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New cathode materials will lead to technological advances for implantable cardioverter defibril-
lators, ICDs, such as reduced size and increased performance of the device. While the industry
standard silver vanadium oxide Ag,V,4O;; exhibits great chemical/electrochemical stability, dense
silver oxide fluoride materials are advantageous because of high crystal density that can result in an
increased capacity above 3 V. This report highlights the reactivity at room temperature between
Ag,0 and V,0s5 in an aqueous HF solution which affords a rapid precipitation of sub-micrometer
sized Ag,V,04F, (SVOF), a high capacity Li-battery cathode material. This system opens new and
novel synthetic strategies in the design of new oxide fluoride materials.

Introduction

Implantable biomedical devices address a variety of
needs including nerve/neuron stimulation, drug deliv-
ery, or cardiac management. The energy source, pro-
vided by an implanted battery which converts chemical
energy to electrical energy, requires specific character-
istics in accordance with the application targeted. De-
pending on power requirements, a variety of lithium-
based primary batteries can be implemented, such as
Li—I,, Li—SOCl,, or Li—Ag,V40;; (¢-SVO) for pace-
makers, neuro-stimulators, or implantable cardioverter
defibrillators (ICDs), respectively.! An ICD is a device
implanted in a patient’s chest who is at risk of tachycar-
dia. The device, which continuously monitors the cardi-
ac beat, can serve similarly to a pacemaker by delivering
low-energy stimuli (50—100 W) or addresses ventricu-
lar fibrillation by administering a vigorous electrical
shock of as high as 30—40 J at 700 — 800 V to the
right ventricle.>® The &-SVO cathode became the
choice material for the ICD battery market since the
original proposal from Keister et al. in 1984.* Ever since,
the importance of e-SVO as the foremost cathode has
grown because it fulfills the stringent requirements
of high chemical/electrochemical stability and high
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electrochemical behavior predictability together with
exhibiting high discharge rate capability owing to its
great electronic/ionic conduction (0. ~ 1072=107* S/cm
and D4y ~ 1078 cm?/s).>7®

Many advances have brought the Li-SVO system to its
present maturity, including improved separator thin-
ness, synthetic procedures, and particle/electrolyte inter-
face.””'* Further progress in this area would stem from
the design of a new cathode material which would
(1) uptake lithium at higher potential and (ii) display
a greater phase density to decrease capacitor charge
time and battery size, respectively, while maintaining
the high chemical/electrochemical cathode stability.
With this in mind, our effort was concentrated on
the exploration of dense silver oxide fluoride mate-
rials, in particular in the vanadium system. Ag,V,04F,
(SVOF), the first silver vanadium oxide fluoride mate-
rial, was synthesized in the Ag,O/V,0s/HF,q) system
and exhibits electronic conductivity (o, = 510 * S/cm)
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Figure 1. Scanning electron microscopy micrographs of particles used as
cathode in lithium batteries (a) Ag,V,OgF, synthesized by hydrothermal
method (SVOF-Hyd), (b) Ag,V,O4F, precipitated at room temperature
(SVOF-RT), and (c) Ag,V,40,; synthesized under hydrothermal condi-
tions (e-SVO).

and electrochemical activity vs lithium.'® In particular,
silver reduction occurs near 3.45 V (vs Li"/Li), and
the higher crystal structure density gives rise to a larger
power density and volumetric capacity for SVOF and
SVO (p = 6.03 g/cm® vs 4.80 g/cm? for SVO, respectively)
and the recently reported phosphate (Ag,VO,PO,,
p = 5.32 g/em’).'®!7 Nevertheless, the large particle size
resulting from the reported hydrothermal synthesis of
SVOF (> I mmsingle crystals and > 10 um after manually
grinding, Figure 1a) hinders high discharge rate capability
owing to ionic conduction limitations during the Ag " /Li "
displacement reaction.'® One approach for improvement,
which is the focus of this paper, is to drastically reduce
the particle size to minimize the ion motion length in the
solid.

Soft chemistry approaches have gained research
interests for two reasons. First, these methods allow
material to be accurately tailored (with regards to par-
ticle size, texture, morphology, porosity, etc.) through
different thermodynamic parameters such as pH, tem-
perature, or precursor concentration. The second driv-
ing force stems from an environmental aspect where a
low temperature approach is synonymous with energy
savings for large-scale chemical transformations.
Among the different solvents and/or mineralizers used
in solution chemistry, aqueous HF has received little
attention while fluorides,'*-?° oxyf'luoride:s,21’22 or fluor-
ophosphates®*?* show promise as new cathode materi-
als for Li-ion batteries. Moreover, what is presented here
is the first room temperature synthesis of a cathode
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Figure 2. Series of powder X-ray diffractograms from reactions with
a decreasing HF ) concentration (from the bottom up). Agz;VO,F,
is formed with concentrated HF(q and phase pure Ag,V,O¢F,
at 7% HF concentration. Diffractogram from a hydrothermal
reaction, which yielded AgsV,O4F,, is shown at the top for

comparison. Two dotted lines highlight the disappearance of Ags-
VO,F, peaks.

material, Ag4V>O¢F, (SVOF-RT), and for lithium bat-
teries, in addition to a new silver vanadium oxide fluoride
Ag3VO,F, 2526

Experimental Section

Caution. Hydrofluoric acid is toxic and corrosive and
must be handled with extreme caution and the app-
ropriate protective gear! If contact with the liquid or vapor
occurs, proper treatment procedures should be followed
immediately.?”~%

Materials. Ag,0 (99.5%, Fisher), V,05(99.6%, Alfa-Aesar),
and aqueous hydrofluoric acid (48—50% HF by weight, Fisher)
were used as received.

Synthesis. Ag,V,O¢F, was synthesized from a 4:1 molar ratio
of Ag,0:V,0s in a HF(,q) solution. The silver oxide and
vanadium oxide (0.3972 and 0.0779 g, respectively) were loaded
into a HF-resistant reaction vessel (e.g., FEP Teflon pouch®) to
which was added 1.6 g water followed by 0.2572 g of HF,().
While the target phase begins to form nearly instantaneously,
the solution was allowed to react for between 10 min and 72 h
and filtered to recover AgsV,O4F-.

Powder X-ray Diffraction. Powder X-ray diffraction patterns
were collected on a Rigaku XDS 2000 with Ni filtered Cu Ka
radiation (4 = 1.5418 A) and compared with patterns recorded in
the JCPDS (Joint Committee of Powder Diffraction Standards)
database.
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Figure 3. Potential vs gravimetric capacity curves comparing the discharge of Ag,V,O¢F, tailored at room temperature (SVOF-RT) and hydrothermal
conditions (SVOF-Hyd) and Ag,V40;; (SVO) from hydrothermal conditions using galvanostatic intermittent titration technique (GITT) showing
(a) SVOF and &-SVO open circuit voltage and (b) the evolution of electrode polarization for SVOF-Hyd and SVOF-RT and a constant current discharge of

all three materials at rates of (c) D/50 and (d) 2D.

Results and Discussion

Solution synthesis of silver vanadates has been studied for
over a century at both elevated and room temperatures.>' —**
The appeal of such low-temperature (< 100 °C) approaches
and draw for continued development of SVOF led to the
exploration of the Ag,O/V,Os system in various concen-
trations of HF,q). It was hypothesized that Ag,V,O¢F>
would form from reactions with more dilute HF , 4 owing
to the nature of the system studied at hydrothermal
conditions.'®3%35737 Indeed, SVOF was one of the phases
formed at room temperature from a molar reactant
ratio of 4:1:15:x Ag,0:V,05:HF:H,0, where x = 180 to
form Ag,V,04F> and x =17 to form the new Agz;VO,F,.
A 4:1 Ag,0:V,05 ratio is needed owing to the higher
relative solubility of silver.*®* The minimum value of
x is 17 due to the concentration of the HFq stock
solution of 48—50% HF by weight that gives a pH ~ 4,
and a value of x = 180 corresponds to a concentration
of 7% HFq. Figure 2 shows a series of powder
X-ray diffractograms of the product from reactions with
various acid concentrations. While using 48—50% HF,q,
gives rise to the new silver dense oxide fluoride
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AgzVO,F,, a HF concentration decreased to 33% allows
formation of Ag,V,0O4F, alongside Ag;VO,F,. By a
concentration of 7%, AgsV,O¢F, is formed without
Ags;VO,F, as a secondary phase while the pH of the
solution becomes neutral (6 < pH < 7). That is, addi-
tional water hydrolyzes AgsVO,F, to give Ag,V,O¢F-.
The particle sizes of SVOF-RT, as determined by SEM,
were 0.5 to 1 um (Figure 1b). Yield was affected by
variations on the reaction time and HF,4, concentration
(i.e., adjusting x). Specifically, a reaction time from
10 min to 72 h increased the yield of SVOF-RT based
on silver from 4% to 16%, where the longer reaction
times encourage further nucleation rather than particle
growth and the majority of the product was precipitated
in about 1 h.

To evaluate the electrochemical performance of SVOF-
RT, it was compared to hydrothermally made e-SVO?’
and SVOF.'®° This route for e-SVO preparation yields
nanosized flat needle-like particles of 150—400 nm
wide, 1000 nm long, and 50 nm thick (Figure 1c). Simi-
larly sized particles were recently highlighted to react
vs lithium better than the standard product obtained
by a solid state reaction, which gave an improved
discharge rate capability.'>** We also report the per-
formance of hydrothermally made AgsV,O4F, (SVOF-
Hyd) particles to demonstrate the benefits of the reduced
particle sizes of SVOF-RT. Electrochemical cells were
prepared with an electrolyte of 1 M LiPF¢ in 1:1
EC/DMC.
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The galvanostatic intermittent titration technique
(GITT) was used to evaluate the polarization difference
between the three materials. Cells were discharged at a
rate of D/10 (i.e., 1 lithium ion inserted in 10 h) followed
by a relaxation for 20 h to restore the cathode to an
equilibrium state. The polarization evolution is defined
herein as being the potential difference between equili-
brium and under-current states. Figure 3a shows the
thermodynamic discharge curves for SVOF and &-SVO,
highlighting the higher potential for SVOF for the first
168 mAh/g owing to the higher content of silver in
the phase and the presence of partial F~ coordinating
silver.'®%® Also evaluated was the difference in polariza-
tion between SVOF materials synthesized from hydro-
thermal and room temperature conditions (Figure 3b).
SVOF-RT exhibits a relatively constant polarization of
~0.25'V for the first 3 Li" inserted, and up to a maximum
of 0.44 V at ~3.5 Li", whereas the overpotential of
SVOF-Hyd increases from 0.3 to 0.63 V between 1.5
and 3.5 Li" inserted. This decrease in overpotential,
indicative of relieved kinetic barriers during the displace-
ment and reduction of silver, results from the decreased
particle sizes that provide a shorter ion diffusion length
inward from the particle edge.'®

Using a low cathodic current equivalent to a D/50
discharge rate (i.e., 1 lithium ion inserted in 50 h), SVOF-
RT is capable of an uptake of lithium at up to ~450 mV
higher than the nanosized e-SVO for the first 163 mAh/g
delivered (Figure 3c). This is followed by a threshold at
which the cell potential monotonously drops owing to
the change from Ag" to V°" reduction.'® At this low
discharge rate, SVOF-Hyd performs comparably to
SVOF-RT in terms of capacity. Using a discharge rate
of 2D (i.e., 1 lithium ion inserted in 30 min), the
advantages of using SVOF-RT are maintained despite
a closer potential gap between this material and SVO
(~200 mV for the first 113 mAh/g) (Figure 3d). This
smaller gap in potentials is a result from the higher ionic
limitations in the SVOF Ag™ /Li" displacement reaction
caused by the less well-defined ionic pathways in the
structure for the silver ion to withdraw.'® Unlike at the
low discharge rate, SVOF-RT exhibits superior dis-
charge properties versus SVOF-Hyd at high rates,
further emphasizing the importance of particle size.

Numerous electrochemical Swagelok-type cells
composed of a similar cathode loading (~20 mg active
material on a ~1.23 cm® electrode surface) were
discharged at different rates between D/50 to 2D. The
energy density vs power density of each material is
gathered in a Ragone chart with cutoff points of (a)
3 Vand (b) 2.5 V, below which ICDs start to operate
with less efficiency (Figure 4). The space domains in
the figure were obtained by the repetition of multiple
experiments. As a result, two features can be concluded:
(1) the decrease of Ag,V,OgF, particle size by 1 order
of magnitude is beneficial for an increase of both power
density and energy density and (ii) SVOF-RT compares
favorably with nanosized e-SVO synthesized from hydro-
thermal conditions.
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Figure 4. Ragone chart comparing energy density vs power density of
cathodes consisting of AgsV,06F, synthesized at room temperature
(SVOF-RT) and at hydrothermal conditions (SVOF-Hyd) and nanosized
AgrV,0y4, for potentials above 3 and 2.5 V.

Conclusion

Investigation of the Ag,O—V,Os—HF—H,O system
with a Ag:V molar reactant ratio of 4:1 at room tempera-
ture has led to the realization of new strategies on low
temperature synthesis. Notably unique is the reaction of
silver vanadium oxide fluoride, Ag;VO,F,, with water and
preparation of the cathode material Ag4V,O¢F> that shows
enhanced electrochemical behavior owing to the smaller
particle sizes.*! This room temperature synthetic route has
multiple advantages, a straightforward experimental pro-
cedure, and a rapid synthesis (~1 h) without complex
apparatus, and it represents a step toward a more energy
efficient solid state chemistry. Ongoing efforts are under-
way to transfer such diverse room-temperature chemistry
to decrease particle size further, to control specific shape,
and to find other nonvanadium-based cathode materials.
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