their thin and robust structures and significant properties,
for example, high transmittance, large surface area, and facile
chemical modification.l!! Either as an electron mediator to accel-
erate charge separation and transport!®®? or a catalytic layer
to offer more catalytic reaction centers,’! graphene derivatives
have boosted the PEC water-splitting performance. However,
their electronic properties are subject to various structural fea-
tures, including doping, defects, functional groups and so on.
Also, the reduction degree of reduced graphene oxide has a
considerable influence on the activity.l’l Lack of homogeneity of
structure and properties and accordingly clear understanding
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ical properties of SLG promise crucial
improvement in the PEC water-splitting
performance.

In previous studies, SLG has been
mostly utilized as the atom/ion diffusion
barrier with the aim of preventing the corrosion of semiconduc-
tors or avoiding atomically intermixing between semiconductors
and electrocatalysts.®%l What's more, SLG has been reported
as a surface modification layer to improve the surface photo-
hole injection of semiconductors by suppressing surface traps
or reinforcing hole extraction,”! or as a buried Schottky junc-
tion component to provide the water-splitting photovoltage.*<]
Despite progress that has been made, SLG-modified photoan-
odes typically render a poor PEC water-splitting performance as
a result of their small photovoltage and slow surface reaction
kinetics caused by the low work function and inferior catalytic
activity of SLG, respectively. Given the unique merits of SLG
in the PEC water-splitting system, rational design of the SLG
interfacial structure is central to taking full advantage of this
material for high-performance energy conversion devices.

Herein, we propose a sandwich structure to modify the n-Si
photoanode in a form of transition metal oxide/SLG/transition
metal for enhanced PEC oxygen evolution reaction (OER). Si is
chosen as a model semiconductor in the experiment because
of its low bandgap, high carrier mobility, easy availability, eco-
nomic affordability, well-established processing techniques,
and environment and human friendliness.'! This sandwich
configuration boosts several definite advantages with respect
to obtaining high PEC OER performance: 1) the transition
metal oxide layer with a high work function, e.g. 5.2-5.6 eV for
NiO,," introduced between the n-Si and SLG with a low work
function of =4.4 eVl can obtain a larger photovoltage; 2) the
transition metal modified on the SLG surface can become an
efficient OER electrocatalyst owing to the large surface area and
support effect of SLG;™ and 3) the SLG interlayer with high
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Figure 1. a) Schematic procedure for the photoanode preparation with 5 steps. ALD and TE represent for atomic layer deposition and thermal evapo-
ration, respectively. And SEM images of the representative n-Si/TiO,/NiO,/SLG/Ni photoanode for the step iii b), iv c), and v d). Scale bars, 200 nm.

conductivity and carrier mobility has potential to engineer the
interfacial charge transfer. In view of the exceptional features
of this design, the synergistic regulation of the hole photocur-
rents was realized. Furthermore, SLG in the sandwich structure
can not only tailor the morphology, structure, and work func-
tion of the surface catalyst for tuning photovoltage and inter-
facial charge transfer, but also act as an effective charge trap
and storage layer for advancing surface catalytic reaction. This
study sheds light on the significance of engineering the SLG
interlayer for its wide applications, not least in the solar energy
conversion field.

2. Results and Discussion

In this work, the n-Si-based photoanodes modified with tran-
sition metal oxide/SLG/transition metal (MO,/SLG/M, M = Nj,
Co, and Fe) sandwich structures were investigated. Taking
the n-Si/TiO,/NiO,/SLG/Ni as an example, the fabrication
procedure is schematically illustrated in Figure la. First, a
~2 nm thin layer of TiO, was deposited on the n-Si substrate
by atomic layer deposition (ALD) as a tunnel dielectric to pas-
sivate the Si high surface states that spell Fermi level pinning
and low OER activities.'>] Then a metallic Ni film was ther-
mally evaporated on the TiO, surface, forming a compact and
flat surface (Figure 1b). Subsequently, a SLG monolayer sheet
was transferred onto the Ni layer surface using a poly(methyl
mechacrylate) (PMMA)-assisted wet-transfer method and gra-
phene wrinkle can be observed in the SEM image (Figure 1c).
During this process, the thin Ni layer was transformed into
a NiO, film resulting from the thermal oxidation of Ni in the
air.¥! Noted that it might be difficult to completely cover the

Adv. Funct. Mater. 2022, 2210420

2210420 (2 of 10)

NiOy layer with the SLG sheet due to the possible damage to
SLG in the transfer operation, as shown by the occasionally
spotted hole in the SLG sheet. Finally, the Ni upper layer was
thermally evaporated on the SLG surface. The typical thick-
ness of both Ni layers is 2 nm, which is optimized for the OER
activity. As shown in Figure 1d, the Ni outer layer on the SLG
sheet forms a uniform nanoisland film, whereas the Ni film
in the SLG-free n-Si/TiO,/NiO,/Ni control sample is flat and
compact (Figure S1, Supporting Information), implying the
SLG sheet plays a key role in forming the Ni nanoislands. The
formation of Ni nanoislands on SLG is due to the small ratio
between adsorption energy of Ni adatoms on SLG and the bulk
binding energy of Ni, indicating the Volmer—-Weber growth
mode of Ni.l”l Compared to the n-Si/TiO,/NiO,/Ni with the
flat Ni film, the photoanode with the Ni nanoisland structure is
beneficial to the PEC OER activity on two counts. One reason is
that the n-Si/TiO,/NiO,/SLG/Ni can absorb more light for addi-
tional light scattering on the surface, as evidenced by the light
transmittance and reflectance spectra in Figure S2 (Supporting
Information), and the other is that the photoanode can obtain
a larger photovoltage because the ion-permeable nature of the
nanoisland film is prone to forming a higher barrier height.'®]
The surface chemical compositions of the n-Si/TiO,/NiO,/
SLG/Ni photoanode were analyzed by X-ray photoelectron spec-
troscopy (XPS). To avoid the interference from the outer Ni
layer on the inner NiO,, the n-Si/TiO,/NiO,/SLG sample was
also tested as a reference. Figure 2a,b shows the high-resolu-
tion XPS spectra of Ni 2p before and after deposition of the
outer Ni layer, both of which show two spin-orbit doublets of
Ni 2p;/, and Ni 2p;;, along with their shakeup satellites. For
the n-Si/TiO,/NiO,/SLG sample, the Ni 2p;, peaks can be fur-
ther deconvolved by two peaks centered at 855.9 and 8571 eV,
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Figure 2. High-resolution XPS spectra of Ni 2p for a) the n-Si/TiO2/NiOx/SLG and b) n-Si/TiO,/NiO,/SLG/Ni photoanodes. c) Raman spectra of the
n-Si/TiO,/NiO,/SLG/Ni, n-Si/TiO,/NiO,/SLG, and n-Si/TiO,/NiO, photoanodes, denoted as NiO,/SLG/Ni, NiO,/SLG, and NiO, respectively for clarity

in the figures here and hereafter unless otherwise specified.

which are separated with their corresponding Ni 2p;, peaks
by a binding energy difference of 176 and 17.8 eV, respectively.
The above XPS features clearly indicate the coexistence of Ni**
and Ni** oxidation states in the n-Si/TiO,/NiO,/SLG sample,
proving oxidation of the inner Ni to NiO,.l After deposition
of the outer Ni layer, the n-Si/TiO,/NiO,/SLG/Ni exhibits three
main peaks of Ni 2p;, at 852.7, 853.4, and 856.0 eV, and three
main peaks of Ni 2p;, centered at 869.8, 870.9, and 873.7 eV,
which can be assigned to metallic Ni, NiO, and Ni(OH),, respec-
tively.'?l The presence of NiO and Ni(OH), on the photoanode
surface is due to the spontaneous oxidation of Ni at ambient
conditions and/or from the inner NiO, layer.?l The other two
SLG-free control samples n-Si/TiO,/NiO, and n-Si/TiO,/NiO,/
Ni display the same deconvolution peaks in their Ni 2p XPS
spectra as the n-Si/TiO,/NiO,/SLG and n-Si/TiO,/NiO,/SLG/
Ni, respectively (Figure S3, Supporting Information), indicating
that insertion of SLG does not change chemical compositions
of both the inner NiO, and outer Ni layers.

Raman spectroscopy was then conducted to investigate the
structure property of the n-Si/TiO,/NiO,/SLG/Ni photoanode.
The SLG used in our experiment is confirmed to be monolayer
graphene with low defects (Figure S4, Supporting Informa-
tion), and the appearance of the G and 2D peaks in the n-Si/
TiO,/NiO,/SLG proves the presence of SLG on the NiO, layer
(Figure 2c).?U Interestingly, two new Raman peaks appear at
=1140 cm™ denoted as N1 and =1528 cm™ designated as N2
for the n-Si/TiO,/NiO,/SLG/Ni, compared to those of the n-Si/
TiO,/NiO, and n-Si/TiO,/NiO,/SLG samples. The new peaks
can be more clearly observed by preparation of the same NiO,/
SLG/Ni structure on the SiO, substrate, owing to the higher
signal-to-noise ratio of SLG on the SiO, relative to that on the
Si (Figure S4, Supporting Information). It suggests that some
Ni grains of the outer Ni layer could chemisorb on the SLG
by forming the (111) crystal orientation in the growth process
of the Ni nanoislands, and have a higher work function than
those with other stable facets.?”) The favorable formation of
the Ni (111) crystal orientation in the n-Si/TiO,/NiO,/SLG/Ni
photoanode can be further verified from its higher work func-
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tion as compared to that in the SLG-free n-Si/TiO,/NiO,/Ni
photoanode (Figure S5, Supporting Information). Therefore,
the SLG interfacial layer can also engineer the work function of
the surface material, besides tailor the morphology and crystal
structure of the material deposited on it.

The PEC OER activity of the photoanodes was evaluated
by performing linear sweep voltammetry measurements in
1 M KOH solution under simulated solar irradiation without
correction for resistance losses in the electrolyte solution. The
thickness of both the NiO, and Ni layers was optimized to be
2 nm in the n-Si/TiO,/NiO,/SLG/Ni photoanode for the activity
test (Figure S6, Supporting Information), and this parameter
was used in the following samples. The measured current den-
sity—potential (J-V) curves in Figure 3a clearly display that the
n-Si/TiO,/NiO,/SLG/Ni photoanode totally outperforms the
SLG-free n-Si/TiO,/NiO,/Ni control in all figures of merits,
showing the SLG interlayer is indispensable. In further com-
parison with the n-Si/TiO,/NiO,/Ni/SLG and n-Si/TiO,/SLG/
NiO,/Ni, the other two reference photoanodes with the SLG as
the top and bottom layer in the sandwich structure, respectively,
even lag far behind the worse SLG-free control, revealing that
only the sandwich configuration with the SLG as the interlayer
functions well. The lower PEC OER activity of the two refer-
ence photoanodes with the SLG as the top and bottom layer
in the sandwich structure could be attributed to the limitation
of mass-transfer process through the SLG cover and the low
work function of the SLG, respectively.?3l The n-Si/TiO,/NiO,/
SLG/Ni photoanode achieves a low photocurrent onset poten-
tial (potential at 1 mA cm™2) of 1.03 £ 0.01 V versus the revers-
ible hydrogen electrode (Vyyg), a saturated current density of
347+ 1.21 mA cm™2, and a photocurrent of 21.1 + 0.96 mA cm™
at 1.23 Viyg which is higher than those of the reported Si-based
photoanodes modified with SLG or its derivatives.”>? The
PEC OER activity is also among the so far best Ni-based n-Si
photoanodes in lit (Table S1, Supporting Information), dem-
onstrating the feasibility of our proposed surface modification
strategy by engineering the SLG interlayer. The dark current
was measured to be close to zero over the potential applied in
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Figure 3. a) J-V curves of the n-Si/TiO,/NiO,/SLG/Ni photoanode, with the three n-Si/TiO,/NiO,/Ni, n-Si/TiO,/NiO,/Ni/SLG, and n-Si/TiO,/SLG/
NiO,/Ni control samples; b) The ABPE of the n-Si/TiO,/NiO,/SLG/Ni photoanode with the SLG-free n-Si/TiO,/NiO,/Ni for comparison.

our study, implying that the observed current under irradia-
tion is related to the photogenerated charge carriers. In addi-
tion, the n-Si/TiO,/NiO,/SLG/Ni photoanode achieves a max-
imum applied bias photon-to-current efficiency (ABPE) of 1.0%
at 1.14 Vpyg (Figure 3D), which is =3.5 times as large as that
(0.28% at 1.18 Vyyyg) of the SLG-free n-Si/TiO,/NiO,/Ni control.

To unveil the mechanism of the elevated PEC OER activity
of the n-Si/TiO,/NiO,/SLG/Ni photoanode compared with the
SLG-free n-Si/TiO,/NiO/Ni as a comparison, we first inves-
tigated their photovoltage property. The photovoltage here is
defined as the difference between the voltage measured at a cur-
rent of 1 mA cm™ for the photoelectrodes under irradiation and
the one for the metallic p*-Si systems in the dark.[?! The photo-
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voltage of 530 mV is achieved for the n-Si/TiO,/NiO,/SLG/Ni,
which is higher than that (510 mV) of the n-Si/TiO,/NiO,/Ni
(Figure 4a), and is also among the reported highest values for
Ni-based n-Si photoanodes (Table S1, Supporting Information).
This high photovoltage might be attributed to passivation of the
Si surface states by TiO,, the ion-permeable property and/or
the high work function of the outer Ni layer influenced by the
SLG interlayer (Figure S5, Supporting Information).['21826] [n
principle, the photovoltage in a photoelectrode is determined by
the surface barrier height of the semiconductor.””! To further
clarify the increased photovoltage in the n-Si/TiO,/NiO,/SLG/
Ni photoanode, we calculate its barrier height through the flat-
band potential measured from Mott—Schottky plots. Figure 4b
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Figure 4. a) Representative J-V plots for the n-Si/TiO,/NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni samples in the light (the solid lines) compared to the
p+-Si/NiO,/SLG/Ni and the p+-Si/NiO,/Ni in the dark (the dashed lines). b) Mott-Schottky plots of the inverse square space charge capacitance as a
function of applied voltage relative to the redox potential of Fe(CN)¢>/# for the n-Si/TiO,/NiO,/Ni and n-Si/TiO,/NiO,/SLG/Ni photoanodes. c) The
J-V and d) Tafel plots of the p+-Si/NiO,/SLG/Ni and p+-Si/NiO,/Ni samples in 1 M KOH with 5 mV s scan rate.
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Figure 5. a) Typical Nyquist plots of the n-Si/TiO,/NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes measured at 1.23 Vg, and inset shows the
equivalent circuit. b) Variation of the ratio of R./R;.; with applied potentials for the n-Si/TiO,/NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes.
Schematic illustration of charge transfer processes in the n-Si/TiO,/NiO,/SLG/Ni photoanode for the PEC OER c) at low biases and d) at high biases.
Ecp, Evg, and E cqo, represent for the energy level of the conduction band minimum and the valence band maximum of the n-Si, and the redox energy
level of the electrolyte, respectively. The red arrow line thickness indicates the relative charge transfer intensity.

exhibits a more negative flat-band potential of —0.64 V versus
E(Fe(CN)¢*>/+) for the n-Si/TiO,/NiO,/SLG/Ni compared to
—0.56 V versus E(Fe(CN)¢>/*) for the n-Si/TiO,/NiO,/Ni, corre-
sponding to a barrier height of 0.84 eV, and this value is higher
than that of 0.76 eV of the n-Si/TiO,/NiO,/Ni (see Experimental
section for the calculation method), which is consistent with
the higher photovoltage observed in the n-Si/TiO,/NiO,/SLG/
Ni photoanode than that of the n-Si/TiO,/NiO,/Ni.

We next compared the electrocatalytic OER activity of the
NiO,/SLG/Ni structure with that of the NiO,/Ni control. Rep-
resentative OER currents of the samples were measured on
the highly conductive (0.001-0.005 Q cm) p*-Si electrode in
1 M KOH aqueous electrolyte. As shown in Figure 4c, the p*-Si/
NiO,/SLG/Nisample requires an OER overpotential of 330 mV at
1mA cm™2, which is 40 mV lower than that of the p*-Si/NiO,/Ni.
Moreover, the Tafel slope (577 mV dec™!) of the p*-Si/NiO,/SLG/Ni
is smaller than that (70 mV dec™) of the p*-Si/NiO,/Ni sample
(Figure 4d). The above observations demonstrate the superior
electrocatalytic OER activity of the NiO,/SLG/Ni sandwich
structure relative to the NiO,/Ni reference,8®! which is attrib-
uted to the SLG's role in improving the catalytic activity of the
catalyst by increasing the specific surface area and tuning the
electronic structure of the catalyst.*23] Taken together, the
NiO,/SLG/Ni sandwich structure provides a high photovoltage
in the n-Si photoanode and accelerates the OER kinetics as
compared to the NiO,/Ni counterpart.
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Then photoelectrochemical impedance spectroscopy (PEIS)
was used to investigate charge transfer resistances in the bulk
photoanode as well as at the photoanode/electrolyte interface.
Typical PEIS spectra at 1.23 Vpyg (Figure 5a) show two semi-
circles, which are assigned to the charge transfer process at the
interface junction of the Si/surface modification layer and at the
photoanode/electrolyte interface, respectively, and can be mod-
eled to the equivalent circuit shown in Figure 5a inset.?*21 The
n-Si/TiO,/NiO,/SLG/Ni photoanode exhibits a larger average
junction resistance (denoted as Ryy) (3.13 Q cm?) than the n-Si/
TiO,/NiO,/Ni (1.28 Q cm?). The larger Ry, for the n-Si/TiO,/
NiO,/SLG/Ni photoanode can be due to the weak interaction
nature (physical contact) between the inner NiO, and SLG as
compared to the strong chemical interaction between the NiO,
and Ni in the n-Si/TiO,/NiO,/Ni sample.?% By contrast, the sig-
nificantly smaller charge transfer resistance at the photoanode/
electrolyte interface (denoted as R.) for the n-Si/TiO,/NiO,/
SLG/Ni as compared to that of the n-Si/TiO,/NiO,/Ni is well in
line with the boosted OER kinetics for the NiO,/SLG/Ni struc-
ture during the electrocatalytic OER process.

In principle, the total photohole current of the PEC OER is
determined by three components including the photohole cur-
rent from the bulk to the surface in the semiconductor (Jsems),
the photohole transfer current from the semiconductor surface
to the electrocatalyst surface (Ji,), and the photohole injec-
tion current from the electrocatalyst surface to the electrolyte
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(Jea) Y Jeemi relies on the space charge region governing by the
photovoltage (Vpp); Jint is related to charge transfer resistance
at both semiconductor/interlayer and interlayer/electrocatalyst
interfaces; and J.; depends on the electrocatalytic activity of
the electrocatalyst. Here, the R./R;, value is used to ascertain
the limiting step in the transfer process of the photoholes to
the electrolyte (the PEIS spectra and the fitting results at dif-
ferent biases can be found in Figure S7 and Table S2, Sup-
porting Information). As seen from the curves in Figure 5b, at
low biases (1.0-1.1 Vgyg), the hole transfer at the photoanode/
electrolyte interface is the limiting step for both n-Si/TiO,/
NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes. This can
be understood by the low photohole concentration on the
photoanode surface mainly due to the small Ji.,; at low biases
(Figure 5¢; Figure S8a, Supporting Information). At high biases
(1.2-1.3 Vgyg), the increased barrier height (Vi) leads to higher
Jsemi values in both photoanodes and thus enough photoholes
can reach the photoanode surface (see Figure 5d; Figure S8b,
Supporting Information). Meanwhile, the photoelectron current
(Je) to the counter electrode also increases due to the larger Vi,
compared to that at low biases. In such case, the hole transfer
at the photoanode/electrolyte interface is still the limiting step
for the n-Si/TiO,/NiO,/Ni sample, which is the result of its
lower ] but higher J;,, (Figure S8b, Supporting Information).
In contrast, for the n-Si/TiO,/NiO,/SLG/Ni sample, because
of its larger J,, and relatively lower [, photoholes reaching
the photoanode surface can inject to the electrolyte efficiently
and hole transfer in the solid junction becomes the limiting
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step (Figure 5d). In aligned with the above Raman analysis,
the Ni is chemisorbed on the SLG interlayer, ensuring a good
interface quality, and hence benefits for the interfacial charge
transfer between the SLG and Ni layer. The red shift in G peak
as well as the blue shift in 2D peak for the SiO,/NiO,/SLG as
compared to the SiO,/SLG (Figure S4, Supporting Information)
is observed due to the hole doping of the SLG by the charge
transfer between the NiO, and SLG,*” which indicates that the
interface quality for charge transfer between the NiO, and SLG
is also high. Therefore, the photohole transfer in the n-Si/TiO,/
NiO,/SLG/Ni photoanode is still effective owing to the excellent
electronic contact between the inner NiO, and SLG, although
it possesses a lower Ji,, as compared to the n-Si/TiO,/NiO,/Ni
control. Most importantly, a synergistic regulation on Jeemi, Jine
and J, in the n-Si/TiO,/NiO,/SLG/Ni photoanode is achieved
via designing the sandwich structure with the SLG as the inter-
layer, leading to the optimized total hole current and thus the
boosted PEC OER activity.

Charge transfer behavior in the n-Si/TiO,/NiO,/SLG/Ni
photoanode was further exploited by transient photocurrent
measurements. The photocurrent spikes are typically observed
during the transient state when the light is switched on/off. A
sharp photocurrent spike is attributed to the recombination of
accumulated photogenerated holes at the photoanode/electro-
lyte interface because of the slow OER kinetics. In comparison
with the n-Si/TiO,/NiO,/Ni, the n-Si/TiO,/NiO,/SLG/Ni photo-
anode has a weak spike current (Figure 6a), indicating an excel-
lent interface quality with reduced charge recombination. The
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Figure 6. a) The transient photocurrent curves of the n-Si/TiO,/NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes measured at an applied bias of
1.23 Vpye. b) The correlation between InD and time, and the transient time constant is defined as the time when InD = —1. ¢) Charge storage density
versus potential curves of the n-Si/TiO,/NiO,/SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes. d) Charge injection efficiencies for the n-Si/TiO,/NiO,/
SLG/Ni and n-Si/TiO,/NiO,/Ni photoanodes.
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charge recombination behavior can be quantitatively reflected
by the transient time constant 7, which is defined as the time
when InD = -1 (Figure 6b; Figure S9, Supporting Informa-
tion).?”) The 7 values of the n-Si/TiO,/NiO,/SLG/Ni and n-Si/
TiO,/NiO,/Ni photoanodes are extracted to be =4.33 and 1.44 s,
respectively. The higher 7 represents the lower interfacial
charge recombination, implying that the SLG layer in the n-Si/
TiO,/NiO,/SLG/Ni photoanode decreases the recombination
of photogenerated electrons and holes at the photoanode-elec-
trolyte interface. According to the previous work,**l a high sur-
face hole concentration is beneficial for the hole transfer at the
photoanode/electrolyte interface. The amount of hole storage
is then qualitatively determined by the transient cathodic
current (Figure S10, Supporting Information). As shown in
Figure 6¢, the n-Si/TiO,/NiO,/SLG/Ni photoanode has much
larger hole storage density than the n-Si/TiO,/NiO,/Ni during
the OER process, which is attributed to the superb charge trap
and storage ability of the SLG,?¥ ensuring that enough holes
can survive on the photoanode surface for the OER instead
of recombination. As a result, the interfacial hole transfer in
the n-Si/TiO,/NiO,/SLG/Ni photoanode is more kinetically
favorable as compared to that in the n-Si/TiO,/NiO,/Ni. This
can be further corroborated by comparing their charge injection
efficiencies. Figure 6d displays that the n-Si/TiO,/NiO,/SLG/Ni
photoanode has a higher charge injection efficiency than the
n-Si/TiO,/NiO,/Ni at a potential larger than 1.0 Vgyg, and
reaches up to > 90% when the potential is larger than 1.6 Vyyp.
Combining the above analysis, such a high injection efficiency
of the n-Si/TiO,/NiO,/SLG/Ni photoanode is put down to the
high surface hole concentration thanks to both the high hole
storage ability and the fast interfacial hole transfer of the engi-
neered SLG interfaces.

Additionally, the stability test shows the photocurrent of the
n-Si/TiO,/NiO,/SLG/Ni photoanode can be stable for 2 h and
maintain at 89% of the initial photocurrent after 3 h operation
at a constant bias of 1.8 Vyyg (Figure S1la, Supporting Informa-
tion). The SEM image of the sample subjected to the 3 h sta-
bility test indicates that parts of the SLG/Ni layer peel off from
the n-Si/TiO,/NiO; substrate, leaving a broken SLG sheet on
the photoanode surface (Figure S11b, Supporting Information).
Thus, the detachment of the surface SLG/Ni layer decreases the
photocurrent, which could be attributed to the weak interaction
between the SLG and NiO; layers.

Finally, to check the generality of the strategy for engineering
the SLG in the form of sandwich structure for the lifted PEC
OER activity, we replaced metal Ni with Co and Fe and accord-
ingly constructed the FeO,/SLG/Fe, NiO,/SLG/Fe, CoO,/SLG/
Co, NiO,/SLG/Co sandwich structures on the n-Si substrate.
As exhibited in Figure S12 (Supporting Information), all of the
SLG-interlayered sandwich structures modified n-Si photoan-
odes bolster the PEC OER activity as compared to their corre-
sponding counterparts.

By replacing the MO, layer with other materials with higher
work functions like Pt, substituting the M layer with other
electrocatalysts, or tightening the interfacial interaction in our
MO,/SLG/M sandwich structure, a better PEC OER activity is
expected. Further improvement on the stability of the photoan-
odes could also be expected by strengthening the SLG/substrate
interaction, for instance, by direct growth of the SLG layer on
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the MO, layer, or by deposition of the SLG-based sandwich
structure onto the semiconductor substrate with nano/micro-
textures.* With the rapid development of graphene growth
techniques, there is no problem that this issue will be well
addressed in the future.

3. Conclusion

In summary, we have proposed and developed a novel transi-
tion metal oxide/SLG/metal sandwich structure to engineer
the n-Si-based photoanode for improved PEC OER activity. It
is attributed to the key roles of the SLG interlayer in the form
of sandwich configuration: 1) obtaining the high photovoltage
owing to modulation of the morphology, structure, and work
function of the surface metal electrocatalyst; 2) accelerating sur-
face reaction kinetics as an effective support for the electrocata-
lyst, and further promoting the photohole injection for the OER
out of the high charge trap and storage ability; and 3) syner-
gistically tailoring the three photohole involved currents of the
material in the bulk, at the interface and on the catalyst surface
for the enhanced PEC OER. Our findings suggest that SLG can
be an effective interface layer by rational structural design in
the PEC cell to promote its solar water-splitting performance,
which could also be applied to other systems for higher solar
energy conversion.

4. Experimental Section

Materials: The moderately phosphorous-doped n-type crystalline
Si (100) wafers with a thickness of 500 £ 10 um and a resistivity of
0.1-0.9 Q cm (n-Si) were purchased from Zhejiang Lijing Guangdian
Technology Co., Ltd. Single-layer graphene with a coverage of > 99%
on a 25 um thick copper foil was supplied by Chongging Graphene
Technology Co., Ltd. Metallic Ni wire (99.9%), metallic Fe pellet
(99.95%), and metallic Co pellet (99.95%) were purchased from
Zhongnuo New Material Co., Ltd.

Preparation of the Photoanodes: First, the n-Si wafer was cut into
=1 cm x 1 cm pieces and cleaned in an ultrasonic bath of acetone,
isopropanol, and ethanol sequentially. Then the pieces were dipped
into a 2% HF solution for 2 min to remove the native oxide, followed by
rinsing with deionized water and drying with flowing N, (step i). Next, a
2 nm thick passivation tunneling TiO, layer was immediately deposited
on the n-Si substrates using ALD (step ii). After that, 2 nm thick metallic
Ni thin film was thermally evaporated onto the TiO, layer (step iii). A
SLG layer was then transferred onto the substrate by a PMMA assisted
method. Subsequently, the sample was baked at 300 °C for 10 min to
transform the metallic Ni layer to NiO, as well as to strengthen the
adhesion between the SLG and the substrate (step iv). Finally, another
metallic Ni thin film with 2 nm thickness was deposited onto the SLG to
form the NiO,/SLG/Ni sandwich structure on the photoanode (step v).

Analogous procedures were used to fabricate photoanodes with
other SLG-based structures (n-Si/SLG/NiO,/Ni and n-Si/NiO,/Ni/SLG)
and without SLG (n-Si/NiO,/Ni). For the fabrication of n-Si/SLG/NiO,/
Ni and n-Si/NiO,/Ni/SLG, the above step (iv) was processed before
the step (iii) and after the step (v), respectively. During the n-Si/NiO,/
Ni fabrication, the samples were also processed by exposing them to
the same conditions as the SLG transfer procedure, except that no SLG
was present between the PMMA and Cu. The same NiO,/Ni and NiO,/
SLG/Ni structure were also deposited on the p*-Si and quartz substrates
to examine their electrochemical and optical transmittance properties,
respectively. In addition, n-Si/FeO,/Fe, n-Si/FeO,/SLG/Fe, n-Si/CoO,/
Co, n-Si/Co0,/SLG/Co, n-Si/NiO,/Fe, n-Si/NiO,/SLG/Fe, n-Si/NiO,/Co,
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and n-Si/NiO,/SLG/Co photoanodes were also fabricated using the
same process as described above, except that the metallic Ni target for
thermal evaporation was replaced by the corresponding metallic Fe or
Co target.

To fabricate the electrode for PEC measurements, the ohmic contact
was done on the backside of the n-Si sample by scratching the surface
with a diamond glass cutter to remove the oxide layer, followed by
cleaning the residue using ethanol; then a droplet of InGa alloy and a Cu
wire was applied on the scratched part, and the backside and frontside
of the surface except an active area of 0.1-0.2 cm? were shielded by
use of black 704 silicone rubber. Calibrated digital images and Image
) software were employed to measure the exact geometric area of the
active electrode surface.

ALD Growth of TiO,: The TiO, layer was deposited at 200 °C using
successive pulses of tetrakis (dimethylamido) titanium (75 °C) and H,0
(room temperature), respectively, as the titanium source and oxidant
under a N, carrier gas in a vacuum chamber using an ALD system
(TALD-100A, KE-MICRO). During the deposition, the base pressure of
the ALD chamber was between 190 and 200 mTorr. In a typical process,
one ALD cycle consists of tetrakis (dimethylamido) titanium dose for
0.2 s, N, purge for 40 s, H,O dose for 0.2 s, and N, purge for 40 s.
Spectroscopic ellipsometry measurement indicates a TiO, growth rate of
0.04 nm per cycle, and 60 cycles of ALD were performed to deposit the
TiO, with a thickness of =2.4 nm.

Thermal Evaporation of Ni Thin Film: A thermal evaporator (ZHD-300,
Techno) was used to prepare the Ni thin film. The base pressure of the
vacuum chamber of this system was =5 x 10~ Pa. During the evaporation
process, the current and voltage on a tungsten boat containing the Ni
wire target were monitored in order to establish the vapor pressure in
the chamber needed to maintain a constant evaporation rate of 1 A s,
and the film thickness was controlled using quartz crystal thickness
monitor.

PMMA Assisted Transfer of Graphene: The copper foil (Cu) with
SLG was cut into a proper size (=0.6 cm x 0.6 cm). Next, the SLG/Cu
was spin-coated (1,000 rpm for 20 s, then 4,000 rpm for 30 s) with a
PMMA solution (4 wt.% dissolved in anisole), which was then cured
at 120 °C for 2 min. Subsequently, the PMMA/SLG/Cu was floated in a
1 m FeCl; + 1 m HCI solution over a period of =12 h to remove the Cu.
Afterward, the PMMA/SLG film was thoroughly rinsed with deionized
water three times to eliminate the remaining etchant, and placed on
the target substrates and dried naturally. After baking under 120 °C for
10 min, the sample was first immersed in an acetone bath for 1 h then in
a warm acetone bath under 50 °C for 2 h, and was subsequently dipped
into isopropyl alcohol for another 1 h to remove the PMMA film. Finally,
the sample covered with SLG was obtained after drying with flowing N,.

Characterizations: The morphology of the samples was examined by
a Hitachi-SU8220 field emission scanning electron microscopy (SEM)
at an accelerating voltage of 10 KV. Raman spectra were collected on a
Renishaw InVia Plus laser Raman spectrometer at room temperature
using the 514 nm line of an Ar*-ion laser as the excitation source. XPS
was conducted with an ESCALAB250Xi using 300 W Al Ko radiation; the
base pressure was =3 x 107 mbar. Binding energies were referenced to
the C 1s line at 284.8 eV from adventitious carbon. XPS spectra were
analyzed using the XPSPEAK41 software. The background was removed
using a Shirley-type background and the spectra were fitted using
Gaussian—Lorentzian peaks (80% of Gaussian character). The ultraviolet
photoelectron spectroscopy (UPS) was collected using He | discharge
lamp (hv = 21.22 eV) as an excitation source, and the value of work
function was measured from the secondary-electron cut-off using a gold
metal reference. Reflectance and transmittance spectra were recorded
using a UV-2600 UV-vis spectrophotometer (Shimadzu, Japan) equipped
with an integrating sphere. Reflectance spectra of the photoanodes were
measured at near-normal incidence (6= 8°) in air. And the transmittance
property of the surface modification layer was examined by collecting
the transmittance spectra of the surface modification layer deposited on
the quartz substrate at normal incidence in air.

Photoelectrochemical Measurements: All PEC measurements were
performed on a Zahner—Zennium electrochemical workstation at room
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temperature under a three-electrode configuration with a saturated
calomel electrode (SCE) and a Pt foil as the reference electrode and the
counter electrode, respectively. The as-prepared photoanodes were set
as the working electrode, and a T m KOH aqueous solution (pH 13.62
measured by a pH meter) was used as the electrolyte. A 500 W xenon
lamp (Beijing Aulight Technology Co., Ltd.; CEL-S500) equipped with
an AM 1.5G filter was used as the light source, and the light intensity
was calibrated to be one sun (100 mW cm) at the position of the
photoanodes using a fiber optic spectrometer (Avantes, Netherland;
AvaSpec-ULS2048). All measured potentials were converted to the
reversible hydrogen electrode (RHE) reference using the following
equation: Ve = Vscg + 0.244 V + 0.059 pH, where Vsc is the measured
potential against SCE reference electrode. All reported potentials were
intentionally not corrected by the Ohmic drop (i.e., no iR correction).
The photocurrent was recorded by linear sweep voltammetry with
a scan rate of 20 mV s, and the chronoamperometric data were
collected at a constant potential of 1.8 Vyye. The PEIS was conducted
under light irradiation conditions at series potentials of 1.0-1.3 Ve
for the sweeping frequency range from 100 kHz to 0.1 Hz with an AC
amplitude of 5 mV. The PEIS data were fit to the equivalent circuit that
was discussed in the text, using the Zview software. Mott—Schottky
measurements were performed under dark conditions using a Pt foil
counter electrode and a Pt wire reference electrode in 50 mm K;Fe(CN)g,
350 mm K,4Fe(CN)g, and 1 m KCl. During the measurement, the potential
was swept from positive to negative values with a frequency of 7000 Hz
and an AC amplitude of 5 mV.

The charge injection efficiency (1) of the photoanode was
determined as the following equation by adding 0.5 m H,0, to the KOH
electrolyte to suppress the surface recombination of the charge carriers
without influencing the charge separation in the electrode bulk.

Minj = JH20 [JH202 M

where Ji,0 and Jy,0, are the photocurrent densities for PEC H,0
oxidation and H,0, oxidation, respectively.

The barrier height (@) at the n-Si and surface modification layer
interface was calculated using the Schottky's relation:

0y =Ep+V, @

where Eg, is the flat-band potential and V,, is the potential difference
between the Fermi level and the conduction band edge of n-Si.

Ep, is determined from Mott—Schottky measurements according to
the Mott—Schottky relation:

1 _ 2 _ _k_T
C2 " AgoeqN, (V Er g ) @)

where C is the capacitance of the space charge region in the n-Si
semiconductor, & is the vacuum permittivity (8.85 X 1072 F m™), ¢ is
the relative permittivity of Si (11.7), A is the area of the photoanode, g
is the elementary charge (1.6 x 107° C), k is the Boltzmann's constant
(138 x 1077 cm? kg s72 K), T is the temperature (300 K), V is the
applied bias, and Ny is the donor concentration of the n-Si. The Eg, was
obtained by taking the value of the intercept between the extrapolated
linear region of the C-2 with the x-axis in the Mott-Schottky plot.
And V, was determined following the equation:

v, :%Tm(wc/wd) )
The effective density of states in the conduction band (N.) of n-Si was
calculated following the equation
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where m." is the electron effective mass of n-Si (1.09m, at 300 K,
m, = 9.109 x 107! Kg is the electron rest mass). Then the calculated
N, value was 2.82 x 1025 m~. And the Ny of n-Si was calculated to be
1.04 X 102 m~ from the equation Ny = 1/qup, where u is the electron
mobility (531 cm? V™' s7), and p is the resistivity (0.5 Q cm). From the
calculated N, and Ny, V,, was thus calculated to be 0.2 eV.
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