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The Role of Surface Free Energy in Binder Distribution and
Adhesion Strength of Aqueously Processed LiNi0.5Mn1.5O4
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Werner Bauer, and Helmut Ehrenberg

Karlsruhe Institute of Technology - Institute for Applied Materials - Energy Storage Systems (IAM-ESS), 76021 Karlsruhe,
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This study identifies the critical aspects of binder distribution and mechanical integrity in aqueously processed LNMO cathodes,
employing a comprehensive approach involving surface characterization techniques, adhesion strength testing, and electrochemical
characterization. The investigation includes the use of the Washburn and Sessile Drop methods for surface free energy analysis,
revealing key insights into the interfacial free energy of adhesion between cathode constituents. The results explain the formation
of carbon-binder-domains and their impact on adhesion strength, with a particular focus on the conductive additives’ (CA) surface
area. The study demonstrates the effectiveness of reducing CA surface area and employing alternative conductive additives, such as
vapor-grown carbon fibers (VGCF), in improving adhesion strength and mitigating capacity fade attributed to delamination during
cycling. Furthermore, the research emphasizes the role of heat treatment beyond the melting point of the polyvinylidene fluoride
(PVDF) latex binder, showcasing its influence on wetting and enhancing mechanical integrity. The presented methodology
provides a valuable tool for predicting and optimizing binder distribution, offering insights into improving the overall performance
and reliability of aqueously processed cathodes for advanced lithium-ion batteries.
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N-Methyl-2-pyrrolidone (NMP) as solvent for homogeneous and
stable slurries still represents the current state-of-the-art in the
manufacturing of cathodes for lithium ion batteries (LIB).1 It
delivers a good PVDF solubility, which is a wide-spread binder
owing to its high electrochemical stability, its good dispersion
quality in the slurry as well as a favorable wettability with
electrolyte.2–4 The downside to NMP, however, is its high cost
and its reproductive toxicity which entails the classification as a
CMR (carcinogenic, mutagenic and toxic to reproduction) substance.
Water as alternative solvent has increasingly moved into the focus of
electrode slurry preparation over the last decade as it is not only
more environmentally friendly but also offers significantly lower
material costs.5 Due to a rise in environmental awareness covering
issues such as recycling, waste gas treatment and work safety
classical NMP-based and aqueously processed cathodes increasingly
differ from an economical point of view.6 As stated by Liu et al.
solvent recovery alone accounts for approximately 47% of the
overall energy consumption and nearly 5% of the LIBs cost.1

Considering negative electrodes, their suitability for water-based
processing and resulting performance has already been extensively
evaluated and water-borne anodes have been established in industrial
scale manufacturing for over a decade.1,5 However, water-borne
cathodes still suffer from a broad variety of issues such as poor paste
homogeneity and agglomeration effects, corrosion of the current
collector due to high pH values as well as aging of the active
materials when exposed to water or even moisture.7–9 In the past,
studies on water-based slurries for Li-ion cathode manufacturing
primarily investigated the industrially well-established active mate-
rials such as lithium iron phosphate (LFP), lithium cobalt oxide
(LCO), lithium nickel cobalt aluminum oxide (NCA) and lithium
nickel manganese cobalt oxide (NMC).5,10–13 Regarding the appli-
cation of lithium nickel manganese oxide (LiNixMnyO4, LNMO) in
water-borne cathodes, there still exists a deficit of knowledge and
experience. LNMO offers a multitude of excellent properties as an
active material for positive electrodes as for example a theoretical
capacity of 147 mAh/g and a nominal cell voltage of 4.7 V (vs

Li+/Li). Furthermore, it can be fully delithiated and lithiated while
charging and discharging without suffering significant structural
damage.14 Based on realistic graphite full cell capacities of
120 mAh/g for LNMO its specific energy density is highly compe-
titive compared to current state-of-the-art active materials such as
and LiNi0,6Co0,2Mn0,2O2 (NMC 622) and LiNi0,8Co0,1Mn0,1O2

(NMC 811). With up to 464 Wh/kg LNMO surpasses both NMC
622 and NMC 811 delivering 416 Wh/kg and 448 Wh/kg,
respectively.15 LNMO offers further advantages as it is free of
cobalt and utilizes the nickel redox capacity in its entirety, resulting
in cost savings up to 50% at material and 10%–20% at cell level.16

The desired high potential of LNMO (up to 5.0 V vs Li/Li+) does
not come without challenges for the materials in use. Regarding the
conductive additive, the limited stability of carbon blacks at voltages
beyond 4.5 V and their influence on instable CEI formation in
LNMO full cells was demonstrated by multiple authors.17–21 In
respect of the binder, the focus of this work will be on using a
combination of PVDF and CMC as binding agents as they are
reported to offer good electrochemical stability in the voltage
window of interest for this work.22,23 Further, the usage of CMC
was demonstrated to have a beneficial impact on the rheological
properties of aqueous slurries.24 The PVDF under investigation
comes as latex, a suspension of colloidal PVDF particles stabilized
in water, which allows for the application of the non-water soluble
PVDF in aqueous processing. Even so, water-based systems
including the aforementioned binders frequently suffer from low
mechanical integrity on both cathode25–28 as well as anode side28–30

regardless of the active material in use. An in-depth understanding of
wetting and adhesion and their underlying principle, the surface free
energy (SFE), is crucial for many industrial processes such as
applying paint or ink on a surface,31,32 lubricating surfaces,31

detergent formulation33,34 or adhesive joining.35 The latter is of
particular interest for this work as the polymer binders in the
electrode function as the adhesives. Investigation of the SFE
therefore offers a promising foundation for optimizing the mechan-
ical integrity of aqueously processed cathodes. This study is
showcasing two methods for characterizing the SFE of frequently
applied materials in electrode manufacturing and understanding the
driving forces behind binder distribution in aqueous systems. ThezE-mail: andreas.weber@kit.edu
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final objective of this work is the comparison of cathodes manu-
factured using different conductive additives and testing adhesion
strength and cycle life while maintaining the same energy density
throughout the electrodes.

Experimental

Surface free energy measurements.—Each individual cathode
component as listed in Table III was tested either using the
Washburn (WB)36–38 or the Sessile Drop (SDP)39 measurement.
The choice of method being dependent upon the feasibility of
creating a sample with a dense surface without changing its surface
chemistry. Both of the conductive additives (CA) (C-NERGY Super
C65, specific surface area (S) = 62 m2/g, Imerys Graphite & Carbon,
Switzerland and VGCF-H, S = 12 m2/g, Resonac Corporation,
Japan) as well as the LNMO (S = 0.29 m2/g, Haldor Topsoe,
Denmark) were measured by WB method on a force tensiometer
(K100, Kruess Scientific, Germany) as it was not possible to achieve
closed surfaces able of holding liquid drops. Both polymer binders
could not be measured by the WB method as they clogged the pores
of the filter fixed to the bottom of the testing capillary preventing the
rise of the probing liquids. The PVDF latex (Kynar) (solid content =
31 wt%, particle size = 213 nm) was received from Arkema
(France). It was consequently pressed into a pellet with a diameter
of 14 mm by applying a nominal load of 500 kPa after drying at
50 °C under vacuum. The CMC (Walocel CRT 2000 PA 07, DuPont,
USA) was coated with a thickness of approximately 20 μm onto a
glass substrate. The measurement of the aluminum foil was
performed on a 14 mm circular punch-out. The contact angle was
subsequently determined according to the SDP method using a
DSA25E (Kruess Scientific, Germany).

The reference measurement of the capillary constant was performed
using n-hexane as fully wetting liquid for all samples measured by
WB method. γL is the liquid surface tension. γL

d and γL
p are the

dispersive and polar components of surface free energy. The
physicochemical properties of the applied probing liquids are given
in Table I.

Electrode manufacturing.—The different electrodes slurries
were prepared by disc agitation (Dispermat, VMA Getzmann,
Germany) of LNMO, the conductive additive, CMC, an experi-
mental PVDF latex and deionized water. They were then coated onto

an 18 μm thick aluminum current collector by doctor blade at a line
speed of 0.2 m/min and dried in-line at 25 °C under circulating air,
which makes it possible to dry the electrode before a detectable
onset of corrosion, using a role-to-role coating line (KTFS, Mathis
AG, Switzerland). The electrodes were subsequently calendered at
50 °C (GKL200, Saueressig, Germany) to a porosity of 30%. The
formulations of the different cathodes and the respective active
material loadings are summarized in Table II.

Anodes for full cell testing were prepared with 96 wt% graphite
(SMG-A3, Hitachi, Japan), 1.5 wt% CB (C-NERGY Super C65,
Imerys Graphite & Carbon, Switzerland), 1.25 wt% CMC (Walocel
CRT 2000 PA, DuPont, USA), and 1.25 wt% styrene-butadiene
rubber (SBR) (TRD 2001, JSR Micro, Belgium) and were coated
onto copper foil with a thickness of 10 μm. The loading was set to
2.2 mAh/cm2. By calendering the porosity was set to 48%.

Adhesion strength testing.—Using a zwickiLine Z2.5/TN
(ZwickRoell, Germany), the adhesion strength of the coatings before
and after calendaring at 50 °C (GKL200, Saueressig, Germany) and
175 °C (GK300L, Saueressig, Germany) as well as after annealing in
a convection oven at 175 °C (Tmelt PVDF = 163 °C) for 10 and
40 min was measured in a 90° peel test. The samples were prepared
by fixing 60 mm × 17 mm electrode stripes to a double-sided
adhesive tape with the coating facing downwards to a metallic holder
and pressed with a load of 0.3 MPa for 10 s. The aluminum foil was
then peeled off from the electrode layer at a constant speed of 60
mm/min in a 90° angle. The adhesion strength in N/m was
determined through a 10 N load cell and evaluated as mean value
on a peel length of 40 mm dismissing the data gathered on the first
and last 10 mm of the test.

Resistivity measurements.—Both interface and bulk resistivity
were simultaneously measured on a Hioki RM2610 based on the
finite volume method (FVM). Measurements were repeated five
times for each cathode. Measuring points were chosen at random.

SEM and EDS analysis.—SEM micrographs were taken using a
Gemini (Carl Zeiss, Germany) at an acceleration voltage of 2 kV.
EDS analysis was carried out with an Ultim Extreme Detector
(Oxford Instruments, UK) at an acceleration voltage of 4 kV. Cross
sections were prepared by ion milling on a TIC3X (Leica
Microsystems, Germany).

Cell assembly.—Cells were built from the coatings that were
calendered at 50 °C and annealed at 175 °C for 40 min. Foregoing
the assembly of the cells, the electrodes were dried again at 110 °C
for 4 h in a vacuum oven to evaporate residual water. Coin cells with
a graphite anode were built inside an argon filled glove box with
both electrodes having a diameter of 12 mm, a glass fiber separator
(Whatman GF/C, Sigma-Aldrich, USA) and 200 μl of LP30 (1:1 EC/
DMC, 1 M LiPF6, Sigma-Aldrich, USA) containing 1 wt% of
lithium bis(oxalato)borate (LiBOB, Sigma-Aldrich, USA) and tris
(trimethylsilyl) phosphite (TMSP, Sigma-Aldrich, USA) each. After
manual assembly the cells were pressed with a nominal force of

Table II. Cathode compositions.

LNMO CMC PVDF CA Type of CA Areal capacity
Reference (wt%) (mAh/cm2)

C650.0wt% 95.2 1.9 2.9 0.0 — 2.00
C651.4wt% 93.9 1.9 2.8 1.4 C65 2.05
C652.8wt% 92.6 1.8 2.8 2.8 C65 2.02
C65/VGCF1.4+1.4wt% 92.6 1.8 2.8 1.4 + 1.4 C65 + VGCF 1.91
VGCF2.8wt% 92.6 1.8 2.8 2.8 VGCF 1.87
C65/VGCFnorm. 94.12 1.19 1.85 1.42 + 1.42 C65 + VGCF 1.98
VGCFnorm. 95.68 0.56 0.87 2.89 VGCF 1.85

Table I. Physicochemical properties of probing liquids at 20 °C37.

γL γL
d γL

p

Probing liquid ρ (g/ml) η (mPa·s) (mJ/m2)

n-Hexane 0.661 0.326 18.4 18.4 0.0
Water 0.998 1.000 72.8 21.8 51.0
Diiodomethane (DIM) 3.325 2.762 50.8 50.8 0.0
Dimethyl Sulfoxide
(DMSO)

1.100 1.996 44.0 36.0 8.0

Ethylene glycol 1.109 21.81 48.0 29.0 19.0
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5.2 MPa for 10 s. To check reproducibility, three coin cells with a
N/P ratio of 1.1 were built and tested for each coating.

Cell cycling and rate capability.—The assembled cells rested for
48 h prior to the electrochemical testing to assure full wetting of all
components inside the cells by the electrolyte. Rate capability and
long-term cycling tests were performed at 25 °C within a voltage
interval of 3.5 V−4.9 V vs Li/Li+, assuming 147 mAh/g as specific
capacity of LNMO.

Starting with the initial formation of the cells, three cycles
at 0.1 C (charge/discharge) were performed. Rate capability was
then tested according to the following charge/discharge pattern:
0.5 C/0.5 C; 0.5 C/1 C; 0.5 C/2 C; 0.5 C/5 C; 0.5 C/10 C for 5 cycles
each and 100 cycles at 0.5 C/1 C (charge/discharge) with every 20th
cycle at 0.2 C (charge/discharge). Charging of the cells consisted of
a constant current mode up to 4.9 V and a subsequent constant
voltage step with 0.05 C as cut-off limit (constant current—constant
voltage (CCCV)).

Formation of the cells for long-term cycling was carried-out as
mentioned above. The cells were then cycled for 1000 cycles at
0.5 C/1 C (charge/discharge). Every 50th cycle a C-rate of 0.1 C/
0.1 C was applied. CCCV charging as described above was also used
in long-term cycling.

Tortuosity by EIS.—Tortuosity was measured in a symmetrical
cell configuration. Three coin cells were built for each coating that
had undergone calendering at 50 °C and annealing at 175 °C for
40 min consisting of two cathodes with a diameter of 16 mm, a
trilayer PP/PE/PP separator (H2013, Celgard, USA) and an electro-
lyte with non-intercalating conditions, namely EC:DMC (1:1 vol:
vol) with 0.01 M tetrabutylammonium perchlorate (TBAClO4,
Sigma Aldrich, >99.0%).

Potentiostatic impedance spectra were obtained across a fre-
quency range of 100 kHz to 20 mHz. The measurement was repeated

50 times with an OCV step of one hour between individual
measurements. The equivalent circuit model applied for fitting the
data is illustrated in Fig. S1.

Results and Discussion

Mechanical properties.—The resulting adhesion strength as
depicted in Fig. 1 show poor mechanical integrity for all coatings
containing a CA amount of 2.8 wt% in their uncalendered state.
While calendering at 50 °C with a roll speed of 1 m/min leads to an
improvement in adhesion strength by approx. 100% for most
coatings, C652.8wt% exhibits only slightly enhanced adhesion. The
melting temperature of the PVDF is stated to be at 163 °C by the
manufacturer. Hot calendering at 175 °C with a roll speed of 1 m/
min shows an additional improvement in adhesion strength.
However, the most significant rise in the mechanical strength of
the electrodes can be observed with annealing of the coatings at
175 °C after the calendering step which reaches a plateau after a
duration of 40 min. All coatings containing CB show a lesser
increase in adhesion strength compared to coatings C650.0wt% and
VGCF2.8wt% when exposed to heat treatment for only 10 min.
However, longer exposure time of 40 min yields results comparable
to that of VGCF2.8wt%. Regarding C652.8wt%, the heat treatment,
irrespective of its duration, has an insignificant impact on adhesion
strength. The adhesion strength of a PVDF (Solef 5130, Solvay,
France) cathode calendered to 30% porosity with a binder content of
4.6 wt% manufactured in the conventional organic solvent (NMP)
based process is given by the dashed red line.

The low surface area VGCF have a slightly negative effect on the
mechanical strength of the cathode, since a drop from 72.9 N/m for
C651.4wt% to 67.5 N/m for C65/VGCF1.4+1.4wt% was measured for
heat treated samples. Nevertheless, the influence of VGCF on the
adhesion is substantially smaller than that of the high surface area
C65, as adhesion strength for C652.8wt% was measured to be only

Figure 1. Adhesion Strength of uncalendered, calendered and heat-treated cathodes.
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12.9 N/m even though the amount of CA is the same as in
C65/VGCF1.4+1.4wt%.

The ability of the binder to bind the various solid components
together is crucial in generating the required mechanical integrity for
an electrode. With PVDF being present as latex and not in a
dissolved state in aqueous processing, heat treatment above the
binder’s melting point becomes necessary. PVDF as a semi-crystal-
line polymer tends to be leathery to brittle below the melting
temperature depending on its molar mass. In its molten state PVDF
exhibits a lower viscosity which results in an increased wetting of
the other solid components inside the cathode.38 Thus, the mechan-
ical integrity of the cathode is improved not only by an enlarged
contact area due to wetting but also the mechanical interconnecting
of PVDF with the solid components as liquid PVDF will flow into
clefts and gaps and then solidify.

To distinguish between the effect of the differing surface areas and
the effect of different surface chemistries of the CAs on adhesion
strength and the binder distribution, coatings C65/VGCFnorm. and
VGCFnorm. were manufactured. Assuming a quantity of 100 g, the
total surface area (A) of C652.8wt% is A = 200.5 m2. According to Eq.
S1 the theoretical binder layer thickness of C652.8wt% was
then calculated to be 13.5 nm. Binder contents in C65/VGCFnorm.

(A = 130.5 m2) and VGCFnorm. (A = 60.5 m2) were normalized to
match a theoretical binder layer thickness of 13.5 nm to allow for a
comparison between the CAs irrespective of their surface area. The
resulting electrode compositions of the normalized electrodes are

given in Table II with two decimal places to avoid rounding errors.
Resulting adhesion strengths are depicted in Fig. 2.

Both cathodes with normalized binder/surface area ratio exhibit a
drop when calendered at 50 °C. The decline after calendering is
accounted to the lateral stretching of the coatings due to differing
elastic moduli between binder and aluminum. Meyer et al. demon-
strated the decline to be particularly pronounced in the porosity
range between 30% to 35%.39 However, the mechanical integrity
can be restored by annealing. With normalized binder content it
becomes apparent that there is an influence of the type of CA in use.
The maximum adhesion strength after heat treatment for 40 min
ranges from 12.9 N/m for C652.8wt% to 15.6 N/m and 17.4 N/m for
C65/VGCFnorm. and VGCFnorm., respectively, illustrating a positive
effect of VGCFs on the mechanical integrity beyond their smaller
surface area.

Surface free energy.—Table III summarizes the results of the
contact angle measurements of the tested cathode constituents with
each of the aforementioned probing liquids while also listing the
applied method. As the WB method relies on a preceding measure-
ment of the sample powder’s capillary constant, the values are also
given. CMC was not measured with water as it dissolves therefore
delivering unreliable contact angles.

Based on the Owens-Wendt-Rabel-Kaelble (OWRK) model40–42

the contact angles can be converted into the SFE of the individual
electrode component as given in Table IV. In addition to the overall

Figure 2. Adhesion Strength of cathodes with normalized binder contents.

Table III. Contact angle measurements of electrode components ± standard deviation, n = 3.

Solid sample n-Hexane Water DIM DMSO EG Method
Capillary constant Contact angle (degrees)

C65 1.7·10−5 89.6 ± 0.4 64.4 ± 1.0 38.7 ± 0.6 — WB
VGCF 2.0·10−5 90.0 ± 0.1 80.9 ± 0.5 80.0 ± 3.7 — WB
LNMO 3.4·10−6 42.9 ± 1.5 61.3 ± 0.5 2.8 ± 0.1 — WB
CMC n/a — 38.5 ± 2.1 17.0 ± 1.8 9.4 ± 0.2 SDP
PVDF n/a 69.1 ± 0.4 44.2 ± 0.3 — 37.4 ± 0.5 SDP

Aluminum CC n/a 85.2 ± 1.0 47.5 ± 2.2 — 62.0 ± 0.1 SDP
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SFE and both the dispersive γS
d and polar γS

p parts, the interfacial
free energy of adhesion ΔGIF is also compiled. As a result, the
carbon black shows a significantly larger dispersive and only a small
polar component, which is in good accordance with literature.43–46

The current collector exhibits SFE highly similar to C65. While the
dispersive part still dominates for both binders, PVDF and CMC, the
polar part is higher than that of CB. VGCF also shows a mainly
dispersive SFE. However, the dispersive and polar components are
far more similar to each other than for C65. LNMO exhibits, as the
only constituent, a larger polar than dispersive component, which is
in alignment with findings on other active material in literature.46

According to van Oss et al.47,48 the interfacial free energy of
adhesion ΔGIF between two condensed-phase materials 1 and 2
fully immersed in a liquid 3 is given by:

Δ = Δ + Δ [ ]G G G 1IF d p
132 132 132

with

γ γ γΔ = − − [ ]G 2d d d d
132 12 13 23

or

γ γ γ γ γ γ

γ γ γ γ γ γ

Δ = + − − −

+ − − + [ ]

G 2

2 2 3

d d d d d d d

d d d d d d

132 1 2 1 2 1 3

1 3 2 3 2 3

Equations 2 and 3 having d as superscript are equally valid with
superscript p. The resulting free energy of adhesion functions as a
measure for the aspirations of two compounds submerged in a liquid
to agglomerate/form an interface. Positive values of ΔGIF indicate
repulsion of the immersed particles and a stable dispersion while
negative values show attraction and the tendency for the formation
of interfaces.48,49

The preferential order of adhesion for both binders can therefore
be derived from the most negative value for the free energy of
adhesion towards the least negative in the following manner:
CC>C65>other binder>VGCF>LNMO. PVDF as well as CMC
yield the most negative values for ΔGIF of −48.5 mJ/m² and −49.0
mJ/m² with the aluminium current collector. Both binders can
therefore be expected to preferably bind to the aluminium current
collector as it is energetically most beneficial. It is followed by C65,
indicating the formation of CBDs. ΔGIF of both binders towards
each other is −38.9 mJ/m². VGCFs display a ΔGIF of −34.9 mJ/m²
with PVDF and −34.4 mJ/m² with CMC. As both binders exhibit a
higher tendency to coagulate then to form an interface with the
VGCFs, homogeneity issues are to be expected when using VGCFs.
Regarding LNMO, ΔGIF results in −14.9 mJ/m² and −15.1 mJ/m²
for PVDF and CMC, making it the least preferred binding partner
inside the slurry for both polymer binders.

Binder distribution.—SEM images of electrode C652.8wt%
(Figs. 3A/1 and 3A/2) reveal LNMO particles seemingly covered
by carbon-binder-domains (CBD). Yet, the formation of large gaps

between the active material particles and the CBD (Fig. 3A/1) hint at
low adhesion of the binders towards the LNMO. Inspecting the
current collector, it is found to be almost bare, with only few CBD
remains adhering to the aluminum where LNMO particles have been
pressed into the CC during calendering. With reduced content of
conductive additive to 0 wt% and 1.4 wt% a reduced gap formation
as well as an improved coverage of the active material by the binder
can be seen as depicted in Fig. 3B/1 and Fig. S2D/1, respectively.

Furthermore, the emergence of a thin coating layer on the CC can
be observed, which was analyzed by EDS to consist of intermingled
CMC and PVDF as illustrated in Fig. 4. The dark area in the upper
left corner of all four elemental mappings are due to shadowing
effects resulting from the installation angle of the EDS detector.
Electrodes C65/VGCF1.4+1.4wt% and VGCF2.8wt% (Fig. S2E/2, and
Fig. 3C/2) show no gap formation between the active material and
the CBDs. Simultaneously they exhibit the coating film formation
upon the CC even though the amount of CA in both coatings is
identical to that of C652.8wt%.

SEM images of cross-sections prepared by ion-milling (Fig. 5A)
further illustrate the poor adhesive behavior of the CBDs towards

Table IV. Surface free energy and free energy of adhesion of slurry components in relation to PVDF latex and CMC binder ± standard deviation
(ΔGIF

132 annotated as ΔGIF
S-H2O-PVDF and ΔGIF

S-H2O-CMC with 1 representing the solid sample s, 3 the immersion liquid H2O and 2 the respective
polymer binder).

Solid sample γS γS
d γS

p ΔGIF
S- H2O-PVDF ΔGIF

S-H2O-CMC
(mJ/m2)

Aluminum CC 35.5 ± 1.5 32.7 ± 1.3 2.8 ± 0.2 −48.5 −49.0
C65 31.7 ± 1.2 28.6 ± 1.0 3.1 ± 0.2 −46.7 −47.1
CMC 47.3 ± 1.5 38.5 ± 1.2 8.8 ± 0.4 −38.9 −39.7
PVDF Latex 44.2 ± 1.0 35.4 ± 0.9 8.8 ± 0.2 −38.2 −38.9
VGCF 19.7 ± 1.5 12.8 ± 1.1 6.9 ± 0.4 −34.9 −34.4
LNMO 55.6 ± 1.1 25.6 ± 0.9 30.0 ± 0.2 −14.9 −15.1

Figure 3. SEM micrographs for coatings C652.8wt% (A/1/2), C650.0wt% (B/1/2),
VGCF2.8wt% (C/1/2) after calendaring at 50 °C to 30% porosity and heat
treatment at 175 °C for 40 min of top view (left) and current collector (right)
after 90° peel tests.
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LNMO as the large gap formation can be observed throughout the
entire thickness of electrode C652.8wt% with some active material
particles laying seemingly contactless between the CBDs. Moreover,
delamination of the coating from the CC was discovered (Fig. 5A).
With reduction of the CA as well as the partial substitution of CB by
VGCF improved adhesion of the binders towards LNMO becomes
evident. Active material particles are fully covered by CMC and
PVDF when no CA is present in the coating (Fig. 5B).
C65/VGCF1.4+1.4wt% indicates an improved coverage of LNMO by
the binders as seen in Fig. 5C. However, gap formation can still be
observed to a lesser extent. In addition to the improved covering of
the active material, delamination does not occur with both lesser CA
content and CB substitution. The predicted homogeneity issues due
to both binders preferably coagulating rather than binding onto the
VGCF, can be evidenced throughout electrode C65/VGCF1.4+1.4wt%

in the form of non-deagglomerated VGCF clusters.
It has been found that due to comparably low interfacial surface

tensions between both polymeric binders and C65 the preferred
formation of carbon-binder-domains can be expected, as evidenced
by Fig. 3A/1. The calculation ofΔGIF further supports the unfavored
interaction of LNMO with both binders.50 Owing to this deficit of
attraction the CBDs solely disperse around the active material while
not properly adhering to its surface.50,51 It is well reported in
literature52,53 that when in contact with particle surfaces of the active
material or the conductive additive the polymers will display the
tendency to either adsorb or chemically bond to these surfaces
aligning their chain ends with the surface and thus forming a bound
polymer layer. By interaction with neighboring polymer layers, the
polymer chains lose their mobility resulting in fixed/immobilized
layers. Unbound polymer domains only start to form once a
saturation of fixed polymer layers on the surface of the conductive
additive and the active material is reached. As seen in Fig. 3A/1 the
vast majority of binder polymers is fixed inside the CBDs due to the
high affinity of both binders towards C65 and the CAs significantly
large surface area within the electrode. The free binder domains are,
however, substantial for maintaining both the cohesive as well as the
adhesive integrity of the electrode.52,54,55

While the aluminum CC acts as an even more preferred surface to
the binders then the CB, the overall process of cathode manufacturing
has to be kept in mind. While CMC, PVDF and CB undergo the
dispersing by a disc agitator during the preparation of the slurry, the
CC only comes into contact with both binders during the subsequent
casting. In this sequence the polymeric binders are already in an
immobilized state leaving only a miniscule fraction of free binder to
form an adhesive bond towards the CC. A reduction of the CA’s
surface area therefore leads to a faster saturation of the CA by the
binder and the formation of free polymer domains, which will then

tend to bind onto the current collector as expected and evidenced by
Fig. 4. The differently pronounced improvements in adhesion strength,
shown in Fig. 1, can be explained by the free energy of adhesion and
the resulting binder distribution. Regarding C652.8wt% the majority of
both binders is immobilized inside the CBDs. Therefore, heat
treatment beyond Tmelt leads only to additional wetting of CB. For
C650.0wt% and VGCF2.8wt% the heat treatment at Tmelt for 10 min was
sufficient to reach the maximum adhesion strength, as PVDF was able
to directly wet the active material particles and the current collector in
the absence of C65. In electrodes C651.4wt% and C65/VGCF1.4+1.4wt%

PVDF does, in its molten state, initially wet CB. With longer
exposition to temperatures above Tmelt PVDF proceeds to also wet
LNMO and the CC as evidenced in Fig. 1. The improved coverage of
the active material in the absence of C65 as well as the observed
coating layer on the CC (Fig. 4) are also evidenced by an increase in
bulk and interface resistivity (Fig. 6).

Electrochemical characterization.—Rate capability tests from
0.5 C up to 10 C in Fig. 8 reveal inferior performance of the cathodes
containing a reduced amount of conductive additive. It was not
possible to cycle C650.0wt%. Tortuosity of the cells, depicted in the
left graph of Fig. 7, increases with reduced total surface area of the
CA, due to an excess amount of free binder.56 The equation used to
calculate the theoretical binder layer thickness of each individual
cathode is given as Eq. S1.57 Nevertheless, rate performances of the
cathodes show no correlation with the tortuosity. However, they
correspond well with both bulk and interface resistivity of the
coatings (Fig. 6). This can be explained by an increased over-
potential during charging as well as discharging due to the
heightened electrical resistivity. Ultimately leading to an incomplete
sequence of redox reactions in the chosen voltage window of
3.5 V–4.9 V vs Li/Li+. While it cannot be determined whether
bulk or interface resistivity is the dominant limitation of C-rate
performance it can be said that overall electrical resistivity demon-
strates to be the limiting factor of C-rate performance at the
examined porosity and loadings. The bulk and interface resistivity
of coating C651.4wt% after calendaring and annealing could not be
determined as it was out of the upper measuring limit of the Hioki
resistance meter.

As illustrated in the right plot in Fig. 8 the initial capacity
retention of the aforementioned electrodes is very similar. After
approx. 500 cycles however, C652.8wt% starts exhibiting a continu-
ously increasing sharp degradation. With every 50th cycle performed
at a C-rate of 0.1 C/0.1 C (charge/discharge) it can be deducted that
the loss in capacity is not mainly a result of active material
degradation as a discharge capacity comparable to all other cathodes
is achieved when charging at a low C-rate. It is therefore concluded

Figure 4. EDS analysis of current collector of electrode C651.4wt% after 90° peel test revealing formation of CMC/PVDF layer.
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that delamination of the cathode coating from the current collector or
the reduction of contact points between the CBDs and LNMO
induced by volume changes during cycling is the responsible factor
behind the observed capacity loss.26 Even at the applied discharge C-
rate of 1 C, charge transfer is impeded by the loss in contact points
or delamination to an extent that charging cannot be completed in
time. However, at lower C-rates the time for charge transfer through
the remaining contact points is sufficient, resulting in a higher
capacity retention.58–61

Comparing the shifts in charge and discharge potentials for
cycles 250, 500, 750 and 1000 as illustrated in Fig. 9, cathode

C652.8wt% containing only C65 as CA displays a significant increase
in polarization, further proving delamination as the main cause for
loss of discharge capacity because it leads to incomplete charging
and discharging as the coatings move out of the charging window of
3.5 V–4.9 V. This can be compensated to some extent by a CV step
in the charge protocol, however not completely. Interestingly,
Sahore et al.26 demonstrated the same degradation mechanism in
their work on NMC811 when applying a combination of CMC and
PVDF latex as binder system.

Even so, a rise in polarization can also be observed for electrode
C651.4wt% containing only C65 as CA. This is attributed to the

Figure 5. SEM micrographs of ion-milled cross sections of (A) C652.8wt%, (B) C650.0wt% and (C) C65/VGCF1.4+1.4wt% (left) and a higher magnification of
C652.8wt% showing the lack of interaction between LNMO and CBDs (right).
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Figure 6. Bulk (left) and interface (left) resistivity of uncalendered, calendered and annealed cathodes with standard deviation, n = 5.

Figure 7. Tortuosity of cathodes after calendaring and annealing for 40 min at 175 °C in relation to theoretical binder layer thickness with standard deviation,
n = 3.

Figure 8. Rate capability (left) and long-term cycling (right) of cathodes containing different conductive additives in full cell configuration.
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instability of LP30 and C65 at high potentials as demonstrated by
several authors and as a result the advancing deterioration of the
conductive network inside the cathodes.17–21 For cathode
C65/VGCF1.4+1.4wt% a lesser degree of polarization can be observed.
Due to their smaller surface area VGCFs provide fewer reaction sites
for parasitic oxidation of the electrolyte leading to less hydrogen
fluoride generation and therefore less damage to the cathode.19,21,62

Simultaneously, the long-range conductivity of the VGCFs com-
pensates for the loss of electrical conductivity associated with the
oxidation of the C65 to CO and CO2.

21 Cathode VGCF2.8wt%
demonstrates a negligible change in polarization over the course of
1000 cycles, indicating loss of lithium inventory as well as loss of
active material to be the leading factors for capacity loss.59–61

Conclusions

In this work, we demonstrated the utilization of two surface
characterization methods (Washburn method and Sessile Drop
method) for understanding and improving mechanical integrity and
explaining binder distribution in aqueously processed LNMO
cathodes. The techniques allow rapid surface free energy analysis
of both powders and solid surfaces. Through the obtained informa-
tion, one of the main driving forces in binder distribution, the
interfacial free energy of adhesion, could be calculated for each
relation between two electrode constituents. While surface chemistry
causes preferential adhesion of the polymeric binders towards the
CA, it could be shown that there are two possible solutions to
improve the mechanical strength of aqueously processed cathodes.

The first and most effective one being the reduction of the CA’s
surface area as unbound polymer domains will become available
with saturation of the CA surface.46,52

Secondly, the application of VGCFs exhibiting a lower affinity
towards the binders also demonstrated to be an adequate way of
improving adhesion strength. Whilst the exact threshold of sufficient
mechanical integrity regarding long-term cycling has not been
investigated, all of the applied methods proved the successful
elimination of capacity loss due to delamination from the CC.

Adjusting the surface chemistry of the binders to result in a
highly negative value for the interfacial free energy of adhesion
towards the active material and a less negative value with the CA is a
possible next step to be pursued. Additionally, with the under-
standing of the principle behind binder distribution in aqueously
processed cathodes, the possibility of beneficially influencing
electrode tortuosity, provided the electrical resistivity is sufficiently
low to not be the limiting factor, represents an interesting next field
of research. Furthermore, the improvements in mechanical integrity
now provide a crucial prerequisite for the manufacturing of sturdy
high-loading (>3.7 mAh/cm2) cathodes.
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