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ABSTRACT: One of the major hurdles in the utilization of metallic lithium anodes is understanding the Li+ transfer kinetics
through the solid electrolyte interface (SEI) in addition to Li oxidation. Electrochemical impedance spectroscopy (EIS) combined
with temperature variation provides deeper comprehension and reveals kinetic parameters of individual processes separately. In this
study, we report temperature-dependent EIS analysis of metallic Li anodes to shed light on the kinetics of anodic/interfacial
processes at different states of charge and wide temperature ranges (−25 to 75 °C), utilizing lithium thionyl chloride (Li/SOCl2)
and lithium manganese dioxide (Li/MnO2) primary batteries as model systems. We found in both batteries that the impedance of
the SEI processes is highly temperature-dependent with non-Arrhenius behavior at temperatures greater than 35 °C. Conversely, the
kinetics of the anodic process showed small temperature dependence that is explained by the Arrhenius equation throughout the
temperature range studied. The results provide a deeper understanding of the underlying processes separately in metallic Li anodes
under operando and real-time conditions.

■ INTRODUCTION

Lithium batteries (LBs) with metallic lithium (Li) anodes
provide higher gravimetric and volumetric energy densities
than intercalation-based anodes. Such batteries are already
commercially available as non-rechargeable (primary), which
are heavily used in applications where charging is impractical
or impossible.1−3 The limitations hindering the use of metallic
Li anodes in rechargeable batteries are in the charging process
with mainly inhomogeneous Li electrodeposition (mossy and/
or dendritic),4−8 which leads to performance limitations and
safety concerns. In recent years, many studies have been done
to investigate these processes deeply, with the aim of finding
solutions that limit those setbacks and achieve optimized
operating conditions for rechargeable LBs employing metallic
Li anodes.9−15

Electrochemical impedance spectroscopy (EIS) is one of the
most-used techniques for characterizing the different electro-
chemical processes in batteries in general and LBs in particular.
Its in situ and noninvasive nature is the most attractive
property for LB research, which should be performed in a
sealed inert environment. It has proven its usefulness for

different LB variants by providing electrochemical parameters
regarding Li charge and mass transfer in active materials,
electrolytes, and the formed interfaces independently from
each other.16−20 Furthermore, it is utilized as a probe for state-
of-health and state-of-charge (SoC) determination, and for
modeling the voltage response of the LBs.21−24 Lastly, it
represents a powerful tool to study the electrochemical
processes taking place during the operation of the battery
and to determine the limiting factors affecting the process.25,26

EIS is most useful when coupled with variations in the
studied system parameters. In LBs, EIS studies are conducted
with variations in the composition/amount of the active
materials or the electrolytes to investigate the change in the
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impedance response, which corresponds to the change in the
underlying processes. This has been shown to be very useful
not only in matching the portion of the impedance response to
the corresponding electrochemical process but also in finding
the best amount and composition of material for better battery
performance.27−30

Temperature variation has a high impact on the electro-
chemical processes of the LBs.31 The resistance involved in the
charge and the mass transfer processes, in addition to the
electrolyte conductivity, are dependent on the temperature of
the system. Investigating the temperature dependence provides
insight into the dominant electrochemical processes at the
operating temperature of the battery.32,33 Moreover, it can be
used to extract kinetic and thermodynamic properties of the
electrochemical processes by employing temperature (T)-
dependent equations, such as the Arrhenius relation.34−36

Li+ transport through the solid electrolyte interface (SEI) on
the graphite anode is deeply investigated for Li-ion
intercalation chemistries.37−40 The underlying processes are
assigned as Li+ diffusion through the solid-state SEI followed
by the solvation process before the ion diffuses out into the
electrolyte.38,41 The contribution of each process is still under
active research with several findings suggesting the differences
are due to the type of electrolyte, which directly affects the
structure and composition of the formed SEI.34,39,40,42−45

These processes are presumably similar in metallic Li anodes;
however, structure and properties of the SEI will clearly be
different. To the best of our knowledge, this manuscript is the
first to report on the properties of the SEI formed on the
surface of the metallic lithium through the T-dependence of
the electrochemical impedance response resolving the details
of underlying processes.
In this study, aiming to better understand the anodic/

interfacial processes in LBs with metallic Li anodes, we
investigate T-dependent EIS for two different Li primary
battery chemistries which use metallic Li as their anode. The
first is lithium thionyl chloride (Li/SOCl2) and the second is
lithium manganese dioxide (Li/MnO2). We use these
commercial cells because they provide the most reproducible
results as they are mass-produced. Through equivalent circuit
(EC) fits for the obtained impedance, we report, for the first
time, calculated activation energies of the process of Li+

transport through the SEI of the metallic Li anode in addition
to the oxidation of the metal to the cation. The variation of the
obtained activation energies for the various processes as the
SoC changes is investigated to understand better operation
conditions.

■ EXPERIMENTAL SECTION
T-dependent EIS was performed in a wide temperature range
(−25 to 75 °C), with 10 °C increments. The T-dependent EIS
measurements were repeated with at least three cells of the
same chemistry to ensure the reproducibility of the data.
Cells. Li/SOCl2 (SAFT- LS 14500) AA-size cell with 2.6 Ah

capacity and 3.67 V open circuit potential and Li/MnO2
(Panasonic LM2023) coin cell with 2 mA h capacity and
3.20 V open circuit potential were used.
Temperature Control. The T-dependent EIS experiments

were performed in a temperature range from −25 to 75 °C.
The temperature was measured using a thermocouple which
was placed in a custom-made insulating chamber. A thermo-
electric cooler (Peltier device) was placed on one side of the
chamber to provide the required cooling. The Peltier device

was able to cool the temperature to 5 °C. Further cooling was
done by placing a beaker filled with liquid Nitrogen, where the
temperature was controlled manually. Higher temperatures
(25−65 °C) were achieved by placing heating stripes, in which
the heating was controlled by controlling the voltage source. At
higher temperatures, the temperature inside the chamber was
stabilized by the Peltier device.
The studied cells were placed inside the chamber before the

EIS experiments, which were also connected to the Gamry
5000E instrument. EIS measurements were performed after
bringing the chamber’s temperature to the desired value and
waiting at that temperature for at least 10 min prior to the
measurement. Consecutive EIS measurements confirmed that
10 min was enough for the cell to stabilize at the chamber’s
temperature (i.e., <1% variation).

EIS Measurement. Galvanostatic-EIS at discharge was
performed for the cells by applying a negative DC offset along
with the AC excitation. For Li/SOCl2 −10 mA DC offset was
applied along 2 mA ACamplitude for a frequency range of 1
MHz to 100 mHz. For Li/MnO2 −3 mA DC offset was
applied along 2 mA AC amplitude for a frequency range of 1
MHz to 1 Hz. These values were chosen by prior trial-and-
error measurements along with Kramers−Kronig compatibility
tests for the best parameters.

Kramers−Kronig Compatibility Test. All obtained EIS
data were validated with the Kramers−Kronig compatibility
test to check for the presence of nonlinearity and instability.
Gamry Echem Analyst Software’s (v.7.8.5) Kramers−Kronig
tool was used for testing the data. The observed compatibility
is overlayed with the data in the Nyquist plots presented
throughout the manuscript.

SoC Measurements. The SoC was determined by
coulomb counting. Fresh cells were assigned as 100% SoC
and were discharged after the EIS measurements for a certain
amount of time. The discharge current was −10 mA for the Li/
SOCl2 battery and −3 mA for the Li/MnO2 battery. The
percentages were calculated as a fraction of the labeled
capacities.

Arrhenius Analysis. The T-dependence is investigated by
extracting charge transfer resistance values from the impedance
response, with the aid of EC fits and by observing the change
with respect to the temperature change. The obtained charge
transfer resistances are related to the activation energy of the
electrochemical process through the Arrhenius equation

k A
1

R
e

E
RT

CT

a= ∝−

(1)

where k is the rate constant of the electrochemical process, RCT
is the charge transfer resistance, A is the pre-exponential factor,
Ea is the activation energy, R is the gas constant, and T is the
temperature.
To obtain the activation energy, typically, a plot of the rate

constant as a function of 1000/T is used. The form of the
Arrhenius equation that justifies this use is the logarithmic
form that can be written as

( )
k A

E

R
1
T

log log
ina

J
mol= − •

(2)

or
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When using the inverse of the parallel resistances as proxies
for the rate constants, the additional terms that are required to
convert the resistance to the rate constant have to be
considered.

( )c
R
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E

R
1000

T
log log

ina
kJ

mol= − •
(4)

where c is the collective multiplier that is required to convert
the measured resistance to a rate constant. This equation
simplifies to

( )1
R

A c
E

R
1000

T
log log log

ina
kJ

mol= − − •
(5)

As can be seen, in a plot of log 1/R versus 1000/T, the
additional terms appear in the intercept and do not change the

slope at all. It is important to note that the collective multiplier
c includes any corrections that are associated with the different
electroactive areas of the various electrodes. Therefore, the
numbers obtained from AA and button size batteries are
perfectly comparable, because any difference that is related to
the difference in electrode areas will be observed in the
intercept and will not affect the slopes.

■ RESULTS AND DISCUSSION

The EIS of LBs provides information about the redox and the
interfacial processes in the metallic Li anode in addition to
others. Several semicircles in the Nyquist plot represent various
processes in the impedance response, according to their
timescales. Several experimental and computational studies
assigned the electrochemical processes to their corresponding
frequency regions in the impedance response. For almost all
LBs, the impedance response at high frequencies (100 kHz to
100 Hz) is assigned to the interfacial processes, which results
from the movement of the Li+ ions through the SEI. The
anodic Faradaic processes show impedance response in the

Figure 1. (a) Electrochemical processes of the metallic Lithium anodes are mainly related to the oxidation of the Li followed by the transfer and
solvation of Li+ to the electrolyte, (b) Nyquist plot related to the electrochemical processes of the metallic Li anode.

Figure 2. Schematic representation of the structure and the movement of Li+ for (a) lithium thionyl chloride (Li/SOCl2) and (c) lithium
manganese dioxide (Li/MnO2); Nyquist plots of temperature-dependent EIS from 1 MHz to 100 mHz at 90% SoC for (b) Li/SOCl2 and (d) Li/
MnO2, the overlayed black lines are the results of the Kramers−Kronig compatibility test.
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medium frequency regions (100 Hz to 100 mHz), whereas at
lower frequencies, cathodic and mass transfer processes are
known to appear.46−48

The impedance response is the result of Li+ movements
through the SEI toward the electrolyte after oxidation at the
surface. This movement takes place in two consecutive
processes, which is illustrated in Figure 1a. First Li+ diffuses
through the solid-state SEI then there is solvation of Li+ into
the electrolyte.38,40,42 The contribution of each process is still a
topic of active research, yet clearly dependent on the chemistry
of the LB and is characteristic to the type and composition of
the electrolyte used.34,37,43,49 The obtained EIS response for
these processes is observed in two successive semicircles in the
Nyquist plot as shown in Figure 1b.
Temperature-Dependent EIS. The T-dependence of EIS

response is observed to be large for the Li anode processes,
which can be seen in Figure 2. The result shows an overlay of
T-dependent EIS data validated with the Kramers−Kronig
compatibility test. The Kramers−Kronig test is vital to
demonstrate the linearity and stability of the obtained data,
which will be analyzed to characterize electrochemical
processes at the Li anode.50,51

The investigated batteries both utilize Li metal as their
anode active material. They differ in the type of electrolyte and
cathode active material. As can be seen in Figure 2a,c, Li/
SOCl2 uses SOCl2 with dissolved LiAlCl4 as the electrolyte,
whereas Li/MnO2 uses LiClO4 dissolved in Propylene
Carbonate and Dimethoxyethane as electrolyte. Moreover,
Li/SOCl2 has porous carbon as the cathode surface, while Li/
MnO2 used MnO2 as the host for the Li

+ ions. Although they
have different electrolytes and cathode active materials, their
EIS responses are similar at high- and middle-frequency

regions, further evidence that anodic processes are observed at
these frequency ranges, see Figure 2b,d.
Nyquist plots for the T-dependent EIS for both Li/SOCl2

and Li/MnO2 for a temperature range of −25 to 75 °C are
shown in Figure 2b,d, Bode plots can be found in the
Supporting Information. In both chemistries, two semicircles
are observed which are T-dependent, the first in the high-
frequency range (100 kHz to 100 Hz) and the second in the
middle frequency range (100 Hz to 100 mHz).a Both
semicircles are observed for temperatures above 15 °C.
Below this temperature, the high-frequency semicircle
dominates the EIS response with large impedance values.
The first semicircle is assigned to the SEI processes and the
second to Li oxidation. The domination in the SEI impedance
for below 15C temperatures is related to the slow kinetics of
the Li+ mass transport through the SEI.
As can be observed from the Nyquist plots in Figure 2, there

is a drastic decrease in the size of the first semicircle as the
temperature increases from −25 to 35 °C, which then
continues to decrease at a lower rate from 35 °C to 75 °C.
The second semicircle shows a small decrease as the
temperature rises from 25 °C to 75 °C. This variation can
be correlated to the nature of processes for each semicircle, the
first for the mass transfer of Li+ through the SEI and the
second for the oxidation of Li.

EC Fits. In order to perform the Arrhenius analysis on the
charge transfer resistances for the two semicircles obtained, we
extracted the resistance values through EC fit. The fitted
circuits for each battery are shown in Figure 3a,d. For each
semicircle, a charge transfer resistance in parallel connection to
a constant phase element (CPE) was used. As can be noticed,
Li/SOCl2 EIS contained inductive and T-independent semi-

Figure 3. Fitted EC model overlayed with the Nyquist plot for 90% SoC (a) Li/SOCl2 and (d) Li/MnO2, R and Y values obtained from EC
parameters for (b,c) Li/SOCl2 and (e,f) Li/MnO2 batteries.
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circle at very high frequencies, (1 MHz to 100 kHz) which was
fitted and not taken for analysis.
The parameters obtained along with the respective errors are

demonstrated in Figure 3. The three resistances obtained from
the EC fits are electrolyte resistance (Rs), interfacial resistance
(RSEI), and anodic charge transfer resistance (RCT). Figure 3b,e
shows the trends in the obtained resistances with increasing
temperature for Li/SOCl2 and Li/MnO2 respectively. The two
corresponding Y0 values from the CPEs are shown in Figure
3c,f. It can be seen from the trends that, while all the
resistances show a decrease as the temperature rises, the
interfacial resistance RSEI shows the sharpest decrease in its
value, especially at low temperatures. There is a measurable
change in the fitted CPE parameters, namely YSEI and YCT
values as the temperature changes, even though the degree of
variations is small. However, this change is not showing clear
T-dependence. The reasons and the information content of Y
values require further investigation and are beyond the scope
of this manuscript.
Arrhenius Analysis. Arrhenius plots using the obtained

resistance values exhibit linearity with all the resistances, which
can be seen in Figure 4. However, for the interfacial resistance
RSEI, there is a deviation from the Arrhenius relation at
temperatures higher than 35 °C. This is observed in both
batteries indicating that the charge transfer of Li+ movement
through the SEI plus solvation involves both Arrhenius and
non-Arrhenius behavior, depending on the operating temper-
ature of the battery. This indicates that after 35 °C, the
combination of Li+ diffusion through the SEI plus solvation
occurs through a mechanism that is not thermally activated.
Therefore, increasing the temperature to a higher degree will
not increase the kinetics of this process.

Observing the identical non-Arrhenius behavior shows the
similarity in Li+ formation and transport mechanism for both
batteries. Although the electrolytes and consequently structure
and composition of the SEI are different, the transition from a
thermally activated mechanism to one that is not affected by
temperature occurs around the same levels. This non-
Arrhenius behavior is also reported for Li-ion batteries with
graphite anodes52,53 and was investigated for its effect on the
fast charging protocols.54 The behavior was related to the
diffusion of Li+ in different phases of graphite. Detecting the
same deviation from Arrhenius behavior for Li+ transport in
nonintercalation chemistry raises several questions about its
diffusive and solvation processes and calls for further
fundamental mechanistic investigation at these temperature
ranges.
Activation energies (Ea) calculated are summarized in Table

1. As can be seen, the activation energies for the anodic charge
transfer (Li oxidation) in both cells show similar values. The
activation energy for the charge transfer resistance for lithium
oxidation at high SoCs is calculated to be around 20 kJ/mol,
which is in accordance with reported values for the same
process in intercalation chemistries.55−57 The fact that this
number is very close in both chemistries is a clear indication
that this process is very similar in both. Though for 100% SoC
in Li/SOCl2, the calculated energies are lower which is related
to the high amount of the solvent SOCl2 which is also the
cathode active material, and the undeveloped structure of the
SEI.
However, the values of the activation energies for the

transport through the SEI processes differ. Li/MnO2 has
roughly double the activation energy with ≈40 kJ/mol
compared to ≈20 kJ/mol for Li/SOCl2. This change can be

Figure 4. Arrhenius plots for resistance values (Rs, RSEI, RCT) for 90% SoC of (a) lithium thionyl chloride (Li/SOCl2) and (b) lithium manganese
dioxide (Li/MnO2).
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related to the different structure and composition of the SEI
and the type of electrolyte in both batteries. The SEI is the
product of the reaction between Li and the components of the
electrolytes. In graphite anodes, several studies suggest the
formation of the mosaic structure of organic and inorganic Li-
containing molecules.41 In Li/MnO2 the SEI possesses another
complex structure as the result of the Li reaction with the
various components of the electrolyte (propylene carbonate,
dimethoxyethane plus LiClO4).

58,59 The Li+ transport through
this layer is suggested to occur by pore diffusion and interstitial
knock-off mechanisms38,40 which are reported in the literature
to have activation energy between 40 and 60 kJ/mol
depending on the type of electrolyte.34,37,39 In Li/SOCl2, the
SEI is shown to be mostly from LiCl crystals formed by the
reaction of Li with SOCl2 passivating the surface of the Li
anode.60 It is demonstrated that Li+ is transported through the

formed SEI by forming channels (cracks) that allow the ions to
pass. This mechanism is also known to cause a voltage delay at
the beginning of the operation.61−63 Li+ transport through the
formed channels appears to require lower activation energy
than the transport through the SEI of Li anodes with organic
electrolytes such as Li/MnO2.

Variation in SoC. Investigation of the Arrhenius relation
for the obtained resistances was performed for the different
SoC levels of both chemistries. Figure 5 shows the Arrhenius
plots at different SoCs for the different processes. As can be
noticed in all SoCs for both batteries, deviation from the
Arrhenius relation for the SEI process is observed above 35 °C,
indicating the existence of a nonthermally activated mechanism
in all SoCs. Additionally, the slopes of the linear parts of the
Arrhenius plots for Li/SOCl2 show a steady increase as the
SoC decreases, whereas Li/MnO2 shows the opposite
behavior.
The variation in the calculated activation energies is

demonstrated in Figure 6a−c for Rs, RSEI, and RCT respectively,
which are summarized in Table 1. The calculated activation
energies for the SEI process in Li/MnO2 appear to be roughly
steady at around 40 kJ/mol, while Li/SOCl2 shows an increase
from 10 to 30 kJ/mol as the SoC decreases. This can be
explained as mentioned above by the structure and
composition of the SEI in each battery. While Li/MnO2
possesses a stable structure with a complex composition that
needs higher thermal activation, Li/SOCl2 has a less stable and
dynamic structure that continuously decomposes and forms via
passivation reactions. Moreover, the increase in the Li+

diffusion activation energy for Li/SOCl2 is speculated to be
from the depletion of the solvent SOCl2, which is also the
cathode active material. Decreasing solvent intuitively will
hinder the Li+ solvation process. The activation energy of
lithium oxidation that is, RCT increases initially as the state of

Table 1. Calculated Activation Energies Obtained from the
Arrhenius Plots of the Resistances for the Two Batteries at
Different % States-of Charge

Ea for

% SoC Rs (kJ/mol) RSEI (kJ/mol) RCT (kJ/mol)

Li/SOCl2 100 2.95 ± 0.39 10.16 ± 1.39 3.17 ± 0.47
90 6.65 ± 0.61 17.88 ± 3.64 18.63 ± 0.49
70 7.12 ± 0.34 21.37 ± 2.23 21.06 ± 0.66
50 5.30 ± 0.51 27.44 ± 2.15 15.44 ± 0.75
40 5.89 ± 0.91 31.54 ± 5.22 12.38 ± 0.91

Li/MnO2 100 10.43 ± 3.48 44.96 ± 3.86 17.45 ± 0.33
90 8.92 ± 2.48 41.19 ± 3.49 17.44 ± 1.12
70 9.02 ± 1.59 43.62 ± 2.85 22.57 ± 0.89
50 9.22 ± 1.72 40.18 ± 3.04 19.90 ± 1.05
30 10.33 ± 2.23 39.26 ± 2.35 19.17 ± 0.86
10 14.63 ± 4.17 37.14 ± 1.88 10.83 ± 1.12

Figure 5. Arrhenius plots of Rs, RSEI, and RCT for different states-of-charge (SoC) for (a−c) lithium thionyl chloride (Li/SOCl2) and (d−f) lithium
manganese dioxide (Li/MnO2).
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charge decreases, ultimately decreasing again at low states of
charge. We speculate that the increase in the activation energy
is related to the depletion of Li and the decrease is related to
an increase in the effective electrode area, as the surface gets
rougher at lower states of charge.

■ CONCLUSIONS

In summary, we have shown that T-dependent EIS is a
valuable tool to investigate the kinetics of Li+ diffusion across
the SEI and oxidation of metallic lithium to form Li+. The
study was performed on two different battery chemistries by
investigating the T-dependence of the parallel resistances of
the semicircles representing Li+ transport across the SEI and Li
oxidation. Ultimately, activation energies were calculated for
these processes. High T-dependence was observed for the
transport of Li+ ions across the SEI with T-independent
transport above a certain temperature, indicating a transition to
a nonthermally activated mechanism, which calls for further
investigation. In both batteries, the activation energies for the
Li oxidation showed similar values but varied for the transport
through the SEI. The variation was related to the structure and
composition of the formed SEI in the two chemistries. These
findings demonstrate the power of T-dependent EIS in
elucidating the kinetics that the metallic Li anode processes
and highlight its usefulness in understanding the underlying
processes.
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