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Abstract

Polyanionic materials attract a strong interest in the field of Li-ion battery research
thanks to the wide range of compositions, structures and electrochemical properties they
offer. Tavorite-type compositions offer a very rich crystal chemistry, among which LiVPO4F
has the highest theoretical energy density (i.e. 655 Wh/kg). A new Tavorite-type LiVPO,0H
composition was synthetized by hydrothermal route from three different vanadium-
containing precursors. The crystal structure of this new phase was fully determined thanks
to synchrotron X-ray and neutron diffraction. *H, ’Li, and *'P magic angle spinning nuclear
magnetic resonance spectroscopy as well as diffuse reflectance infra-red spectroscopy were
performed in order to support further the nature of the phases formed. Galvanostatic
intermittent titration technique experiments in Lithium batteries and ex-situ X-ray diffraction
analyses revealed that during oxidation, the concomitant extraction of Li* and H" occurs at
the same equilibrium potential (3.95V vs Li*/Li) and leads to the formation of the Tavorite
phase VPO,40 at the end of the charge. LiVPO4OH is also electrochemically active in the low
voltage region, upon Li* insertion. The reversible insertion/extraction of lithium at 1.35V vs

Li*/Li leads to the formation of Li,VPO,4OH at the end of discharge.



Introduction

The development of new positive electrode materials for high energy density
Lithium-ion batteries is one of the main issues for research in the field, both at the academic
and industrial levels. Materials such as LiM";,,M*M?>,0, with M = Co, Ni, Mn, Al ... (LiCoO,",
LiNio,gc,Coo,15AI0.05022 and LiNil/gMn1/3Col/3023 ... ) layered oxides exhibit good performances
and are already industrially developed. LiCoO, is for instance the most encountered in
Lithium-ion batteries used in mobile devices since 1991. Nevertheless, its cost and limited
thermal stability in the charged state of the battery* promoted the development of nickel-
rich layered oxides such as LiNipgoC0g15Alp0sO, for transport applications. Polyanionic
compounds became the subject of intense research since the discovery by J.B. Goodenough
and coworkers’ of reversible Lithium extraction/insertion from/in the olivine-type LiFePO,.
Indeed, this sustainable material demonstrated excellent chemical and thermal stability, as
well as excellent cyclability even at high rates. Its main drawback is in fact its low working
potential (3.45 V vs. Li*/Li) and thus an energy density still limited for transport applications.
Polyanionic compounds are built of MOg octahedra (M = transition metal) and XO, polyhedra
(X="Pr, S, Si, B ...)6'9, with a variety of bi- or three-dimensional frameworks with open
interstitial spaces available for easy alkali ions diffusion. Despite a penalty in the gravimetric
energy density of these materials, the higher electronegativity of the polyanionic groups
versus that of oxygen tends to increase, by inductive effect, the difference of potential with
lithium reference of a given redox couple versus that observed in oxides. Furthermore, it is
possible to tune further this potential by changing the nature of the polyanionic group as
was nicely demonstrated in Nasicon-type structures AsM,(XO4)s (A =Li, Na;, M =Fe, Ti, V ..., X

=P, W, Mo, S ...) moving from phosphates to tungstates, molybdates and sulfates™®*.

Among these polyanionic structures, the Tavorite-like AMXO4Y (A = H, Li, Na; M =V,
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Fe, Mn, Ti ..., X=P, Sand Y = O, F, OH) offers a large panel of compositions
structure, the MO,Y, octahedra are linked by the bridging anion Y to form infinite [Y-MOy-
Y]~ chains. These chains are connected by XO, tetrahedra to form a three dimensional
network and channels for ionic diffusion®. Playing with the nature of the polyanionic group,
the bridging anion and/or the transition metal, it is possible to tailor the potential from 1.5V

vs. Li*/Li for the titanium oxyphosphate’’ to 4.24 V vs. Li*/Li for the vanadium



fluorophosphate®?. For instance, moving from LiFePO,OH", to LiFePO,F and then to
LiFeSO4F'®, the operating voltage vs. Li for the Fe**/Fe’ redox couple increases from 2.9V,
to 3.1 V and then to 3.6 V vs. Li*/Li. All phosphate-containing Tavorite-like compositions

showing an electrochemical activity in Lithium-ion batteries are listed in table 1.

Vanadium-containing Tavorite compositions are very attractive because of their high
operating potential vs. Li and thus provide a theoretical energy density competitive with that
of the already commercialized LiFePO,. Indeed, the most efficient Tavorite compound,
LiVPO4F, is characterized by a theoretical energy density of 655Wh/kg (against 586Wh/kg for
LiFePQ,). LiVPO4F was synthetized for the first time ten years agozz, and exhibits very good

23,24,25

electrochemical performances even at high rates as well as good chemical stability in

26-28

air, in moisture and in temperature in the charged state of the battery . The lithium

extraction process from Liv"

PO4F occurs following two successive biphasic reactions
involving the V**/V* redox couple, the first one between LiVPO,F and Li,;sVPO4F at 4.24V vs.
Li*/Li, and the second one between Liy3VPO4F and V'YPO4F at 4.28V vs. Li*/Li. At lower
voltage (3.0 - 1.5 V vs. Li*/Li) it is possible to operate on the V**/V?* redox couple through
reversible lithium insertion/extraction in/from LiVPO,4F at 1.8 V vs. Li*/Li and according to a
two phase reaction mechanism leading to the formation of Li,V'PO,F*°. The possible
exchange of two electrons per vanadium was thus demonstrated in LiVPO4F even though
only one can be actually used in a small enough potential window and thus in a real system.
This compound is generally synthesized using a long two step ceramic synthesis route and
most efforts are currently focused on the development of an eco-friendly, easy and scalable
synthesis process maintaining optimized electrochemical properties®®>*. Liv'YPO,O can
crystallize according to several forms (o, a,, 635), the Tavorite-like polymorph being the
most investigated. Lithium extraction occurs at 3.95 V vs. Li*/Li with the formation of -
VYOPO, through a biphasic reaction. Note that it is also possible to form €-VOPO, from
another Tavorite-like compound, VPO4.H,O (also called HVPO4OH or H,VP0O,0), by
electrochemical extraction of the two H* cations® or by thermal decomposition. In the low
voltage region (3.0 - 1.5 V vs. Li*/Li involving the V*/V** redox couple), Li* insertion into
LiVPO40 occurs through three reversible biphasic reactions leading to the formation of

Liy sVPO,4O, Liy 7sVPO40 and Li,V"P0O,0 at potentials of 2.46, 2.20 and 2.02 V vs. Li*/Li%.



Up to now the vanadium hydroxy-phosphate with Tavorite-like structure had never
been reported except as a composition mentioned in a patent and in a PhD thesis

3738 and despite the existence on one side of vanadium-containing Tavorite-like

manuscript
phases (LiVPO4F, LiVPO40 and HVPO4OH15’18) and on the other side of a series of Tavorite-
like hydroxy-phosphates (LiAIPO4OH, LiFePO,OH and LiMnPO,OH>*'*"). We report here, for
the first time, on the synthesis of LiVPO,0H, on its in-depth structural characterization and
first insights in its electrochemical behavior. By analogy with VPO,4.H,0, we are entitled to
qguestion how LiVPO4OH will behave electrochemically: is the hydroxyl group stable in this

structure during cycling?

1. Experimental part

Syntheses were performed by hydrothermal route using Parr 23mL Teflon reactors.
Depending on the chemical reaction considered, different precursors were used: vanadium
(1) chlorine (VCls, Sigma-Aldrich, 97%), vanadium (V) oxide (V,0s, Sigma-Aldrich, >98%),
lithium hydroxide monohydrate (LiOH.H,0, Sigma-Aldrich, 97%), lithium acetate dihydrate
(CH3COOLi.2H,0, Sigma-Aldrich, >98%), Lithium phosphate (LisPO4, Sigma-Aldrich, 97%),
phosphoric acid (HsPO,, Sigma-Aldrich, 68% in water) and hydrazine monohydrate
(N,H4.H,0, Sigma-Aldrich, 78-82% in water). VPO, being not commercially available, it was
prepared, as previously reportedzz, through a carbothermal route by ball milling
stoichiometric amounts of V,05 and ammonium dihydrogen-phosphate (NH4H,PO,4, Sigma-
Aldrich, >99%) together with an excess of highly divided carbon (Csp) (15 wt%). This carbon
acts as reducing agent of V°* to V** and the remaining amount should enhance the electronic
conductivity of the final product. Then, performing a thermal treatment under argon flow at

800°C during 8h, C-VPO, compound was obtained.

High Resolution Scanning Electron Microscopy (SEM) analysis of the samples’
morphology was performed using a Hitachi S-4500 microscope. The powders were

previously metallized by gold deposition.



Diffraction data were collected using different instruments in order first to perform a phase
analysis and to qualify the purity of the samples, and then to determine their structures:
Laboratory X-ray diffraction (XRD) was performed on a PANalytical Empyrean diffractometer
using the Cu Ka; radiation, in the [8-130°] angular range with 0.0167° (26) steps and for a
total accumulation time of 24h. High resolution Synchrotron powder X-ray diffraction (SXRD)
data were collected using the MSPD diffractometer at ALBA (Barcelona, Spain), in Debye-
Scherrer geometry at 0.4959 A in the 20 angular range of 1° - 53° with a 0.006° (26) step and
an accumulation time of 5 minutes. The sample was sealed in a 0.7 mm diameter capillary.
Neutron diffraction (ND) was performed on the same samples at the Institut Laue Langevin
(ILL, Grenoble, France) on the high-resolution diffractometer D2B. The samples were not
enriched in deuterium to minimize the incoherent scattering, it could explain the high value
obtained for the isotropic Debye-Waller factor (Biso) associated with the H(1) site (i.e. 8.5(3).
The samples were contained in an 8 mm diameter vanadium tube, and the diffraction
patterns were collected in transmission mode at room temperature, with a wavelength of
1.5935 A in the 20 angular range of [0-150°] using a 0.05° (26) step with a global
accumulation time of 12h. It was necessary to correct the absorption in order to take into
account a decrease of the experimental diffracted intensity compared to the expected one.
The calculated absorption correction coefficient (uR factor in the FullProf program with p
(=1.76 cm'l) the linear absorption of the compound and R the radius of the vanadium tube)
is equal to 0.70. Diffraction data treatment, Rietveld refinement and Bond Valence Energy

Landscape were performed using the FullProf Suite®.

The chemical compositions of the samples (Li, V, and P contents) were confirmed by
using an Inductively Coupled Plasma / Optical Emission Spectrometry (ICP-OES)
spectrometer (Varian 720-ES Optical Emission Spectrometer) after complete dissolution of

the powders into a mixture of hydrochloric-nitric acid solution

In order to characterize further the structure and to evidence the presence of
hydroxyl groups, infrared spectroscopy measurements were performed in the range of
400-4000 cm ™" (mid-IR) using a FTIR Nicolet 6700 (Thermo Scientific) equipped with a DTGS
detector and a diffuse reflectance accessory. The samples were finely ground in a mortar

with dried KBr, the mass ratio between active material and KBr being approximately 1:50.



Finally, reflectance spectra were treated with the Kubelka-Munk law, which converts the

reflectance to a signal proportional to the absorption coefficient.

In order to further confirm the composition and crystal structure of LiVPO40H, magic
angle spinning nuclear magnetic resonance (MAS NMR) was performed. *H and "Li MAS NMR
spectra were recorded on a Bruker Avance spectrometer with a 7T magnet (116 MHz
resonance frequency for ’Li and 300 MHz for *H), using a standard Bruker 2.5 MAS probe at a
30 kHz spinning frequency. A Hahn echo sequence was applied with a 90° pulse of 1.2 ps for
both probed nuclei. The relaxation time (D1) was respectively set to 1s and 100s for *H and
“Li. A 1M LiCl aqueous solution and H,0 were used as 0 ppm external references for "Li and
'H respectively. >*P MAS NMR spectra were recorded on a Bruker Avance Il spectrometer
with a 2.35T magnet (40.6 MHz Larmor frequency), a standard Bruker 2.5 MAS probe at a 30
kHz spinning frequency. A Hahn echo sequence was used with a 90° pulse of 1.2 us with a

relaxation time of 1s. The 0 ppm external reference was a 1M H3PO4 aqueous solution.

To determine the electrochemical properties of a LiVPO4OH sample in laboratory
lithium cells, electrodes were prepared using 85 wt% of carbon coated LiVPO4OH, 5 wt% of
carbon (Super P) and 10 wt% of polyvinylidene fluoride (PVDF). Taking into account the total
carbon content (as a coating in the active material and as conductive additive in the
electrode) the effective composition of the electrode was 70/20/10 in mass ratio for active
material/carbon/PVDF. N-methyl pyrrolidinone was added to this mixture and the resultant
slurry was cast on an Al foil and dried at 60°C during 24h. Discs (diameter 12 mm) cut in this
foil were cycled in coin cells vs. metallic Lithium in galvanostatic intermittent titration
technique (GITT) mode at a rate of C/100 per ion (i.e. corresponding to the exchange of one
electron in 100 hours) with a relaxation condition such as dV/dt < 4 mV/h. The electrolyte
used was a 1M solution of LiPFg in ethylene carbonate and dimethyl carbonate in a 1:1
volume ratio (LP30). Lithium cells were cycled, either in the high voltage domain between
3.0 and 4.4V vs Li*/Li or in the low voltage domain between 3.0 and 1.2V vs Li*/Li. In order to

get information on the phases formed during the extraction reaction (i.e. oxidation of V' to

V" and possibly V'Y to V') and during the intercalation reaction (i.e. reduction of V" to V")

from/in the pristine material LiV"PO40H, ex-situ XRD was performed at the end of the first

charge and discharge. Materials were prepared by directly depositing ~20 mg of active



material in swagelok cells. These cells were cycled at C/100 per ion and a floating (until | <
1pA) was performed when the cut-off voltage was reached (at 4.4V in charge and at 1.2V in
discharge), in order to overpass the kinetic limitations. The materials thus prepared were
recovered under inert atmosphere in an argon filled glove box and sealed in a 0.7 mm
diameter capillary to be analyzed by XRD using a PANalytical X’pert® diffractometer (Cu Ka1,2
radiation, 20 angular range of [10-120°] with a 20 step of 0.0167° and an acquisition
duration of 14h).

2. Results and discussion

2a. Syntheses

By analogy with hydrothermal syntheses already reported for other Tavorite type
materials, HV""PO,OH (or VPO..H,0)*, LiFe"'PO,0H" and LivV"YPO,0*, we obtained the
vanadium (lll) hydroxy-phosphate LiVPO4OH. Three different vanadium precursors were

used, V"'Cl3, V""PO, and VY,0s, according to the following conditions:

LVPH-a : VCl; + 1.40 LisPO, + 50 H,0 (240°C, 24h)
LVPH-b : C-VPO,+ 2 CH;COOLi.2H,0 + 100 H,0 (240°C, 24h)
LVPH-c : V,0s + 1.5 NyHa.H,0 + 3 H3PO, + 6 LiOH.H,0 + 200 H,0 (250°C, 24h)

The precursors were introduced as such in 23mL Teflon vessels filled at “60%. The reactors
were set in a furnace already at the temperature required for the thermal treatment, and
were cooled down naturally until room temperature. The obtained powders were filtered,
washed with water, rinsed with ethanol and dried at 60°C overnight. As expected, the
reaction leading to formation of LiVPO40H is driven by the basic pH of the starting solution
(between 8 and 10), whereas moving to acidic solutions leads to the formation of HYPO,OH.
Indeed, the latter can be obtained from VCl; by replacing LisPO,4 by H3PO4 or from V,05 by
replacing H3PO4:LiOH.H,0 by H3PO4 only. Nevertheless, all our attempts to obtain HYPO,OH

directly from LiVPO,OH by Li*/H" ionic exchange in HCl aqueous solution failed, as for the



reverse reaction (i.e. formation of LiVPO4OH from HVPO40OH) in LiOH aqueous solution. On
the contrary, Marx et al. reported the possibility of obtaining Tavorite type HFePO4OH by a
Li*/H" ionic exchange within LiFePO4OH immersed in a nitric acid aqueous solution, whereas

the reverse reaction was shown to occur in LiOH aqueous solution™.

The XRD patterns of the three samples thus obtained (LVPH-a, LVPH-b and LVPH-c)
are compared in figure 1 to those of other Tavorite vanadium based compounds previously
studied in our laboratories, LiV'VPO4O, HV'”PO4OH and LiV”'PO4F. They crystallize in Tavorite
type structures described in triclinic (P-1) or monoclinic (C2/c, for HV"PO,OH) unit cells
showing very close values for their volume per formula unit (V/Z), and thus similar but easily
distinguishable XRD patterns. The XRD pattern of LVPH-a shows narrower diffraction peaks
than those recorded for LVPH-b and LVPH-c, revealing a higher crystallinity. A careful
inspection of these XRD data reveals also the presence of small amounts of impurities in
each sample (as highlighted by V, * or # in figure 1). The small intensity peaks observed at
20cy k1= 16.3°, 22.7°, 24.9° and 33.2° for LVPH-a and at 20¢, k1= 20.4°, 23.1° and 24.9° for
LVPH-b cannot be indexed in Tavorite-type unit cells and were attributed to impurities we
could not identify. Note that for LVPH-c the diffraction lines at 26¢, k1= 29.1°, 33.8, 35.2 are
obviously asymmetric, which could be explained considering a small amount of Tavorite
Liv"YPO,O-like phase as impurity (as also supported by IR and NMR in the following). The cell
parameters determined for the three LiVPO4OH powders are reported in table 2 and were
found to be very similar, with for instance unit cell volumes of 175.04(1), 175.32(3) and
174.95(2) A3 for LiVPO,OH in LVPH-a, LVPF-b and LVPF-c respectively. Thanks to ICP-AES
chemical analyses, the molar ratios Li/V/P were determined for the three samples; they are
given in table 2 and are in rather good agreement with the expected chemical formula

LiVPO4OH (i.e. with 1Li:1V:1P), considering the presence of impurities in small amounts

The SEM images obtained for the three LVPH-a, LVPH-b and LVPH-c powders are
given in figure 2. The primary particles of LVPH-a and LVPH-c are small platelets (smaller
than 1.5 and 0.5 um in diameter respectively), those being agglomerated to form regular
spheres of 20 um in diameter. The morphology of LVPH-b is different with bigger platelet-
like primary particles (with a diameter of 1.5 to 3.0 um and a thickness of 0.5um). These

primary particles are aggregated in larger agglomerates (50 to 100 um in diameter), with
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small grains of carbon (50-100 nm) in the grain boundaries coming from the excess of carbon
used during the synthesis of the precursor C-VPO,4. This amount of carbon was determined
by TGA analysis (given as figure S1 in the supplementary information) to be around 14.9
wt%, i.e. similar to that initially present in the precursor. The difference of morphology
between LVPH-a, LVPH-b and LVPH-c can partly be explained by a difference of solubility of
the precursors used to obtain LiVPO40OH. Indeed, LVPH-a and LVPH-c are synthetized from
VCl; or V,0s which are soluble in the alkaline solution whereas the VPO, precursor for LVPH-
b (with particle size around 50-100 um) is insoluble at least until 240°C. So, the two former
materials are formed by nucleation of species in solution and then growth of small particles
which agglomerate. On the contrary, for the latter, as VPO, is not soluble, the nucleation of
LiVPO4OH occurs at its surface, then the Li* and HO ions diffuse inside the particle and the

LiVPO40OH domains grow.

In the following, in-depth structural characterization from synchrotron and neutron
diffraction data (SXRD and ND) is detailed for highly crystalline LVPH-a. For all samples Infra-
red and nuclear magnetic resonance spectroscopy were used as very efficient probes to
evidence the formation of hydroxyl and vanadyle-type bonds and the nature of the
impurities. Electrochemical tests are reported for LVPH-b that revealed better performances
despite bigger primary particles and aggregates: the presence of carbon most probably
improves the electronic percolation within the electrode for this polyanionic material with
poor intrinsic transport properties, and the porosity of the aggregates allows their better

wettability by the electrolyte.

2b. Structural study

The structure of this new LiVPO40H Tavorite-like compound was solved using SXRD
and ND combined refinements. Indeed, both diffraction techniques are required because
vanadium is purely incoherent scatterer in ND and hydrogen and lithium to SXRD. SXRD
pattern of LVPH-a can be indexed with a P-1 triclinic unit cell (a = 5.1335(1) A, b = 5.3334(1)
A, ¢ = 7.2824(2) A, o = 106.556(2)°, B= 109.217(2)°, y= 97.352(2)°, V/Z = 87.484(6) A3).
Combined (ND and SXRD) Rietveld refinement was performed considering the structural

model (M(1))15(M(2))1{(P)2[02i1a}X2 already used to describe LiVPO4F®, first without taking

10



into account lithium and hydrogen atoms. Bond valence sums (BVS) were calculated using
the Zachariasen formula [Vi=%js; = Zexp{(do—d;)/0.37}] with the parameter do, which

1.** 1t allowed to

characterizes a typical cation—anion distance, taken from Brown et a
determine which oxygen atom is linked to hydrogen to form an OH group: indeed the BVS
value associated to the bridging oxygen atom was found to be smaller (0.97) than those of
the four others (in average close to 1.75). This result is in agreement with the structure
already reported for other existing Tavorite-like hydroxy-phosphate phases, with the
hydroxyl groups bridging adjacent MOg octahedra along the chains. Moreover, the BVS value
determined for the two vanadium atoms was found close to 3 (2.93 and 3.00), in good
agreement with the formation of a V3*-rich phase. In order to determine the lithium and
hydrogen atomic positions, Fourier difference maps were calculated, as described in details
in*? for LiFePO,OH, to localize missing electronic density: two positions were detected
around (0.35, 0.05, 0.85) and (0.25, 0.60, 0.70). The former was attributed to hydrogen since
it is close to the bridging oxygen, and the latter to lithium as more inside the tunnels. Finally,
combined Rietveld refinement was achieved considering the full description of the unit cell
with all the atoms, lithium and hydrogen included. The comparison of the experimental and

calculated diffraction data is given in figure 3. The cell parameters, atomic positions and

distances thus determined are given in table 3 and in table 4.

As illustrated in figure 4a, the crystal structure of LiVPO4OH is built up by VOg

octahedra which share common oxygen atoms. Each bridging oxygen is also linked to a

These chains of octahedra are connected to each other via PO, tetrahedra forming
:\/::Q-+-P---0---V--- sequences. These corner-sharing polyhedra generate a three-dimensional
network within which lithium atoms occupy the tunnels along the [100]s.; direction. The
phosphorus atom lies within a tetrahedron (A = 3.65 x10™) with P-O distances in the range
of 1.53-1.56 A. Vanadium lies within two octahedral sites with a narrow range of V-0
distances, 1.99-2.04 A, V-OH distances being of 2.03 A and 2.00 A for the octahedra
centered on the V(1) and V(2) atoms respectively. The V(1)O4(OH), octahedron is slightly less
distorted than the V(2)04(OH), octahedron (A = 1.35 x10™ and A = 2.73 x10™ respectively). A
comparison with other Tavorite vanadium phosphate compositions is interesting as it allows

to fully understand the nature of the bond observed along the chains of octahedra,
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depending on the bridging anion or on the anionic group. The V**-rich compounds (LiV"PO,F,
LiV'”PO4OH and HV"'PO4OH) show constant bond lengths along their chains: shorter (1.98-
1.99 A) for V-F, intermediate (2.00-2.03 A) for V-{OH}, and longer (2.15 A) for V-{OH,},
respectively. Note that for LiV'YPO,0, due to the presence of {VO}** vanadyle groups, there is
an alternation between short and long bonds along the chains (1.67 and 2.19 A respectively).
In fact, the more electronegative the bridging anion (or anionic group), the longer the V-X
distance is along the chains. The antagonistic bond to V-O has to be considered as its
covalency controls the structure thus stabilized: O-H in - {HO}-V-{OH} --- for LiVPO4OH, (O-
H), in ...{H,0}-V-{OH,}... for HVPO40H and V=0 in ...{O=V}-0... for LiVPO,40. Indeed, their
increasing covalency explains the increasing length of the antagonistic V-O bond in
LiVPO40OH, HVPO4OH and LiVPO40. Similarly, the length of the V-O bond in these compounds

is longer than V-F in LiVPO,F, even if intrinsically F is more electronegative than O.

The O(5)-H bond length observed in LiVPO,OH is 1.06 A, i.e. in the range of those
already reported for the other Tavorite-like hydroxy-phosphate compounds (1.09 A for
LiMnPO,OH™, 0.97 A for LiFePO,OH, and 0.85 A for LIAIPO,OH*). The longer the O(5)-H
distance in LIMPO4OH, the shorter is the distance between H and O(4) across the tunnel: it is

1.68 A in LIMnPO,OH, 1.80 A in LiVPO,OH, 1.86 A in LiFePO,OH and 2.06 A in LiAIPO,OH.

The unique Li(1) site observed in LiVPO4OH is surrounded by five oxygen atoms, one
of them being bonded to hydrogen, in a distorted LiO4(OH) polyhedron with Li-O distances
ranging between 1.96 and 2.24 A (A = 1.79 x107%). The BVS value associated to Li(1) is close to
1 (i.e. 0.99). The anisotropic Debye-Waller factor (Baniso) associated with Lithium exhibits an
ovoid shape elongated along the [10-1] direction, despite Li*-Li* distances larger than 10.2 A
along this direction. In order to get more insights into the possible pathways for Lithium
diffusion, the Bond Valence Energy Landscape (BVEL) was calculated thanks to the Bondstr
software in the Fullprof suite. This empirical method uses Bond valence Sum to determine
possible diffusion pathways considering a given energy to activate the movement of Li*.
With 1.6 eV, BVEL highlights a zig-zag diffusion pathway along the [001] direction with Li"
ions moving from a large channel defined by an hexagonal section to another, going through
intermediate smaller channels, defined by a “square” section whose diagonal is around 4.1

A. In fact, the elongation direction of Baniso points towards this “square” channel. Note that
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these results are different from those predicted by Mueller and coworker*® for Tavorite
compounds, with a preferential diffusion pathway along the [111] direction in VPO4F. In our
case, the hydroxyl group and the possible hydrogen bond between O(4) and H could hamper
Lithium diffusion along the [111] direction, whereas this does not occur along the [001]
direction (figure 4a).

This diffraction study reveals the formation of a new LiVPO40H phase crystallizing in a
Tavorite structure. Diffuse reflectance IR and MAS NMR were used to characterize further its

structure and to confirm for instance the presence of a hydroxyl group.

2c. Spectroscopic study

FTIR

The Mid-IR diffuse reflectance spectra of LVPH-a, LVPH-b and LVPH-c are compared in
figure 5. The assignment of the main vibrational signals is given in table 5. The first
information is the presence of a band at 3300 cm™ matching with the stretching vibration of
a hydroxyl group. This signature is clearly different from the O-H stretching mode observed
for the H-O-H group in HVPO4OH, also written as VPO4.H,0. For this latter, the water
molecule bridges two octahedra along the chains*® and the IR signature is a very broad band
around 3000 cm™ (inset figure 5) whereas for LiVPO,OH a narrower band is observed at
higher wavenumber. The value of this wavenumber is typical for hydroxyl groups influenced
by their environments, in good agreement with a possible hydrogen bond between H and
0O(4). Indeed, when the OH group is isolated the corresponding vibration appears as an even

narrower band at a higher wavenumber (i.e. between 3500 and 3700 cm*¥

). Nevertheless,
the narrow profile of the band despite small difference in width indicates that the hydrogen
bonds are quite weak for the three samples.

The PO, stretching region, between 950 and 1200 cm™ %

, is very similar to those of
the other vanadium based Tavorite compounds”, with three main bands around 988, 1041
and 1085 cm™. The signature at lower wavenumber is attributed to the symmetric stretching
mode of PO, groups and the two others to the antisymmetric stretching vibrations.

Theoretically, three antisymmetric modes must be observed but due to the small distortion
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of PO, groups in this compound (A = 3.65 10°), the bands overlap does not allow to
distinguish them (without Pseudo-Voigt deconvolution of the signal). In the case of an
isolated symmetrical phosphate group, all antisymmetric stretching modes are equivalent.
The amplitude of their splitting and thus the width of the signal can be related to the
distortion of PO, tetrahedra®®. As the widths observed for the three samples are close, the
distortion of PO, tetrahedra is similar (note that the smaller size of the coherent domains in
LVPH-b and LVPH-c can also induce a broadening of their whole spectra). Two additional
bands, smaller in intensity, are observed at 950 and 1167 cm™ for LVPH-b and LVPH-c
(highlighted by V at the figure 5). These bands are typical of a LiVPO4O-type

environment>>*,

Moreover, a tiny signal is observed at 891 cm* for LVPH-a. The same signal exists also
for LVPH-b, with a higher intensity. The spectrum of LVPH-c exhibits a more shifted and
broader signal at 902 cm™ whose intensity is slightly larger than that observed for LVPH-b.
This contribution around 891-902 cm™ can be assigned to a vanadyle-type bond vibration®,
i.e. to a short V=0 bond observed only for vanadium with an oxidation state larger than 3+.
Typically, for Tavorite LiV'YP0O,O, the corresponding vibration is observed as a narrow peak at
907 cm™ *. This signature reveals the presence of a LiVPO,40-like phase as impurity in the
materials (especially in LVPH-b and LVPH-c), or the existence of vanadyle defects in the
LiVPO4OH structure due to some local LiVPO40-type arrangement. The weaker wavenumber
of the V=0 stretching mode (and so the weaker force constant or bond strength) highlights
the formation of V=0 bonds longer than those observed in ideal LivV"'P0O,0. Furthermore, the
broad signal reveals a distribution of V=0 distances, and so a distribution of environments.
By analogy with LiFePO,OH", the band located at 829 cm™ could be assigned to V-O
stretching vibration in V-O-H sequences. The region between 500 to 640 cmtand the region
below 500 cm™ (not shown here) gather bending modes of PO, and V-O polyhedra,
vibrations involving Li-O bonds and lattice modes. This last spectral range will not be

discussed here.

The IR spectroscopy confirms the presence of the hydroxyl group influenced by
hydrogen bond and highlights also a vanadyle-type contribution, slightly different for the

three samples. In order to get more information on the nature and localisation of these
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vanadyle bonds, through their vicinity with ’Li, *'P and 'H, MAS NMR spectroscopy

experiments were carried out.

NMR

The ’Li MAS NMR spectra of the three samples (LVPH-a, LVPH-b and LVPH-c) are
compared in figure 6a. They exhibit a main peak around 149 ppm, highlighted by # and
whose spinning side bands are identified by *, likely corresponding to the Lithium site in
LiVPO4OH. Additional shifted components are observed for the three samples: a series of
additional small intensity peaks at 180, 97, 79, 58 and 25 ppm for the two samples LVPH-a
and LVPH-b, and a single additional one at 70 ppm for LVPH-c. 2D EXSY-RFDR ’Li MAS NMR
experiments (see figure S2 and figure S3 in supplementary information) do not show any
obvious dipolar connectivity between these additional signals and the main one at 149 ppm,
showing that they correspond to Li ions not present in the same phase. This is also true for
LVPH-b although the weaker magnitude of the additional signals makes it more difficult to
distinguish possible cross-peaks. The spectra for the two samples LVPH-a and LVPH-b differ
only in the intensity ratio of these additional small intensity signals, which are not likely to
correspond to the impurities seen by XRD as these are crystallographically different for the
two samples. Concerning LVPH-c, as discussed before, it contains a LiVPO40-like impurity
that could correspond to the additional shifted Li NMR component observed at 70 ppm.
Considering that the 'Li MAS NMR signal in LiV'YPO,O is located at 80 ppm>® we therefore
suggest that structural defects, as also suggested by diffraction and IR spectroscopy and as

observed in LiVPO,F>?, are present in the LiVPO40 impurity.

Coming back to the main signal of LiVPO4OH at 149 ppm, it is interesting to compare
its position to those reported for other M** Tavorite-type compounds. All paramagnetic
compounds (such as vanadium, iron and manganese based Tavorite-like compounds
discussed in this section) lead to NMR spectra dominated by interactions between nuclear
and electron spins (hyperfine interactions). The Fermi contact shift, which governs the
position of the NMR signal of such compounds, corresponds to the presence of some density
of electron spin at the nucleus probed. Indeed, the value of the Fermi contact shift is

proportional to the spin density at the site of the probed nucleus and to the magnetic
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susceptibility of the compound >2 The ’Li NMR shifts for LiVPO40H, LiVPO4F51, LiFePO,0H>®
and LiMnPO,OH>* are given in table 6. For all these phases, the lithium polyhedra share two
edges and two corners with the MO4X; octahedra (inset figure 6a). As discussed by Castets et
al®®, the spin transfer from vanadium to lithium can occur only from the t,g orbitals for V3
(tzgz) pointing toward the edges of the octahedra, i.e. via the common edges between the
lithium and vanadium polyhedra. For the other M** Tavorite phases, this spin transfer can
occur also from the e, orbitals which are not empty for Mn*" (t° e;') and Fe** (ty’ eg’), via
the 2p orbitals of the oxygen atoms shared between the polyhedra. This is fully consistent
with the lowest contact shift observed for the V** phases.

The main information given by the 'H MAS NMR spectra (figure 6b) is the presence of
a shifted signal at 672 ppm which may match with the only crystallographic site for the
hydrogen atom, thus strengthening the observation made by neutron diffraction. A signal
which matches with (diamagnetic) adsorbed water or surface hydroxyl group in the
environment of the probe (sample, rotor or probe) is also observed close to 0 ppm. In the
Tavorite structure, hydrogen is bonded to the oxygen which links two transition metal
octahedra (inset figure 6b), and can therefore interact with both of them. As discussed by
Castets et al., the spin transfer cannot occur from e orbitals of the transition metal to the 1s
of hydrogen through the 2p, orbitals of oxygen because the M-O-H angles are far from 180°
(96.7°, 106.5°, and 107.2° for the iron, manganese and vanadium phases respectively). The
only transfer possible is via a  overlap of the t;; and the 1s of hydrogen via the 2p of
oxygen. However, as shown in table 6, the 'H shift for LiVPO4OH is larger than for LiFePO,OH
that has more t,; electron spins. But, as discussed just before, there are significant
differences between the hydrogen local environments in Tavorite compounds; therefore,
the resulting electron spin transfer needs to be modeled and analyzed in detail in each case

to understand the relative magnitude of the *H NMR shifts in the series.

*1p MAS NMR (figure 6¢) was also performed and the main signal is located around
4300 ppm for all the samples. The spectra however exhibit several other peaks that cannot
be attributed to spinning sidebands, mostly one at 2300 ppm for LVPH-a and a pair of peaks
at 1480 and 1150 ppm for LVPH-c ; the latter appears to be also present but much weaker
(and slightly shifted) in LVPH-a and LVPH-b. The *!P shifts for the two P sites in LiVPO,4O are
1418 and 1593 ppm™°. Therefore, following the ‘Li NMR observation discussed above, the
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observed signals in LVPH-c might result from LiVPO40 with defects as impurity, although the
difference with ideal LiVPO40 appears to be rather large. Considering the main signal to be
that of P in LiVPO4H, we again compare its position with the Tavorite series in table 6. As
illustrated in figure 6¢, in the Tavorite structure, PO, tetrahedra are connected to four
different transition metal octahedra via the oxygen belonging to the square plane of these
octahedra. As discussed by Castets et al., in LIMPO4OH the spin transfer to the 2s (or the sp3
hybrid) orbital of Phosphorus can occur from the ty orbitals (via it overlap with a p orbital of
oxygen), or from the e; orbitals via O. Therefore, like in the case of ’Li discussed above, the

shift for LiVPO4OH is logically the lowest of the series (LiFePO40H: 7498; LiIMnPO40OH: 8483).

Thus, MAS NMR has evidenced the expected ’Li, *H and 3'P signals for LiVPO,OH, but
also the presence of different additional signals, depending on the sample, the strongest of
them (observed for LVPH-c) being attributed to the presence of LiVPO4O impurities
exhibiting defects, in agreement with the diffraction results discussed above. Altogether, the
spectroscopic study highlights the presence of hydroxyl group as bridging anion in this new
Tavorite-type material. The nature of this bridging anion in Tavorite compounds greatly
influences the working potential of such kind of material as reported before for iron,
titanium and vanadium phases. Electrochemical tests were performed in order to

demonstrate this influence.

2d. Electrochemical properties vs. Li

A flat voltage plateau is observed at 3.95 V vs Li*/Li during the first charge of Li//
LiV"PO,OH cells in GITT conditions up to 4.4 V (figure 7a). The capacity associated to this
first charge (280 mAh/g) is almost twice larger than the theoretical one (158 mAh/g),
considering only the extraction of lithium. From this result it is thus justified to consider the
additional extraction of hydrogen as already observed for HV"PO4OH by Whittingham and
coworkers'® who showed that it was indeed possible to extract two hydrogen from
HVPO,OH with the formation of the Tavorite phases V'P0O,O at the end of the charge and
LivVYPO,O at the end of the next discharge. Note also that for LiVPO40OH, a large irreversible
capacity is observed at the end of the discharge down to 3 V vs Li*/Li: it corresponds to

about one electron per vanadium and could thus be associated to the insertion of Lithium.
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In order to get more insight into mechanisms involved upon oxidation, XRD
experiments were performed ex-situ, i.e. recovering electrodes from batteries cycled at
C/100 rate, to identify the nature of the phases formed at the end of the charge and at the
end of the next discharge (® and © respectively, as highlighted in figure 7a). As shown by
the indexation of the XRD patterns given in figure 8 and by the corresponding cell
parameters, VPO40 is obtained at the end of the first charge, and LiVPO40 at the end of the
next discharge. Their structures were found to be in good agreement with those already
reported in the literature with V/Z values close to 81.98 and 85.51 A3 for VPO,0 and LiVPO,0
respectively36. A volume change of about 6.6% is observed for the polyanionic framework
upon cycling in the high potential range. These results confirm that extraction of both
lithium and hydrogen occurs, but surprisingly at the same equilibrium potential of 3.95V vs.
Li. It suggests thus that a concerted mechanism involving the exchange of two electrons per
vanadium occurs: extraction of lithium should induce the formation of the intermediate
phase VVPO,OH but this latter appears in fact to be metastable. Our hypothesis is that the
VV-0-H sequence is destabilized along the chains due to the competition between the

antagonistic bonds: the vanadyle bond (VO)** on one side and the hydroxyl bond (OH) on the

other side, that leads to a weakening of the latter (V"V-O-H =»V=0 .. H) and thus to the

concomitant extraction of Li* and H".

Liv""PO,OH was also used in lithium cells in GITT conditions between 3.0 and 1.2 V vs
Li*/Li (figure 7b). It is possible to insert almost one lithium per formula unit in Liv"PO,4OH to
form Li;V'PO4OH (@ in figures 7b and 8). A reversible capacity of 136 mAh/g (vs. the
theoretical capacity of 158 mAh/g) is attained in the low potential range, with an irreversible
capacity of around 10% and while LiVPO4OH is recovered at the end of the next charge (® in
figures 7b and 8). The insertion of lithium in LiVPO4OH occurs according to a two-step
mechanism: a solid solution process first leads to the formation of an intermediate phase
with the composition ~ Li;,5VPO40H, and a biphasic reaction is then be observed at an
average potential of 1.40V vs Li*/Li between this intermediate phase and the fully lithiated
phase Li,V"'PO,OH. Note that the equilibrium is reached faster for Lithium intercalation (in

about 1 hour) in LiVPO40H than for Lithium extraction (in about 4 hours).
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The XRD pattern of the fully reduced phase Li,V'PO,OH can be refined, considering the
presence of Li;,VPO4OH as a secondary phase, in a triclinic unit cell described in the P-1
space group with the lattice parameters: a = 7.284(2) A, b = 7.573(2) A, c = 7.977(2) A, a =
89.77(2)°, B = 88.05(2)°, y = 118.71(2)°, V = 385.6(2) A and V/Z = 96.4(2) A>. Its cell volume is
very large compared to that of the pristine material (V/Z = 87.7 A?) with a volume expansion
of 9.9 %, but it is in very good agreement with the structure already reported for the
homotypic Tavorite Li;V'PO4F with V/Z = 93.8 A**. LiVPO,OH recovered at the end of the
first cycle performed at low voltage is found to be very similar to the pristine phase, in good

agreement with the satisfactory reversibility of the reaction.

Note that a careful inspection of the voltage vs composition data reveals also the
presence of several shoulders at 2.45 2.20 and 2.00V vs Li*/Li (better highlighted considering
the derivative curve given in inset of figure 7b). These potentials values match with those
corresponding to lithium insertion (2.45, 2.20 and 2.00 V) in the Tavorite LivYPO,O, that was

indeed revealed to be present as an impurity by Li NMR and IR spectroscopy.

Conclusion

A vanadium based hydroxy-phosphate of Tavorite-type structure was obtained for
the first time, by hydrothermal route at ~250°C. It could be prepared from three different
vanadium precursors (VCls;, V,05 and VPQy), always as the main phase but with different
types of impurities. Most of them were in negligible amounts, and thus not identified.
Nevertheless, a Tavorite type impurity, close but different to LiVPO40, was also obtained in
particular when V,0s was used as precursor. Diffuse reflectance IR spectroscopy and solid
state MAS NMR (*H, ’Li, *'P) appeared to be techniques of choice to prove the formation of a
phase with hydroxyl groups. Electrochemical tests reveal original properties in the high

"pO,0H, Li* and H* are extracted from the structure

voltage region. During the charge of LiV
at a same equilibrium potential (3.95 V vs Li*/Li): the formation of the intermediate V**-rich
phase is not observed whereas VPO,40 is obtained at the end of the charge. This system
illustrates perfectly one possible track to follow to develop two-electron reactions at the

same potential, playing with the stability of the antagonist bond in order to promote the
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concomitant and reversible extraction and reinsertion of two alkalis. It is worth also to
consider this system versus reversible H* deintercalation and reintercalation in aqueous
systems. In the low voltage region, a more conventional behavior is observed with the
reversible insertion/extraction of Lithium at 1.40 V vs Li*/Li and the formation of Li,VPO,OH

at the end of the discharge.
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Table 1:

A
Redox Initial / final verag.e
couples active materials potenElaI =
P (V vs Li'/Li)
Tid*/Ti* LiTi"'PO4F / Li>Ti"PO4F 1.5 16
T T LiTi''PO40O / LizTi"'PO4O 1.5 21
| |
LiTi"'PO4F / Ti'"VPO4F 2.9 16
v Liv'""PO4F / LiV"PO4F 1.8 14,15
V¥ ((v=0)")/V*" Liv'YP0O4O / LinV'"'P04O 2.3 15
Yoty AVas LivV'"PO4F / VVPO4F 423 14,15
VIV ((v=0)*")  LivYP0O10 / V'PO4O 3.95 15
Vel AVad HV"'P0O.OH / V'P0O.0O 4.0 18
Mn*/Mn**  LiMn'"'"POsOH/ Mn"YPO.OH  3.25 19
LiFe'""PO4F / LizFe"'PO4F 2.9 16
Fe’*/Fe** LiFe"'PO4OH / LizFe"'PO4OH 2.6 12
HFe'"'"PO4OH / LiHFe"'PO.OH 3.2 13
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Table 2:

LVPH-a LVPH-b LVPH-c
Cell parameters, P-1
a(A) = 5.1341(2) 5.1369(5) 5.1320(5)
b(A) = 5.3342(3) 5.3387(6) 5.3286(6)
c(A) = 7.2833(2) 7.2814 (5) 7.2902(5)
a(®) = 106.557(2) 106.538(5) 106.584(5)
L(°) = 109.216(3) 109.201(6) 109.206(6)
v (°) = 97.350(2) 97.310(6) 97.335(5)
V(A2) = 175.04(1) 175.32(3) 174.95(2)
Chemical analyses (Molar ratio)

Li/vV/P= 0.94/0.96/1 0.95/0.98/1 0.97/1.07/1
Cwth = / 14.9 /
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Table 3:

LivPO,OH
SG:P-1 a=5.1335(1) A a=106.557 (2)° synchrotron: X2=22.9%
Z=2 b=5.3334(1) A £ =109.217 (2)° Ryragg= 3.73%
c=7.2824(2) A ¥y=97.352(2)° neutrons: ¥¥=1.68%
V=174.968(6) A3 \/Z=87.484(6) A3 Riage = 6.56 %
atoms ;\:;Isci:izf: X y z occupancy Biso BVS
V(1) la 0 0 0 1 0.54(8) 2.93(3)
V(2) 1b 0 0 1/2 1 0.36(7) 3.00(2)
P(1) 2i 0.3234(6) 0.6388(6) 0.2680(5) 1 0.16(7) 5.01(6)
0O(1) 2i 0.629(2) 0.751(2) 0.429(1) 1 0.20(5) 2.09(3)
0(2) 2i 0.111(2) 0.661(2) 0.377(1) 1 0.12(5) 2.03(4)
0(3) 2i 0.308(2) 0.340(2) 0.159(1) 1 0.31(5) 2.07(3)
0(4) 2i 0.267(2) 0.790(2) 0.117(1) 1 0.43(6) 2.04(4)
O(5)* 2i 0.155(2) 0.947(2) 0.772(1) 1 0.16(5) 1.87(3)
H(1) 2i 0.351(9) 0.063(9) 0.347(7) 1 8.5(3) 1.14(9)
Li(1) 2i 0.260(6) 0.605(6) 0.686(5) 1 3.7(7) 0.99(4)
Bi1 B2, B3 B1y Bis Bas
Banisotranic ©f Lithium 0.098 0.036 0.076 0.004 -0.039 -0.020
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Table 4:

V(1)0,(OH),
0(3) 0(3) 0(4) o(4" o(5) 0(5" H(1) H(1)

0(3) 2.01(1) 180 89.6(3) 90.4(3) 86.6(3) 93.4(3)  66.4(3) 113.6()
0(3") 4.02(1) 2.01(1) 90.4(3) 89.6(3) 93.4(3) 86.6(3) 113.6(3) 66.4(3)
0(4) 2.82(1) 2.84(1) 1.99(1) 180 86.1(3) 93.9(3) 76.7(3) 103.3(3)
0o(4') 2.84(1) 2.82(1) 3.99(1) 1.99(1) 93.9(3) 86.1(3) 103.3(3) 76.7(3)
o(5) 2.77(1) 2.95(1) 2.75(1) 2.95(1) 2.04(1) 180 22.6(3) 157.4(3)
o(5") 2.95(1) 2.77(1) 2.95(1) 2.75(1) 4.08(1) 2.04(1) 157.4(3) 22.6(3)
H(1) 2.57(3) 3.86(3) 2.88(3) 3.62(3) 1.06(3) 454(3)  2.59(6) 180
H(1) 3.86(3) 2.57(3) 3.62(3) 2.88(3) 4.54(3) 1.06(3)  5.18(5) 2.59(6)

A=1.35x10°5

V(2)0,(OH),

0(1) o(1) 0(2) 0(2" o(5) o(5" H(1) H(1)

0(1) 1.99(1) 180 95.8(3) 84.2(3) 89.8(3) 90.2(3)  66.1(4) 113.9(4)
o(1" 3.98(1) 1.99(1) 84.2(3) 95.8(3) 90.2(3) 89.8(3) 113.9(4)  66.1(4)
0(2) 2.98(1) 2.69(2) 2.02(1) 180 86.5(3) 93.5(3)  86.3(4) 93.8(4)
0(2" 2.69(2) 2.98(1) 4.04(1) 2.02(1) 93.5(3) 86.5(3)  93.8(4) 86.3(4)
0(5) 2.82(1) 2.82(1) 2.75(1) 2.92(1) 1.99(1) 180 23.9(4)  156.0(4)
0(5') 2.82(1) 2.82(1) 2.92(1) 2.75(1) 3.99(1) 1.99(1) 156.0(4)  23.9(4)
H(1) 2.48(3) 3.77(3) 3.10(3) 3.31(3) 1.06(3) 4.41(9)  2.54(6) 180
H(1) 3.77(3) 2.48(3) 3.31(3) 3.10(3) 4.41(9) 1.06(3)  4.99(6) 2.54(6)

A=2.73x105

PO,
0(2) 0(3) 0(4)

o(1) 1.54(1) 109.5(6) 102.8(5) 110.4(5)
0(2) 2.53(2) 1.56(1) 110.5(5) 111.4(5)
0(3) 2.42(1) 2.55(1) 1.55(1) 111.9(6)
0(4) 2.52(1) 2.55(1) 2.55(1) 1.53(1)

A=3.65x10°5

Lio,(OH)
o(1) 0(2) 0(2" 0(3) o(5) H(1)

o(1) 2.06(3) 91.7(9) 82.9(9) 71.8(9) 171.3(9) 148.6(9)
0(2) 3.12(1) 2.28(4) 94.0(9) 140.6(9) 80.4(9) 87.2(9)
0(2" 2.69(2) 3.13(1) 2.00(4) 115.9(9) 101.3(9) 128.5(9)
0(3) 2.42(1) 3.67(1) 3.82(1) 2.06(4) 108.2(9)  80.5(9)
o(5) 4.02(1) 2.75(1) 3.07(1) 3.26(1) 1.97(4)  28.3(6)
H(1) 4.13(4) 3.11(4) 3.81(4) 2.77(4) 1.06(3)  2.23(4)

A=1.79x103
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Table 5:

wavenumber (cm™)

IUPH.a IVPHb IVPHe Coooenment et
3305 3300 3303 — 13, 47
/ 1167(w) 1167(W)  veosV 35, 48
1087 1082 1083 vess 97,3548
1042 1034 1048 Veps 27,8548
988 988 989 Veoa 27, 35,48
/ 950(w) 949(w) Vpoa V 35, 47
891(w) 891 902 WoV 35,48, 49
829 829 829 - 13
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Table 6:

electronic isotropic peak spin transfer

“Li _ _ N _ ref
configuration position (ppm) mechanism
LiV*P0O,0 ty.'eg’ 79 toe 50
LiVZ*PO,F tyeg’ 117 o 50, 51
LivV**PO,OH t). eg’ 149 toe this work
LIMn**PO,OH  tyeg 340 toe 53, 54
LiFe**PO,OH ty. eg’ 214 ths + € 53
i electronic isotropic peak spin transfer ot
configuration  position mechanism
LiV**PO.OH ty. eg’ 672 toe this work
LIMn**PO,OH  ty’eg’ 815 o 53 54
LiFe**PO,OH t), eg’ 162 toe 53
. electronic isotropic peak spin transfer REr
configuration  position mechanism
LiV**P0O.0O ty.'eg’ 1418 + 1593 toe 50
LiV**PO,F ty. eg’ 3998 toe 50
LiV**PO.OH ty.eg’ 4300 o this work
LIMn**POsOH  ty’eg 8483 o 53, 54
LiFe**PO,OH ty. eg’ 7498 tog + € 53
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LIST OF FIGURES:

Figure 1: XRD patterns of 3 LiVPO,OH powders (LVPH-a in red, LVPH-b in blue, LVPH-c in
orange) and other vanadium based compounds with Tavorite structure (HVPO40H, LiVPO4F
and LiVPO40 plotted as black lines). The theoretical Bragg positions are indicated as black
ticks.

Figure 2: SEM images of LVPH-a, LVPH-b and LVPH-c.

Figure 3: Rietveld refinement of the structure of LVPH-a based on combined refinement of
Synchrotron X-rays (a) and Neutrons (b) diffraction patterns. The observed intensities are
plotted as red points, the theoretical Bragg positions are plotted as blue marks, calculated
intensities and the difference between observed and calculated intensities are plotted as
black lines. Impurities are spotted by Vor *.

Figure 4: (a) Structure of LVPH-a along the [001] direction: VO4(OH), octahedra in blue, PO,
tetrahedra in grey and anisotropic Debye-Waller factor of lithium in purple, dot lines
represent the hydrogen bond O(4) ~ H ; (b) Lithium diffusion pathway calculated thanks to
Bond Valence Energy Landscape (with an energy of 1.6 eV).

Figure 5: Diffuse reflectance infrared spectra of LVPH-a (red line), LVPH-b (blue line), LVPH-c
(orange line) and VPO4H,O (purple line, in inset). Typical bands of a LiVPO,O-type
environment are noted by V.

Figure 6: “Lj (a), H (b) and 3p (c) MAS NMR spectra of LVPH samples LVPH-a (red), LVPH-b
(blue), LVPH-c (purple). Isotropic signals are noted by #, their spinning side bands by * and
additional peaks by [or by V (see text).

Figure 7: GITT (blue line) curves of LVPH-b cycled between 3.0 and 4.4V (a) and 3.0 and 1.2 V
(b) vs. Li*/Li. Dot lines represent the galvanostatic cycling of LVPH-b used to obtain the ex-situ
materials whose XRD patterns are shown in figure 8.

Figure 8: Ex-situ XRD patterns (blue point) of pristine LVPH-b (1), the end-of-(dis)charge
materials obtained after cycling in the voltage regions 4.5-3.0 V (2 and 3) and 3.0-1.2 V (4
and 5) vs. Li*/Li. Theoretical Bragg positions (black ticks) and patterns calculated by the
Rietveld method. * A LiVPO,OH-type phase was added as a secondary contribution.
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Figure 2:

6 pm

.8 kYLXS. 8t

39



Figure 3:
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Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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Figure 8:
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The thermogravimetric analysis (TGA) of LVPH-b was performed on a STA 449C (ATG-DSC)
Netzsch under air and over a temperature range between 20 and 700°C, with a continuous
heating rate of 5°C/min. The results are given in figure S1 with in blue the weight loss and in

red the heat flow.
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2D EXSY-RFDR ’Li NMR experiments were carried out on samples b and ¢, using the pulse
sequence described in ref (Messinger et al) in the following conditions:

Bruker Avance 300 spectrometer (7T magnet, 116 MHz for 7Li resonance).

Spinning speed: 30 kHz in standard Bruker MAS probe and 2.5 mm rotors.

(Synchronization thus allows a spectral width of 257 ppm in the indirect dimension.)
90 ° pulse duration: 2s

Mixing time: 10 ms (300 rotor periods)

Recycle time: 0.5 microsecond

fp-RFDR pulse train: 64 180° pulses (reintroduces the homonuclear dipolar interaction
suppressed by MAS)

States quadrature detection in indirect dimension

For details of the pulse sequence, see ref (Messinger et al).
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Figure S2 shows the 2D map thus obtained for sample c: the spectrum is clearly only seen in
the diagonal. No cross peak that would indicate dipolar correlation between the Li species
corresponding to the two peaks is observed. One can therefore conclude that these two Li

species are over 5 A apart, and thus do not belong to the same material.
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Figure S3 shows the 2D map obtained for sample b. The same conclusion applies although

the weaker magnitude of the additional signals in this sample would obviously make it more
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difficult to observe possibly very weak cross-peaks.
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