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Breaking the Temperature Limit of Lithium-Ion Batteries
With Carbon Nanotube-Based Electrodes and “Constructive
Alliance” Electrolyte Strategy

Zixin Hong, Hui Tian, Zhenhan Fang,* Yufeng Luo,* Hengcai Wu, Fei Zhao, Wei Yu,
Changhong Liu, Qunqing Li, Shoushan Fan, and Jiaping Wang*

Lithium-ion batteries (LIBs) are paramount in energy storage in consumer
electronics and electric vehicles. However, a narrow operating temperature
range severely constrains their evolution. In this study, a wide-temperature
operating LIB system is constructed utilizing carbon nanotube (CNT)-based
electrodes and a “constructive alliance” electrolyte. The unique microstructure
of the CNT current collector, with high electrical and thermal conductivity,
accelerates the reaction kinetics of active materials at subzero temperatures
and optimizes the thermal management of the entire electrode at elevated
temperatures. Furthermore, a strategy employing the “constructive alliance”
electrolyte is proposed, demonstrating that a simple combination of
commercially available electrolytes can enhance resilience to harsh thermal
conditions. Molecular dynamics simulations and density functional theory
calculations reveal that the hybrid electrolyte predominantly adopts aggregate
solvation structures and possesses low Li+ desolvation barriers regardless of
thermal variations. Consequently, the assembled Li4Ti5O12//LiCoO2 full cell,
with a negative/positive electrode material ratio of 1.2, exhibits outstanding
electrochemical performance in the wide temperature range of −40 and 60 °C.
This innovative strategy overcomes challenges in wide-temperature electrolyte
research and offers promise for next-generation wide-temperature LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) play a piv-
otal role in the realm of energy stor-
age due to their remarkable energy densi-
ties and extended cycling capabilities, with
successful applications in portable elec-
tronic devices, electric vehicles, and space
exploration.[1] A typical commercial LIB sys-
tem comprises “slurry-coating” electrodes
and carbonate-based electrolytes.[2–6] How-
ever, this system presents significant chal-
lenges under extreme temperature condi-
tions. In frigid conditions (Figure 1a), the
polymer binder in the electrodes experi-
ences reduced molecular chain mobility,[7]

leading to sluggish kinetics with deceler-
ated diffusion of Li ions and electrons
in active materials, especially the anode
materials.[8,9] Meanwhile, the activation en-
ergy of the Li ion desolvation process at
the electrode/electrolyte interface becomes
larger,[9,10] and the Li ion transport in
the electrolyte is also impeded.[11] In ad-
dition, high temperatures can introduce
many obstacles though they can accelerate

diffusion dynamics. The volatile and flammable organic solvents
in the carbonate-based electrolyte are the main cause of fires and
explosions. The commonly used LiPF6 salt is prone to decom-
pose into LiF and PF5

− at high temperatures, which can fur-
ther react with residual moisture to form HF. Then the gener-
ated HF can compromise the structural integrity of electrodes,
corrode current collectors, and lead to the dissolution of transi-
tion metal ions in the cathode, eventually reducing the coulom-
bic efficiency of the battery.[12–14] The polymer binder also suf-
fers from inadequate thermal dissipation and stability at elevated
temperatures.[15–18] Typically, the melting temperature for preva-
lent polyvinylidene fluoride (PVDF) binder is 167 °C (Figure S1,
Supporting Information).[19,20] These inherent shortcomings can
trigger heat localization and uncontrolled exothermic reactions
within the electrodes, resulting in increased battery temperature
and the potential for thermal runaway.[21]

To improve the adaptability of LIBs over wide temperature
ranges, refinements can be applied to both the electrode and elec-
trolyte to improve low-temperature kinetics and reinforce high-
temperature resilience. Contemporary strategies for electrode
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Figure 1. Schematics of a) slurry-based electrodes in conjunction with commercial electrolytes and b) CNT-based electrodes in conjunction with “con-
structive alliance” strategy electrolytes at low and high temperatures.

modifications include integrating electrode materials with ther-
mal and structural stability (such as Li4Ti5O12 (LTO)),[22] nano-
engineering active materials,[23] elemental doping,[24,25] and de-
signing artificial interfacial layers.[26,27] For instance, Kun et al.,
successfully incorporated zinc oxide nanoparticles into the ex-
panded graphite, significantly improving lithium ion diffusion
kinetics and enabling electrode operation between −50 and
20 °C.[28] Liang et al., co-doped Li3V2(PO4)3 cathode material
with Ru and Cl elements, which reduced the energy bandgap
and Li+ diffusion barriers, thereby achieving specific capaci-
ties of 49, 128, and 123 mAh g−1 at −40, 25, and 60 °C,
respectively.[29] However, these methods fail to address the chal-
lenges posed by polymer binders in “slurry-coating” electrodes
at extreme temperatures. In the realm of wide-temperature
electrolytes, most works focus on either high-temperature or
low-temperature issues individually.[30] Although several ap-
proaches have been proposed to enable LIB operation across
the full temperature spectrum, such as the exploration of novel

materials,[31–35] finetuning of component ratios,[36–38] and devel-
opment of high-concentrated electrolytes,[39,40] these options are
often accompanied by complex preparation processes and ex-
pensive costs. For example, Zou et al., developed a fluorinated
group-containing carboxylic acid esters-based electrolyte by dis-
solving LiPF6 salt in a mixture of methyl difluoroacetate, ethoxy-
pentafluoro-cyclotriphosphazene, and fluoroethylene carbonate
(FEC), achieving remarkable cycling performance and 5 C rate ca-
pability of graphite//LiNi0.8Co0.1Mn0.1O2 cells from −50 to 60 °C.
However, the solvents are uncommon and expensive, and the
electrolyte preparation process is laborious.[31]

Herein, we introduce a comprehensive modification approach
involving carbon nanotube (CNT)-based electrodes and a “con-
structive alliance” electrolyte strategy, ultimately achieving a
high-performance LIB functionality from −40 to 60 °C. The LTO,
noted for its safety, stability, and marketability,[41,42] serves as the
active material, while a “binder-free” 3D CNT current collector
forms the electrode skeleton. This combination achieves rapid
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electrochemical kinetics at low temperatures and exhibits out-
standing thermal regulation at elevated temperatures. In addi-
tion, the “constructive alliance” electrolyte with a simple combi-
nation of carbonate-based and ether-based electrolytes possesses
a dominant aggregate solvation structure independent of tem-
perature, as revealed by molecular dynamics (MD) simulations
and density functional theory (DFT) calculations. It also displays
low desolvation energies, rapid kinetics, and excellent thermal
and electrochemical stability. Benefiting from the integrated opti-
mization of electrodes and electrolytes, both LTO//Li and LiCoO2
(LCO)//Li half cells showcased resilience to extreme tempera-
tures. Notably, the LTO//Li coin cell achieved a high rate of 10 C
and maintained stable cycling over 100 cycles at −40 and 60 °C.
The assembled LTO//LCO full cell with a negative/positive elec-
trode material ratio of 1.2 can operate even in a bent state from
−40 to 60 °C.

2. Results and Discussion

2.1. Preparation and Characterization of CNT-Based Electrodes

Nano-sized Li4Ti5O12-600 (LTO-600) was synthesized via the sol-
gel method and calcination at an optimized temperature of
600 °C (Figures S2 and S3, Supporting Information). It mani-
fested high crystallinity (Figure S4, Supporting Information), a
smaller particle size (Figure S5, Supporting Information, nan-
ocluster vs 200–500 nm), and a larger specific surface area
(Figure S6, Supporting Information, 16.45 vs 5.13 m2 g−1) com-
pared to commercial LTO. Afterward, LTO-600 and super-aligned
carbon nanotubes (SACNTs) were ultrasonically dispersed and
vacuum-filtered to fabricate a self-supporting LTO-600/CNT elec-
trode (refer to Figures S7 and S8, Supporting Information, for the
detailed fabrication process, and Figure S9, Supporting Informa-
tion, for the morphology). A traditional conventional slurry-based
electrode was also crafted (Figure S10, Supporting Information).

CNT-based electrodes and slurry-based electrodes respond dif-
ferently to temperature variations. Their electrical properties at
low temperatures were tested using coin cells assembled with
lithium sheets. From the slopes of voltammetric characteristic
curves (Figure S11, Supporting Information), the resistance val-
ues of electrodes could be determined (Figure 2a). At −40 and
25 °C, the slurry-based electrode exhibited resistances of 1.76
and 1.40 Ω, respectively, while the CNT-based electrode demon-
strated lower resistances of 1.06 and 0.80 Ω at the corresponding
temperatures. Second, the charge transfer resistances Rct of both
electrodes were measured (Figure 2b; Figure S12, Supporting In-
formation). The Rct values for the slurry-based electrode at 20, 0,
−20, and −40 °C were 0.48, 2.03, 6.79, and 84.39 kΩ, while the
CNT-based electrode demonstrated smaller Rct of 0.13, 0.66, 4.12,
and 36.80 kΩ, respectively. These data highlight the enhanced
electron conduction and transfer capabilities of CNT-based elec-
trodes under a cryogenic environment. This is attributed to the
construction of a 3D current collector by CNTs, which eliminates
non-conductive binders and enables efficient electron transport.

Apart from different electrical properties at low temperatures,
the two types of electrodes also have different heat dissipation ef-
ficiencies and structural stabilities at high temperatures. Firstly,
a visualized platform was devised to assess the heat dissipa-
tion of electrodes. Both slurry-based and CNT-based films were

subjected to laser exposure at their center, and the tempera-
ture variations were captured using an infrared imaging device
(Figure 2c,d, Videos S1 and S2, Supporting Information). The
temperature at the laser irradiation point gradually increased and
heat transfer radiates outward until the sample reached thermal
equilibrium. Surface temperature distributions and line temper-
atures along the diameter at intervals of 1, 5, 10, 20, and 60 s are
shown in Figure 2c–e. The CNT-based film experienced a more
moderated temperature increase at the laser-irradiated point and
a lower final equilibrium temperature (48.0 °C) compared to the
slurry-based film (59.4 °C). Such an observation underscores the
exceptional heat dissipation capability inherent to the CNT-based
film, which greatly mitigates potential hazards associated with
heat concentration. To investigate the impact of high tempera-
tures in practical operation, the two electrodes were cycled five
times at 60 °C with a commercial electrolyte (1 m LiPF6 in EC:
DMC: EMC = 1:1:1 (vol.%)), after which they were disassem-
bled for observation. The slurry-based electrode exhibited nu-
merous cracks after cycling (Figure S13a,b, Supporting Informa-
tion), while the CNT-based electrode retained its structural in-
tegrity (Figure S13c,d, Supporting Information). Based on the
comprehensive characterization, the CNT-based electrode out-
performs the slurry-based electrode, demonstrating faster elec-
trode kinetics at low temperatures, as well as better thermal dis-
sipation and stability at high temperatures. This validation aligns
with the hypothesis, suggesting the potential of CNT-based elec-
trodes to perform admirably at wide temperatures. However, de-
spite utilizing optimized LTO-600 as the active material, the LTO-
600/CNT electrode fails to deliver satisfactory electrochemical
performance with a commercial electrolyte (Figure S14, Sup-
porting Information). The undesired results at extreme temper-
atures highlight the impending necessity for advancements in
electrolyte formulation.[43,44]

2.2. “Constructive Alliance” Electrolyte Strategy

The “constructive alliance” strategy is aimed at blending read-
ily available electrolytes to efficiently enhance their adaptabil-
ity across a broad temperature spectrum. Considering the
widespread use of the commercial electrolyte (1 m LiPF6 in
EC:DMC:EMC = 1:1:1 (vol.%)), it is incorporated as a founda-
tional component in this strategy. To identify other suitable elec-
trolytes, the first step is solvent screening, taking into account
the intrinsic characteristics of the solvents and their interactions
with Li+. The physical properties of commonly used solvents are
shown in Table S1 (Supporting Information). Representative car-
bonate solvents manifest high freezing points, while both ester
and ether solvents present low freezing points and reduced vis-
cosities. When employed in LIBs, weak interactions between the
solvent and Li+ can facilitate the desolvation process and improve
battery performance under extreme temperature conditions.[30]

The intricate interaction between the solvent and Li+ can be
quantitatively evaluated via the following key parameters: dif-
ferential scanning calorimeterthe electrostatic potential (ESP) of
the solvent, the binding energy (Eb), and the coordination bond
length of the [Li+-solvent] coordination structure. Calculations of
the above properties for commonly used solvents were carried
out by Gaussian 09 (Figures S15–S17 and Table S2, Supporting
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Figure 2. a) Resistances of the slurry-based and CNT-based electrodes at −40 and 25 °C. b) Charge transfer resistance Rct of the slurry-based and
CNT-based electrodes in the commercial electrolytes from −40 to 20 °C. Schematics of laser irradiation and surface temperature distribution of the
c) slurry-based and d) CNT-based films. e) Line temperature distribution along the diameter of the slurry-based and CNT-based films.

Information). Since molecules tend to approach each other with
complementary ESP, the solvent is most easily coordinated to Li+

at the minimum ESP on the surface.[45] Intriguingly, ether sol-
vents generally exhibited large ESPs, binding energies, and Li-O
distances, signifying a moderated affinity toward Li+. Within this
type, the DOL solvent emerged as the exemplar. Its minimum
ESP surpassed that of other solvents (Figure S15a, Supporting
Information), and both its binding energy (−1.713 eV) and Li-O
distance (1.806 Å) were the largest among various [Li+-solvent]
coordination structures (Figure S15b, Supporting Information).
Therefore, the addition of DOL solvent to the commercial elec-
trolyte is expected to broaden the operating temperature range of
the electrolyte.

Following that, the focus shifted to choosing a suitable lithium
salt. The LiPF6 in the commercial electrolyte presents chemical

and thermodynamic defects, leading to easy decomposition un-
der elevated temperatures.[46] To break through this limitation,
blending LiPF6 with thermally stable lithium salts has proven
effective.[47–49] Lithium salts such as LiBOB, LiDFOB, and LiTFSI
stand out for their thermal resilience. However, the solubility of
LiBOB and LiDFOB in carbonate solvents is a challenge. The dif-
ferential scanning calorimeter curves of LiPF6 and LiTFSI were
measured under an inert atmosphere (Figure S18, Supporting
Information). The former commenced decomposition ≈68 °C,[50]

while LiTFSI remained stable even at 150 °C, making it a promis-
ing choice for enhancing the thermal stability of electrolytes. An
electrolyte formulation comprising 0.75 m LiTFSI in DOL solvent
(referred to as DOL-based electrolyte) has demonstrated good per-
formance in various electrode systems,[3,51,52] establishing itself
as a readily available electrolyte. Therefore, both the commercial
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electrolyte and DOL-based electrolyte are chosen as components
in the “constructive alliance” strategy. The next step was to opti-
mize the mixing ratio of two electrolytes, which was determined
from the electrochemical behavior of the LTO-600/CNT electrode
over a broad temperature spectrum (Figures S19 and S20, Sup-
porting Information).

At −40 °C (Figure S19, Supporting Information), when the
commercial electrolyte predominated (including commercial
electrolyte, and DOL-based:commercial = 1:49, 1:19, 1:9, 1:5
(vol.%)), the LTO-600/CNT electrode exhibited negligible capac-
ity at 0.5 C. When the mixing ratio was 1:2 and 1:1 (vol.%), the
LTO-600/CNT electrode had improved performance, however, it
failed at 2 and 5 C rates, respectively. By increasing the propor-
tion of the DOL-based electrolyte, the DOL-based:commercial ra-
tios became 2:1, 5:1, 9:1, 19:1, and 49:1 (vol.%). Among them,
the electrolyte with a 19:1 ratio achieved the best performance
for the LTO-600/CNT electrode, and this held true at both 25
and 60 °C (Figure S20, Supporting Information). As a result,
the mixing ratio of DOL-based:commercial electrolyte was de-
termined as 19:1 (vol.%), hereafter referred to as the “mix elec-
trolyte”. According to optical images and 1H nuclear magnetic
resonance spectroscopy, the “mix electrolyte” did not undergo
significant ring-opening polymerization of DOL and remained
in a liquid state (Figures S21 and S22, Supporting Informa-
tion). Furthermore, it should be noted that although a pure DOL-
based electrolyte exhibited weak interaction with Li+ and favor-
able thermal stability, it failed to withstand high current densi-
ties at −40 °C (Figure S19b, Supporting Information). The “ab-
normal overcharging” phenomenon might stem from the redox
reactions of TFSI− anions and could be mitigated by the commer-
cial electrolyte.[53–55]

2.2.1. Microscopic Mechanism of the Electrolyte

To understand the mechanism of the improved performance ob-
served in the mixed electrolyte, MD simulations were conducted
across diverse thermal conditions (refer to Table S3, Support-
ing Information, for modeling parameters). Equilibrated snap-
shots of both electrolytes at −40, 25, and 60 °C were shown
in Figure S23 (Supporting Information). The radial distribution
functions (RDFs) and coordination numbers (CNs) of Li+ with
O and F atoms were examined with a cutoff distance of 2.5 Å.
At room temperature, the commercial electrolyte exhibited CNs
of Li+-O and Li+-F at 3.53 and 1.60, respectively (Figure S24b,
Supporting Information). The Li+-O coordination involved the
participation of EC, DMC, and EMC solvents, with EC being the
dominant contributor (Figure S24e, Supporting Information). In
the mixed electrolyte, Li+ primarily coordinated with O atoms, re-
sulting in CNs of 4.95 for Li+-O and 0.19 for Li+-F (Figure S25b,
Supporting Information), where DOL and TFSI− replaced EC as
the main source of Li+-O coordination (Figure S25e, Supporting
Information). Taking the results at −40 and 60 °C into account,
a trend was noted: with escalating temperatures, the CNs of Li+-
O gradually decreased for both electrolytes (Figure 3a), while the
compositional proportion of Li+-O remained almost the same.
The CNs of Li+-F were basically unchanged (Figure 3b), with cor-
responding RDFs delineated in Figures S24 and S25 (Supporting
Information).

The investigation then delves into the molecular realm, ex-
ploring the typical solvation structures of Li+. For the commer-
cial electrolyte, the representative solvation structures displayed
desolvation energies of −0.261, −0.267, and −0.284 Hartree
(Figure 3d). Notably, the characteristic solvation structures of
the mixed electrolyte possessed desolvation energies of −0.186,
−0.200, and −0.205 Hartree (Figure 3e). The mix electrolyte ex-
hibited weaker solvating power, indicating easier extraction of
Li+, which was advantageous for low-temperature and high-rate
operations.[56]

To comprehensively understand the Li+ transport behavior of
both electrolytes, statistical analysis was performed on the coor-
dination patterns (Figure 3c).[57] Based on the ratio of the Li+

and anion, the coordination structures can be categorized into
solvent-separated ion pair (SSIP, free ion), contact-ion pair (CIP,
one ion coordinating with one counterion), and aggregate (AGG,
one ion coordinating with more than one counterion).[57,58] Gen-
erally, SSIP structures are known for their inferior performance
at low temperatures,[59] while CIP and AGG structures facilitate
rapid desolvation and fast migration of Li+.[57,60] Compared to
the commercial electrolyte, the mixed electrolyte had a reduced
presence of SSIP structures and an increased occurrence of AGG
structures across wide temperatures (Figure 3c; Figure S26 and
Table S4, Supporting Information), which aligned with the char-
acteristics of weakly solvated electrolytes.[61] Integrating analyses
from atomic, molecular, and statistical levels, the electrolyte ob-
tained by the “constructive alliance” strategy exhibits a dominant
presence of AGG-solvated structures that are advantageous for
Li+ desolvation and nearly unaffected by temperature variations
between −40 and 60 °C.

2.2.2. Macroscopic Properties of the Electrolyte

Shifting to the experimental perspective, the kinetic properties
and electrochemical stability of both electrolytes were evaluated
across a wide temperature range. The ionic conductivities of elec-
trolytes were measured within a temperature range of ± 60 °C
(Figure 4a). At temperatures above 0 °C, the mixed electrolyte ex-
hibited slightly lower ionic conductivity compared to the com-
mercial electrolyte. However, as the temperature decreased, the
mixed electrolyte showed better retention of ion conductivity. At
−60 °C, the ion conductivities of the commercial and mixed elec-
trolytes were 0.0043 and 0.0995 mS cm−1, respectively, corre-
sponding to conductivity retentions of 0.4% and 21.3% compared
to the values at 60 °C. To exclusively evaluate the transport effi-
ciency of Li+, the Li-ion transference number was tested.[62] For
the commercial electrolyte, the Li-ion transference numbers at 0,
25, and 60 °C were 0.42, 0.43, and 0.61, respectively. For the mixed
electrolyte, these values were 0.63, 0.65, and 0.71 at the same tem-
peratures (Figure 4b,c; Figure S27, Supporting Information). The
high Li-ion transference number of the mixed electrolyte could
be attributed to the predominance of AGG solvation structures,
which engage many anions in coordination with lithium ions,
thereby reducing the quantity of freely mobile anions.[63]

In addition to comparing the Li+ transport within the elec-
trolyte, it is also necessary to investigate the interfacial inter-
actions between the electrolyte and the electrode. Firstly, we
studied the interfacial charge transfer and ion transport rates
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Figure 3. a) CNs of Li+ with O atom and b) F atom in different species in commercial electrolyte and mixed electrolyte. c) The proportion of solvation
structure types in the commercial and mixed electrolytes at −40, 25, and 60 °C. ESP mapping and desolvation energy Ed of representative solvation
structures in the d) commercial and e) mix electrolyte. The H, Li, C, N, O, F, and S atoms are marked in white, purple, gray, blue, red, cyan, and yellow,
respectively.

between the electrolyte and the LTO-600/CNT electrode. In the
temperature range of −40–60 °C, the interfacial charge transfer
resistances Rct of the LTO-600/CNT electrode were smaller when
using the mixed electrolyte compared to the commercial elec-
trolyte (Figure 4d). The electrochemical impedance spectroscopy
(EIS) curves at −40 °C are illustrated in Figure 4e as an ex-
ample. For the commercial and mixed electrolytes, the Rct of
the LTO-600/CNT electrode was 36.8 and 5.1 kΩ, respectively.
On the other hand, the activation energy of the interfacial Li+

transfer was analyzed by the Arrhenius equation (Figure 4f; re-
fer to Figure S28 and Table S5, Supporting Information for
specific data and calculation details). In the mixed electrolyte,
the activation energy Ea was 0.71 eV, which was lower than
the 0.92 eV observed in the commercial electrolyte. This under-

scores a rapid Li+ transport at the interface between the mixed
electrolyte and electrodes.[62] Subsequent investigations focused
on the challenges faced by lithium metal electrodes at 60 °C
(Figure S29, Supporting Information). With the commercial elec-
trolyte, the lithium metal surface was rough and porous after
50 cycles, reflecting the poor lithium deposition/stripping be-
havior of LiPF6 and carbonate solvents.[64,65] Conversely, when
the mixed electrolyte was used, the lithium metal surface was
homogeneous with dough-like deposition after 50 cycles. This
indicates that the mixed electrolyte enables fast interfacial elec-
tron and ion transfer, achieving excellent reversibility of lithium
metal. A smooth lithium metal surface not only mitigates the
severe safety risks posed by dendritic but also minimizes the
contact area with the electrolyte, which is beneficial in reducing

Small 2024, 20, 2401735 © 2024 Wiley-VCH GmbH2401735 (6 of 11)
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Figure 4. a) Ionic conductivity of the commercial and mixed electrolyte from 60 °C to −60 °C. EIS and current profiles of a Li//Li symmetric cell before
and after applying a polarization voltage with b) commercial electrolyte and c) mixed electrolyte. d) Charge transfer resistance Rct of the LTO-600/CNT
electrode in the commercial and mix electrolytes from 60 °C to −40 °C. e) EIS measurements of the LTO-600/CNT electrodes in the commercial and
mixed electrolyte at −40 °C. f) The linear relationship between ln (DLi

+) and 103/T at different temperatures.

side reactions and extending the cycle life of the battery at high
temperatures.

Beyond its accelerated kinetics, the mixed electrolyte also pro-
vided better electrochemical stability than the commercial elec-
trolyte (Figure S30, Supporting Information). At 25, −40, and
60 °C, the electrochemical windows of the mixed electrolyte were
3.42, 4.67, and 3.06 V, respectively, whereas the corresponding
electrochemical windows of the commercial electrolyte were only
2.90, 4.57, and 2.23 V. Multiple experimental characterizations
collectively demonstrate that the mixed electrolyte surpassed the
commercial electrolyte in various aspects, including ionic con-
ductivity, Li-ion transference number, electrode impedance, ac-
tivation energy, and electrochemical window. Combining the
mixed electrolyte with the optimized LTO-600/CNT electrode
holds the potential to achieve excellent electrochemical perfor-
mance across a wide temperature range.

2.3. Electrochemical Performance of Half Cells Over a Wide
Temperature Range

Using LTO-600/CNT and lithium sheet as electrodes, the rate
performance of the LTO//Li coin cell was analyzed to compare
the commercial and mixed electrolytes (Figure 5a–c), and the
corresponding voltage profiles were shown in Figure S31 (Sup-
porting Information). At 25 °C, when the rate increased from
0.05 to 10 C, the specific capacity retentions of cells assem-
bled with the commercial and mixed electrolyte were 92.6%
(125.3 mAh g−1/135.3 mAh g−1) and 95.7% (142.8 mAh g−1/149.2
mAh g−1), respectively (Figure 5a). At −40 °C, when using the
commercial electrolyte, the LTO-600/CNT electrode experienced
high polarization (≈0.80 V) at 0.05 C (Figure S29b, Supporting

Information). Escalating the rate to 0.5 C precipitated a near-
zero capacity (Figure 5b). Conversely, within the mixed elec-
trolyte, the LTO-600/CNT electrode demonstrated specific capac-
ities of 146.9, 127.6, 118.0, 114.7, 105.6, 96.9, 79.3, and 60.6
mAh g−1 at 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respectively.
Upon changing the rate back to 0.1 C, the specific capacity re-
covered to 127.9 mAh g−1. Furthermore, the polarization of the
LTO-600/CNT electrode within the range of 0.05–2 C was signif-
icantly reduced (< 0.4 V), with polarization increasing to merely
0.56 and 0.76 V at 5 C and 10 C, respectively (Figure S31e, Sup-
porting Information). The commercial electrolyte suffered from
diminished conductivity, sluggish ion transport, and laborious
Li+ desolvation at low temperatures. These factors contributed
to disparities in electrolyte concentration at the interface and in
the bulk phase, resulting in significant concentration polariza-
tion. At 60 °C (Figure 5c), the LTO-600/CNT electrode exhib-
ited initial coulombic efficiencies of 54.8% and 89.1% for the
commercial and mixed electrolytes, respectively. This revealed
that the mixed electrolyte delivered better stability and fewer
side reactions at high temperatures. With the commercial elec-
trolyte, the LTO-600/CNT electrode experienced extreme capac-
ity decay and a sharp increase in electrode polarization after 5
C (Figure S31c, Supporting Information). In contrast, with the
mixed electrolyte, the LTO/CNT-600 electrode performed a high
capacity retention (89.8%, 140.8 mAh g−1/156.8 mAh g−1) and
small polarization (<0.2 V, Figure S29f, Supporting Informa-
tion) at rates from 0.05 to 10 C. Furthermore, the LTO-600/CNT
electrode also demonstrated better electrochemical properties
compared to the slurry-based electrode at 25, −40, and 60 °C
(Figure S32, Supporting Information), highlighting the excep-
tional functionality of CNT-based electrodes in different thermal
conditions.
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Figure 5. Rate performances of the LTO-600/CNT electrodes with commercial and mixed electrolytes at a) 25 °C, b) −40 °C, and c) 60 °C. Cycling
performances of the LTO-600/CNT electrodes with commercial and mixed electrolytes at d) 25 °C, e) −40 °C, and f) 60 °C. g) Cycling performance of
the LTO-600/CNT electrodes with commercial and mixed electrolytes in a wide temperature range (0.2 C). (hollow symbol: discharge specific capacity,
solid symbol: charge specific capacity) h) Voltage profiles of the LTO//Li pouch cell with mixed electrolytes at 25, −40, and 60 °C. i) Comparison with
data in the literature.

The cycling performance of LTO//Li coin cells was then evalu-
ated to compare the durability of the two electrolytes. After five ac-
tivated cycles at low rates, the cells underwent long-term cycling
at a fixed rate. With the mixed electrolyte, the LTO-600/CNT elec-
trode performed stably at 2 C for 445 cycles at 25 °C, with a capac-
ity retention rate of 93% (Figure 5d). At−40 °C, the LTO-600/CNT
electrode retained 85.0% of its capacity after 95 cycles at 0.2 C
(112.7 mAh g−1/132.6 mAh g−1, Figure 5e). Moreover, at 60 °C,
the LTO-600/CNT electrode exhibited an impressive capacity re-
tention rate of 93.7% after 195 cycles at 2 C (142.1 mAh g−1/151.6
mAh g−1, Figure 5f). On the contrary, when using the commercial
electrolyte, the LTO-600/CNT electrode showed inadequate ca-
pacity retention at 25 °C (78.5%), reduced capacity at −40 °C, and
deteriorated performance at 60 °C. The performance disparity in-
duced by these two electrolytes became more pronounced during
cycling at a higher rate of 10 C (Figure S33, Supporting Informa-
tion). The limited performance with the commercial electrolyte
is due to the slow kinetics processes and poor thermal stability.

Varying the environmental temperature within a range of
±60 °C, a comparison was carried out between the two elec-
trolytes (Figure 5g). The cells initially underwent three charge–
discharge cycles at 25 °C under a 0.1 C rate, followed by con-
tinuous cycling at sequential temperature gradients under a 0.2
C rate. Leveraging the mixed electrolyte, the LTO-600/CNT elec-
trode achieved capacities of 153.0, 151.1, 144.1, 130.4, 80.5, 150.4,
153.0, and 157.2 mAh g−1 at temperatures of 25, 0, −20, −40,
−60, 25, 40, and 60 °C, respectively. Conversely, with the com-
mercial electrolyte, the capacity of the LTO-600/CNT electrode
significantly decreased at −40 °C and was almost completely lost
at −60 °C.

On a larger scale, an LTO//Li pouch cell was further assembled
to evaluate the performance of the LTO-600/CNT electrode and
mix electrolyte (Figure 5h). Its discharge and charge capacities
at 25 °C were 174.7 and 158.7 mAh g−1, respectively. At −40 °C,
the discharge capacity retention was 80.8% (141.2 mAh g−1/174.7
mAh g−1), and the charge capacity retention turned out to be
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Figure 6. a) Voltage profiles of the LTO//LCO coin cell at 25, −40, and 60 °C (0.2 C). b) Schematic of the structure of a flexible LTO//LCO pouch cell.
Photographs of the lit LED array using a flexible LTO//LCO pouch cell at c) 25 °C, d) −40 °C, and e) 60 °C.

86.8% (137.8 mAh g−1/158.7 mAh g−1). Raising the temperature
to 60 °C, the discharge capacity of the LTO//Li pouch cell notably
increased to 187.5 mAh g−1, while the charge capacity reached
153.2 mAh g−1. In comparison with data in the literature, the
combination of the LTO-600/CNT electrode and mix electrolyte
showed exceptional performance across various aspects, encom-
passing a wide temperature range, impressive rate capability, and
high capacity (Figure 5i),[62,66–70] as detailed in Table S6 (Support-
ing Information). The outstanding electrochemical performance
stems from the optimized active material, electrode structure,
and electrolyte formulation. In detail, nano-sized LTO-600 parti-
cles facilitate efficient and rapid transport of Li+. Interwoven CNT
network guarantees optimal electron transfer and thermal man-
agement. Additionally, the mixed electrolyte showcases favorable
kinetic and thermal stability, providing a stable and conducive
environment for the electrochemical reactions.

The LCO/CNT cathode was then fabricated by combining LCO
and SACNTs, followed by assembly with a lithium sheet to con-
struct LCO//Li coin cells and pouch cells. The LCO/CNT cath-
ode boasted capacities surpassing 100 mAh g−1 at 0.5 C and 85
mAh g−1 at 1 C, spanning from −40 to 60 °C (Figure S34a,b and
Table S7, Supporting Information). Furthermore, the LCO//Li
pouch cell demonstrated favorable performance across an exten-
sive temperature range (Figure S34c, Supporting Information),
with discharge specific capacities of 133.2, 125.1, and 65.7 mAh
g−1 at 25, −40, and 60 °C, respectively.

2.4. Electrochemical Performance of Full Cells Over a Wide
Temperature Range

Considering practical applications, LTO//LCO coin cells and
pouch cells were assembled with a negative/positive ratio of 1.2.

At 0.2 C, the LCO//LTO coin cell exhibited 117.7, 111.9, and
105.7 mAh g−1 at 25, −40, and 60 °C, respectively (Figure 6a).
Afterward, the LTO//LCO pouch cell was prepared using the
LTO-600/CNT electrode, PP separator, LCO/CNT cathode, and
aluminum-plastic film (Figure 6b; Figure S35, Supporting Infor-
mation). At 25, −40, and 60 °C, the discharge-specific capacities
of the LTO//LCO pouch cell were 123.0, 97.5, and 47.7 mAh g−1,
respectively (Figure S36, Supporting Information). The resilience
of CNT-based electrodes, which could withstand up to 10 000
bending cycles (Figures S37–S39, Supporting Information), al-
lowed for significant flexibility of the pouch cell. After 1000 cy-
cles of bending at 180°, the LTO//LCO pouch cell showed no
breakage or leakage (Figure S40, Supporting Information), with
an impressive capacity retention of 90.8% (6.66 mAh/7.33 mAh,
Figure S41, Supporting Information). When rolled into a cylin-
drical shape, the pouch cell successfully illuminated the LED ar-
rays at 25, −40, and 60 °C (Figure 6c–e).

3. Conclusion

In conclusion, we have developed a wide temperature range op-
eration LIB system by fabricating CNT-based electrodes and im-
plementing a “constructive alliance” electrolyte. Compared to the
conventional slurry-based electrode, the CNT-based electrode ex-
hibits rapid kinetics at low temperatures and exceptional thermal
management at high temperatures. Simultaneously, the “con-
structive alliance” electrolyte system ensures the ionic conductiv-
ity at low temperatures and stability of the LiPF6 at elevated tem-
peratures. As a result, the assembled LCO//LTO full cell exhibits
excellent electrochemical performance over a wide temperature
range from−40 to 60 °C. Our designed strategy provides valuable

Small 2024, 20, 2401735 © 2024 Wiley-VCH GmbH2401735 (9 of 11)
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insights and a promising avenue for developing energy storage
devices under extreme temperatures.
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