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In the present work, NiFe layered double hydroxide (LDH) supported single Ru atoms in-situ growth on BiVO4
photoanode (BiVO4@NiFe-LDHs/Ru) was fabricated to enhance the photoelectrochemical (PEC) water splitting.
Ru atoms anchored to NiFe-LDHs via oxygen coordination to form Ru-O-M bonds, which induced electrons
rearrangement to improve charge carriers separation and injection. Combining with the synergistic effect of Ru
and NiFe-LDHs, BiVO,@NiFe-LDHs/Ru achieves high photocurrent density of 4.65 mA/cm? at 1.23 V vs. RHE.
Besides, Ru atoms induced formation of VO ¥+ tg stabilize V atoms in the lattice of BiVOy4, which avoided Vot

dissolution during PEC water oxidation process. Density functional theory (DFT) calculation indicates that Ru
SAs anchored to BiVO4@NiFe-LDHs decrease the reaction energy barrier of rate-limiting step (*O — *OOH),
resulting in acceleration of OER process. This work provides an effective pathway to design high efficient and
stable photoanodes with single atoms for feasible PEC water splitting application.

1. Introduction

With the increase of demand for clean energy, PEC water splitting
has arisen great interest in solar energy utilization since 1972 [1-5].
Generally, PEC water splitting process included hydrogen evolution
reactions (HER) and oxygen evolution reactions (OER). Most cases
demonstrated that OER is the rate determining step of the water splitting
due to its four-electron nature and sluggish kinetics [6,7]. Therefore,
development of efficient photoanode is the key challenge for construc-
tion of PEC system.

For improvement of OER, much attention was focused on the
exploration of photoanode with high light harvesting, superior con-
ductivity and photocarriers separation [8-12]. Owing to high theoret-
ical solar-to-hydrogen conversion efficiency (9.2 %) and photocurrent
(7.5 mA/cm? under standard AM 1.5 G solar light), suitable band gap
(~2.4 eV) and adequate positive valence band edge (VB, ~2.4 eV),
bismuth vanadate (BiVO4) was considered as the one of the most
promising photocatalyst for water oxidation and organics degradations
[13]. However, the practical photocatalytic efficiency of BiVO4 is much
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lower than what is expected due to serious carriers recombination and
low visible-light utilization [14]. Thus, it is expected to improve the
catalytic activity of BiVO4 by introduction of co-catalysts.

Although noble metal Ir and Ru containing compounds including
RuO; and IrO; exhibit considerable OER performance in the basic
electrolyte [15-19], their wide-scale application is severely hindered
due to hefty costs and instability. It was reported that RuO, catalysts are
unstable under high anodic potentials and tend to dissolve into elec-
trolyte because of conversion to high oxidation states [20,21]. On the
other hand, single-atom catalysts (SACs) with smaller dimensions and
higher surface-to-volume ratios are currently developed, which could
not only lower catalyst cost but also exploiting catalytic performance
through size effect [22]. Thus, introduction of SACs into photo-anode
might improve the OER performance by adjusting charge distribution
and coordination environment [23,24]. However, pushing catalysts to
single atom scale is nontrivial because SACs with thermodynamical
instability tend to aggregate into clusters or nanoparticles [25]. Thus, it
is necessary to stabilize the single atoms with a support, such as carbon
materials, metals, metal oxide, metal-organic frameworks, and boron

Received 15 July 2023; Received in revised form 28 August 2023; Accepted 4 September 2023

Available online 6 September 2023
0926-3373/© 2023 Elsevier B.V. All rights reserved.


mailto:wjnnju@163.com
www.sciencedirect.com/science/journal/09263373
https://www.elsevier.com/locate/apcatb
https://doi.org/10.1016/j.apcatb.2023.123269
https://doi.org/10.1016/j.apcatb.2023.123269
https://doi.org/10.1016/j.apcatb.2023.123269
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2023.123269&domain=pdf

Y. Sun et al.

nitride [26-30].

As a widely used two-dimensional cocatalyst, layered double hy-
droxides (LDHs) have attracted intense attention due to their low
overpotential and high OER activity under alkaline conditions [31-34].
Transition metals including Ni and Fe were introduced into LDHs for
enhancement of OER performance due to the formation of Ni-Fe oxy-
hydroxide in situ on the surface of NiFe-LDHs, which can not only
reduce Fe—O bond length in y-Ni; _xFeOOH compared with in y-FeOOH
but also modify the crystal structure for facilitating adsorption energies
of OER intermediates optimization [35,36]. Previous work also
demonstrated that NiFe-LDH loaded onto BiVO4 as cocatalysts could
construct heterojunctions for enhancing light absorption and transition
metal active sites utilization [34]. On the other hand, although large
amounts of alkali-active site on LDHs surface can provide special
anchoring sites for SACs, poor charge carrier transfer and inadequate
active edge sites of LDHs still remain to be improved [37]. Previous work
demonstrated that construction of charge carriers transfer channel be-
tween LDHs and noble metals could significantly accelerate the charge
carriers transfer [38,39].

Herein, BiVO4@NiFe-LDHs anchored with the ruthenium single
atoms (BiVO4@NiFe-LDHs/Ru) was constructed for enhancement of
OER performance. Fourier transform-extended X-ray absorption fine
structure (XAFS) spectra and spherical aberration-corrected scanning
transmission electron microscope (Cs-corrected STEM) images clearly
show Ru atoms well anchored to NiFe-LDHs through oxygen coordina-
tion bonds and keep atomic isolated. XPS and EIS analyses demonstrate
that Ru SAs anchored to BiVO4 @NiFe-LDHs not only change the elec-
tron cloud density but also decrease the resistance of the photoanode.
Notably, DFT calculations suggest that Ru-O-M (M = Ni or Fe) bonds
formed between Ru SAs and transition metals induced the spatial elec-
tron rearrangement and decrease the reaction energy barrier of rate-
limiting step (*O + OH™ — *OOH + e™). Subsequently, BiVO4 @NiFe-
LDHs/Ru achieves high photocurrent density of 4.65 mA/cm? at 1.23 V
vs.RHE at AM 1.5 G (100 mW cm_z), and it can remain 94.8 % of the
value of initial photocurrent density within 5 h. In summary, the present
work not only provided new ideas to decrease reaction energy barrier of
rate-determining step of OER, but also expanded the application of Ru
SAs in PEC water splitting.

2. Experimental section
2.1. Materials

Bismuth nitrate pentahydrate [Bi(NO3)3-5H20, 99.0 %], the hydro-
chloric acid (HCI, GR), nitric acid (HNOs, GR), sodium nitrate (NaNOs,
99.0 %) and sodium hydroxide (NaOH, 96.0 %) were purchased from
Aladdin, anhydrous sodium sulfate (Na3SO4, 99.5 %) and sodium sulfite
(NaySOs, 98.0 %) were purchased from Nanjing Chemical Reagent Co.,
Ltd, and dimethyl sulfoxide (CoHgSO, 99.8 %). Ferrous sulfate hepta-
hydrate (FeSO4-7H20, 99 %), nickel sulfate hexahydrate (NiSO4-6H20,
99.9 %), vanadium oxyacetonate (C10H;405V, 99.0 %), Ruthenium tri-
chloride hydrate (RuCls-xH30, 98 %) were purchasad from Shanghai
Macklin Biochemical Co., Ltd. All the chemicals were used directly in the
experiment without any further purification.

2.2. Preparation of BiVO4@NiFe-LDHs/Ru photoanodes

2.2.1. Preparation of BiVO,4 photoanodes

The BiVO4 nanofilms were synthesized according to the method re-
ported in previous literatures [40]. 0.970 g of Bi(NO3)3-5H20 was added
in 50.0 mL of KI solution (0.4 M) with the adjustment of pH to 1.7 using
HNOs, and then 20.0 mL p-benzoquinone ethanol solution (0.23 M) was
added in the solution. The electrodeposition of BiOI film on FTO (1
x 1.5 cm? active area 1 x1 cm?) was conducted using typical
three-electrode cell with a FTO glass substrate working electrode, Pt
wire counter electrode and saturated Ag/AgCl reference electrode.
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The deposition procedure was performed at —0.1 V versus Ag/AgCl
for 200 s to obtained BiOI electrodes. After rinsed with deionized water
and dried at 25 °C for 1 h, 150 pL of a dimethyl sulfoxide solution
containing 0.2 M vanadyl acetylacetonate [VO(acac);] was dropwise
added onto the BiOI electrodes. For conversion of BiOI to BiVOQy, the
electrodes samples were heated in muffle furnace at 450 °C for 2 h with
the ramping rate of 2 °C/min. Then, BiVO, electrodes were soaked in
1.0 M NaOH solution for 1 h for removal of residual V,0s, and the ob-
tained yellow electrodes were denoted as bare BiVOy.

2.2.2. Preparation of BiVO4@NiFe-LDHs photoanodes

50 mL of KBi solution (0.5 M) was aerated with argon for 10 min to
remove the oxygen. Then 43.4 mg of NiSO4-6H0 and 20 mg of FeS-
04-7H20 were added into KBi solution with stirring for 10 min in argon
atmosphere. The electrodeposition process was performed by using a
three-electrode system with the constant current at 0.02 mA for 480 s, in
which platinum electrode, Ag/AgCl electrode and BiVO,4 photoanode
acted as the counterelectrode, reference electrode and working elec-
trode respectively. The obtained BiVO4@NiFe-LDHs electrode was
washed with deionized water and dried for further research.

2.2.3. Preparation of BiVO4@NiFe-LDHs/Ru photoanodes

50 pL of RuCls methanol solution (1 g/L) was dropped into 10 mL
mixture of methanol and ammonia (Viethanol/Vammonia = 3:1) with ul-
trasonic. Then, the suspension was transferred into a 25.0 mL autoclave
with the fabricated BiVO4@NiFe-LDHs electrodes facing downward.
After ultrasonic for 30 min at 100 W power, the autoclave was heated at
60 °C for 10 h. The obtained BiVO4@NiFe-LDHs/Ru photoanode was
cleaned with deionized water and ethanol for several times, then dried
for subsequent use.

2.3. Photoelectrochemical measurements

PEC measurements were performed on an electrochemical worksta-
tion (CHI760E, CH Instruments, Inc.). Ag/AgCl (saturated KCl) and
platinum sheet were used as reference electrode and counter electrode in
a three-electrode battery system, respectively. A 300 W Xe lamp (PLS-
SXE300D) was used as the light source on the back of the sample, and all
samples were measured under backlit conditions with an illuminated
area of 1 cm? (AM 1.5 G, 100 mW cm 2).0.5M potassium borate (pH =
9.33) was used as the electrolyte. Both charge separation and injection
efficiency were determined by using 0.2 M NaySOs as a hole scavenger
oxidation measure. According to Nernst equation Eq. (1), potential vs.
RHE can be calculated from the potential vs. Ag/AgCl.

Erue = Eagagar + 0-0591 x pH + EOAg/AgCl (@)

ErpE represents the converted potential versus RHE, while Eag/agci
refers to the obtained potential versus Ag/AgCl electrode. The normal
potential of Ag/AgCl electrode (Egg/Agcl) is 0.1976 V at 25 °C. Both
surface charge injection efficiency (n;,j) and charge separation efficiency
(nsep) can be calculated according to Egs. (2-3).

N (%> — M @)
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where Jyater and Jna2so3 are photocurrent densities of the water oxida-
tion and sulfite oxidation, respectively. J,ps represents the theoretical
photocurrent density, which is based on the assumption of that the
photons absorbed are completely converted to the current. In addition,
applied bias photon to current efficiency (ABPE) can be calculated ac-
cording to the LSV curves by Eq. (4):
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where J is the photocurrent density (mA cm~2) indicated by LSV curves.
Vhbias represents the applied bias versus RHE (V), and Pay 15 is
100 mV cm™2. The incident photon-to-current conversion efficiency
(IPCE) is calculated based on the determination of photocurrent den-
sities at specific wavelengths using the light source with a mono-
chromator (Eq. 5):

1240 x J
IPCE (%) =X 100% (5)
A X Pliglu

Where Pyigh: and J represent the light power density and photocurrent
density at a specific wavelength, respectively. And A refers to incident
wavelength. In addition, within the frequency ranges of 0.1-100000 Hz,
both photoelectrochemical impedance spectroscopy (PEIS) under AM
1.5 G illumination and electrochemical impedance spectroscopy (EIS) in
dark condition were conducted with an AC voltage amplitude of 5 mV at
the open-circuit potential. Mott-Schottky (MS) measurements were
performed at different frequencies (1000 Hz and 500 Hz) using potas-
sium borate (0.5 M, pH = 9.33) as the electrolyte solution. According to
Eq. (6), the charge carrier densities (Ng) can be calculated based on the
MS curves measured at 1000 Hz in the dark.

Herein, the electron charge e, the vacuum permittivity €p, and the
relative permittivity of BiVO4 are 1.6 x 107%° C, 8.85 x 10~ 4 F.cm™!
and 68, respectively. The V is the applied bias for MS plots.

To evaluate the H, and O5 production and Faradaic efficiency, after
purifying the KBi electrolyte (0.5 M, pH = 9.33) by nitrogen for 30 min,
the photocurrent densities of the film are measured at 1.23 V vs. RHE
under AM 1.5 G illumination for 3 h, and the production of Hy and Oy
was detected with a gas chromatograph (9790 II, Fuli, Zhejiang) every
20 min. Meanwhile, the theoretical volume of gas production is calcu-
lated by integrating the recorded J-t curves. The ratio of the actual gas
volume to the theoretical gas volume is the Faraday efficiency.

2.4. Characterization

SEM images were conducted by a Zeiss Gemini 300 scanning electron
microscope. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) were performed
(FEI TF20). Crystal structures were identified by X-ray diffraction
analysis (XRD) with Cu Ka radiation (1.5406 i\) in the 26 range of 5-80°
using an XRD-6000 X-ray diffractometer (Shimazu, Japan). X-ray
photoelectron spectroscopy (XPS) was analyzed using monochromatic
Al Ka radiation by the PHI 5000 Versa Journal Prevalidation probe in-
strument. The C1s peak at 284.8 eV was used as reference for all binding
energies. The optical property of the electrode was determined by
UV-vis absorption spectrum using a UV-2600 spectrophotometer (Shi-
madzu, Japan). Photoluminescence spectra (PL) were measured at room
temperature with a 405 nm excited laser in Fluoromax-4 fluorescence
spectrophotometer. The single atom image was collected on a FEI The-
mis Z spherical aberration-corrected scanning transmission electron
microscope (Cs-corrected STEM). ICP-MS was performed with a
Thermo-Fisher icap7400 on nitric acid dissolution in BiVO4; @NiFe-
LDHs/Ru sample. Ru K-edge analysis was performed with Si (111)
crystal monochromators at the BL11B beamlines at the Shanghai Syn-
chrotron Radiation Facility (SSRF) (Shanghai, China). Before the anal-
ysis at the beamline, samples were pressed into thin sheets with 1 cm in
diameter and sealed using Kapton tape film. The XAFS spectra were
recorded at room temperature using a 4-channel Silicon Drift Detector
(SDD) Bruker 5040. Ru K-edge extended X-ray absorption fine structure
(EXAFS) spectra were recorded in transmission mode. The XAFS spectra
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of these standard samples (Ru foil, RuCl3, RuOs) were recorded in
transmission mode. The spectra were processed and analyzed by the
software codes Athena and Artemis.

2.5. Computational details

All computations were performed by density functional theory (DFT)
method in Vienna ab initio simulation package (VASP) [41,42]. On the
basis of BiVQy, slice (001) surface, expose Bi and V metal elements at the
terminal, determine the growth mechanism of LDHs, construct the
NiFe-LDHs and BiVO4 heterogeneous junction model. The generalized
gradient approximation in the Perdew-Burke-Ernzerhof functional
(GGA-PBE) was used to treat the electron exchange and correlation
energy [43]. The valence orbitals of V (3p, 3d, 4 s), Bi (6 s, 6p), Fe (3p,
3d, 4 s), Ni (3p, 3d, 4 s), Ru (4p, 4d, 55), C (25, 2p), O (25, 2p) and H
(1 s) were described by plane-wave basis sets with cutoff energies of
500 eV. According to the Materials Project online database, the Ueff
value of Fe, Ni and V is 2.5 eV. The k-point sampling was set using the
Monkhorst-Pack scheme with a (8 x 3 x 1) mesh for the surface
models with and without adsorbates, and a (1 x 1 x 1) mesh for
single-molecule adsorbates. The convergence criteria for the electronic
self-consistent iteration and force were set to 10~ eV and 0.02 eVoA‘l,
respectively.

The four-electron pathway of OER occurs in alkaline aqueous solu-
tion was generally reported to proceed according to the following steps
[44].

* 4+ HyO — *OH + ¢ + H', AG1 )
*OH — *O + e+ H', ac2 (8
#0 4 HyO — *O0H + ¢ + H', Ag3 9)
*OOH — O® + * + ¢ + HT, AG4 10)

Where “*” represents the active site on the catalyst, and *O, *OH, and
*OOH are the intermediates of adsorption. By Eq.11, the Gibbs free
energy of OER process can be calculated based on adsorption energy of
intermediate products (Eaps), zero point energy of reaction (AEzpg) and
entropy (AS). Herein, AU is the energy difference between 0 K and
temperature t. Overpotential is defined as 1 = max[34 AG4]/e-1.23 V.
[AG = Eaps + AEzpg - TAS + AU(0-T)],

3. Results and discussion
3.1. Characterization of photoanodes

Due to the similar ionic radii of Fe3* (64.5 pm), Ni** (69 pm), and
Rut (68 pm) (Table S1), Ru SAs are anchored to NiFe-LDHs after hy-
drothermal action (Scheme 1). SEM images showed that BiVO4 @NiFe-
LDHs/Ru nanorods with wormlike shape and smooth surface are uni-
formly loaded onto the FTO as well as bare BiVO4 and BiVO4@NiFe-
LDHs (Fig. 1a, S1), which is beneficial to molecular diffusion and light
absorption [45]. In addition, BiVO4 with the lattice width of 0.309 nm
can be found from HR-TEM images which shows the completely exposed
of {121} crystal facet, and provides a growth interface for NiFe-LDHs
[46]. An ultrathin layer (3-5 nm) of NiFe-LDHs outside the BiVO4 can
be clearly observed (Fig. 1b, c), which not only facilitates the uniform
dispersion of Ru SAs on BiVO4@NiFe-LDHs/Ru but also reduces the
optical loss as incident light pass through the NiFe-LDHs. As cocatalyst
which connect BiVO4 via -O-H-O- bond (Fig. S5), two-dimensional
structure of LDHs can shorten the diffusion distance of holes, which
also promoted holes migration from BiVO4 to photoanode surface so as
to inhibit recombination of photogenerated carriers. Notably,
Cs-corrected STEM images (Fig. 1d, e, S2) clearly show that Ru SAs are
uniformly dispersed on the surface of LDHs, without cluster or aggre-
gation. By using ICP-MS, the content of Ru in BiVO4@NiFe-LDHs/Ru
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Scheme 1. (I) BiVO,@NiFe-LDHs was prepared by electrodeposition of Fe?" and Ni®" in KBi solution. (II) Transfer the electrode to the reactor and fix it, and
ultrasonic with the prepared NH4OH solution of Ru®* for 30 min (III) BiVO4@NiFe-LDHs/Ru photoanodes were prepared by heating the reactor at 60 °C for 600 min.
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Fig. 1. (a) SEM image, (b) TEM image, (c) HRTEM image, (d, e) Cs-corrected STEM images of BiVO,@NiFe-LDHs/Ru photoanode. (f) XRD patterns of BiVOy,
BiVO4@NiFe-LDHs and BiVO4@NiFe-LDHs/Ru. (g) Energy-dispersive X-ray spectroscopy (EDS) mapping of BiVO4@NiFe-LDHs/Ru, scale bar: 100 nm.

was determined as 0.34 % (Table S2), which is within the normal range contents also follow the order above. Interestingly, characteristic peaks
as previous literature reported [24]. Furthermore, other metals contents of Ru, Ni/Fe are not observed in XRD spectra (Fig. 1f), which can be
are also determined, which followed the order of Bi>V>Fe>Ni. EDS explained as follows: (1) trace content of Ru anchored to LDH are single
analysis (Fig. 1g) directly confirms the uniform dispersion of these ele- atoms, which can not form new crystalline faces; (2) amorphous state of

ments on BiVO4@NiFe-LDHs/Ru photoanode, and the surface elements NiFe-LDHs layer can not be observed in XRD spectra [47].
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Additionally, X-ray absorption near-edge structure (XANES) was
conducted to analyze the coordination structure and oxidation state of
Ru SAs in BiVO4@NiFe-LDHs/Ru. XANES spectra (Fig. 2a) is processed
by using first derivative, and applying their maximum to determine the
Ru K-edge position of BiVO4@NiFe-LDHs/Ru. Generally, there is an
approximately linear relationship between absorption edge energy and
the calculated oxidation state. The position of the Ru K-edge in
BiVO4@NiFe-LDHs/Ru (22,115.9 e¢V) located between Ru foil
(22,106.1 eV) and RuCl3 (22,117.0 eV) (Fig. S6), suggests a special
oxidation state of Ru SAs (0 ~ +3). By fitting the Ru oxidation state as a
function of Ru K-edge energy shift (Fig. S7), the average valence state of
Ru can be calculated that is ~ +2.2. Furthermore, the local structures of
coordination nearby Ru atoms are analyzed by using Fourier transform
extended X-ray absorption fine structure (EXAFS) spectra (Fig. 2b)
together with its corresponding fittings (Fig. 2¢). Different from refer-
ence samples (Ru foil, RuO», and RuCls), BiVO4@NiFe-LDHs/Ru sample
has strong bond of Ru-O at 1.62 A in the first shell and weak bond of
Ru-O-M (M = Ni or Fe) in the higher energy level. Ru-Ru bond (2.41 [o\),
Ru-O-Ru bond (3.17 ;\), and Ru-Cl bond (1.83 [D\) are not observed,
suggesting the absent of RuCls [48]. Besides, model-based EXAFS fitting
(Table S3) further demonstrates that each Ru atom is coordinated with
4.4 £ 0.5 oxygen atoms where 3.3 + 0.2 Ru-O are bonded with Ni or Fe.
Thus, it can be concluded that Ru atoms are located on the surface of the
NiFe-LDHs with isolated single atomic structure instead of agglomera-
tion in the LDHs layers. Notably, different from reference samples, a
strong peak of Ru-O coordination in the wavelet transforms (WT) of Ru
K-edge EXAFS oscillations (Fig. 2d), can directly confirm the existence of
Ru SAs on NiFe-LDHs supporter.

XPS can provide useful information of chemical composition and
changes of BiVO4@NiFe-LDHs and BiVO4@NiFe-LDHs/Ru. Obvious
positive shifts of binding energies (V, Bi and O) are observed after
loading of NiFe-LDHs (Fig. S11), suggesting the strong interaction
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between NiFe-LDHs and BiVO,. The redox between Ni?*/Fe?* and Ni®*/
Fe3" can accelerated the water oxidation kinetics [34]. More impor-
tantly, Ru SAs with strong electronegativity introduced into BiVO4@-
NiFe-LDHs changes the electron cloud density, thus both positive shifts
and negative shifts of binding energy peaks [Bi 4f7/2 (40.45 eV); V 2p
(+0.37 eV); Fe 2p3/2 (—0.15 eV); Ni 2p3/2 (—0.23 eV)] are observed
(Fig. 3a-d), indicating that the electron coupling between Ru SAs and
NiFe-LDHs occurs [49]. The increased electron cloud density of Ni/Fe
proves the electron transfer from Ru to Ni and Fe via the Ru-O-M bond,
which facilitate the transfer of holes from BiVO4 to NiFe-LDHs for OER
[10,50], while decreased electron cloud density of V/Bi contribute to the
accumulation of photogenerated electrons for HER. Notable, new
characteristic peak of Ru-O is observed after Ru SAs was introduced into
BiVO4@NiFe-LDHs (Fig. 3e). Herein, the binding energy of Ru 3p3/2 in
BiVO4@NiFe-LDHs/Ru (Fig. 3f) indicates the special valence state be-
tween (0) and (+3), which matches the results obtained by EXAFS, and
the relatively low valence state is beneficial to inhibit the dissolution of
Ru elements since Ru with high valence are unstable under high anodic
potentials. In addition, a new shoulder peak representing of low-valent V
G + (Fig. 6b) is observed at 515.8 eV and existed even after 5 h re-
action, which suggests that Ru atoms induced formation of VO ™7 to
stabilize V atoms in the lattice of BiVO,, avoiding the V>* dissolution
during the PEC water oxidation process [51].

3.2. Photoelectrochemical (PEC) water splitting performance

Due to the synergistic effect of monatomic Ru and NiFe-LDHs,
BiVO4@NiFe-LDHs/Ru (4.65 mA/cm? at 1.23V vs. RHE) achieves
much higher photocurrent density than BiVO4 (1.70 mA/cm?) and
BiVO4@NiFe-LDHs (3.59 mA/cm?) (Fig. 4a), which also performed
better than most reported BiVO4-based photoanodes (Table S4). In
addition, as the proof of effective interfacial charge transfer and

al , | RuK-edge XANES b BivVO,@NiFe-LDHsRu| C 84 RuwO
Ru-0-M o BiVO,@NiFe-l.DHs/Ru
’ i Fit
094 . Ru-Cl . :\6
: g =
Zj 0.6 . Ru-Ru | —4
< & / Ru foil 3
= \ — ) <
0.3 —— BiVO,@NiFe-LDHs/Ru P ' 21
RuCl,
—— Ru foil 0+
0.0+ RuO,
22080 22110 22140 22170 22200 0 1 2 4 5 6 0 | 2 3 4 5 6
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k(AT ke (A

15 20
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Fig. 2. (a) XANES spectra, (b) R-space Ru K-edge EXAFS spectra, (c) EXAFS R-space fitting curve and (d) WT-EXAFS signals of Ru foil, RuCl3, RuO, and BiVO4@NiFe-

LDHs/Ru.
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inhibition of surface-charge recombination caused by Ru SAs, the onset
potential of BiVO4@NiFe-LDHs/Ru (0.29 V vs.RHE) (Fig. 4b) decline by
50 mV compared with BiVO4@NiFe-LDHs, indicates that the separated
dispersed Ru SAs contribute significantly to the acceleration of OER
dynamics. As shown in (Fig. S12), the phototransient response of the
material was tested. When the light was turned on, the transient peak
was basically eliminated because the cocatalyst layer could reduce the
charge recombination at the interface. All photoanodes have a light
response in the chopper light cycle, and the current is close to zero in the
absence of light. Therefore, it is reasonable to infer that the splitting of
water is driven by photogenic charge carriers. Besides, the incident
photon-to-current conversion efficiency (IPCE) of BiVO4@NiFe-LDHs/
Ru is remarkably enhanced in overall optical response range
(340-550 nm) (Fig. 4c). In addition, the applied bias photon current
efficiency (ABPE) can be measured on the basis of LSV results (Fig. 4d).
The maximum ABPE of BiVO4@NiFe-LDHs/Ru is found to be 1.40 % at a
relatively low bias of 0.73 V vs.RHE. Greater than that of BiVO4@NiFe-
LDHs (0.88 % at 0.81 V vs.RHE) and 4.67 times greater than the bare
BiVO4 (0.30 % at 0.89 V vs.RHE).

Moreover, neither light absorption wavelength (300-500 nm) nor
band gap (2.536 eV) were changed after introduction of NiFe-LDHs/Ru
into BiVO4 according to UV-vis spectra and Tauc diagram (Fig. S13, 14),
which suggest the enhancement of the photocurrent was not attributed
to the improvement of light collection. In order to compare the bulk
charge separation efficiency ns, and charge injection efficiency n;y;,
0.2 M NaySO3 was added to 0.5 M KBi electrolyte as a hole scavenger
(Fig. S15), the njy (Fig. 4e) of three samples follows the order of
BiVO4@NiFe-LDHs/Ru (81.4 %) > BiVO4@NiFe-LDHs (71.5 %) >
BiVO4 (40 %), indicating that BiVO4@NiFe-LDHs/Ru photoanode can
provide much more holes for water oxidation [52]. Besides, the highest
Nsep (86.67 %) of BiVO4@NiFe-LDHs/Ru among three samples (Fig. 4f)
demonstrates that the recombination of charge carriers in the bulk phase

of composition was well inhibited. In addition, the weakest PL peak of
BiVO4@NiFe-LDHs/Ru suggests the weakest carrier recombination
(Fig. 4g). Transient photovoltage (TPV) measurements are conducted to
further investigate the lifetimes of photogenerated holes (Fig. S16) [53].
The probability-weighted average decay time (t,ye) of TPV decay curves,
which represents the average charge recombination kinetics of photo-
anodes [54], can be calculated based on the time constants (t; and t2)
and probability constants (¢; and ¢2) (Fig. S16). Taye of BiVO4@Ni-
Fe-LDHs/Ru is about 62.89 ps, which is 2.58 times higher than that of
BiVO4@NiFe-LDHs (24.37 ps) (Table S5). Herein, both PEIS and EIS
measurements are conducted. The semicircles for three samples are
almost the same under dark condition (EIS) (Fig. S17), while the semi-
circle of BiVO4@NiFe-LDHs/Ru was much smaller than that for other
two electrodes under illuminated conditions (Fig. 4h). Charge carriers
recombination of BiVOs@NiFe-LDHs/Ru was inhibited efficiently,
which significantly improve the conductivity of BiVO4@NiFe-LDHs/Ru.
By using ZsimDemo software, PEIS results are fit by the equivalent cir-
cuit model inset. Herein, Rs represents the resistance of FTO glass, so-
lution and material. Rt represents the carrier transmission resistance
inside the photoanode, and Rct represents the charge transfer resistance
at the photoanode/electrolyte interface. As expected, an obvious
decrease of Rs was observed as loading NiFe-LDHs/Ru onto BiVOy,, and
the Rcts of three photoanodes follows the order of
3090 Q > 686.4 Q > 398.2 Q (Table S6). Such significant decrease of
bulk and interfacial transfer resistance lead to an excellent charge
transport performance of BiVO4@NiFe-LDHs/Ru. Moreover, the Bode
plots of as-prepared samples are also measured (Fig. S18), which showed
the maximum space charge capacitance of BiVO4@NiFe-LDHs/Ru.
Positive slope of Mott-Schottky (MS) curves reflect that these three
samples are n-type semiconductors (Fig. 4i). Carrier concentration of
photoanodes were calculated according to Eq. (6), indicating that the
carrier concentration of BiVO4@NiFe-LDHs/Ru was significantly
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increased from 2.906 x 10%° cm3t03.117 x 10! cm 2 after loading of
NiFe-LDHs/Ru on to BiVO4. The increased carrier concentration not
only enhanced the conductivity in the bulk but also caused to a sharper
band bending at the electrolyte interface, thus it can accelerate hole drift
and suppress charge recombination in the depletion region [55]. In
addition, Mott-Schottky measurements at different frequencies
(Fig. S19) indicate that flat-band potentials of samples followed the
order of BiVO,4 (0.188 V) > BiVO4@NiFe-LDHs (0.038 V) > BiVO4@-
NiFe-LDHs/Ru (—0.16 V). Decrease of flat-band potential and starting
potential suggest a stronger driving force for Hy evolution on cathode
surface [56]. Open circuit photovoltage (OCP), which is caused by the
splitting of the electron and hole quasi-Fermi level under illumination,
can be calculated by [OCP = Open circuit photovoltage When Lighting
(OCViigh) - Open circuit photovoltage in the Dark (OCVpax)l, also
verifying the existence of the strong intrinsic electric field [6]. The order
of BiVO4@NiFe-LDHs/Ru (0.645 V) > BiVO4@NiFe-LDHs (0.529 V) >
bare BiVO4 (0.292 V) (Fig. S20) shows an obvious enhancement of
intrinsic internal electric field by introduction of NiFe-LDHs/Ru, which
also proves the highest concentration of holes on BiVO4@NiFe-LDHs/Ru

on surface.

FT-IR spectra of BiVO4, BiVO4@NiFe-LDHs and BiVO4@NiFe-LDHs/
Ru indicated that loading of NiFe-LDHs on photoanode could increase
surface hydrophilic groups (-OH) (Fig. S21). In addition, BiVO4@NiFe-
LDHs/Ru showed an earlier start and faster increase in current density
compared to other samples in the dark LSV curve (Fig. 5a), exhibiting
the highest electrocatalytic activity. The electrochemical double layer
capacitances (Cdl), which is related to the electrochemical active surface
area (ECSA) of the electrode, are estimated via cyclic voltammetry (CV)
curves under various scan rates. Compared to BiVO4 (0.143 mF em™?)
and BiVO4@NiFe-LDHs (0.181 mF cm’z), BiVO4@NiFe-LDHs/Ru pos-
sesses higher Cdl (0.248 mF cm™~2) (Fig. 5c-f), which suggests anchoring
of Ru can provide more active sites for OER. About 115.7 mmol of ox-
ygen and 231.5 mmol of hydrogen are generated in total after 3 h
(Fig. 5b). Most of photogenerated electrons and holes of BiVO4@NiFe-
LDHs/Ru participated in decomposing water into Hy and O, achieving
the highest total Faraday efficiency of 91 %.

Previous work demonstrates that the photooxidation of Bi** by
surface-accumulated holes was generally coupled with the dissolution of
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V>*, which destabilize the BiVOy lattice and increase the solubility of
BiVOy4 [57]. As shown in Fig. 6a, BiVO4@NiFe-LDHs/Ru photoanode can
maintain 94.8 % of initial photocurrent density at 1.23 V vs.RHE after
5 h without morphology changes, which exhibits superior stability than
BiVO4@NiFe-LDHs (76.4 % for 1 h) and BiVO4 (32.9 % for 1 h). In
addition, the binding energies of Ru 3p in XPS kept stable (Fig. 6¢),
indicates Ru maintains a relatively low valence state. Furthermore,
10 mL of KBi electrolyte solution was sampled from the OER system for
ICP-MS measurement (Fig. 6d), which indicates Ru anchored into pho-
toanode can efficiently inhibit the V> and Fe/Ni dissolution. Especially
for V°* dissolution, it was decreased from 173.1 pg/L to 4.1 pg/L after
Ru SAs anchored, which can be attributed to the lattice stabilization due
to the Ru-O-M bond formation. Besides, Cs-corrected STEM image
(Fig. S2c,d) of BiVO4@NiFe-LDHs/Ru after stability test also shows that
Ru SAs are uniform dispersed on photoanode, without obvious disso-
lution or clustering.

3.3. Density functional theory (DFT) calculation

To theoretically analyze the significant improvement of OER

performance of BiVO4@NiFe-LDHs/Ru, DFT calculation was performed
based on the system with four-electron reaction pathways. The negative
adsorption energy shows that the growth mechanism of LDHs on the
surface of BiVO4 is the preferential growth of the Ni-OH motif
(Table S8). Previous work demonstrates Fe is the main active site in
NiFe-LDHs [50,58], thus both Fe and Ru are considered as the main
active sites with M—O single bond (M = Fe and Ru) during the DFT
calculation. Gibbs free energy diagram (FED) indicates that the third
step (*O + OH —*OOH + e") is a rate-determined step (RDS) for OER in
alkaline condition. AGIII values of Ru (2.39 eV) in BiVO4@Ni-
Fe-LDHs/Ru is lower than that of Fe (2.54 eV) (Fig. 7), which confirms
the main active site of Ru for OER and indicates that isolated Ru SAs
have significantly contributed toward accelerating the OER kinetics.

4. Conclusion

In the present work, novel BiVO4@NiFe-LDHs/Ru photoanode was
fabricated for enhancement of OER in photoelectrochemical water
splitting. Ru atoms anchored to NiFe-LDHs to form Ru-O-M bonds via
oxygen coordination not only induced the spatial electron
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rearrangement for charge carriers transfer and separation, but also
decrease the reaction energy barrier of rate-determining step.
Combining with the synergistic effect of Ru and NiFe-LDHs, BiVO4@-
NiFe-LDHs/Ru achieves the high photocurrent density of 4.65 mA/cm?
at 1.23 V vs.RHE at AM 1.5 G, and it remained 94.8 % of the value of
initial photocurrent density within 5 h. This work provided new ideas to
decrease reaction energy barrier of rate-determining step of OER, also
expanding the application of Ru SAs in PEC water splitting.
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