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Abstract

Silver vanadium oxide (Ag2V4O11, SVO) has enjoyed widespread commercial success over the 

past 30 years as a cathode material for implantable cardiac defibrillator (ICD) batteries. Recently, 

silver vanadium phosphorous oxide (Ag2VO2PO4, SVPO) has been studied as possibly combining 

the desirable thermal stability aspects of LiFePO4 with the electrical conductivity of SVO. Further, 

due to the noted insoluble nature of most phosphate salts, a lower material solubility of SVPO 

relative to SVO is anticipated. Thus, the first vanadium dissolution studies of SVPO in battery 

electrolyte solutions are described herein. The equilibrium solubility of SVPO was ~5 times less 

than SVO, with a rate constant of dissolution ~3.5 times less than that of SVO. The vanadium 

dissolution in SVO and SVPO can be adequately described with a diffusion layer model, as 

supported by the Noyes-Whitney equation. Cells prepared with vanadium-treated anodes 

displayed higher AC impedance and DC resistance relative to control anodes. These data support 

the premise that SVPO cells are likely to exhibit reduced cathode solubility and thus less affected 

by increased cell resistance due to cathode solubility compared to SVO based cells.
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1. Introduction

Batteries developed for implantation in biomedical devices need to satisfy a multitude of 

requirements.[1] While power requirements are specific to the particular application, all 

batteries intended to power implantable medical devices must provide long device lifetime, 

occupy minimal space, and perform in a reliable, predictable and safe manner. Specifically, 

the implantable cardioverter defibrillator (ICD) has particularly demanding and wide 

ranging energy and power requirements for complete ICD function. An ICD continuously 

monitors heart function and on demand delivers a high energy shock to the heart to treat 

arrhythmias. In order to successfully power an ICD, the primary lithium batteries must 

provide continuous 10–50 microampere level currents to power the monitoring circuitry and 

in some cases to support heart pacing functionality. On detection of an arrhythmia, the 

batteries must deliver ampere level currents at an energy level of 30–50 J to rapidly charge 

the high voltage capacitors whose discharge to the heart interrupts the ventricular 

fibrillation.[2] The high power demands of ICDs necessitate a battery which is capable of 

delivering high current pulses of 2–3 A in order to charge the capacitors of the device.[3]

The battery technology used to power the majority of ICDs over the past 20+ years and 

continuing to the present day is based on the lithium/silver vanadium oxide system (Li/SVO, 

Ag2V4O11), which enabled the widespread use of these lifesaving medical devices.[4–6] 

SVO is a notable bimetallic cathode material, offering the advantages of multiple electron 

transfers per formula unit, and the opportunity for in-situ formation of conductive silver 

metal nanoparticles on discharge. Both of these material properties are significant, as they 

provide the needed energy content and power for this demanding application. We have 

further explored this material design motif, introducing a series of bimetallic 

electrochemical displacement materials with these characteristics.[7–14] With a focus on 

central elements of Fe, Mn, and V, possible use as cathode materials in both primary and 

secondary batteries has been demonstrated.

The ICD application benefits from a stable internal cell resistance over the life of the battery 

as that enables consistent battery and thus, consistent device performance. Increased battery 

resistance translates to a longer time needed to charge the ICDs capacitors,[15] and thus, 

slower delivery of the defibrillation therapy. Minimizing battery resistance is critical in 

order to maximize the effectiveness of the ICD device.

A significant issue which needs to be considered when selecting a battery system for this 

application is the solubility of the cathode material, defined here as the loss of electroactive 

material from the solid cathode into the electrolyte. If even a small quantity of cathode 

material dissolves, transition metal ions enter the electrolyte and several undesirable effects 

can occur. First, solubility of the cathode results in direct capacity diminution via loss of 

electroactive material from the cathode structure. Further, these dissolved transition metal 

ions can also deposit on the surface of the lithium metal anode, forming a passivation layer 

on the anode which increases the cell resistance and limits the current which may be drawn 

from the cell. In particular, cathode solubility can be a crucial issue in the ICD application 

where consistent pulse performance is demanded and surgical replacement must be 

minimized. In spite of the potential impact on cell performance, relatively few reports exist 
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on cathode solubility pertaining to non-aqueous battery systems.[16–26] In the specific case 

of the Li/SVO system, it has been reported that the cell behavior is affected by vanadium ion 

dissolution into the electrolyte solution which deposits on the lithium anode, increasing cell 

resistance.[27]

While the solubility of cathode materials can be influenced by their physical properties such 

as surface area, the inherent crystallographic structure and chemical composition of 

materials play large roles in the determination of their dissolution properties. In general, the 

dissolution process is less likely to be thermodynamically favorable for materials with stable 

crystal structures characterized by high lattice energies.[28] Thus, a potential strategy for 

minimizing cathode solubility is to use cathodes with high chemical stability. Phosphate-

based cathode materials are suitable candidates for reducing solubility due to their 

demonstrated structural and chemical stability.[24, 29] The stability of phosphate structures 

vs. oxides is attributed to the strength of the P-O bonds that stabilize the molecular 

framework. When PO4
3− polyanions are introduced into the lattice, electronegative 

phosphorous atoms polarize electrons in the P-O bond, thus reducing the covalency of the 

M-O bond.[29–31] This inductive effect raises the voltage of the redox couple[30] and 

stabilizes the structure by making oxygen atoms more difficult to extract.[32]

We identified silver vanadium phosphorous oxides, AgwVxPyOz, to be a material family of 

interest, with the goal of achieving the in-situ formation of conductive silver metal 

nanoparticles and multiple electron transfers per formula unit exhibited by SVO, coupled 

with the high material stability of phosphate based materials. Previous electrochemical 

characterization has shown Ag2VO2PO4, identified here as SVPO, to be a promising 

cathode material for high rate applications such as ICDs.[7–9, 12] The lack of change in 

interlayer spacing upon discharge of the SVPO material supported our expectation that 

phosphorous oxide moieties in the molecular framework would impart stability and rigidity.

[9] Our hypothesis is that SVPO cathode materials will minimize cathode solubility and 

anode passivation compared to SVO, resulting in more stable charge times when deployed 

in the ICD application.

In seeking to better understand cathode solubility in batteries for the ICD application, this 

study compares the solubility behavior of silver vanadium oxide (Ag2V4O11, SVO) with the 

phosphate-based cathode silver vanadium phosphorous oxide (Ag2VO2PO4, SVPO). 

Theoretical and empirical solubility studies of transition metal systems in electrolytes have 

been undertaken in the past, with particular interest in manganese oxide based systems.[33–

35] However, to our knowledge, this study represents the first time that solubility behavior 

has been investigated for an oxide based cathode material and its phosphate analogue. 

Kinetic analysis of vanadium solubility data was performed to gain understanding of the 

mechanism of dissolution, AC impedance measurements as well as pulse tests of cells 

containing vanadium treated lithium surfaces were used to demonstrate the effects of 

solubility on cell resistance. The data demonstrate the improved stability and reduced 

solubility of SVPO relative to SVO, showing SVPO to be a worthy material for additional 

investigations relevant to its use in ICD batteries. In general, the techniques described herein 

establish a paradigm for other battery systems where cathode solubility may be an issue.
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2. Experimental

2.1. Material Synthesis and Characterization

Silver vanadium phosphorous oxide (Ag2VO2PO4) was synthesized by a hydrothermal 

reaction according to a previously reported method.[36] Silver vanadium oxide (Ag2V4O11) 

was prepared by the method reported in the literature.[37]

The materials were characterized by several methods. Differential scanning calorimetry 

(DSC) analysis was performed using a TA instruments Q20. Powder X-ray diffraction 

(XRD) patterns were recorded with a Rigaku Ultima IV X-ray diffractometer. Cu Kα 

radiation was used with Bragg-Brentano focusing geometry for the XRD measurements, and 

the collected data were analyzed using MDI Jade software. Particle size of the materials was 

determined using a Horiba LA-950V2 laser scattering particle size analyzer. Surface area 

was measured with a Micromeritics Tristar II 3020 through the multipoint BET (Brunauer, 

Emmett, and Teller) method. Scanning electron microscope (SEM) images were collected 

on a Hitachi SU-70 field emission scanning electron microscope.

2.2. Dissolution analysis

In order to investigate the solubility of the cathode materials, each compound was immersed 

in electrolyte solution under inert atmosphere conditions and ambient temperature. The 

electrolyte consisted of 1 M LiBF4 dissolved in PC-DME (propylene carbonate-

dimethoxyethane, 1:1 by volume) and was analyzed for water content using the Karl Fisher 

titration method. The samples were stirred and protected from light. At specified time 

intervals a low volume of electrolyte (1 mL) was removed from each sample and analyzed 

via inductively coupled plasma – optical emission spectroscopy (ICP-OES) to determine the 

dissolved concentration of silver and vanadium ions. A Thermofisher iCAP 6300 series ICP-

OES was utilized to collect the concentration measurements.

2.3. AC Impedance Spectroscopy of Treated Li-Li cells

Lithium metal foil anodes were exposed to a vanadium containing solution in PC-DME 

(propylene carbonate-dimethoxyethane, 1:1 by volume) solvent for 4 hours, after which a 

brown discoloration of the treated surface was observed. Two electrode electrochemical 

cells were constructed using one treated Li and one fresh Li foil as electrodes. Control cells 

having two fresh Li anodes were also constructed. The electrolyte utilized was 1 M LiBF4 in 

PC-DME (1:1 by volume). AC impedance measurements were collected using a BioLogic 

VSP multichannel potentiostat using a 5 mV sinus amplitude and a frequency range of 10 

mHz to 100 kHz. Analysis of AC impedance data was performed using ZView software, 

Version 3.3b. The data were fit to an equivalent circuit model to quantify the cell resistance.

2.4 Pulse test of Control and V-Treated Li-SVPO Cells

Coin type experimental cells were assembled using SVPO cathodes and lithium metal 

anodes. Two sets of cells were prepared where the first group of cells used fresh lithium 

metal anodes to serve as control cells and the second group used V-treated lithium metal 

anodes. The cells were tested by application of a pulse train of three ten second pulses in a 
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row where each pulse at a current density of 20 mA cm−2 was followed by 10 seconds of 

open circuit voltage.

3. Results and Discussion

3.1. Material Characterization

X-ray diffraction characterization of the target materials was performed, and the 

experimentally recorded patterns were matched to those reported in the literature (see 

supplemental data). SVPO crystallizes in the monoclinic C2/m space group. The structure is 

characterized by layers of edge sharing VO6 octahedra and PO4 tetrahedra layers which are 

parallel to the (001) crystallographic plane (Figure 1A).[36] The Ag+ ions located between 

the layers are in a distorted octahedral coordination with oxygen. SVO is also a layered 

structure crystallizing in the c2/m space group (Figure 1B).[38] Its layers stack in the [001] 

direction and are comprised of distorted VO6 octahedra which share edges and corners. Ag+ 

ions between the V4O11 layers are coordinated to five oxygen atoms.

Thermal analysis using differential scanning calorimetry verified single endothermic 

transitions (see supplemental data). The absence of additional endotherms suggests that the 

synthesized materials were comprised of single pure phases.[7, 12]

SEM images revealed some differences in morphology and particle size in the materials of 

interest (Figure 2). The SVPO sample was comprised of both larger rod shaped structures 

and smaller granular particles (Figure 2A). The rods typically ranged from 15–35 µm in 

length with a width of 3–4 µm, whereas the smaller particles had typical dimensions of 0.5–

3µm. In contrast, SVO exhibited a distinct morphology consisting of needle shaped particles 

with an average length of 4 µm and width of 0.5 µm mixed with larger, irregular masses 5 to 

50 µm in diameter (Figure 2B). Laser scattering particle size measurements were performed 

to quantify the predominant dimensions of the particles (Figure 3). A typical particle size 

distribution for SVPO displayed maxima at 0.6, 4 and 25 µm. The multi-modal distribution 

of particle size for this material is typical of rod shaped particles and corresponds to the 

SEM images. The SVO material exhibited a more narrow distribution at approximately 0.6 

µm and a broader distribution at 25 µm. The bimodal distribution is representative of the 

needle shaped particles and larger masses observed via SEM . The surface area measured by 

the BET method of the samples was similar where the surface area of SVPO was 

approximately 0.7 ± 0.1 m2g−1 and that of the SVO particles was 0.8 ± 0.2 m2g−1. While the 

surface areas of the materials were similar, subtle differences in the particle size 

distributions and particle shapes would need to be accounted for in further comparisons.

3.2. Dissolution Study

Typical open circuit voltages of lithium/SVPO and lithium/SVO cells are comparable, at 3.4 

and 3.2 V, respectively.[8, 39] Dissolution analyses of SVPO and SVO were performed with 

the purpose of comparing solubility of the two materials. The concentration data were 

recorded as a function of time, so that the kinetics of the dissolution process could be 

examined. The data were compiled to show the concentration of V versus time found in 

electrolyte solution for SVPO and SVO (Figure 4). In order to account for the small volumes 
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of electrolyte removed from the parent samples at each measurement point, a volume 

correction calculation was applied to the data to account for the volume of each aliquot 

removed for analysis. The data reveal that the magnitude of dissolved V ions from SVO is 

several times that of SVPO.

In order to gain more insight into the vanadium solubility behavior, the concentration-time 

data was fit to the Noyes-Whitney equation, which is used to describe the dissolution of 

solid particles in liquid media:[40, 41]

[1]

where C is the concentration of the solid at time t, Cs is the equilibrium solubility at the 

particle surface, and k is a proportionality constant. Integration of [1] yields the form:

[2]

This equation represents a diffusion layer model where the extent of dissolution is dependent 

upon the equilibrium solubility of the material. The rate limiting step in the process is the 

transport of solvated molecules from the particle surface through a thin diffusion layer to the 

bulk solution.[41] Non-linear regression analysis was used to fit equation [2] to 

experimental vanadium dissolution data from 9 individual trials. The best fit curves were 

used to evaluate the parameters Cs and k. Examination of representative concentration–time 

plots for SVPO (Figure 5A) and SVO (Figure 5B) shows good agreement between the data 

and the best fit curves. For the SVPO material, the average value of Cs was 2.2 ± 0.5 mg/L, 

and k was determined to be 5.8 × 10−7 ± 1.0 × 10−7 s−1. The average correlation coefficient 

for the SVPO fits was 0.98 ± 0.01. In contrast, the greater magnitude of V dissolution 

observed for SVO was quantified as having Cs and k values of 10.4 ± 1.7 mg/L and 2.1 × 

10−6 ± 0.5 × 10−6 s−1, respectively, with the average correlation being 0.98 ± 0.01. Thus, the 

diffusion layer model described by equation 2 is adequate to describe the vanadium 

dissolution of SVO and SVPO. Furthermore, SVO was found to have an equilibrium 

solubilitywhich was approximately 5 times greater than SVPO, and a rate constant 

approximately 3.5 times greater than SVPO.

The surface area data suggest that the observed difference in magnitude of the equilibrium 

solubility is likely due to differences in stability between the phosphate and oxide based 

structures. Notably, the particle size distribution and surface area of the SVPO and SVO 

materials were similar, thus the significant difference in vanadium solubility cannot be 

explained by differences in physical properties between the two materials. These data, the 

first direct comparison of the solubility of an oxide based materials and its phosphate analog 

in nonaqueous electrolyte, support our initial premise that a phosphate based material will 

demonstrate reduced cathode solubility over an oxide based material.

3.3. AC Impedance Study

It is notable that the impedance of a battery is due to a variety of contributions including 

those of the anode, the cathode and the electrolyte. In the case of silver vanadium oxide 

(SVO), the cathode resistance decreases with discharge which is observed as decreased cell 
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resistance when the cells are discharged rapidly. However, over long discharge times, the 

cell impedance is observed to increase which has been attributed to cathode dissolution and 

associated increase in resistance at the anode.[27] For silver vanadium phosphorous oxide 

(SVPO) based cells, there is also a significant decrease in both the cathode and cell 

resistance with initial discharge.[8, 9] Both the cathode resistance and cell impedance as a 

function of depth of discharge have been reported and directly correlate over short discharge 

times.

One of the potential complications of cathode dissolution is raising the impedance of a 

battery due to the deposition of the dissolution products on the anode. As the solubility 

experiments indicated a clear difference in the amount of vanadium which dissolves from 

the SVO and SVPO cathode materials we wished to examine the potential impact of the 

vanadium dissolution with respect to internal cell resistance with a focus on the anode. AC 

impedance measurements were performed on 2 electrode cells containing one V-treated Li 

electrode and one untreated electrode, compared with AC impedance data collected on 

control cells containing fresh lithium surfaces at both electrodes. For each experiment, 5 

anodes treated with V were prepared. Three of the treated anodes were used to construct 

cells for the AC impedance study, while the remaining samples were digested and analyzed 

by ICP-OES to determine V content. Multiple experimental trials were performed to confirm 

trends in the data.

AC impedance data were collected and plotted in the Nyquist format for a typical V-treated 

cell and a control cell at time intervals of 24 hours, 72 hours, and 120 hours (Figure 6). The 

impedance increases with increasing storage time. After 24 hours at 37°C the diameter of the 

semicircle in the Nyquist plots was approximately 45 Ω, and 70 Ω for the control cell and V-

treated cell, respectively. Passivation of the anode surface increased with time such that after 

120 hours of storage these values had increased to 1400Ω and 2500Ω. The Nyquist plots 

clearly demonstrate that cells containing the anodes treated with V had a higher internal 

resistance at each time point. The implication of this result is that cathode materials which 

dissolve vanadium into the electrolyte will accelerate passivation of the anode surface and 

increase the overall cell resistance.

In order to quantify the cell resistance, the AC impedance data were fit to a simple 

equivalent circuit model (Figure 7). The model consisted of a resistor, Rs, in series with two 

parallel combinations of a constant phase element, CPE and a resistor, Rp, where the first 

CPE and Rp were labeled as CPE1 and R1, and the second CPE and Rp were labeled as 

CPE2 and R2. For the circuit fits the weighted sum of the squares ranged from 0.004 to 

0.089. Rt was calculated by adding Rs, R1 and R2. The calculated Rt (ohms) was then plotted 

versus storage time for the two groups of cells (Figure 8). Each data point denotes the mean 

value of three samples with error bars representative of the standard error. After 120 hours 

of storage the cells with V-treated anodes had an average of ~1.5 times the total resistance of 

the control cells. Measurements taken at 24 hours and 72 hours of storage time similarly 

displayed a higher total resistance for the V-treated cells.
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3.4 Pulse test of Control and V-Treated Li-SVPO Cells

In order to interrogate the impact on V-treatment of the anode on cell performance, pulse 

tests of coin type experimental Li/SVPO cells with fresh lithium metal anodes and V-treated 

anodes were conducted. The cells were tested by application of a pulse train of three ten 

second pulses in a row where each pulse at a current density of 20 mA cm−2 was followed 

by 10 seconds of rest at open circuit voltage. Representative data of a cell from each group 

is shown to illustrate the impact of V-treated lithium metal anodes when compared to fresh 

lithium metal anodes (Figure 9). The cells with the fresh lithium metal anodes consistently 

show higher operating voltage under pulse. The DC resistance of each cell was calculated 

from the pulse data where the calculated resistance of the cell using the fresh lithium anodes 

for each pulse was 39, 22 and 20 ohms. The calculated resistance of the V-treated anode cell 

was 45, 27 and 25 ohms. Thus, there was a 15% to 26% increase in calculated cell DC 

resistance for the cells with the V-treated anodes compared to the control cells.

The results from the AC impedance experiments and the cell pulse test results may be used 

in conjunction with the dissolution data to support our hypothesis that silver vanadium 

phosphorous oxide, Ag2VO2PO4, cathode materials will exhibit reduced cell resistance due 

to anode passivation resulting from vanadium dissolution compared to SVO, Ag2V4O11. 

SVO dissolved approximately 5 times more vanadium than SVPO, with the dissolution 

occurring at a faster rate. In consequence, the quantity of V deposited on the lithium anode 

would be expected to be lower in electrochemical cells having SVPO cathodes compared to 

those containing SVO. Less significant V deposition on the lithium anode surface should 

result in lower cell resistance and improved electrochemical performance for SVPO cells 

relative to SVO cells.

4. Summary

Vanadium dissolution studies of SVPO, Ag2VO2PO4, and SVO, Ag2V4O11, in electrolyte 

solutions were conducted. The equilibrium solubility of the vanadium component of SVO 

was found to be approximately 5 times greater than that of SVPO, with a rate constant of 

dissolution approximately 3.5 times greater than SVPO. Good correlations of the data with 

the Noyes-Whitney equation support describing vanadium dissolution of SVO and SVPO 

using a diffusion layer model. AC impedance of Li-Li cells and pulse tests of Li/SVPO cells 

with V-treated anodes compared to control anodes was conducted affirming higher 

impedance and cell resistance for the V-treated anode cells. These data support the premise 

that the SVPO based cells are likely to show improved performance and to be less affected 

by increased cell resistance due to cathode solubility compared to SVO based cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The first vanadium dissolution studies of SVPO in battery electrolyte solutions are 

described. The equilibrium solubility of SVPO was ~5 times less than that of silver 

vanadium oxide, SVO. These techniques establish a paradigm for other systems where 

solubility may be an issue.
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Figure 1. 
Structures of A) silver vanadium phosphorous oxide (SVPO), Ag2VO2PO4 and B) silver 

vanadium oxide (SVO), Ag2V4O11
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Figure 2. 
Scanning electron microscope (SEM) images of A) SVPO and B) SVO under 1) 1 kX and 2) 

5 kX magnification
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Figure 3. 
Particle size distributions of SVPO and SVO
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Figure 4. 
Concentration of vanadium dissolved in electrolyte as a function of time for SVPO and SVO
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Figure 5. 
Fits of vanadium concentration data as a function of time for A) SVPO and B) SVO to 

diffusion-layer models (C = Cs[1−exp(−kt)])
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Figure 6. 
Nyquist plots of cells containing fresh lithium anodes (control, dotted line) and V-treated Li 

anodes (solid line), where AC impedance data was collected A) 24 h, B) 72 h, and C) 120 h 

after cell construction
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Figure 7. 
Equivalent circuit model used to fit AC impedance data
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Figure 8. 
Total resistance (Rt) as a function of time for cells containing fresh lithium anodes (control) 

and V-treated Li anodes
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Figure 9. 
Voltage response of Li/SVPO cells during application of three 10 second pulses for fresh 

lithium anodes (control) and V-treated Li anodes.
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