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Li/Ag,VO,PO, cells exhibit high power output and a 15 000 fold
decrease in impedance upon initial discharge. Energy dispersive X-ray
diffraction (EDXRD) allows dimensional resolution of the reaction
progress in situ, revealing that silver metal (Ag®) initially forms at the
electrode—electrolyte interface. This report contains the first
description of an in situ EDXRD analysis of a cathode located within
an intact Li-anode cell.

Materials containing vanadium centers have been of significant
interest due to the opportunity for multiple electron transfer
leading to high energy density. In large part due to the variable
formal oxidation states (II-V) of vanadium cations, these
materials display a rich electrochemistry.* The vanadium
bronze silver vanadium oxide, Ag,V,04, serves as an example of
a vanadium based system that has demonstrated long term
commercial success as the predominant battery cathode mate-
rial powering implantable cardiac defibrillators.>® Another
class of energy storage materials that have attracted significant
attention are phosphates due to their chemical and thermal
stability.” However, the inherently low conductivity of phos-
phates must be addressed in order to facilitate their use in high
power applications.

We hypothesized that the electrical conductivity of a bime-
tallic phosphate material could be significantly enhanced by
in situ formation of electrically conducting metal particles upon
reduction of one of the metal ions in the bimetallic compound,
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Broader context

Full understanding of the electrochemical processes taking place in
batteries continues to be elusive due to the multiplicity and complex
natures of the reactions associated with discharge and charge processes,
and the difficulties of analytical interrogation of these reactions. A direct
approach to the interrogation of the reactions taking place inside batteries
is to employ in situ strategies. Unfortunately, in situ measurements are
often hindered by diminution of signal due to the housing of an electro-
chemical cell or by the need to create special housings that enable the
measurement. We present here an energy dispersive X-ray diffraction
(EDXRD) analysis powerful enough to penetrate steel housings and thus
enable in situ study of lithium based cells. This report contains the first
description of this technique being applied to a critical chemical reaction
occurring within lithium anode cells. Further, in contrast to standard top
down or transmission mode XRD methods which probe either the surface
or the full sample thickness, the EDXRD technique allows interrogation of
the electrode cross-section as a function of depth enabling identification
of the chemical reaction front within the electrode.

addressing the conductivity limitations for poorly conducting
phosphate based materials. Thus, we recently identified silver
vanadium phosphorus oxides, Ag,,V,P,0, as a material family of
interest for next generation batteries, based on the desire to
obtain the chemical stability observed in other phosphate
cathode materials,® achieve multiple electron transfer inherent
in bimetallic materials, and provide the opportunity for the
in situ generation of a conductive silver matrix.**

Our hypothesis was confirmed as the Li/Ag,VO,PO, batteries
demonstrated 205 mAh g ' to2.0Vand 270 mAh g 'to 1.5V
under constant current discharge and supported 50 mA cm™>
pulses above 1.5 V.** Further improvement in power capability
was achieved via reduction of Ag,VO,PO, particle size.” The cell
DC resistance values, AC impedance values and cathode electrical
conductivity showed clear trends linked to the level of
discharge."™ Most notably, the impact of reduction of Ag,VO,PO,
of the cells was profound as a 15 000 fold decrease in impedance
was observed with initial discharge.® The decrease in impedance
was concurrent with the formation of metallic Ag° nanoparticles
as observed by ex situ XRD and ex situ SEM.
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While our mechanistic studies of the electrochemical
reduction mechanism of Ag,VO,PO, reduction to date have
utilized ex situ analyses, in situ techniques can provide addi-
tional insights regarding this battery system. In situ methods
can allow direct interrogation of a battery electrode in its native
environment, without exposure of the surfaces to ambient air,
moisture, and other reactive and deleterious substances.
Specifically, crystallographic in situ analysis of electroactive
material can provide insight with the confidence that no
structural change or decomposition occurred as a result of
material removal from the cell or post-processing. While
significant signal loss remains a challenge of in situ methods, it
is possible to design specialized laboratory test cells which
enable in situ measurements."** However, these specialized
designs often require use of non-standard battery materials (i.e.
beryllium or Mylar windows, butyl rubber gaskets), atypical cell
balance, construction, and geometry. The unique material and
design requirements for the specialized in situ cells introduce
new variables into the electrochemical experiment, and may
result in data which are not fully representative of a typical
battery.

EDXRD presents the first direct in situ method allowing
interrogation of the Li/Ag,VO,PO, cell in its native environ-
ment. A synchrotron “wiggler” insertion device emits high
energy radiation which can penetrate bulk engineering mate-
rials. EDXRD has been employed in the analysis of dense
materials such as steel,”*>* and therefore can extend the bene-
fits of in situ XRD beyond specialized cells to conventionally
designed prototype and production level batteries. Recently, the
unique attributes of EDXRD were exploited in the study of
sodium metal halide cells operated at 300 °C where full size
prototype type cells in steel casings were used in the analysis.**

Another benefit of EDXRD in this embodiment is the ability
to obtain a “tomographic” profile as a function of both depth of
discharge and position within the electrode. In order to conduct
the ex situ measurements discussed above, an entire cathode
was recovered, ground into a fine powder, and used for analysis.
As the entire cathode was used for the measurements, the data
represent bulk measurements of average properties across the
entire electrode. Thus, detailed insights of the electrochemical
reduction progress as a function of location within the cathode
were not available in the prior experiments.

The experimental cells used for the study reported here were
standard coin type cells, using steel housings, lithium metal
anodes, Ag,VO,PO, cathodes, and polymer membrane separa-
tors.”**> Two Li/Ag,VO,PO, cells were examined where one cell
was partially discharged by 1 electron equivalent or approxi-
mately 25% depth of discharge and a second cell was dis-
charged to 4 electron equivalents or fully discharged. A
representative discharge curve of Li/Ag,VO,PO, primary cells is
shown (Fig. 1).

The energy dispersive X-ray diffraction (EDXRD) measure-
ments in this work were performed at the Brookhaven National
Synchrotron Light Source (NSLS) on the superconducting
wiggler beam line X17B1.22*?° The substantial presence of Ag®
(with its high atomic number and strong X-ray absorption) in
the cathode, along with the long beam path through the entire
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Fig. 1 Voltage curve of Li/Ag,VO,PO, electrochemical cell discharged under
constant current at 0.15 mA cm™2.

width of the cell, mandates the use of the high energies in these
EDXRD measurements. The experimental setup involves “white
beam” incident radiation with scattering at a fixed angle
(26).2*2*25 The scattering angle (26) in this work was 3.05°.
Additional details of the experimental setup, including trans-
mission diffraction geometry and incident/scattered beam
collimation slits have been previously described.?*?*2>2¢

A high resolution Germanium detector measures the inten-
sity versus energy of the scattered beam. The energies, E, of the
scattered Bragg peaks are given by E = b/[dy; sin(f)] where dyz; is
the spacing associated with a specific interatomic plane labeled
by the Miller indices (kkl). Here b = hc¢/2 where h is Plank's
constant, and c is the speed of light. In the conventional units,
where dj; is measured in A and E in keV, b = 6.199 A keV.

As in typical X-ray diffraction a chemical phase will exhibit a
unique “fingerprint” pattern of Bragg reflections in its EDXRD
spectrum. The relative intensity variations of these reflections
can be used to profile the relative abundance of the respective
chemical phases in an electrochemical cell as a function of
location. For our purposes, comparison of the intensities of
selected Bragg lines yields a satisfactory picture of the relative
phase variations.

The intersection of the collimated incident and diffracted
beam paths defines the gauge volume (GV) over which the
crystalline scattering is averaged.”»**** The experiment was
designed to generate a GV appropriate to the planar geometry of
the coin cell (Fig. 2). When studying such planar systems, the
long dimension of the GV (x-direction) is aligned parallel to the
symmetry plane. The dimension of the GV in the profile direc-
tion (z-direction) is kept small for good profiling resolution. The

] 4 beam

*30um

~2.7mm

profilerirection

\

Fig. 2 A schematic of the coin cell with the diffraction geometry indicated for
EDXRD.
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Fig. 3 EDXRD spectra of a Ag,VO,PO4 powder standard (top), and selected
cathode regions inside a fully discharged cell, manifesting a Ag-metal phase, and
a pure Ag,VO,PO,4 phase region in a partially discharged cell (bottom). Here the
partially discharged cell pattern is an average over 15 spectra to increase the
signal to noise. Miller indices for Ag,VO,PO4 and Ag metal are indicated.

other GV dimension parallel to the plane (y-direction) is
enlarged to increase the scattered intensity signal. The incident
beam is at a small angle (26 = 3.05°). Along the incident beam
(x-direction) the small angle leads to spreading of the GV into a
flattened parallelogram.?** The GV dimensions are 2.5 mm in
length (x-direction), 1 mm in width (y-direction), and 30 um in
height (z-direction).

Since we are using the diffraction spectra as the measure of
the relative phase abundances in these electrochemical cells we
begin with consideration of the relevant diffraction spectra
(Fig. 3). The EDXRD reference spectrum of pure Ag,VO,PO,
powder was collected and is shown in Fig. 3 (top). The calibra-
tions of the energy and 1/dy; scales (along with the 26 = 3.05°
determination) were made using the Bragg and atomic fluo-
rescence lines of a Pt-foil and CeO, powder standards. The
Miller indices of the main peaks in the Ag,VO,PO, powder were
determined by the excellent correspondence to the 1/dy;; values
determined from the JCPDF diffraction file (PDF#97-004-1947).

In the case of the fully discharged cell, the cathode diffrac-
tion patterns manifest an Ag-metal phase at all depths. The in
situ fully discharged cell cathode spectrum, displayed in Fig. 3
(bottom) clearly manifests three Ag-metal Bragg peaks. The
lines are broad with a non-Gaussian line shape. Ex situ XRD was
also collected on fully and partially discharged Ag,VO,PO,
material (Fig. 4). Only Ag,VO,PO, and Ag metal phases could be
clearly discerned by XRD, both in the ex situ measurements and
in the in situ EDXRD measurements. These findings are
consistent with our prior ex situ diffraction studies which found
Ag® nanoparticles to be formed in partially and fully discharged
Ag,VO,PO, cells.'**>1327

This journal is © The Royal Society of Chemistry 2013

Fig. 4 Ex situ XRD spectra of as synthesized Ag,VO,PO,, partially discharged
(Li = 1), and fully discharged (Li = 4) Li,Ag,VO,PO,.

EDXRD spectra were collected in situ at selected points in the
cathode of the fully discharged and partially discharged cells. It
is useful to present a phase distribution profile in a 2-D contour
plot format which allows comparison of multiple Bragg line
intensities from multiple phases as a function of depth in an
electrochemical cell.”® Such plots are presented for the fully and
partially discharged cells in this study (Fig. 5 and 6, respec-
tively). Here the diffracted X-ray intensity appears in gray scale,
the diffracted energy (E) is on the abscissa, and the depth in the
cell, z, is on the ordinate. The fully discharged cell spectrum
shows five Ag metal Bragg lines in the 80-200 keV range (Fig. 5).
The diffraction pattern of the bec steel cell body and external
electrodes can also clearly be seen (Fig. 5 and 6). The diffraction
contour profile of a partially discharged cell is shown (Fig. 6).
Notably, in the partially discharged cell, the cathode layer
furthest from the Li anode can be seen to be predominantly
Ag,VO,PO,, while the cathode layer closest to the Li anode
shows the presence of Ag metal. In addition, a small amount of
Ago formation is noted at the cathode/can interface. As the can
is acting as the cathode current collector, formation of a
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Fig. 5 Diffraction intensity contour plot of 90 diffraction patterns taken in equal
increments through a 2.7 mm thick fully discharged cell. The horizontal axis
corresponds to the diffracted X-ray energy, and the vertical axis is location, d,
through the cell (with z = 0 being one cell external face). The Miller indices of
silver (Ag) metal and the body centered cubic (bcc) steel cell body are indicated.
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Fig. 6 Diffraction intensity contour plot of diffraction patterns taken in equal
increments through a 2.8 mm thick partially discharged cell. In the upper insert
the contour format diffraction pattern for Ag,VO,PO, is presented.

reduction product at that location is reasonable. In the case of
the partially discharged cell, the correspondence between the
Bragg lines for Ag,VO,PO, in the pure Ag,VO,PO, powder
reference (presented as a contour plot in Fig. 6 top) and the
partially discharged Li/Ag,VO,PO, cell is excellent above 70 keV.
It is important to note however that the Bragg lines below
70 keV are totally suppressed for the in situ Ag,VO,PO, spec-
trum due to absorption.

In order to more precisely profile the cathode as a function of
distance from the Li anode, a series of EDXRD spectra were
acquired at 31 pm intervals in the partially discharged cell
(Fig. 7). Here the spectra start in the Li-reservoir and proceeded
into cathode (bottommost spectra up). The choice of Az = 0 has
been fixed as the nominal position where the leading edge of
the GV first enters the cathode.
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Fig. 7 A series of EDXRD spectra taken at 31 um intervals entering and in the
cathode of the partially discharged cell.
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The bottommost spectrum, lying in the Li-reservoir, exhibits
no Bragg lines. The first spectrum (3 um) represents the first
spectrum for which the GV has begun to enter the bottom
portion of the cathode. The next spectrum (34 um) shows the
strongest Ag® phase signature along with the first indication
that the furthest end of the GV has weakly penetrated some
portion of the Ag,VO,PO, region of the cathode. The third
spectrum (65 um) evidences a clear coexistence between the two
phases. Finally the fourth and fifth spectra (96 and 127 pm) are
pure Ag,VO,PO, phase.

Thus, as one considers the cathode of a partially discharged
cell beginning from the electrode-electrolyte interface adjacent
to the Li anode, an Ag-metal phase is encountered first, an Ag-
metal/Ag,VO,PO, interface is encountered next and finally one
passes into a pure Ag,VO,PO, phase. To chronicle this sequence
the intensities of the Ag-(111) and Ag,VO,PO,-(420) Bragg lines
can be used as semi quantitative indicators of their associated
phase fraction variation with depth. Accordingly these peak
intensities are plotted versus the Az position in the cathode
(Fig. 8).

In Fig. 8, the Ag® phase content rises rapidly between Az = 3
and 34 pm, consistent with the crossing of the 30 um long GV
across a sharp interface between the Li-anode and the cathode.
The signature of the Ag® phase decreases beyond Az ~ 40 pm
with an extrapolated disappearance at Az ~ 90 pm. Concomi-
tantly the Ag,VO,PO, phase appears very weakly at Az = 34 um
and rises to saturation at and above Az ~ 90 um. The correlated
Ag°-phase-content-decrease and  Ag,VO,PO,-phase-content-
increase indicate the passage through a reaction front between
the two phases. The width of the reaction front appears
broadened compared to the sharper, GV-limited spatial changes
of the Ag° phase in the 3-34 um range and to the steel cell-body
interfaces. Circumstantially this is consistent with a rougher
spatial structure in the reaction front. The total spatial extent of
the Ag phase diffraction signal extends over ~90 um. This 90 pm
should roughly be the sum of the GV width (30 pm) and the
intrinsic Ag phase layer width. Hence a rough estimate of the
Ag° phase layer width is ~80 um, approximately 13% of
the cathode thickness. Upon reduction of the parent
Ag,VO,PO,, the reduction product or products other than silver
metal, are not discernible by XRD as observed in both the in situ
and ex situ experiments.
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Fig. 8 Plots of the peak intensity of the Ag (111) and Ag,VO,PO, (420) Bragg
lines as a function of depth (Az) into the cathode of the partially discharged cell.
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Due to the bimetallic nature of the cathode material, the
discharge process for the cathode material can be considered as
taking place in two reactions where there is reduction of silver
and reduction of vanadium, as noted in the scheme below.

AgVO,PO, + 2Li — Li,VO,PO, + 2Ag"

Ag2V02PO4 + 2Li — leAg2V02PO4

Assuming sequential progression of these two reactions,
with Ag™ — Ag® reduction first, followed by V>* — V*' reduc-
tion, with 1 electron reduction, as in the partially discharged
cell, only Ag® formation would be expected. If this were the case,
25% of the cathode thickness should show Ag® formation at 1
electron equivalent (25% depth of discharge). However, the
EDXRD data (Fig. 7) shows Ag® formation up to only 13% of the
cathode thickness, verifying that significant V"* reduction must
occur in parallel with the Ag' reduction through the initial
stages of the reduction process. Notably, the fully discharged
cell shows Ag® throughout the thickness of the cathode (Fig. 5),
suggesting that complete Ag™ to Ag° reduction is achieved
during the discharge process.

The prior ex situ results support the findings of the in situ
EDXRD. Ex situ XRD, a combination of ex situ V K-, V L-, Ag K-, and
O K-edge X-ray absorption fine structure spectroscopy (XANES),
and ex situ magnetic susceptibility measurements, indicated that
on initial discharge, the predominant reaction is the reduction of
silver ion to silver metal, and the reduction of vanadium takes
place to some extent concurrently, but is the dominant reaction
only after the reduction of the silver ion is complete.***

Conclusions

The results presented above indicate that high-energy X-ray
diffraction is an analytical approach that is capable of in situ
“tomographic” profiling of the electrochemical phase changes
in as assembled electrochemical cells. In contrast to standard
top down or transmission mode XRD methods which probe
either the surface or the full sample thickness, the EDXRD
technique allows interrogation of the electrode cross-section as
a function of depth enabling identification of the chemical
reaction front within the electrode.

The formation of silver metal from the reduction of
Ag,VO,PO, can be clearly seen at the electrode-electrolyte
interface as well as the progression of the reduction reaction
through the thickness of the cathode. This insight amplifies the
point that full understanding of an electrochemical reaction in
an active battery requires knowledge of the material status as a
function of location within the cathode as well as the overall
properties of the cathode material.

The resolution of the method reported here enabled identi-
fication of a reaction front in the 10's of microns. The current
spatial resolution of the existing system at X17B1 should be
capable of 5 micron resolution and it is believed that with
modest improvements ~1 to 2 micron resolution should be
possible. These phase profiling experiments on cathodes in coin

This journal is © The Royal Society of Chemistry 2013
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cells, when coupled with the previous work in much larger scale
prototype cells suggest that a wide panoply of energy storage
devices should be amenable to similar in situ characterization.
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