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Previously, we reported that electrodes containing silver vanadium phosphate (Ag2VO2PO4) powder 

exhibit a 15,000 fold increase in conductivity after discharge, concurrent with the formation of silver 

metal.  In this study, in order to disentangle the complex nature of electrodes composed of electroactive 

powders, an electrochemical reduction of individual particles of Ag2VO2PO4 was conducted, to more 

directly probe the intrinsic materials properties of Ag2VO2PO4.  Specifically, individual particle 

conductivity data from a nanoprobe system combined with SEM and optical imaging results revealed that 

the depth of discharge within an Ag2VO2PO4 particle is closely linked to the conductivity increase.  

Notably, the formation of silver metal may affect both inter- and intraparticle conductivity of the 

Ag2VO2PO4 material.  

Introduction 

 Electrode materials based on vanadium have been of 

significant interest for electrochemical energy storage due to 

possible multiple electron transfers resulting in high energy 

density.  The variable formal oxidation states (II–V) of 

vanadium cations lead to a rich electrochemistry.1, 2   An 

example of a vanadium material that has demonstrated long 

term commercial battery success is the vanadium bronze, silver 

vanadium oxide, Ag2V4O11, which is the predominant battery 

cathode material in batteries powering implantable cardiac 

defibrillators.3-6   

 Phosphate based materials have also attracted significant 

attention due to their chemical and thermal stability.7   Notably, 

the inherently low conductivity of phosphates must be 

addressed in order to facilitate their use in high power 

applications.   

We hypothesized that bimetallic phosphate materials could 

address the low electrical conductivity via the in-situ formation of 

electrically conducting metal particles upon reduction of one of the 

metal ions in the bimetallic compound.  Thus, we identified silver 

vanadium phosphorous oxides, AgwVxPyOz, as a material family for 

next generation batteries, based on the desire to obtain the chemical 

stability observed in other phosphate cathode materials8, achieve 

multiple electron transfer inherent in vanadium based materials and 

through the use of bimetallic designs, provide the opportunity for the 

in-situ generation of a conductive silver matrix.9, 10 The 

stoichiometry of the material family can be tuned to various Ag/V 

ratios, and the materials Ag2VO2PO4 
9, 11-14 Ag0.49VOPO4·1.9H2O

10, 

15, Ag3.2VP1.5O8
16

 and Ag2VP2O8
17 have all been successfully 

prepared for electrochemical evaluation.  

 In the case of Ag2VO2PO4, clear trends in the conductivity 

and impedance on a battery electrode level linked to the level of 

discharge.12  Notably, initial discharge demonstrated a profound 

impact on Li/Ag2VO2PO4 cells with a 15,000 fold decrease in 

impedance.14 The decrease in impedance was concurrent with 

the formation of metallic Ag0 nanoparticles as observed by ex-

situ XRD and ex-situ SEM. The formation of silver metal in the 

cathode was confirmed at the cell level by an in-situ energy 

dispersive x-ray diffraction method where the location of the 

silver formation within the cathode could be determined.18 

Direct measurement of cathode conductivity by the four point 

probe technique confirmed increased conductivity at the initial 

stages of reduction.12  X-ray absorption spectroscopy has been 

employed to obtain a detailed understanding of the geometric 

and electronic changes in the material upon discharge.13 

Further, Ag2VO2PO4 is less soluble in electrolyte compared to 

the benchmark ICD battery cathode Ag2V4O11, for which 

cathode solubility is a major life limiting mechanism.19-21  

 Other members of the AgwVxPyOz family, 

Ag0.49VOPO4·1.9H2O, Ag3.2VP1.5O8 and Ag2VP2O8, also exhibit 

the formation of an in situ conductive Ag network upon 

discharge.10, 15-17 Ag0.49VOPO4·1.9H2O possesses a high 

voltage profile, above 3.0 V for much of its capacity, as well as 

good pulse power capability.10, 15 Ag2VP2O8 electrodes have 

been used for investigating the mechanism by which silver 
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formation occurs, utilizing a using in-situ energy dispersive 

energy diffraction technique.22, 23  Spatial distribution of Ag0 

formation in the electrode is dependent on the discharge rate, 

and the change in resistance at the electrode scale may be at 

least partially rationalized by the formation of a conductive 

network of silver metal as there is sufficient silver generated to 

create a conductive network.22, 23  All of the prior studies of 

AgwVxPyOz involved measurements of bulk electrodes. 

 Only a limited number of studies on the electrochemistry of 

individual particles have been reported where the lithiation and 

delithiation of individual particles of the pure active material 

was conducted.24-27  These studies provide the ability to 

interrogate the intrinsic properties of the active material directly 

without complications of other components commonly present 

in electrodes such as binders and conductive additives.  

Measuring the discharge characteristics of an individual particle 

in one study showed that it was possible to determine lithium 

ion diffusion to be the limiting factor in the discharge.28  

Another study reported the deformation and fracturing of 

individual particles of LiCoO2 and LiNiO2.
29   

     Here we report the electrochemistry, conductivity, and 

visual changes associated with the electrochemical reduction of 

small individual particles of Ag2VO2PO4.   These small 

particles are aggregates of several crystallites, thus the function 

of grain boundaries within a particle were examined without 

complication of the variety of interactions occurring within a 

bulk electrode.  Further, using a nanoprobe system, the 

resistance at different locations within an individual particle 

was measured and used to probe local resistance changes as a 

function of particle reduction.    

Experimental methods 

 Ag2VO2PO4 was synthesized on a 0.5 g scale using a 

previously reported hydrothermal method.9  Ag2O, V2O5, and 

H3PO4 in aqueous solution were heated in a Teflon lined 

autoclave for 96 h at 230°C.  The synthesized material was 

collected using vacuum filtration and dried under a vacuum.  

Along with some smaller particles, the synthesis yields many 

millimeter-sized individual particles which were isolated by 

hand.    Most often the crystals form blade-like shapes 

approximately 1 to 2 mm in length, 0.1 to 0.2 mm wide, and 

with a thickness typically between 0.05 and 0.15 mm.  X-ray 

diffraction measurements of individual particles were obtained 

using a Rigaku Smartlab diffractometer using Cu Kα radiation.   

 Individual particles were used to fabricate working 

electrodes using two methods which were found to be 

electrochemically indistinguishable.  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 a Pt wire using conductive Au paste which was then 

covered in an insoluble epoxy.  As an alternate method, the 

crystals were attached to a steel wire using a conductive carbon 

paste. 

 The test cell was in a three-electrode configuration.  The 

Ag2VO2PO4 particle attached to a wire served as the working 

electrode.  The counter and reference electrode were each 

lithium metal attached to a wire.  The electrodes are placed in a 

shallow dish under an optical microscope and then submerged 

in a carbonate electrolyte (1 M LiPF6 in propylene carbonate).  

The entire operation is conducted in a controlled humidity dry 

room.   The electrodes are connected to a CH Instruments 

CH1140A single channel potentiostat for electrochemical 

testing.  The capacity of the particles was estimated from the 

particle dimensions and ranged from 10 to 100 µAh.  The 

particles of Ag2VO2PO4 were discharged by applying a 

constant current, typically between 0.1 and 10 µA depending on 

the desired discharge rate.   

 Conductivity measurements were obtained using an 

Omicron Nanotechnologies nanoprobe system at the Center for 

Functional Nanomaterials at Brookhaven National Laboratory.  

Particles were laid flat on a graphite substrate and affixed using 

a small amount of epoxy at both ends of the particle.  SEM 

imaging was used to adjust the placement of Pt-W STM tips.  

After the tips were pressed into the surface of the individual 

particles, conductance was measured using a Keithley model 

4200 semiconductor characterization system.  SEM images 

were taken on a JEOL 7600F field emission Scanning Electron 

Microscope at the Center for Functional Nanomaterials at 

Brookhaven National Laboratory. 

Results and Discussion 

Material Characterization 

 The diffraction patterns for individual particles were 

collected perpendicular to either the largest face (called “front 

face” in Fig. 1) or the second largest face (called “top face”).  

Fig. 1(a) presents the results of three such crystals, one of 

which was measured perpendicular to both the top and front 

faces and the other two only perpendicular to the largest face.  

In Fig. 1(b) the diffraction patterns for diffraction along the 

crystallographic axes as expected from the PDF file (PDF #97-

007-3580 from the ICDD) are shown.  By looking at the 

presence and relative intensity of the observed peaks we can 

determine in which direction the crystals form.  For particles 1 

and 3, the relative intensity of the two peaks at 2θ ~ 29 and 58 

deg. shows that the largest face is parallel to the (h 0 0) 

reflections and therefore perpendicular to the crystallographic 

a-axis.  Particle 2 shows 5 peaks of varying intensities that 

match the diffraction pattern expected for the (0 0 l) reflections 

and thus formed along the c-axis. 

 All of the particles formed in the shape of a blade, with 

larger faces (“front face” and “top face” in Fig. 1c) 

perpendicular to a long axis.  From measurement of the 

diffraction patterns of the particles, we found that the long 

dimension of the particle was always the b-axis.  The front face 

of the blade was always perpendicular to either the a- or c-axis, 

with the top face perpendicular to the remaining axis.   

Additionally, the particles seem to contain one majority phase, 
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and there are no indications of minority peaks (i.e., peaks from 

two crystallographic directions) in the diffraction patterns.   

Electrochemical Testing 

 An individual particle with dimensions 1.15 x 0.15 x 0.09 

mm3 was discharged in a three electrode configuration using a 

constant current of 4.5 x 10-7 A, equivalent to a full discharge in 

approximately 50 hours.   The voltage as a function of capacity 

(in mAh/g) estimated from the dimensions of the crystal was 

recorded while discharging.  Optical images of the particle were 

taken periodically while discharging and selected images are 

presented indexed to the voltage profile.  The voltage profile, 

Fig. 2(a), shows the details of the initial region of the discharge 

and the voltage profile, Fig. 2(b), shows the full range of the 

discharge. While there is some variation from particle to 

particle, the voltage profile shown is typical of the discharge 

profile collected with features that are seen universally. 

 The optical images provide insight into the progress of the 

discharge.  Before discharge, the particle is completely orange 

colored and semi-transparent, indicating insulating behavior 30.  

As discharge of the particle is initiated (‘A’ through ‘C’), the 

voltage drops to below 2 V while the color remains unchanged.  

At point ‘D’, the region of the particle closest to the wire begins 

to turn black and the voltage recovers slightly.  The voltage 

continues to increase as more of the particle changes to black 

(‘E’ through ‘H’) and reaches a local maximum at point ‘H’ 

when the crystal has turned completely black.  From point ‘H’ 

to point ‘K’ the voltage decreases slowly, but continuously 

similar to what is seen in bulk electrodes 9.  Finally, between 

points ‘K’ and ‘L’ there is a jump in the voltage associated with 

the beginning of a fracture in the particle developing.  This 

fracture continues to grow in ‘M’ and ‘N’, after which the 

particle fully fractures into smaller pieces. The discharge was 

terminated at 1.2 V as the sample had reacted 90% of its 

theoretical capacity.   Under further discharge the particle 

fractured, accompanied by noise in the discharge profile.  

 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. The SEM images of Ag0 

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.14 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).31 

 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.  In a recent publication on a related material, 

Ag2VP2O8, we showed that in electrodes of pure  
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Figure 1.  X-ray diffraction patterns from individual particles of Ag2VO2PO4.  (a) 

Diffraction patterns for three particles labelled 1, 2, and 3 obtained perpendicular 

to the largest face for all three particles and also perpendicular to the top face for 

particle 1.  (b) Relative intensities of peaks along crystallographic planes expected 

from the powder diffraction file, obtained from ICDD (PDF #97-007-3580).  (c) 

Summary of results showing possible crystal orientations with respect to particle 

morphology.   

 
Figure 2.  Constant current discharge of an individual particle of Ag2VO2PO4.  

The plot in the upper left shows the details of the first 25 mAh/g of the discharge 

and the plot in the upper right shows the entire range of the discharge.  The blue 

diamonds in the voltage profile correspond to the optical images taken while 

discharging. 

active material (i.e., no conductive additives) electron access 

was a significant limiting factor in the discharge 22.  We 

propose that a similar effect is observed here where the color 

change is related to the enhancement of conductivity and the 

associated voltage increase. 

 The fracturing of particles seen as the discharge progresses 

has been observed previously in SEM images 14 and may be the 

cause of the increase in electrode resistance seen as the 

cathodes are fully reduced 12.  All of the individual particles 

that were fully discharged eventually fractured, however the 

point in the discharge at which the fracture occurred varied 

from sample to sample.  The location of the discontinuity in the 

voltage (i.e., between ‘K’ and ‘L’) as well as the location within 

the crystal (approximately 1/3 of the way across the sample) are 

unique to this discharge, although similar features are seen in 

all fully discharged samples.  The cause of these variations is 

most likely a function of small structural differences between 

the particles as well as differences in the effective discharge 

rate.   

Scanning Electron Microscopy  

 Fig. 3 presents (a) an optical image of a partially discharged 

individual particle alongside (b)-(c) SEM micrographs of the 

same particle.  The insulating region suffers from charging 

effects which causes images of the insulating region to be 

blurrier than those on the conducting side which we can use to 

distinguish the conducting and insulating regions.  Similar to 

the results in Fig. 4, these images show that the boundary 

between conducting and insulating regions of the particles is 

very sharp and strongly correlated with the color change.   
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Figure 3.  SEM micrographs of partially discharged particle.  (a) optical image of 

individual particle showing black (conducting) and orange (insulating) regions.  

(b) SEM micrograph of entire particle.  (c) SEM micrograph focusing on 

black/orange boundary. 

 Closer inspection of the boundary between conducting and 

insulating regions shows the formation of silver nanoparticles 

on both sides of the boundary, but with a much higher 

concentration and larger particle diameter in the conductive 

region.  There is a narrow (~ 1 µm wide) region along the 

boundary that is electrically conductive but with a lower 

concentration of silver nanoparticles than areas deeper in the 

conductive region.  We conclude that in this boundary region, 

the Ag2VO2PO4 particle has begun to discharge and has 

become conductive, however silver metal formation is either 

too finely dispersed or too small to observe.  As the 

conductivity enhancement appears to precede the formation of 

silver on the surface of a particle, this supports another 

mechanism in addition to the silver metal formation 

contributing to the enhancement of conductivity. 

 
Figure 4.  (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. 

Nanoprobe conductivity measurements 

 Individual particles at various stages of reduction were 

recovered and used for conductivity measurements with the 

Nanoprobe.  A particle was discharged at a similar rate to that 

shown in Fig. 2, however the discharge was stopped at a point 

equivalent to ‘F’ in Fig. 2.  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 micrographs alongside an optical 

image of the partially discharged particle indicate the two 

regions Fig. 4.   The color change in the optical image 

corresponds to the color change seen in the SEM micrograph 

(Figs. 4(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 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. 4(d)) was 100,000 times lower than 

the resistance of the orange region (Fig. 4(c)), consistent with 

the charging observed in the SEM images.   

 Table 1 presents the results of resistance measurements on 

several individual particles discharged to different levels.  

Particles were discharged in one of three ways: a) partially 

discharged (that is, approximately half-black and half-orange 

colored), b) not discharged, and c) discharged to approximately 

250 mAh/g (close to the theoretical capacity of 272 mAh/g).  

Across all samples, when resistance was measured within the 
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orange region of a particle the resistance was high, 

approximately 1010 to 1012 Ω, while the resistance measured in 

the black region was considerably lower, around 105 or 106 Ω.   

Note that the resistance measurements appear to be 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 

here as the resistivity cannot be unambiguously calculated 

using simple measurements of the particle geometry.   

 These results show 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, this bimodal 

distribution associated with either the reduction of Ag+ or V5+ 

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 32, 

33.  The insertion of lithium ion into the structure appears 

sufficient to induce this effect. 

 This enhancement of conductivity explains the partial 

recovery of voltage as seen in ‘D’ though ‘H’ of Fig. 2.  When 

the material is 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.  Locally, the particle 

discharges deeply until the particle begins to change color and 

the conductivity increases drastically.  At this point there is 

access to regions that have not yet been discharged and the 

voltage recovers.   

 Although not investigated in this experiment, we expect that 

the conductivity of the discharged particles may depend upon 

discharge rate. A study on the related AgwVxPyOz material 

Ag2VP2O8 showed that spatial distribution of Ag0 formation is 

more uniform at slower discharge rates.23  Based on this result, 

we expect that higher discharge rates will result in regions of 

higher and lower local Ag0, and thus fewer conduction 

pathways in the particle. 

Table 1: 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 

Particle details 

Color of 

measured 
region 

Resistance 

(Ω) 

Distance 
between 

probes 

(µm) 

Partially discharged particle 

(presented in Fig. 3) 

Black 6.5 x 105 196 

Orange 8.7 x 1010 204 

Partially discharged particle 
Black 2.0 x 106 72 

Orange 2.9 x 1011 68 

Non-discharged particle Orange 1.4 x 1012 161 

Non-discharged particle Orange 5.2 x 1011 173 

Fully discharged (to approx. 

250 mAh/g) 

Black 8.2 x 106 187 

Black 7.5 x 106 318 

Black 7.8 x 106 546 

 

Conclusions 

 In this study we electrochemically discharged small 

individual particles of Ag2VO2PO4.  The particles functioned as 

the working electrode in a three electrode configuration, with 

lithium metal as counter and reference electrodes.   Using this 

approach, we were able to disentangle the complex nature of 

electrodes to more directly probe intrinsic materials properties.  

Specifically, individual particle conductivity data from a 

nanoprobe system combined with SEM and optical imaging 

results revealed that the depth of discharge within an 

Ag2VO2PO4 particle is closely linked to the conductivity 

increase.  In previous work we asserted that as the electrodes 

are discharged Ag0 metal forms and can act to decrease the 

interparticle resistance.   This work demonstrates individual 

particles of Ag2VO2PO4 show a drastic reduction (from approx. 

1012 to 106 ohms) in local resistance coincident with formation 

of Ag0 metal. We now propose that the early increase in 

conductivity of cathodes is related not only to the interparticle 

conductivity, but also to a significant change in the conductivity 

of the individual Ag2VO2PO4 particles themselves.  Notably, 

the formation of silver metal may affect both inter- and 

intraparticle conductivity of the Ag2VO2PO4 material.   
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