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Influence of the Binder on Lithium Ion Battery Electrode
Tortuosity and Performance

Johannes Landesfeind, © *-* Askin Eldiven, and Hubert A. Gasteiger**

Chair of Technical Electrochemistry, Department of Chemistry and Catalysis Research Center, Technical University of
Munich, Munich, Germany

The electrochemical performance of porous graphite anodes in lithium ion battery applications is limited by the lithium ion
concentration gradients in the liquid electrolyte, especially at high current densities and for thick coatings during battery charging.
Beside the electrolyte transport parameters, the porosity and the tortuosity of the coating are key parameters that determine the
electrode’s suitability for high power applications. Here, we investigate the tortuosity of graphite anodes using two water as well
as three n-methyl-2-pyrrolidone based binder systems by analysis of symmetric cell impedance measurements, demonstrating that
tortuosities ranging from ~3-10 are obtained for graphite anodes of similar thickness (~100 pwm), porosities (~50%) and areal
capacity (~3.4 mAh/cm?). Furthermore, selected electrodes with tortuosities of 3.1, 4.3, and 10.2 were cycled in cells with reference
electrode at charging C-rates from 0.1-20 1/h, illustrating the clear correlation between electrode tortuosity and its rate capability.
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Understanding and predicting rate limitations in lithium ion batter-
ies with porous electrodes requires profound knowledge of not only
the electrolyte transport parameters (i.e., transference number, diffu-
sion coefficient, conductivity) and the thermodynamic factor, but also
the porosity and the tortuosity of the electrodes. The tortuosity of
the electrode is particularly critical because the effective electrolyte
conductivity and the effective diffusion coefficient in the electrolyte
directly scale with the inverse of the tortuosity, so that care has to
be taken to develop electrodes with minimized tortuosity. Using ex-
perimental approaches'™ or 3D tomography,>® it was shown that the
shape of active material particles distinctly influences the electrode
tortuosity. For a given active material, however, electrode tortuosity
and rate capability can also be improved by the design of the electrode
layer such that short diffusion distances can be obtained across the
electrode. For example, improved performance was demonstrated for
graphite anodes when the platelet graphite particles were aligned nor-
mal to the current collector surface by means of a magnetic field” or
when silicon/graphite anode electrodes were laser structured.® In this
study we focus on the role of the electrode composition, specifically
the role of the binder, on its tortuosity as well as on its implication for
battery performance. While in the literature the link between binder
and electrochemistry is frequently studied empirically using rate ca-
pability tests’ and long-term cycling experiments,'®!* we focus on
the correlation of electrode tortuosity with binder content/type and its
effect on rate capability.

In the following, the tortuosity of graphite anodes with different
binders, different binder contents, and different amounts of conduc-
tive carbon additive will be determined by electrochemical impedance
spectroscopy (EIS) of symmetric cells using the transmission line
model approach.>!* In the first part of our analysis we will demon-
strate the effect of binder and conductive carbon additives on elec-
trode tortuosity and thereafter give an overview of the range of
experimentally obtained tortuosities for two water and three NMP
(n-methyl-2-pyrrolidone) based binder systems. Subsequently, charg-
ing rate performance tests in three-electrode cells for electrodes with
largely different tortuosities are presented, illustrating the clear cor-
relation between the tortuosity of the anode electrode and its rate
capability.

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: j.landesfeind @tum.de

Experimental

Electrode preparation.—Composite slurries of graphite, binder,
conductive carbon additive (material parameters and abbreviations
given in Table I) and NMP (Sigma Aldrich, anhydrous, 99.5%) were
prepared in a planetary mixer (Thinky ARV-310). As the mixing pro-
cess is not at the focus of the current study, all solid components and
half of the solvent were filled into the mixer at once and mixed at
2000 rpm for at least 2 min. The remaining solvent was added step-
wise between subsequent mixing steps until similar slurry viscosities
are obtained, as judged by eye. The prepared slurries were coated onto
a copper current collector foil (MTL, 9 wm) using the doctor blade
technique with a wet-film thickness of 200 pwm. Coatings were dried
in a self-built drying oven at 50°C under air and then punched (Hohsen
Corporation) to circular discs of 11 mm diameter (Ag. = 0.95 cm?)
before assembly in T-Cells without prior compression. Areal loading
of the all graphite electrodes (thickness 98 4= 13 pm) used in this work
were 9.6 & 1.8 mgg/cm? (corresponding to 3.4 & 0.6 mAh/cm? or
3.2 £ 0.6 mAh/EL if referenced to the total electrode, using a theo-
retical graphite intercalation capacity of 350 mAh/cm?).

Tortuosity determination.—Tortuosities were determined for two
nominally identical cells at each composition, using the same experi-
mental procedure as described before (compare Experimental section
in Ref. 3) unless stated otherwise. A 1:1 (by weight) mixture of ethy-
lene carbonate (EC, Sigma Aldrich, anhydrous, 99%) and diethyl car-
bonate (DEC, Sigma Aldrich, anhydrous, >99%), was used as solvent
for self-prepared electrolytes containing 12 mM tetrabutylammonium
perchlorate (TBACI1Oy, Sigma Aldrich, >99.0%) salt. A turn-key con-
ductivity sensor (LF 1100+, SI Analytics, with custom-made ground
glass fitting) with a built-in temperature sensor was used to determine
the electrolyte conductivity (equating to 423 pwS/cm at 25°C). Sym-
metrical Swagelok type T-Cells (spring-compressed to ~1 bar) were
built outside the glove box, then transferred into a temperature con-
trolled climate chamber (25°C, Binder) and impedance spectra were
recorded (Biologic VMP3) around the open circuit potential (OCV)
after aresting period of at least 12 hin a frequency range of 200 kHz to
0.1 Hz with a 20 mV perturbation. No artifacts from the cell assembly
under air were observed, which was confirmed by monitoring the elec-
trolyte conductivity (no measurable change over period of 6 months)
as well as by comparative measurements with cells assembled inside
the glove box.
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Table 1. List of the materials used for the preparation of porous graphite anodes, including supplier specifications, their BET surface area, and

their density (* from manufacturer’s specification).

BET Surface Area Density
Material Abbreviation m?/g g/em?
Graphite, T311, Timcal, 19 pm D50 Gra 3* 2.26
SuperC65, Timcal C65 62* 2.26
Sodium Carboxy Methylcellulose, Sigma Aldrich CMC - 1.59
Styrene-Butadiene Rubber, MTI SBR - 0.94
Alginic acid sodium salt, Sigma Aldrich Alginate - 1.60
PVDE, KF1100, homopolymer, Kureha Kureha - 1.78*
PVDF, Solef 5130, functionalized homopolymer, ultra-high molecular weight, Solvey Solef - 1.77*
PVDE, Kynar HSV 900, homopolymer, Arkema Kynar - 1.74*

Cycling experiments.—For charging rate performance measure-
ments of selected composite graphite electrodes, for each composition
three three-electrode Swagelok T-cells utilizing a lithium reference
and a lithium counter electrode (11 mm diameter; 450 pm thick-
ness, Rockwood Lithium) were built inside an argon filled glove box
(MBraun, 25°C =+ 1°C, oxygen and water content <0.1 ppm, Ar 5.0,
Westfalen, 99.999% vol.). All cell parts were cleaned thoroughly by
boiling them in an ethanol water mixture, rinsing them with water
(Millipore, Elix, 15 M), and then drying them at 70°C in a drying
oven before bringing them into the glove box. Two porous glass fiber
separators (VWR, 250 pm thickness) and a commercially available
battery electrolyte (1 M LiPF¢ in EC:EMC 3:7, w:w, LP57, battery
grade, BASF) were used for the cycling experiment in a temperature
controlled climate chamber (25°C, Binder) outside the glove box using
a potentiostat (BioLogic, VMP3). Without any additional formation
cycle, three consecutive galvanostatic charging (i.e., lithiation) cycles
with a lower cutoff potential of 5 mV versus the lithium reference
electrode were recorded. For the charging and the discharging cur-
rents of the graphite electrodes a capacity value of 3 mAh/El. was
used for all electrodes, corresponding to intercalation currents of 0.3,
0.6, 1.5, 3, 6, 15, 30 and 60 mA/El., corresponding to approximate
C-rates 0f 0.1,0.2,0.5, 1, 2, 5, 10, 20 1/h (within ££10% due to minor
loading variations), while the discharge (i.e., delithiation) current was
held constant at 0.3 mA/EL (~0.1 1/h), with an upper cutoff potential
of 1 V vs. the lithium reference electrode. For the sake of simplicity,
the rounded C-rates are used in the text for reference, and the charging
capacities of the third cycle at 0.1 1/h, given in Table II are used to
calculate the exact C-rates used for the analysis shown in Figure 4 and
Figure 5.

Results and Discussion

In the following, the effect of electrode composition on the tortuos-
ity of porous graphite electrodes with different mass ratios of conduc-
tive additive (SuperC65) and binder will be demonstrated exemplarily
with PVDF based graphite anodes. Figure 1 shows the tortuosities
of different anode compositions, obtained from the transmission line
analysis of the EIS response of symmetric cell measurements (details
about this analysis technique and the tortuosity calculations can be

found elsewhere®!*). Dashed lines in Figure 1 serve as guide-to-the-
eye only; error bars indicate the error introduced by the electrode
thickness measurement (2 pwm) and the electrolyte conductivity (1%)
and for all measurements two nominally identical cells yield very
reproducible results.

At first we will discuss the results for anodes with only active
material and Kureha PVDF binder, prepared as described in the Ex-
perimental section. For binder weight percentages of 1.5, 3, 6 and
10 wt%, the tortuosity values increase linearly from 2.8 £ 0.1 to
5.2 £ 0.2 (compare Figure la, green crosses), an enormous, nearly
2-fold increase, although the electrode composition was altered only
by 8.5 wt% (= 10 wt%—1.5 wt%). This is the more surprising, as all
electrodes tested here are uncompressed and thus have very similar
porosities (51 = 5%) and are based on the same active material, so that
one would expect little changes in tortuosity. The observed large tortu-
osity changes therefore suggest that the binder content strongly affects
the effective transport properties in the electrolyte phases within the
porous electrode, i.e., diffusion coefficient and conductivity. It is clear,
of course, that the chosen binder weight ratios span a rather extreme
range, as electrodes with only 1.5 wt% of the Kureha PVDF are very
brittle and have to be handled carefully, while 10 wt% binder would
substantially decrease the energy density of the electrodes and could
clog the pores for electrolyte transport."

Based on empirical studies by Marks et al., the best electrochem-
ical performance while still maintaining good mechanical stability
is obtained with an average binder layer thickness of ~6 nm."> The
binder layer thickness dg; corresponds to the thickness of the binder
layer, if the binder were homogeneously distributed over the BET
surface areas of active material (BETg,,) and the conductive carbon
additives (BETc¢s; see BET values given in Table I), and may be
calculated by

Pt )

= [1]
MGra * BETGra + mces - BETces

where m; represents the mass of component i per 100g of elec-
trode and pg; is the density of the binder (Bi = CMC/SBR/
Kynar/Solef/Alginate/Kureha, values given in Table I). Due to the
low BET surface area of typical graphite active materials (generally

Table II. Compositions and parameters of graphite anodes used for charging rate performance tests in three-electrode cells with metallic lithium
counter and reference electrodes. Porosity, thickness and tortuosity values are taken from electrodes of the same coating which were used for the
tortuosity measurement (errors indicate the standard deviation of 2 cells). Loading values are calculated based on the mass and composition of the
electrodes used for the cycling experiments, using a theoretical intercalation capacity of 350 mAh/gc,,. The charging capacity (i.e., the lithiation
capacity) is given at the 374 cycle at a C-rate of 0.1 1/h and for a cutoff voltage of 5 mV vs. the lithium reference electrode potential, the error bar

describes the standard deviation of three cells.

Electrode Composition

P d
Qcharging at 3"

Gra/Bi/C65 Porosity Thickness Loading 0.1 Ccycle Tortuosity
wt% Binder % pm mgGra/cm2 mAh/cm? -
97/3/0 Alginate 56+1 100 £2 9.8 3.20£0.13 3.1+0.1
97/3/0 Kynar 52+2 95+2 9.4 3.44 £0.21 43+£0.1
94/6/0 CMC/SBR 1:1 46 £ 1 101 £5 10.2 3.57+£0.21 102+0.3
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Figure 1. Tortuosities of graphite electrodes obtained from symmetric cell
EIS measurements with (orange) or without (green) conductive carbon C65
plotted versus a) the binder mass percentage and b) the average binder layer
thickness (according to Eq. 1). Exact electrode compositions of graphite active
material (Gra), binder (Bi), and conductive carbon additive (C65) are given in
terms of mass percentages in the figures using the nomenclature Gra/Bi/C65.
Dashed lines serve as guide-to-the-eye only; error bars indicate the tortuosity
uncertainty due to finite accuracy of the thickness (2 wm) and conductivity
(1%) measurements, two measurements are shown for each composition.

in order to minimize irreversible SEI formation losses), really high
binder layer thickness values are normally only obtained for composite
electrodes of binder and active material only, i.e., without conductive
carbon additives. This is illustrated in Figure 1b, which represents
the same data as in Figure 1a, but re-scaled in terms of binder layer
thickness rather than binder weight percentage. For electrodes with-
out any conductive carbon additive (green crosses in Figure 1b), the
binder layer thickness ranges from 2.9 to 20.8 nm, much higher than
the reported sweet spot of 6 nm.!*> Closest to the suggested optimal
~6 nm binder layer thickness are the electrodes with 3 wt% binder.
Also shown in Figure 1 are the tortuosities of three electrode
compositions (see figure for exact compositions) which additionally
include different amounts of the conductive carbon C65. These elec-
trodes were prepared by replacing a fraction of the active material of
the 6 wt% and 10 wt% binder electrodes by C65 so that one obtains
the same average binder layer thickness value of the electrodes with-
out C65 and 3 wt% binder have (5.8 nm, see Figure 1b). Analogously
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electrodes with 3 wt% binder and C65 were prepared to obtain the
same binder layer thickness of 2.9 nm as for the 1.5 wt% binder elec-
trodes without C65. In all these cases, due to the high surface area
of C65, only a small mass fraction of C65 is necessary to adjust the
binder layer thickness, and the resulting compositions are given in the
figure. Figure 1a shows that the C65 containing electrodes with 6 wt%
and 10 wt% binder yield much lower tortuosity values compared to
their C65 free counterparts. With 10 wt% Kureha PVDF binder, the
tortuosity decreases from 5.2 + 0.2 to 3.3 £ 0.1 by tuning the av-
erage binder layer thickness to 5.8 nm by addition of high surface
area C65. Similarly, with 6 wt% binder the tortuosity decreases from
3.9+ 0.1t03.5 £ 0.1 by C65 addition (compare Figure 1a). In terms
of binder layer thickness, Figure 1b shows that all electrodes with a
binder layer thickness of 5.8 nm, with or without C65 have similar
tortuosities. This suggests, that the calculated binder layer thickness
serves as a better indicator for the tortuosity of the electrodes than the
binder amount, and that the high surface area conductive carbon addi-
tive behaves like a sponge, taking up a large fraction of the binder. By
addition of C65 the binder layer thickness is reduced and (partially)
blocked ionic conduction paths might become accessible, thereby re-
ducing the coatings tortuosity. For the examples discussed so far,
the electrode tortuosity increases with the average binder thickness
(as calculated by Eq. 1), irrespective of whether conductive carbon
is part of the electrode formulation (see Figure 1b). The nearly 2-
fold tortuosity increase between the electrodes with 1.5 wt% binder
(Gra/Bi/C65 = 98.5/1.5/0, s. Figure 1b) and 10 wt% binder
(Gra/Bi/C65 = 95/10/0, s. Figure 1b) is quite striking, since even
for the highest binder content of 10 wt% the volume fraction of the
binder (€pinger & 6%) is still nearly an order of magnitude lower than
the void volume fraction of the electrode (g,0iq ~ 51 &£ 5%). Quite evi-
dently, even small volume fractions of binder strongly affect electrode
tortuosity.

The clear trend between average binder thickness and tortuosity,
however, is not found for the 3 wt% binder electrodes, for which the
tortuosity increases from 3.2 & 0.1 to 3.6 &£ 0.1 when C65 is added to
obtain a binder layer thickness reduction from 5.8 to 2.9 nm. Because
both measurements for the composition 91.9:3:5.1 (Gra/Bi/C65, by
weight) were done using electrodes from the same coating, these mea-
surements were repeated using a newly prepared coating. However,
also these repeat measurements yielded the same higher tortuosities
compared to the C65 free electrodes using the same amount of 3 wt%
binder. This trend is in agreement with our previous publication for
porous LFP cathodes at ~45% porosity, (Ref. 3), where we reported
higher tortuosities of ~5 with 5 wt% binder and 5 wt% C65 cor-
responding to a small average binder layer thickness of 1.2 nm, in
contrast to a tortuosity of only ~3.5 with 15 wt% binder and 15 wt%
C65 corresponding to a binder layer thickness of 3.3 nm. Thus, sim-
ilar to the observations made with the graphite electrodes with low
average binder layer thickness, C65 addition and the accompanying
average binder layer thickness reduction leads to an increase in tor-
tuosity. Currently we have no explanation of the detrimental effect
from C65 addition on the electrode tortuosity for resulting average
binder layer thicknesses of <<6 nm, and further investigations are
necessary to check for example for an inhomogeneous carbon and
binder distribution,'® which was shown to negatively affect the C-rate
capability of lithium ion battery anodes,” which we believe results
from a lowering of the electrode tortuosity.

In addition to the presented binder layer thickness versus tortuos-
ity study utilizing the Kureha PVDF binder, four other binders were
analyzed, namely two PVDF binders from different suppliers for use
with NMP based inks, as well as CMC/SBR (here always in 1:1 mass
ratio) and alginate for use with water based inks. This comparison
was conducted with electrodes without conductive carbon and vari-
ous amounts of binder content (1.5, 3, 6, and 10 wt% for the Kureha
PVDF and the CMC/SBR (1:1) binder, as well as 3 and 6 wt% for
the Kynar PVDF, Solef PVDF, and alginate binder). The electrode
tortuosities obtained by the transmission line model EIS analysis are
shown in Figure 2 versus the average binder thickness calculated from
Eq. 1, whereby crosses and dashed lines indicate NMP based PVDF
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Figure 2. Tortuosities of porous graphite electrodes without conductive car-
bon and with different amounts of NMP based (Kureha, Kynar, Solef PVDFs;
dashed lines) and water based (CMC/SBR and alginate; solid lines) binders,
plotted versus the average binder thickness determined by Eq. 1. The binder
contents were 1.5, 3, 6, and 10 wt% for the Kureha PVDF and the CMC/SBR
(1:1) binder, as well as 3 and 6 wt% for the Kynar PVDF, Solef PVDF, and algi-
nate binder. Tortuosities were measured using the transmission line model EIS
analysis in symmetric cell configuration with 12 mM TBACIO4 in EC:DEC
(1:1 w:w) (see Ref. 3 for details). Lines serve as a guide-to-the-eye only; error
bars indicate the tortuosity uncertainty stemming from the finite accuracy of
the thickness (2 pm) and conductivity (1%) measurements, two measurements
are shown for each composition.; the gray region gives an estimate for the
likely lower tortuosity limit based analysis of X-ray tomography data (see
text).

electrodes, while circles and solid lines represent the water based
systems. The first thing to notice is that all porous graphite elec-
trodes show the same general trend, viz., lower tortuosities for smaller
amounts of binder. The measured tortuosities range from 2.7 + 0.1
(Kureha, 1.5 wt% binder) to 10.2 £ 0.3 (CMC/SBR 1:1, 6 wt%
binder); for 10 w.% of the CMC/SBR binder, the tortuosity increases
to an extremely high value of 37 (indicated by the pink arrow in Fig-
ure 2). The gray rectangle in Figure 2 depicts the tortuosity range for
platelet graphite obtained using X-ray tomography for the range of
porosities used in this work (51 & 5%), which may be considered to
be the theoretical lower tortuosity limit for the graphite active material
if unaffected by the binder, as X-ray tomography cannot resolve the
binder/conductive carbon phase and thus commonly ignores its effect
on tortuosity.>'* By an approximate extrapolation of the tortuosities
from the presented EIS measurements in Figure 2 to 0 wt% binder,
limiting tortuosity values for conceptually binder-free anodes between
2.4 and 4 can be projected, which is reasonably close to the tortuosity
range for electrodes estimated from X-ray tomography (1.6 to 2.0),
where the binder contribution is not considered. The remaining dif-
ference might be due to different aspect ratios of the graphite particles
or to the inability to sufficiently extrapolate from 1.5-3 wt% binder to
0 wt% binder.

As proposed in the literature, ' electrodes with a binder layer thick-
ness of 5-10 nm have the highest relevance for practical consideration,
representing a trade-off between sufficient adhesion and maximized
active material content (see above), for which reason we will focus
our comparison to graphite anodes with 3 wt% binder, corresponding
to average binder film thicknesses of ~6-9 nm (this variation is due
to the variation in binder density, see Table I). For this binder content,
the lowest tortuosity is found for alginate (3.1 &= 0.1) and the highest
tortuosity for CMC/SBR 1:1 (5.5 £ 0.1) binder. Even for electrodes
with the same binder type (PVDF) with albeit different functionalized
groups and molecular weights, the tortuosities differ substantially:
3.2 £ 0.1 for the Kureha PVDF binder, 3.6 4 0.1 for the PVDF binder
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Figure 3. Nyquist plots of symmetric cells using graphite electrodes without
conductive carbon additive and with 6 wt% water based (solid lines, circles)
and NMP based (dashed lines, crosses) binders. The EIS spectra are shifted
to the origin for better comparability. A non-intercalating electrolyte with an
ionic conductivity of 0.423 mS/cm was used (12 mM TBACIO4 in EC:DEC
1:1) and impedance measurements were recorded from 200 kHz to 0.1 Hz with
an excitation amplitude of 20 mV. The pink numbers next to the CMC/SBR
data mark the frequencies in Hz at which the data were taken; lines serve as a
guide-to-the-eye only.

from Solvey, and 4.3 £ 0.1 for the PVDF binder from Kureha. Quite
strikingly, the here prepared graphite electrodes with the CMC/SBR
binder system show much larger ionic resistances compared to the
other binder systems, especially for 6 wt% and 10 wt% binder (com-
pare pink circles in Figure 2). While the average binder film thickness
for the electrode with 6 wt% CMC/SBR (~18 nm) is even lower than
that for the electrode with 10 wt% Kureha PVDF binder (~21 nm),
the tortuosity of the former (10.2 £ 0.3) is substantially higher than
that of the latter (5.2 £ 0.1). This could be due to an inhomogeneous
distribution of the CMC/SBR binder across the electrode, leading to
either the formation of a binder-rich surface layer/film at the electrode
surface blocking ionic transport or to blocking the electronic pathway
across the electrode, which would invalidate the impedance analysis
(in the here used transmission line model, the electronic resistance
across the electrode is assumed to be low compared to the ionic resis-
tance, which typically would be expected for graphite anodes).'*
Further insights might be gained by a closer inspection of the
Nyquist plots for graphite anodes with 6 wt% binder, which is shown
in Figure 3 (note that the EIS response is shifted to the origin for
better comparability). The unique behavior of the CMC/SBR elec-
trodes is reflected by the apparent inflections of its EIS spectrum
(pink circles) in the mid frequency region (100-10 Hz) as well as
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in the low frequency region (10-0.1 Hz), in contrast to the nearly
straight 45-degree lines for the electrodes with the other binders. This
feature for the CMC/SBR electrodes, together with the much higher
apparent tortuosity values may be caused by an inhomogeneous dis-
tribution of the binder,!” which may result from the non-optimized
slurry mixing and electrode drying steps.'® Even for highly conduc-
tive graphite particles the required assumption for the applicability
of the simplified transmission line model (i.e., neglecting the solid
phase electronic resistance) might be erroneous if the binder agglom-
erates and/or is distributed inhomogeneously. As long as the electronic
resistance is minor, the EIS tortuosity measurement is invariant to-
ward ionic conductivity,'* however repeat measurements for the elec-
trodes with 6 wt% CMC/SBR with a higher electrolyte conductivity
(2.5 instead of 0.423 mS/cm) yield much higher values for the tortuos-
ity (>100 vs. ~10). Although, with optimized electrode preparation,
the absolute values for the CMC/SBR binder system in this work may
not be representative. Nevertheless, these electrodes demonstrate the
sensitivity of electrode preparation and its pronounced effect on the
effective ionic and electronic transport properties.

In summary Figure 2 clearly shows the strong dependence of the
tortuosity of porous anodes not only on the binder content and the
average binder layer thickness, but also on the type of binder. Again,
the reader is reminded that the here prepared electrodes have not been
optimized in any way (i.e., the same mixing and drying procedures
were used for all binders). Therefore, while we believe that the gen-
erally observed trend of increasing tortuosity with increasing binder
content is correct for each binder, our data do not allow to make a
quantitative comparison and judgement between the tortuosities ob-
tained with different binders and dispersing agents. It is emphasized
that remarkably different tortuosity values (~3-10) are obtained for
the graphite anodes under study although the binder volume fraction is
minor (here between 0.8 and 5% for binder mass fractions of 1.5 wt%
to 10 wt%) compared to the void volume fraction of the electrodes
(here 51 £ 5%). The pronounced effect of the small volume frac-
tion binder phase was previously shown for inhomogeneous binder
distributions prepared by different drying procedures.’ More detailed
investigations of the electrode preparation steps and their influence on
electrode tortuosity will be subject of a future work.'®

Electrochemical performance with different EIS tortuosities.—
After having determined the tortuosity value of the various electrodes,
i.e., the scaling factor of the effective diffusion coefficient and the ef-
fective ionic conductivity,'® we will now examine experimentally the
relationship between tortuosity and electrochemical performance. To
verify the expected behavior of better performance for low tortuosity
electrodes,”*?! we picked three electrode compositions with different
tortuosities but similar areal capacity, thickness, and porosity in order
to compare their electrochemical performance and their rate capability
using three-electrode cells with a lithium counter and a lithium ref-
erence electrode. As the limiting operation mode for graphite anodes
is the charging step, due to the proximity of the graphite intercalation
potential to the lithium plating potential, we focus our analysis on the
charging (i.e., lithiation) behavior of graphite anodes. From the set
of the above investigated electrodes, electrodes with tortuosities of
3.1 +£0.1,4.3 £ 0.1, and 10.2 £ 0.3 were selected for electrochemi-
cal performance tests (the corresponding electrode compositions and
parameters are given in Table II). Again, it is important to note that
all electrodes used in the following rate tests were uncompressed and
had very comparable thicknesses of 98 + 3 pwm and porosities of
51 & 5%. For details on the rate test measurement procedure the
reader is referred to the Experimental section.

Figures 4a and 4b show the galvanostatic charging curves for
the 3™ cycle at a C-rate of 0.1 1/h and 1 1/h of graphite anodes
with different tortuosities. The charging curves were measured versus
the lithium reference electrode and are normalized to their charging
capacity obtained in the 3™ cycle at 0.1 1/h (compare Figure 4a),
which were essentially the same (3.4 & 0.2 mAh/cm?, see Table II).
In stark contrast to the behavior at low charging rate, at a C-rate
of 1 1/h (compare Figure 4b) the highest capacity (given in terms of
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Figure 4. Third-cycle galvanostatic charging (lithiation) curves at C-rates of
a) 0.1 1/h and b)1 1/h of porous graphite electrodes (see Table II for details)
with three different tortuosities, recorded in three-electrode cells with lithium
counter and lithium reference electrodes. Measurement were conducted using
1 M LiPFg in EC:EMC (3:7 w:w) as an electrolyte and at 25°C. The upper and
lower cutoff potentials were 1 V and 5 mV vs. the metallic lithium reference
electrode, respectively. Capacities are normalized to the third-cycle capacity
at 0.1 1/h (a); they are all within 3.4 4 0.2 mAh/cm?, and are given in terms
of state-of-charge (SOC). Table II gives all parameters of the used electrodes.

state-of-charge, SOC) is reached for the alginate based electrodes with
3 wt% binder and the lowest tortuosity (t = 3.1 &£ 0.1), for which
more than 80% of the lithiation capacity can be obtained until a cutoff
potential of 5 mV (vs. the lithium reference electrode) is reached. For
the 3 wt% Kynar PVDF electrodes (t = 4.3 £ 0.1), only 50% of the
full capacity is accessible until the 5 mV cutoff potential is reached,
while for the high tortuosity (10.2 £ 0.3) CMC/SBR based electrodes
the capacity is limited to only 30% SOC. Thus, the accessible lithi-
ation capacities at high C-rate (1 1/h) differ strongly amongst these
electrodes, although their porosity, thickness, and areal capacities are
comparable (see Table II), clearly showing the significant effect of
electrode tortuosity on the charging potential vs. SOC behavior, as
would be expected based on theoretical models.?*?!

In addition to the difference in lithiation capacities at 1 1/h,
Figure 4b also illustrates two other distinctive features in the lithi-
ation potential vs. SOC profiles for increasing tortuosities, namely
an increasing overpotential and a smearing out or complete loss of
the typical potential steps in the graphite lithiation process at high
C-rates. At the slow charging rate of 0.1 1/h, the graphite lithiation
plateaus (around SOC values of 10%, 20%, and 55%) are clearly
distinguishable and similarly well-defined for all graphite electrodes
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despite their vastly different tortuosities (compare Figure 4a). These
plateaus are also still clearly visible at a C-rate of 1 1/h for the low
tortuosity alginate based electrodes (t = 3.1 £ 0.1, green, solid line).
However, for electrodes with a higher tortuosity of 4.3 &= 0.1 (Kynar
PVDF binder, dashed, orange line), the graphite potential plateaus are
only partly visible and completely vanish for the electrode with the
highest tortuosity (t = 10.2 + 0.3, CMC/SBR, pink line, compare
Figure 4b). Both effects, the increasing overpotentials (depending on
SOC, compare Figures 4a and 4b) as well as the degree of observ-
able lithium intercalation plateaus are a result of ionic concentration
gradients within the electrolyte phase across the electrode thickness,
which builds up during the charging process.’®?! In this case lithium
ions are intercalated into the graphite particles and are depleted in
the electrolyte solution. At the same time, lithium ions generated at
the counter electrode will be transported through the separator by
migration and diffusion to the graphite anode/separator interface. If
ionic transport through the electrode is fast compared to the selected
charging time, i.e., if the electrode has a low tortuosity, the lithium
ion concentration gradient across the graphite electrode remains low
(i.e., the lithium ion concentration remains nearly constant) and the
graphite electrode is charged homogeneously. In this case of nearly
constant lithium ion concentration across the anode, the concentration
overpotential also remains nearly constant across the anode thickness,
so that the anode potential closely follows the graphite OCV curve or
the charging curve a low C-rate (compare Figure 4a for low tortuosity
alginate electrodes). On the other hand, for anodes with high tortu-
osity values, higher concentration gradients form across the anode
electrode thickness, effectively leading to an inhomogeneous charg-
ing of the graphite electrode across its thickness. This, in turn, leads
to the smearing out or the complete loss of the intercalation plateaus,
as is best seen for the CMC/SBR electrode with the high tortuosity
value (pink line in Figure 4b), an effect also reported from lithium
ion battery simulations using different Bruggeman relations for the
tortuosity of the electrode.?!

The beneficial effect of lessened concentration gradients at 1C by
reduced electrode tortuosities can also be seen from the capacities
reached during a charging rate capability test. Mean values from three
repeat cells for each electrode composition and their standard devia-
tion (indicated by the error bars), are shown in Figure 5 for C-rates
from ~0.1 1/h to 20 1/h (charging capacities are again normalized
to the 3™ cycle charge capacity at 0.3 mA/Ag; (C-rate ~0.1 1/h)). In
line with the previously discussed potential transients at a C-rate of
~1 1/h, the graphite anodes with the lowest tortuosity show highest
charge capacities at any given C-rate.

The fit of a mathematical description to describe the sigmoidal
experimental rate capability behavior was added as dashed lines in
Figure 5 in order to provide a smooth guide-to-the-eye. Empirically,
i.e., not based on any physics-based derivation we found the mathe-
matical description

y — ymax [2]

slope
! < = )
X0

to be well-suited to describe the accessible capacity Q... for all tortu-
osities and C-rates R. Applied to our measurements, Yy corresponds
to the theoretical charging capacity in the low C-rate limit (R — 0), x
becomes the C-rate R, and the symmetry point xy, i.e., the point where
only 50% SOC are reversibly accessible is defined as critical C-rate,
R.i.. The slope s remains as a free fitting parameter.

QTheo.

R
I+ (Rcliit. )

The fit parameters s and the obtained critical C-rates R for the
experimental data in Figure 5 are summarized in Table III.

For a tortuosity of 10.2 &£ 0.3, 50% of the electrode’s capacity can
be utilized at a C-rate of R, = 0.6 1/h, while the same capacity is
still accessible at Ry, = 0.9 1/h for a tortuosity of 4.3 £ 0.1, and
at Ry, = 1.8 1/h for the lowest tortuosity of 3.1 + 0.1. Thus, for
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Figure 5. Mean charging (i.e., lithiation) capacities normalized to the capacity
at 0.1 1/h of three types of electrodes with different tortuosities (see Table II;
all areal capacities within 3.4 & 0.2 mAh/cm?) vs. galvanostatic charging rates
ranging from 0.1 1/h to 20 1/h, using a lower cutoff voltage of 5 mV vs.
a metallic lithium reference electrode. The discharge rate was kept constant
at 0.1 1/h and the experiments were conducted at 25°C with 1 M LiPFg
in EC:EMC (3:7 w:w). Error bars indicate the standard error of the mean of
three independent measurements with electrodes of identical composition. The
dashed lines are the fit curves to Eq. 3, with the fitting parameters listed in
Table I11.

electrodes of similar mass, capacity, thickness and porosity (compare
Table II), the C-rate at which the capacity drops below 50% can vary
by a factor of three for electrode tortuosities ranging from 3.1 & 0.1
to 10.2 £ 0.3. The experimentally found dependence of the critical
C-rate on electrode tortuosity is in good agreement with the litera-
ture, where for a constant value of the accessible areal capacity the
ratio of (dis)charge time for a full (dis)charge #4 over the tortuosity t
(i.e., t4/T) would be predicted to remain constant (compare Eq. 14 in
Ref. 20). Applied to our measurements this would mean that the prod-
uct of the critical C-rate R, (corresponding to the inverse of the full
(dis)charge time) and the tortuosity should remain constant.
R = Rai - T 4]
Here we refer to the factor of critical C-rate times tortuosity as the
critical C-rate (Ri%) for an ideal electrode (in terms of tortuosity,
this would mean an electrode with an ideal tortuosity of 1). Values for
R4l 'based on the critical C-rates and the tortuosity of the different
electrodes are given Table III and are surprisingly similar. For the
graphite electrodes with a tortuosity of 3.1 and 10.2, closely agreeing
Rl values of ~5.7 and ~5.8 are obtained, while a slightly lower
value of ~3.9 is obtained for the Kynar PVDF based anodes with a
tortuosity of 4.3 & 0.1. A somewhat smaller R% for the Kynar based
PVDF electrodes might due to the generally larger variance of the
measured charging capacity of the three repeat cells compared to the

other binders (compare error bars of C-rate of 0.1 1/h in Figure 5).

Table III. Fitting parameters of Eq. 3 to the experimentally
obtained capacities at C-rates from ~0.1 1/h to 20 1/h and the
calculated critical C-rates for the ideal electrode (using Eq. 4). The
fitting curves are shown as dashed lines in Figure 5.

Composition Tortuosity ~ Rerr, RIS s

Gra/Bi/C65 Binder - 1/h 1/h -
97/3/0 Alginate 3.1+0.1 1.83 5.67 1.97
97/3/0 Kynar 43+0.1 0.90 388 225
94/6/0 CMC/SBR I/1  102+£03  0.57 583  2.09
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It is noteworthy that for all electrode compositions the slope s
of the capacity loss in Eq. 3 is close to 2 (see Table III). By def-
inition, the critical C-rate for the ideal electrode would correspond
to a hypothetical electrode with a tortuosity of one (here somewhere
between ~4—6 1/h). The reader is reminded that all cells are cycled at
the same conditions, having the same thickness, porosity, and loading
and that the same electrolyte is used. The constant value for R thus
shows that even for optimized graphite electrodes with, e.g., aligned
particles,” higher charging rates than ~4—6 1/h may never be achieved
for the given thickness, porosity, and electrolyte transport parameters.
To confirm that in the theoretical scenario of a tortuosity of one the
critical C-rate would range somewhere between ~4—6 1/h, numerical
modeling studies would have to be conducted. However, here we focus
on estimating the influence of the tortuosity on the accessible capacity
at a given C-rate, which may be done using Eq. 3 and Eq. 4 with the
fit parameters from Table III. We are aware that in general Ri% and
s will depend in some way on the electrolyte transport parameters
and the slope of the OCV curve of the analyzed active material and
emphasize that in this context Eq. 3 may only be used to understand
the estimated performance change as a result of a tortuosity variation.
Nevertheless, a rough estimate to predict the relative C-rate capabil-
ity of anodes which differ only by their tortuosity value (i.e., which
have identical thickness, porosity, and areal capacity) is afforded by
Eq. 4 (e.g., doubling the tortuosity reduces the critical C-rate by a
factor of 2). Since thickness, porosity, and areal capacity are typically
electrode design requirements, simple and fast tortuosity measure-
ments of electrodes in an electrode optimization study (e.g., variation
of ink mixing and drying procedures) should thus serve as a rough
predictor for the C-rate capability of electrodes.

Conclusions

Graphite electrodes with binder contents between 1.5 and 10 wt%
of two water (CMC/SBR and alginate) and three NMP based (PVDF
from Kynar, Kureha and Solef) binder systems have been prepared
and analyzed in terms of their ionic tortuosities by analysis of the
Nyquist plots of symmetric cell impedance measurements using a
non-intercalating electrolyte with a simplified transmission line model
equivalent circuit.> Although the slurry mixing and electrode prepa-
ration procedure was not optimized, we find clear trends, i.e., higher
tortuosities for higher amounts of binder and, more importantly, a wide
range of tortuosity values for graphite electrodes of similar porosity
and loading (from 2.7 £ 0.1 to 10.2 % 0.3) for different types of poly-
meric binder. By addition of high surface area conductive carbon, the
tortuosity of the electrodes with a binder layer thickness above 6 nm
decreases.

Electrochemical charge performance tests of selected anodes with
different tortuosities were done in three electrode cells with lithium
counter and reference electrodes and showed a clear improvement,
i.e., lower overpotentials and thus higher charge capacities, for low
tortuosity electrodes. This is in line with the theoretically expected,
reduced concentration gradients due to fast ionic transport through the
porous anodes at low tortuosities.”?! At last we describe an empirical
expression which allows to estimate the accessible capacity for a given
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C-rate and tortuosity and suggest that even for an ideal electrode, i.e.,
tortuosity of unity, the highest C-rate at which 50% of the nominal
capacity can be accessed without lithium plating is ~4-6 1/h for
the here used anodes with a thickness of ~100 wm, a porosity of
~50%, and an areal capacity of ~3.4 & 0.2 mAh/cm?. The empirical
expression introduced allows to roughly predict the dependence of
the critical C-rate (at which 50% of the capacity is accessible) on
the tortuosity of the electrode and thus serves as a valuable tool for
electrode optimization studies.
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