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Cascade Defluorination of Perfluoroalkylated Catholytes
Unlocks High Lithium Primary Battery Capacities

Haining Gao, Kosuke Yoshinaga, Katherine Steinberg, Timothy M. Swager,
and Betar M. Gallant*

Exceeding the energy density of lithium—carbon monofluoride (Li—CF,),
today’s leading Li primary battery, requires an increase in fluorine content (x)
that determines the theoretical capacity available from C—F bond reduction.
However, high F-content carbon materials face challenges such as poor
electronic conductivity, low reduction potentials (<1.3 V versus Li/Li*),
and/or low C—F bond utilization. This study investigates molecular structural
design principles for a new class of high F-content fluoroalkyl-aromatic
catholytes that address these challenges. A polarizable conjugated
system—an aromatic ring with an alkene linker—functions as electron
acceptor and redox initiator, enabling a cascade defluorination of an adjacent
perfluoroalkyl chain (R = —C,F,, . ;). The synthesized molecules successfully
overcome premature deactivation observed in previously studied catholytes
and achieve close-to-full defluorination (up to 15/17 available F), yielding high
gravimetric capacities of 748 mAh g~"4, .1kl aromatic and energies of

1785 Wh kg™ g,0,0alkyl-aromatic- The voltage compatibility between
fluoroalkyl-aromatics and CF, enables design of hybrid cells containing C—F
redox activity in both solid and liquid phases, with a projected enhancement

1. Introduction

Lithium (Li) primary (non-rechargeable)
batteries are critical for long-duration
powered applications where recharging
is impractical or inessential, such as med-
ical implants, unmanned vehicles, track-
ing devices, and sensors for the Inter-
net of Things.["l Unlike rechargeable bat-
teries that use transition metals (e.g.,
cobalt, nickel, manganese) and accom-
modate only 1-2 electrons transferred
per redox center,[?! primary battery cath-
odes employ light, non-transition metal
redox centers such as carbon (C) or
sulfur (S) as in Li—carbon monofluo-
ride (Li—CF,)Pl or Li—thionyl chloride
(Li—SOCl,) batteries.[*l The significantly
lessened weight per charge transferred
enables high cell-level energy density

of Li-CF, gravimetric energy by 35% based on weight of

electrodes+electrolyte. With further improvement of cathode architecture,
these “liquid CF,” analogues are strong candidates for exceeding the energy

limitations of today’s primary chemistries.
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of up to 800 Wh kg™ jueqcen for
Li~CF, and 590 Wh kg™ j.ceacan for
Li—SOCL,,’) which is two to three times
higher than rechargeable Li-ion batter-
ies (260 Wh kg™ j0eq)- ) At the ac-
tive materials level, Li—CF, (0 < x <
1.3) can reach up to 2180 Wh kg™ |;, o,
(assuming x = 1).°7 The solid nature
of CF, particles also contributes to both good safety and
long-term storage characteristics. However, to meet the ever-
increasing energy and power requirements of electronic devices,
further advancements in both intrinsic energy density and dis-
charge rate capability of CF, are needed. Research efforts have
largely focused on improving CF, performance at high dis-
charge rates, which is limited by the poor electronic conductiv-
ity of CF,.l”l To address this challenge, researchers have pur-
sued several strategies: 1) Optimizing the cathode architecture
(e.g., adding carbon nanotubes) for improved electronic conduc-
tivity, which enabled CF, discharge at >1 C rates!®]; 2) Inter-
rogating the CF, reduction mechanism at atomic length scales
to understand the origin of overpotentials, and to inform fur-
ther material optimization;° and 3) Decreasing fluorine (F) con-
tent, x, to 0.33—0.66 for improved electronic conductivity of CF,
particles, % although this approach lowers the energy density.
In contrast, increasing the fluorine stoichiometry x has long
been of interest as it also allows the theoretical energy of Li—CF,
(proportional to the degree of fluorination) to be increased by
expanding the valence state change accessible on C. However,

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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such superstoichiometric fluorination has been deemed unfavor-
able in practice because of the highly insulating nature of car-
bon when x exceeds 1.['!] As a result, although it is possible
for CF, to maintain the desired layered lattice structure (simi-
lar to CF,) at x = 1.3,['?) the maximum F content in commercial
Li—CF, cells is still typically around 1 (theoretical capacity = 865
mAh g~! ) or below, 3] leaving the super-stoichiometric CF, (x
> 1) largely underutilized in practice. For solid fluorocarbon ma-
terials with an even higher F content (x > 2) such as polytetraflu-
oroethylene (PTFE, (C,F,),), the high covalent C—F bond energy
(~485 k] mol~!)"*l impedes electrochemical defluorination with
reduction occurring only at low potentials (<1.3 V vs Li/Li*).1%]

Recently, we investigated the electrochemical performance of
perfluoroalkylated liquid reactants that contain multiple C—F
bond cleavage sites per C, with high F content (F/C mole ra-
tio x > 2)." Liquid perfluoroalkyl iodides (C,F,,,,1, termed
“CFI”) were studied as exemplars of this class. Reactants were
blended with 0.1 M lithium perchlorate (LiClO, ) /dimethyl sulfox-
ide (DMSO) electrolyte to yield a catholyte and were discharged
in Li—carbon cells. Discharge voltages of up to 2.8 V versus Li/Li*
were observed alongside a high degree of electrochemical defluo-
rination (8/13 total F reacted, or ~8 e~ transfer per CFI) atlow re-
actant concentrations (0.1 M) and rates (0.02 mA cm~2). The sur-
prising degree of electrochemical activity of CFI, which is atypical
for perfluoroalkyl reactants, was attributed to the inclusion of the
large, polarizable iodine that weakens nearby C—F bonds and fa-
cilitates the initial electron transfer. Following this initiation, a
sequential reduction and defluorination propagates along the Ry
tail. C—F bond activity in those reactants was further observed
to be governed by multiple factors, including supporting solvent
properties, perfluoroalkyl group (R = —C_F,,,,) chain length,
CFI reactant concentration (0.1-3 m), discharge rate, and tem-
perature (room temperature to 50 °C). However, fluoride bond
utilization decreased significantly to only <3 C-F bonds per CFI
molecule at higher concentrations and/or rates. This premature
cell termination was postulated to arise from the deactivation
of reduction intermediates during discharge by dimerization of
partially defluorinated Ry, radicals,['”! which is exacerbated when
mass transport in the catholyte is limited (e.g., high CFI concen-
tration, rate, or catholyte viscosity), resulting in accumulation of
intermediates near the electrode surface that triggers this path-
way.

To overcome these limitations, herein, we report a new class of
redox-active perfluoroalkanes designed to achieve extensive de-
fluorination of R;. Given the limitations observed with the —I-
activated perfluoroalkanes, the terminal C—I bond was replaced
with a stronger yet still polarizable bonding environment via a
conjugated system (i.e., aromatic group) with an alkene linker to
the perfluoroalkyl tail. This strategy gives rise to a versatile class
of fluoroalkyl-aromatics that exhibit high electrochemical activ-
ities. Moreover, leading reactants among those examined here
demonstrate an intrinsic ability to undergo close-to-full, cascade-
like defluorination of Ry (up to 11/13 or 15/17 available F) when
discharged in Li—carbon cells at moderate concentrations (up
to 1 M) and rates (0.04 mA cm™?), exceeding the limit of any
previously-known fluoro-alkane. Factors influencing accessible
extent-of-discharge and cell-level energy characteristics, includ-
ing molecular structure and concentration, are examined in de-
tail.
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2. Results and Discussion

The -I functionality in previously-studied CFI reactants plays a
key role as an initiating redox-active center that facilitates deflu-
orination along the Ry chain. We proposed that this process be-
gins with the formation of fluorocarbon radical intermediates!!73]
as detailed in Scheme 1a. However, the radical is also prone to
side reactions such as premature self-dimerization, which deac-
tivates the intermediates and renders additional F inaccessible.
Therefore, we replaced the —I with a different functionality that
undergoes less drastic structural change upon charge transfer: an
aromatic, herein a phenyl (Ph) or pyridine (Py) ring, along with
an alkene linker. We hypothesized that this conjugated system
would function as the electron acceptor, substantially increasing
the electron density near Ry (Scheme 1b). A delocalized radical
anion can then trigger C—F bond cleavage, leaving a radical-like
site that promotes the activation of adjacent C—F bonds. With the
conjugated system continuously accepting and transferring elec-
trons, the defluorination/activation can be driven down the R,
tail in a cascading manner. Two different Ry chain lengths were
examined: —-C¢F,; (termed “C6”) and —C4F,, (C8). Additionally, a
substituent functionality, R, on the ring structure enables further
tuning of the electronic structure around Ry. These fluoroalkyl-
aromatics, which are termed R-Ph(or Py)-C6 (or C8) (Figure 1a),
were synthesized following a one-step Heck reaction using com-
mercial precursors as reported in Ref. [18]. The lowest unoccu-
pied molecular orbital (LUMO) of these molecules is centered
on the conjugated alkene-aromatic group (Figure S1, Supporting
Information).

The investigated reactants in Figure 1 with long Ry chains (p-
CN-Ph-C8 and 0-NO,-Ph-C8) or para-substituted R functionality
(p-CN-Ph-C6) are solids at room temperature, while the others
are liquid; all are soluble in organic solvents (Table S1, Support-
ing Information). None of the reactants could dissolve common
lithium salts in their neat form, making it essential to include the
supporting co-solvent. After preliminary screening, DMSO was
chosen without optimization given its previously-demonstrated
ability to promote LiF solvation and high capacities in other LiF-
forming conversion batteries.[1®19] Lithium perchlorate (LiClO,)
was used as salt to avoid additional F sources for characteri-
zation purposes. Cells were assembled using Li metal anodes,
the as-described catholyte (luoroalkyl-aromatics in 0.1 m LiClO, /
DMSO), and a carbon cathode consisting of Ketjen black-coated
on Toray paper (KB, 12 mm-diameter, unless otherwise noted).

Figure 1b examines the intrinsic redox behavior under gal-
vanostatic conditions in Li cells containing 0.1 M of fluoroalkyl-
aromatics at 0.04 mA cm™2 as a function of electrons transferred
per reactant molecule (calculation details in Supporting Infor-
mation), while Figure 1c presents a normalization to the reac-
tant mass. To overcome limited solubility of long alkyl chain
molecules (e.g., p-CN-Ph-C8) at room temperature, cells were
tested at 50 °C unless otherwise noted. All reactants discharge
via a single plateau with voltages ranging from 2.1 to ~2.6 V
versus Li/Li*. The nitro (-NO,) substituted reactants, 0-NO,-Ph-
C6 and 0-NO,-Ph-C8, possess the highest discharge voltages of
~2.6 V versus Li/Li*, while those for cyano (-CN) substituted re-
actants (0-CN-Ph-C6, p-CN-Ph-C6, and p-CN-Ph-C8) are 0.1 V
lower. Reactants lacking an R group, Py-C6 and Ph-C6, show
the lowest voltages at 2.2 and 2.1 V versus Li/Li*, respectively.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1TE81D) 3ot [dde aup Ag pauienob aJe Ss(oile YO ‘@SN J0 S8|nJ o} Akeiq18Ul|UO A8|1M UO (SUOIPUO-PUB-SWLBH W00 A8 1M AReql 18U JUO//:SdNL) SUORIPUOD pue Swe 1 8y} 885 *[£202/0T/20] U0 A%eid1auljuo A8|1M ‘0jouyos | o anisu| stesnydesse N A TS/ TOEZ0Z WUS/Z00T 0T/I0p/W0d As |im Ake.q i jpul|uoy//sdny wouy pepeojumod ‘z€ ‘€202 ‘0v8arTaT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

@ ey
|'J F\C'F F\C’F ng F\C’F F\C’F E/F . b F\dF E’F Continue defluorination
/\/\,/\F—) ’\’\\’\F—) /\/C\’\,C\’\F o o
FFFF FFFF FFFF Deactivation (e.g. dimerization)
=
®) Y FRFRS
e RFRF \C/ \Cf F e F\C,F F\C/F F
«~-Cn.CoF ~A-Cna O 0l O
\ c C C. —> = B C & ¢ F —> e C < 7~
FFFF EF FFFF F FFFF f
R
nF-. P e P RS s A l
A CC e
. | o e | F\ F F\ F
ne = ; ;
X Overall } R } S = /C\C,C\C,F
«— - = 2(CF), I A \ i F
| © /o R FFF
R | R T \ \F'

Close-to-full defluorination

Continue charge transfer

and cascade defluorination

Scheme 1. Hypothesized defluorination pathway of a) perfluoroalkyl iodide (CF1)[®] and b) fluoroalkyl-aromatics developed herein. The F~ intermediate

generated would combine with Li* in the catholyte and form LiF, while deflu

Such change in discharge voltage is correlated to the electron-
withdrawing strength of different R substituents, as described by
the Hammett coefficient (Table S2, Supporting Information).2!
In contrast to the R group, the Ry chain length had negligible
impact on voltage, e.g., ~#2.6 V versus Li/Li* for both 0-NO,-Ph-
C6 and 0-NO,-Ph-C8. Instead, it most strongly impacted the dis-
charge capacity, as seen by comparing the C6 and C8-containing
reactants (Figure 1b). All C6 reactants (13 total F) exhibited ca-
pacities ranging between 10—12 e~ /molecule, with ~11 typical
of the higher-voltage 0-CN-Ph-C6 and 0-NO,-Ph-C6, indicating

orinated organic fragments form as co-products.

close-to-full defluorination of R;. Meanwhile, the two C8 reac-
tants (0-NO,-Ph-C8 and p-CN-Rh-C8, 17 total F) achieved ~#14—15
e~ per molecule. Hence, reactant structures with longer alkyl
chains tend to exhibit higher gravimetric capacities for an other-
wise similar structure, for example, 642 and 681 mAh g=! .
respectively, at similar discharge voltage for 0-NO,-Ph-C6 and o-
NO,-Ph-C8, or 610 and 748 mAh g~! . ... for p-CN-Ph-C6 and p-
CN-Ph-C8, respectively (Figure 1c). However, increasing the Ry
chain length decreases the solubility of the reactants in DMSO
(Table S1, Supporting Information). For example, p-CN-Ph-C6 is

oo | oo
NO, CN
0-NO,-Ph-C6 0-CN-Ph-C6
X _CsF17 C A CsF17
C :NOZ NC
0-NO,-Ph-C8 p-CN-Ph-C8
Py (e} 2.8 ; :
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Figure 1. a) Molecular structures of fluoroalkyl-aromatic reactants, and their corresponding galvanostatic discharge profiles, with capacities normalized

to b) number of electrons transferred per molecule or c) mass of the fluoroa
fluoroalkyl group (Rf) is denoted as para (p) or ortho (0). All cells were discha
electrolyte, in Li cells with Ketjen black (KB) cathodes.
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Ikyl-aromatic reactants. Positioning of the R functionality relative to the per-
rged at 50 °C and 0.04 mA cm~2, with 0.1 m reactant in 0.1 m LiClO,/DMSO
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Figure 2. a) High-resolution F 1s XPS spectra of discharged KB electrodes from Li—0-NO,-Ph-C6, 0-NO,-Ph-C8, and p-CN-Ph-C8 cells, with a fluoroalkyl-
aromatic concentration of 0.1 m at 0.04 mA cm~2 and 50 °C. The two C—F peaks at 688.4 and 686.4 eV are from the PVDF binder and/or PTFE-treated
Toray paper substrate. The peak at 686.4 eV might also arise from partially defluorinated fluoroalkyl-aromatics, but further differentiation is not possible
due to peak overlap. Some of the KB particles became detached from the cathode during cell disassembly, exposing more fluorinated binder and/or
substrate (contains PTFE), contributing to the variability in relative peak intensities of non-LiF peaks. b) XRD and c) SEM of discharged KB cathodes
from Li—fluoroalkyl-aromatics cells with 0.1 m reactant, discharged at 0.3 mA cm~2 and 50 °C. Cell discharge capacities: 1.1, 1.5, and 1.5 mAh cm~2, for

0-NO,-Ph-C6, 0-NO,-Ph-C8, and p-CN-Ph-C8, respectively.

liquid and miscible with DM SO at room temperature, but the C8
counterpart p-CN-Ph-C8 is solid and can only be solubilized at
elevated temperature (solubility limit: 0.8 m at 50 °C). This in-
dicates a trade-off between intrinsic capacity (per-molecule ba-
sis) and total active material loading (reactant concentration) that
will inform practical cell design as discussed later. A potential
handle to tune the reactant solubility is the R functional group
(identity and position). For example, unlike p-CN-Ph-C8 which
exhibits limited solubility, 0-NO,-Ph-C8 can reach a concentra-
tion of 2 M at room temperature. In contrast, for trifluoromethyl
(—CF,;) substituted reactants, both o-CF,-Ph-C6 and p-CF,-Ph-C6
showed negligible miscibility with 0.1 M LiClO,/DMSO even at
50 °C (Table S1, Supporting Information), thus the electrochem-
ical properties of these molecules were not investigated herein.
All active molecules identified in this study contain the target
reactive motif, R, plus a conjugated system with an alkene linker
and an optional substituent R. We next tested the necessity of
these components for accessing high degrees of defluorination.
In contrast to Ph-C6, perfluorohexyl benzene (C,H;—C.F;;),
which lacks an alkene linker and substitutes Ry directly on the
aromatic ring, exhibited negligible electrochemical activity on
discharge (Figure S2a, Supporting Information), indicating that
the alkene group is critical for facilitating the defluorination
cascade propagating along the R; tail. Similarly, reactants pos-
sessing only the alkene group + R; (perfluorohexyl ethylene,
CH,=CH—C,F,;), i.e., lacking the phenyl ring, were also elec-
trochemically inactive (Figure S2b, Supporting Information), un-
derscoring the importance of this constituent in promoting elec-
tron transfer. In addition, simply combining a benzonitrile aro-
matic (C;H;—CN) with CH,=CH—CF,; in the electrolyte again

Adv. Energy Mater. 2023, 13, 2301751 2301751 (4 of 8)

yielded no activity (Figure S2c¢, Supporting Information), hence,
we conclude that it is critical that these features be combined
within the same molecule. Notably, these design guidelines ap-
pear to extend beyond the examined structures in Figure 1.
Figure S3 (Supporting Information) shows similar discharge of
the naphthalene-based fluoroalkyl-aromatic Naph-C6, containing
an Ry substituent (C,,H,—CF,;, Figure S3a, Supporting Infor-
mation). Discharge capacities of up to 15 e~ per molecule were
obtained, corresponding to 903 mAh g™', . ;. ¢ at 2.0 V versus
Li/Li* (Figure S3b, Supporting Information).

Given their leading discharge performances in both voltage
and capacity, cells containing 0.1 M of 0-NO,-Ph-C6, 0-NO,-Ph-
C8, and p-CN-Ph-C8 reactants were further tested to examine
the discharge reaction products. Using X-ray photoelectron spec-
troscopy (XPS, Figure 2a), all discharged cathodes indicated the
emergence of a new peak at 684.9 eV corresponding to LiF in
the F 1s high-resolution spectra,!?! successfully confirming C—F
bond reduction upon discharge. By X-ray diffraction (XRD), LiF
was the only crystalline product detected for all three reactants
(Figure 2b). The slightly lower peak intensity obtained with o-
NO,-Ph-C8 than p-CN-Ph-C8, despite the similar discharge ca-
pacities, is attributed to lower LiF crystallinity, as evidenced by
round-edged LiF particles observable by scanning electron mi-
croscopy (SEM) for 0-NO,-Ph-C8(C6) compared to more clearly
cubic LiF deposits for p-CN-Ph-C8 (Figure 2c). This suggests
that the R functionality might influence LiF nucleation and
growth even at relatively low reactant concentrations. Combin-
ing these results, we can conclude that the defluorination of R,
i.e., C—F bond reduction, is a major reaction during discharge of
Li—fluoroalkyl-aromatic cells.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Galvanostatic discharge profiles of Li cells with 0.1 m fluoroalkyl-aromatic catholytes: a) p-CN-Ph—C8, c) 0-NO,-Ph-C6, and d) 0-NO,-Ph-C8
in 0.1 m LiClO,/DMSO, with KB carbon cathodes (12 mm-diameter). b) SEM images of the KB electrodes after full discharge of Li— p-CN-Ph-C8 cells at
0.04,0.3, 0.5, and 1.0 mA cm~2 (as indicated). All cells were discharged at 50 °C.

The rate capabilities of the fluoroalkyl-aromatics at 0.1 M con-
centration were also investigated. Given its highest gravimetric
capacity among all the reactants in Figure 1a, we first examined
the discharge performance of p-CN-Ph-C8. As shown in Figure
3a, as the current density increases from 0.04 to 1.0 mA cm™2, p-
CN-Ph-C8 discharge capacity decreases from 15.3 to 9.5 e~ per
molecule, accompanied by a 200 mV lower cell voltage. Fur-
ther increasing the rate to 2.0 mA cm~2 results in a signifi-
cant voltage drop (to 2.1 V vs Li/Li*) with only 48% of the
low-rate capacity attainable (7.3 e~ per molecule). To understand
the potential origin of the capacity loss, we examined the rate-
dependent LiF morphologies, which are shown in Figure 3b.
As the current density increased from 0.04 to 1.0 mA cm™2,
the average LiF particle sizes decreased significantly from
257 + 47 to 77 + 25 nm, indicating less efficient carbon sur-
face utilization at a high rate, which contributes to faster elec-
trode passivation. Such decrease in LiF particle size at high cur-
rent densities was also observed in other LiF-forming conversion
batteries,!'>?? which might be attributed to the increased driving
force (e.g., higher concentration of F~ at the electrode/electrolyte
interface due to higher reaction rate) towards LiF nucleation at
high rates. A similar capacity decrease was also observed for
the two nitro-substituted reactants (0-NO,-Ph-C6 and 0-NO,-Ph-
C8) in Figure 3c,d, where a capacity of ~6 e /molecule was ob-
tained for both reactants at 2.0 mA cm=2. Note that this num-
ber translates to better capacity retention (54%) for o-NO,-Ph-C6
than 0-NO,-Ph-C8 (40%), due to a lower intrinsic (low-rate) ca-
pacity of 0-NO,-Ph-C6. As for voltage retention, both reactants ex-
hibit a discharge voltage of ~2.4 V versus Li/Li* at 2.0 mA cm™2,
~300 mV higher than that obtained for the —CN-substituted
reactants.

Given that practical battery applications favor a high active
material loading to maximize the cell-level energy, we next in-
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vestigated the effect of reactant concentration using 0-NO,-Ph-
C, as a leading system (Figure 4). With KB carbon electrodes,
a significant decrease in reactant utilization was observed (from
~11.2 to 3.1 e~ per molecule) as the 0-NO,-Ph-C, concentration
increased from 0.1 to 2.0 M. This might be attributable to prema-
ture LiF passivation at higher concentrations, and we hypothe-
sized that discharge transitions from being reactant-limited (1.3
mAh cm™? at 0.1 M) to surface-limited (>7 mAh cm~2 at 1-2 m,

2!8 T L] L] L] T T
~ 0.04 mA/cm?
=
= .6 -
4
> 24 -
5
© 2.2 .
=
S

2.0} .

50°C |

0 2 4 6 8 10 12
# e/ molecule

Figure 4. Galvanostatic discharge of Li—o-NO,-Ph-C6 cells as a function
of 0-NO,-Ph-C6 concentration at 0.04 mA cm~2 with 12 mm KB cath-
odes (0.7 mgc cm~2) and/or 15 mm microporous layer carbon substrates
(MPL, 5 mgc cm2). All cells utilized 0.1 m LiCIO, / DMSO as supporting
electrolyte and were discharged at 50 °C. Capacities are normalized to the
number of electrons transferred per 0-NO,-Ph-C6 molecule.
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Figure 5. a) Active material loading, and b) galvanostatic discharge profiles of Li—CF,, Li—0-NO,-Ph-C6, and the hybrid cell. All cells utilized 15 mm
diameter electrodes (CF, or MPL), and were discharged at 0.04 mA cm™2 at 50 °C. Both the Li—0-NO,-Ph-C6 and hybrid cells used 1 m 0-NO,-Ph-C6 in

0.1 m LiClO,/DMSO as catholyte.

Figure S4, Supporting Information), upon a 10-20Xx increase
in active material loading. To test this hypothesis, we switched
from KB electrodes (12 mm diameter, active carbon loading:
~0.7 mg. cm~?) to commercial microporous layer (MPL) car-
bon (see Experimental Section), which has a higher active car-
bon loading (5 mg. cm~2, 15 mm diameter). This cathode sub-
strate change corresponds to an increase in total carbon from
0.8 to 8.9 mg per cell. As a result, full reactant utilization (=11
e per molecule, as defined by the capacity obtained at 0.1 m and
0.04 mA cm™2) was achieved at a concentration of 1 m. Further
increasing the reactant concentration to 2 M, however, again re-
sulted in decreased reactant utilization (5.2 e~ per molecule), as
well as ~#40 mV lower cell voltage. Beyond electrode passivation,
this decreased utilization may also arise from the decrease in sup-
porting solvent DMSO (=62 wt.% at 1 M vs ~31 wt.% at 2 M)
leading to decreased LiF solubility and reduced catholyte trans-
port properties (e.g., lower ionic conductivity).['®??] This chal-
lenge might be mitigated in the future by further increasing elec-
trode surface area®®! and/or utilizing supporting solvent with
lower viscosity.'®l Nevertheless, the close-to-full defluorination
achieved at 1 M represents a significant improvement over the
CFI system, where only <3 e~ per molecule were attainable at
the same concentration, suggesting that replacing the -I func-
tionality with a conjugated structure could effectively improve the
stability of the reduction intermediates.

Another approach to improve the active material loading for
practical cells is hybridization of solid and liquid cathodes.
Such a hybrid cell design has recently been demonstrated in
a Li cell with CF, (solid) and pentafluorosulfanyl arene (lig-
uid) cathodes, which successfully improved the gravimetric en-
ergy density of Li~CF, cells by 20%.1?2) The energy gain mainly
originated from the more efficient weight utilization in the
cell, since the active catholyte replaces the traditional elec-
trolyte in Li—CF, cells (e.g., lithium tetrafluoroborate in propy-
lene carbonate/dimethoxyethane),[?*! minimizing the weight of
the inactive electrolyte solvent. Herein, we use 0-NO,-Ph-C6 to
demonstrate the compatibility between fluoroalkyl-aromatics and
CF, solid cathode. As shown in Figure 5a, 0-NO,-Ph-C6/CF, hy-
brid cells were fabricated with a CF, cathode (loading of 18.4 +
0.5 mgp,, cm~2, galvanostatic discharge profile in Figure S5, Sup-
porting Information) and 50 pL of 0-NO,-Ph-C6 catholyte with
a reactant concentration of 1 M (13.2 mg, yo2pnce CM~2). The
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discharge profile of the hybrid cell exhibits two voltage plateaus
(Figure 5b). The first plateau starts at 3.0 V versus Li/Li* with a
total areal capacity of 14.3 mAh cm2, similar to that obtained
from Li-CF, cells (14.5 mAh cm™?), with only ~30 mV lower
voltage that is attributable to the decreased transport proper-
ties of the catholyte compared to the 0.1 M LiClO,/DMSO elec-
trolyte in Li—CF,. The voltage similarity suggests that the first
plateau is mainly governed by reduction of solid CF,. The second
plateau exhibits a voltage of ~2.7 V versus Li/Li* and a capacity of
8.9 mAh cm™?, very close to that obtained from the Li—0-NO,-
Ph-C6 cell (8.8 mAh cm™2 at 2.7 V vs Li/Li*), indicating that the
reduction of 0-NO,-Ph-C6 mainly occurs after CF, discharge has
completed. Note that both 0-NO,-Ph-C6 and CF, exhibit a negligi-
ble capacity loss in the hybrid cell, demonstrating excellent chem-
ical compatibility between the two electroactive components.

The cell-level energy/capacity metrics are analyzed and com-
pared with CF,- and CFI-only cathodes in Figure S6 and Table S3
(Supporting Information) at the sub-stack level, which includes
the weight of electrodes and electrolyte (sub-stack = 0-NO,-Ph-
C6 + CF, + carbon + DMSO + consumed Li).*”) Due to limi-
tations in the assembly of lab-scale coin cells, an excess amount
of electrolyte/catholyte is needed to ensure sufficient wetting of
the solid cathodes, therefore both the CF, and hybrid cell have
a CF,:liquid weight ratio of ~0.5:1. This ratio is lower than that
used in practical cells (CF,:electrolyte ~ 1:1 w/w in commercial
Li-CF, cell),®) and thus a higher sub-stack level energy can be
projected for cells able to achieve optimized solid:liquid load-
ing with the electrolyte/catholyte herein. For example, the at-
tained energy density for a Li-CF, cell with excess electrolyte is
695 Wh kg™ .. and is projected to reach 995 Wh kg™ <.
when the CF,:electrolyte weight ratio reaches 1:1. In comparison,
the attained gravimetric energy for a catholyte/solid hybrid cell
with 1 M 0-NO,-Ph-C6 is 1050 Wh kg™ , ..., and is projected to
further increase to 1345 Wh kg™, ... under lean catholyte con-
ditions, representing a 35% improvement over Li—CF,. Achiev-
ing such ratios in practice requires advancements in methods for
in-house cathode fabrication with higher loadings, and/or pro-
gression to pouch or cylindrical cells with vacuum sealing to
reach higher solid-to-electrolyte ratios in future work.

In addition to the loading of fluorinated reactants, practical
cell design may also require optimizing the fluoroalkyl-aromatic
species based on the operating conditions. For example, different
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power requirements will favor reactants with different fluoroalkyl
chain lengths. Reactants with long Ry chains (C8) achieve the
highest specific energies at low rates (e.g., at 0.04 mA cm™2 and
0.1 M reactant concentration: 1695 and 1785 Whkg™! . ... for o-
NO,-Ph-C8 and p-CN-Ph-C8, respectively, Figure S7a and Table
S4, Supporting Information). However, at current densities >
1 mA cm~2, the shorter chain (0-NO,-Ph-C6) reactants outper-
form the C8-containing analoguess (e.g., at 1 mA cm=2 and 0.1 m:
1165 Whkg™ .. ctan: for 0-NO,-Ph-C6 versus <1080 Whkg™! ..ot
for the two C8 reactants, Figure S7b, Supporting Information).
This suggests separate design strategies for batteries targeting
high power or high energy applications, with long fluoroalkyl
chain molecules more suitable for low rate and high energy, and
short chain reactants being preferred when power requirement is
more stringent. Temperature-dependent performance also needs
to be taken into consideration. The room temperature (RT) rate
performances were tested for the two nitro-substituted reactants,
which are miscible/soluble with DMSO at RT, and the results are
shown in Figure S8 (Supporting Information). At 0.04 mA cm—2
with a reactant concentration of 0.1 M, both reactants exhibited
slightly lower capacities than those obtained at 50 °C, with ca-
pacities of 10.4 and 12.8 e~ per molecule for 0-NO,-Ph-C6 and
0-NO,-Ph-C8, corresponding to gravimetric energy densities of
1470 and 1495 Wh kg! . ..o TESpectively. Meanwhile, the rate
capability advantage of the C6 molecule is more significant at RT:
at 0.3 mA cm~2 (with 0.1 M reactant), 0-NO,-Ph-C6 delivers a ca-
pacity of 9.3 e~ per molecule (1285 Wh kg™, ian), While only 7.7
e~ per molecule (895 Wh kg™! ... ....) was obtained from 0-NO,-
Ph-C8 discharge. Overall, these findings indicate a viable strategy
towards lower-temperature operations, which may be further im-
proved by considering electrolyte co-design for higher reactant
concentrations and lower viscosities in future work.

3. Conclusion

This study demonstrated the design principles for a new class
of high-energy perfluoroalkylated catholyte reactants that enable
close-to-full defluorination. These fluoroalkyl-aromatic reactants
comprise three key components: an R; tail, which is the ma-
jor redox active component; a conjugated aromatic system with
an alkene linker, which facilitates electron transfer and the re-
ductive transformation propagating along the R; tail; and an R
functionality on the ring component that provides an additional
handle to tune the Ry redox properties (e.g., reduction poten-
tial). When coupled with Li metal anodes, a remarkably high de-
gree of Ry defluorination has been achieved (11/13 or 15/17 total
available F), corresponding to >1.8 e~ per carbon (in R;), and
high gravimetric energy densities (up to 1785 Wh kg™! ., ..t
demonstrating the inherent potential in utilizing such reactant
structures in Li batteries. The nitro group substituted fluoroalkyl-
aromatics exhibit the highest discharge potential (%2.6 V vs
Li/Li*) and good solubility/miscibility in DMSO (up to 2 M), al-
lowing the catholyte to function at moderate reactant concen-
trations (i.e., high active material loading). Moreover, the com-
patibility between fluoroalkyl-aromatics and CF, enabled the de-
sign of a hybrid cell that utilized the reduction of fluorinated
cathodes in both solid and liquid phases. Such hybridization is
a promising approach to exceed the cell-level energy of Li—CF,
systems by minimizing the weight of electrochemically inac-
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tive electrolyte solvent, with a 35% improvement projected with
cell structure optimization. The system exhibits significant re-
maining room for further improvements, such as tuning the
underlying ring structure and R functionality to increase the
reduction potential and reactant solubility; utilizing high sur-
face area cathode substrates to alleviate LiF passivation espe-
cially for concentrations > 1 M; balancing the solid-liquid ra-
tio in the cell to maximize attainable capacities; and optimiz-
ing supporting solvent for improved transport properties. Over-
all, this class of perfluoro-alkylated catholytes opens up new op-
portunities to tailor the C—F bond activity and defluorination
reaction pathways at a molecular structure level, providing a
new platform for the design of high energy density Li primary
batteries.

4. Experimental Section

Chemicals and Materials: All electrodes and cell-making materials
were stored in an argon-filled glovebox (MBRAUN). The fluoroalkyl-
aromatic reactants were synthesized with high yield from a one-step
Heck reaction using commercial starting materials. The detailed synthe-
sis methods are described in Ref. [18] LiCIO, (99.99% trace metals basis,
Sigma—Aldrich), stainless steel current collectors, stainless steel springs,
and Whatman filter paper (Grade QM-A, 2.2 um pore size, 450 um thick-
ness, Sigma—Aldrich) were dried in a Buchi glass oven under active vac-
uum overnight at 120 °C. Dimethyl sulfoxide (anhydrous, >99.9%, Sigma—
Aldrich) and 1,2-dimethoxyethane (DME, anhydrous, 99.5%, inhibitor-
free) were used as received and stored inside the glovebox.

Cathode Preparation: To fabricate the Kejten black (KB) electrodes
used in Figures 1-4, KB (AzkoNobel) powder, N-Methyl-2-pyrrolidone
(NMP), and polyvinylidene difluoride (PVDF) (with a weight ratio of car-
bon: PVDF = 80:20) were mixed together and sonicated to form a uni-
form ink. The carbon ink was then coated onto a sheet of Toray paper
(polytetrafluoroethylene (PTFE)-treated, TGP-H-030, Fuel Cell Earth) us-
ing a doctor blade (MTI Corp.), and dried at room temperature. The ob-
tained coated Toray paper was subsequently punched into circular disks
(12 mm diameter) and dried under active vacuum in a glass oven (Buchi)
overnight at 90 °C. Typical active carbon loading of KB electrodes is 0.73 +
0.08 mg cm~2. The as-received microporous layer (MPL, 5 mgc cm™2,
EQ-bcgdIl-1400S-LD, MTI Corp.) used in Figure 4 and the Li—0-NO,-
Ph-C6 cells in Figure 5 were punched into 15 mm diameter disks and
dried in Buchi oven at 90 °C overnight. CF, electrodes used in Figure 5
(CF, and hybrid cells) were fabricated in-house. CF, powder (x =~ 1.1,
Sigma—Aldrich), PVDF, Vulcan carbon (VC, XC-72, Cabot Corporation)
(CF,:PVDF:VC = 8:1:1), and NMP were mixed uniformly, rolled into a film,
and dried at room temperature. The CF, film was then pressed onto the
stainless steel mesh (Dexmet), punched into 15 mm diameter disks and
further dried at 120 °C overnight under vacuum in Buchi oven. Typical load-
ing of CF, is 18.4 + 0.5 mg cm™2,

Galvanostatic Discharge: For cells with KB cathode substrates, two-
electrode Swagelok-type cells were constructed in an Ar glovebox, with the
dried KB cathode and a 9 mm diameter disk of Li metal as anode (0.75 mm
thick, 99.9% metals basis, Alfa Aesar). The separator (13 mm diameter
Whatman filter paper) was impregnated with 50 pL fluoroalkyl-aromatic
catholyte. Note that non-fluorinated salt (LiClO,) was used to avoid ad-
ditional fluorine sources, thus the only fluorine sources are fluoroalkyl-
aromatics and PVDF/PTFE in KB electrodes. The latter two are well-known
to be stable within the operating voltage window (1.9-3.0 V vs Li/Li*). For
cells with MPL and CF, cathodes, two-electrode coin cells were used. Cells
were constructed inside the Ar glovebox with a 16 mm diameter What-
man separator, a 15 mm diameter Li anode, two stainless steel disks (MTI
Corp.) as current collectors, and 50 uL electrolyte/catholyte. An electric
crimper (MSK-160E, MTI Corp.) with a constant mass loading of 0.82 tons
was used for coin cell assembly. For galvanostatic discharge conducted at
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50 °C, the cells were placed in an incubator (Memmert GmbH + Co. KG)
after assembling. All cells were rested at open circuit voltage (OCV) for
5 h before prior to galvanostatic discharge. All discharge tests (BioLogic
VMP3 potentiostat or MPG2 workstation) were conducted within a volt-
age window ranging from OCV to a lower voltage cutoff of 1.9 V versus
Li/Li*. See Supporting Information for more details on cell structure and
electrolyte/catholyte compositions.

Scanning Electron Microscopy (SEM):  To harvest the discharged elec-
trodes, the cell was disassembled inside the Ar glovebox and the cathode
was extracted, rinsed with DME, and dried under vacuum at room temper-
ature prior to SEM measurements. The dried cathode was sealed under
Ar in a glass vial in glovebox. The sample was quickly transferred into the
SEM chamber with minimal exposure to ambient. All SEM characteriza-
tion was conducted on a Zeiss Merlin High-resolution SEM operating at
an accelerating voltage of 5 kV and beam current of 100 pA.

X-Ray Diffraction (XRD):  Discharged cathodes were rinsed with DME,
dried under vacuum, and stored inside the glovebox. To minimize the ex-
posure to ambient, samples were sealed in an air-sensitive sample holder
under Ar inside the glovebox prior to XRD measurements. XRD patterns
were collected on a PANalytical X'Pert Pro multipurpose diffractometer
with a copper anode (Cu Ka). All scans for cathode characterization were
performed from 5° < 20 < 90° at a typical scan rate of 0.5° min~'. Refer-
ence data for LiF: space group: Fm3m, JCPDS: 00-004-0857.

X-Ray Photoelectron Spectroscopy (XPS): Discharged cathodes were
rinsed with DME, dried under vacuum, and sealed in an air-sensitive trans-
fer vessel. XPS measurements were conducted on a PHI VersaProbe Il X-
ray Photoelectron Spectrometer. The binding energies were calibrated by
the C—F binder peak (PVDF) at 688.40 eV. A Shirley-type background and
a 70% Gaussian/30% Lorentzian line shape were used to deconvolute the
high-resolution spectra using CasaXPS software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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