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V5,05 is a promising battery electrode material that can intercalate not only Li, but also more abun-

DOI: 00.0000/XXXXXXXXXX

dant alkaline metals such as Na and K, and even multivalent ions such as Al, Ca, Cu, Mg, and Zn.

V,05 exhibits several different polymorphs, and phase transitions between the polymorphs can occur

depending on intercalant or external conditions. At least 8 different layered polymorphs have been
observed. However, detailed information about the energetics and structural properties of each poly-
morph is still lacking. To obtain a reliable computational reference, we use hybrid density functional
theory calculations to investigate the properties of layered V,O5 polymorphs. We benchmarked sev-
eral methods to include van der Waals interactions in combination with hybrid functionals, and found
that the Grimme D3 method is most accurate. We obtain detailed information on the electronic

properties and structures of the various unintercalated polymorphs and show that the main electronic

effect of intercalants is a filling of the lowest conduction bands, as the intercalant contributions are
well above the conduction-band minimum. Despite the structural differences between the uninter-
calated polymorphs, we find that they have very similar band gaps and band structures, with the
exception of the high temperature and pressure phase f3.

1 Introduction

Lithium-ion batteries have become a ubiquitous part of our in-
creasingly technologically-dependent lives. However, the grow-
ing demand for such batteries puts a large strain on available re-
sources for both Li and the cathode materials. The high cost, cou-
pled with safety concerns, also prevents wide-spread grid-scale
usage.

Vanadium pentoxide, V,05, is a viable alternative candi-
date cathode materialm, as vanadium is abundant in the earth’s
crust?B. It can reliably intercalate different intercalants, in-
cluding LiEE], Na@'@, K, Mg, Zn, and Al13]
Supercapacitors2324 gaseous sensor materials2525, and light-
rechargeable Li-ion batteries?’ have been demonstrated. There
are several chemical and physical synthesis routes to obtain
V, 05, including RF and DC sputtering?829 pulsed laser depo-
sition®%31 chemical vapor deposition, atomic layer deposi-
tion, electrodeposition, thermal evaporation, thermal
oxidation®7, and the sol-gel method38, making V,0; an appeal-
ing option for future batteries. The various synthesis routes and
the inclusion of different intercalants leads to a wide variety of
structural polymorphs which complicates the understanding of
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T Supplementary Information available: Band structures and relaxed coordinates for
all of the considered layered polymorphs.

V,0; fundamental properties.

In ambient conditions V, O stabilizes in an orthorhombic crys-
tal structure, a-V,05, with space group Pmmn. «-V,0; is com-
posed of weakly bonded layers of VO square pyramids as shown
in Fig. [[(a). For high temperatures and pressures, the layered
B polymorph (space group P2;/m) is found®?40 [Fig. b)].
Upon Li intercalation (Li,V,Os) several phase transitions take
placem. The a— [Fig. a)] and &— structures maintain
an orthorhombic (Pmmn) layered structure for concentration of
0 < x <0.7, with these phase transitions being reversible under
delithiation4243| The « polymorph is the ground state and is sta-
ble for 0 < x < 0.1. The & polymorph occurs for 0.35 < x < 0.7. We
were unable to stabilize this polymorph without the presence of
Li, so it is not shown in Fig.[I} The § polymorph [Fig. [I(c)] is
observed for the range 0.7 < x < 1 and has space group Cmem“2.,
This polymorph is similar to the a phase except that each alter-
nate layer is shifted along the b axis or [010] plane by a dis-
tance of b/243. It has also been observed when intercalating with
Mg.

For 1 < x < 2,V,05 occurs in the y polymorph (Pnma space
group) [Fig. d)], which has been shown to be an irreversible
transformation under delithiation®. Initial studies of this poly-
morph showed high energy densities®47,

For x > 2, V,05 occurs in the @ polymorph which is no longer
layered as it has a rock-salt structureX, This structure was initially
thought to be an irreversible transformation®, but delithiation
of this polymorph leads to a disordered structure called f-Lij 3
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Fig. 1 The single-layer polymorphs investigated in this study: (a) a-
V5,05, (b) B-V,05, (c) 6-V,05, and (d) 7-V,05. Polyhedra are shown
around the V atoms (large spheres) to indicate the bonding environment.
Smaller spheres are O atoms.

V,0.”.

When V,O; is intercalated with larger ions (compared to Li),
so-called double-layer structures composed of distorted octahe-
dra can be observed, as discussed in detail in Ref. 41l Fig.
shows 3 different double-layer structures, which differ in how the
octahedra are stacked in each layer. The shift in the [100] di-
rection of each of the layers is characterized in units of Oc=3.8A
(the diagonal length across an octahedra)#l. The structure with
a shift of 0 Oc is called the § polymorph or D4 (following Galy’s
notationﬁ;ﬂ) [see Fig. a)], which is observed when intercalating
with Ag89. When one layer of the D4 structure is shifted by
+1 Oc, the & polymorph [Fig. 2[(b)] is obtained, observed with
Cu intercalation®?50, The D4 structure with a -0.5 Oc shift is the
v polymorph [Fig. c)], which occurs under Ca intercalation®L.
And finally, stacking alternate layers of D4 and D4M (the mirror
image of the D4 structure) yields the p polymorph [Fig. R{(d)],
which is observed with K intercalation®2. The & and ¢ labels for
these double-layer polymorphs are not the same as, or even re-
lated to, the structures of the § and € single-layer polymorphs.
To avoid confusion caused by this historical naming convention
we will suffix the double-layer polymorphs by their first observed
intercalants (as reported in Ref.[41] and references therein).

While most of these polymorphs have been reported in inter-
calated forms, unintercalated polymorphs can be synthesized ex-
perimentally by topotactic removal of ions using strong oxidizing
agents. For example, single layer polymorphs o and y have been
reported in a fully delithiated state®3. B, which can accommo-
date sodium reversiblylE, can be produced unintercalated at high
pressure-high temperature conditions3%5%. The bilayered e-Cu
phase formed with Cu in concentrations between 0.8-1, can be
leached of all copper with an oxidizing treatment leaving the bi-
layered structure intact®.

Here, we explore the structural and energetic properties of
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Fig. 2 The double-layer polymorphs investigated in this study: (a) §-
Ag0_84-V205, (b) 8-CIJQ35-V205, (C) V-Caol()-v205, and (d) p‘KO.S'VZOS-
The black and purple indicators in (d) show that each alternating layer is
identical and consists of D4 for the black layers and D4M for the purple
layers.

the layered V,05 polymorphs using first-principles calculations
with hybrid functionals. We benchmark various methods of in-
cluding van der Waals interactions in combination with hybrid
functionals, finding that the Grimme D3 method performs best
for this class of materials. We compare calculated structural pa-
rameters with experimentally reported values and analyze the
(meta)stability of the polymorphs. We show that the electronic
band structure of all layered polymorphs, despite the large struc-
tural differences, especially between single- and double-layered
polymorphs, is remarkably similar. The magnitude of the band
gap and the band characters of the valence and conduction bands
are similar, and all exhibit a split-off conduction band (with the
exception of the high temperature and pressure  phase). Finally,
we briefly discuss the electronic effects of intercalants. We show
that their energy levels are located high in the conduction bands,
so that their main electronic contribution is the addition of elec-
trons to the split-off bands. This in turn leads to a lowering of
the filled, or half-filled, conduction bands. Combined, these re-
sults form a systematic computational reference of layered V,Og

polymorphs.
2 Computational Methods

We use density functional theory (DFT) with projector aug-
mented wave (PAW) potentials|15—7I as implemented in the Vienna
Ab-initio Simulation Package (VASP). To obtain accurate
structural and electronic properties we use the HSE06 hybrid
functional®¥6l A plane wave cutoff of 500 eV was used. All
structures were relaxed so that the forces were smaller than
10 meV/A and the stresses smaller than 0.6 meV/A3. We use
a 6x4x2 k-point grid for the o polymorph, and equivalent k-
point densities for the other polymorphs. The high-symmetry
paths used for band structure calculations were obtained using
the AFLOW package. The site-projected band structures were
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plotted using the PYMATGEN python code®. Structures are visu-
alized using the VESTA code®*.

2.1 van der Waals interactions

Given the layered nature of the considered polymorphs, and the
lack of van der Waals (vdW) interactions in standard DFT func-
tionals, including the hybrid functional HSE06 used here, we
benchmarked several methods to include vdW interactions. We
restricted ourselves to methods implemented in the VASP code
and only those that are compatible with HSE06©2%02. In prac-
tice, that restricts us to methods that are based on an inclusion of
a multipole expansion term to capture the vdW interactionsZ0ZL,
We used two different polymorphs (« and f) as test cases. The re-
sults are shown in Fig. 3}, where we compare the lattice constants
to experimental data®?72, The same data in tabular format can
be found in the Supplementary Information(SI) as Table S1. Not
including any vdW interaction leads to a large error (7-10%) in
the out-of-plane lattice direction, clearly indicating the need for
including the vdW interactions. With vdW interactions included,
the out-of-plane lattice constants are described more accurately,
independent of the used approach®273  The in-plane lattice
constants do not depend strongly on the specific approach to in-
clude vdW interactions. Overall, the Grimme D307 was the most
accurate, hence we used this functional for all other calculations.
We also tested the B polymorph, which is not layered (see Table
S2 in SI), to confirm that the inclusion of vdW interactions does
not lead to errors in non-layered polymorphs, such as overbind-
ing.

3 Structural properties

We fully relaxed 8 layered unintercalated polymorphs (4 single-
layer and 4 double-layer) and listed the lattice constants
in Table We compare with available experimental re-
sults.32:41143144146147I72174] Note that even for experimentally inter-
calated structures, we still obtain excellent agreement between
our predictions and the observed lattice constants, which might
indicate that the main role of the intercalants is the stabilization
of the structure, while donating electrons to the conduction band.
We will further validate this hypothesis in Section|[5}

Energetically, we find that the a polymorph is indeed the
ground state structure. The y polymorph is 0.07 €V per formula
unit (f.u.) higher in energy with a similar volume, while the other
single-layer polymorphs are much higher in energy, 0.16 eV/f.u.
for B and 0.22 eV/f.u. for §, with large volume differences. The
double-layered polymorphs are significantly higher in energy [at
least 0.27 eV/fu. (for e-Cu g5)1, with &-Cuy g having a similar
volume to the single-layer a polymorph, and the other double-
layered polymorphs having increased volume. These energetics
and volumes are reported in Figure

4 Electronic Properties

Next, we turn our attention to the electronic structure of these
polymorphs, where we focus on the single-layer a and the double-
layer e-Cu, g5 polymorph. Band structures corresponding to the
other layered polymorphs are provided in the SI.
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Fig. 3 Deviation (in percent) of the calculated lattice constants as com-
pared to the experimental lattice constants=2%2, for different computa-
tional methods®*? for the (a) « and (b) B V,05 polymorphs.

Table [2| lists the calculated direct and indirect band gaps, the
location of the valence-band maximum (VBM) and conduction-
band minimum (CBM), and the separation between the split-off
bands and the other conduction bands. In all considered poly-
morphs the band gap is found to be indirect, with the VBM occur-
ring on different high-symmetry lines, as indicated in the table.
For the ground state a polymorph we find an indirect gap of 3.18
eV and a direct gap of 3.78 eV. Experimentally, the direct opti-
cal band gap for the o polymorph was measured to be 2.35 eViZ>,
Calculations at the quasiparticle self-consistent GW (QSGW) level
obtain indirect band gaps of 3.8-4.0 eV and direct gaps at I' of
4.4-4.8 eVI/%78 The discrepancy with the measured optical gap
is attributed to excitonsZZ78, Qur HSE06 results underestimate
the fundamental band gaps by 0.7 €V. The mixing parameter has
to be increased to 35% to obtain a better match. A test calcula-
tion for the double-layer £-Cuy, g5 polymorph, at 35%, shows that
the main effect of changing the mixing parameter is an increase
of both the direct and indirect band gaps by 0.7 eV. Due to this
systematic underestimation of the band gaps we opted to keep
the default mixing parameter.

The resulting band structures of single- and double-layer poly-
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Fig. 4 The energy per formula unit (f.u.) as function of volume per for-
mula unit for various layered V,0Og polymorphs. The energy per formula
unit of the o polymorph is set to 0.

morphs are remarkably similar, as illustrated in Fig. The
color scale corresponds to the orbital decomposition of the bands,
where blue indicates O p character and red V d character. The
highest valence bands are composed primarily of O 2p orbitals,
while the lowest conduction bands are primarily V 3d. Orbital
mixing occurs for lower valence or higher conduction bands.
All polymorphs exhibit split-off bands that are ~0.6 €V below
the other conduction bands (see Table . The split-off bands
originate from V-d orbitals that have no antibonding interaction
with the bridge oxygens (which link chains of V,0O; into lay-
ers)Z®, However, in the high-temperature and high-pressure
polymorph the split-off band merges with the other conduction
bands on the high-symmetry I'-Z line. Band structures corre-
sponding to the other single- and double-layered polymorphs are
shown in the SI (Figs. S1-8). Due to the similar band char-
acters for valence and conduction bands, all polymorphs have
similar direct and indirect band gaps, with the exception of the
high-temperature and high-pressure 8 polymorph. The electronic
properties of all polymorphs are therefore extremely similar.

5 Electronic role of intercalants

Thus far, we focused on unintercalated polymorphs. We will con-
sider the role of intercalants on the electronic properties next.
The role of intercalants in the ot V, 0 polymorph was previously
studied computationally for intercalation with LiZ?, Na 76, and
both Li and Mg®%. Intercalation in the y polymorph was studied
for Li and Na®Ll. Consistently, these works show that the inter-
calant orbitals do not lead to states within the band gap region.
The band gap region itself does contain bands with V-d character,
but these correspond to lowered existing conduction band states.
79 These results are therefore consistent with our hypothesis that
the primary electronic effect of intercalants is the formation of
V-d character midgap states through the donation of electrons.
Structurally, intercalants can stabilize phases, as evident from the
experimental evidence detailed in the introduction, but here we
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Table 1 Calculated deintercalated lattice constants for the considered
single-layer polymorphs (o, 8, §, and y) and double-layer polymorphs
(6-Agp.gs, €-Cuggs, v-Cagg, and p-Kj5) as compared to experimental
values. The out-of-plane lattice directions are labeled with a star *.

Page 4 of 8

a(d) bA) c(A) B Space

(deg.) Group

a 11.43 3.53 4.36% - Pmmn
Exp. o2 11.51 3.56  4.37% - Pmmn
7.12* 353 626 90.39 P2;/m

Exp. =2 7.11* 3.58 629  90.15 P2/m
5 3.53 9.74* 1131 - Cmcm
Exp. 544 3.70  9.97¢ 11.02 - Cmem
Y 9.88 3.56 10.05* - Pnma
Exp. y406i47 9.95 3.59 10.04* - Pnma
5-Ag) g4 11.68 3.53 8.75* 91.03 C2/m
Exp. 5-Agg s/t 11.77 3.67 8.74* 90.54 C2/m
€-Cuy gs 11.5 3.58 9.01* 108.78 C2/m
Exp. £-Cuggs®® 11.7  3.63  8.84* 109.6 C2/m
v-Ca, o 11.52  3.58  9.50* 111.65 C2/m
Exp. v-Cag 4 1181 371 9.27* 1019 C2/m
p-Kys 11.49 3.58 18.63* - Cmcm
Exp. p-K, 54 11.61 3.67 18.67* - Cemm

Table 2 Location of the VBM and CBM, magnitude of the indirect and
direct band gap at the I" point, and the energy separation of the split-off
band.

VBM CBM Eér;%irect Egégect Esplilfoff

o S—Y r 3.18 3.78 0.61
B C—E Y 2.74 3.06 —

1) A — T r 3.69 3.84 0.60
y Z—U T 338 3.5 0.58
8-Agygs N —2 T 347 3.8 0.6
eClygs I —2Z Z 337 38 0.57
vCay I —X T 3.45  3.79 0.6
p-Kys r—x T 3.46 379  0.58

are solely focusing on electronic properties.

We investigated the o single-layer and e-Cuggs bilayer poly-
morphs intercalated with 0.5 Li per formula unit. Information
about more concentrations and other intercalants (Mg, Zn, K)
can be found in the SI. For Na intercalation in a-V,0;5 it was
found that the magnetic moments on V-sites along the chain di-
rection are antiferromagnetically (AFM) ordered 76l We therefore
explored both non-magnetic and AFM orderings in the o poly-
morph and found that for all concentrations and considered in-
tercalants (Lit, KT, Mg?", and Zn?") that the AFM ordering is
indeed the most favorable ordering (by ~15 meV per formula
unit for Li, Mg, and Zn, and by 40 meV for K). In contrast, unin-
tercalated o prefers a non-magnetic ordering.

In Fig. @ we show the band structures for Liy 5V,O5 in both the
single-layer o (with AFM) and double-layer e-Cu g5 polymorphs.
We color coded the band structures so that V contributions are
depicted in dark grey, O contributions in light grey, and Li con-
tributions in red. These band structures immediately reveal that
Li contributions are located high in the conduction bands (more
than 5 eV above the CBM). Similarly for Mg, 5 (Figs. S13-S14),
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Fig. 5 The calculated band structures for the (a) single-layer a-V,05
polymorph and (b) the double-layer e-Cuq g5 polymorph. The colors rep-
resent the band character, where red colors indicate V d character and
blue O p character.

Ko.5 (Figs. S15-S16), and Zng s (Figs. S17-S18), the intercalant
only contributes high above the CBM. Note that since Zn also has
d orbitals, some small Zn contributions show up in the valence
bands and its conduction band contribution is lower compared to
the other intercalants (but still 4 eV above the CBM). We tested
increased intercalant concentrations (that maintain the layered
structure, e.g., Li; shown in Fig. S11). The increase in intercalant
concentration results in more available electrons, so that more of
the split-off bands become occupied. The number of newly occu-
pied bands only depends on the introduced carrier concentration,
e.g., Li} (Fig. S11) leads to the same number of occupied bands
as Mgy s (Fig. S13). The shape of these newly filled bands does
depend slightly on the intercalants and their concentration, due
to small relaxation effects of the underlying V,O; structure.

Since all intercalant states are located well above the CBM,
the corresponding electrons will fill the lowest conduction-band
states, i.e., those of the split-off bands. Once electrons occupy
conduction bands, their band energies decrease, leading to a sep-
aration from the other conduction bands. Note that the now filled
bands are either completely filled (as is the case for the o poly-
morph) or multiple split-off bands are partially filled (for the &-
Cug g5 polymorph). As such, our results show that, for the stud-
ied layered polymorphs, the changes in electronic structure upon
intercalation are similar, and will therefore not lead to capacity
fade.
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Fig. 6 The calculated band structures for a 0.5 Li per formula unit in-
tercalation of the (a) single-layer a-V,05 polymorph with AFM ordering
and (b) the double-layer e-Cuggs polymorph. The V contribution is col-
ored dark grey, the O contribution in light grey, and the Li contribution
in red. The Fermi level is used as the energy O reference.

6 Conclusions

In conclusion, we performed a detailed first-principles study of 4
single-layer and 4 double-layer unintercalated V,05 polymorphs
using hybrid density functional theory. We compared several
methods to include van der Waals interactions and found that the
Grimme D3 method provided the most accurate results. Our band
structure calculations reveal that independent of the studied poly-
morph, the band structure has very similar features: the topmost
valence bands mainly consist of O p character, while the lowest
conduction bands consist of V d orbitals. The lowest conduction
bands are well separated from the other conduction bands, and
the energy difference between these bands and the next conduc-
tion bands is around 0.6 €V for all polymorphs. The band gaps
are also similar. Only the high-temperature and high-pressure 3
polymorph has a band structure where the split-off band merges
with the other conduction bands for some of the high-symmetry
directions, and a smaller band gap. We determined the main elec-
tronic role of intercalants for the o and €-Cug g5 polymorphs. The
contributions of Lit, K*, Mg, and Zn%* are located well above
the conduction-band minimum. Their main role is therefore to
donate electrons that will occupy the split-off bands, and upon oc-
cupation, lower the energy of these bands. Our results show that
the electronic properties of various layered V, 05 polymorphs are
robust across all polymorphs, even when intercalants are present.

Journal Name, [year], [vol.], 1 |5
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This robustness will therefore also translate to V,05-based cath-
odes upon cycling of batteries.
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7 Data availability

The data supporting this article have been included as part of
the Supplementary Information (SI). The SI contains tabular data
(Table S1 and S2) of lattice constants and percentage deviations
from experiment of the single layer a, 8, and nonlayered B poly-
morphs with respect to the various van der Waals interaction
methods. Fig. S1 - S8 show the electronic band structures of
the unintercalated polymorphs. Fig S9 - S18 show the electronic
band structures for the o and e-Cug g5 polymorphs with Li, Mg,
K and Zn intercalants. A zip file of our relaxed structures used
for band structure calculations, in VASP POSCAR format, are also
included.
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Data Availability Statement

The data supporting this article have been included as part of the Supplementary Information (SI). The
SI contains tabular data (Table S1 and S2) of lattice constants and percentage deviations from
experiment of the single layer a, B, and nonlayered B polymorphs with respect to the various van der
Waals interaction methods. Figs. S1 - S8 show the electronic band structures of the unintercalated
polymorphs. Figs. S9 - S18 show the electronic band structures for the a and &-Cugss polymorphs with
Li, Mg, K, and Zn intercalants. A zip file of our relaxed structures used for band structure calculations,
in VASP POSCAR format, is also included.
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