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Regulating Electronic Conductivity at Cathode Interface for 
Low-Temperature Halide-Based All-Solid-State Batteries
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Huan Huang, Jiantao Wang,* Chandra Veer Singh,* and Xueliang Sun*

Halide solid-state batteries (SSBs) show unparalleled application potential 
because of their outstanding advantages, such as high ionic conductivity and 
good compatibility with cathodes. However, operating halide SSBs under 
freezing temperatures faces big challenges, and the underlying degradation 
mechanisms are unclear. Herein, the impact of electronic conductivity in low-
temperature halide SSBs is investigated by designing different additives in the 
composite cathode. It is shown that the electrochemical stability of a halide 
electrolyte (Li3InCl6) with additives is significantly affected by the degree of 
electronic conductivity as well as the ambient operational temperature. When 
the ambient temperatures are below freezing point, the moderate electronic 
conductivity in the composite cathode is beneficial toward improving the 
charge transfer kinetics without inducing the decomposition of Li3InCl6. The 
electrode materials (LiCoO2 cathode and Li3InCl6 electrolytes) show excellent 
structural and interfacial stability during electrochemical reactions, resulting 
in a competitive performance at low temperatures. Stable long-term cycling 
performance with a capacity retention of 89.2% after 300 cycles is achieved 
along with a C-rate capacity of 77.6 mAh g–1 (0.6 C) at −10 °C. This in-depth 
study investigates the role of electronic conductivity, which opens the door to 
future research on low-temperature SSBs.
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safety issues of traditional lithium-ion 
batteries in electric vehicles (EVs).[1] Fur-
thermore, high energy densities of over 
500  Wh  kg–1 are expected to be achieved 
after successfully applying the high-
capacity anodes.[2] As the critical com-
ponent in solid-state batteries (SSBs), 
the performances of SSEs determine 
the entire performance of SSBs. Halide-
based SSEs, as a rising star in inorganic 
SSBs, are considered as one of the most 
promising SSEs that can be applied in 
EVs because of their excellent proper-
ties. Compared to sulfide-based inorganic 
SSEs, halide-based SSEs have a higher 
electrochemical stability window, there-
fore having better compatibility with most 
lithium-ion cathodes including the high-
capacity Ni-rich cathodes.[3] In addition, 
the enhanced air stability and the devel-
oped solution-based synthesis methods 
greatly improve the possibility of indus-
trial scale-up for halide-based SSBs.[4] 
However, the application of halide-based 
SSBs is still limited by some key chal-
lenges. On the one hand, there is poor 

interfacial stability between halide SSEs and Li anodes, which 
is a big concern for realizing the target of high energy density.[5] 
On the other hand, the ionic conductivity of halide SSEs still 
falls behind that of sulfide SSEs. As a result, the rate capability 
of halide-based SSBs at high current densities has room for 
improvement.

Research Article

1. Introduction

Solid-state lithium-ion batteries (SSLIBs) have developed rap-
idly in the past five years because of their outstanding advan-
tages. In particular, using nonflammable solid-state electrolytes 
(SSEs) to replace organic liquid electrolytes avoids the related 
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In addition, EVs require SSBs capable of delivering stable 
performance under extreme conditions such as operating in 
a cold climate.[6] Unfortunately, SSBs face tremendous chal-
lenges when operating at low temperatures. For example, the 
ionic conductivity of SSEs dramatically drops with a decrease 
in temperature, resulting in slow kinetics of Li+ transport both 
in the SSEs and at the solid-solid interfaces.[7] So far, increasing 
the ionic conductivity of SSEs is a common strategy to improve 
SSBs performance at low temperatures. In polymer-based 
SSBs, decreasing the crystallization is a common method to 
increase the ionic conductivity of SSEs and has been proved 
effective in improving the electrochemical performance at low 
temperatures.[8] The efforts on low-temperature sulfide-based 
SSBs have been made by manipulating the ionic conductivity 
of sulfide SSEs and stabilizing their interfaces. For example, Yu 
et  al. developed a series of chlorine-rich argyrodite SSEs with 
high ionic conductivities and applied the coating to stabilize 
the cathode interface. As a result, the sulfide SSBs exhibited 
improved electrochemical performance under freezing tem-
peratures.[9] In addition, developing new SSEs is considered a 
promising solution to address the challenges of SSBs at low 
temperatures. For example, nano-sized metal-organic frame-
works (MOFs) SSE was developed with a high Li+ transfer-
ence number and an effective suppression of lithium dendrite 
growth.[10] The SSB, assembled with LiFePO4 as the cathode, 
showed a stable cycling performance at 0 °C.

Compared to other SSEs, the research on low-temperature 
halide SSBs is absent and the degradation mechanisms are 
not well understood. In addition to reduced ionic conductivity 
at low temperatures, whether and how the electronic conduc-
tivity in the cathode layer affects the performance of SSBs is 
not clear and worthy of being studied. In sulfide-based SSBs, 
the application of conductive additives is a challenge. Because 
of sufficient electronic percolation pathways provided by con-
ductive additives, the decomposition of sulfide SSEs is severe at 
room temperature.[11] As a result, the formed undesirable inter-
face deteriorates the performance of SSBs. Even at low temper-
atures, the application of carbon in cathode layer also leads to 
the decomposition of sulfide SSEs, resulting in decayed cycling 
stability.[12] Hence, investigating the effect of electronic conduc-
tivity in halide-based SSBs, particularly at low temperatures, is 
critical toward high-performance SSBs under a wide tempera-
ture range.

In this paper, the electronic conductivity in the cathode layer 
of halide SSBs is manipulated by designing additives with dif-
ferent electronic conductivities. Carbon nanotubes (CNTs) are 
added to the cathode layer as the conductive additive while 
adding poly(3,4-ethylenedioxythiophene) (PEDOT) in cathode 
layer exhibits a semi-conductive property. When mixing only 
the halide SSE (Li3InCl6, denoted as LIC) and cathode material 
(LiCoO2, denoted as LCO) to form the cathode layer, the entire 
cathode demonstrates an electronically isolated property. The 
density functional theory (DFT) calculations combined with 
electrochemical analyses and X-ray photoelectron spectroscopy 
(XPS) characterization indicate that the high electronic conduc-
tivity of additives does not induce the decomposition of LIC at 
low temperatures. Instead, high electronic conductivity signifi-
cantly improves charge transfer kinetics, which is critical for 
electrochemical performance at low temperatures. LIC SSB 

with CNTs as an additive shows the best C-rate capability at 
−10  °C with a capacity of 77.6  mA  h  g–1 at 0.6  C and exhibits 
impressing long-term cycling stability with a capacity retention 
of 89.2% after 300 cycles. The X-ray absorption spectroscopy 
(XAS) and XPS results reveal that SSBs with high electronic 
conductivities possess excellent structural and interfacial sta-
bility after cycling at −10 °C. The scientific insights gained on 
the impact of electronic conductivity in low-temperature SSBs 
provide an important guideline for the future design of high-
performance all-climate SSBs.

2. Results and Discussion

The electronic properties of LIC, PEDOT, and CNTs are calcu-
lated by DFT. Their atomic structures are shown in Figure S1 
(Supporting Information). The density of state (DOS) of LIC, 
PEDOT, and CNTs is calculated based on their relaxed struc-
tures, as shown in Figure  1a–c. LIC shows an obvious band 
gap of 3.1  eV, indicating its insulating character. In contrast, 
the band gap of PEDOT is computed as 0.8 eV, suggesting that 
PEDOT is a semi-conductive material. Because of the absence 
of an energy gap, CNTs exhibit a metallic character. Based on 
these observations, it is proposed that CNTs would have good 
electronic conductivity when applied in the composite cathode 
as an additive. The electronic conductivity of LIC, PEDOT, 
and CNTs is also calculated at 25  °C and −10  °C, respectively 
(Figure 1d). The carrier (electron) relaxation time is set to be 
≈10–14 s as per the Materials Project.[13] The carrier concentra-
tion is set at the range of 1015–1017 cm–3. At 25 °C, the electronic 
conductivity of three materials is CNTs > PEDOT > LIC, which 
is consistent with the DOS results. Interestingly, at −10 °C, the 
electronic conductivity of CNTs maintains at the same level as 
at 25  °C. In contrast, the electronic conductivity of PEDOT at 
−10 °C drops to a level similar to LIC at 25 °C. Meanwhile, LIC 
also shows a decreased electronic conductivity at -10°C. In addi-
tion to electronic conductivity, the electron transfer between 
LIC, CNTs, and cathode materials (LCO) is evaluated by the cal-
culation of electrostatic potentials. As shown in Figure 1e,f, the 
electrostatic potential of LCO/LIC interface is 2.98  eV, which 
is 3.5 times higher than that of the LCO/CNTs interface. This 
result suggests that the electron transfer at LCO/CNTs interface 
is much easier than at the LCO/LIC interface. The DFT results 
suggest that CNTs exhibit higher electronic conductivity at 
both 25 °C and −10 °C than PEDOT and LIC, and show a more 
favorable electron interface with the LCO cathode.

In SSBs, the high ionic conductivity of SSEs is crucial for 
good electrochemical performance. The Arrhenius plot of LIC 
SSE derived from electrochemical impedance spectroscopy 
(EIS) measurements is shown in Figure 2a. The ionic conduc-
tivity of LIC SSE is only 1.6 × 10–4 S cm–1 at −10 °C, which is six 
times lower than that of 25  °C. The electronic conductivity of 
LIC SSE is measured by a chronoamperometry (CA) method 
in the symmetric cell (Figure S2, Supporting Information). As 
shown in Figure 2b, the electronic conductivity of LIC is only 
2.1 × 10–9 S cm–1 at 25 °C and drops down to 4.3 × 10–10 S cm–1 
at −10 °C. Although the ultralow electronic conductivity of SSE 
is beneficial toward avoiding self-discharge and stabilizing Li 
anode, the electron transfer in cathode layer is highly limited. 
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After adding CNTs as additives, the electronic conductivity 
improves to 3.3 × 10–9 S cm–1 at 25 °C. Compared to LIC, LIC/
PEDOT and LIC/CNTs exhibit an electronic conductivity of 
2.6 × 10–9 and 3.3 × 10–9 S cm–1, respectively. However, the elec-
tronic conductivity of LIC/PEDOT decreases to 4.3 × 10–10 S cm–1 
at −10  °C. Although the electronic conductivity of LIC/CNTs 
also decreased, it can still maintain at 1.1 × 10–9 S cm–1.

To investigate the electrochemical stability of LIC SSE 
after combining with additives, three different model cells 
are designed as shown in Figure 2c. Double-layer SSE design 
is adopted, in which a sulfide Li6PS5Cl (LPSCl) SSE faces 
the In-Li anode and LIC SSE contacts with the cathode layer. 
In the cathode layer, LIC, PEDOT mixed with LIC, and CNTs 
mixed with LIC are employed for the following electrochem-
ical testing and characterizations. The mass ratio between LIC 
and additives (PEDOT or CNTs) in the mixed cathode layer 
is7:3, which is the same as the commonly used ratio in other 
reported works.[14] The chemical stability of LIC with additives 
is first studied by X-ray powder diffraction (XRD) (Figure S3, 
Supporting Information). After 24 h rest, there is no observed 
structure evolution of LIC after mixing with PEDOT or CNTs. 
Because of the same morphology and amount of PEDOT and 
CNTs, the electrochemical stability of LIC SSE is only affected 
by the degree of electronic conductivity of additives. To better 
understand the electrochemical behaviors at −10 °C, the above 
three model cells are first tested at 25  °C. Cyclic voltammo-
gram (CV) profiles of three model cells at 25 °C are shown in 
Figure S4 (Supporting Information). An obvious anodic peak is 
observed at 3.02  V (vs Li+/Li-In) in the LIC/CNTs cell during 
the first CV cycle. At the second CV cycle, this anodic peak 

moves to 3.41 eV along with the increased current from 0.51 to 
0.55  mA g–1, suggesting the continued decomposition of LIC. 
Compared to the LIC/CNTs cell, there is no obvious anodic 
peak in the LIC/PEDOT cell, suggesting a suppression in the 
decomposition of LIC because of the lower electronic conduc-
tivity of PEDOT. The EIS plots of three cells before and after 
CV testing at 25  °C are shown in Figure S3c–e (Supporting 
Information). The increased resistance in the LIC/CNTs cell 
can be attributed to the decomposition of LIC. Compared to our 
previous study in sulfide-based SSEs,[15] the electrochemical sta-
bility between LIC and additives is much better, but not entirely 
stable at 25  °C. When CV testing is conducted at −10  °C, no 
obvious anodic peak is observed in the LIC/CNTs cell during 
the first CV cycle, as shown in Figure 2d. In addition, the polar-
ization current of LIC/CNTs cell at 3.6  V is also much lower 
than that of the LIC/CNTs cell at 25 °C. Moreover, the intensi-
ties of the current significantly decrease at the second CV cycle, 
suggesting a more stable interface is formed at −10  °C com-
pared to 25 °C. To further evaluate the electrochemical stability 
between LIC SSE and additives at −10 °C, X-ray photoelectron 
spectroscopy (XPS) characterization is conducted for the CV 
cycled cathode pellets, as shown in Figure  2e,f and Figure S5 
(Supporting Information). Both In 3d and Cl 2p XPS spectra 
reveal no distinctive peak and no obvious change of peak posi-
tion after CV testing. This result indicates good electrochemical 
stability between LIC SSE and additives at −10  °C, which can 
be corroborated by the EIS results as shown in Figure S6 (Sup-
porting Information).

In addition, the effect of ambient temperatures on the elec-
trochemical stability between LIC SSE and additives is also 
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Figure 1.  Electronic properties of LIC, PEDOT, and CNTs calculated by DFT calculations. Total density of states of a) LIC, b) PEDOT, and c) CNTs (the 
fermi level is set to be 0 eV), d) electronic conductivity of LIC, PEDOT, and CNTs at 25 °C and −10 °C, the electrostatic potential profiles for e) LCO/
LIC and f) LCO/CNTs.
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investigated in this study. CV tests are conducted at 25  °C, 
−10 °C, and −30 °C, respectively. The LIC/CNTs cell is selected 
for demonstration because of the high electronic conductivity 
of CNTs (Figure  3a). From the CV profiles of the first cycle 
shown in Figure 3b, an obvious onset potential can be observed 
at 2.66 V in the 25 °C cell, which is much lower than the onset 
potentials of 3.11 V in the −10 °C cell and 3.19 V in the −30 °C 

cell. Meanwhile, a high polarization current of 0.28  mA g–1 
can be detected in the 25 °C cell. In contrast, the polarization 
currents in the −10  °C cell and −30  °C cell are only 0.14 and 
0.06  mA g–1, respectively. During the second CV cycle, the 
polarization current in the 25  °C cell continues increasing to 
0.71  mA g–1 (Figure 3c), suggesting a continuous decompo-
sition of LIC at 25  °C catalyzed by CNTs. Impressively, the 

Adv. Funct. Mater. 2022, 2205594

Figure 2.  Investigating the electrochemical stability of LIC SSE combined with different additives at −10 °C. a) Arrhenius plots of LIC SSEs derived from 
the EIS measurements in a range of −30 °C to 35 °C, b) electronic conductivity of LIC, LIC/PEDOT composite, and LIC/CNTs composite at 25 °C and 
−10 °C, c) schematic illustration of the designed model cells for CV test; d) CV profiles at −10 °C, e) In 3d and f) Cl 2p XPS spectra of LIC cell, LIC/
PEDOT cell, and LIC/CNTs cell after CV test.
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polarization currents in both −10  °C cell and −30  °C cell are 
decreased with the higher onset potentials compared to the first 
CV cycle. This result suggests that the interface between LIC 
SSE and CNTs tends to be stable during the CV process at low 
temperatures. The EIS spectra before and after CV cycles are 
shown in Figure 3d–f. For comparison under the same condi-
tion, all EIS testing is conducted at 25 °C. After the CV testing, 
only 25°C cell shows an increased resistance, suggesting the 
formation of an undesired interface between LIC SSE and 
CNTs. From In 3d and Cl 2p XPS spectra as shown in Figure 3g 
and Figure S7 (Supporting Information), the by-products can 
be detected in the 25°C cell. In contrast, the interface between 
LIC SSE and CNTs is stable at low temperatures, which is con-
sistent with the CV and EIS results. It should be noticed that 
when the mass ratio between LIC and CNTs in cathode layer 
decreases to 30:1, the decomposition of LIC can be significantly 
suppressed as shown in Figures S8 and S9 (Supporting Infor-
mation). The above results indicate that ambient temperature is 
critical for the electrochemical stability of LIC SSE after being 
combined with conductive additives. In addition, the amounts 
of CNTs in cathode layer are also very important to affect the 
degree of degradation of LIC.

The electrochemical performance at −10  °C is evaluated 
in the LCO-based SSBs. CNTs and PEDOT are respectively 
adopted as additives and are mixed with bare LCO and LIC to 
form the cathode layer. Three types of cathode layers are dem-
onstrated in this study for comparison, including LCO mixed 
with LIC, LCO mixed with LIC together with PEDOT, and 
LCO mixed with LIC together with CNTs. They are denoted as 
LIC cell, PEDOT cell, and CNTs cell, respectively. The detailed 
electrode process for the fabrication of SSBs is described in 
the experimental section. The scanning electron microscope 
(SEM) images and energy dispersive spectrometer (EDS) 
mappings of the prepared composite cathodes are shown in 

Figures S10–S12 (Supporting Information). Both PEDOT and 
CNTs are contacted with LCO and LIC, which is beneficial for 
electron transfer at the cathode/SSE/additive three-phase inter-
face. The electrochemical performance is first tested at 25  °C. 
At a current density of 0.05 C, all three cells show similar initial 
discharge capacities of 131.1 mA h g–1 (LIC cell), 132.9 mA h g–1 
(PEDOT cell), and 133.6  mA  h  g–1 (CNTs cell), respectively 
(Figure S13, Supporting Information). In contrast, the initial 
discharge capacity of LIC cell is only 103.1 mAh g–1 at −10 °C, 
as shown in Figure  4a and Figure S14 (Supporting Informa-
tion). With increasing electronic conductivity of additives, the 
discharge capacity increases from 119.5 mA h g–1 in the PEDOT 
cell to 127.0 mA h g–1 in the CNTs cell, as shown in Figure 4b,c. 
Notably, the more obvious voltage plateaus derived from the 
phase transition of LCO can be observed in the CNTs cell at 
both the end of charge and the beginning of discharge. This 
phenomenon suggests faster Li+ and electron transfer in the 
CNTs cell, which is benefiting from the high electronic conduc-
tivity of CNTs. Furthermore, CNTs cell shows the highest Cou-
lombic efficiency and average discharge voltage with the lowest 
irreversible capacity loss at the first charge-discharge cycle, as 
shown in Figure 4d. The corresponding differential capacity 
profiles as a function of voltage are shown in Figure 4e, which 
further reveal the different charge-discharge behaviors before 
and after adding the additives. CNTs cell demonstrates the 
smallest voltage intervals between the pairs of anodic-cathodic 
peaks and the highest peak intensities, suggesting an enhanced 
electrochemical reaction activity with lower resistance in the 
cathode layer.

To gain further insight into the charge transfer kinetics in 
the cathode layer, the galvanostatic intermittent titration tech-
nique (GITT) testing is conducted at −10  °C, and the charge-
discharge curves are shown in Figure S15 (Supporting Infor-
mation). The lithium-ion diffusion coefficients (DLi) during 

Adv. Funct. Mater. 2022, 2205594

Figure 3.  Investigating the electrochemical stability of LIC/CNTs cell at different temperatures. a) Schematic illustration of the designed model cell; 
CV profiles at the b) first and c) second cycles; EIS spectra before and after CV cycles of d) 25°C cell, e) −10 °C cell, and f) −30 °C cell; g) In 3d XPS 
spectra after CV test.
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the charge and discharge processes are calculated and shown 
in Figure S16 (Supporting Information). CNTs cell exhibits 
the highest DLi with the smallest polarization potential during 
the entire charge-discharge cycle. This result indicates that the 
charge transfer kinetics can be enhanced by adding a high elec-
tronically conductive additive in the cathode layer. The C-rate 
and cycling performances of the three cells are shown in 
Figure 4f and Figure S17 (Supporting Information). At 25  °C, 
the rate capacities of the three cells are similar at 0.05 C, 0.1 C, 
and 0.2 C, indicating electronic conductivity is not the limitation 
for LCO/LIC SSBs at low current densities because of the high 
ionic conductivity (1.4 × 10–3 S cm–1) of LIC at room tempera-
ture. When the current densities reached 0.4C and 0.6  C, the 
high electronic conductivity from CNTs contributes to charge 
transfer kinetics in the cathode layer, resulting in higher capaci-
ties. Compared to the performance at 25 °C, the rate capability 
at −10 °C shows considerable differences. The rate capacities of 

the LIC cell dramatically decay with an increase in current den-
sities. The discharge capacities drop to less than 38  mA  h  g–1 
when the current density increases to 0.6  C. In contrast, the 
CNTs cell demonstrates the highest rate capacities at each cur-
rent density. The discharge capacities of over 77 mA h g–1 are 
achieved at 0.6 C. When the current density returns to 0.1 C, all 
three cells demonstrate similar cycling stability after 50 cycles 
with a capacity retention of 96.6% in LIC cell, 95.5% in PEDOT 
cell, and 95.2% in CNTs cell. The repeatable electrochemical 
performance is shown in Figure S18 (Supporting Information), 
proving the reliability of our experiments. The EIS plots before 
and after battery testing at −10 °C are shown in Figures S19 and 
S20 (Supporting Information). The lowest resistance in CNTs 
cell after cycling suggests CNTs in the cathode layer did not 
deteriorate the interfacial stability with LIC SSE, while is bene-
ficial towards the charge transfer. Furthermore, the effect of var-
ying the amount of additives in the cathode layer is investigated 

Adv. Funct. Mater. 2022, 2205594

Figure 4.  Effect of additives on the electrochemical performance of SSBs at −10 °C. a–c) Charge–discharge curves of the first cycle at 0.05 C; the 
corresponding d) performance parameters and e) differential capacity profiles collected from charge-discharge curves; f) rate and cycling stability; 
g) long-term cycling stability of ASSLIB with CNTs as an additive, and h) comparison of low-temperature performance between this work and other 
SSBs from literature.
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in this study, as shown in Figure S21 (Supporting Information). 
The results indicate that 1 wt.% CNTs in cathode layer show the 
best performance. The long cycling stability of the CNTs cell 
at 0.4 C and −10 °C is also demonstrated in Figure 4g. An ini-
tial discharge capacity of 100.4 mA h g–1 is achieved with excel-
lent capacity retentions of 99.3% after 100 cycles, 92.1% after 
200 cycles, and 89.2% after 300 cycles, respectively. The perfor-
mance at −30 °C is shown in Figure S22 (Supporting Informa-
tion). The initial capacities of LIC cell and CNTs cell at 0.05 C 
are 69.2 and 72.1 mAh g–1, respectively. Interestingly, when the 
current density increases to 0.1 C, the capacity of the LIC cell 
drops to zero. In contrast, the CNTs cell still exhibits a capacity 
of 40.8 mA h g–1 with stable cycling performance. The capacity 
retention of 98.0% is achieved after 150 cycles. When compared 
to the low-temperature performance of other SSBs, the perfor-
mance demonstrated in this work is undoubtedly competitive 
(Figure 2h; Figure S23 and Table S1, Supporting Information).

The improved rate capability and the stable long-term cycling 
performance of CNTs cell at −10  °C suggest that adding the 
conductive additives in the cathode layer not only enhances the 
charge transfer kinetics but also promotes structural and inter-
facial stability between LIC SSE and LCO cathode. To verify 
this conclusion, X-ray absorption spectroscopy (XAS) charac-
terizations are first performed to inspect the cycled cathode 
layer. Figure 5a displays the In K-edge XANES spectra of LIC 
cell, PEDOT cell, and CNTs cell, respectively. Compared to 
the In K-edge spectrum of the pristine LIC, there is no detect-
able whiteline peak shift in the cycled cells. Meanwhile, the 
highly consistent peak shape and position are shown in the 

first derivative spectra (Figure 5b), suggesting a stable valence 
state and chemical environment of LIC during the cycling. Fur-
thermore, extended X-ray absorption fine structure (EXAFS) 
spectra of In K-edge obtained by Fourier transform are shown 
in Figure 5c. The peak at 1.99  eV corresponds to the InCl 
bond.[16] The unchanged bond distance and intensity after 
cycling suggest a stable local structure of LIC after cycling at 
−10 °C. Figure 5d–f shows the XAS spectra of Co K-edge. Sim-
ilar to the In K-edge spectra, Co K-edge spectra remain the 
same in all cycled cells, implying excellent structural stability 
of LCO at −10 °C. In addition, the structural stability of LIC in 
the electrolyte layer is also critical for the performance of SSBs. 
Therefore, XRD and SEM characterizations are conducted for 
the cycled LIC in electrolyte layer (Figures S24 and S25, Sup-
porting Information). Both the crystalline structure and mor-
phology of LIC keep the same compared to the pristine LIC, 
indicating the high stability of LIC in electrolyte layer.

In addition to the structural stability, the interfacial stability 
in the cathode layer at the low-temperature cycling is further 
investigated by XPS. The collected In 3d and Cl 2p XPS spectra 
of the cycled LIC cell, PEDOT cell, and CNTs cell are presented 
in Figure 6a,b. Compared to the In 3d and Cl 2p XPS spectra 
of the pristine LIC (Figure S5, Supporting Information), no 
obvious change is observed in both the In and Cl chemistry 
in all three cycled cells. This result indicates that LIC SSE is 
electrochemically stable at −10  °C. More importantly, adding 
the conductive additives in the cathode layer does not induce 
the decomposition of LIC at low temperatures. Benefitting 
from the stable interface between LIC and conductive additives, 

Adv. Funct. Mater. 2022, 2205594

Figure 5.  Understanding the structural stability of electrode materials after cycling at −10 °C. a–c) In K-edge XAS spectra of LIC and d–f) Co K-edge XAS 
spectra of LIC. a,d) XANES spectra, b,e) the corresponding first derivative spectra, and c,f) Fourier transformed R space EXAFS spectra.
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there is also no chemical valence change of Co in all three LCO 
cathodes after cycling, as shown in Figure 6c and Figure S26 
(Supporting Information). Combining both the XAS and XPS 
results, it can be concluded that the SSBs with conductive addi-
tives in cathode layer show excellent structural and interfacial 
stability at low temperatures. More importantly, increasing the 

electronic conductivity at low temperatures is remarkably ben-
eficial toward the charge transfer kinetics at the cathode/SSE/
additive three-phase interface (Figure 6d). Unlike room tem-
perature, in which the high ionic conductivity of SSE is enough 
to provide charge transfer kinetics in cathode layer, halide 
SSBs face challenge of significantly reduced ionic conductivity 

Figure 6.  Understanding the interfacial stability of composite cathode after cycling at −10 °C. a) In 3d, b) Cl 2p, and c) Co 2p XPS spectra of the cycled 
cells; d) schematic illustration of Li+ and electron transfer in composite cathode at low temperatures.
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at low temperatures. As a result, charge transfer is struggled 
in cathode layer, leading to severe polarization. Increasing the 
electronic conductivity at the cathode/SSE/additive three-phase 
interface counteracts the negative effect of reduced ionic con-
ductivity, which is critical for the performance of low-tempera-
ture halide SSBs.

3. Conclusion

In summary, the impact of electronic conductivity in the 
cathode layer of low-temperature halide-based SSBs is com-
prehensively investigated by DFT calculations, electrochem-
ical analysis, as well as XPS and XAS characterizations. By 
designing additives, PEDOT, and CNTs, to manipulate the elec-
tronic conductivity in cathode layer, the electrochemical stability 
of halide SSE is deeply understood at different ambient tem-
peratures. At room temperature, the by-products of LIC SSE are 
detected, although the degree of decomposition is much lower 
than that of sulfide SSEs. In contrast, LIC exhibits excellent 
electrochemical stability with CNTs at both −10 °C and −30 °C. 
The electrochemical analysis results indicate that the charge 
transfer kinetics is significantly improved at low temperatures 
by adding CNTs in the cathode layer, resulting in enhanced 
rate capability. A discharge capacity of 77.6 mAh g–1 is achieved 
under 0.6 C at −10 °C. In addition, the SSB with CNTs shows 
promising long-term cycling stability at −10 °C with a capacity 
retention of 89.2% after 300 cycles at 0.4  C. The results from 
XAS and XPS characterizations demonstrate excellent struc-
tural and interfacial stability of LIC SSE and LCO cathode at 
low temperatures even after adding high conductive additives 
in cathode layer. Hence, electronic conductivity in the cathode 
layer is critical for the performance of halide-based SSBs at 
low temperatures, which can also improve the performance at 
room temperature after controlling the conductive additives at 
a moderate level. Compared to the strategy of using one certain 
additive and turning the electronic conductivity by different 
amounts, application of different additives with different elec-
tronic conductivities provides a wider choice for different SSB 
systems. This work opens insights into the low-temperature 
SSBs and provides valuable guidance for the design of high-
performance all-climate SSBs in the future.

4. Experimental Section
DFT Calculation: All calculations were carried out within the DFT 

framework as implemented in Vienna Ab Initio Simulation Package 
(VASP). The projector augmented-wave pseudopotentials were used to 
describe the interaction between ions and electrons, and the exchange-
correlation effects were treated using the Perdew-Burke-Ernzerhof (PBE) 
functional under the generalized gradient approximation (GGA).[17] 
Herein, the electronic configurations for the PAW potentials were 1s22s1 
for Li, 3s23p5 for Cl, 5s25p1 for In, 2s22p2 for C, 3s23p4 for S, 2s22p4 for O, 
and 1s12s° for H. The possible structure of Li3InCl6 (LIC) was generated 
employing the Supercell code, due to the partial occupation in the unit 
cell of LIC. The most stable of LIC with lowest energy was chosen in the 
subsequent calculations. The model of poly(3,4-ethylenedioxythiophene) 
(PEDOT) contained the simulated cell of 52 atoms. The multi-wall 
carbon nanotubes (CNTs) were adopted for calculation, where the inner 
diameter is 6.84 Å and outer diameter is 13.54 Å. It is noted that there 

are two repeated units in CNTs and the total number of carbon atoms is 
250. The VESTA package was used to visualize the various bulk, surface, 
and interface structures.[18] The structure of LIC, PEDOT, and CNTs was 
optimized using kinetic energy cutoffs of 600 eV, where the k-points were 
different, i.e., 4  ×  2  ×  4 for LIC, 2  ×  4  ×  4 for PEDOT, and Γ-point for 
CNTs. All the atoms of structures were optimized until the total energies 
converged to below 10–5  eV and the forces acting on atoms were less 
than 10–2  eV  Å−1. The density of states for LIC, PEDOT, and CNTs was 
calculated to determine their corresponding band gap. The electronic 
transport coefficients were calculated by employing the BoltzTrap code, 
and especially the electronic conductivity at 298.15 and 263.15  K was 
calculated. After relaxing the structures of LIC, CNTs, and LiCoO2 (LCO), 
self-consistent calculations were performed to obtain their electrostatic 
potentials.

Preparation of Solid-State Electrolytes and Pedot: For the preparation 
of solid-state electrolytes (SSEs), LIC was synthesized by a water 
removal route. LiCl and InCl3 were dissolved in deionized water with 
the stoichiometric molar ratio. The solution was dried under a vacuum 
at both 100 and 200 °C. Li6PS5Cl (LPSCl) was synthesized following the 
mechanical milling and annealing process. Li2S, P2S5, and LiCl were 
mixed with the stoichiometric molar ratio and milled at 550 rpm. After 
that, the mixture was sealed in a quartz tube and annealed at 550  °C 
for 5 h. PEDOT was fabricated by molecular layer deposition (MLD), in 
which molybdenum chloride (MoCl5) and 3,4-ethylenedioxythiophene 
(EDOT) were used as the precursors. The source temperatures for both 
MoCl5 and EDOT were 80  °C. The deposition temperature for PEDOT 
was 150 °C. During one MLD cycle, MoCl5 and EDOT were alternatively 
introduced into the reaction chamber with a pulse time of 5 s, and the 
pulsing of each precursor was separated by a 60 s purge with N2.

Assembly of the Solid-State Batteries and Electrochemical Testing: All 
of the processes for the cell fabrication were conducted in the Ar filled 
glovebox. 1) Ionic conductivity: LIC powders were first pressed to form 
the pellet with a pressure of 3 tons. The formed pellet was attached with 
stainless steel rods electrodes. There was no additional stack pressure 
during the test. The electrochemical impedance spectroscopy (EIS) was 
conducted at variable temperatures by using versatile multichannel 
potentiostat 3/Z (VMP3) at frequencies from 7  MHz to 1  Hz. 2) 
Electronic conductivity: Three samples were used for testing, including 
LIC, mixed LIC/PEDOT, and mixed LIC/CNTs. The electrode progress 
was same as the cell for ionic conductivity test. The stainless steel was 
used as the ion-blocking electrodes. Direct current (DC) polarization 
was conducted for the test of electronic conductivity with the externally 
applied voltages ranging from 0.1–0.5  V with 1  h for each voltage. 3) 
Electrochemical stability: LPSCl was used as an interlayer to avoid the 
contact between LIC and In-Li anode. The cathode layer was prepared 
in the same method as the cells for the test of electronic conductivity: 
LIC, mixed LIC/PEDOT, and mixed LIC/CNTs were adopted. The cyclic 
voltammetry (CV) measurements were scanned at 0.05  mV  s–1 from 
2.1–3.6  V (vs Li+/Li-In) for two cycles. Before and after CV tests, EIS 
measurements were performed with frequencies from 7  MHz to 1  Hz. 
4) Electrochemical performance: In the cathode layer, the commercial 
LiCoO2 (LCO) cathode and LIC were mixed to form the LIC cell. By 
adding PEDOT or CNTs in the mixed LCO/LIC, the PEDOT cell and 
CNTs cell was fabricated as well. First, 60  mg LIC and 30  mg LPSCl 
were pressed at 2 tons to form an electrolyte layer with 10 mm diameter. 
10 mg composite cathode (LCO/LIC/additives) with the weight ratio of 
70:30:0.5, 70:30:1, 70:30:5, or 70:30:10) was then pressed on the surface 
of LIC at 3 tons. Finally, In-Li anode was put onto the surface of LPSCl 
with 0.5 tons. The areal loading of composite cathode is 12.74  mg 
cm–2. The galvanostatic charge-discharge characteristics were tested 
in the range of 2.1–3.6  V versus Li+/Li-In, corresponding to 2.7–4.2  V 
versus Li+/Li by using a multichannel battery tester (LAND CT-2001A, 
Wuhan Rambo Testing Equipment Co., Ltd., China). For galvanostatic 
intermittent titration technique (GITT) measurements, the cells were 
charged and discharged with 0.05 C for 20 min and rest for 2 h.

Characterizations: The morphology and microstructure of the 
as-prepared composite cathodes and the cycled SSEs were characterized 
using field emission scanning electron microscopy (FE-SEM, Hitachi 
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S4800) equipped with an energy dispersive spectrometer (EDS). X-ray 
powder diffraction (XRD) measurements for the crystalline structure 
of as-prepared samples were conducted on a Bruker D8 Advance 
Diffractometer (Cu-Ka source, 40  kV, 40  mA). X-ray photoelectron 
spectroscopy (XPS) testing was measured with a monochromatic Al Kα 
source (1486.6  eV) in a Kratos AXIS Nova Spectrometer. The Ar-filled 
glovebox was connected with the XPS machine to avoid exposure to air. 
Synchrotron X-ray studies were carried out at the Canadian Light Source 
(CLS). X-ray absorption spectroscopy (XAS) data were collected at Hard 
X-ray Micro Analysis (HXMA) beamline. In K-edge spectra were collected 
in fluorescence mode using Si(220) crystals, while Co K-edge spectra 
were also collected in fluorescence mode but using Si(111) crystals. 
To avoid air exposure, the samples were firstly covered with Kapton 
tape in glovebox under Ar and then transferred to HXMA for further 
measurements.
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