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ABSTRACT: Developing efficient and durable bifunctional
electrocatalysts for oxygen reduction and evolution reaction
(ORR/OER) is highly desirable in energy conversion and
storage systems. This study prepares nickel—ruthenium
layered double hydroxide (NiRu-LDHs) nanosheets subjected
to decoration with conductive silver nanoparticles (Ag NP/
NiRu-LDHs), which interestingly induce their multivacancies
associated with catalytic site activity and populations. The as-
prepared Ag NP/NiRu-LDH shows excellent catalytic activity
toward both OER and ORR features with low onset
overpotentials of 0.21 V and —0.27 V, respectively, with a
0.76 V potential gap between OER potential at 10 mA cm >
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and ORR potential at —3 mA cm ™2, demonstrating that it is

the preeminent bifunctional electrocatalyst reported to date. Compared with pristine NiRu-LDHjs, the resulting Ag NP/NiRu-
LDHs nanosheets require only an overpotential of 0.31 V to deliver 10 mA cm™> with excellent durability. The superb
bifunctional performance of Ag NP/NiRu-LDH is ascribed to the formation of multivacancies, mutual benefits of synergistic
effect between metal LDHs and silver nanoparticles, and increased accessible active sites together with site activity are the key to
the perceived performance. This work provides a new strategy to decorate LDHs and to engineer multivacancies to enhance site

activity and populations simultaneously as ORR/OER bifunctional electrocatalysts.

KEYWORDS: oxygen electrocatalyst, vacancies, site activity, site populations, layered double hydroxides, silver nanoparticles

B INTRODUCTION

The innovative development of clean and sustainable energy
alternatives to fossil fuels has become one of the most pressing
issues facing society today. However, large-scale production
and storage of clean energy by such alternating sources remains
a major challenge.l’2 Oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) are core reactions in several
energy storage and conversion applications and have been
considered as the fundamental processes in fuel cells,
electrolyzers, and metal—air batteries.” Developing effective
bifunctional electrocatalysts for ORR/OER is critical in
advancing these electrochemical devices toward commercial-
ization because the sluggish kinetics of ORR/OER results in
larger overpotential and thus lowers the conversion effi-
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ciency.*”® Noticeably, the previous research has been
performed with Pt, Pd, and Ir-based materials as the ORR
catalysts,” and IrO, and RuQ, are the most active OER
catalysts. Nevertheless, their low earth abundance and high
cost prevent these materials from practical applications.
Durable, cost-effective and vastly active bifunctional catalyst
for ORR/OER are essential to minimize overpotential and
low-quality heat dissipation to increase the energy conversion
and utilization efficiency. Especially for the OER, the reaction
can be much improved under alkaline conditions, but the
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durability of electrocatalysts would be greatly declined. In this
respect, widespread efforts have been undertaken to search for
durable, low-cost, and tremendously active alternatives.
Specifically, the catalytic activities of d-block elements for
ORR/OER were anticipated to narrate the number of d-
electron; where the metal surface exhibited e, orbitals that can
bond with anion adsorbents. Among them, perovskites,g_10
nickel oxides, or hydroxides'' ™" are the materials that have
been often studied. Recently, transition metals, particularly, Ni-
based layered double hydroxide (LDHs) have emerged and
exhibited promising features.'*~"*

It is already acknowledged that incorporation of other
trivalent or tetravalent transition metals such as iron,
manganese, chromium, and vanadium into nickel hydroxide
(Ni(OH),) to build LDHs appeared to be crucial for the
enhanced activities, although the fundamental role of such
metals was unclear in LDHs."” Furthermore, there have been
no systematic attempts to understand the correlation between
the activity of Ni-based LDHs toward the mechanisms, active
site of oxygen evolution, and nature of the incorporated metals.
Incorporating iron into Ni(OH), builds NiFe-LDHs; a
promising candidate for OER.>”° Besides iron, promising
catalytic activities of NiCo-LDHs have also been reported for
OER.”' Nevertheless, the catalytic activity of NiCo-LDHs is
reasonably low when compared with NiFe-LDHs under the
same conditions.””” The Ni-based layered double hydroxides
of transition metals are one of the most OER active and non-
noble catalysts in a basic electrolyte.””"** By contrast, silver
nanoparticles are conductive materials and promising candi-
dates for ORR.> Instead of designing two separate active sites
on the same substrate or exploring proper bifunctional catalytic
surface sites, we propose the heterogeneous electrocatalyst of
NiRu-LDHs nanosheets decorated with silver nanoparticles to
obtain efficient and potential bifunctional catalyst. Even though
Ni-based LDHs materials have been extensively conducted as
OER electrocatalysts, it is worth mentioning that there has
been no reported article for NiRu-LDHs as a catalyst for OER
up to now because the sizes of Ru and Ni hydroxides are
significantly different. Incorporating Ru into Ni(OH), is
proposed to produce NiRu-LDHs with multiple vacancies,
which is beneficial for catalytic activity.

Herein, we have designed a novel approach to fabricate
efficient bifunctional electrocatalyst NiRu-LDHs nanosheets
decorated with silver nanoparticles and generated dense and
uniform nanosheets of Ag NP/NiRu-LDHs for the first time.
In this study, we realized the synthesis of NiRu-LDHs as
starting material. It is observed that the NiRu-LDHs
nanosheets decorated by silver nanoparticles showed much
better bifunctional performance than most catalysts reported in
literature. This improvement can be attributed to the mutual
benefits of synergistic effects between Ag NPs and LDHs, the
formation of multiple vacancies (oxygen vacancy and metal
vacancies), the formation of alternative accessible active sites,
and conductivity improvement after incorporation of Ag NPs.
The fundamental features and practical requirement of Ag NP/
NiRu-LDHs toward ORR/OER in alkaline electrolyte were
addressed. Even though the Ni-based layered double
hydroxides have been made for OER previously,”'”'**° this
catalyst was reported for the first time. This work thus aims to
provide insight into strategies to design catalysts for their
integration in industrially relevant alkaline electrolysis systems
and emerging fuel devices. The effect of incorporating
ruthenium into Ni(OH), on its local structure and catalytic
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properties were investigated by utilizing advanced spectro-
scopic techniques and electrochemistry. Interestingly, intro-
ducing Ru into Ni(OH), provides a novel approach to
engineer active site activity and populations via the formation
of multiple vacancies. Similarly, the effects of Ag incorporation
on NiRu-LDHs structure was simultaneously investigated in
both NiRu-LDHs and Ag NP/NiRu-LDHs to fully understand
the role of Ag in catalytic activity and stability.

B EXPERIMENTAL SECTION

Synthesis of NiRu-LDHs Nanosheets Precursor Phase.
In a typical synthesis, NiRu-LDHs were synthesized via
hydrothermal methods as previously described for NiFe-
LDHs with a simple modification.”'®”**** First, Ni(NO,),-
6H,0 and Ru(NO)(NO,),-y(OH), where x + y = 3 with a
Ni**/Ru*" molar ratios equal to 3 are dissolved in a mixed
solution of 16 mL of deionized (DI) water and 8 mL of DMF
and stirred vigorously for 10 min to form a homogeneous
solution. Then urea (16 mmol) was introduced subsequently
following addition of 10 mL of 1 M NH,F under stirring to
favor the precipitation and to create alkaline environment.
Then the above solution was transferred into Teflon-lined
autoclave for hydrothermal treatment and heated at 150 °C in
an oven for 12 h. It was then naturally cooled to room
temperature, and the resulting product was collected by
centrifugation and washed with ethanol and DI water several
times, and then finally dried at 80 °C for 6 h.

Synthesis of NiRu-LDHs Nanosheets Decorated with
Silver Nanoparticle (Ag NP/NiRu-LDHs). Silver nano-
particles were synthesized using simple procedures previously
described in the literature” ™" with a simple modification.
NiRu-LDHs nanosheets decorated with silver nanoparticles
were synthesized using previously reported Au NPs deposited
on layered double hydroxide as described in the literature®*~**
via hydrothermal methods with a simple modification.
Typically, the as-prepared Ag NPs (1.6 mmol) were dispersed
into 40 mL of DI water under ultrasonication. Both 2.4 mmol
Ni(NO,),-6H,0 and 0.8 mmol Ru(NO)(NO,),y(OH) were
dissolved into 40 mL of Ag NPs suspension. Subsequently, 16
mmol of urea was added to the mixture under continuous
magnetic stirring, and the homogenized mixture was trans-
ferred to the stainless-steel 100 mL Teflon-lined autoclave
vessel. The hydrothermal reaction route was performed at 120
for 18 h. After being cooled naturally to room temperature, the
composites were separated by centrifugation, cleaned with
ethanol and DI water, and then finally dried at 60 °C in a
vacuum oven for 12 h. The molar ratio of Ag NPs in Ag NP/
NiRu-LDHs was 1:2.

Materials Characterization. Crystal structure of the
resulting materials were analyzed using X-ray diffraction
(XRD) measurement (XRD-300W with radiation of Cu Ka)
under operation conditions of 30 kV and 10 mA. Raman
spectra were collected using a confocal Raman microscope
integrated by Protrustech Co., Ltd. with a power of 1—3 mW
and wavelength of 633 nm. Fourier transform infrared (FT-IR)
spectrophotometry (FTS-3500, Bio-Rad, U.S.A.) was taken on
by blending the sample into a KBr pellet to provide the
functional group information. The diffuse reflectance UV—vis
spectra were acquired using JASCO (ISV-469) V 560 UV—vis
spectrometer. Morphologies and elemental analysis were
investigated by SEM (JSM 6S00F, JEOL) integrated with
EDX and TEM equipped with EDX on a Titan G2 60—300
transmission electron microscope. XPS (PHI, 1600S) was
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Figure 1. Schematic illustration of NiRu-LDHs nanosheets decorated with conductive Ag NPs fabrication route (a). SEM images of pristine NiRu-
LDHs nanosheets (b,c) at lower and higher magnifications, respectively. (d) X-ray diffraction patterns of Ag NPs, f/—Ni(OH),, NiRu-LDHs
nanosheets, and Ag NP/NiRu-LDHs for comparison and (e) TEM image of Ag NP/NiRu-LDHs nanosheets.

employed to study the surface composition and recorded at the
beamline station of 24A in National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan. XAS was
conducted at the beamline station BLO1Cl in NSRRC
Hsinchu, Taiwan. The operation current of the storage ring
of the electronic accelerator at 360 mA can supply an
electronic energy of 1.5 GeV. The measurements were
performed in transmission mode at room temperature, with
gas-filled ion chambers being used as X-ray intensity detectors.
Electrochemical Measurements. Electrochemical activ-
ity measurements were performed using a computer controlled
potentiostat (PGSTAT302N, Metrohm Autolab) assembled
with a rotational system (Pine Research Instrumentation,
Durham, NC, U.S.A.) with a standard three electrode glass cell
(graphite rod as a counter electrode, Ag/AgCl/sat. KCl
reference electrode, modified glassy carbon electrode (GCE)
with catalysts as the working electrode) in 0.1 M KOH
electrolyte at room temperature. The modified GCE was made
by casting 14 uL (loading = 70 ug cm™) of catalyst ink
prepared by ultrasonically dispersed S mg of catalysts in 1 mL
of isopropanol and DI water (3:1) and Nafion solution (70 L,
0.05 wt % in alcohol) on the surface of pretreated GCE.
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B RESULTS AND DISCUSSION

Structure and Morphology Characterization. NiRu-
LDHs nanosheets and the decoration action was performed by
mixing dispersed Ag NPs in DI water and the solution
containing metal LDHs via hydrothermal process, as shown in
Figure la. The hexagonal geometry and interconnected
nanosheet-like morphology of NiRu-LDHs was confirmed by
scanning electron microscopy (SEM) (Figure 1b,c and Figure
Sla—c in Supporting Information (SI)). These nanosheets
have a minimum self-aggregation and an open structure which
is advantageous for the electrocatalytic reactions.

Figure 1d shows the typical X-ray diffraction patterns (XRD)
of Ag NPs, f—Ni(OH),, NiRu-LDHs, and NiRu-LDHs
nanosheets decorated with conductive Ag NPs (Ag NP/
NiRu-LDHs). Remarkably, Ni(OH), was synthesized without
ruthenium precursor using the same synthesis method to
further investigate the phase and structural change (Figure 1d,
red line). The incorporation of ruthenium into Ni(OH),
encouraged successful development of LDHs. X-ray diffraction
patterns of NiRu-LDHs (Figure 1d) are in good concurrence
with Bragg reflections of the known transition metals layered
double hydroxide. The diffraction peak of 14.9° (260) related to
interlayer galleries filled with anions such as OH", CO,™,
NO;7, and H,O molecules to balance the excessive cationic
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Figure 2. TEM images of the as-prepared Ag NP/NiRu-LDHs nanosheets at different magnifications (a and b). Raman spectra of as-synthesized

p—Ni(OH),, NiRu-LDHs, and Ag NP/NiRu-LDHs (c and d).

charge due to Ru** between the hydroxide layers. We have also
synthesized NiRu(Cl™)-LDHs and NiRu(NO;™)-LDHs (Fig-
ure S1d) for comparison to inspect the influence of
intercalated anions on crystalline phases of the as-prepared
LDHs. The XRD data showed uniform diffraction patterns,
which are indicative of ordered crystalline phase. In the X-ray
diffraction pattern of NiRu-LDHs decorated with conductive
Ag NPs (Figure 1d, blue line), the diffraction peaks of NiRu-
LDHs and Ag NPs were superimposed and demonstrate Ag
NPs and LDHs compositions were integrated with high
crystallinity. The intensity of diffraction patterns of (003) and
(006) planes was slightly weakened, but the d-spacing did not
change obviously, indicating that decoration strategy changes
slightly the crystal structure (Table S1). As shown in Figure
1d, the crystal planes of (111), (200), (220), and (311) were
indexed in X-ray diffraction pattern of the Ag NPs. Figure S2a
indicates SEM image of the well-dispersed silver nanoparticles.
The spectroscopic investigation of the as-prepared Ag NPs is
displayed in Figure S2b as a function of different time intervals.

The morphology and crystallography of the Ag NP/NiRu-
LDHs nanosheets were further obtained from transmission
electron microscopy (TEM) images. It reveals that the Ag NP/
NiRu-LDHs nanosheets have a sheet-like morphology (Figure
le and Figure 2a,b), in good agreement with the SEM results.
As shown in Figure le and Figure 2a,b, the surface of LDHs
nanosheets was uniformly decorated with conductive Ag NPs.
It seems that many small Ag NPs are intimately decorated on
the surface of LDHs nanosheets without obvious aggregation.
However, the high-resolution TEM (HRTEM) reveals that the
surface of LDHs is not smooth after being decorated,
suggesting the presence of distortion or defects. All Ni, Ry,
and Ag signals were detected on the surface of LDHs
nanosheets decorated with Ag NPs using EDX elemental
analysis (Figure S3). This result indicates that the decoration
of NiRu-LDHs with conductive Ag NPs was successfully
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achieved and reliable with the SEM and XRD results, which
confirm the crystallography, morphology, and element
composition of the obtained Ag NP/NiRu-LDHs nanosheets.
Therefore, the as-prepared sample was in fact NiRu-LDHs
nanosheets decorated with silver nanoparticles (Ag NP/NiRu-
LDHs).

Fourier transform infrared (FT-IR) spectroscopy has been
acknowledged to be a useful technique to validate the anions
located between the interlayers of the as-prepared Ag NP/
NiRu-LDHs (Figure S2c). The strong broad bands at 3669
and 3439 cm™' and a medium band at about 1635 cm™" were
recognized as non-hydrogen-bonded OH group stretching
vibration, the stretching mode of the OH bonds in the
hydroxide layers; OH related to hydrogen bond in H,0O
molecules in the interlayer galleries of LDHs; and hydroxyl
deformation mode in the interlayer water molecules,
respectively.””>* The strong band at around 1385 cm™'
indicates the asymmetric stretching mode of carbonate anion.
The bands between 650—550 cm™' belonged to vibrational
stretching of O—M—0, M—O—M, and M—O (M = Ru or Ni).
The result obtained from FT-IR spectrum shows the existence
of intercalated OH ions, H,O molecules, and CO;*".

Raman spectra of LDHs (Figure 2c) in the region from 250
to 650 cm™!, contained two signals at 330.0 and 479.0 cm™L
The strength of the latter in the spectra suggests a symmetric
stretching band. The vibration peaks at 479.0 and 478.7 cm™
are ascribable to the symmetric stretching mode of Ni—O and
Ni—OH, demonstrating the typical formation of Ni(OH), in
both NiRu-LDHs and Ag NP/NiRu-LDHs, respectively.”> The
disordered structure of Ni(OH), in NiRu-LDHs featured a
weak broad band at ~330.0 cm™. This band become broad
and very weak after silver nanoparticles decorated on the
surface of LDHs nanosheets and this further attributed to
disordered structure of Ag NP/NiRu-LDHs. The Raman shifts
at 3579.2 and 3578.2 cm™' (Figure 2d) indicates the OH
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Figure 3. (a) Ni K-edge XANES spectra for NiRu-LDHs, Ag NP/Ni(OH),, Ag NP/NiRu-LDHs and commercial Ni(OH),. (b) Ru K-edge
XANES spectra of as-prepared NiRu-LDHs, Ag NP/NiRu-LDHs and commercial crystalline RuO,. (c) Ni K-edge FT-EXAFS spectra of NiRu-
LDHs, Ag NP/Ni(OH),, Ag NP/NiRu-LDHs and commercial Ni(OH), samples. (d) Ru K-edge FT-EXAFS spectra of NiRu-LDHs, Ag NP/

NiRu-LDHs, and commercial crystalline RuO, samples.

stretching of Ni(OH), in NiRu-LDHs (Figure 2d, black line)
and Ag NP/NiRu-LDHs (Figure 2d, blue line), respectively.
Evidently, the vibrational OH stretching of f/—Ni(OH), was at
about ~3580 cm™, while a-Ni(OH), exhibits a broad band
between 3620—3675 cm™'.'"%¢ Thus, based on the results
obtained from Raman spectra, we deduce that both NiRu-
LDHs and Ag NP/NiRu-LDHs nanosheets are composed of
S—Ni(OH),.

The surface chemical states, composition, and valence state
elements were assessed using X-ray photoelectron spectrosco-
py (XPS) before and after decoration was performed (Figure
S4 and Table S2). Figure S4 shows XPS spectra of Ni 2p, Ru
3p, and Ag 3d XPS core levels. The Ag 3d spectrum presents
two peaks at around 368.5 and 374.4 eV for Ag NPs and Ag
NP/NiRu-LDHs (Figure S4a), corresponding to Ag 3ds,, and
Ag 3d, ,, respectively, which are characteristics of Ag’.*” These
finding features show a satisfactory agreement with previous
work in which peak broadening of Ag 3d with small shift to a
higher and lower binding energy of Ag 3ds,, observed when
supported on metal oxide due to the charge polarization.”® The
binding energies of Ni 2p for NiRu-LDHs nanosheets were
located at 854.3 eV (Ni 2p;/,) and 872.1 eV (Ni 2p, ;,), while
the corresponding peaks of Ni 2p of Ag NP/NiRu-LDHs shift
0.2 eV toward the lower binding energy as shown in Figure
S4b accompanied by two shakeup satellites indicate the
presence of high-spin Ni**. The Ru 3p split into Ru 3p,),
(461.7 and 461.8 eV) and Ru 3p,,, (483.8 and 484.1 eV) in
pristine NiRu-LDHs and Ag NP/NiRu-LDHys, respectively, as
indicated in Figure S4c, and this signature is characteristic of
Ru’*; hence, X-ray photoelectron spectroscopy suggests that
Ni and Ru ions are mainly in oxidation states of Ni(Il) and
Ru(III) in both NiRu-LDHs and Ag NP/NiRu-LDHs,
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consistent with the values for Ni(II) previously reported in
the samples of NiFe-LDHs" and Ru(III) in Ru(acac);.*" After
decorating the surface of LDHs nanosheets with Ag NPs, Ni
2p peaks slightly shifted to lower binding energy. Similarly, the
broad peak of Ag 3d with a small shift to a higher and lower
binding energy observed after Ag NPs embedded on the
surface of LDHs, suggesting the charge polarization due to the
charge transfer between Ag and Ni. Thus, the negative shift of
Ni binding energy is due to the charge transfer from Ag to Ni
sites and confirms the existence of strong electron interactions
between Ag and Ni species. The XPS spectra of O 1s peaks
(Figure SS) were fitted using Gaussian, and the O 1s spectrum
of -Ni(OH), shows three oxygen contributions. The fitted
peak at a binding energy of 530.2 eV is a typical metal—oxygen
bond. The peak at 531.0 eV is usually associated with oxygen
in hydroxide groups. Furthermore, the peak at 531.9 eV can be
attributed to the presence of chemisorbed water at or near the
surface. However, the curve-fitting of O 1s spectra of both
NiRu-LDHs and Ag NP/NiRu-LDHs show four distinct peaks,
which can be ascribed to metal—oxygen bonds (lattice
oxygen),"' oxygen in hydroxide groups,"” oxygen vacancy,*
and adsorbed water molecules with peaks appearing at binding
energies around 529.9, 530.7, 531.4, and 532.2 eV,
respectively. These results are similar to the previously
reported literatures of XPS O 1s features.*”** It has been
reported that the O 1s spectra contains two states called
oxygen-sufficient states and oxygen-deficient (oxygen va-
cancy).**® Therefore, the peak at 531.4 €V is associated
with the oxygen atoms in the vicinity of oxygen defects and
considerably reveals vacant oxygen sites, which come from the
structure of LDHs. This result indicates that there are plentiful

DOI: 10.1021/acscatal.8b03092
ACS Catal. 2019, 9, 117-129


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b03092/suppl_file/cs8b03092_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b03092

ACS Catalysis

Research Article

Table 1. Local Structure Parameters

samples shell N
Ag/Ni(OH), Ni—O 6.0 + 0405
Ni—Ni 6.0 + 0.405
NiRu-LDH Ni—-O 4.338 + 0.786
Ni—Ni 2.988 + 2.520
Ni—Ru 1.494 + 1.260
Ag NP/NiRu LDH Ni—-O 5.322 + 0.624
Ni—Ni 2.802 + 2.241
Ni—Ru 1401 + 1.121

around Ni Estimated by EXAFS Analysis”

R (A) AE, (eV) o (A%) R-factor (X1073)

2.046 + 0.008 —8.331 0.007 0.4

3.123 + 0.008 —4.927 0.007

2.034 + 0.018 —6.059 0.007 4.1

2.969 + 0.064 —6.509 0.009

3.168 + 0.051

2.028 + 0.011 —8.039 0.007 2.1

2.960 + 0.028 —9.900 0.009

3.184 + 0.035

“N = coordination number; R = distance between absorber and backscatter atoms; 6* = Debye—Waller factor; AE, = energy shift, N of Ni—M (M
= Ni, Ru): 4.482 for NiRu-LDH and Ny;_o/Ny;_p: 0.968 whereas, N of Ni—M (M = Ni, Ru): 4.203 for Ag NP/NiRu-LDHs and Ny;_o/Nyi_u

1.266.

oxygen vacancies in the NiRu-LDHs nanosheets and Ag NP/
NiRu-LDH hybrids.

The X-ray absorption spectroscopy (XAS) was employed to
deduce coordination number, the local symmetry, and valence
state of the surface atoms. As shown in the X-ray absorption
near edge structure (XANES) spectra of Ni K-edge for NiRu-
LDHs, Ag NP/Ni(OH),, Ag NP/NiRu-LDHs, and commer-
cial Ni(OH), (Figure 3a), obviously all the samples showed a
low intensity pre-edge shoulder at around 8333 eV, attributed
to electronic transition from 1Is to 3d orbital. The strong
absorption peak at around 8350 eV for Ni K-edge was due to a
dipole transition of 1s orbital to the 4p orbital. Absorption
edge positions of Ni-edge of as-prepared NiRu-LDHs, Ag NP/
Ni(OH), and Ag NP/NiRu-LDHs nanosheets coincide very-
well with that of commercial Ni(OH),, illustrating Ni exists as
Ni** bonded with oxygen in the samples.”’” As shown in Figure
3a, the intensities of Ni K-edge XANES spectra of NiRu-LDHs
and Ag NP/NiRu-LDHs decreased relative to the as-prepared
Ag NP/Ni(OH), and the commercial Ni(OH),, revealing that
the electronic properties around Ni-species were changed. The
XANES results provide evidence that there exists Ni**
oxidation state in both NiRu-LDHs and Ag NP/NiRu-LDHs.
Figure 3b presents the Ru K-edge XANES spectra of as-
prepared NiRu-LDHs, Ag NP/NiRu-LDHs, and commercial
RuO,, and evidently the pre-edge peak is highly sensitive to
symmetry and oxidation state and not visible as Ni K-edge. It is
worth mentioning that the pre-edge peak of Ru K-edge results
from localized (i.e., bound-state) forbidden dipole transitions
of 1s = 4d and allowed dipole transitions of 1s — 35p,
suggesting that the weak forbidden dipole transition of 1s —
4d peaks overwhelmed by an intense main peak of 1s — Sp.
The main edge around 22132 and 22147 eV for Ru k-edge
could be attributed to the 1s to Sp and the 1s to 4p transitions,
respectively, further illustrating the trivalent oxidation state of
Ru in both LDHs and Ag NP/NiRu-LDHs,*® as evidenced in
XPS results and this may attribute to the further orbital
hybridization between 3d orbitals of Ni and 2p orbitals of
oxygen, which leads to elevating the level of Ru 4d electrons
transfer to Ni 3d orbital by Ni—O—Ru, which could stabilize
high value Ru ions. In general, octahedral geometry have very
low-intensity 1s — nd transition pre-edge features, whereas
lower symmetry complexes can have higher-intensity pre-edge
features. Therefore, 1s — nd transition pre-edge of both Ni
and Ru features good indicators of coordination number and
octahedral geometry around the metal center in both NiRu-
LDHs and Ag NP/NiRu-LDHs.

The oscillation amplitude of Ni K-edge Re[x(q)] k-space
oscillation curves (Figure S6a-c) of the Ag NP/NiRu-LDHs
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and NiRu-LDHs nanosheets is less than Ni(OH),. The Fourier
transformed (FT) k’x(k) functions (Figure S6d-f) confirmed
and clarified this amplitude reduction. Figure 3c,d show the
EXAFS spectra of Ni K-edge and Ru K-edge of both NiRu-
LDHs and Ag NP/NiRu-LDHs. The phase-uncorrected
EXAFS spectra of Ni K-edge and Ru K-edge display two
main peaks: peak I reflecting the presence of M—O (M = Ni or
Ru at 1.84 and 1.87 A, respectively) interactions and peak II
manifests M—M (2.90 and 2.30 A) interactions. The intensity
of Ni—O and Ni—M in NiRu-LDHs and Ag NP/NiRu-LDHs
decreased significantly compared to the commercial Ni(OH),
(Figure 3c), suggesting less-ordered structure or smaller
nanocrystalline size compared to Ni(OH),. This result
validates the decrease in coordination number (N) around
the coordination sphere of Ni—O and Ni—M, indicating that
the formation of oxygen vacancies and metal vacancies
associated with the size reduction of LDHs by the introduction
of Ru.

The structural parameters of the samples can be extracted
from the fitting as shown in Table 1 and Figure S6. It
demonstrates an octahedral coordination of Ni—O at a
distance of 2.028 A in Ag NP/NiRu-LDHs, which is slightly
smaller than the distance of 2.034 and 2.046 A for pristine
NiRu-LDHs and Ag NP/Ni(OH),, respectively. Meanwhile,
the Ni—O coordination number (N) of Ag NP/NiRu-LDHs
and NiRu-LDHs is found to be less than Ag NP/Ni(OH), (N
= 6.00), which is attributed to the existence of oxygen
vacancies (V). The total coordination numbers of Ni—M was
4.203 in the silver nanoparticles decorated LDHs, lower than
the pristine NiRu-LDHs (N = 4.482) and Ag NP/Ni(OH), (N
= 6.00), revealing the existence of metal vacancies (Vy) in
both the pristine NiRu-LDHs and Ag NP/NiRu-LDHs, and
the number of metal vacancies in Ag NP/NiRu-LDHs is higher
than that in the pristine LDHs. Moreover, the Ag NP/NiRu-
LDHs nanosheets exhibited a larger Debye—Waller factor,
which also reveals the increased degree of disorder, indicating
that the slightly structural distortion occurs around the Ni
centers as a result of the oxygen vacancy formation. The Ag
NP/NiRu-LDHs nanosheets with the increase of oxygen and
metal vacancies, could serve as a catalytically active site and has
the contribution to enhance their catalytic performances.*’
Ni(OH), is typically used as an efficient OER catalyst.
Incorporating Ru into Ni(OH), creates multiple vacancies
(oxygen vacancies and metal vacancies) associated with the
size reduction of LDHs and decorating the surface of LDHs
with conductive Ag NPs, further increases the number of
accessible active sites. It is believed that Ni is an active site for
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Figure 4. Electrochemical ORR performance of Ag NP/NiRu-LDHs. (a) Cyclic voltammogram plots of Ag NP/NiRu-LDHs nanosheets within
ORR and OER potential window in O,-saturated and Ar-saturated 0.1 M KOH electrolyte. (b) Oxygen reduction LSV curves of Pt/C, Ag NP/
NiRu-LDHs, Ag NPs, and NiRu-LDHs at a scan rate of 1 mV s~ and rotating rate of 1600 rpm. (c) Koutecky—Levich plots of Ag NP/NiRu-LDHs
derived from LSV curves at different potentials. (d) ORR LSV curves for Ag NP/NiRu-LDHs at various rotating rates.

OER, and Ni with higher oxygen vacancies and metal vacancies
could result in higher site activity and site populations.

Bifunctional Performance of the NiRu-LDHs Nano-
sheets Decorated with Ag NPs. The electrocatalytic
activities of as-synthesized materials were investigated using
well-prepared rotating disk electrode (RDE). The cyclic
voltammogram (CV) of Ag NP/NiRu-LDHs (Figure 4a)
shows characterless CV plot in Ar-saturated 0.1 M KOH
electrolyte, whereas noticeable cathodic peak perceived at
about 0.95 V (vs RHE) in an electrolyte saturated with oxygen,
demonstrating that Ag NP/NiRu-LDHs exhibited excellent
ORR activity. Both CVs of Ag NP/NiRu-LDHs in O,-
saturated and Ar-saturated electrolytes exhibit three primary
characteristics: a redox couple around 1.20, 1.35, and 1.41 V.
Nickel-based oxides or hydroxide electrodes feature two well-
known characteristic peaks in basic solutions. The anodic peak
at lower potentials (~1.35 V) is assigned to the transformation
of Ni**/Ni**.> The Anodic peak found at an overpotential of
1.41 V is attributed to OER, 4OH™ — O, + 2H,0 + 4e™. The
anodic wave at about ~1.20 V corresponds to the Ag/Ag+
redox couple under this condition.”

To evaluate ORR activities of Ag NP/NiRu-LDHs, Ag NPs,
NiRu-LDHs, and commercial Pt/C, linear sweep voltammetry
(LSV) measurements were implemented in O,-saturated 0.1 M
KOH electrolyte with a scan rate of 1 mV/s at 1600 rpm. As
shown in Figure 4b, the ORR polarization curves of each
catalyst have different limiting currents and onset potentials
due to different conductivity and activity, and the onset
potential of Ag NP/NiRu-LDHs (~0.96 V) is slightly close to
Pt/C (~0.98 V), and is considerably more positive than Ag
NPs (~0.81 V) and NiRu-LDHs (~0.70 V). The ORR activity
of Ag NP/NiRu-LDHs is significantly better than that for Ag

123

NPs. Although the ORR onset potential of Ag NPs was ~0.81
V, consistent with the previously reported data,””*" the onset
potential of Ag NP/NiRu-LDHs was about 150 and 260 mV
higher than Ag NPs and NiRu-LDHs, respectively, implying
excellent ORR activity of Ag NP/NiRu-LDHs. Essentially,
limiting current density of Ag NP/NiRu-LDHs (~S$.1 mA
cm™?) is close to Pt/C, indicating a nearly four-electron
transferring pathway.”’ On the contrary, the limiting current
density of Ag NPs is far less than 5 mA cm™?, demonstrating
that Ag NPs might proceed the ORR via two-electron
transferring pathway with the formation of peroxide inter-
mediate.

To further understand the mechanism and nature of the
intermediate products via the careful calculation of transferred
electrons (n) during ORR test, the limiting current densities at
various rotation speeds are used to construct the Levich plots
using Koutecky—Levich equation,”" presented in Figure 4c for
Ag NP/NiRu-LDHs. Depending on the slopes of the Levich
plots, n was calculated as ~3.96 at 0.2—0.5 V, indicating
excellent ORR catalytic activity of Ag NP/NiRu-LDHs via a
nearly four-electron pathway. As shown in Figure 4d, LSV
measurements were performed at various rotating speeds in the
range of 100—2500 rpm to gain further comprehension into
ORR mechanisms and kinetics, and it can be realized that as
the rotation speeds increased, the diffusion limiting current
densities were significantly increased because of shortened
diffusion distance of O,-saturated electrolyte at high speeds.
Accordingly, Ag NP/NiRu-LDHs exhibited a smaller ORR
Tafel slope than Ag NPs (Figure S7), and this could be due to
the best reaction kinetics of these nanosheets and smaller
diameter of the semicircle of Nyquist plots for Ag NP/NiRu-
LDHs (Figure S8) describes smaller charge transferring
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resistance. This information suggests that the kinetics and
charge transfer for ORR is much better in Ag NP/NiRu-LDHs
than Ag or NiRu-LDHs individually. This indicates the
advantages of enhanced site activity and accessible site
populations considerably improve the ORR activity as
discussed in the previous sections. The ORR site activity and
populations are mainly contributed from the synergetic effects
including; charge polarization occurred on the Ag sites and the
presence of LDHs to weaken the adsorption of OH and
remove the adsorbed OH from the Ag sites, and the dispersion
of Ag to increase the accessible site populations. Moreover, the
OH preferably migrated to vacant metal sites of LDHs, which
possibly enhances the Ag site activity. Additionally, the
presence of multiple vacancies (oxygen and metal) can
decrease the adsorption energy of OH*, OOH*, and O*
intermediates at the Ag sites and facilitate adsorption of these
intermediates.”>>” Likewise, there are reported literature about
transition metal hydr(oxy)oxide cocatalysts with novel catalyst
to further improve the ORR catalytic activity. For example, a
recent report by Subbaraman et al. established that the
combination of precious metal catalysts and oxophilic
transition metal hydr(oxy)oxide cocatalysts led to a signifi-
cantly improved catalytic activity due to OH adsorb
preferentially on transition metal (3d—M) hydr(oxy)oxide.>*
It is also well-known that transition metal (3d) hydr(oxy)oxide
typically has high ability of water activation to supply proton
(M + xH,0 — M-[OH], + xH" + xe™), which is essential for
oxygen reduction to OH™ in alkaline electrolyte.”> Thus, we
also anticipated that the presence of layered double hydroxide
in Ag NP/NiRu-LDHs hybrid possibly enhances the water
activation ability of the catalyst, which in turn plays a key role
in determining the ORR kinetics and improving ORR activity
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in alkaline condition. Therefore, NiRu-LDHs with multiple
vacancies affect both water activation and OH adsorption,
which enhances the intrinsic activity. These strong synergetic
effects between Ag and LDHs significantly enhanced overall
ORR catalytic activity.

The OER performances of Ag NP/NiRu-LDHs, NiRu-
LDHs, Ni(OH),, commercial Pt/C, and Ag NPs were assessed
by LSV measurements under the same condition within a
potential window of 1.1 to 1.7 V in 0.1 M KOH. The OER
polarization curves (Figure Sa) show that the onset potentials
were 1.44, 148, 1.52, and 1.50 V for Ag NP/NiRu-LDHs,
NiRu-LDHs, Ni(OH),, and Pt/C, respectively. Ag NP/NiRu-
LDHs electrode exhibits the earliest onset potential and
highest OER activity. Though Dai et al. groups synthesized
NiFe-LDH/CNT in 2013 and the material exhibits a lower
onset potential of 1.45 V, the concentration of the KOH
electrolyte was 1 M, different from 0.1 M used in the current
work.” Ag NP/NiRu-LDHs exhibits considerably higher OER
performance, and the enhanced activity is originated from the
improvement of its site activity and populations as a result of
the formation of multiple vacancies, the enhancement of
conductivity, and the charge transferring effect in the
composites.”® The small oxidation process noticed at around
~139 V (vs RHE) before the OER onset potential is
corresponding to the oxidative conversion of Ni(OH), to
NiOOH species, which are believed to be the active sites that
catalyze OER, commonly found in Ni-based OER catalysts.’
Furthermore, the redox peak potential of Ni**/Ni** of NiRu-
LDHs exhibited slightly a negative shift compared to bare
Ni(OH), (Figure Sa), implying the enhanced oxidation of Ni
in the NiRu-LDHs. It has been well acknowledged that the less
suppressed oxidative potential of Ni**/Ni**, or the enlarge-
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ment of the average oxidation state of Ni, results in better OER
activity. The negatively shifted Ni*'/Ni** peak potential of
NiRu-LDHs could be caused by the formation of oxygen
vacancies on Ni sites associated with the changes in its local
structure and electronic structure by the introduction of Ru.

As Ag NPs are incorporated into the NiRu-LDHs nano-
sheets, the redox peak of Ni**/Ni*" is slightly suppressed to
larger potential and rapid rise in the region of OER potential.
The commercial Pt/C afforded an onset potential comparable
with Ni(OH),; however, its current density is inferior to our
NiRu-LDHs and Ag NP/NiRu-LDHs. Analogous to ORR, the
OER catalytic activity also is affected by incorporated Ag NPs
as the Ag NP/NiRu-LDHs catalyst shows a smaller Tafel slope
and a decreased overpotential. Furthermore, the -catalytic
activity of NiRu-LDHs nanostructures can be significantly
enhanced after silver nanoparticles are decorated on the
surface of LDHs nanosheets, as shown by an even higher
current density and lowest onset overpotential for both OER
and ORR. Specifically, Ag NP/NiRu-LDHs require only 0.31 V
overpotential to deliver 10 mA cm™ current density, whereas
NiRu-LDHs require 0.38 V. This activity improvement
suggests the reaction kinetics for Ag NP/NiRu-LDHs nano-
sheets is more favorable than the NiRu-LDHs nanosheets. The
synergetic effects between metals of layered double hydroxide
catalysts underlying Ag NPs, including the generation of
oxygen and metal vacancies on Ni sites and the size reduction
of LDHs contribute to the enhanced Ni site activity together
with site populations and the overall OER catalytic perform-
ance. These results are considerably better than earth-
abundant metal-based catalysts reported to date®"*” and
comparable to that of IrO,.*"

The bifunctional catalytic capability of both Ag NP/NiRu-
LDHs and Pt/C catalysts toward OER/ORR in alkaline
conditions are juxtaposed and compared within identical
potential window (Figure Sb). Evidently, Ag NP/NiRu-LDHs
exhibited outstanding OER activity and lowest overpotential
among these catalysts. The bifunctional performance of Ag
NP/NiRu-LDHs is usually assessed by the potential difference
(AE) between OER overpotential at the current density of 10
mA cm~* and ORR overpotential corresponding to the current
density of —3 mA cm™> Accordingly, Ag NP/NiRu-LDHs
exhibited a AE value of 0.76 V (vs RHE), further revealing the
outstanding bifunctional activity. The key parameters for
reported metal-based bifunctional catalysts are listed in Table
S3 for comparison.”” Clearly, Ag NP/NiRu-LDHs demon-
strates itself as a promising oxygen electrocatalyst, showing
great potential to be applied in rechargeable metal-based air
batteries.

To further comprehend the reason behind the superb
bifunctional activities of Ag NP/NiRu-LDHs, the electro-
chemical active surface area (ECSA) of Ag NP/NiRu-LDHs,
NiRu-LDHs, and Ni(OH), was acquired in nonfaradic region
of CV curves at different scanning rates in 0.1 M KOH (Figure
S9a-c). The differences in current densities (A]) against scan
rates at 0.71 V were plotted (Figure S9d). The double layer
capacitance (Cg) of the material can be derived from the half
value of the linear slope, which typically indicates the
corresponding ECSA.>>*”%" The slope of Ag NP/NiRu-
LDHs (0.562) is much higher than the NiRu-LDHs (about
0.251), indicating that the Ag NP/NiRu-LDHs nanosheets
have larger active surface areas than the pristine NiRu-LDHs.
The increased ECSA in Ag NP/NiRu-LDHs was attributed to
the increased accessible site populations after the introduction
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of Ru and Ag NPs as result of the improvement of conductivity
and the formation of metal vacancies along with the size
reduction of LDHs. The correlation of ECSA with the current
density of Ag NP/NiRu-LDHs, NiRu-LDHs, and Ni(OH), is
presented in Figure S9e. The current density increases
simultaneously with the increase of the double layer
capacitance, further confirming that the ECSA representing
active site population is also one of the main factors for
catalytic activities. Thus, incorporating a transition metal such
as Ru into Ni(OH), and the decoration strategy of NiRu-
LDHs with Ag NPs effectively increase the site activity and
populations and then naturally enhance catalytic activity.
Furthermore, the OER polarization curves of each catalyst
were normalized for ECSA to evaluate the intrinsic activity
improvement of Ni sites. As shown in Figure S9f, after the
ECSA has been corrected for the OER polarization curves, still
the OER activity of NiRu-LDHs decorated with the silver
nanoparticle is much better than the pristine NiRu-LDHs and
Ni(OH),, suggesting the improved site activity of the Ni sites.
Thus, we find that the introduction of Ru into Ni(OH),
enhances the site activity of Ni sites, and the decoration
strategy further improves the intrinsic activity of the Ni sites in
addition to the increase of site populations.

Tafel slope was used to assess the kinetics of the OER. It is
evident to note that a NiRu-LDHs nanosheets decorated with
Ag NPs exhibited Tafel slope of 33 mV dec™!, much lower than
the NiRu-LDHs nanosheets (48 mV dec™) (Figure Sc).
Hence, the lowest Tafel slope suggested the best reaction
kinetics for oxygen evolution and rapid electron transference
among all the active materials of interest. The significant
difference in intrinsic reaction kinetics between Ag NP/NiRu-
LDHs nanosheets and pristine NiRu-LDHs samples also
contributes to the different catalytic performance. Increasing
active site activity and populations resulting from the
formation of multiple vacancies and conductivity enhance the
superior reaction kinetics.

Besides the high ORR/OER activities, Ag NP/NiRu-LDHs
displayed prominent stability in 0.1 M KOH solution as shown
in Figure Sd. It was observed that Ag NP/NiRu-LDHs was
capable of maintaining a current density of about 10 mA cm™
at a constant applied potential of 1.54 V with insignificant
change for over 15 h under OER condition. Similarly,
negligible degradation of the current density corresponding
to ORR half-wave potential was achieved for 24 h,
demonstrating excellent durability of Ag NP/NiRu-LDHs
nanosheets toward ORR/OER activity. The stability test of
pristine NiRu-LDHs was also performed under the same
condition using chronoamperometric measurements. In Figure
5d, NiRu-LDHs catalyst was unable to maintain the current
density of about 10 mA cm™ at a constant potential of 1.61 V,
indicating decreased activity during OER. However, the
stability of NiRu-LDHs nanosheets has been significantly
improved after the decoration of Ag NPs. We believe that the
decorated Ag NPs help to reduce the overpotential and then
prevent catalytically active sites from degradation.

Discussion of the Enhanced Bifunctional Perform-
ance of Ag NP/NiRu-LDHs. Although the correlation
between OER activity and metal/oxygen vacancies have been
recently reported,*”®” the relationship between V, and onset
overpotential of the site activity is still lacking. The estimation
was based on aforementioned experiments, and the measured
values are summarized in Table S4. Details about the
calculation and obtained values can be found in Table SS.
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Figure 6 presents incorporation of Ru into Ni(OH), generates
NiRu-LDHs with multiple vacancies, accessible electrochemi-
cally active surface area, and higher site activity.

Furthermore, Figure 6a shows the percentage of onset
overpotential of Ni**/Ni** and V, for Ni(OH),, NiRu-LDHs,
and Ag NP/NiRu-LDHs, indicating that NiRu-LDHs with
more V possesses lower percentage of onset overpotential of
Ni*"/Ni** than the counterparts, suggesting the higher site
activity of NiRu-LDHs. The induced Vg can decline the
interference of H,O adsorption on the surface of the catalyst,
leading to increase the activity of site activity and improve
OER activity of NiRu-LDHs. Although the Ag decoration
strategy slightly decreases Vg, the formation of more metal
vacancies associated with the size reduction of LDHs increase
the accessible active sites (Figure 6b). Thus, the ECSA was
appreciably enhanced after the introduction of Ru and Ag NPs.
Furthermore, Ni sites with metal vacancies together with
oxygen vacancies act as the centers of water activation, favoring
dissociation of H,O molecules by increasing active site activity
and populations. As a result, Ag NP/NiRu-LDHs exhibited
lower OER onset potential and lower overpotential at the
current density of 10 mA cm™2

The catalytic activity of Ni(OH), can be significantly
enhanced after the introduction of Ru as NiRu-LDHs, and the
bifunctional activity of this material is further enhanced after
silver nanoparticles are decorated on the surface of LDHs
nanosheets, as shown by higher current densities and an even
lower onset overpotential of ORR/OER. The higher ORR
activity of Ag NP/NiRu-LDH was mainly attributed to the
increased Ag site activity and accessible Ag site populations.
The increased Ag site activity is extensively contributed from
the charge polarization occurring on the Ag sites responsible
for weakening the adsorption of OH on the Ag sites, and the
presence of LDHs helps to remove the adsorbed OH from the
surface of Ag. Furthermore, the decoration strategy enhances
the dispersion of Ag and considerably increased the accessible
site populations. These strong synergetic effects between Ag
and LDHs significantly enhanced the catalytic activity of ORR.
The increased in OER activity of Ag NP/NiRu-LDHs is
attributed to intrinsically active Ni sites with multiple vacancies
responsible for the enhanced Ni site activity and accessible Ni
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site populations particularly after decoration strategy. The
strong synergetic effects of silver nanoparticles and metal
LDHs engineer the active site activity and populations on both
Ag and Ni in the bifuctional electrocatalysts for ORR and
OER, respectively. The extraordinary low overpotential for
ORR/OER is ascribed to the synergetic effects between Ag
NPs and NiRu-LDHs. With low overpotential, low charge-
transfer resistance, small Tafel slope and superior durability,
the silver nanoparticles decorated on the surface of NiRu-
LDHs nanosheets can be an ideal electrocatalyst for ORR/
OER.

B CONCLUSIONS

Decorating Ag NPs on the surface of NiRu-LDHs nanosheets
has been demonstrated as an efficient bifunctional ORR/OER
electrocatalyst for the first time. It is interesting to note that
the incorporation of Ru into Ni(OH), and decoration was
accompanied by generating multiple vacancies via a hydro-
thermal route. These multiple vacancies can effectively increase
the site activity and populations of both NiRu-LDHs and Ag
NP/NiRu-LDHs nanosheets. The high intrinsic bifunctional
catalytic activity of NiRu-LDHs nanosheets decorated with Ag
NPs is mainly due to the presence of multiple vacancies and
the mutual benefits of strong synergetic effect between LDHs
and Ag NPs, which effectively tune the site activity and
populations of NiRu-LDHs catalysts. The formation of high
intrinsic site activity and accessible site populations on the
surface of Ag NP/NiRu-LDHs significantly enhances the
reaction kinetics. In addition, Ag NP/NiRu-LDHs also has
superior stability due to the incorporation of conductive Ag
NPs and resultant synergies. The bifunctional activity of Ag
NP/NiRu-LDHs in basic solution outperformed the precious
metals that were not able to achieve with low overpotential
before. This cheaper and active ORR/OER catalyst offers an
advanced solution for energy applications such as metal-air
batteries. On the basis of these results, the strategy we
developed here also provides a new way to engineer the
vacancies of Ni-based materials. Therefore, the strategy might
produce non-noble, durable, and highly competitive bifunc-
tional electrocatalysts for ORR and OER.
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