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The aim of this paper is to establish the optimal content of carbon material in composites with nanocrystal
hydrate nickel molybdate. To achieve this, NiMoOs / C composites with a carbon material content of 1, 5 and
10% by weight (with and without ultrasonic irradiation) were obtained by hydrothermal method. As a result of
electrochemical studies, it was found that the maximum specific capacitance of 628 F/g is reached by a composite
with a carbon content of 1% after ultrasonic exposure, while this composite shows excellent electrical

conductivity, which is 0.47 S/m.
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Introduction

Mixed oxides of transition metals such as metal
molybdates MMoO4 (M - Ni, Co, Mn) due to their
multiple valence states and high electrical conductivity
are considered the best materials for electrodes of
electrical energy storage devices compared to single
oxides of transition metals [1]. Nickel, cobalt and
manganese molybdates are widely used in hybrid
capacitors [2] however they have a number of
disadvantages, which limits their ability to achieve
theoretical capacitance (theoretical capacitance of
NiMoO. is 735F/g). Thus, the electrochemical
charge/discharge testing the binary transition metal
oxides are subjected to degradation, swelling of the
material and the phase transition. One way to solve this
problem is to form composites based on binary oxides of
molybdates with carbon material, which allows us to
increase the electrical conductivity of the material and
the number of active centers for ion adsorption [3].
Another effective way to improve the specific energy
characteristics of materials for the electrodes of hybrid
capacitors is ultrasonic modification. Because ultrasonic
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dispersion of oxides, sulfides of transition metals and
composites based on them leads to a decrease in the
particle size of materials and the formation on their
surface of uncompensated chemical bonds capable of
interacting with electrolyte ions [4]. In addition, NiMoO,
is an inexpensive, chemically stable and environmentally
friendly —material with good electron transport
characteristics (electrical conductivity varies in the range
from 10 to 10°S/m) combined with the
electrochemical activity of nickel ions [5].

In this paper, hydrate nickel molybdate / carbon
material composites (NiMoO4/C) with a percentage of
carbon material of 1, 5 and 10 % by weight (with and
without ultrasonic irradiation) obtained by hydrothermal
method [6]. We performed electrochemical studies and
measured the specific conductivity of materials to
determine the optimal content of carbon material in
composites.

I. Materials and methods

Modification of the carbon material was carried out
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for 1 h in distilled water using an ultrasonic dispersant
operating frequency range 20 - 25 kHz. Electrochemical
studies were performed using an 8-channel charge/
discharge stand "Tionid" in a three-electrode cell by
cyclic voltammetry and galvanostatic charges / discharge
testing. The working electrodes were formed from
composites, the auxiliary was a platinum electrode, and
the reference electrode was a chlorine-silver electrode. A
33 % aqueous solution of potassium hydroxide was used
as the electrolyte. The working electrode was formed
from a mixture of: 80% composite and 20 % conductive
additive (acetylene carbon black), which was mixed with
alcohol and pressed into a nickel mesh with an area of
25 mm2 The mass of active material in each electrode
was  approximately 15mg.  Specific  discharge
capacitances of materials were calculated from cyclic

voltammograms by the formula: C = mLAU, where Q — the

charge is given (accumulated) by the electrochemical
system during cathode (anode) scanning, m - mass of
material, AU — potential range. Specific capacitances

from discharge curves were calculated by the formula:

C =1A—t, I — current, 4¢ — discharge time. Electrical

mAU

conductivity at room temperature was studied using a
measuring complex AUTOLAB PGSTAT12 in the
frequency range 102 —10° Hz at a voltage of 0 V. The

real part of conductivity defined by the formula: ¢ = Z—',ls
where h - the thickness of the sample, Z’ - the real part of
the resistivity, S - surface area of the test sample

(diameter was 14 mm).

I1. Results and discussions

Cyclic  voltammograms (CVs) of nanocrystal
NiMoO4 hydrate were taken in the potential range of -0.2
to 0.4 V at a scan rate of 1 - 10 mV /s are presented in
Fig. 1la. During the anodic scanning of the electrode
based on NiMoO, hydrate in the KOH electrolyte the
reaction of splitting water molecules takes place,
followed by the release of oxygen molecules: 2H,O0 —
O2 + 2H; [7]. In our case, the reaction of oxygen
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evolution takes place at a potential of 0.4 V and leads to
a significant increase in specific current and, accordingly,
the destruction of the material. Therefore, we limited the
potential scanning range to 0.4 V. The specific discharge
capacitances of NiMoO, hydrate were 575, 486, 347 and
242 F/g at scan rates of 1,2, 51 10 mV/s.

The carbon material has a specific capacitances of
90, 80 and 76 F/g at scan rates of 1, 5 and 10 mV/s,
respectively, in the range of -1 to 0 V using a three-
electrode cell (Fig. 1b). The specific capacitance of the
carbon material is mainly provided by the charge/
discharge of the electric double layer at the electrode /
electrolyte interface, which is facilitated by the large
specific surface area of the carbon material ~ 1200 m?/ g
with a large number of micro pores [8].

In NiMoO4/ C composites, the content of carbon
material was 1, 5 and 10 % by weight, as it was found [9]
that in the mechano-chemical synthesis of materials, the
highest specific capacitance is achieved by a composite
based on nickel hydroxide with a carbon content of 10 %.
Therefore, we formed four NiMoO4 / C composites with
carbon content: 1 and 10% (without ultrasonic exposure)
and 1 and 5% (carbon material was subjected to
ultrasonic dispersion (denoted as C us)).

The monoclinic crystal structure of nickel molybdate
hydrate is constructed of pairs of NiOs and NiOs(OH,)
octahedrons that share common edges connected by
MoQ; tetrahedrons, thus forming a network structure
with open channels [10]. NiMoOs hydrate contains
coordinated water bound by a hydrogen bond to the
crystal lattice, as well as lattice water. Coordinated water
molecules can be removed by thermal desorption of
hydrate at a temperature of 280 - 400 °C, , followed by
the formation of a triclinic crystal structure a-NiMoOQs,
while lattice water can be easily removed by heating to
lower temperatures, namely 120 -160°C [11]. The
migration of protons through the oxide lattices is
significantly enhanced by the presence of molecules of
coordinated water [12]. Solid-state diffusion of protons
leads to increased electrochemical activity of nickel
molybdate hydrate and therefore higher specific
capacitance.

Redox peaks on the CVs of composites (Fig. 2 a, b)
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Fig. 1. Cyclic voltammograms of the electrode based on nanocrystal NiMoO4 hydrate (a) and the electrode based on
carbon material (b) using three electrode cells.
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are the result of the interaction of nickel ions from the
structure of molybdate with OH" ions from the
electrolyte, followed by the formation of Ni(OH)..
Oxidation of nickel hydroxide to nickel oxyhydroxide
occurs under charge (positive current). During the
discharge (negative current), nickel ions are reduced:
Ni®* + e— Ni?*. It should also be noted that along with
the intercalation of protons in the crystal structure of
nickel hydroxide, there is an intercalation of K* ions
from the electrolyte into the layered structure of NiOOH,
which explains the asymmetry of the redox peaks of the
materials. Fig. 2a shows that the area of CV, and
accordingly the charge accumulated / given at a scan rate
of 1 mV/s, a composite with a carbon content of 1 % is
much higher than a composite with a content of C —
10%. For a 1% C us composite, the area of the
discharge curve is higher than for a 5 % C us composite.
The dependences of the specific capacitances of
composites with different content of carbon material on
the scan rate are presented in Fig. 3. It is established that
the maximum specific capacitance of 628 F/g at a scan
rate of 1 mV/s in the potential range of -0.15-0.4V
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reaches a composite with a carbon material content of
1% pre-dispersed by ultrasound, whereas the specific
capacitance of pure hydrate of nickel molybdate was
575 F/g. Ultrasonic treatment of carbon material
increases the average range of diameters of micro- and
mesopores and accordingly increases the capacitive
characteristics of composites [8]. However, as the carbon
content increases to 10 %, the specific capacitance
decreases to 260 F/g, which is probably due to a decrease
in the redox activity of nickel ions.

Charge / discharge tests were performed in the
potential range of -0.15 to 0.35 V at specific currents of
0.2, 0.5 and 1 A/g. The nonlinear discharge curves are
confirmed by the Faraday type of charge accumulation
due to the intercalation of electrolyte ions into the
material structure and redox reactions, and agree well
with the available peaks on the CVs curves of these
composites. The specific capacitance at a discharge
current of 0.2 A/g was 558 F/g for the NiMoOg hydrate,
520 F/g - NiMoO4«/C (1% C), 576 Flg — NiMoO./C
(1% C us), 133 F/g - NiM0oO4/C (5%C us) and 95 F/g —
NiMoO4/C (10 % C) composites.
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Fig. 2. Cyclic voltammograms of NiMoO./ C composites at scan rate of 1 mV/s. The content of carbon material
was by weight 1 and 10% (a) and 1 and 5% (carbon material was pre-dispersed by ultrasound (us)
for 1 h) (b).
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Fig. 3. Dependence of the specific capacitance on the scan rate of NiMoO4 hydrate and NiMoO4/ C composites with
1 - 10 % carbon material content (a). Discharge curves at a current of 0.2 A/g of NiMoQO, hydrate and composites
with different carbon material content (b).
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Fig. 4. Frequency dependences of electrical conductivity of nickel molybdate hydrate (a), carbon material (b) and
composites with a carbon material content of 1 - 10 % (c).

To determine the optimal ratio between the content
of carbon material in the composites and the electrical
properties of the materials we measured the frequency
dependence of the specific conductivity (Fig.4). It is
established that the specific electrical conductivity of
NiMoO, hydrate is 1.07-10* S/m and is 100 times higher
than the conductivity of pure nickel hydroxide
determined in [4]. Such high electrical conductivity is
mainly provided by molybdenum atoms, while nickel
atoms are responsible for redox reactions. The higher
electrical conductivity of molybdate can also be
explained by the presence of oxygen vacancies in MoO4
tetrahedrons, which act as active centers for redox
reactions and provide dissociation of water molecules
into OH" groups. Oxygen vacancies contribute to better
charge accumulation kinetics and, accordingly, increase
the capacitive characteristics of molybdate [13].
Nanocrystal NiMoOs shows a plateau in the low-
frequency region with a subsequent increase in
conductivity with increasing frequency (Fig. 4a). The
frequency independence of the conductivity is related to
the orientation polarization of the induced dipoles along
the direction of the applied electric field. With increasing
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frequency, the relaxation time for orientation polarization
is significantly reduced, resulting in a sharp increase in
conductivity on alternating current [14].

As a result of the formation of composites with
carbon material, the electrical conductivity of materials
increases significantly (Fig. 4c). Carbon material with an
electrical conductivity of 29 S/m (Fig. 4b) and a large
number of micro- and mesopores is an ideal matrix for
the deposition of nanocrystal NiMoO4, avoids
agglomeration of nanoparticles and at the same time
forms an interconnected conductive network that
increases electron tunneling. At 1% carbon content, the
specific electrical conductivity of composites is 1.22 S/m
and 0.47 S/m with ultrasonic irradiation and increases
with increasing carbon content.

From the results of electrochemical and electrical
studies it was found that NiMoO, hydrate and composites
based on it show the electrochemical behavior
characteristic of battery-type materials and are promising
materials as cathodes of hybrid capacitors. The optimal
ratio between electrical conductivity and specific
capacitance has a composite with a carbon material
content of 1% (Fig. 5), for which the specific
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Fig. 5. Specific capacitance and electrical conductivity of hydrate NiMoO4 and NiMoO4 / C composites.

capacitance calculated from CV at a scan rate of 1mV/s
reaches a maximum value of 628 F/g, while this
composite has a conductivity of 0.47 S/m.

Conclusions

The results of electrochemical and electrical studies
of nickel molybdate hydrate and composites based on it
demonstrate that these materials are promising as
cathodes of hybrid capacitors. Namely, the crystal
structure of NiMoOs hydrate promotes the redox
reactions and intercalation of electrolyte ions, while the
formation of composites with carbon material provides
active sites for the deposition of nanocrystal NiMoO. and
increases electron tunneling. It was found that the
specific capacitance of NiMoO, / C composites decreases
with increasing carbon content. The composite with 1%
carbon content after ultrasonication has an optimal ratio
between capacitive and electrical characteristics, namely

the specific capacitance is 628 F/g, while the specific
conductivity is 0.47 S/m.
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O.M. ITonoewuy, I. M. bym3yisk, B.O. Komroouncekuit, JI.C. SA6mons, O.B. [Tomosud

EnexTpoxiMiuHi Ta eJIeKTPUYHi BJIACTHBOCTI KOMIIO3UTIB M0JIi0AAT HikeTI0 /
BYyIJICLEBMI MaTepiaJl

Ipuxapnamcvruii Hayionanshull ynisepcumem im.B.Cmeghanuxa, Ieano-@pankiscor, Yrpaina, khemiiolha@gmail.com

OCHOBHOIO METOI0 JOCHI/KCHHS € BCTaHOBJICHHSA ONTHMAJIBHOTO BMICTY BYIJICIEBOI'O Marepialy y
KOMIIO3UTaX 3 HAHOKPHCTAIIYHUM TigpaToM ModiOmary Hikemro. (11 mpOro TigpoTepMaTbHUM METOAOM
orpumaiu komrosutd NiMoO4/C 3 BigcoTkoBMM BMicTOM ByrieneBoro Marepiaiy 1, 5 ta 10 % 1o maci (3 Ta 6e3
yIBTPa3ByKOBOTO ONPOMiHEHH:S). B pe3ynbTaTi NpoBENeHHS eNeKTPOXIMIYHHMX JOCHIIIKEHHS BCTAHOBIICHO, IO
MaKCHMaIbHOI MATOMOI €MHOCTI 628 ®/r ;mocsrae KOMIIO3HMT 3 BMICTOM ByrJeneBoro Marepiainy 1 % micis
yIBTPa3ByKOBOTO IHCIIEPIYBaHHS, BOAHOYAC TAHWH KOMIIO3UT JEMOHCTPYE UYyZOBY €IEKTPONPOBIIHICTB, SKa
cranoButh 0,47 Cm/Mm.

KiawuoBi ciaoBa: wmomibmaTr  HiKeN0, BYIVIENEBHH  Marepiald, KOMIIO3UT, IIHTOMa €MHICTb,
€JIEKTPONPOBIIHICTh, TIOPUIHUI KOHICHCATOD.
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