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A systematic study of the location and energetics of cation dopants
in a-V,05 has been conducted using pair-potential methods, sup-
plemented by first-principles calculations. The consequences of
doping on intrinsic defect equilibria have been discussed and
the effects of selected dopants on Li* and Mg2+ diffusion energy
barriers have been investigated.

The use of a metallic multivalent (MV) anode (i.e. Mg>*, Ca®>* or
AI’") represents a strategy to improve charge and energy density
beyond present Li-ion battery technology.” MV ions introduce a
charge multiplicity factor, and can also result in saving on
space by avoiding the anode intercalation processes necessary
for Li. For example, Mg anodes do not exhibit the same dendritic
growth issues upon cycling that plague Li-metal anodes,” and
thus metallic Mg can provide a far higher volumetric (Mg =
3833 mA h em ™ vs. LiCg = 800 mA h cm®) and gravimetric
(Mg = 2205 mA h g~" vs. LiC = 372 mA h g~ ") capacity than
intercalation anodes for Li.*> A major challenge in the develop-
ment of MV battery technologies is optimisation of cathode
materials, many of which are currently limited by poor ion
mobility, and show limited electrochemical performance.*
V,0;5 was first investigated in the 1970’s as a Li-ion intercalation
cathode, but commercialization was never achieved, due to
issues with cycling stability, electronic conductivity and Li-ion
mobility.> However interest has re-emerged as recent work has
identified V,0s5 as one of only a few materials which can
reversibly intercalate Mg>* ions,® following discovery of the
prototype MV cathode Mg,Mo5S,.” Ton mobility and other issues
have been partially overcome in V,05 cathodes for Li-ion batteries
through the introduction of dopants, many of which have offered
improved electrochemical performance,®”® and a summary
of the figures of merit for doped V,0s cathode materials can
be found ref. 15. Such doping strategies may also be effective
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for MV V,0; cathodes. However a systematic evaluation of the
likely location of dopants and the effects they have on V,0s
electrochemistry is thus far missing from the literature.
Empirically-fitted pair potential methods have been demonstrated
to provide insight into defect chemistry and ionic diffusion
properties of battery materials.'® In this study we employ these
methods, supplemented by first-principles calculations, to inves-
tigate the thermodynamics of cation doping in o-V,0s, and the
effect of these dopants on the mobility of Li* and Mg>" ions.
The stable polymorph of V,0s5 at ambient conditions is
the orthorhombic a-phase with space group Pmmn (no. 59)
and lattice constants a = 3.564, b = 11.512, ¢ = 4.368 A.Y
The layered structure is formed of distorted VOs; square
pyramids, arranged sharing three corners and two edges with
neighbouring pyramids (Fig. 1), with corner-sharing and edge
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b

Fig. 1 Structure of a-V,0s5 (2 x 1 x 2 expansion of the crystallographic
unit cell) showing a 3D view (a), and projections along the [010] (b), [001]
(c) and [100] (d) directions. Coloured spheres represent the following
atoms; vanadium (grey), oxygen (red), substitutional dopants (blue) and
interstitial dopants (gold). Shaded areas represent the VOs square pyramidal
coordination.
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sharing pairs oriented in opposite directions along the [001]
axis. There are two V,05 formula units in the crystallographic
unit cell, which contains four symmetry unique atoms: one
vanadium and three oxygen atoms, conventionally denoted O1,
02 and 03,'® with O1 corresponding to the oxygen at the end
of the short (1.585 A) V-Olyanadyt bond. Two-fold coordinate
02 atoms link between corner sharing VOs pyramids in
the [010] direction and three-fold coordinate O3 atoms link
corner-sharing pyramids in the [100] direction. The interatomic
V-Olineriayer distance of 2.785 A is considered too long to be a
conventional ionic or covalent interaction'® and the interlayer
forces are therefore predominantly of a weak van der Waals
(vdW) type.

V,05 exhibiting conventional interlayer spacing (i.e. not
of the aerogel or xerogel type)*° can incorporate dopant
cations into two possible sites: interstitial, residing between
the V,0s layers, or substitutional, replacing V>* ions (Fig. 1).
Steric effects can be expected to influence dopant location for
ions of the same valence, however the predominant thermo-
dynamic driving force determining the location of dopants
of different valence is expected to be the energy of the asso-
ciated defects that form to maintain overall charge neutrality
in the lattice. Substitutional replacement of V°* with cations
of a lower charge will produce a net negative charge, which
can be compensated by oxygen-ion vacancies, which have a
net positive charge. Interstitial incorporation of dopants intro-
duces a net positive charge to the lattice, which can be
compensated either by interstitial oxygen-ions or vanadium-
ion vacancies, both of which bring a net negative charge to
the lattice.

Initial investigations, considering a range of dopants with
charge between +1 and +4 and all reasonable combinations of
clustered and isolated cation and oxygen-ion defects, were
conducted to determine the most stable charge compensation
schemes for each dopant when incorporated into substitutional
or interstitial sites. A full description of the calculations under-
taken can be found in the ESI.{ The results indicate that when a
substitutional cation with a lower charge than V** is accom-
panied by the formation of an oxygen-ion vacancy, the most
stable arrangement is always as a clustered defect with the
oxygen-ion vacancy at the short-bond O1 of the substitutional
site. In other words, the (VO)** vanadyl-like group behaves as a
single unit and undergoes replacement as a whole. In the
following, we consider this to be the predominant defect
mechanism for substitutional M"" dopants. Calculations (ESIY)
also determined that the prevalent charge balance for inter-
stitial cations was by the formation of interstitial oxide ions,
rather than the reduction of V to V** oxidation state, i.e. the
localization of an electron on a V site to form a polaron,
indicated as VY, in Kroger-Vink (K-V) notation. V** or (VO)**
vacancies were never found to be stable relative to interstitial
oxygen-ions as charge balance for interstitial M"" dopants.
Hereafter we present a series of defect formation equations
in K-V notation that represent the most stable schemes for
incorporation of substitutional and interstitial M™" ions (n = 1,
2, 3, 4) into o-V,0s.
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MO+VOVO+§OO b MVO +§DO +§V205 (IV)
M>* ions:
1 (YY) 3 "
7M203 - Mi +7Oi (V)
2 2
1 x « 1 .
§M203 + VOVO — MVO + EVZOS (Vl)
M** ions:
MO, — M?** + 20/ (vii)
1 1
MO, + VO3 + Vi + 5D;; — My + Vy + iV205 (viii)

Implications for M>* and M®* dopants will be discussed later.
The calculated reaction energies for the schemes detailed
above, conducted for a range of 28 M"™" ions listed in the ESI,{
are reported in Fig. 2, plotted as a function of ionic radii. The
results indicate that the interstitial sites for all M* (red) and M**
ions (gold) are more stable than substitutional incorporation,
the difference being ~6 eV for M" and ~4 eV for M*" ions. Our
calculations therefore suggest that M* and M*>* ions will only be
incorporated interstitially, regardless of their ionic radius. The
M* and M*" interstitial sites are most stable at an ionic radius
of ~1 A, which indicates that the V,05 structure is suited to
accommodate ion of this size within the interlayer space.

The M*" interstitial defects become more stable as the ionic
radius of the dopant increases. The larger variation in energy as
a function of ionic radius for the M*" ions compared to the M*
and M*"* ions indicates that the higher charge of the M** ions
creates a greater distortion of the lattice around the dopant,
and this distortion is more pronounced when the ions are
smaller. The reaction energy of the substitutional M*" defects
are close in energy to the M>" interstitial defects. The reaction
energy increases less quickly as a function of decreasing M**
ionic radius for substitutional rather than for the interstitial
defects, and thus the most stable site for M>* defects swaps
from substitutional to interstitial as ionic radius increases. The
calculations suggest that for M*" ions whose ionic radius is
greater than ~0.7 A, interstitial sites are more stable, whereas
ions smaller than this are more stable in substitutional sites.
Consequently, both substitutional and interstitial defects may
be possible for M** ions, and the location of the dopant may be
tailored by the use of kinetic or thermodynamic control during
synthesis and post-processing. For M*" ions, substitutional
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Fig. 2 Reaction energy energies for M"* cations (ESIf) as a function of
dopant ionic radius. Circles indicate substitutional defects, and crosses
indicate interstitial defects. Different dopant cation valences are indicated
by the differently colored markers. Approximate trends in cation series of
the same valence are indicated by the solid and dotted coloured lines,
which are intended as guides for the eye only. A dashed vertical line at
0.54 A indicates the ionic radius of V>*. The dashed vertical line at 1.0 A
indicates the approximate minimum reaction energy for substitutional
ions, and is an estimate for the effective ionic radius of the vanadyl ion.

sites are more stable than interstitial sites for all ionic radii, with
a much greater difference in energy for smaller ions, which will
only occupy substitutional sites. There is a narrowing of the
energy difference between substitutional and interstitial sites
for larger M*" ions. The calculations therefore suggest that
large interstitial M*" doped V,05; may be a metastable product
accessible under some kinetically controlled synthesis conditions.
A correlation between substitutional dopant ionic radius and
reaction energy has been observed for several solids, including
perovskites, and it usually yields lowest energy when the ionic
radius of the dopant and the host crystal ion it replaces are
similar.?" This is not the case here, since we find that M"* dopants
(n < 5) replace (VO*") ions as a whole, rather than V>* ions. The
position of the minimum reaction energy, which is found at an
ionic radius of ~1.0 A for substitutional dopants of all net
charges, suggests this is an estimate for the effective radius of
the vanadyl ion.

Whilst these atomistic simulation methods have been
applied successfully to investigate dopants in battery materials
previously,'®** their empirical nature and the challenges of
representing a complex layered structure like V,05 using fitted
potentials mean that the values of reaction energies will be
subject to some error, the magnitude of which is challenging to
evaluate accurately. Any errors present will be particularly
important for the predictions of thermodynamic stability of
M*" ions, and large M*" where the substitutional and inter-
stitial sites are similar in energy. As a test of their reliability, we
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have compared the pair-potential results with calculations
performed using density functional theory (DFT), investigating
substitutional AlI** and Fe®" incorporation (ESIf). The results
show good agreement between the techniques, and reproduc-
tion of the pair-potential results using quantum-mechanics
supports their validity.

The location of dopants in V,05 and the defects that form to
compensate the dopant charge, influence the concentration of
V" and oxygen vacancies in the material, which in turn are
expected to affect the electrochemical performance.>*** As with
many early transition metal oxides, V,Os is typically an oxygen-
deficient intrinsic n-type semiconductor’® (and may therefore
more accurately denoted as V,0;5_), often due to a combination
of incomplete oxidation of the vanadium ions in the precursor
and facile oxygen vacancy formation in the bulk material.
Intrinsic oxygen deficiency is charge compensated in the struc-
ture of V,05 by the presence of a measurable concentration of
V*" ions, whose d" electrons (V},) are associated with increased
electronic conductivity.>® The formation of oxygen vacancies and
V' in V,05 can be represented, in Kréger-Vink notation as:

2Vy + 0§ s2vy + OF +%Oz (ix)
The chemical equilibrium that governs the formation of oxygen
vacancies and polarons, will be represented by an equilibrium
reaction constant K.q, expressed by the mass law:

Ko = [05][V4]?902 )

where the intrinsic concentration of oxygen vacancies is approxi-
mately equivalent to half the concentration of V*":

oo 1 .
(B8] ~5[W] (xi)
The formation of intrinsic oxygen Frenkel defects are also
relevant to the defect equilibria and can be expressed as:

0§ =0 + Oy (xii)
O-Frenkel defect formation will have a low equilibrium constant
in V,0s, due to the tendency for oxygen deficiency:

Ko-Frenkel = [Dz).} [Oﬂ [Xlll)
thus the concentration of oxygen vacancies exceeds the concen-
tration of oxide interstitials:

(B3] > [of] (xiv)
Calculations discussed earlier indicate that M*, M*" and
large M*" ions are expected to be incorporated interstitially,
along with interstitial oxygen-ions. The tendency for oxygen
deficiency and the accessible redox of V°*/V*" in the lattice
means that rather than residing in the structure, extrinsic
interstitial oxygen-ions will anneal out some of the intrinsic

oxygen vacancies:
M?* + O/ +2Vy, + Og — M +2Vy, (xv)

Thus the introduction of interstitial M*, M>* and M>** ions into
V,0s will tend to increase the concentration of V*' ions, or
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increase the ratio of V** ions to oxygen vacancies. This mechanism
is likely to improve electronic conductivity and may account for the
enhanced electrochemical performance for a range of M, M*" and
M*" doped V, 05 battery cathodes.® > M** ions, when incorporated
into substitutional sites, generate oxygen vacancies for charge
balance. In oxygen-deficient V,Os, the generation of excess extrinsic
oxygen vacancies shifts the equilibrium of eqn (ix) towards V**, and
thus anneals out V**. Substitutional doping with M*>" ions may
therefore result in poorer electronic conductivity and degraded
electrochemical performance of V,05 due to the lower concen-
tration or charge carrying d" electrons on V** ions. The mechanism
for the substitutional incorporation of M*" ions, ie. the replace-
ment of a vanadyl (VO)** group with M*" (eqn (viii)) will leave a net
charge of +1 for each dopant introduced, charge balanced by V**.
This effectively constitutes annealing out of oxygen-ion vacancies,
and will result in an increased concentration of d' electrons that
are not bound to oxygen-ion vacancies in a polaron-pair. This
process is likely to contribute to enhanced electronic conductivity
and the improved electrochemical performance of M** doped V,05
SyStemS.13'14’27'28

Due to the limitations of the available potential models, no
atomistic defect formation calculations were performed for M>*
or M*" ions. We can however infer from the trends in the M* to M**
series, that both M>* and M°®" ions will prefer to be incorporated
substitutionally rather than interstitially regardless of their size.
M®" ions will not require charge balancing upon incorporation, and
are therefore not expected to significantly modify the concentration
of V** and oxygen vacancies relative to pristine V,05. M®" ions are
likely to substitute and either anneal out oxygen-ion vacancies, or
introduce interstitial oxygen ions:

1 1 .
MO;3 +V\X,+§D3HM{,+§V205 (xvi)

MOs + Vi — My, + %O{’ + %Vgos (xvii)
Both mechanisms are expected to result in a higher concentration
of V** ions, or a higher ratio of V** to oxygen vacancies.

The location of dopants in V,05 will have an influence on the
mobility of ions through the structure. Possible effects include
modifying the interlayer separation,"® blocking diffusion
channels,” introducing additional Coulombic interactions
between intercalants and dopants ions and providing sites for
nucleation and growth of different phases during cycling.*®
Dopants may also be expected to alter the extent and effect of
local polaronic distortions, which have been demonstrated to
produce lithiation gradients and inhibit Li" mobility in V,O5
nanowires.’" Here we consider the effects of interstitial Na* and
Ba®*, and substitutional AI** dopants on the energy barriers for
Li" and Mg*" diffusion in the [100] direction of o-V,0s. The
diffusion pathways relative to the dopants are indicated on
Fig. 3a and b, and the energy barriers in Fig. 3c and d.

For the Al doped phase, formation of a Al defect removes
one O1 from the interlayer space, below Al (Fig. 3b). Pathway 1
indicates Li*/Mg”" migration through the O-vacancy, whilst pathway 2
relates to migration through the layer above Al, where the O1 ion is
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Fig. 3 Diffusion pathways for Li* and Mg®* relative to the selected
dopants (a) interstitial Na* and Ba2*, and (b) substitutional Al>*. (c and d)
Show the energy barriers for Li* and Mg?* diffusion respectively.

more tightly bound to the two adjacent layers. In undoped V,0, the
barrier for Li* diffusion (0.23 eV) is significantly lower than for Mg”*
(1.51 eV), consistent with first-principles calculations.>** For Li*
diffusion, all the selected dopants cause an increase in energy
barrier, indicating that any distortion along the diffusion pathway
induced by a dopant can hinder ion mobility. Electrostatic inter-
actions between the dopants and diffusing ions also contribute
to the increased energy barriers. For Mg>" diffusion, the AI**
substituted system displays an increased energy barrier for path 2
(2.23 eV), but a reduced barrier for path 1 (1.4 eV). Despite
the barrier reduction, an energy of 1.4 eV effectively renders
diffusion unachievable at room temperature. The interstitially
doped structures have energy barriers of 1.02 eV (Naj,,') and
1.20 eV (Baj, "), a substantial reduction from 1.61 eV for the
undoped system. The lower energy barriers can be explained by
an expansion of the interlayer space upon introduction of the
dopant, which shifts the relative energy of the 8-coordinated
stable insertion site and 3-coordinated barrier site closer
together.”® Ba>* is larger than Na* and causes a greater interlayer
expansion, yet Ba>* doping results in a higher energy barrier
than Na" doping for Mg>" diffusion, suggesting that there is an
optimal expansion to the interlayer space that will minimize the
diffusion energy barrier, and that this may be achieved by
tailoring the dopant concentration and size. The results of these
diffusion barrier calculations can be used as a guide for future,
more detailed investigation of dopant effects on ion diffusion,
using quantum-mechanical techniques.
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