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An electrochemical characterization of a silver molybdenum oxyfluoride perovskite positive electrode for
Li batteries was investigated as a function of synthesis condition, stoichiometry and effect of Mo and Ag
derived second phases. A detailed in situ electrochemical study by XAS, Raman, and XRD was performed,
revealing a 3 electron silver displacement or conversion reaction at >3V and a 2 electron reduction of
Mo®* to Mo** in the region <3 V.
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1. Introduction

Research has been focused on obtaining cathode materials with
a higher energy density for rechargeable and primary Li batteries.
A potential application for these higher energy cathode materials
will be in implantable biomedical devices (cardiac pacemaker, drug
pump, neurostimulator and cardioverter defibrillator [1]). Mate-
rials and manufacturing costs are not limiting when compared
to the advantages of a battery made for this specific application
(high-energy density, voltage >3V, reliability and predictability,
etc.) [2,3]. Presently, the commonly used Li battery system is Li/CF;
for relatively low drain rate applications and Li/Ag,V4011 and its
oxyfluoride derivatives (Ag4V,0gF,) for higher rate applications
in biomedical community [4,5]. However, there is an ever present
need for improved materials with the advent of new implantable
applications such as congestive heart failure and cochlear implants.

Recently, we have identified a new compound, silver molybde-
num oxyfluoride (SMOF) cryolite-like perovskite, of the proposed
formula Ag;'*Mo®*(03F3) via mechanochemical synthesis through
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the use of silver fluorides and molybdenum oxides [6,7].
Preliminary electrochemical characterization showed that the elec-
troactivity of SMOF perovskite was enabled even without the use
of conductive carbon matrix, suggesting the as-fabricated SMOF
perovskite has appreciable mixed conductivity.

We have shown that SMOF perovskites fabricated using AgF
precursors exhibited an interesting electrochemical property as an
alternative high-energy density primary electrode material. A high
volumetric energy density of ~2570 WhL-1 was achieved at the
1st plateau (>3V) for the SMOF material. In situ XRD indicated
that a silver based conversion/displacement reaction took place
in the SMOF perovskite at the plateaus >3 V. The main thrust of
this communication is to shed light on the lithiation mechanism
that ensues throughout the 5 electron reduction. This is brought
forth with the use of in situ XRD, Raman, and XAS. In addition, the
structure/property relationship of SMOF perovskite is examined in
greater detail specifically related to the effect of phase homogeneity
on the electrochemical properties.

2. Experimental
2.1. High-energy milling (HEM)
Silver molybdenum oxyfluoride (SMOF) perovskites were fabri-

cated by the high-energy milling of 1g stoichiometric precursors,
which were prepared by manually mixing commercially available
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MoOs3 (Alfa Aesar, 99.95%) and AgF (Aldrich, 99%) with an agate
mortar and pestle. Both the high-energy milling cell and media
were made of hardened steel. The high-energy milling cell was
sealed and reopened in a He-filled glove box to minimize the mois-
ture and/or air contamination. The milling was performed in a Spex
8000 Certiprep mixer/mill for the designated time. Unless other-
wise noted, SMOF perovskites fabricated by high-energy milling
for 45 min were utilized for general characterization.

2.2. Physical characterization: XRD

XRD patterns were collected on a Scintag X2 diffractometer
with Cu Ko radiation by scanning each sample in the range of
15-80° at a rate of 0.6° min~!. The materials to be analyzed were
placed on a glass slide and covered with Kapton film sealed with
a layer of vacuum grease around the perimeter in the glove box
to reduce moisture and/or oxygen contamination. In situ XRD was
performed in a house-made in situ XRD cell utilizing a Be win-
dow. The electrochemical cell was cycled at a constant current of
3mAg!(2.37mAcm2).

2.3. Physical characterization: Raman

Raman spectroscopy was performed on an Enwave EZRaman-L
series Raman system with excitation light of laser 670 nm wave-
length (Enwave Optronics, Inc.) in a dry room (room temperature
25°C, humidity <2%). The samples were sealed in a cell with a quartz
window in a He-filled glove box to reduce any moisture and/or
oxygen exposure. In situ Raman spectroscopy was carried out in a
custom in situ Raman cell and the electrochemical cell was cycled
at a constant current of 3mAg=! (2.37 mAcm2).

2.4. Physical characterization: XAS

XAS measurements were performed using a Si (11 1) channel
cut monochromator in the transmission mode at beamline 18B of
the National Synchrotron Light Source (NSLS). The monochromator
was detuned to 10% of its original intensity to eliminate the high
order harmonics. Energy calibration was carried out using the first
inflection point of the spectrum of Mo metal foil as a reference (i.e.,
Mo K-edge=19,999eV). To remove an energy shift problem, the
X-ray absorption spectrum for Mo metal foil was measured simul-
taneously in every measurement as the metal foil was positioned
in front of the window of the third ion chamber.

2.5. Electrochemical characterization

Electrochemical properties of SMOF perovskites were tested vs
Li metal (Johnson Matthey) by using 2025 type coin cells. The cath-
odes were introduced by either the use of raw SMOF perovskite
powders or the manual mixture of 80 wt% SMOF perovskite powder,
10 wt% carbon black (super P, MMM) and 10 wt% poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF, Kynar 2801, EIfAtochem)
binder. Alternatively, free standing electrodes were prepared
by casting an acetone based slurry consisting of SMOF, carbon
black, poly(vinylidene fluoride-co-hexafluoropropylene) binder
and dibutyl phthalate (DBP, Aldrich) plasticizer in the ratio of
39:8:21:32. Once the tape dried, it was placed in 99.8% anhydrous
ether (Aldrich) to extract the dibutyl phthalate plasticizer. Disk
of about 1cm?, typically containing 57% SMOF and 12% SP was
punched from these tapes and dried in a He atmosphere for 2h
at 120°C. The electrodes were separated by a layer of Celgard sep-
arator and Whatman GF/D glass fiber separators saturated in the
electrolyte consisting of 1 M LiPFg in ethylene carbonate:dimethyl
carbonate (EC:DMC, 1:1 by volume) (Merck). All the cells were
assembled under He atmosphere and cycled at constant current

7.58mAg~! (6mAcm2) between 4 and 2V at 22°C using a Mac-
Pile galvanostats (Biologic, Claix, France), unless stated otherwise
in the text.

3. Results and discussion
3.1. SMOF perovskite—physical characterization

The evolution of the SMOF perovskites fabricated by high-
energy milling the mixtures of AgF and MoOs in He atmosphere
for 45 min has been investigated by XRD (Fig. 1) and Raman spec-
troscopy (Fig. 2). As described in the previous paper [7], the SMOF
perovskite remained as the significant phase in a wide range of
AgF-Mo0O3 compositions (x = 1.5-9). Consistent with the idealized
stoichiometry, the maximum phase intensity of the perovskite is
obtained at x=3 relative to the minimal quantity of Mo- or Ag-
containing minor phases. A small difference throughout a wide
compositionrange is evidenced by the presence of the minor phases
consisting of Mo and Ag species varying with Ag:Mo ratio (Fig. 1(b)).
When Ag:Mo ratio was less than 3, the minor phase was char-
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Fig. 1. (a) XRD patterns of high-energy milled AgF and MoOs (x = Ag:Mo) for 45 min
in He atmosphere. (b) Partial XRD patterns of SMOFs showing the presence of the
minor phases: (Ag, Mo, O, F), AgF, Ag and metallic Ag,F. For SMOF perovskite, only
relatively strong Bragg peaks are marked. (h kI)* marks the Bragg diffractions related
to Ag,F.
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Fig. 2. Raman spectra of high-energy milled AgF and MoOs (x=Ag:Mo) for 45 min
in He atmosphere.

acterized to be consistent with a yet unknown (Ag, Mo, O and F)
phase as crystallization was evident after heat treatment for both
samples prepared with AgF and AgF,. In contrast, high AgF load-
ing (Ag:Mo > 4) resulted in the excess of Ag content in the form of
AgF, Ag and Ag,F with the absence of residual Mo species. It is of
particular interest to observe the metallic Ag,F phase at Ag:Mo > 4
compositions. In these compositions, the relative quantity of these
phases is difficult to discern as the Bragg diffractions of Ag,F over-
lap with those of Ag and AgF. This is due to its unique anti-Cdl,
structure consisting of hexagonal closed-packed layers of Ag and
F atoms. However, Ag,F phase can be qualitatively characterized
by its super structure peak (001) around 5.672 A, the intensity
of which is about 16% of the most intense peak (101) around
2.36 A. Therefore, we could conclude that there is a relatively large
amount of Ag,F phase in these compositions. The presence of Ag,F
is believed to be responsible for the good electrochemical perfor-
mance found in the sample of x=5.67. For the composition of x=9,
the relatively poor electrochemical performance was due to the
small amount of the SMOF active material and a large amount of AgF
residual. The perovskite phase was also affirmed by the observation
of the characteristic Raman active bands around 876 and 380 cm™~!
associated to the stretching (S) and bending (B) vibration mode of
MoXg octahedron on Fig. 2 as described in more detail in our earlier
publication [7]. The apparent shift of the vibration band related to
the bending MoXg octahedron at x>4 could be due to a distortion
of the MoXg octahedron or the development of a second phase. It
is more likely to result from a second phase as the intensity of the
much more intense stretching band around 876 cm~! decreased
significantly at x> 4. The crystallite size of the as-fabricated SMOF
perovskite was calculated to be around 30 nm based on the Scherrer
analysis of the most intense (02 0) XRD Bragg peak.

3.2. Electrochemical characterization

The as-fabricated samples were introduced in the form of pow-
der and then electrochemically characterized by discharging the
SMOFs at 7.58 mAg~! from 4 to 2V vs Li metal. As opposed to the
electrically insulative nature of AgF, SMOF perovskites exhibited a
good conductivity, enabling >3 V output voltage and good electro-

Voltage / V

0 200 400 600 800 1000 1200 1400
Volumetric capacity / Ah i

Fig. 3. Voltage vs volumetric capacity for SMOF perovskites fabricated by high-
energy milling AgF and MoOs; (x=Ag:Mo) for 45 min. The cells were cycled at
7.58mAg~! in 1M LiPFs EC:DMC at room temperature.

chemical performance of approximately 1000 Ah L~ at moderate
rates (Fig. 3) without the use of a carbon matrix in the elec-
trode. Decreasing the cutoff voltage below 2V would increase
the observed capacity as there is clear evidence of an additional
cathodic reaction beginning to develop around 2 V. This will be
shown later in Fig. 8.

A systematic increase in output voltage from 3.12 to 3.54V
under a current of 7.58 mA g~ ! parallels the increase in Ag:Mo ratio
from x=1.5 to 5.67. A small decrease to 3.46V and poor perfor-
mance was observed for Ag:Mo =9 (Fig. 3). This systematic variation
in the output voltage could be due to the change in the ionicity
of chemical bonds in SMOF perovskites as the open-circuit volt-
age increased from 3.66 to 3.733 V with x ratio before discharge. In
contrast, based on the density obtained by He pycnometry, the vol-
umetric capacity of the as-fabricated SMOF perovskites for x <5.67
did not vary with the starting materials as all revealed a total
volumetric capacity of approximately 1000 AhL-! during the 1st
discharge to 2V. Except at the stoichiometric extremes, it seems
the varied electrochemical performance at various compositions
is more likely to be due to the conductivity difference. This is a
direct result of the quantity of the dominant active phase (SMOF
perovskite) and the secondary-AgF, metallic Ag, Ag,F phase in the
cathode materials as indicated by XRD. This is evident that a signif-
icant increase in SMOF content is revealed by XRD from x=1.5 to
2.33, which is consistent with a large increase in the output volt-
age. At x=4, the development of the highly conductive Ag and Ag,F
provides the assistance to the electronic conductivity despite of
a small decrease in SMOF content as Ag:Mo ratio is a bit off the
idealized stoichiometry. Finally, a relatively large amount of unre-
acted and insulating AgF phase resulted in the poor electrochemical
utilization at x=9.

3.3. Effect of carbon addition to the electrode

All the data to this point were accomplished without the addi-
tion of carbon black to the electrode as the electrochemical activity
sans carbon is important for volumetrically intensive applications
such as in vivo biomedical. To identify the influence of the elec-
tronically conductive carbon, all cathode materials were prepared
by manual mixing 80 wt% SMOF perovskite:10 wt% carbon black
(SP):10wt% PVDF (54:23:24 in volume) in He atmosphere. The
1st discharge voltage profiles of manual mixing SMOFs with SP
and PVDF as a function of Ag:Mo ratio are shown in Fig. 4. All
volumetric capacity numbers are based on the He pycnometry den-
sity of SMOF samples. As shown in Fig. 4, of most interest is a
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Fig. 4. Voltage vs volumetric capacity plots for Li/LiPF¢ EC:DMC/80 SMOF per-
ovskite:10 carbon (SP):10 2801 (wt%) based on the volume and He pycnometry
density of SMOF samples. Cells were cycled at 7.58 mAg~' at room temperature.
SMOF perovskites were fabricated by high-energy milling AgF and MoOs (x = Ag:Mo)
for 45 min.

high volumetric capacity of 830AhL-! achieved for the sample at
Ag:Mo=4 and 5.67 in the region 4-3V, which is 87% of theoretical
capacity of 954 AhL-! assuming 3 electrons transfer correspond-
ing to the silver reduction at >3V for the theoretical composition
Ag31*Mob*(03F3). This number is about 190% the volumetric capac-
ity of silver vanadium oxide (440 AhL-1) at >3 V[1], today’s state of
the art for biomedical applications for high rate and energy density.

Fig. 5 presents the average output voltage and volumetric capac-
ity of SMOFs with and without SP in the high voltage range (>3V)
under a discharge load of 7.58 mAg~1. Overall, the electrochemi-
cal performance of SMOFs was improved by SP and an increase in
both the average output voltage and the volumetric capacity can be
clearly observed to various contents dependent on composition in
Fig. 5. It is interesting to note that, unlike raw SMOFs, the average
output voltage of SMOFs mixed with SP did not vary with Ag:Mo
ratio (Fig. 5(a)). Close examination of Fig. 5(a) revealed a significant
increase (AV=0.36V)in the average voltage of SMOF was observed
at Ag:Mo = 1.5 and the enhancement (AV) decreased with Ag:Mo
ratio and reached to a minimum of 0.02 V at Ag:Mo =5.67. At very
high Ag:Mo ratio (x=9), a relatively large increase in the voltage
difference AV=0.09V was observed compared to that at x=5.67.
Previously, the variation in the output voltage was assigned to the
intrinsic electronic conductivity of SMOFs at various Ag:Mo ratios.
As a result, the SMOF sample at x=5.67 should have the best inter-
nal electronic conductivity as it displays a minimal AV relative to
the carbon assisted sample. This is consistent with the develop-
ment of metallic Ag,F phase at this ratio as is clearly indicated by
XRD (Fig. 1).

The volumetric capacity is improved by the addition of carbon
black due to a decrease in polarization. It should be noted that
the prevailing trend of >3V capacity is established by the relative
amount of SMOF perovskite relative to secondary phases and is not
a kinetic effect.

3.4. Effect of high-energy milling (HEM) duration

To optimize the electrochemistry of the SMOF perovskites, the
mixtures of AgF and MoO3 with the optimal Ag:Mo = 5.67 composi-
tion from above were high-energy milled for the designated times
of 15, 30 and 45 min. Only a very small improvement of the elec-
trochemistry of SMOF samples milled for >30min was observed
relative to the one milled for 15 min (Fig. 6) regardless of the pres-
ence of carbon black. XRD (Fig. 7) revealed that the perovskite phase
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Fig. 5. A comparison of the electrochemical performance of SMOFs mixed with
carbon (SP) and SMOFs in terms of (a) average output voltage and (b) volumet-
ric capacity in the high voltage range (>3 V). SMOFs were prepared by high-energy
milling AgF and MoOs (x=Ag:Mo) in He atmosphere for 45 min and cells were cycled
at7.58mAg-! at 25°C.
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fully developed within 15 min of high-energy milling. The XRD pat-
terns of the powders milled for >30 min revealed no evidence of
SMOF Bragg peaks broadening or shifting, secondary phase of Ag is
present as expected based on the stoichiometry. The lattice param-
eter in a pseudo-cubic cell of the as-fabricated SMOF given in Fig. 7
shows little difference. This suggests that HEM periods showed lit-
tle effect on the crystallite size and intrinsic structure of SMOF
perovskite.
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prepared by high-energy milling AgF and MoO3 (x=2.33) for 45 min. The cell was
cycled at 3mAg-! in 1M LiPFg EC:DMC.

3.5. Discharge reaction mechanism

Based on the formula Ag3sMoOsF3, the theoretical capacity of
SMOF is calculated to be 153 mAhg~! consistent with a 3 electron
silver displacement/reduction in the 3 V region. A 2 electron reduc-
tion of Mo®* to Mo** at a lower voltage results in a total capacity of
255mAh g-!. The proposed reaction mechanism of SMOF is:

Agz'tMobt(03F3) + 5Lit +5e~ — 3Ag® + ListMo*t(03F3) (1)

Preliminary electrochemical evaluation of SMOF electrode indi-
cated that close to theoretical capacity of 5 inserted Li* was
achieved with 3 plateaus at 3.6, 3.1 and 2.1V when discharged to
1.5V. Our earlier work [7] on an in situ electrochemical study by
XRD suggested the insertion of the 3 Li* at the 1st plateau (>3 V)
was consistent with the displacement, or possible conversion reac-
tion, of SMOF to Ag metal. However, very little useful information
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Fig. 9. In situ Raman spectra of a SMOF tape recorded during the 1st discharge. The active material SMOF was fabricated by high-energy milling AgF and MoOs (x=2.33) for

45 min. y=# of Li* /e~ inserted into AgzMoOsF; formula unit.
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could be obtained by in situ XRD as to the nature of the reduction
reaction at voltages less than 3 V when the structure was found to
transform to an X-ray amorphous like phase. Elucidation of these
details with the use of in situ XAS and Raman will be discussed in
the next subsections.

3.6. In situ Raman spectroscopy

To reduce the heat generation and improve signal intensity,
the electrode for in situ Raman study was fabricated by casting
an acetone based slurry containing 60 SMOF:20 Al:20 PVDF (wt%)
dispersed in dibutyl phthalate. The SMOF+Al electrode (Fig. 8)
revealed 3 plateaus at 3.4, 3.1 and 2.1V and a specific capacity
of 250mAh g1 when discharged until 1V. The comparable elec-
trochemical performance to that of SMOF +C electrode [7] assures
that it can be used for in situ Raman analysis to understand the
underlying electrochemical reaction mechanism.

The in situ Raman spectra of SMOF perovskite during the 1st dis-
charge are shown in Fig. 9. With the insertion of lithium, the Raman
spectra of the lithiated phases have the common features to that
of the initial SMOF perovskite, consisting of a strong band between
870 and 900 cm~! and several relatively weak bands around 360,
500 and 700 cm~!. At the initial state (3.655V, y=0), 2 bands are
clearly observed at 873 and 368 cm~! (Fig. 9(a)), which were previ-
ously assigned to the stretching vibration mode of BXg octahedron
and the bending vibration mode of BXg octahedron respectively.

Fig. 9(a) shows the in situ Raman spectra with the inserted
lithium y =0 — 2.1t can be observed that early in the discharge pro-
cess (y=0.12), the weak bending band in the low-frequency region

W. Tong et al. / Journal of Power Sources 195 (2010) 6831-6838

red shifted from 366 to 360 cm~! and remained unchanged. In par-
allel, 2 small new bands at 499 and 230cm~! developed. From
comparison with standards, it was clear that these 2 bands were
not due to the vibration of electrolyte (EC and DMC), AlF3 [8], PVDF
binder, LiPFg. Based on a former Raman study [9,10], this is also
inconsistent with that of Li;O. The values of the frequency shift
observed in the in situ Raman spectra seem in good agreement
with the ones (~240 and 500 cm~!) reported for LiF [11]. The evo-
lution of the LiF bands developed until a maximum was reached at
approximately y =1.00.

From y =0 to 0.88, a blue shift of the intense stretching vibration
band of BXg octahedron from 873 to 878 cm~1, is noted. This band
continued to shift to 883 cm~! at y=1.02 and remained unchanged
until y = 1.9. Therefore, it is considered to be associated to the tran-
sition of SMOF perovskite to the in situ X-ray amorphous phase.
This slight shift indicates the amorphous phase has the similar
local structure to that of SMOF perovskite, suggesting molybde-
num octahedra still remained as the major units in the framework
of this amorphous phase. Evidence suggests that the perovskite is
destabilized by the expelled Ag.

From y=1.9 to 2.42, a blue shift (883 — 886cm~1) again devel-
oped for the stretching band of BXg octahedron and the voltage
decreased from 3.24 to 2.9 V. When the output voltage was about
2.9V (y=2.42), the 886 cm~! band shown a maximal intensity and
a new band developed at 705 cm~! (Fig. 9(b)). The 705 cm~! band
was not consistent with the vibration of electrolyte (EC, DMC),
AlF3, PVDF binder, LiPFg, Li; O and LiF. During the insertion of more
lithium (y >2.42), the new band at 705 cm~! showed an increase
in intensity at the expense of the stretching band of BXg octahe-
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Fig. 10. (a) Mo K-edge XANES spectra comparing Mo in SMOF powder and SMOF tape vs that of Mo? foil, Mo?*F3 and Mof*03 standards, (b) Ag K-edge XANES spectra during
the 1st discharge of the SMOF perovskite, (c) Fourier transforms of Ag K-edge XAS data during the 1st discharge of SMOF and (d) Mo K-edge XANES data during the 1st

discharge of SMOF. y =# of Li* /e~ inserted into AgsMoOsF; formula unit.
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dra suggesting the origin is linked to the reduction of the Mo®*
to a lower oxidation state and the subsequent destruction of the
Mo%*Xg octahedron. The stretching vibration band of the remain-
ing BXg octahedron remained unchanged until y = 4. Further lithium
insertion (y >4) resulted in a gradual shift of the very small resid-
ual stretching band to 896 cm~!. Consistent with the decrease in
voltage and onset of the 2.1V plateau, the intensity of the Mo-Xg
octahedron stretching and bending bands decreased precipitously
suggesting the theoretical reduction of the MoS* based octahedron
induced destruction of the octahedron itself.

3.7. Exsitu X-ray absorption near edge spectroscopy (XANES)

In order to provide a fundamental understanding of the redox
reaction on the different lithiation plateaus and support the in situ
XRD and Raman results, XAS was employed to monitor the evo-
lution of the electronic and structural modification of Mo of the
SMOF perovskite in detail. Fig. 10(a) shows a comparison of the
Mo K-edge XANES data for the SMOF perovskite at the initial state
along with Mo foil, MoF; and MoOs3 reference compounds. A pos-
itive energy shift with an increase in formal valency is observed
for the Mo K-edge spectra of the various reference compounds. The
energy at half-height for both SMOF powder and SMOF + SP tape is
consistent with that for Mo5*03, indicating the valence state of Mo
in the SMOF perovskite is 6+. Also no major change in oxidation
state was induced by the electrode fabrication process.

The ex situ X-ray absorption near edge structure (XANES) data
were collected during the 1st discharge as a function of state of
discharge. The spectra (Fig. 10(b)) suggest the continuous change
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Fig. 11. Insitu XRD, in situ Raman and ex situ XANES results: (a) Raman peak inten-
sity of Mo%*- and Mo**-containing characteristic bands, (b) XRD intensity of SMOF
(020), (c) XRD intensity of Ag® (11 1) and Fourier transforms of Ag K-edge EXAFS
data and (d) Mo K-edge XANES data.

of Ag* to metallic Ag® during the 1st discharge of the SMOF per-
ovskite. The reduction of Ag!* to Ag metal was almost complete at
the theoretical y =3 consistent with the in situ XRD results. Struc-
turally, this conclusion is also supported by the Fourier transform
EXAFS data shown in Fig. 10(c) along with that of Ag foil as the
reference. The Mo K-edge XANES data during discharge (Fig. 10(d))
show little change in the valence state of MoS* until y = 3. With the
further insertion of lithium, a negative energy shift at half-height
is observed for the Mo K-edge spectra. At a discharge state of y =5,
the energy of Mo K-edge at half-height is clearly observed between
that of Mo®*03 and Mo3*F. The average valence state of Mo aty =5
is estimated to be 4+.

We have investigated the discharging reaction mechanism of
SMOF through in situ XRD, in situ Raman and ex situ XANES tech-
niques. It can be seen in Fig. 11 that from the in situ XRD, the SMOF
perovskite peak decreased in intensity as y in Li* increased from
0 to 3. By means of in situ XRD and ex situ XANES, the inten-
sity of Ag peak shown a systematic increase up to y=3, and the
Mo valence state shown little change until y = 3. These results sug-
gest a displacement, or possible conversion reaction of SMOF to
Ag metal upon 3 lithium insertion. For y >3, little change of Ag®
peak was observed, suggesting the end of silver reduction. How-
ever, a negative energy shift was observed and the Mo valence state
was estimated to be 4+ at y=5. This is in good agreement with
the in situ Raman results. A band in the Raman spectra developed
at approximately 705 cm~!. This new band showed an increasing
intensity relative to the Mo®*Xg octahedron stretching band with
more lithium insertion, suggesting its origin is linked to the reduc-
tion of the Mo®* to a lower oxidation state.

4. Conclusions

The electrochemical properties of an electroactive SMOF per-
ovskite positive electrode were investigated as a function of
synthesis condition, stoichiometry and effect of second phases.
Without the use of conductive carbon matrix, the best electro-
chemical performance was observed for SMOF (Ag:Mo = 5.67) with
a volumetric capacity of ~1000 AhL-'. The good conductivity and
resulting transport was attributed to the in situ formation of metal-
lic Ag,F phase during the SMOF fabrication.

With the use of conductive carbon matrix, a high volumetric
capacity of 830 AhL-! was achieved for SMOF (x=4) in the higher
voltage region of 4-3 V. This corresponds to 87% of the theoretical
capacity (954AhL-1) of SMOF assuming 3 Ag* reduction at >3V
for the theoretical composition Ags*Mo®*(03F3). At 2V additional
capacity attributed to the Mo®* — Mo** reduction lead to an overall
volumetric capacity of 1240 AhL-1.

The underlying reaction mechanism of SMOF during the 1st dis-
charge was investigated by in situ XRD, in situ Raman and ex situ
XANES techniques. Both in situ XRD and ex situ XANES clearly
revealed a silver displacement or possible conversion reaction at
the 1st plateau (>3 V) during the 1st 3 electron transfer. Evidence
presented by in situ Raman and ex situ XANES data confirmed the
reduction of Mo®* to Mo#* is associated to the 2nd 2 electron trans-
fer.
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