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Mechanical Stress Reveals Asymmetry of Sodiation
and Desodiation of Hard Carbon
Stefan Mück, Dominik Kramer,* Krishnaveni Palanisamy, Christine Kranz, and Reiner Mönig

Sodium-ion batteries (SIBs) are an important and environmentally
friendly drop-in technology for widespread lithium-ion batteries.
Currently, hard carbon (HC) composite electrodes are considered
to be the most promising anodes for commercial SIBs. Still,
research is required to improve hard carbons to reduce irrevers-
ible losses during the first cycle and to gain a better understand-
ing of how their structure correlates with their electrochemical
performance. Herein, a HC composite electrode is investigated
by operando substrate curvature measurements to determine
mechanical stresses and infer volume changes during operation.

These mechanical data in conjunction with electrochemistry are
used to compare different reaction pathways proposed in the lit-
erature. It is observed that sodium loss in the first cycle does not
lead to large changes in volume. The mechanical data agree with
the model based on intercalation and pore filling. A strong asym-
metry in the volume of the HC between sodiation and desodation
is identified and explained by modifications of the model: inter-
calation and pore filling are mostly sequential, but both mecha-
nisms interact so that sodium deposition into and dissolution
from pores occur at different levels of intercalation.

1. Introduction

For many applications, sodium-ion batteries (SIBs) are considered
to be promising alternatives to lithium-ion batteries (LIBs). SIBs
are of interest as a cost-efficient drop-in technology because
of their improved sustainability compared to LIBs resulting from
their nontoxic and abundant raw materials. The common anode
material of LIBs is graphite. With sodium as the insertion ion,
graphite only shows minor capacities due to the thermodynamic
instability of sodium-rich binary graphite intercalation com-
pounds.[1] For SIBs, hard carbon (HC) is the material of choice
due to its low electrochemical potential (close to Naþ/Na), high
storage capacity (200–400mAh g�1),[2] and nontoxicity.[3] HCs are
low-cost materials due to cheap precursors. Often, synthetic
organics or biomass are used, e.g., cellulose or lignin, which
can be derived from biowaste.[4–6] In comparison to graphite,
HCs show a highly disordered structure.[7,8] The macroscopic
structure of HCs can be described by discrete fragments of gra-
phenic sheets that are nonplanar, bent, buckled, twisted, and/or

rumpled. Due to van der Waals forces, the graphenic sheets can-
not be unfolded or flattened and are locally stacked in a highly
turbostratic structure.[7,8] At a larger scale, HCs contain graphene
layers with rather random orientation and voids[9,10] covering a
wide range of sizes and forms. These voids can have diameters
up to 25 nm, and the surface area of HCs ranges from less than 10
to over 100 m2 g�1.[11–18] The resulting structure is often illustrated
by the “house of cards” model first proposed by Stevens and
Dahn.[9]

The sodiation of HC shows a typical potential–capacity profile
with two distinct regions. The region with a potential above 0.1 V
against Naþ/Na is called the sloping region and the region below
0.1 V plateau region.[19,20] Despite extensive research, the detailed
storage mechanisms are still under debate. Mainly, three possible
active sites for Naþ ions are discussed. These are defects (e.g.,
vacancies, impurities, and dislocations), interlayer spaces, and
nanopores. Based on these sites, four different storage models
for HC are reported in the literature: the “intercalation filling,”
“adsorption intercalation,” “adsorption filling,” and “adsorption
intercalation filling” (also known as the “three-stage model”).[3]

In these descriptions, the first term describes what happens in
the sloping region, while the second and third terms (if they exist)
describe the mechanism(s) associated with the plateau region.

Sodium storage at the different active sites in HC leads to dif-
ferent volume changes and therefore different stresses in the
electrode. It has been reported in the literature that changes
in the volume occur due to the increase of interlayer spacing dur-
ing sodiation.[21,22] Measurements of volume changes by dilatom-
etry[23] or mechanical stress by substrate curvature[24] were
already performed to gain insight into the storage mechanisms.
Both reports describe their data using the “intercalation-filling”
model, where sodium intercalation takes place in the sloping
region and filling of the nanopores occurs in the plateau region.
Here, we further investigate the Naþ-ion storage in HC electrodes
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by the operando substrate curvature technique to explore the
reaction pathway. In contrast to previous studies,[23,24] we inves-
tigate the rate dependence of HC and focus on the reversibility of
sodium insertion and extraction over several cycles.

2. Experimental Section

Borosilicate glass cantilevers with a thickness of 155 μm and an
area of 14 mm� 5mm were used as substrates for the curvature
measurements. They were coated by 15 nm of tungsten that
serves as an adhesive layer and an additional 25 nm of copper
that serves as the current collector. After deposition of the metal
films, the cantilevers were spray coated with a HC composite
material. For all coated cantilevers, except for the ones used in
the galvanostatic intermittent titration technique (GITT) measure-
ment, the following composition was used: 93 wt% HC (Kuranode
type II 9 μm, Kuraray), 1.4 wt% conductive carbon (Vulcan XC72R),
1.87 wt% CMC, and 3.73 wt% SBR. For the GITT experiment, a
composition of 85 wt% HC (Kuranode type II 5 μm, Kuraray),
5 wt% CMC, and 10 wt% conductive carbon (Vulcan XC72R)
was used. The second composition showed stronger changes
in stress-thickness and allowed easier tracking of stress-thickness
relaxations. Although the height of the stress response differs
between both cantilevers due to their different composition
and density, the general trends that we observe are the same.
The coating of the cantilevers was performed using a spray
gun. A detailed description of the spray-coating procedure can
be found in Palanisamy et al.[25] The cantilevers were covered
by a masking tape to provide a 4mm� 5 mm HC-free area for
the electrical contacts. After spray coating, the cantilevers were
dried overnight at room temperature and afterward in a vacuum
at 90 °C for 16 h. The cantilevers were stored inside an argon-filled
glove box (O2, H2O < 0.3 ppm) until usage. Details on mass load-
ing and spray-coated areas of all cantilevers used in this work can
be found in Table S1, Supporting Information.

The experimental setup which was used for the curvature
measurements was developed by our group in the past[26] and

is depicted in Figure 1. The setup was optimized for laser-based
measurements through the optical window of a custom-made
electrochemical test cell (Figure S1, Supporting Information). As
illustrated in Figure 1, the cantilever was clamped within the test
cell and functioned as the working electrode. A three-electrode
configuration was employed to enhance the accuracy of poten-
tial measurements. Na metal (99.95% Alfa Aesar) was used as
both counter and reference electrode. After assembly, the elec-
trochemical cell was filled with about 0.6 ml electrolyte contain-
ing ethylene carbonate (EC) and propylene carbonate (PC), in a
1:1 volume ratio and 1 M NaPF6 salt. The water content of less
than 3 ppm (determined via the Karl Fischer Titration) was
achieved by drying the electrolytes for at least one week with
4 Å molecular sieve (Sigma-Aldrich). The cell was hermetically
sealed by a sapphire window as depicted in Figure 1. After
assembly, the cell was transferred from the argon-filled glove
box to the curvature setup. To measure the stress-thickness,
two laser beams (Schäfter þ Kirchhoff 51nanoFCM) entered
and left the test cell through the transparent sapphire window.
The laser beams were reflected at the back of the cantilever, and
their position (deflection angle) was recorded by a CMOS cam-
era (Pixelink PL-B782F) located at a distance of 170–210 mm
from the cantilever located inside the cell. Two laser beams were
used to exclude the region of the clamp with its irregular stress
field from the collected data. More details of the substrate cur-
vature measurements on battery materials can be found in
another study.[27] Applying straightforward trigonometric calcu-
lations, the deflection angles and radius of curvature for the
region between the two laser spots were determined. The elec-
trochemical experiments were performed using a commercial
battery cycler (VMP3, Bio-Logic SAS). The camera data (40 Hz)
and the electrochemical data from the VMP3 were recorded
with a LabVIEW program. To suppress curvature changes due
to temperature fluctuations caused by the different thermal
expansion coefficients of the composite electrode materials
(polymer, metal, and ceramic), the setup was located inside a
thermally isolated box. A Peltier-based active temperature con-
trol was used to keep temperature fluctuations below � 10 mK.

Figure 1. Schematic of the substrate curvature experiment adapted from another study.[26]

ChemSusChem 2025, 00, e202501272 (2 of 9) © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

ChemSusChem
Research Article
doi.org/10.1002/cssc.202501272

 1864564x, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202501272 by K
arlsruher Institut für T

echnologie, W
iley O

nline L
ibrary on [04/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.1002/cssc.202501272


All experiments were performed at a constant temperature of
20 °C.

In the early 20th century, Stoney developed the following
relation.[28]

σfhf ≈
Esh

2
s

6ð1� νsÞ
� 1
R

(1)

For a film that is much thinner than the substrate ðhf � hsÞ,
the stress-thickness product σf ⋅ hf is proportional to the force at
the interface between electrode and substrate and linearly cor-
relates with the inverse radius 1/R of the film–substrate bilayer. In
this case, the mechanical properties of the investigated film are
not required for the calculation of the stress-thickness, i.e., with
Es, νs only the elastic mechanical parameters of the ceramic sub-
strate are needed.

Here, films that have about one-tenth of the thickness of the
underlying substrate were used, and the assumption of a thin film
is not fully valid. Moreover, for a porous composite electrode, the
source of mechanical stress is the volume expansion of the active
material. The active material is mechanically interlinked by a com-
pliant elastic binder that mitigates the stresses of the volume
expansions and leads to a reduced stress at the current collector
and the underlying substrate. Therefore, the stress-thickness
product is expected to correlate with the volume expansion
and shrinkage of the active material in an approximately linear
manner—for example, see the roughly linear behavior of a
two-phase reaction with volume expansion during lithium inser-
tion.[29] This correlation between stress-thickness and volume of
the active material strongly depends on the amount of binder in
the composite electrode and its elastic modulus.[30] In this work,
only relative volume changes were investigated, and the stress-
thickness product was reported since it can be assumed to be
proportional to the volume change of the HC. No attempt was
made to quantify volume expansions or report accurate stress
levels in the HC.

For the electrochemical cycling, a voltage window of 5 mV to
2 V and a current of 10 mA g�1 were chosen. In addition, the GITT
was applied in parallel with the operando substrate curvature
investigations after the first five cycles. The same current of
10mA g�1 as used in the galvanostatic experiment was chosen
for all current pulses of the GITT measurements, and the duration
of a pulse was 1 h, which was followed by a 30min open-circuit
potential (OCV) step. In single-phase regions, when no changes in
the storage mechanism were present, diffusion coefficients can
be calculated based on Fick’s law according to Equation (2).[31]

In two-phase regions, it can be problematic to interpret GITT data
with respect to diffusion kinetics. Nevertheless, this is often per-
formed, and the results are then termed “apparent diffusivities.”
In Equation (2), τ is the current pulse time, and mAM, Vm, and MAM

are related to the active material and are its mass, molar volume,
and molar mass. S is the area of the contact surface of the elec-
trode. ΔEs and ΔEt are the voltage difference during the OCV
phase and the current pulse excluding the IR drop contribution
(Figure 2). All other parameters were either constant parameters
from the experimental setup or the electrode under investigation.

Because in our case S is not known and for this work only relative
changes of the diffusivity are of interest, only ðΔEs=ΔEtÞ 2 values
are reported in this work.

eDGITT ¼
4
π τ

mAMVm

MAMS

� �

2 ΔEs

ΔEt

� �

2

, with τ � L2

eD
(2)

3. Results

When operated in a typical potential range of 2 V to 5mV versus
Naþ/Na, the electrochemical potential of HC shows two distinct
regions (sloping> 0.1 V and plateau region< 0.1 V), which can be
seen in the black curve recorded with a current of 10 mA g�1

(Figure 3). Shown in blue are the recorded stress-thickness values
of the operando substrate curvature measurements during the
galvanostatic cycling. An evolution toward negative stress-
thickness values represents increasing compressive stress, and
a motion in the direction of positive values corresponds to
increasing tensile stress. The stress-thickness values were defined
to be zero at the beginning of cycling. The data correlates well
with the two regimes observed in the electrochemical potential,
showing a large change in compressive stress during the sloping
region and a much smaller change during the plateau region. At
the end of the sodiation, a stronger increase of compressive stress
can be observed. The stress-thickness values corresponding to
the same state of charge during sodiation and desodiation are
not the same but show a pronounced hysteresis. Substrate cur-
vature experiments on composite electrodes typically contain
drift that we attribute to changes in the electrode structure
and/or binder motion. This is not the case here, and the initial
stress-thickness of 0 Nm�1 is almost completely recovered after
each cycle. For a detailed comparison of the first five cycles, the
potential and stress-thickness curves are plotted against capacity
for cycles one, two, and five in Figure S2, Supporting Information.
The first cycle shows a large irreversible capacity of 112mAh g�1

as determined by the comparison of half cycles one and three.
Despite this large irreversible capacity, there are only minor differ-
ences in the stress levels between these half cycles. The largest
difference occurs within the sloping region of the first half cycle,
where the slope is reduced in both voltage and stress-thickness.
Besides the difference in the sloping region, half cycles one and

Figure 2. Schematic of the GITT technique derived from another study.[12]
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three are comparable. There is a small dip directly at the begin-
ning at 8 mAh g�1 (0.8 h). The stress-thickness plateau during
sodiation is less pronounced in later cycles when compared to
the first and second cycles.

3.1. Variation of the Level of Sodiation

To investigate the mechanical response of the sloping and the
plateau region in more detail, partial galvanostatic cycling of a
HC cantilever was performed by consecutively increasing the
charge corresponding to different levels of sodiation, as shown
in Figure 4. While the voltage data is rather reversible between
sodiation and desodiation within the five cycles, the mechanical
stress data changes, and features emerge in cycles four and five
that are strongly asymmetric. This effect correlates with the pla-
teau region of the HC: the stress-thickness value of the plateau
that is present during desodiation is affected by the degree of
sodiation in the previous half cycle. For example, after a sodiation
of 180 mAh g�1 (cycle 4), the stress-thickness of the desodiation
plateau is around �40 Nm�1, and for full sodiation (cycle 5),
the very pronounced desodiation plateau is higher at �36 Nm�1.

The hysteresis in the stress-thickness curve increases with the
level of sodiation.

3.2. Effect of Rate

Cycling at higher rates leads to smaller capacity and stress-
thickness range (the difference betweenminimum andmaximum
within a cycle) as depicted in Figure 5, where the rate was varied
between 20 and 480mA g�1, respectively. The observed reduced
capacity at higher rates is due to a shortening of the plateau
region. In general, increased rates show an increase in the hys-
teresis in the electrochemical potential and a decrease in the hys-
teresis in stress-thickness.

3.3. Galvanostatic Titration

To address the dynamics of the electrode, we performed GITT
measurements in our substrate curvature experiment on HC
(Figure 6). The blue and grey curves are the stress-thickness
and electrochemical potential data of the GITT experiment, which
was performed during stable cycling. Immediately after the GITT,

Figure 3. Stress-thickness data of the first five galvanostatic cycles of a HC composite electrode. A current of 10 mA g�1 was applied with a voltage win-
dow of 5 mV–2 V versus Naþ/Na. The dashed gray line shows the electrochemical potential stretched by a factor of 10.

Figure 4. Stress-thickness data and electrochemical potential of the partial galvanostatically cycled HC composite. A current of 10 mA g�1 and the upper
potential of 2 V are used. With increasing cycle number, the current is reversed after a capacity of 70 mAh g�1, 100mAh g�1, 140 mAh g�1, or 180 mAh g�1

is reached. The last cycle is a full cycle to 5 mV.
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a constant current experiment was carried out without the inter-
rupts during GITT. It was performed at the same cycling rate
which was used for the galvanostatic periods of the GITT experi-
ment. In Figure 6a, this curve is stretched in time by a factor of 3/2
and overlaid on the GITT data to serve as a reference. The good
agreement between both curves indicates that the interrupts do
not affect the progression of sodiation and desodiation. The black

dots represent ðΔEs=ΔEtÞ 2, which is proportional to the apparent
diffusivity (Equation (2)). The values are determined from the
measured potential changes during the current pulse (ΔEs)
and the OCV phase (ΔEt). During sodiation, the apparent diffusiv-
ity is relatively constant within the sloping region, followed by a
strong decrease in the early plateau region with little change until
32 h, where the diffusivity increases again. During desodiation
and directly after reversing the current, the diffusivity values
remain high for a short period of time. During further desodiation,
the diffusivity decreases, staying at a minimum, and then, around
55 h, it rises again. The mechanical relaxation data again show a
strong asymmetry between sodiation and desodiation, which is
shown by the blue dots and highlighted with the bright blue area
in Figure 6b. The relaxation in stress-thickness changes its sign
after the current is reversed. This is not the case for the apparent
diffusivity. Even when absolute values are considered, the data of
the stress relaxations show less symmetry between sodiation and
desodiation than the apparent diffusivity. A significant continu-
ous increase in stress relaxation occurs at the end of the sodiation
(starting at 28 h) until the current is reversed for desodiation.
During desodiation, the relaxations in stress-thickness remain
at relatively small values below 10 Nm�1. It seems that the onset
of the increase in stress relaxation and diffusivity in the plateau
region correlates.

4. Discussion

Substrate curvature measurements can provide complementary
information to the electrochemistry.[24,26,27] Especially for HC elec-
trodes, a large fraction of the reaction takes place at low

Figure 5. a) Potential and b) stress-thickness values versus capacity for dif-
ferent rates from 20 to 480mA g�1 of a composite HC spray coated on a
cantilever.

Figure 6. a) GITT of a cantilever spray-coated with HC composite. After the GITT experiment with its interrupts, a continuous experiment is performed for
51 h. It was performed at the same rate as the galvanostatic periods of the GITT experiment. It is stretched by a factor of 3/2 and overlaid on the GITT data
for clarity. The cutoff potentials are 10mV and 2 V versus Naþ/Na. The length of the current pulses is 60 min, and the OCV phases are 30min. b) Blue dots
show the difference in stress-thickness between the start and end of the OCV phases. The mechanical relaxation data show a strong asymmetry between
sodiation and desodiation, which is highlighted with the bright blue area. The black dots represent changes in the potential. They were calculated from
the voltage changes during OCV according to Equation (2).
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potentials and only small changes of the electrode potential
occur. Here, we additionally measure the mechanical stress-thick-
ness of the electrode to investigate the reaction of the composite
HC electrode with sodium. For porous composite electrodes with
soft binders as used here, stress-thickness can be considered to
be proportional to the change in volume of the active material.
The data in Figure 3 shows the high sensitivity of the substrate
curvature method. The mechanical data originates from the elec-
trochemical processes and contains many features. For example,
in Figure 3, the plateaus in the stress-thickness are clear, and their
surroundings are well resolved. The operando cells are stable, and
the HC electrodes are sufficiently reliable, as shown from the
reproducibility of the data between samples (Figure S4, S5,
and S7, Supporting Information) and from cycle to cycle
(Figure 3). For each sample and cycle, the stress-thickness level
of the sodiation and desodiation plateau and the stress-thickness
range are shown in Figure S7, Supporting Information. In this
work, we compare electrochemistry and volume changes to infer
reactions of HC with sodium. First, we focus on the sodium loss in
the first cycle, and second, we investigate the reaction pathway at
later cycles with a particular focus on its reversibility.

4.1. Sodium Loss during First Cycle

During the first sodiation, HC electrodes always experience losses
in capacity. According to the literature, these losses are related to
the structural features of the HC and the electrochemical condi-
tions. Values for the initial Coulombic efficiency range between
73.6% and 95%.[19] Our spray-coated composite HC cantilever-
based electrodes show initial Coulombic efficiencies that are
lower than the values reported in the literature, with values
between 67% and 74% (Figure S2, Supporting Information). In
our test cell, the spray-coated electrode with its high surface
to volume ratio is immersed within large amounts of electrolyte.
This may lead to reduced Coulombic efficiencies. To date, the loss
of sodium in the first cycle is not yet fully understood, and dif-
ferent underlying mechanisms are discussed in the literature.[19]

Reactions that are often considered are 1) the growth of SEI,
2) trapping of Na in the active material, and 3) possible side reac-
tions with components of the electrode such as binder or con-
ductive carbon.[19] We expect that these side reactions all
affect the volume change of the first sodiation cycle in different
ways. The data in the literature is not coherent: electrochemical
dilatometry of HC carbonized at different temperatures reported
in the supplemental data by Alptekin et al.[21] shows an irrevers-
ible increase in volume in the first cycle of HC that strongly
depends on the structure of the HC. A close inspection of the data
presented in Escher et al.[23] shows that even a shrinkage can
occur in the first full cycle.

Despite the large differences in the capacity of the first and
the second sodiation cycles, the stress-thickness values after both
cycles are very similar in Figure 3. This means that the irreversibly
stored sodium does not lead to a change in the volume of the
electrode. Based on the measured capacities in the sloping
and plateau regions, it can be concluded that most of the sodium

losses occur in the sloping region of the first cycle (Figure S3,
Supporting Information). The plateau region contributes less to
the irreversibility.

The stress-thickness in Figure 3, S2, Supporting Information,
shows a strong drop within the first ≈50min (8 mAh g�1) of sodia-
tion leading to a minimum and a subsequent slower rise of com-
pressive stress. We interpret the initial evolution of stress by a
strong expansion of the structurally more or less undistorted
HC caused by the insertion of relatively small amounts of sodium.
The minimum may be caused by the onset of larger structural
changes of the electrode. After overcoming the minimum, the
stress data is linear again between ≈1 V and ≈0.1 V (�40 Nm�1

and �115 Nm�1) but exhibits a reduced slope (Figure S2b,
Supporting Information) compared to the second insertion.
This smaller volume increase per charge is probably caused by
larger structural changes of the electrode. During the first sodia-
tion, the capacity between 1 V and 0.1 V is increased compared to
the second sodiation, while the changes in volume (stress-thick-
ness) are similar. This implies that sodium is irreversibly stored in
the HC matrix or in defects where it does not contribute to the
volume expansion of the active material. With our method, we
cannot separate and quantify the different components of Na loss
(i, ii, and iii above). Side reactions with the binder or carbon black
(iii) cannot be fully excluded, but the large irreversible capacities
observed in our experiments in combination with the limited con-
tributions of these components (5.6 wt% and 1.4 wt%) reveal that
these side reactions are probably not significant. Moreover, irre-
versible SEI formation 1) would lead to a volume expansion and
cannot cause a contraction and therefore is not compatible with
the reduced volume expansion per charge that is measured dur-
ing first sodiation. Figure S6, Supporting Information, shows data
from a cell with a different electrolyte that is expected to lead to a
different SEI. The characteristics of the stress-thickness data are
not altered. In contrast to the side reactions 1) and 3), a structural
change of the active materials during sodiation 2) appears to be
likely based on the observed characteristic shape of the stress-
thickness data: first, there is a high slope of the stress-thickness,
i.e., a large volume change per sodium atom that may be due to a
solid solution or topotactic insertion of sodium. Second, a mini-
mum in the stress-thickness forms, which may be caused by the
nucleation of a sodium-rich phase where excess compressive
stresses are needed to overcome the yield stress of one of the
two interacting phases. Third, a linear increase in stress with a
lower slope is probably caused by a phase coexistence where
the sodium-rich phase gradually grows at the expense of the ini-
tial HC.

4.2. Asymmetric Sodiation and Desodiation

The storage mechanism of sodium in HC has not yet been fully
clarified. In the rest of this discussion section, we are going to
combine our mechanical and electrochemical data to investigate
the reaction pathway during operation of the cell beyond the ini-
tial cycle. The general trends in our data can also be found in
electrochemical dilatometry data where electrode thickness
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was directly recorded.[21] The investigations based on substrate
curvature measurements[24] and dilatometry[23] suggest the inter-
calation of Naþ ions in the sloping region and pore filling in the
plateau region. Also, operando Raman spectroscopy measure-
ments support this sequence.[16,32] These and other studies are
in line with the intercalation-filling model proposed by Stevens
and Dahn.[33] Pore filling on the plateau region is also confirmed
by NMR measurements.[34] All of these operando measurements
either suggest or cannot rule out the possibility of Na adsorption
at defect sites during the sloping region, which was suggested by
Alptekin et al.[35] Our stress-thickness data correlates with volume
changes, and we expect very little sensitivity to surface effects
such as the adsorption of Naþ-ions.

At first glance, with its sequence of sloping regions and pla-
teaus, our stress-thickness data are in line with sequential sodium
insertion and pore filling. The steep slopes in the stress-thickness
data agree with the insertion/extraction, and the relatively flat
plateaus in the mechanical stress indicate that the filling and
the depletion of pores do not cause significant volume changes
of the HC. This is expected for empty pores that are located inside
the active material. New aspects with respect to the reaction
pathways become apparent by the comparison of sodiation
and desodiation: the mechanical data reveals that sodium inser-
tion and extraction are not symmetric with respect to charge, e.g.,
the data shown in Figure 3 is not mirror symmetric around 150 h,
where the current is reversed. Here, we use the term symmetry to
describe the mirror symmetry with respect to charge, which is
equivalent to a forward-backward symmetry of the reaction path-
way between sodiation and desodiation. The observed asymme-
try between sodiation and desodiation is present in the voltage
but is more evident in the stress-thickness data. For example, it
can be seen that the stress-thickness levels of the plateau differ
during sodiation and desodiation by roughly 25 Nm�1, which is
more than 15% of the total stress-thickness (volume) change of
HC. This large mechanical effect can be hardly traced back to the
pore-filling mechanism with its small effects on the stress-
thickness.

GITT measurements, reported in the literature, indicate that
the storage mechanism in the plateau region is more complex
than suggested by the simple insertion/filling model. Bommier
et al.[36] observed a change in apparent diffusivity at the end
of the plateau region, similar to what is observed in the voltage
relaxations in Figure 6b. They related this behavior to a change in
the storage mechanism and introduced the three-stage model.
Sodiation starts with adsorption in the sloping region and tran-
sitions to the plateau, where intercalation and later pore filling
take place.[36] Alptekin et al.[21] confirmed this three-stage model
by experimental and computational results of HCs prepared by
hydrothermal carbonization at different temperatures. In contrast
to Bommier et al.,[36] they assigned the intercalation to the sloping
region, which is also in agreement with our data in which larger
volume changes happen in the sloping region. Increasing the car-
bonization temperature led to different HC structures with lower
capacities in the sloping region but higher plateau capacities.[21]

This was explained by a decreased number of defects and a
smaller interlayer spacing, reducing the sodium storage in the

sloping region, and an increase in closed porosity, increasing pore
filling and plateau capacity. At the highest carbonization temper-
atures, the capacities decreased. This was explained by fewer
crystal defects and reduced interlayer spacing in the HC, which
reduces transport and makes the separated closed pores inacces-
sible for sodium.[21]

These observations indicate that the transport of sodium
through the HC and the filling of pores are not independent,
and in contrast to the simple intercalation-filling model, both
mechanisms do not operate sequentially. Intercalation is not only
a storage mechanism, it also requires the transport of guest ions
through the host lattice. The closed pores that are encountered in
HCs are not accessible from the electrolyte and can only be
reached through the bulk of the HC by diffusion. The atomic
structure of the HC is highly distorted and contains many lattice
defects. The transport of sodium to the pores requires the diffu-
sion of sodium through these defects, e.g., along dislocations or
grain boundaries. We hypothesize that the diffusivity depends on
the structure of the defects that is interlinked with the amount of
sodium contained in them.

The stress-thickness in Figure 4 shows that the degree of sym-
metry of the reaction depends on the level of sodiation of the HC.
The asymmetry starts when pores are filled and increases with the
amount of sodium stored in the pores. Similarly, Figure 5 shows
that at high rates, pores are not filled anymore and that the reac-
tions become more symmetric, which can be seen from the hys-
teresis in Figure 5b. These observations indicate that the
postulated interaction between intercalation and pore filling
via the altered transport properties of HC can already explain
a reaction asymmetry without the need for the introduction of
additional mechanisms. In Figure 3, the characteristic shape of
the stress-thickness is not symmetric between sodiation and des-
odiation. During sodiation, the stress-thickness changes gradually
toward the end of sodiation, while it abruptly changes during
desodiation. The abrupt change occupies almost half of the total
stress-thickness change. Not many mechanisms can account for
such large volume changes. Based on the current knowledge in
this field and our stress-thickness data, intercalation of sodium is
the mechanism that leads to the largest volume changes.
Obviously, the filling and depletion of pores cannot account
for the observed very large stress changes and the asymmetry.
The GITT data in Figure 6 gives further insights: the apparent dif-
fusivity data (black dots in Figure 6b) are not centered around the
point of current reversal, an effect that was also shown using GITT
measurements in the literature.[37] The measured values at the
beginning of desodiation between 38 h and 40 h are higher than
the ones at the end of sodiation (between 36 h and 38 h). Given
these large differences around the same state of charge, the val-
ues may not be considered as diffusivity but rather can be seen as
indicators for the large differences in the electrochemical reac-
tions around the point of current reversal. For example, a two-
phase reaction toward the end of sodiation or the formation
of Na clusters[37] could explain deviations from the single-phase
behavior that complicate the analysis as diffusion data. The relax-
ations in the stress-thickness data (Figure 6b) are also highly
asymmetric, and deviations from the symmetry are apparent
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toward the end of the sodiation plateau, where the stress-
thickness strongly relaxes toward a smaller electrode volume
once the sodiation is interrupted.

The schematic in Figure 7 summarizes our idea of the inter-
action of intercalation and pore filling in HC and its consequences
on the particle volume. Once pores become increasingly filled, (1)
in Figure 7, higher driving forces are required for the insertion of
sodium. As a consequence, the potential at the particle surface
lowers and the concentration gradient toward the pore increases
(2). This drives additional sodium into the already occupied trans-
port pathways and locally increases the volume. As transport
pathways, we consider graphitic layers and crystal defects where
sodium can intercalate but also move (3). We further assume that
higher concentrations of sodium in these paths lead to an expan-
sion of the HC. Desodiation reverses the direction of the sodium
ions (4). The sodium concentration at the surface of the particle
decreases, and the potential rises so that concentration gradients
change their direction to move sodium toward the surface (5).
The potential of HC in these highly sodiated states depends very
little on the sodium concentration, and therefore small changes
on the surface may be hardly detectable in the electrochemical
data. Sodiation requires higher average Naþ concentrations in the
transport paths, leading to volume expansion of the HC, while
desodiation releases Naþ at lower concentrations, causing con-
traction. Hence, at the same state of charge, the same particle
has different volumes during sodiation and desodiation. If filling
and depletion of a pore require different energies, then a differ-
ent amount of sodium would be present in the paths to and from
the pore. Figure 7 depicts an example where the energy differ-
ence between pore filling and depletion is a consequence of dif-
ferent geometries of the sodium inside the pore and where a
local depletion (6) during dissolution can obstruct the transition
between pore and defect. During desodiation, the transport path
and other regions further deintercalate, leading to a reduction of
the volume of the active particle (7).

During interrupts, concentration gradients relax, and both
storage mechanisms interact. The observed volume contraction

during sodiation may be explained by the motion of sodium out
of the transport path into the pores. This deintercalation results in
large volume changes versus time (Figure 6b). The different levels
of intercalation of sodium in the defects during sodiation and
desodiation may not only exist in the active transport paths.
They should also be present in regions that do not feed sodium
to pores. The large number of intercalation sites that are available
in HC amplify the described effect and could explain the
observed large difference in electrode volume between pore fill-
ing and depletion.

5. Conclusion

Operando substrate curvature measurements were used to track
volume changes in composite HC electrodes, which were spray
coated onto cantilevers and interpreted to elucidate the funda-
mental storage mechanism of sodium and its reversibility. In the
first cycle, sodium is irreversibly lost. This happens mostly in the
sloping region, and the trapped sodium does not cause a signifi-
cant change of the volume of the HC. The mechanical signature is
in agreement with the nucleation and subsequent growth of a
sodiated phase.

In the cycles following the first sodiation, our data generally
agrees with the intercalation-pore-filling model. The mechanical
data exhibits a high sensitivity and reveals a strong asymmetry
between sodiation and desodiation. To date, intercalation and
pore filling are considered to be consecutive. We now suggest
that both mechanisms interact: intercalation into HC locally
changes its structure, and the filling of closed pores requires
transport of sodium through the intercalated HC. In this way,
the structure of the HC and the associated sodium mobility along
the intercalated path to a pore affect its filling. During sodiation
and desodiation, very different sodium concentrations exist at the
perimeter of a HC particle, where sodium is present in excess
during insertion and deficient during desodiation. Our measure-
ments show that pore filling alone has little effect on the volume

Figure 7. Schematic of modified storage model. The particle exhibits a different volume at the same state of charge due to a different amount of sodium
within the intercalation sites.
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of particles, while intercalation has a pronounced effect. We
therefore interpret the discrepancy in volume between the filling
and the depletion of pores with different sodium concentrations
in the transport pathways through the HC. Origins of this differ-
ence may be an asymmetry between pore filling and depletion
and/or a mobility of sodium that depends on its concentration,
i.e., a different level of intercalation inside the transport path.

HCs differ in their structure dependent on their precursors
and synthesis routes. Although we consider the coupling
between intercalation and pore filling to be a general phenome-
non, we suspect that HCs with different defect structures and
consequently different transport paths vary in their asymmetry.
Our results indicate that the structure of the HC plays an impor-
tant role not only for (de)intercalation but also for the filling and
depletion of pores. In the development of HC electrodes, atten-
tion should be given not only to the distribution of pore sizes but
also to the intercalation path that is a prerequisite for facile pore
filling and depletion.
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