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Abstract

As a promising anode material for magnesium ion rechargeable batteries, magnesium metavanadate (MgV,0g) has attracted considerable
research interest in recent years. A MgV,04 sample was synthesized via a facile solid-state reaction by multistep-firing stoichiometric mixtures
of MgO and V,05 powder under an air atmosphere. The solid-state phase transition from o-MgV,04 to 8-MgV,0¢ occurred at 841 K and
the enthalpy change was 4.37 £ 0.04 kJ/mol. The endothermic effect at 1014 K and the enthalpy change was 26.54 £ 0.26 kJ/mol, which is
related to the incongruent melting of S-MgV,0O. In situ XRD was performed to investigate phase transition of the as-prepared MgV,0q at
high temperatures. The cell parameters obtained by Rietveld refinement indicated that it crystallizes in a monoclinic system with the C2/m
space group, and the lattice parameters of @ = 9.280 A, b = 3.501 A, ¢ = 6.731 A, B = 111.76 °. The solid-state phase transition from
a-MgV,0¢ to B-MgV,0¢ was further studied by thermal kinetics, indicating that this process is controlled first by a fibril-like mechanism
and then by a spherulitic-type mechanism with an increasing heating rate. Additionally, the enthalpy change of MgV,O¢ at high temperatures
was measured utilizing the drop calorimetry, heat capacity was calculated and given as: Cp = 208.3 + 0.03583T-4809000T2 (298 — 923 K)

(J mol™' K1), the high-temperature heat capacity can be used to calculate Gibbs free energy of MgV,0s at high temperatures.
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1. Introduction

Rapid industrialization has aggravated present energy chal-
lenges, which in turn have greatly stimulated the development
of lithium-ion rechargeable batteries (LIBs). In recent years,
LIBs have been widely applied in portable electronic devices,
such as mobile phones, laptop computers, digital cameras,
and power tools, owing to their excellent performance which
includes high power and energy density, elongated life cy-
cle, and safety [1-3]. High-energy-density anode materials for
LIBs are increasingly required to fulfill the growing demand
for portable energy sources. Traditionally, graphite has been
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applied as an anode material in commercial LIBs; however, it
cannot meet the needs of large-scale batteries because of its
low voltage, low specific capacity, and poor cyclability [4,5].
Thus, the exploration of the next-generation anode materials
with high specific capacity and remarkable cyclic stability is
urgently needed. The rechargeable magnesium battery may
be an ideal candidate for high energy density batteries be-
cause of its natural abundance, comparatively low price of its
raw materials, and the improved safety of batteries, as com-
pared to lithium [6—-15]. Among them, magnesium metavana-
date (MgV,0g), the most promising candidate anode material
for magnesium-ion rechargeable batteries, has attracted con-
siderable research interest in recent years. Wang et al. [16] ex-
perimentally confirmed which nanobelt exhibited a high ca-
pacity of 425.7 mAh g~! (at 0.2 A g~!), outstanding rate
capability (182.1 mAh g~' at 10 A g='), and an ultra-stable
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cycle without any visible deterioration up to 1500 cycles at
4A gl

To accelerate large-scale commercial applications and bet-
ter understand the thermodynamic conditions of MgV,0g and
its service performance when utilized as anode materials in
rechargeable magnesium batteries, a thorough knowledge of
its structure, phase transitions, and thermodynamic proper-
ties, such as heat capacity, entropy, enthalpy, and Gibbs free
energy, are indispensable [17,18]. The initial structural de-
termination of MgV,0¢ at room temperature was first re-
ported by Gondrand et al. in 1974 [19]. Thereafter, Tang
et al. [20] synthesized MgV,0¢ powder by a high-pressure
and high-temperature route, and comprehensively studied the
detailed physical properties of orthorhombic MgV,0¢ under
high pressure using Raman spectroscopy at room temperature.
In 2018, Rahman et al. [21] investigated the physical prop-
erties of the high-pressure polymorphism of MgV,0q with
the density functional theory. Although numerous experimen-
tal studies and theoretical calculations have been performed
on MgV,0Og, it is evident that the high-temperature phase of
MgV;,0¢ and its transition mechanism are not yet structurally
characterized.

Thermodynamically, heat capacity is one of the most fun-
damental thermal properties of materials and plays an im-
portant role in heat transfer, thermodynamic calculations, and
the anharmonic property of lattice vibration. Khodos et al.
[22] measured the heat capacity of MgV,0¢ and calculated
the entropy of formation at 298.15 K. All available high-
temperature heat capacity data are only estimated values,
which were obtained using the Neumann-Kopp rule [23,24].
Many calorimetric results confirmed that the estimated heat
capacity values of mixed oxides are not sufficiently pre-
cise and reliable, especially in the high-temperature region
[25,26]. However, experimental data on the high-temperature
heat capacity of MgV,0¢ is still lacking in the literature
and known thermodynamic databases, such as FactSage®,
Thermal-Calc®, HSC®, and MTDATA®.

This study aims to investigate the crystal structure, phase
transitions, and thermodynamic properties of MgV,Og at high
temperatures. The MgV,0¢ was first synthesized through a
facile solid-state sintering process and was then characterized
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), and
differential scanning calorimetry (DSC). Enthalpy change of
the MgV,0¢ at 298-923 K was measured by drop calorimetry
and heat capacity was calculated.

2. Experimental
2.1. Sample preparation

Magnesium oxide (MgO) and vanadium pentoxide (V;,0s),
exceeding 99.99% and 99.95% purity, respectively, were used
as the raw materials. Both precursors were supplied by Lian-
shuo Biological Technology Co., Ltd., Shanghai, China. The
raw oxide powders were roasted at 573 K under an air at-
mosphere for 5 h before weighing to eliminate any absorbed
moisture and other impurities. Subsequently, MgV,0¢ pow-
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der was synthesized by roasting and milling according to a
specific molar ratio of 1:1. The homogenous mixtures were
compacted into pellets using a hydraulic press, sintered at the
target temperature (873 K), maintained for 20 h under an air
atmosphere, and were then subsequently cooled down to room
temperature in the furnace. The roasted samples were pulver-
ized in a vibration mill and roasted after pressing to form
pellets. High-purity MgV,0¢ samples were finally obtained
by repeating the roasting and milling process five times.

2.2. Sample characterization

2.2.1. XRD

To determine the phase composition of the as-prepared
MgV,0¢ powder, qualitative and quantitative analyses were
performed using powder XRD (PANalytical X’Pert Powder,
Panalytical B.V.) with Cu-Ke radiation (A = 0.154 nm, 40 kV,
and 75 mA) at an angular range of 10°-80° with a relatively
slow scanning step of 0.01°/min at a given temperature. The
diffraction locations and intensities of the samples were then
analyzed with the Highscore Plus® 8.5 software package. Ri-
etveld refinement was performed to determine the cell param-
eters of the as-prepared MgV,0¢ powder. The phase structure
of MgV,0¢ at various temperatures was detected by in situ
XRD. The powder sample was first dissolved in alcohol and
then placed in a Pt flakelet to perform the experimental test
at high temperature with a temperature step of 100 K.

2.2.2. FTIR

FTIR (Spectrum 100, PerkinElmer) was used to obtain
the FTIR transmission spectrum of the MgV,0¢ sample.
An impedance analyzer was used to measure the frequency-
dependent AC conductance, impedance, dielectric constant,
capacitance, inductance, and reactance.

2.2.3. SEM

SEM (TESCANVEGA 3 LMH, Czech Republic) was also
performed to further investigate the surface morphology and
particle size of the MgV,0¢ sample.

2.24. DSC

The enthalpy change and transition temperatures of the
solid-state phase transformation and incongruent melting of
MgV,0¢ were measured by DSC, which was conducted on a
NETZSCH DSC 404 F3 Pegasus thermal analyzer at temper-
atures ranging from room temperature to 1173 K at a specific
heating rate of 10 K/min under an argon atmosphere and with
an argon gas flow rate of 50 mL/min. The maximum temper-
ature measurement uncertainty of the DSC instrument was
0.5 K and the enthalpy change uncertainty was £2.0%,
which was established by determining that of the standard
materials, namely, aluminum (99.999%, 12 + 1 mg), zinc
(99.999%, 12 + 1 mg), tin (99.999%, 12 £ 1 mg), and in-
dium (99.999%, 12 = 1 mg). The experimental error was
obtained by comparing the experimentally measured average
and the standard values.



JID: IMAA
G. Pei, C. Pan, D. Zhong et al.

2.2.5. Drop calorimetry

The enthalpy increments of MgV,0¢ powder at high tem-
peratures were measured using an isothermal MHTC 96 line
drop calorimeter (SETARAM, France). Calorimetric experi-
ments were performed in flowing helium with a purity ex-
ceeding 99.999%. The measurements were conducted with a
SETARAM drop sensor using sapphire («-Al,O3) as the stan-
dard reference material. The experimental principle of drop
calorimetry is the measurement of the enthalpy increments of
room temperature sample pellets which are dropped into the
detector, which is maintained at a higher temperature. When a
room-temperature sample pellet is dropped into the even tem-
perature zone of the furnace, the additional heat content must
be added to the system to maintain the programmed setting
temperature. This heat content is proportional to the enthalpy
increase of the sample at a specific temperature under nor-
mal pressure. The final MgV,0¢ samples were post-treated
to four small cubic samples with a mass of 80-100 mg for
measurement. The room temperature samples were dropped
into an alumina crucible in the furnace, which did not re-
act with the sample powder below 973 K. The details of the
calorimetric measurements and basic principles are described
elsewhere [17].

The applicability and reliability of the MHTC 96 line were
confirmed by heat capacity measurements of nickel (99.999%)
with the drop module at temperatures from 373 to 873 K. a-
Al,O5 was used as the standard reference material. The devi-
ations of the experimental results from those of the standard
values were +2.0% during the experimental interval, as com-
pared to the values given by the former National Bureau of
Standards [27]. Three specific temperature experiments of the
MgV,04 (673, 723, and 973 K) were conducted to verify the
reliability and repeatability of the calorimetric process. The
MgV,0¢ heat capacity measurement error did not exceed 2.0,
2.0, and 1.5% at the specific temperatures, respectively.

3. Results and discussion
3.1. Synthesis and characterization

The thermodynamic feasibility of the specific chemical re-
action is completely dependent on the values of the Gibbs
free energy variation (AG) at a certain temperature. Assum-
ing that the pressure is constant (1 atm), the chemical reaction
can occur spontaneously at a specific temperature when the
AG value is negative. The generation reaction of MgV,0g is
presented in Eq. (1) :

MgO+V,05= MgV,0¢ (1)

The AG of the MgV,0¢ generation reaction with relation-
ship to temperature was calculated using the Reaction module
of the FactSage® software, and the results are presented in
Fig. 1. The fundamental thermodynamic data of V,0s5, MgO,
and MgV,0¢ were extracted from literature [28], it should be
noted that the oxide reference was used concerning standard
enthalpy of formation, and entropy at 298.15 K, the results
show in Table 1. Fig. 1 shows that the AG of the formation re-
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action was negative when the temperature ranged from 298 to
1273 K, which confirmed that this reaction is thermodynam-
ically feasible. The AG of the formation reaction markedly
increased above 963 K, which may be caused by the melting
of V,0s. Although the formation of MgV,0g is thermody-
namically possible, the actual process is generally limited by
dynamic conditions, such as diffusion and the rate of inter-
facial chemical reactions. Consequently, the temperature of
the MgV,0¢ generation reaction was set at 873 K through
the comprehensive consideration of the V,0s volatilization
and the thermodynamic and kinetic aspects of the solid-state
reaction.

X-ray powder diffraction was performed to detect the phase
components and crystal structures of the as-prepared MgV,0g
sample at room temperature. Fig. 2 shows the experimental
and Rietveld refinement results. The X-ray diffraction results
show that the single-phase MgV,04 sample was finally ob-
tained using several roasting and milling processes. The sam-
ple is a single-phase, and the four main peaks which appear in
the diffractograms correspond to the (0 0 1), (2 0 -1), (2 0 -2),
and (1 1 -1) Bragg reflections of the MgV,0¢ phase (ICDD
card No: 95-152-2588). No excess peaks related to the start-
ing materials or secondary phases, including other magnesium
vanadate compounds such as Mg, V,07; and Mg;V,0g, were
detected in the 26 range of 10-80 °. A quantitative analysis
using Highscore Plus® 8.5 indicated that the mass percent
content of the prepared MgV,0¢ sample exceeded 99.5%. The
cell parameters obtained by the Rietveld refinement indicated
that MgV,0¢ was crystallized in the monoclinic system with
space group C2/m, and the lattice parameters of a = 9.280 A,
b =3.501 A, c=6731A, g =111.76 °. By comparing the
experimental XRD patterns and the calculated patterns, the
Ryp is 7.44702%, which means that the refinement results
were acceptable.

The intensity ratio of the highest peak and the second high-
est peak indicates the highest degree of anion order in the
crystal structure of the as-prepared MgV,0O¢. The predomi-
nant peak and the second highest peak are 15,438 and 10,923,
corresponding to the (1 1 -1) and (0 O 1) crystal faces, re-
spectively, and yield an intensity ratio of 1.41. The intensity
ratio values of the MgV,0¢ sample were larger than the crit-
ical value of 1.2, which verifies that the as-prepared MgV,0¢
powder exhibits good crystallinity.

Nanoscale crystal structures are usually formed during low-
temperature (< 1273 K) synthesis, which is not suitable for
calorimetric measurements because of the uncertain impact of
the surface contribution on the high-temperature heat capac-
ity values [29]. Therefore, the average grain size of the fi-
nal product was estimated using Scherrer’s formula, the XRD
instrument background was deduced, and a standard sample
with a grain size of 5-20 pwm was tested to correct the in-
strumental peak broadening term. The average grain size (D)
of the MgV,0¢ was estimated as follows:

D = KA/Bcosf 2

where A is the wavelength of the X-ray using Cu-Ko radia-
tion, K is the shape factor (K = 0.94), 8 is the full width



JID: IMAA
G. Pei, C. Pan, D. Zhong et al.

[m5+;June 3, 2022;18:21]

Journal of Magnesium and Alloys xxx (xxxx) xxx

-20
225 -
_ 4
g
-30 1 —
= MgO +V,0,=MgV,0,
= 4
N’
>, 354
=1]
Py o
=
S -40-
L -
2
= 454
n
:g 4
B -50- 963 K
-55 T v T v T T v T v T v
200 400 600 800 1000 1200 1400
Temperature (K)

Fig. 1. Gibbs free energy for the MgV,0¢ generation reaction.

Table 1
Thermodynamic data of the V2,05, MgO, and MgV, 0.

Compounds A‘,«-HS%K (kJ-mol~1) S898K (J-mol~1.K~1) Cp (-mol~1.K™1)

V,0s -1550590 130 Cp(v205)=46.54-3.90 x 1073T-13.22 x 10°T~2 (298-943 K)

MgO -601500 27.9 Cp(meo)= 61.11-621154 x 1072-296.20 x 10705-5844612 x 103 (298-3098 K)
MszO(, -2201658 160.7 Cp(MgVZO()):Cp(V205)+Cp(MgO) (298—943 K)

at half maximum at the predominant (1 1 -1) peak position,
and 6 is the reflection angle of this height peak in radians.
The mean crystallite size of MgV,0¢ (74 nm) exceeded the
parameters typical for nanoscale structures (20 nm).

Fig. 3 shows the FI-IR spectra of the MgV,0¢ phase,
which was calcinated at 873 K. It has been reported that
the V=0 stretch in crystalline V,05 gives rise to a sharp and
intense band at 1020 cm~! [31], while no obvious peaks at
approximately 1020 cm~! were found in this study. The band
observed at 1629 cm~! was assigned to absorb water. Strong
bands at 495.7, 815.9, 1856.6, 2924.1, and 3415.8 cm™~! were
found in the synthesized MgV,0g¢. It can be seen that the
spectrum of the synthesized samples corresponds with those
previously reported for the same compounds.

The surface morphology of the MgV,0¢ powder was fur-
ther characterized by SEM, and characteristic micrographs
were obtained at four different magnifications, namely, (a)
x 800, (b) x 3000, (c) x 12,000, and (d) x 24,000, as
shown in Fig. 4. The MgV,0¢ powder consisted of rod- and
belt-shaped particles. The smaller unshaped particles around
the rod- and belt-shaped particles exhibited slight agglomer-
ation due to the difference in growth velocities in different
directions. The grain size can be estimated from the image
in Fig. 4 (d) at x 24,000 magnification. The particle size of
MgV,0¢ was estimated to be approximately 1-2 pm.

3.2. Solid-state phase transition

In a previous study, MgV,0¢ was found to possess
a temperature-dependent structural transformation at nor-
mal pressure, namely, «-MgV,0q (brannerite type) and -
MgV;,0¢ (pseudobrannerite type), corresponding to low- and
high-temperature phases, respectively.

Fig. 5 shows the DSC curve across the phase transition
region at a specific heating rate of 10 K/min under an Ar
atmosphere. Two obvious endothermic peaks are visible in
the DSC curve, corresponding to the temperature-dependent
solid-state phase transition and incongruent melting. The ther-
mal fluctuations at approximately 773 K may be caused by
noise and other operational errors, which did not affect the
final results. The extrapolated onset temperature of the DSC
curve was used in the present study. The experimental results
demonstrated that the solid-state structural transformation of
MgV,0¢ occurs at approximately 841 K. The transition tem-
perature of the solid phase transition was also reported by
Mocata et al. [30] (808 K), Clark et al. [31] (840 K), and
Cao et al. [32] (809 K). The present value is approximately
33 K higher than that reported by Mocala et al. [30] and
32 K higher than that reported by Cao et al.[32]. The purity
and XRD patterns of the sample measured by Mocala et al.
[30] were not mentioned, therefore, it may be not very accu-
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Fig. 4. SEM images of the as-prepared MgV,0g powder.
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Table 2

Phase transition type and temperature of MgV,0Og.

Phase transition type Temperature/K Refs.

Solid- 808 Mocata et al. [30]
state 840 Clark et al. [31]
phase 809 Clark et al. [31]
transition 841 This work
Incongruent 1015 Kerby et al. [33]
melting 1014 This work

rate. The phase transition temperature reported by Cao et al.
[32] was obtained by optimizing the MgO-V,0s phase dia-
gram, which is not an experimental result. The present result
is consistent with that reported by Clark et al. [31], and it
was confirmed that the present result is more reliable and can
be confidently used in the future. The experimental results
from this study verified that incongruent melting occurs at
approximately 1014 K, which is in agreement with the re-
sults of Kerby et al. [33], and the results are presented in
Table 2. The enthalpy changes of the structural transition and
incongruent melting were also determined by integrating the
endothermic peaks in the DSC curve. The average values were
4.37 £ 0.04 kJ/mol and 26.54 £ 0.26 kJ/mol, respectively.
Fig. 6 (a) presents the XRD patterns of the MgV,0¢ sam-
ple using Cu-Ko radiation at 298, 373, 473, 573, 673, 773,
and 873 K in the 26 range of 10-60 °. Fig. 6 (b and c) show
an enlarged view of the diffraction peaks in the 26 range
of 27-31° and 18-21°, respectively. The obvious diffraction

peak at approximately 44° is the platinum pattern, which does
not affect the current diffraction results. The crystal structure
of the prepared MgV,04 was well matched with the stan-
dard card (ICDD card No: 95-152-2588) and did not change
when the temperature was lower than 873 K; however, some
slight differences were observed in the diffraction peak posi-
tions and intensities. In Fig. 6 (b), the position of the (1 1 -1)
predominant peak at approximately 29.3° confirmed that the
lattice parameters of the sample increased with an increasing
temperature. The diffraction intensity of the (2 0 -2) peak re-
mained almost unchanged, indicating no change in the spatial
distribution of the crystallite orientations along the (2 0 -2)
direction. The peak intensity and position variation tendency
of another typical (2 0 -1) predominant peak were also similar
to the (1 1 -1) peak. The diffraction patterns at 873 K were
relatively different from the lower temperature version, where
the peak position and intensity were reformed B-MgV,0g is
monocrystalline. The refinement of the cell parameters indi-
cated that 8-MgV,0¢ was crystallized in a monoclinic system
with space group C2/m, the lattice parameters of the MgV,0g¢
phase at various temperatures shown in Table 3, which exhib-
ited anomalies associated with the structural phase transition,
which strongly confirms the DSC results. Thermal expansion
with an increasing temperature has a positive behavior and is
accompanied by an increase in both the lattice parameters and
cell volume. The phase transition in each case is followed by
an approximate 14% increase in the unit cell volume, which
is similar to the results of a previous study. The Clausius-
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Fig. 7. Heat flow of the MgV,0¢ sample with different heating rates.

Table 3
Unit cell parameter of the MgV,0g at various temperatures.
a (A) b (A) c () B

298 K 9.280 3.501 6.731 111.76
373 K 9.302 3.501 6.740 111.45
473 K 9.321 3.500 6.749 111.13
573 K 9.339 3.500 6.762 110.80
673 K 9.359 3.499 6.773 110.49
773 K 9.382 3.499 6.781 110.39
873 K 9.695 3.573 6.854 102.28

Clapeyron relation can be described as:

dp _ APH,

ap _ Sam 3
dr  T1Vv’H, ®

where ASH,, and AZV,, are the enthalpy and volume changes
before the phase transformation, respectively, and T is the
structural transition temperature. As AgHm > 0 and Ang >
0, a positive dp/dT slope is expected for the phase boundary,
which means that the transformation temperature should not
diminish with an increase in pressure.

Fig. 5 shows that the heat flow peaks of the solid-state
phase transition did not interfere with the endothermic effect
of fusion. Thus, a standard kinetic analysis can be applied to
comprehensively explore the solid-state transition mechanism.
The kinetics of the solid-solid phase transformation of the
MgV,0¢ were studied using the heating rates of 3, 5, 7, and
10 K/min. Fig. 7 shows the enlarged experimental DSC curves
for the various heating rates. It is clear that the peak area
of the solid-solid phase transition increased with an increased
heating rate, and the peak of several heat flows slightly moved
to the high-temperature zone, which occurs owing to thermal
hysteresis. But the enthalpy change with various heating rates

Table 4
Avrami parameters n and Kc for the solid-solid phase transformation modi-
fication change of MgV;,Og.

B (K/min) n Ke R?

3 1.70 1.33 0.99
5 3.44 1.00 0.99
7 3.67 0.32 0.99
10 3.73 0.14 0.99

is constant. The initial temperature of the DSC curves was
almost stable, and it did not change with the heating rate,
revealing that the temperature of the specific solid-state phase
transition is constant during the heating process.

Fig. 8 shows the conversion ratio (o) curves for the vari-
ous heating rates, demonstrating that the transition time was
significantly decreased with an increased heating rate. The
reaction mechanism can be further deduced by plotting In/-
In(1-a)] against Int according to the In-ln method, as shown
in Eq. (4):

In[—In (1 —a)] =n Int + InK. 4)

In K was modified by Jeziorng [34] when the In-In method
was applied to isothermal solid-state phase transition and
shows in Eq. (5):
InK. InK )
nKec = —
1B
The fitted parameters of the phase transitions are listed
in Table 4. The value of n for the phase transition of
MgV,0¢ was relatively different, corresponding to the var-
ious heating rates. The n values were 1-2 when the heating
rate was 3 K/min, which indicates that the transformation
is controlled by a fibril-like (one-dimensional) mechanism.
The n values were 3-4 when the heating rates were 5, 7,
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Fig. 8. Plot of In[-In(1-X(t))] against Int based on the Avrami model for the solid-solid phase transformation modification change of MgV;,Og.

and 10 K/min, which indicates that the transition was con-
trolled by a spherulitic-type (three-dimensional) mechanism.
This finding indicates that the solid-solid phase transition of
MgV;,0g¢ is controlled first by a fibril-like mechanism and
then by a spherulitic-type mechanism with an increasing heat-
ing rate.

3.3. High-temperature thermodynamic properties of MgV,0¢

The heat capacity of materials at high temperatures is a
fundamental and essential thermophysical property and is in-
dispensable for calculating chemical reactions, multi-phase
equilibrium, and stability. Reliable experimental values are
still absent in the literature and need to be measured using a
calorimetric method.

In this study, the heat capacity of MgV,0g at high temper-
atures was precisely determined by isothermal drop calorime-
try. Fig. 9 shows the average sensitivity of the calorimetry ob-
tained for each measuring sequence. The results indicate that
the sensitivity remarkably increased with an increasing tem-
perature, which is consistent with the results of Benes et al.
[35]. However, because small heat contents are determined
by the small temperature increase of the dropped sample, the
enthalpy error for this temperature range on the absolute scale
was acceptable, and the experimental data was also reliable.

In each experimental run, at least four drops of the sam-
ple pellets and four drops of the sapphires were prepared to
eliminate experimental errors. Fig. 10 presents the typical heat
flow curves for the eight drop tests at 923 K conducted in this
study, where the blue line denotes the endothermic peak for
the sapphire reference pellets, while the green line shows the
endothermic peak for the MgV,0¢ pellets. Each peak of the
heat flow signal was then individually integrated to obtain the
heat content before and after the dropping process. Then, the
heat contents of the various experimental runs were used to
calculate the enthalpy increments of the sample.

All the experimental results are listed in Table 5.
The enthalpy changes of the solid-state phase transition
(4.37 £+ 0.04 kJ/mol)) were subtracted when computing the
enthalpy increments of the sample above 873 K to fit the

Table 5
Enthalpy changes of MgV,0¢ sample, obtained by drop calorimetry at 1
atm.

T/K AT 298.15H,,/(J-mol 1) T/K AT 298.15H,,/(J-mol 1)
573 89445.0 773 149075.3
623 104352.5 823 163982.5
673 119260.0 873 178890.2
723 134167.5 923 193797.5

experimental data as a single expression. All experimentally
determined values were fitted by a least-squares method using
the Maier-Kelley polynomial [36]:

AH = aT 4 b/2T?—cT'+d(J - mol ") (©6)

where a (=208.3), b (=0.03583), c (=-4809000), and d
(=58430) are the parameters:

The heat capacity equals the enthalpy variation divided by
the temperature variation in the temperature range of 298—
923 K using the fitted enthalpy variation equations. The cor-
responding standard Cp variation was then obtained by:

Cp = 196.95837 + 0.07007T — 1576740T >

(298 — 973K)(J - mol~' - K1) (7)

The heat capacity of MgV,0¢ was obtained by considering
all the measured data present in Fig. 11. As previously men-
tioned, Khodos et al. [22] experimentally determined the heat
capacity of MgV,0¢ at 298.15 K as 164.8 4= 1.6 J mol~! K1,
The temperature dependence of the heat capacity at high
temperatures was also estimated by the Neumann-Kopp rule
based on the addition of standard heat capacity of the sim-
ple oxide of MgO and V,0Os, both of which were derived in
literature. The estimated Cp value at 298.15 K was slightly
higher than those obtained experimental by Khodos et al.,
and they significantly increased with temperature when the
temperature exceeded 673 K. A similar behavior was also
observed in our previous study. In several other studies, the
Neumann-Kopp rule yielded a significantly higher error at
high temperatures for the mixed metal oxides. This can be
explained by the difference in the cubic lattice crystal struc-
ture of MgO and the rhombus structure V,0s, while MgV,0g¢
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crystallizes in a monoclinic system. Consequently, the pre- Based on the obtained heat capacity, the Gibbs free energy
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the high-temperature region, are not sufficiently reliable and
should be carefully considered during scientific research and
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Fig. 11. Molar heat capacity of the MgV,0g powder, for temperature in the 298-923 K range.

where A H3yg o and S9g ;. is the standard enthalpy of for-
mation, and entropy at 298.15 K, Cp is the fitted high-
temperature heat capacity, T is the absolute temperature.

4. Conclusion

MgV,0¢ powder was obtained by facile solid-state sin-
tering, and the crystal structure, phase transitions, and high-
temperature thermodynamic properties were studied. The fol-
lowing conclusions were obtained from the results:

1. MgV,0¢ crystallizes in a monoclinic system with the
space group C2/m and the room temperature lattice pa-
rameters of a = 9.280 A, b = 3.501 A, ¢ = 6.731 A,
B = 111.76 °. The thermal expansion with increasing
temperature has a positive behavior and is accompanied
by an increase in the lattice parameters.

2. The phase transition enthalpy changes were determined
by DSC as AH; = 4.37 £+ 0.04 kJ mol~! and AH,
= 26.54 £ 0.26 kJ mol~!, corresponding to a-MgV,04
< B-MgV;,04 at 841 K and the incongruent melting at
1014 K, respectively. The solid phase transition mecha-
nism of MgV,0¢ was further identified, indicating that
the phase transition is controlled first by a fibril-like
mechanism and then by a spherulitic-type mechanism
with an increasing heating rate.

3. The heat capacity of MgV,0¢ at 298-923 K was exper-
imentally measured by drop calorimetry and was mod-
eled as Cp=208.3+0.03583T-4809000T 2 (298-923 K)
(J-mol~L.K™1).
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