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ABSTRACT: Oxygen electrochemistry has been intensely
studied in the pursuit of sustainable and efficient energy
conversion and storage solutions. Over the years, developing
oxygen electrode catalysts with high activity and low cost
remains a great challenge, despite tremendous efforts. Here,
Ni,Co,;_,(OH), is used as a bifunctional electrocatalyst for
both oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR). The effect of its compositions (x = 1, 0.55, 0)
and morphologies (including both multilayer and single-layer
Ni,Co,_,(OH),) on catalytic activity is studied systematically
in order to optimize the oxygen-electrochemical performance
of 3d-M (M = Ni and Co) metal hydroxides. Our results show
that the compositions of Ni,Co,_,(OH), has a great influence
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on overpotentials by comparing multilayer Co(OH),, Nigs5C0g45(OH),, and Ni(OH), for OER. Multilayer Ni(OH), exhibits
the lowest overpotential of 324 mV at the current density of S mA/cm? Moreover, the overpotential could be greatly lowered by
using single-layer Ni,Co,_,(OH),. Single-layer Ni(OH), nanosheet manifests 71 mV overpotential decrease (S mA/cm”) and a
factor of 14 turnover frequency increase as compared to multilayer Co(OH), for OER. As for ORR, multilayer Co(OH), shows
the best activity among multilayer Ni,Co,_,(OH),. Similar to OER, single-layer Ni,Co,_,(OH), demonstrates enhanced ORR
activity over multilayer Ni,Co,_,(OH),. Single-layer Co(OH), exhibits the best catalytic activity and 3.7 electrons are transferred
during oxygen reduction process. The successful identification of the composition and morphology effect of 3d metal hydroxides
on electrocatalytic performance provides the foundation for rational design of active sites for high-performance catalyst for both

OER and ORR.
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1. INTRODUCTION

The design of cost-effective, highly active catalysts for energy
conversion and storage applications is a critical element in the
societal pursuit of sustainable energy.' * Among them, catalysts
for oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) are at the heart of key renewable-energy
technologies including water splitting, lithium—oxygen battery,
and fuel cell.>~"°

OER, in particular, is an important process that enables many
energy storage options, such as electricity-driven and direct-solar
water splitting. However, the kinetics of OER is sluggish, even
after being facilitated by high-activity, precious-metal catalysts. In
water-alkali environment, the anodic reaction is a complex
process, in which the hydroxyl ions generated at the cathode are
consumed at the anode to produce oxygen and water molecules
(4OH™ < O, + 2H,0 + 4e”). This process requires a
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considerable overpotential. Thus, an important issue for OER
is to discover and develop catalysts that can reduce the
overpotential for OERM™ On the other hand, ORR, the
reverse reaction of OER, plays an important role in fuel cell and
lithium—air battery. The ORR is a challenging reaction to catalyst
in consideration that the catalyst must be stable under the
extremely corrosive condition at the cathode, yet chemically
active enough to be able to activate oxygen and noble enough to
be able to release oxygen from the surface in the form of water.
The oxygen activation involves a proton and electron transfer to
form adsorbed —OOH before the O—O bond is broken. This
requires the catalyst could stabilize —OOH moderately. After
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dissociation, adsorbed O and OH are formed on the surface of
the catalyst. At this time, a weak binding force between the
catalyst and adsorbed O and OH is necessary in order to desorb
water quickly.'*™'¢

Over the years, a great many materials have been tested for
OER and ORR, including various combinations of noble-
metal,’” "> noble-metal alloy,”'"** 3d-metal (hydro)-
oxides, >~ phosphates,3’3’34 perovskites,3’5’36 metal carbides,*”
and advanced carbon materials.>*~* Among them, noble-metal-
based catalysts, RuO,/IrO, for OER* and Pt;Ni(111) for
ORR,* present the best activity and stability of all materials.
However, the high cost of noble-metal-based catalysts limits their
wide application. From a practical point of view, the catalyst
should be based on Earth-abundant materials. In consideration of
the high-cost of noble metals and low-efliciency of carbon
materials, 3d-metal-based catalysts are probably a good option.
Among various 3d-metal-based catalysts, cobalt (Co) and nickel
(Ni) in the oxide state recently demonstrate their great potential
for OER and ORR, which inspires abroad interest from both
theoretical and experimental study. Norskov and Bell calculated
the relative stability of Co/Ni in the oxide state and activity
trends on this surface via density functional theory (DFT) using
the Hubbard-U correction.** Dai et al. reported the high active
and durable NiFe layered double hydroxide/carbon nanotube
hybrid catalyst for OER.*® These results demonstrated that 3d
metal in the oxide state is a promising catalyst for OER and ORR.
In addition, Co and Ni, as the members of the group of 3d metals,
are prone to hybridize with other elements to form a hybrid
catalyst with unprecedented properties, according to a recent
report.

Motivated by the previous reports, we report, herein, the
investigation of Ni,Co;_,(OH),, which was prepared via a wet
chemistry method, as a bifunctional electrocatalyst for both OER
and ORR. The effect of its compositions (x = 1, 0.55, 0) and
morphologies (including both multilayer and single-layer
Ni,Co,_,(OH),) on catalytic activity is studied systematically
in order to optimize the oxygen-electrochemical performance of
3d-M (M = Ni and Co) metal hydroxides. As for OER, the
compositions of Ni,Co,_,(OH), has a great influence on
overpotentials by comparing multilayer (ML) Co(OH),,
NijssC0g45(OH),, and Ni(OH),. ML Ni(OH), exhibits the
lowest overpotential of 324 mV at the current density of 5 mA/
cm®. Moreover, the overpotential could be greatly lowered by
using single-layer (SL) Ni,Co,_,(OH),. We found that SL
Ni(OH), nanosheets manifests an overpotential decrease of 71
mV (at S mA/cm?) and a factor-of-14 increase in turnover
frequency, compared to that for ML Co(OH),. As for ORR, SL
Co(OH), exhibits the best catalytic activity and 3.7 electrons are
transferred during oxygen reduction process, indicating the low
yield of H,0,. Our results reveal the trends of oxygen
electrochemical activity of wet-chemical-processed
Ni,Co,_,(OH), through rational designing materials structure
and would provide theoretical guidance for the preparation of
next-generation 3d-metal-hydroxide-based heterocatalysts for
OER and ORR.

2. MATERIALS AND METHODS

2.1. Materials. Cobalt nitrate hexahydrate (Co(NO;),-6H,0)
(99.999% trace metal basis), nickel nitrate hexahydrate (Ni(NO;),:
6H,0) (99.999% trace metal basis), hexamethylenetramine (HMT)
(ACS reagent, >99.0%), sodium dodecyl sulfate (SDS) (ACS reagent,
>99.0%), formamide (ACS reagent, >99.5%), potassium hydroxide

(KOH) solution (1 M) were purchased from Sigma—Aldrich. Water was
purified immediately before use in a Millipore Direct-Q system.

2.2. Sample Preparation. For the preparation of ML Co(OH), or
Ni(OH),, Co(NO;),-6H,0 or Ni(NO;),-6H,0, SDS, and HMT were
dissolved in S0 mL of deionized water to give the final concentrations of
S, 20, and 1S mM in a Teflon beaker filling with nitrogen gas,
respectively, and the solution was then heated to 120 °C for 12 h. For the
preparation of ML Nij sCog 45(OH),, the same process as the above was
used, where both the concentrations of Co(NO;),6H,0 and
Ni(NO;),-6H,0 are 2.5 mM. After the reaction, the product was
filtered and washed with deionized water and anhydrous ethanol for
several times, and finally air-dried at room temperature. For the
preparation of SL Ni,Co,_,(OH),, 0.2 g as-prepared ML
Ni,Co,_,(OH), was mixed with 200 mL of formamide and stirred
under nitrogen protection for 72 h. To purify exfoliated product, the
resulting solution was centrifuged at 8000 rpm for 10 min to remove
nonexfoliated parts.

2.3. Materials Characterization. Scanning electron microscopy
(SEM) analysis was performed on a Quanta 400 FEG field-emission
scanning electron microscope. Transmission electron microscopy
(TEM) analysis was performed on a Tecnai G2 F20 S-Twin field-
emission transmission electron microscope. X-ray diffraction (XRD)
was collected on a Bruke D8. Electrochemical measurements were
performed by an Autolab PGSTAT302N.

2.4. Electrochemical Characterization. For the preparation of
ML Nji,Co,_,(OH), catalyst inks, 0.8 mg of ML Ni,Co,_,(OH),, 3.2 mg
of carbon (Vulcan XC-72), and 20 uL of S wt % Nafion solution were
dispersed in 2 mL of a water/ethanol (1:1 (v/v)) mixed solvent by at
least 30 min of sonication to form a homogeneous ink. Then, 3 yL of
catalyst ink (containing 1.2 ug of catalyst) was loaded onto a glassy
carbon electrode that had a diameter of 3 mm. For the preparation of SL
Ni,Co,_,(OH), catalyst inks, 1 mL of SL Ni,Co,_,(OH), dispersion
containing 0.4 mg SL Ni,Co,_,(OH), was mixed with 1.6 mg of carbon
(Vulcan XC-72) and 10 uL of 5 wt % Nafion solution. After sonication
for at least 30 min, 3 yL of catalyst ink (containing 1.2 ug of catalyst) was
loaded onto a glassy carbon electrode that had a diameter of 3 mm.
Inductively coupled plasma emission spectrometry—atomic emission
spectrometry (ICP-AES) was used to quantify the mass of
Ni,Co,_,(OH), in each catalyst ink.

All OER and ORR measurements were conducted in an electro-
chemical cell using a Ag/AgCl electrode filled with 3 M KCl as the
reference electrode, a platinum rod as the counter electrode, and the
sample-modified glassy carbon rotating disk electrode (RDE) as the
working electrode. Electrolyte was saturated with oxygen by bubbling
O, prior to the start of each experiment. A flow of O, was maintained
over the electrolyte during testing in order to ensure its continued O,
saturation.

For OER measurement (electrolyte is 1 M KOH), linear sweep
voltammetry (LSV) was carried out at S mV/s with the working
electrode continuously rotating at 1600 rpm for the polarization curves.
All polarization curves were corrected with iR-compensation. Turnover
frequency (TOF) value is calculated from the following equation:

JxA

TOF = ——
4 XFXm

where ] is the current density at overpotential of 0.3 Vin A/cm? A the
area of the electrode, F the Faraday constant, and m the number of moles
of the active materials.

For ORR measurement (electrolyte is 0.1 M KOH), the working
electrode was scanned cathodically at a rate of 5 mV/s with different
rotating speeds, from 400 rpm to 2400 rpm. Koutecky—Levich plots (J~*
vs. @~/?) were analyzed at various electrode potentials. The slopes of
their best linear fit lines were used to calculate the number of transferred
electrons (1), based on the Koutecky—Levich equation:

1 1 1
—=— 4+ —=Bo"*+ =
J ok Jx

where
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B = 0.62nFCy(Dy)**v"/°
Ji = nFkC,

J is the measured current density, J and J; are the kinetic- and diffusion-
limiting current densities, @ is the angular velocity, n is the number of
transferred electrons, F is the Faraday constant, C, is the bulk
concentration of O,, D, is the diffusion of O,, v is the kinematic
viscosity of the electrolyte, and k is the electron-transfer rate constant.
For the Tafel plot, the kinetic current was calculated from the mass-
transport correction of RDE by
X

=T

K

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of ML and SL
Ni,Co,_,(OH),. The structure of as-prepared ML
Ni,Co,_,(OH),—namely, ML Co(OH),, ML
NijssC0g45(OH),, and ML Ni(OH),—were characterized by
XRD, as shown in Figure 1. Obviously, they all exhibit the same
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Figure 1. XRD patterns of as-prepared ML Co(OH),, ML
Nig ssC0g.4s(OH),, and ML Ni(OH),.

diffraction peaks, which correspond to the d-spacing of 2.4 nm.
The appearance of this diffraction peak indicates the multilayered
structure of Ni Co;_,(OH),. Previous results have confirmed
that the thickness of a single layer of layered double hydroxide
nanosheets is ca. 0.8 nm.*’ Therefore, the distance between
adjacent layers should be 1.6 nm. The extra distance is ascribed to

the use of dodecyl sulfate as a ligand. Taking the molecular length
of dodecyl sulfate (calculated to ca. 1.9 nm) into consideration, it
is inferred that the dodecyl sulfate ions are arranged
perpendicular to the Ni,Co,_,(OH), nanosheet with a tilt
angle of ca. 25°. These results imply that all three
Ni,Co,;_,(OH), compounds have similar multilayer structures
and the interlayer distances are the same. It is worthy to note that,
although the molar ratio of Ni and Co is 1:1 in the reaction
solution for the preparation of nickel and cobalt mixed
hydroxides, the resulting molar ratio of Ni and Co in
Ni,Co,_,(OH), product is 55:4S, as confirmed by ICP-AES
measurement. It is attributed to the different reaction rates of Ni
and Co ions and different solubility products of Ni(OH), and
Co(OH), during the formation of Ni,Co;_,(OH),, the formula
for nickel and cobalt mixed hydroxides is thus recorded as
Nig55C00.45(OH),.** In addition, during the preparation of ML
Ni,Co;_,(OH),, SDS was used as a ligand. A certain amount of
dodecyl sulfate anions must exist in the resulting ML
Ni,Co,_,(OH), through coordination with part of the nickel
or cobalt. Simultaneously, a small amount of crystalliferous water
and interlayer water might also exist in the resulting ML
Ni,Co,_,(OH),. ICP-AES was also used to determine the net
weight of ML Ni,Co,_,(OH), precisely. Our results show that
the weight percentage of ML Ni(OH),, Co(OH),, and
NijssC0g45(OH), in the as-prepared products are 68, 68, and
67 wt % with the rests of 32, 32, and 33 wt %, respectively. These
results are in good agreement with our previous work. ">

Exfoliation of ML Ni,Co,_,(OH), was conducted in
formamide at room temperature. Figure 2 shows the AFM
images of exfoliated Co(OH), (Figure 2a), Nij5sCog4s(OH),
(Figure 2b), and Ni(OH), (Figure 2c), and their corresponding
height profiles. All three specimens exhibit a sheetlike structure
with the lateral size ranging from tens of nanometers to hundreds
of nanometers and heights of ~1 nm, indicating the successful
preparation of SL Co(OH),, Niys5C0q45(OH),, and Ni(OH),.
Note that the SL Ni,Co,_,(OH), often face restacking, because
of their high surface energy. As shown in Figure 2c, the as-
prepared SL Ni(OH), exhibits little restacking. However, the
corresponding height profile clear implies that the height of every
SL Ni(OH), is ~1 nm.

Similar to other types of 2D materials, SL Ni,Co,_,(OH), are
prone to reunite after being dried.*" To avoid the aggregation of
SL Ni,Co,_,(OH), during the preparation of catalyst ink and to
improve the conductivity of catalyst also, 80 wt % of Vulcan XC-
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Figure 2. AFM images and corresponding height profiles of (a) SL Co(OH),, (b) SL Nig55Co45(OH),, and (c) SL Ni(OH),.
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72 carbon was added into all three Ni,Co,_,(OH), specimens.
Figure 3 shows the TEM images and corresponding energy
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Figure 3. TEM images and corresponding EDS spectra of (a and b) SL
Co(OH),-based, (c and d) SL NijsCog4s(OH),-based, and (e and f)
SL Ni(OH),-based catalysts. EDS spectra were collected in the area as
marked by square frames.

dispersive spectrometer (EDS) spectra of the three SL
Ni,Co,_,(OH),-based catalysts. It can be seen that there is less
SL Ni,Co,_,(OH), aggregates in the catalysts, because of the
introduction of Vulcan XC-72 carbon.

3.2. OER Activity. For OER measurements, bubbles
generated under OER conditions were collected on or near the
electrode surface at slower scan rates. As the measurement
proceeds, the accumulated bubbles on the electrode surface will
cover the surface of the catalyst and cause an additional ohmic
resistance, resulting in a decrease in measured current. Herein, all
the data for OER are iR-compensated.

The OER activity of ML Ni,Co,_,(OH), was first examined.
Figure 4a shows the LSV curves of ML Ni,Co;_,(OH),. The
oxidation peak in the limiting diffusion region can be ascribed to
the transformation between Ni/Co(OH), and Ni/CoOOH with
the process Ni(OH), + OH™ « NiOOH + H,0 + e~ in an
alkaline electrolyte.’” The oxidation peaks at ~1.33 V and ~1.35
V (vs. RHE) of Ni(II) — Ni(III) for ML Ni, ssCoq.4s(OH), and
ML Ni(OH),, respectively, are observed in Figure 4a. In
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Figure 4. (a) Oxygen evolution currents of ML Co(OH), ML
Nig ssC0g45s(OH),, and ML Ni(OH), at a scan rate of 5 mV/s with a
rotation of 1600 rpm. (b) Corresponding Tafel plots of OER currents.

addition, there are almost no oxidation peak for ML Co(OH),.

According to the previous reports, the oxidation peak of cobalt in
the oxide state is located at ~1.5 V (vs. RHE) in 1 M KOH."?
Therefore, the oxidation peak of Co(II) — Co(IIl) is overlapped
by the polarization in this region. Furthermore, because of the
doping of Co atoms in Ni(OH),, the oxidation peak of Ni(I) —
Ni(III) for Niy 55Coq 45 (OH), shifts slightly more negatively than
Ni(OH),. In LSV curves, apparently, when doping Co(OH),
with Nij, the onset potential moves to the more-negative region.
The OER onset potential for ML Ni(OH), is more negative
(~1.5 V, relative to RHE) than ML Co(OH), and ML
Nig,5sC0g.45(OH),. These results are in agreement with previous
reports that the activity of 3d-M hydroxide systems (M = Ni, Co)
for monofunctional OER follows the order of Ni > Co, because of
the weaker strength of Ni—OH,4 (OH,4, defined as the adsorbed
OH species) interaction than Co—OH, interaction.>® The Tafel
slope was collected from Figure 3a where rotating the electrode
at 1600 rpm was used to reduce mass transport influence and to
increase the potential window. When choosing the region for the
Tafel fit, both high potentials at which evolutive oxygen bubbles
hinder mass transport and low potentials at which the redox
transition of Ni(II)/Ni(IIl) occurs are avoided. Figure 4b shows
that the corresponding Tafel slopes of ML Co(OH), ML
Niy ssC0g45(OH),, and ML Ni(OH), are 61, 54, and 50 mV/dec,
respectively, suggesting that ML Ni(OH), is a relatively low-
polarized catalyst for OER.

The OER activity of SL Ni,Co,_,(OH), was examined in the
same way. Figure 5 shows the LSV and Tafel plots for SL
Co(OH),, SL NigssCopss(OH),, and SL Ni(OH),. The
oxidation peaks at ~1.33 and 1.35 V (vs. RHE) of Ni(Il) —
Ni(III) for SL Ni ssCo45(OH), and Ni(OH),, respectively, are
observed in Figure Sa. As same as ML Co(OH),, there are almost
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Figure 5. (a) Oxygen evolution currents of SL Co(OH), SL
Nig ssC0g45s(OH),, and SL Ni(OH), at a scan rate of 5 mV/s with a
rotation of 1600 rpm. (b) Corresponding Tafel plots of OER currents.

no oxidation peaks for SL Co(OH),. However, the SL
Nig ssC0g4s(OH), and SL Ni(OH), have more sharp oxidation
peaks than ML Nij 5sCoy 4s(OH), and ML Ni(OH), (Figure 4a),
indicating the higher electrochemical activity of SL than ML.
Furthermore, SL Ni,Co,_,(OH), demonstrates similar activity
trend as ML Ni,Co;_,(OH),. The overpotential decreases as Ni
is doped into Co(OH),. SL Ni(OH), shows more positive
overpotential than SL Co(OH), and SL NijssCoq45(OH),, as
shown in Figure Sa. The corresponding Tafel slopes of SL
Co(OH),, SL NijsCoy45(OH),, and SL Ni(OH), are 56, 49,
and 47 mV/dec, respectively, suggesting that SL Ni(OH), is a
relatively low-polarized catalyst for OER (see Figure Sb).

To assess our ML Ni,Co,_,(OH), and the corresponding
activity of SL Ni,Co,_,(OH), for the OER, the specific current
density was read at either a constant overpotential of 300 mV or
the overpotential at constant specific current densities of 5 and
10 mA cm ™ from LSV. The TOF at an overpotential of 300 mV
was calculated, and the related results are listed in Table 1.

Table 1. Summary of the OER Activity of ML and SL
Nixcol—x(OH)Z

J/n = n/j=$
300 mV. mA/cm®*  TOF (s7!)  Tafel slope
(mA/cm?) (mV) 7=300mV (mV/dec)
ML Co(OH), 0.329 373 0.0024 61
ML 0.658 341 0.0047 54
Ni 55C0g45(OH),
ML Ni(OH), 1675 324 0.0121 50
SL Co(OH), 0.516 358 0.0037 56
SL 2.052 329 0.0148 49
Nio.55C°0.45(OH)z
SL Ni(OH), 4547 302 0.0327 47

Apparently, the enhancement for OER could be attributed to the
more active sites on SL Ni,Co,_,(OH), than ML
Ni,Co,_,(OH), during the OER operation. As a single-layer
2D materials, all of the atoms in SL Ni,Co,_,(OH), are exposed
to the electrolyte, which is beneficial to maximize the utilization
of active materials. As a result, not only are the overpotentials of
SL Ni,Co,_,(OH), at a constant specific current of S mA cm™
reduced, but the TOF of SL Ni,Co,_,(OH), also are improved
greatly, compared to that of ML Ni,Co,_,(OH),, where the TOF
of SL Ni(OH), is ~16 times higher than that of ML Co(OH),.

To compare the different durability of SL Ni,Co,_,(OH), and
ML Ni,Co,;_,(OH),, the chronoamperometric responses
(percentage of potential versus operation time) of both ML
Ni,Co,_,(OH), and SL Ni,Co,_,(OH), were examined (Figure
6). All the data from the measurements are normalized. It shows

—— MLNi(OH),

1044 L
_ ——MLNi__Co_(OH),
\Q 055 045 2
S —— ML Co(OH),
Z 1004 —— SLNi(OH),
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S 984

0 1000 2000 3000
Time (S)

Figure 6. Chronopotentialmetric response (percentage of potential
versus operation time) of ML Ni,Co,_,(OH), and SL Ni,Co,_,(OH),
at 5 mA/cm? in O,-saturated 1 M KOH electrolyte.

that SL Ni,Co,_,(OH), presents a better durability than ML
Ni,Co,_,(OH),. Among them, SL Ni(OH), displays the best
durability, so that there is almost no decay during the entire test.

3.3. ORR Activity. It is generally acknowledged that
transition-metal-based catalysts are bifunctional catalysts for
both ORR and OER, and sometimes the activity trend in ORR is
opposite to OER. Therefore, it is worthy to investigate the ORR
activity of ML Ni,Co,_,(OH), and SL Ni,Co,_,(OH),. For
ORR measurements, both ML Ni,Co,_,(OH),- and SL
Ni,Co;_,(OH),-based catalysts were loaded onto the glassy
carbon electrodes (with the same mass loading) in O,-saturated
0.1 M KOH, respectively. Voltammograms were recorded until
the redox peaks and the oxygen reduction currents show
negligible change, typically after 5S—10 cycles.

CV curves of ML Ni,Co,_,(OH), are shown in Figure 7a. The
ML Co(OH), presents the most-positive ORR onset potential
(~0.78 V, relative to the RHE) and highest cathodic current
among the three specimens. It indicates a better ORR activity of
ML Co(OH), than those of ML NiyssCog4s(OH), and ML
Ni(OH),. To investigate the kinetics of ML Ni,Co,_,(OH),, the
rotating-disk measurements in O,-saturated 0.1 M KOH
electrolytes at a scan rate of 5 mV/s with different rotation
rates were carried out (see Figures 7b, 7c, and 7d). The
corresponding electron transfer number (n) was calculated from
the slopes of Koutecky—Levich plots at 0.35, 0.40, 0.45, and 0.50
V (inset of Figures 7b, 7c, and 7d). As a result, the electron
transfer numbers of ML Ni(OH), and ML Ni s;Cog 45(OH), are
calculated to be 2.1 and 2.5, respectively. In contrast, the ML
Co(OH), shows the highest electron transfer number, up to 3.1.

dx.doi.org/10.1021/am5014369 | ACS Appl. Mater. Interfaces 2014, 6, 10172—10180
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Figure 7. (a) CV curves of ML Ni(OH),, ML Nij 53C0g 45(OH),, and ML Co(OH), in O,-saturated 0.1 M KOH electrolytes at a scan rate of S mV/s.
Rotating-disk voltammograms of (b) ML Ni(OH),, (c) ML Nij 55C0y45(OH),, and (d) ML Co(OH), in O,-saturated 0.1 M KOH electrolytes at a scan
rate of 5 mV/s at the different rotation rates. The inset in panels b, ¢, and d show corresponding Koutecky—Levich plots (J™* vs @™*°) at different

potentials.

It reveals that ML Co(OH), is a most effective catalyst for ORR
and produces less H,0, during the ORR process.

Figure 8a shows the comparison of LSV curves of ML
Ni,Co,_,(OH), at a scan rate of S mV/s with the rotation of
1600 rpm. The half-wave potentials are 0.611 V vs RHE for ML
Ni(OH),, 0.625 V vs RHE for ML NigssCo 4s(OH),, and 0.627
V vs RHE for ML Co(OH),, respectively. Apparently, ML
Co(OH), represents the most-positive half-wave potential
among ML Nj,Co,_,(OH),. Correspondingly, ML Co(OH),
also exhibits a much smaller Tafel slope (59 mV/dec) than that
of ML Nij,Co,_,(OH), and ML Ni(OH), (Figure 8b),
suggesting its excellent ORR activity.

The ORR activity of SL Ni,Co,_,(OH), was examined in the
same way (Figure 9). SL Ni,Co,_,(OH), displays electro-
chemical behavior similar to that of ML Ni,Co,_,(OH),. The SL
Co(OH), NSs still possesses the best performance among SL
Ni,Co,_,(OH),. The onset potential of SL Co(OH), is
obviously positive (~0.82 V relative to the RHE) and the
cathodic current is higher than SL Niy¢sCog45(OH), and SL
Ni(OH), (Figure 9a). When compared with ML
Ni,Co,_,(OH),, SL Ni,Co,_,(OH), presents enhanced activity
for ORR, which is similar to the OER activity. We also analyzed
the electron transfer number of SL Ni, Co,_,(OH),. It shows that
the electron transfer numbers of SL Ni,Co,_,(OH), are all
higher than the corresponding ML Ni,Co,_,(OH),: 2.3 for SL
Ni(OH),, 3.3 for SL Ni ;sC0g45(OH),, and 3.7 for SL Co(OH),
(see Figures 9b, 9c, and 9d). These results demonstrate that
single-layer transition-metal hydroxides nanosheets are advanta-
geous to enhance the activity of ORR. The large electron transfer
number of SL Co(OH), reveals that the ORR in SL Co(OH), is
dominated by a four-electron process and oxygen is directly
reduced to a hydroxyl ion.
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Figure 8. (a) LSV and (b) corresponding Tafel plots of ML Ni(OH),,
ML Nij sCog45(OH),, and ML Co(OH),, in O,-saturated 0.1 M KOH
electrolytes at a scan rate of S mV/s with the rotation of 1600 rpm.

Figure 10a shows the LSV curves of SL Ni,Co,_,(OH), at a
scan rate of S mV/s with the rotation of 1600 rpm. The half-wave
potentials are 0.641 V vs RHE for SL Ni(OH),, 0.629 V vs RHE
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Figure 9. (a) CV curves of SL Ni(OH),, SL Ni, ssCoy45(OH),, and SL Co(OH), in O,-saturated 0.1 M KOH electrolytes at a scan rate of S mV/s.
Rotating-disk voltammograms of (b) SL Ni(OH),, (c) SL Nij55C0q45(OH),, and (d) SL Co(OH), in O,-saturated 0.1 M KOH electrolytes at a scan
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potentials.
a similar to the results as observed in the Tafel slopes of OER. SL
04 — SLNi©OH), Co(OH), exhibits the smallest Tafel slope (58 mV/dec),
— SLNiCo, (O, compared to SL Ni,Co,_,(OH), and Ni(OH),. The half-wave
- T SLCoOH), potential, electron transfer number, and Tafel slope of both ML
= Ni,Co,_,(OH), and SL Ni Co;_,(OH), are listed in Table 2. It
=z 24 is clear that reducing the dimension of Ni,Co,_,(OH), could
§ effectively improve the ORR activity.
-3
Table 2. Summary of the ORR Activity of ML and SL
-4 Ni,Co,_,(OH), (Half Wave Potential Was Collected at 1600
02 0.4 0.6 038 1.0 rpm)
Potential (V vs. RHE)
p0.80 electron transfer half wave Tafel slope
—— SLNi(OH), number potential (V) (mV/dec)
—— SLNi, .Co, (OH), ML Ni(OH), 21 0.611 65
o 0731 —— SLCo(OH), ML 2.5 0.625 61
E _ Ni,s5C045(OH),
£ 0704 N 58 mV/dec ML Co(OH), 3.1 0.627 59
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= SL 33 0.629 60
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Figure 10. (a) LSV and (b) corresponding Tafel plots of SL Ni(OH),,
SL Niy53Coq45(OH),, and SL Co(OH), in O,-saturated 0.1 M KOH
electrolytes at a scan rate of 5 mV/s with a rotation of 1600 rpm.

for SL Niy, ssCo45(OH),, and 0.614 V vs RHE for SL Co(OH),,
respectively. Tafel plots show that SL Ni,Co,_,(OH), have
smaller Tafel slopes of ORR than ML Ni,Co;_,(OH),, which are
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To further compare the different durability of SL
Ni,Co,_,(OH), and ML Ni,Co,_,(OH),, chronoamperometric
response (percentage of potential versus operation time) of both
ML Ni,Co,_,(OH), and SL Ni,Co,_,(OH), were examined
(Figure 11). All the data are normalized by the data of SL
Co(OH),. Apparently, SL Ni,Co,_,(OH), generally presents a
better durability with the minimum decline during the entire test.
Among them, SL Co(OH), demonstrates the best durability, so
that ~70% activity after 10 000 s is achieved, indicating a good
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Figure 11. Chronoamperometric response (percentage of potential
versus operation time) of ML and SL Ni,Co,_,(OH), kept at 0.5 V
versus RHE in O,-saturated 0.1 M KOH electrolyte.

lifetime for ORR. In contrast, ML Ni(OH), exhibits the worst
durability, so that only 53% activity after 10 000 s is maintained.

4. CONCLUSION

In summary, we prepared a series of Ni,Co,_,(OH),-based
catalysts for OER or ORR and systematically investigated the
influence of the composition and morphology of
Ni,Co,_,(OH), on electrochemical activity. To our knowledge,
this is the first time that single-layer Ni,Co,_,(OH), was
employed as bifunctional catalyst for ORR and OER and
compared with as-prepared multilayered Ni,Co,_,(OH),. Our
result demonstrated that single-layer Ni,Co,_,(OH), exhibits
the superior oxygen electrochemical activity to multilayered
Ni,Co,_,(OH),, because of the greater number of active sites
exposed on the surfaces or edges in single-layer nanosheets. It
could be concluded that the OER and ORR activity of transition-
metal hydroxide could be indeed improved by tuning the
morphology and composition. The performance of our materials
could be further improved by forming the composites with a
high-electron-transfer matrix.
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