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1. Introduction

Lithium-ion batteries (LIB) and sodium-ion
batteries (SIB) are both based on similar
intercalation/insertion electrodes of the
respective alkali ions into the active materi-
als during charging and discharging.[1] Due
to the larger and heavier sodium (Na) ion,
a lower gravimetric and as well volumetric
capacity than with lithium can be
achieved.[2,3] However, given the resource
availability of active materials from sustain-
able raw materials, at potentially low cost,
SIB is one of the most promising post-Li
batteries for widespread commercialization
in the coming years.[4–6] Electrode process-
ing of materials for SIB is expected to be
very similar to the processing of LIB
materials. However, the producibility
and material processing challenges of
potential electrode materials for anodes
and cathodes are poorly investigated.

Unlike for the LIB, graphite cannot
be recommended as anode material for the SIB, because the
formation of a Na–graphite–intercalation compound is energeti-
cally unfavorable and has a very low capacity.[7–10] Instead, hard
carbon (HC) is considered to be a promising anode active mate-
rial with good electrochemical performance for alkali-metal-ion
batteries, such as SIBs.[8] The low material costs, the fact that HC
can be produced from sustainable raw materials, and the low
electrode potential are advantageous for the use of HC as an
anode material for SIB.[11,12] However, high capacity losses in
the first cycles and at high current rates are still challenging.
The performance characteristics of HC active materials, which
result from different synthesis methods, are different.[8] The
selected precursor and the carbonization conditions, namely,
the carbonization temperature, influence the nongraphitic
structure of the HC produced and thus, its properties.[2,8,10]

The non graphitic structure of the HC offers various areas where
Na ions can be deposited. These include especially the regions
between the graphite-like domains consisting of micropores
and defect sites. Various models describing the storage
mechanism, which are controversially discussed, can be found
in the literature.[2,10,13,14]
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Sodium-ion batteries are considered to be one of the most promising postlithium
batteries on the verge of commercialization. The electrode processing is expected
to be similar to lithium-ion batteries. However, the producibility and material
processing challenges of potential electrode materials for anodes and cathodes
are poorly understood. For industrial electrode production, a deep understanding
of the processing of electrode materials with different particle morphologies is of
great importance. In particular, the correlation between the process conditions
and the electrode properties needs to be investigated further to understand the
complex interactions between the battery slurry materials, the binder system, the
drying process, and the microstructure formation. One promising anode material
is hard carbon. The water-based processing of hard carbon slurries presented in
this article shows that the drying behavior is strongly interconnected with the
particle size and particle interactions in the drying electrode. This study shows
that all the hard carbons investigated do not exhibit binder migration at moderate
drying rates. Even at very high drying rates (9 g m�2 s�1, 12 s drying time), an
increase in adhesion force of up to 39% is observed for comparatively smaller
particles compared to the adhesion force at lower drying rate.
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Furthermore, the microstructure of the produced electrodes
and the particle morphology used have an influence on the
mechanical, electrical, and electrochemical properties of battery
electrodes,[15–17] which have not been investigated for HC elec-
trodes in the literature so far. The microstructure is formed dur-
ing drying of the applied electrode slurry on the current
collector and the properties of the electrodes depend on the dry-
ing conditions. Especially at industrially relevant drying rates
(1.5 gm�2 s�1 and higher),[18] the homogeneity of the binder dis-
tribution can be affected negatively. Nevertheless, high drying
rates are aimed for, since the drying time still is a limiting factor
in the production of battery electrodes.[19]

During the electrode drying process, the porous microstruc-
ture of the electrode is developed in different stages.[15,17,20–22]

When solvent evaporates the applied film shrinks, causing the
particles in the drying slurry to approach each other. The final
porosity of the electrode is reached as soon as the particles do
not approach any further. By the end of the film shrinkage, at
the latest, a capillary network with solvent-filled pores has formed
which subsequently empties. A challenge in the processing of
battery electrodes is the occurrence of binder migration due to
capillary transport. An increasing drying rate leads to the deple-
tion of binder near the current collector and thus, to a decreasing
adhesion force. The accumulation of the migrated binder at the
upper surface (near the separator) of the electrode leads to an
increased ionic transport resistance as a result of clocking of
the pores.[15,16,18,21–28] In former studies it has been shown
for graphite anodes that increasing the drying rate by either
increasing the drying temperature or by increasing the heat
and mass transfer coefficients by the applied air flow conditions
has significantly different effects on the properties of the electro-
des.[18] Increasing the drying rate by a higher drying temperature
leads to less reduction of the adhesion strength than by increas-
ing the heat and mass transfer coefficient.[18] This is important to
consider for the choice of drying processes on an industrial scale.

Investigations of the microstructure formation of graphite
anodes with the thickener carboxymethyl cellulose (CMC) and
styrene–butadiene–rubber (SBR) as adhesion agent show that
the polymeric CMC forms a network in the dried elec-
trode.[16,29,30] This network is influenced by the interactions
between the CMC, SBR, and the particles, which depend on
the surface properties of the active materials and conductive addi-
tive.[31] For example, the degree of substitution of the hydrogen
in the hydroxyl groups by a carboxymethyl group and the
molecular weight influence the adsorption behavior of CMC
on graphite.[32] It is hypothesized that the interactions between
the CMC functional groups and the particle surface influence the
formation of specific bonds during drying.[33] In a previous study
on the rheology of graphite slurries, it could be shown that when
the CMC concentration in the slurry is increased, the adsorbed
amount of CMC on the graphite particles also increases.[34] Thus,
the SBR is primarily part of the polymer–network structure and
less of the SBR adsorbs on the graphite surface. The effect of a
stronger binding of SBR in the CMC network was previously
studied by increasing the drying rate for different graphite par-
ticles.[16] Based on cryogenic broad ion beam scanning electron
microscopy (cryo–BIB–SEM) images, it was assumed that on the
one hand the CMC can be stronger bound to the graphite par-
ticles and on the other hand the SBR binder adheres to the fixated

CMC,[16,18,34] and thus, migrates less or not at all during dry-
ing.[16] Mixing with a kneader, and thus, a grinding of the graph-
ite particles and also the grinding of conductive carbon black or
using smaller spherical graphite particles, it could be shown that
a lower or no migration of the binder takes place.[16] The higher
number of particles is expected to lead to more contact sites
between the CMC/SBR network and the particles. In addition
to the increasing number of binding sites, the surface of the
spherical graphite, for example, is thought to be responsible
for a higher adhesion force by possessing more hydroxyl groups
to further promote the fixation of carboxyl groups of the polymer
on the graphite surface.[16] This shows that the mechanistic
understanding of microstructure evolution during drying is a
complex task that requires the investigation of various parame-
ters, such as the influence of particle morphology on the (drying)
process–structure formation relation under defined process con-
ditions. It is not yet known from the literature how HC particles
behave compared to graphite during electrode fabrication and
regarding binder migration at higher drying rates.

In this article, the processing of HC with different particle
sizes for SIB anodes at industrially relevant drying conditions
and even beyond was investigated using a specialized drying
apparatus.[23] First, the particle properties and the flow behavior
of water-based slurries were investigated. Then HC electrodes
were cast and dried at increasing drying rates at different isother-
mal drying temperatures and film temperatures. The microstruc-
ture formation and binder migration of different HC slurries was
investigated and the adhesion force of the electrodes was evalu-
ated as a function of the drying conditions. The study also inte-
grates measurements of adhesion force from aqueous graphite
anodes obtained from a previously published work[18] to compare
the influences at the same electrode composition, solid content,
and drying conditions.

In all experiments, the drying rate was chosen as the funda-
mental comparative variable. Thus, the drying conditions used in
this study can be assigned to any other dryer, which can be
adjusted to generate identical drying rates and film temperatures.
In addition, the transport properties in HC electrodes are inves-
tigated by impedance measurements under blocking conditions
to study the effect of binder migration on the ionic transport
resistance and the electrical tortuosity derived from it. This is
investigated for HC electrodes that show binder migration with
increasing drying rate and for HC electrodes that do not show
binder migration.

2. Results and Discussion

2.1. HC Particle Properties

Three different HC materials with different particle properties
were selected for the investigations in this study. Figure 1 shows
SEM images of the three HC powders used in this study. For
comparison, an SEM image of graphite particles is shown in
Figure S1, Supporting Information.

The HC particles have an irregular, granular shape, and differ
in particle size. Nonspherical graphite, on the other hand, which
is often used in the literature, shows a flake-like particle shape
with a larger average particle size than all HC. The average
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particle diameter, the specific surface area Brunauer, Emmett,
and Teller (BET), and the density (measured by gas pycnometry)
of the particles are shown in Table 1.

The specific surface area of a non-spherical, flake-like graphite
from the literature is given as 2.7 m2 g�1 (x50= 18.4 μm).[16]

As the average particle diameter increases, the specific surface
area decreases. The influence of solid–electrolyte interphase
(SEI) formation on the electrochemical performance for graphite
with different particle sizes is discussed in the literature.[16] Due
to a higher active surface area, the performance of the cell is
affected by nonreversible lithium loss during the formation of
the SEI.[16] The smaller particle size of HC-A particles leads
as well to a higher capacity loss due to SEI formation compared
to HC-C particles. In turn, the larger particles show a higher over-
potential. More details on the influence of particle size on the
voltage profile during charging and discharging of HC electrodes
in half cells against sodiummetal can be found in the Supporting
Information.

The HC particles show a fairly similar density and density of
the graphite is about 10 % higher than for HC, which affects the
volume fractions in the slurry (Section 2.2).

2.2. Slurry Flow Behavior

To compare the different HC particles with graphite, the slurries
were produced with the same solid content of 43 wt% and using
the identical manufacturing procedure and mixing parameters
(Section 4.1). Figure 2 shows the results of the viscosity measure-
ments of the HC slurries with the different HC particles for SIB
anodes in comparison to the graphite slurry for LIB anodes as a

function of the shear rate in a double-logarithmic plot.
Information on viscosity measurement is given in Section 4.1.

At lower shear rates, the HC-A slurry with the smallest particle
size shows the highest viscosity and the graphite slurry with the
largest particle size shows the lowest viscosity. This corresponds
to the anticipated behavior that due to more particle–particle
interactions and more particle–CMC/SBR interactions in a sys-
tem with smaller particle size and higher specific surface area,
the viscosity increases.[35] In addition to the effect of particle size,
the volume fraction of HC is increased by about 9% compared to
graphite in the slurry due to its lower density (Table 1). More
information about the calculation of the volume fractions and
the comparison is given in Table S2, Supporting Information.

The viscosity of the HC slurries differs especially in the
low-shear-rate range and up to �100 s�1. Thereby, the viscosities
at low shear rate (0.1 s�1) of HC–A and HC–B with 228� 37 Pa s
and 158� 9 Pa s are more similar than the viscosity of HC–C

Figure 1. SEM images of the three different HC powders. The HC particles have an irregular, granular shape and differ in their average particle size. In
Figure S1, Supporting Information, an SEM image of a non-spherical (flake-like) graphite with the average particle size of 18.4 μm is shown for
comparison.

Table 1. Overview of the particle properties of the investigated HC
materials.

Name Average particle diameter
(x50 [μm])

Specific surface area
(BET[m2 g�1])

Material density
[kg m�3]

HC-A 3.7 9.83� 0.12 1949� 3

HC-B 5.0 4.99� 0.05 2069� 2

HC-C 9.4 3.46� 0.04 2062� 2

Graphite[16] 18.4 2.7 2260

Figure 2. Viscosity as a function of the shear rate measured at 25 °C for
the HC slurries for SIB electrodes with different particle sizes
(HC-A x50= 3.7 μm, HC-B x50= 5.0 μm, HC-C x50= 9.4 μm) and the
graphite (x50= 18.4 μm) slurry for LIB anodes with the same composition
and water content as well as the identical slurry mixing procedure
(see Experimental Section). The HC slurries show higher viscosities by a
factor of 4–23 (HC-C and HC–A) than the graphite slurry in the low-shear
region of 0.1 s�1. Toward higher shear rates (>50 s�1) the viscosity of all
slurries aligns toward liquid properties and is almost the same.
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with 37� 4 Pa s. This is to be expected since the mean particle
sizes of HC–A and HC–B are closer to each other. In addition,
HC-C shows a broader particle size distribution (Figure S2,
Supporting Information) compared to HC-A and HC-B, which
tends to result in a lower viscosity in the low-shear-rate range.
Another difference of HC-A and HC-B compared to HC-C
and graphite could be the stability behavior of the slurries.
This has been investigated by frequency sweep measurements
shown in the Figure S3, Supporting Information. HC–A and
HC-B slurries show a “gel-like” behavior, which results in a
comparatively higher viscosity in the low-shear region,[24,35]

whereas the HC-C and the graphite slurry[16] show a “liquid-like”
behavior. Gel-like behavior was also observed for graphite slur-
ries prepared in a kneader.[16] High shear forces in the kneader
during mixing partially reduce the size of the graphite, resulting
in a fraction of small particles and also a deagglomeration of the
carbon black, leading to a gel-like behavior due to more
pronounced particle–particle interaction and more particle–
polymer contact points between the CMC and the particles.[16]

HC-A and HC-B compared to HC–C and graphite could lead
to stronger bridging of the CMC network with the particles
during slurry production, also resulting in a gel-like behavior.

Note that slurries with higher viscosity at low shear rate and
shear thinning behavior help to form lower side edges and, thus,
less defects in the slot-die coating process.[36] This reduces the
reject rate during electrode production.[37–39]

Since the same solid content and the same electrode compo-
sition with the same CMC amount was adjusted, all three HC
slurries for SIB and the graphite slurry for LIB show the same
behavior for the viscosity at a shear rate above 100 s�1. In the
slot-die-coating process at state-of-the-art industrial coating
speeds, typical shear rates in the coating gap are above
400 s�1.[37,40] It is assumed that the processability, in particular
toward faster industrial coating speeds, will be similar for all
investigated slurries and the coating equipment for LIB anodes
at pilot and industrial coating plants can be used for HC slurries
for SIB without major changes or investments.

Based on the viscosity behavior and the findings from the lit-
erature, it is expected that stronger bridging of the CMC network
may lead to reduced binder migration for the HC-A and HC-B
particles. Assuming that the SBR binder is attracted to the
CMC,[34] a lower mobility of the SBR during drying can be
expected as a result.[16] Adhesion force measurements and
impedance spectroscopy measurements for electrodes produced
at different increasing drying rates were used to address these
hypotheses (Section 2.4 and 2.5).

2.3. Microstructure of HC Electrodes

To characterize the microstructure by the development of the
adhesion force of different HC for increasing drying rate, the
electrodes are manufactured under quasi-isothermal drying con-
ditions in a specialized apparatus.[18,21,23] This means that the
temperature of the temperature-controlled plate and the drying
air are set to the temperature that a drying slurry would take as
wet bulb temperature if it was dried in a convective roll-to-roll
dryer.[18] In this way, the different electrodes can be produced
under identical conditions.

The influence of the particle size of the different HC on the
electrodes properties is shown in Table 2 as a comparison of the
area weights of the coating, electrode densities, and electrode
porosity. For this purpose, the same dry film thicknesses were
set. The geometric porosity was determined using the area
weight, density of the dry mixture, and dry film thickness.
The data given for HC is averaged over the various electrodes
investigated in this study for different drying rates (see
Section 4.2). Table 2 also shows the properties of a graphite
anode with the same thickness.

As the particle size increases, the electrode porosity increases
and does not change significantly by drying with increasing dry-
ing rate (Figure S4 and S5, Supporting Information). To get a
visual impression of the microstructure of HC electrodes,
cross-sectional SEM images are shown in Figure 3. For compari-
son, a SEM image of a graphite electrode is shown in Figure S1,
Supporting Information.

The different particle sizes result in clear differences in the
porosity (Table 2) and pore sizes in the electrodes. The corre-
sponding pore size distributions are shown in Figure 4.

With increasing particle size, the dominant pore size of
the electrodes increases (HC-A x50= 3.7 μm corresponds to
dpore,peak= 0.6 μm, HC-B x50= 5.0 μm to dpore,peak= 1.1 μm,
and HC-C x50= 9.4 μm to dpore,peak= 2 μm). The changes of
the pore size distribution of HC-A and HC-C (smallest and larg-
est particle size) with increasing drying rate were also investi-
gated. In Figure S5, Supporting Information, it can be seen
that the drying rate has no influence on the pore size distribu-
tion. A comparison between the porosity determined according
to the coating weight, the thickness, and the densities and the
porosity measured by Hg intrusion is included in the
Supporting Information.

2.4. Adhesion: Influence of Drying Rate and Film Temperature

In this study, the adhesion force (measured by 90° peel tests) of
HC electrodes is investigated for increasing drying rates and film
temperature, since the adhesion force provides an indirect
measure for the binder content near the separator and character-
izes the mechanical properties of the electrodes.[15,16,18,24,26]

Section 4.3 provides information on determining of the adhesion
force. The objective is to indicate the behavior of HC slurries in
comparison to graphite from the literature at increased produc-
tion rate during electrode processing.

The drying rate is adjusted in the range between 0.75 and
9 gm�2 s�1. For an average coating weight of about 81 gm�2

Table 2. Dry film thickness, area weight, electrode density, and electrode
porosity of noncalendered HC electrodes with different particle sizes.
For comparison, the data for a graphite anode are also given.

Name Dry film thickness
[μm]

Area weight
[g m�2]

Electrode density
[g cm�3]

Electrode porosity
[%]

HC-A 93.3� 0.7 83.9� 0.9 0.90� 0.01 52.0� 0.3

HC-B 93.0� 1.2 79.5� 1.1 0.85� 0.01 56.8� 0.3

HC-C 93.8� 1.2 78.4� 1.4 0.84� 0.01 57.5� 0.6

Graphite 93.6� 0.9 82.6� 0.4 0.88� 0.01 58.7� 0.2
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for the dry HC electrodes, the drying time can be reduced from
142 s to only 12 s in the drying rate range investigated, assuming
drying kinetics controlled by gas phase only. Table 2 provides
detailed information on the electrode thickness, coating weight,
and porosity of the electrodes of the different materials.

To compare the sensitivity of the HC and graphite anodes for
binder migration, the adhesion forces of HC-C from this study
and graphite electrodes from the literature are compared and
discussed first. The electrodes are compared with the same area
capacity. The graphite anodes have an area capacity of
2.2mAh cm�2 with a dry film thickness of �75 μm.[18] With
the coating weight of the HC electrodes and an assumed
practical specific capacity of about 300mAh g�1 [1,41]

(�200–400mAh g�1),[1,42,43] the average area capacity for the
investigated HC electrodes is also 2.2–2.3mAh cm�2.

The adhesion forces were measured by 90° peel tests and are
normalized to the respective adhesion force at the lowest drying
rate investigated. Reference adhesion forces for a lower drying
rate of 0.75 gm�2 s�1 are 9.41� 0.17 Nm�1 for HC-C
(93.8� 1.2 μm) and 18.2 Nm�1 for graphite (75 μm).[18] For an

equal dry film thickness of 93.6� 0.9 μm, a graphite anode
has a reference adhesion force of 14.5� 0.4 Nm�1 with the same
preparation methods presented in this study. More binder could
be available for adhesion to the current collector due to the lower
specific surface area of graphite, thus resulting in increased
adhesion force. However, the adhesion might be affected differ-
ently by drying conditions. Hence, Figure 5 shows the normal-
ized adhesion force as a function of the drying rate at different
drying temperatures (heat transfer coefficients) for the HC-C and
graphite[18] electrodes (see Section 4.2).

In the drying rate range investigated, the HC-C and graphite
electrodes show a decreasing adhesion force. The trend of a
decreasing adhesion force with increasing drying rate can be
explained by an increased capillary transport during pore emp-
tying and the associated transport of the SBR binder, which
mainly is responsible for adhesion. This leads to a depletion
of the SBR binder near the substrate and a lowered adhesion
force.

It can be seen that the decrease in adhesion force is more pro-
nounced for graphite electrodes than for HC–C electrodes, which
results in an equal adhesion force for the HC-C and graphite
electrodes of �6 Nm�1 at a set heat transfer coefficient
of 35Wm�2 K�1 and an adhesion force of �4 Nm�1 at
80Wm�2 K�1 for the maximum drying rate investigated. For
moderate drying rates, even no negative influence of the drying
rate on the adhesion force can be observed for HC-C electrodes
(Figure 5, left). For a decrease in the adhesion force of HC-C
electrodes, a more intense capillary transport by an increased dry-
ing rate may be required to cause binder migration.

As another effect, the film temperature plays a role in the
microstructure formation, that is yet not fully understood. In
Figure 5 (left) and (right), the film temperature during drying
differs to maintain a constant drying rate for an increasing heat
transfer coefficient (Section 4). For the experiments in this work,
the film temperatures differ by 12� 3 °C at the same drying rate
for the two different heat transfer coefficients. For both materi-
als, it can be seen that at comparatively lower film temperatures
(Figure 5, right), the adhesion force is lower at the same drying
rate as in Figure 5 (left). This confirms the findings from the
literature that a higher film temperature at the same drying rate
(lower heat transfer coefficient) is generally beneficial for the

Figure 3. SEM cross-sectional images of dried HC electrodes (noncalendered). It can be clearly seen that the pore size between the particles increases
with increasing particle size. The electrode density decreases and the porosity increases with increasing particle size. All electrodes were produced with
the same composition, solid content, identical mixing procedure and with the same drying conditions (0.75 gm�2 s�1). In Figure S1, Supporting
Information, an SEM image of a graphite electrode is shown for comparison.

Figure 4. Pore size distribution measured by mercury (Hg) intrusion of
the electrodes for the three investigated HC active materials. The HC-A
electrodes are dominated by pores at 0.6 μm, HC-B at 1.1 μm, and HC-C
at 2 μm.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2023, 2300338 2300338 (5 of 11) © 2023 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202300338 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [28/06/2023]. 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://www.advancedsciencenews.com
http://www.entechnol.de


adhesion force of the electrodes.[18] The temperature effect is also
discussed in the literature on water-based graphite anodes dried
using near-infrared radiation (NIR).[44] As described in the liter-
ature, a higher temperature could lead to more and increased
attraction between the CMC (and SBR) and the active material
during drying.[16] Thus the role of the film temperature in binder
migration may be explained by temperature-dependent interac-
tions between CMC/SBR and particles during drying, highlight-
ing the significance of interactions between the slurries’
components.

In addition to the film temperature, the interaction of
CMC/SBR depending on the particles can influence the drying
behavior. Reduced or no binder migration has also been observed
in the literature for the drying of graphite anode slurry derived
from mixing with a kneader and when using smaller spherical
graphite particles.[16] Herein, it is hypothesized that a stronger fix-
ation of the CMC to the particles is responsible for the mitigation
of binder migration. This may be reached due to a different sur-
face chemistry, smaller particle size, or better deagglomeration of
the conductive carbon black (due to higher-energy input during
mixing). Assuming that the SBR binder is fixed to stationary
CMC, this would reduce the mobile fraction of SBR binder, result-
ing in less pronounced binder migration during drying.[16]

It is hypothesized that the lower binder migration in the
HC-C electrodes is due to a stronger fixation of more
CMC/SBR to the smaller-sized particles of HC with a higher
surface area compared to the same mass of graphite. If the cap-
illary transport as the driving force for binder migration is large
enough, the SBR binder still can be carried along in HC-C
electrodes.

For a further reduction of the particle size, a further reduction
of the mobile binder fraction is expected as well as a reproduced
positive effect of a higher film temperature. From the rheological
investigation, it has already been shown that the use of HC-A and
HC-B leads to a gel-like network of CMC and particles, which
supports the hypothesis regarding interactions in the slurries.
To investigate the hypothesis that a reduction in particle size

leads to a reduction in themobile binder fraction, and thus, lower
binder migration, Figure 6 shows a comparison of the adhesion
force of HC-C electrodes compared to HC-A and HC-B with
smaller particle size.

For an increasing drying rate up to 3.0 gm�2 s�1 at the lower
heat transfer coefficient, the HC electrodes show a constant or
even increased adhesion force (Figure 6, left). For HC-A and
HC-B electrodes, higher drying rates first lead to an increase
and subsequently to a constant adhesion force level. This sug-
gests that for HC-A and HC-B, the migration of the SBR binder
is not present or the mechanism is superimposed by some other
effect. Above a drying rate of 6 gm�2 s�1, this effect seems to be
equalized. Further increase of temperature or drying rate leads to
approximately the same adhesion force.

Generally, SBR binder is drawn away by capillary transport
from the interface of current collector and coating. The behavior
of the HC-A and HC-B electrode indicates that more CMC/SBR
is fixed more strongly to the smaller particles and thus less
mobile binder is available. In addition, a further increase in dry-
ing rate by increasing the drying temperature even has the effect
of enhancing the adhesion to the current collector. In this case
for HC-A and HC-B, the mobile binder fraction during capillary
transport seems to decrease for higher drying rates (due to
higher film temperatures) and to additionally participate to the
adhesion. Once there is no longer a mobile binder available that
is prevented by the CMC from migrating, adhesion cannot
increase any further with increasing drying temperature. For a
slurry in which the fixation of the CMC network is weaker, this
would not be the case since a higher proportion of mobile binder
is present, which can be moved by a higher drying rate and cap-
illary transport. Additionally, in such system, CMC may possibly
migrate through the capillary transport.

The relative share of mobile binder changes, depending on the
particles, the drying conditions, and the driving force of the
binder migration. As described in the literature, the higher tem-
perature could lead to increased attraction of the CMC (and SBR)
to the active material during drying.[16]

Figure 5. Adhesion forces (normalized to reference adhesion) of noncalendered HC-C and graphite anodes as a function of drying rate at two different
heat transfer coefficients of 35Wm�2 K�1 (left) and 80Wm�2 K�1 (right). Drying rate is varied via the isothermal drying temperature (see Experimental
Section). The data for the graphite electrodes is taken from the literature.[18] The reference adhesion for HC-C is 9.41� 0.17 Nm�1 and for graphite
18.2 Nm�1.
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Since the adhesion force of the HC-C electrodes only
decreases above a certain drying rate (>3 gm�2 s�1), this sug-
gests that a reduction in binder transport is also caused thereby,
for example, the described binding of the CMC/SBR to the par-
ticles. This cannot be suspected from the rheological investiga-
tion alone, if a gel-like behavior should be responsible for a
suppression of binder migration. However, it cannot be ruled
out that a HC-C slurry also forms a gel-like behavior during dry-
ing due to the reduction of the water content. It can be hypothe-
sized that a slurry that exhibits gel-like behavior prior to entering
capillary transport during drying could exhibit reduced binder
migration. This is not investigated further in this study.

During drying with a higher heat transfer coefficient (Figure 6,
right), and thus, a larger forced convection, it can be seen that all
investigated HC electrodes show the same trends with increasing
drying rate as in the case of a lower heat transfer coefficient.
However, almost all electrodes have a lower adhesion force com-
pared to a lower heat transfer coefficient, though the overall dry-
ing rate is the same. For HC-A and HC-B the increase of
adhesion force with the film temperature is also less pronounced
for the higher heat transfer coefficient and thus lower film tem-
peratures. This supports the hypothesis that, in addition to the
drying rate and capillary transport, the film temperature has a
crucial role in binder migration and the bridging of the CMC
network with the particles at the start of capillary action. To
exclude that a higher film temperature leads to an adhesion,
increasing annealing of the electrodes, the electrodes HC-A
and HC-C were treated with different annealing temperatures
after drying and the adhesion force was determined
(Figure S6, Supporting Information). For the HC-A electrodes,
an annealing temperature higher than 100 °C leads to an increase
in adhesion. The maximum film temperature in this study
is 70 °C.

As the adhesion to the current collector is only an indirect
measure for a homogenous binder distribution over the electrode
cross section, the impact of drying will be further investigated by
impedance spectroscopy in Section 2.5 for HC-A compared to
HC-C electrodes at increased drying rates.

2.5. Binder Migration and Ionic Transport Resistance

The adhesion force provides an indirect measure for the binder
migration that can only provide information about the interac-
tion near the current collector. A more holistic prediction about
the binder distribution after drying can be made by impedance
spectroscopy under blocking conditions, which has been investi-
gated via simulations and experimentally in the literature for
graphite anodes.[27,45] Tetrabutylammonium perchlorate
TBAClO4 in EC:DMC (1:1 by volume) was used as a blocking
electrolyte. This electrolyte contains no ions that can be interca-
lated in the active material. Further information on the measure-
ment is given in Section 4.4. Since the HC-A and HC-C
electrodes show inverse behavior in terms of adhesion with
increasing drying rate, these electrodes were investigated and
are discussed in this section. To show the effects of binder migra-
tion on the impedance spectroscopy measurement, Figure 7
exemplarily shows the Nyquist plots for HC-A and HC-C for
the lowest (0.75 gm�2 s�1) and highest (9 gm�2 s�1) drying rates
studied.

Consistent with the literature,[27,46] the midfrequency region
for HC-C electrodes is extended at a drying rate of 9 gm�2 s�1

compared to 0.75 gm�2 s�1. The binder gradient along the elec-
trode thickness with increasing drying rate would be consistent
with an increase in the midfrequency region and extended cur-
vature for binder migration with increasing drying rate found in
the literature for graphite anodes with PVDF binder.[27] The
impedance measurements from Figure 7 were fit with a
transmission line model (TLM) to obtain the ionic transport
resistance Rion. The TLM represents the diffusion of ions in
the electrolyte in the pore structure of the electrode. The ionic
transport resistance for the HC-A electrodes is almost unchanged
from 268 to 249 Ohm (7% reduction) at the highest drying rate
compared to the lowest drying rate. The HC-C electrodes have a
higher ionic transport resistance of 605 Ohm for the lowest
drying rate and the ionic transport resistance increases
significantly to 802 Ohm (33% increase) for the higher drying
rate. For graphite anodes with PVDF, this increase of the ionic

Figure 6. Adhesion force (noncalendered) of HC anodes as a function of drying rate at a constant heat transfer coefficient of 35Wm�2 K�1 (left) and
80Wm�2 K�1 (right). The drying rate is varied via the isothermal drying temperature (see Experimental Section). All HC show at least a constant adhesion
force for moderate drying rates. The comparatively smaller HC-A and HC-B particles show an increasing or constant adhesion force over nearly the entire
drying rate range (142–12 s drying time).
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resistance with increase in binder migration has also been found
in the literature.[27]

In order to correlate the impedance spectroscopy with the
adhesion force measurements from Section 2.4, the ionic trans-
port resistances for HC-A and HC-C electrodes were determined
over the entire range of the drying rate studied and compared
by the electrical tortuosity calculated using Equation (2)
(Section 4.4). The tortuosity is shown as a function of the drying
rate and is compared to the adhesion force measurements in
Figure 8.

The electrical tortuosity from impedance measurements with
the HC-A and HC-C electrodes shows significantly higher values
compared to the estimates for the geometrical tortuosity. In addi-
tion, the measured electrical tortuosity increases for the HC-C
electrodes at higher drying rates, while the geometrical tortuosity
according to Bruggeman or Zehner–Bauer–Schlünder is only a
function of porosity (at least according to most literature corre-
lations) and the electrode porosity does not change with the dry-
ing rate (Figure S4, Supporting Information). A reason for the
observed difference is that the geometric porosity describes only
the pure change in path length. It has been shown in the litera-
ture that the carbon black–binder–domain (CBD) between the
active material particles is the most likely reason for underesti-
mating the electrical tortuosity of porous electrodes from only the
geometrical structure.[45–47] According to Equation (2), only the
ionic transport resistance in the electrode changes for the calcu-
lation of the electrical tortuosity, with the same electrode geome-
try. For example, changing the binder distribution, the amount of
binder, or the type of binder changes the ionic transport resis-
tance or the distribution of ionic transport resistances in the elec-
trode and thus, the electrical tortuosity.[27,45,48] From these
results, it can be concluded that it is necessary to distinguish
between electrical tortuosity by electrical impedance spectros-
copy for describing the ion transport in porous electrodes and
geometrical tortuosity for heat and mass transfer, where only
the change in path length is considered.[49–53]

The electrical tortuosity of the HC-A electrodes (Figure 8, left)
decreases slightly at higher drying rate and is lower compared to
HC-C electrodes (Figure 8, right). Since the electrical tortuosity
does not increase for increasing drying rate, it can be assumed
that the statements by the adhesion force measurement can be
confirmed and that these HC-A electrodes have a lower ionic
transport resistance due to the suppression of the binder migra-
tion. The binder distribution appears to remain constant as the
drying rate increases. The result that the HC-A electrodes have a
lower tortuosity compared to the HC-C electrodes can be attrib-
uted to the higher number of pores. The HC-A electrodes with

Figure 8. Electrical tortuosity from impedance spectroscopy measurements of HC-A (left) and HC-C (right) electrodes as a function of the drying rate in
comparison with the adhesion force of the electrodes. The tortuosity curve represents inversely the same trends as the adhesion force measurements
for both HC. For HC-A and HC-C, the electrical tortuosity leads to by far higher values compared to values estimated from heat or mass transfer
measurements and analytical estimation according to, for example, Bruggeman (τ= εγ with γ= –0.5)[55] and Zehner–Bauer–Schlünder
(τ= ε/(1�(1�ε)�1.5))[49,50] for the geometrical tortuosity (τgeometric).

Figure 7. Nyquist plots of symmetric cell configuration under blocking
conditions of HC-A and HC-C electrodes for the lowest drying rate
(LDR 0.75 gm�2 s�1) and the highest drying rate (HDR 9 gm�2 s�1)
investigated (noncalendered electrodes). The measurements were per-
formed with 10mV perturbation and a frequency range from 200 kHz
to 100mHz. The HC-C electrode shows higher ionic transport resistances
compared to the HC-A electrode and an increase of the ionic transport
resistance at the higher drying rate.
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the smaller pore sizes (Figure 4) enable a larger number of pos-
sible transport paths for the ions to move through the electrode.

The HC-C electrodes show a higher electrical tortuosity at
higher drying rate and thus, a strong influence of binder migra-
tion. The tortuosity curve corresponds to the inverse curve of the
adhesive force measurement. In particular, the range between
0.75 and 3 gm�2 s�1 is also confirmed by the impedance mea-
surement. At moderate drying rates, an increase in adhesion
force and a decrease in electrical tortuosity are observed first.
Drying rates higher than 3 gm�2 s�1 lead to a strong increase
in tortuosity of about 30% compared to 0.75 gm�2 s�1 as well
as a strong reduction in adhesion force (about 40%).

The magnitude of the electrical tortuosity for both HC
electrodes is consistent with tortuosity determinations using
electrochemical impedance spectroscopy (EIS) on graphite ano-
des with CMC/SBR from the literature and may be lowered, for
example, by reducing the binder content.[45] A lower binder con-
tent or electrical tortuosity could have a positive effect on the elec-
trochemical performance in this context, but is not further
investigated in this study.

3. Conclusion

In this study, the electrode processing of different HC particles
for sodium-ion batteries at different drying rates was investigated
and comparatively analyzed with the drying behavior of graphite
anodes from the literature. It is found that analogous effects
occur with HC anodes for SIB with the processing of graphite
anodes for LIB. However, the interaction of the particles with
the aqueous binder system CMC/SBR changes the properties
of the slurry and especially the behavior during the drying
and microstructure formation.

With the same formulation of all slurries, a viscosity compa-
rable to a graphite anode’s slurry with nonspherical particles was
achieved, especially for higher shear rates. It can be assumed that
the slurries are suitable for typical coating processes and coating
speeds for battery applications.

The study shows that the HC electrodes exhibit a constant or
slightly increased adhesion force at moderate drying rates. Up to
a drying rate of 3 gm�2 s�1 (drying time of 36 s), none of the HC
materials show a decrease in adhesion force, as might have been
suspected from the literature for different material systems. At
very high drying rates (12 s drying time), the adhesion forces
increase by 25–39% of the comparatively smaller particle size
of HC-A and HC-B electrodes compared to their reference adhe-
sion force at low drying rate. This can be attributed to stronger
fixation of the CMC/SBR network to these particles, as also found
for graphite in the literature. It was found that the formation of
the CMC/SBR network must be different for the various HC par-
ticles. An increased drying rate leads to a more intense capillary
transport, which is considered to be the driving force for binder
migration. Depending on the strength of the CMC/SBR network,
binder migration may still occur. This has to be further investi-
gated by the aimed enforcing of slurry properties and the inves-
tigation of microstructure formation for increasing drying rate.

Another effect is the temperature during drying of the electro-
des. Increasing the heat transfer coefficient, which is a measure
of the convection in the gas phase, results in a lower isothermal

drying temperature at the same drying rate compared to a lower
heat transfer coefficient. Since the adhesion force is higher at
comparatively lower heat transfer coefficient, and thus, higher
film temperature, this indicates that higher temperature sup-
ports CMC crosslinking and mitigates binder migration. It
was excluded in this study that a higher film temperature could
lead to an annealing effect.

By impedance measurements under blocking conditions, it
was shown that the trends of the binder migration or the sup-
pression of binder migration can also be confirmed by the ionic
transport resistance or the electrical tortuosity in the electrodes.
In particular, it is shown that the ionic transport resistance of
HC-A electrodes decreased slightly at higher drying rate as well
as the adhesion force increased slightly. This suggests that the
binder distribution remained homogeneously distributed
through the higher drying rate.

The study shows that processing of HC shows many parallels
with the present manufacturing methods and equipment for
mixing, coating, and drying of LIB. However, for new materials
in SIB, investigations with selected electrode compositions are
necessary with regard to the behavior of the adhesion force
and other effects of binder migration on the electrode properties.

Multilayer architectures could be investigated for further stud-
ies to enhance the absolute adhesion force of HC electrodes at
very high production speeds. A multilayer structure of two dif-
ferent HC particles with different sizes and an impressed binder
gradient could increase the adhesion force and lead to lower ionic
transport resistances. In addition, the overall surface area of the
active material in the electrode can be reduced, resulting in posi-
tive effects with regard to SEI formation. In further studies the
effect of the viscosity on the pore emptying mechanism needs to
be clarified as an explanation for higher adhesion force at com-
paratively higher viscosity. Besides that, increased production
speeds using radiation-based drying methods should be investi-
gated. Thereby, a higher film temperature can be realized during
drying and thus a higher adhesion force can be induced.

4. Experimental Section

Material Characterization: The specific surface areas were obtained by
BET measurements using nitrogen adsorption gas (Gemini VII 2390,
Micromeritics). The density of the materials was measured by helium
pycnometry (AccuPyc 1330, Porotec).

Mixing: The slurries for HC-A, HC-B, HC-C (Kuranode Type II: 3, 5, and
9 μm, kuraray), and graphite (SMGA, Hitachi Chemical Co. Ltd., Japan)
were mixed in a dissolver (Dispermat SN-10, VMA Getzmann GmbH
Verfahrenstechnik, Germany). Carbon black (Super C65, Imerys) and
HC powder were mixed in a dry mixing step for 10min at 200 rpm. A
2 wt% CMC (Sunrose MAC500LC, Nippon Paper Industries, Japan) solu-
tion was added to 1/3 of the mixed particles and dispersed at 500 rpm for
10min. The remaining particles were added in two equal steps and further
dispersed. Further water was added for the final solid content. The slurries
were then mixed for 45min at 1500 rpm. The container was cooled and
degassed in the process. In the final step, SBR (Zeon Europe GmbH,
Japan) was added and the slurry was mixed for 10min at 500 rpm. The
composition was chosen so that the dry electrode has the composition
in Table 3. The viscosity was measured by a rotation viscometer
Physica MCR 101 (Anton Paar, Germany) with a plate-plate geometry
(25mm diameter) from 0.01 to 1.000 s�1 at 25 °C.

Electrode Coating and Drying: The coating and drying of the HC and
graphite slurries was carried out in a discontinuous process, as described
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by Baunach et al.[23] The 10 μm copper current collector (Civen Metal
Material Co. Ltd., China) was attached to a temperature-controlled plate
via vacuum. The coating of the anode slurries was applied with a doctor
blade ZUA 2000.60 (Zehntner) and subsequently the coating was run
under the drying nozzles of an impingement dryer. For homogeneous dry-
ing, the plate was periodically moved under the dryer until the slurry was
dry. The drying temperature and heat transfer coefficient were set indepen-
dently to separate their respective effects. For all experiments, the drying
rate was determined by the temperature of the heated plate and the heat
transfer coefficient of the slot nozzle dryer, taking into account the dew
point of the drying air. Table 4 shows the drying rates, heat transfer coef-
ficients, and the drying temperatures. Further information on the drying
temperature and the drying rate is given in the literature.[15,18] The different
heat transfer coefficients result in an average temperature difference of
12� 3 °C for the same drying rate.

Electrode Characterization: The porosity was calculated from the area
weight melectrode divided by the layer thickness hdry and the density (mea-
sured by helium pycnometry) of the dry mixture of the components
ρdrymixture.

εelectrode ¼ 1� melectrode

ρdrymixture hdry
(1)

The pore size distribution of the electrodes was measured with a mer-
cury intrusion porosimeter (Pascal 440 Evo, Thermo Scientific). The cur-
rent collector was considered for the calculation of porosity as described in
the literature.[46,54] For the SEM images, a field-emission scanning electron
microscope (Zeiss Supra 55) from Carl Zeiss AG (Oberkochen, Germany)
was used.

Adhesion Force Measurements: To determine the adhesion force
between the current collector and the dried electrodes, a 90° peel test
was carried out with a universal testing machine AMETEK LS1 (Lloyd
Instruments Ltd., UK) and a 10 N load cell. All samples of the dried anodes
were cut out with a width of 30mm and attached with the coated side to an
adhesive strip. The sample was pressed on with a weight of 10 kg to ensure
uniform contact between the coating and the adhesive strip. The current
collector foil was then peeled off the coating at a constant speed of

600mmmin�1 at a 90° angle using the testing machine. The resulting
pull-off force was measured and divided by the sample width to obtain
a line adhesion force.

Impedance Spectroscopy Measurements: The ionic resistance Rion was
measured in symmetric coin cells (CR2032) with one spacer for each elec-
trode and two glass fiber separators (GF/C, Whatman) per cell. The cells
were assembled in a glove box (MBraun). As electrolyte, 200 μL of 10mM
tetrabutylammonium perchlorate TBAClO4 in EC:DMC (1:1 by volume)
was added. This blocking electrolyte did not contain ions that could be
intercalated into the active material (blocking conditions). The conductivity
of this electrolyte was κ= 0.3505� 0.0011mS cm�1. Electrodes and sep-
arators were punched out with a diameter of 1.6 cm corresponding to an
area A= 2.01 cm2. EIS measurements were performed in a temperature-
controlled chamber (BTZ-175, Espec) at 25 °C using a coin cell holder
(Dual CR2032 Coin Cell Holder, Gamry Instruments) with a potentiostat
(VSP-300, Biologic). The measuring parameters were 10mV perturbation
and a frequency range from 200 kHz to 100mHz. The impedance meas-
urements were fit in an EIS software (RelaxIS 3, rhd instruments) with a
TLM to obtain the ionic transport resistance Rion. The electrical tortuosity
was calculated by Equation (2) with the dry film thickness hdry and the
porosity ε of the electrode, as described by Landesfeind et al.[48]

τ ¼ RionAκε
2hdry

(2)
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