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High-performance catalyst for oxygen reduction reaction (ORR) with low cost remains a big challenge.

Herein, nanostructured NiCo,0O,/CNTs hybrid was proposed as a high-performance catalyst for metal/air
battery for the first time. The well-formed NiCo,04/CNTs hybrid was studied by the steady-state linear
polarization curves and the galvanostatic discharge curves in comparison with CNTs-free NiCo,0,4 and the

commercial carbon-supported Pt. Due to the synergistic effect, the NiCo,0,/CNTs hybrid exhibited

significant improvement of catalytic performance in comparison with the NiCo,O, or CNTs alone, which

even outperformed the Pt/C hybrid in ORR process. Also, the benefits of Ni incorporation was demonstrated
by the improved catalytic performance of NiCo,0,/CNTs compared to Co3;O0,/CNTs, which should be
ascribed to the improved electrical conductivity and new highly efficient active sites created by the Ni cation

incorporation into the spinel structure. The NiCo,0,/CNTs hybrid could be used as a promising catalyst for

high power metal/air battery.

1 Introduction

The ever-growing energy demand has greatly stimulated recent
researches on exploiting high performance electrode materials for
energy-storage  devices.'?  Metal/air battery,* especially
aluminum/air battery,* ” has been considered as one of the most
promising energy-storage devices because of their high energy
density, low operating temperature and low cost.® The actual
energy density of aluminium/air (oxygen) battery can reach 600-
800 Wh kg™!, which is far higher than Li ion battery.® Its structure
and materials can be determined according to the demand of
users, which has excellent adaptability. In addition, aluminium is
the one of the most abundant metal and the third most abundant
element in the earth’s crust. Therefore, aluminum/air battery turns
out to be the more promising green power system for electric
vehicles.

The air electrode is crucial to the electrochemical
performance of aluminiunvair batteries.” ' There are various
factors that affect the performance of the air electrodes in
metal/air batteries. High-performance catalysts for the oxygen
reduction reaction (ORR) are the most important components of
air electrode.'' Up to now, platinum-based materials are known to
be the most active catalysts for ORR in both acidic and alkaline
conditions.'*'® But the high cost hinders their large-scale
applications. Therefore, it is of great importance to reduce Pt
content in the catalysts or explore new high-performance ORR
catalysts comparable to Pt/C with much lower cost.

Mixed valence oxides of transition metals with a spinel
structure are an important class of metal oxides that exhibit fine
ORR catalytic activity in alkaline conditions.'” Due to their
prominent advantages of low price, easy preparation,
environmental friendliness, high activity and high stability, spinel
cobalt-based oxides have been researched extensively.'** In
particular, ternary nickel cobalt oxides (NiCo,0,), in which one
Co atom in Co;0, is substituted with Ni have recently been

investigated as a high-performance electrocatalysts for ORR
because of its better electrical conductivity and higher
electrochemical activity compared with NiO and Co;0,.'"* %
Several different types of NiCo,0, nanostructures have been
synthesized and their electrochemical performance has been
investigated. Yang and his co-workers fabricated NiCo,0, spinel
nanowire arrays as a bifunctional catalyst for oxygen reduction
and evolution reaction.?* In addition, urchin-like NiCo,0, spheres
have also been obtained through hydrothermal method, exhibiting
excellent ORR activity.”? However, spinel oxides still exhibit a
much lower activity compared to commercial carbon-supported
Pt. To further enhance the electrochemical performance, one of
the key strategies is to develop a composite material to maximize
the electroactive surface and improve the electrical conductivity
of the catalysts simultaneously.”> CNTs show high electrical
conductivity, large surface area, high mechanical strength, and
structural flexibility, making them the ideal substrates for
supporting such nanocrystal catalysts.”® Despite that some
researches have reported NiCo,0,/CNTs as a high-performance
electrode for supercapacitor,” *” however, to the best of our
knowledge, there is no paper involving the electrochemical
studying as electrocatalyst for the ORR process.

In this work, we deposited NiCo,04 nanoparticles on the
surface of CNTs by a facile solution method combined with a
simple thermal treatment as an active electrocatalyst for ORR.
Note that the synthesis method for NiCo,0,/CNTs was very
simple and low cost. The electrochemical activities of the hybrid
towards ORR were evaluated in a home-made aluminum/air
battery model under the alkaline condition. The NiCo0,0,/CNTs
electrode  delivered  superior electrochemical  catalytic
performance under high current density in comparison with
commercial carbon-supported Pt (Swt% Pt. J&K). We also
demonstrated the benefits of incorporating Ni cation into the
spinel lattice by comparing the electrocatalytic activity of
NiC0,04/CNTs with Co304/CNTs

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



Nanoscale

2 Experiment
2.1 Catalyst preparation

The oxidized CNTs were functionalised by a well-known acid
oxidation method to introduce oxygenous groups for increasing
the surface activity of CNTs. CNTs with 30-70 nm diameter and
1-2 um length (Chengdu Organic Chemicals Co. Ltd.) were first
purified by calcinations at 500 °C for 0.5 h. Then, the purified
CNTs (1 g) and 60 ml of nitric acid (65%-68%) were put into a
100 ml round-bottom flask, and the mixture was refluxed at
110 °C for 10 h. The product was collected through
centrifugation and washed with distilled water and ethanol for
several times. NiCo,04/CNTs was controllably synthesized
through a facile hydrothermal approach combined with
appropriate thermal treatment. Typically, a certain quantity of
functionalised CNTs was dispersed into 20 ml of ethanol and
sonicated for 50 min to reach good dispersion. Then, 1 mmol of
Ni(NOs),-6H,0, 2 mmol of Co(NOs),6H,0 and 4.5 mmol of
hexamethylenetetramine were dissolved into 40 ml of distilled
water to form a transparent pink solution. The above two
solutions are then mixed and heated to 90 °C in an oil bath for 4
h. After the solution was cooled down to room temperature
naturally, the product was collected through centrifugation and
washed with distilled water and ethanol for several times. The
products were then dried at 60 °C in a vacuum oven for 24 h,
followed annealing process at 350 °C for 2 h in a muffle furnace
with a slow heating rate of 5 °C min”! to get NiCo,04/CNTs
hybrid nanostructures.

For comparison, CNTs-free NiCo,04 was synthesized by the
same method as NiCo0,0,/CNTs hybrid but without adding CNTs
in the first step. Co3;04/CNTs hybrid was prepared through the
same steps as NiCo0,04/CNTs hybrid without adding any Ni salt
in the first step. Free Co;04 was synthesized through the same
steps as NiCo,0,4 without adding any Ni salt in the first step. It
should be noted that the control experiment about the contents of
CNTs was performed to optimize the catalytic activity of the
hybrid. The results suggested that the hybrid with ca. 12 wt %
CNTs displayed the best ORR performance (Fig. S1-S3, ESI). So
the NiCo,04/CNTs hybrid with 12 wt % CNTs was further
characterized.

2.2 Characterizations

The as-prepared products were characterized by the Dandong X-
ray diffractometer (DX-2700) utilizing a Cu-Kal source with a
step of 0.02°. The surface morphology of the products was
observed by scanning electron microscopy (Quanta FEG 250).
Transmission electron microscopy (TEM) and high resolution
TEM (HRTEM) images were recorded with a F 20 microscope.
X-ray energy dispersive spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS, K-Alphal063) were applied to
research the chemical compositions of the samples.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out with a STA 449 C Jupiter
thermogravimetric analyzer (NETZSCH) in the temperature
range from 40 to 700 °C in air at a heating rate of 10 °C min-1.
The Brunauer-Emmett-Teller (BET) surface area of the samples
was detected by nitrogen adsorption/desorption at -196°C using a
Builder SSA-4200 apparatus. Before the measurement, the
samples were degassed at 150 °C for 3 h under vacuum. The
electrical conductivities of the materials were measured at room
temperature by a four-point probe conductivity measurement
(SDY-40, Guangdong, China), in which the powder was pressed
in a stainless steel die for 0.5 h with P =20 MPa in a compressor.

2.3 Fabrication of air electrode and electrochemical

characterizations

To study the electrocatalytic activities of the samples, catalysts
were loaded onto air electrodes. The air electrode is a three-layer
structure, which contains the gas diffusion layer, current
collector, the catalytic layer. The nickel foam was used as the
current collector in air electrode for its good conductivity and
high intensity. The catalytic layer was fabricated as follows:
catalysts, active carbon and acetylene black,
polytetrafluoroethylene (PTFE) were mixed well in a weight ratio
of 3:3:1:3, then the paste was rolled until the thickness of this
layer was about 0.2 mm. Finally, the film was pressed onto nickel
foam (2 cm x 5 cm) at 15 MPa and then dried at 60 °C for 12 h.
For comparison, a commercially available 5 wt% Pt/C (J&K)
catalyst was used. The air electrode using the Pt/C as the catalyst
was obtained by the same process.

The linear polarization curves and galvanostatic discharge
curves were carried out using a CHI660D electrochemical
workstation system (Shanghai Chenhua, China) in a three-
electrode cell by using the air electrode as the working electrode,
Hg/HgO electrode as the reference electrode and a platinum foil
as the counter electrode. The electrolyte was a 6.0 M KOH
aqueous solution. On the other hand, for full cell tests, the
electrolyte was composed of 6 M KOH and 0.01 M Na,SnO;,
0.0005 M In(OH)z, 0.0075 M ZnO as corrosion inhibitors. The
apparatus used for electrochemical measurements was the home-
made model. The more details are shown in literature.®

3 Results and discussion
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Fig. 1 XRD patterns of the as-prepared pure NiCo,04 (back), NiCo,O4/CNTs
hybrid (red), pure Co304 (blue) and Co304/CNTs hybrid (green).

3.1 Structure and morphology of catalysts

Fig. 1 shows typical XRD patterns of the as-prepared materials.
Apparently, nine characteristic diffraction peaks, including their
peak positions for the four samples can be well indexed to crystal
planes of the cubic spinel phase.”® In the case of NiC0,0O,/CNTs,
the XRD pattern lines are in good agreement with the standard
card (JCPDS No. 20-0781). No other impurity peak could be
seen, indicating the sample is of high purity. It should be noted
that the XRD pattern lines of NiCo,04/CNTs are relatively
broader compared to those of Co;0,/CNTs, which is indicative of
formed smaller crystallites due to the addition of Ni atoms into
the spinels of C030,.* According to the Scherrer’s equation, the
crystal size of NiCo,0,/CNTs particle is determined to be 9.02
nm, much less than that (13.41 nm) of Co;04/CNTs. The cubic
lattice parameter a of the as-synthesized NiCo,0, is calculated to
be 8.111 A, slightly larger than that of 8.081 A for the cubic
Co304, which is consistent with the literature because the
incorporation of Ni into the Co;0, spinel could expand the
elementary spinel lattice.® ' This can clearly ascertain the
formation of the NiCo,0, phase after annealing at 350 °C for 2 h
in a muffle furnace, which indicates that the temperature of
350°C is high enough to convert its precursors into NiCo,0,4 by
an oxidation reaction in air as follows:
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2Co(OH), + Ni(OH), +1/20, — NiC0,0, + 3H,0

(b)

M

Fig. 2 TEM images of bare CNTs (a), NiC0,0,/CNTs (b) and a high-magnification TEM image of bare CNTs (c), NiC0,04/CNTs (d); TEM images of
NiCo,04 uniformly distributed on CNTs (e-f); HRTEM image of NiCo,04 nanoparticles together with the SAED pattern inset (g); An EDS spectrum of

NiCo0,04/CNTs hybrid (h)

The morphology and structure of the as-synthesized
NiCo0,04/CNTs were characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). The
bare CNTs present a clean surface with no heterophase
nanoparticles (Fig. 2(a)). However, as shown in Fig. 2(b), the
composite surface is dotted homogeneously with NiCo,04
nanoparticles. Comparing Fig. 2c with Fig. 2d, there is only one
kind of uniform strip in Fig. 2(c), related to the lattice fringes of
CNTs. But in Fig. 2(d), there appear clear lattice fringes with a d-
spacing of 0.21 nm which can be well indexed to the (400) plane
of cubic NiCo,0,. It can be clearly observed (Fig. 2(e) and Fig.
2(f)) that the size of NiCo,0, nanoparticles is less than 10 nm and
are well formed on the surface of CNTs. The high crystallinity of
the nanoparticles has been also confirmed by SAED, which

shows the polycrystalline nature of the NiCo,0, nanoparticles
(Fig. 2(g)). Moreover, the presence of NiCo,0O, was further
confirmed by EDS result, as shown in Fig. 2(h). The Ni and Co
peaks ensure the presence of the ternary oxide. The C peak is
from the CNTs, and the Cu peak is from the TEM grid.

To obtain more detailed elemental composition and the
oxidation state of NiCo,0,/CNTs hybrid, XPS measurement was
performed and the corresponding results are shown in Fig. 3(a)-
(d). A full survey of NiCo,0O,/CNTs in Fig. 3(a) reveals the
existence of Ni 2p, Co2p, O 1s, and Cls. By using a Gaussian
fitting method, the Co 2p emission spectrum (Fig. 3(b)) was well
fitted with two spin-orbit doublets, including the Co®* ions at
binding energies of 779.5 eV and 794.6 eV, and Co®" at 780.8 ¢V
and 795.9 ¢V.%?3* The Ni 2p emission spectrum (Fig. 3(c)) was

This journal is © The Royal Society of Chemistry [year]
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also fitted with two spin-orbit doublets. The fitting peaks at
binding energies of 853.7 eV and 872.9 eV are ascribed to Ni**,
while the peaks at 855.2 and 874.5 eV are due to Ni****** The O
1s emission spectrum can be divided into two main peaks (Fig.
3(d)) which have been denoted as O 1, O 2. The fitting peak of O
1 at 529.6 eV is typical of metal oxygen bonds.*** The well-
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Fig. 3 XPS spectra of survey spectrum (a), Co 2p (b), Ni 2p (c) and O 1s
(d) for NiCo,04/CNTs hybrid.

resolved O 2 component corresponds to a high number of defect
sites with low oxygen coordination in the material with small
particle size.*® Obviously, the XPS data suggest that the surface
of NiCo0,0,/CNTs hybrid has a composition containing Co*",
Co®", Ni**, and Ni**. Thus, the formula of NiCo,0, can be
generally written as follow: Co™"|,Co®",[Co> Ni*" Ni**;,]0, (0 <
x < 1) (the cations within the square bracket are in octahedral
sites and the outside ones occupy the tetrahedral sites).”” ** In
addition, the XPS shows that the atomic ratio of Co to Ni is close
to 2:1, in a good agreement with the designed ratio of NiCo0,0;.
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Fig. 4 N, adsorption-desorption isotherm and pore size distribution (inset)
of the NiC0,04/CNTs hybrid

N, adsorption-desorption measurement was carried out.
According to the International Union of Pure and Applied
Chemistry  (IUPAC) classification, the isotherm  of
NiCo0,04/CNTs can be ascribed to a type of IV isotherm with the
Hj; type hysteresis loop in the relative pressure range of 0.5-0.95
(Fig. 4), suggesting the presence of mesoporous structure.” A
high BET surface area of 121.6 m”> g is demonstrated, which
should be attributed to the high surface of CNTs and /or the
presence of the ultrafine NiCo,04 nanoparticles deposited on
CNTs.* The high specific surface area may enhance the exposure
of active sites available for ORR on the three-phase interface. The
porous feature is further confirmed by the pore size distribution
result (Fig. 4, inset), indicating two predominant peaks in the
micro-sale of 1 nm and meso-sale of 2 to 10 nm with an average
pore diameter of 5 nm (Fig.2(e)). The micropores may come from
the CNTs and the formation of the mesopores could be attributed
to the gas release during the decomposition of the Ni-Co
precursor synthesized using the hexamethylenetetramine as the
capping reagent. It is worthwhile noting that the porous structure
is very important to offer more active sites for an easy access of
the adsorption of gas, thereby enhancing the utilization of active
sites during the ORR.*’
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Fig. 5 DSC/TG curves of as-prepared NiCo,04/CNTs hybrid

Fig. 5 shows the DSC/TG result of NiCo,04,/CNTs hybrid. As
can be seen, there is a weight loss of about 2.8 wt. % from 50 °C
to 100 °C with an endothermic peak at about 99.5 °C in DSC
curve, corresponding to the evaporation of physical adsorbed
water.”! The weight loss about 12.43 wt. % in the temperature
range between 200 and 540 °C in TG curve should be related to
the reduction of CNTs. There is a big exothermic peak at about
475 °C in DSC curve which corresponds to the reaction between
CNTs and O,. When the temperature is over 540 °C, there is no
weight loss, indicating that the content of the carbon nanotubes in
the composite is about 12.43%. Note that there is only a slight
weight loss before 350 °C, confirming that almost CNTs could be
retained during the annealing process at 350 °C for 2 h in air.

3.2 Electrochemical performance

The electrochemical properties of NiCo,0,/CNTs hybrid were
well conducted by using the three-electrode half-cell testing. The
catalysis of ORR wusing the NiCo,0,/CNTs hybrid as the
electrocatalyst was studied by the steady-state linear polarization
curves (LSV) in 6.0 M KOH aqueous solution with a scan rate of
2 mV s' and compared with other catalysts at ambient
temperature. The tested voltage ranges from 0.2 to -0.6 V.
Control experiments for commercial Pt/C hybrid were also
carried out under the same conditions. As can be seen from Fig.
6, the black curve, relating to NiCo,0,/CNTs hybrid was the
steepest one in all, indicating the best electrocatalytic activity,
which exceeds that of Pt/C hybrid in 6.0 M KOH. The high-
performance electrocatalytic activity of NiCo,0,/CNTs should be
attributed to the increased number of active sites for ORR surface
reaction. In terms of the current density, when the potential
voltage is -0.6 V, the NiCo,0,/CNTs hybrid exhibits a much
higher value of 525 mA cm™ than that of Co;0,/CNTs (395 mA
cm’). The superior electrochemical activity of the hybrid towards
ORR is ascribed to the incorporation of Ni cation into the spinel
structure as observed by a much enhanced ORR current density
compared to that of Co;04/CNTs with the same structure. In the
ORR process, Ni cation not only effectively activates Co cation,
but also enables the gas molecules to easily permeate and adsorb
onto the pore network of the nanoparticles through electrostatic
interaction, leading to high efficient ORR reaction.*? This result
also suggests that the spinel oxide nanocrystals on multi-wall
carbon nanotubes were the active sites in the hybrid materials.*

It should be noted that CNTs-free NiCo,0,4 nanoparticles
exhibit certain ORR catalytic activity than that of bare Co;0,.
CNTs without any metal oxides show very poor ORR catalytic
activity. It is clearly observed that both NiCo,0,/CNTs and
C0304/CNTs hybrid exhibit a much higher current density than
their bare materials under the same potential voltage, suggesting

the synergistic effect between metal oxides and CNTs.**. In

addition, the oxygenated groups on the surface of the CNTs may
facilitate oxygen reduction, which was reported by Kinoshita.*’,
The linear polarization curves of the hybrid shows a significantly
higher current density, which is attributed to the increased
number of active sites for ORR. In the hybrid, the CNTs can
serve as both a supporter for catalysts dispersion to prevent
agglomeration of nanoparticles, and provide efficient conduction
network for shuttling electrons involved in redox reaction,
thereby increasing the number of active sites.* It is noted that the
catalytic activity of NiCo,0,/CNTs hybrid depends critically on
the amount of CNTs. Too much CNTs may cause the free CNTs,
thus deteriorate the ORR activity. The control experiment was
performed to optimize the catalytic activity of the hybrid by
systematically changing the contents of CNTs. The results
suggested that the hybrid with ca. 12 wt % CNTs displayed the
best ORR performance (Fig. S1-S3, ESI).
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Fig. 8 Galvanostatic discharge curves of air electrodes with different

catalysts in 6 M KOH solution at a discharge current density of 200 mA
2

cm

The superior ORR activity of the NiCo,0,/CNTs hybrid can
be further confirmed by the galvanostatic discharge curves. From
Fig. 7, when the discharge current density is 50 mA cm?, the
stable potential of air electrode with NiCo,0,/CNTs hybrid is -
0.12 V, which is the high-class to those of pure NiCo,0,, Co30,
and Co3;04/CNTs hybrid, and a little higher than the commercial
Pt/C. In order to further evaluate the catalytic properties of the
NiCo0,0,/CNTs, the catalytic properties at a higher current
density of 200 mA cm™ are well compared, as shown in Fig. 8.
As observed, the stable potential of air electrode with
NiCo0,0,/CNTs hybrid is -260 mV, which is 40 mV higher than
that of Pt/C. The enhancement in the stable potential of the hybrid
may be attributed to the increase of the electrical conductivity
benefiting from the CNTs, which is highly desirable for fast
charge transfer during ORR. The electrical conductivities of the
materials are measured at room temperature by a four-point probe
conductivity measurement. The electrical conductivities of Co;0,,
C0304/CNTs, NiC0,0, and NiCo,04/CNTs are 0.14 S cm™, 0.45
S cem™, 7.61 S em™ and 15.51 S cm™', respectively. It is clearly
observed that both NiCo0,04/CNTs and Co;04/CNTs hybrid
exhibit a much higher electrical conductivity than their bare
materials. And the incorporation of Ni atom into the Cos0,
contributes to the improvement of electrical conductivity. More
importantly, the improved dispersion of metal oxides over the
surfaces of the CNTs favors oxygen adsorption on the surface of
the hybrid, facilitating electron transfer through the films and
decreasing the ORR overpotential.*’ In addition, a significant
increase in the stable potential of the NiCo,0,/CNTs hybrid is
indicative of increased accessibility of O, onto the active sites for
enhancing ORR activity, which could be attributed to the smaller
crystallite size of the NiCo,0,/CNTs hybrid shown from the
broad peaks of the XRD pattern®’ Apparently, the
NiCo,04/CNTs hybrid demonstrates much better catalytic
performance on ORR process under high current density and it
could be used as a promising catalyst for high power metal/air
battery.
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Fig. 9 Constant current discharge tests for the aluminium/air batteries at a
discharge current density of 200 mA cm

It is of practical significance to characterize the
electrocatalytic activity of NiCo,04,/CNTs on ORR process in
aluminum/air  batteries. @~ We  fabricated a home-made
aluminum/air battery for constant current discharge tests. The
constant current discharge curve of aluminumy/air batteries with
NiCo,04/CNTs as the cathode catalyst is compared with the
commercial Pt/C in Fig. 9. The discharge time was 20 hours and
the data were recorded every 0.5 h. After about two hours, the
passive film on the surface of the aluminum alloy anode was

dissolved in the alkaline medium and the temperature of the
electrolyte increased slowly, i.e., the so-called activation process.
The working voltage plateau of the cells with NiCo,0,/CNTs as
electrocatalyst is about 1.2 V, which is 0.1 V higher than that of
Pt/C. This result is consistent with the results of the steady-state
linear polarization curves and the galvanostatic discharge curves,
as shown in Fig. 6-8. The better performance of the aluminum/air
battery with NiCo,0,/CNTs as the cathode catalyst indicates that
the NiCo,0,/CNTs hybrid is a promising candidate as the cathode
ORR catalyst in alkaline solution.

4 Conclusion

In summary, nanostructured NiCo,0,/CNTs hybrid was first
proposed as a high activity ORR electrocatalyst for air electrode
in aluminum/air battery. The catalytic performance on ORR
activities was investigated by the steady-state linear polarization
curves and the galvanostatic discharge curves measurements.
Although NiCo,0, or CNTs alone has low catalytic activity, their
hybrid exhibits superior ORR activity probably arising from the
synergistic effect between metal oxides and CNTs, which even
outperformed the commercial carbon-supported Pt. Furthermore,
the incorporation of Ni cation into the spinel lattice is observed to
significantly improve ORR performance of NiCo,0,/CNTs. This
is ascribed to the increased electrical conductivity and new highly
efficient active sites with lower activation energy due to the
incorporation of Ni cation into the spinel structure. The high-
performance NiCo,04/CNTs hybrid could be used as a suitable
catalyst for high power metal/air battery.
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