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Synthesis and improved electrochemical performances
of nano B-NiMoO;,-CoMo0O,-xH,0 composites for
asymmetric supercapacitorst

Baskar Senthilkumar,? Danielle Meyrick,*® Yun-Sung Lee® and Ramakrishnan
Kalai Selvan*@

Nano-sized B-NiMoO4~CoMoO,4-xH,O composites were synthesized by a solution combustion synthesis
(SCS) technique. The effect of weight ratio of transition metal on the electrochemical capacitive
performance of the nanocomposites was investigated by cyclic voltammetry and galvanostatic charge-
discharge methods. The NiMoO4,-CoMoQO,4-xH,0O nanocomposite with weight ratio of 3: 1 (Ni: Co)
exhibits enhanced capacitive behaviour relative to other composites and delivered a maximum specific

~1 at a current density of 5 mAcm 2. The enhancement in specific capacitance is

capacitance of 1472 Fg
due to the small particle size, uniform size distribution, high surface area and high weight fraction of Ni.
The synergistic effect of nickel and cobalt improves the electrochemical behaviour relative to pure nickel
and cobalt molybdates. A full cell was fabricated using the B-NiMoO4-CoMoO,4-xH,O nanocomposite

(3 : 1) and activated carbon (AQC) as a positive and negative electrode, respectively. The cell delivered high
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1. Introduction

Metal molybdates are an important class of semiconducting
materials widely used in catalysis," photoluminescence,”
sensors,” magnetic* and energy storage applications.”™* In
recent years these materials have received significant interest
for their use as electrode materials for Li-ion batteries®” and
supercapacitors.®** Very recently, Haetge et al. has prepared
nanocrystalline NiMoO, with an ordered mesoporous struc-
ture.® The material exhibits an initial discharge capacity of 270
mA h g~ '.° Purushothaman et al. have synthesized &-MnMoO,
by using the sol-gel spin coating method and obtained a
specific capacitance of 998, 784 and 530 F gf1 in H,SO,, para-
toluene sulfonic acid (P-TSA) and HCI electrolytes respec-
tively.® Xu et al. demonstrated a specific capacitance of 170 F
g~ for microwave synthesized CoMoO,/MWCNTs at 1 A g~ *,°
while Liu et al. reported a high capacitance of 326 F g~ " at 5
mA cm™ ? for CoM00O,-0.9H,0 synthesized by a hydrothermal
process.”® In our recent work on combustion synthesized
metal molybdates, MnMoO,, CoMo00O,xH,0 and NiMoO,
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capacitance (80 Fg™') and energy density (28 Wh kg~") and good cycling stability up to 1000 cycles.

provided a high specific capacitance at 5 mA cm™> of 126,
401 and 1116 Fg ' respectively.'’ Hierarchical bismuth
molybdate nanowires prepared by a facile electrodeposition-
heat method demonstrated its suitability as a negative
electrode material for supercapacitors, exhibiting a capaci-
tance of 1075 Fg~ ' at 1 Ag~ " and excellent cycle life up to 1000
cycles.”

Mixed metal molybdates have also been studied as
electrode materials for Li-ion batteries and supercapaci-
tors."*® Mixed metal molybdates provide an improvement
in electrochemical performance due to the synergistic effect of
individual metal molybdates."*"> For example, compared to
CoMoO, (290 mA h g™') nanowires synthesised by a hydro-
thermal method, Ni, ;5C0,.,5M00, nanowires exhibited rever-
sible capacity of 520 mAhg " after 20 cycles.””> Mai et al
synthesized heterostructured MnMoO,-CoMoO, nanowires by
a micro-emulsion method and studied their capacitance
behavior.'* Heterostructured MnMoO,-CoMoO, nanowires
show a capacitance of 187.1 Fg~' and excellent cycling
stability. This capacitance value is higher than MnMoO, (9.7
Fg~') and CoMoO, (62.8 Fg~')."* More recently, Liu et al.
demonstrated an improvement in electrochemical perfor-
mance for CoM00O,~-NiMo0O, xH,0 bundles compared to the
corresponding individual metal molybdates."> The composite
synthesized with Ni-Co mass ratio of 1.4 : 0.6 showed the
advantage of both NiMoO,-xH,O (high specific capacitance,
1039 Fg~ ") and CoMoO, (rate capability)."

This journal is © The Royal Society of Chemistry 2013
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For improved electrochemical performance, preparation of
material within the nanometre size range is required.'®"® It is
believed that nanostructures improve the electrochemical
performance due to the increase in surface area and active
sites of the electrode material and a decrease in diffusion
distance of the electrolyte.'®™® The interesting results on
mixed metal molybdates, particularly high specific capacitance
of NiMoO, (1517 Fg~")*' and high rate capability and cycling
stability of CoM0O, motivated us to work on NiMoO,-CoMoO,
nanocomposites.” " "'*'> In this present work, we have
prepared nano-sized PB-NiMoO,-CoMoO,xH,0 composites
with three different Ni: Co weight ratios (3:1, 1:1 and
1 : 3) by a solution combustion synthesis (SCS) technique. We
have studied the structural, morphological and electrochemi-
cal properties of the nanocomposites. The effect of weight
ratio on the electrochemical capacitive performances was also
investigated. The NiM0oO,~CoMo00, xH,0 nanocomposite with
Ni : Co ratio 3 : 1 exhibits enhanced capacitance of 1472 Fg™ ",
compared to other samples (1 : 1 and 1 : 3). The enhancement
in electrochemical capacitance behaviour of the material is
due to the small particle size, uniform size distribution, high
surface area and high weight fraction of Ni. A full cell
(AC||NiM0O,-CoM00,-xH,0) was fabricated, and delivered
good electrochemical performance relative to the reported
work based on molybdate."’

2. Experimental

Material synthesis

All chemicals were purchased from Aldrich and used as
received without further purification. For a typical synthesis of
NiMoO,-CoMo00O,-xH,0 with Ni: Co weight ratio of 3:1,
Ni(NO,),"6H,0 (1.995 g), Co(NO;),6H,0 (0.665 g),
(NH,)6M0,0,4°4H,0 (1.615 g) and Urea-CO(NH,), (0.68 g)
were used. Urea was used as fuel and the oxidant-to-fuel ratio
was maintained at one. Precursors were dissolved in 5 mL of
distilled water separately. The solutions were mixed, and the
pH adjusted to ~8 by drop-wise addition of ammonia. The
resulting solution was placed on a hot plate and maintained at
a temperature around 200 °C. After complete dehydration, the
remaining solid mass was transferred to a muffle furnace and
the temperature was raised to 300 °C. After a few minutes,
decomposition with gradual release of gases was observed.
Finally, a foamy powder of B-NiMoO,-CoMo0O,xH,O was
collected and ground in an agate mortar. A similar procedure
was repeated for the preparation of NiM0oO,-CoM00, xH,0
with Ni : Co weight ratios of 1 : 1 and 1 : 3. The samples were
calcined at 300 °C for 3 h.

Characterization

Thermogravimetric analysis (TGA) was carried out by Perkin
Elmer STA 6000 thermo-balance at a heating rate of 15 °C
min~' in a static air atmosphere. Phase formation was
identified by powder X-ray diffractometer 5635 (Siemens,
D500 advance) with Cu Ko radiation. To investigate the

morphology of the prepared samples, high magnification with
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a Zeiss Neon 40EsB focussed ion beam-scanning electron
microscope (FIB-SEM) was used. The surface area and pore
distribution of the composites were investigated by N,
adsorption-desorption experiments at 77 K using a
Micromeritics ASAP 2010 surface area analyser. The cyclic
voltammetry and galvanostatic charge-discharge studies of the
composites were carried out using SP-150, Bio-Logic Science
Instruments in 2 M NaOH electrolyte at room temperature. To
prepare active electrode material, NiM0oO,-CoM00,-xH,0 (85
wt%), carbon black (10 wt%) and polyvinlidene fluoride
(PVDF) (5 wt%) were suspended in 0.4 mL of N-methyl-2-
pyrrolidinone (NMP) to form a slurry. The slurry was coated on
a small piece of graphite sheet (area of coating, 1 cm?). The
loaded active material was approximately 2 mg in each case.
Activated carbon (AC) was purchased from Aldrich, and had a
surface area of ~1800 m’g~'. To prepare the active negative
electrode material, AC (90 wt%) and polyvinlidene fluoride
(PVDF) (10 wt%) were used. A full cell (AC||NiMoO,-
CoMo00,°xH,0) was fabricated employing a polypropylene
separator. The active material loading was adjusted to a 3 : 1
(AC:NiM00O,-CoMo00,-xH,0) ratio.

3. Results and discussion

Combustion synthesis has advantages of short reaction time
and high reaction temperature. The equipment needed is
simple and cost-effective. Combustion synthesis is a possible
preparation technique for nano-sized porous metal oxides'® >
thus we have selected this method for the preparation of our
NiMoO,-CoMo0O,-xH,0 nanocomposites. Among three differ-
ent crystalline phases of NiMoO,, o and } phases are the most
stable under standard pressure conditions.*** The B phase
NiMoO, is highly active and selective in some catalysed
reactions.**” Preparation of B-NiMoO, is mainly dependent
upon the sample reaction conditions. In the present work,
pure B-NiMoO, is achieved by combustion synthesis in the
presence of Co®" ions. In our earlier work, a-NiMoO, is formed
under the same conditions in the absence of the cobalt
precursors. The exothermic reaction of the nitrate precursors
and urea is the reason for the formation high temperature
phase of B-NiM00,.>** which is stabilized by the presence of
cobalt precursors. To understand the synthesis stages and
thermal behaviour of the product, we have carried out thermal
gravimetric analysis for the mixed precursors. A typical TGA
curve of mixed precursors for the preparation of NiMoO,-
CoMo00,-xH,0 nanocomposite (1 : 1) is shown in Fig. 1. Three
weight loss steps are observed. The initial weight loss (~6
wt%) at 100-190 °C is due to the loss of physisorbed water
molecules. Further weight loss at 190-260 °C accompanies the
decomposition of the reactants. Substantial weight loss (~33
wt%) at around 305 °C is attributed to exothermic combustion
reaction.”® There is no significant weight loss after 305 °C,
suggesting the formation of stable products. The endothermic
peak centered at 150 °C in the DTA curve is due to the removal
of physisorbed water. An exothermic peak at 305 °C corre-
sponds to the combustion of carbonaceous products, such as

RSC Adv., 2013, 3, 16542-16548 | 16543
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Fig. 1 TG/DTA of the mixed precursors.

residual urea. The peaks further confirm the stages of the
synthesis process.

XRD patterns of combustion synthesized p-NiMoO,-
CoMo0O, xH,0 nanocomposites with different Ni : Co weight
ratios were recorded (Fig. 2). The diffraction peaks of the
composites are well matched with the standard diffraction
patterns of B-NiMoO, (JCPDS no. 45-0142) and CoMoO,-xH,0
(JCPDS no. 26-0477). There are no impurity peaks, such as
those for NiO or MoOs;, observed. Preparation of pure NiMoO,
devoid of any structural hydrates is possible by combustion
synthesis without any calcination."™*® This is not, however,
possible for CoMoO,, since its hydrate structure forms very
easily.”?®*®> The grain size (Table 1) was calculated by the
Scherrer formula using the high intensity diffraction peak
(220). The diffraction pattern of B-NiMoO,-CoMo00O,-xH,0O
nanocomposite with 3 :1 (Ni: Co) ratio is indicative of a
more amorphous product, and the calculated grain size is
small (46 nm) relative to other composites. The poor crystal-

(c) » NiMoO,
A CoMoOy.xH,0

Intensity / a.u.

10 20 30 40 50 60 70

20 / degrees

Fig. 2 XRD pattern of combustion synthesized NiMoO4~CoMoQ4-xH,0 nano-
composites with Ni : Coratioof 3:1(a), 1:1 (b) and 1: 3 ().
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lization of the composite may provide more conducting
pathways compared to crystalline samples.">*°

The FTIR spectrum of NiMoO,-CoMo00,-xH,0 nanocompo-
sites are shown in Fig. S1, ESLt The peaks are observed at
1625, 1385, 950, 791 and 654 cm ™ '. The peak at 1625 cm ™" is
due to OH stretching vibrations of the physisorbed water
molecules. The presence of carbon (from urea) is identified
from the peak at 1385 cm™ ', which is due to the C-O
stretching vibration."" The characteristic absorption peaks of
B-NiMoO, are observed at 955, 800 and 690 cm ™ ". A peak at
878 cm ™', characteristic of B-NiM00,***” was observed only
for high Ni concentrated samples (3 : 1 and 1 : 1).

FIB-SEM images of combustion synthesized NiMoO,-
CoMo00O, xH,0 nanocomposites are shown in Fig. 3. The
prepared particles are in the nanometer range with grain-like
morphology. The composite with Ni: Co ratio of 3:1
(Fig. 3(a,b)) displayed particularly small, highly agglomerated
B-NiMoO,-CoMo0O,-xH,0 particles. The agglomeration of
these small grains creates a porous structure. The particle
size distribution (Table 1) was measured using Scion image
software. An increase in particle size and less agglomeration
was observed as the Ni to Co mass ratio decreased, due to the
increment in structural parameters (lattice constants) of
CoMo0O,-xH,0."”"> The nanostructures may yield improved
electrochemical performance due to an increase in surface
area and number of active sites of the electrode material and
decrease in diffusion path length.’®'® The elemental compo-
sitions of the NiMoO,-CoMoO,-xH,0O nanocomposites were
determined by energy dispersive X-ray spectroscopy (EDS)
which is shown in Fig. S2, ESL.f Strong peaks of Ni, Co, Mo and
O were observed. The observed atomic ratio of Ni, Co, Mo and
O (~1:1:2:8) are matched with the stoichiometry of the
compounds. Elemental mapping of the composites is pre-
sented in Fig. S3-S5, ESL,t showing a uniform distribution of
elements in the composites.

The N, adsorption-desorption isotherms and pore size
distributions (BJH-plot) of the as prepared NiMoO,-
CoMo00O,°xH,0 nanocomposites are shown in Fig. 4. The
observed Type IV isotherm and BJH-plot for the samples with
Ni: Co ratio of 3:1 and 1:1 confirms the presence of
mesopores. The observed Brunauer-Emmett-Teller (BET) sur-
face areas, total pore volumes (V,,) and average pore sizes (dp,)
are given in Table 1. The calculated surface area of the samples
is higher than that for reported CoMoO,-NiMoO,'xH,O
composites.'® The increase in surface area is due to the small
particle size of the composites (3 : 1). The pore size distribu-
tions of the samples are calculated using the Barrett-Joyner-
Halenda (BJH) method. The obtained average pore diameter of
~ 15 nm to 24 nm of the composites (Table 1) indicates the
presence of mesopores, which facilitate electrolyte ion diffu-
sion by providing an increase in active sites.

The electrochemical capacitance performance of the
materials was determined from cyclic voltammetry (CV)
carried out using a platinum wire as a counter electrode and
Hg/HgO as a reference electrode. An aqueous solution of 2 M
NaOH was used as electrolyte. The CV curves of NiMoO,-

This journal is © The Royal Society of Chemistry 2013
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Table 1 Physicochemical parameters
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Ni : Co Grain size (XRD) nm Particle size (SEM) nm z Sgpr m’g " V, em’g ! d, nm Capacitance (2 mVs ') Fg ™"
3:1 46 10-55 2.7 18.7 0.07 15.7 1928
1:1 66 13-74 1.8 22.6 0.09 15.3 1259
1:3 78 24-120 1.0 17.7 0.11 24.7 699

CoMo0O, xH,0 nanocomposites at a scan rate of 2 mV s 'are

shown in Fig. 5(a). Well-defined redox peaks were observed for
the nanocomposites. The prominent redox peaks observed in
the CV curves are due to the following diffusion controlled
reversible redox reaction"’

Ni(11) > Ni(ur) + e” (1)

For samples with higher Co mass ratio (1 : 3, Ni: Co) an
additional oxidation peak due to the oxidation of Co(i) to
Co(m)"" was identified at 0.25 V vs. Hg/HgO. When compared
to other composites, NiMoO,-CoMo0O,-xH,0 with Ni : Co ratio
of 3 : 1 delivered a high peak current value and a large current
area under the curve, indicating the energy stored by the active
material (3 : 1) is high.

The specific capacitance of the material was calculated

using the relation, C= where I, m, v and AV represent

dy
2mvAV’
current, mass of the active material, scan rate and potential
window, respectively. The calculated capacitance and active site (z)

value® for the nanocomposites are given in Table 1. The highest

Fig. 3 FIB-SEM images of the combustion synthesized NiMoO4-CoMo0QO4-xH,0
nanocomposites with Ni: Coratioof 3:1 (a, b), 1: 1 (c,d)and 1: 3 (ef).
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capacitance (1928 Fg™") is achieved by NiMoO,~CoMoO,xH,0
with Ni : Co ratio of 3 : 1, which is likely due to the greater surface
area and more number of active sites (2.7) of the electrode
material for this sample, and the high concentration of Ni."* The
CV curves of NiM0oO,~CoMo00,-xH,0 nanocomposites at various
scan rates (2-20 mVs~ ') are given in Fig. 5(b). The well-defined
redox peaks were observed even at a high scan rate of 20 mvs™",
revealing the high rate capability and good reversibility of the
material. The reproducibility of redox peaks further confirms that
the electronic and ionic transport of the material is rapid enough
at the given scan rates.'*'"'*

Galvanostatic charge-discharge curves of the NiMoO,-
CoMo0O,xH,0 nanocomposite (3 :1) at various current
densities are shown in Fig. 5(c). The pseudo-capacitive nature
of the material was displayed by quasi-symmetric charge-
discharge profile. The specific capacitance (C) of the electrodes

is calculated using the equation,'® C = m where, I is the

current density, dv/d¢ is the average slope of the discharge curve
and m is mass of the active electrode material. The specific
capacitance values calculated from the discharge curves of the
NiMoO,-CoMo0O,-xH,0 composites at various current densities
are shown in Fig. 5(d). A maximum capacitance (1472 Fg~') was
observed for the 3 : 1 composite at a current density of 5 mA
em ™2 The capacitance value is comparatively higher than the
reported values of MnMoO,>'""'* NiMoO4'" CoMoO,,'*'""
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Fig. 4 N, adsorption—-desorption isotherms and (inset) pore-size distributions of
NiMoO,4~CoMo0O,4-xH,0 nanocomposites.
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Fig. 5 CV curves at a scan rate of 2 mV s~ (a). CV curves (b) and charge—
discharge curves (c) of combustion synthesized NiMoO,-CoMoO,-xH,0
nanocomposites with Ni : Co ratio of 3 : 1 and specific capacitance vs. current
densities of the nanocomposites.

MnMoO,-CoMoO,,"*  CoM00O,-MWCNTs,” and CoMoO,-
NiMoO4-H,0." Approximately 66% of the specific capacitance
(1472 Fg~') at 5 mA ecm™” is retained even at the high current
density of 20 mA cm™?, suggesting high rate capability of the
material. When increasing the current density, the capacitance
value was decreased due to the decrease in charge diffusion to
inner active sites."*

The EIS plots of NiMoO,-CoMo00O,-xH,0 nanocomposites
are displayed in Fig. 6. The curves show one semicircle in the
high frequency region and a sloped line in the low frequency
region. An internal resistance (R},) value of all the composites
is ~2.5 Q. The charge transfer resistance (R.) is 1.9, 8.8 and
1.1 Q for the samples with Ni-Co ratio 3:1,1:1 and 1: 3,
respectively. The low resistance values indicate the high
electronic conductivity of the synthesized samples. The lower
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Fig. 6 Electrochemical impedance spectra (EIS) of combustion synthesized
NiMoO,4~CoMoQO,4xH,0 nanocomposites.
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Fig. 7 Specific capacitance and coulombic efficiency vs. cycle number of the
combustion synthesized NiMoO4-CoMoO,4:xH,0 nanocomposite (3 : 1).

slope value for the sample with Ni—-Co ratio 3 : 1 compared to
other samples indicates a decrease in diffusion resistance.

The cycling stability of the 3 : 1 material was tested using
the galvanostatic charge-discharge method at a current
density of 20 mA ecm™> up to 500 cycles. The capacitance
and coulombic efficiency calculated from the discharge curves
is given in Fig. (7). Above 78% of the initial capacitance was
retained even after 500 cycles, indicating good cycling stability
compared to pure combustion synthesized NiMoO,.'' The
enhancement in electrochemical performance of the compo-
site (3 :1) compared to combustion synthesized NiMoO,,
CoMo0,"" and other composites (1 : 1, 1 : 3) in this study is
due to an increase in the surface area and active sites by the
decrease in particle size and the synergistic effect of Ni and Co
molybdates.”™®
conductivity of nickel systems will be improved by the
substitution of cobalt compounds.>**° Similarly the electro-
chemical performance of cobalt systems will be enhanced by
the increase in active site density and roughness.’**' These
synergistic effects of the composites is the reason for the
enhancement in the electrochemical performance of the Ni-
Co based composites.

Fig. 8(a) shows the cyclic voltammogram, recorded at
various scan rates, of an asymmetric supercapacitor
(AC||NiM0O,~CoMo00O,xH,0 (3 : 1)). The observed redox
peaks confirmed the pseudo-capacitive charge storage in the
cell. Electrolyte cation (Na') adsorption-desorption may be
possible at the anode (AC), with the formation of an electrical
double layer, facilitating the charge storage. The surface redox
reactions due to the electrolyte anions (OH ) are at the
positive electrode; this produces the quasi-rectangular CV
curves. The possible electrochemical reactions in the cell are,
for the positive electrode, those shown in eqn (1) and for the
negative electrode, as given below in eqn (2).**

Negative electrode

It is well documented that the electronic

AC +xNa' + xe” <> AC (xe ) || xNa* 2)

This journal is © The Royal Society of Chemistry 2013
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cycle number of the asymmetric full cell (d).

(here, || indicates double layer).

The galvanostatic charge-discharge cycles were performed
at various current densities for the asymmetric cell, as given in
Fig. 8(b). A quasi-symmetric profile, further supporting
pseudo-capacitive behaviour, is evident. A small IR drop
(~0.05V at 1 mA cm™ *) was observed in the charge-discharge
profile due to the equivalent series resistance (ESR) of the cell.
The specific capacitance (C), energy density (E) and power
density (P) of the full cell were calculated using the following
formulas.

1

€= vy (3)

E=i[ 8 (1
E

P= AL (5)

where i is the current density, dv/d¢ is the average slope of the
discharge curve, V the cell potential, At is the discharge time of
the discharge curve and m is total mass of the positive and
negative electrodes. The specific capacitance value obtained
for the cell from Fig. 7(b) is 80, 66, 58, 54 and 50 Fg ' at
current densities 1, 3, 5, 7 and 10 mA cm >, respectively.

A Ragone plot for the symmetric and asymmetric cell is
shown in Fig. 8(c). The asymmetric capacitor delivers an
energy density of 28 Wh kg ™" at a power density of 100 W kg™ *
and 18 Wh kg™ ', even at a high power density of 1000 W kg ™.
These cell capacitance and energy density values are signifi-
cantly greater than the reported values for the AC||CoMo0O,—-
NiMo0O,-xH,0,"” AC||Ni-Co oxide,* AC||Al-Co oxide,*
AC||(Niy/3C04,3Mny3)(OH),,**  AC||Fe;0,*> and AC||MnO,*®
asymmetric capacitors. The cycle life of the cell was investi-
gated up to 1000 cycles. Fig. 8(d) shows that the capacitance

This journal is © The Royal Society of Chemistry 2013
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retention (%) and coulombic efficiency of the cell obtained at
10 mA cm™ ! tested for 1000 charge-discharge cycles.” Good
coulombic efficiency (>95%) was observed for the asymmetric
cell, capacitance is stable and above 92% of the capacitance
was retained even up to 1000 cycles.

4. Conclusions

In summary, nano-sized p-NiMoO,-CoMo0O,-xH,0 composites
were successfully synthesized by a solution combustion
synthesis (SCS) technique. The formation of B-NiMoO,-
CoMoO, xH,0 composites was identified by XRD. The EDS,
elemental mapping and BET measurements showed stoichio-
metric elemental composition, uniform distribution of ele-
ments and pore size distributions of the composites,
respectively. The NiMoO,-CoMo00,-xH,0 with the weight ratio
of 3 : 1 (Ni: Co) delivered a maximum specific capacitance of
1472 F ¢~ ' due to small particle size, uniform particle size
distribution, high surface area, increase in electronic con-
ductivity by the Co systems and high concentration of Ni. The
synergistic effect of nickel and cobalt influence the overall
electrochemical performance of the composites. The full cell
(AC||NiM0O,~CoMo00,-xH,0) delivered a high specific capaci-
tance (80 F g~ ') and energy density (28 Wh kg™ '), and good
cycling stability up to 1000 cycles.
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