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Intermetallics are long-range-ordered alloys traditionally synthesized by annealing nanoparticles of

a random alloy, which results in the sintering of the nanoparticles and leads to the formation of

polydispersed samples. It thus remains a challenge to achieve a monodispersion of tiny intermetallics. In

the current work, ultra-small monodisperse intermetallic NiZn nanoparticles were synthesized based on

a low-temperature solution chemistry route involving the chemical conversion of metal nanoparticles

into an ordered alloy using an organometallic zinc precursor. During the transformation of single metal

nanoparticles into the corresponding alloy, the particles retained their morphology. The resulting

ordered alloy made up of earth-abundant materials demonstrated high electrocatalytic performance for

the oxygen evolution reaction (OER) with a low overpotential of 283 mV at a current density of 10 mA

cm�2 and a small Tafel slope of 73 mV dec�1, along with excellent stability and durability. The prepared

intermetallic NiZn exhibited outstanding OER efficacy, better than those of a Ni0.7Zn0.3 alloy, pure Ni

nanoparticles and even state-of-the art RuO2. The atomic ordering as well as the modification of the

electronic structure of Ni upon becoming alloyed with Zn, together with an atomic-scale synergistic

effect produced from Ni and Zn, led to the enhanced intrinsic catalytic activity. The present findings

point to a general route to produce nanoscale tiny alloys and also provide excellent electrocatalysts

having exceptional energy conversion efficiency.
Introduction

The oxygen evolution reaction (OER) driven by renewable energy
or electrochemical splitting of water represents an essentially
perfectly green, sustainable and efficient approach for
producing oxygen.1–5 This approach holds great promise to
supply future oxygen demands due to the enormous availability
of water, and is environmentally benign since no greenhouse
gases are emitted. Moreover, this is believed to be a next-
generation energy solution as an alternative to carbon-based
energy sources. The most commonly used currently state-of-
the-art catalysts for OERs are IrO2 or RuO2,6,7 but their wide-
spread application may be impeded owing to their low
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abundance and high cost.8 Hence, there is a need to develop
new efficient energy conversion systems. In electrochemical
water splitting, the OER is the anodic reaction and its sluggish
kinetics has led to extensive research in pursuing and designing
procient electrocatalysts to expedite the reaction by reducing
the overpotential and hence subsequently boost the energy
conversion efficacy.

Nanocrystalline alloys and intermetallics have emerged as
a novel class of materials, which are being explored in the
development of green sources of energy in fuel cells,9–14 Li-ion
batteries,15,16 photocatalysts,17–19 thermoelectric power genera-
tion20,21 and other diverse applications22–25 owing to their robust
stability and excellent activity. Since the discovery of interme-
tallic compounds, they demonstrated excellent prospects by
playing a leading role for the fabrication of low-cost high
performance potential catalysts.26–28 Conventionally, interme-
tallics are synthesized via metallurgical techniques that require
high-temperature reductions followed by annealing for a long
period of time29,30 or through the annealing of nanoparticles
(NPs) of a random alloy,31,32 leading to the sintering of the
particles and thus resulting in the formation of polydisperse
particles. Unlike the disordered alloys, ordered intermetallics
provide uniform active sites on the same surface plane owing to
their compositional and positional order as well as possess
precise structure accompanied by electronic effects. It is
Nanoscale Adv., 2020, 2, 417–424 | 417

http://crossmark.crossref.org/dialog/?doi=10.1039/c9na00611g&domain=pdf&date_stamp=2020-01-18
http://orcid.org/0000-0002-7105-7106
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00611g
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA002001


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
25

 5
:5

3:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
therefore really challenging to get desired monodisperse inter-
metallics with high surface area, as it is an important criterion
interrelated to their physical properties that govern their cata-
lytic activity. Interestingly, tuning their size, structure and
composition at the nanometer scale is key to signicantly
impacting their catalytic activities, since their chemical and
physical properties are associated with the electronic states of
the constituent metals. A general objective of our research is to
synthesize ultra-small intermetallic NPs of earth-abundant
transition metals using a low-temperature solution chemistry
approach since improving their physical properties by means of
controlling the average size and composition of the NPs may
lead to the enhanced activity. However, to date, the synthesis of
tiny NPs of alloys with a tunable composition through a low-
temperature route is still a challenging task. Nevertheless,
developing cost-effective and high-performance electrocatalysts
for oxygen production remains of immense importance.

In the current work, we developed a general route to achieve
tiny Ni and corresponding Ni0.7Zn0.3 and NiZn NPs from
commercially available reagents via a solution-mediated reac-
tion approach. Aer characterizing them using various physical
methods, we studied their electrocatalytic activities towards
OER in detail. In this studies, the intermetallic NiZn NPs dis-
played higher catalytic activity than that of Ni0.7Zn0.3, pure Ni
NPs and even the commercial RuO2. Finally, we have compared
the electrocatalytic efficacy of NiZn with those of reported Ni-
based electrocatalysts.

Experimental
Synthesis of Ni, NiZn and Ni0.7Zn0.3 nanoparticles

The nanoscale metal and alloys were synthesized based on the
thermal decomposition of subsequent metal salts or organo-
metallic compounds in a hot organoamine solvent. All reactions
were performed under a nitrogen atmosphere via standard air-
free techniques.

First, Ni NPs were synthesized using the following method.
Nickel(II) acetylacetonate (0.5 mmol) was added in a mixture of
oleylamine (9.25 mmol), octadecene (9.25 mmol) and tri-
octylphosphine (9.25 mmol) in a three-necked round-bottom
ask. The ask was tted with a condenser, rubber septum,
thermocouple adaptor and sheath through which a thermo-
couple was inserted. The reaction mixture was degassed at
100 �C for 30 min and then heated to 220 �C using a heating
mantle upon which the color of the solution gradually changed
from blue to black, signifying the formation of Ni NPs. The
black solution was then aged at 220 �C under a nitrogen
atmosphere for 90 min. The synthesized particles were collected
via centrifugation aer addition of an acetone–hexane (3 : 1)
mixture. Finally, the collected particles were redispersed in non-
polar organic solvents, like hexane or toluene, and were stable
for couple of months.

For the synthesis of NiZn NPs, Ni NPs were rst synthesized
by following the above-mentioned route. Then, the temperature
of the reaction mixture containing Ni NPs was increased to
250 �C. A diethylzinc–oleylamine solution (0.5 mmol) was
injected drop-wise into the reaction mixture once the reaction
418 | Nanoscale Adv., 2020, 2, 417–424
temperature reached the desired temperature and, following
addition, the mixture was held at that temperature for 30 min.
Then, an analogous procedure was followed to collect the NiZn
NPs, which were redispersed in hexane or toluene. For the
synthesis of the Ni0.7Zn0.3 alloy, the amount of diethylzinc
solution was only changed to 0.18 mmol, keeping all other
reaction conditions the same. Aer characterization, all of these
as-synthesized NPs were explored as electrocatalysts for OER
studies.
Electrochemical measurements

A CHI660E electrochemical workstation (CHI Instruments) was
used to check the OER activities of the various catalysts. All of
the electrochemical experiments were carried out at room
temperature in a conventional three-electrode system of an
electrochemical analyzer using glassy carbon (GC) as the
working electrode, Hg/HgO (1.0 M KOH) as the reference elec-
trode and Pt wire as the counter electrode. All potentials were
referenced to the reversible hydrogen electrode (RHE) by using
the equation E (vs. RHE) ¼ E (vs. Hg/HgO) + 0.098 + 0.059 pH.
The GC electrode was polished with 1.0, 0.3 and 0.05 mm
alumina slurries successively and washed several times with
distilled water before the catalyst was deposited on it. First,
a mass of 4.0 mg (30 wt% sample in carbon black) of Ni NPs was
dispersed in a mixture containing distilled water (250 mL), iso-
propanol (250 mL) and Naon® solution (1%, 20 mL). Then, the
mixture was sonicated for 60 min to make a homogeneous
mixture. The working electrode was prepared by drop-casting 15
mL of the sample solution onto the GC electrode (diameter of 3
mm) and dried overnight. The nal loading of each catalyst on
the GC electrode was �0.51 mg cm�2. Linear sweep voltam-
metry (LSV) was performed with a scan rate of 5 mV s�1 in
a 1.0 M KOH solution. Cyclic voltammetry (CV) and chro-
noamperometry (CA) analyses were done to measure, respec-
tively, the electrochemically active surface area (ECSA) and
stability of each catalyst. Electrochemical impedance spectros-
copy (EIS) was performed in the frequency range 0.1 Hz to 100
kHz with an AC amplitude of 0.005 V. The pH of the electrolyte
solution was estimated to be 14.0. For the preparations of the
working electrodes using NiZn, Ni0.7Zn0.3 NPs and commercial
RuO2 catalysts, respectively, similar procedures were followed.
The overpotential (h) for each catalyst was calculated using the
equation h ¼ E (RHE) � 1.23 V.
Results and discussion

The properties of an alloy entirely originate from the composi-
tion and atomic ordering of the constituent metals. Keeping
these aspects in mind, we synthesized Ni NPs and their corre-
sponding NiZn and Ni0.7Zn0.3 alloys. Transmission electron
microscopy (TEM) was used to characterize the morphologies
and compositions of the NPs (Fig. 1). TEM images of the Ni NPs
demonstrated formation of monodispersed spherical NPs
having particle dimensions of�3 nm (Fig. 1A and B). The crystal
structure of the Ni NPs (Fig. 1C) was examined using powder X-
ray diffraction (XRD), which indicated the formation of face-
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TEMmicrographs of (A and B) ultra-small Ni NPs and corresponding (D–F) NiZn NPs at various magnifications. (C) XRD patterns of Ni NPs
and the corresponding NiZn alloy. A simulated XRD pattern of tetragonal NiZn is also provided. (G) The EDS spectrum of NiZn illustrating the
presence of both Ni and Zn in the alloy. (H) A STEM image of the NiZn alloy and elemental mapping of Ni (cyan) and Zn (yellow) in the NiZn alloy.
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centered cubic (fcc) Ni NPs (PDF no. 03-065-0380). An extremely
broad peak corresponding to the (111) plane was observed and
was due to the presence of smaller crystallites; two other peaks
corresponding to (200) and (220) planes were suppressed, and
this suppression was attributed to the ultra-small nature of the
formed Ni NPs. It should be noted that there were no diffraction
peaks corresponding to nickel oxides or other phases observed
in the XRD pattern, indicating the formation of pure fcc Ni NPs.

Aer the injection of equimolar diethylzinc (DEZ) to the
reaction solution containing Ni NPs at 250 �C, NiZn NPs
formed. TEM micrographs of the NiZn NPs shown in Fig. 1D–F
at various magnications demonstrated that they retained the
spherical morphology of the Ni NPs. The estimated particle size
of the NiZn NPs was �4.5 nm. The histograms of particle size
for Ni and corresponding NiZn NPs are presented in the ESI
section as Fig. S1.† The XRD pattern of NiZn NPs displayed the
This journal is © The Royal Society of Chemistry 2020
formation of a distinct tetragonal structure associated with the
ordered alloyed NiZn (PDF no. 01-072-2668) without any crys-
tallographic impurities, obtained with a 1 : 1 ratio of Ni and Zn
(Fig. 1C). The observed broad peaks could be assigned to the
characteristic (101) and (110) planes of NiZn respectively,
whereas other peaks were suppressed because of their tiny sizes.
We then performed a compositional analysis of the NiZn NPs
using TEM energy-dispersive X-ray spectroscopy (TEM-EDS;
Fig. 1G) and inductively coupled plasma atomic emission
spectroscopy (ICP-OES). The overall Ni/Zn composition in the
NiZn alloy was quantitatively determined to be 0.97/1.0 (49.2
and 50.8 atomic wt% values of Ni and Zn, respectively). To
directly visualize the chemical composition and subsequent
distribution of the constituent elements, scanning trans-
mission electron microscopy-energy dispersive spectroscopy
(STEM-EDS) elemental mapping was performed. The STEM
Nanoscale Adv., 2020, 2, 417–424 | 419
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image of the NiZn alloy is shown in Fig. 1H. The STEM-EDS
elemental mapping indicated that the distribution of Ni and
Zn was even throughout the NiZn, providing further evidence
for the formation of an alloyed structure. Again, the composi-
tion of Zn was within the phase boundary of the b-phase,
attributed to the formation of ordered NiZn alloys, i.e.; inter-
metallic NiZn.33,34 No other peaks were observed in the XRD
pattern, indicating a high purity of the b-NiZn, which was
produced due to the substitution of Ni atoms with Zn atoms.35

X-ray photoelectron spectroscopy (XPS) of the NiZn alloy was
carried out to understand the elemental composition of the
alloy and the electronic interaction between the Ni and Zn
atoms in the alloy. The high-resolution spectrum in the Ni 2p
region (Fig. 2A) displayed the characteristic spin–orbit peaks for
Ni 2p3/2 and Ni 2p1/2 with their corresponding shake-up satel-
lites.36,37 The observed binding energy (BE) of 852.8 eV for the Ni
2p3/2 peak and the BE of 870.2 eV for the Ni 2p1/2 peak were
assigned to metallic Ni0. Similarly, the ne-scanned spectrum
in the Zn 2p region (Fig. 2B) showed peaks at BE values of 1021.7
and 1044.7 eV, attributed to Zn 2p3/2 and Zn 2p1/2, that is with
a BE difference of 23 eV, demonstrating the presence of Zn0 in
the alloy.38,39 On the basis of their BEs, both Ni and Zn were
established to be present in the metallic state in the NiZn alloy.
However, a positive shi was noticed for the 2p3/2 and 2p1/2
peaks for Ni0 in the spectrum of NiZn compared to those in the
spectrum of pure Ni NPs (Fig. S2†). This shi indicated the
modication of the electronic structure of Ni in NiZn aer
Fig. 2 High-resolution XPS spectra of the NiZn alloy, showing the (A)
Ni 2p and (B) Zn 2p regions. The peaks indicate the presence of
metallic Ni0 and Zn0 in the alloy.

420 | Nanoscale Adv., 2020, 2, 417–424
becoming alloyed with Zn.40 All of the experimental analyses
and corresponding collective results ascertained the successful
synthesis of monodispersed NiZn alloys under the developed
reaction route.

Here, ultra-small NiZn alloy particles were synthesized via
a diffusion-based mechanism, which involved two steps. First,
Ni NPs were formed from the thermolysis or reduction of the
corresponding precursors in an organoamine solvent at high
temperature, and then transformation of these Ni NPs into
NiZn intermetallics occurred due to the reaction with dieth-
ylzinc, where organoamines acted as a reducing agent.41,42

Basically, Zn atoms diffused into the nanocrystalline Ni and
produced the NiZn alloy. In our present system, the morphology
of the NiZn alloy was templated by the morphology of the cor-
responding Ni NPs. Hence, the present synthetic approach
provided the formation of uniform spherical NiZn intermetal-
lics, which may have potential applications in energy storage
and conversion owing to their alloyed structure.
OER activity

The electrocatalytic performances of the various electrocatalysts
were investigated with respect to the OER using a 1.0 M KOH
aqueous solution (4OH� / O2 + 2H2O + 4e�) in a conventional
three-electrode conguration.43 The catalytic properties of the
as-synthesized materials were measured aer drop casting in
each case a prepared ink—containing the desired sample and
carbon black suspended in a mixture of isopropanol, Naon
and water—uniformly onto a GC electrode with a loading of
�0.51 mg cm�2. To provide context for the activity of the as-
synthesized catalyst, we also studied the electrocatalytic
performance of a standard OER catalyst, namely RuO2, with
a similar amount of loading under analogous experimental
conditions.

The OER activities of the samples were rst evaluated by
performing linear sweep voltammetry (LSV) in aqueous solu-
tions of 1.0 M KOH. Fig. 3A shows LSV polarization curves for all
of the catalysts, where current density is plotted against
potential. Interestingly, ultrasmall Ni NPs exhibited better
electrocatalytic activity compare to the commercial RuO2. We
then studied the OER activity of the NiZn alloy NPs and found
them displaying much higher OER activity than RuO2 and pure
Ni NPs. In an electrocatalytic reaction, current density is directly
proportional to the OER activity of a catalyst. Thus, a higher
current density at a same potential indicates a faster OER. In
our system, the current densities at the same potential were
always higher for the NiZn alloys. To reach a current density of
10 mA cm�2, the required overpotential (h10) values calculated
from the LSV curves were 343, 332 and 283 mV for RuO2, Ni and
NiZn, respectively. That is, the obtained h10 values of the cata-
lysts were found to be in the order RuO2 > Ni > NiZn. To gain
further insights into the OER kinetics, Tafel slopes were deter-
mined using the equation44 h ¼ b log(j/j0), where h indicates
overpotential, b represents the Tafel slope, and j and j0 are the
current density and exchange current density, respectively. The
Tafel slope of NiZn was estimated to be 73 mV dec�1, lower than
that of Ni (85 mV dec�1) and even RuO2 (92 mV dec�1), as shown
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The OER activities of the NiZn alloy, Ni NPs and RuO2. (A) LSV curves of Ni, NiZn and RuO2, at a scan rate of 5 mV s�1. (B) Tafel plots of all
the catalysts. (C) Nyquist plots of the OER using Ni and NiZn (with AC impedance data acquired at the h10 potential for each catalyst). The inset
shows the corresponding equivalent circuit diagram. (D) Half of the capacitive current density differences (Dj/2) of Ni andNiZn plotted against the
scan rate, where the double layer capacitance (Cdl) is equivalent to the linear slope. (E) The i–t curve of NiZn electrocatalyst for the OER up to 16 h
at h10. (F) LSV curves of as-deposited fresh NiZn catalyst and that after continuous application to the OER for 16 h. Note the near-complete
overlap of these curves.
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in Fig. 3B. The obtained Tafel slope indicated a much faster
OER when using the NiZn alloy, demonstrating prominent
oxygen evolution activity of NiZn compared to those when using
only Ni or RuO2.

Electrochemical impedance spectroscopy (EIS) was per-
formed at a potential of 10 mA cm�2 (h10) for each of the cata-
lysts to understand the nature of the charge transfer between
the tested catalyst and electrolyte as well as to characterize the
OER kinetics of the catalyst. The semicircle of a Nyquist plot
(Fig. 3C) is associated with charge-transfer resistance (Rct). The
corresponding equivalent circuit diagram is presented in the
inset of Fig. 3C, where Rs is the solution resistance, Rct is the
charge-transfer resistance and CPE represents a constant-phase
element. It is important to note that lowering Rct is crucial for
a catalyst from the both scientic and practical viewpoints. The
Rct of NiZn was determined from the Nyquist plot to be 22 U,
much lower than the 51.5 U value for Ni NPs, and revealing
faster electron transfer occurring in NiZn and thus facilitated
the OER process. The faster electron transfer was attributed to
the synergistic effect of Ni and Zn in the NiZn alloy, resulting in
the excellent electrocatalytic activity of NiZn. The electro-
catalytic active surface area (ECSA) is another important factor,
as it regulates the intrinsic activity of an electrocatalyst. First,
double-layer capacitance (Cdl) was measured in order to obtain
an estimate of the ECSA of the catalyst using scan-rate-
dependent CVs in a non-faradaic region,45,46 as they are
proportional to each other (Fig. S3 in the ESI section†). Half
This journal is © The Royal Society of Chemistry 2020
capacitive current density differences (Dj/2) of Ni and NiZn
obtained from CVs were each plotted against scan rate. The
double layer capacitance (Cdl) was determined from the slope of
the linear plot, as shown in Fig. 3D. The Cdl value of NiZn was
determined to be 1.84 mF cm�2 and that of Ni was 0.98 mF
cm�2. The greater Cdl value of NiZn was attributed to the higher
ECSA of NiZn, which contributed to the enhanced electro-
catalytic activity of the NiZn alloy. Stability and long-standing
durability are important requirements for the practical appli-
cation of any designed electrocatalyst. To demonstrate the
stability of NiZn, potentiostatic analysis at an overpotential of
h10 was carried out using NiZn for a prolonged period of time;
the result indicated almost no change in the current density
even aer 16 h (Fig. 3E). Furthermore, NiZn subjected to
continuous OER at h10 for a long period of time showed almost
the same onset potential in its LSV curve as did the as-deposited
fresh catalyst (Fig. 3F). Both analyses pointed to the excellent
stability as well as durability of NiZn even aer repeated usage.

In addition to the electrochemical analysis of the stability,
TEM analysis of the NiZn alloy was carried out aer the OER
study. This TEM analysis revealed its intact morphology, even
aer a longer chronoamperometry study (Fig. S4†). Then, an
XPS analysis was performed on NiZn aer the OER process to
demonstrate whether any chemical change occurred (Fig. S5†).
From the XPS spectra of NiZn alloy, it was noticed that along
with the metallic Ni0 (852.8 eV for Ni 2p3/2) and Zn0 (1021.7 eV
for Zn 2p3/2) states, their oxides were also present.
Nanoscale Adv., 2020, 2, 417–424 | 421
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Fig. 4 A schematic representation of oxygen evolution electro-
catalysis on the surface of the NiZn alloy. Ni and Zn centers in NiZn are
shown as blue and violet spheres, respectively.
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Deconvolution of the signal in the Ni 2p region of the high-
resolution spectrum demonstrated the presence of new peaks,
at 855.7 eV for Ni 2p3/2 and at 873.5 eV for Ni 2p1/2, suggesting
the formation of Ni2+ along with the metallic Ni0.47 Similarly,
analysis of the Zn 2p region of the high-resolution spectrum
indicated the presence of Zn2+ along with the metallic Zn0, as
new peaks were observed at 1022.3 eV and 1045.1 eV for Zn 2p3/2
and Zn 2p1/2, respectively.48 Although the TEM analysis
demonstrated an unaltered morphology, the XPS analysis sug-
gested a slight oxidation of the NiZn alloy aer the prolonged
electrochemical study.

It is then interesting to us to study the electrochemical
properties of the alloy upon tuning the composition of its
constituents. For this purpose, we prepared nanoscale fcc
Ni0.7Zn0.3 alloy (PDF no. 01-072-2672) with particle dimensions
similar to those of the original NiZn alloy by changing the
reaction conditions (Fig. S6†). The overall percentages of Ni and
Zn in the prepared Ni0.7Zn0.3 alloy were quantitatively assessed
using ICP-OES analysis to be 74.0 and 26.0 atomic wt%.
Ni0.7Zn0.3 showed an overpotential (h10) of 320 mV, which is bit
lower than that of pure Ni NPs but much higher compare to
intermetallic NiZn (shown in Fig. S7†). The estimated over-
potentials and Tafel slopes for all of the catalysts are summa-
rized in Table 1. All these results indicated that the OER activity
was sensitive to the atomic ordering and composition of the
alloy, leading to the superior activity of order NiZn intermetal-
lics than that of Ni0.7Zn0.3 alloy.

In the present system, the diffusion of Zn atoms into nano-
crystalline Ni was considered to be key to enhancing the cata-
lytic performances of the NiZn alloy. The higher OER activity of
the NiZn alloy was apparently associated with the increase in
the ECSA together with their intrinsic catalytic activity as well as
the possible synergistic effect between the Ni and Zn metals.
The 2p and valence electrons of Ni in case of NiZn alloy shied
toward Zn,40,49,50 resulting in the charge transfer from Ni to Zn
and subsequently making the Ni centre slightly positive. In our
experiments, Ni served as the active center, whereas Zn acted as
a promoter in the alloy during the OER process. Consequently,
the OER proceeded very rapidly via Ni centres in the NiZn alloy,
as schematically described in Fig. 4. Basically, upon alloying of
Zn into Ni, a modication of the electronic structure of Ni
tailored by Zn took place in the NiZn alloy. Furthermore, the
ordered alloys provided uniform active sites on the same
surface plane owing to their compositional and positional
order, in addition to the precise control over the structure
accompanied by electronic effects. Finally, we compared the
Table 1 A summary of the overpotentials and Tafel slopes for all the
catalysts

Catalyst Overpotential (mV) h10 Tafel slope (mV dec�1)

RuO2 343 92
Ni 332 85
Ni0.7Zn0.3 320 82
NiZn 283 73

422 | Nanoscale Adv., 2020, 2, 417–424
electrocatalytic activities of the NiZn alloy with the previously
reported Ni-based OER catalysts, as shown in Table S1 in the ESI
section.† The as-synthesized NiZn displayed better electro-
catalytic activity toward the OER than did the reported catalysts.
In a nutshell, based on the electrocatalytic activity as well as
comparison with the expensive conventional electrocatalysts
and even several other reported electrocatalysts, our study
overall demonstrated that intermetallic NiZn NPs can be
considered as an effective electrocatalyst for oxygen production.
Conclusions

In conclusion, the efficient synthesis of ultra-small NiZn inter-
metallics was demonstrated via the thermolysis of the corre-
sponding metal precursors in a mixture of hot organic solvents.
The present synthetic strategy comprised the chemical conver-
sion of preformed metal NPs into alloys at low temperature via
reaction with another metal precursor. The current nding also
demonstrated that the Ni NPs acted as a precursor to prepare
NiZn alloy and retained their morphology during the trans-
formation to the NiZn alloy, attributing to a general synthesis
pathway aimed at making ultra-small M-Zn alloys. The inter-
metallic NiZn NPs exhibited enhanced electrocatalytic activity
and excellent stability during the OER, better than those of
a Ni0.7Zn0.3 alloy, pure fcc Ni and RuO2. The present study
demonstrated that activity of the alloy improved as a result of
the composition of constituents, which govern their OER
performances. The superior electrocatalytic efficiency of NiZn
was ascribed to themodication of the electronic structure of Ni
upon the incorporation of Zn, together with an atomic scale
synergistic effect produced from Ni and Zn in the NiZn alloy.
Thus, the novelty of our work was based on the controlled
fabrication of monodisperse tiny NiZn alloy particles having
excellent OER activity, better than those of expensive conven-
tional catalysts as well as several other reported electrocatalysts.
Our ndings also suggested that catalysts with superior activity
can be developed by engineering the composition of the
This journal is © The Royal Society of Chemistry 2020
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constituent metals during the fabrication of desired alloyed
nanoparticles.
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