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Abstract

Sodium-ion batteries offer advantages over conventional Li-ion batteries, including cost and
safety. However, much less is known about their operation and performance properties,
particularly at the anode. The electron and ion transport in the active materials and composite
electrode significantly impact battery performance. Understanding the changes in transport
properties as a function of state-of-charge and state-of-health is essential for effective electrode
design and performance assessment. In this work, the resistivity and diffusivity of sodium
transport in hard carbon composite electrodes are studied at different states-of-health, using
Galvanostatic Intermittent Titration Technique (GITT), Electrochemical Impedance
Spectroscopy (EIS), and Electrochemical Potential Spectroscopy (EPS) in a stable 3-electrode
test cell configuration. The reference electrode eliminated some voltage errors arising from the
overpotentials on the counter electrode. The resistance contributions from the surface

electrolyte interface, electrolyte transport in the electrode pores, and the charge transfer
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resistance are extrapolated from the impedance measurements and the diffusion coefficient
from the GITT and EPS. The different techniques indicate similar trends in the diffusion
coefficient during sodiation, desodiation, and ageing, although different orders of magnitude
were observed between the EPS and GITT data. The accuracy of the parameters calculated

using the different electrochemical techniques is discussed in detail.
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1. Introduction

The commercialization of the lithium-ion battery (LIB) in 1991 revolutionized the portable
electronics market and is the preferred battery technology for hybrid and fully electric
vehicles.[1-3] Although vehicle propulsion is currently almost exclusively dominated by
LIB's, other technologies have potential advantages, such as sodium-ion batteries (NIB's),
which offer lower cost and improved safety.[4] However, there are challenges in delivering the
high power required for many of these applications, and improvements in understanding the
transport limitations are required.[5] Hard carbon (HC) is typically used as the negative
electrode, combined with organic carbonate-based electrolytes, and exhibits reversible
capacities of 250 to 330 mAh g with good cycle-life stability.[6-9] HC is described as a non-
graphitic carbon with a larger d-spacing than graphite. The mixed sp? and sp® hybridization
cause a cross-linking between the layers, which induces a lack of long-range ordering in the c-
direction, but enhances the electronic conductivity in the a and b directions.[10] Studies on the
intercalation mechanism of sodium-ions into HC and graphite-like materials have been
published; however, the process is still not fully understood.[11-20]
Understanding the electronic and ionic transport limitations at the positive and negative
electrode and within the electrolyte is required to design higher power, longer life and higher
capacity electrodes.[5] These parameters can be used in multi-scale models to predict
performance properties and battery state of health. including an understanding of the ion

diffusion and reaction mechanisms at the anode, regardless of the charge carrying ion, effective
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materials selection, and electrode design.[21] Although density-functional theory (DFT)
calculations and numerous experiments show similar mobility of sodium-ions within
electrolytes and electrodes compared to lithium-ions, their larger ion radius induces greater
mechanical stress in the active materials during sodiation.[22-26] Different processes occur,
depending on the type of active material; intercalation, alloying, stripping and plating metals.
In all cases, the diffusion of carrier ions is important to consider, both within the electrolyte but
also within the active material. The rate of electrochemical reactions depends on material
characteristics. However, the reaction rates and overpotentials are also influenced by the
electrode composition itself. Investigating ion diffusion as a function of state-of-charge (SoC)
and state-of-health (SoH) is essential for effective electrode design and performance
assessment.[6,27] A full understanding of SoC related diffusion coefficients can help to
optimise the charge and discharge procedures further and stabilize reaction processes. Several
different electrochemical techniques can be utilized to study these processes; GITT, EPS and
EIS are all commonly used in battery research to investigate the properties of cathode and
anode materials and calculate diffusion coefficients.[6,12,18,19,28-33] It has been shown
previously that the electrode composition impacts the observed electrochemical properties

extracted using GITT and EIS techniques.[34,35]

2. Electrochemical Test Methods

The parameters in the test set-up affect the accuracy of constant current, voltage and EIS
measurements, and in addition, many more assumptions are made to extract the kinetics and
thermodynamics information from these techniques. Often differences between the
experimental set-up and the reported assumptions make a comparison between reported values
difficult. For example, the initial intermittent titration methods GITT [30] and PITT [36] were
derived for diffusion in a thin film rather than a porous electrode, and therefore the electrode
area used in the diffusion coefficient calculations was related to the thin film area. Too short
relaxation times between pulses means that open circuit voltage (OCV) is not reached, leading

to errors, particularly if using the voltages at the beginning and end of the GITT pulse. Greater



accuracy can be obtained if the current or voltage pulse tail is used for parameter extraction,
which provides a greater number of data points for fitting. In this respect, the Sand or Cotrell
equations for current (GITT) or voltage (PITT) pulses, respectively.[21] The original
assumptions of thin-film electrodes have been modified for porous electrode theory. The
surface area can be considered the effective electrolyte-electrode interface rather than the
electrode area, estimated from the average particle size of the active material.[21,37] An
accurate, effective surface area is difficult to estimate because of the active material particle
size distribution, the carbon binder domain, the particles' embedded into the current collector,
and the change in particle size during charge and discharge. It should also be noted that the
material properties are often considered to be the limitation for diffusion in an electrode.
However, the electrode composition and microstructure also impact the observed diffusion.[34]
In particular, electrode porosities influence the ability to transport ions to the active material's
surface for intercalation. If the pore size is small, this could affect the transport of ions to the
materials' surface, particularly at higher current densities. Two electrode configurations using
lithium or sodium counter electrodes are often used to extrapolate diffusion parameters. This
assumes an insignificant or limited contribution to the counter electrode's observed voltage and
diffusion properties, which may not be the case, particularly for plating and stripping.[38,39]
These assumptions and estimations make a comparison between reported studies a
challenge.[40-42]

In this work, several different electrochemical methods, GITT, EPS, and EIS, are used to
determine sodium-ion diffusion characteristics within composite HC electrodes using a 3-
electrode cell set-up. The techniques are used to calculate diffusion coefficients; comparisons
are reported, and each approach's characteristics are discussed, including the relative
advantages and limitations.[18,19,28-31] A third electrode or reference electrode is used to
overcome some limitations and assumptions.[34,38,43] This means that the diffusion
parameters related to the HC working electrode only can be elucidated, and the polarization
contribution of the counter electrode is removed. Test parameters with low current densities are
utilized to limit the effect of pore sizes on the diffusion properties. Pulse times are short enough

to reduce the effect of any small particles being fully sodiated before the larger particles and
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long enough to ensure that a steady-state for sodiation is reached, and the electric double layer's

contribution is minimized.

2.1. Galvanic intermittent titration technique GITT.

As introduced by Wen et al., conventional GITT assumes one-dimensional diffusion in a solid
solution electrode, neglecting double-layer charging, phase transitions, charge-transfer kinetics,
and Ohmic potential drop.[44] It is a combination of transient and steady-state
measurements.[30] For time ¢, a constant current / is applied to the system
(chronopotentiometry), followed by a relaxation step whilst monitoring the voltage to reach
equilibrium. The electronic resistance is evaluated over the completed SoC from the
instantaneous IR increase when current is applied or removed, and therefore any effect of
polarisation or overpotential is negated.[12,32,45—47] With the assumption of small currents
and short time intervals, the transient response of the voltage E is a linear function of the square
root of time. Hence, the apparent diffusion coefficients Dg;pp of the sodium-ions can be

obtained by using the Equation 1.

Dgirr = %(%)2 (2—2)2 , with T « %. (1)
7 1S the time interval of the current applied (300 s), mawm the electrode specific mass of active
material (g), Vm the molar Volume (48 cm® mol™?)[48], Mam the atomic weight of the active
material (Cs = 72 g mol™), and S is the effective surface area (S = 49.8 cm™) as estimated from
the surface area of the active material in the electrode [21]. 4E; is the change in steady-state
voltage, and 4E: is the change in cell voltage, which can be obtained by inspection of the
potential/time plots (Figure 1).

The diffusion length L of the sodium-ions depends on the composite electrode characteristics
such as porosity and particle size of the active material. Assuming minimum diffusion of L is
4.5 um (= radius of the spherical particle) and the maximum is ~100 um (= thickness of the
electrode coating in case of for dense electrodes), an apparent diffusion coefficient between 10
%and 10 cm? st can be estimated, hence a time interval of z = 300 s fulfils the requirement
for Equation 1.[22,37] It should be noted that these assumptions are not valid for two-phase

regions of phase-transforming materials as, within a two-phase region, ions are transported by
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movement through the interphase boundary and by ionic diffusion.[45,49] Therefore, the
calculated diffusion coefficients are apparent, reflecting the characteristics of the whole
composite electrode system taking into account the phase change in going from a sodium-poor

to a sodium-rich state (sodiation of HC) and vice versa (desodiation).
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Figure 1. Illustration of two GITT steps (current region "7" and relaxation region "OCV")
showing the working electrode potential Ewg versus time. The graph visualizes the voltage

drop from polarization (IR), steady-state voltage AEs change, and cell voltage AE,.

2.2. Electrochemical Potential Spectroscopy EPS
EPS is a voltage-step technique based on the PITT, skipping the open circuit voltage

steps.[28,50-53] In both techniques, a repeated small step increase (or decrease) in voltage is
applied, and the current transient is monitored (chronoamperometry). The difference between
PITT and EPS is that OCV is not reached between each pulse in EPS, and the pulse duration is
limited by current rather than time. To ensure insignificant IR contribution (or overpotential);

the minimum current value is chosen close to the thermodynamic equilibrium (e.g., 0.01 C).
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The diffusion-limited current is proportional to ”, and the apparent diffusion coefficient can
be calculated using the Cottrell equation (Equation 2).[44]

1/2 «
NnFSDgpgCNa

l(t) = W (2)

¢ na=cs-co describes the concentration difference (mol cm™) between the concentration ¢y in
the electrode corresponding to equilibrium voltage and cs at the electrode-electrolyte interface
when a voltage step is applied at =0. n is the number of electrons transferred per mol of

material (1), F is Faraday constant (A s mol™!), and S is the electrode-electrolyte surface area.

For short time approximation (t < L?D~1), the chemical diffusion coefficient can be
1
determined from the slope of the linear plot of / vs. t 2 by Equation 3.

The slope of each current decay is proportional to D;I/fs provided that the concentration

difference c¢'nq is known. The equation can be rearranged for capacity change (AQ) and

assuming a spherical particle of radius r.

, * D 3D D
i(8) = nFScy, |2 = 300 /;';S (3)

Assuming a diffusion length of 4.5 um (radius of spherical hard carbon particle) and an

apparent diffusion coefficient between 1071° to 107'° [18,33,54], the experimental parameters

meet the condition for short time approximation, t < L?D~! with t < 2025 s.

2.3. Electrochemical Impedance Spectroscopy EIS.

EIS is used to investigate electrochemical systems by separation of processes with different
time constants.[37,47,55-59] As the battery processes occur at different rates, the system's
response can be divided into different sections. The low-frequency region of EIS is associated
with solid-state diffusion from which apparent diffusion coefficients can be extracted. EIS is
conducted by applying an oscillation current (galvano-EIS, GEIS) or potential (potentio-EIS,
PEIS) to a system and recording the phase and amplitude response. The potential or current
stimulus should be low enough to keep the system within a quasi-stable state and a quasi-linear

part of the voltage curve but high enough for adequate signal-to-noise discrimination. The
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potential profile of the electrode can be used as an indication. For example, within the plateaus
of the voltage profile, even a small potential stimulus induces a SoC change. For a classical
Warburg response, the diffusion must be semi-infinite, planar and adhere to Fick’s law of
diffusion, which is a purely concentration gradient driven ionic transport process.[55,58,60] If
these assumptions hold true, then the diffusion coefficient Dg;s can be calculated from the
Warburg coefficient (c).[42,53,61] To check whether the correct conditions are reached, the
phase angle for the Warburg coefficient should be 45° (Doc\L). In most porous electrodes, this
condition is not met, hence the assumptions are not valid. A transition line equivalent circuit
model, which includes finite diffusion of the lithium-ion in a solid hard carbon particle and the
electrolyte within the pores, has been used previously to fit the impedance data.[62,63] At the
higher voltages (>1.3 V vs Na/Na"), where there is no sodium in the carbon, no charge transfer
is observed, and the resistance from the pore network can be extrapolated. At the lower voltages,
the electrode is in a non-blocking condition. At the higher voltages, the impedance can be fitted
with a modified Warburg coefficient equivalent circuit element for finite diffusion (M,) or
anomalous diffusion (My).[64] The ionic transport in the pore network can be investigated using
Equation 4 where y = 1 for M,. R, is the series resistance, and the exchange current density

can be estimated from the contributions of the charge transfer resistances Rcr using Equation

T=f= (%) )
RT (5)

RetF Seff

Jo

3. Experimental
3.1. Electrode preparation and cell building.

The HC composite electrodes compromise a commercial HC material (D50: 9 pm),
polyvinylidene fluoride (PvdF, Kynar, HSV900) and carbon black (TimCal, C45) in a
90:5:5 wt. % ratio. N-methylpyrrolidone (NMP) was used to formulate an ink with a solid
content of approximately 42 %. The ink was coated onto a carbon-coated aluminium current
collector using the doctor blade method. The electrodes had a mass loading of 110 g cm (coat

weight). The pre-dried (infrared exposed) electrodes were placed into a vacuum oven at 120 °C
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for at least 90 minutes to remove any NMP residues. The dried electrodes were calendared to
35 % porosity with calculations based on the density of the composite electrode materials and
the dry coating volume (electrode surface x thickness). The same electrode coating was used
in all three electrochemical tests.

All experiments were performed in a 3-electrode cell set-up based on a compression fitting
design. The current is applied between the working and counter electrode, whereas the working
electrode potential is recorded versus the reference electrode to insulate the working electrode
performance from the overall cell performance. HC composite electrodes with 11 mm and
12 mm diameter were used as working electrodes and transferred into a glove box. All
following cell preparation and assembling was conducted in an argon atmosphere. Sodium
metal was used as a counter and a reference electrode, respectively. Therefore, a clean sodium
ingot was flattened to approximately 0.5 mm in thickness. 10 mm sodium metal discs were
punched out for the counter electrode, and the T-piece attachment of the 3-electrode cell was
filled with the flattened sodium metal. Counter and the working electrode were separated by
combining one GF/A Whatman and one 20 um polypropylene (PP) separator (2020, Celgard).
A similar separator stack was placed perpendicular to the cell stack for electronic insulation of
the reference electrode. The combination of separators was used to ensure cycle stability (thick
glass fibre separator reduces the risk of inner short circuits due to dendrite growth) and avoid
contamination of glass fibres on the HC electrode to facilitate post-mortem analysis (thin PP
separator facing towards the working electrode). A total of 130 ul of a premade electrolyte
containing 1 M NaPFe in a 1:1 (v) mix of ethylene carbonate (EC) and diethylene carbonate

(DEC) (Kishida Chemicals) was used as an electrolyte to wet both separator stacks.

3.2. Electrochemical measurements.

The connection set-up was kept identical for all testing methods. The current was applied
between the counter and the working electrode, whereas the electrode potentials were
monitored via the reference electrode. The cut-off conditions for the constant-current charge

and discharge were based on the working electrode potential.



GITT was performed using a BaSyTec cell tester (CTS system, 1 us time resolution, 0.05 pA
current resolution, 0.3 mV voltage resolution). EIS and EPS were conducted using a Bio-Logic
potentiostat (VSP model, 200 us time resolution, 760 pA current resolution, 5 uV voltage
resolution). One full cycle at 0.2 C using an assumed capacity of 330 mAh g* was conducted
as formation before performing GITT and EPS measurements. During formation, the cell was
discharged in constant current/constant voltage (CCCV) mode, with a cut-off voltage of
0.005 V and a current of 0.01 C (sodiation process). Charging was conducted using a constant
current (CC) at 0.2 C up to 1.5 V (desodiation process).

For GITT, a current of 0.2 C was applied for five minutes, followed by an OCV step with a
termination condition based on a working electrode potential variation of AEwe <0.001 mV s’
1 This termination parameter is essential to ensure a quasi-equilibrium state as ongoing
diffusion processes and polarization affect the results.[38] Subsequent cycling was performed
using identical parameters as for the formation cycle.

EPS was conducted in 10 mV potential steps monitoring the current decay. The termination
condition of each voltage step was a minimum current Imin 0f 0.01 C. A sufficient low cut-off
current Imin IS essential as it ensures a state close to the equilibrium and avoids any influence of
polarization effects, as stated earlier. After triggering the termination condition, the working
electrode potential was raised by another 10 mV relative to the previous starting value.

The EIS measurements were conducted at 16 evenly spread potential steps within sodiation
and desodiation, respectively. A 150-minute OCV step followed each potential step to ensure
full relaxation of the electrode to reach the equilibrium state before conducting the EIS
measurement. For EIS, a spectrum of 52 frequencies between 50 mHz and 1000 kHz were
chosen, applying an amplitude of 2 mV and recording the average impedance based on three
measurements per frequency. A low amplitude was chosen to minimize the contributions of
SoC changes within the low plateau region. All electrochemical measurements were conducted
at room temperature.

In the calculated diffusion coefficients discussed below, we have utilized an effective surface
area (S) related to the active electrolyte-electrode area of 49.8 cm™, based upon an electrode

coat weight of 110 gsm, the porosity of 35 %, and an average hard carbon particle of 9 um
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(calculation based on spherical particles with a radius of 4.5 pm). When using the geometrical
electrode area (A=1.131 cm™), as also stated in the literature, the diffusion coefficient would
change by a factor of 4 x 10* cm? s™'; this should be considered when comparing results to

literature.
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Figure 2. Full formation cycle of an HC half-cell showing the working electrode (WE)

potential (HC vs Na metal reference) compared to full-cell potential (WE vs counter electrode,

CE) and the first cycle efficiency.

4. Results and discussion

4.1. Results and discussion of the formation cycle

All electrochemical tests start with a formation cycle to assure good cycling properties and
create the electrolyte-carbon interface layer. Hereby, characteristics such as initial capacities,
first cycle losses, and reference connections can be checked. An example of the formation, the
first cycle of one cell, is shown in Figure 2. The graph displays the working electrode potential
(dashed line, Ewg) and the cell potential (straight line, cell, measured between the working and

counter electrode). A mismatch between the Ewg and cell potential can be seen during sodiation
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caused by the polarization on the sodium metal counter electrode.[38] The HC electrode shows
an initial sodiation capacity of approximately 330 mAh g and a first cycle efficiency of

approximately 85 %, consistent with the literature.[6,11,17,31,65,66]

4.2. Results and discussion of GITT measurements

The GITT measurements were performed in the second and 10™ cycle after an initial formation
cycle to investigate the influence of cycling on ionic mobility using a 3-electrode cell set-up.
A full GITT cycle showing the sodiation and desodiation branch of an HC working and sodium
metal counter electrode is shown in Figure 3. The series of sodiation and desodiation steps,
each followed by an OCV step, can be observed in Figures (a) and (b), respectively. The length
of the OCV steps varies depending on the SoC and potential of the WE. The same data, the
working and counter electrode's voltage profile, plotted versus the capacity is shown in (c¢) and
(d). The polarization of the sodium metal counter electrode during sodiation and desodiation is
clearly seen. The polarization depends on the SoC of the electrode and is approx. double during
sodiation compared to desodiation.

The apparent diffusion coefficients were calculated using Equation 1 in a voltage range

between 1.2 V and 5 mV, and the results are shown versus the capacity in (e) and (f).
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apparent diffusion coefficients during sodiation (left) and desodiation (right) within the second

(squared marker) and 10" cycle (circular marker) determined from 3-electrode GITT

measurements. Coat weight of 13.5 mg.

The apparent diffusion coefficients' values vary by at least one order of magnitude for all four

profiles. In the second sodiation, minimum values of around 5x101? ¢cm?

s' and maximum
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values of around 1x107'° cm? s are determined. The profile for the second desodiation is

revered, and the values are lower compared to the sodiation (minimum around 3x107? cm? s°;
maximum around 8x107!" cm? s). A general decrease in the diffusion coefficient is apparent
for the cycled electrodes. The cycled electrodes' profiles appear noisier with a prolonged
plateau region (minimum around 2x107'?; maximum around 7x10°'! cm? s7).

All profiles of the apparent diffusion coefficient can be divided into four and five regions,
respectively. For sodiation, the values are plateau-like for the first 100 mAh g (region 1),
followed by a decrease of one to two orders of magnitude (region 2) to a second plateau from
around 150 to 250 mAh g'! (region 3). For both sodiation cycles, the values increase slightly at
the end of sodiation from 250 and 270 mAh g onwards (region 4), respectively. The profile
for the apparent diffusion coefficient values for the second desodiation is mirrored to that of
the sodiation (region 4 — 1). An additional region (region 0) can be distinguished as the values
drop at the end of desodiation by one order of magnitude (Figure 3 (f)). A similar performance
can be seen for the 10" sodiation for regions 4 to 0.

Ionic mobility within battery materials is essential for the overall battery performance. Hence,
apparent diffusion coefficients for HC electrodes based on GITT experiments have been
reported in the literature before with maximum values between 107! to 10% cm? s
[19,25,26,37,38] The results differ based on the parameters and settings used; for example,
testing in 2- versus 3-electrode arrangement and varying the length of the OCV step to achieve
an equilibrium. Further, the parameter setting for S differs, as often the geometrical surface,
and BET surface or numbers of approx. calculation based on porosity and particle size is used.
Although the mentioned parameters influence the absolute values, the shape of the diffusion
curve is similar, and so are the shown graphs in Figure 4 in accordance with published data.
The mirrored profiles for sodiation and desodiation for GITT values indicate a reversible
process for the second cycle. The variation of the apparent diffusion coefficients within each
sodiation and desodiation cycle points out a strong dependence on the SoC, with a correlation
of the low plateau region of the apparent diffusion coefficient to HC's low voltage potential.

The presented stepped voltage profile of the GITT curve (Figure 3) suggests different stages

for ionic diffusion within the sodiation and desodiation process, which correspond to the
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diffusion coefficient changes. Plateau regions might indicate semi-stable diffusion
characteristics (regions 1 and 3), whereas regions of fast decreasing or increasing values
suggest changes in the diffusion characteristics (regions 2, 4, and 0), and hence a change in the
sodiation mechanism.

The voltage transient at low voltages is not linear at the end of the pulse, making the diffusion
coefficient more difficult. The non-linearity indicates that the processes occurring in the
material and electrode are non Fickian. Hence, the calculated values at low sodiation potentials
are less conclusive. Besides, as the plating potential is reached, no or limited diffusion occurs
in the active material. Additionally, this could indicate that the sodium metal 'pooling' in the
hard carbon at the low voltages is not limited by the intercalation but the formation of the nano-
clusters of sodium and that at these low voltages, sodium could plate onto the surface of the

electrodes.[16,20,67]

Measurements of the diffusion coefficients at higher potentials were difficult due to the high
polarization at those potentials, which triggered the cut-off voltage limitation at desodiation.
This polarisation is expected as the sodium concentration is very low in the hard carbon at these

voltages resulting in a lower overall electronic conductivity in the composite electrode.

4.3. Results and discussion of the EPS measurements

EPS measurements were conducted in a 3-electrode cell set-up after an initial formation cycle.
The EPS profile for the working electrode, the counter electrode (sodium metal), and the
monitored cell current is plotted in Figure 4. The graphs show the profiles for sodiation (left)
and desodiation (right). The working electrode potentials (upper graphs) show the staircase
profile of the 10 mV voltage steps. The polarization of the counter electrode at each voltage
step can be seen in the middle graph. During sodiation of the hard carbon working electrode,
the counter electrode's polarisation increases towards lower potentials; during desodiation, the
polarization decreases towards higher potentials and vice versa. The polarization shows a
maximum of around 8 mV within the low plateau region of the HC potential (middle graphs).

The bottom graphs show the current profile monitored during sodiation and desodiation. Each

15



voltage step is accompanied by an exponential current decay due to diffusion processes.
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Figure 4. Working (HC), counter (Na metal) electrode potential and current profile of the EPS
cycle for sodiation (left) and desodiation (right) of an HC composite electrode versus the

gravimetric capacity (active material based). Coat weight 12.8 mg.

As an additional remark, Figure 4 also highlights the importance of a three-electrode set-up as
the sodium counter electrode's potential varies between 6 mV and -8 mV at sodiation and
desodiation, respectively. Calculations based on the cell voltage profile may lead to

naccuracies in the diffusion coefficient's calculated values.
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Figure 5. Apparent diffusion coefficients based on EPS data for sodiation (black square) and
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desodiation (red triangle) of the 2™ cycle plotted versus the SoC (a) and working electrode
potential (b).

Apparent diffusion coefficients were calculated following Equation 3 using a linear fit for the
current i(?) versus the time ¢, with the slope of each current decay being proportional to Dgps.
The results are plotted in Figure 5. It displays the calculated apparent diffusion coefficients
based on the EPS measurements for sodiation and desodiation versus the SoC. The values of
the apparent diffusion coefficient change by three orders of magnitude during sodiation and
desodiation. For sodiation, the values start at a high level (7x10® cm?s') and decrease,
undulating to around 0.03x10® cm? s when 100 % SoC is reached. The first decrease to
0.2x10® cm? s appears within the 0 to 3 % of SoC. This is followed by a rise of the values to

2 s at 20 % SoC and a subsequent drop with its minimum at around 60 %

around 0.8x10°8 cm
SoC. The lowest values can be found between 50 and 80 % SoC (0.006x10® cm? s!). The
desodiation profile is in reverse, showing slightly increased values between 100 and 20 % SoC.
The profile of the apparent diffusion coefficient appears similar for sodiation and desodiation,
suggesting a reversible process. The changes in diffusion during the sodiation and desodiation
process indicate at least a two-step process. Again, one step within the sloping region of the
voltage profile and a second one within the plateau region, as described and discussed above.

Based on the test plan's set-up, the data points of the apparent diffusion coefficient are not
equidistant when plotted versus the SoC (capacity). Since the measurements are taken in
equidistant voltage steps, and the characteristic voltage profile of the hard carbon consist of a
sloping and a plateau region, the data density is much higher at low SoC (sloping) compared

to higher SoC (plateau). This leads to a high resolution between approx. 0 to 30 % SoC,

followed by a few data points between 40 and 80% SoC (plateau region).

4.4. Results and discussion of the EIS measurements

EIS was conducted in the first, second and tenth cycle using a 3-electrode cell set-up. Within
each sodiation and desodiation cycle, 16 EIS spectra (equidistant voltage steps) were generated
to cover the full range of SoC. Figure 6 shows the 16 EIS spectra for sodiation (left) and

desodiation (right) in a voltage range between 1.7 V and 5 mV for the 2" cycle. Differences in
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the shape of the Nyquist plots at various SoC indicate changes in resistance, capacitance,
surface layer formation, and pore sizes changes.[57,66,68—70] Further, the low-frequency
branch's appearance, which reflects solid-state diffusion impedance, changes with the SoC. The
series resistance also changed with SoC. The resistances shown are between 5.1 and 6.7 Q for
the 2" cycle and increased to between 7.7 and 9.3 Q for the 10" cycle. In all cases, the charge
transfer resistance (Rct) was only visible at voltages less than 1.1 V vs Na/Na’, and the EIS
plots indicate an ion blocking arrangement. The phase angle at these low frequencies at the
higher voltages is greater than -60, indicating a pseudocapacitance effect. The charge transfer
Rt can be mapped from 1.1 V to 0.005 V vs Na/Na".

We can, however, use the data to fit Rct and calculate the exchange current density for hard

carbon over all states of charge.
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Figure 6. EIS spectra versus voltage for the full second sodiation (a) and desodiation (b)
between 0.005 and 1.7 V. Data was recorded between WE and reference electrode in a 3-

electrode set-up. Electrode coat weight: 13.8 mg.

From the high voltage data (>1.4 V vs Na/Na"), the data can be assumed to be in an ion blocking
state and using the transition line model, the resistance with respect to the pore network can be
calculated, and no charge transfer resistance is observed.
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As an example, and to visualize the influence of aging on the electrode performance, Figure 7
shows the EIS spectra at 0.457 V for the second cycle (a) and tenth cycle (b) displayed in the
Nyquist plot. The graphs show a higher overall impedance Rct for the sodiation compared for
desodiation (second cycle: 20 to 14 Q; tenth cycle: 150 to 87 Q) as well as an increase in
impedance during cycling (sodiation: 20 to 150 Q; desodiation: 14 to 87 ). The differences
in sodiation, desodiation, and age of the electrodes can be seen in the angle and frequency shift
of the low-frequency region. Hence, Figure 7 (c) and (d) shows the Bode plots based on the
same data. The increase in the overall impedance is also seen in Figure 7 (c), highlighting the
pronounced effect for lower frequencies. Also, the impedance profile of sodiation and
desodiation diverge for frequencies above 1 kHz. Within the phase diagram in Figure 7 (d), two

distinctive local minima and two local maxima can be determined for the sodiation curve,
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whereas the desodiation branch shows less distinct features.
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Figure 7. Impedance data of the second and tenth sodiation and desodiation at 0.457 V.

The impedance for sodiation is higher than the impedance for desodiation at all frequencies.
Upon the 10th cycle, the significant difference is likely due to the blocking of the pores in the
electrode by an SEI layer. Figure 7 (d) shows the change in phase at different frequencies; two
peaks in the 2" cycle desodiation are observed at 1KHz and 10kHz. Upon the 10™ cycle, these
appear to shift to 100 and 100kHz. This shows that the two transport mechanisms, likely
relating to the transport of the ions through the interface and the sodiation of the hard carbon,

are increasing.

The exchange current density (jo) and the effective diffusion can be calculated from the
equivalent circuit. Where possible, the data were fitted with an equivalent circuit model
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including an anomalous diffusion element, the exchange coefficient is calculated from the
charge transfer resistance, and the change from the 2" to 10" cycle is shown in Figure 8. There
is a significant difference in exchange current density between sodiation and desodiation, with

a maximum during desodation around 150 mAh g™ of 5 x 10° A cm™.
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Figure 8. Exchange current density for the 2" and the 10™ cycle.

To analyze the diffusion characteristics, the focus for the EIS measurements is on the low-
frequency region, which relates to the diffusion in a solid. Here we fit the tail with an anomalous
diffusion element M, and calculated the diffusion coefficient according to Equation 4 (results
shown in Supplementary Information (Table S1)). Figure 9 shows the calculated diffusion
coefficients versus the SoC of the composite electrode for sodiation (left) and desodiation
(right). A similar trend to that observed from the GITT and EPS was measurements was

observed, with an increase in diffusion coefficient in the first 50% state of charge. Gaining
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accurate data for the higher specific capacities at low voltages was difficult, as there were
limited data points, and the fitting was difficult due to overlapping transport mechanisms

occurring at low frequencies.
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Figure 9. Apparent diffusion coefficients are plotted versus the SoC, based on low-frequency

impedance data for sodiation (left) and desodiation (right) of the 2nd and 10th cycle.

Publications on apparent diffusion coefficients gained from EIS data are rare in the literature.
EIS is mainly used to investigate the diffusion in cathode materials as the crystal structure
changes during charge and discharge.[58,60,71-74] It should be noted that the resolution
within the low voltage region is very low when conducting staircase PEIS. Additionally, the
data acquisition is not as accurate within the low voltage plateaus. The variation in voltage
changes the SoC, and then the requirement for the semi-stable condition is not fulfilled. In
future, rather than controlling the sodiation by voltage, it is recommended to control the
sodiation by coulomb counting. This should reduce the observation of sodium plating at the
low potentials and provide greater accuracy in the low voltage region. Using galvanostatic EIS
would lead to more reliable results in the low voltage plateau. However, it would cause
inaccuracy for the diffusion coefficient calculation as even a low applied current amplitude
would lead to a SoC change at low frequencies, which are needed for the diffusion coefficient

calculation. In this study, PEIS was chosen to gain more information in the sloping voltage
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region of the hard carbon to complement the information obtained through the GITT

measurement.

4.5 Discussion

The minimum and maximum actual diffusion coefficients for each technique were orders of
magnitude different. However, for all techniques, the apparent diffusion coefficients indicate a
reversible sodiation and desodiation, respectively (GITT: Figure 3, EIS: Figure 9, EPS: Figure
5). The values decrease with aging, whereas the differences between fresh and cycled cycles
are most significant in the plateau region of the HC sodiation/desodiation profile (130 to
220 mAh g, 35 to 85 % SoC). Bommier et al. attribute this effect to cell degradation resulting
in hindered ion diffusion within the cell.[75] We have shown previously that the change in
diffusion upon cycling and the increase in resistance are due to reduced pore networks within
the electrode. The pores become blocked with SEI growth, limiting the transport of electrolyte
and ions to the material's surface.[35,76] The voltage range covered by the apparent diffusion
coefficients differs slightly due to the different techniques used. It is also important to note that
the EIS data's resolution (16 data points per sodiation) is lower than for the GITT data (64 data
points per sodiation). Both illustrations were chosen as the graph versus the SoC is beneficial
as GITT measurements are based on capacity intervals, whereas the EIS measurements were
performed in voltage step intervals. The mechanisms and apparent diffusion coefficients
correspond well to those reported previously in the literature, Table S2.[7,20,67,77,78] Three
distinct storage mechanisms are observed:

1. Capacitive and redox-active surface charge storage ((>1.3 V vs Na/Na"))

2. Intercalation (0.1-1.3 V vs Na/Na") and

3. Metallic or quasi-metallic deposition (<0.1V vs Na/Na").

At intermediate voltages, it is likely that the different storage mechanisms are observed
simultaneously. At high voltages (>1.3 V vs Na/Na+), capacitance is observed in EIS, as the
time constant is oc1/t. EPS shows high diffusion coefficients at these very low capacities. As
the voltage decreases to ~0.15 V vs Na/Na+, intercalation starts to occur, and the diffusion

coefficient increases to a peak at approximately 75 mAh g at which the EIS has a phase angle
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of approximately 45° at 0.457 V vs Na/Na+ indicating a time constant for diffusion is oc1/At.
The diffusion coefficient then steadily decreases to a minimum at 200 mAh g, which
subsequently increases to full sodiation (~300 mAhg™). From the change in low-frequency
phase angle at these corresponding sodiation voltages, it is apparent that there are likely mixed
transport mechanisms occurring. These observations correlate very well with the mixed

mechanisms proposed by Au et al.[77]

We have also shown that the counter electrode resistance increases with cycling, affecting the
measurements, particularly in 2-electrode measurements.[38] The use of 3-electrode cells
means that the effect of the counter electrode can be largely ignored. When comparing the
range of the apparent diffusion coefficient values, it is noticeable that the values based on GITT
measurements change within two orders of magnitude, whereas the values for EIS change by
four and EPS by six orders of magnitude. Nevertheless, the shape of the sodiation and
desodiation profiles of the apparent diffusion profiles based on GITT end EPS look similar.
Table 1 lists the accounted parameters needed to evaluate the apparent diffusion coefficients
for each technique presented. In all methods, the derivation of the method is based upon Fick’s
law of diffusion. Therefore if the sodium ion transport mechanism deviates from the
assumption that sodium concentration change o Vt at each data collection time period, the
calculations for diffusion coefficient will not hold true.

Table 1. List of parameters for evaluating the apparent diffusion coefficient for the three

techniques used: GITT, EIS, and EPS.

GITT EIS EPS
Controlled via Current Potential Potential
Time constant V(t)oct I(t) oc\'t I(t) oc\t
Step limitation | AEwe <0.001 mV s | 150 min OCV 1<0.01 C
mathematical Surface Surface Surface
parameters Pulse time Temperature Diffusion length
(constant) Molar mass Current  (limitation
Molar volume condition)
Active material mass
Over potential | None None Yes, low
(R)
Values obtained | Titration (equilibrium | Modified Warburg | Step time
for analysis voltages) coefficient Concentration change
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AEs / AE; Concentration
Current

Total
time

second cycle

testing | 51 hours 174 hours 69 hours
after the

General aspects:

The important key parameters valid for the whole potential region are: experimental control,

step limitation, IR contribution, parameter settings and test duration.

In all methods, the derivation of the method is based upon Fick's laws of diffusion.
Therefore, if the sodium ion transport mechanism deviates from the assumption that the
sodium concentration changes, the calculations for diffusion coefficient will not hold
true.

The step/measurement limitations were chosen to be close to an equilibrium state. The
time scales of the sodiation and desodiation steps reach from 1 to 17 minutes for GITT,
fixed 150 minutes for EIS, and tens of seconds up to 4.5 hours for EPS. The
corresponding currents are 0 mA for GITT (OCV step), <0.002 C for EIS and <0.001 C
for EPS. The variation strongly depends on the SoC of the electrode and the technique
used (see also following paragraphs). In the titration methods, the error relating to the
overpotential is reduced due to open circuit voltages being used in the calculations for
diffusion, although estimation of the ohmic resistances (IR-drop) is difficult.

The measurement control is via the current (GITT) or the potential (EPS and EIS).
When controlled via current, the polarisation effects trigger the step limitations faster.
Therefore, the voltage range covered by the apparent diffusion coefficients differs
slightly between the different techniques used.

EIS is a time-intensive method, especially when focussed on the low-frequency region
for diffusion analysis. Although EIS shows the lowest data's resolution (16 data points
per sodiation) of all three techniques (GITT: 64 data points per sodiation, EPS: 138 data
points for sodiation), the testing time is three times larger compared to GITT.

Test cells built on a lab-scale, especially 3-electrode cells, suffer from higher self-

discharge or leakage currents via the reference electrode local corrosion and ageing.
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This leads to higher capacities during sodiation and lower capacities for desodiation
and deficient concentration calculations.

In this work, the electrodes' porosities were set to 35 %. Therefore the transport in the
electrolyte should be similar for all electrodes. During sodiation, the expansion of the
material and increase in the interface layer thickness will reduce the pore size, and at
low voltages, if sodium deposition occurs, a further reduction in pore size is likely. This
also increases the internal resistance and impedes the charge transfer. Here we have
assumed the pore fraction is assumed to be constant, the influence of changing diffusion
pathways is ignored.

All test cells were built from the same printed electrode, and an identical cell design
was used. Hence electrode related parameters are unlikely to be the cause for the
differences.

In general, the GITT condition of AEwe < 0.001 mV s might be too soft, meaning a
true equilibrium is not reached, leading to too high values for AEs, causing an
overestimation of the apparent diffusion coefficient. In this case, it may be more
appropriate to fit the SAND equation to the voltage transient, as then the variation in

reaching OCV would not be taken into account.

Lower voltage region:

Besides the factors discussed above, several potential testing artefacts are arising at different

voltage levels for these methodologies. At the low voltage level, these include:

For GITT at the low voltages, very low diffusion coefficients are observed, and there is
little change in the voltage. As the calculation for the diffusion coefficient is reliant
upon the change in the voltage, small errors in voltage will make a large difference in
the calculated coefficient. If AE; is larger than expected, an underestimation of the
diffusion coefficient is observed.

EIS and EPS were both controlled by voltage rather than current. Therefore, the
calculation of the concentration of sodium in the solid is difficult at the low voltage

plateau. However, the small changes in voltage in EPS measurements mitigate some
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inaccuracies, particularly with the current limiter of 0.001 C. Where the voltage steps

induce a large change in sodium concentration, such that t > L?D~1 the equation

din(l) 4L? . .
Dgps = Z—t()F can be used. Even so, only two points across the low voltage region

for the EIS measurements do not reflect the complete change in the diffusion coefficient
at the low voltage.

Especially the EIS measurements seem to be affected by processes occurring at very
low voltages. It is suggested that within the low voltage region, sodium metal deposits
on the HC surface and metal sodium clusters form within the HC's pore
space.[15,16,20,48,79] This increases the electronic conductivity of the HC and
changes the local sodium concentration (local potential # electrode potential), also
causing induction effects from the surface interference.[80,81] The Nyquist plots at low
voltages shown in Figure 6 show the lack of a Warburg feature, but induction loops.
The Warburg feature is missing during desodiation, indicating a faster sodium transport
away from the surface upon desodiation. The data gained from simple equivalent circuit
fitting shows a lower variation within the SEI and charge transfer resistance for
desodiation than for sodiation, explaining the higher apparent diffusion coefficient
values during desodiation.

When conducting PEIS measurements within the plateau region of the HC
sodiation/desodiation, a small change in voltage induces a high current response and a
large change in sodium concentration. This means that the electrochemical system is
not in a semi-equilibrium state. Hence, the interpretation of the calculated values within

the plateau region of the HC voltage profile is difficult for EIS-based measurements.

Higher voltage region:

EIS and EPS are controlled via voltage, leading to higher data resolution. However, as
the limitation conditions (current) are met quickly in this voltage region (tens of
seconds), a significant double-layer capacitance contribution is observed. The surface

capacitance has a time constant proportional to t! rather than t%°, leading to errors in
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the diffusion estimation.

The benefit of using a small voltage amplitude during the PEIS measurement to avoid
altering the SoC within the plateau region may be too small to cause a reliable, current
response. The data gained from the PEIS measurements performed in this study are

based on the average value of three iterations per frequency to minimize any errors.

2
The pulse length for GITT measurements needs to meet the condition: t< %1.

Nevertheless, due to the steep sloping region, there is the potential to induce a large
change in the SoC. This effect is further intensified due to the low electronic
conductivity and high overpotentials (IR contributions). Here, the pulse length t needs
to be long enough to induce an actual charge into the material, which is on longer time
scales than the ohmic polarization and double-layer forming and capacitance. With
sufficient long OCV periods within the GITT measurements, the overpotential can be
neglected in discussing the results. In addition, the influence of the sodium metal
counter electrode can be neglected when a 3-electrode arrangement is used.
Nevertheless, sodium metal is also used as reference material and although there are
only measurement currents present, sodium metal is known for surface layer formation

within carbonated electrolytes.[35,82]

Differences in the reported diffusion coefficients arise from both experimental set-ups and the

assumptions made in the calculations. GITT was developed for a thin film rather than a porous

electrode, and therefore the surface area used in the calculation was the electrode area rather

than the electrolyte-electrode interface area in a porous electrode. The transport limitation for

a thin film is the flux of counter ions to the surface of the film. In a porous electrode, diffusion

is assumed to be the flux of ions to the active particles' surface. The effective surface area is

difficult to accurately estimate because of the carbon binder domain and embedded particles'

in the current collector. It can be estimated from particle size, and in this case, we assume a

spherical particle and can use the particle average radii. However, particles are rarely fully

spherical, generally have a particle size distribution, and are potentially anisotropic in sodium
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ion transport. This results in subtly different true electrochemically active areas. Consequently,

this will also affect the accuracy of the calculated diffusion parameters.

5. Conclusions

HC composite electrodes have been studied in a 3-electrode cell set-up to examine the diffusion
behaviour of sodium ions using the GITT, EIS, and EPS. All techniques were conducted using
the same electrode. Additionally, the importance of the correct cell set-up, as well as parameter
settings and analysis, have been discussed, including the relative advantages and limitations.
The collective finding from all techniques conducted indicates a reversible
sodiation/desodiation process. Moreover, all generated data shows a dependence of diffusion
capability during the SoC for sodiation and desodiation. The same general trend of sodium ion
diffusion capability with SoC is derived from each technique showing higher values within the
sloping region and lower values within the low voltage plateau. Between these stages, the
apparent diffusion coefficient varies by orders of magnitude. Differences in minimum and
maximum values are related to parameter settings and quasi-equilibrium state adherence. All
test parameters have been optimized to reduce overpotential and probe the transport properties
as accurately as possible. Several assumptions are made for analysis, such as spherical particles,
and ionic transport, which obeys Fick's law of diffusion in the solid. These may not hold true
for materials, which are changing phase or where precipitation is occurring. The combination
of these three techniques illustrates three distinct charge storage mechanisms for sodiation in
hard carbon, with a combination of these mechanisms being observed in between the different
stages.

1. High voltage (>1.3 V vs Na/Na+): sodium ion absorbance at the electrodes' surface is

related to a surface capacitance and redox.

2. Intercalation (1.3 — 0.1 V vs Na/Na+) and a solid solution phase associated with
sodium ion transport between the graphene sheets, with a higher apparent diffusion

coefficient.
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3. Two phase low voltage plateau (<0.1V vs Na/Na+) relating to sodium plating in the
pores of the carbon structure, which has an extremely low apparent diffusion

coefficient.

GITT provides high-resolution information over the whole SoC due to the short current pulses
used. This has greater accuracy in the sloping potential regions but disadvantages in the flat
potential regions due to dV/dt being close to zero, resulting in very low calculated apparent
diffusion coefficients. In addition, generally, a flat voltage indicates a phase change rather than
a solid solution. Therefore the description of ionic transport using Ficks Law for all techniques
may need reassessing. EIS also exhibits good resolution within the sloping profile range, but
inaccuracies can appear when a too high voltage amplitude is used. This is amplified in voltage
plateau regions, where the small perturbation may affect a significant sodium concentration
change. Further, the EIS data for low potentials also lacks a Warburg feature, likely due to
overlapping transport frequencies and mechanisms. EPS has the highest accuracy in regions of
steep voltage profiles but has limited accuracy for diffusion coefficient calculations with no
voltage change. This is because a small change in voltage can have a significant change in
concentration of sodium, such that t << L>?D~1 does not hold true. In the case where t > L?D~1
the diffusion can still be calculated; however, there are limited data points. But with optimised
and reduced overpotentials, this technique exhibits high accuracy and resolution even in
shallow voltage change regions. Each approach has different implications for practical
implementation, and there are trade-offs to be considered. Based on the ratio of data points per
testing time, GITT and EPS are the techniques of choice. Systematic errors are easier spotted
with a higher registration rate per testing time, and the data seems more reliable. Nonetheless,
the EIS measurement itself brings much more information if analyzed in full. This work
concentrates on diffusion only, and further work is required to probe the kinetics, particularly
the specifics of the rate constants for transport at the lower voltage where phase changes occur.
It is evident that the shape of the diffusion coefficients gained via GITT and EPS look very
similar. EIS has the advantage of being easily implemented into standard test plans and is not

as time-consuming as GITT or EPS when used at a single voltage, but is not effective over the
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entire SoC range. Hence, these methods are not contradictory but complementary, and a

combination of their use is recommended to gain a better overall picture of diffusion

characteristics.
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