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ABSTRACT: Electrochemical impedance spectroscopy (EIS)
using alternating currents is a widely established technique to
investigate kinetic aspects of batteries and their components,
though it requires an interruption of battery operation with extra
measurement time and effort. In this work, EIS is compared with
the conventional galvanostatic (constant current) technique, which
is based on direct currents, being the standard operation mode of
batteries. Data from constant current measurements not only are
representing application conditions but also are automatically and
continuously generated during routine charge/discharge processes,
i.e., without extra measurement efforts, and do give kinetic insights
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via the characteristic overvoltage (= resistance-reasoned voltage rise/decrease), as well. In fact, distinguishing between even very
similar values for ohmic (Rg,), charge transfer (R,), and mass transport (R,,,) resistances can be done via analysis of overvoltage data
from constant current measurements, as exemplarily demonstrated in symmetric LillLi and LiNij ¢Mn,,Coy,0, (NMC622)IILi cells
with poly(ethylene oxide)-based solid polymer electrolyte, finally proving their validity. From a practical point of view, direct-current
methods can be beneficial for R&D of kinetic aspects in batteries, as data is directly obtained and, thus, application-oriented.

H INTRODUCTION

The thermodynamically possible specific energy/energy
density of batteries is practically limited during cell operations
by resistance-induced overvoltages (polarizations), i.e., ohmic-
(Rg), activation- (charge transfer; R,), and concentration
polarization (mass transport; R,,), in particular at kinetically
harsher conditions, e.g,, high rates and/or low temperatures.l

A common strategy to investigate and distinguish these
resistance types is electrochemical impedance spectroscopy
(EIS), either performed in potentio- (PEIS) or galvano- (GEIS)
mode, ie with alternating current (AC) or alternating voltage
excitations, respectively. The impedance can be obtained from
the sinusoidal current and voltage relation, which contains
both reactance and resistance values, illustrated in the
imaginary and real parts (y- and x-axis) in the Nyquist plot,
respectively.”® The former are obtained from phase shifts
between voltage/current curves and represent capacitive and/
or inductive effects, while the latter are obtained from the
voltage/current linear region and represent resistances. Worth
noting, the excitation in EIS must remain small (in the micro-
ampere or millivolt region)’ in order to remain a linear relation
between voltage and current, being an essential requirement
for accurate estimation of R, R, and R, values according
ohmic law, as schematically shown in Figure 1.

The main focus of AC based EIS in battery R&D is the
determination of electronic and/or ionic conductivities of
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electrodes, electrolytes, interphases, and interfaces, also
providing information with respect to reactance, e.g,
capacitance. Batteries are operated with direct currents (DC),
where resistance values have more relevance, suggesting DC-
based methods are more application-oriented.

The current excitation in GEIS can be theoretically also
mimicked by DC steps (Figure 2) and, therefore, is a
reasonable mode for the comparison purposes in this work.
From a practical point of view, solid-state batteries (SSBs) with
solid polymer electrolytes (SPEs) are suitable for kinetic
investigations due to their poor ion transport kinetics
compared to liquid-based conventional batteries, allowing
clear distinguishing of resistances under experimentally
convenient conditions, i.e., moderate currents/rates and
temperature.” "'

In this work, a poly(ethylene oxide) (PEO)-based solid
polymer electrolyte (SPE) is investigated, compared and
validated in LillLi and LiNiy¢Mng,Coy,0, (NMC622)IILi
metal battery cells'”~'® via AC and DC modes. Both the
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Figure 1. Current (or voltage) excitation in EIS is generally kept small in order to have a linear relation of overvoltage and current for each
polarization type, being a fundamental basis to accurately determine the resistance types according to ohmic law.

Current excitation

Alternating current (AC)
Constant current (DC)

+ sasssmans
max ’ »

(0% LLLTL

Current

- ssssmwnnn
max

Time

Voltage response

Voltage response (AC)
V. B Voltage response (DC)
max ot .
: .
) : H
o0 :
§ Q prnnsr ."---..: LI
O H :‘
> . :
V max
Time

Figure 2. Schematic comparison between AC and DC excitations with the corresponding voltage responses. The sinusoidal current excitation of
GEIS can be mimicked by constant current steps demonstrating fundamental similarities.
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Figure 3. (a) Nyquist plot obtained by EIS measurement of a NMC622/P(EO),oLiTFSIILi cell at 60 °C, measured in a frequency range between
0.1 MHz and 10 mHz and with an applied current density amplitude of 10 yA cm™. (b) Voltage—time plot of a DC experiment of a NMC622|
P(EQ),,LiTFSIILi cell at 60 °C, with resting steps between positive and negative current excitation, each with a current density of 10 #A cm™? for
25 s. Both techniques reveal similar values for the respective resistances.

relevance of Ry, R, and R, themselves as well as the practical
benefits of automatically generated voltage profiles via DC
mode are highlighted and discussed, finally demonstrating the
effectiveness of galvanostatic techniques for battery cell
behavior analysis.

B EXPERIMENTAL SECTION

a. Materials. Poly(ethylene oxide) (PEO, MW 300 000
Da), 99.5%) was purchased from Sigma-Aldrich, Germany.
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Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.9%)
was purchased from Solvay, France. LiNij¢Mn;,Coy,0,
(NMC622) electrodes (1 mAh cm™) were purchased from
Customcells, Germany. Lithium metal (Albemarle) was
purchased from Albemarle, U.S.A. Polyvinyl chloride (PVC)
foil (400 pm thickness) was purchased from CreativDiscount,
Germany. Material storage and sample preparations were
performed in a dry room with a dew point of —65 °C. The
NMC622 sheets were punched into discs with 14 mm

https://doi.org/10.1021/acs.chemmater.2c02376
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Figure 4. (a) Nyquist plot obtained by EIS measurement of a LilP(EO),,LiTFSIILi cell at 60 °C, measured in a frequency between 0.1 MHz and
10 mHz and with an applied current density amplitude of 10 uA cm™2 (b) Voltage—time plot of a DC experiment in a LiIP(EQ),,LiTFSIILi cell at
60 °C, with resting steps between positive and negative current excitations, each with a current density of 10 4A cm™ for 25 s. Both techniques

provide very similar values for the respective resistances.

diameter and dried at 120 °C under a vacuum of 10~7 mbar
overnight. PEO was dried under a vacuum of 10~ mbar at 45
°C and LiTFSI at 110 °C for 2 days before use.

b. SPE Membrane Preparation. PEO-based SPE polymer
membranes were prepared by dry mixing PEO and LiTFSI
with a molar ratio of 20:1 (EO:Li). The obtained mixture was
stored in a pouch bag under vacuum overnight (60 °C)."” The
resulting gum-like material was sandwiched between Mylar foil
sheets and pressed at 100 °C with an applied pressure of 15 bar
for 10 min.

c. Cell Assembly. The cells (coin cell configuration) were
assembled using the polymer membranes with 12 mm
diameter and 400 pm thickness inside rings of PVC foil with
16 mm outer diameter and 12 mm inner diameter and
sandwiched between a lithium metal electrode (15 mm
diameter, but with an effective area of only 12 mm due to
12 mm SPE diameter) and a NMC 622 electrode (12 mm
diameter) and/or between a second lithium metal electrode in
the case of a symmetric cell configuration.

d. Constant Current Measurements. All constant
current cycling experiments were conducted on a Arbin
Instruments battery cell test system at 60 °C in a climate
chamber (Memmert). The used current densities are
mentioned in the figure captions.

e. Electrochemical Impedance Spectroscopy (EIS). EIS
measurements were conducted utilizing an Arbin Instruments
battery cell test system with a Gamry Instruments Interface
5000 potentiostat. The measurements were performed in the
frequency range of 0.1 MHz to 10 mHz with an applied
current density amplitude of 10 #A cm™ The temperature (60
°C) was controlled using a climate chamber (Memmert).

B RESULTS AND DISCUSSION

A typical Nyquist plot of an LiNi;¢Mn,,Co,,0, (NMC622)l
Li cell obtained via electrochemical impedance spectroscopy
(EIS) with poly(ethylene oxide)-based solid polymer electro-
Iyte (PEO-based SPE) is depicted in Figure 3a.

According to the literature consensus, the x-axis minimum at
high frequency corresponds to the bulk electrolyte resistance
(here 80 Q cm?), followed by a semicircle that is attributed to
the interphase resistance.'® Both together contribute to the
ohmic resistance of the cell (Rg; here 210 Q cm?). The second
semicircle represents the charge transfer resistance (R,), also
assigned to activation polarization, according to the Butler—
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Volmer equation (here 150 Q cm?).” The “tail” at very low
frequency (<1 Hz) results from mass transport limitations
(R, here 30 Q cm?) and is in particular observable for poor
conducting electrolytes. In this context, it needs to be noted
that considering only the real part of the low frequency region
should be regarded as an estimation of the actual mass transfer
resistance, as capacitive effects, e.g., formation of a double layer,
are neglected. While the impedances of the ohmic and charge
transfer processes are already relaxed to predominantly
resistive contributions (represented by semicircles with a Z,,-
axis intercept), the mass transport “tail” is not and is composed
of resistive and capacitive contributions. Here, the more
precise way is to introduce the absolute value of the low
frequency impedance (Z,,,,). However, in this work, possible
capacitive contributions are neglected as the error is small
within the investigated battery cell (low mass transport
contribution compared to ohmic and charge transfer
resistances) and is calculated to be below 3% (Figure SI,
Supporting Information).

In contrast, Figure 3b depicts a galvanostatic, ie., direct
current (DC), approach for an identical cell. While the Nyquist
plot directly indicates the resistance values from the x-axis data
of the resulting curves, the resistances obtained by DC
measurements need to be calculated from the overvoltages
(AV) and the applied current according to ohmic law.'” The
value of Rq can be related with the iR-drop, which is known as
a sudden change in cell voltage immediately after abrupt
changes in current, and amounts here to 225 Q cm?, as shown
in Figure 3b. For a given current this type of overvoltage
occurs immediately simply according ohmic law."” The other
resistance requires some (short) time, i.e., activation/charge
transfer (R,) and (afterward) formation of a concentration
gradient in the course of mass-transport limitation/concen-
tration polarization (R,,), thus occuring after ohmic drop."”
The value for R, can be obtained from the subsequent (first
milliseconds after abrupt current change) “activation” over-
voltage, thus is attributed to the second-type overvoltage in the
curve, and amounts to 125 Q cm?. Afterward, the continuous
increase in overvoltage can be attributed to concentration
polarization, thus to R,, (35 Q cm?), being the third-type
overvoltage in the voltage curve.'” For a fair comparison with
respect to R, the durations of DC charge and discharge
amount to 25 s, which mimics the charge (i.c.,, the quarter) of
the sinusoidal curve from the AC experiment of 10 mHz (=

https://doi.org/10.1021/acs.chemmater.2c02376
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https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02376/suppl_file/cm2c02376_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02376?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Methods/Protocols

(@ NMC622 | P(EO) o LiTFSI| Li

3.754}
1xRpe 1X Rppe
3752} A A
T 1xR,
2 3750} T 2X Re
@ 1xR,
(=
k]
£ 3748}
>
3.746 | 2xR,
37441
3.742 L L L .
0 20 40 60 80 100

Time/s

(c)

Voltage

(b)

0.006

Li| P(EO) LI TFSI| Li

1x R,

TIXR,,

0.004 | X R

0.002 |

0.000 f Ik,

Voltage / V

-0.002

-0.004

-0.006 v L v L
0 20 40 60 80

Time/s

100

iR-drop after switch from
charge to discharge

4

i 2XxRg

7

“In-situ”method to
determine ohmic
resistance

“

Capacity

Figure S. (a) Voltage—time plot of a DC experiment in NMC622IP(EO),,LiTFSIILi cell and (b) LilP(EO),,LiTFSIILi cell at 60 °C with a current
density of 10 uA cm™ for 25 s for charge and discharge. Switching the current from charge to discharge (without a resting step) results in an iR-
drop that reflects twice the Rg of the cell, as schematically illustrated in (c), while R, remains unaffected as it is (only relevant in a longer-time

frame, R,, doubles as well in the NMC622IILi cell).

100 s for one total wave), as schematically shown in Figure 2.
In fact, the respective resistances of the DC method are in the
same range as obtained from EIS.

Indeed, assigning the battery circuit diagram and fitting
could further increase the precision of the respective resistance
values in the Nyquist plot; however, this is an additional effort,
and such assignments can get complex and frequently can even
lead to misinterpretations.”® Moreover, in this study, the aim is
to simply show the obvious similarity with respect to the
resistance (Rg, Ry R,,) values of both methods; worth noting,
with or without fitting efforts and by neglecting capacitive
contributions (Figure S1), the total sums of the resistances
(EIS method: 390 Q cm? DC method: 385 Q cm?) are
similar, finally demonstrating a reasonable similarity and
comparability of these methods.

For a validity check, the comparison between EIS and DC
data is also applied in a symmetric LillLi cell (Figure 4). Again,
both techniques provide similar values for the respective
resistances. The second semicircle in the medium frequency
region, related with R, is absent in the Nyquist plot, which is
in line with the literature.'"® Moreover, compared to an
NMC622-based cell, R, of the symmetric Li cell is higher (360
vs 210 Q cm?) and can be attributed to an additional
interphase resistance of Li. Subtracting the electrolyte
resistance of 80 Q cm?® from Rq (Figure 3a), the interphase
resistance is 280 Q cm® in the LillLi cell and 130 © cm” in the
NMCO622IILi cell, respectively. This outcome suggests the Li
interphase, probably pronounced via solid electrolyte inter-
phase (SEI) on Li, is the predominant contribution to Rg of
the cell and is approximately doubled in the LillLi cell. Again,
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also R,; is in a similar range as observed in EIS and
independent of the applied electrochemical technique and the
cell setup as well as the sum of the resistances (EIS method:
385 Q cm? DC method: 384 Q cm?).

Worth noting, the DC method can separate the three
resistances Ry, R, and R, but it cannot separate Rg, into the
electrolyte resistance and interphase resistance, rendering EIS a
better choice for this particular case.

Theoretically, only if the interphase resistance is absent, the
first x-axis intercept (in this case, the first minimum of the EIS
curve) of the Nyquist plot can be attributed to R, but this is
not common in lithium-based battery cells as interphases are
omnipresent on both anodes and cathodes.”’~** For diagnostic
efforts within R&D, a clear attribution of the respective
semicircles to resistances in the EIS spectrum is mandatory;
otherwise, this can lead to misleading conclusions,”***
rendering literature interpretation based on EIS difficult.

In the case of a constant current charge/discharge
experiment without resting times in between, the iR-drop is
twice as much as Rq of the cell, as exemplarily demonstrated
for a NMC622IP(EO),,LiTFSIILi cell in Figure Sa as well as
for a LilP(EO),,LiTFSIILi symmetric cell in Figure Sb. Also,
the activation overvoltage doubles, i, doubles the R, This
can be explained by the switch from positive to negative
currents (and vice versa), which results in a doubling of the
current magnitude and Rg and R, appearing in a short time
scale. In contrast, R, remains similar after switching from
charge to discharge (and wvice versa) as the formed
concentration gradients during discharge require an identical
time to be neutralized in the subsequent charge process, before

https://doi.org/10.1021/acs.chemmater.2c02376
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Figure 6. Comparison between the (a) EIS and (b) DC, e.g. constant current techniques, with respect to Ro, R, and R,,; determination in batteries.
Both methods can observe the respective resistances and even provide similar values. Nevertheless, in this case DC can be considered as more
pragmatic and reasonable (“in situ”) as no interruption in battery operation, and extra measurement efforts and time are necessary. Even specific
experiments, e.g. SEI aging, where the evolution of Ry, is observed during a defined measurement duration (c) is also possible with DC method (d),

which generates data directly.

building up a concentration gradient in the opposite direction
(Figure $).

An NMC622-reasoned voltage increase via delithiation/
lithiation during charge/discharge™ ™ can be reasonably
ignored in the short time frame of 25 s and, thus, can be
predominantly attributed to an R,,-reasoned overvoltage. This
conclusion is supported by the observation of a similar
overvoltage also in LillLi cells, shown in Figure Sb.

The DC technique can be regarded as a pragmatic method,
where resistance values can be deduced directly from the
galvanostatic data, thus, quasi-“in situ”, independent of
excitation of any criteria (Figure 1). In particular, this is a
powerful technique to precisely determine Rq (simply via the
iR-drop), shown in Figure Sc, as there is no need to interrupt
battery operation, contrary to the EIS technique, and no need
for modeling and fitting, rendering clear interpretations. Also,
R, and R,, can be obtained from DC data, while EIS
measurements require additional effort and time, in particular
because of the application of low frequencies in the mHz
regime, which are necessary to obtain R, and R,,,.

B CONCLUSIONS

This work compares electrochemical impedance spectroscopy
(EIS), based on alternating current (AC), with galvanostatic
technique, based on direct current (DC), in terms of the three
resistances, ie, ohmic (Rg), charge transfer (R,), and mass

transport (R,,) resistance in solid-state batteries with a
poly(ethylene oxide)-based solid polymer electrolyte.

In fact, both techniques, under the conditions of (very)
small excitation signal, are able to observe these resistances and
reveal even similar values, as demonstrated in Li-
Niy¢Mny,Co0,0, (NMC622)IILi and LillLi cells (Figure 6).
However, compared to EIS, the DC measurements can be
advantageous as they automatically generate data during
battery operation, i.e, without interruption and additional
experimental efforts, e.g, the availability of a potentiostat, and
extra measurement time, in particular for the low frequency
part of the measurement, which is necessary to obtain R and
R, Worth noting, EIS is generally performed under
impractical low current excitations to meet the criterion of
linearity (Figure 1). This can mislead in terms of the
interpretation of the actual relevant battery resistances under
more practical, ie., higher, currents. For example, the value of
the charge transfer resistance can become relatively low
(compared to total resistance), when the applied currents are
higher and beyond the linear current—voltage region (Figure
1). In this case, data from the EIS technique can over-
emphasize this particular resistance type.

Moreover, the EIS technique can have plenty of freedom in
interpretation, which increases the risk of misinterpretation™
and, as shown here, can be validated and proven via DC
techniques and vice versa.
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Data for specific processes like aging experiments, which are
commonly investigated by means of EIS via observing R, over
time in the course of, eg, growth of the solid electrolyte
interphase (SEI),””~' can be also obtained by DC experi-
ments, as illustrated in Figure 6¢,d, respectively.

Nevertheless, EIS is a precious method as it reveals
additional data (reactance) for more in-depth scientific
questions and is able to distinguish between different types
of ohmic resistances at high frequency mode, i.e., distinguishing
the resistances from electrolyte and SEI;***° it consequently
remains a suitable method to determine electrolyte con-
ductivity.
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