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1. Introduction

The drying of electrodes is a crucial and often limiting process
step in the manufacturing chain of lithium-ion batteries.[1] While
the coating step can be carried out at high coating speeds, as
shown by Diehm et al., the application of high drying rates still
challenges the throughput in electrode production.[2] High

energy demand on the one hand and drying
condition-dependent electrode properties
on the other demand the necessity of an
optimally conducted drying process.[3,4]

The negative influence on the product prop-
erties thereby primarily occurs at high dry-
ing rates.[5] The application of high drying
rates can lead to a migration of additives
like binder and carbon black to the surface
of the electrode layer, resulting in low adhe-
sion between active material and current
collector foil.[6–10] Furthermore, the electro-
chemical performance deteriorates com-
pared with gently dried electrodes due to
the accumulation of insulating binder and
carbon black at the surface, resulting in
an increased electrical resistance.[6,11]

Binder migration is attributed to the cap-
illary pressure-driven induction of concen-
tration differences during the emptying of
the porous electrode structure, leading to
an inhomogeneous distribution of
components over the electrode height.[5]

Nevertheless, it has been shown that these effects can be compen-
sated for by selecting suitable process parameters. Isothermal drying
tests indicate that a high film temperature and a low heat transfer
coefficient can have a positive effect on adhesion, therefore indicat-
ing a more homogeneous distribution of electrode components.[9]

The authors reasoned that binder diffusion processes could take
place to compensate for concentration differences caused by cap-
illary pore emptying to some extent. Due to the proportionality of
diffusion coefficient and temperature, as well as the antipropor-
tionality of viscosity and temperature, higher electrode tempera-
tures increase binder mobility and therefore adhesion.[6,9,11]

In addition, the authors illustrate the influences and limita-
tions regarding electrode temperature and drying rate in the con-
vective drying process, which are determined by air temperature,
convective heat transfer coefficient, and humidity. Based on an
enthalpy balance for double-sided heat input, a maximum elec-
trode temperature of about 50 °C is determined during the evap-
oration process, while the air temperature was set to 150 °C, the
dew point to 15 °C, and the convective heat transfer coefficient to
80Wm�2 K�1, resulting in a drying rate of 6.15 gm�2 s�1.[9]

These limitations in terms of electrode film temperature are
due to the enthalpy transferred with the evaporation flow, which
cools the electrode layer below the temperature of the supplied air.
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The drying of electrodes represents a critical process step in the production of lithium-
ion batteries. In this process step, unfavorably adjusted drying conditions can result in
deteriorated electrode properties. Furthermore, the process speed is restricted by
limited heat and mass transfer in purely convective drying. To counteract those
effects, energy input by near-infrared (NIR) radiation is a promising approach. Herein,
analytical considerations are carried out to demonstrate the suitability of infrared
radiation with regard to achievable electrode temperatures and drying rates. In an
experimental approach, aqueous processed graphite anodes are dried with an NIR
module, varying the power and the amount of convection for different experiments.
The temperature profiles of the electrodes and the drying rates are measured and
analyzed, and the electrodes are subsequently characterized using adhesion meas-
urements. The results obtained show that energy input by NIR radiation during the
drying of electrodes can lead to an increased drying speed, electrode temperature
during drying, and adhesion force of the dry electrode. These findings indicate that the
binder distribution during NIR drying is advantageous in terms of electrode adhesion,
compared with convectively dried electrodes produced at comparable drying rates,
positioning the process promisingly with regard to high throughput rates.
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Due to the facts listed earlier, one promising approach to
achieve higher film temperatures in the process is the application
of heat input by radiation. Compared with convective drying, the
heat and mass transfer are to a certain extent decoupled from
each other in radiation-assisted drying. In this way, the energy
input can be controlled without significantly affecting the mass
transfer coefficient, enabling higher electrode temperatures at
comparable drying rates.

Although heat input by infrared radiation is widely used, for
instance, in the food and paper industry, there is not yet a sufficient
knowledge base for the application in battery electrode drying.[12]

Nevertheless, initial work on the radiation-based drying of electro-
des is available in literature.[13–17] Vedder et al. showed first results
of first-cycle coulombic efficiency of half cells and adhesion of elec-
trodes. The authors found no dependence of electrochemical func-
tionality and morphology on the drying method for graphite-based
anodes when comparing drying with a fiber laser at a wavelength of
1070 nm with convective oven drying, while reducing energy con-
sumption by a factor of 2.[13] Günther et al. investigated a drying
process inducing different stages of resulting film temperatures
by means of IR radiation. They showed that rapid drying with a
large-area infrared dryer can lead to separation of the active par-
ticles and the binder, which affects the adhesion and cohesion
strength of the dried electrode.[17] For spinel-type LiMn2O4 catho-
des, Kim et al. found that the NIR drying process reduces required
drying time and provides longer lifetime of the batteries.[15] Wu
et al. investigated the influence of process parameters on residual
moisture content and drying rate in convective and infrared drying
of LiCoO2 cathodes and concluded that the drying efficiency is
higher in infrared drying. However, the authors found that, for
the specific processes investigated, the energy utilization rate in
a certain drying stage in infrared drying is lower than in convective
drying.[14] Wiegmann et al. produced graphite anodes with reduced
solvent content in an IR drying process and found a correlation
between the applied area-related intensity and the electrode prop-
erties. With increasing intensity up to a certain limit, a slight
increase in adhesion strength was observed while the standard
deviation decreased. At intensities above the limit, lower adhesion
and increasing standard deviation were observed. The initial
increase in adhesion was explained by the softening of the binder
due to the increasing heat generation, which causes a change in the
microstructure of the binder. The following decrease in adhesion
was explained by the dissipation of binder clusters due to excessive
heat input.[18]

To deepen these initial investigations, systematic studies on
the influence of the adjusted infrared power as well as the con-
vection component on the electrode temperature and drying
rate for the drying of water-based graphite anodes are
presented in this work. Following calculations which underline
the suitability of the infrared process, experimental investiga-
tions are shown and discussed. To clearly identify the differ-
ences in process influences, three process variants were
investigated: pure convection drying, infrared drying in com-
bination with forced convection, and pure infrared drying.
The process data of all variants was analyzed and evaluated
with respect to an influence on the resulting electrode structure
in terms of binder distribution, indirectly quantified by
adhesive force measurements.

2. Calculated Electrode Film Temperature and
Drying Rate in the First Drying Section

In drying applications, the process can be described by an
enthalpy balance of the drying film. For the example of electrode
drying with heat input by convection or radiation, the basic cor-
relation is shown in Equation (1).

dhEl
dt

¼ dðmElcp,ElTElÞ
dt

¼ q
:

Convection þ q
:

Radiation � h
:

S (1)

In this equation, the time-dependent change of the film
enthalpy is represented by dhEl

dt , the area-related electrode mass
by mEl, its heat capacity by cp,El, and its temperature at the respec-
tive time by TEl. The factors that determine the enthalpy change are
the heat input by convection ðq:ConvectionÞ and radiation (q

:

Radiation) as

well as the enthalpy flow of the evaporating solvent (h
:

SÞ. In order to
calculate the enthalpy of the electrode hEl, all of the components of
the drying electrode, including solvent and current collector, have
to be considered. For reasons of scalability, the enthalpy of the
electrode, as well as the heat fluxes and the enthalpy flow due
to evaporation are related to the relevant electrode area AEl.

The heat inputs listed in Equation (1) depend on the process
parameters. In the case of convective heat flux, the temperature
gradient between the drying film and the surrounding air T∞ and
the heat transfer coefficient α, resulting from the air flow condi-
tions and nozzle design is decisive, as shown in Equation (2).

q
:

Convection ¼ KAαðT∞ � TElÞ (2)

The Ackermann correction factor KA considers enthalpy flows
due to evaporation which influence the heat transfer.

In the case of heat input by radiation, the emissivity of the
material ε in combination with the emitted wavelength λ and
power of the radiation source is relevant. Here, the mass transfer
is not conducted by forced but by free convection. Therefore, the
heat transfer coefficient is calculated by the correlations listed in
VDI Heat Atlas, Chapter F2, Section 3.[19]

The parameters used as a basis here can be further subdivided
in directly adjustable process parameters like flow velocity of the
drying air or distance and emission angle of the radiation module.
In order to enable a consideration which is independent of dryer
geometries and individual process modules, exclusively generally
applicable, area-related parameters such as the heat transfer coef-
ficient α and the heat input through radiation q

:

Radiation are used.
The outgoing enthalpy flow depends on the mass flow of the

evaporating solvent m
:
S, which corresponds to the drying rate

(compare Equation (3)).

h
:

S ¼ m
:
SΔhvðTElÞ ¼ M

�
Sρ
�
GβS,G ln

1� y
�
S,∞

1� y
�
S, Ph

 !
ΔhvðTElÞ (3)

The drying rate depends on the molar mass of the solventM
�

S,

the molar density of the gas phase ρ
�
G, the mass transfer coeffi-

cient βS,G, as well as the molar fractions of the solvent in the sur-

rounding gas phase y
�
S,∞ and at the phase boundary of the

electrode y
�
S, Ph. ΔhvðTElÞ represents the enthalpy of evaporation
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at the prevailing film temperature. To describe the mass transfer
coefficient, the Lewis analogy is used.[19] The molar fractions
depend on the dew-point temperature in the gas phase and
the electrode temperature via the vapor pressure. The vapor pres-
sure at the respective temperature is calculated using a Wagner
equation and applied to Equation (4).[9,19]

y
�
S,∞ ¼ p�ðTDewÞ

p∞
and y

�
S,Ph ¼ p�ðTElÞ

p∞
(4)

Here, p�ðTÞ represents the saturated vapor pressure at a given
temperature, while p∞ is the environmental pressure. A list of
the boundary conditions, material data, equations, and correla-
tions used can be found in the Supporting Information.

In the drying process of capillary porous goods, such as wet-
coated electrodes, a steady state usually develops after an initial
heating-up phase for the case of constant process parameters. In
this first drying section, which is called constant rate period, the
incoming and outgoing enthalpy flows coincide, resulting in a
constant temperature TSteady of the drying layer on the one hand
and a constant drying rate on the other.[20] The described station-
ary temperature corresponds to the wet bulb temperature which
is frequently referred to in drying literature. As Kumberg et al.
showed that electrodes up to a certain thickness primarily dry in
the first drying section, this section is considered to be predomi-
nant throughout this work.[21] To illustrate the processes in the
first drying section, the temperature profiles and the profiles of
the water fraction in the drying electrode film and in the bound-
ary layer above the film are shown qualitatively in Figure 1 for
various cases. In addition, the incoming and outgoing heat
and enthalpy flows are indicated.

Figure 1a shows the example of purely convective drying.
Here, the film temperature is always lower than the air tempera-
ture, due to the escaping enthalpy flow caused by evaporation
which is particularly high in the case of the solvent water due
to the immense enthalpy of evaporation. The second illustration
(Figure 1b) represents drying with a combination of heat input by
radiation and application of forced convection, in which the air
temperature in the dryer is adjusted to match the electrode film
temperature. The last scheme (Figure 1c) shows drying where

the heat input is only realized by radiation. In this way, film tem-
peratures are achieved that are significantly higher than the
ambient air temperature. Hereby, the mass transfer in the gas
phase is dominated by a free convection flow, which arises
due to the resulting temperature and density gradients. A
detailed explanation will follow later.

As the parameters steady-state temperature and drying rate in
the first drying section are decisive for structure formation and
electrode properties, they are quantitatively determined for differ-
ent parameter settings for the cases “forced convection” and
“radiation and free convection,” which are essentially different
with regard to the type of energy input. The process data of interest
can thus be calculated under the assumption of a one-sided, adia-
batic, that is energy-loss-free, drying process. To provide a basic
overview, possible influences of specific dryer designs, such as
radiant heat from dryer hood surfaces, are not considered for
the time being. Furthermore, in the first drying stage, it is suffi-
cient to only consider the solvent, as the mass and temperature of
the solid components in Equation (1) do not change. The param-
eters varied are the convective heat transfer coefficient, the temper-
ature of the drying air T∞, the dew point temperature of the drying
air TDew, and the heat flux by radiation q

:

Radiation. For different com-
binations of these parameters, the results are depicted in Figure 2.

The diagram in Figure 2a shows the drying rate and the tem-
perature for different scenarios in the purely convective drying
process. The data describing a drying process with a convective
heat transfer coefficient of 30Wm�2 K�1 and a dew point of the
drying air of 5 °C shows a relatively moderate drying rate that can
be increased by raising the air temperature. The same applies to
the steady-state temperature, which, however, does not exceed a
value of �40 °C, even for high air temperatures of 150 °C. In
addition to increasing the temperature of the drying air, the
steady-state temperature can be increased by raising the dew
point, that is, the relative humidity. An increase of the dew point
to 50 °C with the same heat transfer coefficient leads to signifi-
cantly higher steady-state temperatures of �60 °C. However, the
drying rate is significantly reduced due to the decreasing gradient
of the molar fractions of the solvent in the gas phase (compare
Equation (3)). Another possibility for process control is to
increase the convective heat transfer coefficient. In this case,

Figure 1. Schematic illustration of the temperature and solvent molar fraction profiles and heat and enthalpy flows during the drying of battery electrodes
with different drying settings. a) Purely convective drying; b) convective drying with heat input by infrared radiation, while the air temperature was set to
correspond to the electrode film temperature; c) drying solely by heat input using infrared radiation. Gradients in the film as well as heat transfer pro-
cesses on the bottom side of the electrode are neglected in this figure.
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high drying rates can be achieved, but only comparatively low
electrode temperatures can be reached.

The diagram on the right (Figure 2b) shows the drying rate
and temperature for a drying process that is carried out with heat
input by radiation and surrounding air at 20 °C with a dew point
temperature of 5 °C. With increasing heat input by radiation, the
drying rate and the steady-state temperature increase. The steady-
state temperature rises sharply at the beginning with slight
increases in power, after which the temperature curve asymptot-
ically approaches the boiling temperature of water with further
increases in power. The drying rate curve indicates an almost
linear increase with increasing power input.

The comparison of the two drying processes essentially makes
one key statement: Comparable or higher drying rates can be
achieved with heat input by radiation as with convective drying.
However, the achievable steady-state temperature of the drying
electrode film is significantly higher with purely radiation-
induced heat input, which underscores the suitability of the pro-
cess for drying electrodes at high drying rates with acceptable
electrode properties. The higher temperatures at comparable dry-
ing rates are primarily due to the absence of forced convection,
which is responsible for heat and mass transfer in the purely
convective drying process. In the case of purely radiation-driven
drying, the temperature difference between the boundary layer
above the drying electrode layer and the ambient air results in
a free convection flow with a heat transfer coefficient αFC, which
is significantly lower (<10Wm�2 K�1) than in drying processes
with forced convection (compare Figure 1c). This, in combina-
tion with the approximately logarithmic relationship between
film temperature and drying rate (compare Equation (3) and (4)),
leads to the positive combination of high film temperatures and
high drying rates in the radiation-based drying process.

3. Drying Curves: Electrode Film Temperature
and Solvent Evaporation

Drying experiments were conducted with water-based anode
slurries, consisting of graphite, carbon black, and the binder
system carboxymethyl cellulose (CMC) and styrene–butadiene–
rubber (SBR). The drying process for different process variants
was evaluated by means of mass and temperature curves while
the dried electrodes were characterized by adhesion tests.

To this end, the influence of adjusted power of the infrared
module and convection of drying air on the drying of
aqueous-processed anodes was evaluated on a laboratory scale.
The process variations “forced convection,” “radiation and forced
convection,” and “radiation and free convection” were investigated.

3.1. Forced Convection

In Figure 3, the solvent loading and temperature curves for the
process variant “forced convection” are shown for two settings of
the temperature of the drying air. The lower half of the graph
shows the solvent loading in mass of solvent per mass of dry
electrode over time. Data points each correspond to a
single measurement value of the scale. The upper half of the
diagram shows the temperature curve based on the data recorded
with a thermocouple attached to the underside of the current
collector.

The drying curves show similar profiles for both settings but
differ quantitatively. In both cases the electrode temperature ini-
tially rises to a higher value than the coating temperature prior to
drying. Following this heating phase, a constant temperature is
established, which is maintained for a certain period of time.
This represents the constant rate period (compare Section 2),

Figure 2. Analytical calculations of the drying rate and steady-state temperature during drying of aqueous graphite anodes as a function of the applied
drying air temperature in a) convective drying and the b) applied area-related heat flux through radiation for different parameter settings. The integrated
schematic drawings refer to the drying technology used.
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in which both temperature and evaporation rate remain constant.
At the end of this period, the temperature rises and approaches
the drying air temperature, indicating that the film has
completely dried. In comparison, the course of the solvent load-
ing XS shows fluctuations, which are caused by the impulse of
the convection flow on the balance. Nevertheless, the data in both
cases show in average a linear decrease of the solvent loading in
the steady state and can be analyzed especially with regard to the
resulting drying rate. It is noticeable that the decrease in solvent
loading with time is clearly steeper at the higher temperature.
Both values increase for the higher temperature setting, which
can be explained by the higher temperature gradient with
increasing drying air temperature. The gradient determines
the enthalpy introduced, resulting in a higher film temperature,
which again leads to a higher drying rate due to the temperature-
dependent water vapor pressure and therefore the higher molar

fraction of solvent at the phase boundary (compare Equation (3)).
Moreover, temperature-dependent material parameters like the
diffusion coefficient in the gas phase also increase. The results
fundamentally confirm the relationships between drying air
temperature and resulting film temperature and drying rate
described in Section 2. Using the evaluation method described
in the Experimental Section, values for the steady-state temper-
atures and drying rates can be extracted from the convective dry-
ing experiments and are listed in Table 1, which will be discussed
later.

3.2. Radiation and Forced Convection

In Figure 4, the solvent loading and temperature curves for the
process variant “radiation and forced convection” are shown for
three different settings of the input power Pel, IR of the radiation
module. The input power corresponds to the actual power
consumption of the module.

The electrode temperature for all settings initially increases to
a higher value than the temperature after the application of the
coating. After this phase, a steady state is established before a
temperature rise indicates the approach to the dry state. The
courses of the solvent loadings show fluctuations caused by
the impulse of the convection flow on the balance, which
persist despite the application of a Savitzky–Golay smoothing.
Nevertheless, a linear regression can be used to analyze the data
of the solvent loading in the steady state and quantify it with
regard to the resulting drying rate. It can be observed that the
decrease of the solvent loading is significantly steeper with time
and thus the dry state is reached earlier when higher-power
inputs are applied. The curves of the corresponding temperature
data also show an increase of the mean value in steady state,
while the point in time until the steady state is finished is shorter
with increasing power. The change in these values can be
explained by the increasing heat input by radiation, which is
decisive in this process variant. The values for the steady-state
temperatures and drying rates can be extracted from the

Figure 3. Solvent loading and temperature profiles of electrodes during
drying of aqueous-processed anodes: process variant “forced convection”
with variation of the drying air temperature with an initial dew point of
8.9 °C and a mean convective heat transfer coefficient of 80.0Wm�2 K�1.

Table 1. Overview of the set parameters and process data for the three
process variants.

Process parameters Experimental data

Process variant T∞
[°C]

α
[Wm�2 K�1]

pel, IR
[kWm�2]

m
:
S

[g m�2 s�1]
TSteady
[°C]

Forced convection 45.0 80.0a) 0.0 0.81 23.1

120.0 2.80 31.8

IRþ forced convection 21.3 36.5a) 12.2 0.75 31.1

29.3 2.05 49.2

48.9 5.54 60.8

IRþ free convection 21.3 6.0b) 12.2 0.60 51.4

6.8b) 29.3 2.54 74.6

6.9b) 48.9 6.08 81.1

a)Characterized by means of measurements using thermochromic liquid crystals
(TLCs) as presented by Cavadini et al.;[22] b)Calculated using the equations in VDI
Heat Atlas, Chapter F2, Section 3.[19]

Figure 4. Solvent loading and temperature profiles of electrodes during
drying of aqueous-processed anodes: process variant “radiation and
forced convection” with variation of the set power of the radiation module
at ambient temperature of 21.3 °C, an initial dew point of 8.9 °C, and a
mean convective heat transfer coefficient of 36.5Wm�2 K�1.
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described drying experiments and are again listed in Table 1 for a
later discussion.

In order to place these results in the overall context, a compar-
ison can first be made with purely convective drying. First of all,
the drying curves recorded show qualitatively similar profiles like
the profiles from the convective drying trials and only differ
quantitatively. Therefore, it can be stated that no difference in
the drying mechanism can be detected on the basis of the curves
of the process data. Furthermore, the results in Table 1 show
that, at comparable or even lower drying rates, significantly
higher steady-state temperatures can be achieved with this pro-
cess variant (e.g., 49.2 °C at 2.05 gm�2 s�1 with “radiation and
forced convection” vs 39.6 °C at 2.80 gm�2 s�1 with “forced con-
vection”). It can be concluded that this process variant is suitable
with regard to the objective of achieving drying at higher possible
electrode temperatures compared with the convective process. To
ensure that the process meets the requirements for the resulting
electrode properties, using adhesion as a representative quality
measure, these must also be examined, which is addressed in
Section 4. Although high drying rates can be realized at higher
temperatures compared with the convective process, the achiev-
able film temperature is still limited. This can be explained by the
fact that the air flow exiting between the IR emitters contributes
to the cooling of the drying layer and thus counteracts the heating
effect of the infrared radiation. Furthermore, the forced convec-
tive flow contributes to mass transport in the gas phase and thus
increases the drying rate.

Although no economic analysis is made in this study, it should
be mentioned that the indicated input powers do not correspond
to the emitted power of the infrared emitters, nor the actual
energy input at the drying electrode film. The input power in
the emitter module is first of all reduced by the conversion of
electrical energy in the emitters, while a part of the current is
used to operate the fan. Furthermore, a non-negligible amount
of energy is bound in the cooling air and then dissipates into the
environment. In addition, the absorption coefficient of the elec-
trode, which is between 0.71 and 0.8 for graphite anodes in the
relevant wavelength range according to Vedder et al., affects
the absorbed radiant power significantly.[13] Reflection effects
on the still wet electrode film can also not be neglected.

3.3. Radiation and Free Convection

In Figure 5, the solvent loading and temperature curves for the
process variant “radiation and free convection” are shown for
three different settings of the input power Pel, IR of the radiation
module. To achieve an isolated energy input by radiation, the
forced convection flow was completely eliminated using the pro-
cedure described in the Experimental Section.

The electrode temperature for all settings initially rises to a
higher value, and a steady state is established before a tempera-
ture rise indicates the approach to the dry state. The courses of
the solvent loadings show no fluctuations, as there is no forced
convection flow influencing the scale. Consequently, it can be
easily determined that a linear drying slope also occurs in this
process variant in the steady state. Again, it can be observed that
the decrease of the solvent loading is significantly steeper with
time when higher power inputs are applied. The curves of the

corresponding temperature data also show an increase of the
mean value in steady state, while the point in time until
the steady state is finished is shorter with increasing power.
The change in these values can be explained by the increasing
heat input by radiation, which is decisive in this process variant.
In addition to the power input, the resulting temperature in the
film also has an influence on the solvent transfer. In this pro-
cess variant, the solvent is not removed with the air introduced
via forced convection but rather as a result of the free convection
that occurs, depending on the prevailing film temperature. The
free convection flow occurs due to the difference in density of
the warm and water-loaded air above the drying layer in relation
to the ambient air and increases with rising electrode tempera-
ture due to the temperature dependence. The characteristic heat
transfer coefficient of free convection can be calculated using
the equations in the VDI Heat Atlas and lies between 6.0
and 6.9Wm�2 K�1 for the attempts discussed.[19] Due to the
absence of controlled solvent removal in this process variant,
saturation of the ambient air and an increase of the initial
dew point, which would influence mass transfer, cannot be
ruled out. This must be taken into account for industrial design,
but will not be addressed in this publication for the time being.
The values for the steady-state temperatures and drying rates
can be obtained from the drying tests described and are listed
in Table 1, as are the calculated values for the free convection
heat transfer coefficients.

In order to place these results in the overall context, a
comparison with the other process variants investigated can
be conducted. First of all, the drying curves recorded show
qualitatively similar profiles like those from the experiments
discussed earlier and only differ quantitatively and due to the
missing noise of the scale signal. Therefore, it can be stated that
no difference in the drying mechanism in the electrode film can
be detected on the basis of the curves of the process data.
The results show that with comparable drying rates,
significantly higher steady-state temperatures can be achieved
with the process variant “radiation and free convection” than

Figure 5. Solvent loading and temperature profiles of electrodes during
drying of aqueous-processed anodes: process variant “radiation and free
convection” with variation of the set power of the radiation module at
ambient temperature of 21.3 °C and an initial dew point of 8.9 °C.
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in both process variants with forced convection (74.6 °C at
2.54 g m�2 s�1 with radiation and free convection vs 49.2 °C
at 2.05 g m�2 s�1 with radiation and forced convection). It
can be concluded that for a given drying rate, the highest film
temperatures of the three investigated drying methods can be
realized with this process variant. Nevertheless, there is the pos-
sibility of further process improvements, for instance, the com-
bination of infrared radiation and tempered, controlled air flow.

As previously mentioned in Section 3.2, no economic analysis
is carried out in this study. Even with this process variant, it can-
not be assumed that the emitted radiation is completely used for
drying. In addition to the efficiency-reducing factors listed, the
cooling air with the enthalpy bound therein is completely dissi-
pated into the environment and is not used for drying. At the
same time, the glass pane reduces the usable radiator output
due to its transmission value of �90%.

3.4. Comparison of the Process Variants

An overview of the measurement data generated in the experi-
ments discussed is shown in Table 1 depending on the process
variant and the process parameters.

The values extracted from the process data for the steady-state
temperature are also listed in Figure 6 for the various process
variants and parameter combinations as a function of the
evaluated drying rate.

The tendency already described in the earlier subsections
is emphasized: at a comparable drying rate, the steady-state
temperature can be significantly increased when using infrared
radiation, if the convective heat transfer coefficient is reduced at
the same time.

4. Properties of Dried Electrodes: Adhesion Force

The adhesion force of the electrodes, measured with a 90° peel
test, characterizes the influence of the drying process on the elec-
trode properties for the different process variants and parameter
settings. The results of these investigations are plotted in
Figure 7 as follows: the measured adhesion force, the mean value
of three sample strips taken from the electrode area, as a function
of the drying rate.

The adhesion within one data series decreases with increasing
drying rate. This effect is related to the capillary-driven transport
of the binder to the surface of the layer during pore emptying,
which is more pronounced at higher drying rates (see Section 1).
However, it is noticeable that the absolute values of the adhesion
differ between the data series at comparable drying rates. For
instance, the adhesion of the process variant “radiation and
forced convection” is slightly higher than the adhesion of the pro-
cess with pure convection drying, while the process variant “radi-
ation and free convection” shows an even more significant
increase. In particular, the adhesion is clearly higher at low dry-
ing rates, and the adhesion is increased by at least a factor 2 over
the entire drying rate range. The combination of the results of the
adhesion force measurements and the present drying electrode
temperatures (Figure 6) lead to the conclusion that high temper-
atures correlate with high adhesion forces, when compared at
similar resulting drying rates. The fact that high film tempera-
tures, in combination with low convective heat transfer coeffi-
cients, can positively affect the binder distribution and
electrode adhesion was already discussed in the introduction
and is hypothesized in this study. These results confirm the
hypothesis in general and verify it for the specific case of drying
with energy input by IR radiation.

The adhesion force can also be plotted as a function of the
measured steady-state temperatures, which is shown in Figure 8.

The adhesion force decreases with increasing film tempera-
ture, which corresponds to an increasing drying rate if the

Figure 6. Steady-state temperatures during the drying process as a func-
tion of drying rates determined frommass curves during the drying experi-
ments of aqueous-processed anodes for the different process variants.
The colors of the data points match the parameter combinations displayed
in Figure 3–5. In order to emphasize the tendency of the measured values,
they are supplemented by a logarithmic trend curve. The numerical values
displayed correspond to the convective heat transfer coefficients within the
test series. For the process variant “radiation and free convection,” the
mean value of the heat transfer coefficients by free convection from
the three parameter combinations investigated is shown.

Figure 7. Adhesive forces of dried electrodes as a function of drying rates
determined from mass curves during the drying experiments of aqueous-
processed anodes for the different process variants. The colors of the data
points match the parameter combinations displayed in Figure 3–5. In
order to emphasize the tendency of the measured values, they are supple-
mented by a logarithmic trend curve.
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boundary conditions remain constant apart from the selected air
temperature or radiation power. The advantage of the infrared
radiation drying process in terms of adhesion can also be clearly
seen in this diagram: High temperatures can only be reached
with low convective heat transfer coefficients and heat input
by radiation, which is the combination that leads to high adhe-
sion values. While the data points in Figure 7 can be approxi-
mated with a logarithmic curve, the trend lines in the data
series in Figure 8 are nearly linear. This can be explained by
the relationship between the two process values of interest dis-
cussed here: The drying rate is a logarithmic function of the
molar fraction of solvent at the phase boundary of the drying elec-
trode which is dependent on the prevailing film temperature
(compare Equation (3) and (4)).

To illustrate the importance of the film temperature in the pro-
cess in relation to the drying rate, the adhesion values are plotted
as a function of the ratio of steady-state temperature to drying
rate in Figure 9.

The diagram shows that the measured values are approxi-
mately on a line. The key statement of the diagram confirms that
an increasing ratio of drying temperature in the steady state to
drying rate leads to a high adhesion force. It is remarkable that
the slope describes adhesion force data regardless of the type of
process carried out, leading to the conclusion that the develop-
ment of the binder distribution and consequently the adhesive
force is independent of the type and manner of energy input
but only on the drying rates and film temperatures reached dur-
ing the process. Nevertheless, it must be mentioned that the
results are only valid for aqueous-processed graphite anodes with
the specified formulation used, a dry area weight of 130 gm�2,
and the three discussed process variants. However, for upscaling
and industrial application, the removal of solvent from ambient
air in the drying environment must be considered and further

electrochemical studies must be conducted on the performance
of the infrared-processed battery electrodes.

5. Conclusion

The investigation of three drying configurations demonstrates
the influence of convective and radiation-based process param-
eters on the electrode drying process and the resulting electrode
properties. In detail, the influence on the film temperature of
drying electrodes as well as the drying speed and the adhesion
of these electrodes is discussed.

Theoretical Considerations: In case of drying with forced con-
vection, the process parameters and limitations with regard to
achievable steady-state temperatures and drying rates as a func-
tion of heat transfer coefficient, dryer temperature, and dew
point are shown analytically. The same methodology was used
to demonstrate the suitability of heat input by radiation under
the absence of forced convection. The observations show that
the application of radiation in the drying process can be benefi-
cial to selectively control drying rate and film temperature. In
particular, it is shown that higher film temperatures can be
achieved with infrared radiation than with purely convective dry-
ing at comparable drying speeds. In combination with the
hypothesis that high film temperatures during drying can have
a positive influence on the electrode properties, the theoretically
demonstrated effects provide the motivation for the experimental
approach in which these are verified on the one hand and
extended by determining the electrode quality on the other.

Experimental Approach: The process variants “forced convec-
tion,” “infrared radiation with forced convection,” as well as
“infrared radiation with free convection” were investigated by
means of different parameter combinations in batch drying tests
for aqueous-processed anodes with an area weight of 130 gm�2,
corresponding to a theoretical electrode capacity of
�4.65mAh cm�2. The electrode temperatures and drying rates
resulting from measured mass and temperature profiles, along

Figure 8. Adhesion forces of dried electrodes as a function of the steady-
state temperatures determined from the temperature curves during the
drying experiments of aqueous-processed anodes for the different process
variants. The colors of the data points match the parameter combinations
displayed in Figure 3–5. In order to emphasize the tendency of the mea-
sured values, they are supplemented by a linear trend curve. The numerical
values displayed correspond to the convective heat transfer coefficients
within the test series. For the process variant “radiation and free convec-
tion,” the mean value of the heat transfer coefficients by free convection
from the three parameter combinations investigated is shown.

Figure 9. Adhesion forces as a function of the ratio of steady-state tem-
perature to drying rate for aqueous-processed anodes dried with different
process variants. The colors of the data points match the parameter com-
binations displayed in Figure 3–5. To illustrate the tendency of the mea-
sured values, they are supplemented by a linear trend curve.
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with the subsequent electrode characterization, allow clear conclu-
sions to be drawn. The results confirm that the highest electrode
temperatures can be achieved with the application of pure infrared
radiation and that the ratio of temperature to drying rate is highest
with this process variant, which was expected on the basis of the
theoretical considerations. Moreover, the experiments confirm the
positive effect of high temperatures resulting from heat input with
radiation on the electrode properties. This is demonstrated by
adhesion force measurements, which show that IR-dried
electrodes have significantly better adhesion at comparable drying
rates, indicating the presence of a binder distribution and
condition that is beneficial to good electrode adhesion. As a result,
electrodes can be produced at higher throughput rates with the
process variant presented, whereby the drying rate at which a criti-
cal deterioration of the product properties, that is, adhesion, occurs
is reached later than with the conventional process.

For upscaling and industrial application, the removal of
solvent from the ambient air in the drying environment must
be considered and further investigations on the electrochemical
properties regarding the performance of the battery electrodes
processed with infrared radiation must be carried out.
Nevertheless, the results presented position the drying process
with heat input by infrared radiation promisingly in the application
for electrode production.

6. Experimental Section

Formulation and Slurry Preparation: For slurry preparation, CMC
(Sunrose MAC500LC, Nippon Paper Industries Co., Ltd., Japan) was
dissolved in water at ambient temperature in a laboratory stirrer for 1 h
at 500 rpm. Graphite particles (SMGA, Hitachi Chemical Co. Ltd.,
Japan) and carbon black (Super C65, Timcal SA, Switzerland) were mixed
in a dry mixing step for 10min at 300 rpm in a dissolver mixer (Dispermat
CN10, VMA Gretzmann GmbH Verfahrenstechnik, Germany). Solids were
added to the CMC water solution in three thickening steps while stirring
the mixture at 500 rpm. While the temperature of the vessel was tempera-
ture-controlled by cooling water, degassing was executed and the slurry
was dispersed at 1500 rpm for 45min. In a last step, SBR binder
(Zeon Europe GmbH, Japan) was added and the dispersion was mixed
at 500 rpm for 10 min. The resulting mass composition of the components
is listed in Table 2.

Coating: For the coating step, 10 μm-thick copper foil (Civen Metal
Material Co. Ltd., China) was used as a substrate. To realize a homoge-
neous surface in crossweb direction and guarantee defined coating and
drying conditions, the foil was fixed into a tensioned frame and placed
on a flat coating plate equipped with a vacuum groove suction. A doctor
blade (UA2000.100, Proceq SA, Switzerland) was used to apply films of
defined thickness and geometry. For coating, the doctor blade was moved
by a linear actuator at a speed of 50mm s�1, while the coating gap was
adjusted to 265 μm to achieve a dry area weight of�130 gm�2. In order to
obtain the same electrode geometry in each experiment, a 20 μm-thick PET
stencil with a cut-out area of 90 by 90mm was used during the coating
process. The stencil was removed after the coating prior to drying.

Drying: Following coating, the electrodes were dried with three different
process variants. At the beginning of the experiments, the ambient tem-
perature was 21.3 °C and the relative humidity was 46.3%, which corre-
sponded to an initial dew point of 8.9 °C. For each drying scenario
presented in Section 2, one exemplary single measurement is shown.
For the purely convective drying process, a batch dryer with impingement
jets with a homogeneous distribution of heat transfer coefficients and sol-
vent removal was used.[22] For these experiments, an average heat transfer
coefficient of 80Wm�2 K�1 was set, while the drying air temperature was
chosen between 45 and 120 °C. Drying was performed at constant

parameters until the coating was sufficiently dried, indicated by the tem-
perature rising toward the adjusted air temperature.

For drying with energy input by infrared radiation and forced convec-
tion, a commercially available IR module consisting of three infrared emit-
ters divided and surrounded by a reflective housing and air flow slots was
applied. The module covered an area of 124 by 330mm with a maximum
power of 3.3 kW at a wavelength around 1 μm. Its ventilation slots were
supplied by air, which was drawn in at ambient temperature by an inte-
grated axial fan. The flowing air served to cool the reflector surface as well
as the IR emitters. As the cooling air was released below the module, an
influence on the drying process was inevitable. The module is shown sche-
matically in Figure 10.

In the drying experiments, the input power Pel, IR of the module was
varied between 500, 1200, and 2000W, which corresponded to an area-
related input power Pel, IR of 12.2, 29.3, and 48.9 kWm�2, respectively.
The module was positioned at a distance of 120mm above the coating,
while the air flow could not be adjusted due to the design of the module.
For drying, the module remained switched on at constant power setting
until the coating was sufficiently dried, as indicated by a rapid temperature
increase. The drying module was switched off when the measured temper-
ature reached about 130 °C.

For drying with energy input by infrared radiation without forced con-
vection, the same configuration and procedure was used, with the excep-
tion that an IR-transmissive panel was installed underneath the module.
The glass ceramic panel-type MERAX (Mennes GmbH, Germany) with
3mm thickness had a transmission of about 90% in the relevant wave-
length range (from 750 to 2500 nm), while the air exiting the radiation
module was deflected, allowing an isolated energy input by infrared radia-
tion during drying. The cooling function of the IR module remained
unaffected.

Measurement Data Acquisition: Temperature Curves and Drying Rate: The
drying progress was determined on the basis of mass and temperature
curves. After slurries were applied to a defined surface as described earlier,
a thermocouple was attached centered beneath the substrate. Due to the
high thermal conductivity of copper and the low thickness of the electrode
layer, the temperature at this point was considered to be a representative
electrode temperature. As the electrode-carrying tensioned frame was
mounted on a rack placed on a scale-type MC1 LC12005 (Sartorius
AG, Germany) during the experiments, mass curves could be analyzed
(compare Figure 11).

Table 2. Composition of the dry electrode and the electrode slurry.

Component Dry mass fraction [wt%] Wet mass fraction [wt%]

Graphite 93.00 39.99

Carbon black 1.40 0.60

CMC 1.87 0.80

SBR 3.73 1.60

Water – 57.00

Figure 10. Schematic illustration of the configuration of the infrared
module used.
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The mass profiles MElðtÞ were converted into curves of solvent loading
XSðtÞ for reasons of comparability with Equation (5).

XSðtÞ ¼
MSðtÞ
MEl; dry

¼ MElðtÞ �MEl; dry

MEl; dry
(5)

Here, MSðtÞ corresponds to the mass of the solvent. For this proce-
dure, the tensioned frame with a mounted current collector was weighed
separately before each experiment and after, then containing the dried
electrode coating, to determine the dry electrode coating mass MEl; dry.
The slope of a linear regression considering the measured values in
the steady state divided by the electrode area determines the drying rate.
The steady-state temperature was obtained by averaging the temperatures
of the period in which an almost constant temperature was present. The
described procedure is shown in Figure 12 for one example.

The investigations carried out with the infrared radiator without the use
of the convection-flow dissipating plane provided measurement data for
the mass curves, which in some cases showed strong fluctuations caused
by the impulse of the convection current on the balance. For this reason,
the measurement data for mass was processed using a second-order
Savitzky-Golay smoothing (five fixed points).

Adhesion Measurement: Adhesion force was measured using a universal
testing machine type AMETEK LS1 (Lloyd Instruments Ltd., UK) with a 90°
peeling device and a 10 N load cell. Specimens of 28 mm width were
tested, and cut perpendicular to the coating direction, using three speci-
mens per electrode. The mean value and the standard deviation were
determined.
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