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� Adjusting the electrode microstruc-
ture is achievable using capillary
suspensions.

� Electrodes with staged porosity were
fabricated showing excellent cycling
behavior.

� Double layer electrodes were pre-
pared without additional processing
steps.
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We introduce a novel formulation concept to prepare high capacity graphite electrodes for lithium ion
batteries. The concept is based on the capillary suspension phenomenon: graphite and conductive agent
are dispersed in an aqueous binder solution and the organic solvent octanol is added as immiscible,
secondary fluid providing the formation of a sample-spanning network resulting in unique stability and
coating properties. No additional processing steps compared to conventional slurry preparation are
required. The resulting ultra-thick electrodes comprise mass loadings of about 16.5 mg cm�2, uniform
layer thickness, and superior edge contours. The adjustment of mechanical energy input ensures uniform
distribution of the conductive agent and sufficient electronic conductivity of the final dry composite
electrode. The resulting pore structure is due to the stable network provided by the secondary fluid
which evaporates residue-free during drying. Constant current-constant potential (CC-CP) cycling clearly
indicates that the corresponding microstructure significantly improves the kinetics of reversible Liþ (de-)
intercalation. A double layer electrode combining a conventionally prepared layer coated directly onto
the Cu current collector with an upper layer stabilized with octanol was prepared applying wet-on-wet
coating. CC-CP cycling data confirms that staged porosity within the electrode cross section results in
superior electrochemical performance.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

High energy density lithium ion batteries (LIBs) for stationary
applications are supposed to be manufactured cost efficient in
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order to contribute substantially to a renewable energy based
electrical energy supply system [1,2]. This task requires the use of
robust and cheap electrode materials as well as innovative and
simple processing routines focusing on aqueous electrode formu-
lations [3e9]. One approach is to fabricate ultra-thick electrodes
with high mass loadings to reduce the amount of inactive material
like current collectors and separators for a given cell volume.
However, for long cycle and calendar life as well as for superior
electrochemical performance sufficient mechanical layer strength
and electronic conductivity properties are essential [10,11]. As a
major drawback, high mass loading and dry film thickness have
been reported to decelerate lithium ion transport rates. The inho-
mogeneous electrolyte penetration and therefore incomplete uti-
lization of the active material within such electrodes increases the
irreversible capacity [12]. Furthermore, poor adhesion between the
composite electrode consisting of activematerial, conductive agent,
very often carbon blacks [13e15], binder and the current collector
as well as poor interfacial electron transport properties increase the
impedance of the battery cell resulting in poor rate performance
and electrode kinetics (Li ion transport limitation) [16]. Impedance
spectroscopy based on suitable equivalent circuit models has been
used to quantify e.g. the influence of pore structure and porosity on
Li ion transport properties [17e22]. Transport kinetics is strongly
correlated to the electrode microstructure, i.e. the distribution of
activematerial, conductive agent as well as binder and the resulting
pore size distribution depending on mixing and preparation pro-
cedures [12,23e26]. Especially in case of ultra-thick electrodes
lithium ion transport limitations play a significant role [27,28] but
might be overcome by creation of an adjusted pore structure. From
a kinetics point of view a porosity gradient across the electrode
with an increased porosity at the electrode surface adjacent to the
separator allowing for fast ion transport and a compact layer close
to the current collector to ensure optimum electronic contact
would be preferential [29,30].

Generally, the porosity and pore size distribution of a particulate
dried layer fabricated from a suspension depend on shape and size
distribution of the utilized solid components. Commonly, with
decreasing mean particle size the bulk density increases [31], i.e.
the layer porosity drops. Furthermore, multimodal particle distri-
butions result in higher bulk density compared to monomodal
particle distributions [31]. Following these considerations, an
approach to fabricate electrodes with a porosity gradient could be a
multilayer coating with electrode slurries having particles with
varied mean particle size [30]. Reduced diffusion path lengths and
ohmic resistances resulting in higher capacities and power den-
sities have been achieved using 3D microstructured electrodes
[32e34]. However, from a processing perspective the generation of
3D microstructures is expensive and involves additional complex
fabrication steps. Aiming at an industrial scale, electrode fabrica-
tion using established processing equipment, a minimum number
of processing steps would be preferential.

In a previous study, we have introduced an aqueous anode
slurry formulation concept based on the so-called capillary sus-
pension phenomenon [35] and we could show that the observed
unique rheological properties of capillary suspensions resulted in
improved processing and coating behavior [36]. The dry composite
electrodes investigated in this study were calendared to obtain
similar porosity thus avoiding effects resulting from morphology
deviations of electrodes based on regular slurries as well as capil-
lary suspensions. However, the capillary suspension concept offers
a smart approach to tune the microstructure of particulate matter
in a targeted manner and has already been successfully applied to
fabricate highly porous ceramic and glassy membranes [37e40].

In this work, we apply the capillary suspension concept to
process graphite anodes [41] with adjustable and even staged
porosity in order to improve the overall lithium ion transport ki-
netics. The influence of the microstructure on lithium ion transport
properties is investigated in detail to evaluate concepts for a further
targeted electrode development. Exemplarily, octanol is used as
secondary processing fluid and structuring agent. Since octanol
evaporates residue-free during drying [36], this additive can easily
be implemented into the standard processing routine. Electrodes
with staged porosity are obtained using a double-layer slot-die
coater to deposit a conventional electrode slurry onto the current
collector and a capillary suspension based slurry on top of it.

Beyond this, the capillary suspension concept offers additional
opportunities, e.g. for an efficient, targeted deposition of the binder
using the secondary fluid as carrier [40], but this is dedicated to
future research.

2. Experimental

2.1. Materials, slurry preparation and electrode coating

Commercially available plate-shaped, synthetic graphite pow-
der (SLP30, Imerys Graphite & Carbon, Bodio, Switzerland) with a
volume-based average diameter d50¼ 16 mm, a specific surface area
of 8.0m2 g�1 and a density of 2.3 g cm�3 was used as activematerial
for aqueous anode slurry preparation. Compared to a carbon
powder consisting of micro beads or spherical granules, an active
material that consists of plate-shaped particles is more suitable to
prepare thick composite electrodes since sufficient electric con-
ductivity of more densely packed layers is anticipated. These layer
properties are supposed to facilitate a successful electrochemical
characterization of ultra-thick composite electrodes. Carbon black
(CB, Super P Li, Imerys Graphite & Carbon) with a density of
1.8 g cm�3 was added as conductive agent. The size of the primary
CB particles varies between 20 nm and 40 nm, but in the slurry
these particles are typically present as agglomerates with an
average size of several microns [42]. Sodium carboxymethylcellu-
lose (CMC, DowWolff Cellulosics GmbH, Bomlitz, Germany) with a
density of 1.6 g cm�3 and a Brookfield viscosity of about 2.2 Pa s
(2 wt% aqueous solution at 25 �C) was used as binder and rheology
control agent. The solids content was kept constant at 20 vol% and
the weight ratio of active material, conductive agent and binder
was 91.9:5.1:3.0 (graphite:CB:CMC) referring to the dry composite
electrode for all experiments. After homogeneous dispersion of all
solids in the aqueous binder solution, 1-octanol (Alfa Aesar, Karls-
ruhe, Germany) with a density of 0.83 g cm�3 and dynamic vis-
cosity of 9 mPa s (at 20 �C) was added as secondary fluid at
concentrations up to 2 vol%.

For slurry preparation CMC was dissolved in distilled water
(3 wt%, CMC-H2O mixture) and homogenized with a propeller
mixer (mixing unit: Dispermat AE03-C1, VMA-Getzmann, Reich-
shof, Germany). Carbon black and graphite powder were dispersed
in the homogenous CMC-water solution using a dissolver disk
(57 mm in diameter) at 1200 rpm for 50 min. To ensure particle de-
agglomeration and excellent slurry homogeneity a suspensionwith
high solids content (32 vol%) was initially mixed while the amount
of water was raised stepwise with time until reaching a final solids
content of 20 vol% and a CMC concentration of 0.83 vol% [43]. The
rotational speed after addition of octanol to the suspension was
varied. Therefore, dissolver mixing after octanol addition was per-
formed at differing rotational speed between 800 rpm and
8000 rpm for 300 s. Fig. 1 summarizes the slurry processing pro-
cedure in more detail and displays the solids concentration as a
function of mixing time.

Slurries were coated on copper foil (Itochu Corporation, Tokyo,
Japan, 10 mm in thickness) using a doctor blade (ZUA 2000,
Zehntner GmbH, Sissach, Switzerland) with a coating width of



Fig. 1. Scheme of the slurry preparation process (a). Slurry mixing procedure: solid volume fraction as a function of mixing time to illustrate the dilution steps (b).
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60 mm and gap width of up to 600 mm whereas the mass loading
was adjusted to about 16.5 mg cm�2. In case of double layer coating
different layers were slot die coated on top of each other in the wet
state. For layer conductivity measurements glass plates were used
as substrate. Subsequently, all electrode layers were dried at 60 �C
overnight in a drying chamber at ambient atmosphere.

For half-cell preparation and subsequent electrochemical
cycling both electrode and pure lithiummetal sheets were punched
in disks (12 mm in diameter). The graphite based anode layer was
finally dried under vacuum at 80 �C for at least 12 h prior to cell
assembly in an argon filled glove box. In Swagelok type half cells,
graphite anodes and lithium metal sheets (counter and reference
electrodes) were separated by polypropylene (PP) based separators
(Freudenberg FS 2190, Freudenberg Vliesstoffe SE & Co. KG, Wein-
heim, Germany). A standard liquid electrolyte system (BASF SE,
Ludwigshafen, Germany) consisting of ethylene carbonate (EC),
dimethyl carbonate (DMC) and LiPF6 (EC:DMC 1:1 by weight, 1 M
LiPF6) was used for cell preparation.

2.2. Analytical methods

2.2.1. Slurry rheology
Rheological slurry properties were measured using a stress-

controlled rotational rheometer (RheoStress 1, Thermo Scientific,
Karlsruhe, Germany) with a plate/plate geometry (diameter:
35 mm, gap height: 1 mm). The viscosity functions were deter-
mined applying shear stress ramps (initial stress: 0.5 Pa or 0.8 Pa,
final stress: 500 Pa or 800 Pa, measurement time: 300 s, logarith-
mic stress slope: 1 decade per 100 s).

2.2.2. Electronic conductivity measurements and microstructural
investigation

The layer conductivity of dried electrodes coated on glass plates
was determined applying four-point conductivity measurements.
Scanning electron microscopy (SEM) was used to investigate the
morphology of the electrode surface with special attention to the
CB distribution. To obtain an overview of the complete electrode
cross-section the samples were embedded with epoxy resin
(Struers Epofix) in a vertical position. After a curing time of about
12 h the samples were cut with a precision cutting machine
(Struers Accutom-5) to obtain plane surfaces on both sides. The
subsequent polishing was performed with an anhydrous lubricant
(Struers DP Blue) in four steps with different polishing cloths (Si-C
paper, 2� woven acetate cloths, synthetic short nap) and abrasives
containing diamond particles with averaged sizes of 9 mm, 3 mmand
1 mm, respectively. All consumables were purchased from Struers
GmbH (Willich, Germany).

Additional electrode cross-sections were prepared by a focused
ion beam (FIB) milling process to investigate the microstructure
and especially the CB distribution in detail. The gallium ions were
extracted from a high brightness liquid metal ion source. Further-
more, the region of interest was coated with a thin platinum layer
to protect the surface using a gas injection system (GIS) prior to the
FIB milling process. The samples were analyzed with an Auriga
Crossbeam workstation (Carl Zeiss AG, Oberkochen, Germany) us-
ing an acceleration voltage of 3 kV for FIB-prepared cross-section
and surface analysis and 15 kV for embedded samples.

The pore size distribution was measured by mercury intrusion
porosimetry using a CEI Pascal 1.05 (Thermo Scientific Porotec
Pascal 440 Series (high pressure region) and 140 Series (low pres-
sure region)) operating in a pressure range up to 400 MPa. The
relative porosity P can be calculated via P ¼ Vp/(Vp þ 1/r) where VP

is the measured specific pore volume [cm3 g�1] and r ¼ P
wi ri

[g cm�3] represents the density of the solid compositematerial. The
latter value can be seen as a sum covering all electrode components
in which each contribution ri is normalized by the corresponding
weight fraction wi.
2.2.3. Electrochemical characterization
Constant current-constant potential (CC-CP) cycling experi-

ments were performed in the potential range between 0.02 V and
1.50 V vs. Li/Liþ for several cycles using a Maccor Series 4000 Bat-
tery Tester (Maccor Inc., Tulsa, USA). Lithium metal served as
counter and reference electrodes in a T-type three electrode
configuration. The cycling procedure comprises three formation
cycles at a discharge rate of 0.1 C, followed by twelve cycles at 0.2 C
and 20 cycles at 0.5 C. The corresponding current densities were
determined to be (0.70± 0.04)mA cm�2, (1.38± 0.07) mA cm�2 and
(3.50 ± 0.20) mA cm�2 for 0.1 C, 0.2 C and 0.5 C, respectively. The
applied current densities were calculated considering 91.9 wt% of
the electrode material to be electrochemically active. In order to
estimate the recovering ability of the electrodes three final cycles
were carried out at 0.1 C. Independent of the constant current C-
rate, constant potential steps were implemented at 0.02 V vs. Li/Liþ
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until a remaining current density of 0.02 C was reached as cut-off
criterion. For the double layer electrode constant potential steps
were implemented at 0.02 V vs. Li/Liþ until a remaining current
density of 0.05 C was reached as cut-off criterion.

There are slight deviations in electrode mass loadings
(±0.5 mg cm�2) that are insignificant regarding their influence on
the electrochemical anode performance since only low-to-medium
rate cycling is performed.

3. Results and discussion

3.1. Rheological characterization

Shear viscosity data for slurries including different amount of
octanol are shown in Fig. 2. Obviously, the addition of this sec-
ondary fluid results in a strong increase of low shear viscosity
(more than one order of magnitude at g

·
< 0.1 s�1). This stabilizes

the slurry with respect to unwanted phase separation and sedi-
mentation and in coating operation itself, it provides improved
shape accuracy [36]. The increase in viscosity is very steep in the
concentration range between 0.5 vol% and 1 vol% octanol and levels
off at higher secondary fluid content. In contrast, the viscosity at
high shear rates (g

·
> 50 s�1) relevant for processing or coating

operations is essentially unaffected by the added fluid. Similar
behavior has been observed for numerous ternary solid/fluid/fluid
combinations [35,44] and could be attributed to the strong capillary
forces acting among particles inferred by the added secondary
fluid. In the ternary system investigated here octanol is the pref-
erential wetting fluid and accordingly so-called pendular bridges
between adjacent particles are formed resulting in a percolating,
sample-spanning network [45]. When strong hydrodynamic
stresses act, i.e. at high shear rates, the network breaks down and
the secondary fluid does not affect the viscosity typically relevant
during processing. Fast network recovery even after high energy
input [46] guarantees high shape accuracy and formation of coated
layers with uniform thickness [26]. During drying the capillary
bridges in such ternary suspensions prevent the collapse and
densification of the particle structure. This phenomenon has been
used to fabricate highly porous ceramic, glassy, polymeric, and also
self-supporting graphite membranes [37e40]. Here it will be used
to control the porosity of the electrode layers as will be discussed in
detail below.
Fig. 2. Viscosity as a function of shear rate for slurries prepared with different octanol
content. The insert shows the low shear viscosity at a fixed shear rate of g

· ¼ 0.01 s�1 as
a function of the octanol concentration.
3.2. Electrode microstructure, CB distribution, porosity and
electronic conductivity

The properties of dry anode layers prepared from conventional
aqueous slurries and capillary suspensions with 2 vol% of octanol
were compared, also including dry layers from capillary suspension
slurries prepared at different mixing conditions. Finally, wet-on-
wet coated double layers containing a regular slurry based bottom
layer and a capillary suspension based top layer were fabricated
and investigated as well.

3.2.1. Microstructural analysis
SEM investigations were carried out to analyze the micro-

structural properties of the composite electrodes. Besides the
analysis of the electrode surface in terms of particle morphology
and distribution of the conductive agent, electrode cross-sections
were prepared using two different methods. To investigate the
orientation of the active material particles in the electrode, cross-
sections of the complete electrodes were prepared by embedding
them in epoxy-resin, followed by polishing prior to SEM analysis.
Moreover, the distribution and morphology of the CB agglomerates
was analyzed using a FIB milling process. SEM images of the
differently prepared electrodes are shown in Fig. 3. The overall
distribution of CB is visible from the surface images shown in the
upper line. In the conventionally prepared composite electrode
(Fig. 3a) the CB particles are uniformly distributed covering large
areas of the electrode surface. Even at low mixing speed which has
been applied in the conventional preparation method, the CB par-
ticles are dispersed properly and form a conductive percolation
network around the active material particles. Keeping the slurry
mixing conditions constant, the addition of secondary fluid leads to
the formation of large CB agglomerates (Fig. 3b). Due to the large
surface area, the small radii and the accompanied small necks/gaps
between adjacent CB particles, capillary bridges are preferentially
formed between CB particles leading to large spherical agglomer-
ates and thus an inhomogeneous distribution of the conductive
agent. At highermixing speeds, i.e. highermechanical energy input,
formation of large CB agglomerates is widely suppressed (Fig. 3c).
The small agglomerates lead to a more homogeneous CB distribu-
tion and their location in the contact points between active mate-
rial particles supports the formation of a percolating network
(marked by arrows in Fig. 3c).

The cross-section SEM micrographs shown in Fig. 3 (middle
row) reveal further consequences concerning the addition of
octanol and the variation of mixing speed. The cross-section of the
conventionally prepared electrode shows a preferential orientation
of the plate-shaped particles parallel to the current collector lead-
ing to a rather dense microstructure (Fig. 3a). The large CB ag-
glomerates formed in the capillary suspension based electrode act
as spacer between active material particles. The absence of a
preferential orientation results in a less dense packing, larger pores
and thus an increased overall porosity of the layer (Fig. 3b).
Applying an increased mixing speed during the addition of octanol
results in a homogeneous distribution of CB particles and simul-
taneously suppresses the preferential orientation of active material
particles preserving a highly porous microstructure (Fig. 3c). To
confirm the conclusions regarding the distribution of the CB ag-
glomerates deduced from SEM surface analysis, FIB-prepared cross-
sections were investigated (see Fig. 3, bottom row). The uniformly
dispersed CB particles in the conventionally processed electrode
form rigid bridges between adjacent active material particles as
marked in Fig. 3a. In contrast, the large CB agglomerates observed
in the FIB-prepared cross-section in Fig. 3b serve as spacer between
active material particles leading to an increased porosity. Finally,
the formation of a percolating network of CB particles between the



Fig. 3. SEM images of ultra-thick SLP30 electrodes made from slurries with different octanol content and prepared at different mixing speed (as quantified in brackets). a) 0.0 vol%
octanol (800 rpm), b) 2.0 vol% octanol (800 rpm), and c) 2.0 vol% octanol (5000 rpm). Representative SEM images of the electrode surface (top), epoxy-resin embedded cross-
sections (middle) and FIB-prepared cross-sections (bottom) are shown for the three processing routines.

Fig. 4. Pore size distribution for conventionally processed and secondary fluid stabi-
lized SLP30 based graphite electrodes obtained from mercury intrusion experiments.
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active material particles while simultaneously preserving the high
porosity was achieved by processing the capillary suspension at
higher mixing speeds, as shown in Fig. 3c.

3.2.2. Hg-porosimetry and adhesion properties
The most important properties for all investigated single layers

are summarized in Table 1. Referring to the active material, the
mass loading was kept constant at 16.5 mg cm�2 (61 Ah m�2) in
order to ensure comparable conditions for electrochemical cycling.
To show the influence of octanol addition on the porosity of the
anodes, mercury intrusion measurements were executed. Coating
and drying of conventional aqueous slurries leads to dry layers with
a porosity of about 53% and a dry film thickness of about 195 mm. In
contrast, after the addition of octanol a particle network resulting
in considerably increased porosity and dry film thickness is formed
at moderate mixing speed (porosity: 66%, dry film thickness:
250 mm). Increased energy input during dissolver mixing leads to
partial de-agglomeration and a more uniform distribution of
conductive agent but porosity and dry film thickness remain con-
stant within experimental error (see Table 1).

Fig. 4 summarizes the measured pore size distributions as a
function of the electrode preparation process. The addition of sec-
ondary fluid results in an altered pore structure since the average
pore size is shifted to higher values while the pore size distribution
broadens simultaneously. This effect becomes particularly distinct
Table 1
Characteristic numbers of dry ultra-thick electrodes based on conventionally prepared and octanol stabilized slurries.

Octanol fraction
[vol%]

Dissolver speed (after octanol
addition) [rpm]

Mass loading
[mg cm�2]

Specific area capacity
[Ah m�2]

Dry film thickness
[mm]

Porosity (Hg intrusion)
P [%]

Layer conductivity
[S m�1]

0 800 16.5 ± 0.5 61.4 ± 1.9 195 ± 5 53 ± 2 3119 ± 37
2 (800) 16.7 ± 0.5 62.1 ± 1.9 250 ± 5 66 ± 2 510 ± 12
2 (5000) 16.5 ± 0.5 61.4 ± 1.9 240 ± 5 63 ± 2 865 ± 27
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for layers based on capillary suspensions stirred at low speed
containing large CB agglomerates that serve as spacer elements.
The partial disintegration of these agglomerates achieved by
increased mixing speeds leads again to a reduced average pore
diameter and a narrow pore size distribution.

Regarding the mechanical properties of dry layers 90� peel
testing was applied. It was found that laminates based on octanol
stabilized slurries show significantly lower mechanical stability in
terms of peel force (line load) compared to layers based on regular
slurries (2 vol% octanol, 800 rpm: 0.16 ± 0.06 N m�1; 0 vol%,
800 rpm octanol: 3.08 ± 0.36 N m�1) [36].
3.2.3. Electrode conductivity
Data in Table 1 based on the common four-point measuring

technique reveals that the addition of octanol to the electrode
slurry results in a drastic drop in the dry layer electronic conduc-
tivity by more than 80% compared to the conventional slurry based
electrode prepared under similar conditions. This is attributed to
the increase in dry film porosity and especially to the formation of
large spherical CB agglomerates hindering the formation of
conductive pathways within the composite electrode. However,
Fig. 5 shows that the conductivity can be doubled by increasing the
energy input during preparation of the capillary suspension type
slurry. The porosity of the dry layer decreases only slightly with
increasing energy input (as also shown in Fig. 5). Therefore, we
conclude that the improved electronic conductivity is mainly due to
a more uniform CB distribution as discussed above.
3.2.4. Electrochemical characterization
In order to evaluate the influence of the microstructure on the

electrochemical performance CC-CP cycling was performed in
common half-cells. Especially in case of ultra-thick composite
electrodes the electrochemical performance is typically defined by
intrinsic Li ion transport limitations governed by microstructural
properties and the quality of the percolation network. Thus, besides
constant current cycling at different C-rates, constant potential
steps were implemented at the lower cut-off potential (0.02 V vs.
Li/Liþ) to increase the overall reversibility of the charge/discharge
capacity. Since the electrochemical cycling conditions (including
the cut-off criterion for the CP steps) as well as the electrode mass
loading are constant parameters, all variations in electrochemical
performance can clearly be assigned to differences in the electrode
microstructure.
Fig. 5. Electronic conductivity and layer porosity for secondary fluid stabilized SLP30
composite electrodes based on slurries prepared with different (dissolver) mixing
speeds. The octanol content was kept constant at 2.0 vol%.
3.2.5. Low C-rate cycling (overall cycle number 1e15)
As marked by the horizontal dashed line in Fig. 6aec, all the

electrodes reach the theoretical capacity of 372 mA h g�1

(Ctheo(SLP30)) [47] at low C-rate cycling (0.1 C and 0.2 C) and sub-
sequent CP step. These findings are not influenced by the prepa-
ration routine and the corresponding electrode microstructure. By
differentiating between constant current and constant potential
contributions to the overall specific discharge capacity the intrinsic
transport limitation for ultra-thick composite electrodes can be
investigated. For conventionally processed (Fig. 6a) and octanol
stabilized electrodes prepared at low mixing speed (Fig. 6b) con-
stant current (CC) cycling leads to a similar capacity of
325 mA h g�1 (0.1 C) and 175 mA h g�1 (0.2 C). In contrast, specific
capacity data shown in Fig. 6c suggest that optimized microstruc-
tural properties in terms of a highly porous microstructure and an
enhanced electronic percolation network are achieved by
increasing the mixing speed (to 5000 rpm) after addition of octa-
nol. In this case, low rate constant current (CC) cycling leads to
increased capacities of 360 mA h g�1 (0.1 C) and 230 mA h g�1

(0.2 C), respectively. This result is a consequence of two effects: (i)
the lithium ion transport kinetics is enhanced compared to
conventionally prepared electrodes due to a higher porosity and (ii)
the electronic conductivity is improved compared to the octanol
stabilized electrode prepared at lowmixing speed (800 rpm) due to
a more homogeneous CB distribution (see also Fig. 3 and Table 1).

3.2.6. Medium C-rate cycling (overall cycle number 16e35) and
final low C-rate cycling (cycles 36e38)

The constant current contribution to the overall capacity at 0.5 C
is only slightly affected by the microstructure and CB distribution.
Fig. 6aec show that this CC-contribution to the specific capacity is
100 mAh g�1 for capillary suspension based electrodes (indepen-
dent of the mixing speed) and 75 mAh g�1 for conventionally
prepared electrodes. In general, slow electrode kinetics are attrib-
uted to common thickness effects in terms of intrinsic transport
limitations and incomplete utilization of the active material within
the electrode volume and can be overcome by implementation of a
CP step (at 0.02 V vs. Li/Liþ) during cycling. For conventionally
processed electrodes a significant increase in overall capacity to
300 mAh g�1 (81% of the theoretical capacity) can be recorded in
the first cycle at 0.5 C. After 20 cycles at 0.5 C 250mAh g�1 (67%) are
remaining (Fig. 6a). In contrast, for octanol stabilized electrodes
(2 vol%, 800 rpm and 5000 rpm) starting from 350 mAh g�1 (94% of
theoretical capacity), even 320 mAh g�1 (86%) can be maintained
after 20 cycles at 0.5 C including an additional CP step (compare
Fig. 6b, c). Compared to conventional electrodes microstructural
investigation of octanol stabilized electrodes reveals a much more
pronounced open porosity. This facilitates electrolyte penetration
and wetting of the active material particles leading to a higher
utilization and increased specific capacity after medium C-rate
cycling. Octanol stabilized electrode slurries treated with 5000 rpm
lead to electrodes with a more homogeneous CB distribution
accompanied by a higher electronic conductivity but a lower
porosity compared to electrodes prepared at lowmixing speed (see
Table 1, Figs. 3b and 5). Consequently, in the case of octanol stabi-
lized electrodes, enhanced electrode kinetics and Li ion transport
properties come into effect because (i) the value of open porosity,
the degree of electrolyte wetting and utilization of active material
and (ii) the homogeneity of CB distribution and the formation of
electronic conductive pathways are improved. Since these two ef-
fects are competitive with regard to the overall electrochemical
performance octanol stabilized electrodes show a similar medium
C-rate performance.

Increasing the C-rate from 0.2 C to 0.5 C, conventionally pre-
pared electrodes show a severe capacity drop (see Fig. 6a). It is



Fig. 6. Constant current-constant potential (CC-CP) cycling of ultra-thick composite electrodes prepared with a) 0.0 vol% octanol at a rotational speed of 800 rpm, b) 2.0 vol% octanol
(800 rpm), and c) 2.0 vol% octanol (5000 rpm). Constant current (CC) and constant potential (CP) contributions to overall capacity are plotted separately for the lithium insertion
processes. The theoretical capacity of SLP30 is marked by the horizontal dashed line; vertical dotted lines separate cycles operated at different C-rates.
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likely that this effect correlates with the electrode microstructure.
Compared to the pronounced open porosity in case of octanol
stabilized electrodes, conventionally prepared samples suffer from
ion transport limitations at higher C-rates leading to lower overall
capacities (see Fig. 6a).

While the constant current contribution to the overall capacity
remains constant, capacity fading only affects the capacity contri-
bution after the CP step. Since the slope of capacity fading (capacity
as function of cycle number, 0.5 C) does not correlate with process
parameters and the individual microstructure of the electrodes the
capacity loss might be attributed to side reactions at the lower cut-
off potential, such as electrolyte decomposition or Li dendrite
formation.

As a consequence of relaxation processes the initial low-rate
capacity and therefore the theoretical capacity for SLP30 can
almost be retained during subsequent cycling at 0.1 C for both
conventionally prepared and octanol stabilized electrodes.
3.2.7. Double electrode layer investigation
In order to further optimize the microstructure of ultra-thick

SLP30 composite electrodes, wet-on-wet slot die coating was
applied to build up an electrode with staged porosity. An octanol
stabilized slurry was coated on top of a conventionally prepared
one to combine optimum adhesion properties with a highly porous
layer for improved electrolyte penetration. The octanol stabilized
slurry was mixed at 5000 rpm to achieve sufficient CB distribution.
Analysis of SEM cross-sections reveals that the resulting dry layer
(dry film thickness: 170 mm ± 5 mm) exhibits a peculiar micro-
structure. As summarized in Fig. 7 the SLP30 particle orientation
significantly differs between the top and bottom part. The corre-
sponding differential and cumulative distributions of particle
orientation relative to the metal foil (defined as q0 and Q0) are
presented in Fig. 7a, b. These numbers were derived from SEM
cross-section micrographs as exemplarily illustrated in Fig. 7c. The
orientation of the plate-shaped active material particles is rather
parallel to the substrate in the bottom part next to the current
collector (compare Fig. 7b), whereas in the top layer the particle
orientation is more random (Fig. 7a). The different particle orien-
tation is consistent with the microstructure observed for corre-
sponding single layers (compare Fig. 3). This also indicates a
different, layer dependent porosity. As shown bymercury intrusion
measurements, the mean porosity of the double layer system is
(61 ± 2)%. This value is within the range between (53 ± 2)% for a
conventionally processed and (63 ± 2)% for a secondary fluid sta-
bilized layer (see Table 1). The measured layer conductivity of
(1567 ± 90) S m�1 is also within the conductivity limits defined by
the single layers (see Table 1).

The porosity gradient within the electrode cross-section is
supposed to positively affect the Li ion transport properties during
electrochemical cycling. Preliminary electrochemical CC-CP in-
vestigations seem to support this assumption as the overall ca-
pacity reaches 360 mAh g�1 even at 0.5C (see Fig. 8). It has to be
emphasized that this particular double layer mass loading was
(12.5 ± 0.5) mg cm�2 instead of (16.5 ± 0.5) mg cm�2 chosen for the
single layers as discussed above. This deviation in mass loading
basically is a consequence of slurry processing, thus the application
of different coating techniques (doctor blade coating for single
layers and slot die coating for double layer formation) is considered



Fig. 7. Histograms showing the particle orientation relative to the current collector plane for the octanol stabilized top layer (a) and the bottom layer obtained from a conventional
slurry (b). (c) illustrates the evaluation of particle orientation by graphical analysis of a SEM cross-section micrograph.

Fig. 8. Constant current-constant potential (CC-CP) cycling of a double electrode layer
composite electrode system consisting of a conventionally prepared slurry (0.0 vol%
octanol, 800 rpm) next to the current collector and an octanol stabilized layer (2.0 vol%
octanol, 5000 rpm) on top. Constant current (CC) and constant potential (CP) contri-
butions to overall capacity are plotted separately for lithium insertion processes. The
theoretical capacity of SLP30 is marked by the horizontal dashed line; vertical dotted
lines separate cycles operated at different C-rates.

B. Bitsch et al. / Journal of Power Sources 328 (2016) 114e123 121
to be investigated and adjusted in future experiments.
In order to elucidate the influence of electrode microstructure

on the Li ion transport kinetics, both double layer electrode com-
ponents (0.0 vol% octanol, 800 rpm and 2.0 vol% octanol, 5000 rpm)
were additionally prepared as single layers with a corresponding
mass loading of (12.5 ± 0.5) mg cm�2. As shown in Fig. SI1 (see
supporting information), the electrochemical properties are in
agreement with the data depicted in Fig. 7a, c. The beneficial effect
of staged porosity regarding the Li ion transport properties be-
comes obvious comparing the double layer electrode and the
octanol stabilized single layer. Both systems reveal comparable
overall capacities (compare Fig. 8 and Fig. SI1b) but since the double
layer is more densely packed (due to staged porosity) these elec-
trodes exhibit a higher volumetric energy density.
4. Conclusion

In this study a novel and simple processing route to prepare
ultra-thick electrodes suitable for low cost production and high
energy density battery cell applications is introduced. The capillary
suspension formulation concept already established to control the
pore size and the structure of sintered membranes [37] is suc-
cessfully applied to adjust microstructure and porosity of water
based graphite anodes. Keeping the total number of processing
steps constant, the preparation routine can be easily implemented
in conventional industrial slurry processing procedures. Wet film
stabilization, i.e. drastically increased viscosity at low shear stress
as a consequence of the addition of octanol as secondary fluid, re-
sults in beneficial slurry processing properties. This includes the
applicability in high speed coating operations and the replacement
of additional more sophisticated binder additives like e.g., latex
particles. The octanol-assisted processing enables the preparation
of wet films with homogeneous thickness and sharp edges [36]
resulting in uniform dry film thicknesses of up to 250 mm. As
verified by mercury intrusion measurements, slurry preparation
based on capillary suspensions is suitable to tailor the micro-
structure of a dry composite electrode since porosity and pore size
distribution can be controlled by the amount of added secondary
fluid. As proven by FIB/SEM investigations the addition of the
secondary fluid results in the formation of large spherical carbon
black agglomerations in the dry composite electrode. By increasing
the mechanical energy input during mixing a uniform CB distri-
bution was achieved maintaining an open porosity. In general, the
electrochemical performance of a composite electrode strongly
depends on the distribution of the conductive agent and the
resulting porosity of the dry layer. CC-CP cycling was performed in
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half-cells (vs. Lithium metal) to figure out the influence of sec-
ondary fluid stabilization on the electrode performance. Starting
from conventionally prepared (thick) electrodes, the optimization
of carbon black distribution and thus the peculiar pore structure is
essential to improve the electrochemical performance of ultra-
thick electrodes. As expected, electrochemical cycling of SLP30 at
low C-rates always leads to the theoretical capacity, independent of
the preparation routine. The analysis of the overall capacity in
terms of constant current and constant potential capacity contri-
butions elucidates the improved electrochemical performance of
octanol stabilized electrodes due to their unique microstructure. In
particular, an increased constant current capacity contribution
clearly indicates improved electrochemical properties of octanol
stabilized electrodes.

Beyond that, a more sophisticated approach is proved by
applying the capillary suspension formulation concept to success-
fully prepare an electrode with staged porosity via wet-on-wet
coating. For a slightly reduced mass loading an outstanding ca-
pacity of about 360 mA h g�1 can be obtained at 0.5 C.

In general, using capillary suspensions to prepare electrodes
gives rise to a broad field of opportunities regarding the optimi-
zation of slurry formulations. In this context the capillary suspen-
sion phenomenon may be used, e.g. for an efficient, targeted
deposition of the binder using the secondary fluid as carrier [40].
The next step towards the technical implementation of this tech-
nology will be the transfer from laboratory to pilot plant covering
industrial coating techniques, such as e.g. multilayer slot die
coating.
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