
Eur. Phys. J. Spec. Top.
https://doi.org/10.1140/epjs/s11734-024-01402-0

THE EUROPEAN
PHYSICAL JOURNAL
SPECIAL TOPICS

Regular Article

In-line monitoring of a multi-stage drying process
for battery electrodes: vol. 1—applying methods
of scattered light measurement
Jonas Mohacsi1,2,a, Kevin Ly1,2,b, Marius Birg1, Philip Scharfer1,2,c, and Wilhelm Schabel1,2,d

1 Thin Film Technology, Karlsruhe Institute of Technology, Kaiserstraße 12, Karlsruhe 76131, Germany
2 Material Research Center for Energy Systems (MZE), Karlsruhe Institute of Technology, Kaiserstraße 12, Karlsruhe

76131, Germany

Received 14 May 2024 / Accepted 8 November 2024
© The Author(s) 2024

Abstract The drying process of battery electrodes is a crucial and expensive step in the battery man-
ufacturing process as it significantly impacts the performance of the final cell. One major challenge is
minimising high scrap rates, which has a marked impact on material efficiency and production costs. One
approach is to utilise additional in-line sensors to detect and prevent defects at an early stage. Estab-
lished sensor technology has been employed primarily to measure parameters prior to and subsequent to
the drying process. The objective of this study is to examine the potential of a scattered light sensor for
monitoring the electrode surface during drying for the first time. The sensor’s ability to detect surface
roughness during drying was demonstrated in initial experiments. Further extensive investigations success-
fully determined the characteristic point of the onset of pore emptying by the sensor. The results suggest
that in-line deployment of the scattered light sensor can be highly beneficial, particularly for multi-stage
drying processes. On one hand, the sensor serves as a tool for the straightforward configuration of a multi-
stage drying process, and on the other hand, for the in-line utilisation of the sensor with the aim of quality
assurance.

1 Introduction

The growing demand for energy storage positions batteries as one of the main players in the process of the energy
transition. As the electrification of the transport sector and digitalisation continue to advance, the production
of battery cells is set to increase significantly. The drying process of battery electrodes represents one of the
most challenging, sensitive, and costly steps in battery manufacturing, playing a key role in determining the
quality of the final cell [1]. Presently, the cell production industry faces significant scrap rates of 5–30 % of the
total cell production [2][3][4], posing substantial implications for costs, material efficiency, and energy efficiency in
the production process. In-line measurement technologies to monitor the electrode production are only partially
established. Several publications, such as Schnell and Reinhart [5] or Turetskyy et al. [6], have considered quality
gate concepts that allow early detection and prevention of production defects. Those approaches require the
implementation of comprehensive in-line sensor technology. Therefore, this publication examines the monitoring
of the drying process using a scattered light sensor. The application of a scattered light sensor for this purpose
represents a novel approach. The sensor enables the characterisation of surface properties of the electrode layer
during its drying process through a straightforward measurement principle. This characterisation provides insight
into the current state of the drying process by identifying characteristic milestones such as the onset of pore
emptying.
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Fig. 1 Schematic illustration delineating the drying process of a graphite anode, progressing through the stages: a initial
wet film; b initial shrinkage of the film controlled by surface solvent evaporation, culminating in the attainment of final film
height; c after the onset of pore emptying, the pore network empties through the mechanism of capillary transport; d when
only sporadic, isolated liquid clusters remain, the mechanism of capillary transport ceases. Their evaporation and diffusion
to the surface occur within the pore network until the dry film e remains [7]. Copyright 2019, Energy Technology

1.1 Microstructure formation during drying process

To comprehend the advantages of this application, it is necessary to understand the mechanisms inside the complex
pore network during the drying process of a particulate wet film. The publications by Jaiser et al. [8] and Kumberg
et al. [7] have demonstrated that the drying process of battery electrodes follows a schematic representation, as
illustrated in Fig. 1. One of the principal constraints on the applicability of drying rates is the mechanism of binder
migration. This topic has been extensively explored in multiple publications [9–11]. This process causes the binder,
which is initially distributed uniformly within the film, to migrate towards the upper region of the film, resulting
in binder accumulation. The absence of binder on the lower film side may result in a decreasing adhesion of the
electrode to the substrate foil, which could potentially cause electrode delamination in severe cases. Furthermore,
agglomeration of binders may impede ion transport, which significantly reduces cell performance [12–14].

Jaiser et al. [15] observed that capillary forces driving binder migration occur exclusively during a specific
phase (b–d) of the drying process. To address this, they proposed a multi-stage drying process with a high drying
rate at the beginning (a–b) and end (d–e) of the process, and a significant reduction in the drying rate during
the intermediate phase (b–d) [16]. This approach enables a substantial reduction of the drying time without
compromising the integrity of the film. Altvater et al. [17] demonstrated that employing a three-stage drying
process, facilitated by infrared radiators, can lead to a reduction in drying time of up to 60% without compromising
the adhesion strength of the electrode or the cycle stability of the cell. However, the challenge in implementing a
multi-stage drying process is to maintain accurate process control, which involves the precise modulation of drying
rates at specific intervals. Nevertheless, it is essential that the overall stability of the process is not compromised.
To achieve this, the presence of a sensor system that allows the detection of characteristic time points such as the
onset of pore emptying and the collapse of the capillary network becomes highly advantageous. Consequently, this
study explores the potential of a scattered light sensor for this purpose.

2 Experimental setup

2.1 Slurry preparation

The slurry was prepared applying a dissolver (Dispermat CN10, VMA Gretzmann, Germany). Prior to the actual
wet mixing with a CMC solution, a dry mixing step involving graphite and carbon black was carried out for 10 min
at 300 rpm. After adding the CMC solution, the wet mixing phase took place for 45 min at 1500 rpm, during which
the slurry was simultaneously degassed and cooled. Following this main mixing step, styrene butadiene rubber
(SBR) was introduced to the slurry and blended under moderate conditions (10 min at 500 rpm). The composition
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Table 1 Dry composition of the anode slurry used in this study

Component Concentration (dry
wt.-%)

Hitachi SMG-A (Graphite) 93

Timcal SuperC65 (Conductive carbon black) 1.4

Carboxy-Methyl-Cellulose “CMC” (Binder, Sunrose MAC500LC, Nippon Paper Industries) 1.87

Styrene-Butadiene Rubber “SBR” (Binder, Zeon Europe GmbH) 3.73

of the dry electrode is summarised in Table 1. The proportion of total solids in the total mass was 43 wt%, with
the remainder being demineralised water (57 wt%).

2.2 Coating and drying setup

An extensive description of the doctor blade coating procedure, the dryer (“Comb Nozzle”) and the methodology
for detecting pore breakthrough using a digital microscope (Keyence, VHX-6000) has already been given in the
previous publications of Kumberg et al. [18, 19]. The reader is, therefore, encouraged to consult the referenced
paper for further information.

2.3 Multi-stage drying and measurement procedure

The investigation of an optimal timing for adjusting the drying rate in a multi-stage drying process requires the
performance of so-called transition drying experiments, as already conducted in the publications of Jaiser et al.
[16] and Altvater et al. [17]. In this process, the drying rate is adjusted at a predefined transition time ttrans
from a high drying rate (HDR) to a low drying rate (LDR). This is achieved by adjusting the distance of the
dryer hood to the electrode from 8 to 24 mm as shown in Fig. 2. At the transition time ttrans, a measurement
is taken with the scattered light sensor (Optosurf OS500), allowing to determine the parameters Aqm and Im.
A comprehensive description of the sensor, the measurement principle and specific parameters is provided in
Sect. 3. The measurement sequence (B) of the sensor requires a time span of approximately 2–3 s. Following the
measurement, drying continues at a low rate until the layer is dry. After completing the drying experiment, the
adhesion of the electrode to the substrate foil is measured. The described procedure is repeated multiple times,

Fig. 2 a Setup for drying experiments: “Comb Nozzle” dryer with vertically and horizontally adjustable dryer hood. Vertical
height adjustment of the dryer hood for setting the drying rate (Drying position (A) and (C)). Horizontal movement of
the dryer hood for sensor measurement (Measuring position (B)). b The adjustment of the dryer hood position allows the
indicated drying procedure to be carried out: (A) Drying position (8 mm), high drying rate; (B) measurement of scattered
light sensor; (C) Drying position (24 mm), low drying rate
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varying the transition time (HDR → LDR) at each iteration. Subsequently, plotting the measured adhesion force
against the switching time yields the characteristic curves outlined in Sect. 4.

2.4 Adhesion force determination

The adhesion force between the electrodes and the substrate foil was assessed utilising an AMETEK LS1 universal
testing machine (Lloyd Instruments Ltd., UK), equipped with a 90◦ peeling device and a 10 N load cell. Specimens
measuring 30 mm in width were subjected to testing, cut perpendicular to the coating direction, with three
specimens per electrode. The resulting mean value and standard deviation were calculated.

3 Scattered light measurement

The method of scattered light measurement is already widely employed for quality assurance in industrial manu-
facturing [20, 21]. However, the application of a scattered light sensor to characterise the drying progress of battery
electrodes is a novel approach. Therefore, the measurement principle and the parameters used to assess the drying
process are briefly described in this section. Light scattering measurement is a simple method to determine the light
scattering properties of a surface. These serve as an important indicator for surface properties such as roughness.
Figure 3b illustrates the measurement principle of the scattered light sensor. The light source emits light, which is
incident upon the target surface within the measurement range. Some of this light is reflected, with a portion of the
reflected light directed towards the lens. The lens guides the light to photodiodes, which are positioned in specific
angles, hence, measuring the intensity of the incident light. This process yields the scattered light distribution
(Fig. 3a). The characterisation of this distribution involves the use of various statistical parameters. As indicated
in the figure, the variance of the scattering angle distribution is denoted as Aq . To minimise statistical deviations,
this work employs the mean of multiple measurements (N ) in this work:

Aqm =
1
N

·
N∑

n=1

Aq(n). (1)

Fig. 3 Schematic
representation of the
principle of scattered light
measurements: b The LED
light source generates a
light beam that is partially
reflected on the
measurement surface. The
lens directs the reflected
light onto the photodiodes.
The distribution indicated
in a is obtained by
evaluating the light
intensities on the individual
diodes [22]
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Each photodiode detects the light intensity I(φ) for a specific angle φ. The total intensity I is determined by the
sum of all diodes. In accordance with the variance Aqm, the mean total intensity Im averaged over N measurements
is considered

I =
∑

I(φ) (2)

Im =
1
N

·
N∑

n=1

I(n). (3)

In this work, a measurement frequency of f = 30 Hz has been applied. The mean values Aqm and Im were always
calculated for N = 10 consecutive measurements. Therefore, one determination of Aqm and Im required a time of
t = 330 ms. The central position of the angular distribution is denoted by M . This parameter can serve to verify
the orthogonal orientation of the sensor to the surface [22].

4 Results and discussion

4.1 Signal evolution during drying process

To demonstrate the capability of the scattered light sensor to detect changes in the electrode surface during drying,
initial drying experiments are conducted following the scheme outlined in Sect. 2. Figure 4 (I) shows the temporal
evolution of the two characteristic sensor signals, the variance of the scattered light distribution Aqm and the total
intensity of the reflected light Im. At the beginning of the drying process, Aqm initially assumes consistently low
values, whilst Im remains consistently high, indicating a smooth, reflective surface of the wet electrode layer. During
the transition period (approximately 30 s - 55 s), a rapid increase in Aqm and an equally rapid decrease in Im are
observed. After about 55 s, this transition period ends, and the values of Aqm reach an upper plateau, where they
remain unchanged until the end of the drying process. The values of Im, after the transition period, initially reach
a low point and then gradually increase until they reach a constant lower plateau at about 125 s. Apart from this
slight, gradual increase observed in the Im curve towards the end of the drying process, apparently the information
content of the two parameters Aqm and Im is practically redundant for this application. The characteristic points
at which signal changes occur are identical for both parameters. However, it has been observed that the Im value
occasionally varies due to thermal influences on the sensor. For these reasons, only the parameter Aqm will be
considered for evaluating the progress of drying in further experiments in this study. To detect the progression of
the pore emptying, the pore network was observed by digital microscopy during the drying process as described
in Sect. 2. The recorded formation of the pore network is shown in Fig. 4 (II). By analysing the video sequence
recorded by the microscope, the characteristics of the emptying of the pore network can be illustrated. In the

Fig. 4 Detection of the drying progress: (I) Temporal evolution of the parameters Aqm and Im measured by the scattered
light sensor during drying compared to the indicated moment of observed pore breakthrough tbt; (II) Progression of the
pore emptying recorded from below with a digital microscope; thickness of dry film ddry = 114 μm; Heat transfer coefficient
α = 94.5 W m−2K−1; Air temperature Tair = 75 ◦C
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initial stage of drying (Fig. 4 (II - a), the solvent-filled particle network is visible, and no optical changes can be
detected at first. Subsequently, the time of pore breakthrough for the experiment can be accurately determined
after 66 s (II - b). Afterwards, the continuous formation of the pore network can be observed until the drying
process is complete (II - c,d). As indicated in Fig. 4 (I), the observed pore breakthrough occurs immediately after
surpassing the transition region of the sensor signal. This is initially a very plausible observation, considering that
the observed pore breakthrough (at the bottom of the layer) occurs slightly delayed in time compared to the
onset of pore emptying (at the top of the layer). This simple initial experiment demonstrates the ability of the
scattered light sensor to detect the increasing roughness of the electrode surface, evidently caused by the onset
of pore emptying, and thus to measure the occurrence of characteristic drying stages. In further, more elaborate
experiments, it must now be demonstrated whether the transition point measured by the sensor indeed corresponds
to the point at which the drying rate needs to be reduced in a multi-stage drying process according to Jaiser et al.
[16] to avoid binder migration.

4.2 Multi-stage drying experiments

A description of the procedure for the conducted transition experiments is provided in Sect. 2. The experiments
allow to determine the dependency of the adhesion force of the electrode on the transition time ttrans (HDR →
LDR). Additionally, measuring the Aqm value at the transition point in each experiment leads to the graphs shown
in Fig. 5. A theoretical transition time of ttrans = 0 s corresponds to the LDR reference sample, whilst a transition
time equal to the maximum time required for solvent removal corresponds to the high drying rate (HDR) reference
sample.

To ensure that the observed dependencies do not occur only under specific conditions, experiments were con-
ducted with four different parameters ((a) thin layer, (b) medium layer, (c) thick layer, (d) thin layer and increased
drying rate). The curves exhibit the same characteristics for all four conditions. For low transition times, both
the adhesion forces and the measured Aqm values show a plateau with constant values. Subsequently, there is a
rapid increase in Aqm and the expected decrease in adhesion. Across all layer thicknesses and drying rates, it is
observed that the point at which adhesion forces decrease coincides with the increasing Aqm values. This confirms
the initial hypothesis that the increase in Aqm corresponds to the onset of pore emptying and thus marks the
point at which the drying rate should be reduced to prevent binder migration.

It is noticeable that the curves of Aqm and adhesion force exhibit approximate mirror symmetry for medium (b)
and high (c) layer thicknesses, with both curves reaching the rear plateau at approximately the same time. Jaiser
et al. (2017) defined the attainment of the lower plateau of adhesion forces as the characteristic time point tc, 2.
This represents the moment when drying rates can be increased again without risking binder migration, as the
breakdown of capillary network has occurred. Experiments (b) and (c) suggest that this point may also be detected
using the scattered light sensor. However, this method is not effective for low layer thicknesses (a), particularly when
combined with an increased drying rate (d). Apparently, the formation of higher surface roughness in these cases
occurs more abruptly than the decrease in adhesion forces, which lags slightly behind the Aqm curve. Therefore,
the scattered light sensor is only capable of detecting the characteristic time point tc, 2 to a limited extent.

The transition time tc, 1 for the indicated characteristic is determined by intersecting a tangent drawn to the
point of inflection of the logistic curve fit with the upper asymptote, as it has been proposed by Jaiser et al. [16]. For
the low layer thickness experimental series (a), a characteristic transition time of tc, 1, (a) = 25 s is obtained, which
is significantly delayed compared to the increase in Aqm and also later than the calculated characteristic time
for the experimental series (b) of tc, 1, (b) = 23 s. However, it is apparent that the adhesion forces in experimental
series (a) decrease notably earlier than the calculated tc, 1, (a) = 25 s. Consequently, the authors emphasise that
the methodology proposed by Jaiser et al. [16] is not sufficient to describe the onset of the decrease in adhesion
force alone, but it requires a case-by-case consideration. It might be useful to define a different, mathematically
more conservative criterion for this purpose in the future.

5 Conclusion

In the present study, the opportunities of the application of a scattered light sensor for monitoring of drying
processes of battery electrodes has been explored. Initial experiment demonstrated the sensor’s ability to char-
acterise the surface condition of an electrode during the drying process. More elaborated investigations involving
multi-stage drying experiments revealed a clear correlation between the increase in the “scattered light” param-
eter Aqm, which characterises the roughness of the electrode surface, and the decrease in adhesion force for all
layer thicknesses and drying rates. Overall, the results provide strong evidence that the scattered light sensor is a
useful tool for detecting the onset of pore emptying and thus predicting an optimal transition point during drying.
This makes the sensor a valuable tool in two different scenarios: Firstly, for the initial configuration of a dryer.
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Fig. 5 Dependency of adhesion force of the electrode on the transition time from high drying rate (HDR) to low drying
rate (LDR) - compared with the measured Aqm value at the transition point. The characteristic transition times tc, 1
are indicated. The dashed lines represent the logistic fit curves of Aqm and adhesion force. a–d represent different levels
of film thickness and drying rates: a Low layer thickness (84 gm−2), ṁHDR = 1.75 gm−2s−1, ṁLDR = 0.65 gm−2s−1;
b Medium layer thickness (165 gm−2), ṁHDR = 1.75 gm−2s−1, ṁLDR = 0.65 gm−2s−1; c High layer thickness (281 gm−2),
ṁHDR = 1.75 gm−2s−1, ṁLDR = 0.65 gm−2s−1; d Low layer thickness (74 gm−2), ṁHDR = 3 gm−2s−1, ṁLDR = 1.13
gm−2s−1

Determining suitable drying rates for each zone is extremely labour-intensive, especially for a three-stage drying
process. The sensor can assist in quickly identifying characteristic points and configuring individual dryer zones
accordingly. Secondly, the sensor also provides an important opportunity for in-line use during production for the
purpose of quality assurance. Deviations from target states, such as premature or delayed onset of pore emptying,
can indicate that the electrode is not being dried as intended. The sensor’s deployment is feasible due to its simple
application, straightforward measuring principle, and robustness against variations in distance caused by vibration
within a roll-to-roll setup. Therefore, the use of a scattered light sensor could be a valuable measure to reduce
high rejection rates in production.
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