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Revealing the Kinetic Limits of Sodiation and Lithiation at Hard
Carbon Using the Diluted Electrode Method

Yuki Fujii,® Zachary T. Gossage,? Ryoichi Tatara,? and Shinichi Komaba*?

Electrochemical sodium- and lithium-insertion into hard carbon (HC) relies on two main reactions: adsorption/intercalation
and pore-filling. The rates of these two reactions are key to attaining high power densities and fast charging in batteries, but
distinguishing the rate-limitations can be challenging due to their overlap and issues with Na* and Li* transport in
conventional composite electrodes. Herein, we focus on the usage of the diluted electrode method to better evaluate the
kinetics of electrochemical sodiation and lithiation at HC. Through galvanostatic charge/discharge testing, cyclic
voltammetry and potential step analysis performed on diluted HC-electrodes in aprotic Na cells, we confirm that the sodium-
insertion rate into HC is faster than lithium-insertion when we consider both adsorption/intercalation and pore-filling
reactions. The apparent ion diffusion coefficients, Dapp, are on the order of 1071° -107! and 107%° -10-*? cm? s7* for sodium-
and lithium-insertion, respectively. Furthermore, sodiation into diluted HC-electrode showed comparable rate-capability
and Dapp to lithium intercalation at diluted graphite-electrodes. In addition, we evaluated the temperature dependence using
potential-step and electrochemical impedance methods, finding that activation energies, E,, were ~55 and ~65 kJ mol™* for
sodiation and lithiation, respectively. We find reactions in the solid-state, i.e., nucleation of pseudo-metallic clusters, as well

as the charge-transfer at the electrolyte/HC interface can limit the rate-performance in diluted HC-electrodes.

Introduction

Currently, hard carbon (HC) is the most promising candidate for
the negative electrode of sodium-ion batteries (SIBs).! The
structure of HC consists of thousands of turbostratic basic-
structural-units combined together to create a network of
pseudo-graphitic layers and pores.23 These structures have
been essential to attaining high reversible capacities for HCs in
SIBs in recent years leading to comparable energy densities to
lithium-ion batteries (LIBs) using LiFePO4//graphite.*> The
sodiation mechanism has been reported as two main steps
including: (1) insertion into the interlayer space of the pseudo-
graphitic domains and adsorption onto defect sites above 0.1V,
and (2) pore-filling with Na-Na bonding that produces pseudo-
metallic clusters below 0.1 V.83 Likewise, LIBs can also utilize
this pore-filling mechanism with HC to attain reversible
capacities even beyond graphite (over 500 mAh/g).27:28
Furthermore, HC is well known to provide high-rate capabilities
and considered to be fast compared with intercalation
chemistry at graphite.? However, utilizing the pore-filling
mechanism at high rates can be difficult due to closeness of the
reaction potential to alkali metal plating,’® and generally no
plateau is observed for the lithium insertion process. We have
found that this plateau potential can be controlled to an extent
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via the synthesis methods.21! While the precise HC structure
may impact the rate performance for different alkaliions,? there
is interest to compare the rate capabilities for single active
materials to better understand the relationship between
structure and rate performance.

Often, high-rate galvanostatic testing is performed using coin-
cells or 3-electrode cells to evaluate the power capability of
electrode materials. However, this can underestimate the
active material rate capabilities due to concentration
overvoltage within the composite electrode during high rate
operation,1213 where guest-ion depletion or saturation of the
electrolyte occurs within the porous electrode. To more
effectively evaluate the kinetics of the insertion materials,
model electrodes such as single-particle, thin-film or monolith
material can be utilized.?4-17 Aside, Ariyoshi et al. proposed the
usage of a diluted-electrode method where some of the active
material within the composite electrode is exchanged for an
electrochemically inactive material, i.e. Al,03.18-22 Under these
conditions, the separated active-materials are provided
sufficient amounts of nearby ions to reach a high state-of-
charge (SOC) or depth-of-discharge (DOD) under high current
conditions. 1819, This dilute-electrode method can evaluate any
type of particle while maintaining the composite electrode
structure, including the porosity and binder effects. Recently,
our group has been using this method to evaluate HC for SIBs,
where fast sodiation rates of ~4 C show reversible capacities of
c.a. 200 mAh/g, or ~85 % of the capacity at 0.1 C insertion
rates.>23 This makes the dilute electrode method suitable for a
detailed comparison of HC for SIBs and LIBs to better
understand the relationship between rate and the energy
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storage mechanism. These are major interest to understand this
relationship,2* but there have been no studies comparing
sodiation and lithiation rates at HC using the dilute electrode
method.

In this study, we conduct a variety of electrochemical analyses
using the diluted-electrode method to compare the sodium-
and lithium-insertion kinetics of a commercial HC. We find
unique behavior at low and high galvanostatic charging
(reduction) rates attributed to the redox of HC and show our
method avoids issues with concentration overvoltage in the
composite-electrode. At low rates, both the
adsorption/insertion and pore-filling mechanism are observed,
while only adsorption and insertion occur at high charging rates.
In addition to galvanostatic testing, the diluted HC-electrodes
were examined using cyclic voltammetry, potential step
chronoamperometry, and  electrochemical impedance
spectroscopy. Based on these various analyses, the sodiation-
rates were determined to be faster than lithiation of this HC,
especially for the pore filling mechanism and during operation
below room temperature. On the other hand, at very high rates
with non-diluted electrodes, lithium tended to maintain a
higher capacity, which may be related to the larger adsorption-
and insertion-capacities for lithium. Overall, the rate of
insertion will be majorly limited by the charge-transfer
resistance and solid-state diffusion in HC particles. Therefore, a
key point of focus for developing improved HC materials for SIBs
and LIBs is to attain faster kinetics of the pore-filling process so
that they can be accessed at high charging rates.

Experimental section
Electrode preparation

For preparing the composite electrodes, Carbotron® P (J)
(Kureha Battery Materials Japan) was used as the active
material. Material characterizations of this HC are shown in the
supporting information (Fig. $1-S2). a-aluminum oxide (Al,Os3,
Wako pure chemical) acted as the dilutant, and sodium
polyacrylate (Kishida chemical) was used as the binder. Table S1
shows mass compositions of diluted HC-electrodes. These
powders were mixed at various ratios based on volume, HC :
dilutant : binder, of x : 95-x : 5 vol./vol. The volume of HC
contained in the electrode, x, is defined as the HC-concentration

(a) 95 vol.% HC
‘ Sl

(b) 40 vol.% HC

10 pm

Journal Name

[vol.%]. The volume of the components were calcylated based
on true densities of each materials, wher®CaBthor R {FL NLE4
and sodium polyacrylate are 1.52, 3.97, 1.3 g cm3,
respectively.2>-27 Additionally, single-wall carbon nanotubes
(SWCNT, Lamfil®, Kusumoto chemical) were used as the
conductive additive. As-received product consisted of deionized
water : SWCNT : sodium carboxymethyl cellulose (CMC) in
weight ratio of 99 : 0.4 : 0.6. Therefore, 100 pL of this dispersion
has a total SWCNT mass of ~0.4 mg. The slurry was casted on
aluminum foil (20 um, Hohsen) or copper foil (18 um, Hohsen),
and dried under the ambient conditions. The dried composite
electrodes were cut into 10 mm disks and pressed with a mono-
axis pressure of ~250 MPa (Specac) to obtain a thickness of
40-47 pm. The prepared electrodes were dried at 150 °C
overnight before cell assembly. The homogeneity of the mixed
composite electrode was evaluated using scanning electron
microscopy (JSM-IT800SHL, JEOL). Electric conductivity of
unpressed/pressed composite electrodes were evaluated by
using a resistivity meter Loresta-GX (MCP-T700, Mitsubishi
chemical analytech) with PSP probe (RMH112, 1.5 mm pins-
distance).

Electrochemical cell

R2032-type coin-cells (Hosen) were assembled using the
prepared composite electrode as the working electrode in an
Ar-filled glove box. Freshly cut metallic Na (99.9 %, Kanto
Chemical) was directly immersed in the electrolyte solution,
rolled into a thin sheet, and punched into 14 mm (diameter)
disks to use as the counter electrode. 1 mol dm=3 NaPF¢ in
ethylene carbonate and diethyl carbonate (1 : 1 v/v) (battery
grade, Kishida Chemical) and a glass fiber filter (GB-100R,
ADVANTEC) were used as the electrolyte and separator,
respectively. Likewise, Li-cells were prepared in a similar
manner using Li metal (99.8 %, Honjo Chemical) and 1 mol dm-3
LiPFg in ethylene carbonate and dimethyl carbonate (1 : 1 v/v)
(battery grade, Kishida Chemical) as the counter electrode and
electrolyte solution, respectively.

Electrochemical measurements

Galvanostatic charge-discharge was carried out on the coin-cells
using a battery cycler (TOSCAT-3100, TOYO system). The initial
three cycles were conducted applying 25 mA g1 for
charge/discharge at 25 °C. The lower cut-off volage was fixed to

(c) 5 vol.%

10 um

Figure 1. SEM images obtained from top view of composite electrodes containing (a) 95 vol.%, (b) 40 vol.%, and (c) 5 vol.% HC. All images were taken at
%2500 magnification. C in HC and Al in Al,Os are highlighted with red and green, respectively, by energy dispersive X-ray spectroscopy (EDX) mapping.
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0.002 V (vs. Na or Li), and the upper cut-off voltage was set to
1.25V and 1.0 V for Na- and Li-cell, respectively. Between each
charge and discharge step, the cell was allowed to rest at open
circuit for a period of 5 minutes. After the initial three cycles,
the current was systematically increased up to 25,000 mA g~1. A
lower current of 5and 10 mA g~ was employed for testsat 10 °C.
For comparative analysis, the reversible capacities were
normalized based on the reversible capacity obtained at 25 mA
g 1. Using the rate-test data, the apparent diffusion coefficients
(Dapp) Were estimated from the slopes in the capacity — current
curves based on a spherical diffusion model using OriginPro®
(version 2025, OriginlLab).

Cyclic voltammetry (CV), potential-step chronoamperometry
(PSCA), and electrochemical impedance spectroscopy (EIS)
were performed on Na or Li coin-cells (half-cells) with a multi
potentiostat (VMP3, BiolLogic). During CV, the HC potential was
swept between 1.0 V and 0.002 V at a scan rate of 0.02 mV s
at 25 °C. The scan rate was subsequently increased up to 5 mV
s~1 to evaluate the scan-rate dependence. PSCA was performed
on 5 vol.% HC-electrode using cathodic potential steps from 1.0
V to 0.1V, and from 0.1 V to 0.002 V, then re-oxidized using
potential steps from 0.002 V to 0.12 V and then stepped to 1.0
V. Dapp Were extracted from slopes of linear part in In (i) = t
curves of the chronoamperogram data again based on a
spherical diffusion model (calculated in OriginPro® version 2025,
OriginLab). EIS was also performed on Na- and Li half-cells by
applying £10 mV amplitude AC voltage at different bias voltages
(ocv, 0.5, 0.06, 0.015 V). For the EIS measurements, the cell
was reduced galvanostatically using a current of 25 mA g
followed by a potential hold for 1 hour. Additionally, a 3-
electrode cell (TOYO system) and another potentiostat
(Squidstat Plus, Admiral Instruments) were partially used for EIS
data collection. The fittings of Nyquist plots were performed by
Z-Fit in EC-Lab version 11.61 (BiolLogic). The temperature
dependences of Na-/Li-insertion were evaluated by PSCA and
EIS after the high current testing in a range from 10 to 40 °C.
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b i
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Figure 2. Galvanostatic charge-discharge curves of HC diluted electrodes
in Na- and Li-cells. Plotted as (a), (b) areal specific capacities and (c), (d)
gravimetric capacities based on the HC mass.
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Electrochemical Characterization
Prior to conducting kinetic analysis of HC for LIBs and SIBs, we
prepared and characterized diluted electrodes with varied
amounts of diluent and active materials in the composite
electrodes. Herein, the diluted electrodes are referred based on
the active material content, i.e. 5 vol.% indicates a composite
electrode containing 5 vol. % active material, 5 vol. % binder and
conductive additive, and 90 vol.% Al,O3 both in Na and Li cells.
In Fig. 1 and Fig. S3, SEM observation confirms homogeneous
dispersion of HC and Al,O3 particles. Notably, in 5 vol.% HC-
electrode, there was no HC aggregation with the HC particles
isolated by surrounding Al,0s3. We note the electronic
conductivity was decreased by dilution with Al,O3 but
conductivities > 100 S m~1 were maintained even in the pressed
5 vol.% HC-electrode with 90 vol.% Al,Os. These values are
comparable to reported electric conductivity of electrodes for
lithium-ion batteries,?82° and we ensured a good electronic
pathway within the diluted electrodes by using SWCNT. The
diluted HC-electrodes were characterized using galvanostatic
charge-discharge and CV. As shown in the charge/discharge
curves in Figure 2a and 2b, dilution with Al;O3 leads to an
equivalent loss in the areal (and volumetric) capacities. In all
cases, the electrochemical profile is maintained with voltage-
slope and voltage-plateau regions, which are typically observed
for HCs. Aside, the pure diluted electrodes (95 vol.% Al,0O3 and
0 vol.% active material) show virtually no reversible capacities
in both Na and Li cells. In Figure 2c and 2d, the data have been
replotted using gravimetric capacities of the active materials
(details shown in Table S2). Slow constant-current charging with
25 mA g(e)~t shows constant values, ~ 240 mAh g(1c)™t and ~300
mAh g1 in Na- and Li-cell, respectively, for both diluted and
conventional electrodes which is consistent with previous
reports.”233031 For Na (Fig. 2c), the reversible capacities were

Potential / V vs. Na*/Na
0 0.1 0.2 0.3 0.4
T10vol% | !
y/ 40 vo(.%
95 vol.%

200+

100

-100

-200

200+ 40 vol.%
/10 vol.%

~ 95 vol.%

Current / mA g™

100

~100r 120 pvs!

-200

i i l

0 0.1 0.2 0.3 0.4
Potential / V vs. Li*/Li

Figure 3. Cyclic voltammogram of (top) Na- and (bottom) Li-cells using

various diluted electrodes with a scan rate of 20 pV s™%.
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similar regardless of the HC-concentration indicating good
electronic-conductivity, ionic-conductivity and porosity inside
of diluted composite electrodes. Furthermore, there was
negligible voltage hysteresis between charge and discharge,
indicating negligible ohmic-drop and high reversibility of the
reaction.? For Li (Fig. 2d), the gravimetric capacities increased
under dilution, which seems to be related to the pore-filling
capacity.” In addition, because SWCNT conductive additives can
show double layer capacitance, the obtained capacities can be
corrected by subtraction of the SWCNT capacity from the total
capacity of diluted electrode as shown Fig. S5 and Table S2.
Galvanostatic charge-discharge of cells having extremely
diluted-electrode have been reported to suffer from parasitic
capacity losses at tiny currents.?232 To determine the lower limit
of HC-concentration that allows us to evaluate (de)insertion
without significant side reaction, Na and Li coin-cells were
further investigated using CV in Fig. 3. A slow scan rate of 20 pV
sl was used to determine the redox peaks and precisely
compare the current of the HC-electrodes. In the Na-cell, the
redox peak splitting was continuously suppressed through
electrode dilution from 95 to 5 vol.% HC, attaining stable peak
currents of ~150 mA g for the cathodic- and anodic-peaks at
0.05 V and 0.1 V, respectively. As no further improvements
were observed lower than 5 vol.%, this strongly suggests the
sodium ion depletion in the interstitial space of the composite
electrode is resolved.  Therefore. the measured
insertion/extraction rates become limited by charge-transfer
resistance and solid-state diffusion of sodium in the HC
particles.118.23

In contrast, Li-cells showed only minor improvements in their
electrochemical behavior under dilution conditions. The
cathodic currents prior to plating ranged from 100 to 200 mA
g1 similar to the Na-cells, but no cathodic peak was observed
even in the diluted electrode. We believe this is due to the pore
filling mechanism occurring at very lower potentials close to
E° (Li*/Li).7 Still, a small negative shift of the anodic-peak
potential and some increase in peak current was observed by
electrode dilution. We note this minimal improvement in the Li-
cell implies that the lithium insertion/extraction rates of HC are
not limited by concentration overvoltage caused by depletion
of Li* within the composite electrode. Rather, the rates seem to
be more dominated by ion transfer at the particle surface or
within the HC particles, e.g. solid-state lithium diffusion. In the
2 vol.% HC-electrode in Li-cell, HC redox peaks were deformed
by the side-reaction capacity on SWCNT. Therefore, we can
conclude that 5 vol.% HC-electrodes are suitable to compare the
sodiation and lithiation kinetics of HC.

Rate-capability testing

Next, we evaluated the rate-performance of our diluted
electrodes (5 vol.%) and conventional electrodes (95 vol%) in Na
and Li cells. As discussed in the introduction, conventional
electrodes can show issues with ion supply to the active
material at high charging (reduction) rates, while diluted
electrodes can alleviate this transport issue to endure higher
rates as illustrated in Fig. 4a. Such measured rates should be
closer to the innate rate of the active material. As shown in the

4| J. Name., 2012, 00, 1-3

reduction curves for sodiation in Figure 4b, low-cugrentsef £.25
mMA gt showed constant values, ~2400RAK g PR NdZeM
for both diluted and conventional electrodes. Thereafter, the
reduction current was sequentially increased to 1,000 mA g1,
while the oxidation process was carried out using a constant
slow rate of 25 mA g-1. As the reduction current increased, the
plateau capacity decreased along with polarization attributed to
ohmic drop and electrochemical impedance, e.g. the charge-
transfer resistance and ion diffusion in the electrolyte, inside HC
and at their interface. Likewise, in the Li cell, diluted electrodes
showed reduced polarization and could obtain higher capacities
at higher rates compared with conventional electrodes.
The compiled results for the Na and Li cells are shown in Figures
4d and 4e, respectively, normalized to the capacities obtained
at a slow rate of 25 mA g1. For Na cells, the undiluted electrode
shows a rapid loss in accessible capacity to ~40% at relatively
slow rates of ~100 mA gc)™* (or ~0.4 C) due to increased
polarization and loss of access to the full voltage plateau. At
even higher rates, the accessible capacity continued to
gradually decrease toward < 10 % at 2,236 mA g(c)t. On the
other hand, 10 vol.% and 5 vol.% HC-electrodes demonstrated
improved rate performance that did not show such polarization
limitations. They could obtain 80 % and 40 % of the HC capacity
at rates of 1,000 and 2,500 mA g(uc)2, respectively. Overall, the
rate-capabilities of the diluted electrodes were much higher
than undiluted electrodes, suggesting the rate is becoming
limited by sodium insertion into HC.1%:23
The rate performance of lithium insertion was evaluated in the
same manner (Fig. 4e) and normalized with ~300 mAh gc)™?
obtained from cycling at 25 mA g1. The improvements by
dilution were much less noteworthy compared to the Na-cell,
and the capacities faded to ~60 % before 200 mA g1 even in
diluted HC-electrodes. The more negative potential of lower-
voltage-plateau attributed to their thermodynamics is one of
the factors resulting in less improvement in dilution. However,
after this initial loss in capacity, the remaining capacities (> 40%)
could be sustained up to 1,000 mA g regardless of HC-
concentration (Fig. 4e). Though the diluted electrodes tended
to perform better with sodium, concentrated electrodes with >
40 vol.% HC showed comparable rate-performances to diluted
electrode in the Li-cell, especially > 500 mA g-1. This is a bit
unexpected considering Na* transportation in the electrolyte is
faster than Li* due to its smaller Stokes radius and less
concentration overvoltage for the Na-cell.3334 There can be also
other factors that impact the final rate performance such as the
complex resistance in high HC-concentration as discussed later
(Section 3.4). Furthermore, the relatively smaller activation
energy correlating to SEI on conventional electrode,3> and the
capacity of the sloping region (above 0.1 V vs. Li*/Li) for
lithiation is relatively large compared with sodiation, and this
seems to enable such higher rate capability. We speculate this
may be related to the SEl, which are known to be different for
Na and Li systems,3¢ but also may be influenced by the diluted
electrode structure where may homogeneous SEl can be
formed on HC particles as same as microelectrodes.3”

For additional quantification of the insertion kinetics of
sodium and lithium into the 5 vol.% HC-electrodes, the apparent

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Rate testing at room temperature using electrodes at various HC-concentration. (a) Schematic image of the electrode condition during high-rate
reduction. Charge-discharge curves of undiluted and diluted HC-electrode in (b) Na-cells and (c) Li-cells. Rate capabilities of HC electrodes during insertion

process for (c) sodiation and (e) lithiation.

diffusion coefficients (Dapp) were estimated from the rate-
capability curves using Eq. 1.20.38,39

Ca a?
3 15D,

Q= Jm (€Y
Here we defined Q [mC gc)™t] as the reversible capacity of HC
obtained at each applied current, C [mol dm™3] as the
concentration of guest-ion in HC, a [cm] as the particle radius of
HC, and jm [MA ge)™] as the current applied. The capacity
decrease was proportional to the applied current, and Dapp Was
estimated by using only second term of Eq. 1 and the linear
parts of capacity decay (Fig. $6).38 At slow rates involving both
slope capacity (adsorption/intercalation) and plateau capacity
(pore-filling), Dapp of the Na-cell (5.7x107*! cm?2 s71) was found to
be faster than the Li-cell (5.6x10°12 cm? s71). There is an
additional capacity region with higher D,pp (4.5%10711 cm? s71) in

This journal is © The Royal Society of Chemistry 20xx

the Li cell, which is corresponding to middle-potential region
attributed to the lithium-insertion into narrow interlayer space
of the carbon planes.2 At faster rates which mostly involve
adsorption/intercalation, D,pp for Na and Li are quite similar at
5.8x10710 and 5.1x10719 cm? s71, respectively. The magnitude
orders and trends of obtained values are consistent with
previous reports of 10710-10-13 ¢m?2 s-1,40-42

The polarization of the charge-discharge curves was further
used to evaluate the charge-transfer resistance, R, of the cells
through Tafel plots. From the galvanostatic charge-discharge
curves using 5 vol.% HC-electrode, the cell voltages were
extracted at capacities of 25 and 100 mAh g1 during reduction
and 100 and 200 mAh g1 during oxidation (Fig. S7) to evaluate
polarization at slope- and plateau-region, respectively. As
shown in Fig. S8, these results are plotted as polarization (n)
versus the applied current at the HC electrodes. n was defined
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by subtracting the voltage from (dis)charge curves measured at
low currents. We note that the polarization of the counter
electrode is negligible in the dilute electrode similar to single-
particle measurements,443 so the differences in n can be
attributed to alkali-ion insertion/extraction at the HC-electrode.
Obtained values of n for sodium insertion were smaller than
that of lithium at high rates. Looking at the Tafel plots derived
from de-sodiation/de-lithiation (oxidation) at 200 mAh g1, Na
cell showed larger polarization which may be attributed to
increased resistivity at low SOC (Fig. S8a and right panel). Rt can
be estimated from the exchange current densities (jo) as shown
in Eq. (2) 1.

RT

Ret = —
“ " Fo

2

Here R is the gas constant, T is the temperature, and F is the
Faraday constant. jo were obtained by extrapolation from the
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Tafel region in the n-log(jm) plots of 25 mAh g-* duging.inserion
or 100 mAh g1 and 200 mAh g1 during [EXtrittisa/ Estiaeed
Rctin slope-capacity region at 25 mAh g1 were 105-128 Q mguc)
in the Na-cell and 103-114 Q mguc) in the Li-cell, respectively
(Fig. S8a). Furthermore, the insertion plateau-capacity region at
100 mAh g1 during extraction showed Rt of 70 Q mguc) in the
Na-cell and 105 Q mg(c) in the Li-cell, respectively (Fig. S8b).
These results suggest that the exchange current density of Na*
on sodiated HC can be comparable or slightly higher than Li* on
lithiated HC, relating to not only the electrochemical process at
the electrode/electrolyte interfaces, but also the SOC of
HCs.4445 Tafel plots deviated from linearity at higher currents,
implying the rate-limitation of mass transport in the HC
particles.’* Therefore, the rate-performance as shown in Fig.
4d-e can be majorly limited by the charge-transfer resistance.

As an additional comparison, we tested the rate capability of
lithium intercalation using natural graphite flakes with the
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Figure 5. PSCA for sodiation and lithiation of 5 vol.% HC electrodes. Chronocoulograms corresponding to potential steps (a) from 1.0 Vto 0.1 V and (b)
from 0.1 to 0.002 V in Na- and Li-cells under various temperature. (c) Relationships between temperature and relaxation times of sodiation/lithiation

obtained from chronocoulograms, and (d) corresponding Arrhenius plots.
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Figure 6. Chronocoulograms and corresponding chronoamperograms of 5 vol.% HC electrodes for the slope region of (a) sodiation and (b) lithiation, and
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diluted-electrode method as shown in Fig. S9. Using a 5 vol.%  than the adsorption/intercalation of lithium and sodium at HC.
graphite-electrode, where rates are not limited by Li* supply, we  On the other hand, our results also indicate these rates are
could obtain 75 % (at 755 MA g(graphite) t) and 41 % (at 1,891 mA  significantly faster than the pore-filling mechanism, which
8(graphite) *) Of the capacity at low lithium-intercalation rates. The leaves a point of focus for future research to further enhance
evaluated D,pp based on rate-capability curves using Eq. S3 in  the power capabilities of HC for LIBs and SIBs. We have
supporting information was 2.8x10710 cm? s™1. Overall, this observed similar kinetic advantages for sodium in ether-based
indicates that lithium diffusion coefficient into graphite is lower electrolytes (Fig. S10) using diethylene glycol dimethyl ether
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(G2), which is a well-known battery solvent which can form
robust and low resistive SEI on negative electrodes.*447 The
electrolyte, consisting of 1 M NaPF6 in G2, drastically improved
the sodiation rate-capability alike to previous reports.*¢ The 5
vol.% HC electrodes maintained > 90 % capacity at 2,500 mA g~
(~10 C) in the Na-cell. In comparison, the Li-cell containing 1.5
M lithium bis(fluorosulfonyl)amide dissolved in G2 also showed
enhancement in lithiation, but significantly less than the
improvements observed with Na-cells. Although detailed
kinetic analysis of other electrolytes and the role of the SEI
property is currently ongoing in our laboratory, these additional
results further reinforce our conclusion that sodium insertion
into this HC is intrinsically faster than lithium insertion.

Chronocoulometry and chronoamperometry

Next, we further investigated the kinetics of Na and Li
insertion/extraction using potential step chronoamperometry
(PSCA) at 5 vol.% electrodes.?248 In this case, the potential
control can be used to help separate the reactions
corresponding to different storage sites by assuming the slope
and the plateau regions. Figure S11a shows applied potential-
steps and resulting chronoamperograms for the Na- and Li-cells.
For the initial step from 1.0 V to 0.1 V regarding the slope region,
the reduction currents reached to ca. -7.5 A g! and quickly
decayed to 0 A g™1. As the potential was stepped lower to 0.002
V which includes the plateau capacity, smaller currents of ~-1.0
A g1 were observed (Fig. S11b). The Li-cell showed higher
current than the Na-cell due to the larger capacity for
adsorption/intercalation and electric double layer charging.
Chronocoulograms showed good reversibility of capacity for
slope and plateau region that are consistent with capacities
collected using galvanostatic charge/discharge (See Fig. S12).

(@) (b)

95 vol.% HC electrode

40 vol.% HC electrode

PSCA was also conducted at various temperatures;as showp;in
Figure 5a and 5b. The data wWételO koAleried /686
chronocoulograms for the slope and plateau regions. To
compare the reaction rate, the relaxation time (t) for formation
of NaCy or LiC, was defined as the time when capacity reached
to Q) that is 1-e71 (63.2 %) of the Q(scp), collected in Table. S3.
The obtained T are shown in Fig. 5c as a function of temperature.
The resulting t™a and 1 showed an inverse relationship with
temperature (in 40-10 °C) for the slope and plateau regions.
Interestingly, the ratio between sodium- and lithium-insertion,
Tna/Tii Were decreased, especially at lower temperatures (Fig.
5d). This implies that Na* insertion into hard carbon may be able
to attain faster charging rates at lower temperatures. As is well
known, relaxation time can provide a kinetic constant (k) and
activation energy (E.) as following Eq. 3 and Eq. 4, respectively:

Ty @)
- —1In (%) T )

Figure 5d shows In(t1) -T-1 plot and estimated E,. We found
that £, for sodium insertion at 56 and 54 kJ mol-! for the slope
and plateau region, were lower than lithium insertion at 65 and
66 kJ mol-2.

Under PSCA, we can also evaluate D,p, expressed by Fick’s
second law. Here we estimate the D, from linear parts of the
In(i)-t plots using a spherical model as shown in Eq. 5 assuming
5 vol.% diluted electrodes behave like single-particle electrodes.
48-50 The equation follows as:

In(i) = (= 2Dapp/a?)t + In(2nFAD,ppAC/a)  (5)
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Figure 7. Nyquist plots of electrochemical impedance obtained in 5th cycle of Na- and Li-cell with (a) 95, (b) 40, and (c) 5 vol.% HC electrodes.
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where a is the radius of the HC particles, t is the elapsed time
after the potential step, n is the charge of the diffusing species,
F is Faraday’s constant, A is the surface area of the particle, and
AC is the concentration change of guest-ion in particles induced
by the potential step. Ideally, the applicable time range is often
noted as greater than diffusion-characteristic time, a?/ 2 Dapp,
where after obtaining the concentration gradient in diffusion
matrix. The most effective advantage of this model is that we
can evaluate Dpp Without the second term including surface
area and concentration, because the first term allows us to
obtain D,pp from the slope in In(i) - t plots. Chronoamperograms
obtained from PSCA at 25 °C are shown in Fig. 6 with their
corresponding chronocoulograms. In both Na- and Li-cells, the
current associated with the slope region showed a rapid
decrease from In(|i|) = -7 to =10 within 500 s and a subsequent
slow decay until 3000 s (Fig. 6a and 6b). The obtained Dapp,¢
values were 2.6x1071° and 1.2x10719 cm? s71 at short times for
200 s and 300 s, respectively, which agreed with the results of
the rate-capability testing (see Fig. S6). This rate decreased to
4.1x1071! and 3.5x107%* cm? s7 (Dapp,iater) during the following
slow decays after 760 s for sodium-/lithium-insertion,
respectively.

When applying polarization into the plateau region, as shown in
Fig. 6¢c and 6d, linear parts of In(/)-t plots were observed
implying solid-state diffusion from insertion and pore-
filling.3.6.7.10 Sodiation maintained high currents >100 mA g1 for
1200 s, followed by a current decay to 1 mA g1 by 3000 s. The
former fast current decay partially had smaller values of a2/ 2
Dapp that implies a charge-transfer limiting process. We must
keep in mind some ambiguity in isolating these different
processes, but the obtained Dapp,r and Dapp,jater Were 2.5x10711
and 5.0x10711 cm? s71, respectively. This current behavior is
similar to the lithium insertion of Lis/3Tis;304 reported by Takami

This journal is © The Royal Society of Chemistry 20xx
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et al.,’> therefore, we also used a core-shell model faor.gaining
kinetic insight of the plateau region. D33 1GHE B350 &
lithiation were 5.2x10712, and 3.0x10712 cm?2 s71, respectively, in
good agreement with the rate-capability tests.

The temperature dependence of chronoamperograms and Dapp
were further investigated as shown in Figs. S13 and S14,
respectively. The log (Dapp)-T! plots are shown in Figs. 6e and
6f. Both Na- and Li-cells showed similar results to room
temperature measurements with almost the same shape for
the chronoamperograms between 10-40 °C. D, for the slope
region varied between ~10710-10-11 cm? s! for both sodium-
and lithium-insertion. These results agree well with self-
diffusion coefficients obtained from positive-muon spin
relaxation at ~10710-1011 cm?2 s~ for NaC, (HC), LiCs (graphite)
and LiCy> (graphite) in our previous reports.5152 On the other
hand, the plateau region delivered slower diffusion coefficient
in ~10719-1012 cm? s!, which is consistent with
charge/discharge rate testing where the plateau region
becomes inaccessible at high rates due to complex kinetic
factors, i.e., nucleation of pseudo-metallic clusters. Figure 6e
and 6f show corresponding E, calculated using Eq. 6;33

Dapp = A exp (i) 6)

where A is the pre-exponential factor, kg is the Boltzmann
constant, and T is the temperature. We found that £, for sodium
insertion at 53-54 and 55-59 kJ mol-1 for the slope and plateau
regions, and lithium insertion at 56-62 and 56-64 kJ mol-!
consistent with £, obtained from t of chronocoulogram (Fig. 5d).

Electrochemical impedance spectroscopy

As a final analysis of these two systems, we focused on EIS as
shown in the Nyquist plots for the Na- and Li-cells (Figure 7)
using 95, 40 and 5 vol% HC-concentration electrodes. The EIS
measurements were performed at OCV, 0.5V, 0.06 V and 0.015
V during the 5th galvanostatic charge/discharge cycle. Aside
from the half-cell, we also evaluate the impedance of symmetric
cells of Na or Li metal disks as shown in Fig. S15. According to
the frequency response in the half- and symmetric-cells, the
semicircles at higher and lower frequencies are mostly
attributed to the counter and the working electrodes,
respectively.>*

Moving from OCV to 0.5V, all cells showed impedance decrease
at low frequencies with electrochemical reduction of HC as
previously reported.>*55 Interestingly, cells using electrodes
with higher HC-concentration, i.e., 95 and 40 vol.% in Figs. 7a
and 7b, showed an increase in resistance was observed at 0.06
V and 0.015 V. Furthermore, expansion of the semicircle
between 2,000-1 Hz in the Na cell and an additional semicircle
developed between 1-0.01 Hz in the Li cell, regardless of
whether there were dilutants. Even in 3-electrode cells using 40
vol.% HC-electrodes (Fig. S16a and S16b), the increase in
impedance was pronounced after reaching potentials
corresponding to the plateau region in both Na and Li cells;
lower than 0.06 V vs. Na*/Na and 0.015 V vs. Li*/Li, respectively.
Simultaneously, as shown in magnified Nyquist plots (Fig. S16c
to S16d) and Bode plots (Fig. S17), there were apparent
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expansions of the higher frequency semicircle at > 100 Hz, that
we can attribute to guest-ion transportation in porous
structures,>® contact resistance between particles,5’>° and
inhomogeneities of SOC.4>60-62 |nterestingly, during the
extraction process shown in Figs. S16e-S16h, the impedance
decreased until 0.08 V and then increased again at 0.6 V,
especially in the Na-cell. We speculate that the increasing
impedance in higher HC-concentration may be caused by an
inhomogeneous SOC distribution of the HC particles throughout
the composite electrode which occurs due to the guest-ion
depletion (Fig. 4a) during the insertion process. This drastic
guest-ion consumption could be a factor that results in lower
rate capabilities of the Na-cell, therefore, it should be
considered when designing the high-power HC electrode for
optimizing the fast transport of solvated Na* in electrolyte.33.63
On the other hand, using 5 vol.% HC-electrode (Fig. 7c) that can
suppress the concentration overvoltage in the electrolyte, led
to smaller impedance during electrochemical reduction from
0.5 V to 0.06 V. Simultaneously, total impedance becomes
larger up to 600 Q because of low loading of HC. The Na-cell
showed an unclear semicircle attributed to HC at frequencies
lower than 25 Hz and was difficult to deconvolute to two
parallel components with good reproducibility. Figure S18 and
Figure S19 show the Nyquist plots of cycled electrodes (after
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high-current testing). We used the equivalent circuit shownip
Fig. S20a for analysis regarding the wide!sémigirdlesSidrated
around 1 Hz. A slightly different equivalent circuit, shown in Fig.
S20b, was applied to the Li-cell to accommodate the larger
semicircles located around 5.5 Hz and 0.02 Hz, attributed to HC
and side reactions at other components such as SWCNT,
respectively. Also to accommodate the absence of capacitive
behavior at lower frequencies. Figure 8 and Table S4 show
evaluated R values which were normalized based on the HC
mass. The resistance obtained in 25 °C at 0.5 V, 83 Q mgcq) in
Na cell and 101 Q mgc) in Li cell were consistent with R
estimated from Tafel plots (See Fig. S8). When the electrodes
were electrochemically reduced from 0.5V to 0.06 V, both cells
showed a decrease in their Ry, and those values remained
nearly constant after further reduction to 0.015 V as reported.*0
Through log (Rct™) — T-1 plots shown in Fig. 8b-c, we found that
sodiated-HC at the higher SOC (0.06 V and 0.015 V) has smaller
Rt compared with lithiated-HC in agreement with our PSCA
results (Fig. 5c¢). E. were extracted from log (R«1) — 71 plots
using Eq. 7:40

E
Rzt =Aexp (— ﬁ) @)
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Figure 9. The summarized results of Ea for (a) sodiation and (b) lithiation of HC from our various measurements; Ea, during insertion process obtained
from t of chronocoulogram, Dapp,later €stimated from PSCA, and R.: evaluated by EIS.

10 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07762a

Page 11 of 14

Open Access Article. Published on 15 Dezember 2025. Downloaded on 15.12.2025 17:59:32.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Here, A is the pre-exponential constant, and R is the universal
gas constant. Electrochemical reduction from 0.5 V and 0.06 V
increased E, in the both Na- (57 kl mol™1) and Li-cells (54 kJ mol-
1) to 63 kJ mol-1. However, upon further reduction to 0.015 V
the E, increased for lithiation while decreasing for sodiation, as
summarized in Fig. 9. We can regard values of E, during the
insertion process obtained from t of chronocoulogram, Dapp jater
estimated from PSCA, and R.: evaluated by EIS are representing
the entire reaction in slope/plateau region, the solid-state
diffusion, and the charge-transfer, respectively. Evaluating E, of
Na insertion using R« provided similar results to thatobtained
from tin Eq. 4 for the slope region from 1.0 V to 0.1 V. On the
other hand, E; increased in the middle of the plateau at 0.06 V.
Finally, these E, were converged to same order in E; of Dapp jater
at 0.015 V at the end of the plateau (Fig. 9a). This result implies
that the plateau region accompanying pseudo-metallic cluster
formation becomes the rate-determining step of full sodiation
of HC. Furthermore, it can suppress the kinetics of other
elemental reactions, i.e., desolvation and diffusion of sodium
ions/atoms in pseudo graphitic-layer® during propagation of
cluster into inner-pores like core-shell model,*> as illustrated in
reaction coordination. On the other hand, greater E, attributed
to T and R for Li insertion was observed even in the lowest
potential implying that the higher energy for Li clustering can
limit Li-insertion rate in plateau region, and there might be
homogeneous filling into inner-pore not following the core-shell
model.

In total, our various results indicate sodium insertion into this
HC is faster than lithium. Here the origin of this advantage of
sodiation is speculated as follows: i) weak interaction between
sodium atoms and defects in graphene sheet, ii) less sodium
atom occupancy in the interlayer space, and iii) less nucleation
energy of the pseudo-metal clustering within the nanopores.
For point i), DFT calculations indicate that lithium has stronger
interactions with carbon than sodium.2464-66 The HC used in this
study also contains sulfur at elemental compositions of ~1 wt.%
as shown in Fig. S2c, which may form sulfur-containing defects
in the graphitic interlayers. Like carbon, these sulfur defects
may show weaker interactions with sodium that enable easier
sodium ion migration at the vicinity of the defects compared
with lithium.®7 For point ii), according to reports revealing the
storage site, less sodium is stored in interlayer space of HC
compared with Li*.256 The reported selectiveness of this storage
site in HCs may enhance sodium diffusion and prevent trapping.
Finally, for point iii), Li et al.,2* Morita and Gotoh et al. 7.64 have
reported that pseudo-metallic Na clusters are more
energetically favorable in HCs with similar micropore size as our
HC. In addition, Aniskevich et al. found that sodium diffusion
includes transport from the interlayer to the pore that can limit
the sodiation rate.>* Our estimated activation energies obtained
from temperature testing are consistent with these previous
result.

Conclusions

In this study, we have used the diluted electrode method to
deeply investigate the kinetics of sodiation and lithiation at HC.

This journal is © The Royal Society of Chemistry 20xx
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Based on charge/discharge testing, CV and RSCA..under
temperature control, the solid-state diffusidnlthlHE/RB5FEYAGES
be faster than liquid-state transportation within the electrolyte
found inside the composite electrode porous network. This
leads to serious rate-limitations with inhomogeneous SOC
across the composite electrode bulk. In diluted HC-electrodes,
Na cells showed remarkably higher rate-performance than Li,
where we could obtain 80 % and 40 % of the full capacity at
rates of 1,000 and 2,500 mA gc)1, respectively, with proper
accessibility to the plateau region. For the Li case, we found less
impact by using the dilute electrode method with rapid fading
to ~60 % at low charging rates of 200 mA g-1. However, the
undiluted electrodes showed a good rate capability that
remained > 40 % up to 1,000 mA g1 for lithiation, which was
improved over sodiation at the undiluted HC-electrode showing
a capacity of only 40 % up ~100 mA gc)~*. This discretion is
likely depending on the contribution of complex resistances
associated to composite-electrodes structure as rate limiting.
Overall, the rate capability of sodium insertion was determined
to be faster and show less impedance compared with lithium
insertion at the same HC, as well as comparable to the lithium
intercalation into diluted graphite-electrodes. The estimated
Da.pp and E, for sodiation and lithiation showed differences in
pseudo-metallic cluster nucleation during pore-filling, but
similar Na*- and Li*-diffusion rates during adsorption and
insertion into the interlayer. Our results suggest interesting
capabilities for fast sodiation of HC can be investigated by the
dilute electrode method and a core-shell model, which may be
similar with high-capacity HCs as developed in our laboratory.
Further studies relating to HC structure,’ electrolyte,
electrolyte additives, binder, and other alkali-metal ions i.e.,
K+,68 Rb*6 and Cs*79, furthermore, alloys,”! layered oxides,
polyanion compounds, and Prussian blue analogues3463.72 are
currently ongoing.
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