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Abstract
The low temperature method of synthesis of zinc molybdate nanostructures from oxides by hydrothermal, ultrasonic treat-
ment, and conventional stirring was proposed. The synthesis of ZnMoO4 from oxides in an aqueous medium at room tem-
perature confirmed the thermodynamic possibility of this process. Ultrasonic or hydrothermal treatment led to an acceleration 
of the ZnMoO4 synthesis process. Alternative synthesis methods and conventional co-precipitation methods from soluble 
salts were compared. It was shown that an alternative synthesis leads to the formation of the ZnMoO4·0.8H2O phase. DTA 
method showed that ZnMoO4·0.8H2O loses crystallization water in two stages up to 320 °C and ZnMoO4 was formed. All 
ZnMoO4 samples synthesized by alternative methods have higher SBET than ZnMoO4 synthesized by a solid-state method. It 
was shown by SEM and TEM that ZnMoO4 synthesized by hydrothermal treatment, ultrasonic treatment, and stirring have 
similar nanorod structure. Consequently, it was shown that the application of alternative synthesis methods allows to obtain 
the ZnMoO4 nanostructures at low temperature avoiding environmental pollution.
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Introduction

Water pollution is known to be one of the top ten environ-
mental problems. Therefore, the creation of the synthesis 
method meeting the main requirements of “green chemistry” 
is an incredibly urgent task (Anastas et al. 1998).

ZnMoO4 is known as an industrial white pigment with 
anti-corrosion performance (Bhanvase et al. 2015; Karekar 
et al. 2018; Sheng et al. 2021), as well as an industrial smoke 
suppressant (Jr et al. 2020; Zhang et al. 2019). Moreover, 
ZnMoO4 has been recently shown to be among promising 
luminescent materials (Zhai et al. 2017a; Cavalcante et al. 
2012; Degoda et al. 2017; Hizhnyia et al. 2019; Wang et al. 
2017; Tiwari et al. 2020; Yadav et al. 2019), bolometers, 
scintillation humidity sensors, gas sensors (Bhanvase et al. 
2015; Beeman et al. 2012; Chernyak et al. 2013; Gironi et al. 
2010; Edwin Suresh Raj et al. 2002; Shahri et al. 2013), pho-
tocatalysts, and catalysts for partial hydrocarbons oxidation 
(Oudghiri-Hassani et al. 2018; Wang et al. 2017; Zazhiga-
lov et al. 2019), anode materials (Fei et al. 2017; Masood 
et al. 2020; Xue et al. 2016; Wang et al. 2020). However, all 
known methods of ZnMoO4 producing cannot be considered 
environmentally friendly due to the fact that they require 
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high temperature in the case of solid-state (SS) synthesis (da 
Silva Filho et al. 2020; Diyuk et al. 2021; Zhang et al. 2010; 
Hizhnyia et al. 2019; Tiwari et al. 2020; Jin et al. 2019) or a 
large amount of water to remove polluting ions in the case 
of co-precipitation synthesis (Ait ahsaine et al. 2015; Zhang 
et al. 2010; Hizhnyia et al. 2019). In addition, the SS syn-
thesis prevents the formation of the ZnMoO4 nanostructure. 
On the other hand, the co-precipitation synthesis provides 
not more than 50% yield of the desired product which addi-
tionally can be contaminated with by-products (Diyuk et al. 
2021; Jin et al. 2019)..

Application of alternative synthesis methods can help 
solve this problem. For instance, a novel mechanochemi-
cal method of β-ZnMoO4 synthesis from oxides in an air 
medium was described (Zazhigalov et al. 2016). Several 
papers have reported the application of ultrasonic (Bhanvase 
et al. 2015; Karekar et al. 2015; Lovisa et al. 2018; Patel 
et al. 2013) or hydrothermal equipment (Sheng et al. 2021; 
Cavalcante et al. 2012; Zhang et al. 2010; Jiang et al. 2014) 
for the preparation of molybdenum salt. However, the use of 
starting reagents (metal salts) and additional substances in 
these procedures leads to water pollution. Thereby, hydro-
thermal and ultrasonic synthesis methods allow to obtain 
novel improved ZnMoO4 nanostructures; however, does 
not solve the environmental problem of water pollution by 
ions. Additionally, one-hour ultrasonic treatment of the cor-
responding oxides in aqueous medium was reported to lead 
to the mixture of products (α-ZnMoO4, α-MoO3, β-Mo8O23, 
and β-ZnMoO4) (Sachuk et al. 2017; Zazhigalov et al. 2017, 
2019). However, in these publications, the potential (ther-
modynamic) possibility of the interaction of oxides at low 
temperatures was not considered. In the current paper a 
concept of the interaction of poorly soluble oxides in aque-
ous medium resulting in the formation of nanostructured 
ZnMoO4 was proposed and the experimental results con-
firming this hypothesis are presented.

Experimental

The samples preparation

For the preparation of the zinc molybdate samples by a 
conventional co-precipitate method (NH4)6Mo7O24·4H2O 
2.354 g and Zn(NO3)2·6H2O 3.959 g with the molar ratio of 
1:7 were used. Each of these salts was solved in 100 ml of 
distilled water in separate beakers. Then zinc nitrate solution 
was gradually added to the ammonium molybdate solution. 
Afterward, some NH4OH as a precipitating agent was added. 
After that, HNO3 solution was added to get the pH of ca. 7. 
The sample synthesized by a co-precipitation method was 
washed 5 times with 500 ml of deionized water. After that, 

the sample was dried at 100 °C and 300 °C and marked as 
ZnMoO_c-p_100 and ZnMoO_c-p_300, respectively.

The solid-state synthesis was realized according  to 
the procedure described in (Diyuk et al. 2021) where the 
physical–chemical properties of the obtained samples were 
reported. Some of the properties of this sample are presented 
in this paper, and the sample is labeled as ZnMoO_SS.

The used alternative methods of synthesis were based on 
the interaction of metal oxides in aqueous medium:

1.	 The conventional stirring (with a magnetic stirrer) of the 
oxides mixture in the water medium at room temperature 
was performed with the duration of 7 days. This synthe-
sis was carried out according to the modified procedure 
applied for the successful synthesis of ZnMo2O7·5H2O 
(Grzywaa et al. 2007). [In the original source (Grzy-
waa et al. 2007) the duration of the synthesis was one 
month]. The mixture of ZnO 3.61 g and MoO3 6.39 g 
(1:1 molar ratio) was placed into a beaker and 200 ml 
of water was added. The suspension was stirred for 6 h 
during each day at room temperature (a long time is 
essential due to the low solubility of both components). 
The sample was dried at 100 °C and 300 °C and labeled 
as ZnMoO_st_100 and ZnMoO_st_300, respectively.

2.	 The second synthesis method was performed according 
to the procedure described in (Diyuk et al. 2021). The 
mixture of ZnO 3.61 g and MoO3 6.39 g with the molar 
ratio of 1:1 was placed into a glass beaker and 80 ml 
of water was added. The ultrasonic (US) treatment of 
the oxides mixture was carried out for 20 min at room 
temperature using an UZDN-A ultrasonic dispersant 
operating in an acoustic cavitations mode at a frequency 
of 22 kHz. After synthesis the samples were dried at 
100 °C and 300 °C and labeled as ZnMoO_US_100 and 
ZnMoO_US_300, respectively.

3.	 The hydrothermal treatment of the oxides mixture (molar 
ratio equal to 1:1) was realized by a similar procedure 
described in (Zazhigalov et al. 2014). The synthesis was 
carried out in a stainless-steel laboratory autoclave with 
a volume of 45 ml and an inserted teflon test tube of 
18 ml. The oxides ZnO – 1.44 g and MoO3 – 2.56 g 
were mixed and placed into a teflon insert, and 15 ml of 
water was added. The autoclave was heated at 170 °C for 
3 h. The pressure in the autoclave was 0.8 MPa. After 
synthesis, the sample was dried at 100 °C or 300 °C 
and marked as ZnMoO_HT_100 and ZnMoO_HT_300, 
respectively.

Characterization of the samples

The phase composition of the prepared samples was deter-
mined using Bruker D8 Advance diffractometer equipped 
with Cu Kα (λ = 0.15406 nm) X-ray source in the range of 
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2Θ 5°–70°. For the analysis of the samples composition 
and morphology, a scanning electron microscope (SEM 
JSM6490 LV, JEOL, Japan) with an integrated system 
for electron microprobe analysis INCA Energy based on 
energy-dispersive and wavelength-dispersive spectrom-
eters (EDS + WDS, OXFORD, United Kingdom) with 
HKL Channel system was applied. Transmission electron 
microscopy (TEM) for the investigation of the morphology 
and size of the initial and obtained materials was carried 
out on a transmission electron microscope JEM-1200 EX 
(JEOL, Japan). Nitrogen adsorption isotherms at –196 °C 
were obtained using Quantachrome NOVA- 220e Gas Sorp-
tion Analyzer. Differential thermal analysis (DTA) was per-
formed on Paulik-Paulik-Erdey Derivatograph Q instrument 
with independent channels of registration for TG, DTG and 
DTA. The experiments were carried out in air in the tem-
perature range of 25–500 °C at the heating rate of 10 °C/min. 
The sample weight was 200 mg.

Results and discussion

XRD

XRD patterns of the samples prepared by a co-precipitation 
method are presented in Fig. 1. The synthesis using the ini-
tial salts ((NH4)6Mo7O24·4H2O and Zn(NO3)2·6H2O) leads 
to the formation of zinc molybdate (ZnMoO_c-p_100). 
Since the synthesis was performed with the Zn to Mo atomic 
ratio equal to 1, the formation of the product with a similar 
Zn to Mo ratio was expected. At the same time according 
to XRD analysis the main reflexes of the obtained product 
correspond to Zn5Mo2O11·5H2O (JCPDS card no. 00–030-
14–86). The formation of Zn5Mo2O11·5H2O from the initial 
salts makes it impossible to obtain pure ZnMoO4 after cal-
cination Eq. (1). According to this equation the final product 
contains the mixture of ZnMoO4 and ZnO.

At the same time, the XRD (Fig. 1b) contains reflexes 
of the single α-ZnMoO4 phase (JCPDS No 00–035-0765). 
Thereby, the obtained ZnO can be presented by the amor-
phous form or small nanocrystals which cannot be detected 
by XRD. It is necessary to note that in some publications, 
the samples after co-precipitation synthesis were not studied 
and XRD patterns of the product after calcination were dem-
onstrated only (for example, Ait ahsaine et al. 2015). In this 
paper, the final product was detected as pure ZnMoO4. In 
this case, one cannot be sure that the single phase ZnMoO4 
was obtained. In (Zhai et al. 2017a) it was announced that 
the co-precipitation method led to the formation of the 

(1)Zn
5
Mo

2
O

11
⋅ 5H

2
O → 2ZnMoO

4
+ 3ZnO + 5H

2
O

precursor (without its XRD identification) turning after cal-
cination into a single ZnMoO4 phase with nanowire struc-
ture. However, the presented in the paper SEM images dem-
onstrate, in addition to the nanowire structure, the presence 
of a large number of particles with a flake structure probably 
corresponding to amorphous ZnO phase. In another paper 
(Zhai et al. 2017b) pentazinc dimolybdate pentahydrate 
was identified as a synthesis product and further calcination 
of Zn5Mo2O11·5H2O in the temperature range from 150 to 
300 °C was shown to lead to the formation of the ZnMoO4 
phase (XRD). However, in this case, as in our synthesis, the 
formation of ZnO according to Eq. (1) was not detected by 
X-ray diffraction analysis. Therefore, the obtained results 
and literature data show that the co-precipitation synthesis 
allows to obtain the ZnMoO4 phase, however, the presence 
of amorphous zinc oxide cannot be excluded. On the other 
hand, soluble molybdenum compounds should remain in the 
water, reducing the productivity of the synthesis and increas-
ing environmental pollution.

Figure 2a shows the XRD patterns of the sample obtained 
by the stirring of the corresponding oxides mixture in water 

Fig. 1   X-ray diffraction patterns: a ZnMoO_c-p_100, b ZnMoO_c-
p_300, were ● - Zn5Mo2O11·5H2O and # - ZnMoO4
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medium using a magnetic stirrer at room temperature. All the 
signals of ZnMoO_st_100 correspond to ZnMoO4·0.8H2O 
(JCPDS 00-025-1025). All the peaks in the XRD pattern of 
ZnMoO_st_300 (Fig. 2b) can be indexed according to the 
standard peaks of ZnMoO4 without any other phases. Since 
the reaction between the initial oxides (ZnO and MoO3) with 
the formation of zinc molybdate occurs in aqueous medium 
at room temperature, it can be considered as a spontaneous 
process. It should be noted that it is a very slow process. 
The reason for a long-term reaction is kinetic difficulties and 
problems with the contact between the particles of the initial 
reagents. The initial oxides ZnO and MoO3 are characterized 
by the poor solubility of 0.004 g/l and 1.066 g/l respectively 
at 18 °C, therefore, the reaction is too slow. As a result, two 
different ways can be proposed to speed up the process rate. 
The first method is connected with an increase of the dis-
persion of the initial compounds and their intensive mixing 
(US treatment). The second one is to increase the solubility 
of oxides by increasing the reaction temperature (hydro-
thermal treatment). Both these approaches were studied in 
the current work. In Fig. 3a, b X-ray diffraction patterns 

of the sample obtained after US treatment during 20 min 
are presented. All reflexes of ZnMoO_US_100 correspond 
to ZnMoO4·0.8H2O (Fig. 3a) and the reflexes of ZnMoO_
US_300 allow to identify the sample as ZnMoO4. These 
data are in a good agreement with the results presented in 
(Diyuk et al. 2021) and differ from the XRD data reported in 
(Zazhigalov et al. 2019, 2017; Sachuk et al. 2017), where the 
formation of α-ZnMoO4 α-MoO3, β-Mo8O23 and β-ZnMoO4 
mixture after the US treatment of ZnO and MoO3 during 1 h 
was registered. This can be connected with some different 
US treatment conditions.

Thermal treatment leads to the formation of ZnMoO4 
phase. It can be concluded that the application of US treat-
ment significantly (more than 100 times) speeds up the 
process of the formation of ZnMoO4·0.8H2O compared to 
the conventional stirring confirming one of the suggested 
hypothesis.

X-ray diffraction patterns of ZnMoO_HT_100 and 
ZnMoO_HT_300 are presented in Fig.  4. The main 
reflexes correspond to ZnMoO4·0.8H2O except two peaks 
at 2Θ = 19.7 and 24.34 which can be ascribed to ZnMoO4. 

Fig. 2   X-ray diffraction patterns: a ZnMoO_st_100, b ZnMoO_
st_300 were * - ZnMoO4·0.8H2O and # - ZnMoO4

Fig. 3   X-ray diffraction patterns: a ZnMoO_US_100, b ZnMoO_
US_300 were * - ZnMoO4·0.8H2O and # - ZnMoO4
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This fact indicates that a small amount of ZnMoO4 was 
obtained (less than 3% according to the ratio of the main 
peaks) as the result of HT synthesis. After the calcination of 
ZnMoO4·0.8H2O all the reflexes in XRD pattern correspond 
to ZnMoO4. These results confirm our hypothesis that HT 
treatment can positively influence the process kinetics.

Thereby, the obtained results show that a traditional 
co-precipitation method can lead to the formation of by-
products. Otherwise, alternative synthesis methods such 
as conventional stirring with a magnetic stirrer, ultrasonic 
and hydrothermal treatment lead to the formation of the 
ZnMoO4·0.8H2O phase with further transformation into a 
single ZnMoO4 phase after calcination.

SEM

SEM image of the product obtained by a traditional co-
precipitation method from the metal salts (ZnMoO_c-
p_300) is presented in Fig. 5a. This sample consists of two 
types of particles: the nanorod structures characteristic for 

ZnMoO4 (Zhai et al. 2017a; Zhang et al. 2010; Fei et al. 
2017; Karekar et al. 2015; Wang et al. 2017; Keereeta et al. 
2014) and some amount of friable structure probably corre-
sponded to ZnO formed according to Eq. 1. The SEM image 
of the initial mixture of oxides used for synthesis is shown 
in Fig. 5b. EDX analysis showed the presence of a fine ZnO 
powder that surrounds massive MoO3 particles. It is shown 
(Fig. 5c1) that the stirring of the oxides mixture in an aque-
ous medium leads to the formation of rod structure particles. 
At the same time on the sample surface, the presence of 
small particles with different morphology can be observed. 
The data of EDX analysis show that in the places with a rod 
structure, the distribution of elements is uniform, while in 
the places containing these small particles a large amount of 
molybdenum was detected (Fig. 5c2). This result indicates 
an incomplete transformation of the initial reagents (in par-
ticular molybdenum oxide). The obtained data confirmed 
the conditions of this synthesis reported by (Grzywaa et al. 
2007) about one-month duration for the preparation of the 
pure product. In accordance to our hypothesis, ultrasonic 
treatment allows to obtain the product with homogeneous 
nanorod structure (Fig. 5d) corresponded to ZnMoO4 for-
mation. Such a strong reduction in the synthesis duration 
leading to the formation of a pure product can be explained 
by the elimination of kinetic limitations due to an increase 
the dispersion of the initial compounds as a result of US 
treatment. Synthesis of zinc molybdate using hydrothermal 
treatment also leads to the formation of nanorod structure 
(Fig. 5e). EDX analysis of ZnMoO_US_300 and ZnMoO_
HT_300 samples demonstrates equimolar and uniform dis-
tribution of elements in these samples.

TEM

TEM-images of the initial ZnO and MoO3 oxides are pre-
sented in Fig. 6a, b. The initial molybdenum oxide consists 
of the large particles in different forms: parallelogram, tri-
angular, and others (Fig. 6a). The initial zinc oxide is com-
posed of small circular particles collected in agglomerates 
(Fig. 6b). The TEM images of ZnMoO4 display that all 
the samples synthesized by alternative methods have simi-
lar rod-like structure (Fig. 6c–e). These particles have the 
width equal to 20–200 nm, and the length up to 2 µm. All 
TEM images of the prepared zinc molybdate well agree with 
the SEM images and confirm the formation of the rod-like 
structure.

Nitrogen ad(de)sorption

The results of nitrogen ad(de)sorption for the samples syn-
thesized by an alternative approach and SS method where 
the ZnMoO4 phase was obtained are presented in Table 1. 
The samples synthesized by alternative methods have 10–15 

Fig. 4   X-ray diffraction patterns: a ZnMoO_HT_100, b ZnMoO_
HT_300 were * - ZnMoO4·0.8H2O, # - ZnMoO4
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times higher SBET value than the samples synthesized by the 
SS method (Diyuk et al. 2021). Milder synthesis conditions 
lead to the formation of the sample with a larger specific 
surface area and more developed porosity. It should be noted 
that the samples ZnMoO_st and ZnMoO_US have very close 
values of both SBET and VΣ. On the other hand, the synthe-
sis of ZnMoO4 due to an increase in temperature leads to a 
noticeable decrease in both parameters.

DTA

The initial mixture of oxides (ZnO and MoO3) has a total 
weight loss of 1% in the TG curve and no peaks in DTA 
curves (image is not shown). It can be connected with non-
porous structure of the initial oxides and corresponding low 
quantity of adsorbed water.

In Fig. 7a TG, DTA, and DTG curves of ZnMoO_c-p_100 
with the Zn5Mo2O11·5H2O phase detected by XRD are 

presented. There is a weight loss of 10% in the temperature 
range of 240–330 °C accompanied by only one endothermic 
peak at 275 °C. These data are close to the theoretical cal-
culation of lost crystalline water equal to 11 wt% according 
to the presented Eq. (1). Despite the large number of pub-
lications devoted to the synthesis of ZnMoO4, only a few 
of them reported DTA studies. For all the samples synthe-
sized by alternative methods, two stages of weight loss were 
observed (Fig. 7b–d). The first weight loss was observed at 
about 50–230 °C and the second one – 250–320 °C. The 
total weight loss varies from 4.6% for ZnMoO_HT_100 up 
to 7% for ZnMoO_st_100 (Fig. 7b–d). The theoretically 
calculated weight loss of 0.8 molecules of crystal water 
during the formation of ZnMoO4 from ZnMoO4·0.8H2O is 
equal to 6%, therefore both of these stages of weight loss 
can be connected with this process. However, the first stage 
of ZnMoO4·0.8H2O weight loss can be  also associated 
with the water adsorbed in the pores. The second stage of 

Fig. 5   SEM images of the sam-
ples: a ZnMoO_c-p_300, b ini-
tial mixture of MoO3 and ZnO, 
c 1,2) ZnMoO_st_300 with 
EDXA where blue line – Mo, 
red line – Zn and green 
line – O, d ZnMoO_US_300, e 
ZnMoO_HT_300
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weight loss at a temperature of 250–320 °C is the same for 
all samples (2–3%) and associated only with the removal of 
crystalline water. Our results are in a good agreement with 
(Zhang et al. 2010) where ZnMoO4·0.8H2O was prepared 
by a co-precipitate method using hydrothermal treatment. 
In this study the total weight loss was 5.27%. As can be 
seen from Fig. 7d, ZnMoO_HT_100 has the lowest weight 
loss among all other samples. It may be due to the relatively 
high synthesis temperature and high pressure leading to the 
partial formation of ZnMoO4, already at the stage of syn-
thesis, which was confirmed by X-ray diffraction analysis 
(Fig. 4a). The application of hydrothermal treatment, both 

in the co-precipitate synthesis from salt (Zhang et al. 2010) 
and hydrothermal synthesis from oxides (this paper) leads to 
the lower values of the amount of crystal water determined 
by DTA method compared to theoretically calculated one.

Conclusions

The possibility of the ZnMoO4·0.8H2O phase formation 
under standard conditions (NIST: atmospheric pressure, 
temperature 20  °C) by the mixing of the correspond-
ing oxides in an aqueous medium at room temperature 

Fig. 6   TEM images: a MoO3, b ZnO, c ZnMoO_st_300, d ZnMoO_US_300, e ZnMoO_HT_300

Table 1   Porosity parameters of 
the ZnMoO4 samples

Sample ZnMoO_SS ZnMoO_st_300 ZnMoO_US_300 ZnMoO_HT_300

SBET, m2/g 0.6 9 8 6
VΣ, cm3/g 0.01 0.123 0.115 0.05
Ref Diyuk et al. (2021) This paper This paper This paper
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was demonstrated. All alternative procedures lead to the 
formation of crystalline hydrate ZnMoO4·0.8H2O with 
a nanorod structure. This fact indicates the irreplaceable 
key role of water in overcoming the kinetic difficulties of 
the process during the low-temperature synthesis of the 
salt from oxides in an aqueous medium. It was shown that 
the kinetic difficulties can be overcome by an increase in 
the reagents dispersion and enhancing the mixing using 
ultrasonic treatment or by an increase in the solubility of 
oxides by heating in the case of hydrothermal treatment. 
At the same time, the method of oxides treatment in water 
medium has some impact on the properties of the prod-
uct. It is worth noting that after heating ZnMoO4·0.8H2O 
transforms into ZnMoO4 with the same nanorod structure. 
As a result, green synthesis of zinc molybdate from oxides 
at the temperature lower by 600 °C compared to the con-
ventional SS synthesis was developed. In comparison with 
the traditional co-precipitation synthesis, the studied meth-
ods allow to obtain ZnMoO4 with the yield of ca. 100% 
and practically without water pollution.
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