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transport through Au-modified
NiFe layered double hydroxide on silicon for
efficient photoelectrochemical water oxidation†
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Designing an appropriate oxygen evolution reaction (OER) catalyst for photoelectrochemical (PEC) water

splitting is an urgent issue for providing high-efficiency solar to hydrogen energy production. Transition

metals have been central to OER catalyst research due to their plentifulness and specific electronic

structure, but overcoming their water oxidation limits, including high overpotential and sluggish kinetics,

remains challenging. The effective usage of noble metals for the OER, such as an intentional introduction

of low-concentration noble metals into earth-abundant materials, can complement the limited reserve of

noble metals and largely enhance the entire efficiency of solar water oxidation. Herein, we developed an

OER photoelectrode of Au-incorporated NiFe layered double hydroxide (LDH) placed on a strong light

absorber n-type silicon (Au-NiFe LDH/n-Si). With a minimal Au content of 2.7% in the catalyst structure,

synergistic effects between noble metal Au and transition metal-based NiFe LDH notably accelerated the

OER kinetics while stabilizing the Si-based photoanode structure in corrosive alkaline electrolyte. Optimally

fabricated Au-NiFe LDH through a facile two-step electrodeposition process on n-Si exhibited a high

saturated photocurrent density of ∼37 mA cm−2, and the saturated photocurrent density could be reached

at an early underpotential point of 1.2 V vs. RHE. Moreover, it operated for ∼50 hours in pH 11.5 electrolyte,

showing 5 times higher stability than NiFe LDH/n-Si under the same alkaline conditions. One step further,

a 1/48 decrease in recombination kinetics could be achieved through doping Au atoms into NiFe LDH,

revealing the efficacious defect site passivation effect with the minimum amount of noble metal usage.
Introduction

Production of future energy, which possesses competitiveness
in yield, cost, and sustainability compared with fossil fuels, is
an urgent issue to be addressed for the upcoming industrial
era.1–5 Photoelectrochemical (PEC) water splitting, converting
solar energy into storable hydrogen energy, can be a clean and
effective pathway for new energy sources. However, the oxygen
evolution reaction (OER), a process with high overpotential and
sluggish kinetics, acts as a bottleneck in the overall water-
splitting system.6,7 Hence, numerous catalytic materials such
ineering, Research Institute of Advanced

ul 08826, Republic of Korea. E-mail:

neering, Yonsei University, Seoul 03722,

c.kr

ineering, Korea University, Seoul 02841,

rea.ac.kr

logy, Seoul National University, Suwon

tion (ESI) available. See DOI:

f Chemistry 2023
as noble metals, metal oxides, metal (oxy)hydroxides, layered
double hydroxides (LDHs), metal phosphates, and metal
phosphides are widely researched for OER catalysts.8–13 None-
theless, noble metal oxides (RuO2 and IrO2) or noble metal
catalysts (Pt, Pd, and Au) have been researched for their high
intrinsic activity in water splitting, but scarcity, high cost, and
composition instability under OER electrolyte conditions have
obstructed their further catalytic applications.14–16 In addition,
the usage of noble metals has been mainly focused on electro-
catalysts, and still, applications of noble metals in photo-
catalytic water splitting, particularly in the OER process, have
shown limited performances.17,18 A strategy of integrating these
noble metals with earth-abundant transition metal-based cata-
lysts along with an effective light-absorbing substrate could
minimize the utilization of noble metals, stabilize the catalytic
structure, and facilitate the solar water oxidation efficiency.19–21

Transition metal-based LDHs contain several advantages
such as high-water oxidation activities, material tunability, and
earth abundance. Specically, NiFe LDH has been reported as
a prominent OER catalyst in alkaline media with surprisingly
low OER overpotential.11,22–24 Accordingly, a photoanode con-
sisting of NiFe LDH deposited on strong photo-absorber Si has
J. Mater. Chem. A, 2023, 11, 17503–17513 | 17503
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revealed competent PEC water splitting performances.3,25,26

However, the as-deposited oxides or hydroxide lms could
contain natural defect sites of vacancies or various surface trap
sites, increasing the recombination and trapping of charges and
lowering the stability in strong alkaline electrolytes.27–32 Also,
the open-channel architecture of LDH cannot effectively
passivate Si from corrosive aqueous solutions.25,33 Therefore, an
appropriate catalytic engineering strategy for existing LDHs
with Si structures is necessary to overcome their overall PEC
water oxidation limits.

Herein, a photoanode of NiFe LDH electrodeposited on n-type
Si (n-Si) could substantially improve overall PEC characteristics
with high durability through the introduction of Au atoms into
the NiFe LDH structure. Au has emerged as the practical element
for improving PEC water splitting properties of photoelectrodes
for its virtues of facile light absorption, chemical stability, and
electronic structuremodication.34–37 An optimized amount of Au
could be effectively incorporated into Ni and Fe vacancy sites
through consecutive two-step electrodeposition processes. Only
with a minimum Au precursor concentration, compared to the
concentration of the NiFe precursor, can synergistic interactions
between metallic elements derive efficient electronic and band
structure modication in a way much more favorable to PEC
water oxidation. On top of this, the addition of Au into NiFe LDH
signicantly reduces the existing defect densities through the
defect passivation effect, resulting in a notable decrease in the
charge recombination rate along with an increase in charge
carrier lifetime.

An optimally fabricated Au-NiFe LDH OER catalyst electro-
deposited on n-Si exhibited considerable enhancements in PEC
water splitting properties compared with a pristine NiFe LDH/n-
Si photoanode. The Au-NiFe LDH/n-Si photoanode exhibited
a high saturated photocurrent density of ∼37 mA cm−2, and the
saturated photocurrent density could be reached at an early
underpotential point of 1.2 V vs. RHE, which is the highest PEC
OER property among those of recently reported Si-based photo-
anodes without buried junctions, while 200 mV overpotential is
needed for NiFe LDH/n-Si to reach saturated photocurrent
density. In addition, Au-NiFe LDH/n-Si endured∼50 hours in pH
11.5 electrolyte, with 5 times higher stability than NiFe LDH/n-Si
under the same alkaline conditions. One step further, a 1/48
decrease in recombination kinetics could be achieved through
doping Au atoms into NiFe LDH, revealing the efficacious defect
site passivation effect with a minimal amount of noble metal
usage. Our work distinctively demonstrated a facile synthetic
strategy of noble metal and non-noble transition metal-based
catalysts, combining their advantages for a highly efficient solar
water oxidation photoelectrode, widening the application of
noble metal utilization, which has been mainly focused on
electrochemical energy conversion areas, along with breaking the
PEC water splitting performance limits of Si-based photoanodes.

Experimental
Materials preparation

Nickel chloride hexahydrate (NiCl2$6H2O), potassium chloride
(KCl), sodium chloride (NaCl), and 1 N sodium hydroxide
17504 | J. Mater. Chem. A, 2023, 11, 17503–17513
standard solution (1 N NaOH) were purchased from Daejung
Chemical. Iron chloride hexahydrate (FeCl2$6H2O) was procured
from KANTO. Gold(III) chloride hydrate (HAuCl4$xH2O) and an
indium gallium alloy (InGa alloy) were procured from Sigma
Aldrich. Boric acid (H3BO3) was obtained from Junsei. An n-Si
wafer (100) (1–10 U cm) was purchased from PlutoSemi.

Electrode preparation for electrodeposition

The n-Si wafer (100) (1–10 U cm) was diced into 1.5 cm × 1.5 cm
n-Si pieces. Diced pieces were cleaned progressively with
acetone, isopropyl alcohol, and deionized (DI) water by ultra-
sonication. For forming ohmic contact, cleaned pieces were
scratched on the backside, and the InGa alloy was applied.
Subsequently, copper wires were attached to the InGa alloy by
applying the silver paste. Then, leaving the center active area of
0.5 cm × 0.5 cm, Kapton tape was attached to the front side of
the n-Si pieces to prohibit electrolyte contact. 1.5 cm × 2.5 cm
size FTO glass substrates were cleaned in the same way as n-Si
pieces, and the active area of 1.5 cm × 1.5 cm was adjusted by
attaching Kapton tape on the front side of FTO. The silver paste
was applied on the front upside of FTO for electronic contact
during the electrodeposition process.

Electrodeposition

Electrodeposition of NiFe LDH and Au-NiFe LDH catalysts was
conducted in a standard three-electrode system with a prepared
n-Si and FTO electrode as the working electrode, a Pt plate as
the counter electrode, and an Ag/AgCl (saturated) electrode as
the reference electrode. NiFe aqueous precursor solution was
synthesized using 0.02 M of NiCl2$6H2O and 0.005 M of
FeCl2$6H2O, and 0.015 M of KCl was added as the additive for
constituting the nano-wall structure of LDH. Au aqueous
precursor solution was prepared with varied HAuCl4$xH2O
concentrations of 10 mg/1 L, 15mg/1 L, 20 mg/1 L, 30mg/1 L, 50
mg/1 L, 100 mg/1 L, and 200 mg/1 L with 0.05 M of NaCl as the
additive for the facile transport of Au ions during electrodepo-
sition. NiFe LDH electrodeposition was conducted by applying
a constant current of −0.25 mA cm−2 to the n-Si and FTO
electrodes in the prepared NiFe precursor solution. For the
synthesis of Au-NiFe LDH, the as-synthesized NiFe LDH
deposited substrates were electrodeposited in Au aqueous
precursor solution through the CV method of applying voltage
in the range of −0.5 ∼ 0 V vs. RHE. Aer the deposition process,
substrates were rinsed with DI and dried under nitrogen gas.

Electrode preparation for PEC measurements

For further PEC measurements aer electrodeposition, elec-
trode fabrication of catalyst deposited n-Si pieces has pro-
ceeded. Again, the backside of n-Si was scratched, and the InGa
alloy was pasted to form an ohmic contact. Then, the Cu wire
was attached to the InGa alloy by applying silver paste to both
parts of the Cu wire and InGa alloy. For the encapsulation of Cu
wire attached n-Si, the epoxy-based resin was covered on all
parts of the silicon except the active area used for measure-
ments. To curate resin, the samples were dried for over 12 h in
the air.
This journal is © The Royal Society of Chemistry 2023
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PEC measurements

PEC measurements (Ivium Technologies, Nstat) were carried
out through a three-electrode system using Ag/AgCl (saturated)
as the reference electrode and a Pt plate as the counter electrode
in 1 M NaOH standard solution (pH 14) with a quartz cell to
avoid UV absorption. For the light source, a XE arc lamp (Abet
Technologies, LS150) was utilized, and its light intensity was
adjusted to 1 sun (100 mW cm−2, AM 1.5G) through a reference
photodiode. For J–V characteristics measurements, the anodic
potential was swept with a scan rate of 20 mV s−1. Stability
measurement was conducted by applying 1.5 V vs. RHE in
buffered NaOH. Buffered NaOH electrolyte was synthesized by
mixing 1 M NaOH and boric acid in a 1 : 1 molar ratio. The IPCE
was determined using the light source and a monochromator
(MonoRa150) by applying 1.5 V vs. RHE, the voltage at which
saturation current density is reached. The EIS was obtained in
the frequency range of 250 kHz to 0.1 kHz by applying the
potential near the onset potential of photoanodes (0.91 ± 0.1 V
vs. RHE). EIS data were tted to equivalent circuits using the Z
plot 2.x soware. The potential measured with the Ag/AgCl
reference was calculated as the potential versus the reversible
hydrogen electrode (RHE) by following the Nernst equation:

ERHE ¼ EAg=AgCl þ 0:059 pHþ E+
Ag=AgCl

where ERHE is the potential versus RHE, EAg/AgCl is the experi-
mentally measured potential versus Ag/AgCl, and E+

Ag=AgCl is
0.198 V at 25 °C.

The Mott–Schottky analysis was conducted under light-off
conditions with a frequency applied at 5 kHz. The at band
potential (E) was obtained by following the Mott–Schottky
equation:

1

C2
¼

�
2

e30A2Nd

��
V � Vfb � kBT

e

�

where C is the space charge layer capacitance, A (cm2) is the
photoanode active area, e is the electron charge, 3 is the
dielectric constant, 30 is the permittivity of the vacuum, Nd is the
donor density, V is the applied potential, kB is the Boltzmann
constant, and T is the temperature (298 K).

IMPS analysis was performed in the three-electrode cong-
uration under white light illumination, along with a modula-
tion intensity of 10% and frequency modulation range of 100
kHz to 0.1 Hz through a potentiostat (PP211, Zahner) and EC
workstation (Zennium, Zahner). The ktrans and krec can be ob-
tained from the following equations:

ktrans + krec = 2pf

ktrans = transfer efficiency × (ktrans + krec)

Characterization

The surface morphology of the synthesized catalysts was probed
by FESEM (Merlin Compact, Jeiss). Crystalline structures and
atomic distributions were obtained through TEM (JEM-2100F,
JEOL) and Cs-corrected monochromated TEM/STEM (Themis
This journal is © The Royal Society of Chemistry 2023
Z, Thermo Fisher). Chemical valence states of the synthesized
samples were analyzed through XPS (AXIS-His, Kratos). The
oxygen gas production calculated through faradaic efficiency
was measured by GC (FID-GC, PerkinElmer). XRD (X'Pert Pro,
PANalytical) was carried out to identify the crystal phases of
samples. For the verication of the chemical bonding of
samples, Raman spectroscopy (Lab RAM HR, Horiba Jobin
Yvon) was utilized. UV-vis transmittance (T) and reectance (R)
spectra were examined using a UV-vis spectrometer (Cary 5000,
Agilent Technologies). The absorption (A) from UV-vis
measurements could be calculated using the following
equation:

A = 100 − T − R

The absorption coefficient (a) was obtained using the
following equation:

a ¼ 2:303� A

100� t

where A indicates the absorption and t indicates the thickness
of the sample.

Indirect bandgap (Eg) calculation was tted through Tauc
plots using the formula:

ahn = C(hn − Eg)
1/2

where a is the absorption coefficient and C is a constant. The
UPS could be measured through electron spectroscopy for
chemical analysis Ⅱ (AXIS SUPRA, Kratos) with a He I photon
source of 21.22 eV. On a uorescence spectrophotometer using
a 405 nm excitation laser, PL spectra in the range of 405 nm to
700 nm could be observed at room temperature. For identifying
the chemical conguration of samples, X-ray absorption ne
spectroscopy (XAFS) was carried out in the transmittance and
uorescence detection modes at the beamline and 7D in
Pohang Accelerator Laboratory. The obtained XAS data,
including XANES and EXAFS, were analyzed using the ATHENA
and ARTEMIS programs of the IFEFFIT package.

In this study, all the spin-polarized density functional theory
(DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP) with the projector augmented wave
method for the core region and a plane-wave kinetic energy cut-
off of 400 eV. The generalized gradient approximation (GGA) in
the form of Perdew–Burke–Ernzerhof (PBE) for the exchange-
correlation potentials was used. The optimized lattice
constants of bulk FCC Au and NiFe LDH are a= 4.171 Å and a=
12.404 Å, b = 6.202 Å, c = 23.005 Å, a = 90°, b = 90°, and g =

120°, respectively. One Ni or Fe atom was removed or replaced
with an Au atom in order to simulate NiFe LDH with a Ni/Fe
vacancy or Au single atom substituted model. A 2 × 1 × 1
gamma-centered Monkhorst–pack sampled k-point grid was
employed to sample the reciprocal space for the slab models.
Atoms in the systems are free to move in all directions until the
convergence of energy and residual force on each atom is less
than 1 × 10−4 eV and 0.05 eV Å−1, respectively.
J. Mater. Chem. A, 2023, 11, 17503–17513 | 17505
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Results and discussion

The schematic illustrations of the three-electrode system with
a potentiostat and two-step sequential electrodeposition
method for synthesizing Au-NiFe LDH on n-Si are shown in
Fig. 1a. Recently, the sequential electrodeposition method has
been effectively conducted for generating distinctive catalyst
morphologies.4,38 Different types of electrodeposition modes
were used to deposit Ni, Fe, and Au ions. As shown in Fig. 1b,
a NiFe LDH lm is deposited on n-Si by applying a constant
current of −0.25 mA cm−2 versus a reverse hydrogen electrode
(RHE). The inset indicates a schematic of the nano-wall struc-
ture of NiFe LDH on n-Si. The introduction of Au precursors
into the NiFe LDH structure was conducted through the cyclic
voltammetry (CV) electrodeposition method, as shown in
Fig. 1c. Linear sweep voltammetry (LSV) or CV methods can be
useful in electrodeposition to deposit nanoparticles or single
atom catalysts on specic substrates. The range of the CV
potential, which can efficiently deposit Au on NiFe LDH for the
highest water splitting LSV performance, could be veried
through electrodepositions in different CV potential ranges for
the reduction of Au ions (Fig. S1†). The Au-NiFe LDH photo-
anode in which Au is electrodeposited in the potential range of
−0.5 V to 0 V versus RHE on NiFe LDH/n-Si exhibited the best
PEC LSV performance, and Fig. 1c shows the obtained opti-
mized CV deposition curve of Au on NiFe LDH/n-Si. The inset
indicates a schematic of the Au-NiFe LDH/n-Si structure of Au
doped into the NiFe LDH lm. Field emission scanning electron
microscopy (FESEM) was conducted to investigate the
morphologies of catalysts. As shown in Fig. 1d, the wall-like
structure of NiFe LDH was initially electrodeposited on the
Fig. 1 Schematic illustrations of the synthesis procedure. (a) Schematic
position method. (b) Chronopotentiometry curve of electrodeposition of
Au on NiFe LDH/n-Si. Insets show schematics of the NiFe LDH and Au-Ni
(e) Au-NiFe LDH/n-Si. Insets show photographs of each sample.

17506 | J. Mater. Chem. A, 2023, 11, 17503–17513
silicon surface. The adsorption of Au into the NiFe-based
structure results in a distinctive change in morphology as
shown in Fig. 1e. Nano-walls in LDH become denser and thicker
by lling hollow spaces in nano-walls through the specic
structure that originated from Au's incorporation into NiFe
LDH. Insets show photographs of catalysts deposited with 0.5 ×

0.5 cm2 on silicon substrates cut off into 1 × 1 cm2 area.
For an in-depth study of the crystal structure and the

element distributions, transmission electron microscopy (TEM)
and aberration-corrected (AC) high-angle annular dark-eld
(HAADF) scanning transmission electron microscopy (STEM)
were carried out. The TEM image of Au-NiFe LDH/n-Si (Fig. 2a)
shows the Au-doped NiFe LDH structure of thin nanosheets
with a height of 30 ∼ 40 nm on n-Si. A thin catalyst lm below
50 nm can be advantageous for facile charge transport and light
absorption for Si, facilitating PEC water oxidation.3 In the AC
HAADF-STEM image and its corresponding energy dispersive
spectroscopy (EDS) elemental mapping (Fig. 2b), uniformly
doped Au into background NiFe LDH can be observed. The EDS
spectrum reveals that the atomic ratio of Ni, Fe, and Au is 1 :
1.35 : 0.06 in Au-NiFe LDH (Fig. S2 and Table S1†), revealing the
effective dispersion of Au atoms in the catalyst structure with
a low atomic percentage of 2.76%. The STEM and TEM images
of NiFe LDH and Au-NiFe LDH layers exfoliated from the
substrate show the as-deposited catalyst's 3-dimensional (3-D)
morphology. A layered structure composed of NiFe basal planes
can be detected (Fig. S3a–c†), and this interconnected layer
structure is maintained in Au-NiFe LDH with planes composed
of Ni, Fe, and Au elements (Fig. S3d–f†). HAADF-STEM line-scan
proles of Ni, Fe, and Au across the basal plane of Au-NiFe LDH
(Fig. 2c) reveal the consistency of Au doping along the NiFe LDH
of deposition of Au-NiFe LDH on n-Si by the sequential electrode-
NiFe LDH on n-Si. (c) Cyclic voltammetry curve of electrodeposition of
Fe LDH on the silicon substrate. FESEM images of (d) NiFe LDH/n-Si and

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta03075j


Fig. 2 (a) TEM image of Au-NiFe LDH/n-Si. (b) HAADF-STEM image and the corresponding EDS maps of Au-NiFe LDH/n-Si. (c) HAADF-STEM
image of Au-NiFe LDH with line-scan profiles of elements corresponding to the arrowed area. (d) Atomic resolution HAADF-STEM image of Au-
NiFe LDH. Au atoms are represented by red circles. Schematics of the DFT calculation results of occupation of vacancy sites with Au atoms when
vacancy sites are (e) Ni sites and (f) Fe sites in NiFe LDH.
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structure without specic aggregation. The atomic resolution
AC HAADF-STEM image of Au-NiFe LDH (Fig. 2d) distinctively
shows atomically dispersed Au atoms with a bright contrast in
the NiFe LDH lattice of 0.25 nm interplanar distance which
corresponds to the (012) plane of NiFe LDH.20 In order to verify
the feasibility of atomic insertion of Au into the NiFe LDH
structure as shown in TEM and STEM analyses, deeper atomic
structure examination using density functional theory (DFT)
calculations was carried out. We have calculated the total Gibbs
free energy for the cases of Au fulllments in Ni and Fe natural
vacancy defects in the NiFe LDH basal plane. As shown in Table
S2,† total Gibbs free energies of NiFe LDHwhen Ni vacancy sites
are lled with Au atoms (AuNi = −915.05 eV) or Fe vacancy sites
are lled with Au atoms (AuFe=−911.54 eV) were lower than the
total Gibbs free energies of NiFe LDH which had le its Ni or Fe
vacancy sites empty (VNi = −913.3 eV and VFe = −909.27 eV).
This journal is © The Royal Society of Chemistry 2023
Furthermore, the NiFe LDH structure schematic from DFT
calculations in the case of Au occupation in Ni vacancy sites
(Fig. 2e) reveals that the Gibbs free energy difference (DEf) by the
addition of Au is −1.531 eV per site along with DEf = −2.031 eV
per site for Au occupation in Fe vacancy sites (Fig. 2f), indicating
the structural stabilization of the catalyst through Au
introduction.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to examine the chemical valence state of the as-
deposited catalysts on the Si substrate. For the comparison of
Au valence status with the existence of NiFe LDH, the Au lm
was directly electrodeposited on Si through the same Au
precursor solution and electrodeposition mode as it was per-
formed on NiFe LDH. Fig. S4 and S5† show Au 4f XPS spectra of
Au lm/n-Si and Au-NiFe LDH/n-Si. Peaks at 87.9 eV and 84.3 eV
correspond to Au 4f5/2 and 4f7/2 of metallic Au0 species
J. Mater. Chem. A, 2023, 11, 17503–17513 | 17507
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(Fig. S5a†).39 While only two distinct Aumetallic peaks appear in
the Au lm, Au 4f XPS spectra in Au-NiFe LDH (Fig. S5b†)
exhibit deconvolution into Au0 (87.5 eV at Au 4f5/2 and 83.8 eV at
Au 4f7/2) and Aud+ of 0 < d < 3 (88 eV at Au 4f5/2 and 84.3 eV at Au
4f7/2) species due to the electronic interaction between Au and
NiFe.40 In addition, the XPS peak shi of Ni and Fe elements
could be detected as a positive 0.3 eV peak shi of Ni and
a negative 0.6 eV peak shi of Fe in Au-NiFe LDH compared with
NiFe LDH, as shown in Fig. S6.† The deconvolution of compo-
nent peaks in Au and peak shis in Ni and Fe would come from
the bonding interaction and charge ow between Au and NiFe
elements, leading to the restructuring of the surface chemical
state.41,42

PEC water oxidation activities of demonstrated photoanodes
were investigated, as shown in Fig. 3. Current–potential (J–V)
characteristics of Au-NiFe LDH/n-Si photoanodes were opti-
mized with the concentration of Au precursor solution, which is
electrodeposited on NiFe LDH/n-Si (Fig. S7†). The photoanode
synthesized with a concentration of 50 mg L−1 Au precursor
solution of HAuCl4$3H2O powder dissolved in NaCl electrolyte,
which is a comparably far lower concentration than that of NiFe
precursor solution (5744 mg L−1), showed the highest water
oxidation performance. Excess amounts of Au addition pro-
hibited silicon's light absorption, leading to the deterioration of
PEC performances. The optimized Au-NiFe LDH/n-Si photo-
anode exhibited superior LSV characteristics of ∼37 mA cm−2

saturated photocurrent density, and the saturated photocurrent
density could be reached at an early underpotential point of
1.2 V vs. RHE. The improvement of PEC J–V properties by
Fig. 3 PEC performances of Au-NiFe LDH/n-Si and NiFe LDH/n-Si phot
and NiFe LDH based silicon photoanodes in 1 M NaOH aqueous solution
(1.23 V vs. RHE) and potential to reach saturated photocurrent density with
of photoanodes in buffered NaOH aqueous solution. (d) EIS spectra and (
1 M NaOH aqueous solution. (f) Faradaic efficiency and the correspondin
1 M NaOH electrolyte.

17508 | J. Mater. Chem. A, 2023, 11, 17503–17513
introducing Au atoms into NiFe LDH can be observed in Fig. 3a.
230 mV potential could be decreased in Au-NiFe LDH/n-Si
compared with pristine NiFe LDH/n-Si to reach saturation
photocurrent density along with an overall cathodic shi.
Exhibiting high saturated photocurrent density in early poten-
tial regions indicates that the photoanode has fast charge
transfer ability and a low recombination rate, leading to a rapid
approach to its maximum water oxidation properties. A
comparison of photocurrent density at 1.23 V vs. RHE and the
potential to reach saturated photocurrent density with those of
previously reported n-Si-based photoanodes without buried
junction structures is shown in Fig. 3b.4,9,43–53 Au-NiFe LDH/n-Si
demonstrated in this work required the minimum potential to
reach saturated photocurrent density, exhibiting the highest
photocurrent density at a water oxidation potential of 1.23 V vs.
RHE, representing superior charge transport properties and
water oxidation performance. Stability tests were carried out in
pH 11.5 buffered NaOH electrolyte by applying a constant
voltage of 1.5 V vs. RHE (Fig. 3c). Notably, Au-NiFe LDH/n-Si
steadily retained its initial photocurrent for over 50 hours,
while NiFe LDH/n-Si revealed photocurrent decay before 10
hours of the stability test. The durability of the Au-NiFe LDH
photoanode could be identied by comparing J–V characteris-
tics before and aer the stability test (Fig. S8†). Even though
a small anodic shi occurred, photocurrent density was nearly
maintained aer the stability test, inferring the adequate
durability of the photoanode under alkaline conditions. The
chemical environment and crystal structure changes aer the
stability test in Au-NiFe LDH have been unraveled through XPS
oanodes under AM 1.5G sunlight (100 mW cm−2). (a) J–V curves of Au
. (b) Comparison of photocurrent density at water oxidation potential
those of previously reported n-Si based photoanodes. (c) Stability tests

e) IPCE curves of Au-NiFe LDH/n-Si and NiFe LDH/n-Si photoanodes in
g chronoamperometric curve of the Au-NiFe LDH/n-Si photoanode in

This journal is © The Royal Society of Chemistry 2023
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and TEM analysis. XPS wide curves in Fig. S9a and b† show that
the main element peaks of Ni 2p, Fe 2p, and Au 4f are distinc-
tively represented, and no big difference in total curve tting
occurred aer the stability test. A detailed valence state change
of Au is shown in Fig. S9c and d.† A negative peak shi of 0.5 eV
and an increase in Aud+ content aer the stability test imply an
increase in oxidized Au states aer the water oxidation reac-
tion.6,40 TEM investigation revealed that the catalyst morphology
of Au-NiFe LDH had been nearly retained even aer the long-
term OER under electrolyte conditions (Fig. S9e and f†).

In order to examine the effect of annealing on each photo-
anode, heat treatment at 300 °C was conducted in an N2

atmosphere for 1 hour. As shown in SEM images of annealed
samples (Fig. S10a and b†), morphologies of annealed NiFe
LDH (a-NiFe LDH) and annealed Au-NiFe LDH (a-Au-NiFe LDH)
were transformed into more dense and aggregated structures.
While J–V characteristics were drastically diminished in NiFe
LDH through the annealing process, a-Au-NiFe LDH nearly
retained its water oxidation activities with a slight increase in
overpotential (100 mV to reach saturation photocurrent density)
and gradual decrease of photocurrent density in the stability
test in comparison with the Au-NiFe LDH photoanode (Fig. S10c
and d†). Electrochemical impedance spectroscopy (EIS) was
implemented to probe charge kinetics during the OER process
with an external bias near onset potential (Fig. 3d). An equiva-
lent circuit consisting of charge transfer resistance (Rct) and
capacitance (C) was utilized to match the measured EIS data
(Fig. S11, Tables S3, and S4†) with real values. Au-NiFe LDH/n-Si
showed a remarkable decrease in the Rct2 value of 1.4 U cm2

compared to NiFe LDH of 9.59 U cm2 as can be seen in the
semicircle arc size and inset in Fig. 3d, demonstrating the
enhancement of the charge transfer rate between the silicon
substrate and deposited catalysts. Au-NiFe LDH/n-Si revealed
the cathodic shi of at-band potential compared with NiFe
LDH/n-Si, as shown in Fig. S12a,† indicating the improvement
of charge transport through the increased surface band
bending.3 High light sensitivity of the Au-NiFe LDH/n-Si pho-
toanode could be detected through the chronoamperometric
measurements at 1.5 V vs. RHE under light chopping on/off
conditions (Fig. S12b†), also inferring the low charge recombi-
nation with neglectable leakage current in the photoanode.4

The above PEC results indicate that the synergistic effects
exerted by Au and NiFe LDH could critically contribute to the
enhancement of charge transfer ability and the stability of
photoanodes in alkaline electrolytes.

To inspect the overall water splitting efficiency of photo-
anodes, incident photon-to-current efficiency (IPCE) was ob-
tained at the voltage where saturation current density was
reached (Fig. 3e). IPCE of Au-NiFe LDH/n-Si exceeds all the
measured wavelengths of NiFe LDH/n-Si, reaching nearly 95%
of superior efficiency at a wavelength near 800 nm, while NiFe
LDH/n-Si showed ∼60% efficiency in the same wavelength
range. For the investigation of oxygen production in the opti-
mized Au-NiFe LDH/n-Si photoanode, faradaic efficiency was
calculated through gas chromatography (GC), as shown in
Fig. 3f. For the measured time of 9000 s, Au-NiFe LDH/n-Si
retained constant photocurrent density, outperforming 100%
This journal is © The Royal Society of Chemistry 2023
faradaic efficiency. Few points higher than 100% are due to the
surface block from O2 bubbles during the OER.

Insightful analysis has been subsequently carried out to
elucidate the considerable expedition of PEC water oxidation
properties through the incorporation of Au into an as-deposited
NiFe LDH structure. Photoluminescence (PL) spectroscopy was
employed to explore the charge ow behaviors of catalysts. In
steady-state PL spectra (Fig. 4a), Au-NiFe LDH revealed largely
increased PL intensity than NiFe LDH in around 500–600 nm
range, revealing a drastic increase in the photo-generated
charge ow rate by incorporating Au into NiFe LDH, which
narrows down the electron–hole recombination gap and
passivates defect sites in pristine NiFe LDH.54,55 Time-resolved
photoluminescence (TRPL) was implemented to investigate
charge transport dynamics. PL lifetime was investigated as
presented in the Fig. 4b inset. Au-NiFe LDH exhibited a ∼17%
increase in charge carrier lifetime compared to NiFe LDH,
indicating a reduced recombination rate of charge carriers with
increased charge separation efficiency.56,57 Raman spectroscopy
was employed to identify the chemical bonding of elements in
the demonstrated catalytic materials, as shown in Fig. 4c.
Strong Si substrate peaks at around 513–526 cm−1 could be
detected in both NiFe LDH/n-Si and Au-NiFe LDH/n-Si photo-
anodes. A distinct red shi in the Fe3+/Ni2+–O–Ni2+ metal–
oxygen bond peak has occurred in Au-NiFe LDH/n-Si
(464.6 cm−1) compared to NiFe LDH/n-Si (434.6 cm−1),
implying the decrease of bond energy and the increase of bond
length through the effective insertion of Au atoms into Ni or Fe
sites. Intriguingly, the cation vacancy peak at around
∼600 cm−1 in NiFe LDH disappeared in Au-NiFe LDH, revealing
the successful vacancy defect passivation role of Au in the Au-
NiFe LDH catalyst.42,58,59 Signicantly reduced defect sites
could promote the stabilization of the catalyst layer, which is
consistent with the DFT calculation analysis of doping Au into
NiFe LDH (Fig. 2e and f), resulting in a substantial improve-
ment in stability (Fig. 3c).

X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption ne structure (EXAFS) were carried
out to probe chemical conguration and electronic structures of
the Au element in our electrodeposited Au-NiFe LDH and Au foil
for comparison. The absorption intensity in the Au L3-edge
region of 11 925–11 945 eV is related to the electron transition
from 2p2/3 to unoccupied 5d states (Fig. 4d). As shown in the
Fig. 4d inset of the extended pre-edge region, Au-NiFe LDH
shows a larger absorption intensity than Au foil, indicating that
the depletion of the Au d-band is larger in Au-NiFe LDH than in
Au foil. The deviation of white line peaks between Au-NiFe LDH
and Au foil also implies a dissimilar gold atomic electronic
structure due to the electronic interaction of Au with neigh-
boring Ni or Fe elements in Au-NiFe LDH.14,60 The coordination
environment of Au in NiFe LDH was further investigated
through EXAFS analysis (Fig. 4e). The nearest Au–Au bond peak
position of Au-NiFe LDH shows a meaningful negative shi
compared with Au foil, originating from the geometrical
bonding interaction between Au–Ni and Au–Fe.61 Through the
EXAFS tting results (Fig. S13 and Table S5†), the derived Au–Au
radial distance of Au-NiFe LDH (2.63 ± 0.3 Å) is lower than that
J. Mater. Chem. A, 2023, 11, 17503–17513 | 17509
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Fig. 4 (a) Steady-state photoluminescence (PL) spectra, (b) time-resolved photoluminescence (TRPL) spectra, and (c) Raman spectra of Au-NiFe
LDH/n-Si and NiFe LDH/n-Si photoanodes. (d) XANES and (e) EXAFS spectra in the Au L3-edge for Au-NiFe LDH and Au foil. Inset in (d) shows an
expanded pre-edge region.

Fig. 5 (a) The secondary electron emission spectra of Au-NiFe LDH/
n-Si and NiFe LDH/n-Si. (b) Valence band spectra (EF − EVBM) of Au-
NiFe LDH/n-Si and NiFe LDH/n-Si. Energy band diagram schematics of
the (c) NiFe LDH/n-Si and (d) Au-NiFe LDH/n-Si.
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of Au foil (2.87 Å), inferring the scattered distribution and the
decreased thickness of Au in the NiFe LDH structure instead of
existing in a bulk state of Au.62

Enhancements in charge transport ability and photoactivity
in Au-NiFe LDH were systematically veried through band
structures. In the rst step, the optical bandgaps (Eg) of NiFe
LDH and Au-NiFe LDH were obtained through UV-vis spec-
troscopy measurements. Then, using the UV-vis transmittance
and reectance spectra, the absorption spectra were acquired,
which could be utilized for calculating absorption coefficients
(a) (Fig. S14a and b†). Lastly, the Eg of NiFe LDH (2.25 eV) and
Au-NiFe LDH (2.2 eV) were measured through Tauc plots
(Fig. S14c and d†).63,64 Ultraviolet photoelectron spectroscopy
(UPS) was conducted to determine materials' band edge posi-
tions and work functions. In the high binding energy region of
the UPS, secondary electron emission (SEE) spectra can be
observed (Fig. 5a).65 Through calculating the energy difference
between SEE spectra cut-off energy and He(I) photon source
energy (21.22 eV), the work functions of NiFe LDH (3.96 eV) and
Au-NiFe LDH (4.1 eV) could be obtained. Fig. 5b shows the low
binding energy region of the UPS, and the energy difference
between the Fermi level and valence band (VB) maximum (EF −
EVBM) can be measured through these VB spectra. The first-
derivative of the VB spectra is used to determine EF − EVBM of
NiFe LDH (0.67 eV) and Au-NiFe LDH (0.43 eV). The resulting
photoanode band diagrams of NiFe LDH/n-Si and Au-NiFe
LDH/n-Si are shown in Fig. 5c and d. Intriguingly, compared
with NiFe LDH/n-Si, Au-NiFe LDH showed a type II hetero-
junction with larger band bending, which has more positive
catalyst VB energy than silicon VB energy. Type II hetero-
junction construction in the Au-NiFe LDH/n-Si photoanode
system stems from the low value of EF − EVBM in Au-NiFe LDH
17510 | J. Mater. Chem. A, 2023, 11, 17503–17513
(0.43 eV), exhibiting p-type semiconducting catalyst character-
istics. Through constructing a distinct type II heterojunction in
the Au-NiFe LDH/n-Si photoanode, the hole charge carrier can
effectively transfer between silicon of the light absorbing
substrate and Au-NiFe LDH of the water splitting catalyst,
expediting PEC water oxidation through a facile charge travel
pathway.

In PEC water splitting photoanodes, hole charge accumula-
tion at the catalyst-electrolyte interface and charge lifetime are
This journal is © The Royal Society of Chemistry 2023
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important factors. Specically, charge kinetics can be hampered
when the surface recombination rate constant (krec) surpasses
the charge transfer rate constant (ktrans). The intensity-
modulated photocurrent spectroscopy (IMPS) method investi-
gates the rate constants of charge transfer and recombination in
PEC devices by analyzing photocurrent in accordance with
sinusoidal perturbations in the DC illumination. In the semi-
circle plot of the normalized IMPS graph, the apex of the
semicircle refers to ktrans + krec and the ratio between normal-
ized real photocurrent intercepts at the low frequency and high
frequency indicates the charge transfer efficiency of ktrans/(ktrans
+ krec). Through the above values obtained from the semicircle
apex and the normalized real photocurrent intercepts, ktrans and
krec can be calculated, respectively.4,57 Fig. 6a and b show the
IMPS results of NiFe LDH/n-Si and Au-NiFe LDH/n-Si photo-
anodes at various water oxidation potentials. The calculated
ktrans values of NiFe LDH/n-Si and Au-NiFe LDH/n-Si are similar,
which are 0.735 s−1 and 0.214 s−1, respectively, in the onset
potential region of 0.9 V vs. RHE. On the other hand, the ob-
tained krec of NiFe LDH is 40 756 s−1 and krec of Au-NiFe LDH is
846 s−1, which show a substantial difference in comparison
with the photoanodes' ktrans values. Schematics of NiFe LDH-
based Au-modied catalysts are presented in Fig. 6c and d.
The as-prepared electrodeposited NiFe LDH possesses a couple
of natural defective sites such as oxygen, Ni, and Fe vacancies.
These defective sites in the catalyst induce the charge recom-
bination state (V) and hinder hole charge transport for water
oxidation by the trapping and recombination of charges
(Fig. 6c).6,66 By modifying the existing NiFe LDH structure
through the adequate addition of Au by the sequential electro-
deposition process, Au atoms can effectively passivate the
surface charge trap sites in NiFe LDH. Surface defect
Fig. 6 IMPS Nyquist plot of (a) NiFe LDH/n-Si and (b) Au-NiFe LDH/n-
Si. Insets show schematics of charge recombination and transfer with
charge recombination rates. Schematics of charge transfer & recom-
bination processes with band structures during the OER in (c) NiFe
LDH/n-Si and (d) Au-NiFe LDH/n-Si.

This journal is © The Royal Society of Chemistry 2023
passivation by the introduction of Au atoms prevents charge
recombination, facilitating facile charge transport into the
catalyst/electrolyte interface (Fig. 6d).67 Furthermore, the elec-
tronic environment of NiFe LDH changes due to the atomic
interaction between Au and NiFe LDH, accelerating water
oxidation activities with remarkable enhancement in stability
under strongly alkaline conditions.

Conclusions

As a strategy for efficient utilization of noble metals for PEC
water oxidation, we successfully synthesized the catalyst struc-
ture of Au incorporated into NiFe LDH (Au-NiFe LDH) by
adjusting an adequate amount of Au with a facile two-step
electrodeposition process. As a result, Au could be effectively
substituted for Ni or Fe vacancy sites, energetically stabilizing
the entire catalyst structure. Synergistic effects exerted between
Au and NiFe LDH catalysts could drastically enhance solar water
splitting performances in the photoanode, exhibiting a photo-
current density of ∼37 mA cm−2 at 1.2 V vs. RHE, which has not
been reported for Si-based photoanodes without buried junc-
tions, retaining more than 50 hours under the alkaline condi-
tions of pH 11.5 with overall improvements in PEC
characteristics. These catalytic developments by the introduc-
tion of Au arise from two major factors: (1) electronic modi-
cation of the band structure in a more advantageous way for the
transport of hole charges and (2) passivation of existing defect
sites in NiFe LDH, largely lowering the recombination rates
during water oxidation. Through UV-vis and UPS analysis, Au-
NiFe LDH was revealed as a p-type semiconducting catalyst,
altering the n-Si-based photoanode as a distinctive type Ⅱ
junction, which could expedite the hole transport. Steady-state
PL, TRPL, and IMPS investigations could verify the signi-
cantly reduced charge recombination rate in Au-NiFe LDH,
which is 1/48 of pristine NiFe LDH with an increased charge
lifetime. In addition, the XANES and EXAFS results reveal that
Au could be effectively merged into the NiFe structure with
specic chemical coordination. All of the benecial effects for
PEC water oxidation by doping a small portion of Au into NiFe
LDH could stem from substantially enhanced charge transport
capability, which also contributes to the stability of the entire
photoanode structure. We believe that our study of synthesizing
outperforming OER catalysts composed of transition metals
and noble metals through a facile electrodeposition process
would pave the way for designing high-performance silicon-
based photoanodes while providing efficacious application of
noble metals by maximizing their synergistic effects between
heterogeneous elements.
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