
PHYSICS AND CHEMISTRY 

OF SOLID STATE 
V. 23, No. 2 (2022) pp. 341-346 

 Vasyl Stefanyk Precarpathian 

National University 

Section: Physics 

DOI: 10.15330/pcss.23.2.341-346 

ФІЗИКАІХІМІЯТВЕРДОГОТІЛА 

Т. 23, № 2 (2022) С. 341-346 

Фізико-математичні науки 
 

341 

PACS: 43.35.Vz, 72.20.−I, 81.07.Bc ISSN 1729-4428 

O.M. Popovych, I.M. Budzulyak, V.O. Kotsyubynsky, V.M. Boychuk, R.V. Ilnytskyi, 

M.M. Khemii, N.Ya. Ivanichok, Ye.V. Lezun 

Ultrasonic Modification of Nanocrystalline NiMoO4 Hydrate 

Obtained by Hydrothermal Method  

Vasyl Stefanyk Precarpathian National University, Ivano-Frankivsk, Ukraine, khemiiolha@gmail.com 

The paper presents the results of studies of the crystal structure, surface morphology and electrical properties 

of nickel molybdate obtained by hydrothermal method and modified by ultrasound. The influence of the duration 

of ultrasonic dispersion on the crystallites size, specific surface area, pore size distribution and activation energy of 

charge carriers of nickel molybdate hydrate is determined. It was found that ultrasound with a frequency of 22 kHz 

and a duration of 90 min leads to an increase in the total volume of mesopores from 0.135 cm3/g to 0.223 cm3/g 

with an average diameter of 28.5 nm. 
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Introduction 

Electrochemical supercapacitors with high specific 

power, fast charge / discharge time and long cycle 

stability are one of the promising candidates for use in 

environmentally friendly energy storage devices. 

However, electrochemical supercapacitors have a lower 

specific energy compared to batteries [1]. Therefore, 

significant efforts of researchers are aimed at finding 

electroactive materials capable of storing energy through 

rapid redox reactions at the electrode / electrolyte 

interface and Faraday reactions associated with 

intercalation / deintercalation of ions into the material 

structure. In particular, transition metals oxides are widely 

studied as cathodes of hybrid capacitors, and anodes are 

carbon materials that accumulate charge by forming a 

double electric layer [2, 3]. Nickel and molybdenum 

oxides are excellent candidates for such applications due 

to their high redox activity, semiconductor properties and 

low cost [4]. However, to increase the capacitive 

characteristics of nickel molybdates, it is necessary to 

improve the transport kinetics of ions and electrons in the 

structure of the electrodes and at the electrode / electrolyte 

interface.  

Ultrasonic dispersion is an effective method of 

modifying nanosized materials without the use of high 

temperatures, pressures and long reaction times [5, 6]. The 

speed of sound in the liquid varies from 1000 to 1500 m/s, 

and the lengths of ultrasonic waves are from 10 cm to 100 

mm with frequencies from 20 kHz to 15 MHz [7]. These 

ultrasonic wavelengths are much larger than the size of 

molecules, so there is an obvious lack of direct interaction 

of the acoustic field with chemicals at the molecular level. 

In a liquid medium, ultrasonic irradiation of materials 

leads to two effects: chemical, which consists in the 

generation of radicals, and physical, which results in 

turbulence, mass transfer, micro flow, shock waves, etc. 

The chemical effects of ultrasonic irradiation are the result 

of acoustic cavitation, namely the formation, growth and 

implosive destruction of bubbles in a liquid medium, 

which instantly leads to a high temperature of ⁓ 5000 K 

and a pressure of ⁓ 1000 atm [7]. Bubbles are generated 

from pre-existing impurities and oscillate with the applied 

sound field. The stage leading to the growth of the bubble 

occurs due to the diffusion of solute vapor into the volume 

of the bubble. Oscillatory bubbles can efficiently store 

ultrasonic energy as they grow to a certain size (usually 

tens of μm). The last stage - the collapse of the bubble, 

occurs when its radius reaches its maximum value with the 
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release of energy in a very short time (with heating and 

cooling rate > 1010 К/s) [8]. At a frequency of 20 kHz, the 

critical diameter of the cavity is 170 μm. 

Thus, acoustic cavitation is a promising way to 

control the change in particle size and surface area of 

nanomaterials. For effective ultrasonic modification of the 

studied materials and minimization of energy losses, it is 

necessary to determine the optimal duration of ultrasonic 

exposure, at which the cavitation process will be the most 

effective. Therefore, we analyzed the crystal structure, 

surface morphology and conductive properties of nickel 

molybdate obtained by hydrothermal method and 

subjected to different times of ultrasonic dispersion.  

I. Materials and methods 

NiMoO4 hydrate was obtained by hydrothermal 

method, the synthesis procedure is described in the 

previous article [9]. Ultrasonic modification of the 

material was carried out for 15, 60 and 90 min in distilled 

water using an ultrasonic dispersant, the operating 

frequency of which is 22 kHz. The ultrasonic dispersant 

works on the principle of cavitation generation, in which 

high-power ultrasound is introduced into the liquid 

medium, causing sound waves to be transmitted in the 

liquid and create periodic cycles of high pressure 

(compression) and low pressure (rarefaction). The initial 

nickel molybdate hydrate was designated as NiMoO4, a 

nickel molybdate hydrate that was sonicated for 15 min as 

NiMoO4-15, for 60 min as NiMoO4-60 and for 90 min as 

NiMoO4-90.  

The crystal structure was investigated by powder  

X-ray diffraction analysis using a diffractometer DRON 

(Cu-Kα radiation, wavelength 0.15405 nm). The 

morphological properties were investigated by thе low-

temperature nitrogen absorption / desorption porosimetry 

(Quantachrome Autosorb Nova 2200e device). Electrical 

conductivity was studied using the AUTOLAB 

PGSTAT12 measuring complex in the frequency range 

10-2- 105 Hz at a voltage of 0 V, in the temperature range 

25 - 200 ℃. The samples were pressed into a cylindrical 

mold with a diameter of 14 mm and a material thickness 

of 1 mm. 

II. Results and discussions 

The X-ray diffraction patterns of the initial 

hydrothermally obtained nickel molybdate and 

ultrasonically modified materials are presented in Fig. 1. 

Diffraction peaks agree well with previously published 

data for nickel molybdate hydrate [10, 11]. In particular, 

the diffraction peaks at 27.1, 29.6, 33.2 and 36.40 are 

consistent with the standard template for NiMoO4·H2O 

(JCPDS Card No. 13-0128), but the refinement of the 

crystal structure parameters is difficult. In the Raman 

spectra of NiMoO4 hydrate [9] we did not find any 

vibrational modes responsible for nitrates, nickel 

hydroxide or molybdenum oxide, which indicates the 

formation of single-phase nickel molybdate hydrate in 

hydrothermal synthesis. The synthesis resulted in NiMoO4 

 
Fig. 1. X-ray diffraction patterns of the initial NiMoO4 

hydrate obtained by hydrothermal method and modified 

by ultrasound for 15, 60 and 90 min. 
 

hydrate with a triclinic crystal structure corresponding to the 

P1̅ space group. The crystal structure of NiMoO4 hydrate is 

composed of pairs of NiO6 and NiO5(H2O) octahedra (water 

molecules coordinated with nickel atoms) connected by 

MoO4 tetrahedra, as well as lattice water not bound to other 

atoms and released when the hydrate is heated to 400 ℃. The 

average size of the crystallites, calculated by the Scherrer 

equation: 𝐷 = 0.9𝜆/𝛽𝑐𝑜𝑠Θ, where λ =0.15405 nm is the 

wavelength of Cu-Kα radiation, β is the full width at half 

maximum, θ is the angle corresponding to the maximum 

intensity peaks on the diffraction pattern, is 17 nm for all 

samples.  

The surface area and porosity of initial NiMoO4 and 

NiMoO4 modified ultrasound for 60 min and 90 min were 

studied by the isotherm of adsorption / desorption of 

nitrogen. Type IV hysteresis is observed for three mate-

rials (according to UIРАС classification) in the range P/P0 

0.5–1.0 (Fig. 2) and indicates the existence of a meso-

porous structure in the materials [12]. The values of the 

specific surface area determined by the BET (Brunauer–

Emmett–Teller) method are presented in Table 1. The 

specific surface area of the initial nickel molybdate was 

31 m2/g and practically does not change for modified 

materials. 

Table 1 

Structural and adsorption characteristics of the initial 

NiMoO4 and modified by ultrasound for 60 and 90 min. 

Sample SBET, m2/g 
Vtotal, 

cm3/g 
d, nm 

NiMoO4 31 0.135 17.4 

NiMoO4-60 28 0.146 21 

NiMoO4-90 31 0.223 28.5 
 

The pore size distribution spectra determined by the 

BJH (Barrett–Joyner–Halenda) method (Fig. 3а) further 

confirm the mesoporous structure of nickel molybdates 

and the increase in the average pore size from 17 nm for 

the initial nickel molybdate to 28.8 nm for ultrasonically 

modified for 90 min (Table 1). DFT (Density Functional 

Theory) size distribution histograms indicate a wide pore 

size distribution in the range of 2 - 26 nm (Fig. 3b, c, d) 

and an increase in total mesopores volume from 

0.135 cm3/g to 0.223 cm2/g with prolonged ultrasonic 

dispersion. 
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(a) 

 
(b)       (c) 

Fig.2.Nitrogen adsorption-desorption isotherms (−196 °С) of the (a) initial NiMoO4 hydrate, NiMoO4 modified  

by ultrasound for (b) 60 min and (c) 90 min. 

 

 
(а)      (b) 

 
(c)      (d) 

Fig.3.(a) BJH pore size distributions plots of the NiMoO4, NiMoO4-60 and NiMoO4-90. DFT pore size distributions 

plots of the (b) NiMoO4, (c) NiMoO4-60 and (d) NiMoO4-90. 
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Summarizing the data of X-ray analysis and 

porometry, we conclude that ultrasonic dispersion does 

not change the size of the crystallites of NiMoO4 hydrate, 

but in modified materials there is a redistribution of pores 

in size, namely increasing the volume of mesopores with 

a diameter of 20 - 28 nm. This is due to the fact that at 

ultrasonic frequencies from 20 kHz to 50 kHz the most 

common are physical effects, including micro jets and 

shock waves [13]. For solutions with particles smaller than 

0.2 mm, micro jet formation is not possible at frequencies 

of 22 kHz [7]. Therefore, in such cases, shock waves are 

created, which accelerate the solid particles suspended in 

the liquid. Velocities in collisions between particles can 

reach hundreds of meters per second, causing changes in 

the morphology of materials [14].  

A detailed analysis of the electrical conductivity of the 

initial hydrate of nickel molybdate is described by us in a 

previous paper [15]. On the frequency dependences of the 

conductivity of all samples there is a low-frequency 

plateau and high-frequency dispersion region, with 

increasing temperature, the electrical conductivity 

increases, which is characteristic of semiconductor 

materials [16]. The temperature dependences of the 

electrical conductivity of the samples modified by 

ultrasound at frequencies of 102-105 Hz are presented in 

Fig. 4. As for the initial NiMoO4 hydrate and for the 

modified samples there is a decrease in the specific 

conductivity in the temperature range 175 - 200 ℃, which 

is due to the activation of the mechanism of scattering of 

charge carriers on the atoms of the crystal lattice. In the 

high-frequency range (104 - 105 Hz) NiMoO4-60 has the 

highest conductivity (Fig.4 b), while at frequencies 102-

103 Hz - NiMoO4-15 has (Fig. 4а). NiMoO4-90 

conductivity is the lowest in the entire frequency range 

(Fig. 4c). 
 

Figure 5 presents the dependence of lnσ on 1000/T. 

The activation energy Ea was calculated from the 

Arrhenius equation: 

 

𝜎 = 𝜎0 exp (−
𝐸𝑎
𝑘𝐵𝑇

), 

 

where σ0 is the pre-exponential coefficient, kB is the 

Boltzmann constant, T is the absolute temperature, and Ea 

is the activation energy. The values of activation energies 

calculated as a result of lnσ linearization from 1000/T were 

0.12 еV for the initial NiMoO4 hydrate [15], 0.13 еV for 

NiMoO4-15, 0.09 еV for NiMoO4-60 and 0.11 еV for 

NiMoO4-90. 

The low activation energy of 0.12 eV for NiMoO4 is 

due to impurities and intrinsic defects present in the 

materials [15]. The mechanism of surface proton 

conductivity is possible for modified materials. At 15 min 

of ultrasonic modification, the activation energy of charge 

 
(a) (b) 

 

 
(c) 

Fig. 4. Temperature dependence of AC conductivity of nickel molybdate modified by ultrasound: (a) NiMoO4-15, 

(b) NiMoO4-60 and (c) NiMoO4-90. 
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carriers increases slightly to 0.13 eV, which is due to the 

transition from surface to bulk conductivity [17], namely, 

electrical conductivity occurs through hydrogen bonds 

formed by lattice and coordinated water molecules 

between NiO5(H2O) complexes. Subsequent ultrasonic 

modification leads to changes in the morphology of the 

surface of nickel molybdate and, accordingly, increase the 

number of available water molecules and reduce the 

activation energy. Accordingly, it will increase the 

number of centers for redox reactions and intercalation / 

deintercalation of electrolyte ions into the structure of the 

material, which will positively affect the specific 

capacitive characteristics of nickel molybdate. 

Conclusions 

Based on the results of X-ray analysis and porometry 

of ultrasonically modified nickel molybdate hydrate, it 

was found that ultrasound causes mainly physical action 

on the material by the formation of shock waves. Shock 

waves lead to redistribution of pores in size, namely the 

volume of mesopores with a diameter 20 - 28 nm in 

NiMoO4, modified by ultrasound for 60 and 90 min, 

increases. At the same time, ultrasonic exposure does not 

change the crystallite size of the initial and modified 

materials. In the study of electrical conductivity, it was 

found that the activation energy of charge carriers of the 

NiMoO4-60 sample is 0.09 eV and is the lowest among the 

modified materials due to proton conductivity. 
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М.М. Хемій, Н.Я. Іванічок, Є.В. Лезун 

Ультразвукова модифікація нанокристалічного гідрату NiMoO4, 

отриманого гідротермальним методом  

Прикарпатський національний університет ім. В. Стефаника, Івано-Франківськ, Україна, khemiiolha@gmail.com 

В роботі представлені результати досліджень кристалічної структури, морфології поверхні та 

електричних властивостей молібдату нікелю, отриманого гідротермальним методом та модифікованого 

ультразвуком. Визначено вплив тривалості ультразвукового диспергування на розміри кристалітів, питому 

площу поверхні, розподіл пор за розмірами та енергію активації носіїв заряду гідрату молібдату нікелю. 

Встановлено, що ультразвук частотою 22 кГц та тривалістю 90 хв призводить до збільшення загального 

об’єму мезопор з 0,135 см3/г до 0,223 см3/г з середнім діаметром 28,5 нм. 

Ключові слова: молібдат нікелю гідрат, ультразвукова модифікація, питома площа поверхні, 

електропровідність. 
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