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ABSTRACT: Integration of electrocatalysts (ECs) with photo-
absorbers is indispensable for high-performance solar water splitting.
However, how the interaction between different ECs affects the
performance is less explored. In the model system of the Si-based
photoanode paired with different transition-metal-based EC dual
layers, the oxygen evolution reaction with high efficiency and stability
is obtained at low cost via synergetic effects of dual ECs. The
spontaneous mutual doping between the EC dual layers greatly
increases the conductivity of the electrode, thus facilitating the
interfacial charge transfer, and the EC interlayer with high hole-
accumulation ability can dramatically improve the hole collection
capacity of the EC overlayer. In addition, the dynamic cycle of
dissolution, diffusion, and deposition of a tiny amount of metal species
between the EC dual layers favors the electrode stability. This work provides insightful guidance to interface design of high-
performance devices for solar energy conversion.

KEYWORDS: oxygen evolution reaction, Si-based photoanode, interfacial engineering, self-reconstruction, artificial photosynthesis,
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1. INTRODUCTION

Solar water splitting is promising for conversion of solar energy
into emission-free renewable and clean hydrogen fuel, while it
is a great challenge to develop a high-efficiency, economical,
and stable water-splitting system.1−5 Integration of electro-
catalysts (ECs) with photoabsorbers is indispensable for high-
performance solar water-splitting devices because they can
minimize the kinetic overpotential losses associated with the
water-splitting reaction,6 passivate semiconductor surface
states responsible for Fermi-level pinning,7 improve charge
transfer,8 increase the photovoltage,8−10 or function as a
physical barrier to protect photoabsorbers.6,8−16 Most studies
are focused on the roles of each single EC, while how the
interaction between different ECs affects the performance is
less explored. Taking the Si-based photoanode paired with two
different transition-metal-based EC layers as a model system,
we investigate the effect of the interaction between EC layers
on the photoelectrochemical (PEC) oxygen evolution reaction
(OER) by systematically varying the metal species (Fe, Co, or
Ni) in both the interlayer and overlayer ECs. Technologically
well-developed Si is chosen as the photoabsorber because of its
excellent light absorption with a suitable bandgap of ∼1.12 eV,
high carrier mobility, and superabundance.17 The first-row 3d-
transition-metal (Fe, Co, and Ni) based ECs hold great

potential to replace noble metals for large-scale practical
applications owing to their high efficiency,10 low cost,10,14,18−20

and negligible contact resistance with Si.8,10,21

The spontaneous mutual doping between the two EC layers
greatly increases the conductivity of the electrode, thus
facilitating the interfacial charge transfer,22−28 and the EC
interlayer with high hole-accumulation capacity can dramati-
cally improve the hole-collection capacity of the EC overlayer.
In addition, the dynamic cycle of dissolution, diffusion, and
deposition of a tiny amount of metal species between the two
EC layers favors the photoanode stability. As a result, our best
Si-based anode with the partially activated Ni interlayer and
FeOOH overlayer obtains excellent OER performance at low
cost.

2. RESULTS AND DISCUSSION

The procedure of fabricating the n+p-Si/SiOx/aNi:FeOOH
(aNi = Ni/NiOxHy) photoanode is depicted in Figure 1a. First,
the Ni metal layer was thermally deposited on the p-side
surface of n+p-Si with a native SiOx layer. Then, cyclic
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voltammogram (CV) cycles were performed to electrochemi-
cally activate the partial Ni to NiOxHy, which expands the
volume of the Ni layer and prevents further oxidation of Ni.8,29

Finally, the FeOOH overlayer was electrodeposited onto the
NiOxHy surface (see the experimental details in the Supporting
Information). The two EC layers (FeOOH and aNi) on the Si
surface with the similar thickness of ∼100 nm, intimate
contact, and different contrast are displayed from the cross-
sectional scanning electron microscopy (SEM) image (Figure
1b). The spherical aberration-corrected high-resolution trans-
mission electron microscopy (Cs-corrected HRTEM) image
also distinguishes the NiOxHy, Ni, and SiOx layers.8

Interestingly, the corresponding energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping images disclose a relatively
uniform distribution of Fe, Ni, and O over Si, indicating that
the Ni element incorporates into the FeOOH overlayer and
the Fe element into the NiOxHy interlayer since migration of
the metal species within the transition metal oxy(hydroxide)
layer occurs readily during the electrochemical cycling at the
last fabrication step (Figure 1c, Figures S1−S3).30 The surface
chemical states of Fe, Ni, and O elements in n+p-Si/SiOx/
aNi:FeOOH are analyzed by X-ray photoelectron spectroscopy
(XPS) (Figure S4, Figure 1d, and Table S1). For the Fe 2p
spectrum, two core-level peaks of Fe 2p3/2 at 711.6 eV and Fe
2p1/2 at 725.2 eV are present, implying the existence of
FeOOH with the Fe3+ oxidation state.31 The XRD and Raman
spectra analyses of the crystallinity and composition of the
anode surface layer also confirm the existence of FeOOH
(Figure S5). The peak centered at ∼855.9 eV with an

associated satellite peak at ∼861.8 eV can be assigned to Ni
2p3/2 of the NiOxHy (either Ni(OH)2 or NiOOH) phase.

8,30,32

This result corroborates that the Ni ions in the interlayer
dissolve, diffuse, and deposit on the overlayer during the
FeOOH electrochemical deposition process since the Ni signal
from the aNi interlayer cannot be probed by XPS through the
∼100 nm thick and relatively dense FeOOH overlayer due to
the limited XPS detection depth.30,33,34 In the O 1s region of
XPS, there are two major peaks at 529.1 eV and 531.3
corresponding to metal−oxide (M−O) and metal−hydroxyl
(M−OH) binding energies, respectively.35,36 The ratio of the
O2− and OH− peak areas is estimated to be 1.03, which is close
to the theoretical ratio of 1:1 between O2− and OH− in the
metal oxyhydroxide MOOH.37 In our case, it is Ni(Fe)OxHy,
representing Ni-doped FeOOH in the overlayer and/or Fe-
doped NiOxHy in the interlayer. For clarity, we use
aNi:FeOOH to denote the mutual doping between the two
EC layers, and the partial charge transfer from Ni to Fe sites
will enhance the OER activity.38,39

Besides n+p-Si/SiOx/aNi:FeOOH, the n+p-Si/SiOx/aM:-
FeOOH (aM = M/MOxHy, M = Fe, Co) photoanodes were
also fabricated for comparison following the similar fabrication
procedure except replacing the interlayer Ni species with Fe
and Co (Figure S6). The PEC performances of the n+p-Si/
SiOx/aM (M = Fe, Co, Ni) photoanodes with and without the
FeOOH overlayer were evaluated using a three-electrode CV
configuration in 1.0 M KOH solution under simulated AM
1.5G back irradiation at 1 sun (Figure 2) after optimizing the
thicknesses of the two EC layers (Figure S7, Tables S2−S5,

Figure 1. (a) Schematic fabrication procedure and (b) cross-sectional SEM image and (c) high-resolution cross-sectional TEM image and
corresponding EDS elemental mapping images (scale bars: 50 nm) and XPS spectra of Fe 2p, Ni 2p, and O 1s (d) of the n+p-Si/SiOx/aNi:FeOOH
photoanode.
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and Figure S8). To avoid the trade-off between light
absorption and catalytic activity at various EC film thicknesses,
the back-side illumination configuration was adopted in our
work, which has the advantage of spatially and functionally
decoupling the light absorption and the catalytic activity.8,21,40

The PEC activity of n+p-Si/SiOx/aM is in the order of n+p-Si/
SiOx/aNi > n+p-Si/SiOx/aCo > n+p-Si/SiOx/aFe. Except n

+p-
Si/SiOx/aCo, the activities of both n+p-Si/SiOx/aNi and n+p-
Si/SiOx/aFe enhance after coating FeOOH. All photoanodes
are listed in the order of descending activity by comparing the
photocurrent at 1.23 V versus reversible hydrogen electrode
(VRHE) as shown in Table 1.
The n+p-Si/SiOx/aNi:FeOOH photoanode has the highest

activity among all photoanodes, offering a typical photocurrent
onset potential of ∼0.91 VRHE, a photocurrent density of ∼33.2
mA cm−2 at 1.23 VRHE, and a saturation current density of
∼38.5 mA cm−2 (Figure 2), which is 88.1% of the theoretical
value (43.7 mA cm−2) that crystalline Si can afford.8 The dark
currents of all the anodes are near zero, implying that the
observed current under irradiation is exclusively related to the
photogenerated charge carriers. Based on the 100% Faradaic
efficiency (Figure S9a), the applied bias photon-to-current
efficiency (ABPE, also called the ideal solar-to-O2 conversion
efficiency) of this photoelectrode is calculated to be 3.4% at
0.95 VRHE (Figure S9b). This PEC-OER performance is
excellent compared to the reported Si-based photoanodes
(Table S6).
To explore the underlying mechanism for the excellent OER

performance of n+p-Si/SiOx/aNi:FeOOH compared to other
photoanodes, both thermodynamics (photovoltage) and

kinetics (surface active sites, surface catalytic kinetics, and
interfacial charge transfer) aspects were investigated. We first
tested the photovoltages of the n+p-Si/SiOx/aM (M = Fe, Co,
Ni) photoanodes with and without the FeOOH overlayer via
the potential difference between the photoanodes under
irradiation and a metallic (heavily doped) p+2-Si (0.001 to
0.005 Ω cm−1) coated with the same EC layer in the dark
(Figure S10).9,18

The photovoltage comparison (Figure 3a) shows that the
changing trend in the photovoltage with and without the
FeOOH overlayer is inconsistent with that in the OER activity
(Table 1). Electrochemically active surface area (ECSA)
measurements are estimated from electrochemical double-
layer capacitance (Cdl) in a CV potential range when a non-
Faradaic process occurs,40 which represents the EC porosity
property to some extent, showing that the changing trend in
the ECSA of n+p-Si/SiOx/aM (M = Fe, Co, Ni) with and
without the FeOOH overlayer is also in agreement with that in
the OER activity of these anodes (Figure 3b, Table 1). In our
work, the highest ECSA (0.513 mF cm−2) is obtained for the
FeOOH overlayer deposition on n+p-Si/SiOx/aNi, which is
6.4-fold as large as that in n+p-Si/SiOx/aNi (0.08 mF cm−2)
(Figure 3b). The changing trend of the EC activity (Figure
S10) is consistent with that of PEC activity (Figures 2 and
S10) of n+p-Si/SiOx/aM (M = Fe, Co, Ni) anodes with and
without FeOOH, which is further proved by Tafel plot
measurements (Figure S11) estimated from J−V curves
(Figure 2, Table 1). Furthermore, the interfacial charge
transfer behaviors of these photoanodes were investigated by
electrochemical impedance spectroscopy (EIS) (Figure 3c,
Figure S12, and Table S7). The EIS data show that the
changing trend in the interfacial resistance of the n+p-Si/SiOx/
aM (M = Fe, Co, Ni) photoanodes both with and without the
FeOOH overlayer is in agreement with that in the OER
activity; that is, smaller interfacial resistance corresponds to
higher OER performance (Table 1). It is consistent with
previous reports that a small amount of transition metal can
dissolve into other transition metal oxy(hydroxide)s, which will
enhance the electrical conductivity of metal oxy(hydroxide)
and promote the formation of metal ions with high oxidation
states as active sites to facilitate reactions with OH− to evolve
O2.

22−28 As summarized in Table 1, the decrease in the OER
activity of the n+p-Si/SiOx/aM (M = Fe, Co, Ni) photoanodes
both with and without the FeOOH overlayer is consistent with
increasing interfacial charge transfer resistance, which hinders
the transfer of photogenerated holes to the electrode surface,
while it is not directly associated with variation in photovoltage
or surface active sites.
Since transition-metal-based ECs have relatively large charge

storage ability,41 we further explored its effect on the OER

Figure 2. PEC performance of photoanodes. J−V behavior in 1 M
KOH electrolyte at the scan rate of 50 mV s−1 under irradiation of
100 mW cm−2 (AM 1.5G).

Table 1. Comparison of Changing Trend in Photocurrent Density, Photovoltage, ECSA, Tafel Slope, and Interfacial Resistance
for n+p-Si/SiOx/aM (M = Fe, Co, Ni) Anodes with and without the FeOOH Overlayer in the Order of Descending OER
Activity

photoanode photocurrent density at 1.23 VRHE photovoltage (mVRHE) ECSA (mF cm−2) Tafel slope (mV dec−1) interfacial resistance (Ω)
aNi:FeOOH 33.20 610 0.513 46 2.60
aNi 22.32 530 0.080 68 4.93
aFe:FeOOH 16.15 600 0.202 92 7.19
aCo 9.60 590 0.275 114 11.06
aFe 5.63 590 0.047 119 14.29
aCo:FeOOH 0.79 530 0.091 270 308.37
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activity by the chopped light chronoamperometric hole-
accumulation measurements. To evaluate the hole-accumu-
lation ability of the n+p-Si/SiOx/aM (M = Fe, Co, Ni)
photoanodes with and without the FeOOH overlayer, we used
a transient photocurrent surface charging−discharging method
to test the density of the accumulated holes under steady-state
conditions during the OER at 1.23 VRHE (Figure S13). The
close relationship between the interlayer hole-accumulation/
the overlayer hole-collection capacity and the OER activity of
the photoanodes was summarized in Figure 3d. This result
shows that the n+p-Si/SiOx/aNi electrode surface exhibits the
highest hole-accumulation capacity among n+p-Si/SiOx/aM
(M = Fe, Co, Ni), indicating the lowest charge recombination
at the interface. After depositing FeOOH, FeOOH can
efficiently collect the maximum photogenerated holes from
the activated Ni metal interlayer for the OER, as indicated by
the simultaneous biggest decrease in surface hole accumulation
(Q) and biggest increase in photocurrent density (J) from n+p-
Si/SiOx/aNi to n+p-Si/SiOx/aNi:FeOOH. Both a decrease in
Q and increase in J from n+p-Si/SiOx/aFe to n+p-Si/SiOx/
aFe:FeOOH are second to the Ni counterpart. In contrast,
FeOOH cannot efficiently collect the photogenerated holes
from the activated Co metal interlayer for the OER as shown
by the increase in Q and decrease in J. It is noted that the
increase in the amount of both the injected holes for the OER
and the accumulated surface holes leads to the higher
photocurrent in n+p-Si/SiOx/aM:FeOOH (M= Fe, Co, Ni),

implying that surface charge concentration and interfacial
charge transfer behavior are central to water-splitting perform-
ance.42

Apart from the activity, the durability of a photoelectrode is
also crucial for its commercial application, so we evaluated the
stability of the representative n+p-Si/SiOx/aNi:FeOOH photo-
anode by continuous chronoamperometric operation in 1.0 M
KOH solution carried out at 1.0 VRHE. After a 110 h test, the
photoanode shows little change in the photocurrent density
(Figure 4a), chemical structure (Figures S4 and S5), and
morphology (Figure S14). The current fluctuation in Figure 4a
was caused by the absorption/desorption of O2 bubbles and

Figure 3. Comparison of (a) the photovoltage determined by the potential difference between the catalyst layer coated on n+p-Si/SiOx under
irradiation and on metallic p+2-Si/SiOx in the dark at 5 mA cm−2 in mVRHE (mV versus RHE). (b) Capacitive currents at different scan rates (the
linear slope, equivalent to twice the double-layer capacitance Cdl, is used to represent the ECSA), (c) impedance Nyquist plots measured at 1.23
VRHE under 1 sun irradiation (inset shows the zoomed-in high-frequency part), and (d) relationship between the surface hole-accumulation
capacity (Q) and the photocurrent density (J) for the n+p-Si/SiOx/aM (M = Fe, Co, Ni) photoanodes with and without the FeOOH overlayer.

Figure 4. Photocurrent as a function of time (J−t) for the n+p-Si/
SiOx/aNi:FeOOH photoanode (a) and metal species dissolution,
diffusion, and deposition cycle between the aNi interlayer and the
FeOOH overlayer (b).
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fluctuations in the irradiation intensity. The inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
shows that the original electrolyte is free of Ni and Fe metal
ions. It indicates that the NiOxHy activation layer on the Ni
underlayer works as the source for dissolved Ni2+/3+ ions since
it is slightly soluble in 1.0 M KOH solution.29 The dissolved
Ni2+/3+ ions can easily diffuse around in the electrode due to
the ion-permeable property of both NiOxHy and
FeOOH15,43,44 and recombine with hydroxide anions OH−

from the electrolyte to form NiOxHy on the surface of FeOOH.
Similarly, Fe3+ ions will incorporate into NiOxHy. Both the
doped EC overlayer and interlayer can be denoted as
Ni(Fe)OxHy (Figures 1c and 4b).29 After the stability test,
the ratio of Ni:Fe on the surface of the photoanode increases
from 8:92 (before the stability test) to 19:81 (Figure S4), and
the Ni and Fe metal ion concentration is measured to be very
low (less than 0.1 μM). It further confirms the mutual doping
of Ni and Fe metal ions between the two EC layers, and such a
small metal consumption will not impact the electrical
conductivity and mechanical strength of the photoanode and
thus the OER performance.26,29,35,45−50

During long-term operation, in situ regeneration of
aNi:FeOOH using dissolved Ni and Fe species might take
place where the loss of water oxidation activity occurs due to
catalyst dissolution or exfoliation, so the OER performance
maintains. It is the beauty of self-doping from adjacent
materials at low concentration since higher ion concentration
will cause the photocurrent decline due to catalyst over-
loading.29 So, we also assessed the OER activity of n+p-Si/
SiOx/aNi:MOOH (M = Fe, Co, Ni) with different overlayers.
The activity of these anodes at 1.23 VRHE is in the order of n

+p-
Si/SiOx/aNi:FeOOH > n+p-Si/SiOx/aNi:NiOOH > n+p-Si/
SiOx/aNi:CoOOH (Figure S15a and Table S8). The only
difference in these anodes is the overlayer EC, but the activity
of the EC film is in the order of NiOOH > CoOOH >
FeOOH,51 which is inconsistent with the activity order of n+p-
Si/SiOx/aNi:MOOH (M = Fe, Co, Ni), further proving the
mutual doping effect between the interlayer and the overlayer
ECs. Besides, as a metal ion source, the partially activated
metal interlayer has chemical composition and is structurally
similar to the overlayer EC and excellent contact with Si, which
favors the stability of the electrode. Without the interlayer, the
activity of the controlled sample n+p-Si/SiOx/(Ni0.33Fe0.66)-
OOH degrades rapidly (Figure S16), similar to the previous
report.8 In addition, the variation trend in activity for n+p-Si/
SiOx/aNi:MOOH (M = Fe, Co, Ni) is consistent with that of
the interfacial charge transfer resistance (Figure S15b) and has
no close relation with photovoltage (Figure S15c) or surface
active sites (Figure S15d and Table S8), which demonstrates
the generality of mutual doping between transition-metal-
based ECs.

3. CONCLUSION
In summary, the Si-based photoanode decorated with
transition-metal-based EC dual layers affords the excellent
water oxidation performance with high efficiency and stability
at low cost via synergetic effects of dual ECs. The spontaneous
mutual doping between the EC dual layers greatly increases the
conductivity of the electrode, thus facilitating the interfacial
charge transfer, and the EC interlayer with higher hole-
accumulation ability can dramatically improve the hole-
collection capacity of the EC overlayer. In addition, the
dynamic cycle of dissolution, diffusion, and deposition of a tiny

amount of metal species between the EC dual layers favors the
photoanode stability. This work provides insightful guidance to
interface design of high-performance devices for solar energy
conversion.
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