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The first-principles calculations of the atomic and electronic structure of double-walled nanotubes (DWNTs) of γ-V2O5 have 
been performed and the obtained properties have been compared with those of α-V2O5 ones. The DWNT structure relaxation 
leads to the formation of two types of local regions: (1) adhesion regions and (2) puckering regions. Although the structure of 
adhesion regions of α-V2O5 DWNTs is close to the structure of bulk α-V2O5, this is not the case for γ-V2O5 DWNTs. The resulting 
structure of adhesion regions in γ-V2O5 SWNTs allows us to assume the existence of hypothetical stable phases, with one of them 
resembling the experimentally observed R-Nb2O5 and (V0.7Mo0.3)2O5 crystals.
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1. Introduction

Vanadium pentoxide is the subject of intensive theo-
retical and experimental investigations due to its nu-
merous industrial applications. It forms a great num-
ber of various nanostructures which are promising 
materials for implementing them in Li-ion battery [1] 
and supercapacitor technologies [2] as chemical ac-
tuators [3] and field-emission devices [4]. Nanocables 
which consist of carbon nanotubes (CNT) covered 
with ultrathin V2O5 layers are the examples of vana-
dium pentoxide nanostructures [2, 5]. The  atomic 
structure of V2O5 layers in such CNT–V2O5 nanocom-
posites is very close to the structure of bulk V2O5 [2].

In Ref. [5] the interactions between the CNT sur-
face and the V2O5 layer are assumed as weak van der 
Waals forces, so the oxide layer can be considered as 
a  V2O5 nanotube with the  atomic structure derived 
from the bulk V2O5. The properties of nanotubes can 
strongly differ from those of the bulk and films and 
require careful investigation [6]. For example, an im-
provement in the catalytic properties of V2O5 single-
wall nanotubes (SWNTs) with respect to the  single 
layer was found by means of computational model-
ling of the catalytic oxidation of carbon monoxide [7].

Along with the most stable α-V2O5 phase there ex-
ists the metastable γ-V2O5 (or γ'-V2O5 as designated 
in some articles) [8]. The γ-V2O5 attracts the current 

attention as the Li-ion cathode material [9] or nano-
structured catalyst [10]. According to our previous 
calculations [11, 12], the  bulk γ-V2O5 is less stable 
than the bulk α-V2O5, however, the α- and γ-V2O5 lay-
ers and SWNTs are energetically equivalent.

In most cases, the  observed vanadium pentoxide 
nanotubes are multi-walled. In our previous work [13] 
we investigated the atomic and electronic structure of 
DWNTs obtained from the  α-V2O5 phase. Here we 
present the results of the study of γ-V2O5 DWNTs and 
compare them with those of α-V2O5 ones.

2. Computational details

The hybrid DFT – Hartree–Fock method with the PBE0 
exchange–correlation functional [14, 15] was used. 
Computations were performed using a Gaussian atom-
ic basis set implemented in the CRYSTAL09 computer 
code [16, 17]. We used a full electron consistent port-
able basis set of the  triple-zeta valence with the  po-
larization quality, pob-TZVP [18] for O and V atoms. 
The  empirical Grimme correction (PBE0-D) [19] 
was applied to take into account the dispersion inter-
action. The  results obtained for the  bulk V2O5 using 
the Grimme correction agree well with the experimen-
tal data [20]. The scaling factor s6 is set to 0.5 according 
to [21], whereas the steepness d and the cutoff radius 
Rcut for direct lattice summation are set equal to 20 and 
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25.0  Å, respectively. Brillouin zone (BZ) integration 
was performed over 12 k-points chosen according to 
the  Monkhorst–Pack scheme [22]. The  lattice para-
meters and atomic positions of all considered struc-
tures were fully optimized. Relaxations were performed 
until the forces on atoms were less than 0.015 eV·Å–1.

3. Properties of bulk crystals, single layers, and 
SWNTs of α- and γ-V2O5

The space group of α- and γ-V2O5 is Pmmn (59) [23, 
24] and Pnma (62) [25], respectively (Figs. 1, 2 and Ta-
ble 1). Both phases consist of layers stacked in the [001] 
direction and bound by van der Waals interaction be-
tween the vanadyl oxygen and vanadium of the next 
layer. These layers consist of edge and corner shared 
tetragonal pyramids VO5 forming zigzag chains in 
the  [010] direction. Directions of vanadyl bonds in 

the  layers are alternate in the  [100] direction as “up-
up-down-down” and “up-down-up-down” for α- and 
γ-V2O5, respectively. It should be noted that the  lay-
ers in the bulk γ-V2O5 are not simply stacked one over 
each other as it occurs in the bulk α-V2O5. Every sec-
ond layer in γ-V2O5 is rotated by 180° around the [001] 
direction. Thus, only the next nearest layers are trans-
lationally invariant in contrast to α-V2O5.

The V2O5 single layers are cut from the bulk crys-
tal parallel to the (001) plane. Their layer groups are 
Pmmn (46) and P21/m11 (15) for α- and γ-V2O5, re-
spectively [11]. Due to the layered structure of V2O5 
bulk phases the structure of single layers undergoes 
only minor changes during the  segregation from 
the bulk.

Rolling up of these layers results in the  forma-
tion of SWNTs. Layers of both phases are character-
ized by the  simple rectangular lattice that imposes 

Fig. 2. The structures of bulk crystal (upper), single layer 
(middle) and (6,0) SWNT (bottom) of γ-V2O5. The va-
nadyl oxygen atoms Ov and bridging V-O-V angles ω 
are shown at the single layer as an example. V, large balls; 
O, small balls.

Fig. 1. The structures of bulk crystal (upper), single layer 
(middle) and (6,0) SWNT (bottom) of α-V2O5. The va-
nadyl oxygen atoms Ov and bridging V-O-V angles ω 
are shown at the single layer as an example. V, large balls; 
O, small balls.
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a restriction on the chirality indices of nanotubes in 
order to provide translational periodicity. Only (n,0) 
and (0,n) chiralities are possible in this case [6]. We 
found previously [12] that (0,n) chiralities are less 
favourable due to bending of stiff zigzag chains. At 
the same time, the layers of α- and γ-V2O5 phases can 
be easily folded into (n,0) SWNT with the strain en-
ergy close to zero. Moreover, the formation energies 
of (n,0) SWNT are very close for both phases.

4. Properties of V2O5 DWNTs

The V2O5 DWNTs have been constructed by the co-
axial insertion of the narrower SWNT into the wider 
one. The  difference between the  radii of inner and 
outer walls can be obtained by calculating the differ-
ence between chirality indices

, (1)

where a  is the  single layer cell parameter along 
the folding direction; nout and ninn are the chirality in-
dices of outer and inner walls.

The Ov (see Figs.  1 and 2) atoms of the  SWNTs 
are directed outward and inward, and the  difference 
in the chirality indices has to be sufficient to avoid Ov 
atoms from being too close in both walls. The DWNTs 
with Δn = 3 and 4 have been selected for our research, 
assuming that a further increase of Δn would not influ-
ence the result because walls for Δn > 4 can be consid-
ered to be independent.

The second criterion used to choose the DWNTs 
is their symmetry. To reduce computational costs, 
the walls are selected in such a way that the symmetry 
of the DWNTs was as high as possible. This is achieved 
when we choose SWNTs with the maximal greatest 
common divisor of the chirality indices. Finally, for 
our study, we selected the DWNTs (3,0)@(6,0) and 
(6,0)@(9,0) and the DWNTs (4,0)@(8,0) and (8,0)@(12,0) 
for Δn = 3 and 4, respectively.

Two possible ways exist for constructing DWNTs 
in the case of γ-V2O5. In order to simulate the struc-
ture of the γ-V2O5 bulk one of the walls must be ro-
tated by 180° around the axis which lies in the plane 
perpendicular to the nanotube. The second way is con-
structing DWNTs without such rotation. We designate 
DWNTs with and without the layer rotation as γ- and 
γ*-DWNTs, respectively.

The interaction between the walls results in the re-
duction of the inter-wall distance and the formation of 
local adhesion regions in all considered DWNTs. While 
the length of an outer wall is constant, the formation of 
puckering regions with separated walls is observed as 
well. It should be noted that during geometry optimi-
zation no consolidation of two walls into one thick wall 
is observed, in contrast to TiO2 DWNTs [21].

In the α-DWNTs the structure of adhesion regions 
is similar to the  structure of the  bulk α-V2O5 [13] 
(Fig.  3). Thus, in tubular vanadium pentoxide nano-
objects, we can identify areas of the atomic structure of 
bulk α-V2O5, and this fact agrees well with the experi-
mental observations [26].

Adhesion regions are also found in the  opti-
mized structures of γ- and γ*-DWNTs (Fig. 4). How-
ever, the  local structure of these regions is different 
from the  structure of bulk γ-V2O5 even in the  case 
of γ-DWNT. Moreover, γ-DWNTs with different Δn 
exhibit different structure of adhesion regions. DWNTs 
with Δn = 3 reveal the adhesion regions with bridging 
V-O-V angles ω close to 180°. This angle value differs 
from the ω angles of 128° or 131° in the γ-V2O5 bulk or 
single layer, respectively. In the case of Δn = 4, the ω an-
gles of adhesion regions are similar to those in the bulk 

Table 1. Properties of bulk crystals, single layers and 
SWNTs of α- and γ-V2O5.

D1, Å t1, Å Eform
2, 

kJ/mol
Estr

2, 
kJ/mol

α-V2O5, Pmmn (59)
Bulk – – 3 0 –

Single layer ∞ – 3 42 0
SWNT (3,0) 10.3 3.52 52 10
SWNT (4,0) 13.2 3.53 44 3
SWNT (6,0) 19.8 3.54 43 1
SWNT (8,0) 27.7 3.54 43 1
SWNT (9,0) 31.3 3.54 43 1

SWNT (12,0) 42.3 3.54 43 1
γ-V2O5, Pmna (62)

Bulk – – 4 11 –
Single layer ∞ – 4 41 0
SWNT (3,0) 10.2 3.54 42 1
SWNT (4,0) 13.8 3.54 41 0
SWNT (6,0) 20.9 3.54 42 1
SWNT (8,0) 28.1 3.54 42 1
SWNT (9,0) 31.7 3.54 43 2

SWNT (12,0) 39.9 3.54 42 1
1 D is the average diameter of nanotube estimated as the sum of radial 
distances to outmost and innermost oxygen atoms, t is the  transla-
tional period.
2 Eform is the formation energy and Estr is the strain energy of SWNT.
3 The  optimized (and experimental [23]) lattice parameters of 
bulk α-V2O5 are a  =  11.51 (11.54)  Å, b  =  3.54 (3.57)  Å, c  =  4.30 
(4.38) Å. The optimized lattice parameters of α-V2O5 single layer are 
a = 11.20 Å, b = 3.54 Å.
4 The  optimized (and experimental [25]) lattice parameters of bulk 
γ-V2O5 are a = 10.00 (9.95) Å, b = 3.55 (3.59) Å, c = 9.94 (10.04) Å. 
The  optimized lattice parameters of γ-V2O5 single layer are 
a = 10.24 Å, b = 3.54 Å.
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Fig. 3. The  structure of (n1,0)@(n2,0) α-DWNT with 
n1 = 6, n2 = 9. The circle indicates one of the adhesion 
regions. The other adhesion regions in the DWNT are 
symmetrically equivalent to that marked. V, large balls; 
O, small balls.

Fig. 4. The structures of (n1,0)@(n2,0) γ- and γ*-DWNT 
with n1 = 6, n2 = 9 at upper and bottom parts, respective-
ly. Circles indicate one of the adhesion regions. The oth-
er adhesion regions in the  DWNTs are symmetrically 
equivalent to those marked. V, large balls; O, small balls.

or single layer. The ω angles in the adhesion regions of 
γ*-DWNTs are close to 180° for both considered Δn.

The interaction between walls can be characterized 
by the  difference between the  energy of DWNT and 
the sum of energies of the constituent non-interacting 
SWNTs:

. (2)

Here E{(n1,0)@(n2,0)}, E{(n1,0)} and E{(n2,0)} are 
the energies of the DWNT and two SWNT constitu-
ents, and Z(DWNT) is the number of formula units 
in the DWNT unit cell. Maximal interaction energy 
is attributed to the  double layer which can be for-
mally considered as DWNT with the  infinite radius 
and perfect stacking of layers on top of each other. 
DWNTs are less stable than the double layer due to 
the non-zero curvature and non-perfect stacking.

Formation energies of all considered DWNTs are 
close and fall in the interval from 27 to 34 kJ/mol. Cer-
tain values of the  formation energy depend on some 
particular features of the  local atomic structure of 
DWNT, such as the number of contacts between walls 
in adhesion regions and the curvature of walls in puck-
ering regions.

5. New phases derived from the structure of 
adhesion regions of γ- and γ*-DWNTs

The structure of adhesion regions in γ-SWNTs allows 
us to assume the existence of stable V2O5 phases other 
than α and γ. The main difference of these hypotheti-

cal phases from γ-V2O5 is the  structure of the  single 
layer in which the ω angle is constrained to 180°. We 
have designated such a layer as the γ*-layer. It is easy to 
show that straightening of the ω angle leads to trans-
formation of the simple rectangular lattice of the layer 
into a centered rectangular lattice. The corresponding 
layer symmetry group is C2/m11 (18). The  calcula-
tion of phonons for the γ*-layer yields the well-defined 
real frequencies at the Г-point and one frequency close 
to zero (the soft-mode phonon) at the R-point of BZ, 
which indicates the  possibility of the  reconstruction 
with cell doubling and transformation of this hypo-
thetical γ*-layer to the γ-V2O5 single layer.

Simple stacking of the γ*-layers with placing one on 
top of another results in the centered monoclinic C2/m 
(12) γ*-V2O5 bulk phase (Fig. 5, right side, and Table 3). 
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Table 2. Properties of double layers and DWNTs of α-V2O5 and γ- and γ*-DWNTs.
D(in)1, Å D(out)1, Å t1, Å Eform

2, kJ/mol Eint
2, kJ/mol

α-V2O5, Pmmn (59)
Double layer ∞ ∞ 3.533 22 –20

DWNT (3,0)@(6,0) 10.1 19.8 3.54 34 –11
DWNT (6,0)@(9,0) 19.6 30.7 3.54 31 –12
DWNT (4,0)@(8,0) 13.8 25.0 3.55 33 –10

DWNT (8,0)@(12,0) 27.9 38.6 3.55 31 –11
γ-V2O5 without layer rotation (see the text)

Double layer ∞ ∞ 3.544 20 –23
DWNT (3,0)@(6,0) 10.0 20.8 3.55 31 –11
DWNT (6,0)@(9,0) 21.3 30.2 3.55 29 –13
DWNT (4,0)@(8,0) 13.9 26.0 3.54 35 –7

DWNT (8,0)@(12,0) 28.1 38.7 3.55 30 –12
γ-V2O5 with layer rotation (see the text)

Double layer ∞ ∞ 3.555 26 –15
DWNT (3,0)@(6,0) 10.5 19.4 3.55 29 –13
DWNT (6,0)@(9,0) 20.6 32.1 3.55 28 –15
DWNT (4,0)@(8,0) 13.8 25.8 3.54 33 –8

DWNT (8,0)@(12,0) 26.0 37.9 3.54 30 –12
1 D is the average diameter of inner (in) and outer (out) walls of DWNT estimated as the sum of radial distances to outmost and innermost 
oxygen atoms, t is the translational period.
2 Eform is the formation energy and Eint is the interaction energy of SWNT (see Eq. (2)).
3 The optimized lattice parameters of α-V2O5 double layer are a = 11.35 Å, b = 3.53 Å.
4 The optimized lattice parameters of γ*-V2O5 double layer are a = 11.25 Å, b = 3.54 Å.
5 The optimized lattice parameters of γ-V2O5 double layer are a = 10.03 Å, b = 3.55 Å.

Fig. 5. The structures of the bulk crystal of γ**- and γ*-V2O5 phases are presented at left and right sides, 
respectively. The bridging V-O-V angles ω are equal to 180° and 173.5° for γ*- and γ**-V2O5, respectively. 
For optimized cell parameters and atomic positions see Table 3. V, large balls; O, small balls.
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The  structure of adhesion regions of γ*-DWNTs is 
close to this phase. To get the structure more similar to 
the parent γ-V2O5 bulk, it is necessary to rotate every 
next nearest γ*-layer by 180° around the  normal to 
the  layer plane. In that way one can get the centered 
orthorhombic Cmc21 (36) γ**-V2O5 bulk phase (Fig. 5, 
left side, and Table 3). This phase resembles the struc-
ture of adhesion regions of γ-DWNTs in the  case of 
Δn = 3. In principle, the γ**-V2O5 phase can transform 

into γ-V2O5 with doubling of the  unit cell because 
the space groups Pnma and Cmc21 have the common 
subgroup Pmc21 (26).

The formation energy of γ**-V2O5 is about 8  kJ/
mol. Thus, this phase is less stable than α-V2O5, but is 
more stable than γ-V2O5 (see Table 1). Unexpectedly, 
calculations give the  close to zero formation energy 
of the γ*-V2O5 phase, i. e. the stability of this phase is 
the same as that of the most stable phase α-V2O5.
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In order to investigate vibrational stability of 
the considered hypothetical phases, the phonon spectra 
were calculated at Γ-, R-, Z-points and at Γ-, R-points of 
BZ of γ*-V2O5, and γ**-V2O5 phases, respectively. Fre-
quencies of the phonon modes at the considered BZ 
points are all positive thus confirming the stability of 
both hypothetical phases.

The literature search allows us to find that γ*-V2O5 
is isostructural to one of the metastable phases of nio-
bium pentoxide R-Nb2O5 [27]. Note that niobium is 
the  higher homologue of vanadium in the  periodic 
table. Furthermore, the  vanadium compound with 
the atomic structure very close to that of γ*-V2O5 was 
experimentally found before. This is the mixed oxide of 
vanadium and molybdenum crystallized as monoclin-
ic C2 (5) (V0.7, Mo0.3)2O5 [28]. The difference between 
the structure of this mixed oxide and that correspond-
ing to C2/m is minor. The  author of [28] found that 
the  orthorhombic α-V2O5 phase begins to transform 
into the monoclinic C2 phase at a relatively small con-
tent of molybdenum (about 20%). It seems remarkable 
that almost fifty years later we found the footprint of 
such phase in V2O5 DWNT.

The structure of γ**-V2O5 has also been mentioned 
in the literature. First, this phase is mentioned in Ref. 
[29] in the context of formation of bronze γ-LiV2O5. 
Second, the γ**-V2O5 structure was found under geom-
etry optimization of the bulk V2O5 with an increased 
unit cell volume in the very recent computational work 
[30] (see Fig. 7 of Ref. [30]).

Consequently, we can suppose that the discovered 
new polymorphs of V2O5 may really exist under certain 
conditions or at least can manifest themselves in vari-
ous nanostructures.

6. Conclusions

Formation energies of DWNTs are close in all consid-
ered cases. This fact allows us to suppose the possibility 
of formation of different DWNTs.

The interaction between the walls of α- and γ-V2O5 
DWNTs results in the formation of adhesion and puck-
ering local regions. The structure of the adhesion re-
gion in α-DWNTs is close to the α-V2O5 bulk structure.

The optimized structure of the  adhesion regions 
of both types of γ-V2O5 DWNTs differs from that of 
the parent γ-V2O5 bulk. It is shown that the obtained 
layer stacking in these areas corresponds to the struc-
ture of the  new stable V2O5 polymorphs named in 
the  article as γ*-V2O5 and γ**-V2O5. We found that 
the γ*-V2O5 atomic structure is close to the structure 
experimentally observed in the (V0.7, Mo0.3)2O5 crystal.
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