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Use of Three-Terminal Impedance Spectroscopy to Characterize
Sodium-Ion Batteries at Various Stages of Cycle Life
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The use of 3-terminal measurements to separate different impedance components of a prototype sodium-ion battery is outlined. By
addition of a sodium metal reference electrode, the two electrode-electrolyte interfaces can be measured separately and changes
monitored at various stages of battery cycle life. The impedance of a freshly-constructed cell is dominated by the blocking
capacitance of the anode-electrolyte interface and the charge-transfer resistance at the cathode-electrolyte interface. The variation
of these components during charge and discharge cycling provide a method to monitor evolution of cell performance.
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Concerns surrounding the long-term sustainability, cost and
safety of lithium-ion (Li-ion) batteries, have led researchers to
seek alternative battery chemistries.! Of the “beyond lithium”
technologies looked at to-date, sodium-ion (Na-ion) batteries have
received the most interest and development.” Na-ion batteries, in
contrast to Li-ion, can be made from abundant materials and are less
susceptible to dangerous overheating.” Layered sodium transition
metal oxides, containing multiple metallic elements in addition to
sodium, have shown the most potential for Na-ion cathode materials
so far; these have easy-to-synthesise, simple structures, which are
capable of high redox potentials and specific capacities.*

All batteries experience a reduction in performance during
storage as well as cycling.’ This can be due to a variety of
degradation (ageing) mechanisms, which can be associated with
one or more of the components/interfaces of a cell. Degradation
leads to decrease in (energy) capacity and/or power.® The ability to
maintain a high capacity over time, i.e. battery cycle life, is a key
performance criterion with respect to the widespread commercialisa-
tion of Na-ion technology. Hence, knowledge of performance
degradation and capacity fade is essential to fully characterise
batteries and optimise their performance. Identification of problem
interfaces and rate-limiting steps inside cells is of the utmost
importance, so that these can be fully characterised and overcome.
Extensive research has taken place over the past few decades into the
causes and effects of Li-ion battery ageing,>’ but relatively few
similar studies into degradation of Na-ion cells have been reported,
despite it being imperative to commercialisation of the technology.

Impedance spectroscopy (IS), also commonly referred to as
electrochemical impedance spectroscopy (EIS), is a non-destructive
technique which provides much information in a relatively short
space of time, while preserving cell integrity.® It allows in operando
measurements during battery cycling as well as ex operando
measurements at various states of charge (SoC) and discharge
(SoD). Measurements take place across a wide frequency range
which enables the separation of different components and processes
that operate on different timescales. IS is particularly sensitive to
systems that contain several series-connected impedance elements
such as bulk components and interfaces, which makes it well-suited
to study a multi-component device such as a battery. Although
interpretation of IS results is not always straightforward, data
analysis may be aided through the use of model equivalent electrical
circuits:® these help to assign different parts of the obtained
impedance spectrum to circuit parameters which can then be related
to different components and processes inside a sample or

“E-mail: a.r.west@sheffield.ac.uk

electrochemical cell. IS has been used extensively in the past on
Pb-acid and Li-ion batteries.'*"?

A major limitation in analysing conventional two-terminal EIS
data is that it can be difficult to deconvolute impedance components
from different regions of a battery that have similar time constants.
Half-cell measurements can be used to study separately the impe-
dances associated with the two electrode-electrolyte interfaces but
may not reflect the processes occurring in a full-cell battery at
different states of charge.'> Assembling a range of cell configurations
in order to focus on impedance contributions from different compo-
nents of a battery, such as symmetric'*'> and three-electrode'®
arrangements, has been found to aid analysis. The study of symmetric
cells is limited because they are unable to charge and discharge in the
same way as a fully functioning battery.

The arduous process of disassembling and reassembling opera-
tional batteries for ex situ measurements must be carried out
repeatedly, in order to gather information at different states of
charge and health. However, the process of disassembling and
reassembling cells may introduce additional artefacts/impedances
that affect the validity of collected results.'” One way to circumvent
the limitations of conventional two-electrode and symmetric cell EIS
studies is by using a three-electrode setup that incorporates a
spectator reference electrode which does not interfere with the
battery cycling.I3 The battery is charged/discharged as usual, but as
well as recording the impedance across the entire cell, the
impedances of the cathode and anode are measured separately
against the reference. It is then possible to monitor how each
electrode contributes to the overall impedance of the battery.'®

A number of three-electrode studies have successfully identified
the rate-limiting electrode/process inside different Li-ion
batteries.'®'>?° Several three-terminal setups are reported in the
literature, including modified commercial cells,21 as well as novel
in-house designs.”* However, their usefulness is often curtailed by
electrochemical/geometrical asymmetry in the design,>® combined
with a failure to check the validity of the setup.**

Impedance spectroscopy is relatively easy to use experimentally,
but difficulties can arise in interpretation of the results. Previous
studies in the literature have rarely utilised the full range of
impedance formalisms which implicitly apply different weightings
to the data and facilitate deconvolution of complex data sets into
impedance components, thus constraining their usefulness. An
experimental set of impedance, Z* data consists of resistive and
reactive components. The resistance is often a combination of
electronic and ionic resistances. Standard practice in data analysis
is to present data as a Z* complex plane plot of Z" against Z' on
linear scales, also known as a Nyquist plot, since this represents a
good method to separate series-connected impedances. The
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appropriate equivalent circuit is usually a series combination of the
parallel RC elements, each of which represents different phenomena/
interfaces whose time constants can be separated on the frequency
scale. The disadvantage is that impedance data are weighted
according to the resistance of the components and small resistances
can easily be obscured by the presence of much larger resistances.

There are four commonlgf—used, inter-related formalisms for
presenting impedance data:>>*°

Impedance, Z*
Admittance, Y* = [Z*]! []
Electric modulus, M* = jwCyZ* [2]

Permittivity, &* = [M*]7! = [j0CoZ*]"" = [jwCo]™" Y* [3]

For each, complex plane representations can be used as well as
spectroscopic plots of real or imaginary components against
frequency (also known as Bode plots). All formalisms use the
same basic data sets but apply different weighting factors to the data
which together, enable a more complete separation of the different
components, especially in visual data presentations. It is not
necessary to plot data in all formalisms and experience shows
how, depending on the nature of the materials under study, certain
presentations give insights that may not be apparent from Z* plots
alone. Particularly useful presentations are spectroscopic plots on
logarithmic scales of the real part of the permittivity, €', since these
plots separate regions according to their capacitance, C’ because C’
is related to the geometry (thickness, d and area, A) and permittivity
of a region by:

C’' = e e’'d/A [4]

where e, is the permittivity of free space. Usually, the intrinsic
permittivity of a material is fairly small and temperature-indepen-
dent, unless it is ferroelectric and in the vicinity of the Curie
temperature, T.. Component thicknesses can vary from millimetre
dimensions for a bulk sample to interatomic distances for sample-
electrode interfaces. Consequently, C’ is controlled mainly by
geometric factors and its values span several decades of frequency
ranging from picoFarads to microFarads. In cases where significant
electrochemical reactions occur on the timescale of the impedance
measurements, capacitances in the milliFarad range may be ob-
tained. Experimentally, log C'/log f plots readily span up to 9
decades of both capacitance and frequency and give a visual
representation of the make-up of a cell or material.

Impedance spectroscopy has been used to probe the performance-
limiting factors in lithium-ion batteries, but much less on “beyond
lithium” technology.>’ Few studies have investigated EIS on full-
cell Na-ion batteries and none, apart from our preliminary studies,*
used a pouch cell design and/or a three-electrode configuration. The
objectives of the present work were to extend EIS measurements to
layered oxide sodium-ion batteries, using a three-electrode design, at
varying states of charge. The validity of the experimental setup was
confirmed and data analysed using different impedance formalisms,
to give more in-depth and comprehensive analysis of results.

Experimental

The cathode used was a mixed phase material of two polymorphs,
P2-Nayg 667[Nio.300Mno.600Mg0.033Ti0.067102 and O3-Na[Nig 333Mnp 333
Mg0.167Ti0.167]02 both with layered rock salt structures.>! The
composite cathode consisted of Na[Ni,Mn,Mg,Ti]O, active material
mixed with polyvinylidene fluoride (PVDF) binder and C65 carbon
black conductive additive in a 89:6:5 ratio. The anode was a non-
graphitisable carbon mixed with PVDF and C45 carbon black
(88.1:9:2.9). Slurries were formed with N-methyl-2-pyrrolidone

(NMP), drawn down onto carbon-coated Al foil, dried and stored at
60 °C in a vacuum oven. Square electrodes were pressed using a die
cutting machine. The electrodes were stored in a vacuum oven at 60 °
C before transferring to an argon-filled glove box (Mbraun, H,O <
0.1 ppm and O, < 0.1 ppm) for cell assembly.

The separators used to isolate cathode and anode were cut from
GF/A glass microfiber filter paper (Whatman) and dried at 200 °C
for 16 h before transferring to the glove box. In-house laminate-type
prismatic pouch cells (7 x 5 cm) containing Al current collector tabs
(MTI) to connect electrodes to the battery tester were dried at 70 °C
overnight. The electrolyte was a solution of 0.5M sodium hexa-
fluorophosphate in a mixed carbonate solvent; its resistance was
measured separately using a BioLogic high temperature conductivity
cell (HTCC). Cells were assembled in the glove box by first placing
the anode active side up, followed by two separators on top. Both
separators were soaked in liquid electrolyte. Finally, the cathode was
placed on top of the separators, with the active side facing the anode.
The entire electrode-separator stack was placed inside of a laminated
pouch, and vacuum-sealed, with Al current collector tabs sticking
out of the pouch for connection to the battery tester. The three-
electrode cell design possessed longer separators (35 x 25 mm) to
accommodate a third (reference) electrode sandwiched between the
separators, placed above the cathode and anode, Fig. 1. This third
electrode was a piece of Na metal (0.5 x 0.5 cm) enclosed inside a
folded Al current collector tab.

Positive electrodes (cathodes) of 2.5 mAhcm ™2 (20 x 20 mm)
were cycled against negative hard carbon electrodes (22 x 22 mm).
The overall capacity of each Na-ion cell was ~10mAh.
Electrochemical cycling and ac impedance measurements were
performed using either a Maccor Series 4000 with a Solartron
Modulab or a potentiostat with a parallel frequency response
analyser (Solartron Pstat 1470E/FRA 1455 A). All cells were held
at a constant temperature of 30 + 0.5 °C. Impedance was measured
by applying an ac potential between two electrodes and measuring
the current between them. For three-electrode measurements, three
impedance scans were performed simultaneously, using different
methods for connecting the Solartron equipment to the electrodes. In
the first, the cell impedance was measured without using the
reference electrode. In the second, the impedance of the working
electrode (Na[Ni,Mg,Mn,Ti]O,) was measured against the reference
(Na metal) electrode. In the third, the counter electrode (hard carbon)
was measured versus the reference electrode.

Each cell was left for 32 h at 30 °C prior to cycling to allow time
to equilibrate. Impedance measurements with a potentiostatic signal
amplitude of 10 mV (peak to peak) were made before initial cycling
of the cell and after each charging/discharging step followed by four
hours for equilibration. An additional one-hour hold on open circuit
after the impedance measurements allowed the cell to return to a
steady state. Repeat cells were built and tested to check the
reproducibility of collected results. Analysis of data for these
showed a close similarity between the cells. While there were slight
changes in the absolute values between cells, the overall impedance
profile and main trends were found to be the same.

ZView software (Scribner Associates Inc.) was used for im-
pedance data analysis. A geometry correction was performed, which
consisted of dividing the active charge-transfer area (4 cm?) by the
separation between the two electrodes (0.26 mm). The first objective
was to find the most appropriate equivalent circuit to represent data
sets; data were presented in various formats to gain visually an
overview of the various impedance components. Two formats were
found to be particularly appropriate: first, Z" vs Z' complex plane
plots to highlight the main resistive components but with the
disadvantage that small additional resistances were effectively
hidden; second, log C' vs log f plots which gave equal weighting
across the frequency spectrum to the various capacitive elements.
Resistance and capacitance values for the separate components were
obtained from intercepts on the Z' axis and frequency-independent
plateau C' values, respectively.
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stack, in order to ensure accurate readings.
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(b) cyclic voltammetry profile at 0.01 mV s~ ", between 2.5 — 4.3 V.

Results

Three types of cell were used for electrochemical testing and
impedance measurements: (i) a Na/electrolyte/cathode/coin half-cell,
Fig. S1, (ii) a three-terminal pouch full-cell, Fig. 1, containing a
third, Na electrode placed between the separators, (iii) a two-
terminal pouch full-cell similar to (ii) but without the additional
Na electrode, Fig. S2. Cycling data for the Na/electrolyte/cathode
half-cell (i) between 2.5 and 4.3 V, with a constant voltage hold at
the top of charge, are presented in Fig. 2a. After a slightly anomalous
first charge attributable to oxygen loss,>' the cathode delivered a
discharge capacity of around 120 mAh g~' at 14 mA g~ ' rate across
the first 50 cycles. A voltage decay is present in the discharge
curves, which may be due to cation migration as reported in the
literature for other Li-ion®* and Na-ion cathodes.*® Cyclic
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’l,and

voltammograms performed at a scan rate of 0.01 mV s~ are shown
in (b) for the same cell. A stable trend is observed through cycling,
indicating good structural stability of the electrode. Cyclic voltam-
metry provides information about electrode polarisation curves that
are of interest for characterising ageing effects.® However, the
response is a composite of all electrochemical processes which
complicates the identification of rate-limiting steps.

Two-terminal pouch full-cells (iii) containing the same cathode
with a commercially available, hard carbon anode were charged in
the 1-4.2V range using a specific current of 14mA g and
discharged at 28 mA g~ '. At 42V, a constant voltage hold was
used to complete the charging process. Differential capacity plots,
Fig. 3a show two spikes on charging, at 3.5 and 4.1 V and two on
discharging, at 3.9 and 3.4 V. These features of the dQ/dV curves are
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Figure 3. Measurements of Na[Ni,Mg,Mn,Ti]O, cathode in full Na-ion cells when paired with commercial hard carbon, showing (a) differential capacity plots

of selected cycles and (b) rate performance capabilities.

similar to those observed in the cyclic voltammogram, Fig. 2b with
sharp well-defined peaks at high voltage and a profile that is more
diffuse at lower voltages.

The discharge rate capability performance of the two-terminal
cell is shown in Fig. 3b. The cell exhibited a gradual decline in
capacity with increasing discharge current. However, complete
recovery was observed when a lower discharge rate of 7mA g~
was used subsequently after 30 cycles. In fact, the final capacity was
even higher, indicating extra uptake of Na™ with cycling, and is a
phenomenon reported elsewhere for certain hard carbons.?!*3°
These results suggest that the capacity decrease seen at higher
discharge rates is due to cell impedance changes, rather than to an
irreversible loss of sodium and indicates that cells based on these
layered oxide cathodes are suitable candidates for studying perfor-
mance limitations using EIS.

Figure 4a shows the cell voltage and the individual electrode
voltage responses for a three-terminal cell over the first ten cycles. A
plot on expanded scale is provided in Fig. 4b to demonstrate the
voltage difference between the full-cell and the cathode. In the fully
charged state, the cathode electrode is at ~ 4.3 V vs Na, while the
anode electrode is positioned at around 0.1 V, indicating that the cell
is operating under an appropriate cathode/anode charge balance.
From the voltage profiles, both electrodes maintain a consistent level
of polarization, which is clearly necessary for a long cell cycle life.
Further, in the fully charged condition, the negative electrode is
comfortably positive of the Na metal potential (O V vs Na). The
excellent stability of the Na reference electrode indicates that this
three-electrode cell design is suitable to perform impedance mea-
surements.

The discharge capacities of a standard two-electrode cell under-
going charge-discharge cycling and the three-electrode cell subject
to impedance measurements at regular intervals are compared in
Fig. 4c. The two plots are very similar indicating that using different
cell configurations and simultaneously performing impedance scans
and cell cycling, do not affect significantly their cycling perfor-
mance.

Impedance complex plane plots for the three-electrode cell prior
to cycling (ii) are shown in Fig. 5a. The full-cell measurement
(black) shows two high frequency semi-circles that do not pass
through the origin (see inset). Their intercepts with the Z’ axis are ~
250 ©Q cm at highest frequencies, ~1.5 k) cm at ~0.01-1kHz
(inset) and a poorly-resolved intercept of ~25 k{2 cm below
~100 mHz (main diagram). At lowest frequencies, the data give a

steeply-inclined spike. Impedance data for the two-electrode and
three-electrode cells across the first ten cycles are compared in Fig.
S3. In all cases, the impedance complex plane plots are very similar
and indicate that the three-electrode cells are valid for extracting
meaningful impedance results of the separate electrode contribu-
tions.

Impedance data for the cathode/electrolyte/Na half-cell compo-
nent of the three-terminal cell are shown in red and closely resemble
those of the full-cell at higher frequencies. The only significant
difference is that the cathode data do not contain a low-frequency
inclined spike. This indicates that the spike is solely associated with
the anode and is confirmed by data, shown in blue, for the anode/
electrolyte/Na half-cell component. Anode data consist of an almost
vertical spike that intercepts the Z’' axis near to the origin. The
conclusion from these initial results on a fresh cell is that the cathode
dominates the cell resistance and the anode dominates its series
capacitance.

Figure 5b shows capacitance, C’, data extracted from the same
impedance data used in (a) and plotted against frequency on
logarithmic scales. These also show that the cathode half-cell and
full-cell data closely resemble one another over most of the
frequency range. Both show a low-frequency plateau around
100 uFem™" and a second poorly-defined plateau at ~5 nFcm™'
at higher frequency. At the lowest frequencies, below ~100 mHz,
the full-cell C’ data begin to increase with decreasing frequency,
which is consistent with the appearance of the low frequency,
capacitive spike in the anode data (a). The anode capacitance data
also show low and intermediate frequency plateaux but their C’
values are significantly greater, ~0.5mFcm~' and ~50 nFem™',
apart from at the lowest frequency, 10 mHz, where the C* data for
the anode match those of the full-cell.

These data may be represented to a first approximation by the
equivalent circuits shown in Fig. 6 for (a) the cathode, (b) the anode
and (c) the full-cell. The cathode data show three components, the
limiting high frequency resistance R, (there will be an associated
high frequency parallel capacitance, C,, giving rise to an additional
semicircle, but higher frequency data would be required to access
this) and two intermediate frequency elements represented by R,C,
and R3C;. This circuit, with the addition of constant phase elements,
fits accurately impedance data obtained, as shown in Fig. S4.

Initial interpretation of these circuit components is as follows.
Resistance R; corresponds to the electrolyte resistance, as confirmed
by separate measurements (see later). The electrolyte capacitance,
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subject to IS runs at regular intervals.

Cy, should be in the picoFarad range at high frequencies and is
clearly off-scale in Fig. 5b, although the C” data start to decrease
significantly above ~100 kHz (b). Element R,C, is responsible for
the intermediate frequency plateau in C’ data; from the magnitude of
the capacitance it represents a thin layer resistive component of the
cathode. Element R;C; is responsible for the low frequency C’
plateau of 50-120 uFcm™"'. It represents the interface between
electrolyte and cathode. If we make the assumption that the Na-
electrolyte interface in the cathode half-cell is ohmic, non-blocking
and does not contribute significantly to the overall cell impedance,
then the cathode-electrolyte interface is essentially capacitive but
with a charge transfer resistance, Ry of 25 k{2 cm.

The magnitude of the low frequency plateau in the anode half-
cell C’ data, ~0.5mFcm™", is also consistent with a thin layer
interfacial effect, but at the carbon/electrolyte interface. The
capacitance spike in Fig. 5a does not pass through the origin but
gives an intercept in the 50-100 (2 cm range which, as with cathode
data, is attributed to the electrolyte resistance. The presence of the

almost ideal capacitance spike means that it is completely blocking
to both ion and electron transport, with the implication that the
charge-transfer resistance associated with insertion of Na™ ions into
the carbon is very high in the pristine, un-used cell. The circuit that
approximates to the anode data, (a), is therefore a series combination
of R and C4 shown in Fig. 6b. The full-cell is represented by circuit
(c).

These results indicate that, prior to first charging of the cell, the
cathode-electrolyte interface is partially blocking by a double layer
capacitance, Cs, but with a charge-transfer resistance, R3, of 25 k2
cm. Anode half-cell data are capacitive at low frequencies and can
be represented ideally by a capacitance that is completely blocking.
The presence of a parallel charge-transfer resistance at the anode
interface would cause the capacitance spike in Fig. 5a to turn over
into an arc at lower frequencies; clearly, this does not happen over
the frequency range used and the anode capacitance is completely
blocking in the freshly assembled cell. Hence, both electrode-
electrolyte interfaces dominate the low frequency impedance data.
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The anode interface represents the difficulty of insertion of Na™ ions
into the carbon anode, if it is assumed that the current collector—
carbon electrode contact is ohmic. The cathode interface has a large
resistance associated presumably with transfer of Na™ ions between
cathode and electrolyte although in this case, electron transfer

between the Al current collector and the oxide cathode may have
a significant impedance.

Impedance data for the same three-electrode cell after first charge
and discharge cycles are shown in Figs. Sc—5f. The high frequency
resistive components of the two half-cell and full-cell impedances
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Figure 6. Equivalent electrical circuits for (a) cathode, (b) anode and
(c) full-cell data, for a three-electrode sodium-ion battery prior to cycling.

ik

are similar after and before the first charge, (a,c) with intercepts
representing R; and R, on the Z’ axis; values of R, are in the range
100-200 Q2 cm and R, 1.3-1.5k Q cm. Assignment of R; to the
electrolyte was confirmed by measurements of a cell consisting of
the sodium electrolyte alone in contact with Pt electrodes, Fig. SS5.
The data, Fig. 7, show a blocking capacitance spike with intercept on
the Z* axis of 170 Q cm. The spike comes from a large charge-
transfer resistance at the Pt / Na electrolyte interface. The bulk
capacitance of the electrolyte would give rise to a semi-circle at
higher frequency than measured and therefore, cannot be seen in
Fig. 7. Ry is shown in each circuit in Fig. 6 as the electrolyte
resistance was present in every measurement: cathode, anode and
full-cell.

The low frequency impedances are significantly different after
the first charge, Figs. Sc—5f. First, the low frequency resistance R;
has almost disappeared from the cathode half-cell and full-cell
impedances (c). Second, the low frequency C’ data no longer show
the blocking capacitance plateau, Cs, at 50—120 pF cm™'; instead, C’
increases systematically to > 1mFcm™' at lowest frequencies,
consistent with electrochemical reaction at the cathode and Na™ ion
transfer across the cathode-electrolyte interface (d). Third, the
capacitance of the anode half-cell no longer shows completely
blocking behaviour.
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Figure 7. Impedance complex plane plot for the sodium electrolyte. Inset
shows expanded high-frequency data.

Impedance data after the first discharge, (e), (f) show significant
increases in resistance at low frequencies for both half-cells and the
full-cell. First, component R3C; reappears in the cathode half-cell
data but with R3 ~ 4.5k cm, which is less than in the fresh cell,
~25 k€2 cm. Second, a new component appears in the anode half-cell
data with resistance ~3 k) cm and capacitance ~200 uFcm™'.
Both interfaces now show typical characteristics of partially
blocking behaviour with significant charge-transfer resistances.
Impedance measurements were then carried out on cells subjected
to a further ten charge—discharge cycles, Fig. 8. The general shapes
of the impedance responses were as seen after the first cycle, Fig. 5;
the cathode and full-cell resistances increased gradually in both the
charged and discharged states (a), (b). Changes to the anode
resistances were smaller and appeared to increase after the charging
cycles but decrease after the discharging cycles.

Discussion

Use of three-terminal cells enables the separation of anode and
cathode contributions to overall cell impedances. Comparison
between two- and three-electrode results show that the different
cell designs are comparable in terms of capacities and IS results. In
this way, cells can be examined, in situ, prior to use and at various
points during charge-discharge cycles. A geometry correction was
used to convert impedance data to resistivity ({2 cm) and permittivity
(F cm™ ") units, which would allow comparison of results obtained in
this work to data obtained on cells of different capacity and size.

Impedance complex plane presentations of data highlight the
largest resistances in datasets. Conversion of impedance data to the
permittivity formalism allows separation of impedance components
according to capacitance values. Since the impedance components of
a battery are series-connected, assignment of their capacitances to
different regions can be made since their magnitudes depend directly
on thickness of the region responsible.

Impedance data on a prototype Na-ion battery constructed from
hard carbon anode, sodium hexafluorophosphate-based liquid elec-
trolyte and layered rock salt cathode are reported for a pristine cell
and at various stages of charge-discharge cycles. Results indicate
that the anode interface is mainly responsible for the impedance
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Figure 8. The resistances inside a three-electrode cell (a) after charge and (b) after discharge, across the first 10 cycles.

prior to cycling. This reduced dramatically on first charging of the
cell, and the cathode then dominated the overall resistance. The
cathode resistance grew during the first ten cycles. Modelling the
response using an ideal equivalent circuit found that the cathode
impedance consists of three resistive components: a small high-
frequency non-zero intercept resistance, R;, and two RC elements,
with resistances of R, and Rj; at medium and low frequencies
respectively.

In the pristine cell, the carbon-electrolyte interface was comple-
tely blocking to Na™ ion transfer across the interface whereas the
electrolyte-cathode interface was only partially blocking but with a
large charge-transfer resistance of ~25k{) cm. There is not much
change in the impedance response at high frequency on the first
cycle of the cell, but there was a significant change at low frequency.
After the first charge cycle, the blocking nature of the cathode
interface disappeared completely and instead, showed redox beha-
viour with capacitances rising through the milliFarad range at low
frequencies that could be linked to a low frequency Warburg
impedance. The cathode interface also developed a small charge-
transfer resistance, ~ 4.5 k{2 cm, in the discharged state that was
smaller than in the pristine cell but larger than that in the charged
cell. The blocking nature of the anode interface decreased during the
first charge but a new impedance of value ~2.5 k(2 cm developed
after discharge, when the cell was at an OCV of 1.8 V. OCV
measurements are dependent upon the different degradation modes
occurring inside the battery, and by developing a suitable model and
diagnostic algorithm, may also be used to extract important cell
parameters, such as state of health.>® However, OCV readings
provide information only on degradation of the cell thermodynamics
and not kinetic data that can be obtained by IS.

The anodic resistance decreased across the first few cycles, which
may be attributed to formation of a stable solid electrolyte
interphase. SEI layers are believed to form initially during the first
cycle, but their chemical composition and associated resistance may
continue to alter during the first few successive charge/discharge
reactions.>” There may also be a difference in SEIs in lithium- and
sodium-ion batteries, as reported in the literature.>® The SEI layer in
Na-ion batteries is not well understood®* and further work may be
required to account for the anodic impedances measured in this
study.

In addition to the two interfacial impedances which together
dominated the overall cell resistance, an additional cathode impedance
was present whose resistance changed little during the various impedance
measurements. Its associated capacitance of value ~1-10 nF cm ™' was
intermediate between those expected for a sample bulk, ~1-10 pF cm ™!

or grain boundary, ~0.1-1.0nF cm™" and a sample-electrode interface,
~1-10 yF cm™". Possibly, it represents a surface layer of different
structure/composition on the cathode particles or a depletion/accumula-
tion layer on one side of the sample-electrode interface. We note the
presence of a similar capacitance, 10-100 nF cm ™, in the anode data.
Evaluating ageing mechanisms in batteries is a difficult topic and
involves techniques that vary in complexity and accuracy for
separating contributing causes. Previous work has studied the anode
interface in Na-ion batteries,38 but the cathode interface is less well
studied and understood. Most techniques for probing cathode-
electrolyte interface, such as NMR, XPS and EELS operate under
ex situ or non-operando conditions,*® unlike in situ IS performed in
this work. Post-mortem studies,40 where the cell is disassembled and
studied, may not preserve the various parts of the cell “intact,”
without contamination of the materials to be studied and sample
preparation prior to performing certain measurements such as SEM/
TEM, may introduce artefacts into the results. Furthermore, destruc-
tive testing eradicates the ability to gather information on dynamic
processes that occur during battery operation, therefore curtailing its
usefulness. Techniques capable of ?erforming in situ measurements
usually require custom built cells,*' which may introduce features
that affect the electrochemical performance, and hence, impact
degradation processes. Identifying interfacial chemical species and
quantifying their evolution under in situ/operando conditions require
a range of complementary techniques with both high specificity and
high sensitivity that can complement the direct impedance results
obtained from IS measurements and is an area of future work.

Conclusions

These studies and preliminary conclusions show the potential of
impedance measurements on three-terminal cells to provide novel,
direct insights into cell impedances and the factors that contribute to
cell performance. Cells can be monitored in situ from their initial
assembly to various points in successive charge-discharge cycles.

The impedance of pristine un-used cells is dominated by
combination of a blocking capacitance at the anode-electrolyte
interface and a large transfer resistance at the cathode-electrolyte
interface. On cycling, both of these impedances diminish in
importance but new impedances appear which, from the magnitudes
of their capacitances in the 1-10 nF range, appear to be associated
with thin layer effects at the electrode-electrolyte interfaces. The
nature of an SEI at the anode interface has been discussed in the
literature but the possibility of a similar SEI, or alternative layer, at
the cathode interface or surface requires further study.
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