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1. Introduction

Many research activities for Li-ion battery electrodes aim to com-
bine high cell capacity with low production cost. This often
involves increasing the ratio of active-to-inactive electrode materi-
als. However, a reduction of inactive materials, such as binder and
conductive additives, becomes inappropriate when it leads to an
undue deterioration of the electrode properties. In particular,
the adhesive forces as well as the ionic and electrical conductivity
are important electrode properties, which must be preserved in
electrode design and processing.[1–6] To handle the insufficient
adhesion problem at low binder content, some approaches use
multilayer electrodes with binder and additive gradients.[7–10]

One approach, which is used in this work, is to apply a very thin
primer layer to the current collector to significantly improve the

adhesive force in combination with a low
binder content in the active layer (see
Figure 1). Several works have already
addressed the properties of primers in bat-
tery electrodes. Doberdo et al. showed that a
carbon coating protects the aluminum
current collector foil from corrosion by
using an aqueous binder system for lithium
nickel manganese cobalt oxides (NMC)
cathodes.[11] Carbon-coated aluminum foil
was also used in lithium sulfur batteries
by Li et al. to improve the adhesion and the
electrical conductivity leading to a better cell
performance.[12] For LiFePO4 cathodes, the
use of an aluminum current collector with

carbon primer enabled the reduction of additives in the active
layer.[13] With graphite anodes, it was shown that a graphene/
polyvinylidene fluoride primer layer enhanced adhesion, conduc-
tivity, and cell performance.[14] Nevertheless, the application of a
primer layer generates an economical advantage only if the addi-
tional layer is sufficiently thin and cheap to produce. Otherwise,
the primer layer will offset the advantages of the binder reduction.
In addition, the primer layer should be manufactured at such low
cost that the additional step is not relevant for the total production
expense. This implicates that the electrodes, in particularly the
primary layer, have to be manufactured with preferably high
production throughput.[15,16] Another cost–benefit arises from
the application of aqueous slurry formulations due to lower mate-
rial and postprocessing expenditures.

In this work, anodes with low binder content and good pro-
cessability will be presented by using an electrode design with
high-speed processed carbon primer layer. As very thin layers have
to be produced at high production speeds, the number of applica-
ble coating processes is limited. In this work, a modified slot cast-
ing process is explicitly investigated, which is similarly used in the
production of battery electrodes. To reduce the minimumwet film
thickness, a vacuum box is used. The limits compared with state-
of-the-art slot-die coating without vacuum box are revealed.

2. Results and Discussion

In this study, the application of a very thin primer layer on a cop-
per foil for Li-ion battery anodes via high-speed slot-die coating
is investigated. The purpose of this thin primer layer is the
improvement of electrode adhesion and reduction of binder con-
tent. This should reduce the total binder content of the electrode
and improve the electrode performance.
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A reduction of the inactive components can increase the energy density and
reduce production cost of Li-ion batteries. But an effective reduction of the binder
amount also negatively affects the adhesion of the electrode. Herein, slot-die
coating of a primer layer for Li-ion anodes is investigated. It is shown that the use
of a primer layer with only 0.3 g m�2 can increase the adhesive force by the factor
of 5 as well as the cell performance for anodes with low binder content. The
process limits for a stable, defect-free primer coating are investigated at coating
speeds of up to 550 mmin�1. The limits coincide both for a setup without
vacuum box and with vacuum box with theory-based equations. By using a
vacuum box, the minimum wet film thickness can be reduced by half.
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2.1. Primer Formulation

A water-based formulation was developed, consisting of equal
parts of carboxymethyl cellulose (CMC), styrene-butadiene rub-
ber (SBR), and carbon black (CB), as shown in Table 1. CMC acts
as a dispersant and film former, SBR as the main binder, and CB
as conductive additive with a ratio of 1:1:1.

Two reference anodes were selected to compare the properties
of the primer layer with regard to adhesion and cycle stability.
One is an anode layer with a higher binder content, which cor-
responds to 93 wt% active material and sufficient adhesive force
for the cell processing. The second anode has a strongly reduced
binder content and 97 wt% active material. To increase the adhe-
sion of the electrode with low binder, a primer was applied to the
copper foil. The primer with the formulation shown in Table 1
is applied with an area loading in the dry film of 0.3 gm�2.
This results in a total percentage of active material in the elec-
trode of 96.5 wt%.

2.2. Microstructure

SEM images of top view and cross section of the electrode are
shown in Figure 2. The primer layer is not deposited as a homo-
geneous thin film, but a regular accumulation of small and big
particles of conductive CB and binder domains. The primer layer
appears to form large contact regions between the film and the
graphite layer, which are not present without primer.

2.3. Adhesion and Conductivity

A property that is directly influenced by the contact surface is the
adhesion. Adhesion of the active layer on the substrate is an
important parameter for the properties of the battery. The layer
must not delaminate from the electrode during further assem-
bling and cycling of the battery cells. The adhesive force required
for industrial production depends on the respective production

line and the individual cell geometry. For the cell production in
pouch cells used by us, an adhesive force of more than 6 Nm�1 is
targeted. Here, a copper foil was used with copper treatment,
which was supposed to improve the adhesive force even without
primer layer. The resulting adhesion of the electrodes produced
is shown in Figure 3.

The adhesion of the anode with low binder content is
1.5 N cm�1. As expected, this is much lower than the 9.7 N cm�1

of the anode with high binder content. Due to the low adhesive
force, it is difficult to process the electrodes with low binder

Figure 1. Structure of an electrode with primer layer between active layer
and current collector to improve the properties of the electrode.

Table 1. Compositions of the used slurries.

ID Graphite
[wt%]

CB
[wt%]

CMC
[wt%]

SBR
[wt%]

Primer layer 0 33.2 33.5 33.3

Low binder anode 97.0 1.0 1.0 1.0

High binder anode 93.0 1.4 1.9 3.7

(c) Section of cross view

Graphite

Primer coating

Copper foil with 
Cu-treatment

(a) Top view (b) Cross view

Big primer particles

Small primer 
particles

Figure 2. a) Top view of primer layer with big and small primer particles.
b) Cross-profile of the electrode with primer and copper foil with Cu treat-
ment. c) Section of the interface in higher resolution with primer coating
between graphite and copper foil.

Figure 3. Adhesive force for the produced graphite anodes.
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content into cells by hand. By using the primer layer, the adhe-
sion is increased from 1.5 to 8.1 Nm�1 which allows processing
similar to the electrode with high binder content. The electrodes
with primer can therefore be processed similarly to the electrodes
with high binder content. The addition of a primer layer reduces
the proportion of active material in the electrode from 97.0 to
96.5 wt%. This is a very small loss of energy density in relation
to the improvement of adhesion. With all three configurations,
adhesion fracture mainly occurs between substrate and electrode
coating or between substrate and primer coating, with small
residues of coatings on the substrate.

The influence of the primer on the electrical conductivity
within the graphite network was investigated with transmission
conductivities (see Figure 4).

Reference electrodes with high binder content show the lowest
conductivity with 3.9 Sm�1. The electrodes with low binder con-
tent have a higher conductivity of 4.9 Sm�1 compared with the
reference. The highest conductivity is measured at 5.8 Sm�1 for
the combination of low binder and primer.

The lowest conductivity of the high binder electrode can be
attributed to the high binder content of 5.6% and the compara-
tively low conductive CB content of 1.4%. This results in less con-
tact points between the graphite particles and the current collector.
In the comparison of the two configurations with low binder con-
tent, the primer seems to improve the conductivity due to the high
number of conductive CB particles on the surface of the collector
foil (see Figure 2).

2.4. Electrochemical Performance

To measure the performance of the electrodes, full cells were
produced in pouch format with NMC622 as described in
Section 4. The results of the rate capability test and the cycling
test are shown in Figure 5.

The initial discharge capacity of the reference with high
binder, determined from the formation cycles at C/20, is
169mAh g�1, that with low binder is 158mAh g�1, and that with
low binder and primer is 156mAh g�1. The difference in the ini-
tial capacity could be due to the larger surface area not covered

with binder of the low binder anodes, which is available for solid-
electrolyte interphase (SEI) formation and uses lithium from
cathode. The charge and discharge curves are shown in
Figure 6 for the first cycle. At low C rates, the low Liþ diffusion
through the binder surfaces on the active particles is not limiting,
which results in higher usable capacity due to less Liþ loss dur-
ing SEI formation. Up to 1C, the capacities of the electrodes with
low binder are similar to those with high binder. At high C rates
of 2C and 3C, on the contrary, electrodes with low binder content
show a significant higher usable capacity. The cells without

Figure 4. Electrical conductivity of the anodes.

Figure 5. Rate capability test with CC (top) and aging test with 2C CCCV/
3C CC cycles (bottom). NMC622 is used for the cathode with a capacity of
2.0mAh cm�2. After each 100 cycles of the aging test, 10 cycles were
performed at 1C CC for comparison with the rate capability test.

Figure 6. Cell potential over capacity for the first cycle at 0.05 C.
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primer always have a slightly higher capacity than those with
primer. Here, the advantage of the lower binder quantity on
the particle surface outweighs the Liþ loss during SEI formation
and leads to better performance. At 3C we observe a reduction of
the capacity of the reference electrode with high binder content,
which regenerates in the following C/2 cycles. Due to the hin-
drance of the Liþ diffusion by higher binder enrichment in
the pores, lithium plating may occur on the surface at high charg-
ing currents. The charging rate for the aging test was therefore
limited to 2C. In the aging test with 2C/3C CCCV, the degrada-
tion of the capacity of the electrodes with low binder is signifi-
cantly lower than in the reference. This results in a significantly
higher capacity of 126mAh g�1 for low binder at cycle 500 com-
pared with 111mAh g�1 for the high binder reference. The low
binder electrode with primer shows lower degradation than with-
out primer. From cycle 120, this electrode has the highest resid-
ual capacity. The reason for the improvement at higher cycle
numbers could be the better adhesion between the active mate-
rial and the collector foil, which could lead to less detachment of
active material due to volume expansion during cycling.

In summary, the use of a primer layer can reduce the inactive
components of the electrode such as binders and conductive
additives while maintaining the same mechanical strength of
the electrode. This leads to better capacities at high C rates of
2C and 3C as well as significantly lower aging at 2C/3C CCCV.

2.5. Coating Stability and Upscaling

For industrial-scale implementation, this primer layer must be
applied to the film at high speed and at low cost. For this, the
stability limit of the coating process must be predicted.
Especially with the production of very thin coatings, there are
two limiting failure criteria for the low thickness limit of
slot-die coating.[17] These are air entrainment as instability
of the moving contact line on the upstream side and low-flow
as instability of the meniscus at the downstream side. Both limits
are shown in Figure 7.

For determination of the process windows, the same primer
slurry was used as for the electrode characterization. The mate-
rials were mixed with water as solvent as described in Section 4.
The solids content of the coating slurry was 2.5 wt%. The slurry
shows a strong shear-thinning behavior, as shown in Figure 8.

At low shear rates below 1 s�1 the viscosity is higher than
1 Pa s, whereas at higher shear rates the viscosity decreases to
less than 0.01 Pa s. The shear rates in the coating bead are
between 1515 and 75 758 s�1 in the investigated speed range

from 10 to 550mmin�1. A power-law approach in the relevant
range from 1000 to 100 000 s�1 was used to describe the rheo-
logical behavior, as shown in Equation (1).

μeff ¼ K
�
∂u
∂y

�
n�1

(1)

For the primer slurry, the flow consistency index K is
2.890 Pa sn and the flow behavior index n is 0.462. The surface
tension of the primer slurry σ is 0.06938 Nm�1 (measured with
Krüss, EasyDrop DSA20).

For the stable coating window, the limit that occurs at higher
wet film thicknesses is relevant. When coating without vacuum
box, coating defects occur that indicate air entrainment as the
failure mechanism. To compare the experimental limits with
theoretical limits, reference is made to a simulation based on
the work of Ruschak, Higgins and Scriven, Durst, and
Schmitt resulting in the following formula.[8,18–20]

ΔpVAC ¼ 1.34 ·
�

κ · unweb
σ · hGðn�1Þ

�2
3
·

σ

hwet
þ ldownstream

· κ ·
�ðnþ 1Þð2nþ 1Þ

n

�
n

·
ðhG � 2 · hwetÞn

hGð2nþ1Þ · uwebn �
2 · σ
hG

(2)

Figure 7. Failure mechanisms of slot-die coating. Air entrainment: Air bubbles are introduced into the film via the upstream meniscus (left). Low-flow:
Instability of the downstream meniscus causes film thickness variation (right).

Figure 8. Viscosity of the primer slurry as a function of the applied shear
rate. The second X-axis shows the corresponding coating speeds for this
setup.
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As no vacuum is applied without using the vacuum box, the
pressure difference ΔpVAC is set to zero in this chase.

ΔpVAC ¼! 0 (3)

The equation was iteratively solved to determine the mini-
mum wet film thickness hwet;min. Figure 9 shows the experimen-
tal limits for the coating without vacuum box and the
corresponding limit by the simulation. Coating defects occur
at process points below the minimum wet film thickness.
The characteristic coating defect of air entrainment with alternat-
ing coating as stripes perpendicular to the coating direction can
be clearly observed.

The experimental limit values increase with increasing speed
from 38.6 μm at 10mmin�1 to about 55 μm at higher coating
speeds than 50mmin�1. The experimental values remain at this
value and do not increase any further. The simulation also shows
an increase in the minimum wet film thickness with increasing
speed up to 50mmin�1. The limit approaches an asymptote at
half the gap width between the slot caster and the substrate,
which corresponds to 55 μm in this study. This results in a min-
imum basis weight of 1.5 gm�2 of the primer layer for the used
formulation with 2.5 wt% solids at industrially relevant coating
speed. At a speed of 200mmin�1, the maximum possible pump
flow rate of 1.8 Lmin�1 of the experimental setup is achieved.

One way to reduce the minimum wet film thickness even at
high speeds is to apply a negative differential pressure to the
upstream side of the slot-die. By this, air entrainment can be
prevented and the stability of the downstream meniscus, known
as the low-flow limit, determines the stable coating window.
The low-flow limit can be approximated with the following
formula[18,19,21]

hwft;low�flow ¼ hg ·
�
2 ·

�
κ · uwebn

0.65 · σ · hgn�1

��2
3 þ 1

��1

(4)

The coating window with stabilization of the meniscus by the
vacuum box is shown in Figure 10. For the first three experimen-
tal values at 10, 50, and 100mmin�1, the minimum wet film
thickness increases from 18.5 up to 34.2 μm. The values are
slightly above the calculated low-flow limit, but they follow the
same shape. After the increase to a maximum, a decrease in
the minimum wet film thickness at higher speeds is observed.
At 200mmin�1 at least 28.4 μm wet film thickness is required
and at 550mmin�1 only 17.9 μm wet film thickness is required,
which corresponds to a primer area weight of only 0.3 gm�2.
Higher coating speeds and thus high volume flow seem to cause
a stabilization of the liquid flow. The experimental values over
200mmin�1 can be well described with an exponential approach
of the following form[22]

Figure 9. Limit of coating window without vacuum chamber and the resulting coating pattern for stable coating and coating defects.

Figure 10. Coating window with vacuum box. Gap¼ 110 μm. In addition to the experimental points, the simulated limits for low-flow and extended
coating window are plotted.
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hwft;ecw ¼ κecw · uweb�
1
2 (5)

A good agreement of all measured values is found with

κecw ¼ 52.4μm · ðm · min�1Þ�1
2 (6)

The minimum wet film thickness when using a vacuum box
can thus be described as a combination of the formulas (4) for
low-flow limit and (5) for the limit at higher speeds. Compared
with the results without vacuum box, the minimum wet film
thickness can be roughly halved by using a vacuum box. The dif-
ferences are shown in Table 2.

Based on these results, stable coating parameters can be pre-
dicted and time can be saved in setting up the coatings.

3. Conclusion

In this work, high-speed slot-die coating of a primer layer for
Li-ion battery electrodes was investigated. For this purpose, a
water-based formulation was applied consisting of equal parts
of CMC, SBR, and CB. It was shown that very thin primer layer
films can be produced by slot-die coating. A process window up
to 550mmin�1 web speed has been set up. For coating without
support of a vacuum box, air entrainment was identified as the
relevant defect mechanism. This results in a minimum wet film
thickness at higher web speeds, which corresponds to about half
the application gap as simulated. For coating with vacuum box,
about half the minimum wet film thickness was achieved com-
pared with the coating without vacuum box. Increasing the web
speed, the minimumwet film thickness decreases again to 18 μm
at 550mmin�1. This was explained and described using the
approach of an extended coating window.

Based on this, electrodes with primer layers of 0.3 gm�2 were
produced and characterized using two different anode formula-
tions with high and low binder content. The proportion of active
material was increased from 93 wt% for the high binder refer-
ence electrode to 96.5 wt% for the low binder electrode with
primer layer. The capacity of electrodes with low binder content
is significantly higher than if using a high binder content and
should therefore be preferred. The low adhesive force of the for-
mulation with low binder content was increased with a primer
layer by the factor of 5 from 1.5 to 8.1 Nm�1, which leads to sim-
ilar processing capabilities as for the electrode with high binder

content. It was shown that the use of primer layers is a suitable
and scalable way to improve the properties of the electrode. High-
speed slot-die coating has been proven to be a suitable way to
produce thin primer layer of just a few 100 nm at high produc-
tion speed.

The results refer to the tested formulation for the primer layer.
A differently optimized formulation with regard to composition
and particle size could achieve even better results in other
applications. The drying rate was kept constant at a high level
of 1.5 g cm�2 s�1 which results in a drying time of only 53 s
for the electrode. Due to the lower binder formulation in combi-
nation with the primer layer, a further increase in drying speed
might be possible in the future without excessive limitation in
performance. With the significantly thinner primer layer, we
expect a possible drying time of significantly less than the 7.3 s
used, as there should be fewer problems with binder migration
due to the layer thickness at higher drying rates. The web han-
dling of sensitive substrates at very high speeds is demanding
and needs to be investigated in this case.

4. Experimental Section

Slurry Materials and Preparation: The slurry for the primer layer was
mixed using a dissolver (Dispermat SN-10, VMA-Getzmann/Germany).
CB (Imerys C65) powder was deagglomerated in a dry mixing step at
1350 rpm for 10min. After dry mixing, a premixed 2 wt% CMC
(Sunrose, Nippon paper industries) solution was added together with
water to adjust the desired dilution of 2.5 wt% in the formulation. The mix-
ing was continued for 30min at 1130 rpm. The binder SBR (Zeon) was
stirred in at the end for 10min at a low speed of 200 rpm.

The anode slurry was prepared by dry mixing of the solids, graphite, and
CB. The binder and dispersing agent CMC were premixed in water and
gradually added to the solids in three steps. A kneading device (Inoue
Mfg, Japan) was used for the mixing steps with dispersing time of 10,
30, and 120min after each dilution step. The solids content was set to
43 wt% after dilution for high binder anode and 50 wt% for low binder
anode. Subsequently, SBR dispersion was added. Two different anode
formulations were used for the active layer. The high binder anode with
93 wt% active material consists of 93 wt% graphite, 1.4 wt% CB, 1.9 wt%
CMC, and 3.7 wt% SBR binder. The low binder anode with 97 wt% active
material consists of 97 wt% graphite, and 1 wt% CB, CMC, and SBR
binder, respectively.

The viscosity was measured by a rotation viscometer in plate–plate
setup with 25mm diameter (Anton Paar, Germany) from 0.01 to
10 000 s�1. The return path of the hysteresis measurement was evaluated
to get a constant shear history.

Process Window Characterization: The tests were conducted with a devel-
opment coater on which the slurry was applied directly onto a chrome-
plated high-precision roller (see Figure 11). To ensure that the existing
dryer length and the resulting maximum web speed do not limit the tests,
a continuous coating without substrate was used. The slurry was removed
from the roller after coating and analysis. The speed was varied between
10 and 550mmin�1. The slot between the slot-die plates was adjusted to
200 μm by means of a shim. The distance between the slot-die outlet lips
and the rotating roller was held constant 110� 1.5 μm.

Anode Coating, Drying, and Calendering: The coating of the battery
electrodes was conducted on a batch electrode coater. The copper foil
used as current collector (Schlenk, 13 μm thickness, Cu-Treatment)
was surface modified by the manufacturer with a copper treatment.
The treatment was intended to improve the adhesion with low binder
anodes. The foil was applied to a temperature-controlled plate.
Subsequent to coating, the wet film was moved instantly below an
impingement dryer. The plate moved cyclically back and forth to obtain
homogeneous drying conditions, until the electrode was dried. The dryer

Table 2. Minimumwet film thickness for different coating speeds with and
without vacuum box and a coating gap of 110 μm.

Coating speed
[mmin�1]

Minimum wet film thickness Difference
[μm]

Without
vacuum [μm]

With
vacuum [μm]

10 38.6�N/A 18.5� 3.5 �20.1

50 54.8� 2.0 32.0� 2.8 �22.8

100 53.1� 7.6 34.2� 5.2 �18.9

200 60.0� 2.2 28.4� 0.4 �31.6

400 N/A 25.8� 2.2 –

550 N/A 17.9�N/A –
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consisted of an array of 20 slot nozzles. The area loading was set in each
case so that an equal area capacity of 2.2� 0.7 mAh cm�2 was achieved.
As the drying time had a direct influence on the processing costs, a
constant high drying rate of 1.5 gm�2 s�1 was used, which corresponds
to a short drying time of 53 s for the anode layer and 7.3 s for the primer
layer. The dew point of the inlet air was 3.1 �C. The heat transfer coefficient
of the dryer was constant at 35Wm�2 K�1. The dried electrode layers
were finally calendered to a porosity of 45% with heated rolls at 50 �C
(Saueressig GKL 200).

Methods for Layer Characterization: A 90� peel test was used for
adhesion characterization (AMETEK LS1 with 10 N load cell). The elec-
trode was cut into 30mm strips with >40mm length and applied with
the coating side to an adhesive stripe. The current collector foil was then
pulled off at an angle of 90� with a constant velocity of 50mmmin�1.
The required pull-off force was measured and divided by the sample width
to get the adhesive line force.

A self-constructed measuring device was used for conductivity charac-
terization. The sample was placed between two copper stamps of 40mm
diameter and a force of 17.8 N. An E3633A from Agilent Technologies was
used for the current source. The electrical resistance was determined by
means of a four-wire measurement with a Keyence 2700 multimeter and
converted to the electrical conductivity.

Cell Preparation and Test: The electrodes were built into full cells in
pouch format (approximately 50� 60mm2, three full cells each electrode)
and electrochemically examined. For the cathode, a standard electrode
made of NMC 622 with a loading of 11.5 mg cm�2 and a capacity of
2.0mAh cm�2. A ceramic-coated nonwoven separator was used
(SEPARION S240P30). The electrolyte was a mixture of EC:DMC 1:1 with
1M LiPF4 and 3 wt% VC.

The rate capability was tested in constant current mode with identical
charging and discharging rates. After two formation cycles with C/20, the C
rate was varied between C/2 and 3C. To investigate the long-term stability,
cells were charged with 2C, followed by a constant voltage step at 4.2 V
until the current dropped to a value corresponding to C/20, followed
by discharging with 3C. After 100 cycles, 10 cycles with 1C charging
and 1C discharging were performed. This procedure was repeated until
1200 cycles in total had been achieved.
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