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1. Atomistic simulation methods. 

Atomistic simulations to investigate the reaction energetics for substitutional and interstitial 
cations in α-V2O5 were conducted using empirically-fitted pair-potential methods. These 
methods are well established for the investigation of dopants in battery cathode materials, 
and their details are discussed extensively elsewhere.1,2 Here we give a summary of the 
methods used. All calculations were performed with the General Utility Lattice Program 
(GULP).3 All systems are described as ionic crystalline solids, and ion-ion interactions are 
described by a combination of long-range Coulombic and short-range interactions. Short-
range interactions are described by two potentials. The majority are Buckingham potentials 
(Table S1), of the form:

1)
𝜙𝑖𝑗(𝑟𝑖𝑗) = 𝐴𝑖𝑗𝑒𝑥𝑝⁡( ‒ 𝑟𝑖𝑗

𝜌𝑖𝑗
)⁡ ‒ (𝐶𝑖𝑗

𝑟6 )
where r is the inter-ion distance, A,  and C are constants and i and j are indices of the 𝜌

interacting ions. To reproduce the layered structure of V2O5, one short-range Morse potential 
is used, between the V and O1 atoms of the vanadyl group (Table S2), of the form:

2)𝜙𝑖𝑗(𝑟𝑖𝑗) = 𝐷𝑜({1 ‒ 𝑒𝑥𝑝[𝛼(𝑟 ‒ 𝑟0)]}2 ‒ 1)

where D0,  and r0 are constants. The Morse potential reproduces the short V-O1vanadyl bond, 𝛼

whilst a Buckingham potential with a minimum distance of 1.99 Å reproduces the V-O1 

interlayer distance (i.e. between a V and the O1 that it is not bound to through a vanadyl 
bond). The remaining equatorial bonds are generated with V-O and O-O Buckingham 
potentials. This model has previously been used successfully to represent the structure and 
properties of V2O5.4 The other ion-ion interactions are described by potentials that have been 
used to investigate a range of transition metal oxides in a consistent manner.5 All the 
potentials used are listed in Tables S1 and S2 below. Ion polarizability is described using the 
shell model of Dick and Overhauser,6 and the parameters used are shown in Table S3. Defect 
calculations, including migration profiles are implemented using the Mott-Littleton scheme 
using region I and region II sizes of 10.0 and 25.0 Å respectively.7 
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i) Pair potentials 

Table S1. Buckingham potentials and cutoffs.

Interaction A / eV  / Å𝜌 C / eV Å6 rmin / Å rmax / Å
V5+–O2,O3 5312.99 0.26797 0.0 0.0 10.0
V5+O1interlayer 2549.73 0.34115 0.0 1.99 10.0
V4+–O 1260.56 0.34039 0.0 0.0 10.0
O–O 22764.30 0.1490 23.0 0.0 10.0
Na+–O 1271.504 0.300 0.0 0.0 10.0
Li+-O 426.480 0.300 0.0 0.0 10.0
K+-O 3587.570 0.300 0.0 0.0 10.0
Ag+-O 962.197 0.300 0.0 0.0 10.0
Cu+-O 585.747 0.300 0.0 0.0 10.0
Pb+-O 5564.374 0.2610 0.0 0.0 10.0
Rb+-O 2565.507 0.3260 0.0 0.0 10.0
Mg2+-O 2457.243 0.2610 0.0 0.0 10.0
Ca2+-O 2272.741 0.2986 0.0 0.0 10.0
Ba2+–O 4818.416 0.3067 0.0 0.0 10.0
Fe2+-O 2763.945 0.2641 0.0 0.0 10.0
Sr2+-O 1956.702 0.3252 0.0 0.0 10.0
Al3+-O 2409.505 0.2649 0.0 0.0 10.0
Ag3+-O 4534.200 0.2649 0.0 0.0 10.0
Eu3+-O 847.868 0.3791 0.0 0.0 10.0
Fe3+–O 3219.335 0.2641 0.0 0.0 10.0
Ga3+-O 2339.776 0.2742 0.0 0.0 10.0
Gd3+-O 866.339 0.3770 0.0 00 10.0
La3+-O 5436.827 0.2939 0.0 0.0 10.0
Tb3+-O 845.137 0.3750 0.0 0.0 10.0
Y3+-O 1519.279 0.3291 0.0 0.0 10.0
Yb3+-O 991.029 0.3515 0.0 0.0 10.0
Ti4+-O 4545.823 0.2610 0.0 0.0 10.0
Sn4+-O 6327.497 0.2610 0.0 0.0 10.0
Ce4+-O 2409.505 0.3260 0.0 0.0 10.0
Mn4+-O 3329.388 0.2642 0.0 0.0 10.0
Ge4+-O 3703.725 0.2610 0.0 0.0 10.0
Zr4+-O 7290.347 0.2610 0.0 0.0 10.0

Table S2. Morse potential parameters and cutoff.

Interaction D0 / eV  / Å-1𝛼 r0 / Å rmin / Å rmax / Å
V5+–O1vanadyl 10.0 2.302170 1.584 0.0 1.99
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Table S3. Core-shell model parameters and spring constants.

Species qcore / |e| qshell / 
|e|

k / eV Å2

V5+ 5.0 - -
V4+ 4.0 - -
O2- 0.717 -2.717 54.952
Na+ 1.0 - -
Li+ 1.0 - -
K+ 1.0 - -
Ag+ 1.0 - -
Cu+ 1.0 - -
Pb+ 1.0 - -
Rb+ 1.0 - -
Mg2+ 1.58 0.42 349.95
Ca2+ 0.719 1.281 34.05
Ba2+ 0.169 1.831 34.05
Fe2+ 2.0 - -
Sr2+ 0.169 1.831 21.53
Al3+ 0.043 2.957 403.98
Ag3+ 3.0 - -
Eu3+ -0.991 3.991 304.92
Fe3+ 1.971 1.029 179.58
Ga3+ 3.0 - -
Gd3+ -0.973 3.973 299.96
La3+ 5.149 -2.149 173.90
Tb3+ -0.972 3.972 299.98
Y3+ 3.0 - -
Yb3+ -0.278 3.278 308.91
Ti4+ 4.0 - -
Sn4+ 4.0 - -
Ce4+ 4.0 - -
Mn4+ 4.0 - -
Ge4+ 4.0 - -
Zr4+ 4.0 - -
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2. Density functional theory calculations. 

First-principles calculations were performed using the periodic density functional theory 
(DFT) code CRYSTAL17.8,9 Electronic exchange and correlation were approximated using the 
hybrid-exchange functional B3LYP,10 which is known to give accurate estimates of the band 
structure of crystalline solids.11 All-electron atom-centred Gaussian basis sets were used for 
all atoms, available from the CRYSTAL online database (www.crystal.unito.it), indicated by the 
following labels online: V (V_86-411d31G_harrison_1993), O (O_8-411d1_cora_2005), Al 
(Al_86-21G*_harrison_1993) and Fe (Fe_s86411p6411d411_Heifets_2013). The Coulomb 
and exchange series were truncated with thresholds of 10-7, 10-7, 10-7, 10-7 and 10-14. 
Reciprocal space was sampled using a Pack-Monkhorst net,12 with a shrinking factor of IS = 8 
along each periodic direction. The self-consistent field (SCF) procedure was performed up to 
a convergence threshold of ∆E = 10-8 Hartree per unit cell. Full geometry optimisations (lattice 
parameters and atomic positions) were performed using the default convergence criteria in 
CRYSTAL17. The interactions between layers in V2O5 are predominantly of a Van-der Waals 
type, and therefore dispersion effects are important in accurately describing the structure.13 
The inclusion of dispersion forces is discussed greater detail in Section 3. Excluding the tests 
where the functional is explicitly identified, all the DFT calculations carried out in the paper 
use Grimme’s empirical D3 correction to B3LYP (B3LYP-D3).14 Defect calculations were 
performed using the supercell method, and the expansion of the crystallographic unit cell is 
indicated in the text for each case. 
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3. DFT dispersion interactions.

The interlayer forces in α-V2O5 contain an important contribution from van der Waals (vdW) 
type interactions and a good representation of dispersion forces is therefore important in 
accurately describing the structure of α-V2O5. Previous theoretical work on V2O5 has often 
included the effects of dispersion through vdW-formulated funtionals,13,15 although some 
studies on ionic mobility in V2O5 have omitted these effects, citing increased insertion 
energies for ions and increased diffusion barriers.16 The failure of functionals that do not 
include dispersion effects to reproduce the correct structure of layered V2O5 is clear from the 
lattice parameters of α-V2O5 calculated using B3LYP, which result in an over-estimation of the 
interlayer c-axis by 13.2% against the experimental value (Table S4 - ICSD collection code 
60767).17 An improvement is made using the D2 dispersion correction scheme proposed by 
Grimme,18 reducing the error to an expansion of 3.5%. The most recent parameterisation, the 
D3 scheme,14 produces a further improvement, and gives an overestimation of the c-direction 
by +0.2%, which is in good agreement with experiment. The a and b parameters are also well 
reproduced, as are the interatomic distances (Table S5), demonstrating that B3LYP-D3 gives 
an excellent structural description of α-V2O5.

Method a / Å b / Å c / Å Vol / Å3

Expt.17 11.510 3.563 4.369 179.173
B3LYP-D3 11.490 (-0.2%) 3.544 (-0.5%) 4.378 (+0.2%) 178.272 (-0.5%)
B3LYP-D2 11.512 (+0.0%) 3.536 (-0.8%) 4.521 (+3.5%) 184.042 (+2.7%)
B3LYP 11.448 (-0.5%) 3.582 (+0.5%) 4.944 (+13.2%) 202.787 (+13.2%)

Table S4. Lattice constant of α-V2O5 calculated using DFT with different levels of dispersion 
theory. Numbers in parentheses indicate the difference with respect to the experimental 
value. 

Interatomic distance Expt.17 B3LYP-D3 B3LYP-D2 B3LYP
V-O1 / Å 1.581 1.577 (-0.3%) 1.577 (-0.3%) 1.575 (-0.4%)
V-O2 / Å 1.780 1.776 (-0.2%) 1.779 (-0.1%) 1.787 (+0.4%)
V-O3 / Å 1.881 1.877 (-0.2%) 1.879 (-0.1%) 1.896 (+0.8%)
V-O3’ / Å 2.022 2.031 (+0.4%) 2.048 (+1.3%) 2.026 (+0.2%)
V-O1(interlayer) / Å 2.793 2.801 (+0.3%) 2.940 (+5.3%) 3.122 (11.8%)

Table S5. Interatomic distances in α-V2O5 calculated using DFT with different levels of 
dispersion theory. Numbers in parentheses indicate the difference with respect to the 
experimental value.
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4. Determination of reaction energies.

i) Stability of isolated oxygen-ion vacancies.  

Oxygen-ion vacancies play an important role in defect equilibria in V2O5. They are present as 
intrinsic defects to balance for V4+, but can also be generated extrinsically to balance changes 
in charge introduced by cation dopants. The energies of oxygen-ion vacancies are therefore 
required to determine the overall reaction energies of different dopant ion defects. Isolated 
intrinsic oxygen-ion vacancies can occur at three possible symmetry inequivalent sites in the 
crystallographic unit cell; O1 (vanadyl oxygen), O2 and O3 (Figure 1, main text). In the pair-
potential calculations, the vanadyl group (VO3+) is treated as a single tightly bound unit. 
Breaking the V-O1vanadyl bond described by the Morse potential results in an O-vacancy energy 
that is inconsistent with the removal of O-ions whose interatomic forces are modelled only 
by Buckingham and Coulomb potentials. We have therefore used the energy of an O2 vacancy 
(26.65 eV) to calculate reaction energies in the following section, when the energy of an 
isolated oxygen-ion vacancy is required. 

Oxygen-ion vacancy site Defect energy / eV
O2 26.65
O3 30.47

Table S6. Isolated intrinsic oxygen-ion vacancy energies calculated in GULP.

ii) Geometry of clustered dopant and oxygen-ion defects. 

Substitutional Mn+ ions (n < 5) can be charge compensated by oxygen-ion vacancies. Due to 
the electrostatic interactions between the negatively charged MV

(5-n)’ defect and positively 
charged oxygen-ion vacancy sites, the most stable arrangement may be as a defect cluster 
rather than as isolated vacancies. We have therefore considered reaction equations that 
include all relevant combinations of isolated and clustered defects, to assess which is the most 
stable incorporation scheme for substitutional Mn+ (n < 5) ions. For clustered defects, we have 
assessed the stability of oxygen vacancies at each of the symmetry inequivalent O-sites 
relative to the dopant, as indicated in Figure S1. 

Introduction of a substitutional dopant breaks the symmetry of the structure, increasing the 
number of symmetry unique O-ions in the first coordination shell that can be removed to 
form a clustered vacancy. Relative to the dopant, there are two inequivalent O1 atoms, 
denoted O1vanadyl and O1interlayer and two inequivalent O3 atoms, denoted O3 and O3’. 
Interatomic distances are indicated in Table S5. O1intelayer vacancies undergo rearrangement 
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to a geometry that is equivalent to the removal of O1vanadyl, and have the same energy as 
O1vanadyl vacancies, therefore we have included only the energies of clustered O1vanadyl 
vacancies for O1 sites. 

O1interlayer

O1vanadyl

O2O3

O3’

Figure S1. Position of oxygen vacancy sites for a substitutional Mn+ dopant. V atoms are grey, 
O atoms are red. The blue sphere indicates the substitutional Mn+ cation, and gold spheres 
indicate the oxygen vacancy positions

iii) Evaluating stable configurations for substitutional Mn+ ions.

M+ defects are compensated by two oxygen-ion vacancies to form a neutral overall defect. 
We consider these situations; the first, isolated defects (Equation 3), the second a clustered 
cation with one oxygen-ion vacancy and a 2nd oxygen-ion vacancy as an isolated defect (Eq. 
4), and the third a cluster of two oxygen-ion vacancies around the substituting cation (Eq. 5). 
The defects that form clusters in adjacent sites are indicated in brackets:

3)
1
2

𝑀2𝑂 + 𝑉𝑉
𝑋 + 2𝑂𝑂

𝑋→𝑀𝑉
'''' + 2𝑂

 +
1
2

𝑉2𝑂5

4)
1
2

𝑀2𝑂 + 𝑉𝑉
𝑋 + 2𝑂𝑂

𝑋→(𝑀𝑉
'''' + 𝑂

) + 𝑂
 +

1
2

𝑉2𝑂5

5)
1
2

𝑀2𝑂 + 𝑉𝑉
𝑋 + 2𝑂𝑂

𝑋→(𝑀𝑉
'''' + 2𝑂

) +
1
2

𝑉2𝑂5

For all ions studied, the situation where two oxygen-ion vacancies are clustered with the 
substitutional M+ ion (Eq. 5) is the most stable. In this defect cluster we find the most stable 
configuration is for oxygen-ions vacancies to be at the vanadyl O1 and O3 sites relative to the 
substituted cation (Figure S1). Calculated energies of substitutional M+ dopants are 
summarised in Table S7.

M2+ defects require the compensation of 1.5 oxygen-ion vacancies per substituting cation (or 
3 oxygen-ion vacancies per 2 cations). We calculated the energies of the isolated (Eq. 6), 
clustered defects with one cation and one oxygen-ion vacancy (giving an overall charge of -1, 
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Eq. 7) and one cation and two oxygen-ion vacancies (giving an overall charge of +1, Eq. 8). In 
the case of the single oxygen-ion vacancy, the most stable site was at the vanadyl O1 site. In 
the case of the double oxygen ion vacancy, the most stable configuration, as with the M+ 
defects, was at the vanadyl O1 and O3 sites. The double oxygen-ion vacancy cluster (Eq. 8) 
was found to be the lowest energy structure. Calculated energies of substitutional M2+ 
dopants are summarised in Table S8.

6)
𝑀𝑂 + 𝑉𝑉

𝑋 + 𝑂𝑂
𝑋 +

1
2

𝑂𝑂
𝑋→𝑀𝑉

''' +
3
2
𝑂

 +
1
2

𝑉2𝑂5

7)
𝑀𝑂 + 𝑉𝑉

𝑋 + 𝑂𝑂
𝑋 +

1
2

𝑂𝑂
𝑋→(𝑀𝑉

''' + 𝑂
) +

1
2
𝑂

 +
1
2

𝑉2𝑂5

8)
𝑀𝑂 + 𝑉𝑉

𝑋 + 2𝑂𝑂
𝑋 +

1
2
𝑂

→(𝑀𝑉
''' + 2𝑂

) +
1
2

𝑂𝑂
𝑋 +

1
2

𝑉2𝑂5

M3+ defects are compensated by a single oxygen-ion vacancy to form a neutral overall defect. 
The defects can either be isolated (Eq. 9) or clustered (Eq. 10). For all dopants, a clustered 
defect was found to be more stable than isolated defects, and the most stable site for the 
oxygen-ion vacancy was at the vanadyl O1 site relative to the substituting M3+ ion. Calculated 
energies of substitutional M3+ dopants are summarised in Table S9.

9)
1
2

𝑀2𝑂3 + 𝑉𝑉
𝑋 + 𝑂𝑂

𝑋→𝑀𝑉
'' +  𝑂

 +
1
2

𝑉2𝑂5

10)
1
2

𝑀2𝑂3 + 𝑉𝑉
𝑋 + 𝑂𝑂

𝑋→(𝑀𝑉
'' +  𝑂

) +
1
2

𝑉2𝑂5

M4+ ions can be incorporated to form an isolated Mv’ defect, with each dopant compensated 
by 0.5 oxygen-ion vacancies (Eq. 11). Alternatively, a clustered defect with an oxygen vacancy 
adjacent to the dopant site can form, with an overall charge of +1 (Eq. 12). A neutral clustered 
defect could be formed by a single oxygen-ion defect per two cations (Eq. 13). We 
investigated these possible configurations, and found the most stable defect to be a positively 
charged cluster (Eq. 14), with the oxygen-ion vacancy at the O1 site. Calculated energies of 
substitutional M4+ dopants are summarised in Table S10.

11)
𝑀𝑂2 + 𝑉𝑉

𝑋 +  
1
2

𝑂𝑂
𝑋→𝑀𝑉

' +  
1
2
𝑂

 +
1
2

𝑉2𝑂5

12)
𝑀𝑂2 + 𝑉𝑉

𝑋 + 𝑂𝑂
𝑋 +

1
2
𝑂

→(𝑀𝑉
' + 𝑂

) +
1
2

𝑉2𝑂5

13)2𝑀𝑂2 + 𝑉𝑉
𝑋 + 𝑉𝑉

𝑋 + 𝑂𝑂
𝑋 →(𝑀𝑉

' +  𝑀𝑉
' +  𝑂

) + 𝑉2𝑂5
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iv) Interstitial dopants.   

Interstitial cations introducing a positive charge can be charge compensated by four possible 
mechanisms that introduce negative charge. The following reaction equations are given as an 
example for Li+ ions. Charge compensation may be via vanadium vacancies (Eq. 14), or (VO)3+ 
vacancies (Eq. 15), interstitial oxide ions (Eq. 16) or or by the reduction of vanadium to V4+, 
and the loss of oxygen (Eq. 17):

14)
𝐿𝑖2𝑂 +

2
5

𝑉𝑉
𝑋→2𝐿𝑖𝑖

 +  
2
5
𝑉

''''' +
1
5

𝑉2𝑂5

15)
3
2

𝐿𝑖2𝑂 + 𝑉𝑂𝑉𝑂
𝑋→3𝐿𝑖𝑖

 +  𝑉𝑂
''' +

1
2

𝑉2𝑂5

16)
1
2

𝐿𝑖2𝑂→𝐿𝑖𝑖
 +

1
2

𝑂𝑖
''

17)
𝐿𝑖2𝑂→2𝐿𝑖𝑖

 +  2𝑉𝑉
' +

1
2

𝑂2(𝑔)

The reaction energies of equations 14, 15 and 16 can be calculated directly using the pair 
potential methods. The reaction energy of Eq. 17 can be estimated using a combination of 
experimental and theoretical data:

18)
∆𝐸 =  𝐸(𝐿𝑖2𝑂) ‒ 𝐸𝐴1(𝑂) ‒ 𝐸𝐴2(𝑂) ‒ 2𝐼5(𝑉) + 2𝐸(𝐿𝑖𝑖

) + 2𝐸(𝑉𝑉
') ‒

1
2

𝐷𝐸(𝑂2(𝑔))

Where  and  are the 1st and 2nd electron affinities of O respectively (-1.47 eV and 𝐸𝐴1(𝑂) 𝐸𝐴2(𝑂)

+8.75 eV),  is the 5th ionisation energy of V (65.28 eV),  is the reaction energy of 𝐼5(𝑉) 𝐸(𝐿𝑖𝑖
)

interstitial Li+ (-8.29 eV), and  is the dissociation energy of an oxygen molecule (5.16 𝐷𝐸(𝑂2(𝑔))

eV). 

The reaction energy of a reduced V4+ site , is poorly reproduced by the pair-potential 𝐸(𝑉𝑉
')

calculations due to breaking of the Morse potential. However, a reliable value can be 
estimated from the insertion energy of Li(s) into V2O5: 

19)𝐿𝑖(𝑠)→𝐿𝑖𝑖
 + 𝑉𝑉

'

which has an experimental value of  -3.4 eV. ∆𝐼𝐸 =

20)∆𝐼𝐸 =  𝐸𝑠(𝐿𝑖(𝑠)) + 𝐼1(𝐿𝑖) ‒ 𝐼5(𝑉) + 𝐸(𝐿𝑖𝑖
) + 𝐸(𝑉𝑉

')

Where  is the sublimation energy of Li (1.65 eV) and  is the first ionisation energy 𝐸𝑠(𝐿𝑖(𝑠)) 𝐼1(𝐿𝑖)

of Li (5.39 eV). The reaction energy of VV’ is found to be 63.14 eV. 
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Using these results, we find that cation incorporation compensated by interstitial oxide ions 
is always stable relative to incorporation compensated by the reduction of vanadium to V4+. 
Furthermore, interstitial Mn+ dopants, accompanied by V5+ or (VO)3+ vacancies for charge 
balance (Equations 14 & 15) were found to be highly unstable relative to Equations 16 & 17, 
for all cations. The stable charge compensation scheme for interstitial dopant incorporation 
was therefore found to be by interstitial oxygen-ions, and the relevant reaction equations are 
indicated in the main paper (Eq. i), iii), v) and vii)). In these calculations, we are considering a 
system in which the vanadium is fully oxidised, however synthesis of V2O5 generally produces 
an oxygen-deficient product. The implications of introducing interstitial oxide ions to an 
oxygen-deficient structure are discussed in the main text. 

v) Substitutional defect energies

For the clustered defects, the location of the oxygen-ion vacancies relative to the dopant are 
indicated at the top of the table. All energies are in eV. The most stable defects are indicated 
in bold.

Dopant Eq. 3 Eq. 4 Eq. 5
O1 O2 O3 O3’ O1+O2 O1+O3 O1+O3' O2+O3 O2+O3'

Ag+ 18.73 8.74 9.59 11.98 15.10 2.38 6.52 6.92 8.79 7.80
Cu+ 25.42 8.83 10.36 14.04 15.81 2.75 6.39 6.45 8.69 8.11
K+ 20.90 11.52 11.78 14.16 16.07 3.66 6.51 8.36 8.14 9.84
Li+ 18.10 9.21 11.15 15.55 15.09 3.43 6.74 6.72 9.25 8.78
Na+ 19.35 9.70 10.40 12.68 15.41 2.84 5.47 7.49 9.21 13.86
Pb+ 19.20 9.68 9.84 12.13 14.41 2.13 4.57 6.94 8.79 8.89
Rb+ 20.32 12.17 12.45 14.88 16.85 4.36 7.03 8.93 10.73 10.37

Table S7. Calculated reaction energies for substitutional M+ dopants according to Equations 
3 – 5. 

Dopant Eq. 6 Eq. 7 Eq. 8
O1 O2 O3 O3’ O1+O2 O1+O3 O1+O3' O2+O3 O2+O3'

Ba 17.17 6.63 7.53 8.79 11.73 0.41 1.78 2.88 7.39 5.06
Ca 15.35 5.01 5.87 9.80 10.50 -0.44 2.13 2.44 2.91 2.44
Fe 15.97 4.59 6.52 10.45 11.36 -0.17 2.73 2.64 3.64 4.93
Mg 16.36 4.68 6.94 11.59 11.76 0.22 3.01 2.75 4.07 6.29
Sr 15.86 5.53 6.56 9.12 10.73 -0.27 2.13 2.40 3.34 4.20

Table S8. Calculated reaction energies for substitutional M2+ dopants according to Equations 
6 – 8.
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Dopant Eq. 9 Eq. 10
O1 O2 O3 O3’

Al3+ 8.06 0.66 2.68 6.55 8.72
Ag3+ 6.23 -1.18 0.84 4.72 6.88
Eu3+ 6.03 -1.37 0.65 4.52 6.69
Fe3+ 7.46 0.05 2.07 5.95 8.11
Ga3+ 7.32 -0.08 1.94 5.81 7.97
Gd3+ 6.19 -1.22 0.80 4.68 6.84
La3+ 6.12 -1.28 0.74 4.61 6.77
Tb3+ 5.89 -1.52 0.50 4.38 6.54
Y33+ 6.82 -0.58 1.44 5.31 7.48
Yb33+ 6.23 -1.17 0.85 4.73 6.89

Table S9. Calculated reaction energies for substitutional M3+ dopants according to Equations 
9 & 10.

Dopant Eq. 11 Eq. 12 Eq. 13
O1 O2 O3 O3'

Ti4+ 5.17 1.67 2.69 4.71 9.37 6.61
Sn4+ 3.80 0.85 2.14 2.74 5.31 6.20
Ce4+ 3.55 0.49 2.58 4.57 3.48 6.96
Mn4+ 6.09 3.15 3.25 1.25 4.14 7.23
Ge4+ 6.01 2.35 3.22 5.20 8.13 7.25
Zr4+ 4.50 1.55 3.65 5.72 12.30 10.03

Table S10. Calculated reaction energies for substitutional M4+ dopants according to 
Equations 11 – 13.

vi) Interstitial defect energies

Dopant Reaction
energy / eV

Ag+ -4.74

Cu+ -4.20

K+ -2.86

Li+ -3.31

Na+ -4.13

Pb+ -5.02

Rb+ -1.65

Ba2+ -3.62

Ca2+ -4.78

Fe2+ -3.63
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Mg2+ -2.94

Sr2+ -4.48

Al3+ 3.53

Ag3+ -1.45

Eu3+ -2.87

Fe3+ 0.03

Ga3+ 0.43

Gd3+ -2.52

La3+ -3.42

Tb3+ -2.67

Y3+ -2.54

Yb3+ -2.10

Ti4+ 5.55

Sn4+ 2.54

Ce4+ 1.39

Mn4+ 7.55

Ge4+ 8.54

Zr4+ 3.25

Table S11. Calculated reaction energies for interstitial Mn+ dopants according to Equations i), 
iii), v) and vii) in the main text.

5. Pair potential vs. quantum mechanical techniques

A consistent result found from the calculations using pair-potential methods is that upon 
substitutional Mn+ incorporation, oxygen vacancies forming as clustered defects adjacent to 
the dopant are more stable than isolated defects. Furthermore the most stable site for the 
oxygen-ion vacancy is always at the vanadyl O1 site, or includes the O1 and another O site if 
two O-vacancies form a cluster. In some cases, when the oxygen-ion vacancy has been initially 
created at an O2, O3 or O3’ site, we observed a structural rearrangement of oxygen-ion 
coordination around the substitutional cation to be equivalent in form and energy to a O1 
vacancy. This behaviour indicates the preference for the V-O1 unit in the V2O5 lattice to 
behave as a vanadyl-like (VO3+) ion upon substitutional doping, rather than as individual V5+ 
and O2- ions. The pair potential calculations indicate that this mechanism is more energetically 
favourable in all cases compared to the substitution of an Mn+ ion into a V5+ site with isolated 
oxygen vacancies forming elsewhere to compensate charge. The small size of V5+ (r = 0.54 Å) 
means that the pyramidal coordination for a substitutional cation in V2O5 is relatively 
compressed (Table S5). The loss of the O1 oxygen upon substitution relieves local steric 
pressure and allows for a larger space into which the substitutional Mn+ ion can relax. The 
vanadyl-ion scheme therefore presents a chemically reasonable substitutional pathway. 
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Here and in the main text we denote a V-O1 vanadyl-like ion as VO in Kröger-Vink notation. 
For example:

21)
1
2

𝑀2𝑂3 + 𝑉𝑂𝑉𝑂
𝑋→𝑀𝑉𝑂

𝑋 +
1
2

𝑉2𝑂5

describes the substitution of a M3+ ion into a (VO3+) ion site, resulting in an overall charge 
neutral defect. 

To evaluate the reliability of the clustered defect calculations in GULP, we have compared the 
results with quantum-mechanical calculations. We have considered the case of the 
substitutional M3+ dopants, Eq. 10. The overall defect is charge neutral, and the results can 
therefore be directly compared in a periodic calculation between pair-potential and DFT 
techniques. Al3+ (r = 0.49 Å) and Fe3+ (r = 0.60 Å) ions were chosen as example M3+ dopants. 
As well as being 3+ ions and giving charge neutral defects per equation S21, both dopants 
have ionic radii that put them close to the ‘crossover’ point between greatest stability 
between interstitial and substitutional 3+ ions. They are therefore candidates for either 
substitutional or interstitial doping via thermodynamic or kinetic control of reaction 
conditions. Furthermore, both systems have been examined previously in the literature, and 
are therefore known to affect the electrochemical properties of V2O5.19,20 The energies of 
substitutional Al3+ and Fe3+ defects were calculated in CRYSTAL and GULP, using a 2x1x2 (16 
cation) supercell, according to the following equation, and the energies are reported in Table 
S12:

22)∆𝐸 =  𝐸(𝐴𝑙𝑉15𝑂39) ‒ 7.5 𝐸(𝑉2𝑂5) ‒ 0.5 𝐸(𝐴𝑙2𝑂3)

Reaction energies / eV

Al3+ Fe3+

Location for the O-ion
 vacancy relative 

to the MV’’ site
DFT GULP DFT GULP

O1 (vanadyl) 0.99 0.87 0.52 0.58
O2 4.65 2.57 * 5.14
O3 3.49 6.75 * 9.29
O3' 5.06 7.31 2.98 8.64

O1 (interlayer) 1.12 * 0.65 *

Table S12. Reaction energy of clustered (MV’’ + ) defects (M = Al3+, Fe3+) with the O-𝑂


vacancy at different sites relative to the dopant, calculated using DFT and pair-potentials. The 
asterisk (*) indicates that a re-arrangement has taken place during the geometry optimisation 
and the structure relaxes to the same geometry as the O1 defect with an identical reaction 
energy. 
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Both the DFT and pair-potential supercell calculations determine O1 to be the stable site for 
an oxygen-ion vacancy, which is consistent with the Mott-Littleton defect calculations of 
Section 5 (above). The O2 and O3 vacancies are unstable for Fe3+ substitution, calculated using 
DFT, and the structure undergoes re-arrangement such that the O-vacancy is at the O1 site. 
The same behaviour is seen for the pair-potential calculated O1interlayer sites. Both the absolute 
reaction energies and the energy ordering between the configurations calculated using DFT 
are generally well reproduced by the pair potential calculations, which gives confidence in the 
reliability of those results. The agreement is particularly good between the reaction energies 
of the stable O1vanadyl vacancy structures for Al3+ and Fe3+ using pair-potential and DFT 
techniques, and thus the DFT results validate the stability of the clustered dopant-O vacancy 
defects at the vanadyl site obtained with the pair potential calculations. 

6. Ion migration energy profiles.

Migration profiles were calculated using the Mott-Littleton method. Ion diffusion was 
modelled by the stepwise displacement of the Li+ or Mg2+ ion along the [100] direction. At 
each point along the pathway, a constrained geometry optimisation was performed, fixing 
the x-coordinate of the diffusing ion, whilst allowing the y and z coordinates to relax. All other 
ions in region I were fully relaxed. Dopant ions were introduced in an adjacent interstice 
relative to the diffusing ion as indicated in Figure 3 (main text) to determine their influence 
on the migration energy.

The nature of the Mott-Littleton calculations means that they are simulating an isolated 
defect at infinite dilution. The results for the ion migration are therefore relevant to the initial 
stages of Li+ or Mg2+ insertion into the structure only. Furthermore, the migration profiles are 
known to be affected by the phase of V2O5.21 At x = 1 in MV2O5, where M = Li, Mg, the  phase 𝛿

of V2O5 is observed. However, the pair potentials used here are fitted to reproduce the 
structure of α-V2O5, meaning questions regarding mobility in the  phase are beyond the 𝛿

scope of this work.
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