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Abstract: Structural properties of amorphous vanadium pentoxide (V20s) undercompression have
been investigated by molecular dynamics simulation. A simulated amorphous V20s was composed
of basic structural units of type VOs, VOe at low-pressures and VOg, VO7 at high-pressures. These
basic structural units were connected by vertex-, edge- and face- shared links to form a structural
network. The random distribution of atoms and void clusters led to a high degree of disorderin V205
structure. Under compression, the fraction of average vertex-, edge- and face- shared links increased
strongly. The number of void clusters (VCs) and void tubes (\VTs) also increased as the large voids
are divided into smaller voids. The obtained results demonstrate that the decreasing of cross-section
and increasing of length in VVTs mainly cause increasing the ion conductivity of amorphous V20s.

Keyworks: Amorphous V20s, void, link, compression, molecular dynamics.

1. Introduction

Among materials used as electrodes for fuel cells like V,0s, C0O,, TiO,, MnO, FePOu,etc., V,0s
has received the most research attention in recent years [1-10]. V,Os used as electrode materials have
advantages such as high energy density and capacitance, good cyclic stability, and fast electron transfer.
When pressure and/or temperature changes, V,0s undergoes a structural phase transition leading to a
variety of energy storage capacity as well as the diffusion rate of charged ions. Whena b-V,0s sample
is compressed at 6.0 GPa and annealed at 1,073 K, V atoms possess 6-coordination by oxygens and VOg
octahedra are distorted [11], forming clusters. Each cluster consists of four VOs units that have an edge-
and /or avertex-sharing link. Crystalline V,0Os consist of V,0,¢ layers which are weakly linked together.
The bond lengths of V-V, V-0, and O-O in a structural unit also vary and depend on the link types of
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edge- or vertex-sharing. At 643 — 653 K, there is a phase transition from b-V,0s to a-V,Os structure.
Baddour-Hadjean et al., [12] showed that the structural phase transition from - to b-V,0s occurred
under compressing at 8.0 GPa and annealing at 1,073 K. The obtained results in [13, 14] showed a shift
of coordination numbers from 5- coordinated to 6- coordinated of V atoms at 7.0 GPa. With increasing
pressure, the V-O bond distance within a layer increasedslightly, while the VV-O distance between layers
decreased strongly. X-ray diffraction patterns carried out at temperatures from 12 K to 853 K did not
show any evidence of structural phase transition or decomposition of a-V,0s [15]. Amorphous V,0s
annealed at 400 °C undergoes a structural phase transition from amorphous to layered polycrystalline
structures [16]. Between layers of the polycrystalline V,Os, Li+ ions easily inserted, resulting in the
increase of the charge capacity of the samples. Dompablo et al., [17] showed that at room temperature,
the resistivity of V,Os at high pressures is smaller than the one at low pressures. This proves that
crystalline V,0s compressed at high pressures has better ability to transport and to store energy. This is
due to the reducedband gap leading to the increase of the conductivity of the V,0s. Recently, amorphous
V,0s has attracted more attention asan electrode in comparison with crystalline \V,Os due to the disorder
of the amorphous structure. Structural disorder created natural conduction channels for charge-carrying
atoms strongly diffusive in it, thereby increasing the electrical conductivity of the materials [10, 18-21].
This hypothesized that the amorphous structure provides more space than the crystal in ion storage and
transport. Vu et al., [18] also confirmed that the charge, discharge, and energy storage capacity of
amorphous V,0s is better than that of crystalline V,05. However, the correlation between the structural
order and the semiconductor properties of amorphous V,0Os is still an open question to be elucidated.
The role of the free volume region, which provides space for the movement and storage of ions in the
amorphous V,Os structure, has never been studied. The ability to store energy of VV,05 materials is much
dependent on their microstructural properties such as chemical bonds, size of atom clusters and the size
and shape of free volumes.

To elucidate these issues, a detailed study of the microstructure of amorphous V,Os under pressures
is neccessary. The spatial distributions of atoms, the link distributions and the geometrical distributions
of the free volumes need to be fully investigated. The distribution of free volumes in the amorphous
V,0s network also needs to be visualized. Thisis just the main contents of our work.

2. Calculation Method

A model V,0s consisting of 3,003 atoms (858 V atoms and 2,145 O atoms) is built by molecular
dynamics (MD) at 300 K and pressures in the range 0-40 GPa, under periodic boundary conditions. The
Born-Meyer interaction potential used in model building has the form:

2 . .

Uj(r) = Qiq]'% + Bjjexp(— %

1 15}

where the ionic charges of V and O are qy=5, qo=-2, respectively. The pair interaction coefficients
Bv.v=0, B\.0=2970, Bo.0=1500 eV and R;=29 pm. We use these interaction potentials because they
allow reconstruction of the amorphous V,0Os structure giving results that are in good agreement with the
experimental data [8, 22]. First, we randomly put 3,003 points in a cube with density 3.35 g/cm?®
(experimental density of V,0s at boundary pressure and room temperature). The system relaxed for 10°
MD steps to remove the initial state. Next, the system is heated to 6,000 K for about 5.10* MD steps to
ensure that the physics of the interaction potential at zero distances are not disrupted. Then, this high-
temperature model cooled rapidly down to 300 K at 0.25 K ps™. At this temperature, the model relaxed
over 5.10° MD steps. The system continued to run until a stable equilibrium (approximately 108 MD
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steps) at0 GPa. The different pressure models generated as follows: first, the model at 0 GPa compressed
to 5, 10, 15, 20, 25, 30 and 40 GPa over 10 MD steps and kept the parameters N (moles), P (pressure)
and T (temperature) constant. Next, these compression models run until equilibrium after 108 MD steps.
The radial distribution function is averaged calculation after 10* configurations and compared with
experiment. Other structural features such as coordination numbers, bond length and bond angle
distribution are also calculated. The uniform distribution of atoms into a cluster, the statistics of the links
sharing vertices, edges and faces among the basic structural units are investigated in detail.

To provide information about the ability to insert impurity atoms into the built model, we carry out
statistical calculations of the distribution of voids in the free space of the model. The covalent radii of
V and O atoms are of 1.22 A and 0.73 A respectively. Detailed calculations of the void distribution can
be found in [23]. A void cluster (VC) defined as the largest void in the center that is partially overlapped
by the surrounding smaller voids. A void tube (VT) defined as voids that overlap to form a series. These
VCsand VTs have a cross-sectional radius greater than or equal to the radius O and they are holes or
paths where O atoms can diffuse. From the distribution of CVsand VTs, one canexplain the increase
in the ability to store and transport charged ions under compression. We show an optimum pressure
value at which the system can store as well as transmit charged ions.

3. Results and Discussions

3.1. Structural Characteristics

L@ —_—

L (b e Exp.[8]
L ® 5% = This work

Figure 1. The neutron scattering structure factor, Sn(Q), of amorphous V20s at 300 K under compression.
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Figure 2. Distribution of VOx (x=5,6,7) and OVy (y=2,3) coordination units under compression.

Figure 3. Avisualization of the O atoms with DVL (blue O) and TVL (green O) at pressures of (a) 0 GPa,
(b) 20 GPa and (c) 40 GPa in size 1256x12 (A). Note thatthe red sphereis the VV atom.

The pair netron scattering structure factor of V,0s at 300 K and 0 GPa has been calculated by using
asetof coordinate positions (Fig. 1a). The total neutron scattering structure factor (Fig. 1b) is determined
and compared with the experimental data in [8]. At pressure of 0 GPa, three main peaks of Q are 2.7,
5.2 and 7.6 A1, When increasing compression, the position of peaks shifts to a larger Q (Fig. 1c). At 40
GPa, the positions of the peaks are of 2.9, 5.45 and 7.8 AL, It proves that there is a change in the
structural network with compression. This change is elucidated by the fraction of the basic structural
units VO (X is the number of O atoms) and OV, (y is the number of V atoms) (see Fig. 2). At 0 GPa,
the structure mainly comprises the mixture of VOs and VOg units, about 75% and 20%, respectively.
The number of VO, units is very small, about 0.2%. As the compression increases, the fraction of VOg
units increases and reaches its maximum value at 20-25 GPa and then decreases slightly in the range of
30-40 GPa. The VOs fraction decreased rapidly from 75% to approximately 6% and fraction of VO,
units continuously increased from 0.2 to 30% with increasing pressure from 0-40 GPa (see Fig. 2a).
Thus, at high pressures, the V,Os structure mainly comprises the mixture of VOg and VO; units. These
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basic structural units are linked together by O-shared atoms to form a second structural unit type OV,.
The fraction of OV, under compression calculated (Fig. 2b). At low pressures, most O atoms are linked
to 2 V atoms with a fraction of 94%. An O linked with two neighboring V atoms called a double-vertex
link (DVL). Its fraction decreases from 94% to 50% when compression increases from 0-40 GPa. We
also observed that only about 6% O linked to 3 V atoms and called a three-vertex link (TVL). Fraction
of OV; increases from 6% to 50% as the pressure increases from 0-40 GPa. At 40 GPa, the DVL and
TVL fractions are equal, that is, the structural network consists of structural units VOs, VO- and they
connect by O atom with DVL and/or TVL. At 20-25 GPa, the number of VO units is the largest. Links

betweenVOg-VOg, VO6-VO5, VOs-VOs found in DVLs and a few TVLs. Figure 3 shows the distribution
of oxygens with DVLs and TVLs at0, 20 and 40 GPa.
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Figure 4. Running coordination number of V and O atoms under compression.

1.94
1.90 —A- OV2
—¥—0V3
1.86
1.82
1.78 —8
1 - —A- - A

r (A)

1.74 - S N
T T T T
0 10 20 30 40

P (GPa)

Figure 5. Maximum peak position of bond distance distribution O-V in units VOs, VOs, OV-
and OVs undercompression.

The local environment of V and O atoms become denser under compression. The coordination
number of atoms increases due to the bond distance decreasing to form links. Fig. 4 shows that the
coordination number of atoms dependent on r (with r is the radius of the coordination sphere). The
running coordination number is defined by the change in the number of coordination atoms in a
coordination sphere as r changes. It is seen that the coordination number increases both as r and/or
pressure increases. The strongest change is the O-O pair coordination number; it changes from
6-coordinated to 11-coordinated as the distance increases from 2.6-3.7 A. The V-V pair coordination
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numbers also change from 5- to 7-coordinated in the range of 3.5-4.4 A. With V-O pairs, the
coordination number varies from 5- to 7-coordinated between 1.75-3.50 A. As the compression
increases, the curve slope of V-V and O-O pair coordination numbers increase. We see that only an
insignificant change in distance also leads to an increase in the number of links between atoms, thereby
increasing coordination coordinates. For the V-O pair, the bond distance change is analyzed in Fig. 5. It
displays the position of the peaks of the V-O distance distribution function in short-order (the V-O
distance in a basic structural unit) and the O-V distance in the mid-range order (the O-V distance
between two neighboring structural units). The V-O distance in VOs decreases from1.76 A to 1.74 A
as the pressure increases from 5-10 GPa. The V-O distance in VOg decreases gradually in the pressure
range from 0-20 GPa.
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Figure 6. Bond angle distribution O-V-O in (a) VOs
and (b) VOs units undercompression.

Figure 7. Bond angle distribution V-O-V in (a) OV2
and (b) OVs units undercompression.

The above analysis has shown that, at low pressures, the structural network exists in two regions:
weak and strong bonds. Strongly bound regions are regions formed by clusters of VOj5 structural units
with DVLs and TVLs (Fig. 6a and Fig. 7b). As the pressure increases, only the O-V distance in the
TVLs decreases, the averaged bond angle of VOs and OV; are unchanged. The weakly bound region is
the region made up of VOg units linked together via DVLsand TVLs. Under compression, the geometric
structure of VO, changes both bond distance and angle. At high pressure (above 20 GPa) the geometry
structure of VOg becomes stable with main DVLs (Fig. 5). The structure becomes denser with the
appearance of face bonds due to reducing V-O bond distance in the TVLs. The cluster distribution of
the basic structural units shown in Table 1. At pressures below 15 GPa, the structural network is VOs
units linked together to form a large cluster spread throughout the model. The number of atoms in the
largest VOs cluster decreases under compression. A decrease in V-O bond distance leads to an increase
in link number that forms the 6-coordinated number. The small VOg clusters are more extensive while
the VOs clusters tend to shrink, links broken to form discrete clusters. At a pressure of 15 GPa, the
system has two main VOs and VO clusters. In addition, there are small clusters of VOs, VOg and VO..
At high pressures above 20 GPa, the large VOg cluster expands into the largest cluster containing 2469
atoms, accounting for 82% of the total number of atoms in the model. This cluster expanded under
compression. It can be seen in Fig. 8, the V-O bond distance decreases, leading to an increase in the
number of vertex-, edge- and face-shared. At a pressure of 0 GPa, atom V is bonded by 5 O atoms, in
which there are 2.67 vertex-shared, 0.09 edge-shared and 0.0035 face-shared links.
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Figure 8. The number of average vertex-, edge- and face-shared links of V atom.

Table 1. Cluster distribution of structural units VOs, VOgs, and VO7 under compression. Nc and N, are the
number of clusters and number of atoms in per cluster, respectively

0 GPa 5 GPa 10 GPa 15 GPa
Nc Na Nc Nc Na Na Na Na
VOs 1 2632 1 2597 1 6 25 6-28
1 2425 1 1714
VOs 69 7-93 65 7-95 32 7-55 4 7-19
1 133 1 144 1 370 1 2060
1 799
VOr 2 8 2 8 6 8-14 24 8-22
20 GPa 25 GPa 30 GPa 40 GPa
Nc Na Nc Na Nc Na Nc Na
VOs 52 6-94 60 6-58 65 6-56 44 6-23
3 121-234 1 253
VOs 1 7 1 2495 1 2576 1 2479
1 2469
VO7 42 8-27 52 8-85 43 8-95 18 8-52
1 231 1 258
1 974

The vertex- and edge-sharings increase rapidly with compression. For example, at 30 GPa, each V
atom has 3.0 vertex-shared and 0.75 edge-shared links. The fraction of links increases rapidly in the
range of 10-25 GPa and is shown in the steepest part of the graph in Fig. 8. The fraction of face-shared
links is quite small. Fig. 9 is a visualization of vertex-, edge-, and face-shared links at 0, 25 and 40 GPa.
At 0 GPa, the structural units are connected by vertex-shared links. Only a few links are edge-shared
(Fig. 9a). The number of vertex- and edge-shared links increases rapidly when increasing compression
and the number of face-shared links increases to the maximum value at 25 GPa (see
Fig. 8 and Fig. 9b). We predict that, under compressions up to over 20 GPa, the large CVs are shrunk
by increasing in vertex-, edge-, and face-linking. At above 25 GPa, the number of vertex- and edge-
shared links keep growing, but the face-shared links decrease significantly (Fig. 9c).
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Figure 9. A visualization of vertex-, edge-, and face-shared links in size 12x5x12 (A) at: (a) 0 GPa,
(b) 25 GPa and (c) 40 GPa. Where thesolid line is vertex-shared link, green plane is edge-shared link
and red polyhedron is face-shared link.

3.2. Free Volume Distribution and Visualization
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Figure 10. The distribution of void radius (r, outside graph) and maximum void radius (rmex, inside graph)
under compression.

The amorphous material V,Os provides large free volume regions where no atom can occupy. The
distribution of free volumes plays a key role in assessing the ability to store and move charged ions in
the structural network. Furthermore, the diffusion of charged ions depends not only on the chemical
property of the molecules (i.e., on the bond between atoms) but also on the local natural environment.
By placing the spheres in contact with four neighboring atoms we have given the radius distribution of
the set of voids as seen in Fig. 10. It shows the peak shift in the radius distribution function from 1 A to
0.7 A under compression. The largest void radius, I, decreases rapidly from 3.3 A to 1.7 A whenthe
pressure increases from 0-40 GPa (see small figure inserted inside Fig. 10). Especially, at 20-25 GPa,
the number of largest voids decreases quickly. It shows that the density of the model increases due to
the free volume decreasing. Voids are greater than or equal to the oxygen atom considered as vacancies
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and it is significant in the diffusion mechanism of the system. Table 2 shows the distribution of vacancies
under compression.

Table 2. Free volume characteristics in amorphous V20s systemunder compression. Nv, Nvc, Nvr and Ny are
the number of voids, clusters, tubes and of voids in the largest tube, respectively. Vr and W are the fraction of
tube and void volume with model volume, respectively

P (GPa) 0 5 10 15 20 25 30 40
Ny 12185 | 12683 13238 | 14510 | 15116 | 15116 16369 16824
Nvc 2199 2437 2772 2622 2874 3907 4208 4562
Ny 184 221 265 391 484 604 - -
NLvr 11099 | 11336 11468 | 11809 | 11307 10490 - -
Vr 0.63 0.62 0.6 0.55 0.49 0.42 - -
Wy 06544 | 06454 | 0633 | 06029 | 05731 | 05512 05341 | 05142

The number of vacancies increased from 12,185 at 0 GPa to 16,824 at 40 GPa. The number of void
clusters, Ny, also increased linearly with the compression from 2,199 clusters at 0 GPa to 4,562 clusters
at 40 GPa. The number of void tubes, Ny, only found below 30 GPa. When the compression increases,
Nyt increases, the number of vacancies in a VT also increases, but average cross-section (d,=average
diameter of a VVT) decreases. The d, of VTs at 5, 10 and 20 GPaare 4.5, 4.0 and 3.6 A, respectively.
This can be explained as follows, under compression, the decrease in bond length leads to an increase
in the number of links, thus dividing the large free volume into small vacancies. It also caused increases
in Nvc and Nyr. VTs distributed randomly in a structural network and VVCs also sometimes belong to the
largest VT.

©

T @)

‘eq.)
p
R

Figure 11. A snapshotofdistribution of atoms V(red), O (blue), and parts of the largest VT (light blue) in size
12x5x12 (A) at (a) 5 GPa, (b) 10 GPa and (c) 20 GPa.

The distribution of VC and VT visualized in Fig. 11 at5, 10 and 20 GPa with size 12x5x12 A. This
is a snapshot of the model with a thickness of 5 A, so it only reflects part of the structure and some
segments of the largest VT. Similarly, the polycrystalline, V,Os has a layered structure, when
compacting the distance between the layers narrowed leading to better ionic conductivity [17]. The
model of amorphous V,0s when compressed, there is a decreasing in cross-section and increasing in
length of the VTs with branches lying in the amorphous structure network. They are the void trees that
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permeate through the V,Os structural network. With charge-balanced properties, distribution of VTs
will attract positive ions moving in the structural network and increase the ionic conductivity of
amorphous V,Os. Atpressures larger 30 GPa, VTs were not observed. In this simulation, we have shown
that at pressures 20 - 25 GPa, the number of VTs is maximum and their cross-section reduced to an
appropriate value, thereby increasing the conductivity of amorphous V,0:s.

4. Conclusions

The report has given a general picture of the amorphous V,0s and the distribution of VCs and VTs
in the structural network under compression. At0 - 15 GPa, the structure of the system mainly comprises
VOsand VOg units linked together by DVL. At high pressures (f.i. 40 GPa), the V,0Os structure is mainly
formed by VOg and VO; units linked together through the vertex-shared (including DVL and TVL) and
edge-share links. There are a few face-shared links. At 20 - 25 GPa, the structural network consists of
VOs, VOs and VO; clusters in which the VOs and VO, small clusters are distributed randomly in the
largest cluster VOg. The number of TVL links has quickly increased. The increasing number of vertex-,
edge-, and face-shared links under compression causes the cluster of basic structural units to expand,
the free volume region to shrink. This free volume distributes under cluster or tube shape and depends
on the compression pressure. The obtained results have clarified two issues: i) The electrical conductor
of amorphous V,Os is better than of crystalline V,0s; and ii) The conductivity of amorphous V,0Os at
high pressures is better than at low pressures? In the amorphous structure, there are large voids with
radii ranging from 0.73 to 3.3 A. These voids may be single or overlap to form large clusters or long
tubes. Under compression up to 25 GPa, these large clusters and long tubes shrunk and interconnected.
Thus, the tubes become longer but cross-sectional is narrower when comparing with 0 GPa. These
results originate from increasing conductivity of amorphous V,Os under compression.
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