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Computational Methods
K insertion into vanadium oxide phases was modelled using DFT with the quantum chemical program package VASP 5.3[1]. The generalized gradient approximation (GGA)[2-4] was utilized in form of the PBEsol[5] functional along with the projector-augmented wave (PAW) method[6,7]. PBEsol was chosen due to its capability to properly describe the structures of layered and non-layered phases of vanadium oxide.[8] The calculated cohesive energy for bulk K was with -0.930 eV/atom in excellent agreement with the experimental value from the literature (-0.934 eV/atom at 0 K and 1 atm[9]). The electron configurations for the three included elements were 3p6 3d4 4s1 (V), 2s2 2p4 (O),  3s2 3p6 4s1 (K) and  calculations were performed on a 3x3x3 Monkhorst-Pack grid[10] which led to convergence in terms of total (and interaction) energies. The plane wave cut-off was chosen as 500 eV and Gaussian smearing with a width of 0.1 eV was applied. The geometry relaxations were carried out using a quasi-Newton algorithm with a convergence threshold of 0.02 eV·Å-1 on forces. All atomic coordinates and lattice parameters were allowed to relax. A rotationally invariant Hubbard U correction as proposed by Dudarev et al.[11] was applied for vanadium and set to 3.10 as suggested by Ceder et al.[12] The calculations were spin-polarized and initialized with ferromagnetic spin ordering. Diffusion pathways and transition states were computed using the climbing image nudged elastic band method (CI-NEB)[13] with five or three images whose initial guesses were obtained by linear interpolation between two lowest-energy sites and whose lattice parameters were not relaxed during the calculations.


A single K atom was inserted into a 3x1x3 supercell of α-V2O5 (~11x12x13 Å3), a 3x1x1 supercell for β-V2O5 (~11x11x11 Å3), a 2x2x4 supercell for VO2(R) (~9x9x11 Å3) and a 1x3x2 supercell for VO2(B) (~12x11x12 Å3). The corresponding K concentrations were therefore in the range between 0.8 at% and 1.2 at% so that interactions between the alkaline metal ions as well as changes in lattice dimensions are expected to be negligible and the resulting changes in energy and electronic structure are solely due to solute-host interactions at the dilute limit. While the PBEsol functional used here describes well the structures of all four phases studied, including non-layered as well as layered compounds, providing the opportunity to perform a truly comparative study, it might be failing to account for interlayer interactions in the beta phase under strain caused by K insertion in a small simulation cell. Therefore we also used a larger unit cell (~21x21x23 Å3) for the metastable vanadium pentoxide phase with a resulting K concentration of 0.15 at%. In this case the initial lattice was obtained by doubling the relaxed pristine cell in all three dimensions, leading to a 6x2x2 cell whose lattice parameters were kept fixed upon K insertion while relaxing atomic positions using a conjugate gradient algorithm and a convergence threshold of 0.04 eV·Å-1 on forces. Due to the large unit cell, the calculations were carried out for gamma point only in this case. Insertion energies obtained with the larger 6x6x2 cell were ~0.2 eV lower in magnitude than for the smaller cell, while keeping the diffusion barrier almost unchanged. The values given in Table 1 are the ones obtained from the 6x2x2 cell.


We also performed calculations using Grimme dispersion corrections, the so-called DFT-D2 scheme[14] with parameters taken from Ref. 15. The dispersion interactions between O atoms only were considered. We previously showed that atom pairs including ionized alkali atoms should not be included as for them the corrections are undefined and their use is expected to lead to poorer accuracy.[16] 


The binding energies per K atom in the different vanadium oxide phases against bulk potassium (Eb) were calculated as difference between the total energy of the potassiated supercell (EKVO) and the sum of the energies of the pristine cell (EVO) and a K atoms in bulk (EK):


The binding energy is related to the theoretical voltage at a given K concentration (in this case K0.03VO2(B or R), α-K0.06V2O5 and β-K0.08VO2) via [image: image1.png]


, where e is the elementary charge and q=1 is the number of valence electrons of K.[17] To quantify the charge transfer between alkali metal atom and vanadium oxide host, grid-based Bader charge analysis[18] as implemented in the BADER v0.95a code[19-21] was employed. To quantify the effect of lattice distortions induced by K intercalation against the remaining attractive and repulsive interactions, strain energies Estrain were computed as total energy difference between pristine vanadium oxide supercell EVO and distorted cell without the K atom E'VO:
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All structures within this work were visualized with the program VESTA.[22] The electronic structure is analysed with the help of densities of states (DOS) as well as spin density difference maps. 
Lattice Parameters of Pristine Phases and Dispersion Correction Results
TABLE S1. Lattice constants (in Å) of the four phases of vanadium oxides with and without dispersion corrections (“D2”) and experimental values, where applicable. 
	Phase
	a
	b
	c

	α-V2O5
	without D2
	3.58
	11.57
	4.29

	
	with D2
	3.60
	11.60
	4.17

	
	exp.[23]
	3.56
	11.51
	4.36

	β-V2O5
	without D2 (3x1x1 cell)
	3.57
	10.67
	11.40

	
	without D2 (6x2x2 cell)
	3.57
	10.67
	11.40

	
	with D2 (3x1x1 cell)
	3.57
	10.64
	11.39

	VO2(B)
	without D2
	12.20
	3.70
	6.38

	
	with D2
	12.21
	3.71
	6.38

	
	exp.[24]
	12.03
	3.69
	6.42

	VO2(R)
	without D2
	4.56
	4.56
	2.85

	
	with D2
	4.56
	4.56
	2.85

	
	exp.[24]
	4.55
	4.55
	2.86


TABLE S2. Binding energies of K to the four phases of vanadium oxides with dispersion corrections. The formula index x corresponds to a small number at the dilute limit, formally x is equal to 0.03 (VO2(R) and VO2(B)), 0.06 (α-V2O5) and 0.08 (β-V2O5).
	Phase
	Site
	Eb [eV]
	qBader(K) [e]
	Estrain [eV]

	α-KxV2O5
	S1
	-2.83
	+0.83
	+0.54

	
	S2
	not stable

	
	S3
	not stable

	β-KxV2O5 (3x1x1 cell)
	S1
	-3.11
	+0.87
	+0.41

	
	S2
	-3.01
	+0.87
	+0.31

	KxVO2(B)
	A1
	not stable

	
	C
	-2.54
	+0.81
	+0.29

	
	A2
	not stable

	KxVO2(R)
	oct
	+2.75
	+0.75
	+3.59

	
	tet
	+2.42
	+0.72
	+2.38


Diffusion Barriers in β-V2O5 with and without DFT-D2 Correction
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�FIG. S1. Diffusion barriers of K in β-V2O5, calulated without (green curve) and with (violet curve) Grimme D2 dispersion correction.
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