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This report details the chemical and associated electrical resistance changes of silver vanadium phos-
phorous oxide (Ag;VO,P0O4, SVPO) incurred during electrochemical reduction in a lithium based
electrochemical cell over the range of 0-4 electrons per formula unit. Specifically the cathode electri-
cal conductivities and associated cell DC resistance and cell AC impedance values vary with the level of
reduction, due the changes of the SVPO cathode. Initially, Ag* is reduced to Ag® (2 electrons per formula
unit or 50% of the calculated theoretical value of 4 electrons per formula unit) accompanied by significant
decreases in the cathode electrical resistance, consistent with the formation of an electrically conductive
silver metal matrix within the SVPO cathode. As Ag* reduction progresses, V>* reduction initiates; once
the SVPO reduction process progresses to where the reduction of V>* to V4* is the dominant process,
both the cell and the cathode electrical resistances then begin to increase. If the discharge then continues
to where the dominant cathode reduction process is the reduction of V4 to V3*, the cathode and cell
electrical resistances then begin to decrease. The complex cathode electrical resistance pattern exhibited
during full cell discharge is an important subject of this study.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Implantable medical electrically powered devices have specific
power source performance requirements. For example, devices
such as pacemakers and neurostimulators have a fairly constant
energy draw from the power source over the lifetime of the
device, while the implantable cardioverter defibrillator (ICD) has
particularly demanding requirements, due largely to the broad
range in power demands required for complete ICD function.
Since an ICD is used to both continuously monitor heart function
and treat arrhythmias with a high energy shock delivered to the
heart, primary lithium batteries for the ICD application must be
able to supply continuous 10-50 p.A level currents to power the
monitoring circuitry and in some cases to support heart pacing
functionality. Yet on detection of an arrhythmia, the same batteries
must provide ampere level currents at an energy level of 30-50]
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to rapidly charge the high voltage capacitors whose discharge to
the heart interrupts the ventricular fibrillation [ 1] Additionally, ICD
batteries must enable long device lifetime (high capacity), occupy
minimal space (high volumetric energy density), and perform in a
safe, reliable and predictable manner.

Silver vanadium oxide (Ag;V4011, SVO) has been a widely used
cathode material in batteries powering ICDs over the past 20 years
[2-4]. Technical details concerning successful implementation of
the lithium/SVO battery in ICDs have been described [5-10]. Fur-
ther, the discharge process of SVO in a lithium battery has been
investigated by several methods including titration, X-ray powder
diffraction and solid state NMR [10-13]. The discharge process of
SVO initiates with the competitive reduction of Ag* to Ag® and
of V>* to V4* and then proceeds to some reduction of V4* to V3*.
Notably, the reduction of silver ion was observed to form silver
metal nanoparticles and nanowires within the cathode and con-
tribute to a significant increase in cell conductivity on discharge
[3,14]. Since the ICD application requires pulse power, minimizing
cell resistance and impedance are critical to appropriate ICD bat-
tery function. Studies of the impedance characteristics of Li/SVO
batteries and SVO conductivity measurements have been reported
as a function of depth of discharge where the battery impedance


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:et23@buffalo.edu
dx.doi.org/10.1016/j.jpowsour.2010.04.033

6840 A.C. Marschilok et al. / Journal of Power Sources 195 (2010) 6839-6846

and SVO cathode resistance decreased as discharge were initiated
and increased after mid-life of the battery [13,15].

A fluorinated silver vanadium oxide material (Ag4V,0g, SVOF)
has been reported as a new cathode material for potential ICD
battery use [16]. When discharged under a constant current of
0.001 mAto 1.5V, adischarge capacity of251 mAh g~! wasreported
for lithium/SVOF batteries, with insertion of up to 6.25mol of
lithium insertion per formula unit. The high voltage (>3 V) capac-
ity of SVOF (148 mAhg-!) was stated to compared favorably to
that of SVO (100mAhg-1). Hydrothermal [17] and low temper-
ature routes [18] have been explored for SVOF synthesis. Due to
its high density (6.03 gcm~3) SVOF shows a high thermodynamic
capacity of 892 mAh cm? above 3 V, which compares favorably with
SVO. However, the SVOF material shows significant polarization,
corresponding to a 30, 45, and 80% decrease in capacity at D/50,
D/10, and D rates, respectively [17]. Optimizations to SVOF par-
ticle size and electrode porosity have been posed as pathways to
further improve rate capability and performance of the SVOF cath-
ode.

Over the past several years, phosphate-based materials, gen-
erally LiyMPO4 where M represents Fe, Mn, or VO, have received
significant attention as rechargeable materials for secondary
energy storage, for applications ranging from power tools to load
leveling devices to electric vehicles [19-27]. These phosphate-
based materials demonstrate high levels of chemical and structural
stability in lithium based batteries while providing adequate volt-
age and capacity despite their inherently low electrical conductivity
[28-31]. We recently released the first report on the electrochem-
istry of silver vanadium phosphorous oxide (Ag,VO,P0g4, SVPO) in
lithium batteries [32]. SVPO was deliberately selected for consider-
ation in next generation implantable device batteries anticipating
several promising characteristics: (1) high chemical stability con-
sistent with that observed in other phosphate cathode materials,
(2) high capacity due to the multiple electron transfer present in
bimetallic materials, and (3) high conductivity exceeding that of
other phosphate based materials due to in situ generation of a con-
ductive silver matrix. Under constant current discharge, the SVPO
material displayed high current capability, supporting 50 mA cm~2
pulses above 1.5V.

In our investigation of the discharge of a lithium/silver vana-
dium phosphorous oxide electrochemical cell we also reported the
formation of silver nanoparticles in the cathode upon discharge
[33]. Ex situ X-ray diffraction analysis of the reduced cathode
material revealed generation of silver metal on initiation of dis-
charge, where Ag® peak intensity increased linearly from 0 to
2.4 electrons per formula unit and remained unchanged from 2.4
to 3.6 electrons per formula unit. Cell AC impedance measure-
ments in the range of 0-0.08 electrons per formula unit showed
a 15,000-fold decrease in cell resistance, which was attributed to a
significant cathode conductivity increase. However, cathode con-
ductivity was not measured directly in this previous report, and cell
AC impedance was not analyzed beyond 0.2 electrons per formula
unit (5% depth of discharge).

Lithium cell resistance is a key parameter in assessing the suit-
ability of cathode materials for applications requiring pulse power
such as the implantable cardioverter defibrillator, and it is criti-
cal to understand cell resistance changes over the full cell lifetime.
The study reported here is a comprehensive investigation of SVPO
cathode conductivity measured by the four-point probe method
and the associated changes in lithium cell impedance and cell DC
resistance as a function of discharge over the complete range of 0-4
electrons per formula unit of silver vanadium phosphorous oxide
(Aga VO, P04, SVPO). In addition, ex situ X-ray diffraction (XRD) and
magnetic susceptibility measurements of the SVPO cathodes are
presented to explain the discharge mechanism and rationalize the
observed changes in conductivity.

2. Experimental

Silver vanadium phosphorous oxide (SVPO, Ag,VO,P04) was
synthesized according to a previously reported method [34]. The
material was characterized by X-ray powder diffraction to verify
structure and by differential scanning calorimetry to confirm phase
purity. Cathodes were prepared as pressed pellets using either the
pure as prepared Ag,VO,PO4 or as a composite. For the composite,
a mixture of the active material was combined with graphite and
polytetrafluoroethylene (PTFE). Typical SVPO only cathode thick-
ness was 0.54 mm, while typical composite cathode thickness was
0.46 mm.

The four-point probe method was used to obtain the conductiv-
ity of the mixture based cathodes [35,36]. The equipment for this
measurement was a standard linear four-point probe arrangement
with a probe spacing of 1 mm. The outer probes were connected
to a current source in series with a current meter while the cor-
responding voltage drop was measured across the inner probes
using a voltmeter. Measurements were taken in five different
positions along the central region of each pellet. Cathode con-
ductivity measurements were obtained on fresh cathodes and
cathodes recovered from partially discharged cells. Cathode pellets
were recovered from the partially discharged cells and repeatedly
rinsed with solvents in a glove box atmosphere prior to drying.
Scanning electron micrographs of the cathode pellets mounted on
double-sided carbon sticky tape were taken on a Hitachi SU-70
field emitting microscope, using a YAG backscatter electron detec-
tor. Magnetic susceptibility measurements were collected at room
temperature using a Johnson-Matthey Mark I magnetic suscepti-
bility balance. XRD data was collected using a Rigaku Ultima IV
instrument, and analyzed using JADE software with ICDD and ICSD
databases.

Experimental type 2325 coin cells were fabricated in an Argon
atmosphere glove box. Coin cells had a 23 mm diameter and an
overall thickness of 2.5 mm. Cells used 1M LiAsFg in 50/50 (v/v)
propylene carbonate/dimethoxyethane electrolyte and a lithium
foil anode, with cathodes of 1.33 cm? area. Polypropylene separator
disks were used in the cell assembly. Cell discharge was performed
at 37 °C using a Maccor multichannel testing system under rates of
C/200 to C/700 until the desired depths of discharge (DODs) were
achieved. For the SVPO only cells, discharge rates of 1.3mAg!
and 0.30mA cm~2 were used, while for the SVPO composite cells,
discharge rates of 0.39mAg~! and 0.045 mA cm~2 were used. Cell
internal resistance, RDC, was calculated for both sets of experimen-
tal cells from the open circuit voltage, loaded voltage and applied
current. Open circuit voltage readings were recorded until the cell
voltage had changed less than 10 mV over the previous 24 h.

AC impedance measurements were collected using a CH Instru-
ments Model 604C Electrochemical Analyzer in the frequency range
of 0.1 mHz to 100 kHz using a 5 mV amplitude for the undischarged
SVPO only cathode cells. AC impedance measurements were per-
formed on partially discharged cells and composite cells with a
low frequency of 10 mHz. Analysis of the AC impedance measure-
ments was conducted using the ZView™ Impedance/Gain Phase
Graphing and Analysis Software, Version 3.1c. The data were fit to
simplified circuits which were selected for analysis of the resis-
tance components. In some cases, the raw data contained some
minor discontinuities. Data discontinuities were not corrected or
smoothed, rather the mathematical fits were used directly on the
collected AC impedance data.

3. Results

SVPO crystallizes in a monoclinic C2/m space group and exhibits
a layered structure as shown in Fig. 1 [37]. XRD data was assessed
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Fig. 1. Structure of silver vanadium phosphorous oxide (Ag,V0,PO4, SVPO), ori-
ented along the [010] direction showing silver ions between the vanadium
phosphorous oxide layers.

as a function of state of discharge from ex situ analysis of as pre-
pared and reduced SVPO cathodes, shown in Fig. 2. Silver metal
formation was observed upon reduction of SVPO, with a regular
increase in Ag® peak intensity up to 2.4 equivalents of Li* (from
Ag,VO,P04 — Lip 4Ago,VO,P04) [33]. Ex situ magnetic susceptibil-
ity data was collected for the powdered SVPO cathode samples as a
function of discharge, as shown in Fig. 3. Measurements were taken
in triplicate and the reported values are averages of three measure-
ments. A powdered HgCo(SCN), sample was used to calibrate the
balance [38].

The open circuit voltage values for lithium/silver vanadium
phosphorous oxide (SVPO, Ag,VO,PO4) cells as a function of dis-
charge are shown in Fig. 4A and B. Fig. 4A displays the values for
cells assembled using composite cathodes containing carbon and
binder. Fig. 4B shows the results for lithium cells assembled using
pure SVPO cathodes with no binder or conductive additives in the
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Fig. 3. Magnetic susceptibility of SVPO as a function of discharge.

cathode. The theoretical discharge capacity calculations are based
on 4 electrons transfer per formula unit where it was assumed that
both Ag* ions are reduced to silver metal and V°* is reduced to
V4* and then V3* consistent with our prior findings [33]. The open
circuit voltage values in each plot are reported for a population of
cells with the average value and the variation of each population
shown. The difference between the open circuit voltage and the
loaded voltage divided by the applied current was used to calcu-
late cell internal DC resistance, RDC. The calculated cell RDC values
are shown in Fig. 4A and B. For both groups of cells, the cell resis-
tance decreases as cell discharge initiates. There is a significant
decrease in cell resistance with a discharge of only about 0.1-0.2
electron equivalents. After the initial decrease in cell resistance,
the cell DC resistance remains fairly constant until approximately
2.0-2.5 electron equivalents where a significant increase in the cal-
culated cell resistance is observed. Notably, as the discharge of the
cells is continued past 3.0-3.5 electron equivalents, a decrease in
cell resistance is noted. Since the resistance of the cells was cal-
culated from difference between the loaded voltage and the open
circuit voltage, values were not available from the cells with the
composite electrodes as the cells were fully depleted past the 3.5
electron equivalent point. Overall, the cell resistance is lower for
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Fig. 2. X-ray diffraction of SVPO as a function of discharge.
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Fig. 4. Open circuit voltage and calculated cell DC resistance as a function of electron equivalents and depth of discharge. (A) For lithium anode/SVPO composite cathode
cells. (B) For lithium anode/SVPO only cathode cells as a function of electron equivalents and depth of discharge.

cells constructed with the composite cathodes compared to the
cells assembled with pure SVPO cathodes.

AC impedance was recorded at various depths of discharge for
cells with SVPO composite cathodes as well as cells with SVPO only
cathodes. The impedance at several selected depths of discharge is
shown in Figs. 5 and 6. In all cases, 100% depth of discharge (DOD)
was taken as 4 electron equivalents per formula unit of silver vana-
dium phosphorous oxide (Ag;VO,P04, SVPO). Fig. 5 illustrates the
measured AC impedance for cells assembled with composite cath-
odes at 0, 7, 48, 83 and 90% depth of discharge. These depths of
discharge were selected as they illustrate the significant changes
taking place in the cells during the course of the discharge. As illus-
trated in Fig. 5, the diameter of the semicircle in the Nyquist plot
for a fresh cell is approximately 60 €2. Once discharge has been
initiated, the diameter of the semicircle of the cell AC impedance
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Fig. 5. Cell AC impedance for lithium anode/SVPO composite cathode cells at 0, 7,
48, 83 and 90% depth of discharge.

decreases to approximately 15 Q2 at 7% depth of discharge (DOD).
This value remains relatively constant until about 50% depth of dis-
charge. As discharge continues an increase in the diameter of the
semi-circle is noted. The largest recorded impedance was obtained
at ~83% DOD. As the cell discharge continued to 90%, an approx-
imately threefold decrease in the diameter of the semicircle of
the cell AC impedance was observed. Fig. 6 illustrates the mea-
sured AC impedance results for lithium cells assembled with pure
SVPO cathodes at 0, 5, 50, 80 and 90% depth of discharge. The AC
impedance measured for a fresh cell showed a large diameter of the
Nyquist plot with the semi-circle exceeding 10° Q. Once the cell
depth of discharge had progressed to a few percent, a substantial
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Fig. 6. Cell AC impedance for lithium anode/SVPO only cathode cells at 0, 5, 50, 80
and 90% depth of discharge.
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Fig. 7. Equivalent circuit diagrams used to fit the AC impedance data. (A) Circuit used to fit lithium anode/SVPO composite cathode cells and lithium/SVPO only cathode cells
at 10-80% depth of discharge. (B) Circuit used to fit lithium anode/SVPO only cathode cells at 0-5 and 85-100% depth of discharge.

decrease in the cell impedance was observed where the diameter
of the semicircle in the Nyquist plot had decreased to a value of
about 40 €2 at 5% DOD. The change in the diameter of the semicir-
cle was a >15,000-fold decrease. As the cell discharge progressed,
the observed cell impedance remained between 20 and 50 2 until
about 50% depth of discharge and then began to rise again. The AC
impedance measured for cells at ~80% DOD had the highest value.
As cells were discharged further to 90% DOD, the measured cell
impedance value had decreased by a factor of 20 compared to the
80% DOD measurement. The general trends of the impedance val-
ues for the lithium/SVPO cells with composite cathodes as well as
pure SVPO cathodes showed impedance decreases with initial dis-
charge. The cell impedance then stayed relatively constant from
about 10 to 50% DOD and then rose as the cells discharged past
~60% DOD. The maximum impedance values were noted for cells
at approximately 80% DOD. If the cell discharge continued past 85%
DOD, a decrease in the cell AC impedance was observed.

In order to further probe the impedance and quantify the results,
simple equivalent circuits were used to fit the recorded cell AC
impedance data. For the cells with SVPO composite electrodes, a
simple circuit using a resistor, Rs, in series with a parallel combina-
tion of a constant phase element, CPE, and a resistor, R, was used
and is shown in Fig. 7A at all levels of cell discharge. ZView software
was used to mathematically fit the data. The sum of squares values
for the simulation fit of the data were in the range of 0.01-0.09.
The calculated Rs values remained fairly constant ranging from 3.8
to 8.2 Q2 over the range 0-90% depth of discharge. R; varied much
more significantly as a function of depth of discharge ranging from
low values of 9 to 11 €2 at 14-41% DOD to over 180 €2 at 83% DOD.
As the cell discharge was continued, Ry decreased to ~80 €2 at 90%
DOD. In order to allow comparison with calculated cell DC resis-
tance, a total cell resistance value was calculated by summing Rg
and Ry and is shown in Fig. 8 versus depth of discharge and electron
equivalents noted on the x-axis. The calculated cell DC resistance
from the discharge data is shown on the plot for comparison. Good
agreement is noted between the two data sets both in trend and in
total magnitude.
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Fig. 8. Comparison of calculated total cell DC resistance and Ry, from cell AC
impedance for lithium anode/SVPO composite cathode cells versus depth of dis-
charge and electron equivalents.

The equivalent circuit fit for the Li/SVPO cells using pure SVPO
cathode used the same circuit as the composite cathode cells from
10 to 80% depth of discharge as shown in Fig. 7A. However, from
<5 and 85 to 100% depth of discharge two distinct semicircular ele-
ments in the Z' versus Z” or Nyquist plots were observed. Therefore,
a circuit with two parallel combinations of constant phase element
and a resistor as shown in Fig. 7B was used to fit the data. Thus, at
the specified depths of discharge the circuit fits provide values for
Rs, R1 and R,. In examining the trends over the course of cell dis-
charge, Rs remained fairly constant ranging from 3.7 to 6.4 2 over
2-100% depth of discharge. The contribution of Ry ranged from 2
to over 18 €2. R, ranged from 14 to over 900 €2 over the depths of
discharge. Values from 14 to 29 2 were observed at depths of dis-
charge from 5 to 60%. Past 60% DOD the value of R, increased to
a maximum of >900 2 observed at 80% DOD and then decreased
as cell discharge progresssed. In a similar fashion to the data anal-
ysis above, an Ryy, value was calculated by summing R, Ry and
R,. Fig. 9 shows the comparison of Ry, to the cell DC resistance
calculated from discharge data related to depth of discharge and
electron equivalents. The correlation of the two data sets is strong
both in magnitude and trend.

Analysis of Li/SVPO cell data shows a decrease in cell resis-
tance as discharge is initiated. Since the mechanism of the cathode
discharge has been determined to include the generation of sil-
ver metal due to the reduction of Ag* to Ag® during the discharge
process [33], there was interest in measuring the cathode conduc-
tivity directly. Cathodes were recovered from partially discharged
cells where the individual cells had been discharged to a series
of DODs. Once the cathodes were recovered, rinsed, and dried,
four-point probe conductivity measurements of the cathodes were
conducted. The conductivity of each cathode was measured at five
locations across the cathode. Composite cathodes were used for
this portion of the study as the cathodes based on silver vanadium
phosphorous oxide alone were too fragile for recovery and mea-
surement. It should be noted that the cathodes did not incorporate
grids of any kind, but were formed as free standing structures.
Fig. 10 shows the measured resistivity of the cathodes recovered
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Fig. 9. Comparison of calculated total cell DC resistance and Ry, from cell AC
impedance for lithium anode/SVPO only cathode cells versus depth of discharge
and electron equivalents.
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Fig. 10. Cathode resistivity values for SVPO composite cathodes recovered from
cells at various depths of discharge. Open circles show individual values. Closed
diamond is the mean value for each group. 95% confidence intervals are indicated
by the vertical lines terminated with horizontal marks.

from cells related to the electron equivalents of discharge. Note
that the individual measurements are shown as open circles on
the plot, the closed diamonds show the average value and the bars
indicate the 95% confidence interval for the data set at each dis-
charge point. The measured resistivity of the cathodes decreases for
cathodes that have been reduced compared to the fresh cathodes.
The resistivity reaches a minimum level at ~0.8 electron equiva-
lents. The resistivity remains relatively constant until 2 electron
equivalents have been transferred and then the resistivity begins
to increase. The maximum average cathode resistivity was noted
at approximately 3.2 electron equivalents. As the cathodes were
discharged to approximately 3.8 electron equivalents, a decrease
in the cathode resistivity was noted for this advanced state of
discharge.

4. Discussion

The cathode reduction process of SVPO can be formally con-
sidered as described below (Scheme 1). For simplicity, the general
notation LixAg,_xVO,P0O, is used when describing multiple levels
of discharge. The notation LiyAg,_,VO,PO04 + yAgP is used specifi-
cally for y < 2, and the notation Li,VO, PO, + 2Ag? is used specifically
for z>2 to describe the reduced and lithiated material. This
notation is described as a shorthand way of describing the mate-
rial stoichiometry, and does not imply specific crystallographic
phases.

The cell DC resistance values, cell AC impedance values and
cathode conductivity measurements show clear trends linked
to state of discharge. The data sets show substantial resistance
decrease in initiation of cell discharge. The cell DC resistance
and cell impedance remain relatively constant from approx-
imately 10 to 50% DOD or 0.4 to 2.0 electron equivalents
(Lig.4Ag,VO,P04 — Liz gAgaVO,P0Oy). It is interesting to note that
the measured cathode resistivity begins to rise after 50% DOD
while the cell resistance is fairly stable until about 60% DOD.
The overall correlation in the trends indicates that the cath-
ode resistance is a major contributor to the cell DC resistance
and AC impedance. There is then a significant increase in cell
resistance between 60 and 80% DOD or 2.4 and 3.2 electron
equivalents (Liy 4Ag,VO,P0O4 — Li3 3Ag,VO,PO,). As the cells are
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Fig. 11. Cathode resistivity values, calculated cell DC resistance and Ry, from cell
AC impedance for lithium anode/SVPO composite cathode cells.

discharged further, there is a decrease in cell resistance as the
cells approach 90-100% DOD or 3.6-4.0 electron equivalents
(Li3 gAg2VO,P04 — Lig gAgoVO,POy4). The trends in cell resistance
are illustrated in Figs. 8 and 9. The recorded cathode resistivity data
are shown in Fig. 10. Fig. 11 provides an overlay of the average cath-
ode resistivity values, the cell Ry, from the AC impedance study,
and the calculated cell DC resistance for the cells constructed using
the composite SVPO cathodes. The general trends for the calculated
cell DC resistance and AC impedance values and the resistivity val-
ues for the recovered cathodes are similar. Correlation between
calculated cell DC resistance and measured cell AC impedance was
noted for pure SVPO cathode cells as well as for cells with composite
cathodes.

These results can be considered in relationship to the discharge
process of the Ag,VO,P0,4 cathode material. At the early stages of
discharge there is a significant decrease in the cathode resistance
which can be explained by the formation of a conductive silver
metal network formed internal to the cathode enhancing the con-
ductivity as a result of the silver ion reduction. At later stages of
discharge, changes in vanadium oxidation state dominate, with an
increase in cell resistance at end of discharge. XRD, SEM, and mag-
netic susceptibility measurements were used to probe changes in
the cathode material during the reduction process, and the dis-
charge mechanism is explored to rationalize the observed changes
in cathode and cell resistance and impedance.

SVPO exhibits a layered structure as shown in Fig. 1 [37].
Vanadium phosphorous oxide layers are formed from dimers of
edge-sharing vanadium oxide bioctahedra and phosphorous oxide
tetrahedra. The edge-sharing Ag* ions are located between the VPO
layers, with distorted octahedral coordination. Ex situ XRD mea-
surements were used to monitor changes in the SVPO cathode
material as a function of discharge, as shown in Fig. 2. Upon dis-
charge, the SVPO peak intensity decreases indicating an increase
in amorphous character of the structure. In a similar fashion, in
situ XRD measurements showed that the SVOF discharge process is
accompanied by amorphization of the parent structure [17]. While
the SVPO structure becomes more amorphous on discharge, no sig-
nificant interlayer collapse of the vanadium phosphorous oxygen
layer structure occurs. No significant constriction along the [400]
direction was observed for SVPO upon discharge. In addition, no
significant change in SVPO [00 1] interlayer spacing was observed,

Li (y<2) . Li(z>2) .
Ag,V0,P0, ¥ Li,Ag;_yVO,PO, + yAg “" 7% Li,VO,PO, + 2Ag’

Scheme 1. Reduction of Ag,VO,PO04.
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Fig. 12. Scanning electron micrograph of SVPO cathode recovered from 20% depth
of discharge cell.

suggesting that the vanadium phosphorous oxide layers have a
rigid structure that does not undergo interlayer collapse on dis-
charge even with the exit of silver from the structure. This supports
our hypothesis that the vanadium phosphorous oxide structure is
a robust framework which provides a high level of structural sta-
bility. In contrast, SVO shows substantial constriction on discharge,
corresponding to a 13% decrease in the interlayer spacing (dgo1 ) for
three equivalents of Li* (from AgV,0s5 — Li3AgV,055) [39].

Upon initiation of discharge, formation of AgP is observed, as
shown in Fig. 2. Similar to SVO and SVOF, Ag® formation was
observed upon reduction. Ag® crystallite size showed no signifi-
cant change with SVPO discharge, with an average size of 6.7 nm. As
discussed in our previous work, XRD indicates that some vanadium
reduction initiates prior to the completion of the silver ion reduc-
tion for SVOP as the Ag® peak intensity showed a linear increase
beyond 2.0 electron equivalents (Li;Ag,VO,P04), up to 2.4 elec-
tron equivalents (Li» 4Ag,VO,P0,) [33]. Partial reduction of V>* in
parallel with Ag* was also reported for SVO, with chemical analysis
by chemical titration [40] and Li-7 and V-51 NMR [11] studies of ex
situ SVO cathode material.

Note that the silver metal nanoparticles can also be observed
by SEM on the surface of the particles. The image shown in Fig. 12
is a sample SVPO only cathode from 20% depth of discharge or 0.8
electron equivalents. The silver ions initially present in the SVPO
structure, exit the structure and form nanodeposits on the parti-
cle surfaces, appearing as bright locations in the backscatter SEM
image. As the reduction of the material progresses, additional silver
metal sites are located on the particles. These silver metal sites form
insufficient quantity to form a conductive network in the cathode
structure. This manifests as reduced cathode resistance as well as
reduced cell resistance. Notably, a significant decrease in cell resis-
tance is observable with 0.08 electron equivalents transferred. An
increase in conductivity has been previously reported for the SVPO
system [33] as well as for the related lithium/silver vanadium oxide,
AgrV4041, system [13] due to the formation of silver nanowires and
nanoparticles as the discharge initiates.

As the cells reach 50% discharge, the majority of the silver ion
has been reduced and it would be expected that the major reduc-
tion process shifts from the reduction of silver ion to silver metal
to the reduction of vanadium, V°* to V4*. As the cathode reduction
progresses to 75% depth of discharge, the reduction of V4* to V3*
will also be taking place. Of further interest in the data reported
here is the observation that both the cathode and accompanying
cell resistance rise as the cells reach 50-60% discharge. The signif-

icant rise in cell resistance begins in the region where the cathode
reduction mechanism is shifting from primarily the reduction of sil-
ver ion (Ag*) to silver metal (Ag®) to the reduction of the vanadium
centers.

Previous studies have reported the AC impedance of LiyV;0s5
cathode containing cells [41,42]. The authors noted that the cell
resistance was consistently lower for fully charged cells versus dis-
charged cells. The authors also investigated the discharge process
by >V NMR and reported that the discharge process took place
with lithiation of the vanadium oxide and reduction of V°>* to V4*
and some amount of V4* to V3*. While the authors did not report
a detailed study of the cathode or cell resistance as a function of
depth of discharge, their observations are consistent with the cell
resistance rise on reduction of vanadium reported here. Recently,
studies of Li3V,(POg4)3 have been reported [43,44]. Tang et al. [43]
report the cell AC impedance of Li3V,(PO4)3 containing cells as a
function of cell voltage and also note a relationship of impedance
with state of charge. Rui et al. [44] reports the cell resistance of
Li3V,(POg4)3 on charge and discharge and noted that the cell resis-
tance changes with the state of charge with several increasing and
decreasing resistances noted as a function of cell voltage. Inter-
estingly, Rui reports an increase in DC cell resistance on initial
discharge of the of Li3V,(PO4)3 cathode material with subsequent
decrease and increase stages. In the Li/SVPO case under study here,
as the silver vanadium phosphorous oxide reduction process pro-
gresses to the reduction of vanadium, both the cell and cathode
resistances increase. These observations are consistent with those
observed in the reduction of vanadium oxides and by Rui in the
study of Li3V,(PO4)3 who note the resistance increases with the
initial reduction of vanadium (V°*).

Thus, the observed changes in cell and cathode resistance can
be rationalized as follows. Initial reduction of the Ag,VO,PO4 cath-
ode material involves the reduction of Ag* to silver metal, Ag®
and is accompanied by decreases in the cathode and cell resis-
tances. Some reduction of V>* occurs in parallel with Ag* reduction.
Since the paramagnetic character of the SVPO increases upon vana-
dium discharge, ex situ magnetic susceptibility measurements of
the SVPO cathode material were collected. Upon reduction from
V>* - V4* - V3* the vanadium d electron configuration changes
from d° — d! — d?, while reduction from Ag*— Ag® has no sig-
nificant change, retaining a d'9 electron configuration. Therefore,
magnetic susceptibility measurements should provide evidence of
changes in vanadium oxidation state in the presence of the silver
reduction process. However, the physical properties of vanadium
oxides [45,46] such as NaVO, and vanadium phosphates [47] such
as Ag,VOP,07 have been the subject of recent study, and it has
been observed that the magnetic susceptibilities of V3* and V4*
oxides and phosphates are approximately one half those antici-
pated from simple spin only calculations, likely due to partial V-V
communication through O or O-P-0.

Given the above limitations, we have observed that our mag-
netic susceptibility data is consistent with our XRD observations
regarding the discharge of SVPO. A regular increase in magnetic
susceptibility was observed upon discharge of SVPO, as shown
in Fig. 3. If the Ag* reduced fully prior to the V°* reduction,
then no significant magnetic susceptibility changes would be
anticipated on initial reduction from O to 2 electron equivalents
(Ag,VO,P0O,4 — LiAgoVO,P0,4). However, the data shows >400-
fold increase in magnetic susceptibility in this range. Thus, the
magnetic susceptibility data supports our hypothesis that some
reduction of V>* occurs in parallel with the Ag* reduction with the
magnitudes of our magnetic susceptibility data being consistent
with the above cited vanadium oxide and vanadium phosphate
observations. Finally, the oxidation state of vanadium in SVPO
changes most significantly when the reduction of Ag* is no longer
the dominant process.
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Once the cells have reached about 10% depth of discharge or
0.08 electron equivalents, where approximately 20% of the Ag* sites
have been reduced, the cell resistance remains relatively constant
until reaching approximately 50-60% depth of discharge. During
the 10-50% discharge, the dominant process is the reduction of
silver and the majority of the silver ions would be reduced by
the transfer of 2 electron equivalents. Once the cells have trans-
ferred two electron equivalents and have reached ~50% depth
of discharge, reduction of V°* to V4* becomes the dominant dis-
charge process. At this stage of discharge, a notable increase in
cell resistance takes place with a maximum noted at ~3.2 elec-
tron equivalents or 80% depth of discharge. As the cell discharge
continues to >85% depth of discharge or greater than 3.4 electron
equivalents, a decrease in cell resistance is noted. At this depth of
discharge, the dominant discharge process is consistent with the
reduction of V4* to V3*. Thus, the resistance trends of the cells corre-
late with the depth of discharge and can be rationalized by analysis
of the discharge process of the active cathode material, Ag, VO,PO4.

5. Summary

This study reports the investigation of SVPO cathode electri-
cal conductivity and the associated lithium cell resistance as a
function of electrochemical reduction over the range of 0-4 elec-
tron equivalents per formula unit. The cell DC resistance values,
cell AC impedance values and cathode electrical conductivity mea-
surements show clear trends linked to the level of reduction. In
considering the SVPO cathode electrochemical reduction mecha-
nism, the initial dominant process is reduction of Ag* to Ag® for
a theoretical total of 2 electrons per formula unit or 50% of the
calculated theoretical value of 4 electrons per formula unit. In a
parallel reaction, some reduction of V>* to V4* also takes place. As
the reduction progresses, V4* to V3* is also observed. At early stages
of cathode reduction there is a significant decrease in the cath-
ode electrical resistance due to the formation of a conductive silver
metal matrix forming within the SVPO cathode, thereby enhanc-
ing SVPO electrical conductivity. Once the SVPO electrochemical
reduction process progresses to the reduction of vanadium (V>*)
to (V4*) as the dominant process, both the cell and cathode elec-
trical resistances begin to increase. If the discharge continues to
the stage where the dominant cathode reduction process is the
reduction of vanadium (V4*) to (V3*), the cathode and cell electrical
resistances then begin to decrease. Since the electrical resistance of
cathode materials is a critical factor in lithium cell performance
factors, interpreting complex patterns of changes in SVPO cath-
ode electrical resistance to chemical changes incurred during the
electrochemical reduction of SVPO allows a more sophisticated
and accurate prediction of lithium cell performance, and greater
chemical insight into the relationships among cathode chemical
compositions, electrical resistance, and cell performance.
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