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A comprehensive understanding of the role of the electrocatalyst in photoelectrochemical (PEC)
water splitting is central to improving its performance. Herein, taking the Si-based photoanodes
(n*p-Si/SiOx/Fe/FeOx/MOOH, M = Fe, Co, Ni) as a model system, we investigate the effect of the
transition-metal electrocatalysts on the oxygen evolution reaction (OER). Among the photoanodes
with the three different electrocatalysts, the best OER activity, with a low-onset potential of ~1.01
Vru, @ high photocurrent density of 24.10 mA cm-2 at 1.23 Vgug, and a remarkable saturation pho-
tocurrent density of 38.82 mA cm-2, was obtained with the NiOOH overlayer under AM 1.5G simu-
lated sunlight (100 mW cm-2) in 1 M KOH electrolyte. The optimal interfacial engineering for elec-
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trocatalysts plays a key role for achieving high performance because it promotes interfacial charge

transport, provides a larger number of surface active sites, and results in higher OER activity, com-

pared to other electrocatalysts. This study provides insights into how electrocatalysts function in
water-splitting devices to guide future studies of solar energy conversion.

© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction theoretical solar-to-hydrogen efficiency of 41%, and abundance

[1,10-13]. Unfortunately, bare Si has a large overpotential for

Photoelectrochemical (PEC) water splitting is an intriguing
way to convert solar energy into a sustainable, green, and
storable hydrogen fuel [1]. The key issue for water splitting is
the Kinetic bottleneck of the four electron-hole processes dur-
ing the water oxidation half-reaction, ie, the oxygen evolution
reaction (OER) [2-5]. Like photocatalytic energy conversion
[6-9], high-efficiency PEC water splitting devices also require
the modification of electrocatalysts on semiconductors. Silicon
is a promising semiconductor for achieving PEC water splitting
commercialization owing to its ideal bandgap (~1.1 eV), high

the OER because of its poor surface properties and because it is
photocorroded easily owing to its intrinsic instability under
aqueous conditions, especially at high pH [14].

An oxygen evolution catalyst (OEC) generally improves the
OER performance of Si photoanodes by reducing the OER
overpotential [15-18], engineering the photovoltage of the
photoanodes via passivation of surface states of the semicon-
ductor or formation of junctions with the light absorber
[12,19-21], or serving as a corrosion-resistant Si protection
layer [22-24]. Noble metal oxides are traditional materials
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applied as OECs but suffer from scarcity and high cost, severely
restricting their large-scale practical applications. First-row
transition metal oxyhydroxides (MOOH, M = Fe, Co, Ni) have
been developed recently as highly efficient electrocatalyst lay-
ers for some semiconductor photoanodes in water splitting
devices owing to their eco-friendliness, remarkable catalytic
performance, high abundance, high optical transparence, and
good stability in alkaline electrolytes [25-30]. MOOH layers in
these photoelectrodes can act as OER electrocatalysts to accel-
erate reaction kinetics, as hole collectors, as passivation layers
to passivate the surface states of semiconductors, and as pro-
tection layers to suppress corrosion of the semiconductors
[31-34]. Our previous work reported on FeOOH modified
n*p-Si/Si0x/M/MOyx photoanodes, which demonstrated a syn-
ergistic contribution between MOx and FeOOH that facilitates
the increase in the conductivity of the electrode, hole accumu-
lation ability, interfacial charge transfer, and electrode stability
[23]. In addition, due to the high work function of MOOH mate-
rials, the photovoltage of semiconductor photoelectrodes can
also be increased by the modification of the MOOH layer on the
surface [35]. Also, Hill et al. introduced an active cocatalyst,
CoOOH, electrodeposited on n-Si/Co  photoanodes
(n-Si/SiOx/Co/CoO0H), creating an inhomogeneous barrier
height with a higher photovoltage [36]. Otherwise, the electro-
chemical deposition approach has attracted considerable at-
tention for depositing OECs owing to its simplicity and cost
effectiveness [22,23,36], as well as its suitability for large-scale
practical applications, compared to other deposition tech-
niques, such as atomic layer deposition, sputtering, and chemi-
cal vapor deposition, which commonly need expensive instru-
ments and time-consuming processing [20,37-40]. However,
the complex OEC structure formed by electrochemical deposi-
tion makes a clear and comprehensive mechanism explanation
difficult [34,36,41].

In this study, we investigate the effect of transition-metal
OECs on the OER performance using Si-based photoanodes as a
model system (n*p-Si/SiOx/Fe/FeOx/MOOH (M = Fe, Co, Ni)).
Among the photoanodes with different OECs, the one with the
NiOOH overlayer delivered the best OER activity with a high
photocurrent density of 24.1 mA cm-2 at 1.23 Vrug, a low-onset
potential of ~1.01 Vrug, a saturation photocurrent density of
38.82 mA cm-2, and a 75 h stability under AM 1.5G simulated
sunlight (100 mW c¢m-2) in 1 M KOH electrolyte. Moreover, the
underlying mechanism will be explored to highlight the signifi-
cance of interfacial engineering to the efficient functioning of
electrocatalysts.

2. Experimental
2.1. Photoanodes fabrication

Polycrystalline n+*p-Si photoabsorbers with an an-
ti-reflection layer on the n+*Si emitter side were purchased
from LDK Solar Co. Ltd., and the as-received substrate was
cleaved into required pieces and then were rinsed with ace-
tone, isopropyl alcohol and deionized water (DI water, Milli-Q
18.2 MQ cm) with ultrasonic agitation, each for 5 min, in suc-

cession. Immediately prior to Fe film coating on the p-side of
the n*p-Si substrate, the p-side was etched in buffered HF (10%
in volume) for 20s (the emitter side was protected by the
SiNx layer), rinsed with DI water, dried with N2 gas, fixed on the
sample holder using the Kapton tape, and finally loaded into
the vacuum chamber of the thermal evaporation system
(ZHD-300, Technol Science Co., Ltd) for metal film deposition
of required thickness at the rate of ~ 0.1 A s-1, keeping the sub-
strate temperature at 150 °C. After thermal deposition of the Fe
film, the silver electrodes at the emitter side of the n*p-Si sub-
strate were adhered to the transparent indium-doped tin oxide
(ITO) coated conducting glass, whichactsas a transparent
conductor for the PEC test, supports and protects the emitter
against contacting with solution, by rubbing the indium-gallium
(InGa) eutectic. To prepare the electrodes, one strip of the cop-
per tape was inserted into a polytetrafluoroethylene tube, and
the other strip was fixed on the outer wall of this tube. The two
strips of the copper tapers were adhered to the ITO glass and
metal film by InGa, as the electrical wires of working electrodes
for PEC test and electrodeposition of MOOH (M=Fe, Co, Ni),
respectively. After that, the entire assembly was encased by
epoxy (Hysol 9460F) to avoid the leakage of electrolyte and
704 silica gel was used as a second protecting layer on epoxy.
The free ends of these two strips of the copper tapes were used
to connect power source to apply the external voltage.

2.2. Activation of the n*p-Si/SiOx/Fe (n*p-Si/SiOx/aFe)

Activation of the Fe metal film on the n*p-Si/SiOx/Fe work-
ing photoelectrode was done by potential cycling between -0.3
to 1.6 V versus saturated calomel electrode (SCE) by twenty
consecutive CV scans at the sweep rate of 50 mV s-! with Pt
sheet as counter electrode in a three-electrode setup in 1.0 M
KOH, using Zahner Zennium electrochemical workstation un-
der 1 Sun irradiation.

2.3.  Electrochemical deposition of MOOH overlayer on the
n*p-Si/SiOx/aFe

Lastly, MOOH (M= Fe, Co, Ni) film was electrochemical de-
posited on the n*p-Si/SiOx/aFe [1] by a fac-
ile cathodic-electrodeposition approach using an electrochem-
ical workstation (CHI760E, China) in a three-electrode setup
with Pt sheet and SCE as the counter and reference electrodes
by applying cathodic potential of -1.0 V in electrolyte contain-
ing 30 mM metal nitrate [Fe(NO3)3-9H20, Co(NOs)2:6H20,
Ni(NO3)2:6H20] for different periods (100 s to 500 s).

All of the electrodes were ~1 cm?in area unless specified
otherwise. To assure the reproducibility of the results, at least
twenty electrodes of each type were fabricated and tested in
this work. All electrodes show similar characteristics and activ-
ity, and the representative data are reported.

2.4. Characterization

The morphologies and elemental compositions were rec-
orded using ultrahigh-resolution field-emission scanning elec-
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tron microscope (FESEM, Hitachi-SU8220, Japan) at the accel-
erating voltage of 10 kV. The chemical compositions of the sur-
faces were scrutinized by ultrahigh vacuum VG ESCALAB 210
X-ray photoelectron spectrometer (XPS) equipped with a mul-
ti-channel detector. The spectra were excited using mono-
chromatic Al Ka (1486.6 eV) source radiation.

2.5.  PEC measurements

Electrochemical (EC) and PEC measurements were carried
out using an electrochemical workstation (Zahner Zennium,
Germany) in a typical three-electrode configuration with the
prepared photoanode as the working electrode, Pt sheet as a
counter electrode, SCE as a reference electrode, and 1.0 M KOH
(pH=13.6) as the electrolyte. The light source is a 500 W Xenon
lamp equipped with an AM 1.5G filter (CEL-S500, Au-light Co.,
Ltd.), and the light density was calibrated to be 100 mW cm-2 (1
Sun). All measured potentials against SCE were converted to
the reversible hydrogen electrode (RHE) scale according to the
Nernst equation: Erue = Esce+ 0.244 V + 0.059 x pH. All poten-
tials were referred to the RHE without specification. The pho-
tocurrent versus potential (J-V) curves were recorded between
0.5 and 2.4 V versus RHE (VruE) in 1.0 M KOH at the scan rate of
50 mV s-1. Onset potential was measured at 5.5 mA cm-2.
Chronoamperometric measurements were recorded at the
applied potential of 1.06 Vrue. n*p-Si/SiOx/Fe electrodes were
activated by 20 CV sweep cycles at the scan rate of 50 mV s-1.
The applied bias photon-to-current efficiency (ABPE) of the
photoanode was calculated from the J-V curve under irradiation
[2]. Tafel slopes were calculated from the J-V measurements at
50 mV s-1 scan rate at the current density range of 1-10 mA
cm-2, Faradaic efficiency for photoelectrochemically produced
oxygen was analyzed by a gas chromatograph (GC9790II) with
thermal conductivity detector. The electrochemically active

surface area (ECSA) of photoelectrodes was estimated by
measuring the double-layer capacitance (Ca) using scan rate
dependence of CVs and their CV potential window of 0.2-0.3 V
versus SCE in 1 M KOH. Ca was determined by plotting the cur-
rent density (ja—jc) at 0.25 V versus SCE against the scan rate.
The scan rates were 20, 40, 60, 80 and 100 mV sec-1. The slope
is twice of the Cal is equal to the ECSA. Electrochemical imped-
ance spectroscopy (EIS) data were collected at 1.23 Vrye in the
sweeping frequency of 0.1 Hz-100 kHz. The value of the charge
transfer resistance (Rc) of the photoelectrodes was determined
by ZsimpWin software simulations.

3. Results and discussion

A scheme of how the MOOH (M=Fe, Co, Ni) overlayer is in-
tegrated on the polycrystalline n*p-Si substrate through a par-
tially activated Fe (Fe/FeOyx, denoted as aFe hereafter) inter-
layer is shown in Fig. 1a. In this photoanode, a Fe thin film was
first deposited on the p-side of the n*p-Si/SiOx substrate using
thermal evaporation to make a highly electrically conductive
contact. Then, the Fe film was partially oxidized to form a thin
FeOx layer on its surface by electrochemical activation in an
alkaline electrolyte. Finally, the MOOH overlayer was electro-
chemically deposited onto the n*p-Si/SiOx/aFe surface at opti-
mized conditions (see details in the Experimental Section,
Supporting Information). The cross-sectional scanning electron
microscopy (SEM) image of the n*p-Si/SiOx/aFe:NiOOH anode
shown in Fig. 1b displays that the aFe interlayer and the typical
NiOOH overlayer have intimate contact at the interface, both
with a thickness of ~100 nm. The chemical states of Ni, Fe, and
0 elements of the anode surface were analyzed by X-ray photo-
electron spectroscopy (XPS) (Fig. S1 and Fig. 1c). The peak
centered at ~855.9 eV, with an associated satellite peak at
~861.7 eV, can be assigned to Ni 2p3/2 of NiOxHy with the Ni3*
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Fig. 1. (a) Schematic configuration of n*p-Si/SiOs/aFe:MOOH (M = Fe, Co, Ni) photoanodes; (b) cross-sectional SEM image and (c) XPS profiles of Ni 2p

Fe 2p, and O 1s for the n*p-Si/SiOx/aFe:NiOOH photoanode.
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valence state [22,23,39,42]. For the Fe 2p spectrum, two
core-level peaks of Fe 2p3/2 at 712.2 eV and Fe 2p1/2 at 725.4 eV
are present, implying the existence of FeOOH with the Fe3+ oxi-
dation state [43]. Moreover, the corresponding SEM mapping of
Fe, Ni, and O for the n*p-Si/SiOx/aFe:NiOOH sample (Fig. S2)
shows that the elements Fe, Ni, and O are all well dispersed in
the n*p-Si/SiOx/aFe:NiOOH. The uniform distribution of Fe on
the surface of the n*p-Si/SiOx/aFe:NiOOH clearly demonstrates
the doping of Fe in the NiOOH overlayer. These results imply
that the Fe ions in the interlayer dissolve, diffuse, and deposit
on the overlayer during the NiOOH electrochemical deposition
process since the Fe signal from the aFe interlayer cannot be
probed by XPS through the ~100 nm thick, relatively dense
overlayer due to the limited XPS detection depth [39,44,45].
The Raman spectra of the n*p-Si/SiOx/aFe:NiOOH photoanode
also confirm the existence of Ni-Fe oxide/(oxy)hydroxide (Fig.
S3). The O 1s spectrum of the n*p-Si/SiOx/aFe:NiOOH (Fig. 1c)
shows two distinctive peaks located at 530.1 and 532.1 eV that
are attributed to metal-oxide (M-0) and metal-hydroxyl
(M-0H) binding energies, respectively [46,47]. The ratio of the
0% and OH™ peak areas was estimated to be 1.1, which is close
to the theoretical ratio of 1 between 0?” and OH™ in the metal
oxyhydroxide MOOH [48]. The outcomes of XPS and Raman
spectra analysis indicate the existence of NIOOH and FeOOH
that could be integrated as Fe1-xNixOOH in the anode by mutual
doping between the aFe and NiOOH OECs [23,25,49]. Besides
n*p-Si/SiOx/aFe:NiOOH, the n*p-Si/SiOx/aFe:MOOH (M=Fe, Co)
photoanodes were also fabricated for comparison following a
similar procedure except replacing the overlayer Ni species
with the Fe and Co counterparts (Fig. S4).

The PEC-OER performance of the photoanodes was evalu-
ated by measuring cyclic voltammetry (CV) curves in a
three-electrode electrochemical system under simulated solar
irradiation in aqueous 1.0 M KOH electrolyte (see details in the
Experimental Section, Supporting Information). The Fe film
thickness dependent PEC performance of the n+p-Si/SiOx/aFe
photoanodes demonstrates that the 30 nm Fe film corresponds
to the best OER performance, with a typical photocurrent onset
potential (Von, defined as the potential required to achieve an
anodic current of 5.5 mA cm-2) of ~1.22 Vrue and a photocur-
rent density of ~5.63 mA cm-2 at 1.23 Vrug, compared to other
Fe thicknesses (Fig. S5a, Table S1). After loading MOOH (M =
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Fe, Co, Ni) overlayers on the n+p-Si/SiOx/aFe, its onset potential
shifted cathodically and its photocurrent density increased
(Figs. 2a and S5b-d, Table S2), revealing that the overlayer
could effectively enhance the OER performance of the
n*p-Si/SiOx/aFe photoanode. As shown in Fig. 2a, the
n*p-Si/SiOx/aFe photoanode deposited with the NiOOH over-
layer exhibits the best OER performance compared to the
CoOOH and FeOOH overlayers (Table S2). The optimized
n*p-Si/SiOx/aFe:NiOOH photoanode produced a photocurrent
density of ~24.10 mA cm-2 at 1.23 VruEe with an onset potential
of ~1.01 Vrue and a saturation current density of ~38.82 mA
cm2 (ie, ~88.8% of the crystalline Si theoretical saturation
current density (43.7 mA cm-2)). The dark current was near
zero (blue dashed curve in Fig. 2a), implying that the observed
current under illumination was related to the photogenerated
charge carriers. To ensure the reproducibility of the results,
over twenty samples were prepared and tested, and the
n*p-Si/SiOx/aFe:NiOOH photoanode yielded a photocurrent
onset potential of 1.01 + 0.02 Vrue and a photocurrent density
of ~24.10 £ 2 mA cm-2 at 1.23 Vrue. The faradaic efficiency of
the n*p-Si/SiOx/aFe:NiOOH photoanode was measured to be
almost 100%, suggesting the efficient splitting of water during
the OER process (Fig. 2b). Considering the 100% faradaic effi-
ciency, the solar-to-Oz conversion efficiency can also be indi-
cated as the applied bias photon-to-current efficiency (ABPE),
which reached 3.0% at 0.95 Ve (Fig. 2c) for the
n*p-Si/SiOx/aFe:NiOOH photoanode. The chronoamperometric
operation at 1.06 Vrue in 1.0 M KOH electrolyte was conducted
to evaluate the OER stability of the n*p-Si/SiOx/aFe:NiOOH
photoanode, which maintains a highly stable photocurrent
during the 75 h stability test (Fig. S6a). The CV curves before
and after the stability test show minimal change (Fig. S6b), and
there is no distinct change in the morphology of the pho-
toanode after the stability test (Fig. S7), indicating good struc-
ture stability of the photoanode. The performance of our
n*p-Si/SiOx/aFe:NiOOH photoanode is comparable to that of
the best reported Si-based photoanodes, as summarized in
Table S3.

To explore the underlying mechanism of the OER perfor-
mance variation in the n*p-Si/SiOx/aFe:MOOH (M = Nj, Co, Fe)
photoanodes, we first studied the role of the aFe interlayer in
the anode. As shown in Fig. S8, the n*p-Si/SiOx/NiOOH pho-
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Fig. 2. (a) CV curves of n*p-Si/SiOx/aFe:MOOH photoanodes (dotted lines shows dark conditions: aFe (black); aFe:FeOOH (blue); aFe:CoOOH (yellow);
and aFe:NiOOH (red)); (b) Oz production measured (black line) and calculated based on the charge passed assuming 100% faradaic efficiency (red
line); and (c) ABPE for the n*p-Si/SiOx/aFe:NiOOH photoanode conducted in 1 M KOH electrolyte under illumination at 100 mW cm-2 (AM 1.5 G).
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toanode exhibits a current density of ~0.70 mA cm-2 at 1.23
VRrHE, a saturation current density of ~13.48 mA cm-2, and an
onset potential of ~1.20 Vrug, which is higher than
n*p-Si/Si0x/CoOOH (~0.58 mA cm-2 at 1.23 Vrue) and
n*p-Si/SiOx/FeOOH (~0.26 mA cm-2 at 1.23 Vgue). Thus, the
OER performance of n*p-Si/SiOx/MOOH photoanodes is sub-
stantially inferior to that of n*p-Si/SiOx/aFe:MOOH (Fig. 2a and
Fig. S8) because they lack appropriate interfacial design. The Fe
layer has good adhesion with the Si surface, and FeOx has a
structure similar to NiOOH, so the aFe interlayer behaves as a
bridging interlayer ensuring strong interfacial connection be-
tween Si and the OEC overlayer, which has been well demon-
strated in our previous work [22,23]. Without the aFe interlay-
er, it is difficult to integrate the Si substrate with the NiOOH
OEC in a way that takes full advantage of the merits of each
constituent to afford good OER activity. Also, aFe can act as a
protective layer to ensure the stability of the photoanode.
Moreover, Fig. S9 exhibits the electrocatalyst OER behavior of
p**-Si/SiOx/aFe:MOOH samples with and without the aFe in-
terlayer in the order of aFe:NiOOH > aFe:CoOOH > aFe:FeOOH >
NiOOH > CoOOH > FeOOH, suggesting that a dual-OEC
(aFe:MOOH) shows higher OER performance than a single-OEC
(MOOH); that is, aFe plays a key role in electrocatalysis.
Furthermore, thermodynamic (photovoltage) and kinetic
(surface catalytic kinetics, surface active sites, and interfacial
charge transfer) aspects of the photoanodes with different
MOOH overlayers were investigated. For thermodynamics, the
photovoltage values of the photoanodes were obtained by
measuring the potential difference between the photoanodes
under irradiation and a metallic (heavily doped) p++-Si (0.001
to 0.005 Q cm) coated with the same catalyst layer in the dark
(Fig. S10). The results show that the trend in the photovoltage
of the n*p-Si/SiOx/aFe:MOOH is inconsistent with that in the
OER activity (Table S4), indicating that photovoltage is not the
determining factor for the excellent PEC performance of the
n*p-Si/SiOx/aFe:NiOOH  photoanode. For kinetics, the
n*p-Si/SiOx/aFe:MOOH photoanodes for the OER were charac-
terized using Tafel slope, electrochemically active surface area
(ECSA), and electrochemical impedance spectroscopy (EIS)

(Fig. 3). The fast electron transfer kinetics, high density of ac-
tive sites in a specific geometric area, and high conductivity are
the key requirements of an efficient OEC. Tafel plots were used
to evaluate the OER kinetics and electron transfer [50]. The
lower Tafel slope of the n*p-Si/SiOx/aFe:MOOH photoanodes
compared to that of the n*p-Si/SiOx/aFe photoanode corre-
sponds to the higher OER activity of the
n*p-Si/SiOx/aFe:MOOH, suggesting the vital contribution of
OEC overlayers to OER kinetics (Fig. 3a, Table S4). Moreover,
the n*p-Si/SiOx/aFe:NiOOH photoanode has the smallest Tafel
slope (85 mV dec!) when compared to the
n*p-Si/SiOx/aFe:CoOOH (88 mV  dec!) and the
n*p-Si/SiOx/aFe:FeOOH (90 mV dec!) photoanodes, which
suggests more  efficient OER  kinetics in  the
n*p-Si/SiOx/aFe:NiOOH photoanode. ECSA was then tested to
better understand the number of catalytically active sites for
OER activity. The scan-rate dependent electrochemical dou-
ble-layer charge capacitance evaluated from CV scans of the
n+*p-Si/SiOx/aFe:NiOOH photoanode is 0.298 mF cm-2, which is
higher than those of the n*p-Si/SiOx/aFe:CoOOH (0.241 mF
cm-2) and n*p-Si/SiOx/aFe:FeOOH (0.209 mF cm-2) (Fig. 3b)
photoanodes, which is also consistent with the intrinsic activity
of the OEC (Table S4).

Finally, the n*p-Si/SiOx/aFe:MOOH photoanodes were in-
vestigated using EIS. The Nyquist plots of all Si photoanodes
were acquired at 1.23 Vrue under AM 1.5G sunlight illumination
(Fig. 3¢) and fitted to the equivalent circuit shown in the Fig. 3¢
inset, where R1 and R: of the circuit were assigned to the re-
sistances of charge transfer in the bulk photoanode and at the
photoanode/electrolyte interface, respectively. The MOOH
overlayer significantly reduces Rz of the n*p-Si/SiOx/aFe pho-
toanode, suggesting that water oxidation proceeds much more
easily on the surface of the n*p-Si/SiOx/aFe:MOOH photoanode
than on bare n*p-Si/SiOx/aFe, which can be reflected by the
small diameter of the semicircle in the low-frequency region.
Both reduced charge transfer resistances (R1 and Rz) suggest
that photogenerated holes can be injected into the electrolyte,
and fast photo-driven charge transfer processes for water oxi-
dation occur more rapidly at the n*p-Si/SiOx/aFe:MOOH pho-
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Fig. 3. (a) Tafel plots extracted from the current density-voltage (J-V) measurements at a scan rate of 50 mV s-%; (b) Capacitive currents at different
scan rates (The linear slope, equivalent to twice of the double-layer capacitance Cu, is used to represent the ECSA); and (c) impedance Nyquist plots
measured at 1.23 Vrue for the n*p-Si/SiOx/aFe photoanodes with and without the MOOH overlayer for experiments conducted in 1 M KOH under irra-

diation at 100 mW cm-2 (AM 1.5 G).
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toanode due to the presence of a MOOH overlayer (Table S4)
[32]. This result demonstrates that the MOOH overlayer signif-
icantly increases the OER performance through accelerating
the charge transfer both at the photoanode/electrolyte inter-
face and in the bulk photoanode. The n+p-Si/SiOx/aFe:NiOOH
photoanode shows a remarkably small resistance (2.95 () in
both bulk charge transfer and charge transfer at the pho-
toanode/electrolyte interface when compared to the
n*p-Si/SiOx/aFe:CoOOH (3.86 Q) and the
n*p-Si/SiOx/aFe:FeOOH (7.19 Q) photoanodes (Table S4),
leading to the efficient interfacial charge transfer for enhanced
OER activity (Fig. 2). Therefore, the overall results (CV, Tafel
slope, ECSA, and EIS) are consistent with the OER activity of the
corresponding photoanodes, and it can be concluded that the
aFe:NiOOH dual-OEC on n*p-Si/SiOx promotes more charge
transport and charge separation (Fig. S11), provides larger
number of surface active sites, and higher intrinsic OER activi-
ty, compared to other OECs.

Taken together, the performance for our photoanodes can
be understood as follows. The PEC performance of a pho-
toanode is determined simultaneously by thermodynamic
(photovoltage) and kinetic (surface catalytic kinetics, surface
active sites, and interfacial charge transfer) factors. In our case,
the photovoltage is excluded as the determining factor, and the
kinetics is confirmed as the cause of the variation in the PEC
OER activity for the n*p-Si/SiOx/aFe and
n*p-Si/SiOx/aFe:MOOH photoanodes. The superior PEC activity
of the n*p-Si/SiOx/aFe:MOOH photoanode is a result of it hav-
ing the most favorable kinetics compared to those of other
photoanodes due to its optimal interface engineering, which
promotes charge transport, provides larger number of surface
active sites, and has higher intrinsic OER activity.

4. Conclusions

In conclusion, we have systematically investigated the effect
of the transition-metal OECs on the PEC-OER activity of the
Si-based photoanodes. Our experimental results indicate that
interfacial engineering of electrocatalysts will greatly improve
the performance by promoting interfacial charge transport,
providing a large number of surface active sites, and increasing
OER activity. We believe that this study will be beneficial for
the design and fabrication of high-performance solar energy
conversion devices.

Electronic supporting information

Experimental details, fabrication of photoanodes, charac-
terizations, XPS survey spectra, Raman spectra, SEM images,
PEC measurements, electrochemical measurements, and
Si-based photoanode materials comparison list are available in
the online supporting information.
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