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Section S1. Structure of the V205 unit cell

Fig. S1 Sketch of the crystal structure of the o-V2Os unit cell where a, b, and c label the lattice
vectors. Three types of oxygen centers were indicated as follow; O1 = terminal oxygen center,
02 = 2-fold coordinated oxygen center, and O3 = 3-fold coordinated oxygen center.

Table S1 Calculated Lattice Parameters and V—O Bond Lengths (both in pm) of Bulk V205,
Using the optPBE+U-vdw Functional Compared to Available Experimental Values and
Computed Values Using the PBE+U, and optPBE+U-vdW Functionals

optPBE+U-vdw

_ PBE+U? PBE+UP OptPBE+U-vdWP Exp®

(this work)
1167 1150 1157 1169 1151
b 363 363 363 363 356
c 440 480 468 442 137
dv-o1 161 160 161 162 158
dv-02 181 181 181 181 178
dv-o3 191 192 191 191 188
204 202 203 205 202

aRef !, PRef 2, °Ref ®



Section S2. Formation of a small polaron in V205

Stability of polaron in the V20s lattice was examined by calculating energy of polaron
formation as Ep = Epol — Enon-pot Where Epol is the total energy of the electron-doped V20s system
where the excess electron localizes at one V center and Enon-pol IS the total energy of the non-
polaronic system in which the injected electron spreads over entire V centers in the supercell.
The non-polaronic state was obtained by adding an electron into the supercell without making
any perturbations to the lattice. The symmetry imposed in the system forbids geometrical
changes to accommodate the added electron at one V center leading to the partial occupation
of all V centers in the supercell, as shown in Fig S2. The calculated E, of -0.40 eV at U = 4.0
eV indicates that the excess electron prefers to localize at one V center and form a small

polaron.
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Fig. S2 a) Calculated polaron formation (Ep), lattice strain (Es), and gained electronic energies
(Ee) of the electron-doped V20s system at various U values. b) Schematic illustration of small
polaron formation in the V.0Os lattice



Section S3. Position of the Li*ion in the V205 lattice

We present the most stable intercalated position of Li in the 1x3x3 V20s supercell. When a Li
atom is introduced into the bulk V20Os, the Li atom ionizes to form a Li* ion and donates an
extra electron to the V20Os lattice. The extra electron localizes at the V center closest to the
ionized Li* ion leading to a formation of a small polaron at the reduced V center. The most
stable intercalated site of the Li™ is at the hollow site above a ring formed by four units of VOs
square-pyramids between V20s layers, Fig. S3a.

The position of Li* ion is off centro-symmetry due to the Coulombic attraction between
positively charged Li* ion and negatively charged polaron and oxide anion, Fig. S3b. The
deviated distance from the center was calculated to be 51 pm in which the point at the center
was determined from the projected coordinates (X, y) of the four V centers. The distance
between the Li* ion and the nearest V centers are dii-vi =311 pm, dii-v2a = 313 pm, and dii-van
=382 pm, as shown in Fig S1b. It can be seen that asymmetric deviation is more pronounce in
the [010] direction than that of the [100] direction as the dii-v2by is considerably larger than the

dii-vi and dii-vza.



Fig. S3 a) Schematic illustration of most stable Li position in the V2Os structure. b) Illustration
of relative position of Li-ion in the four-membered VOs ring. The labelled numbers indicate
the deviated distance from the center and distances between the Li* ion and the nearest V

centers along [100] and [010] directions (both are in pm).



Section S4. Polaron hopping barriers as a function of U value

In order to understand the effect of U parameter on the polaron transport properties, we
calculated the polaron migration barriers at various U values. The considered migration path is
along the [010] direction in the pure V20s system. It can be seen from Fig. S4 that the calculated
hopping barrier increases as the value of U becomes larger. For U values in the range of 3to 7
eV, the migration barrier fluctuates within 0.17 and 0.29 eV. An extremely large barrier was
found as the U value increased to 8 eV suggesting an over amplification of electron localization.
Regarding the computations and previous computational studies,™? the used U values in the
range of 3 to 4 eV vyield reasonable agreement of the calculated hopping barriers to that of the
obtained experimental activation energy (0.23-0.28 eV).2>
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Fig. S4 Calculated polaron migration barriers along the [010] direction in the V205 lattice at
various values of U parameter.



Section S5. Transition state structures obtained from LE and NEB calculations

The NEB-calculated TS configuration of the [010] hopping exhibits higher energy than that
obtained from the LE computation. This is due to a relatively more strained TS structure
obtained from the NEB calculation. As shown in Fig. S5a, the NEB-calculated TS structure
involves shorter V-03 bonds (191 pm) and smaller V*~0O-V* bond angles (103°) as compared
to the LE-calculated TS structure (193 pm and 104°). Such a structure with shorter bonds is not
preferred to accommodate a small polaron resulting in a relatively high energy.

On the other hand, a more relaxed TS structure is achieved when using the NEB
optimization for the [001] hopping. The NEB-calculated TS structure exhibits longer V*-~O1
bond (164 pm) than that of the LE calculations (163 pm). In addition, the longer V*-0O1 bond
leads to a shorter O-V* distance across the van der Waals gap where the NEB calculations
exhibit a somewhat smaller O—V* distance (269 vs 272 pm) which could facilitate polaron
migration and lower the hopping barrier. As a result, the NEB-calculated TS configuration
exhibits lower energy than that of the LE computation.
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Fig. S5 Calculated TS structures of polaron migration along the a) [010] and b) [001]
directions. The labelled numbers indicate the calculated bond lengths (pm) and bond angles
obtained using the LE method and the NEB method (numbers in parentheses).



Section S6. Estimation of electronic coupling constant
In this study, we used the DFT+U method to calculate the adiabatic activation barriers of
polaron hopping where the validity of Born-Oppenheimer approximation is applied. The
adiabaticity of a polaron transfer can be determined if we know the adiabatic barrier and the
electronic coupling constant (Vags). We employed the method described in the computational
work by Adelstein and co-workers to estimate the Vas. Vag is a half of the energy difference
between the adiabatic bonding and antibonding electronic states at the TS, as follow

Vae =% AE12
In practice, we can estimate the AE1» from the positions of the two gap states in the calculated
density of states of the TS. The bonding state (below the Fermi energy) and the antibonding
state (above the Fermi energy) must be in the gap between the valence band and the conduction
band and should be linear combinations of the initial and final polaron states.

The calculated DOS of the TSs along all considered migration paths in the presence and
absence of the Li* ion exhibit a single gap state indicating that the estimated AE12 and Vag is
negligible, as shown in Fig. S6. As a result, these polaron migration processes are non-
adiabatic. Our prediction is consistent with the previous study that the polaron transport in the
Li-intercalated V.Os along the [010] direction is merely diabatic.* Their calculated Vags
obtained using the simplified fragment charge difference method® is very small, Vag = 0.001
eVv.
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Fig. S6 Projected density of states of transition state configurations for all considered polaron

migration paths a) in the absence of the Li* ion and b) in the presence of the Li* ion.
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