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Abstract 

Mg2 V2 O7 is the most promising candidate for low-temperature co-fired ceramic (LTCC) multilayer devices. Selecting the appropriate 
precursors strongly requires reliable thermodynamic properties to be defined accurately. In this study, the structural parameters of the Mg2 V2 O7 

at ambient temperature indicate that it is crystallized in space group of P 21 /c . Notably, Mg2 V2 O7 has low lattice thermal conductivity ( kL ) 
of 4.77, 5.12, and 4.52 W/mK, along the a, b , and c axes, respectively, which originates from the large phonon scattering rate and low 

phonon group velocity. The α-Mg2 V2 O7 ↔ β-Mg2 V2 O7 and β-Mg2 V2 O7 ↔ γ -Mg2 V2 O7 polymorphic transitions occur at 743 °C and 908 °C 

with enthalpy change of 1.82 ±0.04 kJ/mol and 1.51 ±0.04 kJ/mol, respectively. The endothermic effect at 1083 °C with an enthalpy change 
of 26.54 ±0.26 kJ/mol is related to the congruent melting of γ -Mg2 V2 O7 . In addition, the molar heat capacity of Mg2 V2 O7 was measured 
utilizing drop calorimetry at high temperatures. The measured thermodynamic properties were then applied to select precursors for preparing 
Mg2 V2 O7 via a solid-state reaction, indicating that the V2 O5 and Mg(OH)2 precursors are strongly recommended due to their thermodynamic 
superiority. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The research and development of advanced communica-
ions tools, such as mobile phones and laptop computers,
trongly require the miniaturization of microwave devices
1–8] . Low-temperature co-fired ceramic (LTCC) multilayer
evices can satisfy this requirement. LTCC multilayer devices
✩ Peer review under the responsibility of Chongqing University. 
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re composed of alternating dielectric ceramics and internal
etallic electrode layers. Ag has generally been utilized for

he metallic electrode layer owing to its high conductivity and
ow cost. However, due to the low melting temperature of Ag
t approximately 961 °C, microwave dielectric materials that
an be sintered at temperatures below 960 °C should be devel-
ped for the fabrication of LTCC devices [9–12] . Mg2 V2 O7 

eramic appears to be a candidate for low-temperature sinter-
ng because of its melting temperature ( ∼1100 °C). Joung
t al. [13] prepared Mg2 V2 O7 using MgO and V2 O5 

s starting materials through solid-state calcination, and
he Mg2 V2 O7 treated at 950 °C for more than 5 h
hows low-dielectric constant ( εr = 10.5), high-quality factor
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 Q × f = 58 × 275 GHz), and near zero temperature co-
fficient of resonance frequency ( τ f = -26.9 ppm/ °C), which
akes it as an ideal potential candidate for microwave dielec-

ric materials. Although numerous experimental works and
heoretical calculations of Mg2 V2 O7 were performed in sev-
ral times, it is evident that the high-temperature phase of
g2 V2 O7 is not yet structurally characterized, as well as its

attice dynamics, and thermal transport properties [14] . 
In addition, the selection of precursors for preparing

g2 V2 O7 via solid-state calcination significantly impacts the
ormation mechanism and its microwave dielectric proper-
ies. Traditionally, trial and error with various combinations
re time-consuming and labor-extensive. Thermodynamic re-
ations control reaction behavior, phase equilibrium, corro-
ion, etc ., and it can provide a general guideline for the pre-
ursors’ selection [15–17] . Therefore, choosing optimum pre-
ursors from a thermodynamic viewpoint is necessary before
onducting experiments, which need reliable thermodynamic
ata of all phases to be defined. 

Regarding thermodynamic properties of Mg2 V2 O7 , Kho-
os et al. [18] measured molar heat capacity of Mg2 V2 O7 

or temperatures ranging from 25 to 300 K using adiabatic
alorimetry and derived its entropy at 298 K, which is equal
o 212.95 ± 2 J ·mol−1 ·K−1 . While its molar heat capacity at
igher temperatures is still lacking so far. For many stable and
etastable compounds, molar heat capacity data are not well

xperimentally measured at present, especially in the high-
emperature range. Traditionally, the CALPHAD community
s used to estimate unknown thermodynamic properties by
pplying the Neumann-Kopp rule [19–22] . This approach as-
umes a linear combination of simple oxides to predict the
esired one. For disordered solid solutions and molten phases,
he Neumann-Kopp rule has been proven to be a good approx-
mation in many cases. However, this approach has severe
imitations for stoichiometric compounds due to the differ-
nce in the electronic structure between the compound and
ts constituent elements or oxides. To overcome the lack of
hermodynamic properties of Mg2 V2 O7 in the literature and
nown thermodynamic databases, it is nowadays possible to
easure the thermodynamic properties based on calorimet-

ic technology, and provide theoretical guidance to materials
ynthesis. 

This study aims to investigate phase transitions, lattice dy-
amics, thermal transport, and thermodynamic properties of
gV2 O7 from experiments coupled with first-principle cal-

ulations based on density functional theory (DFT), and fi-
ally apply the measured thermodynamic data to select the
ppropriate precursors for preparing Mg2 V2 O7 via solid-state
alcination. 

. First-principle calculation methodology 

The first-principle calculations were implemented in the
ienna Ab initio Simulation Package (VASP) code [ 23 , 24 ].
he projector augmented wave (PAW) pseudopotential was
sed as the basis for representing the wave function, and
he exchange-correlation function was applied to treat the
eneralized gradient approximation (GGA) with the Perdew-
urke-Ernzerhof (PBE) function [ 25 , 26 ]. The Monkhorst-
ack [27] scheme with a 5 × 4 × 3 k -point grid was used. In

he structure relaxation, optimization is performed with an ac-
urate force (a convergence criterion to ensure that the atoms
re sufficiently stable in their positions) below 10−3 eV/Å
nd the convergent energy was set to less than 10−8 eV. The
inetic energy cutoff was defined as 520 eV. The 2nd-order
orce constant (FC) was calculated in the finite-displacement
ethod with a 2 × 2 × 1 supercell through PHONOPY [28] .
urthermore, the 3rd-order FC was obtained employing the

hird-order scripts, and the thermal conductivity was also cal-
ulated with the ShengBTE package [29] . For achieving the
onvergence of thermal conductivity, the q-grid mesh is set
o 6 × 5 × 4 for Mg2 V2 O7 [30] . 

. Materials and experimental methods 

.1. Sample preparation 

In this study, magnesium oxide (MgO) and vanadium pen-
oxide (V2 O5 ) with a purity of 99.99% and 99.95%, respec-
ively, were used as the starting materials. Prior to weight-
ng, the MgO and V2 O5 powders were calcinated at 1173 K
nd 573 K, respectively, for 5 h to eliminate any absorbed
oisture and other impurities. Subsequently, The Mg2 V2 O7 

owder was synthesized by roasting and milling process with
he fixed molar ratio MgO and V2 O5 of 2:1. The homogenous

ixtures were compacted into disks with a hydraulic press of
0 MPa and then were heated to 650 °C with heating rate of
0 °C /min in muffle and maintained for 48 h in air. After
hat, the pellets were cooled down to room temperature in the
witched-off furnace. The calcinated samples were pulverized
n a vibration mill and roasted after pressing to a disk form
gain at 700 °C, and 750 °C. The facile solid-state calcina-
ion completely proceeds by repeating intermediate grinding
nd roasting at 750 °C twice, which guarantees that no other
hases exist, and high-pure desired samples are finally pre-
ared. 

.2. Sample characterizations 

.2.1. X-ray diffraction (XRD) 
Powder X-ray diffraction (XRD, PANalytical X’Pert Pow-

er, PANalytical B.V.) using Cu K α radiation ( λ= 0.154 nm,
0 kV, 75 mA) was conducted to identify the phase com-
osition of the prepared Mg2 V2 O7 at ambient temperature.
he XRD measurements were operated over diffraction an-
le range of 10 °-70 ° with a relatively slow scanning step of
.14 °/min. The phase composition of Mg2 V2 O7 at higher tem-
eratures was also checked by performing in-situ XRD mea-
urements. The powder sample needs to be dissolved in alco-
ol and then dropped in a Pt flake to carry out experiments
t higher temperatures with a specific temperature interval of
00 °C. The diffraction patterns measured at higher tem-
eratures were further analyzed by employing the HighScore
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lus software package coupled with the Rietveld refinement
ethod. 

.2.2. Fourier transform infrared (FTIR) 
Fourier transform infrared (FTIR) spectrophotometer

Spectrum 100, PerkinElmer) was applied for measuring the
TIR transmission spectrum of the as-prepared Mg2 V2 O7 

ample. The impedance analyzer was utilized for the deter-
ination of frequency-dependent ac conductance, impedance,

ielectric constant, capacitance, inductance, and reactance. 

.2.3. Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM, TESCANVEGA 3

MH, Czech Republic), was used for observation of surface
orphology and particle size of the as-prepared Mg2 V2 O7 

ample. 

.2.4. Inductively coupled plasma optical emission 

pectroscopy (ICP-OES) 
An inductively coupled plasma optical emission spec-

roscopy (ICP-OES) analysis, using an Optima 8000 Instru-
ent (PerkinElmer, USA), was carried out to quantitatively

etermine the vanadium content of the as-prepared sample. 

.3. Phase transitions and thermodynamic properties 
easurements 

In this study, temperatures and its enthalpy changes of the
olymorphic transitions and melting of the Mg2 V2 O7 were
etermined by DSC methods. The measurements were con-
ucted on a NETZSCH DSC 404 F3 Pegasus thermal ana-
yzer for temperature ranging from ambient temperature up to
200 °C with heating rates of 5, 10, 15 °C /min and flow rate
f 50 mL/min under argon atmosphere. The maximum uncer-
ainties on DSC instrument of temperature measurements lie
ithin ±2 °C and enthalpy change ±2.0%, which was estab-

ished by determining standard material Aluminum (99.999%,
2 mg ±1 mg), Zinc (99.999%, 12 mg ±1 mg), Tin (99.999%,
Fig. 1. XRD patterns (a) and conventional crys
2 mg ±1 mg), and Indium (99.999%, 12 mg ±1 mg). The er-
or is calculated by comparing the measured average values
nd standard values [31–33] . 

The high-temperature enthalpy increments of the Mg2 V2 O7 

ere experimentally measured using an isothermal MHTC
6 line calorimeter (SETARAM, France). Calorimetric ex-
eriments were performed with a drop sensor using sapphire
 α-Al2 O3 ) as reference material under flowing helium with
urity above 99.999% [34] . The Mg2 V2 O7 samples were
re-treated to 4 small samples for measurements which were
ubic shapes with pieces of typical mass between 80 and
00 mg. Samples were dropped into an alumina crucible at the
reset temperature, which does not react with the Mg2 V2 O7 

elow 1450 K, The details of the calorimetric measurements
nd basic principle were described elsewhere [35–37] . 

The applicability and reliability of the MHTC 96 line
ere verified by molar heat capacity measurements of Nickel

99.999%) for the temperature ranging of 373-873 K, and
-Al2 O3 was also used as reference standard material. De-
iations of the experimental results from the standard values
ie at ±2.0%, as compared with the values given by the for-
er National Bureau of Standards [38] . The characteristics

f Mg2 V2 O7 were measured at selected temperatures 500 K
nd 1000 K so that the reliability and repeatability of the
alorimetric process were then confirmed. The measurement
rror did not exceed 0.5% and 0.8% at 500 K and 1000 K,
espectively. 

. Results and discussion 

.1. Phase structure, lattice dynamics, and materials 
haracterization 

XRD patterns was recorded to verify the phase component
nd crystal structure of the prepared Mg2 V2 O7 sample. The
RD results and conventional crystal structure are presented

n Fig. 1 (a) and 1 (b), respectively. As seen in Fig. 1 (a),
he peaks recorded for the Mg2 V2 O7 can be well indexed in
omparison with a standard PDF card ( No 96-900-9747). No
oreign diffraction peaks of other phases were found in the
tal structure (b) of monoclinic Mg2 V2 O7 . 
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Table 1 
The calculated unit cell parameters a, b, c, β, and cell volume of Mg2 V2 O7 

along with experimental data. 

Method a (Å) b (Å) c (Å) β ( °) Volume (Å3 ) 

Expt. 6.605(4) 8.415(6) 9.487(2) 100.62(7) 518.3 
PBE 6.718 8.531 9.617 100.858 541.307 
PBE (error) 1.6% 1.3% 1.4% 0.2% 4.3% 

2  

r  

p  

7  

c  

p
c  

t  

c  

t  

d  

6
 

c  

d  

i  

t  

r  

c  

m  

t  

p  

i  

N  

m  

t  

t  

t  

a

 

a  

f  

s  

f  

s  

m  

s  

t  

a  

e

D

w  

f  

t  

p  

i  

(  

m
 

s  

f  

I  

o  

c  

t  

s  

b  

c  

b  

t  

c  

F  

c  

s  

p

s  

F
s

 θ range of 10-70 °. Quantitative analysis with the Rietveld
efinement method was done by comparing XRD standard
atterns and the measured one in this work, and the Rwp is
.4470%, the low values obtained for both Rwp (7.75%) indi-
ate a high refinement quality. The mass percent of the pre-
ared Mg2 V2 O7 sample was approximately 99.5%. Mg2 V2 O7 

rystallizes in monoclinic system space group P 21 /c , with
he cell parameters of a = 6.605(4) Å, b = 8.415(6) Å,
 = 9.487(2) Å, and β= 100.62(7) °, respectively. The quan-
itative analysis was also performed by ICP-OES, which in-
icates that the molar percent content of MgO and V2 O5 is
6.66% and 33.34%, respectively. 

Fig. 1 (b) is the conventional crystal structure of the mono-
linic Mg2 V2 O7 containing MgO6 octahedra and VO4 tetrahe-
ra. The optimized cell parameters a, b, c , and β are tabulated
n Table 1 , and the values match closely with the experimen-
ally measured ones, confirming the reliability of the theo-
etical calculations in this work. Besides, phonon dispersion
urves are calculated to drive the lattice dynamic and ther-
ophysical properties of the Mg2 V2 O7 . The structure con-

ains 44 atoms per primitive cell, therefore, there are 132
honon branches (three acoustic and 129 optical branches)
n the phonon dispersion curve as illustrated in Fig. 2 (a).
o imaginary frequency phonon modes are observed, which
anifests the dynamic stability of Mg2 V2 O7 . Additionally,

he acoustic and optical phonon modes severely overlap in
he low-frequency range, as seen in Fig. 2 (a). This can lead
o large three-phonon scattering channels for heat-carrying
coustic phonons, shown in Fig. 2 (b) as well. 
ig. 2. Phonon dispersion curves along high-symmetry directions of the Brillouin
pace (b) of Mg2 V2 O7 . 
Nanoscale structures are typically formed when sintering
t a relatively low temperature ( < 1000 °C) via solid-state
abrication [39] , which are not suitable for calorimetric mea-
urements due to some uncertain impact contributed by sur-
ace energy [ 40 , 41 ]. The grain size of the prepared sample
hould be evaluated before conducting calorimetric experi-
ents. The XRD instrument background was deduced and a

tandard sample with a grain size of 5 ∼20 μm was initially
ested to correct the instrumental peak broadening term. The
verage grain size (D) and microstrain ( ε) of Mg2 V2 O7 were
stimated with the use of the Scherrer’s formula: 

 = K λ/βcosθ (3) 

here λ is the wavelength of Cu K α radiation, K is the shape
actor (K = 0.94), β is the full width at half maximum of
he selected peak, and θ is the angle position of the selected
eak. The calculated crystallite size of Mg2 V2 O7 ( ∼64 nm)
s larger than that of the typical value of nanoscale materials
20 nm). Therefore, it can be used for the follow-up calori-
etric determination. 
FTIR spectroscopy is an analytical technique that provides

ignificant information about the chemical bonding and phase
ormation of materials, whether organic or inorganic [42–45] .
t also provides information about the vibration frequency
f efficient groups, network configurations of samples, and
ation situations in oxides. Fig. 3 shows the FTIR spectra of
he synthesized Mg2 V2 O7 . It was reported that the V = O
tretch in crystalline V2 O5 gives rise to a sharp and intense
and at 1020 cm−1 [31] , while no obvious peaks around 1020
m−1 can be identified in the observed spectra. Several weak
ands around 2000 cm−1 are found which might be con-
ributed by the existing MgO. Another band observed at 1630
m−1 can be assigned to the absorbed water. As shown in
ig. 3 , six bands centered at 964, 917, 806, 655, 517, and 437
m−1 are observed in the synthesized Mg2 V2 O7 . The FTIR
pectrum of the synthesized samples corresponds to those re-
orted previously for Mg2 V2 O7 [ 32 , 33 ]. 

Surface morphology and particle size of the Mg2 V2 O7 

ample were characterized by utilizing SEM. Some charac-
 zone (a) and Frequency-dependent weighted three-phonon scattering phase 
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Fig. 3. FTIR spectrum of Mg2 V2 O7 sample. 

Fig. 4. SEM images of the as-prepared Mg2 V2 O7 particles. 
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eristic micrographs were observed at three different magni-
cations, and the SEM patterns are given in Fig. 4 . These
icrographs reveal agglomerates of particles shaped in small

hunks. The grain size can be estimated in the image
f × 8000 magnification. The major particle morphology
s a regular polygon, with a corresponding average size of
0 μm. 
ig. 5. The temperature-dependent kL along a, b , and c axes, predicted from the
b), and the frequency-dependent group velocity along a axis (c) of Mg2 V2 O7 . 
.2. Thermal transport properties 

The thermal transport properties of Mg2 V2 O7 are the key
actor to determine its heat dissipation and safety in various
pplications such as microwave dielectric. Hence, it is cru-
ial to quantitatively comprehend the intrinsic thermal trans-
ort characteristics of Mg2 V2 O7 and its underlying physical
echanisms. The previous study [46] experimentally confirms

hat Mg2 V2 O7 is a semiconductor with an indirect bandgap
f approximately 3.0 eV, indicating that lattice thermal con-
uctivity can be considered as the total thermal conductivity.
ased on the second-order and third-order FC, phonon trans-
ort properties of the Mg2 V2 O7 , including the phonon scat-
ering rate ( τ−1 ) and lattice thermal conductivity ( kL ) by per-
orming first-principles calculations and PBTE theory, were
ystematically studied in this work. Fig. 5 (a) displays the kL 

f Mg2 V2 O7 along different axes, as calculated within the
BTE framework. Notably, at ambient temperature, Mg2 V2 O7 

as low kL values of 4.77, 5.12, and 4.52 W/mK along the
, b , and c axes, respectively, and it originates from the large
−1 and low phonon group velocity ( vg ), as seen in Fig. 5 (b)
nd (c). Such low kL might be due to the strong anharmonic-
ty of Mg2 V2 O7 aroused from the bonding inhomogeneity
ontributed by strong V-O bonds and weak Mg-O bonds.
he thermal transport properties of Mg2 V2 O7 through first-
rinciples calculations are crucial for better understanding of
ts further applications in the field of semiconductors. 

.3. Phase transitions 

The heat flow curves of the Mg2 V2 O7 sample across the
hase transition region with the specific heating rate of 5, 10,
nd 15 °C /min under an Air atmosphere are presented in
ig. 6 . There are three obvious endothermic peaks corre-
ponding to two polymorphic transitions and one congruent
elting. The endothermic peak area becomes larger with

ncreasing heating rates, while, the transition tempera-
ures are not changed at all. The polymorphic transi-
ions of α-Mg2 V2 O7 ↔ β-Mg2 V2 O7 and β-Mg2 V2 O7 ↔ γ -

g2 V2 O7 occur at 743 °C and 908 °C on average, re-
pectively. The temperature of polymorphic transition
 PBTE theory (a), the scattering rate ( τ−1 ) calculated at room temperature 
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Table 2 
Phase transitions and related temperature in Mg2 V2 O7 . 

Phase transitions Temperature ( °C) References 

Polymorphic transitions 

α-Mg2 V2 O7 ↔ β- 
Mg2 V2 O7 

738 Wollast et al. [47] 
720 Clark et al. [48] 
720 Cao et al. [49] 
743 This work 

β-Mg2 V2 O7 ↔ γ - 
Mg2 V2 O7 

917 Wollast et al. [47] 
910 Clark et al. [48] 
912 Speranskaya et al. [51] 
911 Pollard et al. [50] 
913 Cao et al. [49] 
908 This work 

Congruent melting 
1093 Wollast et al. [47] 
1083 This work 

Fig. 6. Heat flow curves of the as-prepared Mg2 V2 O7 sample with various 
heating rates. 
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-Mg2 V2 O7 ↔ β-Mg2 V2 O7 was also reported by Wollast
t al. [47] (738 °C), Clark et al. [48] (720 °C), and Cao
t al. [49] (720 °C). It can be seen that the value measured in
his study is about 23 °C higher than that of Clark et al. [48] .
nfortunately, the purity and XRD patterns of the prepared
g2 V2 O7 sample were not mentioned in their work, and

herefore, it may be questionable more or less. The present
esult regarding α-Mg2 V2 O7 ↔ β-Mg2 V2 O7 transition is well
onsistent with that of Wollast et al. [47] (738 °C). The β-
g2 V2 O7 ↔ γ -Mg2 V2 O7 structural transition was also previ-

usly reported by Wollast et al. [47] at 917 °C, Pollard et al.
50] at 910 °C, Speranskaya et al. [51] at 912 °C, Clark et al.
48] at 911 °C as well as Cao et al. [49] at 913 °C. The tran-
ition temperature measured in the present study is consistent
ith the previously reported one. The polymorphic transition

emperature by Cao et al. [49] ( α-Mg2 V2 O7 ↔ β-Mg2 V2 O7 

t 720 °C and β-Mg2 V2 O7 ↔ γ -Mg2 V2 O7 at 913 °C) were
btained by thermodynamically assessing the MgO-V2 O5 sys-
em based on critical evaluation of all available phase diagram
ata and thermodynamic properties simultaneously, which are
ptimized data instead of experimental results. The present
esult is more reliable and can be utilized in the future with
onfidence. In terms of congruent melting, the experimental
esults verify that congruent melting of γ -Mg2 V2 O7 occurs
round 1083 °C, which is in agreement with the results of
ollast et al. [47] (1093 °C). All available results from the

iterature and present study are tabulated in Table 2 . The
nthalpy changes of the polymorphic transitions and congru-
nt melting were also determined by integrating endothermal
eaks, the average values are equal to 1.82 ±0.04 kJ/mol,
.51 ±0.04 kJ/mol, and 26.54 ±0.26 kJ/mol corresponding to
-Mg2 V2 O7 ↔ β-Mg2 V2 O7 , β-Mg2 V2 O7 ↔ γ -Mg2 V2 O7 , and
ongruent melting, respectively. 

In-situ XRD patterns of the Mg2 V2 O7 sample at temper-
tures between 25-1000 °C, as recorded in the 2 θ range of
5-45 °, are presented in Fig. 7 (a). Fig. 7 (b) is the enlarged
iew of the diffraction peak in the 2 θ range of 27-30 °. The
RD patterns of the prepared α-Mg2 V2 O7 are well indexed

n comparison to the standard card (No 31-0816), and they
re not significantly changed below 700 °C. However, some
light deviations in diffraction peak position and intensity can
till be detected in the enlarged view as shown in Fig. 7 (b).
he position of the predominant peak in the 2 θ range of
7-30 ° is slightly shifted to lower angles, affirming that the
ell parameters of the sample increase at higher temperatures.
t may be caused by lattice expansion due to temperature
ncrease. The diffraction patterns at 800 °C is dramatically
ifferent compared to those at lower temperatures, and it indi-
ates the transformation into a new polymorphic modification
-Mg2 V2 O7 . The observed XRD patterns of β-Mg2 V2 O7 

atch well with the standard PDF card (No: 40-0164). The
efinement of cell parameters indicated that the β-Mg2 V2 O7 

s crystallized in a triclinic space group P 1 with the cell pa-
ameters of a = 13.759(3) Å, b = 5.435(5) Å, c = 4.930(2)
˚ , α= 81.431(6) °, β= 106.892(8) ° and γ= 130.359(5) °. Next
olymorphic phase γ -Mg2 V2 O7 is formed when temperature
s over 1000 °C. In-situ XRD patterns of Mg2 V2 O7 are
onsistent with the results of DCS investigation. 

.4. Thermodynamic properties 

Enthalpy increments curve at the specific temperature mea-
urement sequence is typically composed of four drops of the
tudied samples and four drops of the sapphires ( α-Al2 O3 )
sed as ф standard material. The heat flow single continu-
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Fig. 7. XRD patterns of Mg2 V2 O7 at high temperatures: (a) Full version in 
the 2 θ range of 15–45 °, and (b) the enlarged view of diffraction peak in the 
2 θ range of 27–30 °. 

Fig. 8. The heat flow of ( α-Al2 O3 ) and Mg2 V2 O7 at 773 K. 
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Fig. 9. The original and fitted enthalpy changes of Mg2 V2 O7 , as obtained 
by drop calorimetry. 
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usly recorded at 773 K at 1 atm is presented in Fig. 8 ,
erial number I, III, Ⅴ , and Ⅶ denote the endothermic peak
f the sapphire, while thermal events with numbers II, Ⅳ ,
 , and Ⅷ are related to the studied sample Mg2 V2 O7 . All

ndothermic peaks of the heat flow curve were individually
ntegrated by employing Calisto data collection & analysis
oftware to compute the enthalpy increment after the drop-
ing process at various experimental runs. 

All experimental results were listed in Table 3 and plot-
ed in Fig. 9 as well. To fit the experimental data as one
xpression at high temperature, the enthalpy changes of the
olymorphic transitions ( α-Mg2 V2 O7 ↔ β-Mg2 V2 O7 and β-
g2 V2 O7 ↔ γ -Mg2 V2 O7 ,) were subtracted when computing

he enthalpy increments of the sample above each transition.
ll experimentally measured values were fitted by a least

quares method based on a modified Maier-Kelley polyno-
ial [52] : 

H = aT + b/ 2T 2 − cT −1 + d (J · mol−1 ) (1)

here a, b, c, and d are the parameters. 
The molar heat capacity is equal to the enthalpy variation

ivided by the temperature variation for temperatures ranging
rom 298.15 to 1273 K. Then, the corresponding standard
xpression for Cp,m can be obtained as follows: 

p, m = 259 . 19657 + 0. 03105 T 

− 5781130T 2 (J · mol−1 · K−1 ) (2) 

The fitted molar heat capacity curve is presented in
ig. 10 . The molar heat capacity is calculated taking into ac-
ount all measured enthalpy data using a simultaneous linear
egression present in Table 1 along with the low-temperature
eat capacity determined by Khodos et al. [18] at 298.15 K.
he maximum error is within 2% and the mean error lies
t 1%. As above mentioned, the low-temperature molar heat
apacity of Mg2 V2 O7 between 25-300 K was experimentally
etermined using adiabatic calorimetry by Khodos et al. [18] ,
nd based on the obtained low-temperature molar heat capac-
ty, they also calculated the entropy at 298 K. Temperature
ependence of the high-temperature heat capacity can be pre-
icted by applying the classic Neumann-Kopp rule based on
he combinations of molar heat capacity of the constituent
xide of MgO and V2 O5 . The thermodynamic properties of
gO and V2 O5 can be derived from FactSage PS database
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Table 3 
Enthalpy changes of Mg2 V2 O7 obtained by drop calorimetry. 

T/K 	T 298.15Hm 

/(kJ ·mol−1 ) T/K 	T 298.15Hm 

/(kJ ·mol−1 ) T/K 	T 298.15Hm 

/(kJ ·mol−1 ) 

573 65.66 823 132.81 1073 203.33 
623 78.74 873 146.68 1123 217.75 
673 92.01 923 160.68 1173 232.28 
723 105.46 973 174.79 1223 246.90 
773 119.06 1023 189.01 1273 261.61 

Fig. 10. Molar heat capacity of Mg2 V2 O7 for temperature in the 298.15-1273 K range. 
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53] . Good agreement was reached between the estimated val-
es and the present experiment, while, the Neumann-Kopp
ule can only be used below the melting point of V2 O5 

 ∼943 K). Jin et al. [46] calculated the molar heat capac-
ty of Mg2 V2 O7 based on First-principle calculations, and the
esults are also shown in Fig. 10 . The calculated values are
lightly lower than that of the experimental ones. As a result,
he predicted Cp,m values of Mg2 V2 O7 using the Neumann-
opp rule and First-principle calculations are not sufficient
nough to some extent, especially in high-temperature re-
ions. The reliable experimental data based on calorimetric
echnology employed in the present work can be applied
o thermodynamic database development for V2 O5 -containing
ystems. 

Other thermodynamic functions of the Mg2 V2 O7 related to
he reference temperature at 298.15 K can be calculated as
ollows: 

T 
298 . 15 Hm 

=
∫ T 

298 . 15 
C pdT ( 298 . 15 − 1273 K ) 

(
J · mol−1 

)
(3) 
T 
298 . 15 Sm 

= 

∫ T 

298 . 15 
C p /T dT ( 298 . 15 − 1273 K ) 

(
J · mol−1 · K−1 

)
(4) 

T 
298 . 15 Gm 

= 	T 
298 . 15 Hm 

− T 	T 
298 . 15 Sm 

( 298 . 15 − 1273 K ) 
(
J · mol−1 

)
(5) 

Based on the measured molar heat capacity at higher tem-
eratures and enthalpy of formation and entropy at 298.15
 from the previous studies [18] , the thermodynamic func-

ions of Mg2 V2 O7 can be calculated utilizing Eqs. (3) , (4) ,
nd (5) for the temperature ranging from 300 to 1273 K. As
 result, the reliable thermodynamic data measured by the
alorimetric technique can be used with good confidence and
xpertise to provide further guidelines for selecting precursors
o prepare Mg2 V2 O7 via solid-state calcination. 
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. Application of thermodynamic properties to materials 
reparation 

The measured thermodynamic properties of Mg2 V2 O7 can
e further applied to select the appropriate precursors in the
olid-state calcination. In the previous works, MgO, MgCO3 ,
g(OH)2 , and V2 O5 were commonly utilized as the precur-

ors to generate Mg2 V2 O7 . Chemical reactions of Mg2 V2 O7 

ormation using different reactive precursors are presented as
q. (6) - (8) : 

MgO + V2 O5 = Mg2 V2 O7 (6)

MgCO3 + V2 O5 = Mg2 V2 O7 + 2CO2 (7)

Mg(OH)2 + V2 O5 = Mg2 V2 O7 + 2H2 O (8)

Practically, the most influential factor is the choice of cal-
ination temperature. Gibbs free energy change ( 	Go ) with
 mol of Mg2 V2 O7 product of chemical reactions (6) - (8) can
e calculated using the measured thermodynamic database,
nd the results are present in Fig. 11 . The Gibbs energy of
eactions (6) , (7) , and (8) is negative for temperatures rang-
ng from 300 to 1200 K, confirming that those reactions are
lways thermodynamically feasible at elevated temperatures.
owever, the reaction (7) and (8) show much more negative
ibbs free energy than that reaction (6) , which means reaction

uperiority. Compared with 3 different reactions, the chemi-
al reaction of V2 O5 and Mg(OH)2 for preparing Mg2 V2 O7 

s the favorite from a thermodynamic aspect because of ther-
odynamic superiority. 
The V2 O5 and Mg(OH)2 precursors for preparing

g2 V2 O7 samples and improving its microwave dielectric
roperties via solid-state reaction are strongly recommended
rom a thermodynamic viewpoint. The measured database can
lso be applied to thermodynamically optimize MgO-V2 O5 

inary, ternary, and multicomponent systems, and provide the-
Fig. 11. Gibbs energy change of Mg2 V2 O7 formation. 
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retical calculation and thermodynamic simulation for clean,
fficient vanadium extraction from vanadium-bearing slag. 

. Conclusions 

Phase-pure Mg2 V2 O7 was synthesized through solid-state
alcination, crystal structure, phase transitions, lattice dy-
amics, thermal transport, and thermodynamic properties of
gV2 O7 were systemically studied by experimental tech-

iques and first-principle calculations. The following conclu-
ions were obtained. 

1. α-Mg2 V2 O7 crystallizes in monoclinic space group of
P21 /c , with cell parameters of a = 6.605(4) Å,
b = 8.415(6) Å, c = 9.487(2) Å, and β= 100.62(7) °. β-
Mg2 V2 O7 crystallizes in triclinic space group P1 , with
the cell parameters of a = 13.759(3) Å, b = 5.435(5)
Å, c = 4.930(2) Å, α= 81.431(6) °, β= 106.892(8) ° and
γ= 130.359(5) °. 

2. No imaginary frequency phonon modes are observed, in-
dicating the dynamic stability of the Mg2 V2 O7 compound.
Notably, Mg2 V2 O7 has low kL of 4.77, 5.12, and 4.52
W/mK at room temperature, along the a, b , and c axes,
respectively, which originates from the large phonon scrat-
ting rate and low phonon group velocity. 

3. Enthalpy changes at the phase transitions in Mg2 V2 O7 

were measured by performing DSC. The values are equal
to 1.82 ±0.04 kJ/mol, 1.51 ±0.04 kJ/mol, and 26.54 ±0.26
kJ/mol for the α-MgV2 O6 ↔ β-MgV2 O6 at 743 °C, and
β-Mg2 V2 O7 ↔ γ -Mg2 V2 O7 at 908 °C, and incongruent
melting at 1083 °C, respectively. 

4. The molar heat capacity of Mg2 V2 O7 for the tem-
perature range of 298.15-1273 K was experimentally
determined by conducting drop calorimetry, and the
dependence was modeled as Cp = 259.19657 + 0.03105T-
5781130T2 (J ·mol−1 ·K−1 ). Other thermodynamic proper-
ties can be calculated based on the fitted heat capacity
expression at high temperatures. 

5. The measured thermodynamic properties were applied to
evaluate the reaction behavior of Mg2 V2 O7 generation
via a solid-state reaction, indicating that the V2 O5 and
Mg(OH)2 precursors are strongly recommended due to
their thermodynamic superiority. 
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