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Extended battery lifetime has increased significance with the prospect of long life 

applications such as electric vehicles and the integration of energy storage with the electric grid.  

Thus, consideration of parasitic reactions that occur over long periods of time has elevated 

significance.   A life limiting mechanism for several battery systems is cathode solubility, which 

results in the formation of deposits on the anode surface.  These deposits can increase the cell 

impedance, resulting in loss of delivered capacity and capacity fade. The research herein 

investigates cathode solubility in the battery system used to power internal cardioverter 

defibrillators (ICD’s), which are implantable medical devices designed to apply a high energy 

shock to a patient’s heart in the event of ventricular fibrillation.  A metal oxide based battery 

system, lithium/silver vanadium oxide (Ag2V4O11, SVO), is used to power these devices.  

However, the battery has an unpredictable long term stability limitation attributed to cathode 

material solubility.   Soluble species in the electrolyte form deposits on the anode, which 
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increase the resistance of the electrochemical cell.  This is a crucial issue in the ICD application 

where the battery must supply high power for consistent pulse performance. 

In order to understand and mitigate the problem of Ag2V4O11 cathode dissolution in non-

aqueous solvents, the research herein investigates the silver vanadium phosphorous oxide 

(AgwVxPyOz, SVPO) family of cathode materials, which exhibit electrochemical performance 

characteristics which are suitable for ICDs and other high rate applications, yet are structurally 

reminiscent of Ag2V4O11.  The AgwVxPyOz materials were anticipated to reduce cathode 

component concentrations in the electrolyte based on the demonstrated thermal and chemical 

stability of phosphate based materials, where strong covalent P-O bonds stabilize the molecular 

framework.  The collected results have supported the initial hypothesis, with AgwVxPyOz 

compounds exhibiting reduced solubility relative to Ag2V4O11. 

 Relatively few reports exist on cathode solubility pertaining to non-aqueous battery 

systems, and this research represents the first example of a systematic investigation of cathode 

dissolution using multiple classes of materials.  Experimental methods were developed to 

accurately quantify the low levels of solubility (concentration levels in the parts per million and 

parts per billion ranges in organic solvent) for the various target materials. Concentration vs. 

time data was interpreted from a kinetic perspective to gain insight into the mechanisms by 

which the dissolution process took place. The impact of material structure, stoichiometry, and 

physical properties were investigated in consideration of the solubility measurements. 

Further experiments were performed to understand the relationships between cathode 

solubility and electrochemical performance.  Lithium/silver vanadium oxide and lithium/silver 

vanadium phosphorous oxide electrochemical cells were subjected to long term constant current 

discharge, and subsequent pulse testing indicated differences in the cell resistances. The negative 
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electrodes were recovered and investigated by several techniques including mapping by 

synchrotron based x-ray microfluorescence (XRµF) and oxidation state determination by 

microbeam x-ray absorption spectroscopy (µXAS).  Quantitative analysis of digested samples 

was done using inductively coupled plasma-optical emission spectroscopy (ICP-OES).  These 

methods enabled visualization of the anode surface and solid electrolyte interphase (SEI) through 

mapping, determination of the vanadium oxidation state, and quantification of the silver and 

vanadium content of the recovered anodes.  The results suggest that SVPO materials can reduce 

cathode solubility and anode passivation compared to SVO, making them promising alternative 

cathode materials for the ICD application. 
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Chapter 1 

General Background and Introduction 

 

Reproduced in part from [Bock, D. C.; Marschilok, A. C.; Takeuchi, K. J.; Takeuchi, E. S., 

Batteries used to power implantable biomedical devices. Electrochim. Acta 2012, 84, 155-164]  

with permission from Elsevier (Copyright 2012). 

 

 

 

1.1. Introduction 

Advancement of energy storage systems including batteries with high energy and power 

densities remains critical for the next era of energy generation.  One issue which must be 

considered when designing these future batteries is cathode solubility.   Cathode solubility is the 

loss of electroactive material from the solid cathode into the electrolyte.  It can be a significant 

life limiting mechanism in electrochemical cells for two primary reasons: (1) the loss of 

electrode material decreases the capacity of the battery, and (2) dissolved species in the 

electrolyte can form a passivation layer on the anode surface, increasing the cell resistance.
1-3

  

The increased resistance limits the amount of current which may be drawn from the cell, a 

significant problem in batteries used for high rate applications. 

The purpose of this study is to gain understanding of the mechanisms of cathode 

solubility in non-aqueous media with a focus on electrode materials having application in 

batteries for implantable biomedical devices.  More specifically, the silver vanadium 

phosphorous oxide family of cathode materials, with chemical formula AgwVxPyOz,  are targeted 

as alternative cathode materials for reducing solubility relative to silver vanadium oxide, the 

primary battery powering implantable cardioverter defibrillators and for which cathode solubility 

is particularly problematic. This is accomplished through kinetic analysis of dissolution data and 
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systematic investigation of the impact of the structure and physical properties of the target 

materials.  The impact of cathode solubility on electrochemical performance is explored in 

battery systems by analyzing lithium electrodes from cells containing silver vanadium oxide or 

silver vanadium oxide based cathode systems retrieved after long term testing was conducted. 

This chapter includes a detailed discussion of the requirements and types of batteries used 

in implantable biomedical devices.  Details of the Li/SVO battery system used in implantable 

cardioverter defibrillators, for which cathode dissolution is a significant life-limiting mechanism, 

are reported. Other battery systems where cathode solubility is an issue are discussed, illustrating 

that the dissolution of cathode materials into non-aqueous electrolyte is a widespread issue for 

many battery systems in addition to Li/SVO system. Finally, literature regarding the kinetics of 

dissolution and ion exchange are reviewed herein. 

 

1.2 Batteries Used to Power Implantable Biomedical Devices 

 Batteries developed for implantable biomedical devices have helped enable the successful 

deployment of the devices and their treatment of human disease.  The medical devices are 

permanently implanted to continually monitor a patient and provide therapy on a predetermined 

schedule or as needed. Numerous devices have been developed to address diverse human health 

issues.  While functional requirements for the batteries used to power these devices vary with the 

type of device and therapy, there are some characteristics that are demanded by all applications.  

The batteries must provide service over many years to minimize surgical frequency, be safe 

during installation and use, have predictable performance that can be interrogated to provide 

state of discharge information and be highly reliable.  Additionally, the batteries must have high 

volumetric energy density to enable the design of small devices that minimize discomfort for the 
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patient.  Thus, long term stability during use, predictable performance, high volumetric energy 

density and outstanding reliability are key characteristics that define successful systems for 

biomedical implants. 

 This section focuses on battery systems that are used to power medical implants.  The cell 

potential, capacity and energy density characteristics of relevant battery systems are summarized 

in Table 1.   The battery systems are described beginning with primary batteries arranged in 

order of increasing current and power capability.  The lithium/iodine system that functions in the 

microampere current range is described first, followed by batteries that function in the 

milliampere range including lithium/manganese oxide, lithium/carbon monofluoride, and hybrid 

cathode systems based on silver vanadium oxide in conjunction with carbon monofluoride.  

Battery systems that function under ampere level currents are then discussed, including cathodes 

based on silver vanadium oxide in conjunction with carbon monofluoride.  Finally secondary 

batteries that are used for implantable devices are described.  In each section, the chemistry of 

the system is described along with the battery requirements of the device. 
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Battery 

system 

Open Circuit 

potential 

Nominal 

Potential 

Theoretical 

gravimetric 

capacity cathode 

material (mAh/g) 

Theoretical 

volumetric capacity 

of cathode material 

(mAh/cm3) 

Theoretical 

energy density of 

cathode Material 

(mWh/g) 

Energy Density 

of Battery 

(mWh/g) 

Li/I2 2.84 2.85 211 1041 591 210-2704 

Li/MnO2 3.35 3.05 308 1540 924 

270 (low rate) 

230 (high rate5  

Li/CFx 3.15 3.05 865 2335 2595 4405 

Li/SVO 3.245 3.25 315 1510 1008 2705 

C/LiCoO2 4.26 3.886 1556 783 601 1556 

 

Table 1. Voltage and energy density of cathode materials used for implantable medical batteries. 
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1.2.1 Lithium/iodine batteries 

 Implantable cardiac pacemakers require a reliable power source capable of providing 

currents in the microampere range.  The lithium/iodine-polyvinylpyridine (PVP) system, first 

patented by Scheider and Moser
7,8

, has been used to power these devices since the 1970’s.
9
  

Li/I2-PVP cells are the principal option for this application because of their high energy density, 

safety, and reliability.
10

   

 The basic cell reaction in a lithium iodine battery is
11

 

  Li + 1/2I2 →LiI        [1]  

This reaction results in a cell open circuit voltage of 2.8V.
4
   The cathode material is a 

mixture of iodine and poly-2-vinylpyridine (PVP) in a ratio of 30/1 to 50/1, contingent upon the 

manufacturer’s specifications.
12

 When heated to a high temperature, the materials react to 

produce a conductive charge transfer complex.
13

 Cell construction involves adding the molten 

cathode material to the cell, forming a LiI layer at the anode. The LiI layer formed in situ acts as 

both a separator and solid electrolyte.
10

  An alternative construction method of  lithium/iodine 

cell cathodes that has also been commercially used entails pelletizing a mixture of iodine, 

polyvinylpyridine, and a charge transfer complex of the two materials.
14

  One of the notable 

characteristics of the lithium/iodine cell system is that as the cell is discharged, the LiI layer 

continues to increase in thickness, in effect raising the  impedance.
11

  The impedance of the cell 

can be reduced by coating the lithium anode with a layer of poly-2vinylpyridine (P2VP).
15

  The 

anode coating results in formation of an electrolyte liquid phase through chemical reaction of the 

LiI, I2 and P2VP components.
16

  This liquid phase has the ability to transport Li ions and results 

in an improvement in lithium iodide ionic conductivity of between one and two orders of 

magnitude versus lithium iodide formed in cells with uncoated anodes.
17

  The discharge process 
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in lithium iodine cells has been characterized by impedance spectroscopy as a means of assessing 

the performance of new battery designs.
18

    

Several characteristics of the Li/I2-PVP cell make the technology suitable for cardiac 

pacemakers.  As the cell is discharged, because of the increasing level of impedance, the loaded 

cell potential decreases such that the cell potential can be used to indicate when the battery 

requires replacement.
12

  The microampere current levels supplied by the system are adequate for 

the pacemaker application.
11

  The volumetric energy density of the cell is near 1.0 Wh/cm
-3

, 

allowing for small battery size.
9
  Furthermore, the Li/I layer formed through the cell reaction 

affords the system with a reliable electrolyte/separator.
10

  Lithium/iodine-polyvinylpyridine 

batteries have proven to be safe over several decades in clinical use as a power source for 

implantable pacemakers.
12

  

 Recent investigations of lithium/iodine batteries include examination of using the system 

as a secondary battery.  A solid state, rechargeable thin film Li/I2 battery has been constructed by 

coating a thin LiI(3-hydroxypropionitrile)2 (LiI(HPN)2) electrolyte film onto a Li anode plate, 

which is then reacted with I2 vapor.
19

  In this system, I
-
 anions are the principal source of ionic 

conductivity in the electrolyte.  The system utilizes LiI(HPN)2-I2 as the cathode material and 

unreacted LiI(HPN)2 as a solid electrolyte.  The cells display reversibility as well as improved 

rate performance versus Li/I2 batteries
19

 made by previously reported methods.  Other work has 

investigated electrochemically self-assembled lithium-iodine batteries where the cells consist of 

a polyiodide cathode, lithium anode, and LiI electrolyte.
20

   

 

1.2.2 Lithium/manganese dioxide batteries 

 Biomedical devices such as neurostimulators, drug delivery systems, and pacemakers 
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with additional functionality require batteries capable of delivering power in the milliwatt range.   

The lithium/manganese dioxide primary battery, first commercialized by Ikeda et al. 
21,

 in the 

1970’s, is one option for these medium-rate applications.  Manganese dioxide had previously 

seen use in zinc carbon dry cells and alkaline MnO2 cells, but the development of heat treatment 

allowed for the material to be used in a lithium nonaqueous system.
21,,22  

The lithium/manganese 

dioxide system has been widely used as a power source because of its high operating voltage, 

high specific energy density, and excellent storage and discharge characteristics.
22

   

The cell reaction in a lithium/manganese dioxide battery is: 
22

 

MnO2 + Li → LiMnO2                                    [2] 

Synthetic manganese dioxides can be prepared chemically (chemically prepared MnO2, 

CMD) or electrochemically (electrolytic MnO2, EMD).
23

  The material must be anhydrous and 

have the ability to intercalate lithium.
22

  Heat treated EMD is used in commercialized 

lithium/manganese dioxide batteries.
22

  Prior to heating, EMD has a mainly γ-MnO2 type crystal 

structure with intergrowths of a major γ-MnO2 ramsdellite phase and a β-MnO2 pyrolusite 

impurity.
22

  The ramsdellite is characterized by 1x2 tunnels formed by MnO6 edge sharing 

polyhedra.
22

 Heat treatment increases the concentration of pyrolusite, which has a crystal 

structure made up of both 1 x1 and 1 x 2 tunnels.
22, 24,25

  There is general agreement that EMD 

contains both 1 x 1 and 2 x 2 tunnels in a hexagonally close-packed oxygen matrix.. 

The discharge characteristics of the Li/MnO2 system are dependent on the choice of 

electrolyte solution as a result of differences in electrolyte conductivity and resistance at the 

electrolyte-lithium electrode interface.
23

  The high rate discharge behavior of cells having a 1 M 

LiClO4 salt concentration in various solvents containing propylene carbonate and a non-cylic di-

ether was investigated.
26

  The electrolyte solution comprised of a 1:1 mixture of propylene 
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carbonate and 1,2-dimethyoxyethane had the highest discharge capacity, and the discharge 

capacity increased with increasing conductivity of the electrolyte solution.
26

  Other work has 

explored the impact of various lithium salts on the discharge capacity of MnO2.
23

  

Various studies have investigated the mechanism of the discharge reaction in the 

Li/MnO2 system, which involves three distinct regions corresponding to three stages of lithium 

insertion into the MnO2 lattice.
27,28, 29

 The initial stage is a homogeneous insertion reaction 

characterized by a sloping discharge voltage curve.
29

  The second stage is a two-phase reaction 

indicated by a long flat region of the discharge voltage, followed by a sloping region signifying 

the final homogenous lithium insertion.
10,29

   

An impedance model of a Li/MnO2 cell specifically designed for use in implantable 

cardiac pacemakers was developed in order to predict the battery longevity.
30,31

   The model 

allows for the voltage drop to be calculated for a given current pulse .
30

  Further work updated 

the model to include the impedance contribution of the interface between the cathode and current 

collector.
31

 

The lithium manganese dioxide cell has various properties which are advantageous for its 

utilization as a power source for implantable applications.  The relatively flat discharge profile of 

the system results in a stable nominal voltage of 3.0V.
22,29,5

  The theoretical specific energy of 

the cell is high at 924 mWh g
-1

.  As previously stated, the medium rate currents supplied by 

Li/MnO2 batteries widen the application range for this power source.  Moreover, these cells have 

a low self-discharge rate and a high level of stability.
22

 

Recent work involving the lithium-manganese dioxide system centers on using it as a 

secondary battery.
32,25, 33, 34

  The interest in MnO2 based cathode materials for rechargeable Li-

ion batteries derives from its  low cost compared to LiCoO2, the current preferred cathode 
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material in secondary cells.
33

  An EMD/C composite material which is prepared by mechanical 

milling followed by heat treatment at 400 C has been described.
34

  Other work by Bowden et al. 

involves ion exchange of structural protons in EMD with lithium prior to heat treatment, and 

results in lithium substituted, ordered MnO2 materials. 
25

  Of these, the most crystalline form 

exhibits good reversibility after multiple cycles and a discharge capacity of 210 mAh/g.
25

 

 

1.2.3 Lithium/carbon monofluoride batteries 

 An alternative option for implantable biomedical devices requiring current outputs in the 

milliampere range is the lithium/ polycarbon monofluoride (Li/CFx) system.  Polycarbon 

monofluoride was first developed as a cathode material for lithium primary batteries in the early 

1970’s.
35-36

  The low self-discharge, high working voltage and high energy density of the Li-CFx 

system have made it useful as a medium rate power source.
37

 

 Polycarbon monofluoride (CFx) is a solid state cathode material prepared by direct 

fluorination of carbon with F2 at temperatures ranging from 400 to 600 C.
38

  The highly stable 

structure consists of sp3 hybridized carbon layers, with fluorine covalently bonded to carbon.
38

  

The carbon/fluorine ratio of the material can be varied.  While higher fluorine content increases 

the theoretical capacity of the material, it decreases its electrical conductivity.
39-40

  Because the 

material is an insulator, CFx is mixed with a conductive additive during cathode preparation, 

along with a binder so that a cathode pellet may be pressed.
10

  Cell construction includes the 

solid cathode, a lithium anode, and a separator between the two electrodes.  The electrolyte used 

is usually lithium tetrafluorborate (LiBF4) dissolved in γ-butyrolactone.
37

 

 The cell overall reaction in Li/CFx cells is 
37

 

Li + CFx → LiF + C              [3] 
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 The discharge reaction has been described as proceeding by initial insertion of solvated 

lithium ions into the graphite fluoride layer, forming an intermediate phase consisting of carbon, 

fluoride, and lithium ions. 
41,42

  The intermediate phase, considered to be a diffusion layer, 

gradually decomposes into lithium fluoride, carbon, and solvent molecules as the cell is 

discharged. 
41,42

  The open circuit potential of Li-CFx cells is typically around 3.1 V, which is 

significantly lower than the calculated electromotive force of 4.57V for the overall reaction.
5,43

   

The observed OCV differs from the calculated thermodynamic value because the electron 

transfer reaction in the intermediate phase determines the equilibrium voltage.
42

  Thus, the 

magnitude of the overpotential has been explained  by solvated lithium ion transfer in the 

intermediate phase, and is therefore dependent on the solvent molecule size, solvation number, 

and interlayer spacing of the graphite fluoride cathode material.
42, 43

   The thickness of the 

intermediate phase is maintained through discharge, keeping the overpotential constant and 

providing a relatively flat discharge potential.
42

   

 Researchers have proposed methods to simulate the Li-CFx system under conditions of 

both constant low rate discharge and periodic pulse discharge.
44,45

 Li-CFx cells were constructed 

and discharged over a period of 0.27 to 7.19 years.  A dual intercalation model was formulated to 

simulate the constant discharge condition. Compiled cell data was in agreement with the 

behavior predicted by the model, and the system was determined to follow Tafel kinetics.  For 

the pulse discharge condition, a zero dimensional model was used to successfully predict the 

experimental results.
45

    

The lithium/carbon monofluoride system is attractive as a power source for implantable 

medical devices for a number of reasons.  The discharge profile is predictable over time, 

allowing the battery’s end of service point to be determined electronically.   The low internal 
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impedance allows the battery to be used in medium rate applications requiring milliampere level 

currents.  The theoretical volumetric capacity of the cathode material is high at 2335 mAh/cm
3
. 

Furthermore, the self-discharge of the system is low and the cell chemistry has a history of 

stability and safety.
37

  Batteries using Li/CFx specifically for medical devices have been 

described in the literature.  Miniature pin-type cells using a spiral wound battery design have 

been developed that can produce pulse currents of up to 10 mA and have a volume of only 0.155 

cm
3
.
46

  These cells are hermetically sealed and are appropriate for implantable applications.  The 

discharge characteristics of Li/CFx batteries designed for low rate devices have also been 

reported.
 44-45, 47

 

 Recent investigations of the lithium/ carbon monofluoride system involve optimization of 

cathode materials.  Thermal treatment of CFx just below the decomposition temperature has been 

reported to increase discharge cell potential.
48

  Carbothermal treatment with carbon black has 

also shown to increase discharge performance by increasing the reaction kinetics of the 

cathode.
49

  Other research has investigated the use of multi-walled carbon nanotubes 

(MWCNT’s) as an alternative conductive additive.
50

   

Additional studies have focused on improving the understanding of the Li/CFx discharge 

mechanism and electrochemistry. Cathode swelling in discharged Li/CFx  cells has been 

proposed to be due to deposition of LiF in the internal carbon surfaces of the cathode.
51

  Other 

work has utilized dc-polarization and ac-impedance techniques to show that overall cell 

impedance is dominated by resistance of the cathode.
52
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1.2.4 Li/CFx - SVO hybrid batteries 

 The high energy density of lithium/ carbon monofluoride system allow batteries of this 

type to provide the longevity needed for implantable biomedical devices requiring medium rate 

currents.  In order to provide even higher pulse current capability than CFx alone, lithium 

batteries with hybrid cathodes combining CFx and silver vanadium oxide, Ag2V4O11, have been 

developed.
53, 54

  A more detailed discussion of the lithium/silver vanadium oxide system is 

located in the section on high rate batteries.  In addition improving the power density compared 

cells using only the Li/CFx  system, these hybrid batteries offer enhanced end of service detection 

due to the appearance of a lower voltage plateau at the end of discharge.  

 There are two basic designs of hybrid Li/CFx - SVO hybrid batteries described in the 

literature.  The first utilizes a cathode consisting of physically mixed silver vanadium oxide and 

carbon monofluoride materials.
54

  An alternative cell design utilizing a laminated cathode
53

 is 

able to deliver high current pulses and is included in the high rate battery section.  

The discharge behavior of Li/CFx – SVO hybrid cells using the physically mixed cathode 

model  has been described.
54

  At low current rates, the SVO material is partially reduced first, 

followed by complete discharge of CFx , followed by reduction of the remaining SVO.
54

  At 

higher rates, SVO is expected to provide most of the energy due to its higher current carrying 

capability, lowering its potential relative to CFx.  The CFx then recharges the SVO so that the 

potential of the two materials is at equilibrium.
54

  Hybrid cells of this type have a detectable end 

of service point in the voltage profile, and those optimized to deliver medium rate currents have 

an energy density of approximately 1 Wh cm
-3

.
54

  Furthermore, composition of the mixture can 

be adjusted to suit the application, depending on whether additional capacity or power density is 

required.
54
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Physically based mathematical models of Li/CFx-SVO hybrid cathode batteries using the 

mixed cathode design have been described.
55,56,57

  These models were developed using the 

assumptions that the cathode determines battery capacity, is kinetically limited and contributes 

most of the resistance.  The models do not take heat generation or parasitic reactions into 

account, and make assumptions regarding the morphology and size of the particles. 
55,56,57

   The 

models estimate kinetic and thermodynamic parameters from experimental data and are able to 

predict the discharge behavior of the hybrid batteries over a range of  conditions. 
55,56,57

    

 

1.2.5 High Rate Batteries – Silver Vanadium Oxide 

 Implantable cardioverter defibrillators (ICDs) are medical devices designed to 

continuously monitor a patient’s heart and sense tachycardia (rapid heartbeat).
11

  If ventricular 

fibrillation is detected which cannot be addressed by pacing, a high energy shock is applied so 

that heartbeat is restored to a normal rate. The high power demands of ICD’s necessitate a 

battery which is capable of delivering high current pulses of 2-3 A in order to charge the 

capacitors of the device.
11

  Furthermore, the battery must supply a constant low current to power 

the heart monitoring functions of the ICD.
11

 The battery should also be of a suitable size and 

remain highly stable throughout its lifetime implanted in the patient.
11

  The lithium/silver 

vanadium oxide (Li/SVO) system meets all of the above requirements and is the most commonly 

used battery in ICDs today.   

While the Li/SVO system was initially intended for non-medical use,
58

 it was the 

implementation of the system for implantable medical applications that fully realized its benefits 

and capabilities.
59

 Since its initial implementation in the 1980s, numerous improvements have 

optimized the Li/SVO system as a high rate ICD battery.
60, 61, 62, 63, 64 
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The SVO cathode material, Ag2V4O11, is conventionally prepared using a solid state 

synthesis method.
65

  SVO has a layered structure comprised of edge and corner sharing distorted 

VO6 octahedra, as shown in Figure 1.  The overall discharge reaction is 
11

 

7Li + Ag2V4O11 → Li7Ag2V4O11                      [4] 

Seven moles of lithium can be incorporated into the structure, corresponding to a theoretical 

specific capacity of 315 mAh/g. The volumetric capacity of cathode material is high at 1510 

mAh/cm
3
 and the open circuit voltage of Li/SVO cells is approximately 3.2 V.

5
  The system is 

able to deliver high current therapy pulses for the implantable ICD application. 

The discharge process in the Li/SVO system has been extensively studied through 

characterization of the cathode material at various stages reduction.
66, 67

  XRD analysis of  

LixAg2V4O11 discharge products, where x is the moles of Li
+ 

intercalated into the material, 

indicate that the reduction of Ag
+
 to Ag

0
  occurs from 0 < x < 2.4 and is accompanied by a loss of  

crystallinity.
66

   The reduction of silver comprises 30% of the cathode’s capacity and 

significantly improves the conductivity, permitting the Li/SVO system to be used in high rate 

applications.
66

  While some vanadium reduction occurs earlier in the discharge process, from 2.4 

< x >3.8 the discharge process is dominated by reduction of V
5+  

to V
4+

.  Upon further reduction 

at  x > 3.8,  V
4+ 

 to V
3+

 reduction results in  mixed valence materials containing vanadium at (III), 

(IV), and (V) oxidation states.
66

 The multi-stage reduction reaction results in a stepped voltage 

profile, which allows physicians to determine when battery replacement is needed.
11

 Recent 

studies of the discharge process using nuclear magnetic resonance and x-ray absorption 

spectroscopy indicate that reduction of vanadium (V) initiates simultaneous to silver reduction in 

the initial discharge step.
68

 Other work has indicated that the rate capability of the system is 

limited by diffusion transport during lithium intercalation.
69
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 Li/SVO cells employ an electrolyte consisting of propylene carbonate and 

dimethoxyethane with a dissolved lithium salt.
11

  A polypropylene or polyethylene separator is 

used to prevent the battery from shorting.
11

  Batteries may be constructed using multi-plate 

cathode design, which connects numerous cathodes in parallel to raise the current output of the 

cell.
60

 A second design features of strips of anode and cathode wound together in a flattened coil 

as a means of improving efficiency.
70

 Mathematical models of these cells have been developed 

to account for changes in cell resistance during discharge.
71

  Experimental data indicates that 

resistance increases due to concentration polarization and is dependent on discharge rate.  

Recent investigations involving the Li/SVO system have focused on the optimization of 

the active cathode material.  A recently reviewed approach to enhancing performance is the 

development of SVO nanomaterials.
72

  It is reasoned that decreasing particle size will result in 

higher diffusion rates of lithium during the intercalation process.
72

  Furthermore, the unique 

electronic properties of nano-sized materials may lead to increased capacities and higher cell 

potentials.
72

  A molten salt synthesis method has been developed to prepare nanocrystalline 

Ag2V4O11 .
73

  Materials synthesized through this process at 300C are capable of delivering a 

discharge capacity of 269 mA h/g to a cutoff voltage of 2 V, notably higher than the 210 mAh/g 

delivered by bulk SVO material.
73

 The behavior of nanocrystalline SVO particles as also been 

described in comparison to SVO synthesized by the conventional solid state synthesis.
74,75

  

Electrochemical testing indicates that the particles are able to deliver a gravimetric capacity of 

320 mAh/g at C and 250 mAh/g at 5C to a 1.5 V cutoff.  

The electrochemical performance of Ag2V4O11 nanowires synthesizing using a low 

temperature hydrothermal method has been reported.
76

 When these nanowires were used as the 

cathode material in two electrode cells, the initial open circuit voltage was 3.52 V, and the 
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discharge capacity was 366 mAh g
-1

 to a 1.5V cutoff.  By comparison, Ag2V4O11 bulk material 

prepared using the conventional solid state synthesis method had an open circuit voltage which 

was 200 mV lower, and was only able to deliver a discharge capacity of 319 mAh/g.
76
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Figure 1. Ag2V4O11 is a layered structure consisting of edge and corner sharing distorted VO6 

octahedra.
77
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1.2.6 High Rate Batteries – Lithium/Manganese Dioxide 

 The Li/MnO2  system is an alternative to Li/SVO for powering implantable defibrillators.   

Cells have been developed which are able to meet the power source requirements for ICD’s 

described in the previous section.  Manganese dioxide  has an acceptable energy density and the 

system is capable of delivering high current pulses.
78

  Furthermore, the resistance of Li/MnO2 

cells does not increase until the end of discharge, so performance at high rates does not diminish 

with time.
78

 

 Li/MnO2 batteries suitable for the ICD application have been developed where the 

cathode consists of manganese dioxide mixed with chromium oxide and lead oxides.
79

   The 

addition of these compounds results in a discharge profile which indicates when capacity is low 

and the battery needs to be replaced.
79

 

 A high rate Li/MnO2 battery based on a double cell concept has also been produced.
80

  

The design incorporates two cathode-limited cells, connected in series by the battery casing in 

order to reduce volume.  The nominal voltage of the battery is 6V.  The use of two cells 

connected in series lowers the current density on the electrodes, improving the high rate 

performance relative to the single cell design.
80

  The battery has a pulse power density of 540 W 

L
-1

, compared to 420 W l
-1

 for the cell single version from which the double cell was adapted.
80

   

 High rate Li/MnO2 double cell batteries have been improved by integrating them into a 

hybrid system.
81

  This configuration consists of a lithium manganese dioxide 6 V double cell in 

addition to a lithium iodine cell.  The lithium iodine cell provides capacity for the low rate 

discharge functions of the defibrillator, and its high energy density increases the lifetime of the 

battery.  Compared to the double cell only battery, the hybrid system has a larger low rate 

capacity at a smaller volume, with only a minor loss of pulse-power capability.
81

  The discharge 
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behavior of Li/MnO2 cells designed for ICD devices has been predicted through the use of 

mathematical models.
78

  The experimental discharge curves were modeled using a function 

which accounts for excess free energy arising from lithium ion – cathode interactions.
78

 

 

1.2.7 High Rate Batteries - Li/CFx - SVO hybrid 

Li/CFx –SVO hybrid cells using a novel electrode design are reported which are able to 

deliver high current pulses, also enabling their use in ICD’s.
53

  The cathode consists of CFx 

sandwiched between two layers of SVO material.  Both CFx and SVO are mixed with binder and 

a conductive additive, and the two materials are separated by titanium screens.
53

  Each cathode 

assembly is heat sealed in polypropylene separator and placed between lithium anodes, also 

sealed in polypropylene (Figure 14.) The cells described in the literature were configured with 

six cathode assemblies in stainless steel can filled with 1 M LiAsF6 in 1:1 PC:DME electrolyte.
53

 

The discharge profile of the hybrid cells exhibits plateaus at 3.2V, 2.8V, and 2.6V, which 

correspond to the respective discharge of SVO, CFx, and SVO.
53

   After initial reduction of SVO, 

most of the energy for low rate currents is provided by CFx.  However, if the cell is pulsed under 

heavy loads, SVO is preferentially discharged, and the resulting potential of SVO is then less 

than that of CFx.
53

  The stepped voltage profile of these dual cathode cells indicates when the 

battery needs to be replaced.
53

 The hybrid cells have higher capacity than SVO cells and 

analogous rate capability, making them useful in medium and high-current applications.
53

   

 

1.2.8 Li-ion batteries – milliwatt power levels 

 Some applications having high power usage rates can benefit from the use of 

rechargeable batteries in order to improve implant lifetime and reduce size.  Secondary power 
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sources for implantable medical devices must satisfy the same general requirements as primary 

batteries, including safety, reliability, high energy density, and low self-discharge.  

Neurostimulators, which operate in the milliwatt power range, are one type of device for which 

secondary batteries have been developed.  These cells operate using lithium-ion technology. 

 Li-ion cells typically consist of a carbonaceous anode and a metal oxide cathode, with 

both electrode materials having the ability to intercalate lithium ions reversibly.
10

  Cells are 

constructed using a discharged cathode material containing the source of lithium ions for the cell.  

During initial charge, the lithium from the cathode is extracted and inserted into the anode.
10

  

The reverse process occurs during discharge. Common cathode materials include  nickel, 

manganese, and cobalt based oxides.
10

  Lithium cobalt oxide (LiCoO2) is most often used and 

has a gravimetric capacity of  155 mAh/g.
6
   

Safety considerations are especially significant in implantable medical applications  

Overcharging and short circuit conditions present the possibility of excess heating and cell 

rupture.
82, 83

  Prismatic Li-ion cells utilizing LiCoO2 cathodes and graphite anodes were tested to 

determine the effects of overcharge rate on internal cell temperature and hermeticity.  Short 

circuit testing increased the temperature of the cells, which remained sealed.
82

   However, the 

study determined that at charging currents greater than C/5, the cells may rupture.
82

 

 The performance of Li-ion cells developed specifically for biomedical applications has 

been described in the literature and studies of their performance have been conducted.
84, 85

 Cells 

with capacities of 200 mAh were cycled at 37°C to various depths of discharge.  Results 

indicated that after 1000 cycles, the capacity retention using the 80% DOD condition was 98%.
84

  

A study of the solvent disproportion mechanism in lithium ion cells was also reported, providing 

an opportunity to develop a more stable electrolyte.
86

 Spirally wound miniature pin-type batteries 
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utilizing a LiNiCoAlO2 cathode have been developed. Cycle life testing indicates that the 

capacity retention is over 80% after 500 cycles.
46

 These batteries exemplify the opportunity 

presented by Li-ion technology to engineer extremely small volume medical batteries with a 

rechargeable capacity. 

 

1.2.9 Cathode Solubility in Batteries for Implantable Biomedical Devices 

Cathode solubility is an important consideration when choosing battery systems for use in 

implantable biomedical devices.  Solubility results in the loss of electrode material, which 

reduces capacity as well as the implantable lifetime of the battery.   Of even greater significance 

is that dissolved species containing transition metal ions passivate the anode surface.  This 

increases resistance and limits the current which may be drawn from the cell.  This phenomenon 

is particularly problematic in the lithium/silver vanadium oxide system (Li/SVO) used for the 

implantable cardioverter defibrillator, detailed in section 1.2.5.  

It is reported that vanadium species from the SVO cathode material dissolve into the 

electrolyte solution and are subsequently deposited on the lithium anode, increasing the cell 

resistance.
3, 87

  (Figure 2) Consequently, more time is needed to charge the ICD’s capacitors, 

reducing its effectiveness and depending on the severity of the resistance layer, necessitating 

battery replacement.  Much of the motivation for this research is to study new cathode materials 

which meet the power and safety requirements of the ICD application while minimizing 

solubility and the resulting increase in impedance.   
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Figure 2. Model of cathode solubility and subsequent deposition on the anode in the 

Li/Ag2V4O11 system. 
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1.3 Cathode dissolution in Li-based battery systems 

Notably, in addition to Li/SVO batteries, there are several other systems which show 

solubility as a function of state of discharge, indicating that the dissolution of cathode materials 

into non-aqueous electrolyte is a widespread problem.  These systems include rechargeable 

lithium ion batteries based on the cathode materials LiCoO2, LiMn2O4, and LiV3O8.  Based on 

these reports, the development of quantitative analysis techniques for determining the kinetics of 

dissolution will benefit a wide array of battery systems. 

 

1.3.1 Cathode dissolution in Li-based battery systems – LiCoO2 

One battery material for which several studies relating to dissolution have been 

completed is the secondary battery material LiCoO2.
2, 88-92

 In this system, Co ions dissolve from 

the cathode and are reduced at the anode as metallic cobalt and cobalt compounds.
91

  Amatucci 

et al. investigated cobalt dissolution in LiCoO2 secondary batteries to understand its impact on 

capacity loss.
88

  The LiCoO2 was assembled into coin cells with lithium metal anodes, and after 

cycling the cells with various discharge/charge conditions, the Li anodes were analyzed by 

energy dispersive spectroscopy (EDS) for cobalt content.  The electrolyte used was 1M LiPF6 in 

2EC:DMC.  It was found that capacity fade increased for cells cycled above 4.2V and directly 

correlated with the level of cobalt deposited measured on the anode.  Cobalt dissolution was also 

found to correspond with structural changes as determined by in-situ X-ray diffraction.  

Further investigation of dissolution in LiCoO2 based systems was completed by 

analyzing electrolyte by ICP-AES after storage and cycling experiments at 25, 45 and 60 °C.
92

  

All of the electrolyte solutions measured contained cobalt concentrations equivalent to 

approximately 0.1-0.3% of the cobalt content in the LiCoO2 used to make the electrochemical 
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cells.  The Li anodes used in the cells were also analyzed by X-ray photoelectron spectroscopy 

(XPS).  The XPS results indicated that surface films only contain deposited Co at higher 

temperatures, and that an organo-borate complex based film-forming additive suppresses Co 

deposition.  XRD analysis showed that Co dissolution had an insignificant effect on the structure 

of the bulk material.  The authors interpreted this finding as proof that capacity fading in LiCoO2 

cells is due to surface changes on the cathode rather than bulk structural alterations from Co 

dissolution.
89, 92

 

The impact of adding PVDF binder to LiCoO2 electrodes on the stability of the material 

has also been explored through storage of binder free or composite electrodes at elevated 

temperature in various LiPF6 electrolyte solutions.
91

  Analysis of the solutions by ICP indicated 

that Co dissolution does not occur without a salt present, and is accelerated in the presence of 

water.  Further analysis by Raman spectroscopy showed that LiCoO2 decomposes to form 

Co3O4, from which Co
2+

 ions can dissolve.  The decomposition is complemented by oxidation of 

alkyl carbonates in the electrolyte.  The authors propose the decomposition reaction as3LiCoO2 + 

Li
+ 

 + e
+
 → Co3O4 + 4Li2O, and theorize that HF in solution is the probable driving force for the 

reaction through its reaction with Li2O. 

 

1.3.2 Cathode dissolution in Li-based battery systems – LiMn2O4 

Another secondary battery material for which transition metal ion dissolution has been 

studied is the spinel LiMn2O4.
93-100

 Jang et. al investigated capacity losses in 4V Li/LixMn2O4 

cells with composite cathodes.  Based upon dissolved Mn concentration in the electrolyte of 

three electrode cells analyzed by differential pulse polarography, it was determined that cathode 

material loss was the cause of approximately 1/5 to 1/3 of the overall capacity loss.  Mn 
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dissolution was found to increase in the charged state at voltages above 4.1V vs. Li/Li
+
.  It was 

theorized that at these voltages the electrolyte is oxidized on carbon surfaces of composite 

cathodes, forming intermediates which accelerate Mn dissolution.  The remaining portion of 

capacity loss was attributed to an increase in cathode resistance as Mn dissolution progressed. 

Further study of LiMnO4 cathodes sought to increase understanding of the dissolution process 

with respect to the electrolyte.
96

  It was found that acids were generated by oxidation of 

electrolyte solvents when the cathodes were cycled in the potential range of 3.6 to 4.3V vs. 

Li/Li
+
, with ether based solvents being more likely to be oxidized.  The presence of acid in the 

electrolyte results in the loss of Li and Mn ions from the structure.  Furthermore, the authors 

noted that fluorinated salts are less likely to be oxidized, but have the disadvantage of producing 

acid through HF formation if trace water is present in the electrolyte solution.   

Other work on spinel lithium manganate investigated the kinetics of Mn dissolution at 

elevated temperatures.
98

  LiMn2O4 powder was soaked in electrolyte and the Mn concentration 

was quantified as a function of time by AAS.  Kinetic analysis of the data was performed using 

the shrinking core model for fluid-particle reactions.  Results indicated that the rate of Mn 

dissolution is controlled by the dissolution reaction occurring at the surface of the unreacted core 

of the particles, as opposed to the process being diffusion dependent.  Later analysis of the 

dissolution behavior of spinel lithium manganate  doped with chromium revealed that the doping 

suppresses Mn dissolution at elevated temperatures.
99

  However, Cr-doped samples displayed Cr 

dissolution, which will affect the stability of the spinel structure. 

 Several studies have been performed to investigate the nature of Mn deposition in 

LiMn2O4 based cells through the use of XAS as well as other techniques.  Yang et al. studied the 

electrodes from disassembled cycled Carbon/LiMn2O4 cells with Cu anode current collectors 
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using XPS and SEM.
101

  EDS of the anodes indicated that Cu dissolved from the current 

collector and Mn dissolved from the cathode were both present in the SEI layer on the carbon 

anode.  The majority of these deposits were detected on the separator side of the anode.  XPS 

results indicated that Cu and Mn ions were deposited in the SEI as Cu2O and MnO or MnO2, 

respectively.  Metal ions in the electrolyte were analyzed by ICP-OES and were found to be less 

than 1 ppm.  This was attributed to most of the metal ions in solution having been reduced onto 

the anode surface due to the negative potential. The deposits of Cu oxide and Mn oxide in the 

SEI layer block intercalation of lithium ions and cause capacity fade in these batteries. 

 Recent work which further investigated the influence of Mn dissolution and anode 

deposition was performed by analysis of highly oriented pyrolytic graphite (HOPG)/ LiMnO2 

cells.
102

  The performance of the cells was studied with a standard 1M LiClO4/ EC+DEC 

electrolyte and with an electrolyte contaminated with Mn ion at a concentration of 90 ppm.  AC 

impedance measurements showed that the impedance corresponding to surface film and Li-ion 

transfer resistance was on the order of ~15 times greater when the Mn containing electrolyte was 

used.   Subsequent XPS analysis of the anodes indicated that Mn metal was initially reduced onto 

the HOPG during cycling, then oxidized at open circuit conditions. 

 The effect of manganese contamination on the solid electrolyte interphase in lithium ion 

batteries was studied using a model system with an inert Cu electrode.
103

  Mn(ClO4)2 was used to 

contaminate the electrode surface.    X-ray absorption spectroscopy indicated that Mn in the 

electrode film was present in the 2
+
 oxidation state. The authors hypothesize that Mn ions in the 

electrolyte are initially reduced to Mn
0
 on the anode surface, and that reactions with the solvent 

oxidize Mn back to the 2+ oxidation state.  The detection of Mn in the 2+ oxidation state agrees 

with work done by Zhan et al. which analyzed the surface of Li, lithium titanate, and graphite 
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anodes from cycled cells with LiMn2O4  cathodes.
104

  In this case, the oxidation state was 

determined using the fluorescence intensity of X-ray absorption near edge spectra (XANES).  A 

correlation between manganese anode deposition with increased impedance was confirmed by 

comparing results of cells with and without Mn contaminated electrolyte. 

 In addition to deposition as Mn
2+

, presence of Mn
0
 on graphite anodes from LiMn2O4 

based cells has also been detected using XANES.
105

  For this study, the battery electrolyte was 

contaminated with Mn(ClO4) at a concentration of 200 ppm.  XANES features indicate that both 

the 0 and 2+ oxidation states are present on the electrode.  Similar results were found when Mn
2+

 

ions were generated in-situ by dissolution from the cathode material. The authors theorize that 

Mn
2+

 reduction may occur via defect sites or via electronic transport through a preformed SEI. 

 

1.3.3 Cathode dissolution in Li-based battery systems – LiFePO4 and LiV3O8 

Studies relating to dissolution of transition metal ions have also been published for 

cathode materials including lithium iron phosphate
1, 106-107

 and lithium vanadates
108

.   The 

methodology of these works involves storage of the cathode materials at elevated temperatures 

and analysis of the dissolution species by ICP.  The stability of LiFePO4 in solution was found to 

be several times greater than LiMn2O4.
106

  LiFePO4 was determined to be highly stable in 

electrolytes without acidic or protic contaminants, even at elevated temperatures.
1
 The 

impedance of LiFePO4 electrodes remained stable with prolonged storage in solution, indicating 

that the phosphate based material is less prone to dissolution than other oxide based materials, 

including LiCoO2, LiNiO2, and LiMn2O4.
1
 

LiV3O8 is another cathode material which has been reported to dissolve in non-aqueous 

electrolytes.
108-111

  The dissolution is observed as the material is discharged, and is thought to 
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contribute to capacity fade upon cycling. A dissolution mechanism based on V ion exchange 

with Li was proposed for Li4+yV3O8.
108

  Similar to LiMn2O4, deposition of the dissolved species 

on the anode has been reported.
109

 A polyaniline conductive binder was found to buffer the 

dissolution of LiV3O8, improving the cycling performance of the material.
109

 

 

1.3.4 Cathode dissolution in Li-based battery systems – LiNi1/3Co1/3Mn1/3O2 

 A significant cause of capacity fade and poor long term cycling behavior in 

LiNi1/3Co1/3Mn1/3O2 (NCM) cathodes is the dissolution of the electrode material into the 

electrolyte.
112-116

 NCM cathodes may be charged using voltage limits from 4.2 to 4.7 V vs. 

Li/Li
+
, with higher limits resulting in increased specific capacity and energy density.

112, 116
 

However, at higher voltages, dissolution of Ni, Co, and Mn species into the electrolyte is 

observed. The dissolution is problematic for two reasons: (1) the loss of electrode material 

decreases the capacity, and (2) transition metal ions in the electrolyte deposit onto the anode, 

increasing the cell impedance.
89

 Zheng et al. first performed experiments to determine 

dissolution behavior of NCM cathode at different states of charge and its influence on capacity 

fade.
116

   Coulombic efficiencity was observed to decrease with increasing charge voltage. Post 

cycling LiNi1/3Co1/3Mn1/3O2 electrodes were stored in electrolyte for one month and 

concentration of dissolved Mn, Co, and Ni in the electrolyte was quantified.  Dissolution of 

metal ions increased at charging potentials higher than 4.6V vs. Li/Li
+
 ,which was in agreement 

with high capacity fade observed at that charging voltage. In the cycled cells, dissolved metals 

had deposited on the graphite negative electrode, causing a large rise in impedance which was 

attributed to be the main factor responsible for capacity fade. 
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 Further work to characterize NCM cathode dissolution focused on the influence of 

different electrolyte salts.
112

 LiNi1/3Co1/3Mn1/3O2 (NCM) electrodes were stored in 1M EC/DMC 

electrolytes containing LiPF6, LiBF4, LiClO4 salts, and metal ion concentrations were determined 

by ICP-OES.  It was determined that metal dissolution could be reduced by using LiBF4 and 

LiClO4 instead of the LiPF6, due to minimization of HF formation in the electrolyte which 

degrades the electrode.
112

 Additional studies have also observed a correlation between capacity 

fade and dissolution in NCM cathodes. LiNi0.6Co0.2Mn0.2O2 cathode materials which were 

surface modified with a dual conductive polymer coating exhibited reduced transition metal 

dissolution and more stable cycling performance.
113

 Similarly, tris(trimethylsilyl) phosphate 

electrolyte additives
114

 and LiF surface modification of NCM cathodes
115

 both result in enhanced 

cycling stability, believed to be due to suppression of electrode dissolution. 

 

1.4. Dissolution Kinetics  

Cathode solubility can occur through the dissolution process, during which the crystal 

lattice of the cathode material is broken down into individual ions and atoms.  The dissolution of 

solid particles in solution is a complex topic for which several models have been developed.  The 

solubility, crystallinity, and particle size of a material may all play a role in influencing the 

kinetics of dissolution.
117

  The first experiments concerning dissolution of solids in solution were 

performed by Arthur A. Noyes and Willis R. Whitney in 1897, and many subsequent models of 

dissolution kinetics have a basis in their work.
118

  The experiments investigated the dissolution of 

two compounds of different physical and chemical properties, benzoic acid and lead chloride, in 

aqueous solution.  The following relation was developed between rate of dissolution and the 
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difference between the bulk concentration, C, at time t and the saturation solubility of the 

compound, Cs:  

dC/dt = K(Cs-C)                                                                       [5] 

where dC/dt is  the change in solute concentration in time t, and k is a first order constant. 
117

  

Integration of this equation yields
119

 [6], which is corresponds to the integrated rate equation for 

first order kinetics.
120

 

C=Cs[1-exp(-kt)]                                                                [6] 

As reviewed by Dokoumetzidis,
121

 Brunner et. al. later determined that the area of 

exposed surface is proportional to dissolution rate and thus modified the Noyes-Whitney 

equation to include the surface area of the dissolving solid
122

: 

dC/dt = K1S(Cs-C)                                                                     [7] 

where K1 is the corresponding rate constant and S is the surface area.  Through further 

investigation, in 1904 Nernst and Brunner found that  K1 is  proportional to the diffusion 

coefficient or diffusivity D by Fick’s law
123

: 

k1=D/Vh                                                                                    [8] 

where V is volume of solution and h is diffusion layer width.  Substitution back into equation [7] 

yields:  

dC/dt = (DS/Vh) (Cs – C)                                                [9] 

This equation for dissolution represents a physical mechanism which involves molecules 

from the solid diffusing through a thin diffusion layer to the bulk solution (Figure 3).
121

 It is 

assumed that the transport process is rate limiting as opposed to solvation of the solid by the 

liquid phase at the material surface.
124

  The driving force for the process is the concentration 

gradient between the surface of the solid and the bulk solution.  In the diffusion controlled 
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model, any factor which impacts diffusional transport will affect the dissolution rate, including 

agitation speed, viscosity of the liquid, temperature, and particle size.
125-126

   Although it is 

evident from [7] and [9] that surface area is directly related to dissolution rate, according to van 

de Waterbeemd
126

 it is difficult to correctly determine the surface area of suspended particles, 

particularly if the particles tend to agglomerate.  This often leads to an overestimation of the 

surface area of a material in solution.
126

 

Further major work regarding dissolution is attributed to Hixson and Crowell in 1931 

through their investigation of the relationship between reaction rate and agitation speed.
127

   

Their work was also based on the diffusion layer model first developed by Noyes and Whitney. 

Hixon and Crowell derived a cube root law by first expressing equation [7] in terms of 

weight of the solid: 

dW/dt = KS(Cs-C)                                                     [10]        

where dw/dt is the instantaneous weight change and the surface area S changes as the solid 

dissolves into solution.  This is accomplished by multiplying both sides of the Noyes-Whitney 

equation by V and setting K=k1V.  If the crystal shape does not change during dissolution, 

because S is proportional to V
2/3

, and W/D = V, then S is also proportional to W
2/3

.  Substitution 

of S into equation [9] and subsequent integration results in an expression relating the 

instantaneous weight change to the cubic root of the weight.  In the special case of sparingly 

soluble compounds, for which concentration change is negligible, (Cs-C) is constant and the rate 

is proportional to weight only.  The integrated equation becomes: 

k2t = Wo
1/3

 – W
1/3

                                                  [11] 

where Wo is the initial weight of the solid and k2 is a constant which depends on the density and 

shape of the solid particle.
127

  Equation 10 may be rewritten as 
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Wo
1/3

 – W
1/3 

 = (K’N
1/3

DCst)/δ                                        [12] 

where N is the number of particles, D is the diffusion layer and δ is the diffusion layer 

thickness.
117 

 An important consideration for the Hixson-Crowell model is that the geometrical 

shape of the particles dissolving over time must remain constant for the model to be accurate.
117

 

Dokoumetzidis
121

 writes that explanations of dissolution have been developed which have a 

different physical basis from the diffusion layer model.  As reviewed by Dokoumetzidis and 

Macheras,
121

 the interfacial barrier model was theorized by Zdanovski in 1946, and assumes that 

interfacial transport is the limiting phenomena in dissolution.
128

  Another alternative model was 

developed by Danckwerts in 1951.
129

 It is based on a “surface renewal mechanism” - the idea 

that a particle in solution is continually exposed to fresh solvent which absorbs the solid.
129

  The 

diffusion layer concept, however, is still the dominant model used to describe dissolution 

profiles.
119

 

Another important method of interpreting dissolution data found in the literature is based 

upon an empirical distribution function described by Weibull in 1951.
130

 The Weibull function 

was first used to describe dissolution in 1972 by Langenbucher.
131

 

m = 1-exp [-(t-Ti)
b
/a]   [13] 

where m is the accumulated fraction of dissolved material at time t, and Ti is the time difference 

between the initial system state and the onset of dissolution.  In most instances, the onset of 

dissolution is instantaneous and Ti = 0.  The parameter a is a time scaling constant, and b is a 

constant which defines the shape of the curve.  In cases where the dissolution curve has an 

exponential shape, b=1.  If the curve is S-shaped, b>1, and if the curve has a higher initial slope 

followed by consistency with the exponential, b < 1.
117

  Equation [13] may be rearranged to 

estimate the parameters a and b:  
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log [-ln(1-m)] = b*log(t-Ti) – log a                             [14] 

If log[-ln(1-m)] is plotted vs. log(t), b may be obtained from the slope of the line, while a is 

estimated from the intercept.  Because Ti is generally zero, a common way of expressing the 

Weibull equation is: 

  m = 1-exp(-αt
b
)        [15] 

where α=1/a.
132

  The Weibull model has been successfully used to fit numerous dissolution 

profiles, including those with a steep initial slope for which diffusion based models may not 

provide an adequate fit.
126, 132

  

The Weibull model has been criticized because it is empirical function lacking 

parameters which characterize the kinetics of the dissolution process.
117

  However, work has 

been done to validate its use.
132

  Macheras and Dokoumetzidis approach the problem by arguing 

that a time-dependent rate coefficient is needed to account for nonhomogeneous conditions such 

as changes in surface area, diffusion layer thickness, and diffusivity D as the dissolution process 

proceeds.
132

  In particular, the diffusion layer thickness and diffusivity are not constant when 

particles are polydisperse or if there is an initial de-aggregation of particles.
132

  By expressing the 

Noyes Whitney equation [5] in terms of the amount of dissolved material instead of 

concentration, replacing the classical rate constant with a time-dependent rate coefficient, and 

integrating the resulting equation, they obtain: 
132

   

  m=1-exp[(-k1/(1-h)) *t
1-h

]        [16] 

where m is the fraction of material in solution, and k1 and h describe the time-dependent rate 

coefficient k, which is equal to: 

k=k1t
-h

                   [17] 
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Equation 15 is identical to the Weibull equation [14] if α=k1/(1-h) and b=1-h.  Furthermore, 

equation 15 is equivalent to the Noyes Whitney equation (expressed in terms of dissolution 

fraction) when h=0 and the rate constant is not time dependent (homogenous).
132

  This work is 

significant because it provides an indirect, physical basis to the Weibull model when analyzing 

dissolution data. 

The process of dissolution of solid particles in liquids may also be described using 

reaction models for fluid-particle reactions.  The general reaction in [18] is used in the derivation 

of these models: 

aA(fluid) + bB(solid) →fluid and solid products                           [18] 

Two idealized simulations exist for non-catalytic particle-fluid reactions: the progressive 

core model and the shrinking unreacted core model.
133

  The progressive conversion model 

assumes that the fluid continuously reacts throughout the entire volume of the particle at the 

same time.  In contrast, according to the shrinking core model, reaction occurs first at the outside 

interface of a non-porous particle.
133

  As time progresses the reaction moves inwards, leaving 

behind converted material referred to as “ash.” A core of unreacted solid exists inside the reacted 

ash. Observation of cross sections of partially reacted solid particles provides evidence that the  

shrinking core model is a more realistic representation than the progressive conversion model.
133

   

The shrinking core model was first developed by Yagi and Kunni in 1955.
134

 It has been 

used to analyze dissolution data in several studies.
98, 135-140

  The shrinking core model assumes 

that the solid particle reacts with the surrounding fluid at constant temperature, and that the fluid 

concentration is constant or in excess.
141

  The rate controlling expressions for the model are 

determined by the rate determining step in the reaction, which may be one of three successive 

processes: (1) diffusion through the fluid film surrounding the particle, (2) penetration and 
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diffusion through the ash layer, and (3) reaction of the fluid with the solid at the surface of the 

unreacted core.
133

  Using equation 15, for a process in which film diffusion is the rate limiting 

step and the particles are spherical, 

XB = kmt                             [19] 

where km = 3bkgCA/ρBR.
133

  XB is the fractional conversion of solid reactant B, km is the film 

diffusion rate constant, t is reaction time, kg is the mass transfer coefficient between fluid and 

particle, CA is the constant concentration of fluid A, ρB is the density of B, and R is the particle 

diameter.  

When the reaction is controlled by ash diffusion, 

1-3(1-XB)
2/3

 + 2 (1-XB) = kdt          [20] 

where kd = 6bDeCA/ρBR
2
. Kd is the ash diffusion rate constant and De is the effective diffusion 

coefficient. 

When the rate limiting step is reaction controlled, 

1-(1-XB)
1/3

 = krt                        [21] 

where kr=bk”CA/ρBR.  kr is the reaction controlled rate constant and k” is the first order rate 

constant for the surface reaction. 

The preceding equations may be used to elucidate the rate determining step in a 

dissolution experiment by graphically determining which model best fits experimental XB vs. t 

data.
98, 135, 137, 139-140

  Other data may be collected which also reveal information about the rate 

determining step.  Performing the dissolution experiment at a range of temperatures can help 

discriminate between diffusion controls or chemical reaction controls, as the chemical reaction 

step is much more temperature sensitive than the dissolution steps.
133

  Furthermore, if reaction 

rate is dependent upon agitation speed, this suggests that the process is dissolution controlled.
139
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Figure 3.  A schematic representation of the diffusion-controlled dissolution model first 

proposed by Noyes and Whitney.
125
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1.5. Ion Exchange Kinetics 

In addition to cathode solubility proceeding through dissolution, ion exchange of 

transition metal ions from the cathode material with ions in the electrolyte may also occur.  An 

ion exchange material is defined as a being an insoluble solid having cations or anions which 

may be exchanged with other ions of the same charge.
142

  The structure of an ion exchange 

material consists of a lattice of atoms held together through chemical bonds or lattice energy.  

This lattice has an excess of charge which is balanced by counter ions that can move in and out 

of the matrix.
142

  Ion exchange is a stoichiometric process so that the electroneutrality of the 

material is maintained.  Furthermore, the process is reversible, with counter ions being 

exchanged until equilibrium is reached.
142

     

The kinetics of the ion exchange process are complex, depending upon multiple factors  

including concentration and electrical charge gradients, ionic interactions, structure of the 

exchanger, and chemical reactions occurring in the exchanger or the electrolyte.
143

   In the model 

system where a spherical ion-exchange particles containing counter ion A
+
 are stirring in 

electrolyte with the salt B
+
Y

-
, three rate controlling steps must be considered when determining 

the kinetics of the ion exchange process: film diffusion, particle diffusion, and chemical 

exchange reaction.
144

 

The first step, film diffusion, involves diffusion of B
+
 through the film surrounding the 

ion exchange particles.
143

  A thin stagnant film of solution will exist around a particle immersed 

in solution, even if that solution is well stirred.  Mass transfer by diffusion is the lone process by 

which an ion can reach the exchanger surface through the film.  This type of mass transfer may 

be described as coupled because it requires flux of equal amounts of B
+ 

 and A
+
 ions to maintain 
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electroneutrality.
143

  The driving force for film diffusion is the concentration gradient across the 

film and is described by Fick’s first law of diffusion: 

J = -D* (dC/dx)                               [22]     

where J is flux of the ion, D is the diffusion coefficient, and dC/dx is the concentration gradient 

across the film. 

The second possible rate determining step, particle diffusion, is physically described as 

the ions diffusing through the pores within the ion exchanger to reach potential exchange sites.
143

  

Again, the mass transfer of ions may be referred to as coupled because both B and A must 

diffuse to maintain electroneutrality.  If particle diffusion is the rate determining step, the 

exchange rate will initially be fast and get progressively slower.  This is because exchange 

occurs quickly at sites on the surface of the particle, and slows down as ions must diffuse further 

into the particle to reach additional exchange sites.   

The third possible rate controlling step is the chemical reaction at the exchange site, 

where B
+
 is exchanged with A

+
.  In practice, evidence for the chemical exchange process as the 

rate limiting kinetic step is only observed for ion exchange involving chelate type formation 

occurring with iminodiacetate or phosphonate functional groups.
143

  Reactions between free ions 

are typically much faster than diffusion and therefore cannot be rate controlling.
143

   

The nature of the rate determining step in ion exchange, whether controlled by film diffusion or 

particle diffusion, is dependent on several factors of the individual system under investigation.
142

  

Helfferich writes that the rate determining step can be predicted by the following: 

(XD’δ/CDro ) *(5 + 2α) « 1     particle diffusion control 

(XD’δ/CDro ) *(5 + 2α) » 1     film diffusion control 
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where X is the concentration of fixed charges on the particle, C is the concentration of ions in 

solution, D’ is the interdiffusion coefficient in the exchanger particle, D is the interdiffusion 

coefficient in the film, and α is the separation factor- the preference of the ion exchanger particle 

for one of the concentration units.
142

  

Although it is known that the rates of ion exchange processes are diffusion controlled, 

limited progress has been made in deriving rate laws for ion exchange systems using diffusion 

equations.
142-143

  This is because of additional complexities in the ion exchange process, 

including: the distinct selectivities of specific ions for exchange, electric forces arising from ion 

diffusion, and the swelling of ion exchanger particles due to uptake of solution. 

 

1.6 Summary 

Batteries for biomedical implants must have characteristics which include high 

volumetric energy density, predictable performance, and long term stability during use.  While 

several battery systems meet these qualifications, selecting which one to use is dependent on the 

power requirements of the application.  For batteries used in implantable cardioverter 

defibrillators, where high power is needed, the Li/Ag2V4O11 system is primarily used.  While this 

system is the benchmark ICD battery technology, solubility of the Ag2V4O11 cathode material 

and subsequent deposition of dissolved species on the lithium anode results in increased cell 

resistance and reduced lifetime.  Further chapters will explore the solubility of this system and 

investigate the silver vanadium phosphorous oxide family of cathode materials as candidates for 

reducing solubility in the ICD application. 
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Few reports discuss cathode solubility in non-aqueous systems, particularly with regards 

to the kinetics of the dissolution process and the impact of material structure on solubility. 

However, the kinetics of dissolution and ion exchange, primarily developed in aqueous media, 

can be applied to dissolution battery systems to gain more insight into the mechanisms by which 

dissolution processes occur.   

Several notable lithium-ion cathode materials are reported to dissolve into electrolyte, 

including LiCoO2, LiMn2O4, and LiV3O8, and LiNi1/3Co1/3Mn1/3O2.  As such, cathode solubility 

is a widespread problem, and the development of quantitative and kinetic analysis techniques to 

characterize the dissolution process will aid the broader community in more fully understanding 

this battery failure mechanism.  
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Chapter 2  

A kinetics and equilibrium study of vanadium dissolution from silver vanadium 

phosphorous oxide and silver vanadium oxide in battery electrolyte: Impact on future ICD 

battery lifetimes 

 

Reproduced in part from [Bock, D. C.; Marschilok, A. C.; Takeuchi, K. J.; Takeuchi, E. S., A 

kinetics and equilibrium study of vanadium dissolution from vanadium oxides and phosphates in 

battery electrolytes: Possible impacts on ICD battery performance. J. Power Sources 2013, 231, 

219-235] with permission from Elsevier (Copyright 2013). 

 

 

 

2.1. Introduction 

In seeking to minimize cathode solubility in batteries for the ICD application, this study 

compares the solubility behavior of silver vanadium oxide with the phosphate-based cathode 

silver vanadium phosphorous oxide (Ag2VO2PO4, SVPO).  As it has been reported that the 

Li/SVO system is negatively affected by vanadium ion dissolution into the electrolyte solution 

and subsequent deposition onto the lithium anode,
1-2

 this study characterizes vanadium 

dissolution from silver vanadium phosphorous oxide and compares it to the benchmark material. 

Although the solubility of cathode materials is influenced by physical properties such as surface 

area, the nature of the crystal structure also plays a large role in the determination of solution 

properties.  The solvation process is less likely to be thermodynamically favorable for materials 

with stable crystal lattices.  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.
3-4

  The 

stability of phosphate structures vs. oxides is owed to the strength of the P-O bonds that stabilize 

the molecular framework. When PO4
3-

 polyanions are introduced into the lattice, electronegative 
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phosphorous atoms polarize electrons in the P-O bond, thus reducing the covalency of the M-O 

bond.
3, 5-6

  This inductive effect raises the voltage of the redox couple
5
 and stabilizes the structure 

by making oxygen atoms more difficult to extract.
7
   

The silver vanadium phosphorous oxides, AgwVxPyOz, have been identified as a material 

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

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

the high material stability of phosphate based material. Previous physical and electrochemical 

characterization has shown SVPO to be a promising cathode material for high rate applications 

such as ICD’s.
8-13

 The lack of change in interlayer spacing upon discharge of the material 

supports the idea that phosphorous oxide moieties in the molecular framework impart stability 

and rigidity,
11

  while also suggesting that the material will exhibit relatively low levels of 

cathode solubility.  Based on this data, our hypothesis is that SVPO cathode materials will 

minimize cathode solubility and anode passivation compared to SVO, resulting in more stable 

charge times when employed in the ICD application.  Thus, for this study, the solubility behavior 

was investigated and compared for the oxide based cathode material and its phosphate analog.  

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

mechanism of dissolution, and 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.  
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2.2. Target Materials for Study 

2.2.1. Silver vanadium oxide, Ag2V4O11 

 The structure and electrochemical properties of Ag2V4O11 are detailed in section 1.2.5.   

 

2.2.2. Silver vanadium phosphorous oxide, Ag2VO2PO4 

Silver vanadium phosphorous oxide, Ag2VO2PO4, has been identified as an alternative 

cathode material for high rate applications.
8-14

  SVPO crystallizes in the monoclinic c2/m space 

group.  As shown in Figure 1, the structure is characterized by layers of edge sharing VO6 

octahedra and PO4 tetrahedra which are parallel to the (001) crystallographic plane.
15

  The Ag
+
 

ions located between the layers are in a distorted octahedral coordination with oxygen. 

 SVPO may be prepared through hydrothermal
15

 or reflux-based
13

 synthesis techniques.  

When the material is used as a cathode in lithium batteries, the discharge reaction may be 

expressed as:
10

 

Ag2VO2PO4 + 4Li → Li4VO2PO4 + 2Ag
0
     [1] 

The theoretical specific capacity of Ag2VO2PO4 is 272 mAh/g, corresponding to the 

transfer of four electrons and the reduction of Ag
+
 to Ag

0
 and V

5+
 to V

3+
.  With a measured true 

density of 5.32 g/cm
3
, the corresponding volumetric energy density is 1440 mAh/cm

3
.
9
  The 

open circuit voltage of Li/SVPO cells is approximately 3.4 V.  

The lithiation of SVPO has been investigated by characterizing cathodes isolated at 

various steps of discharge.
10

  Scanning electron microscopy indicated that silver nanoparticles 

form upon reduction of the material.  Further analysis of LixAg2-xVO2PO4 discharge products by 

XRD revealed that Ag metal forms from x=0 to x=2.4.  This data suggests that initially the 

discharge is dominated by Ag reduction, but that some V reduction occurs simultaneously.  Ex-
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situ magnetic susceptibility measurements and AC impedance values were consistent with the 

XRD data and indicate that from 0-50% DOD the discharge process is dominated by reduction of 

Ag
+
 to Ag

0
.
11

  At greater DOD’s, V
5+

 to V
4+

 and V
4+

 to V
3+

 are the dominant reduction 

mechanisms. A more recent investigation of the SVPO employed X-ray absorption spectroscopy 

to obtain a detailed understanding of the geometric and electronic changes in the material upon 

discharge.
14

 

One of the largest obstacles for using phosphate-based materials as cathodes is their 

inherent low electrical conductivity.
16-17

  In SVPO, the formation of silver metal upon discharge 

imparts conductivity to the material.  AC impedance measurements of Li/Ag2VO2PO4 cells after 

discharging only 2% of theoretical capacity exhibited a 15000 fold increase in conductivity.
10

  

This finding is highly significant because it allows the material to be discharged at high rates 

without the use of conductive additives, which decrease volumetric capacity.   
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Figure 1. Silver vanadium phosphorous oxide is a layered structure consisting of edge sharing 

VO6 octahedra and PO4 tetrahedra.
15
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2.3. Experimental 

2.3.1. Material Synthesis and Characterization 

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

reported hydrothermal method.
15

 The material was prepared by heating silver (I) oxide (Ag2O), 

vanadium (V) oxide (V2O5) and phosphoric acid (H3PO4, 85%) for 96 h at 230 C.  Silver 

vanadium oxide (Ag2V4O11) was prepared through the literature method.
18

   

Various characterization techniques were utilized to interrogate the target materials.  

Differential scanning calorimetry (DSC) analysis was performed using a TA instruments Q20 

with a temperature range of 40-580C.  Powder X-ray diffraction (XRD) measurements 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 was analyzed 

using MDI Jade 8 software.  Particle size of the materials was measured using a Horiba LA-

950V2 laser scattering particle size analyzer.  Surface area was determined with a Micromeritics 

Tristar II 3020 through multipoint BET (Brunauer, Emmett, and Teller) method.  Scanning 

electron microscope (SEM) images were collected on a Hitachi SU-70 field emitting scanning 

electron microscope. 

 

2.3.2. Dissolution analysis 

To investigate the solubility of the cathode materials, each compound was immersed in 

under inert Ar atmosphere conditions and ambient temperature.  The electrolyte consisted of 1 M 

LiBF4 dissolved in PC-DME (1:1 by volume) and was analyzed for water content using the Karl 

Fisher titration method to ensure that the water content by Karl Fischer titration was less than 40 

ppm.  The conductivity of the prepared electrolyte solution was recorded with a YSI 3100 
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conductivity instrument.  The prepared samples were stored in capped amber vials at ambient 

temperature and stirred at 1200 rpm.  At specified time intervals a low volume of electrolyte 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.  

All of the solubility experiments were continued over an approximate 3 week period in 

order to adequately monitor the relatively slow kinetics of the dissolution process.  This 

technique required multiple samples to be removed from the same vial.  In order to account for 

the small volumes of electrolyte removed from the parent samples at each measurement point, a 

correction calculation was applied to the data.  This volume correction technique has been used 

previously to determine the mole ratio of nickel and cobalt dissolved from limonitic laterite,
19

   

and vanadium from black shale.
20

  The equation describing the calculation for each data point is: 

 

𝐶𝑐𝑜𝑟𝑟.  =
[(𝑉− ∑ 𝑣𝑖

𝑖−1
𝑖=1 )𝐶𝑖+∑ 𝑣𝑖

𝑖−1
𝑖=1 𝐶𝑖]

𝑉
                                                                       [2] 

 

where Ccorr.  is the corrected concentration mg/L, V is the initial volume (L) of solution,  Ci. is the 

uncorrected concentration (mg/L) of each sample i , and vi is the volume (L) of each sample i 

removed from the parent sample at each measurement. 

 

2.3.3. AC Impedance Spectroscopy of Doped Li-Li cells 

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

(1:1 by volume) solvent for a fixed time in order to control the concentration of ions deposited 
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onto the anode surface.  Two electrode, coin-type electrochemical cells were constructed using 

the doped Li and fresh cut Li foil as electrodes.  Control cells using two fresh Li anodes were 

also constructed.  The electrolyte utilized was 1 M LiBF4 dissolved 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 was fit to an 

equivalent circuit model to quantify the cell resistance. 

 

2.3.4. Pulse test of Control and V-treated Li-SVPO cells 

Coin cell 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 10 s pulses in a row where each 

pulse at a current density of 20 mA cm
-2

 was followed by 10 s of open circuit voltage. 

 

2.4. Results and Discussion 

2.4.1 Materials Synthesis and Characterization 

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

experimentally recorded patterns were matched to those reported in the literature to confirm the 

crystal structures presented in the target materials section (Figures 2 and 3).  

Thermal analysis using differential scanning calorimetry verified single endothermic 

transitions for the two materials.  The absence of additional endotherms suggests that the 

synthesized materials were comprised of single phases (Figure 4 and 5).
9, 13
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SEM images revealed some differences in morphology and particle size among the target 

materials of interest. The SVPO sample was comprised of both larger rod shaped structures and 

smaller granular particles (Figure 6). 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 also exhibited a distinct morphology consisting of needle shaped particles with an average 

length of 4 µm and width of approximately 0.5 µm, mixed with larger, irregular masses with a 

diameter of 5 to 50 µm (Figure 7).  

Laser scattering particle size measurements were performed to further quantify the 

dimensions of the particles. Table 1 lists typical D10, D50 and D90 values for the target 

materials. A typical particle size distribution for SVPO-H displayed maxima at 0.6, 4 and 25 µm. 

(Figure 8) The wide distribution of particle sizes for this material is typical of rod shaped 

particles and corresponds to the SEM images.  The particle size data for SVO was also consistent 

with the SEM analysis.  The material exhibited at narrow distribution at approximately 0.6 µm 

and a broader distribution at 25 µm, which corresponds to the needles and larger masses 

observed via SEM .   

The measured BET surface area of the samples associated closely with the particle size 

distributions. Average surface area values are listed in Table 1.   The surface area of the 

relatively large SVPO-H particles was approximately 0.7 ± 0.1 m
2
g

-1
, while the 0.8 ± 0.2 m

2
g

-1
 

average surface area of SVO particles was similar to that of SVOP-H. 
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Figure 2. Experimentally recorded XRD pattern of Ag2VO2PO4 and the literature pattern.
15
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Figure 3. Experimentally recorded XRD pattern of Ag2V4O11 and the literature pattern.
21
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Figure 4. DSC spectrum of Ag2VO2PO4. 
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Figure 5. DSC spectrum of Ag2V4O11. 
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Figure 6.  SEM images of SVPO-H at 1000x and 5000x, characterized by larger rod shaped 

structures and smaller granular particles. 
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Figure 7. SEM images of SVO at 1000x and 5000x, characterized by needle shaped particles 

mixed with larger, irregularly shaped masses. 
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Target Material 

BET Surface Area 

(m2/g) 

Typical Particle Size (µm) 

D10 D50 D90 

SVO 0.8 ± 0.2 0.5 11 40 

SVPO 0.7 ± 0.1 0.5 0.8 12 

 
     

Table 1. BET surface area and particle size distribution values for SVPO and SVO. 
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Figure 8.  Laser scattering particle size distributions of SVPO and SVO. 
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2.4.2 Dissolution Study 

Dissolution analyses of SVO and SVPO were performed with the purpose of comparing 

the solubility of the materials.  Vanadium concentration data was recorded as a function of time, 

as opposed to static measurement, so that the kinetics of the dissolution process could be 

examined.  Kinetic analysis of this data was determined to reasonably fit the Noyes-Whitney 

equation for the dissolution of solid particles.   

Comparison of vanadium ion dissolution from SVO and hydrothermally prepared SVPO 

indicates a clear difference in the solubility between the two materials.  Figure 9 shows 

representative plots of the levels of vanadium ions found in electrolyte solution for SVO and 

SVPO-H as a function of time.  Of note is that after 3 weeks the amount of dissolved vanadium 

in solution comprised less than 1% of the mass of vanadium in the material exposed to 

electrolyte.  In this regard, both materials are relatively stable in the LiBF4 electrolyte.  It is 

apparent that the magnitude of dissolved V ions from SVO is several times that of SVPO.  With 

regards to the characterization measurements, the difference in vanadium solubility cannot be 

explained by the surface area, which was comparable among the two materials.  The surface area 

data suggests that the observed difference in magnitude is more likely due to inherent differences 

in stability between the phosphate and oxide based structures. 

In order to gain more insight into the vanadium solubility behavior from the two 

materials, the concentration-time data was fit to the Noyes-Whitney equation, used to describe 

the dissolution of solid particles in liquid media:
22

   

C=Cs[1-exp(-kt)]                                                                [3] 

In this equation 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.  As previously discussed in 
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Section 1.4, equation [3] represents a diffusion layer model where the extent of dissolution is 

dependent upon the equilibrium solubility of the material.  Non-linear regression analysis was 

used to fit equation [3] to experimental vanadium dissolution data from 9 individual trials.  The 

best fits were used to evaluate the parameters Cs and k.  Figures 10 and 11 display the best fits 

for representative V concentration–time plots for SVPO and SVO, respectively.  The fitting 

parameters and correlation coefficients for the nine individual trials are detailed in tables 2 and 3.  

For the SVPO material, the average value of Cs was 2.2 ± 0.5 mg/L, while k was determined to 

be 5.8 x 10
-7

 ± 1.0 x 10
-7

 s
-1

.  The average correlation coefficient for the SVPO-H 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 x 10
-6

 ± 0.5 x 10
-6

 s
-1

, respectively, with the 

average correlation being 0.98 ± 0.01.  The correlation coefficients indicate that the diffusion 

layer model described by equation [2] reasonably describes dissolution of V from the target 

compounds.  SVO was found to have an average equilibrium solubility, Cs, which was 

approximately 5 times greater than SVPO-H, 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 the 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 material and its phosphate analog in non-

aqueous electrolyte, support our initial premise that a phosphate based material will demonstrate 

reduced cathode solubility over and oxide based material. 
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Figure 9.  Concentration of vanadium dissolved in electrolyte as a function of time for SVPO 

and SVO. 
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Figure 10. Fit of vanadium concentration data as a function of time for SVPO to diffusion layer 

model (C=Cs[1-exp(-kt)]). 
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Figure 11. Fit of vanadium concentration data as a function of time for SVO to diffusion layer 

model (C=Cs[1-exp(-kt)]). 
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Trial # Cs (mg/L) k (s
-1

) R
2
 

1 2.4 0.0000005 0.9922 

2 1.9 0.0000005 0.9866 

3 2.5 0.0000005 0.9444 

4 1.8 0.0000006 0.9815 

5 2.65 0.0000006 0.9816 

6 2.64 0.0000006 0.9831 

7 2.8 0.0000005 0.9838 

8 1.7 0.00000082 0.9812 

9 1.65 0.00000057 0.9771 

Mean 2.2 5.8E-07 0.98 

Standard Deviation 0.5 1.0-E-07 0.01 

    

    

Table 2. Noyes-Whitney equation fitting results: vanadium dissolution from SVPO. 
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Trial # Cs (mg/L) k (s
-1

) R
2
 

1 11.5 0.0000015 0.9891 

2 11.4 0.0000015 0.9802 

3 10.99 0.00000179 0.9908 

4 11.4 0.0000024 0.9827 

5 12 0.0000018 0.9705 

6 9.3 0.0000024 0.9914 

7 11.2 0.000002 0.9917 

8 8.9 0.0000022 0.9908 

9 6.7 0.0000029 0.973 

Mean 10.4 2.1E-06 0.98 

Standard Deviation 1.7 5.E-07 0.01 

    

Table 3.  Noyes-Whitney equation fitting results: vanadium dissolution from SVO. 
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2.4.3 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 resistance 

when 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.
1
  For silver vanadium phosphorous oxide (SVPO) based cells, there is 

also a significant decrease in both the cathode and cell resistance with initial discharge.
10-11

 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 dissolution products on the anode.  As the solubility experiments 

indicated a clear difference in the amount of transition metal ions which dissolve from SVO and 

SVPO cathode materials, the potential impact of vanadium dissolution with respect to the 

internal cell resistance with a focus on the anode was investigated.  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. 

Nyquist plots overlaying a typical V-doped cell and control cell are shown in Fig. 12.  

Measurements were recorded at 24 hours, 72 hours, and 120 hours to observe the progression of 
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the internal resistance with increasing storage time. The concentration on the surface of the V-

doped anodes used to construct these cells was approximately 14 µg V cm
-2

.  As illustrated in 

Fig. 13, after 24 hours at 37
o
C the diameter of the semicircle in the Nyquist plots was 

approximately 45 Ω, and 70 Ω for the control cell and V-doped 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 doped 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 13).  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 14).  Each data point denotes the mean value of three samples with 

error bars representative of the standard error.  After 120 h 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 24h and 72h of storage time similarly displayed a higher total resistance for the V-treated 

cells. 
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Figure 12. Nyquist plots of cells containing fresh lithium anodes (control, black line) and V-

treated Li anodes (grey 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 13. Equivalent circuit model used to fit the AC impedance data of Li /Li 2-electrode 

cells. 
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Figure 14. Total resistance (Rt) as a function of time for cells containing fresh lithium anodes 

(black) and V-treated Li anodes (grey). 
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2.4.4. Pulse test of control and V-treated Li-SVPO cells 

As a means of further studying the impact of V-treatment of the lithium anode on the cell 

performance, pulse tests of coin cell type experimental Li/SVPO cells with fresh lithium metal 

anodes and V-treated anodes were conducted.  The cells were tested by applying a pulse train of 

three 10 s pulses in a row.  The pulses had a current density of 20 mA cm
-2

, with a rest at open 

circuit voltage between pulses.  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 15).  The cells with the fresh lithium metal anodes had a consistently 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 Ω.  The calculated resistance of the V-treated anode cell was 45, 27, and 25 Ω.  Thus, 

there was a 15-26% increase in the calculated cell DC resistance for the cells with V-treated 

anodes compared to the control cells. 

The results from the AC impedance experiments may be used in conjunction with the 

dissolution data to support the hypothesis that silver vanadium phosphorous oxide cathode 

materials will minimize cell resistance resulting from anode passivation.  SVO dissolved 

approximately 5 times more vanadium than SVPO, with the dissolution occurring at a faster rate.  

In consequence, the magnitude of V anode deposition would be expected to be lower in 

electrochemical cells having SVPO cathodes as an alternative of SVO.  Because V deposition is 

shown to be associated with an increase cell resistance, the performance of SVPO cells is less 

likely to be adversely affected by cathode solubility. 
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Figure 15.  Voltage response of Li/SVPO cells during application of three 10 s pulses for fresh 

lithium anodes (black), and V-treated Li anodes (grey). 
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2.5 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 experimental results of anodes treated with V indicated that cells with V-

treated anodes had a higher internal resistance compared to control cells at multiple time points 

after construction.   Further, pulse tests of Li/SVPO cells with V-treated anodes compared to 

control anodes also affirmed higher cell resistance for the V-treated anode cells. The implication 

of these results is that cathode materials which dissolve vanadium into the electrolyte will 

accelerate passivation of the anode surface and increase the overall cell resistance.  This data, 

when combined with the dissolution results, provide evidence that silver vanadium phosphorous 

oxide (SVPO) will minimize cell resistance resulting from anode passivation.  Because SVO 

dissolved approximately 5 times more V than SVPO, the magnitude of V anode deposition 

should be lower in electrochemical cells having SVPO cathodes as opposed to SVO.  Thus, cells 

utilizing SVPO cathodes are less likely to exhibit performance deterioration associated with 

vanadium dissolution. 
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Chapter 3 

Dissolution of silver and vanadium from silver vanadium oxide and silver vanadium 

phosphorous oxide: a mechanistic study 

 

Reproduced in part from [Bock, D. C.; Takeuchi, K. J.; Marschilok, A. C.; Takeuchi, E. S., 

Silver vanadium oxide and silver vanadium phosphorous oxide dissolution kinetics: a 

mechanistic study with possible impact on future ICD battery lifetimes. Dalton Trans. 2013, 42, 

13981-13989] with permission from The Royal Society of Chemistry.  

 

 

 

3.1. Introduction 

An understanding of the significant factors associated with battery lifetimes for the 

implantable cardioverter defibrillator (ICD) is critical for the development of new ICD batteries.  

As stated in the introduction, the solubility of the cathode material has been identified as a 

significant life-limiting factor for these batteries. In the previous chapter, it was shown that the 

chemical composition of the cathode (i.e. phosphate versus an oxide, SVPO versus SVO) can 

have a large impact on the dissolution of the cathode material.  This approach, using a material 

with new structure and composition, is one of two major strategies for materials design.  The 

second major strategy, exemplified by the implementation of nanoscale materials, is to modify 

the physical properties of the material via dimensional control.  This chapter extends the 

previous work by incorporating both of these material strategies, as the impact of material 

composition and the impact of dimensional control are both addressed.  Further, results presented 

in this chapter probe the solubility of silver from the cathode materials and analyze it with 

respect to the vanadium solubility to provide insight into the mechanism by which the dissolution 

process occurs. 
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The initial studies of SVPO-H (identified as SVPO-H due to the hydrothermal synthetic 

method) demonstrated that vanadium dissolution into a battery relevant electrolyte had an 

equilibrium concentration of vanadium that was approximately 5 times less compared to SVO, 

providing promise of improving lifetime of ICD batteries.  A lower temperature synthesis of 

SVPO using a reflux based method (as such identified as SVPO-R) has been developed which 

enhances the performance under high rate pulse discharge.
1
 The prepared SVPO-R material has a 

smaller particle size and higher surface area relative to SVPO-H, and these properties appear to 

positively impact the electrochemical performance of the material as a lithium battery cathode.  

However, gains in performance at the cathode could potentially be offset by performance losses 

at the anode, if the dissolution is significantly affected by the differing physical properties 

resulting from the new synthetic method.  The degradation of performance due to solubility of 

the cathode material is likely to be manifested as a long term effect due to the slow rate of 

dissolution, and thus would not be observed under the short term electrochemical tests used to 

characterize the materials.  As such, in order to properly evaluate the impact of SVPO-R 

solubility, the dissolution of Ag and V from the material in a non-aqueous electrolyte was 

examined relative to SVPO-H and SVO.  By performing this type of systematic investigation, the 

mechanism of dissolution as function of material composition (SVO versus SVPO) and as a 

function of material composition (SVPO-H versus SVPO-R) effectively compared.   

In summary, this chapter contains the kinetic analyses of both silver and vanadium dissolution 

from the benchmark silver vanadium oxide (SVO) material and silver vanadium phosphorous 

oxide (SVPO) prepared by two different synthetic pathways in a non-aqueous ICD battery 

electrolyte.   
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3.2. Experimental 

3.2.1 Materials synthesis and characterization 

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

and reflux reactions according to previously reported methods.
1-2

 The hydrothermally prepared 

material (SVPO-H) was synthesized by heating silver (I) oxide (Ag2O), vanadium (V) oxide 

(V2O5) and phosphoric acid (H3PO4, 85%) for 96 h at 230 C.  The reflux synthesized material 

(SVPO-R) was prepared using the same starting materials with a reaction time of 72 h.  Silver 

vanadium oxide (Ag2V4O11) was prepared through the literature method.
3
  All synthesized 

materials were ground and put through a 200 mesh sieve prior to being utilized in dissolution 

studies. 

Various characterization techniques were utilized to interrogate the target materials.  

Differential scanning calorimetry (DSC) analysis was performed using a TA instruments Q20 

with a temperature range of 40-580C.  Powder X-ray diffraction (XRD) measurements 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 was analyzed 

using MDI Jade 8 software.  Surface area was determined with a Micromeritics Tristar II 3020 

through multipoint BET (Brunauer, Emmett, and Teller) method.  Scanning electron microscope 

(SEM) images were collected on a Hitachi SU-70 field emitting scanning electron microscope. 

 

3.2.2 Dissolution Analysis 

Solubility behavior of the cathode materials was investigated using the methods and 

procedures detailed in section 2.3.2. 
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3.3 Results and Discussion 

3.3.1 Material Characterization 

The prepared silver vanadium phosphorous oxide (SVPO-H and SVPO-R) and silver 

vanadium oxide (SVO) target materials were characterized using X-ray powder diffraction.  

Experimentally recorded patterns were matched with reported literature reference patterns to 

confirm the crystal structure.   Differential scanning calorimetry was utilized to evaluate the 

synthesized silver vanadium phosphorous oxide materials and results were consistent with 

previous characterizations for SVPO.
1, 4

 

SEM imaging was used to determine the morphology and the particle dimensions of the 

study materials. The synthesized SVPO-H was characterized by larger rod shaped particles 

mixed with comparably smaller particles with a rectangular shape (Fig. 1A).  The larger rods had 

a typical length greater than 20 microns in length with a width approximately 3-4 µm, whereas 

the smaller particles had dimensions ranging from 0.5 to 3 microns.   The synthesized SVPO-R 

was characterized by smaller, more granular primary particles with sub-micron diameters, with 

some short rod shaped particles also present (Figure 1B).  SVO particles, in contrast, were 

characterized as having a needle like morphology with a length ranging from 2-10 µm and a 

typical diameter of 0.5 µm (Figure 1C). Also apparent in the images of SVO were larger, 

irregular masses with an average diameter of 20 µm.  Silver vanadium phosphorous oxide (SVO) 

had a surface area of 0.66 m
2 

g
-1

, while the surface area of hydrothermally prepared silver 

vanadium oxide (SVPO-H) was 1.03 m
2 

g
-1

 and reflux prepared silver vanadium oxide (SVPO-R) 

was 5.64 m
2 

g
-1

, a greater than 5x increase. 
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Figure 1. Scanning electron micrographs of A. hydrothermal silver vanadium phosphorous oxide 

(SVPO-H), B. reflux silver vanadium phosphorous oxide (SVPO-R), and C. silver vanadium 

oxide (SVO). 
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3.3.2 Vanadium dissolution analysis. 

Dissolution of vanadium from the target materials was monitored in a 1M concentration 

of LiBF4 salt in 50:50 PC-DME solvent.  Representative vanadium ion concentrations found in 

solution for SVPO-H and SVPO-R as a function of time are plotted in Figure 2.  Dissolution of 

SVPO-H appears in the previous section, but is shown here to emphasize the difference between 

SVPO-H and SVPO-R.  Additional samples were analyzed to confirm the previous results.  Of 

note is that dissolution profiles from the two SVPO materials, SVPO-H and SVPO-R, display a 

different profile.  The vanadium concentration versus time data for the SVPO-H material is 

adequately modelled using the Noyes-Whitney equation with an R
2
 value of 

 
0.98 ± 0.1 (Table 

1).   

In contrast to SVPO-H, the dissolution of vanadium from SVPO-R is not well described 

by the Noyes Whitney equation.  A higher level of vanadium dissolution is initially observed 

than would be predicted by the Noyes Whitney model.  The higher vanadium concentration of 

SVPO-R early in the experiment may be a result of the 5 times greater surface area compared to 

SVPO-H.  SVPO-R would have more vanadium centers at the solid liquid interface with 

incomplete coordination environments, possibly leading to initial increases in solubility relative 

to the SVPO-H.  Another possible explanation is that because the reflux material is synthesized 

at a lower temperature compared with the hydrothermal material, there is the possibility that 

phases form which may less thermodynamically stable and thus more soluble, even though the 

composition of the bulk material is the same.  If there are multiple phases dissolving with 

differing dissolution rates, this could explain the deviation from the model.  

Because the dissolution of vanadium from SVPO-R was not well described by the Noyes-

Whitney equation, an alternative model was investigated for SVPO-R. The Weibull distribution 
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function (detailed description  in section 1.4) an empirical model used previously to fit 

dissolution data with steeper initial slopes, was found to produce fits with a high correlation to 

the experimental data from SVPO-R (Table 5).  The Weibull distribution may be expressed in the 

general form
5
: 

m = 1-exp(-αt
b
)        [1] 

where m is the accumulated fraction of dissolved material at time t, α is a time scaling constant, 

and b is a constant which defines the shape of the curve. The model has been utilized previously 

to quantitatively compare dissolution of pharmaceutical drugs in aqueous solutions.
6-16

  It has 

been successfully used to fit numerous dissolution profiles, including those with a steep initial 

slope for which diffusion based models may not provide an adequate fit.  In this case, the 

Weibull distribution was fit to the fraction of vanadium dissolved vs. time data using non-linear 

regression analysis.  To the best of our knowledge, the current study is the first time the Weibull 

approach has been utilized to characterize the solubility of cathode materials in the non-aqueous 

electrolyte.  Representative SVPO-R vanadium dissolution data which is fit with the Weibull 

distribution function is shown in figure 3. Dissolution of vanadium from SVO was also 

investigated to compare with the dissolution from SVPO-H and SVPO-R.  As with SVPO-H, 

vanadium dissolution from SVO was fit using the Noyes-Whitney equation (Table 3) Additional 

samples were run to confirm the results SVO dissolution results presented in Chapter 2.  By 

comparison, the level of vanadium dissolved from SVPO-H and SVPO-R was determined to be 

several times lower than SVO.  At the end of the experimental window, the average 

concentrations of vanadium dissolved from SVPO-H, SVPO-R, and SVO were 1.6 mg L
-1

, 1.3 

mg L
-1

, and 8.8 mg L
-1 

,  respectively, where n=15 for SVPO-H, n=9 for SVPO-R, and n=18 for 

SVO.  These average concentration data after 21 days are compared in figure 4.  Error bars 
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represent the standard deviation from the mean measured value.  The chart illustrates the clear 

difference in the vanadium solubility from SVO compared to the two SVPO compounds.  While 

the initial shape of the dissolution curve for SVPO-R is different than that for SVPO-H, the 

vanadium concentration at 21 days is the same for both materials within experimental error, 

indicating reduced solubility in both SVPO materials compared to SVO.  As such, SVPO-R is 

not likely to experience long term performance losses due to vanadium dissolution..  

The magnitude of vanadium dissolved from SVO was approximately 5 times greater than 

the magnitude of vanadium dissolved from either SVPO material.  This data indicates that 

changes in chemical composition of the materials play a larger role in influencing the vanadium 

dissolution than the material physical properties.  The observed difference in vanadium solubility 

between the SVO and SVPO, highlighted by figure 19, is possibly due to differences in the 

crystal structure of the phosphate and oxide based materials.  The SVPO lattice contains PO4
3-

 

polyanions which impart stability to the molecular framework.  When PO4
3-

 polyanions are 

introduced into the lattice, electronegative phosphorous atoms polarize electrons in the P-O 

bond, reducing the covalency of the M-O bond.
17-19

  This type of inductive effect can stabilize 

the overall structure by making oxygen atoms more difficult to extract from the lattice.
20

  A 

material will dissolve only when the free energy of solvation is greater than the lattice energy
21

, 

so compounds with higher lattice energy are thermodynamically less likely to dissolve. Because 

increasing polarization results in an increase in lattice energy
22

, the introduction of polarizing 

PO4
 
 moieties into the SVPO structure should result in a higher lattice energy and account for the 

observation that the material is less likely to dissolve when compared to its oxide based 

analogue, SVO.  The previously reported lack of change in interlayer spacing upon discharge of 

SVPO supports the idea that phosphorous oxide moieties in the molecular framework impart 
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stability and rigidity.
1
  In contrast, SVO exhibits a 13% decrease in interlayer spacing in the c 

direction when discharged. 
23
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Figure 2.  Representative vanadium concentrations found in solution for SVPO-H and SVPO-R 

as a function of time.  The SVPO-H data is fit using the Noyes-Whitney function to emphasize 

the general difference in the dissolution profiles of the two materials. 
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Figure 3.   Representative V dissolution from SVPO-R fit to the Weibull distribution model. 

 

 

 

 

 

 

 

0

0.0005

0.001

0.0015

0.002

0 100 200 300 400 500 600

F
ra

c
ti
o

n
 o

f 
V

a
n

a
d

iu
m

 D
is

s
o

lv
e

d
 

t / h 

SVPO-R



 

97 

 

 

 

 

 

 

Trial # Cs (mg/L) k (s
-1

) R
2
 

1 2.4 5.0E-07 0.99 

2 1.9 5.0E-07 0.99 

3 2.5 5.0E-07 0.94 

4 1.8 6.0E-07 0.98 

5 2.65 6.0E-07 0.97 

6 2.64 6.0E-07 0.98 

7 2.8 5.0E-07 0.98 

8 1.7 8.2E-07 0.98 

9 1.65 5.7E-07 0.98 

10 2 1.3E-06 0.98 

11 2.1 1.9E-06 0.97 

12 1.95 1.9E-06 0.99 

13 1.8 1.1E-06 0.96 

14 1.9 1.7E-06 0.99 

15 1.85 1.6E-06 0.97 

Mean 2.1 9.8E-07 0.98 

Standard Deviation 0.4 5.5E-07 0.01 

 

Table 1. Noyes-Whitney fitting results for dissolution of vanadium from SVPO-H. 
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Trial # α β R
2
 

1 6.6E-06 3.8E-01 0.99 

2 1.5E-07 6.7E-01 0.97 

3 2.2E-06 4.6E-01 0.96 

4 1.0E-04 1.6E-01 0.98 

5 2.1E-05 3.0E-01 0.98 

6 1.0E-05 3.5E-01 0.99 

7 1.6E-05 3.2E-01 0.98 

8 1.6E-05 3.2E-01 0.94 

9 2.5E-05 2.8E-01 0.94 

Mean 2.0E-05 3.6E-01 0.97 

Standard Deviation 3.0E-05 1.4E-01 0.02 

 

Table 2. Weibull model fitting results for vanadium dissolution from SVPO-R. 
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Figure 4. Vanadium concentrations in the electrolyte solution after 21 days for SVPO-H, SVPO-

R, and SVO. 
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Trial # 
Cs 

(mg/L) 
k (s

-1
) R

2
 

1 8.3 3.1E-06 0.99 

2 8.6 3.1E-06 0.99 

3 8.6 3.1E-06 1.00 

4 7.1 3.0E-06 0.99 

5 7.2 2.2E-06 0.99 

6 6.8 2.2E-06 0.99 

7 8 3.0E-06 0.99 

8 7.2 3.0E-06 1.00 

9 7 2.5E-06 0.99 

10 11.5 1.5E-06 0.99 

11 11.4 1.5E-06 0.98 

12 10.99 1.8E-06 0.99 

13 11.4 2.4E-06 0.98 

14 12 1.8E-06 0.97 

15 9.3 2.4E-06 0.99 

16 11.2 2.0E-06 0.99 

17 8.9 2.2E-06 0.99 

18 6.7 2.9E-06 0.97 

Mean 9.0 2.4E-06 0.99 

Standard Deviation 1.9 5.7E-07 0.01 

 

Table 3. Noyes-Whitney fitting results for dissolution of vanadium from SVO. 
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3.3.3 Silver dissolution analysis 

For the three materials studied, the silver concentration-time data was not adequately 

modeled by the Noyes-Whitney equation describing solid dissolution.  Instead, the Weibull 

distribution was used to model the silver dissolution data for the SVPO-H, SVPO-R, and SVO 

materials.  The fits of the function to the experimental data are illustrated in Figure 5.  The α, β, 

and R
2
 values for the best fits to the data are compiled for SVPO-H, SVPO-R, and SVO in tables 

4, 5, and 6, respectively.  The high coefficient of determination values from the regression 

analysis indicate that the Weibull distribution is an acceptable function for modeling the 

dissolution of silver from the target materials. 

The solubility of silver from the target materials was compared (Figure 6).  The averages 

of the measured silver concentration values at 21 days were used (n=15 for SVPO-H, n=9 for 

SVPO-R, n=18 for SVO).  Error bars represent the standard deviation from the mean measured 

values.  Interestingly, the magnitude of silver dissolution was comparable for both SVPO 

materials as well as SVO, within experimental error. 
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Figure 5. Silver fraction dissolved for SVPO-H, SVPO-R, and SVO. Lines represent fits using 

the Weibull equation. 
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Trial # α β R
2
 

1 5.3E-06 4.3E-01 0.97 

2 2.9E-05 3.0E-01 0.89 

3 5.7E-06 4.4E-01 0.97 

4 3.7E-05 2.9E-01 0.96 

5 1.3E-05 3.8E-01 0.94 

6 7.6E-06 4.2E-01 0.90 

7 9.1E-06 4.1E-01 0.96 

8 2.5E-05 3.3E-01 0.99 

9 4.8E-05 2.7E-01 0.98 

10 8.4E-06 4.6E-01 0.98 

11 7.1E-06 4.8E-01 0.97 

12 7.3E-06 4.7E-01 0.97 

13 1.3E-05 4.0E-01 0.92 

14 4.9E-06 5.0E-01 0.99 

15 7.4E-06 4.6E-01 0.97 

Mean 1.5E-05 4.0E-01 0.96 

Standard Deviation 1.3E-05 7.3E-02 0.03 

 

Table 4. Weibull equation fitting results for dissolution of silver from SVPO-H. 
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Trial # α β R
2
 

1 7.2E-05 3.1E-01 0.99 

2 1.5E-05 4.3E-01 0.99 

3 9.3E-05 2.8E-01 0.90 

4 2.3E-04 2.1E-01 0.96 

5 1.6E-04 2.5E-01 0.98 

6 1.6E-04 2.4E-01 0.95 

7 1.1E-04 2.8E-01 0.99 

8 2.6E-05 4.0E-01 0.99 

9 1.3E-04 2.6E-01 0.99 

Mean 1.1E-04 3.0E-01 0.97 

Standard Deviation 6.8E-05 7.4E-02 0.03 

 

Table 5. Weibull equation fitting results for dissolution of silver from SVPO-R. 
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Trial # α β R
2
 

1 5.6E-04 1.9E-01 0.94 

2 3.2E-04 2.3E-01 0.98 

3 2.5E-04 2.5E-01 0.98 

4 2.5E-04 2.5E-01 0.97 

5 2.5E-04 2.5E-01 0.99 

6 2.8E-04 2.3E-01 0.98 

7 2.0E-04 2.7E-01 0.99 

8 2.4E-04 2.5E-01 0.99 

9 2.3E-04 2.5E-01 0.99 

10 1.2E-04 2.9E-01 0.99 

11 7.0E-05 3.3E-01 0.97 

12 2.2E-04 2.5E-01 0.96 

13 3.9E-04 2.2E-01 0.99 

14 3.1E-04 2.3E-01 0.97 

15 2.7E-04 2.3E-01 0.99 

16 3.5E-04 2.2E-01 1.00 

17 2.5E-04 2.4E-01 1.00 

18 4.1E-04 2.0E-01 1.00 

Mean 2.8E-04 2.4E-01 0.98 

Standard Deviation 1.1E-04 3.1E-02 0.02 

 

Table 6. Weibull equation fitting results for dissolution of silver from SVO. 
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Figure 6. Silver concentrations in the electrolyte solution after 21 days for SVPO-H, SVPO-R, 

and SVO. 
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3.3.4. Comparison of vanadium dissolution and silver dissolution 

It is significant that for all three target materials, the moles of dissolved vanadium in 

solution after 21 days are representative of less than 1% of the total moles of vanadium exposed 

to electrolyte.  In this regard, both SVO and SVPO are relatively stable in the 1M LiBF4 

electrolyte.  The amount of vanadium going into solution can be accounted for by only the 

vanadium on surface of the crystallites of the material.  However, quantifying the dissolution 

properties of these ICD cathode materials is critical, since cathode solubility of SVO can have a 

significant impact on battery performance. 

In order to determine if the dissolved vanadium and silver could be accounted for by the 

vanadium and the silver available on the outer surface of the crystallites (one unit cell layer 

thick), the Scherrer equation
24

 was used in conjunction with the unit cell dimensions.  It was 

found that, had all of the vanadium in the entire outer unit cell layer of the crystallites gone into 

solution under the described experimental conditions, the estimated vanadium in solution would 

be more than 20x greater than the amount of vanadium which was observed in solution.  In the 

case of silver, had all of the silver in the entire outer unit cell layer of the crystallite gone into 

solution under the described experimental conditions, the estimated silver concentration in 

solution would be more than 8x greater than the amount of silver which was observed in 

solution.  Therefore, the amounts of silver and vanadium dissolved can be accounted for by 

assuming that dissolution is only occurring from the surfaces of the crystallites of SVPO-R, 

SVPO-H, and SVO. 

The vanadium dissolution was adequately fit with the Noyes-Whitney equation 

describing solid dissolution for the lower surface area SVPO-H and SVO materials.  The 

consistent fit with Noyes-Whitney suggests that the mechanism by which vanadium dissolves 
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into the electrolyte for these materials may be diffusion controlled.  For the higher surface area 

SVPO-R material, the concentration time data was better fit using the Weibull function.  This is 

attributed to additional vanadium centers at the solid liquid interface with incomplete 

coordination environments in the higher surface area material, which could possibly lead to 

initial increases in solubility relative to the SVPO-H and would account for the general 

difference in the dissolution profiles.   

In contrast to vanadium, silver dissolution proceeded via a higher initial rate and could 

not be described using the Noyes-Whitney model, irrespective of the surface area of the material 

studied.  As such, a more complex dissolution mechanism than pure diffusion control needs to be 

considered for silver.  One suggested explanation is that dissolution of silver ions into solution 

may proceed through an ion exchange mechanism simultaneous to solvation of the ordered 

crystal structure, such that both ion exchange processes and dissolution processes contribute to 

the observed kinetics. Kinetics of ion exchange processes are complex, depending upon multiple 

factors including concentration and electrical charge gradients, ionic interactions, structure of the 

exchanger, and chemical reactions occurring in the exchanger or the electrolyte.
25-26

 Ion 

exchange mechanisms have previously been proposed for V dissolution from Li5V3O8
27

 and Mn 

dissolution from LiMn2O4.
28

  In the layered silver vanadium phosphorous oxide  and silver 

vanadium oxide structures, Ag
+
 ions located between the layers of edge sharing VO6 and PO4 

polyhedra are more likely to undergo ion exchange than vanadium, as they may exchange with 

Li
+
 ions in the electrolyte without collapsing the material’s structure.   

The molar ratio of dissolved silver to dissolved vanadium was determined for SVPO-H, 

SVPO-R, and SVO (Figure 7). The dashed lines indicate the molar ratio of each material based 

upon the stoichiometry.  For all three of the materials, the amount of silver dissolved was at least 
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double what was predicted by the chemical formula.  These data show that the dissolution is non-

stoichiometric. Ag and V ions entering the electrolyte solution via a traditional dissolution 

mechanism, in which the crystal lattice is broken down and individual ions are solvated by the 

electrolyte, should exhibit a molar ratio of dissolved ions which is equivalent to the 

stoichiometric ratio of elements in the dissolving material.  Thus, the molar ratio data supports a 

more complex dissolution process where vanadium and silver dissolve into the electrolyte 

solution at distinct rates.   
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Figure 7. Molar Ratios (Ag/V) for SVO, SVPO-H and SVPO-R in 1M LiBF4 PC/DME 

electrolyte after 21 days.  The dashed lines indicate the molar ratio of the non-dissolved material 

based upon the stoichiometry. 
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3.4 Summary 

This chapter describes the dissolution of Ag and V for the benchmark cathode material used in 

ICD’s (SVO) and a phosphate based analog (SVPO) in a non-aqueous battery electrolyte.  To 

study the impact of dimensional control of the cathode material on the dissolution kinetics, in 

addition to chemical composition, two synthetic methods were used to prepare the SVPO 

material.  The higher temperature hydrothermal method resulted in a lower surface area material 

(SVPO-H), while the lower temperature reflux method resulted in a higher surface area material 

(SVPO-R).   It was found that the dissolution of vanadium from the lower surface area materials 

(SVO and SVPO-H) could be described using the Noyes Whitney dissolution model, suggesting 

that the dissolution is diffusion controlled.  Vanadium dissolution from the higher surface area 

material (SVPO-R) showed a different dissolution profile and was fit using the Weibull equation.  

While the initial shape of the dissolution curve for SVPO-R is different than that for SVPO-H, 

the vanadium concentration at 21 days was the same for both materials within experimental 

error, indicating ~5x less solubility from either SVPO material compared to SVO.   As such, it 

appears as though the chemical composition of the cathode material has a larger influence on 

vanadium dissolution than the surface area.   

The silver concentration-time data was analyzed using the Weibull function since the 

Noyes-Whitney model did not adequately fit the data for any of the materials studied, regardless 

of surface area.  This suggests that a more complex mechanism governs the silver dissolution 

relative to vanadium.  One explanation may be that the dissolution of silver proceeds via an ion 

exchange mechanism simultaneous to the solvation of the ordered crystal structure, such that 

both ion exchange and dissolution contribute to the observed kinetics.  This hypothesis is 

supported by the observation that Ag and V concentrations in solution do not reflect the 
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stoichiometry of the solids, with dissolved Ag/V ratios being at least double what is predicted 

from the stoichiometric ratio. 
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Chapter 4 

Analysis of silver and vanadium dissolution from Ag0.49VOPO4·1.9H2O and Ag2VP2O8: 

structural and silver/vanadium ratio effects on solution formation kinetics 

 

Reproduced in part from [Bock, D. C.; Takeuchi, K. J.; Marschilok, A. C.; Takeuchi, E. S., 

Structural and silver/vanadium ratio effects on silver vanadium phosphorous oxide solution 

formation kinetics: Impact on battery electrochemistry. Phys. Chem. Chem. Phys. 2015, 17, 

2034-2042] with permission of PCCP Owner Societies.  

 

 

 

4.1 Introduction 

Previous chapters have explored the dissolution of silver and vanadium from the cathode 

material silver vanadium oxide, Ag2V4O11, and a phosphate based analogue, Ag2VO2PO4.  

Results indicated that the phosphate material dissolved lower levels of vanadium compared with 

the oxide, while levels of silver dissolved were comparable within experimental error.  In order 

to further probe the relationship between material structure and solubility, this chapter extends 

the dissolution analysis to two other members of the silver vanadium phosphorous oxide family, 

Ag0.48VOPO4·1.9H2O, and Ag2VP2O8.   

Reports of Ag0.48VOPO4·1.9H2O as a cathode material in primary lithium batteries have 

been published.
1-2

  Magnetic susceptibility measurements of the discharged material indicated 

that, contrary to Ag2VO2PO4, vanadium reduction is the dominant initial reduction process, from 

0 ≤ 0.52 electron equivalents, while silver reduction dominates from 0.52 ≤ x ≤ 1.0 electron 

equivalents.  The discharge profile of Ag0.48VOPO4·1.9H2O remains above 3.0 V for a large 

portion of the discharge, and there are multiple plateaus which are advantageous for end of 

charge notification.  The material shows good pulse discharge capability, making it a promising 

cathode material for biomedical applications.  In terms of composition, Ag0.48VOPO4·1.9H2O is 
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unique from Ag2VO2PO4   in that water molecules are incorporated into its structure.  Also 

unique to Ag0.48VOPO4·1.9H2O is that vanadium in this material exists in two oxidation states, V 

(IV) and V (V).  These factors are considered in analyzing the dissolution of silver and vanadium 

from the material. 

Ag2VP2O8 is a third member of the SVPO family which has been investigated as a 

primary battery cathode material.
3
  As with Ag2VO2PO4, Ag2VP2O8 displays in-situ formation of 

silver metal nanoparticles when it is initially reduced, improving the material’s conductivity.  

Continued discharge results in fracture of the particles, however, which reduces the conductivity 

significantly.  Ag2VP2O8 is unique from the other silver vanadium phosphorous oxides in that it 

is a diphosphate material.  The presence of the diphosphate anion may play a role in influencing 

dissolution from the material. 

In order to better probe the relationships between material structure and solution 

formation, this chapter presents solution formation analysis of two other members of the 

silver vanadium phosphorous oxide family, Ag0.48VOPO4·1.9H2O, and Ag2VP2O8, with 

Ag2VO2PO4 and Ag2V4O11 materials used as comparative benchmarks.  By investigating 

a family of compositionally related yet structurally different materials, insight into the 

deterministic structure factors influencing long term stability of energy storage materials 

will be gained.  These results will identify which members of the SVPO material family 

show the most promise for reducing cathode solution concentrations in battery electrolyte 

while also providing appropriate electrochemistry as cathode materials. 
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4.2 Experimental Section 

4.2.1 Materials Synthesis and Characterization 

Silver vanadium oxide (Ag2V4O11) was prepared via a previously reported solid 

state reaction method.
4
 Ag2VO2PO4 was synthesized by a hydrothermal reaction method 

reported in the literature.
5
 Adaptation of a previously reported hydrothermal method was 

also used to prepare Ag0.49VOPO4·1.9H2O.
6
 Ag2VP2O8 was prepared via a solid state 

reaction.
7
 

Scanning electron microscope (SEM) images were taken using a Hitachi SU-70 

field emitting scanning electron microscope. Differential scanning calorimetry (DSC) 

analysis was performed using a TA instruments Q20 and thermogravimetric analysis 

(TGA) was performed using a TA instruments SDT Q600.  Powder X-ray diffraction 

(XRD) measurements were recorded with a Rigaku Smart Lab X-ray diffractometer with 

Cu Kα radiation and Bragg-Brentano focusing geometry.  Elemental analysis was done 

using inductively coupled plasma optical emission spectroscopy (ICP-OES) with a 

Thermo Scientific iCAP 6000 series spectrometer. Surface area determination was done 

with a using the multipoint BET (Brunauer, Emmett, and Teller) method.   

 

4.2.2 Dissolution Analysis 

Solubility behavior of the cathode materials was investigated using the methods and 

procedures detailed in section 2.3.2. 
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4.3 Results and Discussion 

4.3.1 Materials Characterization 

 The low silver ratio silver vanadium phosphorous oxide, Ag0.49VOPO4·1.9H2O, 

was characterized using a combination of techniques, including inductively coupled 

plasma optical emission spectroscopy (ICP-OES), thermogravimetric analysis (TGA) and 

XRD.  The silver to vanadium ratio was determined to be 0.49 by ICP-OES, which is a 

slightly higher silver content than the value of 0.43 reported in the original literature
6
 and 

consistent with the Ag/V ratio of 0.48 published in a more recent paper.
1
   

 Thermogravimetric analysis was used to determine the water content of the 

material at 1.9 water molecules per formula unit.  The formula of the material was then 

assigned as Ag0.49VPO4·1.9H2O. Surface area was 1.0 ± 0.1 m
2
/g. 

 The experimentally recorded pattern of the synthesized Ag0.49VOPO4·1.9H2O 

material compared well with the reference pattern for Ag0.43VOPO4·2H2O (PDF#00-

052-1416).  Structurally, the material crystallizes in a layered structure with a V-O-P-O 

framework.
6
 (Figure 1A) Silver ions and water molecules are located between the layers.  

Ag is in a distorted octahedral environment, with four of the oxygen atoms being 

associated with water molecules and the remaining two oxygen atoms which are part of 

the V-O-P-O layer. 

 The second silver vanadium phosphorous oxide was characterized and confirmed 

as Ag2VP2O8.  ICP-OES showed the Ag/V ratio of 2:1 and the V/P ratio of 1/2. BET 

surface area of the synthesized material was 0.7 ± 0.1 m
2
/g.  The XRD of the synthesized 

material matched the reference pattern
7
 (PDF #01-088-0436).  The diphosphate structure 

of Ag2VP2O8 (Figure 2A) is characterized by layers stacking along the [010] direction, 
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with those layers consisting of interconnecting [V2P2O8]∞  chains running parallel to the 

[100] direction.
7
 Vanadium resides in a VO6 octahedron having five corners shared with 

five P
5+

 tetrahedrons and the 6
th

 oxygen unshared with neighboring polyhedra.
3
  The 

vanadium in the octahedron is located nearer to the unshared oxygen, giving long and 

short bond lengths.
3
 Monovalent Ag

+
 cations are located in two independent sites, with 

Ag(1) and Ag(2) located in tunnels. 
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Figure 1A. Crystal structure of Ag0.43VOPO4·2H2O viewed along the b axis, emphasizing 

the V-O-P-O layer framework.  B. Proposed coordination environment of Ag
+
 ions at the 

edge of the structure. 
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Figure 2A. Crystal structure of Ag2VP2O8 viewed along the b axis. Proposed incomplete 

coordination environments of B. Ag(2)
+
 ions and C. Ag(1)

+
 ions located at the edge of 

tunnels above the plane of VO6 and PO4 polyhedra. 
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4.3.2 Dissolution Results 

 Average vanadium ion concentrations as a function of time for 

Ag0.49VOPO4·1.9H2O and Ag2VP2O8 are plotted in Figure 3.  The experiment was 

repeated with 11 replicate samples for Ag0.49VOPO4·1.9H2O and 12 replicate samples for 

Ag2VP2O8 and the error bars shown represent one standard deviation from the mean 

values.   Lower concentrations of vanadium were observed with the Ag2VP2O8 sample 

compared to the Ag0.49VOPO4·1.9H2O material.  In order to quantify the solution 

formation results, the vanadium concentration-time data was fit using the Noyes-Whitney 

equation for the solution formation of solid particles in liquid media
8
, described in 

chapters 1 and 2.   

 Non-linear regression analysis was used to fit the integrated Noyes-Whitney 

equation to the experimental vanadium solution formation data and evaluate the 

parameters Cs and k.  The average and standard deviation of these parameters as well as 

the coefficient of determination values for the fits for the individual trials are compiled in 

Table 1. The best fits of the equation to the averaged data are shown as solid lines in 

Figure 3 for the two materials.  Ag0.49VOPO4·1.9H2O was determined to have an 

equilibrium solubility Cs of 7 ± 2 mg/L.  In contrast, Ag2VP2O8 had a lower equilibrium 

solubility of 3 ± 1 mg/L.  The rate constant for the solution formation was also lower for 

Ag2VP2O8, compared with Ag0.49VOPO4·1.9H2O.  The lower rate constant for Ag2VP2O8 

is consistent with the observation that after three weeks, the data do not appear to come to 

an equilibrium concentration. The high coefficients of determination for the fit indicate 

that the solution formation data through three weeks is consistent with diffusion layer 

mechanism described by the Noyes Whitney model.    
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 The solubility of silver from the materials was also investigated.  Figure 4 plots the 

average fraction of silver dissolved from the various materials versus time for 

Ag0.49VOPO4·1.9H2O and Ag2VP2O8.  Data points represent the mean value of 11 or 12 

individual samples of each material, with error bars signifying one standard deviation. 

The general curve of the solution formation profiles of silver at higher electrolyte salt 

concentrations can be described as having a steeper initial slope for the initial 0-24 hours 

of exposure to electrolyte, with the concentration then rising at a lower rate.  The silver 

concentration-time data cannot be adequately modeled by the Noyes-Whitney equation 

describing solid solution formation, thus, the Weibull distribution function
9
, used 

previously to characterize the dissolution of pharmaceutical drugs in aqueous solutions.
10-

20
 and described in detail in chapters 1 and 3 , was used for fitting the experimental 

results.  The silver concentration vs. time data for Ag0.49VOPO4·1.9H2O and Ag2VP2O8 

was converted to accumulated fraction of dissolved material vs. time, and the Weibull 

distribution was then fit to the data using non-linear regression analysis. The average and 

standard deviation of the fitting parameters for the 11 and 12 individual trials of each 

material are compiled in Table 2. The best fits of the function to the experimental results 

are illustrated in Figure 4.  The coefficients of determination indicate that the Weibull 

distribution was an acceptable function for modeling the solution formation of silver from 

the two materials. 
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Figure 3.  Overlays of Noyes-Whitney fits to average vanadium concentration vs. time 

data for A) Ag2VP2O8 and B) Ag0.49VOPO4·1.9H2O. 
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Material Cs (mg/L) k (s
-1

) R
2
 

Ag0.49VOPO4·1.9H2O  7 ± 2 5.7E-7 ± 1.8E-7 0.99 ± 0.01 

Ag2VP2O8 3 ± 1 2.3E-7 ± 6.5E-8 0.97 ± 0.03 

 

Table 1. Average Noyes-Whitney fitting parameters for vanadium solution formation 

from Ag2VP2O8 (n=12) and Ag0.49VOPO4·1.9H2O (n=11). 
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Figure 4. Overlays of Weibull fits to average dissolved fraction of Ag vs. time data A. 

Ag2VP2O8 and B. Ag0.49VOPO4·1.9H2O. 
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Material α β R
2
 

Ag0.49VOPO4·1.9H2O 2.8E-4 ± 1.3E-4 0.18 ± 0.046 0.97 ± 0.02 

Ag2VP2O8 4.2E-4 ± 2.8E-4 0.21 ± 0.054 0.99 ± 0.05 

 

Table 2. Average Weibull function fitting parameters for silver solution formation from 

Ag2VP2O8 (n=12) and Ag0.49VOPO4·1.9H2O (n=11). 
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4.3.3 Comparison of Dissolution Results with Ag2VO2PO4 and Ag2V4O11 

 The solubility of Ag2VO2PO4 and Ag2V4O11, was described previously in chapters 

2 and 3 in 1M LiBF4 PC:DME solvent.  For this study, solubility data was recollected in 

1M LiBF4 PC solvent and compared with the data for Ag2VP2O8 and 

Ag0.49VOPO4·1.9H2O.  The mean vanadium concentration vs. time data for Ag2VO2PO4 

and Ag2V4O11 is overlaid with the data for Ag0.49VPO4·1.9H2O and Ag2VOP2O8, Figure 

5.  The best fit for the Noyes-Whitney function through the mean data for each material is 

represented as a black line.  A comparison of the mean levels of the vanadium dissolved 

for each material after 22 days is plotted in Figure 6I.  From the two charts, it is clear that 

the oxide material Ag2V4O11 dissolved a higher level of vanadium than any of the silver 

vanadium phosphorous oxide compounds, with a mean concentration of 7.6 mg/L at 21 

days.  Among the SVPO materials, Ag0.49VOPO4·1.9H2O had the highest level of 

vanadium solution formation, at 4.3 mg/L.  Vanadium solution formation was lower for 

Ag2VO2PO4 and Ag2VP2O8.  However, in comparing these two materials, the Noyes 

Whitney fits to the data suggest that Ag2VP2O8 may dissolve more slowly than 

Ag2VO2PO4 but have a higher equilibrium concentration. 

 Silver solution formation from the four target materials was also compared.  Figure 

7I shows the mean silver concentration versus time data, while Figure 7II plots the 

accumulated fraction of dissolved material vs. time, with the best fit for the Weibull 

function through the mean data for each material represented as a black line.  Figure 8I 

shows bar charts comparing the mean levels of silver dissolved for each material after 22 

days.  Ag2VP2O8 dissolved the most Ag after 22 days, with an average concentration of 

approximately 23 mg/L. 
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Figure 5.  Overlays of Noyes-Whitney fits to average vanadium concentration vs. time 

data for A. Ag2VP2O8 B. Ag0.49VOPO4·1.9H2O C. Ag2VO2PO4 and D. Ag2V4O11 
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Figure 6I. Average concentration of dissolved vanadium and II. average dissolved 

fraction of vanadium at 22 days for A. Ag2VP2O8 B. Ag0.49VOPO4·1.9H2O C. 

Ag2VO2PO4 and D. Ag2V4O11 
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Figure 7I. Average silver concentration vs. time data and II. Weibull fits to average 

dissolved fraction of Ag vs. time for A. Ag2VP2O8 B. Ag0.49VOPO4·1.9H2O C. 

Ag2VO2PO4 and D. Ag2V4O11. 

0

5

10

15

20

25

30

0 100 200 300 400 500 600

A
g

 c
o

n
c
e

n
tr

a
ti
o

n
 /
 m

g
/L

 

t / h 

A

B

C

D

I 

0

0.002

0.004

0.006

0.008

0.01

0 100 200 300 400 500 600

D
is

s
o

lv
e

d
 f
ra

c
ti
o

n
 o

f 
A

g
 

t / h 

A

B

C

D

II 



 

133 

 

 

 

Figure 8I. Average concentration of dissolved silver and II. average dissolved fraction of 

silver at 22 days for A. Ag2VP2O8 B. Ag0.49VOPO4·1.9H2O C. Ag2VO2PO4 and D. 

Ag2V4O11. 
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4.3.4 Normalized solution formation values  

 The solution formation of silver and vanadium from the various target materials 

can also be normalized to account for the differences in stoichiometry.  This was 

accomplished by dividing the moles of silver or vanadium dissolved by the number of 

moles of silver or vanadium in the target material exposed to electrolyte.  Normalized 

vanadium and silver solution formation data are exhibited in Figures 7I and 9, 

respectively.  From the normalized data, the rank order of moles silver dissolved per mole 

exposed to electrolyte, from highest to lowest, was Ag2VP2O8,  Ag2V4O11, 

Ag0.49VOPO4·1.9H2O, and Ag2VO2PO4.  The normalized level of Ag solution formation 

from Ag2VP2O8 is approximately double that of the other two phosphate based materials. 

The normalized vanadium solution formation data indicates that Ag0.49VOPO4·1.9H2O 

and Ag2V4O11 had the highest levels of moles vanadium dissolved per mole vanadium 

exposed to electrolyte. The average normalized vanadium solution formation values from 

these materials was approximately three times that of the other two phosphate based 

materials, Ag2VP2O8 and Ag0.49VOPO4·1.9H2O. 

 To test the hypothesis that Ag
+
 solution formation proceeds by an ion exchange 

mechanism with Li
+
 ions in the electrolyte salt, initial solution formation of Ag and V 

were tested in both propylene carbonate only and propylene carbonate with 1M LiBF4.  In 

propylene carbonate solvent with no electrolyte salt added, only trace levels (<0.1 mg/L) 

of Ag dissolved into the electrolyte. In contrast, a high rate of Ag solution formation was 

observed after only 3 hours of exposure to the PC 1M LiBF4, with concentrations after 3 

hours of 1.1, 2.7, 3.4 and 5.8 mg/L for Ag2VO2PO4,  Ag2VP2O8, Ag0.49VOPO4·1.9H2O,  

Ag2V4O11, and Ag2VP2O8, respectively.  This data supports the hypothesis that Li
+
 ion 
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exchange with Ag
+
 plays a significant role in terms of the amount of silver detected in 

solution.  The vanadium levels dissolved were low and similar in solutions with and 

without electrolyte salt, <0.3 mg/L in all cases. 
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Figure 9.  Average dissolved fraction of V vs. time for A. Ag2VP2O8 B. 

Ag0.49VOPO4·1.9H2O C. Ag2VO2PO4 and D. Ag2V4O11. 
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4.3.5 Effect of crystal structure on solution formation - silver 

 The levels of vanadium and silver dissolved from the cathode materials are less 

than 0.1% of the total amount of material exposed to electrolyte, as seen from the solution 

formation data.  Therefore, all of the target materials are relatively insoluble in the 

electrolyte tested.  It is reasonable that the majority of the exhibited solution formation is 

occurring from the surface of the target materials, and that limited solution formation of 

the bulk material takes place.  Indeed, consideration of the crystallite size of the materials 

indicates that the levels of solution formation occurring can be accounted for by 

considering the silver and vanadium located in the outermost layer of unit cells for the 

crystallites. If the observed solution formation is mostly a surface phenomenon, then the 

manner in which these materials terminate at the material/electrolyte interface would play 

a significant role in determining how much material is dissolved.  Thus, while 

compositionally similar, differences in crystal structure of the materials could be 

significant.  The possible edge configurations / crystal termination structures of the silver 

vanadium phosphorous oxide materials were considered and are discussed below.   

 The material Ag2VP2O8 exhibited the highest level of silver solution formation.  

The structure of Ag2VP2O8, looking down the b axis, is shown in Figure 2A.  The lower 

boxed region of Figure 2A focuses on Ag(2)
+
 ions located in a 6-sided tunnel comprised 

of corner sharing VO6 and PO4 polyhedra. Figure 2B focuses on the Ag(2)
+
 ion located at 

the edge of this 6-sided tunnel, where it can be located above the plane of VO6 and PO4 

polyhedra at the edge of a crystal coordinated to five oxygen bonds ranging from 2.42 A - 

3.05 Å. In this location the Ag
+
 is not fully coordinated by vanadium oxide and 

phosphorous oxide polyhedra and thus may be more susceptible to solution formation into 
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the electrolyte.  The Ag(1)
+
 ion may also be above the surface of Ag2VP2O8, as it is also 

located in tunnels made from VO6 and PO4 polyhedra.  The Ag
+
 at the surface is not fully 

coordinated when above the VP2O8 host lattice (Figure 2C) and thus may be more 

susceptible to solution formation or ion exchange by Li
+
 ion from the electrolyte salt. 

 The two other SVPO materials, Ag0.49VOPO4·1.9H2O and Ag2VO2PO4, exhibited 

average normalized Ag solution formation levels lower than Ag2VP2O8.   Figure 1A 

shows the structure of Ag0.49VPO4·1.9H2O viewed along the b axis, emphasizing the 

layers of the V-O-P-O framework with Ag
+
 ions and water molecules located between the 

layers.  Figure 1B shows the proposed coordination environment of Ag
+
 ions at the edge 

of the structure.  We propose that the layered structure terminates with Ag fully 

coordinated with six oxygen atoms:  four oxygen atoms associated with H2O molecules 

forming shorter bonds (2.4-2.57 A), and the two other oxygen atoms association with 

VPO layer framework forming longer bonds (2.65 A).  As the Ag
+
 ions are fully 

coordinated and not above the VPO layer framework, they would be less likely to 

dissolve via coordination with solvent and/or ion exchange with the lithium based 

electrolyte salt.  Full coordination of Ag
+
 ions in Ag2VO2PO4 is also predicted (Figure 

10B) based on the solubility data. 

 The fourth target material from which solution formation was studied is silver 

vanadium oxide, Ag2V4O11.  This material exhibited silver solution formation higher than 

that of Ag0.49VOPO4·1.9H2O and Ag2VO2PO4 and lower than Ag2VP2O8.  Figure 11A 

illustrates the crystal structure of Ag2V4O11 looking down the [010] direction.  Its layers 

are comprised of edge and corner sharing distorted VO6 octahedra.  Silver ions are located 

between these layers where they are coordinated to seven oxygen atoms.  For this 
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material, there are two distinct possibilities for how the edge of the crystal structure 

terminates.  The first possible structure is shown in Figure 11A, where the Ag
+
 ion at the 

crystal edge is coordinated by five oxygen atoms.  In this configuration, Ag
+
 ions are 

more likely to be solvated by the electrolyte. In the second structure, shown in Figure 

11B, the Ag
+
 ion is fully coordinated by seven oxygen atoms, as occurs in the bulk of the 

crystal lattice, and will be less susceptible to solution formation.  The Ag2V4O11 material 

exhibits an intermediate level normalized Ag solution formation, attributed to the two Ag
+
 

ion termination structures described above. 
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Figure 10A. Crystal structure of Ag2VO2PO4 looking down the b axis.  B. Fully 

coordinated Ag
+
 ions at the structure edge. 
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Figure 11A. Crystal structure of Ag2V4O11. Two possible coordination environments for 

Ag
+
 ions at the terminating edge of the crystal are B. the Ag

+
 is partially coordinated by 

five oxygen atoms and C. the Ag
+
 is fully coordinated by 7 oxygen atoms. 
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4.3.6 Effect of crystal structure on solution formation - vanadium 

 As indicated in Figure 5, the materials Ag0.49VOPO4·1.9H2O and Ag2V4O11 had 

levels of normalized vanadium solution formation which were approximately 3X that of 

the materials, Ag2VP2O8 and Ag2VO2PO4.  All three phosphate based compounds have an 

interconnected lattice consisting of corner sharing vanadium oxide octahedra and 

phosphorous oxide tetrahedra.  In contrast with the Ag
+
 ions in these materials, vanadium 

ions are likely to be completely coordinated with oxygen atoms due to their high 

oxidation state.   The level of distortion of vanadium oxide polyhedra in the various 

materials was considered in order to rationalize the solution formation data.  For each 

material, the vanadium oxide octahedron is considerably distorted with one shorter bond 

(1.57-1.62 Å), one longer bond (2.15-2.41 Å) and four equatorial bonds ranging from 

1.69 to 2.13 Å.  In Ag2VP2O8, five of the six oxygen atoms coordinated to vanadium 

oxide octahedra are also coordinated with phosphate tetrahedra including the longest bond 

2.15 Å.  In Ag2VO2PO4, two of the six oxygen atoms coordinated to vanadium oxide are 

coordinated with phosphate tetrahedra.  The longest V-O bond (2.31Å) and a bond of 

shorter length (1.68Å) share an edge with an adjacent vanadium oxide octahedron.   In the 

oxide material Ag2V4O11, the longest bonds share an edge with an adjacent vanadium 

oxide octahedron.  However, the absence of phosphate tetrahedra with strong, short P-O 

bonds (1.53 Å on average for the three phosphate materials) may make the layer 

framework more susceptible to solvation by the electrolyte. 

 In chapters we theorized that the phosphate based material Ag2VO2PO4 was less 

prone to vanadium solution formation compared with Ag2V4O11 due to the presence of 

stabilizing PO4
3-

 polyanions in the lattice.
21

 However, in this study, the phosphate based 
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material Ag0.49VOPO4·1.9H2O exhibited normalized vanadium solution formation values 

higher than those of the other two silver vanadium phosphorous oxide materials.  A 

detrimental effect of acidic contamination due to the presence of water in carbonate based 

electrolytes was previously noted for lithium iron phosphate based cathodes, resulting in 

increased solubility of iron species.
22-23

  In order to elucidate the potential impact of the 

presence of water in the Ag0.49VOPO4·1.9H2O, water content of the electrolytes exposed 

to the target materials were measured post experiment. The electrolyte samples exposed 

to Ag0.49VOPO4·1.9H2O had a water content of 160 ± 50 ppm, compared with water 

contents of 110 ± 30, 100 ± 30, and 100 ± 30 for Ag2VO2PO4, Ag2VP2O8, and Ag2V4O11, 

respectively. Thus, it was unclear if the higher average water content of the electrolyte 

samples exposed to Ag0.49VOPO4·1.9H2O was a significant contributing factor regarding 

the higher vanadium solution formation for Ag0.49VOPO4 relative to Ag2VO2PO4 and 

Ag2VP2O8. To further probe this possibility, solution formation studies were conducted in 

both PC 1M LiBF4 and PC 1M LiBF4 + 600 ppm H2O for all four materials.  After 3 

hours of stirring the Ag0.49VOPO4·1.9H2O in the electrolyte solutions, the concentrations 

of silver dissolved were 4.1 mg/L and 2.7 mg/L for the wet and dry electrolyte solutions, 

respectively, indicating that the added water enhanced the solution formation of silver.  In 

contrast, the concentration of vanadium dissolved into the wet and dry electrolytes after 

three hours of stirring was 0.1 mg/L.  Thus, it is unlikely that the water dissolving into the 

electrolyte from the Ag0.49VOPO4·1.9H2O material was the cause of the high vanadium 

concentration compared with the other two silver vanadium phosphorous oxide materials.  

Similar results were observed when water was added to the electrolyte solution formation 

medium for Ag2VO2PO4, Ag2VP2O8, and Ag2V4O11.  In each case, the wet electrolyte 
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solution enhanced the solubility of silver, but had no noticeable effect on the solution 

formation of vanadium. 

 Although the addition of water to the electrolyte did not influence the solution 

formation of vanadium, because the structure of Ag0.49VOPO4·1.9H2O contains 

coordinated water molecules, the vanadium oxide/ phosphate layered framework may be 

more susceptible to solution formation.  Four of the six oxygens which comprise the 

vanadium oxide octahedron are shared with PO4
3-

 tetrahedra, however, the long (V-O) 

bond belongs to a water molecule, where incomplete coordination of vanadium upon loss 

of water from the lattice may make the vanadium more susceptible to solution formation.  

Ag0.49VOPO4·1.9H2O is also unique from the other materials in that the vanadium has a 

mixed oxidation state of ~4.5.  It is expected that V
5+

 and V
4+

 are disordered within the 

VPO layers.  This disorder may result in instability and thus susceptibility to solvation by 

the electrolyte. 

 Results from the differential scanning calorimetry experiments on the target 

materials support the hypothesis of weaker framework structure for Ag0.49VOPO4·1.9H2O 

relative to the other phosphorous oxide materials.  Ag2VO2PO4 has an endothermic 

transition at 540
o
C, while Ag2VP2O8 has no transitions up to 580

o
C.  In contrast, 

Ag0.49VPO4·1.9H2O shows numerous endothermic transitions, between 100 and 580
o
C, 

which indicates that less energy is needed to change the lattice structure of 

Ag0.49VPO4·1.9H2O. 
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4.4 Summary 

 This study describes the appearance of silver and vanadium in solution from 

Ag0.49VOPO4·1.9H2O and Ag2VP2O8, two members of the silver vanadium phosphorous 

oxide (AgwVxPyOz) family of materials.  The vanadium concentration versus time data for 

both materials was consistent with the Noyes-Whitney model, which represents a 

diffusion controlled solution formation process.  In contrast, the silver concentration 

versus time data for both materials proceeded at a faster initial rate and was modelled 

using the Weibull function, indicative of a more complex mechanism than simple solution 

formation.  Significantly lower levels of silver were observed when testing was done 

without electrolyte salt, providing evidence that the presence of Li
+
 ions in the electrolyte 

plays a large role in the silver dissolution mechanism. 

 The solution data of Ag0.49VOPO4·1.9H2O and Ag2VP2O8 was compared with 

Ag2VO2PO4 and Ag2V4O11, two additional   materials for which solution formation has 

recently been described, in order to probe the influence of stoichiometry and crystal 

structure on solution formation. The trace levels of cathode in solution suggest that the 

solution formation processes are strongly influenced by the crystal structure at the surface 

of the material crystallites.  As such, possible crystal termination / edge configuration 

structures of the target materials were considered with regards to the solution formation 

results.  Higher levels of normalized silver solution formation occurred in those materials 

in which incomplete silver coordination environments at the crystal edge were possible.  

For vanadium, increased solution formation was observed for the oxide material 

Ag2V4O11 as well as for the phosphate oxide Ag0.49VOPO4·1.9H2O.  Increased 
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susceptibility to vanadium solution formation for Ag0.49VOPO4·1.9H2O may be 

associated with structural water or the existence of multiple vanadium oxidation states. 

 This systematic investigation of multiple materials identifies the most promising 

members of the SVPO family for reducing vanadium solution formation as Ag2VO2PO4 

and Ag2VP2O8.  The low solution rates coupled with the ability to deliver high rate 

intermittent pulses make these materials promising alternatives to Ag2V4O11 for the ICD 

application.   
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Chapter 5 

 Mapping the anode surface-electrolyte interphase: Investigating a life limiting process in 

Li/SVPO and Li/SVO batteries 

 

Adapted with permission from [Bock, D. C.; Tappero, R. V.; Takeuchi, K. J.; Marschilok, A. C.; 

Takeuchi, E. S., Mapping the Anode Surface-Electrolyte Interphase: Investigating a Life 

Limiting Process of Lithium Primary Batteries. ACS App Mater Inter 2015, 7, 5429-5437]. 

Copyright (2015) American Chemical Society. 

 

5.1 Introduction 

One of the major consequences of the dissolution of cathode material into the electrolyte 

in the lithium/silver vanadium oxide battery system is that dissolved species deposit onto the 

lithium anode, which increases the internal resistance of the cell.
1
  In Chapter 2, the influence of 

anode vanadium deposition on electrochemical performance was explored by running 

electrochemical impedance spectroscopy and pulse discharge tests on cells having anodes treated 

with vanadium.  This section further explores vanadium deposition in electrochemical cells 

having either Ag2V4O11 (SVO) or Ag2VO2PO4 (SVPO) cathodes by subjecting the cells to long 

term (~1 year rate) testing and recovering the lithium anodes.  Subsequent analysis by X-ray 

microfluorescence and ICP-OES was performed to determine the relationships between cathode 

dissolution, vanadium and silver deposition on the anode surface, and electrochemical 

performance. While the reduction process of the cathodes in Li/Ag2V4O11 and Li/Ag2VO2PO4 

batteries have been studied through characterization of the cathode material at various stages of 

discharge,
2-6

 this is the first report which analyzes the anode surface. 
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There are limited reports of negative electrodes analyses from cells including those 

containing manganese oxide cathodes.
7
  Surface films containing manganese (II) were detected 

on graphite electrodes using electrolytes contaminated with manganese ions and were associated 

with a ~15 times increase in the lithium-ion transfer resistance.
8-9

    X-ray absorption near edge 

spectra (XANES) of lithium metal, lithium titanate, and graphite anodes from cycled cells with 

LiMn2O4 cathodes showed films containing  manganese(II) and manganese metal were reported; 

however locational information (i.e. mapping) was not available.
10-11 

 Detailed understanding of 

the location, composition and role of the transition metal deposits on the negative electrode 

surfaces is lacking.    

In this study, the negative electrodes of lithium/silver vanadium oxide and lithium/silver 

vanadium phosphorous oxide electrochemical cells were investigated by several techniques 

including mapping by synchrotron based x-ray microfluorescence (XRµF) and oxidation state 

determination by microbeam x-ray absorption spectroscopy (µXAS).  Quantitative analysis of 

digested samples was done using inductively coupled plasma-optical emission spectroscopy 

(ICP-OES).  These methods enabled visualization of the anode surface and solid electrolyte 

interphase (SEI) through mapping, determination of the vanadium oxidation state, and 

quantification of the silver and vanadium content of the recovered anodes.  The findings indicate 

significant differences for the anode surfaces from the two cell types based on oxide versus 

phosphate based cathodes, clearly demonstrating lower deposition on the anode from the 

Ag2VO2PO4 cells.  This observation was considered in light of the improved long term 

electrochemical performance to propose a conceptual model of the location and role of the metal 

ions deposited at the negative electrode.  Thus, from this study arises a paradigm to investigate 

use based performance degradation in battery systems through elucidation of the composition 
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and geography of the negative electrode surface and SEI which will aid the broader community 

in more fully understanding this significant battery failure mechanism. 

This work was done in collaboration with Ryan V. Tappero. Ryan collected the XRµF 

and µXAS data.  I prepared the samples, collected electrochemical measurements and analyzed 

the XAS data. 

 

5.2 Experimental 

5.2.1 Materials Synthesis and Characterization 

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

reaction according to a method previously reported in the literature using silver(I) oxide (Ag2O), 

vanadium(V) oxide (V2O5) and phosphoric acid (H3PO4, 85%) as starting materials.
12

  Silver 

vanadium oxide (Ag2V4O11) was synthesized by a previously reported method.
13

  Differential 

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

diffraction (XRD) measurements were recorded with a Rigaku Smart Lab X-ray diffractometer, 

using Cu Kα radiation and Bragg-Brentano focusing geometry. 

 

5.2.2 Electrochemical Testing 

Electrochemical tests were performed using coin-cell type experimental cells.  Composite 

cathodes were prepared by mixing conductive carbon with silver vanadium phosphorous oxide or silver 

vanadium oxide. The 250 mg cathode pellets were comprised of 85% active material and 15% graphite 

conductive additive. The anode was lithium foil and the electrolyte was 1M LiBF4 in propylene 

carbonate. The electrodes were separated by two layers of Celgard 2500 separators, each of 25 µm 

thickness.  The ratio of electrolyte to cathode material in the cells was 200 mg / 250 mg.  Constant current 

discharge and pulse discharge tests were performed at 37°C.   
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Treated lithium metal foil anodes were prepared by exposure to silver or vanadium 

containing solutions.  ICP-OES of the treated anodes showed quantities of 21 and 14 µg/cm
2
 for 

silver and vanadium, respectively.  Electrochemical cells were constructed using one treated 

lithium as the working electrode and one fresh lithium foil as the counter electrode.  Control cells 

were also constructed, utilizing fresh lithium for both electrodes.  The area of the lithium test 

electrodes was 1.6 cm
2
. Cells were constructed using 2 layers of Celgard 2500 separator.  The 

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 was fit to an 

equivalent circuit model to quantify the cell resistance. 

 

5.2.3 Ex-Situ Analysis 

Post discharge, coin cells were disassembled under inert atmosphere.  Disassembled 

anodes and cathodes were rinsed with a dimethyl carbonate solvent and dried under vacuum.  

Lithium anodes from Ag2V4O11 and Ag2VO2PO4 cells were prepared for analysis by x-ray 

microfluorescence, by transferring a portion of the anode to a sample holder with a beryllium 

window and an o-ring seal.   

Synchrotron-based X-ray microfluorescence (XRµF) images of lithium anodes recovered 

from the coin cells were acquired using Beamline X27A of the National Synchrotron Light 

Source (NSLS I) at Brookhaven National Laboratory (Upton, NY).  This bend-magnet beamline 

uses Kirkpatrick-Baez (KB) mirrors to produce a focused spot (7 by 14 mm) of hard X-rays with 

tunable energy achieved via Si(111) or Si(311) channel-cut monochromator crystals.
14

  For 

mSXRF imaging, the Si(111) monochromator was calibrated using a vanadium(V) metal foil and 
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set to fixed energy of 5.5 keV to excite the V K-edge.  Samples were contained in a custom 

environmental cell with inert atmosphere and Be window.  Samples were oriented 45° to the 

incident beam and rastered in the path of the beam by an XY stage while X-ray fluorescence was 

detected with a 4-element Vortex Silicon Drift Detector (SDD) positioned at 90° to the incident 

beam.  Typical elemental maps were collected from a 1 x 2 mm sample area using a step size of 

8 µm and a transit time of 80 milliseconds.  In the pre-edge region from 5395.0 eV to 5455.0 eV, 

and the post edge region from 5496.0 eV to 5615.0 eV, the incident beam energy was scanned 

using 2.0 eV energy steps.   Across the vanadium K-edge from 5455.5 eV to 5495.0 eV, the step 

size was decreased to 0.5 eV for enhanced resolution.  Vanadium compounds of varying 

oxidation states were used as reference materials, specifically vanadium metal foil, V2O3, V2O4, 

and Ag2VO2PO4.  For microbeam vanadium K-edge X-ray absorption spectroscopy (µXAS) 

measurements, the incident beam energy was scanned across the vanadium K-edge using 0.5 eV 

energy steps.  All fluorescence signals were normalized to changes in intensity of the X-ray 

beam (I0).  Data acquisition and visualization were performed using IDL-based beamline 

software developed for NSLS Beamline X26A.   XAS data analysis was performed using 

Athena.
15

  Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to 

quantify the amount of silver and vanadium on the lithium anodes by digestion in a nitric acid 

solution and subsequent analysis using a Thermofisher iCAP 6300 series ICP-OES. 

 

5.3 Results and Discussion 

5.3.1 Materials and Characterization 

Silver vanadium oxide (Ag2V4O11, SVO) and silver vanadium phosphorous oxide 

(Ag2VO2PO4, SVPO) materials were characterized using powder X-ray diffraction.  Differential 
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scanning calorimetry was used to confirm the phase purity of both materials.  Surface areas 

measured using the BET technique were 1.1 ± 0.1 and 0.9 ± 0.1 for Ag2VO2PO4 and Ag2V4O11, 

respectively. 

 

5.3.2 Electrochemical Testing 

After synthesis and confirmation of the structure of silver vanadium oxide (Ag2V4O11, SVO), and 

silver vanadium phosphorous oxide (Ag2VO2PO4, SVPO), the materials were used as cathodes in lithium 

metal anode coin cells.  Cells were discharged at 37°C under constant current over 100 and 150 days to 2 

and 3 electron equivalents, respectfully (Figure 1A.) This discharge rate corresponded to a current of 7.9 

x 10
-6

 A for the SVO cells and a current of 1.18 x 10
-5

 A for the SVPO cells. Silver vanadium 

phosphorous oxide can be reduced by up to 4 electrons, and as such, the 2 and 3 electron equivalent 

discharge levels are representative of depth 50% and 75% depth of discharge.  For silver vanadium oxide, 

7 moles of lithium can be incorporated into the structure, so 2 and 3 electrons equate to 28.5% and 42.8% 

depth of discharge, respectfully.  Discharge was done slowly to mimic long term use in patients where the 

ICD devices would be powering background functions.  This allows probing of low levels of cathode 

dissolution and subsequent deposition of silver and vanadium from the cathode materials onto the lithium 

anode surfaces.   

After the cells attained the targeted level of discharge, constant current pulses were applied to the 

cells to simulate intermittent therapy delivery of an ICD.  One cell at each condition was pulse tested 

where two 10s, 20 mA/cm
2
 pulses were applied with a 20s rest period between pulses.  The voltage versus 

time response is shown in Figures 1B and 1C.  After reduction by 2 electron equivalents, comparable 

performance was seen for the Ag2V4O11 and Ag2VO2PO4 cells where both cells could sustain pulse 

voltages above 1.5 V, Figure 1B.  Pulse testing after 3 electron equivalents of reduction showed that the 

Ag2VO2PO4 cells displayed a small amount of voltage delay where the leading edge of the voltage under 

pulse was lower (~1.0 V) than the 10 second point of the pulse (~1.1 V), Figure 1C.  The minimum 
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voltage under the second pulse was higher at 1.2 V.   In contrast, the Ag2V4O11 cell discharged to 3 

electron equivalents exhibited significant polarization upon pulsing. While there was some amount of 

voltage delay as the leading edge of the pulse dropped to 0.9 V and recovered slightly, the pulse voltage 

then dropped sharply as the pulse continued to a minimum voltage of ~0.1 V.  The second pulse could not 

deliver useful power as the voltage under the second pulse dropped to ~0.1 V as well. 

The DC resistance (RDC) for the four pulse discharged cells was calculated and is 

tabulated in Table 1.  The RDC of the Ag2V4O11 and Ag2VO2PO4 cells were comparable after 

discharge to 2 electron equivalents, but after discharge to 3 electron equivalents the RDC of the 

Ag2V4O11 cell was approximately 2X that of the Ag2VO2PO4 cell.  In practical device terms, 

appropriately designed cells based on Ag2VO2PO4 or Ag2V4O11 could successfully deliver 

sufficient energy, ~30 J, to deliver therapy in an ICD after discharge equivalent to 2 electrons.  

However, after 3 electrons of discharge, the Ag2V4O11 would no longer be able to support 

delivery of a therapy pulse.  The electrochemical results affirm that after slow discharge to 3 

electron equivalents, cells with Ag2VO2PO4 cathodes can sustain significantly higher pulse 

voltage than Ag2V4O11 cells.  These results motivated studies of the cell components, in 

particular the cell anodes, to determine if a correlation between the anode surface composition 

and electrochemical performance could be established. 
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Figure 1A.  Long term (~1 year rate) discharge for lithium anode cells containing silver 

vanadium oxide (Ag2V4O11) and silver vanadium phosphorous oxide (Ag2VO2PO4) cathodes.  B.  

Voltage versus time for pulse discharge at 2 electron equivalents of discharge.  C.  Voltage 

versus time for pulse discharge at 3 electron equivalents of discharge. 
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Table 1. Calculated Direct Current Resistance (RDC) for Li/Ag2VO2PO4 and Li/Ag2V4O11 cells 

under pulse discharge at 2 and 3 electron equivalents. 

 

 

 

 

 

 

 

 

 

 



 

158 

 

5.3.3 Ex-situ cathode characterization 

Post discharge, cell cathodes were recovered and analyzed by X-ray powder 

diffraction.  XRD patterns indicated the presence of silver metal for both cathode 

materials discharged to two and three electron equivalents. The integrated area of the 

silver peak at 44.2° 2-theta is higher for the Ag2VO2PO4 (6000 and 6500 at 2 and 3 

electron reduction, respectively) material compared to Ag2V4O11 (3800 and 4100 at 2 and 

3 electron reduction, respectively) indicating slightly higher levels of reduced silver in the 

Ag2VO2PO4 cathode.  As has been previously reported for silver–vanadium bimetallic 

materials, some vanadium reduction takes place in parallel with the reduction of silver.
2, 5-

6, 16-17
  Previous studies of discharged Ag2V4O11

2, 4
 indicate that vanadium oxidation states 

of V, IV, and III can co-exist once the material is discharged past 2 electron equivalents.  

For Ag2VO2PO4, a recent X-ray absorption spectroscopy study
6
 has shown that the 

vanadium is present as a mixture of oxidation states IV and III when the material is 

discharged to 3 electron equivalents.  Thus, both oxidation states of IV and III are 

expected to be present in Ag2V4O11 and Ag2VO2PO4 cathode materials when discharged 

to 3 electron equivalents. 

 

5.3.4 Ex-situ lithium anode characterization – X-ray microfluorescence 

Vanadium K-edge elemental maps of anodes from cells discharged to 2 electron 

equivalents are shown in Figures 2A and 2B for the anodes from the Ag2V4O11 and Ag2VO2PO4 

cells, respectively.  Within the 1 x 1 mm area analyzed, the anodes from the Ag2V4O11 cell and 

the Ag2VO2PO4 cell appear relatively similar.  There are some areas of higher and lower 

vanadium intensity visible, likely a result of some surface roughness of the partially discharged 
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lithium surface.  Experiments on lithium stripping in carbonate based electrolytes have indicated 

that the lithium surface is locally dissolved to form a randomized, pitted surface due to areas of 

passivation film breakdown.
18

 Thus, some regions of the electrode may have thicker regions of 

SEI where higher concentrations of V are expected.    Vanadium K-edge elemental maps of 

anodes from cells discharged to 3 electron equivalents were recorded and are shown in Figures 

2C and 2D for the anodes from the Ag2V4O11 and Ag2VO2PO4 cells, respectively.  Contrary to 

the anodes from the cells depleted by 2 electrons, the anodes from the Ag2V4O11 and 

Ag2VO2PO4 cells are different in appearance.  Within the 1 x 2 mm area analyzed, the anode 

from the Ag2V4O11 cell exhibits large and distinct areas of much higher intensity of the 

vanadium signal.  In contrast, the anode from the Ag2VO2PO4 cell exhibited low vanadium 

signal intensity for the majority of the analyzed area, with a few small localized regions of high 

intensity, illustrating differences in the vanadium content over the lithium surface. 

The result of the x-ray microfluorescence (XRµF) can be considered in conjunction with 

the pulse discharge data.  In chapter 2  it was demonstrated that lithium metal surfaces treated 

with electrolyte containing dissolved vanadium significantly increased the impedance of a cell.
19

 

From those results, it would be reasonable to expect that the cells displaying low pulse voltage 

and high resistance would have higher levels of vanadium deposited on the lithium anode 

surfaces.  For the lithium anodes from the Ag2V4O11 and Ag2VO2PO4 cells analyzed as part of 

this study, the vanadium detected after 2 electrons of reduction are generally low.  Additionally, 

the vanadium detected on the lithium anode from the Ag2VO2PO4 cell after 3 electrons of 

reduction is also generally low.  In sharp contrast, the lithium anode from the Ag2V4O11 cell 

discharged to 3 electrons shows much higher levels of vanadium present, consistent with the 

large voltage drop observed during the pulse discharge test.   
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Microbeam X-ray absorption spectroscopy (µXAS) measurements made in the vanadium 

K-edge XANES region were collected at various positions for the elemental maps of the anodes 

to interrogate the nature of the vanadium species deposited on the anode surface.   For the 

Ag2VO2PO4 3e discharged cell, XANES spectra collected at positions on the elemental map 

exhibiting low vanadium K-edge signal intensity exhibited low signal to noise due to the small 

amount of vanadium present on the surface.  In areas with very low levels of vanadium, the 

signal intensity was low, but the vanadium species indicate an average oxidation state between I 

and III.  Spectra collected at the highest intensity region on the map, at x = 1.2, y = 0.8, are 

plotted and overlaid with the vanadium foil spectrum, Figure 3A.  The similarity in edge position 

and profile of the sample and the reference foil suggests that the vanadium deposited on the 

lithium anode surface in this localized region was reduced to vanadium metal.  Comparable 

spectra were also collected at the higher intensity region x = 1.5, y = 0.9.  These data provide 

evidence that the vanadium species on the anode from the Ag2VO2PO4 cell showing highest 

intensity are vanadium metal.   

XANES data collected at various positions for the anodes from the Ag2V4O11 cells 

discharged to 3 electron equivalents show similar spectra.   A representative XANES spectrum 

for the 3e Ag2V4O11 anode sample collected at location x = 1.0, y = 0.5 is overlaid with the 

vanadium standards, Figure 3B.  The vanadium K-edge of the sample spectrum is positioned at 

an energy between the K-edge for the vanadium(0) and vanadium(III)
 
standards, suggesting that 

the vanadium species deposited on the anode are not fully reduced to vanadium metal and that 

more than a single vanadium oxidation state may be present.  Further, the general profile of the 

sample spectra differ from those of the reference materials suggesting that the chemistry of 

deposited vanadium species is different from the vanadium foil and oxide reference materials. 
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The XANES data indicate that there are some differences in the overall vanadium species 

deposited on the lithium anode in the Ag2V4O11 cell compared to the anode in the Ag2VO2PO4 

cell.  For the anode recovered from the Ag2V4O11 cell after 3 electrons, the data suggests that the 

average oxidation state of the vanadium species on the surface is between III and 0, not fully 

reduced to vanadium metal.  The anode from the Ag2VO2PO4 cell shows that there are localized 

areas of high concentration vanadium that are fully reduced to vanadium metal.  Measurement of 

the lithium surfaces remote from the areas of high concentration showed little vanadium present, 

with average oxidation states between I and III.   

The results of these findings can be rationalized as follows.  Multiple oxidation states of 

vanadium may be present in solution including vanadium(V), vanadium(IV), and vanadium(III).  

As the vanadium centers approach the lithium surface, the vanadium species will encounter the 

solid electrolyte interphase (SEI) at the lithium surface. Based on the difference in standard 

reduction potentials of vanadium and lithium, at lithium potential, the vanadium ions may be 

reduced with some reduced to vanadium metal.  The data indicate that some of the vanadium 

detectable on the anode surface is not fully reduced to vanadium metal.  Thus, consideration of 

the nature of the SEI is warranted.  The SEI can be viewed as having two layers where the outer 

layer is porous and has significant organic content and the inner denser layer is considered to 

have significant inorganic content.  Notably, two differing mechanisms have been proposed for 

ion migration through the layers where lithium ions diffuse via pore diffusion through the outer 

layer and a knock-off mechanism through the inner dense layer.
20-21

  Thus, migration of the 

charged vanadium species through the SEI may take place under two regimes.  The vanadium 

ions more readily diffuse through the more porous outer SEI layer, yet diffuse slowly through the 

inner layer.  In the case of the anodes from the Ag2VO2PO4 cells, low levels of charged 
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vanadium are detectable across the surface of the anode consistent with the migration of the 

species through the electrolyte and into the porous layer of the SEI.  There are some localized 

areas where the vanadium is fully reduced to vanadium metal indicating that the vanadium 

species migrated successfully through the inner SEI on a limited basis to reach the lithium 

surface  and are reduced to vanadium metal.  This is schematically depicted in Figure 4. 

The anodes from the Ag2V4O11 cells show an average oxidation state from the XANES 

data between vanadium(0) and vanadium(III) for the entire surface.  In the case of the anode 

from the Ag2V4O11 cell where significant amounts of vanadium are in solution, much of the 

vanadium found on the anode surface has not fully migrated through the SEI and reduced to 

vanadium metal, but has heavily loaded the porous outer layer of the SEI.  The inner layer would 

also be expected to contain some vanadium in more limited amounts.  It is reasonable to project 

that the presence of these positively charged vanadium species in the SEI may inhibit facile 

movement of the positively charged lithium ions.  This supports the strong correlation of the 

poor pulse discharge results with the level of vanadium on the surface as observed with the 

Ag2V4O11 cell discharged to 3 electron equivalents. The results also provide insight into the 

kinetic behavior of the various steps in the process.   The data imply that vanadium dissolution 

and migration to the anode is a relatively fast process as is the migration of the vanadium cations 

into the outer layer of the SEI when compared to the slower migration of the charged vanadium 

ions through the dense inner layer of the SEI. 
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Figure 2.  Vanadium elemental maps of anodes from A.  Li/Ag2V4O11 cell discharged to 2 

electron equivalents.  B. Li/Ag2VO2PO4 cell discharged to 2 electron equivalents.  C. 

Li/Ag2V4O11 cell discharged to 3 electron equivalents. D. Li/Ag2VO2PO4 cell discharged to 3 

electron equivalents. 
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Figure 3A.  XANES spectra from lithium surface of Ag2VO2PO4 3 electron equivalent cell at a 

region of high intensity, overlaid with the vanadium foil (V
0
) standard.  B. XANES spectra from 

lithium surface of Ag2V4O11 3 electron equivalent cell overlaid with vanadium (III) ion (V
3+

) and 

vanadium foil (V
0
) standards. 
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Figure 4.  Schematic of lithium anode surface including solid electrolyte interphase (SEI) 

indicating location of positively charged vanadium ions, V
n+

, and vanadium metal, V
0
. 
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5.3.5 Quantitative analysis of anodes 

Subsequent to the X-ray microfluorescence (XRµF) experiment, lithium anodes 

recovered from the cells were digested and quantitatively analyzed by ICP-OES to determine the 

levels of silver and vanadium present.  Figures 5A and 5B show the results of the ICP-OES 

analysis for silver and vanadium, respectively.  Silver and vanadium dissolution from Ag2V4O11 

and Ag2VO2PO4 materials in electrolyte solutions have been previously quantified for the 

unreduced materials.
19, 22

   

The concentration of silver deposited onto the anode surfaces ranged from 2.7 to 6.5 

µg/cm
2
.  The anodes recovered from the Ag2VO2PO4 cells showed slightly higher amounts of 

silver than those from the Ag2V4O11 cells after 2 electrons of reduction.  After 3 electrons, the 

trend reversed where the anodes from the Ag2V4O11 cells showed slightly higher levels of silver, 

however, in both cases the differences are relatively small.   Analysis of the vanadium deposited 

onto the lithium anodes by ICP-OES indicated similar levels of deposition for the 2 and 3 

electron equivalent reduced Ag2VO2PO4 cells and the 2 electron equivalent reduced Ag2V4O11 

cells where the values ranged from 0.3 to 1.2 µg/cm
2
.  In contrast, anodes from the Ag2V4O11 

cells discharged to 3 electron equivalents exhibited a higher level of vanadium deposition, where 

individual anodes had vanadium surface concentrations of 3.3 and 3.4 µg/cm
2
, higher by a factor 

of ≥3X.  It is notable that the levels of silver deposition onto the anode surface are higher than 

that of vanadium consistent with previous reports of dissolution from the non-discharged 

materials where silver dissolution levels through 3-weeks was approximately 2X and 7X that of 

vanadium for Ag2V4O11 and Ag2VO2PO4, respectively.  

Higher levels of vanadium dissolution are observed for the Li/Ag2V4O11 cells discharged 

to 3 electron equivalents.  At this depth of discharge, multiple vanadium oxidation states of V, 
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IV, and III may be present.
2, 4

  Limited literature exists regarding the influence of vanadium 

oxidation state on solubility.
23

  In aqueous solution, V(V) forms oxyanions such as HnVO4
n-3

, 

V(IV) is primarily present as vanadyl, VO
2+

, while V(III) forms vanadium hydroxide, V(OH)3.
24

  

The highly ionic V(IV) and V(V) species are reported to be more soluble than V(III) in aqueous 

media.
24

  Since solubility is a function of both lattice energy and solvation energy, it can be 

proposed that in aqueous solution, the hydration energies associated with higher oxidation states 

of vanadium can overcome the associated lattice energies, resulting in enhanced dissolution of 

higher oxidations states of vanadium.  Conversely, in non-aqueous solutions where the polarity 

of the solvent is reduced, the solvation energies are expected to be much lower than the 

corresponding lattice energies for high oxidation states of vanadium.  However, for  

V(III), the solvation energy may be able to compete with the reduced lattice energy, resulting in 

increased dissolution for V(III) relative to V(V) in nonaqueous solution.  Thus, in nonaqueous 

electrolyte, dissolution may become more favorable for discharged Ag2V4O11 oxide material 

reduced by 3 electron equivalents which contains V(III) metal centers.  Notably, the low 

vanadium oxidation state of the discharged Ag2VO2PO4 material reduced by 3 electron 

equivalents does not result in significantly higher solubility, consistent with our hypothesis that 

the strong covalent P-O bonds from the inclusion of PO4
3-

 polyanions would stabilize the 

vanadium oxide framework regardless of vanadium oxidation state.   

To further elucidate the role of vanadium and silver on the surface of a lithium anode, 

lithium anodes were surface treated by immersion in silver ion and vanadium ion containing 

solutions.  Post treatment, the anodes were used for impedance studies which revealed that silver 

treatment of the anode does not increase the impedance of the system while the vanadium treated 

samples displayed higher impedance, Figure 6.  The equivalent circuit analysis yielded Rtotal 



 

168 

 

values of 570, 487, and 1538 Ω for the untreated, silver-treated, and vanadium-treated anodes, 

respectively.  Increased cell resistance with accompanying voltage drop under pulse for the 

vanadium treated anodes has been previously discussed in Chapter 2.  Here we focus on 

vanadium deposition on the anode where the impedance was demonstrated to change, in contrast 

to the silver deposition which does not contribute to increased cell resistance.
19

  These results 

highlight the complex nature of the SEI where composition is critical to the resultant impedance 

of the electrode. 
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Figure 5.  Quantitative analysis of lithium anodes recovered from Ag2V4O11 and Ag2VO2PO4 

cathode cells discharged to 2 and 3 electron equivalents for A.  silver (Ag), and  B.  vanadium 

(V). 
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Figure 6.  AC impedance results plotted in Nyquist format for lithium/lithium cells showing 

untreated, silver (Ag) treated and vanadium (V) treated samples.  Inset shows equivalent circuit 

used for analysis. 
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Figure 7.    Schematic cell representations of indicating deposition of vanadium species on the 

anode surfaces for A.  lithium/silver vanadium phosphorous oxide (Li/Ag2VO2PO4) cell, and  B.  

lithium/silver vanadium oxide (Li/Ag2V4O11) cell. 
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5.4 Summary 

Based on the data, a conceptual model for the interaction of the charged vanadium 

species and the SEI at the anode of lithium/silver vanadium oxide and lithium/silver vanadium 

phosphorous oxide batteries is proposed.   The soluble vanadium ions migrate through the 

electrolyte and penetrate the pores of the outer layer of the SEI where the vanadium ions 

maintain a positive charge.  More slowly, some vanadium ions reach the lithium surface with 

some reduced to vanadium metal.   There is a strong correlation with the observed increase in 

battery resistance and the presence of vanadium on the surfaces of the anodes and vanadium 

cations in the SEI layer.  It is reasonable to project that: (1) the presence of metallic vanadium on 

the lithium anode surface would significantly reduce usable current, and (2) vanadium cations 

within the SEI may inhibit facile movement of the positively charged lithium ions.   These 

findings shed light on the nature and composition of the anode solid electrolyte interphase (SEI) 

and further highlight its importance in understanding and predicting decreases in battery 

performance.  Further, the findings indicate significant differences for the anode surfaces 

recovered from the Ag2V4O11 and Ag2VO2PO4 cell types, and are conceptually summarized in 

Figure 7.  The results clearly support that Ag2VO2PO4 cathode material provides the opportunity 

for future development of ICD batteries with improved charge time stability under long term use.  

Finally, the strategy presented for analysis of anodes from the Ag2V4O11 and Ag2VO2PO4 cell 

systems could be extended to systems with cathodes of other metallic compositions; thus by 

analogy we propose a new paradigm for probing a critical long term failure mode for a number 

of battery systems. 
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Chapter 6 

Advanced measurement techniques for investigation of AgwVxPyOz cathode materials – In-

situ profiling of lithium/Ag2VP2O8 batteries using energy dispersive X-ray diffraction 

(EDXRD) and nanoprobe conductivity measurements of discharged Ag2VO2PO4 single 

particles  

 

Reproduced in part from [Kirshenbaum, K. C.; Bock, D. C.; Zhong, Z.; Marschilok, A. C.; 

Takeuchi, K. J.; Takeuchi, E. S., In situ profiling of lithium/Ag2VP2O8 primary batteries using 

energy dispersive X-ray diffraction. Phys. Chem. Chem. Phys. 2014, 16, 9138-9147] and 

[Kirshenbaum, K. C.; Bock, D. C.; Brady, A. B.; Marschilok, A. C.; Takeuchi, K. J.; Takeuchi, 

E. S., Electrochemical reduction of an Ag2VO2PO4 particle: dramatic increase of local 

electronic conductivity. Phys. Chem. Chem. Phys. 2015, 17, 11204-11210] with permission from 

PCCP Owner Societies. 

 

Further work published in [Kirshenbaum, K.; Bock, D. C.; Lee, C.-Y.; Zhong, Z.; Takeuchi, K. 

J.; Marschilok, A. C.; Takeuchi, E. S., In situ visualization of Li/Ag2VP2O8 batteries revealing 

rate-dependent discharge mechanism. Science 2015, 347, 149-154]. 

 

 

 

6.1 Introduction 

The stability of the cathode material in the electrolyte, detailed in previous chapters, is an 

important property which needs to be considered when selecting the appropriate cathode material 

for a primary battery application.  Nevertheless, other properties of the cathode, including 

capacity and rate capability, are significant in defining performance.  For the next generation of 

battery materials, the ability to access all of the capacity in an electrode is particularly 

important.
1
  Currently, commercial battery systems utilize composite electrodes containing 

conductive additives to improve electrical contact between different regions of the electrode.  

These composites are typically prepared by mixing the active material, a conductive additive, 

and a polymer binder in a suitable solvent to create a slurry, which is then cast onto a metal foil 
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and dried.  While this physical mixing technique is generally effective in improving rate 

capability and increasing realized capacity, it is an imperfect approach for several reasons.  

Aggregation of active material can cause incomplete dispersion
2-3

, and when combined with poor 

electrical contact between particles, incomplete electron access to all regions of the electrode 

prevents full energy utilization.  Furthermore, the conductive additives do not add to the capacity 

of the battery, reducing energy density. 

Because traditional composite electrodes are not optimized for complete energy 

extraction, other approaches need to be developed which approximate an ideal electrode in which 

each individual active material particle is electrically connected to the current collector. One 

such method for creating sufficient electrical contacts between all active material particles is to 

generate an in-situ conductive network in the electrode. In previous studies, 
4-8

 it was 

demonstrated that upon discharging silver vanadium phosphorous oxide cathodes, Ag metal is 

reduced and migrates to the surfaces of the active material particles, forming a 3-dimensional 

conductive matrix.   The formation of metallic nanoparticles which coat the active material 

particle surfaces allows for individual particles to be electrically connected. As a result of in-situ 

Ag network formation, the conductivity of the material increases by 15000 fold.
4
 

This chapter details advanced measurement techniques that were used to gain insight into 

the details of Ag metal network formation and associated increase in conductivity in 

electrochemically reduced AgwVxPyOz cathode materials.  The first of these techniques was in 

situ energy dispersive X-ray spectroscopy (EDXRD).  EDXRD measurements were conducted 

on lithium primary cells having the cathode material Ag2VP2O8.  Ag2VP2O8 can incorporate 3 

electron equivalents into its structure upon reduction, with Ag
+
 reducing to silver metal and V

4+
 

reducing to V
3+

. Because Ag
0
 strongly scatters electrons, the Li/Ag2VP2O8 system is appropriate 
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for analysis by this technique.
9
  The spatial resolution of electrochemical cells with partially 

discharged Ag2VP2O8 cathodes was measured in situ to give an accurate picture of how the 

reduction process occurs in this silver vanadium phosphorous oxide cathode material. This work 

was done in collaboration with Kevin C. Kirshenbaum.  My contributions included preparation 

of the cathode material, preparation of the electrochemical cells, assistance in collecting the 

impedance and EDXRD measurements, and analysis of the recovered Li anodes. 

Although EDXRD is an excellent technique for probing the formation of silver metal in a 

discharged bulk SVPO electrode, additional techniques were needed to provide information at 

the particle level. Thus, to further interrogate the increase in conductivity which occurs in silver 

vanadium phosphorous oxide materials upon discharge, individual particles of Ag2VO2PO4 were 

electrochemically reduced and measured for changes in conductivity using a nanoprobe system.   

Ag2VO2PO4 was selected for this type of analysis because hydrothermal synthesis of the material 

produces blade like particles which are large enough to be discharged individually.  Post 

discharge, the resistance at different locations within the particles was measured.  The nanoprobe 

technique allowed for local resistance changes as a function of particle reduction to be evaluated, 

furthering understanding of the discharge mechanism and its relationship with material 

conductivity. This work was done in collaboration with Kevin C. Kirshenbaum and Alexander S. 

Brady.  Alexander and I both prepared samples, Kevin developed the discharge methodology and 

I assisted in the measurement of the material after discharge. 
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6.2 Experimental 

6.2.1 – In-situ Energy Dispersive X-ray Diffraction (EDXRD) measurements of Li/Ag2VP2O8  

coin cells 

Ag2VP2O8 was prepared via a solid-state reaction previously reported in the literature.
10

 

X-ray diffraction of the synthesized material matched the reference pattern (PDF #01-088-0436) 

with no impurity phases present. Coin cell type electrochemical cells with stainless steel 

housings were constructed with lithium anodes and Ag2VP2O8 cathodes.  1M LiPF6 in 30:70 

ethylene carbonate: dimethyl carbonate was used as the electrolyte.  The cells were discharged to 

0, 0.1, and 0.5 electron equivalents to determine how the formation of the conductive network 

proceeded within the initial stages of discharge. Electrochemical impedance spectroscopy was 

measured before and after discharge of the cells using a frequency range of 0.5 mHz to 100 kHz 

with a 5 mA amplitude.  EIS measurements were also collected after EDXRD measurements to 

verify that the X-ray beam did not affect the status of the cells; there was not a discernable 

difference in EIS response of the cells after the EDXRD measurements. 

Energy dispersive X-ray diffraction (EDXRD) measurements were performed at 

beamline X17B1 at the National Synchrotron Light Source at Brookhaven National Laboratory.  

At this beamline, radiation with a spectrum up to 200 keV in energy is produced by a wiggler, 

and lower energies of the radiation are subsequently filtered out by a Cu foil. Standards of CeO2 

and LaB6 were used to calibrate the detector.  Before measuring the coin cells using the 

experimental setup, measurements were taken on both non-discharged Ag2VP2O8 powder and 

coin cell parts in order determine their diffraction patterns.  Good agreement in the peak 

positions of the measured materials with reference patterns was observed.  However, intensities 
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in the diffraction patterns measured by EDXRD are different than the intensities in the 

diffraction patterns collected by angle resolved XRD.  This is because unlike angle-resolved 

masurements which use X-rays of a constant energy, the intensity profile of the X-rays coming 

from the wiggler beam changes with energy.  The signal is also attenuated by potions of the cell 

outside of the measured gauge volume and the Cu filter foil.  

The experimental setup used to collect in situ EDXRD measurements on Li/Ag2VP2O8 

coin cells is illustrated in Figure 1.  The parallel incident beam impinged upon the sample was 20 

µm in height, and the germanium detector used to measure the diffracted radiation was set at 2θ 

= 3.05°.  The slit size for the detector was set such that the length of the y-direction from which 

diffracted X-rays were collected was ~2.0 mm.  In the x-direction, the width of the incident beam 

was 2.0 mm, making the dimensions of the gauge volume approximately 2.0 x 2.0 x 0.02 mm.  

The coin cell to be measured was placed on an automated stage that could be moved in the z-

direction.  Thus, diffraction patterns were collected as a function of z, and a spatial profile for 

each cell was collected.  
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Figure 1. Experimental setup used to collect in situ EDXRD measurements on Li/ Ag2VP2O8 

coin cells. 
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6.2.2 Electrochemical Reduction of Ag2VO2PO4 single particles and nanoprobe conductivity 

measurement  

 AgVO2PO4 was synthesized using a previously reported hydrothermal method.
11

  Along 

with some smaller particles, the synthesis yields millimeter sized individual particles which can 

be isolated by hand.  These particles form blade like shapes approximately 1 to 2 mm in length, 

0.1 to 0.2 mm wide, and with a thickness between 0.05 and 0.15 mm.  X-ray diffraction of the 

synthesized material matched the reference pattern (PDF #97-007-380) with no impurity phases 

present. 

 The individual particles were used to construct working electrodes using two techniques.  

For both methods, reproducible working electrode particles were individually selected for size 

and uniformity using an optical microscope in conjunction with a stage micrometer.  The crystals 

were attached to Pt wire using conductive Au paste which was then covered in Torr Seal epoxy.  

Alternatively, the crystals were attached to steel wire using conductive carbon paste.   

 The fabricated working electrodes were used in a three-electrode configuration, with 

lithium metal attached to wire used as both counter and reference electrodes.  The electrodes 

were placed in a shallow dish under an optical microscope and then submerged in a carbonate 

electrolyte (1M LiPF6 in propylene carbonate).  A CH1140A single channel potentiostat was 

used for electrochemical testing.  The capacity of the particles was estimated from the particle 

dimensions and ranged from 10 to 100 µA h.  The current used to discharge the particles was 0.1 

and 10 µA depending on the particle size and desired rate.   All discharge experiments were 

performed in a controlled humidity dry room to prevent passivation of the lithium electrodes.   

 Conductivity measurements of the individual particles were obtained using an Omnicron 

Nanotechnologies nanoprobe system at the Center for Functional Nanomaterials at Brookhaven 
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National Laboratory.  To perform the measurement, particles were affixed to a graphite substrate 

by applying epoxy at each end of the particle.  SEM imaging was used to adjust the placement of 

the Pt-W STM tips such that the tips were pressed into the surface of the particle.  Conductance 

was then measured using a Keithley model 4200 semiconductor characterization system.   

 

6.3 Results and Discussion 

6.3.1 In-situ Energy Dispersive X-ray Diffraction (EDXRD) measurements of Li/Ag2VP2O8  coin 

cells 

Li/Ag2VP2O8 coin cells were discharged to 0, 0.1, and 0.5 electron equivalents and were 

characterized by electrochemical impedance spectroscopy prior to the EDXRD measurements 

(Figure 2). The collected EIS data was fit to an equivalent circuit model, allowing for a 

quantitative comparison of the resistor-capacitor elements to be made.  The model is a modified 

version of the Randles circuit with Voight-type RC elements in series
12-13

 and was used for both 

unreduced and partially discharged cells.  In this model, the two Voight-type RC elements 

accurately fit the two semicircles seen in the impedance measurement and are tabulated in Table 

1.  The first resistor (Rs) is attributed to series resistance, the first parallel resistor-capacitor 

circuit component (Rm, Cdl,1) is attributed to the anode, and the second resistor (Rct) and Warburg 

element (Zw) in parallel with capacitor (Cdl,2) circuit component is attributed to the cathode. 

While the values of most circuit elements do not change with electrochemical reduction, the 

resistance associated with the cathode (Rct)  decreased dramatically, from 1 MΩ for the non-

discharged cell to 1500 Ω and 500 Ω for the 0.1 and 0.5 electron equivalent cells, respectively.  

The ~700 times reduction in the resistance in the cathode was believed to be due to formation of 

Ag
0
 during the discharge process.  This assignment for Rct resistance is consistent with prior 
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studies in which the Rct resistance was assigned to the charge transfer layer in both porous
14-15

 

and non-porous
16-17

 electrodes. This data was considered in conjunction with the EDXRD 

measurements to determine if the dramatic decrease in resistance was associated with Ag 

formation in the cathode. 

EDXRD data was collected for the three cells with discharged levels of 0, 0.1, and 0.5 

electron equivalents. Because measurements were taken at varying z-positions, the collected 

diffraction patterns could be viewed as a function of height. Patterns were collected every 20 µm, 

corresponding to the height of the gauge volume.  A plot showing the intensity of the various 

diffraction peaks, with peak position on the x-axis, and the varying z position on the y-axis, is 

shown in Figure 3 for the Li/Ag2VP2O8 cell discharged to 0.5 electron equivalents.  Intensity is 

plotted on a logarithmic scale, with white points corresponding to high intensity and black 

corresponding to low intensity.  The lower portion of the figure corresponds to the data collected 

from the Li anode, the middle section corresponds to the Ag2VP2O8 cathode, and the top portion 

corresponds to the stainless steel can.  Positions of peaks for Li, stainless steel, and Ag are 

labeled in the figure.  Of particular significance is that existence of Ag
0
 metal in the cell was 

monitored by tracking the intensity of the Ag(111) peak, positioned at 1/d = 0.4239 Å.   

The intensity of the Ag(111) peak, the intensity of the Li(110) peak, and the average 

intensity of three Ag2VP2O8 peaks (1/d = 0.5130, 0.5303, and 0.5506) as a function of the z-

position is plotted in figure 4 for the (a) 0, (b) 0.1, and (c) 0.5 discharged cells.  In all three cells, 

the presence of Ag is detected in the region of cathode side facing the lithium anode, with the 

lowest intensity in the non-discharged cell and the highest intensity in the 0.5 electron equivalent 

cell.  Because it was unexpected that Ag
0
 would be present in the non-discharged cell, two 

additional coin cells were constructed and allowed to rest at open circuit potential for 10 days 
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before disassembly.  Ex situ XRD analysis of the cathodes did not indicate the presence of Ag
0
.  

However, the Li anodes showed a dark surface film, and ICP-OES of the anodes confirmed that 

silver was present on the anode surface.  This result is consistent with the experiments presented 

in chapter 5, which indicated that high levels of Ag dissolved from non-discharged Ag2VP2O8 

material.  The amount of silver found to be present on the anodes recovered from the non-

discharged cells would form a layer of Ag
0
 that was 0.1 µm thick if uniformly distributed over 

the surface.  Thus, it is possible that the Ag
0
 detected by EDXRD at the anode facing side of the 

cathode in the non-discharged cell is due to dissolution from the cathode material and subsequent 

reduction on the Li metal surface to from Ag
0
.   The breadth of the Ag

0
 peak into the cathode 

region is likely due to cell tilt when the measurement was taken.  Although the cells were 

manually leveled prior to measurement, even a small tilt of 2° would create a 70 micron 

difference between two sides of the gauge volume, in effect causing broadened signals that 

would blur the boundary between the different regions of the cell.  For the two cells that were 

partially discharged, higher intensities of silver are observed at the cathode/anode interface 

compared to the non-discharged cell.  The higher intensity is likely due to a combination of 

dissolved Ag
0
 deposited on the lithium surface, as well as Ag

0
 formed through reduction of the 

Ag2VP2O8 cathode material.   

In the 0.1 electron equivalent partially discharged cell, Ag
0
 metal is also visible on the 

side of the cathode facing the steel current collector.  At the same time, in the region where Ag
0
 

is present, there is a decrease in the intensity of the Ag2VP2O8 peaks, which is consistent with the 

reduction of Ag2VP2O8 and formation of Ag
0
 metal.  It is noteworthy that in the 0.1 electron 

equivalent discharged cell, Ag
0
 is only observed in the cathode regions closest to the stainless 

steel current collector and to the lithium anode.  In contrast, in the 0.5 electron equivalent 
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discharged cell, Ag
0
 begins to be detectable throughout the cathode. This observation is 

significant because it indicates that reduction occurs at the cathode material nearest the current 

collector before the occurring throughout the bulk of cathode.  The observed non-uniform 

discharge is likely due to the poor electrical conductivity of the material which makes the 

availability of electrons a limiting factor in the discharge. Thus, initial reduction of Ag2VP2O8 

occurs mostly in the region closest to the electron source at the current collector.  As conductive 

Ag
0
 begins to form upon reduction, more regions of the electrode have access to electrons, and 

by 0.5 electron equivalents, the formation of a Ag
0
 network allows for the bulk of the cathode to 

be reduced. 

 

 

 

 

 

 

   

 

 

 

 

 

 

 



 

187 

 

 

 

 

 

 

Figure 2. Electrochemical impedance spectroscopy measurements of Li/Ag2VP2O8 cells reduced 

by 0, 0.1 and 0.5 electron equivalents.  The upper inserts indicate magnified low resistance 

portions of the main spectra.  The lower inserts show the equivalent circuit model used to fit the 

data. 

 

 

 

 

 



 

188 

 

 

 

 

 

 

 

DOD (elec. equiv.) 0 0.1 0.5 

Χ
2 
(Z-View Fit) 0.0005007 0.0001179 0.0000434 

Rs (Ω) 8.30 ± 0.10 14.63 ± 0.06 6.90 ± 0.04 

Cdl,1 (F) (3.07 ± 0.28) x10
-5

 (3.19 ± 0.13) x10
-5

 (3.07 ± 0.10) x10
-4

 

Cdl,1 power 0.706 ± 0.009 0.713 ± 0.004 0.493 ± 0.003 

Rm (Ω) 27.22 ± 0.42 30.05 ± 0.19 28.20 ± 0.18 

Cdl,2 (F) (3.587 ± 0.007) x10
-5

 (1.625 ± 0.010) x10
-4

 (4.237 ± 0.016) x10
-4

 

Cdl,2 power 0.851 ± 0.001 0.869 ± 0.002 0.855 ± 0.001 

Rct (Ω) 1058300 ± 5420 1448 ± 29 508 ± 2 

Zw,R (Ω) 4100 4266 ± 152 4140 ± 154 

Zw,T (Ω) 2000 1174 ± 94 3663 ± 341 

Zw,P 0.35 0.281 ± 0.008 0.439 ± 0.002 

 

Table 1. Fit parameters for ACI circuit elements of Li/Ag2VP2O8 cells at various states of 

electrochemical reduction. 
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Figure 3. An intensity contour plot of EDXRD spectra collected on the Li/Ag2VP2O8 cell 

discharged to 0.5 electron equivalents.  The x-axis is the diffraction peak position and the y-axis 

is the z position of the incident X-ray beam.  Whiter points indicate higher diffraction intensity 

while darker areas represent lower intensity. 
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Figure 4. The intensity of the Ag
0
 (111) peak (red), the intensity of the Li (110) peak (grey), the 

intensity of the steel (211) peak (blue) and the average intensity of three Ag2VP2O8 peaks (black) 

as a function of the z-position is plotted in figure 33 for the A. 0, B. 0.1, and C. 0.5 discharged 

cells. 
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6.3.2 Electrochemical Reduction of Ag2VO2PO4 single particles and nanoprobe conductivity 

measurement 

The energy dispersive X-ray diffraction technique provided insight into how Ag
0
 

formation upon electrochemical reduction affected the conductivity of a bulk silver vanadium 

phosphorous oxide electrode.  AC impedance measurements showed a dramatic decrease in the 

resistance associated with the cathode upon reduction, which EDXRD indicated coincided with 

the formation of Ag
0
 metal. Because the measurements were made on a bulk electrode, however, 

it was unclear if the increase in conductivity of the cathode was related only to interparticle 

conductivity, or if the conductivity of the individual particles themselves also changed 

significantly.  To answer this question, individual particles of Ag2VO2PO4, another member of 

the AgwVxPyOz material family, were electrochemically reduced and subsequently measured for 

changes in conductivity using a nanoprobe system.  As with Ag2VP2O8, Ag2VO2PO4 also forms 

Ag
0
 when discharged which decreases interparticle resistance and improves conductivity.

8, 18-19
 

Thus, although the stoichiometry varies, the causes of increased conductivity upon reduction are 

expected to be the same for both materials. 

Several Ag2VO2PO4 particles were discharged using a three electrode configuration 

described in detail in the experimental section of this chapter.  The voltage profile and 

corresponding optical images at various states of reduction for a typical particle discharge are 

shown in Figure 5. This individual particle had initial dimensions of 1.15 x 0.15 x 0.09 mm
3
 and 

was discharged using a constant current of 4.5 x 10
-7

 A.  The optical images show how the 

physical characteristics of the particle change with reduction.  Prior to discharge, the particle can 

be described as being orange colored and semi-transparent.  During the initial discharge (‘A’ 

through ‘C’), the voltage drops below 2 V, and the color of the particle is still transparent orange.  
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At point ‘D’ the region of the particle closest to the current collector begins to turn black.  The 

color change and voltage recovery continues from ‘E’ to ‘H’, at which point the particle has 

turned completely black.  From ‘H’ to ‘K’ the voltage profile decreases slowly and is reminiscent 

of what is observed in bulk Ag2VO2PO4 electrodes.
18

 The voltage continues to decrease and a 

fracture develops and grows in ‘K’ through ‘N’.  Past ‘N’, the discharge was discontinued as the 

particle completely fractured into several smaller pieces.  At this point the sample had discharged 

approximately 90% of the calculated theorectical capacity, and the end voltage was 1.2 V. 

The particle fracture at lower discharge voltage is believed to be due to stresses arising 

from lithium insertion as well as Ag
+
 ion removal from the structure.  In previous work,

4
 SEM 

images of Ag
0
 nanoparticles in the reduced material are consistent with a discharge mechanism 

whereby Ag
+
 ions are reduced, displaced from the crystal structure, and crystallize on the surface 

of the particles.  The XRD pattern of discharged bulk material shows only silver metal indicating 

electrochemical milling and amorphization of the parent Ag2VO2PO4 material.
4
 This may relate 

to differences in the effective ionic radii of Li
+
 and Ag

+
 ions (76 pm for Li

+
, and 115 pm for Ag

+
 

for coordination number = 6).
20

 

The drop in voltage on initial discharge followed by a partial recovery associated with the 

color change that is presented in this figure is seen in all particles discharged at comparable rates. 

The color change observed in the single particle is consistent with observations of color change 

from yellow to black in discharged Ag2VO2PO4 bulk electrodes.  Thus, the observed color 

change is not unique to the large single particles and is consistent with the bulk material. It is 

notable that the color change occurs on the side of the particle closest to the connecting wire, as 

this is the region closest to the electron source.  Ag2VO2PO4 is insulating and as such it is 

reasonable that electron access would be the limiting factor in the discharge.  This observation is 
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supported by the EDXRD experiment which indicated that electron access was a significant 

limiting factor in the discharge.  A similar effect is observed in this experiment where the color 

change is related to the enhancement of conductivity and the associated voltage increase. 

In order to determine how the conductivity of the particles changed after discharging, 

they were measured using a nanoprobe system.  For this experiment, the particles were partially 

discharged to a point equivalent to ‘F’ in Figure 5.  This was done to isolate a sample with both 

orange and black segments such that a direct comparison of the conductivity between orange and 

black regions could be made.  SEM and optical images of a typical partially discharged particle 

indicate the two regions in Figure 6.   The color change in the optical image corresponds to the 

color change seen in the SEM micrograph (Figures 6(a) and (b), respectively).   The SEM images 

indicate a significant difference in conductivity between the two halves of the particle as the 

lighter color in the SEM image shows charging effects indicating that the region is more 

insulating.   

To measure the resistance of the particle, two nanoprobe  Pt-W STM tips were pressed 

into the surface of the particle approximately 200 μm apart.  The resistance was measured within 

both the black and orange sections with the tip distance held constant between the two 

measurements.  We found that the resistance of the black region (Fig. 6(d)) was 100,000 times 

lower than the resistance of the orange region (Fig. 6(c)), consistent with the charging observed 

in the SEM images. 

  The resistance measurement was performed on several individual particles 

discharged to different levels (Table 2).  Three categories of particles were tested: a) 

partially discharged (as in Figure 6a), b) not discharged, and c) discharged to 

approximately 250 mAh/g (close to the theoretical capacity of 272 mAh/g).  In each case, 



 

194 

 

when resistance was measured within the orange region of a particle the resistance was 

high, approximately 10
10

 to 10
12

 Ω, while the resistance measured in the black region was 

considerably lower, around 10
5
 or 10

6
 Ω.   The resistance measurements were 

independent of probe distance which suggests that the current path most likely includes 

conduction through the substrate.  For this reason, the resistance values, and not 

resistivity, are reported in the table as the resistivity cannot be unambiguously calculated 

using simple measurements of the particle geometry.   

  These resistance measurements indicate a drastic change in the electronic 

conduction of individual particles early in the discharge which most likely forms a large 

contribution to the decrease in resistance of Ag2VO2PO4 electrodes.  Moreover, the 

bimodal distribution observed in the corresponding optical images associated with either 

the reduction of Ag
+
 or V

5+
 ions may point to a fundamental change in the material.  In 

several vanadium oxides it has been shown that chemical substitution and doping is 

sufficient to lower the transition temperature of a metal-insulator transition, causing the 

material to transition from an insulator to a metal at room temperature
21-22

.  The insertion 

of lithium ion into the Ag2VO2PO4 appears to cause a similar effect. 

This enhancement of conductivity explains the partial recovery of voltage as seen in ‘D’ 

though ‘H’ of Fig. 2.  When the material is initially insulating, electron access is the limiting 

factor in the discharge and only the region of the particle closes to the wire contact is able to 

discharge.  As the particle discharges and changes color the material conductivity increases 

dramatically.  At this point there is access to additional undischarged regions of the particle and 

the voltage recovers.
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Figure 5.  Constant current discharge of an individual particle of Ag2VO2PO4.  The voltage 

profile in the upper left shows the first 25 mA h g
-1

 of the discharge while the voltage profile in 

the upper right shows the entire discharge range.  The blue markers in the voltage profile 

correspond to the optical images taken at that discharge level. 
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Figure 6.  (a) Optical and (b-d) SEM images of a partially discharged individual particle of 

Ag2VO2PO4.  The two lower images show the placement of STM tips for resistance 

measurements of the (c) orange and (d) black regions of the particle. 
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Particle details 

Color of 

measured 

region 

Resistance (Ω) 

Distance 

between 

probes (μm) 

Partially discharged particle  
Black 6.5 x 10

5
 196 

Orange 8.7 x 10
10

 204 

Partially discharged particle 
Black 2.0 x 10

6
 72 

Orange 2.9 x 10
11

 68 

Non-discharged particle Orange 1.4 x 10
12

 161 

Non-discharged particle Orange 5.2 x 10
11

 173 

Fully discharged (to approx. 250 

mAh/g) 

Black 8.2 x 10
6
 187 

Black 7.5 x 10
6
 318 

Black 7.8 x 10
6
 546 

 

Table 2. Resistance of individual particles of Ag2VO2PO4 prepared in three ways: 

partially discharged so that the particle is approximately half black and half orange, not 

discharged, and fully discharged to close to the theoretical maximum. 
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6.4 Summary 

The measurement techniques described in this chapter were used to effectively 

investigate the causes of increased conductivity observed in electrochemically reduced silver 

vanadium phosphorous oxide cathode materials. In-situ EDXRD of Li/Ag2VP2O8 coin cells 

revealed that the decrease in resistance is associated with the formation of Ag
0
 throughout the 

cathode.  Spatial resolution of Ag
0
 formation in partially reduced cells showed that reduction 

initially occurs in the cathode region closest to current collector, signifying that availability of 

electrons is a critical factor in the discharge of the poorly conducting phosphate material. As 

additional Ag
0
 forms at higher levels of reduction a conductive network forms between the 

particles, allow additional regions of the electrode to be reduced.  Thus, an increase in 

interparticle conductivity upon silver metal formation is critical for discharge of the bulk 

electrode. 

In order to further probe the observed decrease in resistance in electrochemically reduced 

SVPO materials, nanoprobe conductivity measurements of electrochemically discharged small 

individual particles of Ag2VO2PO4 were conducted.  The individual particles showed a drastic 

reduction in local resistance when discharged.  Consequently, the increase in conductivity of 

SVPO cathodes is related not only to interparticle conductivity, but also to an increase in the 

conductivity of the particles themselves. 
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Chapter 7 

Conclusions 

 

 

 

7.1 Summary and Future Studies 

 The purpose of this study was to investigate cathode solubility with a focus on batteries 

used to power internal cardioverter defibrillators.  A metal oxide based battery system, 

lithium/silver vanadium oxide (Ag2V4O11, SVO), is primarily used in these devices due several 

factors including high current capability and adequate capacity.  However, unpredictable long 

term stability limitation can arise in this system which is attributed to cathode material solubility 

which results in deposits on the anode, manifesting as increased battery resistance.  In order to 

understand the solution formation of the Ag2V4O11 cathode in non-aqueous solvents, this 

research investigated the silver vanadium phosphorous oxide (AgwVxPyOz) family of materials, 

which exhibit electrochemical performance characteristics which are suitable for ICDs and other 

high rate applications, yet are structurally reminiscent of Ag2V4O11.  This strategy is based on the 

hypothesis that phosphate based cathode materials would reduce cathode component 

concentrations in the electrolyte, as the strong covalent P-O bonds from the inclusion of PO4
3-

 

polyanions stabilize the vanadium oxide framework.   

 In Chapter 2, initial experiments focused on characterization of vanadium solubility from 

silver vanadium oxide Ag2V4O11 , as well as the AgwVxPyOz material Ag2VO2PO4.  Methodology 

was developed to quantitatively measure the low levels of vanadium solubility from the target 

materials, where each compound was immersed in a battery electrolyte under inert atmosphere, 

and at selected time points a low volume of the parent sample was analyzed via inductively 

coupled plasma – optical emission spectroscopy to determine the dissolved concentration of 
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vanadium species in the electrolyte. By monitoring the dissolved concentration as a function of 

time, the technique allowed for the kinetics of the dissolution process to be examined. 

Furthermore, the methodology enabled detection of dissolved species in the parts per million and 

parts per billion ranges from an organic matrix. 

 In order to gain more insight into the vanadium solubility behavior from the two 

materials, the concentration-time data was fit to the Noyes-Whitney equation, used to describe 

the dissolution of solid particles in liquid media
1-2

.  In this model, kinetics of dissolution process 

are dependent upon the rate constant for the dissolution as well as the concentration gradient 

between the saturated solubility at the solid/liquid interface, where the dissolution/ 

recrystallization is at equilibrium, and the bulk solution.
3
 To our knowledge, this is the first time 

this model has been used to describe the dissolution of cathode materials in a non-aqueous 

solvent. Good correlations of the data with the Noyes-Whitney equation support describing 

vanadium dissolution of SVO and SVPO using this diffusion layer model. The rate of diffusion 

is low because of the small concentration gradient between the saturated solubility and the bulk 

solution for these sparingly soluble materials. Furthermore, changes in the material such increase 

in surface area due to fracturing of particles during dissolution do not appear to influence the 

observed kinetics, as the rate constant is consistent over time.  

Very low levels of vanadium solubility were observed, with the amount of vanadium 

measured after three weeks less than 1% of the total amount of vanadium in the material exposed 

to the electrolyte.  From this perspective, both the Ag2V4O11 and Ag2VO2PO4 materials are stable 

in the electrolyte, as only trace solubility is observed.   However, the equilibrium solubility of the 

dissolved 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.  It is 
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reasonable to expect that over long periods of time, this magnitude of difference in dissolution 

rate and equilibrium solubility could be significant.  When used as cathodes versus as lithium 

anode in an electrochemical cell, dissolved species will be removed from the electrolyte through 

deposition onto the lithium anode, and as such, continuous dissolution is expected without 

reaching a saturated level of solubility.   

   Electrochemical impedance spectroscopy results of anodes treated with V indicated that 

cells with V-treated anodes had a higher internal resistance compared to control cells at multiple 

time points after construction.   Further, pulse tests of Li/SVPO cells with V-treated anodes 

compared to control anodes also affirmed higher cell resistance for the V-treated anode cells. 

The implication of these results is that cathode materials which dissolve vanadium into the 

electrolyte will accelerate the formation of a resistive layer on the anode surface which is 

detrimental to electrochemical performance.  This data, when combined with the dissolution 

results, provide evidence that silver vanadium phosphorous oxide (SVPO) will minimize cell 

resistance resulting from anode passivation.   

In Chapter 3, in order to study the impact of dimensional control of the cathode material 

on the dissolution kinetics, in addition to chemical composition, two synthetic methods were 

used to prepare the SVPO material.  The higher temperature hydrothermal method resulted in a 

lower surface area material (SVPO-H), while the lower temperature reflux method resulted in a 

higher surface area material (SVPO-R).   The dissolution of vanadium from the lower surface 

area materials (SVO and SVPO-H) could be described using the Noyes Whitney dissolution 

model, suggesting that the dissolution is diffusion controlled.  In contrast, vanadium dissolution 

from the higher surface area material (SVPO-R) showed a different dissolution profile.  A faster 

rate of diffusion was expected from the higher surface area material, in accordance with the 
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Nernst-Brenner equation.
3
  However, the observed diffusion rate was too high for the 

concentration-time data to be fit using the Noyes Whitney model.  In order to effectively model 

the data, the Weibull distribution function was used.
4-5

  Because of the empirical nature of this 

function, however, mechanistic information could not be derived from the fits.  

While the initial dissolution rate for the higher surface area SVPO-R was faster than the 

rate for SVPO-H, the vanadium concentration at 21 days was the same for both materials within 

experimental error.  This result was expected based on the Noyes-Whitney model, which predicts 

that the level of dissolved material in the bulk solution will reach a saturated solubility governed 

by the thermodynamic stability of that material in the liquid. As such, the data shows that the 

chemical composition of the cathode material has a larger influence on magnitude of dissolution 

as compared to its physical properties.  The implication of this result is that silver vanadium 

phosphorous oxide will provide reduced solubility relative to silver vanadium oxide regardless of 

the change in surface area. 

The dissolution of silver from the target materials SVO, SVPO-H, and SVPO-R was also 

modelled using the Weibull function since the Noyes-Whitney model did not adequately fit the 

data for any of the materials studied, regardless of surface area.  The data suggests that a more 

complex mechanism governs the silver dissolution relative to vanadium.  We hypothesize that 

silver proceeds via an ion exchange mechanism simultaneous to the solvation of the ordered 

crystal structure, such that both ion exchange and dissolution contribute to the observed kinetics.  

This idea is supported by the observation that Ag and V concentrations in solution do not reflect 

the stoichiometry of the solids, with dissolved Ag/V ratios being at least double what is predicted 

from the stoichiometric ratio.  Furthermore, significantly lower levels of silver were observed 
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when testing was done without electrolyte salt, providing evidence that the presence of Li
+
 ions 

in the electrolyte plays a large role in the silver dissolution mechanism. 

 The dissolution analysis was extended to two additional members of the silver 

vanadium phosphorous oxide (AgwVxPyOz) family of materials, Ag0.49VOPO4·1.9H2O 

and Ag2VP2O8, in Chapter 4.  The trace levels of cathode in solution suggest that the 

solution formation processes are strongly influenced by the crystal structure at the surface 

of the material crystallites.  As such, crystal termination / edge configuration structures of 

the target materials were considered with regards to the solution formation results.  

Higher levels of normalized silver solution formation occurred in those materials in which 

incomplete silver coordination environments at the crystal edge were possible.  For 

vanadium, increased solution formation was observed for the oxide material Ag2V4O11 as 

well as for the phosphate oxide Ag0.49VOPO4·1.9H2O.   Increased susceptibility to 

vanadium solution formation for Ag0.49VOPO4·1.9H2O may be associated with structural 

water or the existence of multiple vanadium oxidation states.  

 In Chapter 5, vanadium deposition on anodes from discharged lithium/silver 

vanadium oxide and lithium/silver vanadium phosphorous oxide electrochemical cells 

were investigated by several techniques including mapping by synchrotron based x-ray 

microfluorescence (XRµF) and oxidation state determination by microbeam x-ray 

absorption spectroscopy (µXAS).  Quantitative analysis of digested samples was done 

using inductively coupled plasma-optical emission spectroscopy (ICP-OES).  These 

methods enabled visualization of the anode surface and solid electrolyte interphase (SEI) 

through mapping, determination of the vanadium oxidation state, and quantification of the 

silver and vanadium content of the recovered anodes.  Significant differences were 
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observed for the anode surfaces from the two cell types based on oxide versus phosphate 

based cathodes, clearly demonstrating lower deposition on the anode from the 

Ag2VO2PO4 cells. A strong correlation was observed between battery resistance and the 

presence of vanadium on the surfaces of the anodes and vanadium cations in the SEI 

layer.  These findings shed light on the nature and composition of the anode solid 

electrolyte interphase (SEI) and further highlight its importance in understanding and 

predicting decreases in battery performance.    

 Future work on the solubility of silver vanadium oxide and silver vanadium 

phosphorous oxide should be performed to better understand the role of ion exchange in 

the dissolution process.  Because a high level of silver dissolution was observed after only 

several hours of exposure to electrolyte, investigation of the initial dissolution kinetics of 

silver at various electrolyte salt concentrations may provide more insight into ion 

exchange processes occurring in SVO and SVPO.  By taking initial solubility 

measurements on the time scale of minutes after exposure to electrolyte, before the 

dissolution of vanadium is observed, it may be possible to decouple the kinetics of ion 

exchange from the kinetics resulting from the dissolution of the ordered crystal structure 

of the material. 

 While the work herein mainly investigated the role of material composition (i.e. 

oxide vs. phosphate) on solubility, another avenue for reducing dissolution is 

modification of the electrolyte.  All experiments utilized LiBF4 as the electrolyte salt. 

However, LiAsF6 is often utilized in commercial Li/SVO systems. The developed 

methodology is expected to be applicable for a wide array of lithium based electrolytes, 

and comparison of observed solubility using LiBF4 and LiAsF6, as well as other Li 
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electrolyte salts such as LiClO4 and LiPF6, will improve understanding of the role of the 

anion on the dissolution process. Modification of the anion may change the solvation 

energy of dissolved species, resulting in higher or lower equilibrium solubility.  Similar 

experiments may be performed on the electrolyte solvent.  A systematic study of 

dissolution using a matrix of salt – solvent combinations may provide an optimum 

electrolyte for reducing solubility form SVO and SVPO cathode materials.  

Future work should also focus on improvement of the interpretation of the collected 

kinetic data.  The observed discrepancy between the collected dissolution data and the basic 

diffusion based model provides the opportunity for future work to assign physical basis to the 

Weibull function and improve understanding of the kinetics which it represents.  Limited 

theoretical work has been done to propose that the Weibull distribution represents a time-

dependent rate coefficient due nonhomogeneous conditions such as changes in surface area, 

diffusion layer thickness, and diffusivity D as the dissolution process proceeds.
6
  In particular, 

the diffusion layer thickness and diffusivity may not be constant when particles are polydisperse 

or if there is an initial de-aggregation of particles.
6
  Experimental studies are needed to confirm 

this indirect, physical basis assigned to the Weibull model.  To determine if changes in surface 

area as dissolution proceeds impact the observed kinetics, experiments may be proposed to hold 

surface area constant for the experiment.  To achieve this, the experimental setup may be 

modified such that the cathode material is pressed into a pellet of defined size using a hydraulic 

press.  The pellet may then be placed in an apparatus such that only the top face of the pellet is 

exposed.  Electrolyte or solvent can then be added to the dissolution vessel and an overhead 

stirring paddle can be used to agitate the solution at a constant rate.  Dissolution will be achieved 

by moving a volume of the dissolution medium over the pellet face, keeping the surface area 
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exposed to electrolyte constant. Data collected using this methodology may then be analyzed to 

determine if the observed dissolution kinetics are more adequately represented by the diffusion 

based mechanism when keeping surface area constant. 

Along these same lines, experiments may also be performed to determine if 

polydispersity of the particles contributes to the kinetics.  Materials of uniform particle size 

should be synthesized for analysis of dissolution kinetics using the developed methodology. If 

dissolution rate is affected particle sizes/morphologies, then the solubility kinetics from 

monodisperse particles may be more closely represented by the diffusion based mechanism. 

Furthermore, it is expected testing materials of uniform size will result in highly consistent 

concentration versus time data.   

 While the work presented in this thesis focused on the dissolution from the silver 

vanadium oxide and silver vanadium phosphorous oxide cathodes, the methodology which was 

developed is highly applicable to other battery systems. As detailed in the introduction chapter, 

several notable lithium-ion cathode materials are reported to dissolve into electrolyte, including 

LiCoO22,
7-12

 LiMn2O4,
13-20

 and LiV3O8,
21

 and LiNi1/3Co1/3Mn1/3O2.
22-26

  As such, the 

developments of quantitative and kinetic analysis techniques herein to characterize the 

dissolution process are significant, and future work can shift attention to secondary battery 

systems using these cathode materials.  Kinetic analysis of dissolution will allow for 

interrogation of the mechanisms by which dissolution occurs.  Furthermore, X-ray absorption 

based techniques can be used to elucidate the composition and geography of deposited dissolved 

species on the anodes used in these systems. Thus, from this work arises a paradigm to 

investigate performance degradation resulting from cathode solubility which will aid the broader 

community in more fully understanding this significant battery failure mechanism. 
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