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Fluorinated carbons (CF,)/Li primary batteries with high theoretical energy density have been applied as indispensable energy
storage devices with no need for rechargeability, yet plagued by poor rate capability and narrow temperature adaptability in
actual scenarios. Herein, benefiting from precise solvation engineering for synergistic coordination of anions and low-affinity
solvents, the optimized cyclic ether-based electrolyte is elaborated to significantly facilitate overall reaction dynamics closely
correlated to lower desolvation barrier. As a result, the excellent rate (15 C, 650 mAh gfl) at room-temperature and ultra-low-
temperature performance dropping to —80 °C (495 mAh g_1 at average output voltage of 2.11 V) is delivered by the end of 1.5 V
cut-off voltage, far superior to other organic liquid electrolytes. Furthermore, the CF,/Li cell employing the high-loading
electrode (18-22 mg cmﬁz) still yields 1,683 and 1,395 Wh kgfl in the case of —40 °C and —60 °C, respectively. In short, the
novel design strategy for cyclic ethers as basic solvents is proposed to enable the CF,/Li battery with superb subzero perfor-

mances, which shows great potential in practical application for extreme environments.
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The development of society deserves energy-storage devices
provided with high energy/power density and environmental
adaptability [1]. The fluorinated carbons/lithium (CF,/Li)
primary batteries as one of the most prominent candidates
have been universally used in medical, military, aerospace,
and defense fields without rechargeability, owning to the
higher theoretical energy density exceeding 2,100 Wh kg71
(x=1), excellent safety, and low self-discharge rate [2-8].
However, the practical application scenarios are severely
restricted by reason of sluggish reaction kinetics together
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with increasing cell resistance under extreme environments
caused by intrinsically low electronic conductivity of CF,/
LiF and lack of suitable electrolytes [9]. In contrast to
complicated and high-cost methods devoted to modifying
CF, materials, targeted electrolyte engineering is in urgent
demand for an effective approach to promote rate and low-
temperature performance [10—15].

The systematic researches on electrolytes trace back to the
evolution of reaction mechanism for CF,/Li batteries in the
eighties of last century [16]. It is noteworthy that the elec-
trolyte acting as the ionic mediator equally takes part in the
discharge reaction [17]. The solvent molecules have been
found to participate in the conversion-type reaction and af-
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fect the electrochemical performance with the co-intercala-
tion of the solvated Li" into CF, layers as a ternary graphite
intercalation compound (t-GIC) intermediate phase formed
in a two-stage reaction pathway (C F+Li+zS—C (Li zS)F
—xC+LiF+zS, S termed as solvent molecule) where the
specific desolvation process is divided into two parts hap-
pening before the co-intercalation of t-GIC and before the
formation of LiF [16,18,19]. As a result, the researchers
found that the discharge voltage plateau is enhanced by se-
lecting strong coordination solvent with better electron-
donicity [20]. In addition, the anions derived from salts are
also proved to exert an effect on the performance [21].

Except for the effect of electrolyte components on reaction
thermodynamics, the solvated microstructure accompanied
with the solvation/desolvation process is also closely re-
levant to the dynamics [18]. From the perspective of tem-
perature sensitivity of solvation interaction, different from
the slight barrier distinction distributed in the semblable
order of magnitude at room temperature, the dramatically
inhibited Li~ desolvation process as the rate-limiting step has
been verified to be crucial for the kinetic behavior at low
temperature [22,23]. Therefore, how to significantly reduce
the desolvation energies of Li" is the key to formulate low-
temperature electrolytes with ensuring sufficient ionic con-
ductivity as a precondition [24,25]. By far, the massive ef-
forts have been devoted to prioritizing low freezing point/
viscosity solvents to optimize the electrolyte composition
ensuring the ion transport in liquid phase. The commercial
electrolyte formula consisting of 1 mol L' LiBF, dissolved
in propylene carbonate (PC)/1,2-dimethoxyethane (DME)
show the improved performance at —40 °C compared with
carbonate-based electrolytes [26]. Moreover, the co-solvents
(carboxylic ester (methyl butyrate, MB and isobutyl acetate)
[9,27], fluorinated ether [28], and acetonitrile [29]), func-
tional additives (tris(1,1,1,3,3,3-hexafluoroisopropyl) borate
[30], BF; [31], and tris(2,2,2-trifluoroethyl) borate) [26], and
novel liquefied gas electrolytes were recently reported [32].
However, the universally lower average operational voltages
and narrow capacity are delivered with ever-increasing
desolvation energies below —40 °C for the lack of precise
control of solvation structure [23]. Similarly, to improve the
fast-discharge capability at a high-rate current, the low des-
olvation kinetics needs to be endowed as well [33].

Herein, benefiting from the precise Li'-coordinated reg-
ulation by the integration of low-affinity solvents with an-
ions, the weakly solvating cyclic ether-based electrolyte is
firstly introduced to significantly decrease desolvation acti-
vation energies and facilitate reaction kinetics, achieving
superior rate-capability and ultralow temperature adapt-
ability up to —80 °C. Discharged until 1.5 V cut-off voltage,
the assembled CF,/Li batteries yield 723, 652, and
495 mAh g_1 with average output voltages of 2.26, 2.22, and
2.11 V at—40 °C, —60 °C, and —80 °C, respectively, which is

the best performance among current organic liquid electro-
lytes to the best of our knowledge. The capacity retention
approaching 82% is produced at a high rate of 15 C
(12 A gfl). When increasing the loading of the active sub-
stance to 18-22 mg cm °, the energy densities of 1,683,
1,395, and 213 Wh kg " are still displayed at —40 °C, —60 °C
and —80 °C, respectively. In a word, we propose a promising
approach to design low-temperature electrolytes and expand
the range of solvent options, promoting their application
research on CF,/Li primary batteries under cold environ-
ment.

The cyclic ethers as low-temperature solvents are known
for inherent advantage in terms of physicochemical proper-
ties and weak affinity of Li* [34]. As shown in Figure 1a, the
freezing points of representative DOL and THF are around
—100 °C, far lower linear ethers (DME), cyclic carbonates
(PC), and carboxylic ester (MB). And the lower viscosity
renders the fluidity of liquid, which is essential for the em-
ployment at ultra-low temperature. The binding energies of
different Li'—solvent complexes are calculated by density
functional theory (DFT). It can be seen that cyclic ethers
show the weakest affinity of Li’, obviously reducing the
resistance to separation and assure the reductive stability
with Li metal. In general, the solvent of the weak interaction
with Li" has low dielectric constants, resulting in the weak
solubility of lithium salts. Exceptionally, the THF is capable
of dissociating lithium salts (LiPF,, particularly for LiBF,
widely used in low-temperature primary battery) effectively
ascribed to favorable dielectric constants and acceptable
Lewis basicity (donor number). Therefore, the optimized
cyclic ether-based electrolyte (simplified as CEE) recipe is
formulated by dissolving 1 mol L' LiBF, in the cyclic ether-
based mixture of DOL and THF with 1:4 volume ratio. The
commercial electrolyte (simplified as COE), 1 mol L LiBF,
in PC/DME (1:1 volume ratio), is prepared as athe contrast.
Figure 1b shows temperature-dependent ionic conductivities
of the formulated CEE and COE in the range from —80 °C to
—40 °C. Compared with COE sharply minimized at —60 °C,
the CEE possess-based ionic conductivity of 1.52, 1.35, and
1.29 mS em ' at —40 °C, —60 °C, and -80 °C, respectively,
satisfying the corresponding criterion reported for low-tem-
perature electrolytes in literature. Raman spectra are ex-
hibited in Figure lc to detect the formed solvation
characteristics of COE and CEE. It is observed for COE that
the DME and PC are jointly involved in solvation structure
along with obvious blue shift of C—O—C (from pristine 848 to
869 cm ') and C=0 (from pristine 1,781 to 1,792 cm ')
stretching modes [35]. And the BF, also participates in the
solvation shell with the dominant formation of contact ion
pairs (CIPs, BF, coordinating with one Li ion) [21]. In ad-
dition, the slight blue shifts of C—O-C stretching vibration
peaks assigned to THF and DOL also occur for CEE, in-
dicating that the solvents exert the weak affinity of Li’,
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Figure 1 The characteristics of formulated electrolytes. (a) Summary to intrinsic physical properties of solvents and different binding energies with Li". (b)
The ionic conductivities at different measured temperatures. (c) Raman spectra of solvents, COE and CEE. (d) The locally amplified Raman spectra for LiBF,

salt as for B-F stretching (color online).

which contributes to the participation of anions in solvated
coordination on the other hand [25]. As observed in Figure
1d, the obvious blue shift of the B-F stretching peak induced
by solvated BF, further demonstrates that more anions
participate in the solvation sheath to form CIPs and more
aggregate clusters (AGGs, BF, coordinating with two/more
Li ions) [36].

To further probe more specific solvation structure, the
classical molecular dynamics (MD) simulations regarding
COE and CEE are adopted by constructing electrolyte
models at 25 °C and —40 °C with the ternary LiBF,/PC/DME
mixture (10 LiBF,+58 PC+48 DME) and LiBF,/THF/DOL
mixture (10 LiBF,+98 THF+28 DOL) based on conversion
salt/solvent molar ratios [37]. The resulting snapshots are
shown in Figure 2a, b and Figure Sla, b. The simulated
results at 25 °C are shown in Figure Slc, d, consistent with
above-mentioned Raman spectra. And the solvation effect is
remarkably strengthened as the temperature drops. For COE
at —40 °C, the radial distribution functions (RDFs) and re-
lated coordination number (Figure 2¢) manifest Li' is co-
ordinated with average 1.81 DME oxygens, 2.16 PC
oxygens, and 1.08 BF, borons at on average 1.97, 1.97, and
3.05 A, and the increased share of DME and tight solvation
structure compared with the case at 25 °C. By contrast, the
weakened solvent coordination is observed in CEE together
with an average 2.48 THF oxygens and 0.18 DOL oxygens at

on average 1.89 and 1.93 A, while the coordinating cap-
ability of anion in the solvation sheath significantly increases
with the formation of CIP and AGG accompanied with an
average coordination number of 1.63 BF, borons at on
average 3.03 A, generating the compact configuration with
the synergistic coordination of tight anions and alienated
solvents (Figure 2d). The representative enlarged solvation
microstructures (Figure 2e, ) consisting of Li ~2PC-DME—
BF, and Li -=3THF-DOL-BF, are selected as the same CIP
standard from the optimized —40 °C MD result to quantita-
tively study the discrepancy of desolvation activation en-
ergies between COE and CEE. The weakly-solvating
structure is elaborated with the lower desolvation energy
(5.12¢eV) of CEE at —40 °C, far below that of COE
(6.40 eV), corroborating that CEE possesses facile low-
temperature dynamics compared with COE (Figure S2).
The electrochemical performance is tested in the CF,/Li
cell discharged to cut-off voltage of 1.5V with the for-
mulated electrolytes to prove evident superiority of CEE to
COE at the low temperature and high rate (Figure S3). The
galvanostatic discharge profiles with different rates at 25 °C
are shown in Figure 3a. The CF,/Li cell using CEE shows a
specific capacity of 793 mAh g:1 with the discharge plateau
about 2.57 V versus Li/Li at 0.1 C (hence 1 C is standar-
dized as 800 mA g_1 in this paper), slightly less than that
using COE with 820 mAh gfl. However, along with the in-
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Figure 2 The MD simulations and quantitative calculation of desolvation energies regarding COE and CEE. Snapshot: Li" RDFs and related coordination
numbers conducted from MD simulations of (a, ¢) COE and (b, d) CEE at —40 °C. The representative solvation structures of CIPs from MD simulations and

the relevant desolvation energies of (¢) COE and (f) CEE (color online).

creasement of current density from 0.2 C to 10 C, the cell
still performs discharge capacities of 776, 775, 773, 772,
760, and 758 mAh g71 enabled by the average output voltage
0f2.51,2.48,2.41,2.38,2.32,2.16, and 2.10 V, respectively.
Especially at the high rate of 15 C, the discharge capacity of
650 mAh gf1 corresponding to 82% capacity retention is
maintained with the average output voltage of 1.83V, in
comparison to less than 77 % capacity at 5 C in COE. When
tested at —40 °C, the excellent performance (723, 690, 653,
592, and 498 mAh tgf1 with the discharge plateaux about 2.3,
2.26,2.16,2.06,and 1.92 V) is yielded at 0.1, 0.2, 0.5, 1, and
2 C, respectively (Figure 3b). Moreover, Figure 3c also
shows equally excellent capacities of 652, 622, 603, and
424 mAh g_l provided with the average output voltage of
2.22,2.18,2.13, and 1.96 V at 0.03, 0.05, 0.1, and 0.5 C at
—60 °C, respectively. Even expanded to almost unexplored
—80 °C, the discharge capacity of 495 mAh g_1 is still dis-
played at 10 mA g_1 with the discharge plateau about 2.13 'V,

corresponding to the energy density of 1,044 Wh kgf1
(average output voltage of 2.11 V), bare of the preceding
reports in such cold temperature (Figure 3d) [32]. By con-
trast, the COE only delivers 421 and 233 mAh g71 capacities
at —40 °C (0.1 and 0.5 C) and almost no remaining capacity
at —60 °C. To further prove the potential of CEE for practical
applications, the high-loading CF, electrodes with
18-22 mg cm  are assembled with CEE, showing 781, 771,
717, 588 mAh g ' with the average output voltage of 2.50,
2.45,2.37,and 2.25 V at 0.02, 0.05, 0.1, and 0.2 C, obviously
superior to COE (557 mAh g71 at 0.1 C) (Figure 3e, Figure
S4). Even in the case of —40 °C, —60 °C and —80 °C, the CF,/
Li cell still exhibits energy densities of 1,683, 1,395, and
213 Whkg ' enabled by 726, and 633, and 110 mAh g ',
respectively (Figure 3e, Figures S5, S6). By contrast, the
inferior performance is shown with high-loading electrodes
with COE. In conclusion, the CEE enables Li/CF, cells with
the highest energy density at ultra-low temperatures com-
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Figure 3 The electrochemical properties of CF,/Li cells with CEE and COE. (a) Discharge curves of CF,/Li primary cells using COE and CEE under
different current densities from 0.1 to 15 C at room temperature. Low-temperature performance ranging from (b) =40 °C, (c) —60 °C to (d) —80 °C at different
rates. (e) Discharge profiles at 25 °C, —40 °C, —60 °C, —80 °C realized by high-loading CF,. (f) Actual operating image with LED lamps at —80 °C (color

online).

pared with other reported organic liquid electrolytes, the
superior performance, cost-effectiveness and practical scal-
ability to further boost the development of next-generation
primary batteries in cold environments [26,27]. Finally, the
fabricated button cell with CEE succeeds in lighting up LED
lamps at —80 °C, indicative of practical ultralow-temperature
adaptability (Figure 3f).

To further comprehend the reason for the outstanding
performance delivered by CEE, the electrochemical im-
pedance spectroscopy (EIS) is obtained before the discharge
at 25 °C and —40 °C to study the kinetic properties of CF,/Li
cells using COE and CEE (Figure 4a, b). When the tem-
perature decreases from 25 °C to —40 °C, the overall im-
pedance rises rapidly, which indicates that dynamic
processes are severely limited by certain temperature-de-
pendent modules. In addition, it is noteworthy that the cells
using CEE retain almost one-eighteenth of total impedance
from counterparts using COE at —40 °C, well explaining the
excellent electrochemical performance. To identify the un-
derlying determinants, the EIS spectrum is fitted with an
equivalent circuit model (Figure S7) with the bulk resistance
of electrolyte itself (Ry), Li" transport resistance through the
solid electrolyte interphase (SEI, Rgg;), and Li~ desolvation
also known as charge transfer resistance (R.) [9]. The in-
tegration of the slightly increased Ry and Rgg; identified as
minor factors, the dominant proportion and significant in-
creasement of R dependent on temperature reduction at —40
°C confirm the desolvation process of Li" as the rate-limiting
step to determine the low-temperature performance of CF,/Li
batteries, in accordance with previous studies. Therefore, the

significantly reduced R, namely desolvation energy, is the
root cause for elevating low-temperature performance in
CEE. The impacts of electrolytes on the CF, electrode and
the interface are correlated to scanning electron microscopy
(SEM), high-resolution transmission electron microscopy
(HRTEM), and X-ray photoelectron spectroscopy (XPS). As
shown in Figure S8, the undersized LiF grain sizes and la-
mellar-exfoliated carbon products are clearly observed in
CEE, illustrating the complete involvement in the discharge
reaction at —40 °C [38]. By contrast, the bulk CF, residues
and relatively integrated structure without the fracture ob-
viously exist owning to the poor reactivity. The thin and
dense interfacial films formed on the cathode surface in CEE
are characterized with favorable structural integrity to ensure
the solvated ion diffusion through SEI (Figure 4c). The XPS
is performed on the fully discharged CF, electrode at —40 °C
to investigate the chemical composition of SEI (Figure 4d).
The C—C and C-F bonds are assigned to the intrinsic struc-
ture of pristine CF, materials, while C—O represent the
composition of formed film [21]. It can be seen from C 1s
and F 1s spectra that the C—F peak located at 290.4 eV re-
latively decreases accompanied with C-O bonds appearing
at 285.8 eV when discharged to 1.5V in CEE and COE,
confirming the similarity of interfacial chemistry in ether-
based electrolytes. The higher Li—F peak at 686.1 €V is ob-
served in CEE due to a thorough CF, conversion from C—F
compared with COE (Figure S9). On the basis of the above
analyses, it is concluded that the interface chemistry exerts
unconspicuous effects on the low-temperature performance
of the battery. In short, as depicted in Figure 5, in light of the
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involvement of solvents in the specific reaction of the CF,/Li
cell differing from merely acting as the ionic mediator in
traditional rechargeable batteries, the focus should be on
two-sided effects of desolvation process in the CF,/Li cell on
the interfacial ion-transport efficiency and reaction dy-
namics. The CEE significantly reduces the desolvation en-
ergy barrier consisting of Ey and Egy,, achieving faster
integrated dynamics than COE at the low temperature.
Therefore, the solvent substitution of carbonates with cyclic

ethers is beneficial to exploit electrolytes at ultra-low tem-
perature.

In this work, by designing the weakly-solvating structure
involving the synergistic coordination of tight anions and
alienated solvents, the optimized CEE is proved to sig-
nificantly decrease desolvation activation energies and fa-
cilitate  whole dynamics, achieving the superior rate-
capability and ultralow-temperature adaptability. The CF,/Li
batteries in CEE show 776, 773, 758, and 650 mAh gfl at
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0.1, 0.5, 10, and 15 C at 25 °C. When the temperature drops
to =40 °C, —60 °C, and —80 °C, the capacities of 723, 652,
and 495 mAh g{1 are maintained with average output vol-
tages of 2.26, 2.22, and 2.11 V, corresponding to energy
densities of 1,634, 1,447 and 1,044 Wh kgfl, respectively.
And the voltage plateaux exceeding 2 V are yielded with 2.3,
2.24,and 2.13 V at —40 °C, —60 °C, and —80 °C, much higher
than other reports. To further testify the potential for practical
applications, the CF, loading is increased to 18—22 mg cm .
The assembled CF,/Li cells also show energy densities of
1,683 and 1,395 Wh kgfl at —40 °C and —60 °C. In brief, we
provide a powerful method for the electrolyte modification
with cost-effectiveness and practical scalability, which has
unexploited the application value and favorable exploitation
foreground for ultralow-temperature primary batteries.
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