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Controlling the wettability between the porous electrode and the electrolyte in lithium-ion
batteries can improve both the manufacturing process and the electrochemical perfor-
mance of the cell. The wetting rate, which is the electrolyte transport rate in the porous
electrode, can be quantified using the wetting balance. The effect of the calendering
process on the wettability of anode electrodes was investigated. A graphite anode film
with an as-coated thickness of 59 µm was used as baseline electrode film and was cal-
endered to produce films with thickness ranging from 55 to 41 µm. Results show that
wettability is improved by light calendering from an initial thickness of 59 µm to a calen-
dered thickness of 53 m where the wetting rate increased from 0.375 to 0.589 mm/s0.5µ .
Further calendering below 53 µm resulted in a decrease in wetting rates to a minimum
observed value of 0.206 mm/s0.5 at a calendered thickness of 41 µm. Under the same
electrolyte, wettability of the electrode is controlled to a great extent by the pore structure
in the electrode film, which includes parameters such as porosity, pore size distribution,
pore geometry and topology. Relations between the wetting behavior and the pore struc-
ture as characterized by mercury intrusion and electron microscopy exist and can be used
to manipulate the wetting behavior of electrodes.

Keywords: wettability, wetting rate, transport, electrode microstructure, manufacturing, lithium-ion battery,
connected pore network, wetting balance

INTRODUCTION
Demands for increased performance and lower costs for lithium-
ion batteries have been increasing. This can be achieved through
the development of novel materials (Tarascon and Armand, 2001),
battery architectures (Edwin García and Chiang, 2007), and man-
ufacturing techniques (Ramadesigana et al., 2012; Vu et al., 2012).
Advances in battery performance have been primarily driven by
the development of new cell materials, chemistries, and electrolytes
(Scrosati and Garche, 2010), though theoretical limits for gravi-
metric or volumetric capacities have been identified (Hautier et al.,
2011; Mueller et al., 2011; Dillon and Sun, 2012). Moreover, when
a battery is examined at the system level in industry, issues like
underutilization, capacity fade, thermal runaways, and low energy
density will be obvious (Edwin García and Chiang, 2007; Yoshio
et al., 2009). More detailed understanding of how materials and
resulting structures within the cell react to the manufacturing
process can provide greater insight into relating processing to
battery performance (Guy et al., 2006; Thorat et al., 2011).

Electrolyte injection occurs after cell assembly. Electrolyte is
added to the cell by a precision pump and then vacuum filled to
ensure that the electrolyte permeates and completely fills the pores
in the separator and electrode structures (Yoshio et al., 2009; Park,
2012). Wettability between the porous electrode film and elec-
trolyte becomes important in this process since poor wettability
can lead to incomplete filling or extended manufacturing times.
Any un-wetted active material will cause an underutilization of

electrode capacity and increased electrolyte resistance (Bae et al.,
2013). Wettability is usually improved by modifying the electrolyte
with a wetting additive (Zhang, 2006). However, there is very little
quantitative data about wettability in literature, and only sim-
ple qualitative observations, good, poor, and fair, were reported
on the wettability of microporous separators (Song et al., 2000).
Thus, a quantitative measurement for wettability can improve
the understanding of wetting behavior, which can have potential
performance or economic impacts.

As has been reported, wettability of electrodes can be tested by
a wetting balance method (Wu et al., 2004; Kühnel et al., 2013).
Wettability encompasses aspects of both the liquid electrolyte and
the porous electrode materials. The primary electrolyte factors
are viscosity and surface tension (Wu et al., 2004). The influence
of the porous electrode on the wetting rate is more complicated
and has been investigated less (Ebner et al., 2014). It has been
widely accepted that electrode microstructure resulting from the
manufacturing process directly impacts energy, power, lifetime,
and reliability of lithium-ion batteries (Edwin García and Chiang,
2007; Yoshio et al., 2009; Wang et al., 2012). Due to the limited cell
volume, electrodes also function as electrolyte reservoirs (Yoshio
et al., 2009). To obtain a high capacity retention at high current
application, both the electronic and ionic conductivity of the elec-
trodes must be optimal (Guy et al., 2006; Jannesari et al., 2011).
A good ionic contact of all electrode particles as well as a suf-
ficiently high lithium-ion transport rate in the electrode pores

www.frontiersin.org December 2014 | Volume 2 | Article 56 | 1

http://www.frontiersin.org/Energy_Research
http://www.frontiersin.org/Energy_Research/editorialboard
http://www.frontiersin.org/Energy_Research/editorialboard
http://www.frontiersin.org/Energy_Research/editorialboard
http://www.frontiersin.org/Energy_Research/about
http://www.frontiersin.org/Journal/10.3389/fenrg.2014.00056/abstract
http://www.frontiersin.org/Journal/10.3389/fenrg.2014.00056/abstract
http://www.frontiersin.org/people/u/171511
http://community.frontiersin.org/people/u/195774
http://www.frontiersin.org/people/u/148983
mailto:church@uwm.edu
http://www.frontiersin.org
http://www.frontiersin.org/Energy_Storage/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sheng et al. Calendering effect on electrode wettability

are controlled by the amount of electrolyte that is retained in the
electrodes as well as by the size and shape of electrode pores (tortu-
osity) (Lee et al., 2002; Sawai and Ohzuku, 2003). Moreover, there
are electrode thickness limitations related to the increased diffu-
sive and ohmic losses from Li-ion transport through the electrolyte
(Arora et al., 1999; Nelson et al., 2011; Klett et al., 2012). There-
fore, understanding and controlling the wetting rate of electrolyte
in electrode films is critical to developing high performance bat-
teries and controlling reducing manufacturing cost by improving
the filling, charging and aging processes.

In industry, calendering has been considered to be a critical step
in the production of high performance anodes (Shim and Striebel,
2003). Porosity and thickness of the electrode film will decrease
with increasing calendering. Calendering would also be expected
to change the pore structure of the electrode, which would thereby
impact the wetting behavior of the film. The wetting balance test
was used to investigate the wetting behavior of an anode film as a
function of degree of calendering and related to structural para-
meters as characterized with electron microscopy and mercury
porosimetry. Relations between the development of the porous
structure and the resulting wetting performance are discussed.

MATERIALS AND METHODS
Anode electrodes containing graphite, styrene-butadiene rubber,
carboxymethyl cellulose, and acetylene black were mixed at a ratio
of 95:1.5:1.5:2 and processed into a 40 vol % solids slurry with
DI water. The active material had a round morphology with an
average particle size of 8 µm. The anode slurry, coating, and cal-
endering processes were prepared in a dry-room condition with
an average dewpoint of −38°C. Copper electrodes were coated
to a specified loading weight of approximately 4–5 mg/cm2 with
varying densities dependent on the electrode thickness. A graphite
anode film with an as-coated thickness of 59 µm was used as the
baseline electrode film (thickness includes the 18 µm copper foil
substrate). It was then calendered to produce electrode films with
thickness of 55, 53, 49, and 41 µm using a single-pass controlled-
gap calendering operation. The electrolyte solution used was 3:7
(volumetric ratio) solution of EC:EMC with 1.2 M LiPF6.

The wetting balance test was performed using a gravimet-
ric technique to track sample mass during the liquid infiltration
process with a custom-made immersion test system. The electrode
sample was suspended under an analytical balance and a container
of liquid was lifted to partially immerse the sample to a set depth.
The balance recorded the weight change of the electrode sample
as a function of time. The wetting balance test was carried out
to measure the weight change of electrolyte inside of the elec-
trode film, and the result was shown in a mass versus time curve
(m-t curve). All testing was performed in an argon-purged envi-
ronment. A modified Lucas-Washburn equation, as shown in Eq.
1, was used to quantitatively analyze the relation of sample mass
change with time.

∆m

ρsol � Ae
= K
√

t (1a)

K = P

√
reff γlv cos θ

2η
(1b)

where t is time, ∆m: sample weight in m-t curve, ρsol: solution
density, Ae: cross-section area of sample, K : wetting rate of elec-
trolyte in porous electrode,P : electrode porosity, reff : effective pore
radius of electrode, γlv: surface tension of electrolyte solution, cos
θ: contact angle of the electrolyte with the electrode, and η: viscos-
ity of the electrolyte solution. The wetting rate K can be obtained
from a linear curve fit of a mass change versus the square root of
time. The active material film on the electrodes can be modeled as
a porous medium composed of bundled capillary tubes, and the
electrolyte transport process in the electrode as a spontaneous liq-
uid adsorption driven by capillary force (Wu et al., 2004). This can
be considered as a capillary imbibition process. Inertia and grav-
ity influences are neglected for simplification (Xiao et al., 2006).
More details about the modified Lucas-Washburn equation can be
found in literature (Washburn, 1921; Wu et al., 2004; Kühnel et al.,
2013).

Electrode films were prepared for SEM characterization by
mounting them vertically in a sample holder and infiltrating with
a low viscosity epoxy resin solution. After 14 h of curing at room
temperature, the epoxy resin molds were ground and polished with
emery papers of successively finer grit size of 240, 800, 1000, 1200,
and 2000 grit, followed by diamond abrasives of sizes 9, 3, and
0.25 µm. The polished samples were cleaned and air dried before
imaged using a Hitachi S-4800 FE-SEM with backscattered elec-
tron (BSE) detector. Mercury intrusion porosimetry (MIP) tests
were performed on a Micromeritics AutoPore IV 9510. The MIP
measures pore diameters from nanometer to micrometer scale,
which matches well with the pore range in the electrode film
samples. Electrode films were vacuum dried at 105°C overnight
before each test. The maximum applied pressure of mercury was
414 MPa, equivalent to a Laplace throat diameter of 0.004 µm
(4 nm). The equilibration time at each of the increasing applied
pressures of mercury was set to 10 s, and a sample mass of approx-
imately 1.0 g was used. Contact angle and surface tension of
mercury was assumed to be 130 and 485 mN/m, respectively, for
porosimetry calculations.

RESULTS AND DISCUSSION
A total of six samples were tested for each electrode film condi-
tion to account for experimental and electrode film variations. An
example of a single wetting balance test is shown in Figure 1 where
sample mass is shown as a function of time. After an initial tran-
sient caused by the insertion of the sample into the liquid and the
subsequent meniscus formation, the mass gain follows the root-
time relation as described by Eq. 1a. Wetting rates as measured for
each sample condition are shown in Table 1 and Figure 2. Wettabil-
ity improved steadily with calendering from the initial thickness of
59–53 µm and then decreased with additional calendering beyond
53 µm. Averaged curving fitting parameters (R2) from the deter-
mination of the wetting rate (K ) were in the range from 0.9296 to
0.9936. This confirms that the electrolyte transport process in elec-
trode films can be characterized with root-time behavior, which is
the expected behavior for capillary rise (Alava et al., 2004). Error
% as listed in Table 1 is defined as the standard deviation divided
by the average wetting rate which is similar to a coefficient of vari-
ation and can be used to describe measurement stability. The error
% for 59 µm film is 15.71%, and it is 15.59% for 55 µm films. The
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Sheng et al. Calendering effect on electrode wettability

FIGURE 1 | A typical mass vs time curve (m-t curve) from wetting
balance test.

Table 1 | Data summary of results from wetting balance test for all the

electrode films.

Graphite anode

film thickness

(µm)

Average

wetting

rate

(mm/s0.5)

SD Error (%) Number

of samples

Averaged

R2

59 (as-coated) 0.375 0.059 15.71 6 0.9764

55 0.472 0.074 15.59 6 0.9863

53 0.589 0.036 6.08 6 0.9936

49 0.292 0.102 34.88 6 0.9296

41 0.206 0.060 28.99 6 0.9616

error % reaches lowest value in 53 µm, which is 6.08%. When the
film is further compressed to 49 and 41 µm, the error % increased
to 34.88 and 28.99% respectively.

As described in Eq. 1b, the wetting rate is related to electrode
properties including porosity and effective pore radius, electrolyte
properties including viscosity and surface tension, and the com-
bined electrode-electrolyte property of contact angle. In this work,
the same electrolyte solution was used for all tests and same elec-
trode film compositions were used, meaning that the graphite
particles, binder, and conductive additives were constant. Thus,
electrolyte effects are not a variable and the contact angle can
be considered the same for all the tests. The wetting rate is only
influenced by electrode porosity and the effective pore radius.
According to the Washburn equation, the effective pore radius is
a simplified parameter describing the pore geometry of a porous
medium and is varied to meet experiment results (Jianchao and
Yu, 2011). This parameter lacks a precise physical definition which

FIGURE 2 | Wetting rate for electrode films calendering under various
pressure.

Table 2 | Results summary for porosity and average pore diameter

from mercury intrusion porosimetry.

Graphite anode

film thickness

(µm)

Porosity (%) Average

pore

diameter

(µm)

P × r0.5 Average

wetting

rate

(mm/s0.5)a

59 (as-coated) 47.63 0.779 0.297 0.375

55 47.63 0.993 0.336 0.472

53 44.99 0.899 0.302 0.589

49 40.80 0.538 0.212 0.292

41 37.43 0.327 0.151 0.206

aWetting rates are fromTable 1 and are repeated here for convenience.

makes it difficult to relate to practical applications, particularly
where complicated pore structures exist. The average pore diam-
eter as measured by MIP was used to replace the more complex
effective pore radius value. Results of porosity and average pore
diameter from MIP are summarized in Table 2. Based on Eq. 1b,
the product of porosity and the root of the effective pore radius
would have a linear relation with the wetting rate. As shown in
Figure 3, this relation is fairly linear for the anode samples cal-
endered to various thicknesses. The linear curve fitting parameter
(R2) of this trend was 0.7242 and the largest deviations from the
linear behavior were found with the 59 and 53 µm samples. These
particular samples were the as-coated sample and the sample with
the highest observed wetting rate, respectively.

Electrode microstructure was observed with cross-sectional
BSE-SEM imaging as shown in Figure 4. The backscattered images
show the copper metal current collectors as bright white. Imaging
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Sheng et al. Calendering effect on electrode wettability

FIGURE 3 | Wetting rate, K, as a function of porosity and average pore
radius according to the Lucas–Washburn Eq. 1b. Average pore radius (r )
is based on the average pore diameter as measured by MIP.

of the graphite particles with the epoxy mounting material shows
little contrast though several important features can be observed.
The graphite particles are flaky and roughly aligned in a paral-
lel fashion. The alignment increase with increasing calendering.
There are irregular pore cavities among three or more particles
which can be found in all films. These cavities may function as
electrolyte reservoirs inside the electrode films. Due to the limited
overall cell volume required to produce cells with high volumet-
ric properties, both electrodes and separators need to function
as electrolyte reservoirs to have sufficient lithium-ion transport
rates (Yoshio et al., 2009). The larger pore cavities tend to be
found around larger graphite particles. The distance between two
nearby parallel particles is narrow and forms channels between
the larger cavities. The pore structure consists of inter-connected
throats (ducts) and cavities (nodes). Transport of electrolyte in
these pore networks may include a converging-diverging feature
(Durst et al., 1987). Electrolyte converges in the cavities first, and
then diverges into nearby throats. Therefore, the wetting rate of
electrolyte is affected mainly by the inter-connection between
throats and cavities, which is highly affected by the calendering
process. Additional manufacturing parameters beyond calender-
ing can also be used to manipulate the pore structure of the
electrode films. Use of graphite particles of different morpholo-
gies (e.g., flake, round, peanut, etc.,) or manipulation of particle
size distributions could be used to design or tailor these pore
networks.

Normalized cumulative intrusion curves from MIP tests, shown
in Figure 5, were obtained by dividing the cumulative intrusion
volume with the total intrusion volume for each respective sam-
ple. The intrusion process begins with mercury filling pores that
have the largest diameters and proceeds to pores of continually

FIGURE 4 | Cross-sectional backscattered electron (BSE) SEM images
of graphite anode electrodes films. (A–E) are for 59, 55, 53, 49, and
41µm, respectively. (F) Porosity for each film as measured by MIP.

decreasing diameter with increasing applied pressure (Aligizaki,
2005). The intrusion rate is much slower in the large pore region.
When a pore size smaller than a threshold pore diameter (dth)
is achieved by increasing the applied pressure, further intrusion
occurs rapidly by filling the nearby smaller pores (Aligizaki, 2005;
Kaufmann et al., 2009). The fastest intrusion rate occurs when
the pore diameter decreases to a critical pore diameter (dcr) value
which is also the diameter for the smallest connecting pore throat.
The region showing a steep increase of the intrusion volume can
be related to a connected pore network at that particular pore size.
In the normalized intrusion curve, this connected porosity region
is also the ratio of connected pore volume to total pore volume
or the percent of total porosity. As seen in Figure 6, differentiated
curves are used to indicate these parameters of critical, threshold,
and connecting pore sizes. For the differentiated curves, intrusion
events are identified by peaks that cover certain pore sizes. The
threshold diameter (dth) is found at the initial start of a peak (read-
ing from high pore size to low) and the critical diameter (dcr) as
the pore diameter at the apex of the peak. Detailed pore size infor-
mation from the normalized intrusion curves are summarized in
Table 3. Each peak in the differentiated curve is characterized by
its relative dcr, and dth. Those values then describe intrusion events
occurring over specific pore sizes. Additional random pore filling
also occurs, which accounts for the remainder of the total pore
volume.

As summarized in Table 3, there are two main levels of pore net-
works in the electrode films, denoted as network I and network
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Sheng et al. Calendering effect on electrode wettability

II . Starting with the as-coated 59 µm film, network I accounts
for 8.0% of the total pore volume, with a critical pore size (dcr)
of 8.31 µm and threshold diameter (dth) of 10.10 µm. Network
II accounts for 41.0% of the total pore volume, with dcr of
2.68 µm, and dth of 4.01 µm. With additional calendering, the
networks are continually compressed to have smaller dcr and dth.
The dth and dcr appear to develop independently. The largest pore
sizes (8 µm range) are nearly eliminated upon initial calender-
ing with only 0.4 vol % porosity remaining in that size range for
Network I .

The change of the pore structures as a function of calendering is
shown in Figure 7. In Network I , the threshold diameter decreased
rapidly from the as-coated thickness of 59–49 µm and then lev-
eled off with further calendering down to 41 µm. The trend for
the critical diameter was similar except in the range of 55–53 µm,
in which dcr has only a slight decrease from 4.40 to 4.02 µm. In
Network II , both dcr and dth decrease slowly from the as-coated
thickness down to 53 µm. The most dramatic change in the size
of the network II occurs between 53 and 49 µm after which the

FIGURE 5 | Slope of normalized cumulative intrusion curve for all
graphite anode electrodes films.

network II size remains somewhat stable. The ratio of dcr/dth,
which can be consider as the uniformity of the ducts, is shown in
the secondary axis of the Figure 7 and shows no discernible trend
as a function of calendering.

The pore size data were normalized to the as-coated 59 µm
film thickness, as shown in Figure 8A, and plotted along with the
film thickness ratio from calendering. The overall pore size ratio
decreased more rapidly than the film thickness ratio. The criti-
cal diameter (dcr) for Network I had rapid decreases between the
as-coated condition and the film calendered to 55 µm and again
between the 53 and 49 µm films. Other regions for the critical
diameter in Network I followed similar trends as the film thick-
ness ratio. The threshold diameter (dth) for Network I decreased at
a rapid rate from the as-coated thickness to the 49 µm level after
which it generally followed the film thickness ratio. Network II
showed a different behavior than Network I with a rapid decrease
of the dcr between the 55 and 49 µm thicknesses. Both pore net-
works tended to track with the film thickness ratio at calendering
thicknesses below 49 µm.

FIGURE 6 | Differential pore volume of normalized cumulative intrusion
curve (from Figure 5) for all graphite anode electrodes films.

Table 3 | Data summary of results from wetting balance test for all the electrode films.

Anode films 59 µm 55 µm 53 µm 49 µm 41 µm

Pore networks I II I II I II I II I II

Peaks First Second First Second Third First Second First Second Third Forth First Second Third

dcr (µm) 8.31 2.68 8.31 4.40 2.42 4.02 1.99 8.21 1.34 0.91 0.75 1.00 0.51 0.42

dth (µm) 10.10 4.01 8.33 6.65 3.61 4.90 3.30 8.31 2.18 1.21 0.82 1.34 0.83 0.46

Vol % 8.0 41.0 0.4 6.7 32.5 7.5 38.1 0.4 9.3 18.0 5.0 16.0

Total Vol % (networks II

and I combined)

49.0 39.6 45.6 27.7 21.0
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Sheng et al. Calendering effect on electrode wettability

There are two types of movement of elliptical graphite parti-
cles when the calendering force is applied, as shown in Figure 8B.
One is compressive movement where the graphite particles will
move closer to the particles above and below as they become more
aligned to the calendering direction. The other is a slipping move-
ment where the nearby graphite particles will move parallel to
each other which may reduce alignment. During calendering, both
movements will happen. This would result in a complex devel-
opment of pore structure which may account for the lack of a
discernible trend in dcr/dth as shown in Figure 7. The electrolyte
transport inside the porous electrode film can be considered as two
parts, converging-diverging in the junction of cavities and capillary

FIGURE 7 | Pore diameter change with calendering force (Primary axis),
ratio of dcr/dth change with calendering forces (secondary axis).

flow in the throat (Durst et al., 1987; Sochi, 2010). The latter can
be quantified according to the Lucas-Washburn equation. Con-
verging and diverging are generally affected by the cavity size and
threshold diameter. A schematic diagram of one directional elec-
trolyte transport process is shown in Figure 9. Figure 9A is a
simplified description of the pore network, α and β are two kinds
of cavities in two dimensions, which are created by four and three
nearby graphite particles, respectively. The α cavity is connected
by four throats, and β cavity is connected by three throats. When
electrolyte is inputted through the left side, it will fill cavity α first
by transporting through the throat, as shown in Figure 9B. This
is the converging process during the electrolyte filling. After filling
the cavity, electrolyte may transport along the throats in the other
three directions equally. This is the diverging process. To simplify
the situation, only one direction is considered here. As indicated in
Figure 9C, after filling the cavity β, electrolyte may also transport
along throats in other directions. The electrode pore structure can
be described as a series of α–α, β–β, or α–β connected pores where
larger fractions of the α–α type will tend to increase connectivity
between the cavities.

Both the SEM images and the MIP results show that the cavity
size inside the electrode film decreases with calendering from 59 to
41 µm. The smaller cavity sizes would decrease the total amount
of electrolyte converging into the cavities and act to increase the
wetting rate. The SEM images also show that the inter-particle
spacing is decreasing as a function of calendering. In terms of
wetting, the inter-particle spacing is related to both the thresh-
old diameter and the critical diameter. The combined impact of
converging (based on cavity size) and diverging (based on dcr and
dth) effects will determine the overall wetting rates of the film. As
the film is initially calendered, the converging effects are acting
to increase wetting rates (via smaller cavities) while the diverging
effects are complicated by the combined effects of dcr, dth and the
volume fraction of the pore networks. When the threshold diame-
ter rate of decrease is larger than that of critical diameter rate, the
pore throat is opened away from the cavities and the wetting rate

FIGURE 8 | (A) Pore size ratio of calendered films to pore size in 59 µm baseline anode films, and film thickness change with calendering force. (B) Schematic
showing the pore size and geometry change with calendering force in graphite anode films.

Frontiers in Energy Research | Energy Storage December 2014 | Volume 2 | Article 56 | 6

http://www.frontiersin.org/Energy_Storage
http://www.frontiersin.org/Energy_Storage/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sheng et al. Calendering effect on electrode wettability

FIGURE 9 | Scheme for electrolyte transport process in the porous
medium. (A) Simplified two dimensional description of a pore network
with cavity α (with 4 nearby graphite particles) and cavity β (with 3 nearby
particles). (B) Electrolyte transported from left to fill cavity α with 3 possible
transport direction in 2D. (C) Electrolyte fills nearby cavity β with 2 possible
transport directions in 2D.

in the throat will increase. When the threshold diameter rate of
decrease is slower than that of the critical diameter, the pore throat
opens toward the cavities, which lowers the wetting rate. Networks
with a larger volume fraction will tend to dominate networks of
lower volume fraction.

The pore size, normalized to the 59 µm baseline film thickness
in Figure 8A, is a good indicator for the change of relative pore
diameters and can help explain the converging-diverging proper-
ties and overall wetting behavior of the film. From 59 to 55 µm
in Network I , the slope of threshold diameter is smaller than the
critical diameter so the diverging process is increased. In Net-
work II for the same film thicknesses, the slope is the same for
both diameters so no diverging improvement occurred in that
network. As a sum, the total wetting rate should increase with the
modest overall increase in pore divergence, which matches our
wetting balance test result. From 55 to 53 µm, the slope of the
threshold diameter is steeper than the critical diameter in Net-
work I so the diverging process has a slight decrease. In Network
II for the same film thickness range, the slope of threshold diam-
eter is smaller than the critical diameter so the diverging effect is
increasing. The impact of Network I in this case is lower than Net-
work II because the volume percent of Network I (7.5%) is much
lower than that for Network II (38.1%). The slight decrease of

divergence in Network I is overshadowed by increased divergence
in Network II . The combined effects of Networks I and II again
provide for an increase in wetting rate in spite of the decrease in
overall film porosity. In the wetting balance result, wetting rate
reaches a maximum value at the 53 µm film thickness. From 53
to 49 µm, the slope of threshold diameter change is steeper than
the critical diameter in Network II so divergence is reduced. In
Network I , the slope of the threshold diameter is smaller than
the critical diameter so the diverging process is increased. Con-
sidering the volume fraction of each network, 9.3% for Network
I , and 18.0% for Network II , the total diverging process should
be reduced as the larger pore volume of Network II will domi-
nate. This matches with the observed reduction in wetting rates
between the 53 and 49 µm films. From 49 to 41 µm, the pore size
ratio slopes for the critical and threshold diameters are almost the
same as the film thickness decrease ratio. In this region, the pore
network becomes more uniform with less cavity/throat structure
and the wetting rates become increasingly dependent on capillary
forces dictated by the inter-particle spacing.

The effects of converging-diverging features may not be obvi-
ous from SEM characterization or reliance on simple porosity
comparisons. The wetting behavior of the as-coated and lightly
calendered films appears to be based on the cavity structure and
the evolving pore networks where the convergence/divergence
mechanism dominates. Beyond a certain level of calendering, the
convergence/divergence mechanism is less obvious and the wet-
ting becomes dominated by the capillary forces inside the pore
network. This may account for the initial increase in observed wet-
ting rates with light calendering followed by a decrease in wetting
rates at larger amounts of calendering. Initial calendering modi-
fies the convergence/divergence in a way that improves electrolyte
wetting even with a decrease in overall porosity of the film. Exces-
sive calendering results in a pore structure dominated by capillary
forces where lower porosity and smaller pore diameter limits the
wettability of the film.

CONCLUSION
The wettability of graphite anode films as a function of the cal-
endering process was investigated and related to the development
of the pore structure in the electrode films. Modest calendering
was shown to improve the wetting rate of anode films due to
the alignment of particles and the increase in divergence within
the pore networks. Calendering beyond an ideal level decreased
wetting rates due to reductions in porosity and average pore
diameter. A combination of convergence-divergence flow and cap-
illary flow mechanisms determine the wetting rate of the film.
Convergence-divergence dominates in the as-coated and lightly
calendered conditions while capillary flow dominates at higher
levels of calendering. Wetting rates generally follow the Washburn
predictions as a function of pore size and porosity levels though
deviations from ideal behavior were observed that indicate that the
effective pore diameter used in that equation may be inadequate
in describing the pore network of the electrode film.
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