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ABSTRACT: A combination of powder XRD, solid-state NMR,
and electrochemical impedance spectroscopy (EIS) is utilized to
study the high capacity primary lithium battery cathode material — sl bl
(Ag,VO,P0O,), as well as its electrochemically reduced counter-
parts. EIS provides information about the reduction process, and
powder XRD is useful in determining the structure of pristine
SVPO and the 1 electron equivalent (lee) reduced materials,
which are crystalline and contain edge-sharing VOg units.
However, SVPO becomes increasingly paramagnetic and amor-
phous as reduction proceeds from lee up to 3ee. Here we probe
the VOg4 coordination environment in the parent SVPO material as
well as the reduced materials using both static and magic-angle
spinning solid-state *'V  NMR spectroscopy. The chemical
shielding anisotropy (CSA) and electric field gradient (EFG) NMR tensors were determined through fitting of the spinning side
bands or via density functional theory (CASTEP), or both. These tensors provide useful insight into the structure of the reduced
materials. All materials exhibit similar isotropic chemical shifts for *'V; however, other line-shape elements vary as the coordination
environment changes upon reduction. We find that the 'V NMR tensor parameters (5¢g and Cyq) are better at indicating changes to
the local environment than the isotropic chemical shift.
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B INTRODUCTION Of interest is that SVO and copper vanadium oxides (e.g.,

. 0 0
Silver vanadium oxide (Ag,V,O;; or SVO) and LiFePO, are Cu“Vf*O“) form metAaI nanopartlc.les (Ag” and Cu !
two commercially significant cathode materials in lithium- respectively) and nanowires (or dendrites) upon reduction,

based batteries. SVO has been used for over 25 years as a leading to an increase in the conductivity of these materials as

. 15-18 .
cathode material in primary batteries most commonly found in discharge proceeds.. Ir_l 2009’ Takeuchi and co_-workers
implantable cardiac defibrillators (ICDs)."” Vanadium has the found that reduction of lithium-based electrochemical cells
potential to undergo multiple electron transfers leading to the utilizing Ag,VO,PO, (SVPO) as the cathode material led to

. . . . .. silver metal deposition, resulting in a significant increase (i.e.,
generation of high charge density materials; this is a key ) o 19 -
advantage of SVO and other vanadium-based battery materials. 15000 fold) in the conductivity of the material. ™ The ability

LiFePO, is one of the best-kno phosphate-containing to generate a c.onductlve matn.X in 51tu. in th1s' vanadium
. 1 . phosphate material has led to an increased interest in SVPO as
cathode materials for secondary lithium ion batteries on the ] ; :
3,4 . . a next generation electrochemical storage material.
market.”” While most phosphate materials show enhanced In 2007. Greenb d e lvzed il
thermal and chemical stability compared with other cathode n ) reenbaum and co-workers analyzed Siver

materials, they often display inherently low conductivity which van;}dium oxide (SVO) using sp e.ctroscop ic t‘ecbniques
limits electrochemical performance.” ™ On the basis of the (solid-state NMR and XAS). In their report, pristine and

success of SVO and LiFePO,, there has been interest in redlllcecil SEmEIL?S ofdtlsllevccgrsn&nﬁgally dim{) orta;(;SS\Z/OOT\;IIere
examining the properties of silver vanadium phosphorus oxide, analyzed by Lt an and stiver ' ese
Ag,VO,PO, (SVPO), a vanadium phosphate material first

prepared in 1993.'% This material is known to be a high charge Received: February 7, 2021 m«‘

density material. However, like LiFePO,, SVPO also has an Revised: ~ May 24, 2021 N
inherently low conductivity. In the case of LiFePO,, attempts Published: June 9, 2021 H@ﬁz
to improve conductivity in commercial batteries include ﬁ":m
minimizing particle size, coating particles with a conductive s -

material, or doping the material to enhance conductivity."'~**
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techniques revealed structural details which could not
otherwise be determined using X-ray diffraction techniques.
As mentioned above, the related silver vanadium phosphorus
oxide SVPO (Ag,VO,PO,) has attracted attention because of
its high capacity and the enhanced stability inherent in
phosphate-based materials. However, the amorphization of
SVPO that takes place during discharge®’ means that
diffraction techniques become less suited for elucidating local
structural changes as reduction proceeds. A grand challenge in
materials chemistry is characterizing solids, such as electrode
materials, where there is a lack of long-range order. Here we
examine the bimetallic phosphate material SVPO, using solid-
state NMR spectroscopy (focusing on *'V SSNMR), EIS, and
powder XRD to gain insight into the local structure of this
battery cathode material.

The °'V isotope has a high natural abundance of *'V
(99.76%), making it an attractive nucleus for NMR spectros-
copy. Even though it is quadrupolar (I = 7/2 for >'V), the low
quadrupolar moment (0.0S barn) and high receptivity make it
more amenable to study.”” The solid-state NMR spectroscopy
(SSNMR) of vanadium-containing systems has proven
valuable in exploring inorganic vanadium oxide -catalysts,
vanadium containing proteins, and both vanadyl and vanadate
species, which are of interest in the treatment of diabetes.”*™’
On the basis of experimental solid-state NMR spectra and the
XRD-proposed structure, the local environment can be further
refined or confirmed with the help of ab initio methods such as
density functional theory (DFT). Thus, key structural
information that can be obtained from *'V SSNMR plus
DFT calculations includes information such as number and
types of coordinated atoms and structural information such as
symmetry and association of vanadium—oxygen polyhedra.**
Here we present the *'V SSNMR spectroscopy of SVPO,
Ag,VO,PO, as well as several electrochemically discharged
SVPO samples from 1 to 3 electron equivalents. The
discharged samples were also analyzed by XRD to obtain
structural information. Computation of NMR tensors for three
different structural models (two of which were previously
published) were performed with the DFT package Cambridge
Sequential Total Energy Package (CASTEP). Experimental
NMR data and computed NMR parameters were compared.
Structural changes of SVPO manifested by the vanadium local
environment along the discharge process could be monitored
with solid-state NMR, DFT, and powder XRD, when possible.
Solid-state NMR and DFT, along with EIS and powder XRD,
enabled us to monitor the vanadium local environment along
the discharge process, providing insight into the impact of
discharge on the SVPO structure.

B EXPERIMENTAL SECTION

Synthesis and Characterization. A hydrothermal method
adapted from Kang et al. was used to prepare silver vanadium
phosphate (Ag,VO,PO,)."" The vessel for the aqueous reaction was a
23 mL Teflon-lined stainless steel autoclave (Parr). Silver oxide
(Ag,O, Alfa AESAR), vanadium(V) oxide (V,0s, Alfa AESAR), and
phosphoric acid (H;PO,) (molar ratio Ag:V:P = 2:1:6, typical scale of
product S00 mg) were mixed in 11 mL of water and heated at 230 °C
for 96 h. A yellow solid was collected via vacuum filtration.
Differential scanning calorimetry (DSC) was conducted up to 580
°C at 5 °C/min to test for sample purity. A Rigaku SmartLab powder
diffractometer with a DTex detect and 5° Soller-slits was used to
collect an X-ray diffraction (XRD) pattern from S° to 90° 26. The
XRD pattern was used to determine crystal structure and was indexed
to PDF no. 01-081-2149.

4426

Discharge Experiments. Coin cells were assembled using a Li
metal anode and Ag,VO,PO, cathode (LillAg,VO,PO,) with 1 M
lithium hexafluorophosphate (LiPFy) electrolyte in 30:70 ethylene
carbonate/dimethyl carbonate. Discharge was performed at a rate of
C/300 to 1lee, 2ee, and 3ee limits with a Maccor 4000 series battery
tester at 30 °C using a postassembly open circuit potential of about
3.40—3.55 V. The cathode material was recovered postdischarge by
dismantling the cells inside an inert atmosphere glovebox, pulverizing
the cathode pellets, and rinsing the cathode material with pure
dimethyl carbonate.

Powder Diffraction. Synchrotron powder X-ray diffraction
(XRD) was performed at the 28-ID beamline at NSLS-II. The
powder sample was packed into a Kapton tube, and the sample
distance was calibrated using an LaBg powder sample. The beam
wavelength was calibrated to 0.2388 A. Diffraction data were detected
using a 16-in. CsI-scintillator fitted to an amorphous silicon flat gpanel.
The two-dimensional data were integrated using GSAS-IL>* The
diffraction data were analyzed by Rietveld method, using GSAS-IL.**
Raw and refined data are provided (Supporting Information Figure
S1). Instrumental broadening was calculated using an LaB, powder
sample. A 10-term polynomial background was used. Lattice
parameters, atomic positions, and Debye—Waller factors were refined.
Crystallite size and microstrain broadening were found to be
negligible for the pristine sample but were fit for the discharged
samples.

NMR. NMR samples were stored under an inert atmosphere (dry
N, gas), and the zirconia rotors were packed in an inert atmosphere
glovebag (rotors had Teflon caps). The solid-phase material was
ground to a powder in the inert atmosphere by mortar and pestle and
loaded into the 2.5 mm rotors and capped. 'V NMR data were
acquired at a magnetic field strength of 13.9 T corresponding to a >'V
Larmor frequency of 155.1 MHz using a Tecmag Redstone
spectrometer equipped with a Bruker 2.5 mm HX MAS probe. All
1 MAS NMR spectra were obtained with a small tip angle (7/24)
pulse acquire sequence under magic angle spinning (MAS) conditions
vp = 10 kHz and 25 kHz with a 1 s recycle delay. A static 'V NMR
spectrum was obtained with a Hahn spin echo pulse sequence (7 = 40
us).”’ Length of the 90-pulse was set at 0.7 ys and the recycle delay
was 20 s. 'V NMR spectra were referenced to a 0.1 M Na,VO,
solution (a secondary reference at —54S ppm relative to VOCI, at 0
ppm).”> *'V NMR data were simulated using the model “int2quad”
within the Dmfit*® program. All the discharged samples were similar
in mass, typically 23—24 mg, and measurements were repeated twice.

The *'P MAS NMR spectrum of pristine Ag,VO,PO, was acquired
at 7 T with the corresponding Larmor frequency of 119.40 MHz
(shown for reference in Supporting Information Figure S2). A Bloch
decay pulse sequence was applied with 2.5 us pulse widths (7/2
pulse), referenced to neat HyPO,, a 10 s recycle delay, recording 536
transients at 8 kHz MAS rotational frequency (v,).

For the "Li MAS NMR spectral data, samples were packed and
unpacked under N,. Spectra were acquired through Bloch decay with
a small tip-angle pulse (1.5 ys) at a Larmor frequency of 116.47 MHz
at 7 T. Samples were spun at 8 kHz with N, gas and recycle delays of
2s were used. The "Li MAS NMR spectral data for the lee, 2ee, and
3ee discharged SVPO samples can be found in Supporting
Information Figures S3 and S4.

The error analysis of fitted experimental NMR parameters were
performed by doing Monte Carlo simulations with Dmfit. The listed
error values correspond to the 95% confidence interval of the fitted
value (Supporting Information section S1 and Figure S5).

NMR Computational Methods. The package, CASTEP,*" was
used to perform density functional theory®>** (DFT) calculations of
NMR parameters. Three SVPO structures from different sources were
selected: a DFT-computed structure from the Materials Project,’* a
refined single-crystal SVPO structure by Lii and co-workers (ICSD-
73580),"° and a powder XRD SVPO structure Rietveld-refined by us.
The DFT computations were performed using the generalized
gradient approximations (GGA) and the Perdew—Burke—Ernzer-
hof**™*” (PBE) functionals. The chemical shielding tensors*** (or
chemical shielding anisotropy, CSA) and electric field gradient (EFG)
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Figure 1. (A) Crystal structure of Ag,VO,PO,, viewed down the b-axis. The vanadium octahedra (yellow) and the phosphorus tetrahedra (blue)
form layers with silver (gray) interspersed in between. (B) Strongly distorted six-coordinate vanadium. (C) Slightly distorted phosphorus

tetrahedra.

tensors*’ were calculated under the GIPAW***’ method utilizing
ultrasoft pseudopotentials.’® All the structures were geometry
optimized first to the local minimum energy. The critical parameters
(cutoff energy and k-point) used in the calculations were confirmed
by convergence tests before the actual calculation to verify the
calculation method (Supporting Information Figure S6).

Cell Construction. Type 2325 coin-type cells were assembled in
an argon-filled glovebox. Ag,VO,PO, powder was pressed into pellets
to construct cathodes. The anode was a disk of lithium metal and was
separated from the cathode using polypropylene membranes wetted
with LiPF4 in 3:7 ethylene carbonate and dimethyl carbonate
electrolyte.

Electrochemical Testing. Electrochemical impedance spectros-
copy (EIS) of the assembled cells was collected with a Biologic VSP
potentiostat/galvanostat, and fitting of the impedance was performed
using ZView software (Supporting Information Figure S7 and Table
S1). Discharge was performed at C/300 to lee, 2ee, and 3ee limits
with a Maccor 4000 series battery-tester in a temperature-controlled
chamber.

Ex Situ Testing. Electrodes were recovered from the coin-cells
postdischarge by decrimping the cells under argon. The recovered
Ag,VO,PO, pellet electrodes were rinsed with dimethyl carbonate
and allowed to dry under argon before being packed and sealed under
argon in Kapton tubes. The 28 ID-2 beamline at the National
Synchrotron Light Source-II was calibrated to 0.2388 A for collecting
powder diffraction data. Measurements were collected by a CsI
scintillator on an amorphous silicon detector. NIST standard LaBg
powder was used to find instrumental broadening. GSAS-II*®
diffraction analysis software was used to refine the measured structure
after integrating the 2D data as-collected to 1D data. The parameters
refined were a background polynomial, scale parameters, atomic
positions, Debye—Waller factors, and lattice parameters.

B RESULTS AND DISCUSSION

The combination of X-ray diffraction and DSC analysis
ascertains phase purity. DSC measured a single endothermic
peak at 535 °C (Supporting Information Figure S8), which in
previous reports supported by ICP-OES analysis has been
attributed to Ag,VO,PO,.”"*"** The structure of the
synthesized material was confirmed by powder XRD. The
diffraction pattern for pristine Ag,VO,PO, (SVPO) was found
to match well with previous reports, PDF no. 01-081-2149
(calculated from FIZ no. 73580, March 18, 2008 by Jade,
Supporting Information Figure S9), and a multiple unit cell
graphical rendering of the structure is shown in Figure 1.
Results of the powder diffraction including atomic coordinates
and occupancies are shown in Supporting Information Table
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S2. The reported bond distances in the following paragraph are
based on the results of the Rietveld refinement of powder
diffraction.

Ag,VO,PO, forms a crystal in the C2/m space group as a
layered structure. Pairs of six-coordinate vanadia species are
associated edge-wise, and together with phosphate groups
these form a full layer perpendicular to the (001) lattice
direction. The six-coordinate vanadium sites are significantly
distorted (see Figure 1) with vanadium—oxygen (V—0) bond
distances between 1.52 and 2.37 A. The phosphorus tetrahedra
are only slightly distorted between 1.53 and 1.64 A. Silver
occupies the interlayer space, and the valence is estimated at
+1. These ions coordinate with multiple oxygen atoms
between 2.23 and 2.78 A distances (Supporting Information
Table S3). The crystal structure of the starting material permits
the six-coordinate vanadium site(s) to be computed via DFT
for interpretation by solid-state 'V NMR. Because NMR is
particularly sensitive to local electronic environments, any
changes to this environment on discharge can be potentially
interpreted even when the structure lacks the long-range order
that is required for diffraction.

5TV SSNMR Spectroscopy of Pristine SVPO
(Ag,VO,P0,). 'V NMR spectra were acquired at 13.9 T
using static NMR and magic angle spinning (MAS) at multiple
spinning frequencies (vg). Figure 2a and 2b (black) shows the
experimental spectra of SVPO acquired at MAS rotational
frequencies of 10 and 25 kHz, where symbols denote the
isotropic resonances, centered at (5, = —497 ppm). Accurate
determination of the chemical shift anisotropy (CSA) tensor
and the electric field gradient (EFG) tensor (Supporting
Information eqs S1—S5) for *'V in SVPO can be accomplished
through experimental modeling (using a simulation package
Dmfit) and calculation of the NMR tensors using a DFT
package CASTEP.”!

Using Dmfit to deconvolute the 'V NMR spectra at two
different MAS rotational frequencies, one can better assess the
accuracy of the NMR parameters extracted. With simulation
packages such as Dmfit, choosing the right model is critical to
the success and accuracy of the simulation. 'V has a small
quadrupolar moment such that the width of the *'V central
transition is relatively narrow. Thus, the line shapes of >'V
NMR spectra are determined by a combination of both the
CSA tensor and EFG tensor. We chose the “int2quad” model
in Dmfit to perform the simulation because it takes into
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Figure 2. Experimental (black) and simulated (by Dmfit, red) using
CASTEP-NMR tensor parameters as an “initial guess.” *'V MAS
NMR spectra of Ag,VO,PO, obtained at 13.9T: (a) vy = 10 kHz and
(b) vg = 25 kHz. Symbols (%) indicate isotropic resonances.

account first- and second-order quadrupolar effects, and the
effect of chemical shielding (shift) anisotropy. We use DFT
calculated NMR parameters for the single vanadium site in
SVPO as a “first guess” for Dmfit. Figure 2 shows the
comparison between the experimental MAS NMR spectrum
and the simulated spectrum from Dmfit. Excellent agreement is
found between the simulated and experimental MAS NMR
spectra, and the values from the deconvolution are shown in
Table 1.

Calculation of NMR tensor values using DFT serves as an
important part in the process of “NMR crystallography”.*>**
By comparing experimental NMR parameters with calculated

NMR parameters (CSA and EFG tensors) based on structural
models proposed by crystallographic methods such as XRD,
validation or potentially further refinement of the atomic
coordinates is possible. Here we perform DFT calculations of
1V CSA and EFG tensors with three SVPO structural models
with slightly different atomic coordinates from different
sources (details are addressed in Experimental Section). The
calculation results are summarized in Table 1.

Table 1 displays NMR tensors expressed in the Haeberlen
convention, as well as values for chemical shift (8, from
experiment) and chemical shielding (6, from computation)
expressed in terms of the diagonalized tensor principal
component values. Comparison between CASTEP shielding
and experimental shift values requires referencing to a standard
set of *'V NMR compounds. Thus, the o, and &, values are
not (directly) comparable between experiment and DFT
computation. However, there is good agreement between the
computed and experimental values of the other NMR
parameters which are expressed in terms of the Haeberlen
convention, such as the anisotropy of the chemical shift d¢g
(determined by the full diagonalized CSA tensor) and
quadrupolar coupling constant Cq (determined by the EFG
tensor). The asymmetry parameter (#) of both CSA and EFG
tensors (7cs and 71o), however, are not in as good agreement
between experiment and theoretical calculations. This difficulty
of accurately predicting asymmetry parameters is a familiar
issue;*° these expressions are more prone to error because the
mathematical definition suffers from error propagation. The
variation between CASTEP results for different structural
models is small, which indicates good agreement of the
structure with those published previously.

Even with such deviations, the static NMR spectrum can
illustrate the subtle differences between models. To that end, a
static *'V NMR spectrum of pristine SVPO was recorded,
shown in Figure 3. The experimental spectrum (black) is
overlaid with the simulated static line shape (red) from Dmfit.
The line shapes depicted represent both the central (1/2, —1/
2) transition and multiple satellite transitions (for I = 7/2).
The Dmfit-extracted NMR parameters are also shown in Table
1. The values obtained by fitting data for the static experiment
agree well with those of the MAS results.

With the NMR parameters determined, local structure at the
V sites can be further confirmed. The six-coordinate VO
species described here are edge-sharing dimers. Lapina et al.**
report CSA anisotropy (8,,) in the range of —200 to —400 ppm

Table 1. Experimental and DFT 'V NMR Parameters for Ag,VO,PO, (SVPO) by Haeberlen Convention Expressions”

pristine SVPO sample 8o (ppm) Scs Ncs Cq (MHz) o
Experimental NMR Chemical Shift Anisotropy and Quadrupolar Parameters (fitted by Dmfit)
SVPO (MAS at 10 kHz) —497.2 £ 0.1 —416.0 + 0.3 0.14 + 0.03 5.53 £ 0.06 0.29 + 0.01
SVPO (MAS at 25 kHz) —496.5 + 0.1 —4134 + 5.7 0.12 + 0.03 547 + 0.04 0.26 + 0.01
SVPO (static NMR) —4952 + 1.2 —416.6 + 0.5 0.16 + 0.001 5.47 + 0.09 0.30 + 0.01
Oiso (PPm) Jcs Mcs Cq (MHz) Mo
DFT-Computed NMR Shielding and Quadrupolar Parameters”
CASTEP SVPO#1 (computed) —1530.4 —4163 043 522 0.38
CASTEP SVPO#2 (single crystal XRD) —1523.7 —413.7 0.42 523 0.35
CASTEP SVPO#3 (powder XRD) —1518.7 —414.0 0.41 521 0.37

“Experimental measurements are expressed in terms of chemical shift (§), and computed values are in terms of shielding (¢) (see Supporting
Information Table S4 for individual tensor components). PCASTEP was used to calculate SVPO structures from three different sources: SVPO#1,
computational structure from the Materials Project (MP-565532).*° SVPO#2, a refined single-crystal SVPO structure by Lii and co-workers,'® and
SVPO#3, a powder diffraction SVPO structure Rietveld-refined by ourselves.
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Figure 3. *'V static SSNMR spectrum of Ag,VO,PO, obtained at
13.9T: experimental spectrum in black and Dmfit-simulated line
shape in red. The central transition and all satellite transitions are all
depicted in this spectrum. Overlaid are the multiple CASTEP-
computed models from data in Table 1.

and CSA asymmetry parameters in the range of 0 to 0.2 for
associated VOy species which are similar to our observations
tfor SVPO. The isotropic chemical shifts found here for SVPO
VOgq4 edge-sharing dimers are in a range near to those reported
for other VO, dimers (=500 to —560 ppm).*”**
Electrochemical Discharge. Coin cells assembled using a
Li metal anode and Ag,VO,PO, cathode (LillAg,VO,PO,)
were discharged from their postassembly open circuit potential
of about 3.40—3.55 V at a rate of C/300 (these discharge
profiles are shown in Figure 4). Consistent with the high
thermodynamic potential, yet low conductivity, of pristine
SVPO, the initial potential rapidly drops to 2.3 V before
recovering and leveling off at 2.6 V. The profiles observed are
described by the following electrochemical processes:

Ag,VO,PO, + yLi  Li/Ag, VO,PO, + yAg’

Initial reduction of SVPO involves the reduction of the Ag"
ions, eq 1, and corresponds to the observed potential recovery
from 2.3 to 2.6 V soon after discharge begins. As reduction
proceeds, silver is displaced from the layered material as it
aggregates to form a conductive Ag0 matrix, and lithium ions
intercalate in to balance charge. This reduction—displacement
of silver from parent Ag,VO,PO, results in a drop in cell
resistance and increase in conductivity. The second reaction,
eq 2, represents the reduction of vanadium. These two
electrochemical processes are not sequential, as it has been
reported*”* that some V°* is reduced to V** before Ag’
formation ceases. The plateau region of the discharge profile
up to 2.3 to 2.4 electron equivalents is dominated by Ag’
formation while the downward sloping region after the plateau
corresponds to reduction of V°* to V*". Because the silver
cations coordinate with a large number of oxygen atoms,
formation of Ag® leads to the amorphization of the structure.
Amorphization likely impedes further reduction—displacement
of silver, which is a plausible explanation for the coreduction of
silver and vanadium for a part of the discharge curve.”® As
discharge progresses, the magnetic susceptibility increases
(although attenuation of magnetic susceptibilities for V** and
V* in both vanadium oxides’' and vanadium phosphates®” is
known, a measurable increase in the magnetic susceptibility of
the discharged SVPO materials is clearly observed).”' This
increase cannot originate from an Ag center because the d'°
electron configuration is maintained during Ag" reduction to
Ag’, neither of which display paramagnetic properties under
these conditions.”® Instead, the increase is assigned to the spin-
moment calculations for both the d' and d* electron
configurations, which result from two reduction events: V**
— V¥ — V*. In addition, XAS spectra of Ag,VO,PO, at
various points of discharge indicate that while Ag" is reduced,
there is no formation of a single stable intermediate phase
during the discharge; however, a binary Ag® and Ag,VO,PO,
system is sufficient to fit the spectrum. Contributions from
both the Ag,VO,PO, and Ag’ phases to the discharged system
absorption spectra, and an increase in magnetic susceptibility
during the entirety of the discharge process, also support that
V" and Ag' centers are reduced concurrently rather than
sequentially.”"°

(1) Bulk electrochemical reduction of pristine SVPO was
) ) ) conducted to generate lee, 2ee, and 3ee discharged samples.
Li,VO,PQ; + zLi — Li, . VO,PO, 2) With each reduction step comes a loss of crystallinity, making
3.6 — 1 Electron Discharge
3.4 — 2 Electron Discharge
— 3 Electron Discharge
3.2
3.0
S 28
E’ 26 f-'zs S
; 2.4
2.2
2.0
1.8
1.6 ¢ +
0 20 40 60 80 100 120 140 160 180 200
Discharge Capacity (mAh/ g)
0 3

1 2
Discharge Capacity (Electron Count)

Figure 4. Discharge potential profiles at a rate of C/300 up to lee, 2ee, and 3ee discharged SVPO. The profile for the 2ee discharge profile is an

average of multiple coin cells.
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these materials challenging to characterize. Compared to
pristine SVPO, the lee reduced material is the most crystalline
of the discharged samples, and a fitting analysis of the XRD
data reveals that the material primarily consists of Ag,VO,PO,
(~50%) and silver metal (~30%) along with small amounts of
a (paramagnetic) lithiated vanadium phosphate phase (~10%)
similar to LiVOPO, and some Li,O (<10%) (Supporting
Information Table S5). A crystallographic information file
(CIF) of the refined lee discharged Ag,VO,PO, phase with
strongly distorted VOg4 octahedral centers and slightly distorted
PO, tetrahedral centers is provided in Supporting Information.

As previously mentioned, reduction leads to increased
conductivity as Ag’ deposits form and to an expansion of the
interlayer distances as lithium ions intercalate between the
layers of VOg and PO, polyhedra. The amorphization of the
material upon reduction makes these materials challenging to
characterize by XRD. XANES data have shown that the six-
coordinate VOg4 environment is maintained throughout the
discharge process despite severe distortion.'” However, using
detailed EXAFS analysis to determine local coordination
environments is difficult due to beam attenuation by the
electron-dense Ag atoms surrounding the V centers. Solid-state
NMR is useful, as it can be used to monitor changes in the
local site symmetry around vanadium upon reduction,
including noncrystalline vanadium species that cannot be
detected by XRD.

3TV SSNMR Spectroscopy of Discharged SVPO
Samples. The atomic coordinates obtained from the
Rietveld-refined structure of the Ag,VO,PO, component of
the lee discharged sample depict the altered lattice for this first
stage of electrochemical conversion (shown in Figure S). The

Figure S. (a) Rietveld refined structure of lee discharged Ag,VO,PO,
with VO4 shown in yellow, PO, shown in blue and Ag atoms shown in
gray. (b) Strongly distorted vanadium centers. (c) Slightly distorted
phosphorus tetrahedra.

CASTEP-computed *'V NMR EFG and chemical shielding
tensors served as the starting point for Dmfit simulation of the
'V MAS NMR spectrum (shown in red in Figure 6), which
resolves a single vanadium site we assign to (lee) Ag,VO,PO,
(Table 2). When comparing >'V NMR tensor values between
those measured here to those of the SVPO parent compound
(Table 1), it is notable that the isotropic resonance remains
essentially the same. Observation of a single isotropic
resonance suggests that the >'V species that are observed are
in a homogeneous environment and not distributed among
different structural domains. The XRD data indicate that while
the major component of the lee discharged SVPO sample is
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Figure 6. °'V MAS NMR of lee discharged Ag,VO,PO,, obtained at
13.9 T and vy = 25 kHz MAS. Experimental (black) and simulated
(by Dmfit the “int2quad” model, red) using CASTEP-NMR tensor
parameters as an “initial guess”. Symbols (&) indicate isotropic
resonances. Inset image shows expansion of the region near the
isotropic resonance.

Ag,VO,PO,, there are local changes about the VOg4 and PO,
centers. Significant changes to the crystal structure can be seen
through comparison of pristine SVPO (Figure 1) to that of the
lee discharged sample (Figure S). Figures S10 and S11 in
Supporting Information graphically depict changes to the V—0O
bond lengths to illustrate the shift of atoms that occurs in a pair
of edge-sharing VOg centers upon reduction. These changes in
the local structure are reflected in a significant change in the
'V NMR chemical shift anisotropy (d¢s) and a measurable
difference in the quadrupolar coupling constant (Cq). In a
study of a series of Li,V,0; (0.4 < x < 1.4) materials,
Nakamura et al.>* also found that as V** is reduced, the 5'V
NMR isotropic chemical shift stays approximately the same
while dcg and Cq change. It is worth noting that for both the
Li,V,0s study and this study, the >'V NMR tensor parameters
(6cs and Cg) better reflect changes to the local environment
than the isotropic chemical shift.

The further reduced samples were also analyzed by *'V
NMR spectroscopy, and solid-state MAS spectra for the 2ee
and 3ee reduced samples (along with the lee reduced sample)
are shown in Figure 7. For the lee discharged material, the
majority of the vanadium is still diamagnetic V**. As reduction
proceeds, a substantial loss of signal intensity is observed.
These findings are consistent with a paramagnetic sample, as
expected for V** (Li,,,VO,PO,). The reduction of diamagnetic
V" to a lower 4+ oxidation state leads to paramagnetic
vanadium species and a concomitant increase in magnetic
susceptibility.”’ The strong unpaired electron—nuclear inter-
action leads to a very fast T, relaxation which makes
paramagnetic V** and V*" undetectable by NMR.>®> As
expected, this increase in paramagnetic character leads to a
decrease in signal/noise (S/N) ratio due to the lower
abundance of detectable V°*. According to the electrochemical
discharge data, Ag" is initially reduced to Ag’. However, Ag" is
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Table 2. Experimental 'V NMR Chemical Shift Anisotropy and Quadrupolar Parameters (fitted by Dmfit) for
Electrochemically Discharged SVPO Structures by Haeberlen Convention Expressions®

discharged SVPO sample Siso (ppm) dcs ncs Cq (MHz) nq
lee discharged (MAS at 25 kHz) —496.0 + 0.1 —380.6 + 6.3 0.21 + 0.05 5.30 + 0.02 0.26 + 0.01
2ee discharged (MAS at 25 kHz) —496.0 + 0.1 —383.0 + 11.0 0.18 + 0.13 5.20 + 0.06 0.25 + 0.02
3ee discharged (MAS at 25 kHz) —496.0 + 0.2 - - - -

“Experimental measurements are expressed in terms of chemical shift (§) (see Supporting Information Table S4 for individual tensor components).
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Figure 7. Comparison of the >'V MAS NMR spectra of lee, 2ee, and
3ee discharged Ag,VO,PO,, obtained at 13.9 T and vz = 25 kHz
MAS. The same number of scans were collected for each spectrum.
Symbols (&) indicate isotropic resonances.

not completely reduced prior to reduction of V**; these occur
concurrently.” The magnetic susceptibility of the material
increases with each reduction step, although not in a linear
fashion; on the basis of these NMR data, the lee discharged
SVPO sample only contains a small amount of paramagnetic
material, whereas the 3ee discharged SVPO sample contains
the largest amount.”" Notably, the magnetic susceptibility of
the 2ee discharged material more closely resembles that of the
3ee discharged material. The isotropic chemical shift values for
both the pristine SVPO and the discharged SVPO compounds
do not change, indicating that the *'V NMR spectrum of V**
receives limited influence from paramagnetic V** and V**. The
increased paramagnetic behavior along with the increase in
uncertainty of the XRD structural model with the onset of
reduction introduces complications in the CASTEP calcu-
lations of the lee sample, rendering the modeling of the
tensors to be uncertain.

The *'V MAS NMR spectrum of the 2ee discharged
Ag,VO,PO, is shown in greater detail in Figure 8. We were
able to use Dmfit to deconvolute the spectrum of the 2ee
discharged sample. Although the XRD analysis of the 2ee
discharged sample of Ag,VO,PO, was performed, the
amorphization of SVPO wupon reduction along with the
presence of multiple components severely complicates any
type of detailed structure analysis through diffraction methods.
In fact, the XRD analysis indicates that the crystalline portion
of the 2ee discharged sample consists primarily of silver metal
(over 80%) along with small amounts of starting Ag,VO,PO,
(~10%) and approximately 10% of a lithiated vanadium
phosphate phase (LiVOPO,) (Supporting Information Table
SS). While refined phase fractions of the phases identified in
the 2ee discharged Ag,VO,PO, identified all significant
diffraction features, they did not account for all vanadium
and oxygen atoms present based on material stoichiometry. It
was therefore assumed that the remaining moles of vanadium
and oxygen belonged to an amorphous Li,VO,PO, phase
(Table S5). In the absence of a crystallographic model
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Figure 8. °'V MAS NMR of 2ee discharged Ag,VO,PO,, obtained at
13.9 T and v = 25 kHz MAS. Experimental (black) and simulated by
Dmfit the “int2quad” model (red) using the lee discharged spectrum.
Symbols (%) indicate isotropic resonances.

structure, we were not able to use CASTEP to calculate the
NMR spectral data for the 2ee and 3ee discharged material
with desired accuracy.

What is lacking from the XRD analysis is any information
about the amorphous material that is present. Analyzing the
2ee discharged sample using *'V SSNMR reveals that the
isotropic resonance remains the same as the pristine and the
lee discharged SVPO. Therefore, the *'V NMR spectrum of
the 2ee discharged SVPO sample provides a (narrow) window
into this material, suggestive of regions of the sample that
retain some unreacted V>*. Unfortunately, because we do not
detect any other paramagnetic phases, we are unable to make
further conclusions about the mechanism of this reduction
process.

This study, connecting XRD structure to NMR parameters
(extracted from experimental data), is a first step along the
pathway toward predicting distortions to the VOy sites. The
general trend from pristine to lee to 2ee discharged SVPO is
that the anisotropy of the CSA (6cg) changes with increasing
discharge, from —416 ppm in pristine SVPO to approximately
—380 ppm in the reduced samples, and the Cq, decreases
slightly in magnitude (from 5.5 MHz in pristine SVPO to 5.2
MHz in the 2ee discharged sample). Although we may be
observing only a fraction of the structure (i.e., that which is
diamagnetic) in these more reduced samples, the data provide
NMR tensors that are indicative of the electronic environment
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at the V*" sites, showing that distortion of the diamagnetic VO
centers continues before further reduction causes a loss of
signal.

It is important to note that a NMR spectral study of the
commercially important silver vanadium oxide (Ag,V,O,
SVO) was reported in 2007 by Greenbaum and co-workers.
The NMR analysis focused on the "Li SSNMR data of reduced
SVO (~lee up to ~6ee discharged SVO) which showed
evidence of Li" ions in three different environments
corresponding to three separate voltage plateaus. Here we
provide representative 'Li NMR spectral data of the discharged
SVPO samples (Supporting Information Figures S3 and S4)
without a detailed analysis. Although there are similarities
between the "Li NMR data of SVPO and SVO (evidence of Li*
in different environments and broadening of peaks with
increased discharge), we focused our attention on the °'V
nucleus which is a more sensitive probe in elucidating
structural changes within this material. Leifer et al. did report
the 'V NMR data (quadrupolar echo) of pristine SVO as well
as some of that of the reduced samples.”” Like the changes we
observed for the lee reduction of SVPO, they observed minor
changes in the central transition as well as the quadrupolar
satellite transitions in the 'V NMR spectral data of
Liy»Ag,V,0;; (~lee discharged SVO) with pristine SVO.
Thus, the crystallinity and local environment about vanadium
are not substantially altered during the early stages of reduction
for SVO as well as SVPO. The spectral data for the ~2ee
discharged SVO sample visually displays noticeable differences
when compared with the data of pristine SVO, and further
reduction (~6ee discharged SVO) leads to a significant loss of
signal which is expected as the paramagnetic properties of the
sample increase as V°' is reduced. The chemical shielding
(shift) values are useful to researchers when trying to
understand the components present in an amorphous material,
and here we are reporting several sites that may be useful to
test structural models of the discharged, amorphous SVPO.
Instead of visually comparing the line shapes, utilizing Dmfit
and CASTEP to extract NMR line shape parameters has
enabled us to conduct an analysis that reflects the vanadium
local environment, and we find similar observations between
the two systems.

B CONCLUSIONS

Spectroscopic analysis of SVPO and related discharged
materials has been conducted. Dmfit was utilized to determine
key NMR parameters for pristine and lee and 2ee discharged
SVPO. CASTEP DEFT calculations were also applied to pristine
SVPO samples. Good agreement was found between the DFT
and experimental parameters for pristine SVPO material. The
data reveal that while the isotropic chemical shift does not
change substantially upon reduction of the material, there are
significant changes in the reduced chemical shift anisotropy
and the quadrupolar coupling constant. These changes,
manifested as NMR line shape differences, indicate that
while the local coordination environment of VO4 dimers is
maintained throughout the reduction process, there are
deviations in the local symmetry about the VOq center. This
is information that could not be obtained from XRD data
because there is a significant loss of crystallinity in the
vanadium phases after more than lee have been added.
Therefore, the sensitivity of SSNMR to local coordination
environments provides a rare window into the structure, when
it lacks long-range order, of the amorphous, reduced samples.
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Possession of NMR tensors such as these could one day enable
modeling of amorphous vanadium oxide structures containing
Vv
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