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IrNi nanoparticle-decorated flower-shaped NiCo,0,
nanostructures: controllable synthesis and enhanced
electrochemical activity for oxygen evolution reaction

Zhifan Chen', Hongbin Zhao'", Jiujun Zhang' and Jiagiang Xu'*"

ABSTRACT In this work, we demonstrated the enhanced
oxygen evolution reaction (OER) activity of flower-shaped
cobalt-nickel oxide (NiCo0,0,) decorated with iridium-nickel
bimetal as an electrode material. The samples were prepared
by carefully depositing pre-synthesized IrNi nanoparticles
on the surfaces of the NiCo,04 nano-flowers. Compared with
bare NiC0,04, IrNi, and IrNi/C0304, the IrNi/NiCo,0, ex-
hibited significantly enhanced electrocatalytic activity in the
OER, including a lower overpotential of 210 mV and a higher
current density at an overpotential of 540 mV. We found that
the IrNi/NiCo,0, showed more efficient electron transport
behavior and reduced polarization because of its bimetal
IrNi modification by analyzing its Tafel slope and turnover
frequency. Furthermore, the electrocatalytic mechanism
of IrNi/NiCo0,04 in the OER was studied, and it was found
that the combined active sites of the composite effectively
improved the rate determining step. The synergic effect of
the bimetal and metal oxide plays an important role in this
reaction, enhancing the transmission efficiency of electrons
and providing more active sites for the OER. The results
reveal that IrNi/NiCo,O, is an excellent electrocatalyst for
OER.
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INTRODUCTION

Traditional fossil fuels are in increasingly short supply and
their use presents serious environmental problems. There-
fore, new renewable sources of energy like oxygen and hy-
drogen have attracted increasing research attention [1-3].
The oxygen evolution reaction (OER) is a half-reaction of
water splitting and is one of the most common methods to
procure oxygen, which is widely used as the cathode energy
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source in fuel cells [4-9]. Therefore, it is extremely impor-
tant for researchers to develop catalysts with enhanced cur-
rent and decreased overpotential in order to meet increas-
ing demands for energy.

Noble metals and metallic oxides have been thoroughly
studied owing to their relatively low overpotentials. Irid-
ium [10] and iridium-based materials have been applied as
catalysts in the OER [6,11]; however, their high cost hinders
their application and development. Recently, non-noble
metal and metallic oxide catalysts, especially those based
on transition elements such as cobalt [1,12-16] and nickel
[17-19], have been shown to exhibit interesting catalytic
activity in the OER. Their long-term resistance to corrosion
in alkaline solution [20] and unique properties are impor-
tant factors. Liang et al. [15] reported Co3;04 nanocrystals
on graphene as a synergistic catalyst for OER with high ac-
tivity. Friebel et al. [19] also reported that (Ni, Fe)OOH
as an electrocatalyst for water splitting exhibited good ac-
tivity in the OER. Furthermore, according to the published
mechanism [21], hydrous anodic oxides with amphoteric
character like cobalt-based and nickel-based catalysts pos-
sess higher activity.

In the field of electrochemistry, no single element or
compound has yet provided the required performance.
However, hybrid and composite materials have been
synthesized that combine the unique characters of each
component to surpass the limitations of the single materi-
als, and preferable performance has been achieved [22-25].
Synergic effects or weak interactions usually preform ma-
jor roles [26,27]. Transition metals and noble metals each
have their own advantages and drawbacks. To develop
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more efficient materials for use in water splitting we can
use the method of compounding. Bimetallic materials are
a special kind of composites and can form alloy structures
with enhanced activities [28,29]. Through a combination
of multiple approaches, it is possible to improve the activity
of catalysts for the OER.

In the present work, we designed a three-dimensional
(3D) flower-shaped NiCo0,0Os nanostructure decorated
with IrNi alloy nanoparticles. Here, we use the noble metal
Ir and the transition metal Ni to synthetize the bimetallic
alloy to lessen the need for noble metals, because vacant
orbitals and d electrons are plentiful in Ir. While Ni is one
of the first-row transition metals (including Fe, Co, and
Ni), it has excellent activity towards the OER, as mentioned
above, so it can also act as an active site in the reaction
and interact with NiCo,04 weakly through metal-oxygen
(M-O) interactions. The electrocatalytic activity of the
synthesized IrNi/NiCo,O, is greatly enhanced, and the
overpotential is effectively lowered by the introduction of
IrNi alloy nanocrystals to the catalyst. The electrochemical
mechanism was studied by detailed experimental analysis.

EXPERIMENTAL SECTION

Synthesis of IrNi alloy nanoparticles

In a typical procedure, iridium trichloride hydrate and
nickel chloride hexahydrate at a stoichiometric ratio of 1:1
were added to a 50-mL round-bottom flask containing 20
mL of oleylamine at 120°C in an oil bath. The homoge-
neous solution was treated for 10 min each at 160, 180,
200, and 240°C with stepwise temperature increase under
continuous stirring. After the reactor was cooled to room
temperature, the product was centrifuged, washed with a
mixture of n-hexane and absolute ethanol several times,
and dried at 60°C overnight.

Synthesis of flower-shaped NiCo0,0,4

Typically, 1.5 mmol cobalt chloride hexahydrate, 0.75
mmol nickel chloride hexahydrate, and 45 mmol urea were
dissolved in 50 mL water. Then, the mixed solution was
stirred for 20 min at room temperature to form a homoge-
neous solution. The solution was then transferred into a
250-mL three-necked flask and 70 mL ethylene glycol was
added. The solution was treated with microwave irradi-
ation in a 320-W XH-MC-1 microwave reactor at 110°C
for 15 min. The precipitate was obtained by centrifuging
and washed thoroughly with distilled water and absolute
ethanol several times once the reaction had cooled to
room temperature. Finally, black NiCo,0O4 powders were
obtained by heat-treating the product collected above at
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60°C overnight and 300°C for 2 h in a muffle furnace.

Preparation of IrNi/NiCo,0, composite

First, we coated IrNi bimetal nanoparticles onto a reagent
glass with ethanol, and dispersed them uniformly un-
der ultrasonic irradiation for 2 h. Then, NiCo,04 was
added to the obtained suspension at a weight ratio of
4:1 (NiCo,O4IrNi = 4:1). After dispersing the NiCo,04
nanoparticles with ultrasound for further 2 h, the
IrNi/NiCo,04 composite was obtained by drying at 70°C
until the ethanol was volatilized completely.

Materials characterization

The crystalline structure of the NiCo,04sample was deter-
mined by powder X-ray diffraction (XRD) measurements
with a Rigaku D-MAX/IIA X-ray diffractometer within a
scanning range of 5-70° (26) at a rate of 1.2° (20) min™
under Cu Ka radiation. The microstructure of IrNi,
NiCo0,0,, and IrNi/NiCo,O, was observed with scanning
electron microscopy (SEM) (JMS-6700F), transmission
electron microscopy (TEM) (JEM-2010F) and high-resolu-
tion TEM (HRTEM) (FEI-TECNAIG2F20), (JEM-2100F).
Subsequently, the elemental composition and bonding
configurations of the catalysts were measured by X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250Xi).

Electrochemical measurements

A standard three-electrode system comprising a glassy car-
bon electrode (GCE) as a working electrode, a saturated
calomel electrode (SCE) as a reference electrode, and a plat-
inum wire as a counter electrode was connected to an elec-
trochemical workstation (CorrTest CS330), which was uti-
lized to study the electrochemical performance of the cata-
lysts. Linear sweep voltammetry (LSV) measurements with
ascan rate of 5 mV s™'at room temperature were adopted to
evaluate the electrochemical performances of the catalysts,
including overpotential and current density. The working
electrode was fabricated as follows: 4 mg of catalyst was dis-
persed by sonication into a mixture of 180 pL of ethanol and
180 pL of deionized water. After sonication for 30 min, 40
uL of 0.5 wt.% Nafion in ethanol was added to the above
ink, and it was sonicated for another 15 min. Then, 5 pL
of catalyst ink was dropped onto the surface of GCE as the
working electrode. A solution of 0.1 mol L™ KOH was used
as the electrolyte, and bubbled with high-purity nitrogen
(N) for 30 min prior to use.

All the potential data were converted to those of a re-
versible hydrogen electrode (RHE) using the formula Epue
= Esce + 0.242V + 0.059pH. The overpotential # equals the
RHE potential minus the standard electrode potential of
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oxygen (1 = Erue — 1.23V). For further comparison and
study, the amount of catalyst loaded in this work was cal-
culated as 0.212 mg cm™.

RESULTS AND DISCUSSIONS

As shown in Fig. 1a, all the peaks of the synthesized sample
correspond to spinel NiCo0,0O4 phase (JCPDS card no.20-
0781) including the (111) plane, (200) plane, and (311)
plane. Thus, it is clear that spinel NiCo,04 can be success-
fully prepared by a microwave-assisted reaction. The XRD
pattern of IrNi in Fig. la also shows that IrNi alloy has
been synthesized because the diffraction peaks are between
those of the two metal components (Ir and Ni), indicating
a new crystal formation. These XRD patterns indicate the
successful synthesis of NiCo0,0, and IrNi alloy. Further el-
emental analysis will be presented below. The SEM image
in Fig. 1b shows that NiCo,O, presents a flower-shaped
3D structure assembled by a number of flexible nanoflakes.
The size of the flower-shaped NiCo,04 nanostructures is
~20 um. More SEM images are available in Fig. S2. Clearly,
urea, ethylene glycol, and the microwave-assisted prepa-
ration play indispensable roles in the morphology of the
products [30,31].

After decorating, scanning TEM (STEM) and HRTEM
were employed to observe the fine microstructure and
composition of the synthesized sample. As shown in Fig. 2,
the IrNi/NiCo,0, composite contains Ni (Fig. 2e), Co (Fig.
2d), O (Fig. 2b), and relatively low contents of Ir (Fig. 2c).
In Fig. 2f, the appearance of “flake-like” morphology illus-
trates the existence of ultra-thin flakes of NiC0,0O,. This
flake-shaped structure not only provides support for the
uniform distribution of bimetal IrNi, but also offers more
active sites for ~-OH adsorbance owing to the thin “petals”
In Fig. 3a, the larger magnification image of IrNi/NiCo0,0,
provides data for the lattice fringe. The lattice spacing of
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2.43 A, 2.83 A and 4.37 A correspond to the lower index
(111), (220), (311) crystal planes of NiCo0,0s, respectively
[32]. Interestingly, another two types of lattice fringes are
found in the HRTEM images, and we have assigned them
to IrNi nanoparticles. Therefore, we can safely confirm
that bimetallic IrNi has been loaded onto the NiCo0,04
nanoflakes. Fig. 3b is an HRTEM image of the as-synthe-
sized monodispersed pure IrNi nanoparticles with a grain
size of approximately 10 nm. We also performed selected
area electron diffraction (SAED) for IrNi/NiCo0,0,, as
shown in Fig. S3, and the composite exhibits polycrys-
talline morphology. The 3D-flower microstructure of
IrNi/NiCo,0, may provide enhanced activity towards the
OER.

Furthermore, XPS spectroscopy is a method for explor-
ing the components and valence of each element, and we
utilized it to predict the potential active sites and reveal
their catalytic mechanism. The full survey spectrum (Fig.
4a) verifies the presence of Ni, Co, and O that constitute
NiCo,0,, and a small amount of Ir and C are clearly in-
dicated by the spectrum. Using Gaussian fitting and peak
fitting, the Ni 2p emission spectrum (Fig. 4b) may be fitted
to three kinds of valence states in the as-prepared compos-
ite including Ni’, Ni**, Ni**, and also two shake-up satellites
(peaks at 861.4 and 879.1 eV) [33,34]. The peaks at 854.4
and 871.9 eV correspond to Ni**[34,35]. The peaks around
855.9 and 873.8 eV are assigned to Ni** [36]. This means
that not only Ni** but also Ni** are present in the Ni-Co ox-
ide. From further analysis, trace amount of Ni° also exists
in our composite as indicated by the peaks at 854 and 870
eV [37]. As shown in Fig. 4c, Co is present in two oxidation
states, i.e., Co®* (779.4 and 794.3 eV) and Co?* (780.7 and
795.8 V) [38], and the two shake-up type peaks at 788 and
804 eV are satellite peaks for Co [39]. Interestingly, the Ir 4f
emission spectrum shown in Fig. 4d shows that elements

Figure 1 (a) XRD patterns of NiCo,Osand IrNi alloy, (b) SEM image of NiC0,0..
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Figure 3 (a) Lattice fringe of the composite, including several lattice spacings; (b) HRTEM image of the IrNi bimetal.

in several valence states exist in the composite we prepared,
including Co**3p at 60.7 eV [40], Co**3p at61.1eV [41],Ir°
4f at 62.0 eV [42], Ni® 3p*? at 65.66 eV [43], and Ni** 3p at
67.96 eV [33]. These valences correspond in a one-to-one
manner to multiple oxide NiCo,0, compounded with an
IrNi alloy. The O 1s emission spectrum shown in Fig. 4e
presents three types of O. The fitting peak for O1 at the
binding energy of 529.2 eV is a typical of metal-oxygen
bonds (M-O-M) [44], including Ni-O, Co-O and Ir-O.
The fitting peak of O2 at 531.1 eV indicates defects, con-
taminants, and a number of surface species [45]. Finally,
the peak at 532.5 eV indicates minimum physical adsorbed
and chemisorbed water on the material surface (O-H)
[38,46]. From the above XPS results, we can conclude that
the as-prepared composite is combined with Ni°, Ni?*, Ni**,
Co*, Co*, and Ir, so the detailed formula can be expressed
as [Nilr]/Ni;* Ni’*Co3" Co’*O, (0<x<1). The XPS spectra
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of the pure bimetallic alloy IrNi is shown in Fig. S4. Here,
the binding energy for Ir 4f deviates from that of the Ir
of the composite, which may be because Ir has a weak
interaction with NiCo,O,, increasing the binding energy
for Ir.

For electrochemical measurement, LSV was utilized to
evaluate the performance of the IrNi/NiCo,0; catalysts in
the OER in comparison to other catalysts (such as pure
NiCo0,0,, IrNi/C, and IrNi/Co;0,) because we wanted
to evaluate whether the composite was superior to the
materials before composition. The preparation of Co3Os,
IrNi/Co0s0s, and IrRh are given in the Supplementary
information. The main evaluation indexes involved are the
onset potential, the overpotential at 2 mA cm™ (hereafter
termed 7,), the current density at the overpotential of
540 mV (hereafter termed Is4), Tafel slopes, and turnover
frequency (TOF).
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Figure 4 (a) XPS survey spectrum of the IrNi/NiCo,0,. High-resolution XPS spectra of (b) Ni 2p; (c) Co 2p; (d) Ir 4f; and (e) O 1s.

In Fig. 5, several datagrams of electrochemical per-
formance are shown, including comparisons between
the composite and its components, different ratios of
bimetal, NiC0,04 and Co0;0,, and different bimetals. The
data calculated for the main indexes of these catalysts
are given in Table 1. IrNi/NiCo,O, exhibits the lowest
onset overpotential, lowest overpotential at 2 mA cm™,
and highest current density among these catalysts. Both
pure NiCo,0O,4 and IrNi/C present relatively weaker elec-
trocatalytic activity, but once they are combined to form
one composite, the activity is enhanced greatly. This is
partly owing to the synergy effect between bimetal Ir and
Ni. Ir as one kind of transition metal is rich in d-orbital
electrons. When combined with Ni, the d band center of Ir
will be raised and the transmission efficiency of electrons
can be improved [47,48]. In addition, the Ni contained in
the bimetallic IrNi provides united active sites via weak
interaction with NiCo,04. The IrNi bimetallic alloy has
plentiful vacant orbitals, while the electronegativity of O
atom is sufficient and O atoms contain enough outer-layer
electrons. Thus, the metal of the alloy and the oxygen
of NiCo,0, can interact by weak forces. Compared with
the individual components, the composite contains far
more stable and united active sites. Fig. 6 shows a simple
proposed scheme for the structure. This synergy effect
is also indicated in Fig. 5d, which shows that IrRh has

February 2017 | Vol.60 No.2

much weaker electrocatalytic activity towards the OER
than that of IrNi. As shown in Fig. 5b, the OER current
density for IrNi/NiCo,O is significantly superior to that of
the nanoflake IrNi/CosO,, and the best ratio of Ir to Ni in
the bimetal is 1:1, as shown in Fig. 5c. We also compared
our material with other catalysts in the reported literature,
demonstrating the superior activity of IrNi/NiCo,04 in
several indexes, especially onset overpotential. The elim-
ination of polarization in our material makes it highly
efficient towards the OER, which means that the catalyst is
activated significantly via compounding.

As is well known, the potential is directly proportional
to polarization current within the area of weak polariza-
tion, while the potential is directly proportional to the log-
arithm of the polarization current (log j) within the area of
strong polarization. We plotted the Tafel lines (y= b * log j
+ a, where b is the Tafel slope) within the area of strong po-
larization as revealed by LSV in Fig. 7a and calculated the
Tafel slopes as an approximate straight line. The Tafel slope
of IrNi/NiCo0,0, is approximately 98 mV decade™, which is
lower than that of the other catalysts. A lower Tafel slope
indicates a more efficient electrode transport performance
for oxhydryl oxidation.

TOF is calculated by the equation TOF =] x A / nFm. ]
is the current density at an overpotential of 0.3 V (A cm™),
A is the area of the working electrode, n is the number of
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Figure 5 Electrochemical performance towards the OER. LSV of the electrocatalysts (a) IrNi/NiC0,04, NiC0,0;, and IrNi; (b) IrNi/NiCo,0O4 and
IrNi/Co30s4; (¢) different Ir: Ni ratios of the IrNi/NiCo,O, composites, and (d) IrNi/C and IrRh/C in KOH at pH 13 (the scanning rate is 5 mV s™).

Table 1 The main electrochemical indexes of several electrocatalysts

Catalyst Onset overpotential (mV) 72 (mV) Is (mA cm™)
IrNi/NiCo0,04 210 290 12.78
NiCo,04 280 420 6.65
IrNi/C 370 470 3.54
IrNi/Co304 300 420 5.67
Zn-Co-LDH? 340 / 11.6

Co-OHY 330 453 5.5

Co-monodisperse © 270 410 ~10.0
NiCo,0,/Graphene ¥ 310 / ~11.0

a) Sample as cataylst was reported in the Ref. [49]. b) Sample as cataylst was reported in the Ref. [12]. c) Sample as cataylst was reported in the Ref.

[50]. d) Sample as cataylst was reported in the Ref. [51].

“/Q } GL, ‘ Ir
“' ® co
‘e

s ® Ni
® o

@
Figure 6 Schematic diagram of NiC0,04 compounding with IrNi.

electrons transferred during the reaction (this is a four-
electron reaction, so n =4), Fis the Faraday constant (96485
C mol™), and M is the number of moles of the active ma-
terial on the glassy carbon electrode. Here we assume that

124

the Faraday efficiency is 100 % and each atom (including
cobalt, nickel, and iridium) is the active site for the OER.
TOFisakind of index to evaluate catalytic performance. As
shown in Fig. 7b, IrNi/NiCo0,0; exhibits a TOF 1.6 x 10~
at an overpotential of 0.38 V, which is much higher than
that of the other catalysts, i.e., pure NiC0,0;4 (3.1 x 107%),
C0304 (3.5 x 107%), and IrNi/C (4.3 x 10™*). The same result
is also observed at high overpotentials. The Tafel slopes and
TOF data both indicate that IrNi/NiCo,0y is an outstand-
ing electrocatalyst for splitting water to obtain oxygen.
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Figure 7 (a) Tafel lines of the four electrocatalysts corresponding to the LSV curves in Figs 5a and b; (b) TOF data of the four electrocatalysts at different

overpotentials.

To investigate the effect of electrolyte pH, we also evalu-
ated these catalysts under different concentrations of KOH
(from 0.1 to 0.5 mol L") by plotting the Tafel lines and cal-
culating the Tafel slopes. Following several analyses, mou™
(i.e., dlogi / dlogaon™) under an overpotential of 0.29 V was
obtained, as shown in the insert of Fig. 8b. The current
density of the OER increases with an increase in concen-
tration of KOH. Fig. 8b shows that the Tafel slopes at all
four different concentrations are much lower (= 90 mV
decade™) at low overpotential than at high potential (= 250
mV decade™). This is because the adsorption of more OH"
decreases the number of active sites for the OER at higher
potential. The value at low potential (b = 90 mV decade™)
is approximately 2.303 x 5RT/3F. These data will be used in
the following study and further analysis.

50
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Based on a report by Lyons et al. [21], we adopted both
experimental and kinetic mechanism analysis to rationalize
the results we obtained. First, the mechanism of the OER
can be generalized into two parts. The elementary reac-
tions of these two parts are formulated as Scheme 1.

Typically, steps a4 and b4 are regarded as the rate-deter-
mining step (RDS). For further research, we combined the
two parts from steps C3 to C5, which correspond to steps
a3, a4, and a5 (or b3, b4, and b5).

Through the interaction of the two individual compo-
nents, it is possible for the catalyst to provide more active
sites and more easily form a superoxide band because of the
introduction of Ir. Then, we use the electrochemical kinet-
ics parameters briefly given below. The step C3 can be ex-
pressed as:

b ——0.5mol L™
. ~ -1
| ——0.4mol L’ 250 mV decade
—— 0.3 mol L™
14 ——0.1 mol L™
£
(5]
<€ 4
E° i
= £
g :
it £
- ~90 mV decade™ £ 04
™ - 02 Slope =0.98
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Figure 8 (a) LSV curves of IrNi/NiCo,O, under different concentrations of KOH at a scanning rate of 5 mV s™'. (b) Tafel lines for IrNi/NiCo,0; in
different concentrations of KOH corresponding to the LSV curves in Fig. 8a. The inset image is the reaction order plot from the polarization data at an

overpotential of 290 mV.
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Scheme 1 The elementary reactions of the two parts for the mechanism of OER.

[ =k Fay, (1 — 0)exp(—pnF/RT), (1) [ lafFeexp[ ﬁLFJ
RT

I =k 'FOexp(—(1 — B)ynF/RT). 2) = Kk, ao,-exp[(1 + B)nF / RT]. (4)

If we assume f3 = 1/2, we obtain the Tafel slope b =
2.303RT/ F (1+f8) = 0.39 mV decade™ and mon = 1 the-
oretically. Based on the above work, we obtain the Tafel
slope b = 2.303 x 5RT/3F and mon = 0.98. Compared
with the theoretical result, the mon™ fits well, but the Tafel
slope is significantly larger. This is probably because OH"

__ kay,, exp(nF/ RT)
K+ k@, -exp(nF/ RT)
= K ‘a,,exp(nF/ RT) < 1, 3)

where 0 denotes the coverage of the electrode surface. As-
suming that/, = /, then we can easily obtain the parameter
of step C4:
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adsorbed on the surface raises the barrier of the reaction.
However, the Tafel slope for IrNi/NiCo0,0; is superior to
those of the other three materials owing to the formation
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of united active sites. Comparing the Tafel slopes and TOFs
of IrNi/NiC0,04, IrNi, and NiCo,0,, which are the com-
posite and individual parts, respectively, the synergy ef-
fect between the two parts clearly plays an important role
in the whole reaction. Therefore decorating NiCo,O, with
bimetallic IrNi is an effective way to enhance its catalytic
activity towards the OER.

CONCLUSION

We successfully synthesized flower-shaped NiCo,0O, using
a microwave-assisted method, and decorated it with IrNi
alloy nanoparticles to prepare an electrocatalyst for the
OER. SEM and TEM indicated that the flower-shaped
NiCo,04 nanostructures were assembled from ultrathin
nanoflakes, and HRTEM as well as XPS revealed the
composition of the prepared IrNi/NiCo0,O4. A series of
electrochemical measurements were used to evaluate
the electrocatalytic activity of IrNi/NiCo,O4 towards the
OER. The electrocatalytic activities of other catalysts were
included for comparison. Owing to the flower-shaped
structure and introduction of IrNi alloy nanoparticles,
IrNi/NiCo,0, presented a relatively lower overpotential
and a higher current density (about 13 mA cm™). The
flower-shaped 3D structure provides a high surface area

February 2017 | Vol.60 No.2

for supporting IrNi alloy nanoparticles, and offers more
active sites for the adsorption of —OH. Tafel slopes also
verified the more efficient electron transport performance
of IrNi/NiCo,0,. Furthermore, IrNi/NiCo,0, showed a
higher turnover ratio for the OER to the number of atoms
from the TOF profile. In summary, this is an efficient
method to enhance the electrocatalytic activity towards
the OER by employing 3D NiCo,04 nanostructures and
decoration with a relatively cheap IrNi alloy catalyst.
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