J. Coat. Technol. Res.
https://doi.org/10.1007/s11998-025-01231-3

®

Check for
updates

Water-based vs. organic solvent-based processing of NVP/C
cathodes for sodium-ion batteries toward higher processing rates

David Burger
Philip Scharfer, Wilhelm Schabel

, Hanqing Sun, Xuebin Wu, Noah Keim, Marcus Miiller, Werner Bauer, Helmut Ehrenberg,

Received: 28 March 2025/ Revised: 10 October 2025/ Accepted: 19 October 2025

© The Author(s) 2026

Abstract Sodium-ion batteries are treated as a drop-
in technology to complement lithium-ion batteries in
applications such as entry-level cars and stationary
storage. This study compares water-based processing
of the sodium-ion battery active material sodium
vanadium phosphate (NVP/C) with processing using
slurries based on the organic solvent NMP. By utilizing
CMC/SBR as a binder, the adhesion strength, flexibil-
ity, electrical resistance, and rate capability were
improved. These superior properties could be main-
tained at increasing the drying rate by a factor of 8.
However, electrodes processed with the water-based
binder system also suffered from binder migration at
higher drying rates. To enable high-throughput pro-
cessing, a strategy involving simultaneous multilayer
coating of a primer and electrode slurry was explored.
This approach helped mitigate the negative effects of
binder migration.
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Introduction

Sodium-ion batteries (SIBs) are becoming a pivotal
energy storage solution to complement lithium-ion
batteries (LIBs). SIBs can serve a growing demand for
stationary electrochemical storage or mobility applica-
tions without high requirements on energy density.
Through appropriate selection of active materials, they
can achieve long cycle life and competitive charging
performance.'” Using the same process steps for
electrode production as in LIBs, SIBs are handled
mostly as a drop-in technology. However, to be
competitive with lithium-ion batteries, it is necessary
to keep the costs of the cells as low as possible. Besides
raw material cost, prospective cost reductions for
electrodes are possible by increasing the drying rate
during electrode production and thus having a higher
throughput or decreased investment and operating cost
by shorter dryers.” However, already in LIB, elevated
drying rates pose challenges to electrode adhesion,
among issues with diminished C-rate capability due to
binder migration during drying.**

Component migration during convective transport
in the capillary system of a drying porous electrode is
inevitable, especially if the binder is dissolved in the
solvent, like polyvinylidene fluoride (PVDF) in N-
methyl-2-pyrrolidone (NMP). The usage of PVDF is
still widespread in the scientific community, as well as
industrial cathode electrode production for lithium-ion
batteries. In research, it is often the starting point to
develop or benchmark slurry formulations, e.g., for
sodium-ion batteries. However, benefits of SIBs
regarding material abundancy and low-cost processing
rely on the ability for water-based processing: Process-
ing with NMP is a unnecessary cost driver for the
drying process due to solvent recovery,®’ if water-
based processing is a feasible alternative.

Regarding water-based processing, Klemens et al.
showed the general challenges associated with large-
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scale electrode processing for SIBs, particularly in
terms of coatlng and drying, when compared to LFP
and graphite.”> Especially for most SIB cathode mate-
rials having a lower spec1ﬁc discharge capacity than
LFP (< 165 mAh g ")® thicker layers and higher
drying rates become necessary to keep production
costs low. However, either increasing the thickness or
faster drying can lead to more binder migration and
limit the C-rate capability.**'” By using water-based
binder systems of sodium carboxymethyl cellulose
(CMC) and styrene-butadiene rubber (SBR) together
with structural optimization on the active material or
electrode level, the blnder migration can be mitigated
to a certain extent.'"'? This has already been demon-
strated for SIB anodes made of hard carbon'' as well as
examples from LIBs through strategles like high-
intensity mixing," 3 additive usage,'? or structural opti-
mization by simultaneous multllayer coating.'* With
these opportunities given, in this work, the direct
transfer of a CMC/SBR binder system to a new
material is explored in comparison to processing with
PVDF.

Water-based processing of SIB CAM materials

From an economical point of view, it is beneficial to
process slurries with water rather than NMP, as solvent
recovery from the exhaust dryer air is not obligatory
and the requirements for explosive atmosphere pro-
tection of the drying equipment are less stringent.”
However, water-based processing of cathode active
material (CAM) in LIB and SIB technology is limited
to active materials that are—or are made—chemically
stable in water. Layered oxides used in both SIBs and
LIBs require careful moisture management because
they react with H,O and CO, in contact with humid
air.’> Direct contact with liquid water can also be
problematic, causing ion leaching from the material,
altering the slurry pH and promoting corrosion of the
aluminum substrate.'® Treating the surface of CAM
with protective coatings can reduce these issues.'
However, additional effort must always be weighed
against the superiority of these materials regarding the
energy density of electrodes.

There are more stable active materials, like lithium
iron phosphate (LFP) for LIBs,'® that can be directly
processed with water. Thus, it is the main competitor
for SIBs in terms of production of low-cost cells for
energy storage applications. A direct transfer to
sodium-iron phosphate (NFP) may be possible. How-
ever, there are strong alterations of the known, flat
Voltage profile of LFP for using NFP." Sodium
vanadium phosphate NazV,(POy); is a promising
polyanionic SIB cathode material that allows for a
flat, comparable voltage profile at ~ 3.4 V vs. Na+ /Na
for NVP/C. This transferablhty leads to a high interest
in the literature.”’?” However, there is little informa-
tion about processing the materlal with water-based

slurries,”’*® especially none for commercially available
materials.
NVP, like LFP, has the disadvantage of low

electronic conduct1v1ty Therefore, it is usuall_y used
with a carbon matrix or coating (NVP/C).?***7*” Other
than using small particles with surface coating, NVP
can be processed into spherical secondary particles,
filled with a carbon component to overcome the poor
electrical conductivity of the material. Additionally,
smaller primary particles and the open porous struc-
ture (44.9 % inside particle porosity) lead to short
pathways for sodium diffusion inside the CAM and
make 1‘[ stable against material cracking during
cychng ? For these structures, water-based pro-
cessing with a mixture of CMC/SBR and [Z)olyacryhc
acid (PAA) has been reported in literature.

Experimental

NVP electrodes were prepared either by water-based
processing with CMC/SBR or by organic solvent-based
processing with PVDF in NMP. Their suitability for
high-throughput electrode fabrication was evaluated
by systematically increasing the drying rate and com-
paring their mechanical and electrochemical proper-
ties.

Materials and mixing

Cathode active material NVP/C (TOB-NVP/C, Xia-
men TOB New Energy Technology Co. Ltd., China)
with a shard-like particle morphology was used, as
shown in Fig. 1. The material was sieved with a 50 um
sieve resulting in a monomodal particle size distribu-
tion with xso of 7.5 pm (LA-950, Horiba, Japan). A
field emission scanning electron microscope (Zeiss
Supra 55, Carl Zeiss AG, Germany) was used to obtain
the SEM micrograph (SE2, 2 kV).

A significant amount of carbon black is incorporated
as a partial surface coating. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES,
iCAP 7600 Duo, Thermo Fisher Scientific) determined
a carbon content of 3.22 wt-%. For sample prepara-
tion, the material was dissolved with acid in a graphite
furnace and the resulting solution was filtered and
subsequently acidified.

Using NVP/C as the active material, slurries were
prepared in a dissolver (Dispermat SN-10, VMA
Getzmann GmbH Verfahrenstechnik, Germany) with
cooled container. For water-based slurry preparation,
carbon black (Super C65, Imerys Graphite & Carbon
Ltd., Switzerland) and an additional conductive addi-
tive (KS6L, Imerys Graphite & Carbon Ltd., Switzer-
land) were dispersed in a 2 wt-% CMC solution
(Sunrose MACS500LC, Nippon Paper Industries, Ja-
pan) at 1500 rpm for 30 min. The active material
particles were added afterward as well as further water
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Fig. 1: SEM micrograph of the active material. Shard-like particles of NVP are agglomerated by carbon black (NVP/C) to

structures of ~ 4-12 pm (X40—Xgo)

Table 1: Composition of electrode slurry with 43 wt% solid content

C65/ wt-% KS6L/wt-% CMC/wt-% SBR/wt-% PVDF/wt-% NVP/C/wt-%
Water-based slurry “CMC/SBR” 3 2 2 25 - 90.5
NMP slurry “PVDF” 3 2 - - 4.5 90.5

for the final solid content. The slurries were then
homogenized for further 30 min at 1500 rpm. In the
final step, SBR (Zeon Europe GmbH, Japan) was
added as aqueous dispersion and the slurry was mixed
for 10 min at 500 rpm and degassed. For NMP-based
slurry preparation PVDF (Solef 5130, Solvay S.A.,
Belgium) was used as binder and NMP (>99.8 %, Carl
Roth, Germany) as solvent. The mixing protocol
included the same two-step dispersion procedure
starting from a 7.5 wt-% PVDF solution.

Table 1 provides an overview of the coating slurries
formulations made with either water or NMP as
solvent. The total mass fraction of binder, solvent
and conductive additives remains constant when
switching from NMP-based to water-based processing.
In the case of water-based processing, the 4.5 wt-% of
PVDF used in NMP-based processing are replaced by
2 wt-% CMC, serving as a dispersing and thickening
agent, and 2.5 wt-% SBR, which reduces electrode
stiffness and improves adhesion.

After slurry preparation, the viscosity was measured
by a rotational viscometer (Physica MCR 101, Anton
Paar, Germany) with a plate-plate geometry (25 mm
diameter) from 0.01 — 1.000 s~ ' at 25 °C. Additionally
to the slurries, comparison mixtures of only solvent and
binder (H,O+CMC/SBR and NMP+PVDF) as well as
of solvent, binder, and conductive additives
(H,O+CMC/SBR+C65+KS6L and
NMP+PVDF+C65+KS6L) were prepared and their
flow curve measured. The concentrations in the com-

parison mixtures were calculated by the following
equation:

Xsolidcontent

Xi,comparisonmixture = Xislurry 1 X
— Asolidcontent

Electrode coating and drying

Coating and drying of the NVP/C electrodes were
carried out in a discontinuous process as described by
Baunach et al.** using a 16-um-thick aluminum current
collector (Xiamen TOB New Energy Technology Co.
Ltd., China). While coating and drying the substrate
was attached to a temperature-controlled plate via
vacuum. The slurries were applied with a doctor blade
ZUA 2000.60 (Zehntner GmbH, Switzerland), and
subsequently, the electrode was coated under the
drying nozzles of an impingement dryer. For homoge-
neous drying, the plate was periodically moved under
the dryer until the slurry was dry. The drying temper-
ature and heat transfer coefficient were set indepen-
dently to separate their respective effects. For all
experiments, the drying rate was set by adjusting the
temperature of the heated plate and the drying air
considering its dew point. Table 2 shows the drying
rates with the corresponding sets of heat transfer
coefficient and drying temperature.
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Table 2: Overview of the drying rates and the drying temperatures with a constant heat transfer coefficient of
35 W m~2 K™ for water and 83 W m~2K~"' for NMP. The dew point during the experiments ranged from —1 to 14 °C.
In case of water as a solvent, the drying temperature was set according to the dew point on the experiments” day. For
each solvent, a lower drying rate (LDR) and a higher drying rate (HDR) are compared

Dryingrate /gm—2s~" Heat transfer coefficient/ W m=2 K~ Film temperature (range) / °C
LDR water 0.75 35 27.6 - 31.7
HDR water 6 35 62.7 - 63.4
LDR NMP 0.75 83 61
HDR NMP 3.5 83 89

As the vapor pressure of NMP and water and their
temperature dependency vary, for the drying investi-
gation the same lower drying rate (LDR) was used as a
starting point for comparison of the two slurry systems.
A higher drying rate (HDR) was achieved by increas-
ing the drying temperature by 30 °C, respectivelzy. With
this, the drying rate increases from 0.75 gm?s ! to
35gm s 'incase of NMP and to even 6 gm > s !
in case of water. The shift from LDR to HDR is
intended to characterize the ability of the material
system to withstand binder migration and being pro-
cessed at high throughput.

Electrode characterization

To mechanically characterize the electrodes, the adhe-
sion strength between the current collector and the
dried electrodes was determined in a 90° peel test by a
universal testing machine (AMETEK LS1, Lloyd
Instruments Ltd., UK) equipped with a 10 N load cell.
As samples, the dried cathodes were cut out with a
width of 30 mm and attached with the coated side to an
adhesive strip. The sample was pressed on by rolling
once with a cylindrical weight of 10 kg to ensure
uniform contact between the coating and the adhesive
strip. The current collector was then peeled off the
coating by the testing machine at a constant speed of
600 mm min~" under a 90° angle. The pull-off force
was measured and divided by the sample width to
obtain a line force.

For all further characterization, already calendered
samples were used (min to max // 47-50 % porosity). A
mandrel bending test was conducted by bending
electrode samples by hand around cylindrical mandrels
(30 mm stripes, mandrel diameter 15 mm, 7 mm, and
3 mm). The sample was observed afterward for defects
(no defect attributed by “3”) like visible cracks
(attributed by “2”’) or delamination of the electrode
from the substrate (attributed by ““1”’). For character-
izing the electrical resistance of the electrodes, an
electrode resistance measurement system (RM2610,
HIOKI, Japan) was used.

Table 3: Cycling protocol for full cell coin cell tests. C-
rate capability (1-50) with afterward symmetrical long-
term cycling at 1C (51-100)

Cycle C-rate charge C-rate discharge
1-2 0.05 0.05

3-7 0.5 0.5

8-27 1 1, 2, 3, 4, 5 (5 cycles)
27-48 1 1

49-50 0.05 0.05

51-100 1 1

C-rate capability tests

The calendered cathodes (16 mm diameter) were
electrochemically examined in coin full cells
(CR 2032, Hohsen, Japan) against a hard carbon
(HC) counter electrode (KURANODE Type II
9 pum, Kuraray Co., Ltd., Japan) with N/P-ratio of 1.2
(assuming HC specific capacity of 335 mAh g').
Foregoing the assembly of the cells, the electrodes
were post-dried in a vacuum oven (130 °C, 16 h) to
evaporate residual moisture. The electrolyte used was
1 M NaPF¢ in a mixture of ethylene carbonate and
propylene carbonate (EC/PC 1/1 w/w).>> As separator,
a glass microfiber fleece (Whatman GF/C, cytiva, US)
was used. The cells were assembled in an argon-filled
glovebox and sealed using a MSK-11 press (MTI Cor-
poration, US). Cycling was carried out in constant
current mode (CC) within a voltage range of 2.3-3.9 V.
The cycling protocol is given in Table 3.

Results and discussion

In this work, water-based slurry processing is com-
pared to NMP-based processing. By a characterization
of electrodes, which are dried with increasing drying
rate it is investigated which binder system, CMC/SBR
(water-based slurry) or PVDF (NMP-based slurry), is
more applicable for fast processing of NVP/C elec-
trodes. For the water-based processing, a microstruc-
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ture optimization by simultaneous primer coating is
discussed further.

Slurry comparison

Prior to characterizing electrodes, differences in slurry
processing for the different solvents, water or NMP,
must be evaluated, because slurry properties impact
processing during coating and drying. Figure 2 shows
the viscosity of the slurries obtained by shear rheom-
etry after the slurry production.

It becomes apparent that the viscosity of the NMP-
based slurry “PVDF” is orders of magnitude higher
compared to the water-based slurry “CMC/SBR.” The
high viscosity originates mostly from particle—particle
interaction with an increasing viscosity and shear-
thinning behavior adding conductive additives
(NMP+PVDF+C65+KS6L) and NVP/C to the slurry,
respectively. For comparison, NMP with only the
binder PVDF (NMP+PVDF) shows almost no shear-
thinning behavior. In contrast to that, the water-based
slurry without particles (H,O+CMC/SBR) already
shows a viscosity over one order of magnitude higher
in the lower shear rate range as well as a more
pronounced shear-thinning behavior due to the thick-
ening function of CMC. Adding the conductive addi-
tives (H,O+CMC/SBR+C65+KS6L), the viscosity is
comparable to the NMP slurry without NVP/C
(NMP+PVDF+C65+KS6L). However, after adding
the NVP/C particles the viscosity of the water-based
slurry drops. For the water-based slurry, the viscosity is
reaching a viscosity as little as 0.2 Pa s in the higher
shear rate rage between 100 and 1000 s~' and its shear-
thinning behavior in this range is almost lost. This
suggests that a strong interaction between the thick-
ener CMC and the particle surface exists in the water-
based slurry, leading to less free polymer in the solvent
and hence less thickening. Corresponding with the low
viscosity, issues with sedimentation of the slurry were
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; x NMP+PVDF+C65+KS6L
g, + NMP+PVDF
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avoided by coating in a time window of few hours after
production. However, for further formulation devel-
opment, the use of more CMC®' than in this work as
well as the use of alternative binder or a co-thickener
by a combination of CMC/SBR and PAA*’ might be
considered.

Other than the viscosity of the slurry, the pH value
and stability of NVP/C in demineralized water are to
be evaluated for the water-based processing. A water
suspension with a small amount of NVP/C (9 gwater /
gnvp/c) was made with demineralized water. The pH of
the suspension was measured over time. Figure 3 shows
the pH value vs. the immersion time as well as the pH
values during the slurry preparation.

Directly after preparation of the suspension, the
sample has a pH of 6.1. The pH decreases with time to
a boundary value of 5.8 measured after 48 h. Most of
the shift happens in the first hour of the experiment.
The presence of a blue—green tint of the water after
some time indicates the presence of V"% There is
only a slight decrease in pH with immersion time,
which could also be a result of absorption of CO, from
the surrounding air in the demineralized water. In case
of the slurry, the pH level drops from 7.5 for the CMC
solution to 6.5 for the final slurry. This pH level during
electrode processing is beneficial, because corrosion of
the aluminum current collector is suppressed in the pH
range from 4.5 to 8.5,> while it can be problematic for,
water-based processing of LIBs which happens at
elevated pH (e.g., pH > 10 for NCM111 in water).*

Drying study

Competitiveness of NVP/C to other cathode materials
relies among the ability for being processed in water-
based slurries also on the processing speed during
coating and drying. The adhesion strength is a first
indicator to determine whether the electrode quality is
compromised by migration of binder due to an

1000 ® Water-based slurry “CMC/SBR”
XH20+CMC/SBR+C65+KS6L
+H20+CMC/SBR
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Fig. 2: Flow curve as viscosity vs. shear rate for the NMP-based slurry “PVDF” (left) as well as the water-based slurry
“CMC/SBR” (right). To show the influence of conductive additives as well as active material particles on the slurry
viscosity, the flow curves of the same mixtures are shown without adding NVP/C (solvent, binder, conductive additives) and
those without adding particles at all (solvent, binder) are shown



J. Coat. Technol. Res.

] CMC + C65 +

CMC KS6L

) os m CMC +C65 +
: KS6L+SBR+NVP/C
6 ©
NVP/C suspension
55 —————F————

Immersion time / h

0 1 2 3

Color change durinﬁ immersion

Oh 0.5h 1h 3h

. ! e —
6h 2h 48h

Fig. 3: pH of NVP/C suspension in demineralized water in the processing time window (3 h) and longer-term period (6-48 h,
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increased drying rate. In Fig. 4 (left), the adhesion
strength (90°-peel test) is shown vs. the drying rate of
the sample for NVP/C electrodes with an areal capacity
of 0.89-1.02 mAh cm™? (min to max) made with the
NMP-based slurry “PVDF” as well as with the water-
based slurry “CMC/SBR.” For determining whether
winding is a limitation for the formulations, Fig. 4
(right) complements the adhesion strength with a
characterization by a cylindrical mandrel bending test
with roll diameters from 3-15 mm.

Both systems indicate an impact of fast processing
on the electrode microstructure by the drop in adhe-
sion strength by increasing the drying rate which falls
in line with the literature on the influence of drying
temperature on both water-based as well as NMP-
based battery electrodes.”* Besides that, the elec-
trodes with the water-based binder system CMC/SBR
(containing the same wt-% of binder and thickener in
total) show a generally higher adhesion strength. Even
twice the increase in the drying rate by increasing the
drying temperature by 30 °C still leads to a higher

T 67
g 3
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2 4T
(0]
2 3+ L
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% b A +30°C
= ® CMC/SBR
o
2 14
APVDF
3 A
0 PR % P S S % PR % PR
0 2 4 6 8

Drying rate / g m2s™!

adhesion strength compared to PVDF. The superior
performance of water-based binder systems compared
to equivalent amounts of PVDF aligns with the
literature on LIB processing.’® Further, the mandrel
bending test shows that both binder systems generally
show processability in a roll-to-roll process. However,
at small mandrel diameters cracks start to show for the
PVDF HDR electrodes already at 7 mm, whereas for
the CMC/SBR HDR electrodes cracks show due to
mandrel bending at 3 mm.

Characterizing the contact between electrode and
current collector with another measurement technique,
the electrical interface resistance (in Ohm cm?) is
shown over the drying rate in Fig. 5.

For both binder systems, there is a clear trend of
increasing interface resistance with increasing the
drying rate, which is in accordance with literature.’’-®
The trend falls in line with the decreasing adhesion
strength at higher drying rates. In both cases, this can
be explained by capillary transport of solvent during
pore emptying reducing not only the amount of binder

Mandrel
bending
test

(3 pass, 2 crack, 1 delamination)

15mm 7mm 3mm
CMC/SBR LDR 3 3 3
CMC/SBR HDR 3 3 2
PVDF LDR 3 3 3
PVDF HDR 3 2 1

Fig. 4: Adhesion strength quantitatively (left) and mandrel bending test (right) vs. the drying rate of electrodes made with
water-based processing binder system CMC/SBR and NMP-based processing binder PVDF at same total binder
concentration. For the electrodes made with PVDF, visible crack formation (attributed with “2”) and delamination
(attributed with ““1°’) occur at higher mandrel diameter. For CMC/SBR, most samples pass the bending test without cracking

(attributed with “3”)
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Fig. 5: Interface resistances vs. the drying rate of

calendered samples of the NVP/C electrodes made with
PVDF or CMC/SBR. Inversely to the adhesion strength, the
interface resistance increases with increasing drying rate

but also of carbon black at the interface with the
current collector.

To compare the quality of the electrodes made with
the two processing variants regarding their perfor-
mance, C-rate capability tests were conducted in coin
cells that were built as full cells against hard carbon
(HC) anodes. In Fig. 6 the specific discharge capacity
for increasing C-rate is compared between electrodes
made with the slurries “PVDF” or “CMC/SBR” and
drying them at a lower drying rate (LDR) or higher
drying rate (HDR).

s PVDFLDR —+—PVDF HDR
n e CMC/SBRLDR —e—CMC/SBR HDR
2100
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g_ ,C/20-C/20
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5 30
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Fig. 6: C-rate capability test for water-based “CMC/SBR”
and NMP-based “PVDF” slurries. A lower drying rate (LDR)
is compared to a higher drying rate (HDR), respectively

The initial specific discharge capacity is in the range
of 85.7-89.4 mAh cm™? (min to max) for both binder
systems with overlapping error bars (deviation of three
cells, respectively). No drop in specific capacity due to
the water-based processing could be shown. Difference
to the specific discharge capacity of NVP/C (110 mAh
g ' vs. Na metal) is due to irreversible sodium losses to
hard carbon during cell formation.”® After formation,
the capacity of all samples drops according to the
overpotential assigned by the ionic and electric resis-
tances of the respective electrode’s microstructures.
Both systems show the binder migration typical drop in
specific capacity comparing LDR and HDR samples at
increasing C-rate. Especially at 5C, a similar trend
from adhesion strength measurements becomes visible
in the cell. The LDR samples are outperforming the
HDR samples that are impaired by binder migration.
In the C-rate range from 2-5C, the samples made with
CMC/SBR can offer benefits compared to PVDF. For
the C-rates 2-5C, the sample HDR for CMC/SBR
outperforms the PVDF sample LDR even though it
was dried 8 times faster.

In Fig. 7, additional longer-term cycles with sym-
metric charge and discharge C-rate are shown for the
electrodes processed with PVDF or CMC/SBR for a
lower drying rate (left) or higher drying rate (right).
The tests are subsequently to the cell tests shown in
Fig. 6 using the same cells.

From the measurements, it can be concluded that
the ionic transport resistances due to binder migration
become apparent also under longer-term cycle stress
and that they are less in the CMC/SBR electrodes. The
CMC/SBR celectrodes are as well able to regain more
of the specific capacity in the C/20-C/20 check-up
cycles 49 and 50. As the binder content is shared
between a polymer matrix (CMC) and point contacting
SBR, the effective tortuosity is supposedly smaller
for the water-based processing. However, by binder
migration at increased drying rate the cell performance
deteriorates too. For the NMP-based processing, the
results of a stronger migration behavior for adhesion
strength, conductivity, and handling experience are
met by the electrochemical characteristics. Hence, to
achieve higher drying rates, water-based binder sys-
tems offer a wider range of opportunities for optimiza-
tion than PVDF and further research should focus on
water-based binder systems not only from an ecolog-
ical but also economical and quality-related point of
view.

Microstructure optimization

Having shown that water-based processing is possible
but still dealing with binder migration at increased
drying rates, the processing of NVP/C with the binder
system CMC/SBR offers the opportunity for
microstructure optimization by simultaneous primer
coating. The approach was previously presented b‘}/ the
authors for faster drying of graphite anodes.’” By
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concentration of the SBR in a thin primer layer that is
applied simultaneously to the electrode slurry, binder
migration can be buffered and benefits for C-rate
capability can be gained. Even electrodes with just
CMC as binder (no SBR in electrode slurry) are
achievable. Transferring the approach to other active
materials, in case of NVP/C, especially the high
interface resistance compared to graphite anodes is of
interest. For the simultaneous multilayer coating, two
doctor blades were joined. The primer slurry “Primer”
was prepared according the water-based slurry with a
solid content of 5.4 wt-% composed of 18.75 wt-%
C65, 25 wt-% CMC, 50 wt-% SBR and 6.25 wt-% of
the additive Laponite® RD. Additionally, an SBR-free
slurry “CMC” (93 wt% NVP/C, 3 wt-% C65, 2 wt-%
KS6L, 2 wt-% CMC) was made aiming for a higher
active material share and lower ionic resistance. With a
thickness of ~ 2 pm and coating weight of ~ 2 g m 2,
the primer has a share of ~ 2 wt-% of the areal mass
loading leading to an estimated reduction of SBR
content by at least 50% compared to the formulation
“CMC/SBR” without primer. In Fig. 8, the character-
ization of electrodes made with the slurry “CMC/
SBR,” the slurry “CMC” as well as a multilayer
composed of the slurry “CMC” simultaneously coated
onto the slurry “Primer” is shown. The samples were
dried with the higher drying rate (HDR). The charac-
terization includes (A) adhesion strength, (B) interface
resistance, and (C) C-rate capability (full cells in coin
cell format according to Fig. 6).

The adhesion strength measurement shows a drop in
adhesion strength if SBR is removed from the formu-
lation. The use of the primer increases the peel
strength. However, a delamination between the primer
and the electrode coating is limiting. Such an interlayer
delamination has already been shown for simultaneous
primer coatings for graphite anodes for LIB.*” Only
the electrodes made with CMC/SBR and a combina-
tion of the CMC slurry with the primer could be cut for

their testing in coin cells after calendering. The
electrodes with just CMC showed delamination during
the electrode cutting. The issue that electrode stiffness
can become a problem with reduction of the SBR
content® could be validated.

For the electric conductivity, an inverse effect was
observed. Compared to the better adhering electrodes
made with “CMC/SBR,” the electrodes made with
“CMC” showed a lower interface resistance. It can be
argued that better mechanical contact by using SBR
does not ensure electrical contact, as it still is isolating
material. Using the primer that contains besides
binder as well a high proportion of C65, the interface
resistance can be reduced significantly. The amount of
C65, with the same mass ratio between SBR and C65
as in the electrode formulation, is sufficient to provide
a highly conducting network throughout the primer as
well as electrical connection to the active material
coated on top of it. This effect has been shown before
in graphite anodes using binder system CMC/SBR as
well as just CMC in combination with the same primer.
However, it was much less pronounced as the electrical
resistances of graphite anodes are generally lower by
orders of magnitude.”’’

For the cell tests, the use of less SBR binder is
expected to increase the C-rate capability.*’ Using
SBR binder just in the primer layer, the C-rate
capability of the NVP/C electrodes made with the
slurry “CMC”’ could be improved. Both less binder in
the system and the reduced electrical interface resis-
tance benefit the C-rate capability.

By the three complementary characterization meth-
ods, the structure optimization by the simultaneous
primer coating is shown for another use case than for
graphite anodes. Besides facilitating higher drying
rates by introducing SBR binder just in the bottom
layer of simultaneously coated primer and electrode,
the approach makes processing of formulations feasi-
ble that would not be processable in a single-layer
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coating. For demanding materials, this offers another
degree of freedom in microstructure optimization.

Conclusions

In this work, processing of NVP/C with NMP/PVDF
and water-based processing with CMC/SBR were
compared according to the development of their
mechanical properties (adhesion strength), electrical
conductivity (interface resistance), and electrochemical
performance (C-rate test with subsequent symmetric
longer-term 1C cycles) with increasing drying rate. The
water-based binder system offers a higher adhesion
strength, lower resistance as well as superior C-rate
capability. Even dried at a higher drying rate HDR (8x
faster drying), where migration of binder impairs the
C-rate capability of the electrodes, they were still
superior to electrodes processed with PVDF binder.
However, the electrodes made with CMC/SBR are
affected by binder migration as well. By using the
water-based processing in combination with a simulta-
neously coated primer layer, it was possible to further
improve the electrodes and reduce the amount of SBR
in the electrode by approximately 50%. With the
simultaneous primer, processing of a slurry without
SBR in the electrode slurry was feasible.

However, one disadvantage of the water-based pro-
cessing was relatively low viscosity, complicating slurry
handling due to the possibility of sedimentation. Given
these results, further optimization of NVP/C electrodes
for sodium-ion batteries should focus on water-based
processing but must consider some boundaries:

o Provision of adhesion, cohesion/elasticity: Either by
sufficiently high SBR binder content (on cost of C-
rate capability) or by microstructure optimization
by multilayer approaches. The results suggest that

SBR should be present at least in the bottom layer
of the electrode.

e Processability: A co-thickener might be necessary
for water-based processing if the interaction of
particles with CMC is reducing the viscosity to an
undesirable value in terms of stability against
sedimentation or for coating. It must be noted that
other NVP/C with porous morphologies show a
higher specific surface area.”> The interaction of
polymer with the particle surface and thus reduc-
tion of viscosity might scale with the surface area of
the particles making further development of water-
based formulations necessary.
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