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Density functional theory investigations of the structural and electronic properties of Ag2V4O11
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We present Density Functional Theory (DFT) investigations in the General Gradient Approximation (GGA)
of the structural and electronic properties of the Ag2V4O11 (SVO) compound. We carried out a detailed study
of the different structures of SVO proposed in the literature, by comparing the results obtained using DFT
and the DFT+U approach. We found that two of the proposed structures are equally probable, the third one
being unstable. We have obtained detailed information concerning the structural and electronic properties of
SVO, including previously non-existent information on one of the SVO structures, considered hypothetical yet
probable in the light of experimental facts from analogous compounds. From the analysis of the electronic density
of states and of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) states, we propose that, during the earlier stage of the reaction of lithium insertion and de-insertion in
Li/SVO primary batteries, the reduction of V5+ takes place before that of Ag. In addition, our results allow to
predict that only one kind of vanadium atom would be firstly reduced.
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I. INTRODUCTION

The V5+/V4+ couple exhibits a high redox potential with
respect to lithium.1 Therefore, lithium batteries, in which the
positive electrode contains V5+ ions, are very powerful. In
vanadium oxides, V5+ or a mixture of V5+/V4+ is present,
making them good industrial candidates for their electro-
chemical properties. Among these oxides, silver vanadium
oxide Ag2V4O11 (SVO) is commonly used as a cathode for
high-rate primary power sources in Implantable Cardioverter
Defibrillators (ICD), thanks to its excellent electrochemical
performances.2,3 Li/SVO batteries have a high capacity
(between 260 and 360 mAh/g4–8 for LixAg2V4O11 with a
maximum of x equal to 7) and are stable in the long term.9

Because of its industrial interest, several experimental
studies dealing with the synthesis routes of SVO have been
published.5,6,10 Indeed the electrochemical performance of the
compound depends on the synthesis method9 and is strongly
related to its composition and its structural characteristics.4

The crystallographic structure of Ag2V4O11 was resolved
by Zandbergen et al.11 using high-resolution electronic mi-
croscopy and x-ray diffraction (XRD) spectroscopy. These
authors have identified two phases of SVO, both made of
[V4O11]n layers in the xy plane (perpendicular to the c
cell parameter). Both structures (structure I and structure II,
Table I) can be differentiated by the arrangement of the
layers along the c direction. The crystallographic structure
of structure II is very similar to that of Cu1.8V4O11.12 It should
be mentioned that the existence of structure II has only been
evidenced in Ref. 11, in 1994. A third structure (named here
structure I’), which differs from structure I only by the length
of the cell parameter a, has also been reported by Zandbergen
et al.11 but has not been observed by others.

The layered structure of SVO makes this compound
particularly suited for the intercalation or insertion of Li ions,
which enters the structure by occupying the empty sites in the
interlayer space. However, the exact positions of the lithium
sites as well as the electrochemical mechanism of the reaction
are not yet fully understood. Globally, the electrochemical

reduction of SVO combined with the lithium discharge in the
anode can be represented by the equation5:

xLi+Ag2V4O11 → LixAg2V4O11

This reaction is often described as taking place in at least
three steps4:

(1) For 0 < x < 2.4, silver reduction dominates, with a
simultaneous reduction of V5+. During this step, the system
can be described as a mixture of Li2V4O11 and Ag0 at x ≈ 2.

(2) For 2.4 < x < 3.8, the reaction is exclusively the
reduction of V5+ in V4+.

(3) Beyond x = 3.8, vanadium reduction continues and it
can be found in its different oxidation states (V5+, V4+, V3+).

In the works of Leising et al.4 and of Crespi et al.,14 silver
reduction is the first step of the reaction inside the battery, with
the insertion of lithium ions in place of silver ions. However a
more recent study, by Sauvage et al. in 2010,15 contradicts this
idea. Sauvage et al.15 have performed XRD measurements,
combined with electron-spin resonance (ESR) spectroscopy
during the reactions of lithium insertion and deinsertion in
Li/SVO batteries in order to study the V5+ reduction. They
found that, in the earlier stage of the reaction, lithium ions
are inserted in the intersticial positions in the layered structure
during the V5+ to V4+ reduction. The displacement reaction of
silver by lithium starts only from x ≈ 1. Thus Sauvage et al.
propose the following steps for the reaction inside the battery:

(1) For 0 < x <∼ 0.7, there is reduction of V5+ without
direct evidence of silver extrusion.

(2) For ∼ 0.7 < x <∼ 5.5, the Ag+/Li+ displacement
reaction begins and competes with the V5+reduction reaction.

(3) For x >∼ 5.5, the reduction of V5+ to V4+ and the
successive reduction of V4+ to V3+ are dominant.

It is then clear that the mechanism of this redox reaction is
far from being completely understood.

In this paper, we present a detailed theoretical investigation
of the electronic and structural properties of Ag2V4O11

carried out by means of Density Functional Theory (DFT)16,17

calculations in the gradient corrected approximation18 and
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TABLE I. Experimental structural parameters of Ag2V4O11.

Structure I11,13 Structure I’11 Structure II11,12

V [Å3] 412.23 387.14 396.65
a [Å] 15.48 14.51 15.31
b [Å] 3.58 3.58 3.61
c [Å] 9.54 9.56 7.34
β [◦] 128.7 128.7 101.8

by means of the DFT + U approach19 in order to evaluate
the possible electronic correlation effects in this system.
After a validation of the employed methods on the V2O5

system, we present an analysis of the system size effects
on the structural and electronic characteristics of Ag2V4O11.
Then we investigate the effect of the DFT + U correction on
this compound. Finally, a discussion on the different phases
proposed in the literature for the Ag2V4O11 system is given
and a possible mechanism for the reaction of this compound
with respect to lithium is suggested.

II. SIMULATION DETAILS

The Ag2V4O11 system has been studied by means of
Density Functional Theory (DFT)16,17 calculations based on
the gradient corrected PBE functional18 for the exchange
and correlation energy. Calculations have been carried out
using the QUICKSTEP module20 of the CP2K code.21,22 The
wavefunctions were developed on Gaussian basis functions
of the DZBP type23 for V, O and Ag and an auxiliary basis
of plane waves with an energy cutoff Ecut was used for the
density matrix. Only the � point was used for the Brillouin
zone sampling but, as explained later, calculations on different
cell sizes were carried out in order to check the effect of this
approximation.

Pseudopotentials developed by Goedecker et al.24 have
been used for the three atomic species. For vanadium, only
the 3s3p4s3d states have been explicitly considered, for silver
only the 5s4d states, and for oxygen the 2s2p states. The basis
sets, as well as the pseudopotentials and the functional, have
been tested on simple systems and molecules.

First, full cell relaxations have been carried out on the V2O5

system for a cell size 1 × 3 × 3 times the 14-atoms unit cell.
The convergency of the results with respect to the number of
plane waves (cutoff energy, Ecut) has been studied. We have
also compared the results with those of calculations performed
with a converged number of k points in the Brillouin zone with
the VASP code.25–28 In V2O5, the vanadium ions are located in
square pyramidal environments, which can be considered as
distorted octahedron with a short V–O vanadyl bond (1.577 Å),
four longer V–O bonds, and one very long V–O distance
(2.791 Å) which corresponds to the distance between layers
and is actually not considered as a real bond.

The results presented in Table II were obtained with
high cutoff energies with VASP (900 eV) as well as with
CP2K (1000 Ry for the density, i.e., 250 Ry). For V2O5,
the dependency of the cell parameters and V–O distances
with the energy cutoff is particularly important for the
c parameter and the interlayer distance. From Table II, one
can note that the results obtained for the 1 × 3 × 3 cell box

TABLE II. Structural parameters for V2O5 and the Ag–O
molecule, calculated using CP2K and compared with experimental
values and VASP calculations. VASP calculations have been carried out
with PAW pseudopotentials for O (2s2p states) and V (3p4s3d states),
in the PBE18 approximation with a cutoff energy of Ecut = 900 eV and
a 4 × 6 × 6 k-points grid.

V2O5

This work

VASP CP2K CP2K Exp.29

(DFT-D)

V [Å3] 199.24 196.01 185.39 179.3
a [Å] 11.562 11.520 11.582 11.512
b [Å] 3.576 3.574 3.544 3.564
c [Å] 4.819 4.760 4.517 4.371
V–O(1) [Å] 1.599 1.584 1.586 1.577
V–O(2) [Å] 1.795 1.790 1.785 1.779
V–O(3) [Å] 1.893 1.891 1.881 1.878
V–O(3’) [Å] 2.045 2.041 2.057 2.017
V–Onext [Å] 3.221 3.177 2.931 2.791
Gap [eV] 2.25 2.01 1.99 2.3030

2.3831

AgO molecule

This work (CP2K) Exp.32

Ag–O [Å] 2.0055 2.0056

are comparable to those obtained using the VASP code with
a fully converged k-points calculation. For the 1 × 3 × 3 cell
box with CP2K , there is an overall good agreement between
the calculated volume, cell parameters and V–O distances and
the experimental data, except for the c parameter and the long
V–O distance which are largely overestimated.

Previous calculations carried out on this system have shown
large variations on these two structural characteristics which,
in some cases, are due to nonconverged calculations.1,33,34

These large variations are due to the fact that present DFT
methods cannot properly account for weak van der Waals
interactions between the layers in V2O5. Indeed, converged
calculations give an interlayer distance between 13% and 15%
larger than the experimental one, both with VASP and CP2K .

As already proposed by Kerber et al.,35 if we include a
semiempirical correction of the dispersion, such as the DFT-
D proposed by Grimme,36 the description of the interaction
between layers—and thus the interlayer distance and the c
parameter—is significantly improved (Table II). This result
has been more recently confirmed and explained in detail by
Londero and Schröder37 who studied the role of the van der
Waals bonding in V2O5 by means of the vdW-DF method.38

The direct gap is found to be in good agreement with the
experimental gap, even if it is a well-known fact that DFT fails
in providing correct electronic gaps. The better value obtained
with VASP compared to CP2K can be explained by the use of a
converged k-point grid in the VASP calculation.

Finally, we computed the equilibrium distance in the Ag-O
molecule with CP2K (Table II), in order to check the Ag
pseudopotential and basis, and we obtained a very good
agreement with experiments.
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FIG. 1. (Color online) Structures I (a) and II (b) of Ag2V4O11 (SVO), projected on the ac (left) and the bc (right) planes. The vanadium,
oxygen, and silver atoms are depicted in white, black, and grey (grey, red, and green online), respectively. The silver atoms lie in channels
perpendicular to the figure plane.

For the simulations of Ag2V4O11, we will use CP2K with
an energy cutoff of 600 Ry for the electronic density, for
which a good convergency of the structural characteristics
of the system has been obtained. For this compound we did
not use the dispersion correction since the problem of weak
interactions between the layers should not be present due to the
presence of Ag atoms located in channels between the layers.

III. RESULTS

In the three proposed Ag2V4O11 structures (Fig. 1 ), each
vanadium ion in the [V4O11]n layers is surrounded by six
oxygen atoms, forming a distorted octahedron. The SVO
structure is thus composed of VO6 octahedra connected by
edges and corners, building up the [V4O11]n layers in the
ab plane. The V(1) octahedra share three edges and one
corner and the V(2) octahedra share five edges (Fig. 2 ), each
vanadium atom having one oxygen ligand (the vanadyl oxygen,
V = O), which is not shared with any other V atom.39 The
oxygen atoms are classified following their number of bonds
with the vanadium atoms: O1 corresponds to the unshared
octahedra corner, and the other oxygen atoms are bridging
oxygens. The V1–O2′ and V2–O4′ bonds are longer than the
corresponding V1–O2 and V2–O4 ones. The V1 and V2 atoms
share the O2′, O3, and O4 oxygen atoms. The bond with O1
is the shortest one since it is a vanadyl type bond (V = O).

The silver atoms occupy interlayer sites, located between
the vanadyl oxygens, forming channels along the b direction.
The environment of the silver atoms is quite different in the
three structures: In structures I and I’, all Ag atoms have five
oxygen neighbors in a coordination sphere of 2.8 Å which,
extended to about 3.2 Å, leads to seven oxygen neighbors
with an environment that can be described as a monocapped
trigonal prism, whereas in structure II, two different types of
Ag atoms exist, one with four oxygen neighbors and one with
six in a 2.8 Å coordination sphere.

FIG. 2. (Color online) Environments of the V1 (a) and V2
(b) vanadium atoms in SVO.

A. System size effects

The choice of the CP2K code, which includes only the
� point for the Brillouin-zone sampling, makes necessary
the use of a supercell. In order to ensure the convergency
of the results with respect to the supercell size and to take
into account possible anisotropy effects on the geometric and
electronic characteristics of the system, we have carried out
cell optimizations for several supercell sizes of Ag2V4O11,
structure I. These tests will also be useful for future simulations
of non-stoichiometric SVO40 which can be obtained due to
oxygen deficiencies (Ag2V4O11−y)41 or silver deficiencies
(Ag2−xV4O11),11 or when the insertion of small percentages
of lithium atoms are considered.

By testing the supercell size, we also intend to evaluate
the relative importance of the interatomic interactions of
specific spatial orientations. It is important as well to take
into account a possible delocalization of the Ag ions during
the electrochemical reaction. Indeed, in the Cu7/3V4O11

compound, a superstructure which is obtained by multiplying
the b cell parameter by 9 has been reported12 in which the Cu
atoms are delocalized in channels parallel to b and for which
a high reactivity with respect to lithium has been observed.42

The size effects on the geometrical and electronic char-
acteristics of Ag2V4O11 have therefore been investigated by
multiplying the 34-atoms unit cell along the b axis and
c axis. The results of the cell optimizations for structure I
are presented in Table III . They show a significant difference
between the experimental cell volume and the calculated one.
This difference is mainly due to larger a and c cell parameters
with respect to the experimental ones. The use of larger
supercells does not correct for this trend. This result can be
related to the overestimation of the cell volume and parameters
of the V2O5 system presented in Table II due to an inadequate
treatment of the long-range electronic correlation, which is a
well-known DFT failure.43,44

Nevertheless, the evolution of the total energy, total volume,
and energy gap, presented in Fig. 3 as a function of the cell
size, show interesting trends. The total energy converges for
supercells in which c is multiplied by two and b is multiplied
by at least three. However, when the volume and gap are
considered, it is necessary to use b vectors multiplied by four
with respect to the unit cell in order to obtain convergency. In
our calculations, we have therefore used a 1 × 4 × 2 supercell
of Ag2V4O11.

B. DFT + U

Electronic structure calculations carried out on different
vanadium oxides, among which α′-NaV2O5,45 LixV6O13,46
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TABLE III. Structural and energetic characteristics of Ag2V4O11 obtained in DFT for different cell sizes. The cell parameters and total
energy correspond to the 34-atoms unit cell.

Size Number V [Å3] a [Å] b [Å] c [Å] β [◦] Etot [eV] Gap [eV]
of atoms

1 × 2 × 1 68 425.63 15.927 3.548 9.608 128.4 −29 233.087 0.930
1 × 2 × 2 136 424.30 15.898 3.552 9.571 128.3 −29 232.973 0.823
1 × 2 × 3 204 425.91 15.967 3.550 9.570 128.3 −29 232.984 0.855
1 × 3 × 1 102 429.15 15.958 3.563 9.623 128.3 −29 232.042 0.939
1 × 3 × 2 204 426.51 15.872 3.569 9.571 128.1 −29 231.898 0.720
1 × 3 × 3 306 429.51 15.975 3.562 9,594 128.1 −29 231.912 0.912
1 × 4 × 1 136 428.85 15.959 3.546 9.664 128.4 −29 232.095 0.801
1 × 4 × 2 272 427.57 15.924 3.554 9.617 128.2 −29 231.981 0.750
1 × 4 × 3 408 427.74 15.929 3.552 9.627 128.2 −29 231.989 0.765
1 × 6 × 1 204 427.60 15.887 3.553 9.655 128.3 −29 232.106 0.793
1 × 6 × 2 408 427.56 15.922 3.554 9.617 128.2 −29 231.988 0.742
1 × 6 × 3 612 427.43 15.911 3.555 9.617 128.2 −29 231.996 0.761

and β-SrV6O15,47 have focused on the description of the V–O
interactions (electron transfer from O 3p to V 3d orbitals
due to the covalent character of the V–O bonds), as well as
on the clarification of the valence states of the vanadium
atoms in those compounds. Nevertheless, because vanadium
d orbitals are partially filled, the electronic description of
these systems is particularly difficult using traditional DFT
methods. Indeed, strong correlation effects might exist as well
as quantum spin fluctuations which are not well described by
DFT in the GGA approximation. Therefore, calculations in
the DFT + U approach48–51 have been performed for the study
of the oxidation reactions of several vanadium oxides,52 as
well as for the study of the lithium intercalation process during
the V2O5 reduction.53 In these investigations, the use of the

FIG. 3. Evolution of the volume (upper graph), total energy
(middle graph), and energy gap (lower graph) as a function of the
cell size along b for different values of c.

DFT + U scheme has lead to significant improvements on the
prediction of the vanadium valence state in these compounds
and on its change of oxidation state during the redox reactions.
Other vanadium oxide compounds have magnetic properties
which are not reproduced by traditional DFT methods
(α′-NaV2O5,54 β-Cu2V2O7,55 and CeVO4

56). In these cases,
the DFT + U calculations have been able to reproduce the
experimental ground-state structural and magnetic properties.

In Ag2V4O11, since the vanadium atoms are supposed to
be in their formal V5+ oxidation state, we do not expect
significant correlation effects. Nevertheless, in the perspective
of studying the Li insertion in this compound, for which
correlation effects will certainly be significant, we decided to
use the DFT + U correction for the study of Ag2V4O11 system.
Within the DFT + U approach, a Hubbard-like term is applied
to atom-projected orbitals of interest (here the V 3d orbitals),
which introduces an energetic penalty to partial occupation.
The choice of the value of Ueff (=U-J, in the Dudarev
formulation51) is usually obtained from the reproduction of
several experimental features such as the optical band gap,
or peak positions in the density of states. The lack of such
experimental data for the Ag2V4O11 compound has lead us to
select the value of Ueff almost exclusively from geometrical
results.

The exchange and correlation energy depends on the
representation of the individual particles and, because of this,
the value of Ueff depends on the choice of the orbitals on
which the correction is applied,57 on the way the orbital occu-
pations are computed,48 on the chosen L(S)DA + U/GGA + U
implementation58 and on the calculation method (empirical or
ab initio).58,59 In the case of calculations performed on vana-
dium oxides, several values of Ueff have been used depending
on the chosen approximation and basis set: 3.1 eV for V2O5,52

1.0 for V2O5/TiO2,60 and 4.0 eV for Li2V2O5
53 in GGA + U

with plane augmented waves (PAW), or else 5.9 eV54 and
3.0 eV61 for Na2V2O5 in LDA + U with linear muffin-tin
type orbitals (LMTO). In this context, the optimization of
the 272-atoms (1 × 4 × 2) supercell of Ag2V4O11 (structures
I and II) has thus been performed for several values of Ueff

(Fig. 4) and we have analyzed the variation of the structural
and electronic properties of the systems.
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FIG. 4. Evolution of the HOMO-LUMO gap, the cell volume,
and the lattice parameters as a function of the value of Ueff for a
supercell of 1 × 4 × 2 the unit cell (272 atoms) for SVO structures I
(left graphs) and II (right graphs). The solid lines are used as guides
to the eyes and the dashed lines represent the experimental values
from Table I.

From these results, we observe that the DFT + U approach
influences both the geometry and the electronic structure of
the Ag2V4O11 system. In particular, the a cell parameter
is significantly lowered and the band gap is increased. The
effects of electronic correlations are therefore not negligible
in this system and the use of DFT + U in the subsequent
calculations is justified. In the case of structure II, we should
recall that the experimental parameters given in Ref. 11 were
those of the Cu2V4O11 compound reported by Galy.12 A large
discrepancy between our results and the experimental values
is therefore to be expected. Yet the choice of the best Ueff

value is not straightforward from these results given the lack
of experimental data to compare with. Nevertheless, a value
of Ueff equal to 7.0 eV seems to give the best agreement with
the structural characteristics of the system for both structures
I and II. We chose not to adjust the value of Ueff to reproduce
the electronic gap since this comparison would have been of
little relevance here.

At this point it is important to recall that the Ueff value
is strongly dependent on the specific calculation parameters
and implementation, and that no other DFT + U calculations
performed with the CP2K code have been reported until now.
As we will see next, the differences on the electronic structure
of both SVO structures induced by the Ueff parameter are not
negligible, but they are not determinant for the most important
electronic properties of the system. Actually, in our tests

FIG. 5. Kohn-Sham densities of states of SVO, structure I,
calculated in DFT and DFT + U (Ueff = 7.0 eV).

we have found the effect of the DFT + U correction on the
electronic structure of SVO to be very similar for smaller Ueff

values, with the primary effect for larger Ueff values being
that of the widening of the band gap. The same is true for
the relative stability of the three SVO structures. Also, the
choice of a coherent Ueff value in our study is important for
future calculations to be performed on other vanadium oxide
compounds, particularly those involved in the reaction with
lithium and others corresponding to mixed Cu/Ag compounds,
where the electronic correlation effects might actually be very
important. Therefore, our choice of this seemingly large value
for Ueff that best reproduces the cell parameters for both
SVO structures I and II is justified for this system with our
calculation setup.

Finally, we analyzed the impact of the Hubbard correction
on the Kohn-Sham electronic density of states (EDOS) for
structure I of SVO. The EDOS calculated in DFT and DFT + U
on the optimized cells are shown in Fig. 5. As we have already
mentioned, the major effect of the Hubbard correction is to
open the band gap. However one can also observe that the
valence band is larger in DFT + U than in DFT and that the
main peak at ≈ −1 eV is changed. As we will see later,
this peak corresponds mainly to Ag-O hybridization which
is weakened when the +U correction is applied.

C. Comparison of the structures I, I’, and II

We have then computed the three structures of Ag2V4O11

proposed in the literature, in the DFT and the DFT + U
approximations.

1. Relative stabilities

We first present, in the upper portion of Table IV, the
results obtained for geometry optimizations carried out at
fixed experimental cells. In that case, structure I appears more
stable than structures I’ and II by −1.048 eV and −1.811 eV,
respectively, in DFT and by −0.948 eV and −1.833 eV,
respectively, in DFT+U. Here the DFT + U correction seems
to stabilize structure I’ and, on the contrary, structure II
becomes even less stable, compared to structure I.

Nevertheless, once we let the cell parameters and volume
relax, we obtain a completely different scenario, as one can

165111-5
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TABLE IV. Total energies and HOMO-LUMO gap values of the
different structures of SVO, computed for the fixed experimental
cells in DFT and DFT + U (Ueff = 7.0 eV) (upper table), and after
cell optimization carried out in DFT and DFT + U (Ueff = 7.0 eV)
(lower table). The total energies correspond to the 34-atoms unit cell.

Experimental cell

DFT

Structure I Structure I’ Structure II

Etot [eV] −29 231.832 −29 230.784 −29 230.021
Gap [eV] 0.82 0.81 0.60

DFT + U

Structure I Structure I’ Structure II

Etot [eV] −29 182.574 −29 181.626 −29 180.741
Gap [eV] 1.34 1.41 0.73

Relaxed cell

DFT

Structure I Structure II

Etot[eV] −29 231.981 −29 232.009
Gap [eV] 0.75 0.73

DFT + U

Structure I Structure II
Etot [eV] −29 182.665 −29 182.682

Gap [eV] 1.42 1.26

see in the lower portion of Table IV. First of all, structure I’
appears to be unstable and transforms spontaneously into
structure I. Secondly, we now observe that structure II has
become sligthly more stable than structure I, by an amount
of −28 meV in DFT and of −17 meV in DFT+U. After
cell optimization, i.e. at equilibrium in our DFT and DFT+U
descriptions, we observe an inversion of stability even if the
differences in energy are quite small (0.82 meV/at. in DFT
and 0.50 meV/at. in DFT+U) which indicates that these two
phases would be equally existing. This surprising result is
in apparent contradiction with the fact that structure I is the
most often observed phase and that structure II has only been
observed once.

This inversion of stability when the cell is relaxed is mainly
due to large modifications of the cell parameters and volume in

the case of structure II as we will see below. Indeed, the total
energy of structure I before and after the cell optimization
has changed only by −149 meV in DFT and by −91 meV
in DFT+U, whereas for structure II this energy change is of
−1.988 eV in DFT and of −1.941 eV in DFT+U.

2. Structural properties

Let us now analyze the main changes that occurred during
the cell optimization for structures I and II. In Table V , the cell
volume and parameters are given after optimization of these
two systems in DFT and DFT + U. Concerning structure I, the
main effect of the cell optimization is to increase the value
of a, which results in an increase of the cell volume. The b
and c parameters and the β angle are almost unchanged. The
DFT + U optimization improves slightly the description of the
system with respect to experiment by decreasing the value of
a with respect to the DFT value. On the other hand, in the case
of structure II, the modifications are more substantial. The a
and c parameters and the β angle are quite affected by the cell
optimization which leads to a large increase of the cell volume.
In DFT + U, we observe the same trend but with a smaller
value for a and a slightly larger angle. Here we should recall
that the experimental parameters given in Ref. 11 were those
of the Cu2V4O11 compound reported by Galy.12 Therefore,
given the difference in atomic size between Cu and Ag, one
would expect an increase of the cell volume. However we also
observe here a significant shift of the [V4O11]n layers with
respect to each other which is coherent with the increase of c.

Using DFT and DFT + U, we could therefore stabilize a
hypothetic structure for Ag2V4O11, with structural parameters
derived from those of Cu2V4O11. We have checked this result
by optimizing the two structures using VASP, with PAW
pseudopotentials and a full convergency of the k points and
we obtained very similar parameters at equilibrium, with
structure II being slightly more stable than structure I, as for
the calculations performed with CP2K. Our opinion is then
that, even if the existence of such a structure is questionable, it
could certainly be obtained using quite specific experimental
conditions since it was already observed once. Moreover,
recent results62 report that synthesis of mixed (Cu,Ag)V2O5

systems leads to structures always related to pure CuxV2O5

phases despite strong differences with pure AgxV2O5 phases.
These experimental facts adapted to similar (Cu,Ag)V4O11

mixed compounds could indicate that their structure would
be strongly related to that of the pure Cu2V4O11 compound.
This evidences that Ag2V4O11 with a structure close to that of
Cu2V4O11 might indeed be stable.

TABLE V. Optimized cell parameters of SVO, structures I and II, in DFT and DFT + U (Ueff=7.0 eV).

Structure I Structure II

Exp13 DFT DFT + U Exp11 DFT DFT + U

V [Å3] 412.2 427.6(+3.74%) 424.2(+2.91%) 396.6 444.8(+12.1%) 437.5(+10.31%)
a [Å] 15.480 15.924(+2.87%) 15.680(+1.29%) 15.035 16.139(+7.34%) 15.765(+4.86%)
b [Å] 3.580 3.554(−0.73%) 3.577(−0.08%) 3.610 3.572(+1.05%) 3.590(+0.57%)
c [Å] 9.537 9.616(+0.83%) 9.587(+0.54%) 7.335 7.986(+8.87%) 8.025(+9.41%)
β [degrees] 128.74 128.21(−0.41%) 127.91(−0.64%) 101.84 104.98(+2.99%) 105.56(+3.65%)
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TABLE VI. Interatomic distances in structures I and II of SVO,
from optimized cell calculations carried out in DFT and DFT + U
(Ueff =7.0 eV). The atom labels correspond to those defined in Fig. 2.
All distances are given in Å.

Structure I Structure II

Exp13 DFT DFT + U Expa DFT DFT + U

Ag–O 2.3981 2.4114 2.4357 2.1723 2.3892 2.4236
V1–O1 1.6125 1.6166 1.6124 1.6529 1.6324 1.6270
V1–O2 1.8041 1.7908 1.7863 1.7995 1.8044 1.7871
V1–O2’ 2.1495 2.2027 2.1386 2.1698 2.3263 2.1516
V1–O3 (×2) 1.8692 1.8741 1.8819 1.8790 1.8772 1.8824
V1–O4 2.2435 2.3203 2.2829 2.2054 2.2289 2.2158
V2–O1 1.6225 1.6468 1.6352 1.6263 1.6437 1.6329
V2–O2’ 1.7354 1.7400 1.7420 1.7811 1.7259 1.7307
V2–O3 2.1295 2.1841 2.1182 2.0678 2.1500 2.0956
V2–O4 (×2) 1.8822 1.8746 1.8768 1.8878 1.8875 1.8844
V2–O4’ 2.4145 2.5030 2.4746 2.3689 2.7433 2.6068

aBecause of the lack of precise experimental data for this structure,
these distances have been estimated from those of the Cu2V4O11

compound reported by Galy12 as suggested in Ref. 11.

In the following, we will analyze the electronic and
geometric properties of the two structures of SVO, keeping
in mind that the structure II might be that of an hypothetic
phase.

In Table VI, the interatomic distances are presented for
the two structures I and II, calculated in DFT and DFT + U.
Here we will only analyze the agreement of the V–O
interatomic distances with experiment for structure I since
the experimental distances are not significant for structure
II. Overall we can notice a quite good agreement between
the computed and measured interatomic V–O distances, the
largest discrepancies being obtained for V1–O2’ (+2.47% in
DFT and −0.51% in DFT + U), for V1–O4 (+3.42% in DFT
and +1.76% in DFT + U), for V2–O3 (+2.56% in DFT and
−0.53% in DFT + U), and for V2–O4’ (+3.66% in DFT and
+2.45% in DFT + U). These discrepancies are all improved
by the use of the Hubbard correction. Also, the structure made
of layers connected through channels of Ag ions along the
y direction is maintained in both cases. The Hubbard correc-
tion applied on the 3d vanadium orbitals strengthens the V–O
interactions which results in a shortening of these bonds with
respect to the DFT calculations.

We then observe an overall increase of the Ag–O distances
with respect to experiment, which is larger in structure II
(+11.57% in DFT + U) than in structure I (+1.57% in
DFT + U). In the two structures, the Ag environments are
quite different. Actually, in structure II, we find two types of

TABLE VII. Ag–O interatomic distances for structure I, from cell
optimization performed in DFT and DFT + U (Ueff = 7.0 eV). All
distances are given in Å.

Exp13 DFT DFT + U

Ag–O(1) 2.341 2.341 2.332
Ag–O(2) 2.391 (×2) – –
Ag–O(3) 2.453 (×2) 2.429 (×4) 2.462 (×4)

FIG. 6. (Color online) Environments of the silver atoms in the
optimized cell, using DFT + U, for structures I (a) and II (b). The
oxygen labels correspond to that given in Tables VII and VII.

silver atoms which are bonded to a different number of oxygen
atoms. Moreover, these environments are different when they
are computed in DFT or DFT + U.

In structure I (Table VII ), the silver atoms are all bonded
to five oxygen atoms each with initially one short bond
[Ag–O(1)] and two pairs of longer bonds [Ag–O(2) and
Ag–O(3)]. In this structure in DFT the Ag–O(2) and Ag–O(3)
distances become equivalent and only two different distances
are distinguished. In DFT + U, we observe two sets of Ag–O
distances too, but in this case the Ag–O(1) distance becomes
slightly shorter and the other ones become longer. Thus in the
optimized cell of structure I, both in DFT and in DFT + U,
two types of Ag–O bonds are found, one short and four longs
of quite similar lengths, in a square pyramidal environment
(Fig. 6).

In structure II (Table VIII), two types of silver atoms
are identified. In our calculations, we have estimated the
initial atomic positions for this structure from the positions
of the Cu2V4O11 compound, as suggested in Ref. 11. In this
compound, two types of Cu atoms exist according to their
crystallographic environment.12 During the cell optimization,
we observe that, for SVO, this characteristic is maintained

TABLE VIII. Ag–O interatomic distances for structure II, from
cell optimization performed in DFT and DFT + U (Ueff = 7.0 eV).
All distances are given in Å.

Expa DFT DFT+ U

Ag1–O(1) 1.975 – 2.377(×2)
Ag1–O(2) 2.086(×2) – 2.455(×2)
Ag1–O(3) 2.725(×2) 〈2.427〉(×4) 2.474(×2)
Ag2–O(1) 1.928 — 2.278
Ag2–O(2) 1.964 2.304 (×3) 2.380(×2)
Ag2–O(3) 2.035(×2) 2.737 2.586

aBecause of the lack of precise experimental data for this structure,
the interatomic distances have been estimated from those of the
Cu2V4O11 compound, reported by Galy et al.,12 as suggested in
Ref. 11.
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FIG. 7. (Color online) Comparison of the x-ray diffraction spectra of structures I and II of SVO, computed using the Powder Cell software,63

with the experimental data measured on structure I.

with one type of silver atom bonded to six oxygen atoms
(Ag1) and the other type bonded to four oxygen atoms (Ag2),
inside a sphere of radius of 2.8 Å. In the DFT calculations, the
values of the Ag1–O distances are all different with an average
value of 2.427 Å, whereas for Ag2 we find three distances
around 2.30 Å and one distance at 2.737 Å. The situation
changes slightly with the use of the Hubbard correction since
we observe a structuration of the Ag–O environment. Indeed,
the Ag–O1 are now gathered in pairs and Ag1 presents a
quasiperfect octahedral environment. For Ag2, we observe a
tetrahedral environment with one short bond, two equal bonds
and one long bond (Fig. 6).

From our calculations, we can conclude that the two
structures I and II are quite different. Firstly the β angle is
much smaller in structure II than in structure I, and secondly
the layers along the z direction are stacked differently in
the two structures. X-ray diffraction patterns obtained using
the optimized cell parameters have been computed using the
Powder Cell software63 and compared with the experimental
one measured on the structure I of SVO (Fig. 7 ). A comparison
of these data allows to directly confirm that structures I and II
are totally different and that the optimized cell of structure I,
using DFT + U, is in good agreement with experimental data.

3. Electronic structure

In Fig. 8, we present the total and partial Kohn-Sham
densities of states (EDOS) for the optimized cells in DFT
and DFT + U for Ag2V4O11, structures I and II. In both cases,

we see from the results presented in Table IV that there is an
opening of the electronic gap when the Hubbard correction
is applied, as it has already been observed in other similar
systems (V2O5 and LixV2O5

53 for instance). In Fig. 8 we also
observe a widening of the valence band in DFT + U compared
to that computed in DFT.

Besides, we also note that, for both structures I and II,
the partial Ag 4d band is narrower in DFT + U than in DFT.
This implies a modification of the valence band which then
exhibits a more distinct separation between the Ag 4d peaks
and the central peaks attributed to hybrid V 3d–O 3p states,
in DFT + U with respect to DFT. Indeed, by adding the U
term on the V 3d vanadium orbitals, we indirectly make the V
3d–O 3p bonds more covalent and, at the same time, the Ag–O
bonds are weakened. Consequently, the interatomic Ag—-O
distances appear longer in DFT + U than in DFT, and the
separation between the Ag 4d and O 3p bands, which are
much less hybridized, is more important close to the Fermi
level.

Overall the EDOS of the two structures show very similar
characteristics which implies that there exist some common
structural properties defining these systems, with an important
energetic contribution to the valence band: The connectivity
of the [V4O11]n layers most certainly governs the chemistry of
these compounds.

More details can be obtained by looking at the HOMO
(Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital) states for the two optimized
structures, with and without the Hubbard correction. Indeed,
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FIG. 8. (Color online) Total and partial Kohn-Sham electronic densities of states for structures I and II, in DFT and DFT + U (Ueff = 7.0 eV).

an observation of the LUMO states can give valuable insights
on the electrochemical behavior of the system, particularly

allowing to predict which atomic species would be first reduced
in the reaction with lithium. The HOMO and LUMO orbitals

FIG. 9. (Color online) Isosurfaces (0.01 |e|/Å3) of the HOMO (a, b and c) and LUMO (d, e and f) states for DFT and DFT+U (Ueff = 7.0 eV)
calculations of structure I. The (a) and (d) pictures correspond to DFT calculations performed on the fixed experimental cell, the (b) and (e)
(respectively (c) and (f)) pictures correspond to DFT (respectively DFT+U) cell optimization calculations.
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FIG. 10. (Color online) Isosurfaces (0.01 |e|/Å3) of the HOMO [(a), (b), and (c)] and LUMO [(d), (e), and (f)] states for DFT and DFT + U
(Ueff=7.0 eV) calculations of structure II. (a) and (d) correspond to DFT calculations performed on the fixed experimental cell; (b) and
(e) [respectively (c) and (f)] correspond to DFT (respectively DFT + U) cell optimization calculations.

are presented in Figs. 9 and 10 together with those computed
for the fixed experimental cell after a geometry optimization.

From Fig. 9(a), 9(b), and 9(c), one can see that, in structure I,
the HOMO exhibits a major contribution from the vanadium
atoms of type 2 (V2), through their bonds with the oxygen
atoms O1 (vanadyl) and O2’ (see Fig. 2). The HOMO has also
a contribution from the silver atoms and thus creates a bridge
between the V2O5 layers through the Ag atoms. On the other
hand, for this structure, the LUMO state [Fig. 9(d), 9(e), and
9(f)] is mainly localized on vanadium atoms of type 1 (V1).
The HOMO and LUMO states for structure I remain almost

unchanged after the cell optimization and are similar in DFT
and DFT + U. This result indicates that for this system the
structural modifications observed during the cell optimization
do not affect the electronic properties of the system close to
the Fermi level.

In structure II, the LUMO state [Fig. 10(d), 10(e), and 10(f)]
presents the same characteristics to that of structure I: It is
mainly localized on the V1 atoms. However, in contrast to what
is observed for structure I, the cell optimizations in DFT and in
DFT + U lead to important modifications in the HOMO state
[Figs. 10(a), 10(b), and 10(c)]. After the cell optimization in

TABLE IX. Mülliken and Bader charges of the different atom types, in structures I and II, after cell optimization in DFT and DFT + U
(Ueff = 7.0 eV). The atomic labels correspond to those presented in Fig. 2, the number in parenthesis indicating the vanadium type for the
vanadyl oxygens. For the Ag atoms in structure II, the type is indicated in parentheses (see Fig. 6).

Structure I Structure II

Mulliken Bader Mulliken Bader

DFT DFT + U DFT DFT + U DFT DFT + U DFT DFT + U

Ag 0.646 0.590 0.792 0.776 0.612(1) 0.584(1) 0.770(1) 0.743(1)
0.672(2) 0.623(2) 0.834(2) 0.827(2)

V1 0.804 1.204 2.102 2.314 0.825 1.223 2.079 2.332
V2 0.767 1.170 2.047 2.276 0.813 1.196 2.059 2.300
O1(1) −0.259 −0.360 −0.716 −0.780 −0.308 −0.401 −0.742 −0.804
O1(2) −0.339 −0.434 −0.804 −0.863 −0.350 −0.446 −0.792 −0.853
O2 −0.366 −0.527 −0.868 −0.929 −0.350 −0.525 −0.871 −0.976
O2 −0.453 −0.568 −0.928 −0.999 −0.449 −0.569 −0.922 −1.015
O3 −0.474 −0.652 −0.990 −1.096 −0.475 −0.651 −0.983 −1.089
O4 −0.508 −0.687 −1.069 −1.164 −0.523 −0.693 −1.067 −1.167
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DFT, the HOMO is quite asymmetric, localized on some of the
V2 atoms and with a small contribution from the silver atoms.
In DFT + U, the HOMO becomes more symmetric and the
connection between the V2O5 layers through the silver atoms
is recovered, as in structure I. It is interesting to note that the
HOMO obtained after cell optimization in DFT + U resembles
that obtained for the fixed experimental cell. The important
structural changes observed during the cell optimization have
here important consequences on the electronic structure of the
system. The most important change between the optimized
cells in DFT and DFT + U takes place in the modifications of
the a cell parameter and the β angle. One can then assume
that, in this structure, the interactions along the x direction
and/or the stacking of the layers in the direction of the c cell
parameter are crucial for the description of the system.

The fact that the LUMO states, in all the studied cases, show
an important contribution coming from the V1 atoms suggests
that these atoms could serve as electron acceptor due to lithium
insertion during the electrochemical reaction in a battery. This
is supported by the fact that the average charge on the V1
vanadium atoms, obtained either from a Mülliken or from a
Bader64,65 analysis, is more positive than that on the vanadium
V2 atoms, for both structures in DFT and DFT + U (Table IX ).
This result is in full agreement with recently published
experimental facts15 indicating that vanadium reduction takes
place before silver reduction in the Li + Ag2V4O11 reaction.
We can even predict that this vanadium reduction would start
by the V1 atoms.

From Table IX, we can also note that the Hubbard correction
leads to a charge transfer from the vanadium atoms toward
the oxygen atoms, which was expected due to the V 3d

orbitals localization induced by U. Consequently the silver
atoms have a slightly more negative charge with respect
to the DFT calculations. The fact that the absolute values
of the charges are different in the Mülliken and Bader
analysis is due to a different partitioning of the charge
density, which is more appropriate and less arbitrary in the
Bader case. However we observe the same trends with both
methods.

The charges on the oxygen atoms vary depending on their
coordination: As the oxygen has more bonds, its charge is more
negative. This tendency is related to the V–O distances: The
shorter the V–O distance, the less negative the oxygen charge
(the bond is more covalent). Finally, even if the vanadium
atoms present slightly different charges, these are coherent
with a single valence state for all the V atoms. Indeed,
the population of the vanadium 3d states in each case (not
shown here) corresponds to the V5+ state, as expected for this
stoichiometry.

IV. CONCLUSIONS

We have presented a detailed study of the Ag2V4O11 com-
pound which has, to our knowledge, never been investigated

theoretically despite its common use as a cathode for high-rate
primary lithium batteries and its excellent electrochemical
performance. We have developed a simulation protocol based
on the study of the system size effects and the effects of the U
correction on both the structural and electronic properties of
this system.

We have found that a correct theoretical description of
the structure of this compound can be obtained by treating
the electronic correlation by means of the DFT + U method,
in which the U correction is applied to the vanadium 3d

orbitals. An optimal value of 7.0 eV for Ueff has been obtained
empirically based on the best description of the structural
characteristics of the system. Even if this value is larger than
that used in other systems of the vanadium oxide family,
for our particular calculation setup, this value has shown to
be consistent for the studied structures and has allowed us
to obtain results in agreement with experimental data. Our
results, both in DFT and DFT + U, show that one of the
proposed structure for Ag2V4O11 in the literature is unstable11

whereas the other two11,13 seem to be equally probable.
In our simulation, structure II appears to be a hypothetic
structure with structural characteristics similar to that of
analogous existing compounds, such as Cu2V4O11, which
show interesting electrochemical behavior in the reaction with
lithium. However, since this structure has been observed only
once and in very specific experimental conditions, the question
of its synthesis is still open. More insight could be obtained
from ab initio molecular-dynamics simulations, from which
we could observe the effect of temperature on the relative
stability of these two structures.

Finally, from the analysis of the LUMO state, we are
able to confirm the proposition of Sauvage et al.15 regarding
the earlier stages of the reaction, during lithium insertion
and deinsertion in Li/SVO batteries: The reduction of the
V5+ should take place before that of Ag. Moreover we can
specify that this reduction will concern one type of vanadium
atoms first, since the LUMO is mainly localized on the
V1 atoms. This important result demonstrates the ability
of such theoretical investigations to predict the underlying
mechanisms in complex redox reactions of this kind. In order
to complete the proposed scenario for the lithium insertion in
SVO, simulations of LixAg2V4O11 by means of the DFT + U
approach will be presented in a forthcoming paper.
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