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Vanadyl Phosphates A,VOPO, (A = Li, Na, K) as Multielectron

Cathodes for Alkali-lon Batteries

Natasha A. Chernova, Marc Francis V. Hidalgo, Carol Kaplan, Krystal Lee,
Isiksu Buyuker, Carrie Siu, Bohua Wen, Jia Ding, Mateusz Zuba, Kamila M. Wiaderek,
leuan D. Seymour, Sylvia Britto, Louis F. J. Piper, Shyue Ping Ong, Karena W. Chapman,

Clare P. Grey, and M. Stanley Whittingham*

Vanadyl phosphates comprise a class of multielectron cathode materials
capable of cycling two Li*, about 1.66 Na*, and some K* ions per redox center.
In this review, structures, thermodynamic stabilities, and ion diffusion kinetics
of various A\VOPO, (A = Li, Na, K, NH,) polymorphs are discussed. Both the
experimental data and first-principle calculations indicate kinetic limitations
for alkali metal ions cycling, especially between for 0 < x <1, and metastability

of phases with x > 1. This creates challenges for multiple-ion cycling, as the
slow kinetics call for nanosized particles, which being metastable and reactive
with organic electrolytes are prone to side reactions. Thus, various synthesis
approaches, surface coating, and transition metal ion substitution strategies
are discussed here as possible ways to stabilize A,\VOPO, structures and
improve alkali metal ion diffusion. The role of advanced characterization tech-
niques, such as X-ray absorption spectroscopy, diffraction, pair distribution
function analysis and “Li and 3P NMR, in understanding the reaction mecha-
nism from both structural and electronic points of view is emphasized.

outstanding structural diversity of vana-
dium compounds with a variety of open
structures providing facile pathways for
Li diffusion.”!’ Vanadium oxides and
related vanadium oxide nanostructures
have been recently reviewed,’! as were
the polyanionic vanadium compounds,
where higher voltage for Li intercalation
is achieved due to the inductive effect
of polyanions, which also increases the
structural stability.'#>4 This review will
focus on vanadyl phosphates due to their
high theoretical capacity for Li intercala-
tion, 305 mAh g7 (based on Li,VOPO,
molecular weight), coming from two
redox processes: V*#/V>" occurring at
3.9 V and V*/V3* on average at 2.25 V.
This results in a high energy density of
about 980 Wh kg™, exceeding that of

1. Introduction

Vanadium-based compounds have long been researched
as cathode materials for Li-ion batteries due to their ability
to cycle more than one Li ion per vanadium redox center.l!
Moreover, multiple V oxidation states contribute to the

NASICON phases of Li;V,(PO,);, and

most of the vanadium oxides (Table SI,
Supporting Information). The polyanionic framework of (Li)
VOPO, ensures better thermal stability than that of layered
oxides.P’! The challenges of (Li)VOPO, compounds as cathodes
for alkali metal cation cycling in secondary batteries comes
from their structural diversity and reactivity, combined with
low ionic and electronic conductivities.
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In this review, we will summarize available data on relative
stabilities of (Li)VOPO, polymorphs, their synthesis methods
in relation to electrochemical performance enhancement, reac-
tion mechanism in Li-ion batteries, the role of surface coating
and substitution in surface stabilization and kinetics improve-
ment. We will base this work on excellent reviews of polyanion
compounds by Masquelier and Croguennec® (2013) and
Whittingham,['?l (2014) and cover the most recent progress,
concluding with the remaining challenges and future research
directions.

2. Li,VOPO, (x = 0, 1) Polymorphism and Stability

Vanadyl phosphate, VOPO,, is found in at least seven different
crystallographic forms varying from layered structures to 3D
lattices (Figure 1).% For LiVOPO,, only three stable polymorphs
exist, corresponding to ¢, 8, and &VOPO, phases.l Here the
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Figure 1. Crystal structures of &, -, 04-VOPO,, and LiVOPO, phases
along with VOg and PO, connectivity comparison between & and f3
phases. The numbers indicate Li* and (Na*) diffusion barriers (meV) in
VOPO, and corresponding vacancy diffusion barriers in LiVOPO,. Repro-
duced with permission."l Copyright 2017, The Royal Society of Chemistry.
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lithiated phases are named by the prefixes of their VOPO,
parent phases to avoid confusion, as was introduced in the
previous review.'3l Since stable electrochemical performance is
directly related to the phase stability, the further focus will be
on these three phases, which all contain VO4 octahedra with
a short vanadyl V=0 bond (1.6-1.8 A), and a long V—0 bond,
around 2.2 A, connected by PO, tetrahedra. For &VOPOQ,, two
structures were reported in the literature with space groups
P2,/nl%48] and Cc.l”! The difference between the two is in the
orientation of the VOs pyramids (long V—O bond omitted),
which all point in the same direction in the Cc structure and
alternate in P21/n. Density functional theory (DFT) calcula-
tions and the goodness of the Rietveld refinements both point
toward the Cc structure being more stable and better fitting the
experimental X-ray diffraction (XRD) patterns.>!”) Upon lithia-
tion of &VOPOQ,, the triclinic form of &LiVOPO, is formed.®
Its connectivity is essentially the same as in &VOPO,, but VOq
octahedra are tilted, and correspondingly, the PO, tetrahedra
are tilted too. Li ions occupy two distorted five-coordinated sites
in tunnels along the [110] direction in the structure. In both
compounds, long and short V=0 bonds alternate along the
chain. The calculations of Vy;; migration barriers in &LiVOPO,
indicate two pathways A—B—C with lower barriers of
244 meV formed by Lil sites and D—E—F with higher barriers
(703 meV) formed by Li2 sites (Figure 1). At the beginning of
discharge, there are three distinct paths for A* diffusion in &
VOPO,. For paths A—»B, A—>C, and A—D, the barriers for Li*
migrations are 271, 629, and 637 meV, respectively, and those
for Na* migrations are 516, 674, and 694 meV, respectively
(Figure 1).11 The kinetic limitations to the 1%' Li* intercalation
into &VOPO, were demonstrated by Quackenbush et al. using
a combination of soft and hard X-ray photoelectron spectros-
copy. It was shown that due to slow Li intercalation kinetics,
the second Li starts to intercalate before the intercalation of the
first Li is complete, creating a Li concentration gradient within
£&VOPO, nanoparticles.””! We will show later, that even in the
optimized nanocrystalline &VOPO,/graphene material, the
rate performance is limited by the slower high-voltage process,
which remains one of the major limitations of this material ¥
Closely related to &VOPO, is -VOPO, which adopts an
orthorhombic structure. These two structures have essentially
the same VO connectivity along the chains, with the exception
of the tilting of VOg octahedra. The oxygen atoms in the direc-
tion of the VO chains are crystallographically equivalent in the
[-structure, while in estructure they are different. However,
the chains are connected differently by PO, tetrahedra in & and
[-structures. In &VOPO,, PO, tetrahedra alternate between
“up” and “down,” while in FVOPO, the PO, tetrahedra are all
“up” in one row and all “down” in the next one (Figure 1). Thus,
the transition between & and S-phases involves a switch of half
of the P atoms from “up” to “down” position. According to the
DFT calculations, S-VOPO, is more stable than &VOPO,,14
which agrees well with experimentally observed transforma-
tion from &VOPO, to FVOPO, at 700 °C.[ The orthorhombic
structure is preserved in the FLiVOPO, phase, where the Li
ions are located in octahedral sites that share two faces with
VOg octahedra and form 1D diffusion channels along the [010]
direction. DFT calculations disagree on which of the & and
BLiVOPO, phases is more stable,' they both do show that
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the stability differences between these phases are small, sug-
gesting that other factors during the synthesis may play more
significant roles in determining which phase forms.

There is only one symmetrically distinct v,, diffusion path
in fAVOPO,, which is denoted as path A—B along the [010]
direction (Figure 1). The calculations show that the barriers
of vi;, and vy,, migrations in f-LiVOPO, and NaVOPO, are
239 and 255 meV, respectively, and the barriers of Li* and Na*
migration in S-VOPO, are 346 and 541 meV, respectively. For
BANOPO, (x = 0, 1), both Li* and Na* exhibit 1D diffusion
along the [010] direction, in line with the previous simulation
and experimental results.41°]

Hameed et al. first showed that LiVOPO,-2H,0 can be heated
to form the metastable 04-LiVOPO, (Figure 1) via a dehydra-
tion step and a slight shift in the VOPO, layer."l The layered
04-LiVOPO, structure has four Li* diffusion pathways, all with
migration barriers significantly higher than in & and fLiVOPO,.
In contrast, the migration barriers for Na* ion diffusion are the
lowest.W It is consistent with the electrochemical performance
of og-phase in Li- and Na-ion cells, as will be discussed later.

Hameed et al. also demonstrated that heating the
LiVOPO,-2H,0 at higher temperatures can yield &LiVOPO,.
Hidalgo et al. built on this study by utilizing LiVOPO,-2H,0
as a precursor to experimentally study the thermodynamic sta-
bilities of all three LiVOPO,, polymorphs.'”l This study is based
upon the idea that by starting with the same metastable pre-
cursor and heating it to allow the crystal structure to reorganize
into a more stable conformation, the thermodynamic stabilities
of each polymorph can be directly compared. Also, by utilizing
the same precursor, biases induced by the different synthesis
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methods can also be removed, which is key for differentiating
the thermodynamically similar  and € polymorphs.

As shown using in situ variable temperature XRD (Figure 2a)
heating LiVOPO,-2H,0 in an inert atmosphere results in the
following transition: LiVOPO,-2H,0 — o4 — S+ € = € As
expected from the metastable nature of ¢4 phase, confirmed
by the DFT calculations,"™ the ¢4 — B + ¢ transition is not
reversible, while the 8 <> & transition is reversible.'”] The equal
ratio of the 8 and & polymorphs confirm the calculations that
both polymorphs have similar thermodynamic stabilities.

If the in situ XRD with heating experiment was repeated
in O,, as shown in Figure 2b, the transitions observed are:
LiVOPO,-2H,0 — o4 + B — [ — amorphous melt + & This
suggests that S-LiVOPO, is O-rich, while &LiVOPO, is O-poor.
The DFT calculations (Figure 2d) show that &LiVOPO, is always
more stable than fLiVOPO, if O-vacancies are present, and that
[-LiVOPO, is more stable if these vacancies are absent. This was
also confirmed by thermogravimetric analysis with mass spec-
troscopy (TGA-MS) experiments showing that O, is released
during the f§ — ¢ transition. This explains why the f — & tran-
sition occurs at higher temperatures, as those are needed for
O-loss to occur. Conversely, the £ — f transition can occur by
heating &LiVOPO, in O, in order to fill the O-vacancies.

3. Metastable Structures of Li,VOPO,
(x=1.5, 1.75, 2) Phases: NMR Insight

A, VOPO, phases with x > 1 can only be obtained by chemical
or electrochemical intercalation of A* ions into corresponding
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Figure 2. In situ XRD with heating showing the general transition from ¢ — — ewith increasing temperature in a) Ar and b) O,. These are explained
using c) Gibbs free energy diagrams at various temperatures of each polymorph, and d) energy above hull calculations of 3 and &LiVOPO, with
O-defects. Reproduced with permission.[”l Copyright 2019, The Royal Society of Chemistry.
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VOPO, or AVOPO, phases.°*18] Bianchini et al. first reported
intermediate Li;;VOPO,, Li;;sVOPO, phases formed upon
electrochemical lithiation of &LiVOPO, and characterized
the structure of &Li,VOPO, obtained by chemical lithiation
of &LiVOPO, using X-ray and neutron diffraction data.ll%
&Li,VOPO, preserves the &VOPO, network of VOg4 octahedra
and PO, tetrahedra, however, upon reduction of vanadium to
3+, VOg octahedra become more symmetrical without short
vanadyl and long opposite V=0 bonds. This leads to overall
shortening of VO; chains as evidenced by a decrease in b-lat-
tice parameter. Lin et al. proposed structures of &Li;sVOPO,
and Li;,;sVOPO, phases using DFT calculations.') The pre-
dicted Li;sVOPO, and Li;;sVOPO, structures have P1 sym-
metry, in agreement with the experimental data.l0318219] The
lowest energy Li;;sVOPO, structure is a supercell that is twice
the size of the primitive cell of Li,VOPO,. It is proposed that Li
disorder is likely present in Li;7sVOPO, given the presence of
multiple orderings that are close in energy (and hence, poten-
tially thermodynamically accessible at finite temperatures) to
the ground-state ordering. It is consistent with experimental
observations by Harrison® and Bianchini.'’? It should be
noticed that both Bianchini's and Lin’s works used LiVOPO,
synthesized by solid-state method and subjected to high-energy
ball-milling to reduce particle size, which introduces structural
disorder as will be discussed later.?) Wangoh et al., using a
combination of hard and soft X-ray photoelectron and absorp-
tion spectroscopy techniques, have shown that uniform Li dis-
tribution in &LiVOPO, is a prerequisite to the formation of
Li; 5 and Li;75sVOPO, phases. Also, it ensures uniform second
Li intercalation to form the Li,VOPO,.2!l Further insights into
the Li,VOPO, structure were obtained using nanocrystalline
&VOPO, as a starting material.'*?2l In the paper by Siu et al.'¥]
we have shown that two Li can be intercalated into &VOPO,
by comparison of ’Li NMR spectra obtained by chemical and
electrochemical lithiation. A chemically lithiated &-Li,VOPO,
sample was previously investigated by Davis et al. using °Li
exchange NMR in which three distinct Li environments were
found to be present.?*! Li sites in &Li,VOPO, were assigned by
Seymour et al.?? based on 7Li and *'P NMR data. In addition
to &Li,VOPO, structure proposed by Bianchini, ' where Li
ions are located in two distinct tunnels along the [110] direction:
tunnel 1 containing 2 x Li(la), 2 x Li(2), and 1 x Li(3) sites and
tunnel 2 containing 2 x Li(la) and 1 x Li(3) (Figure 3), struc-
tures with just one Li tunnel containing Li(1a), Li(1b), Li(2), and
Li(3) sites were enumerated and optimized. The lowest energy
single tunnel structure (Figure 3a) was found lower in energy
than the double-tunnel structure (Figure 3b). Also, ’Li and 3'P
NMR shifts calculated for the lowest energy single tunnel struc-
ture were found to match the experimentally observed shifts.
Moreover, the single tunnel structure also produced a better fit
to X-ray diffraction and pair-distribution function (PDF) data
of &Li,VOPO,. It should be noted that the single-tunnel struc-
ture is predicted to be only slightly lower in energy that the one
proposed by Bianchini et al. Thus, in more disordered samples
produced from &LiVOPO, subjected to high-energy ball-milling
the double-tunnel structure may also exist.

In contrast with more studied &LiVOPO,, much less is
known about the mechanism of lithiation of the S phase.
Ren et al.” have demonstrated the use of S-LiVOPO, as an
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Figure 3. Two experimentally proposed Li orderings in &-Li,VOPO,, which
contain a) one (S) and b) two (D) distinct types of tunnels along the
[110] direction, respectively, with the corresponding Li orderings shown
beneath each structure.

anode in lithium-ion batteries and suggested that one Li ion
per formula unit can be intercalated into the structure to give
Li,VOPO,, with deeper discharge down to 0.01 V resulting in
the formation of metallic vanadium and Li;PO,. Allen et al.l18"]
have investigated the electrochemical performance of both
& and (-LiVOPO, and the evolution of the local geometry of
the VO4 octahedra with electrochemical cycling using X-ray
absorption spectroscopy (XAS). Harrison et al.'®l studied the
phases formed on electrochemical and chemical lithiation of &
and B-LiVOPO, using mainly X-ray and neutron diffraction as
well as X-ray spectroscopy methods. They suggest a two-phase
mechanism operating upon lithiation of f-LiVOPO,, with the
plateau in the galvanostatic charge curve at 2 V arising due
to equilibrium between a two-phase mixture of B-LiVOPO,
andf-Li,VOPO,. Lin et al. predicted using DFT calculations an
existence of an intermediate metastable Li; sVOPO, phase and
BLi,VOPO,.M Britto et al. build on this work by optimizing the
lowest energy structures on the convex hull for x =1, 1.5, and 2
in #Li,VOPO,, calculating NMR shifts and comparing them to
the experimentally observed shifts in f-Li,VOPO, synthesized
by chemical and electrochemical lithiation of B-LiVOPO, and
BVOPO,.1?’l This work shows that ZLiVOPO, has close to zero
’Li NMR shift, which is unusual for a paramagnetic compound
and results from a superposition of bond pathways with posi-
tive and negative shifts. Upon electrochemical insertion of 0.5Li
into f-LiVOPO, new resonances arise at 46 and 264 ppm indica-
tive of Li intercalation into disordered tetrahedral sites (Li2 and
Li5 in Figure 4). DFT calculations suggest that the “Li shifts
close to 50 ppm arise from local environments in - Li; sVOPO,,
while the negative shifts and those >200 ppm are due to octahe-
dral and (highly) distorted “tetrahedral” environments, respec-
tively, in - Li,VOPO,. Interestingly, this 50 ppm shift does not
appear in chemically lithiated Li,VOPO, sample, and it disap-
pears upon sample storage. It is consistent with a metastable
nature of Li; sVOPO, predicted by DFT calculations.

It should be noted that the observed NMR shifts of electro-
chemically obtained f-Li,VOPO, could not be explained by one
single composition or Li ordering, suggesting the presence of
kinetic limitations and Li disorder, which might vary with the

© 2020 Wiley-VCH GmbH
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Figure 4. Crystal structure of a) B-Li; sVOPO, after optimization, b) -Li,VOPO, (Str 1) (lowest energy structure), and c) f-Li,VOPO, (Structure 2, the
most consistent with NMR data). Reproduced with permission.?l Copyright 2020, The Royal Society of Chemistry.

sample synthesis method. The best insight into S-Li,VOPO,
structure was obtained from electrochemically lithiated
nanocrystalline S-VOPO, synthesized from a H,VOPO, pre-
cursor. The 7Li NMR spectrum of this sample, in contrast to
that of -Li,VOPO, sample obtained from S-LiVOPQ,, exhibits
more intense and sharper peaks at 306 and 258 ppm, and much
better resolved peaks at —18 and —44 ppm, which are assigned
to Li ions in the environments more coordinated with O (i.e.,
Lil and Li6). Similar to the sample obtained from BLiVOPO,,
this spectrum also exhibits a sharp resonance at 60 ppm, a
feature arising from the [B-Li;sVOPO, phase. By comparison
with the 7Li NMR shifts obtained from DFT calculated struc-
tures and from the “Li correlation experiments, it is shown that
the (-Li,VOPO, NMR spectrum is more consistent with the
calculated structure 2 in Figure 4, which has a slightly higher
energy than the lowest energy structure for 5-Li,VOPO,. Thus,
B-Li,VOPO, exhibits complex Li ordering, which depends on
sample preparation route. It is consistent with previous studies
by Harrison et al.,['® and our observations on Li ordering in
£Li,VOPO,.

4, Reaction Mechanism

As was just shown, vanadium phosphates can intercalate up
to 2 Li* ions per V, resulting in the transition of VOPO, <>
LiVOPO, <> Li,VOPO,. Due to the differences in crystal struc-
ture, the voltage profiles of each polymorph are also expected
to be different. Lin et al. showed using first principles calcula-
tions that the insertion of the first Li* results in voltages with
the trend of > £ > ¢4, which is in agreement with experi-
mental profiles.'"”l They also calculated that the insertion
of the 2nd Li* into 04-LiVOPO, will result in a single voltage
plateau, which is in agreement with experimental profiles.[]
They predicted that the insertion of the 2nd Li* into S-LiVOPO,
would result in two plateaus, with an intermediate phase of
BLi; sVOPO,. Although the voltage profile overall fits experi-
mental data,l”] the BLi;sVOPO, could not be detected using
XRD due to its similar structure to f-Li,VOPO,. As was dis-
cussed earlier, Britto et al. showed that this f-Li; sVOPO, can
be observed when using solid-state NMR.*! Finally, inser-
tion of the 2nd Li* into &LiVOPO, was calculated to result
in three voltage plateaus, with the intermediate phases of
&Li;5VOPO, and &Li;7sVOPO,, both of which were observed
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experimentally.l%7l A comparison of the calculated and experi-
mental voltage profiles is shown in Figure 5.

Although all polymorphs have poor ionic and electronic
conductivities, historically, ¢4- and B-LiVOPO, were consid-
ered the superior polymorphs in terms of electrochemical
performance.126l This was due mainly to &LiVOPO, being
labeled as electrochemically inactive. Lin et al. showed that
the diffusion barriers in B-LiVOPO, are lower than those
of &LiVOPO,M Additionally, Hidalgo et al. predicted that
B-LiVOPO, has more electrochemically active surfaces than
&LiVOPO,. They also used TEM to show that these facets natu-
rally form during the formation of LiVOPO,[" These explain
Azmi et al.’s observations that pristine f-LiVOPO, has appre-
ciable electrochemical performance, while pristine &LiVOPO,
has almost no capacity.l2?

First insights into the reaction mechanism of &LiVOPO,
were given by Bianchini et al. and Lin et al. However, high-
energy ball-milled materials were used in these studies lim-
iting the quality of the diffraction data.l'%*'] We have further
investigated the reaction mechanism of more crystalline
&VOPO, using a combination of in situ powder diffraction and
pair-distribution function analysis.??l Powder diffraction data
recorded during first lithiation and delithiation of monoclinic
(Cc) £VOPO, (a = 72788(5), b = 6.8971(1), ¢ = 72660(6), o = 90,
B =115.39(5), = 90) cycled within 1.6-4.5 V voltage window
(Figure 6; Experimental Details in the Supporting Informa-
tion), shows that structural transitions observed during cycling
are symmetrical and largely reversible. The peak positions and
trends observed here are consistent with ones observed during
high voltage and low voltage cycling of &LiVOPO,!%] indi-
cating that the reaction mechanisms for these compounds
are independent of starting material. During the first electro-
chemical plateau at 4.0 V, for Li 0 < x < 1, the reaction proceeds
through a two-phase process with no observed intermediates.
The resulting phase, &LiVOPO,, is of triclinic space group P1
with following lattice parameters: a = 6.7972(6), b = 72185(5),
c = 78913(5), & = 90.084(4), 8 = 91.189(6), y = 11714(1). Subse-
quently, this newly formed phase, in the low voltage region,
(1 £ x £ 2) intercalates a second Li ion through two stable
intermediate phases, at x = 1.5 and 1.75, consistent with the
three electrochemical plateaus observed. Both Li;sVOPO,
(a=7067(4), b=7800(9), c = 7130(0), or=89.679(3), B=116.18(7),
y = 89.848(9)) and Lij;sVOPO, (a = 7516(5), b = 10.545(5),
¢ = 10.519(7), a = 84.396(4), B = 69.791(6), y = 110.77(9))

© 2020 Wiley-VCH GmbH
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Figure 5. Comparison of calculated (dashed) and experimental (solid) voltage profiles in the high- (left) and low-voltage (right) regions. Reproduced

with permission.l”] Copyright 2019, The Royal Society of Chemistry.

structures have P1 symmetry, albeit the best fit for Li; ;sVOPO,
data is achieved with a model of a supercell twice the size
that of the Li,VOPO, (a = 7205(6), b = 7123(7), c = 7800(8),
o= 90.003(3), B=89.727(3), 7= 116.453(0)).

Upon charge the process is reversed with all intermediates
visibly forming in predictable sequence. Final charge product
closely resembles the original monoclinic (Cc) &VOPO, mate-
rial with the lattice parameters of a = 72894(2), b = 6.9086(8),
¢ =72663(0), o= 90, B =115.42(1), y= 90 and slightly reduced
coherence.

Even though based on the X-ray powder diffraction data,
phases involved in &LiVOPO, and &VOPO, electrochemical
cycling appear to be the same, the electrochemical perfor-
mance differences reflected in efficiency of cycling and hys-
teresis are evident. Pair distribution function analysis of the
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Figure 6. Contour map of selected intensities of powder diffraction data
(middle) and PDFs (right) obtained by Fourier transforming the total scat-
tering X-ray data collected during the initial discharge—charge cycle for
VOPO,/C electrode, cycled at C/15 rate within 1.6-4.5 V window (left).
The colors reflect relative peak intensities.
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total scattering data collected during cycling indicates subtle
difference in local V environment behavior for these two com-
pounds cycled in a low voltage window. These changes in the
local structure can be quantified by fitting Gaussian functions
to features in the PDF, where the change in peak positions
reflect changes in the average bond lengths, while the changes
in peak areas correspond to changes in the average coordina-
tion number. Based on the Heyd—Scuseria—Ernzerhof (HSE)
calculations Li,VOPO, have symmetrically distinct VO4 local
environments that evolve during cycling. For instance, V™
within &VOPO, has an asymmetric coordination environment,
with one short V=0 bond (1.57 A) one long V—0 (2.62 A) and
four intermediate V—O (A) bonds; V** within &LiVOPO4 also
has an asymmetric coordination environment, with one short
V=0 bond (1.62 A) and five intermediate V—O bonds (1.92 A)
and finally, V*? within Li,VOPO, has symmetric coordination
with six bonds averaging (2.035 A). Careful PDF analyses can
easily resolve the difference between short, long and interme-
diate bond lengths, however it should be noted that the short
V=0 bond at =1.6 A overlaps with the contribution from the
P—O correlations within the PO,*~ anion. Since the rigid geom-
etry of the PO, polyatomic anion is not expected to change sig-
nificantly during cycling, all changes associated with the 1.6 A
feature can be entirely attributed to changes in the V=0 bond.

Previously, our PDF analysis of the local structure of &LiVOPO,
during cycling suggested, that during charge some of the bonds
might have elongated beyond the HSE predicted model, sug-
gesting irreversible decrease in V coordination number to below 6
(Figure 7). This was manifested by an overall loss in the intensity
of the PDF feature corresponding to intermediate bond-lengths,
accompanied by an unexpected increase in peak intensities around
2.6 A. Based on the DFT-suggested relaxations of HVOPO, and
H,VOPO,, we speculated that observed intensities >2.4 A could be
explained by H incorporation as a result of hydrate formation due
to unintended catalytic electrolyte decomposition. It is also sup-
ported by our study of reactions between LiVOPO, and electrolyte
resulting in formation of HVOPO, and H,VOPO,."!

The operando PDF data, collected during &VOPO, lithiation
and delithiation over 2 Li range shows evolution of the local
atomic structure during cycling (Figure 6). Here PDF data does
not suggest major irreversible transformations in the vanadium
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Figure 7. Average coordination number of V based on the intensity of selected peaks within the PDFs. Reproduced with permission.l Copyright 2016,

The American Chemical Society.

environment. Both the areas (Figure 8) and positions (Figure 9)
of the peaks at 1.6° and 2.0° and 2.6 A linked to the V—O
bonding, quantified by fitting Gaussian peak profiles, show
that bond lengths and vanadium coordination number are in
good agreement with the DFT-relaxed VO4 environments for all
phases involved in the VOPO, reaction. This might suggest that
controlling the particle size and morphology through synthesis
is a better strategy to reduce side reactions in this system. For the
best electrochemical performance, the LiVOPO, sample had to
be heavily ball-milled with carbon and in that process the coher-
ence of the sample was reduced to =6 nm. This could promote
higher catalytic activity toward electrolyte decomposition. In
&VOPO, the particle size of 100-200 nm may help to avoid or
at least decrease efficiency of this catalytic reaction.
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5. Synthesis and Its Impact on the
Electrochemical Performance of (Li)VOPO,

As follows from the existence of several energetically close pol-
ymorphs, synthesis plays a key role in obtaining pure phase
LiVOPO, materials. Different synthesis methods yield various
levels of crystallinity, particle sizes, and defects, all of which radi-
cally change the material’s electrochemical properties. Addition-
ally, each method varies in terms of cost and complexity, both
significant factors in the manufacturing of these materials. A
prime example of this is LiFePO,. Despite its intrinsically poor
conductivity, it has become one of the most successful Li-ion
battery materials. This was achieved through a combination of
synthesizing nanosized particles®?’l as well as the formation of
a conductive carbon coating?®! upon synthesis or postheating.
The reduction of particle size mainly improves the conductivity
by shortening the diffusion pathway of Li-ions, allowing them to
more easily participate in redox reactions. In 1D diffusion mate-
rials, it has the added benefit of reducing the chance of a channel
being blocked by defects.*”) The conductive coating improves the
electronic conductivity of the cathode as a whole, allowing redox
reactions to occur more easily, while also protecting the solid-
electrolyte interface (SEI) from getting damaged.

V---0 coordination Sum

V Coordination

Figure 9. Average coordination number of V within &VOPO, during
cycling, based on the peak areas of selected peaks within PDF.
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The similarities between LiFePO, and LiVOPO, in terms
of poor intrinsic conductivities and 1D diffusion in some
polymorphs, 19 suggest that similar strategies of nanosizing
and carbon coating should be useful. However, the LiVOPO,
synthesis is complicated by its polymorphism, and the fact that
it is reduced upon high-temperature carbothermal treatment/*”!
widely used in LiFePO, synthesis to simultaneously carbon-coat
and control particle size. This further emphasizes the chal-
lenges that the successful synthesis approaches should address.

There are several methods for synthesizing LiVOPO,, the
most commonly used ones being the solvothermal (ST),7>18<31
sol-gel (SG),[181:26:32] solid-state (SS)[10219203033] methods, or by
using a (Li)VOPO,2H,0 precursor.’*34 We placed general
information on advantages of each of these approaches in the
Supporting Information, and will focus here on the application
of these methods to LiVOPO, synthesis.

5.1. Solvothermal Method

The main advantage of the solvothermal method and its
microwave-assisted variation (MWST) is the low synthesis tem-
perature, which makes the method cost-effective, and allows
access to metastable phases. Also, control of solvent and syn-
thesis time provides a route to small particle size. The work of
Harrison et al. comprises a thorough study of the MWST
method in synthesizing LiVOPO, focusing on the investigation
of the various parameters affecting the formation of each poly-
morph of LiVOPO, and their electrochemical performances in
the high-voltage window.?l It is shown that, excess of Li and
P help to drive the reaction toward the formation of LiVOPO,.
For example, having stoichiometric amounts of Li and V results
in HVOPO, being the majority product, while having a large
excess of Li results in the formation of Li;PO, as the major
product. The ideal ratios of Li, V, and P vary depending on the
solvents used and the desired polymorph to be synthesized.
The o polymorph preferentially forms over the other poly-
morphs in water-rich solvents. This is possibly due to the sim-
ilarity of o4-LiVOPO, to LiVOPO,-2H,0. On the other hand,
the & polymorph forms instead of the ¢4 or B polymorphs if
the temperature or pressure is increased. A similar observation
was made by Chung et al., where the solvothermal synthesis at
160 °C resulted in LiVOPO,-2H,0 while the product at 180 °C
was &LiVOPO, Lii et al. have shown that fLiVOPO, can
be synthesized using the traditional solvothermal method at
230 °C." This means that higher temperatures are not the sole
factor in determining whether the 8 or £ polymorph forms in
the ST method. It is possible that the temperatures and pres-
sures used in the study by Harrison et al. are close to the phase
boundary between f <> € which would explain the big changes
upon changing the temperature and pressure. However no
such phase diagrams between - and &LiVOPO, have been cal-
culated yet.

The ST method, especially the MWST method, is also the
method which generally results in small particle sizes, ranging
from hundreds of nanometers to several micrometers. Har-
rison et al. varied surfactants and solvents (i.e., adding glycols)
as well as synthesis time in order to reduce the particle size
of the synthesized LiVOPO,, with the goal of improving the
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electrochemical performance. Both approaches were successful,
with the simplest and most significant improvement achieved
by reducing the hold time from 50 to 10 min. This improved
the capacity from 72 to 115 mAh g! over the voltage range of
3.04.0 V (C/20). However, the samples with smaller particle
sizes experienced the greatest capacity fade, with all the sam-
ples eventually attaining very similar capacities after 20 cycles.
This is probably due to an increase in the amount of side reac-
tions which occur at the surface. Chung et al. and Kaplan et al.
showed that the second Li can be cycled in hydrothermal and
MWST &LiVOPO,, respectively, achieving a capacity of more
than 300 mAh g™ over the voltage range of 1.5-4.5 V.}1435] 1t
must be noted, however, that both methods resulted in large
particles, thus requiring particle size reduction via high-energy
ball-milling.

Chung et al. pointed out that one side effect of the ST
method using water as the solvent is that protons intercalate
into the LiVOPO, structure.*'¥ This is clearly seen in the sum-
mary of the unit cell volumes from various synthesis methods
shown in Figure 10, where ST methods generally have larger
unit cell volumes for all polymorphs among the different syn-
thesis methods. Kaplan et al. show!*” that these protons seem
to be beneficial to the initial electrochemical performance of
LiVOPO,, but also result in more significant capacity fading
when compared to the LiVOPO, without protons.

5.2. Sol-Gel Method

In the SG method, reagents are dissolved in a solvent (sol)
with a gelation agent. After drying off the solvent, a 3D net-
work with numerous submicrometer pores (gel) forms, which
upon further annealing often leads to final product with large
surface area advantageous for electrochemical performance.3%l
Zhou et al. have investigated the SG method for synthesizing
LiVOPO,, showing the various phases that form while heating
the gel in air. Three distinct products form at different tem-
peratures: a low-temperature &LiVOPO, — f-LiVOPO, —
&LiVOPO,. Interestingly, this is also observed when heating
amorphous LiVOPO, in O, (Figure S1, Supporting Informa-
tion). If this amorphous LiVOPO, is instead heated in Ar, the
low-temperature &-LiVOPO, also forms, but does not transform
into f-LiVOPO,. Instead, at =500 °C it forms highly crystalline
&LiVOPO,. These suggest that &LiVOPO, more easily forms
than BLiVOPO, when starting with an amorphous material.
This low-temperature, low-crystalline &LiVOPO, would then
increase in crystallinity at around 500-600 °C. However, if O, is
present, then the € — f3 transition accompanies this increase in
crystallinity. The final B — ¢ transition at extremely high tem-
peratures occurs due to the formation of O-defects discussed in
Section 2.

Kuo et al.’2l and Allen et al.'® have also shown that if the
calcination is conducted in an inert or reducing atmosphere,
the S polymorph does not form, with the main product being
the £ polymorph instead. This fits with the prediction that
&LiVOPO, forms in the presence of O-vacancies, which easily
form in the reducing/inert atmosphere. Conversely, Allen et al.
show that S-LiVOPO, can be formed in a reducing/inert atmos-
phere given extremely low flow rates. They argue that the lower
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Figure 10. A comparison of the unit cell volumes of each LiVOPO, polymorph from various studies.72b1718b,¢.20,312,d,32de,332.34)

flow rates cause NH; (a reducing agent) to linger within the fur-
nace longer, causing the gel to be reduced, which then results
in BLiVOPO,. However, they do not show that S-LiVOPO, is
O-poor, which is the opposite of what Hidalgo et al. observed.[”!
Thus, we believe that it is also possible that the low flow rate
simply caused air to remain within the furnace, which resulted
in the formation of S-LiVOPO, instead of &LiVOPO,. Overall,
the SG method results in f-LiVOPO, when heated between 500
and 600 °C in air. On the other hand, it results in &LiVOPO,
when heated between 500 and 700 °C in air or an inert atmos-
phere. This makes the method a good way to compare the and
& polymorphs. Unfortunately, o4-LiVOPO, cannot be synthe-
sized using this method due to the high temperatures required.

Due to these high temperatures, the particle sizes from the
SG method tend to be larger than those synthesized using
the MWST method. At very high temperatures, the primary
particles also begin to melt together. Thus, a high-energy ball-
milling (HEBM) step may be needed for these materials to
gain appreciable electrochemistry. The study by Azmi et al. is
a good starting point to show this. They compared the electro-
chemical performance in the high-voltage window of a low-
crystalline BLiVOPO,, high crystalline S-LiVOPO, and high
crystalline &LiVOPO,, all without HEBM.[2%4l They show that
the high-crystalline B-LiVOPO, has better electrochemical per-
formance than the low-crystalline S-LiVOPO,, improving the
capacity from 75 to 95 mAh g! (C/50) within the voltage range
of 3.0-4.5 V. This suggests that crystallinity plays an important
factor in the electrochemical performance of LiVOPO,. This is
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important because HEBM reduces the particle size while also
reducing the crystallinity,?%324] and its implications will be dis-
cussed in Section 5.4. In a later publication, Azmi et al. also
showed that HEBM can be used to further improve the electro-
chemical performance of S-LiVOPO,, increasing the capacity to
120 mAh g™ under the same conditions.*”l They show that this
improvement was due to the reduction in particle sizes from
1to 5 um to submicrometer sizes.

The &£LiVOPO, synthesized from their original study had
a capacity of 10 mAh g under the same conditions.?*"! This
can then be compared to the study by Allen et al., where both
the B and & polymorphs were also synthesized using the SG
method.®® They subjected the &LiVOPO, to HEBM before
electrochemical testing, resulting in a decrease in the particle
sizes from 2-5 to 1 pum. This improved the electrochemical per-
formance by 100 mAh g, achieving a capacity of 110 mAh g™
within the voltage range of 3.0-4.5 V (C/50).

Zhou et al. compare the electrochemical performance of the
low-temperature &LiVOPO,, high-crystallinity f-LiVOPO,, and
high-crystallinity &-LiVOPO, formed from their SG method over
both high- and low-voltage windows.’2d] They utilized HEBM
for all products, meaning the particle sizes were all the same
prior to electrochemical testing. They show that the low-tem-
perature &LiVOPO, has slightly higher capacity than the other
products at 260 mAh~! g within the voltage range of 1.5-4.5 V
(C/10, C =1 Li). They attribute this to the excess carbon within
this sample which would theoretically improve the conduc-
tivity of the material. The - and &LiVOPO, also attained high
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capacities of 240 mAh g! under the same conditions. These
studies all show that although the SG method can result in
fairly small particles, these are often still too large for adequate
electrochemical performance, especially with &LiVOPO,.

One final interesting twist related to the SG method is the
use of microwave sintering (MS) instead of traditional thermal
conduction/convection/radiation heating of the gel.*® As with
the MWST method, the use of MS directly heats the gel and the
reactants. This results in faster heating rates, more even distri-
bution of heat, and faster reaction kinetics. These translate to
lower energy costs, shorter heating times, and more uniform
products, all of which are very attractive to manufacturing. This
method has been shown to work with LiFePO,, resulting in
powders with smaller and more uniform particles.*?! As with
the MWST method, a microwave absorber is needed, often a
carbonaceous material. In the SG method, the gel serves this
purpose. Wang et al. utilized this microwave sintering sol-gel
method to synthesize FLiVOPO,B2e This resulted in highly
crystalline products with particle sizes in the range of hundreds
of nanometers, much smaller than any other SG method. The
B-LiVOPO, synthesized using this method attained full 1 Li
cycling, with capacities of 135-155 mAh g within the range of
3.0-4.4V (C/20). This further shows that good crystallinity and
small particle sizes, regardless of the specific synthesis method,
are critical to attaining good electrochemical performance.

5.3. Solid-State Method

The study by Shi et al. provides the mechanisms involved in the
SS method for synthesizing LiVOPO,.2% Through in situ XRD
with heating in Ar, they show that LiVOPO, does not form until
=650 °C, with good crystallinity and purity not being achieved
until 750-800 °C. This temperature is above the f — & transi-
tion temperature, meaning the only phase possible using the
SS method is &LiVOPO,. The &LiVOPO, from this method
synthesized had primary particles in the range of 1-2 um, fused
together into larger clumps with sizes > 10 pm. These large
particle sizes are due to the high temperatures and long sin-
tering times. Thus, HEBM will be needed in order to achieve
any appreciable electrochemical performance. They show that
ball-milled &LiVOPO, has smaller primary particles < 1 um,
which would help improve the electrochemistry. Unfortunately,
the surfaces are also rough and the crystallinity becomes poorer
with ball-milling, which would negatively affect the cycling
stability. They show that too little ball-milling results in an
overall lower capacity while too much ball-milling results in
a good initial capacity but significant capacity fade. However,
they show that almost 2 Li cycling was possible, with a capacity
of 300 mAh g! at a slow rate (C/50, C = 1 Li). Overall, the SS
method is the simplest of the 3 methods discussed, but also the
most limiting.

The various synthesis conditions related to the formation
of LiVOPO, are summarized in Figure 11; and Table S2 (Sup-
porting Information). The reason that ¢4-LiVOPO, has been
shown to only form using the ST method or through the
dehydration of LiVOPO,-2H,0 is due to it being a metastable
phase. Both 3 and &LiVOPO, have similar thermodynamic sta-
bilities, though &LiVOPO, is preferred when O-vacancies are
present. Thus, &LiVOPO, can be synthesized at high tempera-
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tures using all the methods described above, where O-vacancies
can be easily formed. S-LiVOPO, can also be synthesized using
these methods, with the exception of the SS method, due to the
high temperatures associated with SS.

5.4. Role of Disorder in Electrochemical Performance
of £Li VOPO,

When LiFePO, was first introduced, it faced the same problems
of poor electrochemical performance due to poor ionic conduc-
tivity. The solution to this problem was nanosizing and the use
of a conductive carbon additive. Shi et al. showed that utilizing
these same methods, &LiVOPO, electrochemically comparable
to other polymorphs can be made.?% Specifically, in this work
the HEBM method was optimized to reduce the particle sizes of
&LiVOPO, from several microns to hundreds of nanometers.
They also used various carbon additives, with the most prom-
ising being acetylene black or graphene nanoplatelets.

As discussed in the previous synthesis section, HEBM has
proven to be an invaluable tool in improving the electrochem-
ical performance of LiVOPO, by reducing the overall particle
sizes. This is especially important for the  and & polymorphs
(in which Li undergoes 1D and pseudo-1D diffusion, respec-
tively),l'M] since smaller particle sizes would also reduce the
chance for defects to block the diffusion pathways.?’l HEBM
would be especially important for & LiVOPO, because it exposes
more facets which could be electrochemically active.

Unfortunately, HEBM also induces strain and results in a
significant loss in crystallinity.?% Rana et al. showed that the
VOPO, <> LiVOPO, reaction is plagued with side reactions, pos-
sibly due to the formation of a semireversible SEL.240 This is
shown in Figure 12, where the measured capacity (red squares)
is much larger than the capacity due to V redox (red diamonds).
They also mentioned that these side reactions are not observed
in nanosized samples which did not undergo HEBM.!")l Thus,
they attributed these side reactions and the sluggish V*<«V>*
redox reaction to the disorder induced by HEBM.

In another study by Shi et al,, it was shown that annealing
the disordered &LiVOPO, after HEBM can be used to reduce
the disorder and improve the electrochemical performance.>’
First, XRD shows that annealing causes the &LiVOPO, peaks
to sharpen, which are indicative of improved crystallinity. 7Li
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NMR also shows that HEBM causes an increase in the amount
of Li residing in the 2nd Li site, which is associated with the
disordered phase. Upon annealing, the NMR peaks associ-
ated with the disordered sites decreased, showing a decrease
in the overall disorder. Similar observations were made using
3Ip NMR. PDF also showed increased structural coherence and
lower V thermal parameters after annealing, both of which are
associated with a decrease in disorder. Overall, annealing has
been shown to improve the crystallinity of &LiVOPO, while
maintaining its purity.

Electrochemical tests also show that the reduced-disorder
sample has superior electrochemical performance, only expe-
riencing =~4% capacity fade after 100 cycles. This is compared
to the disordered sample, which lost =85% of its capacity
by 100 cycles. Additionally, the reduced-disorder sample has
higher capacity, improved rate capability, higher Li* diffusion,
and lower charge transfer resistances.!

Overall, HEBM has proven to be an invaluable tool in
improving the electrochemical performance of LiVOPO,. How-
ever, it also induces a large amount of strain and disorder,
which are detrimental to the electrochemical performance
of LiVOPO,. Thus, either the disorder must be removed via
annealing or the as-synthesized LiVOPO, must already have
nanoscale particles while maintaining high crystallinity.

5.5. Nanocrystalline &VOPO, as a Model Material
Achieving 2Li Cycling

The above review of the synthesis and electrochemical perfor-
mance of LiVOPO, clearly indicates that well-crystalline nano-
sized (Li)VOPOy is required to achieve stable 2Li cycling. Such
material was synthesized by Siu et al.'¥l using H,VOPO, as a
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precursor and heating it in O, at 550 °C, &VOPO, nanocrystals
with cuboid particles of 100-200 nm were obtained (Figure 13).
This material when coated with graphene nanoplatelets during
electrode preparation delivers full theoretical capacity at C-rate
(C = 2Li) up to C/20 for up to 50 cycles. X-ray absorption data
confirms the reversible vanadium oxidation change from 3+ to
5+ upon Li cycling, indicating that the electrochemical capacity
originates from vanadium redox rather than side reactions. As
previously discussed, the Li and 3'P NMR also confirms lithi-
ation to Li,VOPO, upon discharge. The only drawback of this
material is sluggish kinetics of the high-voltage process, which
worsens overall rate performance.

45 400
J ] ]
' Ist | 20 300 e
= 300
>ﬁ3.5 —10th| < 2504
g ——20th| € °
3.0 —30m| 200
02 i 40th| "5 1504
P =\ —50th 8 100
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2.0 O 504 #— Charge
ey 0 . . . . -
0 50 100 150 200 250 300 3350 0 10 20 30 40 50
Capacity, mAh/g Cycle Number

Figure 13. a) Galvanostatic charge—discharge curves of £ VOPO, from 1.6
to 4.5V and b) cycle performance at C/50, 1C = 2 Li; c) SEM image and
¢,d) TEM images of &VOPO, particles hand mixed with graphene nano-
platelets for slurry preparation. Reproduced with permission.¥l Copyright
2018, The Royal Society of Chemistry.
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Figure 14. Electrochemistry of &VOPO, with Acetylene Black (Alfa-Aesar) a) and graphene nanoplatelets d) at different rates. TEM images showing
particle to carbon contact for acetylene black b) and graphene e). Operando V K-edge XANES spectra with pre-edge inset depicting V valence for

&VOPOQ, using acetylene black c) and graphene f) at high c-rate of C/5.

5.6. Role of Carbon Coating

&VOPO, with higher carbon content (70% Active, 20% Carbon,
10% PVDF) were used to decouple the role of carbon as it
affects the electrochemistry of &VOPO, (see Experimental
Details, Supporting Information). To minimize the effect of
disorder induced nanosizing by way of ball-milling,* highly
crystalline &VOPO, was used which can be synthetically
nanosized™¥! without the need to ball-mill. Due to the inher-
ently poor conductivity of phosphate cathode systems, the
addition of conductive carbon is required for proper electro-
chemistry. &VOPO, with acetylene black (Alfa-Aesar) carbon
displays poor electrochemistry by not reaching theoretical
capacity of 305 mAh g! (Figure 14a), even at a slow rate of
C/50. The underperforming electrochemistry is largely attrib-
uted to the poor contact between the carbon and nanoparticle
surfaces (Figure 14b). Operando V K-edge XAS spectra reflect
the inactivity of &VOPO, with acetylene black at high rates of
C/5 (Figure 14c). Due to capacity and V valence discrepancies,
we suspect the catalytic behaviour of e-VOPO, to be activated
when conductivity requirements are not met. Nanosized particle
VOPO, in combination with highly conductive graphene nano-
platelets (xGnP), enables fully reversible theoretical capacity at
C/50 (Figure 14d). The better performance stems from better
carbon coverage (Figure 14e) effectively coating the &VOPO,
nanoparticles. While the reversibility of &VOPO, with graphene
decreases at higher rates, operando XAS measurements reveal V
redox is active and proportional to the capacity at high rate of
C/5 (Figure 14f). A point that should be made is that the better
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performance of graphene over acetylene black is not due to
unique properties of graphene, but rather the surface area dif-
ferences between the two carbons. The choice of carbon addi-
tive should be partial toward high conductivity and high surface
area. While better conductive carbon can help acitvate more
true V redox, the true catalytic behavior of vandyl phosphates is
largely unknown and warrants further study.

6. Role of Substitution

With an electronic bandgap of 22.1 eV, all (Li)VOPO, poly-
morphs are considered to be either wide bandgap semiconduc-
tors or insulators.'>2"! This wide bandgap is the cause of poor
conductivity that inhibits electronic and Li-ion transport. Poor
kinetics compounded with large particle sizes are key draw-
backs restricting (Li)VOPO, from being suitable for most com-
mercial applications. As previously discussed, HEBM has been
introduced to decrease particle size as well as coat the material
with a conductive carbon layer; however, it introduces a large
amount of structural distortion that imposes kinetic limitations
upon the LiVOPO, system.*] A nanosized VOPO, material was
obtained by Siu et al. to avoid the HEBM step; however, there is
still a reduced capacity retention at fast rates.['3] Improvements
to the high voltage kinetics, hysteresis, and capacity retention
for (Li)VOPO, are still needed.

Transition metal substitution is a method that can be used
to address these issues by altering the intrinsic properties of
the material. This approach can be divided into two categories:
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isovalent and aliovalent cationic substitution. The concept of
the latter has been perceived with more skepticism. Compli-
cations in charge compensation can cause oxygen or lithium
defects, or even change the oxidation state of the original transi-
tion metal. Computational studies of substituted LiFePO, (LFP)
report unfavorable conditions for substitution citing higher
solution energies for aliovalent cationic substitution than for
isovalent substitution.!] While some experimental results
agreed with computational findings,*P#? other studies show
successful isovalent and aliovalent substitution.[*’!

The key to successful substitution, as both Omenya et al.
and Harrison et al. point out, is reaction temperature. As reac-
tion temperature increases, substituent solubility in the LFP
system decreases. It is also seen that impurity phases increase
with increasing temperature both demonstrating the need for
lower reaction temperatures.[*"€l A low-temperature synthesis
method, microwave-assisted solvothermal synthesis, was used
to ensure maximum substitution and found that up to 20%
vanadium substitution into LFP was possible.[*3¢]

Similar to LFP, substitution into the LiVOPO, (LVP) system
has mixed results depending on the synthesis method and
temperature. A few groups claim to have substituted various
transition metals into LVP using a high-temperature solid-state
synthesis method. While they do mention electrochemical prop-
erties such as cycle stability™l and conductivity*! improvement,
they provide little to no data to prove transition metal substitu-
tion occurred and was the key to these improved properties.

Lower temperature synthesis methods such as reflux,
sol-gel, ! hydrothermal,*¥! and microwavel®! were used for
transition metal substitution into (Li)VOPO,. Reflux methods
were used to synthesize substituted vanadyl phosphate dihy-
drates, VO(PO,4)-2H,0 (VOP), as well as two different substi-
tuted VOPO, polymorphs (eg;, d) for catalytic purposes which
are beyond the scope of this review. Substitution using up to
25% Mn, 40Pl Fe [46c-8l Ga [46f] A] [46fe] Cr, 14608l and W and NDbHoM
were used. Wen et al. showed that up to 5% of Mo can be sub-
stituted into VOPO,, using a hydrothermal method followed
by annealing at 550 °C. It was shown that Mo is in the 6+
state in this compound compensated by equal amount of V*.
Mo substitution was shown to enhance Li diffusion kinetics,
leading to higher electrochemical capacity and better cycling
stability.8a

We have extended this effort to investigate the possibility
of substituting other transition metals similar to V in terms
of ionic size, coordination, or oxidation states, using low-tem-
perature hydrothermal and microwave-assisted hydrothermal
methods. According to Vegard’s law, as substitution occurs, we
expect to see lattice parameter changes that correspond to an
enlargement or shrinkage of the lattice depending on which
substituent is being used.*! Table S3 (Supporting Informa-
tion) shows the ionic radii®¥ of the substituents we used in
their charge state detected by XAS. XRD analysis of these (Li)
VOPO, materials show mostly pure (Li)VOPO, either in the
epsilon phase, beta phase, or a mixture of both (Figure S2 and
Table S4, Supporting Information). The hydrothermally syn-
thesized materials indicate an HLiVOPO, impurity phase is
present. It is more apparent in the Cr-substituted samples, how-
ever, HRXRD indicates the impurity is present in the Nb-sub-
stituted samples as well.*®< For all syntheses, the substituted

[46]
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materials tend to prefer one phase over another, but with syn-
thesis manipulation and post-annealing, a pure phase can be
achieved. 48]

As mentioned previously, different methods produce dif-
ferent lattice parameters for pristine (Li)VOPO, depending on
how many defects were introduced into the structure during
synthesis. According to TGA data, the synthesis methods using
water as a solvent without a post annealing are more likely to
have a greater number of protons in the structure, making the
volume larger than the theoretical values.*'d This holds for
the substituted materials as well, which is why, in general, the
hydrothermal (HyT) and microwave (MW) synthesized mate-
rials have larger volumes than not only the calculated pristine
LiVOPO, but also the hydrothermal samples with postheating
(HyTA) for both the pristine and substituted materials.

The lattice parameters, plotted against the experimentally
determined substituent content detected by inductively coupled
plasma (ICP) analysis (Table S4, Supporting Information) are
presented in Figure 15. For &VOPO,, increasing the amount of
substituent increases the b lattice parameter while the a and ¢
stay the same. The lithiated phase shows an increase in the a,
b, and volume parameters, but a decrease in the ¢ direction. For
B-LiVOPO,, there is an increase in all lattice parameters as the
substituent content increases. Overall, there was an increase in
volume for each of the substituents in all synthesis methods
indicating a change in the (Li)VOPO, lattice. Based on the lat-
tice parameters change, the substituents that have most likely
substituted into the structure are Cr, Nb, Ti, and Mo, while W,
Zr, and Mn are less likely to substitute.8]

Lattice parameter changes are affected by the synthesis
method, as seen in Figure 15. For the epsilon LiVOPO, phase,
similar trends are seen to different extents. The two low-tem-
perature methods—MW and HyT—show a larger increase in
the a and b directions. While the HyTA synthesis products also
show an increase in the a and b directions, but compared to the
MW and HyT methods, the change is very slight. In the ¢ direc-
tion, the HyTA samples show no change, however, the MW
and HyT samples show a decrease as the substituent content
increases. For the f-LiVOPO, phase, the two low-temperature
methods show an increase in all the lattice parameters as the
substituent content increases, while the HyTA method shows
no change in the ¢ direction and only minimal change in the
b direction. The differences in these unit cell parameters could
come from the presence of protons in the low-temperature
methods.

XAS data were used to determine oxidation states of V and
substituents and to derive the charge compensation mechanism
in combination with ICP data. XAS data show Nb in the 5+ oxi-
dation state with the majority of the vanadium in the V* for
LiVOPO, and V>* for VOPO, M In order to charge com-
pensate in the LVP system, lithium deficiencies were seen as
the amount of niobium increases. Cr** also caused lithium
and vanadium deficiencies, however, the number of protons
increases to compensate for the loss of charge.[*®9 Both Mo and
W are in the highest oxidation state of 6+ which brings them
to a similar ionic radius as V*" in LiVOPO,. Significant charge
compensation must occur to compensate the higher charge of
the substituents, and therefore the presence of V3* is expected
to be high as no lithium deficiencies were seen in ICP data
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ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

7.30 6.98
—=— Mo_HyT+annealing_190Proof (b)
—=— Mo_HyT+annealing_200Proof 6.96
7.28 +
—~ 6.94
2726 <
= — — 1 © 692+
724 + 6.90
a
7.22 @ L 6.88 L
0 5 10 0 5 10
Substituent content (mol %) Substituent content (mol %)
7.30 332
(©
~ 331
728 +
= ’ % 330
<726 xe-é::\_\ A
@ 3 329
(=]
7241 > 38
7.22 ; 327 L
0 5 10 0 5 10
Substituent content (mol %) Substituent content (mol %)
7.35
ool e ®
| —e—Mn_MW 7.30 /
~ 685} —eMoMw | /
/ —o—W_MW
< i | Zrast/
< 6.80 —=—Ti_HyTA | © 3
—=—Nb_HyTA 7.20
6.75
1 1 7 1 5 1 1
0 5 10 15 0 S 10 15

Substituent content (mol %) Substituent content (mol %)

7.95
7.90 T
2 <
~ [
Q
7.85 E =
°
>
7.80 1 1 L 1
0 5 10 15 5 10 15
Substituent content (mol %) Substituent content (mol %)
7.50 — 6.34 —
() 0
~ 748 ¢ 6.32
< _
= < —s—Ti_HyT+anneal.
7.46 © 6.30 —e—Ti_MW

—e—Nb_MW —e—Zr SG (Park et al.)

—a—Nb_HyT
7.44 —— Nb:HzT'*annea] 6.28
0 5 10 15 0 5 10 15
Substituent content (mol %) Substituent content (mol %)
342 O
(9]
720} __ 340t
o
= < 338
ERAT: g
© =
= 336
>
7.16 s : 334 : s
0 5 10 15 0 5 10 15

Substituent content (mol %) Substituent content (mol %)

Figure 15. Lattice parameters and unit cell volumes of substituted
a-d) &VOPOQ,, e-h) &LiVOPO,, and i-l) f-LiVOPO, synthesized via sol-
gel (SG), microwave (MW), and hydrothermal (HyT) methods followed
by annealing (HyTA).
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(Table S4, Supporting Information). This is seen more clearly
with the Mo-substituted samples, as more Mo is present overall
in the material than W.*82¢dl Mn, however, is in the lowest
oxidation state also having the largest ionic radius. It might be
more difficult for the manganese to substitute into the struc-
ture because of the significant difference in size, however, the
increase in volume from the protons in the microwave sample,
may allow for the manganese to be inserted in the structure
more easily. XAS shows no indication of V°* present in the MW
samples and there is also no change in lithium content sug-
gesting Mn is not likely to substitute into the LVP structure.l*”
The presence of V3 and the larger substituent will both cause
changes in the unit cell volume seen for all aliovalent cations.
The increasing presence of protons might account for the
changes seen in the Mn-substituted material. Overall, based off
lattice parameter changes combined with XAS and ICP results
there is strong evidence that Nb, Mo, W, and Cr do get incor-
porated into the LiVOPO, structure as aliovalent substituents.

XAS data indicate both Ti and Zr are isovalent to V4" which
means no charge compensation is necessary when these cat-
ions are substituted into the LVP structure. Calculations indi-
cate the lattice parameters for the beta phase will not change
significantly as substitution occurs, however there will be vis-
ible change in the epsilon phase.*¥®! This is generally consistent
with experimental data (Figure 15). It is important to remember
here that the MW sample listed in Figure 14 is roughly 50%
B-LVP and 50% &LVP. It is consistent with LiTiOPO, existing
in polymorphs isostructural to both & and S-LVP.PU The HyTA
sample has the majority of the material in one phase or the
other. They both show similar trends between the phases,
making it difficult to determine if the Ti is substituted into
one phase over the other in the MW material. Due to the slight
increase in lattice parameters combined with ICP detection of
the element, it is expected that the Ti does get incorporated into
the LVP structure.

Due to the larger size of Zr*, it is expected there will be a
large change seen in the unit cell volume as Zr gets substi-
tuted in. However, the experiments show virtually no change
in lattice parameter, even after a 3% substitution reported by
Park et al. While XPS data show Zn is present on the surface
and ICP and EDS data additionally confirm the presence of
Zr, these techniques cannot confirm that it has been success-
fully substituted into the crystal lattice.*’?l Kaplan et al. report
Zr does not substitute into their MW material as the little Zr
detected by ICP does not affect the lattice parameters.>’ While
Zr is present in both samples, it cannot be concluded that it
substituted into the crystal structure. In both materials, how-
ever, improvements were seen compared to the pristine mate-
rial suggesting that a mechanism other than substitution, i.e.,
surface coating, may lead to better cycle life.

The best electrochemical performances out of the substi-
tuted (Li)VOPO, materials are summarized in Figure 16. It can
be seen that substitution overall has improved cycle stability in
comparison to the pristine counterparts. As mentioned previ-
ously, the carbon additive used during electrode preparation
plays a factor in the electrochemical performance of (Li)VOPO,.
It is important to note here that different carbon additives and
cycling rates were used for various studies. The MW samples
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Figure 16. a) Cycling stability of all substituted samples and galvanostatic charge-discharge curves for b) &VOPQ,, c) &LiVOPO,, and d) B-LiVOPO,.

used graphene and were cycled at C/10 (C = 1 Li); the Cr HyT
sample used acetylene black and was cycled at C/15 (C =1 Li);
the Mo HyTA sample used carbon black and was cycled at C/20
(C =1 Li); the Nb HyT, and Ti and Nb HyTA samples used gra-
phene and were cycled at C/20 (C =1 Li).The materials with the
same substituent perform differently depending on synthesis
method. For the Ti-substituted materials, different phases are
obtained in the different methods. The two 2.5% Ti_HyTA sam-
ples are pure phase beta or epsilon, while the Ti_MW sample is
50% each. The beta phase 2.5% Ti_HyTA experienced capacity
fade for the initial 25 cycles and regained stable cycling there-
after. In contrast, the epsilon phase showed consistent capacity
retention for the first few cycles but experienced a larger
capacity fade after 25 cycles. The Ti_ MW sample performed
the best compared to the 2.5% Ti_HyTA samples, having the
highest capacity and cycle stability. This may be due to the mix-
ture of phases, or the presence of protons in the sample.

The Nb_HyTA sample shows the beta phase starts off with
higher capacity than the epsilon phase, however, the epsilon
phase shows steady capacity retention making it better for long-
term cycling. The niobium samples without the postheating
(MW, HyT) have much higher capacity, even at the faster rates.
The slight increase in rate will contribute to the higher capacity
seen for Nb_HyT, and is therefore comparable to the Nb_MW
and Nb_HyT materials. Likewise, the Mo and Cr-substituted
(Li)VOPO, samples prepared by different procedures also show
varying results. For both substituents, the samples synthesized
by MW present higher relative capacities, even at the slower
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rates. Although 10% Mo_HyTA shows the lowest capacity of
all the samples, this material still demonstrates good capacity
retention for 10 cycles. As for the Cr-substituted samples, while
5% Cr_MW initially has higher capacity, both HyT and MW
samples show good stability for long term cycling. The Cr_HyT
sample shows an improved coulombic efficiency of above 96%
and a capacity retention of ~95% after 40 cycles. A comparison
between these low temperature methods, which both incorpo-
rate protons into the structure, shows that the addition of gra-
phene likely contributes to the higher capacity of MW sample.
The substituted samples synthesized by low temperature
methods (HyT and MW) contain an additional “bump” in the
high voltage during the charging process which is also observed
in the pristine samples. The annealed pristine MW electrode
material does not contain this “bump” and therefore, it is tenta-
tively attributed to the presence of protons.3>l The unresolvable
voltage steps in the low-voltage area can also be attributed to the
presence of protons which prevent Li ordering for these inter-
mediate phases to form. Substitution increases these defects
in the structure which further exaggerates this effect creating
more of a solid-solution kind of voltage profile. Of note is that
the HyTA samples also show the shortest high voltage plateau.
Similarly, in the beta phase, the HyTA samples again show
profiles most similar to what is expected. In contrast to the
epsilon phase, all samples have similar high-voltage plateaus,
which can be correlated to better reaction stability and kinetics
of the beta phase over the epsilon. The HyT and MW sam-
ples again have the extra step in the high voltage region and a
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voltage step missing in the low voltage area. The exception is
Ti_MW which shows a voltage profile more comparable to the
epsilon phase. For the same substituents synthesized by low
temperature methods (HyT and MW), Nb substitution causes
the largest hysteresis.

Overall, the substitution in (Li)VOPO, is limited to sev-
eral percent of either isovalent or aliovalent ions. The substi-
tuted samples synthesized by low-temperature hydrothermal
methods tend to incorporate protons as a way of charge com-
pensation for substitution or nonstoichiometry. Interestingly,
these nonstoichiometric disordered samples show fairly good
initial electrochemical performance. However, upon annealing
this performance deteriorates, contrary to what happens to the
disordered high-energy ball-milled samples upon annealing.
It might be correlated to the nonstoichiometric nature of the
hydrothermal samples, which might prevent ordering upon
annealing.

7. VOPO, Materials for Na Cycling

Although Li-ion batteries are the most promising mode of
energy storage for portable devices and electric vehicles, the
rising cost and limited geographic distribution of Li drives the
research into alternative chemistries. The best candidate is Na,
the next element from the same family as Li.

Research on NaVOPO; is fairly limited. Lin et al. calculated
the various thermodynamic properties of NaVOPO, and com-
pared them with one another and with those of LiVOPO,."M The
calculations show that in the Na—V—P—O phase diagram, the
energy of the VOPO, structure is closer to the convex energy
hull than the NaVOPO, phase which in turn is significantly
closer to the hull than the Na,VOPO, phase.l¥) This explains
why there are no reports on the direct synthesis of Na,VOPO,.
Additionally, very few studies directly synthesize NaVOPO,,?
with most other studies opting to instead start with either
VOPO, or LiVOPO, as a precursor.[>>3]

As with LiVOPO, NaVOPO, has 3 polymorphs, which are
closely related to their Li analogs and share the same naming
systems. The major difference is that the & polymorph of
NaVOPO, has a monoclinic structure, due to it only having
a single Na-site, compared to LiVOPO, which is triclinic and
has two Li-sites. However, the two structures have very similar
VOPO, framework.

Lin et al. predicted that the € polymorph is the most stable,
followed by the ¢4 and 8 polymorphs which have similar ther-
modynamic stabilities. Experimentally, the & polymorph has
been synthesized using a variety of methods, including SS and
SG.% On the other hand, the ¢4 and 3 polymorphs have only
been synthesized by reacting ¢ or f-VOPO,53 with a
Na-source. The VOPO, can either be synthesized directly or by
delithiating LiVOPO,.

Lin et al. have also predicted the voltage profiles of each
NaVOPO, polymorph. A comparison of the calculated pro-
files with profiles from various studies is shown in Figure 17.
The calculations show that the voltage profiles of NaVOPO,
would be 0.3-0.6 V lower than those of LiVOPO,, which fits
the expectations for most Na-ion cells.’ They also predict that
the voltage at which the insertion of the 1st Na* ion would be
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Figure 17. Comparison of calculated and experimental voltage profiles
from various references.[152-53

highest is in the £ polymorph, followed by the ¢ then the 3 pol-
ymorphs. This generally fits experimental data, with the excep-
tion of the data from Fang et al., which shows a higher voltage
than expected.

Lin et al. calculated that the bandgaps and diffusion barriers
of NaVOPO, are less beneficial for the electronic and ionic
transport than those of LiVOPO,. This implies that NaVOPO,
will need particle-size reduction and conductive carbon coating
in order to become electrochemically active. This fits with all
the experimental data, which all require HEBM and some
form of carbon additive in order to improve the capacity. Even
utilizing these methods, no study has attained even full 1 Na
cycling within the voltage range of 2.5-4.5 V. Thus, plenty of
optimization is still needed. Lin et al. also predict that the g
polymorph would perform the best out of all the polymorphs,
due to its lower diffusion barriers. This fits with the experi-
mental data in literature, which show that the ¢q polymorph
has the highest capacity among the various polymorphs.

Lin et al. also predicted the voltage profiles for the insertion of
the 2nd Na* ion. However, this insertion has not been observed
experimentally in these three NaVOPO, phases. This is possibly
due to defects introduced by HEBM or a need to explore a lower
voltage window in order to observe this insertion reaction. There
have also been no studies on the chemical sodiation of (Na)VOPO,
into Na,VOPO,. Such studies will be needed in order to better
understand the electrochemical insertion of the 2nd Na* ion.

8. KVPO,(O,F) and NH,VOPO, as Open
Structures for Cycling Larger Cations

Synthesis of several AVOPO, compounds were reported, where
A =K, Rb, Cs, and NH,*, some via direct synthesis and others
by insertion into a VOPO, precursor.”® The presence of larger
cations within the compound expands the unit cell volume,
allowing ease of diffusion during electrochemical cycling of
larger cations such as Na* and K*.

© 2020 Wiley-VCH GmbH
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Figure 18. a) Crystal structure of KVOPO,, and b) crystal structure of KVPO,F.

Among the AVOPO, compounds, KVOPO, (Figure 18) has
gained attention due to its structural similarity to KTiOPO,,
which is a widely studied compound due to its optical proper-
ties.l’®l The synthesis of KVOPO, was first reported by Phillips
et al. by hydrothermal method at 700 °C and 2.4 kbar.l*® The
resultant pure compound was characterized to be isostructural
to KTiOPO, and denoted as &-KVOPO,. The replacement of
Ti with V results in an orthorhombic structure composed of
single rows of corner sharing distorted VOg octahedra, linked
together by PO, tetrahedra with space group Pna2, and a
unit cell volume of 864.2 A3. o KVOPO, and its fluorinated
analog KVPO,F have been studied as cathodes in K-ion bat-
teries by Chihara et al. with 1 m KPF¢/EC:PC electrolyte in a
2.0-5.0V versus K/K* window.””) In a-KVOPO,, the reaction
before 4.45 versus K/K* was ascribed to a solid solution mecha-
nism and the reaction between 4.45 and 5.0 versus K/K* to a
two-phase mechanism based on in situ XRD data, where the
new phase belongs to the same space group with different lat-
tice parameters. The charging maximum extracted 0.63 K* per
formula unit and resulted in a 3.3% volume change in unit cell.
Reversible capacity of 84 mAhg™ was obtained as a result of the
reintercalation of K* into the 0.63 K* vacancies.

The fluorine compound, KVPO,F, shares the same crystal-
line structure (space group Pna2l) with KVOPO, (Figure 18).
Fluorine atoms substitute the joint oxygen atoms between
VOg octahedrons in the [VOs).. chains, as shown in Figure 19a.
According to the present literature and our own results, the
unit cell volume of the KVPO,F is typically =1.5% larger than
that of KVOPO,, which may be due to the expanded VO,F,
octahedron.'"*® The valence state of vanadium reduces to 3+ to
balance the charge change by fluorine substitution (Figure 19b).

(a)

Figure 19. a) The [VOs].. chains in KVOPO, and KVPO,F. b) The XANES of KVOPO, and KVPO,F.
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Researchers have cycled the KVPO,F phase in batteries
using the V3*/V* redox couple.’”>8 As shown in Figure 20a,
the V3*/V*" redox exhibits a voltage of around 4 V versus Li/Li*.
This high voltage is largely resulted from the strong inductive
effect of fluorine. Fedotov et al. extracted a maximum 0.83 K*
per formula unit by charging the KVPO,F phase up to 5.0 V
versus Li/Li* followed by a continuous holding for 48 h.5®
Based on the selected area electron diffraction (SAED) and
electron diffraction tomography (EDT) data, they claimed that
the charged phase becomes centrosymmetric belonging to the
Pnan space group. The most K* deficient phase can reversibly
store 0.7 Li* during the discharge corresponding to a capacity of
ca. 110 mAhg™. Instead of following the initial K(1), K(2) sites,
the Li* shares only partial K(2) sites and creates new Li(3) sites.
The same group also studied diffusion of Li*, Na*, and K* in
KVPO4F and reported highest apparent diffusion coefficient
for K* ion.>) Moreover, they have reported a novel RbVOPO,
phase, which also adopts the KTiOPO, structure and is capable
of Rb* and K* ion cycling.[%]

Chihara at al. also attempted to electrochemically extract
potassium ions from KVPO,F but in a potassium cell
(Figure 20b).””] They observed a solid solution reaction upon K
extraction from the in situ XRD data. Maximum 0.7 K* per for-
mula unit can be extracted by charging up to 5.0 V versus K/K*.
Different from the lithium storage in the Li cell, Chihara et al.
observed that the K* are fully accommodated in the initial K(1)
and K(2) sites, resulting in a total structure reversibility upon
cycling. The different behavior of Li* and K* intercalation in the
K* deficiency polyhedron framework may be highly related to
the size of the ions. Use of anode other than metallic potassium
results in better cycling stability of K* cycling in KVPO,F.[°Y
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Figure 20. The voltage profiles of KVPO,F materials in Li a) and K b) cells.78 Plot (a) reproduced with permission.®l Copyright 2016, The American
Chemical Society. Plot (b) reproduced with permission.[’’] Copyright 2017, The Royal Society of Chemistry.

Similar to the lithium vanadyl phosphate (LiVOPO,) and
lithium vanadium fluorophosphates (LiVPO,F),[Z it is also
feasible to achieve multielectron reaction by taking advantage
of the V3*<V>* and VZtV* redox couples for KVOPO, and
KVPO,F, respectively. As shown in Figure 21a, the K ;5;VPO,F
structure can store multiple lithium ions in a voltage window of
1.5-4.7 V versus Li/Li*. There are two distinct capacity regions
at the high voltage of =3.8 V (V#/V3*) and low voltage of =1.8 V
(V3*/V?).13] The K-pillared polyhedron framework with large
cavities can also accommodate more than one Na*. As shown
in Figure 21D, our results show that a K* deficient framework
Ko36VOPO, can deliver 235 mAhg™ discharge capacity in a
sodium cell corresponding to 1.76 Na* per formula unit. Inter-
estingly, the average voltages of the V>*/V* and V*/V3* for
K;¢Na,VOPO, are similar to those of V#/V3* and V3*/V?* for
Ky 17Na,VPO,F. This analogy in voltages is a synergetic result
of the fluorine introduction and potential difference between
lithium and sodium metal. It is worthwhile to mention that
the multiple sodium storage behavior have never been seen in
other vanadyl phosphates members. We believe that the more
open polyhedron framework of KVOPO, provides accessible
room for the second Na, which can active the V#/V3" in the
vanadyl phosphate structure. The additional Na accommoda-
tion can extend the gravimetric energy density to a very high

s LilLi*, v

1

: O

s L L L
90 120 150 180 210

1 L
30 : 60

®

_ Specific capacity, mAhg  :

level of 600 Whkg. But still, the voltage gap between the two
active redox regions and the low voltage of the V**/V* redox
remain challenging.

Later, another KVOPO, structure was discovered by Berrah
et al. with much smaller unit cell belonging to P2,2,2; space
group (named BKVOPO,)® and compared to the other
AVOPO, with A = Li, K, Rb, Cs, NH,. The f-KVOPO, is syn-
thesized hydrothermally by an addition of a tungsten source
which was noted to be essential for monophasic product forma-
tion. The powder XRD analysis of the SKVOPO, indicates an
orthorhombic structure with P2,2,2; space group and 4679 A3
cell volume.l* This phase is similar to the previously reported
RbVOPO, and CsVOPO, frameworks which are built up of dis-
crete VOs square pyramids linked by PO, octahedra.’>< While
the three compounds crystallize in the same space group,
there are notable distortions that result from the difference in
intercalated ion sizes. Berrah et al. argue that potassium is a
“boundary cation” due to its ability to coordinate both in pyram-
idal and octahedral vanadyl monophosphates. The smaller cat-
ions such as Li* and Na* are strictly observed in structures with
VOg chains. Potassium can exist both in octahedral vanadyl
monophosphates such as o- KVOPO, as well as in the pyram-
idal B-phase. A layered KVOPO,nH,0 phase was obtained by
potassiation and partial water removal from K,sVOPO,-aH,0,

xin Ko3sNaxVOPO«
4_50,0 02 04 06 08 10

N

N

75 100 125.150 175 200 225 250

0 25 50 g
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Figure 21. The multielectron behavior of KVPO,F in Li cell a), and KVOPO, in Na cell b).[¥l Reproduced with permission.[®l Copyright 2018, WILEY.
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at C/20, where C is 2 Na.

and was shown to provide 115 mAh g (0.2 C, average voltage
3.65 V). Further comparison of KVPO,(O,F) phases with
other cathode materials for potassium-ion batteries can be
found in recent reviews.[°!

Interestingly, although being a larger cation than K,
ammonia containing NH,VOPO, is also built up of corner
sharing VOg octahedra. This structure is highly similar to
o-KVOPO, and has gained attention due to its highly porous
VOPO, framework. It is possible to address the limitations
of cation removal in KVOPO, phases by the use of this iso-
structural polymorph where instead of potassium, the VOPO,
framework is pillared by the NH," which is a volatile cation.
NH,VOPO, has a very similar VOPO, framework to that of
KVOPO, where the VOg chains are linked in alternating cis-
and trans-configuration and joined together by PO, tetrahedra
in a noncentrosymmetric framework. Due to the greater radii of
NH,* cations (Shannon radii of K* = 1.38 A, NH," = 1.48 A),P0
there is a larger distortion in ordering of the cations in the
ammonium containing compound. In NH,VOPO,, cations are
in zig-zag arrangement, whereas KVOPO, maintains linear
ordering of K* ions. The hydrothermal synthesis of this com-
pound was originally reported by Haushalter et al. although
pure phase product was not achieved.l”! An interesting study
done by Schindler et al. investigated the effect of synthesis
conditions on formation of various microporous ammonium
vanadyl phosphate compounds.l®® By altering the pH of solu-
tions, different phases of AVOPO, (A = K or NH,") and their
hydrate compounds were obtained. The hydrothermal syn-
thesis of NH,VOPO, was achieved by the use of V:P:(tEA):H,0
ratio of (1:4:(3.5):700 within a pH of 4.2-8.7. We have employed
the molar ratio suggested by Schindler et al. in synthesizing
the NH,VOPO, phase and used V,0s and (NH,),HPO, as
V and P sources. Also, 15% of water solvent was replaced by
100% ethanol in order to enhance the reducing environment
for product formation. The solution was heated at 200 °C for
72 h and resultant product was filtered and dried in a 60 °C
oven. The powder XRD analysis of the product indicates that
this structure has orthorhombic symmetry with Pnn2 space
group and lattice parameters of a = 10.511, b = 12.917, and
c=6.462 A[®

Using TGA-MS in N, and O, with subsequent X-ray dif-
fraction of the products we have shown that it is not possible
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to remove NH," from NH,VOPO, without a phase change.
Heating in O, versus N, indicate that removal of NH," requires
ambient oxygen presence for structural stability. The heating
in nitrogen product was identified to be (VO),P,0;, indicating
stripping of structural oxygen during NH," removal. The XRD
analysis of the samples heated in O, show a loss of crystallinity
at 400 °C and the emergence of an unknown phase at 500 °C,
followed by formation of »VOPO, at 700 °C. On the other hand,
samples annealed in air form pure phase 6 VOPO, with a small
amount of &VOPO, which later form pure phase f-VOPO, fol-
lowing the removal of NH," around 400 °C. Therefore, NH,
can be removed thermally, however, the desired porous VOPO,
phase is not stable without the presence of pillaring NH,* ions.

In order to stabilize the structure before completely removing
the ammonium ions, substitution of some of the NH,* with
Na* was used to pillar the framework. Refluxing NH,VOPO,
in 3 M NaBr in tetraethylene glycol solution successfully sub-
stitutes Na* with NH,* while maintaining structural integrity.
Figure 22a shows the XRD peak shifts in the reflux prod-
ucts with Na source, while Figure 21b shows TGA graphs
with decreased weight loss, confirming Na substitution. The
ICP-MS analysis of the reflux product indicates the presence of
0.82 Na per VOPO, unit. The electrochemical tests in Na-ion
cells were performed for the NH,VOPO, Na,(NH,); ,VOPO,
and Na,VOPO, which was obtained by annealing the reflux
sample (Figure 21c). Following the first discharge cycle, capaci-
ties of 193, 148, and 104 mAh g for Na,(NH,),_,VOPO,,
NaVOPO,, and NH,VOPO, were obtained. Thus, substitu-
tion with Na' improves the electrochemical performance of
NH,VOPO,, while complete removal of NH," worsens it. Pres-
ence of a small amount of NH," may be pillaring the structure
during cycling of Na*, preventing structural collapse, similar to
the small amount of K* in K,VOPO, upon Na cycling. Although
theoretical capacity of 258 mAh g (for 2 Na* cycling) was not
achieved, we were able to illustrate the candidacy of this struc-
ture as a host for larger cation substitution.[®’]

9. Conclusion

This review has demonstrated the capabilities of A,VOPO, family
as multielectron cathode materials for alkali metal batteries. We
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have shown that it is possible to cycle two Li* ions for at least 50
cycles in &VOPO, using nanocrystals coated with graphene nan-
oplatelets. Also, multiple Na* ion cycling is possible in more open
K, VOPO, structure. However, the challenges of A,VOPO, family
originating from poor electronic and ionic conductivities, meta-
stability of x > 1 phases and reactivity toward organic electrolytes
still limit their high-rate and cycling performance. The questions
to be addressed in the future work include further understanding
and prevention of side reactions at both high and low voltages,
in particular, understanding the role of protons in the hydro-
thermally synthesized materials and incorporated upon cycling.
The approaches to increasing Coulombic efficiency and cycling
stability of these materials may include further development of
synthesis methods leading to well-crystalline nanoparticles; use
of different electrolytes, i.e., ionic liquids and solid electrolytes,
along with further work on surface coating and substitution.
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