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As a part of our on-going study on silver vanadium phosphorous oxides (Ag,V,0,PO4), we report
here the first study of the electrochemical reduction of a low Ag/V ratio silver vanadium phospho-
rous oxide, Agp4sVOPO,4-1.9H,0. Reminiscent of Ag,VO,PO4 reduction, in situ formation of silver metal
nanoparticles along with an associated increase in conductivity were observed after reduction of
Ago.43VOPO4-1.9H,0 with 0.37 electron equivalents. However, in contrast to our lithium/Ag, VO, PO4 cells,

our lithium/Ag( 4sVOPO4-1.9H, 0 cells displayed an even higher voltage on discharge and a characteristic
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multi-plateau voltage profile, where vanadium reduction was the first reduction step.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Anon-going theme in our battery related research is the rational
study of a new family of materials, namely silver vanadium phos-
phorous oxides (AgxVy,0,P04), which have a chemical composition
inspired by two commercially successful battery materials, LiFePO4
and Ag,;V4014. Phosphate based materials have been successfully
implemented as cathodes for lithium batteries with the most
notable phosphate cathode material being lithium iron phosphate
(LiFePOy4) [1,2]. Phosphate materials display impressive electro-
chemical stability, but a notable liability associated with phosphate
materials is low conductivity. Silver vanadium oxide (Ag,V4011)
has been a cathode material of choice for batteries that power
implantable cardiac defibrillators over the past 20 years [3,4]. Rem-
iniscent of other vanadium oxides, Ag,V401; exhibits high voltage
in lithium based batteries [5]. Further, the bimetallic (Ag, V) com-
position allows multiple electron reduction per Ag,V,01; formula
unit, resulting in high capacity. The discharge of silver vanadium
oxide progresses with a significant increase in cathode conductiv-
ity consistent with in situ formation of silver metal nanoparticles
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upon reduction of Ag* to AgP® [6]. Further, silver vanadium oxide
displays a complex voltage profile upon electrochemical reduction,
with several distinct plateaus useful for end-of-service indication
in lithium based silver vanadium oxide implantable cardiac defib-
rillator batteries.

The desire to address the low conductivity observed in phos-
phate based cathode materials with an in situ generation of a
conductive matrix, while providing high operating voltage, high
capacity, and clear end-of-service indication led to our deliberate
selection of silver vanadium phosphorous oxides (SVPO) for explo-
ration as new cathode materials for lithium based batteries. We
recently introduced the first member of the silver vanadium phos-
phorous oxide family for electrochemical study, Ag;VO,PO4. When
used as a cathode in a lithium based battery, Ag,VO,P0, displayed
high discharge capacity and high current pulse capability, both
promising attributes toward future use in high power biomedical
applications [7]. The chemical changes in the Ag,VO,P04 cathode
as a function of discharge were examined [8]. Most notably, as
reduction was initiated, in situ formation of silver nanoparticles in
the cathode matrix was observed with an accompanying 15,000
fold increase in cathode conductivity. The impact of discharge
on the resistance and impedance behavior of the cell was also
studied [9]. We also reported a novel ambient pressure synthesis
method for Ag,VO,P0O4 preparation with accompanying changes
in morphology, particle size, and surface area over the previously
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Fig. 1. Scanning electron micrograph of as prepared Ago 4sVOPO4-1.9H,0 under (A) 30x and (B) 5000x magnification.

reported preparation method providing enhanced behavior under
pulse discharge conditions [10]. While Ag,VO,P0, exhibited sev-
eral desirable characteristics, two possible opportunity areas were
still apparent: higher operating voltage and a voltage profile pro-
viding the possibility for direct state of discharge determination.

We report here the first electrochemical study of an alternate
composition SVPO material, Agg43VOPO4. Notably, this mate-
rial has a lower silver content, with a silver to vanadium ratio,
Ag/V, of <0.5 compared to a Ag/V ratio of 2.0 for the previously
studied material, Ag,VO,P0O,. Lithium/Agy 45VOPO4-1.9H,0 elec-
trochemical cells show a high operating voltage and a characteristic
multi-plateau voltage profile, both potentially desirable properties
for use inimplantable medical devices. Stepwise characterisation of
the discharged Agg 4gVOPO4-1.9H,0 material by X-ray diffraction,
scanning electron microscopy, and four-point conductivity mea-
surements is conducted to probe the discharge mechanism. The
reduction mechanism for Agg43VOPO4 is contrasted with that of
Ag>VO,P04 and rationalized on the basis of structural and chemi-
cal differences in the two SVPO materials. This work contributes to
the ability to tune electrochemical properties of cathode materials,
including bimetallic phosphates, by control of chemical composi-
tion and structure.

2. Experimental

Agp.43VOPO,4-1.9H,0 was prepared following a previously
reported hydrothermal synthesis method [11]. Scanning electron
microscope (SEM) images were taken using a Hitachi SU-70 field
emitting scanning electron microscope. Powder X-ray diffraction
(XRD) was performed using a Rigaku Ultima IV X-ray diffrac-
tometer equipped with CuKa radiation, Bragg-Brentano geometry,
and a monochromator. A high temperature stage enabling in situ
XRD measurements at elevated temperature was also utilized. As-
collected XRD patterns were analysed using MDI JADE 8 software.
Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) was performed using a Thermo Scientific iCAP 6000 series ICP
spectrometer. Thermogravimetric analysis (TGA) was performed
using a TA Instruments SDT Q600, and water content was calculated
based on total weight lost between room temperature and 500 °C.
True density was measured using a Micromeritics AccuPyc I 1340
pycnometer using He gas. Four point conductivity measurements
were taken using a standard linear four-point probe arrangement.

Lithium anodes were used in coin type experimental cells with
1M LiAsFg in propylene carbonate and dimethoxyethane (1:1 by
volume) as the electrolyte. Agg 43 VOPO4-1.9H,0 material was used
as synthesized or combined with conductive carbon to form cath-
odes. Discharge tests were performed at 37 °C at a current density
of 0.07-0.08 mA cm~2. Some cathodes were recovered for further
ex situ XRD, SEM, and four-point conductivity characterisation after
the cells reached the desired level of discharge.

3. Results

Scanning electron micrographs of the as prepared
Ago.4g8VOPO4-nH,0 were recorded (Fig. 1). The hydrothermal
preparation yielded millimeter sized bladed material (Fig. 1A).
Examination of the particles under higher magnification revealed
a layered morphology (Fig. 1B) where the particles appear to be
comprised of rectangular stacked plates.

The stoichiometry of the prepared material was investigated
in detail using a combination of inductively coupled plasma
spectroscopy atomic emission spectroscopy (ICP) and thermogravi-
metric analysis (TGA). Determination of the silver to vanadium ratio
by ICP showed a ratio of Ag/V of 0.48, slightly higher silver con-
tent than the Ag/V of 0.43 reported in the original preparation [11].
Assuming full incorporation of the silver into the V-O-P-O struc-
ture, the resulting formula of our material would be assigned as
Ago.43VOPO,. Due to the layered V-O-P-O structure and the use
of water as a solvent during the hydrothermal synthesis process,
some water is retained within the Agp43VOPO,4 material. There-
fore, weight loss as determined by thermogravimetric analysis was
used to quantitatively assign the water content of our as-prepared
material (Fig. 2). The average of several measurements showed a
weight loss consistent with a water content of 1.9 water molecules
per formula unit. Therefore, the final composition of our material
was assigned to be Agy4gVOPO,4-1.9H,0.

Crystallographic information shows that Agg 43VOPO,4-2H, 0 has
a layered structure, with Ag* and H, 0 between the layers (Fig. 3A)
[11]. A similarity with the structure of Ag,VO,P0, (Fig. 3B) is the
presence of V-O-P-O layers perpendicular to the c-axis with Ag*
located between the layers. In both cases the silver is 6 coordi-
nate in a distorted octahedral coordination environment [11,12].
However, in Ag;VO,P0, five of the oxygen atoms bonded to the
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Fig. 2. Thermogravimetric analysis of as prepared Agp4sVOPO4-1.9H,0.
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Fig. 3. Comparison of the coordination geometry of silver in (A) Agp.43VOPO4-2H,0 and (B) AgzVO,POy4.

silver are shared with a vanadium center while in the case of
Ago43VOPO4-2H,0 four of the oxygen atoms bonded to the sil-
ver are from the water molecules that are held between the
vanadium phosphorous oxygen layers. The true density of our
Ago.48VOP0O,4-1.9H,0 material was measured to be 3.25gcm™3,
~40% less than that of Ag,VO,P0,4 (5.32gcm—3) [7].

Toinvestigate structural changes as a function of temperature, in
situ XRD measurements were recorded as the Agg 4gVOPO4-1.9H,0
material was heated and cooled. In the first set of in situ XRD mea-
surements, Agp4gVOPO,4-1.9H,0 material was successively heated
in 10°C increments to 70°C, then cooled back to room tempera-
ture (Fig. 4A). No significant crystallographic changes occurred as
a result of heating. In a second set of in situ XRD measurements,
the Agg43VOPO4-1.9H,0 material was successively heated from
80°C to 100°C, then cooled back to room temperature (Fig. 4B). In
this case, new peaks emerged at temperatures >90°C, and these
peaks remained upon cooling back to room temperature. Since
the material underwent irreversible crystallographic changes upon
dehydration, the electrochemistry of the dehydrated Aggy 4gVOPO,
could not be investigated.

The electrochemistry of Agp4gVOPO4-1.9H,0 was examined
by reduction of the material versus lithium metal in an
experimental cell. Since the cathode material used for electro-
chemical experiments was consistently handled at temperatures
<80°C, no significant water loss occurred and the stoichiometry
Ago.48VOPO,4-1.9H,0 was assigned for our electroactive cathode
material. The cells were discharged under constant current, and

complete voltage profiles are shown along with specific capacity
and electron equivalents for the discharge (Fig. 5A). The discharge
curve showed two voltage plateaus, the first at 3.7V and second
at 3.2 V. The first higher voltage plateau is consistent with reduc-
tion by ~0.3 electron equivalents per formula unit, while the second
plateau is consistent with ~0.6 electron equivalents. Thus, the over-
all reduction of Agy4gVOPO,4-1.9H,0 takes place by the addition
of ~0.9 electron equivalents in the two plateaus and a total of
1.26 electrons above 2.0V. The characteristic voltage profile with
the existence of multiple plateaus is often a useful characteris-
tic for applications requiring state of discharge indication, such as
implantable medical devices.

The voltage profile and specific energy of lithium cells con-
taining Agp4gVOPO4-1.9H,0 was compared with that of cells
containing Ag,VO,P0O4 (Fig. 5B). Operating voltages of the
Ago.43VOPO4-1.9H,0 material were significantly higher, with
>300mWhg-! delivered above 2.9V. Notably, the Agg4sVOPO,
material displayed initial voltages even higher those of Ag,V4011
[5]. In a comparison of one formula unit for each mate-
rial, the average electronegativity per atom increases in the
order Ag;VO,P04 <Ag;V4011 <Agp43VOPOy, consistent with the
observed trend in operating voltage.

In order to probe the reduction mechanism of
Ag.48VOPO,4-1.9H, 0 recovered cathodes were analysed at several
states of discharge. Scanning electron micrographs of partially
reduced silver vanadium phosphorous oxide (109 mAhg-1, x=1.0)
were obtained (Fig. 6). Similar to the as-prepared material (Fig. 1),
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Fig. 4. In situ X-ray powder diffraction of heated Agp4sVOPO4-1.9H,0 at temperatures ranging from (A) room temperature to 70°C and (B) room temperature to 100 °C.
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Fig. 5. Discharge of lithium/Agy4sVOPO4-1.9H,0 experimental cells showing the (A) voltage curve under constant current discharge and (B) comparison with

lithium/Ag, VO, P04 experimental cells under constant current discharge.

the layered nature of the particle can be seen in the SEM image
of the discharged material (Fig. 6), showing that there is no gross
degradation of the material upon electrochemical reduction.
Superimposed on the layers are bright nanosized particles which
were identified as silver by energy dispersive X-ray spectroscopy
(EDS). The typical size of the parent silver particles ranged from
200 to 400 nm. It is also apparent from the location of the silver
nanoparticles that the silver metal forms preferentially along the
edges of the particles defined by the stacked plates. The SEM
results do not indicate silver metal formation on the flat planar
surfaces of the particles. This observation is consistent with ionic
movement between the planes of the V-0-P-0 layers.

Ex situ X-ray diffraction (XRD) measurements of the
Ago.48VOP0O4-1.9H,0 cathodes were taken in order to interro-
gate phase changes in the material as a function of electrochemical
reduction (Fig. 7). Several factors in the reduction process are
notable. While the intensities in the XRD pattern of the original
Ago.4gVOPO,4-1.9H,0 material decrease, the formation of new
phases can also be observed. In contrast to Ag,VO,P04 which
becomes significantly more amorphous on discharge [8], the
Ag.4gVOPO,4-1.9H,0 material undergoes structural changes but
exhibits a less significant loss in crystallinity. Further, while
Ag,VO,P04 does not demonstrate significant constriction of
the vanadium phosphorous oxygen layers on reduction [9], a
significant constriction is observed with Agg45VOPO4-1.9H,0. In
particular, the (00 2) peak at 13.5° 2-theta shifts to higher 2-theta
values and a new peak appears after reduction by 0.37 electron
equivalents (Fig. 8A). The shift in the 2-theta value indicates a
decrease in the interlayer spacing of the vanadium phosphorous
oxygen layers in the Agg48VOPO4-1.9H,0 structure. The most
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Fig. 6. Scanning electron micrograph of Agp4sVOPO4-1.9H,0 electrochemically
reduced by 1 electron equivalent.

significant change in d-spacing was observed as the reduction
progressed from the addition of 0.56-0.74 electron equivalents
(Fig. 8B).

LixVOPO4 undergoes significant distortion upon electrochemi-
cal reduction from V°* to V#*, so there is precedent for structural
change in related materials as a function of state of lithiation [13].
However, in this case the significant constriction in the vanadium
phosphorous oxygen interlayer spacing of Agg4gVOPO4-1.9H,0
beyond 0.56 electron equivalents may also be related to the pres-
ence of water between the V-O-P-0 layers. Notably, the silver
ions located between the vanadium phosphorous oxygen layers are
bonded at four of their six coordination sites to water (Fig. 3A) [11].
Thus, when the silver ions are reduced to silver metal the silver
ion and the bound water may both exit the sites between the lay-
ers resulting in constriction of the vanadium phosphorous oxygen
layers.

In order to further interrogate the electrochemical reduction
mechanism, the decrease in the intensity of the (004) peak (high-
est intensity peak) of the parent Agg4gVOPO4-1.9H,0 was plotted
along with the increase in the intensity of the silver (11 1) peak as
a function of state of reduction (Fig. 9). With the onset of reduction
there is a rapid initial decrease in the (004) peak intensity of the
parent material, where the (004) intensity continues to decrease
up to 0.74 electron equivalents. However, only a minor amount of
silver metal is detected on initial reduction with the majority of
the silver metal formed after the addition of more than 0.5 electron
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Fig.7. XRD of reduced LiyAgo.4sVOPO4-1.9H,0 where x indicates the electron equiv-
alents added. Reference patterns are shown for starting material and silver metal.
Star indicates (00 2) peak for graphite.
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equivalents. This observed behavior is in contrast to the behav-
ior of Ag,VO,P04 where the formation of silver metal is the initial
predominant reduction process [8].

Four point probe data was collected to assess conductivity
changes in the Agg 48 VOPO4-1.9H,0 pellet composite cathodes as a
function of discharge (Fig. 10). Conductivity remained unchanged
uponinitial reduction to 0.37 electron equivalents, a significant > 20
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Fig. 10. Four point conductivity of LiyAgo4sVOPO4-1.9H,0 composite cathodes pel-
lets as a function of reduction, where open symbols are individual measurements
and filled symbols are averages.
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Scheme 1. Discharge mechanism of Agp4gVOPO4-1.9H,0.

fold increase was observed upon further reduction to 0.93 electron
equivalents. The conductivity data supports our XRD observation
that initially reduction of V°* to V4* is preferred over reduction of
Ag* to Ag.

The electrochemical reduction of Agg 48 VOPO4-1.9H,0 requires
atotal of 1.26 electron equivalents above 2.0 V (Fig. 5A). Based upon
the SEM, XRD, and conductivity data discussed above, a three step
mechanism is described. The reduction by ~1.00 electron equiv-
alents is consistent with (1) the reduction of 0.52 equivalents of
V°* to V#* followed by (2) the reduction of 0.48 equivalents of
Ag* to AgP. The presence of one V** site is assigned for each Ag*
ion to maintain electroneutrality. Further reduction to 1.26 elec-
tron equivalents would be consistent with an additional reduction
of (3) 0.26 equivalents of V4* to V3*. This discharge mechanism
is summarized (Scheme 1). It is important to note that the sto-
ichiometry of the material prior to discharge was assigned as
Ago.4gVOPO,4-1.9H,0. It is possible that water is liberated during
the discharge process which would be consistent with the smaller
d-spacing observed for the discharged material.

4. Summary

This paper reports the first study of electrochemical reduc-
tion of silver vanadium phosphorous oxide Agy4gVOPO,4-1.9H,0.
Lithium/Agg 448 VOPO4-1.9H,0 electrochemical cells showed a high
operating voltage and a characteristic multi-plateau voltage pro-
file, both potentially desirable properties for use as power sources
in implantable medical devices. Analysis of discharged cathodes
indicated that the significant formation of silver metal by reduc-
tion of Ag* to AgP started after ~0.37 electron equivalents were
added to the structure. The in situ formation of silver metal on dis-
charge in Agp4gVOPO,4-1.9H,0 is delayed compared to Ag,VO,P04
where the formation of silver metal is the predominant process
upon initial reduction. Additionally, constriction of the vanadium
phosphorous oxygen layers is noted on reduction of Ag* to AgY in
Ag.4gVOPO,4-1.9H,0 while this is not observed in the reduction
of Ag,VO,P04. Under constant current, lithium anode cells with
Ag.48VOPO,4-1.9H, 0 cathodes showed two voltage plateaus at 3.7
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and 3.2V and delivered 144 mAhg~! above 2.0V. This work con-
tributes to the ability to tune electrochemical properties of cathode
materials, including bimetallic phosphates, by control of chemical
composition and structure.
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