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Abstract: Developing new thermoelectric materials with high performance can broaden the
thermoelectric family and is the key to fulfill extreme condition applications. In this work, we proposed
two new high-temperature thermoelectric materials—MgV2O5 and CaV2O5—which are derived from
the interface engineered V2O5. The electronic and thermoelectric properties of V2O5, MgV2O5, and
CaV2O5 were calculated based on first principles and Boltzmann semi-classical transport equations.
It was found that although V2O5 possessed a large Seebeck coefficient, its large band gap strongly
limited the electrical conductivity, hence hindering it from being good thermoelectric material.
With the intercalation of Mg and Ca atoms into the van der Waals interfaces of V2O5, i.e., forming
MgV2O5 and CaV2O5, the electronic band gaps could be dramatically reduced down to below 0.1 eV,
which is beneficial for electrical conductivity. In MgV2O5 and CaV2O5, the Seebeck coefficient was
not largely affected compared to V2O5. Consequently, the thermoelectric figure of merit was expected
to be improved noticeably. Moreover, the intercalation of Mg and Ca atoms into the V2O5 van der
Waals interfaces enhanced the anisotropic transport and thus provided a possible way for further
engineering of their thermoelectric performance by nanostructuring. Our work provided theoretical
guidelines for the improvement of thermoelectric performance in layered oxide materials.
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1. Introduction

Due to the limited Carnot efficiency, most of the world’s input energy has been wasted, and the
major part of the wasted energy is in the form of heat. As a result, harvesting wasted heat energy is a
promising strategy for solving the global energy problem. Thermoelectric (TE) materials, which can
convert heat energy into electricity and vice versa, have received wide attention in the past two
decades due to their potential applications in energy harvesting [1–3]. By applying the TE devices,
waste heat originating from various sources, such as factories, home cooking, automobiles, etc., can be
converted to electrical powers. On the contrary, solid-state refrigeration devices can be made with
TE materials, which is much more environmentally friendly compared to conventional refrigeration
systems. The efficiency of TE materials is characterized in terms of the dimensionless figure of merit
ZT, defined as ZT = S2σT/

(
κe + κl

)
, where T, S, σ are the absolute temperature, the Seebeck coefficient,
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and the electrical conductivity, respectively. κe and κl are thermal conductivity of electrons and
phonons, respectively. During the last decade, significant progress on TE materials has been achieved
with ZT larger than 1 [4]. For example, the ZT of the binary material SnSe can reach beyond 2 at the
temperatures higher than 700 K [5,6]. By using a high-density 2-dimensional electron gas confined
within a unit cell thick layer in SrTiO3, Ohta et al. [7] obtained ZT ~ 2.4 at room temperature. ZT value
of 1.48 at 705 K was achieved in a binary crystalline n-type In4Se3−δ by Rhyee et al. [8]. Using a
low-temperature growth process, the p-type Bi2Te3/Sb2Te3 superlattice device is fabricated, and a ZT
value of 2.4 is observed at room temperature [9]. With the doping of LiI or codoping of Ga and Sb,
Srinivasan et al. achieved significant improvement of ZT in GeTe, and a maximum ZT of ~2.0 was
realized [10,11]. Besides the above materials, an excellent figure of merit has also been obtained in
half-heusler compounds [12,13] and caged materials [14–16]. Currently, most of the achievements
have been done in small scales (such as superlattices, nanostructures), which is still difficult for large
scale synthesis. Although the performance of TE materials has been improved dramatically in the past
decade, the efficiency is still far below the Carnot limit, and there is still a large space for improvement.
Moreover, the application field of TE materials can be very different, from low temperatures to ultrahigh
temperatures or in some other severe conditions. Thus, it is essential to find new TE materials with
high ZT values to broaden the TE families so that they can fulfill different application requirements.

Due to the strong chemical bonding, oxide materials are known to have good thermal stabilities at
high temperatures. Besides, they are also known for their wide availability and property tunability.
Oxide materials have been studied for high temperature (>900 K) TE materials. The high operating
temperature ensures a high Carnot efficiency. In complex structured oxides, it is easier to achieve
the phonon glass-electron crystal paradigm [4,17–19]. Thus, the electron and phonon transport
can be optimized separately in the corresponding building module. Divanadium pentoxide (V2O5)
and its corresponding compounds have attracted numerous studies in recent decades because of
their important applications in modern science. For example, at about 275 ◦C, V2O5 undergoes
an insulator-metal transition, which makes it a candidate of a critical temperature sensor, optical
switching, light detector, and so on [20,21]. Because of the layered structure and the rechargeable
high energy densities and capacities, V2O5 is also a promising candidate for active cathode material
in thin-film intercalation batteries [22,23]. More importantly, V2O5 thin film has been found to be a
TE material with a relatively high Seebeck coefficient [24,25]. However, due to the large electronic
band gap, the electrical conductivity for pure V2O5 is very low (~4 × 10−2 S/m), which limits its ZT
value. To improve the TE performance, Iwanaga et al. [24] fabricated β-NaxV2O5 and found that by
increasing the concentration of Na, the electrical conductivity could be increased by a factor of up to
~104, whereas the Seebeck coefficient decreased only by a half. Using the vapor deposition technique,
Ferreira et al. [26,27] deposited V2O5 into thin films and found that the Seebeck coefficient could reach
up to 690 µV/K. They further fabricated nanostructured p-type CrV2O5 thin films with the dramatical
improvement of electrical conductivity compared to pure V2O5, and eventually, a ZT value of 0.16
was achieved at room temperature [28]. The promising figure of merit obtained in CrV2O5 indicates
that it is possible to improve the TE performance of V2O5 by intercalating other elements into the van
der Waals interfaces. To broaden the TE family based on V2O5, in this paper, we chose magnesium
and calcium elements to intercalate into the van der Waals interfaces in V2O5. The engineered van
der Waals interfaces in MgV2O5 and CaV2O5 not only improved the charge transportation but also
introduced scattering centers for phonons. Thus, it was possible to improve the TE performance of
V2O5. These two compounds have very low thermal conductivities (both lower than 2 Wm−1

·K−1 at
room temperature) [29], which is also beneficial for achieving high ZT.

The crystal structures of V2O5, MgV2O5, and CaV2O5 are presented in Figure 1. All the compounds
are orthorhombic structure with a space group of Pmmn [30], Cmcm [31], and Pmmn [32], respectively.
There are 4 vanadium atoms and 10 oxygen atoms in the primitive cell of V2O5, which corresponds
to two formula units. The structure of V2O5 can be regarded as a series of layers perpendicular to
(001) direction with weak interaction (mainly van der Waals) between layers. Each layer consists
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of a periodic edge- and corner-sharing distorted VO5 square pyramids, where pyramids sharing an
edge have an opposite orientation in the c direction, while corner-sharing pyramids have the same
orientation. The O atoms can be classified into three types with the notation of O1, O2, and O3,
respectively. O1 forms a double bond with a vanadium atom, which is almost perpendicular to the
(001) plane. O2 is the bridge, which connects two adjacent vanadium atoms, while O3 is three-fold
coordinated oxygen. As V2O5 is a layer structure, the weakly interacted interface plays an important
role in determining its properties. More importantly, it can be intercalated with other atoms and form
different compounds. As a result, the properties of V2O5 can be tuned by the van der Waals interface
engineering. With the intercalation of Ca/Mg atoms between layers, new compounds—CaV2O5 and
MgV2O5—can be formed. The crystal structures of CaV2O5 and MgV2O5 don’t change compared to
that of V2O5 but with an increased puckering of the layers (more distorted VO5 pyramids). In each unit
cell of V2O5, the Ca/Mg atoms are located between the layers and are surrounded by eight O atoms.
For the compound MgV2O5, the layers are more puckered than that in CaV2O5. Besides, one slab over
two is shifted by half a unit cell parameter alone the b direction in MgV2O5, leading to the doubling of
the c parameter [33].
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corresponding figure.

The electronic properties of V2O5 have been studied by density functional theory (DFT) by
previous researchers. The early DFT calculations on V2O5 have mostly focused on pure LDA (Local
Density Approximation) or GGA (Generalized Gradient Approximation) method [34–37]. However,
due to the layered structure of V2O5 along the c direction, the interaction between layers is mainly
ascribed to the weak van der Waals (vdW) forces. As a result, the normal LDA and GGA methods
usually overestimate the c parameter. Later on, the Hubbard term U was added to the orbitals of
vanadium atoms, and/or the dispersion correction method was taken into account in the normal DFT
method [36,38–40]. It has been reported that the inclusion of U and/or dispersion correction can
largely improve the c lattice parameter. For example, by applying the vdW-DF method to various
exchange-correlation functionals, Londero et al. [39] found the agreement between predicted interlayer
distances, with largely improved experimental values in V2O5. Jovanovic et al. [40] found that the PBE
+ U + D2 method could accurately reproduce the experimental lattice structure and band gap of V2O5.

2. Methods

The electronic properties were calculated with the periodic DFT code ABINIT [41,42], where the
projector-augmented wave (PAW) method [43] was employed for the description of the interactions
between the core (V:(Ne), O:(He), Mg:(He), and Ca:(Ne)) and valence electrons. The valence electron
orbitals were expanded in the plane-wave basis set up to a very safe cut off energy of 38 Ha (about 1034
eV) for all the compounds. Electron exchange and correlation energy were treated with generalized
gradient approximation with Perdew–Burke–Ernzerhof functional [44] for MgV2O5 and CaV2O5.
For V2O5, due to the weak van der Waals interactions in the c direction, the LDA + U method [45],



Coatings 2020, 10, 453 4 of 13

in combination with the dispersion correction of Tkatchenko and Scheffler [46], was adopted to
calculate the electronic properties. A 2.5 eV U term was used for 3d states of vanadium atoms. In all
the calculations, all orbitals were fully spin-polarized. The structure relaxations were started from
experimental positions [30–32] and finished when the force on every atom was less than 0.01 eV/Å.
The k-point sampling of 4 × 6 × 6 was found to be sufficient for all compounds. After relaxation,
a large number of k-points (828, 732, and 828 k-points for V2O5, MgV2O5, and CaV2O5, respectively)
were used to obtain a dense mesh of the energy eigenvalues required for the calculation of the
temperature-dependent transport coefficients. After that, the transport properties were calculated in
terms of the Boltzmann semi-classical theory, as implemented in the BOLTZTRAP code [47].

3. Results and Discussions

Table 1 shows the relaxed lattice parameters of V2O5, MgV2O5, and CaV2O5 with the comparison
to the experimental data. For V2O5, the interaction between ab layers is weak van der Waals interaction,
and standard DFT methods cannot treat this weak interaction properly [31,32]. As a result, we needed
to adopt the Hubbard U term, as well as the dispersion correction, to correctly predict the geometry
and electronic properties of V2O5. With this method, the predicted lattice parameter for a, b, and c
agreed well with the experimental values of V2O5. When Mg and Ca atoms were intercalated between
the layers, the interaction between ab layers was not only van der Waals forces, but in some places,
there were also chemical bonds linked through Mg or Ca atoms. As a result, the pure DFT approach
gave reasonable results for MgV2O5 and CaV2O5. We noted that the DFT result for CaV2O5 was
better than that of MgV2O5. This might be ascribed to the large radius of Ca atoms; as a result, it had
stronger interactions with V atoms compared with Mg atoms. The agreement of our predicted lattice
parameters with experimental values for all compounds revealed the validity of our chosen methods.

Table 1. Comparisons of predicted lattice parameters and experimental values for V2O5, MgV2O5,
and CaV2O5. The discrepancies are reported in parentheses after the predicted values. All lattice
parameters are given in the unit of Å.

Lattice Parameter
V2O5 MgV2O5 CaV2O5

Exp. [30] Current Work Exp. [31] Current Work Exp. [32] Current Work

a 11.544 11.530 (−0.12%) 11.010 10.896 (−1.03%) 11.351 11.525 (+1.53%)
b 3.571 3.577 (+0.17%) 3.693 3.789 (+2.06%) 3.604 3.609 (+0.14%)
c 4.383 4.483 (+2.28%) 9.958 10.173 (+2.16%) 4.893 4.962 (+1.41%)

To check the electronic property of V2O5, we calculated its electronic density of states (DOS),
which is presented in Figure 2. The width of the valance band is about 4.8 eV, and it is characterized as
a mixture of O-2p and V-3d states [35]. The conductance band was separated into two parts with a
small gap of 0.53 eV. The first part is formed by V-3d states with a small admixture of O-2p orbitals [35].
The predicted band gap was 2.23 eV (Table 2), which agreed well with previous DFT calculations [40],
and was close to the measured results from photodesorption (2.35 eV [48]), from optical adsorption
(2.30 eV [49]), and from optical reflectance data (2.38 eV [50]). If no Hubbard U term and dispersion
correction were considered in DFT calculations, the band gap predicted in V2O5 was only 1.95 eV,
which was much smaller than the experimental values.

Table 2. Comparison of calculated band gaps with experimental values for V2O5, MgV2O5 and CaV2O5.

V2O5 MgV2O5 CaV2O5

Exp. [48–50] Current Work Exp. [51] Current Work Exp. [52] Current Work

Band gap (eV) 2.35/2.30/2.38 2.230 0.002 0.01 0.043 0.050
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With the intercalation of Mg and Ca atoms into the van der Waals interfaces of V2O5, i.e., forming
new compounds—MgV2O5 and CaV2O5, the electronic properties could be modified significantly.
Figure 3 reveals the electronic band structures and corresponding DOS for MgV2O5 and CaV2O5.
As illustrated in Table 2, the band gap of these two compounds was fairly narrow; even there was
nearly no gap for MgV2O5. These small band gaps for the two systems correspond very well with
other ab-initio calculations [38]. The band structure of CaV2O5 also agreed well with previous LDA+U
calculations [53], where U = 3.6 eV was chosen. Compared to V2O5, the Fermi energies (the uppermost
occupied level) shifted to the top of the first part of the conductance band, which was composed
of two bands, as shown in the band structures. However, the shape of this band changed a lot,
and the gap decreased from 0.38 eV to less than 0.1 eV. In this situation, the electrical conductivity
should be increased dramatically compared to that of V2O5 as it is fairly easy to excite the electrons
from valance bands to conductance bands due to the small gaps. The band structures (shapes and
band gaps) at different points were much different. For example, in the case of MgV2O5, the band
gap at Z point was about 1.4 eV, while it decreased to about 0.9 eV at Y point, which meant large
anisotropy existed in the band structures. This phenomenon led to the anisotropy for the properties
that depend on band structures, such as electrical conductivity, Seebeck coefficient, and so on. In order
to perform a quantitative theoretical analysis of the anisotropic transport properties, we calculated the
thermoelectric properties of the three compounds.

Figure 4 illustrates the anisotropy of temperature-dependent transport properties of V2O5,
MgV2O5, and CaV2O5. In Boltzmann transport theory, the electrical conductivity and the electronic
contribution to the total thermal conductivity are relaxation time (τ)-dependent. Here, we did not
calculate the relaxation time due to calculation complexes. However, we could compare the electrical
conductivity and electronic thermal conductivity normalized by τ qualitatively in V2O5, MgV2O5,
and CaV2O5. The comparisons of τ normalized electrical and electronic thermal conductivities have
also been conducted in the literature [25]. It is worth noting that such comparisons could only get
qualitative trends. For the Seebeck coefficient, the relaxation time dropped out from the expressions,
and the absolute values could be obtained.



Coatings 2020, 10, 453 6 of 13

Coatings 2020, 10, x FOR PEER REVIEW  5  of  13 

 

 

Figure 2. Electron density of states of V2O5, the uppermost occupied energy level is set to 0. 

With the intercalation of Mg and Ca atoms into the van der Waals interfaces of V2O5, i.e., forming 

new compounds—MgV2O5 and CaV2O5,  the electronic properties could be modified significantly. 

Figure 3 reveals the electronic band structures and corresponding DOS for MgV2O5 and CaV2O5. As 

illustrated in Table 2, the band gap of these two compounds was fairly narrow; even there was nearly 

no gap for MgV2O5. These small band gaps for the two systems correspond very well with other ab‐

initio  calculations  [38].  The  band  structure  of  CaV2O5  also  agreed  well  with  previous  LDA+U 

calculations [53], where U = 3.6 eV was chosen. Compared to V2O5, the Fermi energies (the uppermost 

occupied level) shifted to the top of the first part of the conductance band, which was composed of 

two bands, as shown in the band structures. However, the shape of this band changed a lot, and the 

gap decreased from 0.38 eV to less than 0.1 eV. In this situation, the electrical conductivity should be 

increased dramatically compared to that of V2O5 as it is fairly easy to excite the electrons from valance 

bands to conductance bands due to the small gaps. The band structures (shapes and band gaps) at 

different points were much different. For example, in the case of MgV2O5, the band gap at Z point 

was about 1.4 eV, while it decreased to about 0.9 eV at Y point, which meant large anisotropy existed 

in the band structures. This phenomenon led to the anisotropy for the properties that depend on band 

structures,  such  as  electrical  conductivity,  Seebeck  coefficient,  and  so  on.  In  order  to  perform  a 

quantitative  theoretical  analysis  of  the  anisotropic  transport  properties,  we  calculated  the 

thermoelectric properties of the three compounds. 

 
Coatings 2020, 10, x FOR PEER REVIEW  6  of  13 

 

 

Figure 3. Electronic band  structures and density of  states of  (a,b) MgV2O5 and  (c,d) CaV2O5. The 

uppermost occupied energy level was set to 0 and is indicated by the red horizontal line. 

Figure  4  illustrates  the  anisotropy  of  temperature‐dependent  transport  properties  of  V2O5, 

MgV2O5, and CaV2O5. In Boltzmann transport theory, the electrical conductivity and the electronic 

contribution to the total thermal conductivity are relaxation time (τ)‐dependent. Here, we did not 

calculate the relaxation time due to calculation complexes. However, we could compare the electrical 

conductivity and electronic thermal conductivity normalized by τ qualitatively in V2O5, MgV2O5, and 

CaV2O5. The comparisons of τ normalized electrical and electronic thermal conductivities have also 

been  conducted  in  the  literature  [25].  It  is worth  noting  that  such  comparisons  could  only  get 

qualitative trends. For the Seebeck coefficient, the relaxation time dropped out from the expressions, 

and the absolute values could be obtained. 

 

Figure  4.  Anisotropy  of  temperature‐dependent  Seebeck  coefficient,  electrical  conductivity 

normalized  by  relaxation  time  τ,  and  electronic  thermal  conductivity  normalized  by  τ  for  V2O5 

(column  1), MgV2O5  (column  2),  and CaV2O5  (column  3). Anisotropy  of  temperature‐dependent 

Figure 3. Electronic band structures and density of states of (a,b) MgV2O5 and (c,d) CaV2O5.
The uppermost occupied energy level was set to 0 and is indicated by the red horizontal line.

The Seebeck coefficient of V2O5 showed large anisotropy below 600 K, while the anisotropy
became much smaller above 600 K. Above 150 K, the values in three directions changed between
190 µV/K to 400 µV/K, and they became to be around 200 µV/K at high temperatures. In the present
calculations, positive values were obtained, while experimentally, negative values are usually observed,
indicating V2O5 is an n-type semiconductor. This disagreement might result from the existence of
oxygen vacancies in experimental samples. It is reported that the sign of the Seebeck coefficient is
directly related to the energy slope of the electronic density of states at Fermi energy level Ef [54].
More precisely, the sign of the Seebeck coefficient is the opposite of the energy slope of DOS at Ef.
In our case, Ef was located at the top of the valance band, where the slope of DOS was negative,
corresponding to positive Seebeck coefficients, as shown in Figure 4a. However, Xiao and Guo [36]
studied the electronic structures of V2O5 with oxygen vacancies, where they found different from
perfect V2O5, the Fermi energy of V2O5 with oxygen vacancies shifted to the bottom of conductance
band, similar to an n-type-doped semiconductor. As a result, the energy slope of DOS at Ef changed to
positive, resulting in negative Seebeck coefficients. In experimental V2O5 samples, it is very hard to
avoid the formation of oxygen vacancies. Since the Seebeck coefficients of V2O5 at high temperatures
show small anisotropy, if downsize it to low dimensional materials, such as thin films or nanowires,
similar Seebeck values should be measured. In other words, V2O5 thin films or nanowires should
have the same Seebeck coefficient with bulk materials at high temperatures when the film thickness
is not too small. Besides, Surnev et al. [55] reported that the V-oxide thin-film phases had more or
less a bulk-type character, i.e., a lot of physical and chemical properties were similar to those of bulk
oxide samples. So, it was reasonable to compare our theoretical results with the values obtained
from thin films. Figure 4a also displays the absolute values of the Seebeck coefficient of V2O5 thin
films from experiments. The comparison showed that the present DFT and Boltzmann semi-classical
theory predictions agreed with experimental results. The Seebeck coefficients of MgV2O5 and CaV2O5

exhibited large anisotropy in the entire temperature range considered, especially for MgV2O5, where
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the Seebeck along the a direction was largely different from that along the b and c directions. In the case
of MgV2O5, the anisotropic appeared in the order Sc < Sb <Sa (absolute value) at low temperatures.
There was also a cross between Sb and Sc at T = 520 K, and the anisotropy changed to the order Sb < Sc

< Sa when T > 520 K. This cross over between Sb and Sc might be related to the relative magnitude of
electron effective mass along the b and c directions at different energy levels. At lower temperatures,
the excited electrons occupied the lower energy levels of the conduction band. At this low energy levels,
the effective mass of electrons along the b direction might be smaller than that along the c direction,
resulting in the absolute value of Sb larger than Sc. With the increase of temperature, more electrons
would be populated to higher energy levels, where possibly the electron effective mass along the b
direction becomes larger than that along the c direction. The reversed electron effective mass with the
increase of energy eventually led to the cross over of Sb and Sc. At high temperatures, MgV2O5 owned
a large absolute Seebeck coefficient along the a direction at T > 600 K, and it resulted in a reasonable
average value of −75 to −80 µV/K in this temperature range. For CaV2O5, the Seebeck coefficient
changed from positive to negative with the increase of temperature. The change of the Seebeck
coefficient sign with temperature has also been reported in InP experimentally [56]. The sign change
with temperature might originate from the different relative contributions of the Seebeck coefficient
by electrons and holes at different temperatures. For undoped CaV2O5, the Seebeck coefficient was
contributed by both electrons and holes as the excitation of an electron by temperature would also
create a hole. At lower temperatures, the electrons were excited to the bottom of the conduction band
and left holes at the top of the valance band. At such energy levels for electrons and holes, the effective
mass of electrons was larger than that of holes-mh

*/me
* = 0.502, i.e., electron mobility was smaller than

hole mobility, and the material showed p-type character. With the increase of temperature, there would
be more electrons moving to the higher energy levels of the conduction band and more holes moving
to the lower energy levels of the valance band. If the mobility of electrons at higher energy levels
was larger than the mobility of holes at lower energy levels, the sign of the Seebeck coefficient could
be changed at a higher temperature. For example, at the energy level of 0.2 eV above/below the
conduction band bottom/valance band top, we had mh*/me* = 1.171. At high temperatures, the Seebeck
coefficient anisotropic in CaV2O5 followed Sb < Sa < Sc (absolute value), and the average value ranged
from −70 to −110 µV/K when T > 600 K.

The electrical conductivity of all the three compounds showed large anisotropies. The electrical
conductivity increased with the increase of temperature in all the directions, indicating the
semiconductor behavior. Due to the large band gap, experimental results showed very low electrical
conductivity for V2O5. However, DFT calculations showed that MgV2O5 and CaV2O5 owned very
narrow band gaps, so they might have large electrical conductivities. Narrow band gap semiconductors
are potentially good thermoelectric materials [57]. Since the electronic thermal conductivity was
proportional to the electrical conductivity, it possessed the same anisotropy with electrical conductivity
for all compounds.

From the discussions above, we knew that although V2O5 owned very large thermal power, it
was not a good thermoelectric material due to the low electrical conductivity resulted from the large
band gap. With the intercalation of Ca and Mg atoms between the layers, the Seebeck coefficient
decreased but still had relatively large values at high temperatures. Experiments showed that MgV2O5

and CaV2O5 had low thermal conductivity, both less than 2 Wm−1
·K−1 at room temperature [29].

More importantly, these two compounds might have good electrical conductivity because of the very
narrow band gaps. They might act as phonon glass and electron crystal. So, these two compounds
could be potential high-temperature (500–1000 K) thermoelectric materials.
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Figure 4. Anisotropy of temperature-dependent Seebeck coefficient, electrical conductivity normalized
by relaxation time τ, and electronic thermal conductivity normalized by τ for V2O5 (column 1), MgV2O5

(column 2), and CaV2O5 (column 3). Anisotropy of temperature-dependent Seebeck coefficient for
V2O5 (a), MgV2O5 (b), CaV2O5 (c); Electrical conductivity normalized by relaxation time τ for V2O5

(d), MgV2O5 (e), CaV2O5 (f); Electronic thermal conductivity normalized by τ for V2O5 (g), MgV2O5

(h), CaV2O5 (i); The solid squares denote the experimental values of the Seebeck coefficient in V2O5

thin film [25]. As the anisotropy of Seebeck for V2O5 was small, it was comparable for the present
predictions and the results from thin films. The a, b, and c directions corresponded to those of Table 1.
Note that all figures share the same notation as in (a).

To characterize the TE property of MgV2O5 and CaV2O5, the dimensionless figure of merit need
to be obtained. Due to the limited information on the electron relaxation time and the lattice thermal
conductivity, we were not able to obtain the absolute value of ZT. However, in order to characterize
the relative TE performance of the two compounds, we defined an f factor, which was expressed as
f = κel/κ, where κ is the total thermal conductivity, including the contributions from both electrons
and phonons. f represents the fraction of thermal conductivity contributed by electrons. With the
defined f factor, ZT could be expressed as ZT = S2σT/κ = S2T fσ/κel. In this way, τ got away from
the ratio of σ/κel, and thus the figure of merit only depended on factor f. With different values of f,
we could get the temperature-dependent figure of merit. The accurate prediction of ZT relied on the
accuracy of f. Normally, one might know the range of f value for a specific material; as a result, the ZT
could be estimated with the uncertainty of the f. This strategy could give a rough estimation of ZT for a
specific material. Figure 5 shows the variation of ZT values as a function of temperature with different
f values for MgV2O5 and CaV2O5. Since oxide materials are usually regarded as high-temperature TE
materials due to their good thermal stability, we only discussed ZT in the temperature range of 500 K to
1000 K. For MgV2O5, ZT was almost unchanged with the variation of temperature. When f = 100%, i.e.,
all the thermal conductivity was contributed by electrons, ZT could reach up to 0.13. With the decrease
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of electron contribution to the total thermal conductivity, ZT reduced gradually. When electrons
contributed only 10% of total thermal conductivity, ZT reduced to about 0.01. For CaV2O5, ZT
was strongly dependent on temperature, which was different from the case of MgV2O5. At lower
temperatures (~500 K), the maximum ZT (f = 100%) was below 0.02. However, the maximum ZT
could increase up to 0.23 at 1000 K, which was larger than that of MgV2O5. Considering the band gap
of MgV2O5 and CaV2O5 was very small (<0.1 eV), as well as the small lattice thermal conductivity
of the two compounds, we argued that the thermal conductivity contributed by electrons should
be large. Although the ZT values were much smaller than the traditional thermoelectric materials
like Bi2Te3, they were new candidates, and the properties might be improved by some techniques.
Doping and decreasing the dimensions are the most used ways. Here, we proposed that reducing the
dimensions might be a good way to obtain better ZT values due to the large transport anisotropy in
the two materials.
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To characterize the anisotropic transport of MgV2O5 and CaV2O5, we calculated the lattice
orientation-dependent ZT with f = 100%. Since electrons could not contribute 100% to the total thermal
conductivity, the calculated ZT referred to the up-bound value that could be approached with the
minimization of phonon thermal conductivity. The corresponding results are illustrated in Figure 6.
In both materials, ZT was strongly dependent on the crystallographic orientations, i.e., large anisotropy
existed. In MgV2O5, ZT along the lattice direction a was much larger than those along directions b
and c. The up-bound ZT along a could be larger than 0.3 above 800 K, while the values along b and
c were below 0.05 in the considered temperature range. For CaV2O5, the value of ZT along the c
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direction was much larger than those along the other two directions, which was different from the
case of MgV2O5. The up-bound ZT along c could reach up to 0.6 at 1000 K, and it could also reach
0.25 along direction a at this temperature. For both compounds, the ZT along direction b was almost
zero at high temperatures, which was due to the close to zero Seebeck coefficient in the b direction.
Based on the strong anisotropic transport in MgV2O5 and CaV2O5, we proposed to further enhance
the TE figure of merit by nanostructuring. For MgV2O5, we could grow nanowires along the direction
a, while for CaV2O5, we could grow nanowires along the direction c or grow thin films in the a–c plane.
Besides, in nanostructures, the lattice thermal conductivity can be further reduced due to the boundary
scattering, while the Seebeck coefficient can also be further improved due to the confinement effect
in nanostructures [58,59]. As a result, the thermoelectric figure of merit is expected to be improved
by nanostructuring.Coatings 2020, 10, x FOR PEER REVIEW  10  of  13 
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4. Conclusions

The electronic and thermoelectric properties of V2O5, MgV2O5, and CaV2O5 were calculated based
on the density functional theory and Boltzmann transport theory. The results showed that the Seebeck
coefficient of V2O5 was relatively large and could reach up to 200 µV/K. The anisotropy of the Seebeck
coefficient in V2O5 at high temperatures was small, while the anisotropy of electrical conductivity
was large due to the structure anisotropies. The large electronic band gap in V2O5 eventually led to
low electrical conductivity and hindered its thermoelectric performance. By intercalating Mg and Ca
atoms into the van der Waals interfaces of V2O5, i.e., forming the compounds—MgV2O5 and CaV2O5,
the electronic band gap was reduced dramatically down to below 0.1 eV. As a result, the electrical
conductivity was expected to be improved extensively. In the meantime, the Seebeck coefficient was
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only reduced slightly compared to V2O5. Consequently, the thermoelectric figure of merit could be
largely improved by the interface intercalations. Moreover, the intercalation of Mg and Ca atoms
into the V2O5 van der Waals interfaces enhanced the anisotropic transport and eventually provided a
possible way to further enhance their thermoelectric performance by nanostructuring.
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