
Selective self-assembly synthesis of MnV2O6�4H2O with controlled
morphologies and study on its thermal decomposition

Xuehang Wu • Wenwei Wu • Xuemin Cui •

Sen Liao

Received: 20 February 2011 / Accepted: 7 April 2011 / Published online: 16 April 2011
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Abstract The MnV2O6�4H2O with rod-like morphologies

was synthesized by solid-state reaction at low heat using

MnSO4�H2O and NH4VO3 as raw materials. XRD analysis

showed that MnV2O6�4H2O was a compound with mono-

clinic structure. Magnetic characterization indicated that

MnV2O6�4H2O and its calcined products behaved weak

magnetic properties. The thermal process of MnV2O6�4H2O

experienced three steps, which involves the dehydration of

the two waters of crystallization at first, and then dehydration

of other two waters of crystallization, and at last melting of

MnV2O6. In the DSC curve, the three endothermic peaks

were corresponding to the two steps thermal decomposition

of MnV2O6�4H2O and melting of MnV2O6, respectively.

Based on the Kissinger equation, the average values of the

activation energies associated with the thermal decomposi-

tion of MnV2O6�4H2O were determined to be 55.27 and

98.30 kJ mol-1 for the first and second dehydration steps,

respectively. Besides, the thermodynamic function of tran-

sition state complexes (DH=, DG=, and DS=) of the

decomposition reaction of MnV2O6�4H2O were determined.

Keywords Inorganic compounds � Chemical synthesis �
Non-isothermal kinetics � Thermodynamics � Thermal

decomposition

Introduction

It is well known that the cathode materials in rechargeable Li-

ion batteries commercially used are the layered rock salt

oxides, such as LixCoO2, LixNiO2, LixMn2O4, LixNi0.8-

Co0.2O2, Lix(Ni0.8Co0.15Al0.05)O2, and Liy[NixCo1-2xMnx]O2

[1–5], and anode materials are graphite. However, the graphite

anode material commonly used in Li-ion rechargeable bat-

teries suffers from small capacity per unit weight (about

350 mAh g-1) and/or per unit volume due to its low density

[6]. To overcome these disadvantages, considerable amounts

of attempts have been made by many researchers to find out

alternative anode materials in place of graphite anodes, and

some progress has been made. Recently, bivalent transition

metal vanadates with brannerite structure MV2O6 (M = Zn,

Mn, Co, Cu, and Ni) compounds have been promoted as

alternative anode of lithium ion rechargeable batteries [7–10],

which is attributed to its higher discharge capacity, excellent

recyclability, thermal stability, low-cost, and environmental

benefits. Therein, synthesis and electrochemical properties of

MnV2O6 have been widely investigated.

To date, various methods have been developed to syn-

thesize crystalline MnV2O6 compounds, including solid-

state reaction [11, 12], coprecipitation [13–15], hydro-

thermal method [16, 17], microwave radiation [18], poly-

mer gelatin method [6], etc. It was found that MnV2O6

morphologies associated with electrochemical performance

were highly dependent on the synthesis and processing

methods, such as, Huang et al. [19] obtained nanobelts

MnV2O6 via hydrothermal method, which exhibits a very

reversible discharge/charge capacity and excellent cycling

stability even at a current density as high as 1 A g-1. Kim

et al. [6] obtained spherical MnV2O6 crystalline by a

polymer gelatin method, and observed a large capacity of

about 1400 mAh g-1 during the first charge. Morishita

et al. [15] synthesized rod-like MnV2O6 by coprecipitation

method, and obtained both charge and discharge capacities

of more than 600 mAh g-1 and about 100% columbic

efficiency beyond 25 cycles.
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The aim of this study is to prepare MnV2O6�4H2O with

controlled morphologies via solid-state reaction at low heat

[20, 21] and to study the kinetics and thermodynamics of

the decomposition of MnV2O6�4H2O using DSC technique.

Non-isothermal kinetics of the decomposition process of

MnV2O6�4H2O was interpreted by the Kissinger method

[22]. The kinetic (Ea, lnA) and thermodynamic functions

(DH=, DS=, DG=) of the decomposition reaction of

MnV2O6�4H2O are discussed for the first time.

Experimental

Reagent and apparatus

All chemicals were of reagent grade purity. TG/DSC

measurements were made using a Netsch 40PC thermo-

gravimetric analyzer. X-ray powder diffraction (XRD) was

performed using a Rigaku D/max 2500 V diffractometer

equipped with a graphite monochromator and a Cu target.

The FT-IR spectra of the product and its calcined product

were recorded on a Nexus 470 FT-IR instrument. The

morphologies of the product and its calcined samples were

examined by S-3400 scanning electron microscopy (SEM).

The magnetic properties of the compound powder were

carried out at room temperature using a magnetic property

measurement system (SQUID-MPMS-XL-5).

Preparation of MnV2O6�4H2O

NH4VO3 and MnSO4�H2O were employed for the prepa-

ration of the title compounds. NH4VO3 and MnSO4�H2O

were added in the molar ratio of 2:1 and grinded in a

mortar by hand with a rubbing mallet for 40 min in the

presence of surfactant polyethylene glycol (PEG)-400. The

grinding velocity was about 95 circles/min, and the

strength applied was moderate. The mixture was washed

with water to remove soluble inorganic salts until SO4
2-

ion could not be visually detected with a 0.5 mol L-1

BaCl2 solution. The solid was then washed with a small

amount of anhydrous ethanol and dried at 353 K for 3 h.

The resulting material was subsequently determined to be

the single phase MnV2O6�4H2O.

Method of determining kinetic parameters

and thermodynamics functions

Determination of activation energy and pre-exponential

factor by Kissinger method [22]

According to DSC analysis and the Kissinger equation

(Eq. 1), the activation energy and pre-exponential factor of

thermal decomposition reaction of MnV2O6�4H2O can be

obtained.

ln
b

T2
P

¼ � Ea

RTP

þ ln
AR

Ea

ð1Þ

where b is the heating rate (K min-1); TP is the peak

temperature of DSC curve (K); Ea is the activation energy

(kJ mol-1) of thermal process; R is the gas constant

(8.314 J mol-1 K-1), and A is the pre-exponential factor.

The dependence of lnðb=T2
PÞ on 1/TP must give rise to a

straight line. Thus, reaction activation energy Ea can be

obtained from linear slope (–Ea/R), and the pre-expo-

nential factor A can be obtained from linear intercept (ln

(AR/Ea)).

Determination of thermodynamic functions of thermal

decomposition reaction [23, 24]

The change of the entropy (DS=) of thermal decomposition

reaction for MnV2O6�4H2O may be calculated according to

the Eq. 2:

DS 6¼ ¼ R ln
Ah

evkBTP

� �
ð2Þ

where A is the pre-exponential factor obtained from the

Kissinger method; e = 2.7183 is the Neper number; v is

the transition factor, which is unity for monomolecular

reactions; kB is the Boltzmann constant (1.381 9 10-23

J K-1); h is the Plank constant (6.626 9 10-34 J s); TP is

the peak temperature of DSC curve; R is the gas constant

(8.314 J mol-1 K-1).

The change of the enthalpy (DH=) of thermal decom-

position reaction for MnV2O6�4H2O may be obtained

according to the Eq. 3:

DH 6¼ ¼ E 6¼ � RTP ð3Þ

where E= is the activation energy, Ea, obtained from the

Kissinger method. The change of Gibbs free energy

DG= for the decomposition reaction of MnV2O6�4H2O

can be calculated using the well-known thermodynamic

Eq. 4:

DG 6¼ ¼ DH 6¼ � TPDS 6¼ ð4Þ

Results and discussion

XRD analysis of the product and its calcined samples

Figure 1 shows the XRD patterns of the product dried at

353 K and the products resulting from calcination at dif-

ferent temperatures for 2 h.

From Fig. 1a, the results show that strong intensity and

smoothed baseline, a wide and low diffraction pattern of
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the product is observed. This indicates that the product is

crystalline with a higher crystallinity. All the diffraction

peaks in the pattern are in agreement with that of monoclinic

MnV2O6�4H2O, with space group C2/c(15) and cell param-

eters: a = 13.166 nm, b = 10.110 nm, c = 6.982 nm, and

density = 2.496 g cm-3, from PDF card 86-0720. No dif-

fraction peaks of other crystal phase, such as MnV2O6�2H2O,

MnV2O6�H2O and MnV2O6, are observed, which indicates

that the solid¢ solution equilibrium from the solid-state

reaction conditions at low heat favors the evolution of three

species to form the MnV2O6�4H2O compound which is

thermodynamically more stable at room temperature. The

strong diffraction peak at about 11.4� for 2h is attributed to

the layered structure of MnV2O6�4H2O with interlayer dis-

tance of 0.7769 nm.

From Fig. 1b, it can be found that XRD pattern of the

calcined product at 418 K has a great difference in com-

parison with that of MnV2O6�4H2O, Such as, the diffrac-

tion peak at about 11.4� for 2h disappeared when it was

calcined at 418 K for 2 h, suggesting that the calcined

product at 418 K is a non-layered structure compound. All

the diffraction peaks in the pattern are in agreement with

that of orthorhombic MnV2O6�2H2O, space group Pnma

(62), cell parameters: a = 5.609 nm, b = 10.917 nm,

c = 12.042 nm, density = 2.747 g cm-3, from PDF card

70-3124.

When MnV2O6�4H2O was heated over 673 K for 2 h, it

can be found that two XRD patterns at 673 and 1123 K

are similar except intensity of diffraction peaks, such as

the calcined sample at 1123 K has more intensity dif-

fraction peak at about 29.4� for 2h than that of the cal-

cined sample at 673 K, and all diffraction peaks in the

two XRD patterns are found to be in agreement with that

of monoclinic MnV2O6, space group C2/m (12), from

PDF card 35-0139.

TG/DSC analysis of the synthetic product

Figure 2 shows the TG curve of the synthetic product at

heating rate of 10 K min-1 from ambient temperature to

700 K. The TG curve shows that thermal decomposition

of the MnV2O6�4H2O below 700 K occurs in two well-

defined steps. The first step starts at about 300 K, ends at

about 390 K, which is attributed to the two water mole-

cules eliminated from MnV2O6�4H2O and the formation

of MnV2O6�2H2O. The observed mass loss in the TG

curve is 9.69%, which is in good agreement with 11.08%

theoretic mass loss of two water molecules eliminated

from MnV2O6�4H2O. The second decomposition step

begins at about 390 K, and ends at 550 K, attributed to

the decomposition of MnV2O6�2H2O and the formation of

MnV2O6. The corresponding observed mass loss in the

TG curve is 9.54%, which closes to 11.08% theoretic

mass loss of two water molecules eliminated from

MnV2O6�2H2O.

Figure 3 shows the DSC curves of the synthetic product

at four different heating rates from ambient temperature to

1140 K, respectively.

The DSC curve shows that the thermal process of the

MnV2O6�4H2O below 1140 K occurs in three obvious
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Fig. 1 XRD patterns of the synthesized sample (a) and its calcined

products at different temperatures for 2 h (b)
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Fig. 2 TG curve of the MnV2O6�4H2O at heating rate of 10 K min-1
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endothermic peaks. The weak endothermic DSC peak

between 303 and 400 K is attributed to the dehydration of

the two waters of crystallization from MnV2O6�4H2O and

the formation of MnV2O6�2H2O. The endothermic DSC

peak between 400 and 500 K is assigned to the dehydration

of the two waters of crystallization from MnV2O6�2H2O

and the formation of anhydrous MnV2O6, which are in

agreement with that from the mass loss in the TG ther-

mogram. The endothermic peak, which is located about

1105 K, is related to phase transition from solid phase

MnV2O6 to liquid phase MnV2O6. Melting point of

MnV2O6 is much lower than that of MnNb2O6 [25].

From Fig. 3, the peak temperature (TP) is the tempera-

ture at which it attains its maximum, which is the endo-

thermic peak temperature in the DSC curves. There is an

upward shift in TP of two step dehydration with increasing

heating rate. However, TP of phase transition from solid

phase MnV2O6 to liquid phase MnV2O6 has few

differences.

IR spectroscopic analysis of the product and its calcined

samples

The FT-IR spectra of the product and its calcined samples

are shown in Fig. 4. From Fig. 4, the strong and broad band

at about 3336 cm-1 is assigned to the stretching OH

vibration of the water molecule [20, 21], the weak band

which appears at 1621 cm-1 in the spectrum of

MnV2O6�4H2O can be ascribed to the bending mode of the

HOH [26–28]. The band at about 905 cm-1 is the vibra-

tional mode of isolated V=O bonds in metavanadate group

[29]. The band at 547 cm-1 can be attributed to m(V–O–V)

vibration of polymeric metavanadate [30, 31]. The bands at

around 2362 and 1407 cm-1 should be assigned to the

asymmetric and the symmetric stretching of CO2(g), and

the overlapping band at around 547 cm-1 is assigned to the

bending mode of CO2, which are attributed to the sample

adsorbing CO2 from air.

When MnV2O6�4H2O is calcined at 418 K, the FT-IR

spectra of the calcined sample MnV2O6�2H2O have a little

difference in comparison with that of MnV2O6�4H2O. Such

as, the band at about 905 cm-1 of MnV2O6�4H2O is split

into three bands at 968, 924, and 842 cm-1 respectively,

which is attributed that MnV2O6�4H2O has monoclinic

structure, however, the dihydrated compound is trans-

formed into orthorhombic structure.

The FT-IR spectra of two calcined samples at 673 K and

1123 K are similar. However, two spectra have a great

difference in comparison with that of MnV2O6�4H2O or

MnV2O6�2H2O. Such as, the band of MnV2O6 at about

3336 cm-1 disappears, and a new band at about 1020 cm-1

appears. It is explained by the fact that MnV2O6�4H2O

finishes elimination of its four waters of crystallization at

673 K. However, the cause that a new band of calcined

sample above 673 K appears at about 1020 cm-1 is not

clear.

SEM analysis of the synthetic product and its calcined

samples

SEM micrographs of the synthesized MnV2O6�4H2O and

its calcined samples are shown in Fig. 5. A rod-like

MnV2O6�4H2O is shown in Fig. 5a, with diameter of about

250 nm, thickness of about 100 nm, and lengths up to

6 lm. After the calcined temperature is increased to 418 K,

MnV2O6�2H2O sample (Fig. 5b) can still keep rod-like

morphology of MnV2O6�4H2O. However, diameter, thick-

ness, and lengths of MnV2O6�2H2O samples become

smaller than that of MnV2O6�4H2O samples. The calcined

temperature is increased to 673 K further, the calcined

sample MnV2O6 (Fig. 5c) is split into smaller rod-like

particles. When MnV2O6�4H2O is calcined at 1123 K for
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Fig. 3 DSC curves of the MnV2O6�4H2O at heating rates of

(a) 5 K min-1, (b) 10 K min-1, (c) 15 K min-1, and (d) 20 K min-1
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Fig. 4 IR spectra of MnV2O6�4H2O at 353 K and its calcined

samples at different temperatures
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2 h, morphology of the calcined sample, which has been

ground, become block shapes (Fig. 5d).

Magnetic properties of the synthetic product and its

calcined samples

The magnetic properties of MnV2O6�4H2O and its calcined

samples at different temperatures are shown in Fig. 6. It

can be observed that the specific magnetization of all

powders increases with the increase of applied field. The

magnetic property of the sample obtained at 353 K is

almost similar to that of the samples calcined at 418 and

1123 K, and the sample obtained at 673 K has larger

specific magnetization than that of other samples under the

same applied field. These samples show weak ferro- or

ferrimagnetic behavior at room temperature.

Activation energy of thermal decomposition

of MnV2O6�4H2O

In accordance with TG/DSC and XRD analysis of

MnV2O6�4H2O and its calcined products mentioned above,

thermal process of MnV2O6�4H2O below 1140 K consist of

three steps, which can be expressed as follows:

MnV2O6 � 4H2O ðcrÞ ! MnV2O6 � 2H2O ðcrÞ þ 2H2O(g)

ð6Þ
MnV2O6 � 2H2O ðcrÞ ! MnV2O6ðcrÞ þ 2H2O(g) ð7Þ
MnV2O6ðcrÞ ! MnV2O6ðlÞ ð8Þ

These thermal processes generate gaseous water or

transformation of MnV2O6 from solid phase to liquid phase,

so the change of the entropy of thermal processes will be

positive. Therefore, as long as the temperature is high enough,

the thermal processes mentioned above can occur

spontaneously. Figure 7 shows Kissinger plots of the

thermal decomposition of MnV2O6�4H2O. From the slopes

of the straight lines, the activation energy values of two

thermal decomposition steps of MnV2O6�4H2O were

determined to be 55.27 and 98.30 kJ mol-1, respectively

(Table 1). The step 2 exhibits higher activation energy value

in comparison with steps 1, which suggests that dehydration of

two waters of crystallization from MnV2O6�2H2O is the rate-

limiting step of the thermal decomposition of MnV2O6�4H2O.

Thermodynamics of thermal decomposition

of MnV2O6�4H2O

Thermodynamic functions (DS=, DH=, and DG=) can be

calculated from Eqs. 2–4, and the results are shown in

Fig. 5 SEM micrographs of

MnV2O6�4H2O at 353 K (a) and

its calcined samples at 418 K

(b), 673 K (c), and 1123 K (d)
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Table 2. It can be seen that the values of DS= for step 1

and step 2 are negative. It shows that the corresponding

activated complexes of two thermal decomposition pro-

cesses have lower disorderness than the initial state.

However, the entropy change of the second activated

complex was higher than that of the preceding one. In

terms of the theory of activated complex (transition the-

ory), the step 1 of the thermal decomposition of

MnV2O6�4H2O may be interpreted as a ‘‘slow’’ stage,

while the step 2 as a ‘‘fast’’ stage [24, 32, 33]. The positive

values of DG= for two steps of thermal decomposition are

due to the fact that dehydration of the water of crystalli-

zation from MnV2O6�4H2O can not occur spontaneously at

room temperature. The larger DG=, the harder is decom-

position process. So, the second decomposition process

(step 2) occur harder than the first decomposition process

(step 1), which is in agreement with experimental results.

The endothermic peaks in DSC curve agree well with the

positive sign of the activation enthalpy (DH=). The value

of DH= of the first decomposition process was smaller than

that of the second decomposition process, which means

that the first decomposition process needs less energy than

the second decomposition process. In other words,

MnV2O6�2H2O is thermodynamically more stable than

MnV2O6�4H2O at elevated temperature.

Conclusions

This research has successfully achieved a selective self-

assembly synthesis of MnV2O6�4H2O with rod-like mor-

phologies. XRD analysis suggests that MnV2O6�4H2O is a

compound with layered structure, and its calcined products

MnV2O6�2H2O and MnV2O6 are non-layered compounds.

Magnetic characterization indicates that MnV2O6�4H2O

and its calcined products behave weak ferro- or ferrimag-

netic behavior at room temperature. The thermal process of

MnV2O6�4H2O in the range of ambient temperature to

1140 K is a complex process, which involve the dehydra-

tion of the two waters of crystallization at first, and then

dehydration of other two waters of crystallization, and at

last melting of MnV2O6. The kinetics of the thermal

decomposition of MnV2O6�4H2O is studied using non-

isothermal DSC technique. The average values of the

activation energies associated with the MnV2O6�4H2O

thermal decomposition are 55.27 and 98.30 kJ mol-1 for

the first and second steps, respectively. The thermody-

namic functions (DS=, DH=, and DG=) of the decompo-

sition reaction of MnV2O6�4H2O are obtained. These data

will be useful for further studies of the studied compound.
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