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a b s t r a c t
Performance properties of lithium-ion battery electrodes; capacity, rate and lifetime, are determined by
the design of the coating composite microstructure. The internal pore structure and electronic networks
for high coat weight graphite electrodes are manipulated through changes in the ink rheological properties, and through an syringe dispensing printing process. The rheological properties of a water-based,
high viscosity graphite ink were optimised using a secondary solvent for the rheological requirements
of a syringe dispensing method. The microstructure of high coat-weight battery electrodes produced
from printing and tape cast methods were compared and the electrochemical performance evaluated.
Cross sectional analysis of the slurry cast coatings showed improved component homogeneity, lower graphite alignment with 0.1% to 10% weight increase of the secondary solvent, with a corresponding change
in tortuosity of the electrodes of 5.3–2.8. Improved cycle life is observed with a printed electrode containing an embedded electrolyte channel. Performance properties were elucidated through charge discharge,
GITT and PEIS measurements. Improved electronic conductivities, exchange currents and diffusion coefficients were observed for the syringe deposited electrode. This digital deposition process for manufacturing electrodes shows promise for further optimisation of electrodes for long-life, high energy
density batteries.
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Lithium ion batteries (LIB) must overcome two key technical
challenges to meet the demand for high throughput production of
EVs; further reduction of the production costs and an increase in
energy density of the battery pack [1]. While the cost of production
per kWh has decreased significantly from 1.183 US$ in 2010 to 153
US$ in 2019, the target of 100 US$/ kWh, a cost parity to their internal
combustion engine counterparts, has still not been reached [2].
Three key fields have been highlighted for further cost reduction in
battery manufacturing; a) quality control, in order to minimise the
scrap generation in cell production [3]; b) innovation in electrode
manufacturing to increase the energy density and production yields,
through design of the coating processes [4–6]; c) development of
high energy density materials and their optimisation [7]. Much of
the current research is focused on new materials and chemistries
for improvement of the current and next generation Li-ion batteries.
Silicon-dominant anodes and nickel-rich cathodes are being implemented to increase the energy density of the Li-ion battery, however
⇑ Corresponding author.
E-mail address: e.kendrick@bham.ac.uk (E. Kendrick).

further progress is needed to extend their lifetime performance [8,9].
To further improve energy density, other new materials which
undergo electrochemical conversion rather than intercalation
mechanism are also being investigated [10]. Li-S, Li-O2 and Li-CO2
demonstrate a significant gravimetric energy density enhancement
compared to Li-ion systems. However, their performance is hampered by poor cycle life performance and efficiency (resulting from
electrode volume expansion for Li-S and high over potentials), chemical instability of electrolytes/ electrodes and transport limitations of
electron and lithium ions [11–13].
Conventionally, battery electrodes are prepared from a slurry
consisting of dispersed electrochemically active material, conductive additives, binder and a suitable solvent that dissolves the binder
[14]. The composite based slurry is typically coated by tape casting
methods onto the current collectors (copper for anodes and aluminium for cathodes), and subsequently dried to form the battery
electrodes. For both intercalation and conversion materials, design
of electrode structures is also key for optimisation of performance
properties. Electrodes must be designed with optimum porosity,
pore structure, carbon and active materials distribution, to control
and optimised the electronic and ionic transport within the electrodes. This careful micro and macro-structure multi-component

https://doi.org/10.1016/j.matdes.2021.109720
0264-1275/Ó 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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coating method, the printing dispenser offers precision deposition
of the slurry, the accuracy of which is controlled by the flow properties of the inks and size of the dispensing nozzle. To implement
thick, or high coat weight, electrodes with this dispensing syringe
technology, the flow properties of the ink require optimisation
with a particle size 10 times smaller than the nozzle diameter to
prevent clogging [34]. The deposition and electrochemical performance of a small particle size graphite (KS6) was investigated as
a model system. Capillary suspension slurries were designed to
transfer the formulations and mixes used in draw-down coatings
to this dispensing printing method. KS6 is not a typical active
material graphite used in battery electrodes due to its small particle size and high surface area and is usually used as an additive.
However, the natural flake graphite offers interesting control
options for graphite flake alignment in an electrode and can be utilised to design lower tortuosity pore networks for ion transport. In
the ‘standard’ electrode slurries with typical high solid loadings
and large particles sizes blocking of the syringe nozzles occurred
during deposition. Typically, higher solid contents are required
for high coat weight electrodes from tape casting methods, as this
improves adhesion and conductivity properties. In this work lower
solid contents were used (20%) which were subsequently deposited onto current collectors by both tape casting and extrusion
deposition methods for comparison. By optimising the rheological
properties of the ink, improving the dispersion properties, and
changing the thixotropy it was possible from the extensive shear
thinning to extrude the slurries through the nozzle with no blocking, and produce stable semi-solid structures after deposition for
maintaining the deposited structured electrode. In this work, the
rheological properties of the inks were modified by incorporation
of different percentages of 1-octanol as a secondary solvent in a
water-based slurry. The effect upon the electrode microstructures
from the rheological changes, and the deposition method were
analysed, and their electrochemical parameters elucidated.

composite design is required to control the volume expansion, morphological changes and hence the effective 3D electronic and ionic
diffusion through the electrode, at all states of charge. New cell
geometries, electrode architectures and fabrication methods can
offer solutions to some of the lifetime and cost challenges for LIB
[1,7,15]. Further advances will only be realised by changes to the current manufacturing technologies for the control and design of new
electrode architectures. Initial investigations into alternative coating techniques such as; flexible suspension atomisation with spray
deposition, electrode sintering or 3D printing, show improvements
in performance through greater control in the microstructure of
the electrodes [1,14,16–19].
An effective method of achieving high energy batteries, is to
increase the areal capacity of the battery electrodes, and create
higher loading and thick electrodes (currently electrodes are manufactured with thicknesses of 50 – 100 mm), in order to minimise
the relative weight and volume of inactive components, i.e. separators and current collectors [1,20]. This introduces challenges
related to lithium-ion transport pathways and uniform electronic
conductivity, both of which are critical to energy and power output. Transport limitations are associated with poor electrode wetting, tortuous and long lithium-ion diffusion and electronic paths,
as well as high impedance occurring due to the point contacts
between individual particles [1,3,4]. Several design aspects for
the electrodes have been investigated to optimise the electronic
and ionic transport within the cells [21,22]. Smaller particle sizes
of the active material can reduce polarisation due to the increased
surface area for reaction and to decrease capacity loss at high discharge rates by minimising the Li-ion diffusion path between the
particles [23,24]. Freeze-drying to prepare electrodes has also
shown promise in improving wettability, better rate performance
and capacity retention potential due to the lower touristy structure
arising from the alignment of graphite flakes out-of-plane [25]. At
an electrode level, to overcome some of these transport limitations
different structural designs such as; graded porosity and hierarchical architectures in combination with new electrode deposition
techniques have shown promise in overcoming some of the challenges for high coat-weight electrodes [5,8,9,16,21]. For slurry cast
electrodes, the rheological properties of the slurries and inks are
extremely important for realising homogeneous, thick, porous
and electronically conducting films. These rheological properties
of the electrode slurry are governed by the volume fraction of
solids, particle shape and surface tension of the incorporated materials [14,26]. The dispensing fluid needs to have shear thinning
properties, to flow and form a homogenous coating. The thixotropic behaviour is also important to prevent sagging and pattern definition loss. Highly thixotropic fluids are aften obtained through
high solid content slurries, however, an increase content of the
active material can lead to increased shear thickening behaviour
of the slurry and consequently, blockage of the dispensing nozzle.
An alternative approach that avoids increasing solid content, is to
alter the viscosity through the introduction of a small amount of
an immiscible secondary fluid that creates capillary bridges
between the particles to form a network [27–29], There are two
states of capillary suspension that can be differentiated depending
on the three-phase wetting angle (Q3p) that is created by the secondary liquid and the solid phase. When the particles are wetted
by the incorporated minority liquid (Q3p < 90°) - the pendular
bridges are created between the particles. However, when a dominating fluid exhibits better wetting properties than the secondary
fluid (Q3p > 90°), the capillary state is formed and the particles form
clusters around small volumes of the immiscible liquid [26,29–32].
In this work, the rheological properties of the inks are modified
and a novel dispensing printing method utilised to produce thick
electrode coatings (Fig. 1) [33]. Contrary to the conventional blade

2. Experimental
2.1. Slurry preparation and rheology
The same slurry preparation method was used for both printing
methods. Composite water-based inks were made with 90 %w/w
active component, (Graphite KS6L, Imerys), 5%w/w conductive carbon (Timcal C65, Imerys) with binders 2%w/w CMC (Bondwell
BVH8, Ashland) and 3% w/w SBR (BM-451B Zeon). The flaked graphite KS6L was selected as an active material of D90 equal to
6.5 mm (Fig. S1). Crack creation in a colloidal suspension, depends
on a particle radius r and the particle shear modulus G. To increase
the critical cracking thickness (CCT = hmax), the particle volume
fraction and size was adjusted with additional solvent [35,36].
The solid content of the inks was adjusted to 20 wt% with an addition of DI water and 1-octanol to the mixture in ratios ranging from
100, 99.5:0.5, 99:1, 95:5 and 90:10. The anode slurries were prepared with the use of a Thinky ARE 250 centrifugal mixer (Thinky,
USA). The rheological behaviour of the prepared anode slurries was
investigated with the use of a rotational Rheometer, (RheolabQC,
Anton Paar). The viscosity measurement of the inks was conducted
at 25 °C using a concentric cylinder measuring system, comprising
of: disposable measuring cylinder B-CC27 and C-CC27 cup for the
low viscosity slurries (0% and 0.1% octanol). Single-use measuring
cylinder B-CC14 and cup C-CC14 and a cup holder (MAT: 79019)
was utilised for the inks exhibiting paste-like properties: 0.5 wt%,
1.0 wt%, 5.0 wt%, and 10.0 wt% (Table S2). Three interval thixotropy
test (3ITT) measurements were performed by applying a shear rate
of 1 s1, 1000 s1 and 1 s1 sequentially in three intervals of 100 s.
2
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Fig. 1. Schematic of coating methods (a) Dr Blade used as a conventional coating method in a laboratory set-up, and (b) the automated dispensing system utilised for digital
deposition of electrodes (B), pictures not-to-scale.

Fig. 2. Illustration of the rectangle S path command applied for the digital electrode printing with the filled area of 40 cm2.

was deposited in a non-contact mode through a stainless-steel
needle with a diameter of 0.250 mm attached to a dispensing nozzle, the height of which above the copper substrate was set using
feeler gauges. The printing was performed at a speed of
100 mms1, line width 0.50 mm and the pressure adjusted to 40
psi. The dispensing printer was employed for a deposition of the
ink that was established to possess the best results in regard to
the obtained structure of the coating and viscosity that enables
controlled deposition of the ink for high precision printing of the
patterned electrodes.
The ink containing addition of 1.0 wt% 1-octanol, was utilised
for digital deposition of the anodes.

2.2. Coating parameters
The prepared slurries were coated onto the copper foil
(10.2 mm) using a draw-down coater (K Paint Applicator, RK Printcoat Instruments, UK) with a micrometre adjustable doctor blade.
The inks were applied to the foil before coating using a 10 mL syringe in order to maintain consistency of the coating process. The
prepared coatings were dried on a hot plate at 50 °C and then
transferred to the vacuum oven and dried at the same temperature
for ca. 48 h to ensure minimising of any water prior to the cell
construction.
The Automated Dispensing System, designed and manufactured
by KWSP, was employed for a deposition of the electrodes. The digital printing set up comprised of: the DispenseMotionTM controller,
the robot, and the dispensing system components, (Fig. 1) [37]. A
computer software was programmed to dispense the anode ink
in a rectangle pattern (S path) to fill area of 40 cm2 on a copper current collector, Fig. 2. The gantry robot, controlled in X, Y, and Z
coordinates executed the computer program, where the slurry

2.3. Cross- section and SEM analysis of coatings
The microstructure of the anode distribution of the active material and carbon black was investigated by conducting SEM analysis
of the cross- sectioned coatings prepared with different 1-octanol
content. The cross- sections were performed with an application
3
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diffusion tail at frequencies less than 17.5 Hz. The diffusion tail
could be fitted with a modified Warburg coefficient for finite diffusion (M) in both cases. In the cycled electrodes, two distinct semicircles were visible with a diffusion tail. The initial high frequency
(> ~1.5 kHz) semi-circle could be fitted with a CPE and resistor and
is likely related to the SEI growth upon the electrode, the intermediate frequencies between ~ 3 Hz and 1.5 kHz could be fitted to a
Gerisher element (G), and the frequency tail at less than 3 Hz fitted
to a diffusion limited modified Warburg element (M) [41].
The low frequency regions correspond to the ionic transport in
the solid (graphite), and the high frequency corresponds to the
electronic transport, or contact resistances. The intermediate frequencies correspond to the charge transport in porous structures
in the Li-ion batteries. This charge transfer in the porous electrode
is determined by the ionic resistance Rion inside the electrolyte
phase within the pores of the electrode, the charge transfer of
lithium across the surface of the graphite RGr, and the transport
of lithium across the RSEI. The characteristic frequency (fc) or time
constant reciprocal (s1
c ) of the diffusion processes in a finite process can be estimated from the related diffusion length (Lc), (Eq 6).
For example, the diffusion coefficient (Dc) of a 1 M LiPF6 electrolyte
in EC:DMC is ~ 2  1010 m2s1 [42,43]

of Hitachi Ion Milling System (IM4000 plus) at an acceleration voltage of 5 kV for 3 h. SEM analyses were conducted on pristine (noncycled) materials and the cross-sectioned coatings using a Carl
Zeiss Sigma Field Emission Scanning Electron Microscope under
an acceleration voltage of 10 kV and with an in-lens detector. For
the SEM images, a magnification of 2000  was utilised for investigation of the active material particle orientation. Firstly, a threshold was performed in order to generate a black and white
micrograph with the white phase corresponding to the graphite
particles. Subsequently, the Image J directionality plugin with a
Fourier components function was employed and the black and
white images were generated, see Table S1, where the black phase
was assigned to the graphite particles. The level of alignment was
assessed from histograms of the particle’s alignment from 0° to
90°, where 0° indicated parallel position to the current collector,
and 90° shows perpendicular alignment of the active material.
The electrode density was obtained by measuring the weight (g)
and thickness (l) of the electrode. The area of the electrode (A) was
1.767 cm2. The electrode density was determined from the Eq. (1).

qAM ¼

g
Al

U¼1

qAM
q

ð1Þ

1

ð2Þ

sc

The porosity of the electrode was calculated according to the
formula (2), where qAM means density of the active mass and q
refers to the theoretical density of all the components in the electrode. The thickness was measured with a micrometre gauge.

¼f ¼
c

Dc

ð6Þ

L2c

Assuming finite diffusion, a frequency response for transport of
ions in an electrolyte pore of size ~ 1 mm is 200 Hz, and a pore size
of 0.1 mm or 10 mm, 20 kHz or 2 Hz respectively. In the case for
these systems, the resistivity from the electrolyte in the pore, Rpore,
contributes to the impedance observed below ~20 Hz, which are
similar frequencies to those observed for the charge transfer resistance across the graphite interface, RGr and across the solid electrolyte interface (SEI) RSEI. For the formed cells, there is also a
resistive contribution to the frequencies lower than 10 Hz, which
is likely to be electrolyte transport in larger pores contained within
the electrode in addition to diffusion within the graphite particles.
More elucidation of the contributions to the impedance from the
ion transport in the pore network can be obtained by symmetrical
cell tests but has not been done as part of this work. The values of
conductivity (r) and exchange current density (j0) can be determined based on the following Eqs. (7) and (8).

2.4. Electrochemical testing of the coating in the half-cells
The printed anodes were tested electrochemically in the coin
cells half-cells. The coat-weight of the electrodes was adjusted by
changing the doctor blade gap to achieve areal capacity of approx.
3.1 mA.h cm2. Dried coatings were processed in a dry room with a
dew point of 45 °C. 2032 coin cells were constructed with electrode discs (15.0 mm in diameter), tri-layer 2025 separator (Celgard) and lithium metal foil counter electrodes (15.6 mm in
diameter, 0.25 mm thickness, PI-Kem) and 60 mL of 1 mol/L LiPF6
in EC: DMC 1: 1 electrolyte and sealed with a hydraulic crimper
(MSK-110, MTI Corporation, USA).
Electrochemical testing was performed on a Biologic BCS 805
series cycler. Initial capacities and formation were obtained by
applying the following protocol: Rest for 12 h to enable wetting,
constant current lithiation at 0.05C to 5 mV vs Li/Li+ and delithiation to 1.5 V vs Li/Li+ at the same rate using constant current (CC)
step repeated twice. Followed by 0.2C discharge and charge steps
with the same voltage limits as mentioned before and the rest
interval between the steps. The cycle life testing was performed
as CC charge at 0.2C and discharge at 0.5 C for 50 cycles. Potentiostatic electrochemical impedance spectroscopy (PEIS) was conducted after formation step and after cycle life testing, at the
frequency range from 10 mHz to 500 kHz, with a 10-mV perturbation voltage, at 1.5 V vs Li/Li+. The experimental data obtained from
the PEIS scans were fitted and the resistances extracted from the
different frequency components, using the equivalent circuit
model presented in Fig. 3 [15,38–40]. The equivalent circuit model
was built around the observed impedance for each cell. The
formed cells were fitted with a series resistance (Rs, contact resistance and capacitance (R2, C2) at high frequencies, and a Constant
Phase Element (CPE, Q) and resistance at medium frequencies. A
low frequency region occurred below 17.5 Hz for all formed electrodes. This low frequency region could be fitted with a CPE and
a resistor with a diffusion related tail observed at the ultra-low frequencies <1 Hz. The printed and formed electrode exhibited only a

r¼

1 t

Rct A

ð7Þ

j0 ¼

RT
Rct FSeff

ð8Þ

where t refers to the thickness and A the area of the electrode and
Seff is the effective electrode surface area for lithiation (8) applied
to calculate the current exchange density. R is Boltzmann constant
T is temperature, F is Faraday’s constant.

Seff ¼ nSparticle ¼

eact V electrode
V particle

Sparticle

ð9Þ

Seff is the effective surface area in the electrode and is used to
calculate the electrode–electrolyte surface area for ionic transport
across the graphite interface. Sparticle is the surface area relating to
the particle size, which is estimated as the surface area of a sphere
(4/3pr2) with radius being half the average particle size; r = 3.25
mm [35]. The effective surface area for lithium exchange should
be similar for each electrode as each coating mass loading is the
same. This calculation therefore gives a good comparison between
electrodes. It is not possible to estimate the electrochemically
active specific area (EASA) from the edge sites of the flaked graphite as we do not know the ratio of the basal plane to the edge.
4

Materials & Design 205 (2021) 109720

D. Gastol, M. Capener, C. Reynolds et al.

Fig. 3. Electric circuit diagrams used to fit the EIS data: before (a) and after (b) cycle life testing, where R is a resistor, C is capacitor, Q is a Constant Phase Element, G is a
Gerisher element, and M is a modified Warburg coefficient for finite diffusion.

slurries. Shear thinning is observed in all cases. The viscosity of
the inks in the low shear rate region increased by two orders of
magnitude on increasing the weight fraction of secondary fluid
from 0.1 to 0.5 wt%. The observed shear-thinning behaviour can
be attributed to the capillary forces of water and 1-octanol on
the solid particles, which formed the sample spanning networks
[29,30], as well as alignment of the agglomerates [46]. Further
increases in the octanol weight fraction have no significant effect
on the magnitude of the viscosity, as a stable capillary network is
formed. However, a small area of shear thickening can be noted
around 10 s1 for the slurries1.0 and 5.0 wt% of 1-octanol.
It can be seen from Fig. 4 that formation of the capillary suspensions affects not only the low shear properties of the inks, but also
viscosity at high shear rate. This indicates capillary networks do
not break down when the high shear forces are applied. Therefore,
the properties of the ink are not affected with the application of
high-speed deposition technique.
The change in rheology on addition is typical of a pendular fluid
i.e. [47]. Addition of a secondary fluid causes an initial steep
increase in viscosity, at low amounts of secondary fluid, due to formation of binary capillary bridges between particles (or agglomerates). A maximum is observed where the capillary bridges begin to
coalesce and the aggregates start to form as shown in Fig. 5, this
aggregation is known as the furnicular state. The precise ratio of
secondary fluid to solid that induces this transition depend on
the coordination number and contact angle of the secondary fluid
on the particles, we observe the transition at approximately 0.035.
Above this ratio, the viscosity of the slurry decreases, due to the
formation of larger agglomerates that destabilise the structure.
At very high amounts of secondary fluid, phase separation occurs,
as seen at 10% 1-octanol. The rheological properties of the inks
have a profound effect upon the distribution of carbon black
throughout the electrode and the alignment of the graphite particles in the deposited electrode, as shown in Fig. 6. It should be
noted that that further optimisations can be performed to further
increase the solid content whilst maintaining the good extrusion
and ink structure properties but is not the subject of this work.

The tortuosity was elucidated from the binary images
(Table S1), using TauFactor [44] under the standard settings,
assuming the black phase as the diffusing phase. Binary images
were based on image segmentation which matched the black porous phase fraction with the calculated porosity value (see
Table S3). The ‘‘flow through” type tortuosity calculated here
ignores the good contribution of dead-end pores. An analysis using
a frequency domain approach, for example as set out by Landesfeind et al. [45] is recommended for further investigation. The
McMullin number (NM) can be calculated from the ratio of the tortuosity (su) and porosity (ep) (Eq. (10))

NM ¼

su Rion  A  j
¼
ep
t

ð10Þ

Rate testing was not reported here due to difficulties in obtaining reproducible capacities using the constant current discharge
method. Dendritic lithium formed on the thick electrodes very
quickly during the testing protocols which resulted in short circuit
of cell. Full cell testing would be preferable to overcome the ½ cell
limitations, using constant current and constant voltage lithiation
of the graphite, however this is not the subject of the current study.
Galvanostatic intermittent titration (GITT) was performed on
the selected electrodes from the drawdown coating: with no addition of the fatty alcohol and with 1.0 wt% 1-octanol content, compared with the printed electrodes modified with the same
concentration of the secondary fluid. The GITT measurements consisted of a series of current pulses applied at fixed voltages range of
0.1 to 1.5 V, each followed by a relaxation period. The testing was
performed by applying a C/10 current transient for 2.5 min, followed by a relaxation period to reach an OCV. The diffusion coefficient was calculated using equation 10, where VM refers to molar
volume of active material, MAM is atomic weight of active material,
mAM is mass of active material, and sis duration of current pulse
(150 s).

Ds¼

4

ps



mAM V M
M AM Seff

2 

DE s 2
DE t

ð10Þ

3.2. Graphite particle directionality analysis, and porosity of the
electrodes

3. Results and discussion

Carbon black (CB) agglomerates are visible in the microstructure of the coatings at low levels of octanol addition (0.1 and 0.5,
% octanol to DI water content ratio). The increase of octanol content up to 1.0 wt% enhances the CB distribution between the graphite particles, this could be due to the increased viscosity of the
inks, and the higher shear forces induced in the mixing process

3.1. Doctor blade coatings and ink optimisation
Prior to the application of the digital deposition technique, the
investigated slurries were coated with the doctor blade and their
viscosity properties were studied. The addition of secondary fluid
had a notable effect on the rheological properties of the anode
5
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Fig. 4. Flow behaviour curves for the anode inks prepared without and with an addition of 1-octanol at 0.1 wt%, and 0.5 wt%, 1.0 wt%, 5.0 wt%, and 10.0 wt%. (a) Effect of
viscosity with shear rate, (b) stress–strain curve.

as a thickening agent in these water-based systems, it stabilises the
slurry from sedimentation and coats the graphite and carbon black
in a surface layer which aids the dispersion of the components in
the water solvent. The CMC is necessary in these slurries as it coats
the graphite surface, and therefore the polar secondary solvent can
form stable capillary suspensions with wetting angles <90 °C. The
SBR is assumed to be a binding agent and as a rubber it helps to
give a degree of flexibility to the thicker coatings, although it also
adds significantly to the resistive properties of the coatings. The
secondary solvent octanol doesn’t dissolve into the water and will
form capillary bridges between the graphite particles. With the
increase in the secondary solvent, we observe large pore sizes in
the cross-sectional SEM, and we see less alignment of the flakes
to the current collector. Table 1 shows the calculated density and
porosity values of the resulting electrode according to the wt. %
concentration of the secondary fluid in the slurry. This can be
hypothesised as related to the formation of the capillary networks
between particles. If the capillary networks are formed between
the edges of the graphite, rather than the basal planes, then the
particles will not align parallel to each other, and this relates to
the decrease in Q (no. of particles) with alignment of 0° (Fig. 7).
For the 10 % octanol, clumps of graphite were observed in agglomerations rather than a complete dispersion of particles. In this case
the deposition of the agglomerations and was reflected in the dried
electrode and the level of graphite alignment was also reduced.
It can be noted from the density and porosity measurements,
that the highest porosity of 70% is exhibited by the coating containing 1.0 wt% of octanol with corresponding the lowest density value
of 0.6 g cm3, also apparent in the SEM micrographs, Fig. 6.
With increasing content of the fatty alcohol, the alignment of
the graphite particles changed from parallel to perpendicular to
the current collector , as has been reported elsewhere [31]. Fig. 7
shows the differential a) and cumulative distributions b) of the graphite particle orientations relative to the current collector.
Where Q0 is related to the proportion of particles exhibiting a
particular orientation, where 0° is aligned to the current collector
and 90° is perpendicular to the current collector. It can be observed
that the alignment of the active material changes gradually. The
highest increase of the perpendicular orientation was noted for
electrodes containing 0.5 wt% and 10.0 wt%. Although, it should
be also stated that the highest concentration resulted in the
microstructure collapse (Fig. 6). The degree of carbon black dispersion and the level of octanol addition are likely to influence the
degree of orientation of the graphite and affect the porosity. From

Fig. 5. Viscosity vs. the ratio of 1-octanol and solids volume fractions at different
shear rates.

upon the carbon black agglomerates. In addition, there is a change
in the alignment of the graphite flakes which contributes to the
rise of the porosity of the coating, increasing from 60 to 71%. The
formed voids in the structure enhance dispersion of the CB and create the electrical conduction pathways, observed in the coating
prepared with 1.0 wt% of 1-octanol. The presence of secondary
fluid in the slurry structure enhanced the percolation threshold
[48,49]. However, a degradation of the electrode coating structure
was observed at 10.0 wt% content of the secondary fluid. As shown
in Fig. 4, all the slurries exhibited shear thinning behaviour, however the large physical changes, and agglomerated particles shown
in the resulting electrode after drying indicates that at 10% octanol
content, the slurry has reached saturation of the immiscible polar
liquid and consequently there is a deterioration of the capillary
network, which results in the observed structure breakdown in
the electrode. From previous work [25] it has been shown that
the capillary bridges between particles reduce particle mobility
and increase the drying rate of the bulk solvent next to the substrate. As the bridges between particles are filled with the solvent
(water) with a higher vapour pressure, the total drying time
decreases with increasing amount of secondary fluid. CMC is used
6
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Fig. 6. Cross-sectional SEM micrographs of the anode coatings prepared with different DI water to 1-octanol ratios.

of the anode half-cells assembled with electrodes made with different octanol content. It should be noted that ICLs are attributed
to the graphite particle size utilised in this study, which has a
greater surface area (20 m2g1) compared to standard LIB graphite
(0.9–4 m2g1) and hence increased number of edge sites for electrolyte decomposition [50,51], Table 2. Octanol has a higher boiling
point than water (195 °C) but should be removed in the drying process. If there are small traces which remain in the electrode after

the SEM images (Fig. 6) we can see that the carbon black is not as
well dispersed as that for 1% octanol. This is likely why the orientation is more affected at 0.5% octanol, which forms isolate clumps
of carbon black surrounded by graphite, compared to the chains of
carbon black surrounded by graphite at 1% octanol content.
This initial formation capacities were tested for all of the inks,
Fig. 8 illustrates the observed discharge (lithiation) and charge
(delithiation) with the first cycle irreversible capacity losses (ICL)
7
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horizontal stripes of graphite with a width of ~ 1.09 (7) mm, (measured using ImageJ software), and gap of 0.050(3) mm, as observed
from the top of the electrode. The channels between the printed
shapes, presented in Fig. 10b, has a trapezoidal shape, and was measured using an optical microscope (Figs. S5 and S6) with mean length
measured from the bottom of the current collector, was established
to be 0.020(4) mm, see Fig. 11. The thickness of the electrode was
between 145 and 170 mm.

Table 1
calculated thickness of the graphite coated film, density and porosity values with
increasing wt. % concentration of the secondary fluid in the electrode content,
calculated from the measured weight and thickness.
Sample, 1-octanol
fraction

Thickness
(mm)

Density (g cm3)

Porosity
(%)

No additive
0.1 wt%
0.5 wt%
1.0 wt%
10.0 wt%

120
113
140
158
157

0.84
0.86
0.70
0.62
0.65

59.3
59.7
67.2
70.9
69.4

(5)
(4)
(9)
(7)
(9)

(2)
(1)
(1)
(1)
(1)

(2)
(5)
(4)
(6)
(3)

4. Electrochemical testing and transport parameters
The formation cycles, cycle life and electronic and ionic transport parameters were investigated through galvanostatic charge
discharge, GITT and EIS measurements. Fig. 12 compares the first
lithiation and delithiation cycles of the graphite half-cells from
draw down coatings without additive, and with 1.0 wt% 1octanol as well as the printed electrode with octanol modified
ink. The results demonstrate comparable first cycle behaviour of
the printed electrode in comparison to the draw-down anodes.
The printed electrode exhibited a reversible capacity of
339.4 mA.h g1 with a coulombic efficiency of 80%, which is likely
due to improved wetting of the thick printed electrodes compared
to the draw down electrodes.
To compare the electrochemical performance of these high coat
weight and thick printed and doctor blade coated electrode, the
cells underwent galvanostatic charge and discharge cycling with
impedance testing after formation and cycling, to note the change
in the charge transfer resistances. The rate in change of capacity
was measured by comparing the lithiation capacity of the 50th
cycle with the 5th. The spread in the data also shows the reproducibility of the electrochemical testing and indicates a degree of
inhomogeneity in some of the electrode coatings. (Fig. 13). Significantly lower capacity fade was observed for the cells made from
the printed electrodes.
The electrochemical reaction kinetics for the anode half cells
was measured by PEIS before and after cycling. The Table 3 shows
the data obtained from the fitted PEIS spectra with the equivalent
circuit model, Fig. 14.
Fig. 14 compares the Nyquist plot of the impedance for a 1%
octanol content slurry for the doctor blade and printed electrodes.
A full summary of the different octanol content and doctor blade
coated electrodes is provided in Supplementary data Fig. S3. The

drying, this may be reflected in the slight increase in irreversible
capacities with increasing octanol content. In addition, the slight
increase in first cycle loss may also be due to greater separation
of particles in the mixing process, and hence higher surface area.
It is noted, however, that the additional efficiency loss is negligible
up to ~ 1% octanol content.
3.3. Digital syringe deposition and ink optimisation
Initial results using the ink with optimised rheology resulted in
poor adhesion of the digitally printed electrodes. This was in part
due to the requirement for thicker electrodes to maintain a similar
coat-weight per unit area to the doctor blade coated electrodes.
The SBR binder content was therefore increased slightly to 4.0 wt
%, to improve the elasticity and mechanical properties of the coating. The flow initiation and shear stress properties of the optimised
ink were compared with a 3.0 wt% SBR content slurry and showed
little change in properties (Fig. 9a). In addition to this, the time
dependant viscosity recovery of the ink after printing was evaluated by conducting the 3ITT, again showing little rheological different between the two inks, Fig. 9b. As observed the viscosity
recovers rapidly after the high shear rate step, and there is no
impact observed when increasing the SBR content. Porosity = 72.67
(2) %, density = 0.58 (3) gcm3.
Fig. 10 shows a representative pattern obtained from the printing
process which has been electrochemically tested. The printed electrode shown in Fig. 10a, have been printed using the method
described in Fig. 2, with horizontally deposited ink strips with small
spaces in between each deposition of electrode slurry, the gap allows
for ink slumping. The resulting pattern width was an electrode with

Fig. 7. Differential distribution (a), and the cumulative distribution (b) of the of the graphite particle orientation relative to the current collector, comparing all the
investigated electrodes from the tape cast coating.
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contribution to the observed impedance can be deconvoluted as
discussed in the experimental section. The minor differences
between each series resistance can be attributed to the porosity
and the degree of dispersion of the conductive additive throughout
the graphite electrode. The draw-down electrodes gave series
resistances of ~ 3 X whereas the printed electrode gave an
increased series resistance of 4.6 X. This is expected as, in-order
to maintain the same coat-weight between each electrode, the
printed electrodes contain thicker strips of graphite electrode,
sandwiched between the electrolyte channels. The structure
results in higher ionic resistance due to the thickness of the electrode, and with the additional electrolyte channels, a greater quantity of electrolyte is required to fill all the pore spaces. The total
charge transfer can be attributed to the impedances observed
between about 10hz and 100 kHz, above 100 kHz the contact resistance Rcon can be observed as a small semi-circle in the Nyquist
plot above ~ 100 kHz and is between 0.2 and 0.8 X for all electrodes, with the largest contact resistance being noted for the
10% octanol addition due to the reduced contact between the graphite and the current collector with the agglomerated particles.
The printed electrode also exhibited a slightly higher contact resistance of 0.4 X as expected from the reduced contact areas with the
electrode coating, and thicker coating.
The charge transfer impedance is a combination of the electronic and ionic transport within the pore network and the graphite. After formation, an impedance contribution from the
surface electrolyte interface layer is also likely but cannot be
deconvoluted from the other impedances in this case. This may
explain why the charge transfer of the 10% octanol additive is
lower than the other charge transfer resistances, as the agglomeration of graphite results in lower surface area, and therefore lower
SEI resistance contributions. The pore size of the 10% octanol draw-

Fig. 8. First lithiation and delithiation cycle for the graphite vs lithium cells with
increasing octanol concentrations.
Table 2
Gravimetric capacities for the half-cells containing different concentrations of the
secondary fluid with corresponding efficiencies values for the first cycles.
Additive content

Gravimetric capacity (mA.h g1)

Efficiency (%)

No additive
0.1 wt%
0.5 wt%
1.0 wt%
10.0 wt%

349.4
332.6
340.1
347.9
310.3

80.8
79.6
79.6
79.0
76.3

Fig. 9. (a) Flow behaviour curves for the anode inks prepared with an addition of 1.0 wt% of 1-octanol and modified concentration of SBR (b) and 3ITT measurement of the ink
applied for the digital printing.

Fig. 10. SEM micrographs of the strips of graphite electrodes digitally printed, from a slurry containing 1.0 wt% 1-octanol (a) showing the active electrode strips and the
electrolyte channels at a macro scale and (b) mesoscale. (c) Cross-sectional SEM image of the graphite deposits showing the tortuosity and alignment of the graphite particles.
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Fig. 11. Schematic illustration of the syringe deposited electrode, with a 1.04 m strip of electrode, and a corresponding 0.05 mm gap between deposition strips. The electrode
‘stripe’ was trapezoidal in shape with a wider gap at the top (0.05 mm) compared to the bottom at the current collector of (0.02 mm).

interconnected pore network resistance (or higher tortuosity) from
the thicker printed graphite stripes, and the low tortuosity contribution to Rion from the electrolyte channel. However, as observed
from the increase in the charge transfer resistance, it is likely that
due to the width of the stripes the electrolyte channel does not
have a significant impact upon improving the ionic transport
mechanisms, in this case, and the increased charge transfer is from
the additional electronic and ionic resistances from the thicker
electrodes. These results indicate that the electrode design features
can be further optimised by changing the ratios and sizes of the
channel to the active strip.
For the cycled electrodes there are two distinctive larger semicircles between the frequencies 10 Hz – 100 kHz. The higher frequency impedance likely from the contribution of the increase in
SEI impedance upon cycling, whereas the lower impedance is likely
from the charge transfer and pore resistance of the electrode. It is
observed that the total impedance from the SEI and the charge
transfer is significantly lower in the printed electrode after cycling
than in the draw-down electrodes. RS is slightly larger than for the
formed electrodes, as is expected. The SEI contribution (R2) was
between 8 and 14 X, and the assumed charge transfer resistances
(R3) were slightly higher to those observed in the formed electrodes, apart from the printed electrode which exhibited the lowest resistance of 4.3 X. We assume that R3 is related to the
charge transfer impedance from the pore network and graphite
which reduces as the tortuosity decreases. Tor the printed electrode the tortuosity and R3 are much lower, indicating that the
reduction in the tortuosity from the electrolyte channel has a significant impact upon the transport mechanism in these cycled
electrodes. It is likely that increase in the SEI resistance leads to
significant transport limitations in these thick electrodes. The electrolyte channel in the printed electrode provides an additional ion
transport mechanism and reduces the electrolyte transport distance to the active graphite components. This in turn, reduces
the Rion contribution to the resistance which is exhibited through
the lower observed R3 resistances. The diffusion coefficients were
measured using GITT for 0% and 1% octanol addition to the slurry
(Fig. S6). A summary of the parameters obtained from the electrochemical and image-based analysis are shown in in Table 3.
The patterned electrode demonstrates improved kinetics of Li+
deintercalation in comparison to the conventional drawdown electrodes, as demonstrated by the slightly higher apparent diffusion
coefficient. The micro-size channels between the layers of the
active material contribute to the improved ionic transport and prevent resistance growth from the SEI layer which grows upon
cycling [52].
In addition, it can be observed from the cycling performance
that the cells incorporating octanol-modified electrodes display
higher discharge capacities than the electrodes without the secondary fluid. This phenomena can be attributed to the 1-octanol

Fig. 12. Comparison of the formation cycles with no viscosity modification and
with 1.0 wt% 1-octanol content for both drawdown coating and digitally printed
electrodes.

Fig. 13. Capacity fade from the D5 and D50 cycles (lithiation), and the spread in the
observed electrochemical data from the drawdown coating containing different
concentration of the 1-octanol and the digitally printed electrodes comprising
1.0 wt% of the viscosity modifier.

down coating is also much larger, which reduces the Rion contributions from the electrolyte. For the 1 wt% octanol printed electrolyte, there are two competing Rion contributions, the increased
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Table 3
A summary of the resistance, current exchange, diffusion coefficients and the physical tortuosity and McMullan numbers calculated from the equivalent circuit fitting to the PEIS
data, and GITT of the graphite-lithium half cells, and the SEM image analysis (a) before cycling and after formation (b) and after cycling,
(a) Parameter/ Sample ID

Unit

No add.

0.1 wt%

0.5 wt%

1.0 wt%

10.0 wt%

1.0 wt% printed

Rs
Rcon
RCT
R3

(X)
(X)
(X)
(X)
(S cm1)
(mA cm2)
(cm2 s1)
–
–
–

3.45
0.33
7.26
48.32
9.39 104
5.29 102
9.82 1011
5.3(1)
2.5(1)
8.93

2.92
0.19
6.95
52.84
9.19 104
5.88 102
–
4.6(4)
2.4(1)
7.66

3.18
0.21
6.69
50.16
1.19 103
5.99 102
–
3.5(3)
2.3(1)
5.21

3.26
0.25
6.94
51.4
1.29 103
5.82 102
1.06 1010
3.4(1)
2.1(1)
4.78

3.05
0.88
5.92
59.36
1.47 103
6.70 102
–
2.8(4)
2.1(2)
4.01

4.57
0.41
12.44*
N/A
9.39 104
5.96 105
1.58 1010
3.9(3) / 1
2.3(2)
5.41 / 1

r

j0
DLi (GITT)
s through plane
s in plane
NM
(b) Parameter/ Sample ID

Unit

No add.

0.1 wt%

0.5 wt%

1.0 wt%

10.0 wt%

1.0 wt% printed

Rs
RSEI
R3

(X)
(X)
(X)
(S cm1)
(mA cm2)

3.49
9.18
10.14
6.59  104
3.79 102

7.43
14.46
8.71
7.33  104
4.69 102

4.39
11.19
6.12
1.30  103
6.55 102

6.87
13.29
8.83
1.02  103
4.57 102

5.77
13.61
6.51
1.34  103
6.09 102

7.81
13.26
4.29
2.72  103
1.73 101

r

j0
*

The PEIS of the printed electrode showed an combined frequency response to the Rion and the RCT compared to the tape cast coatings, and no R3 was observed.

Fig. 14. Nyquist plots (a) the magnification of the high frequency region (1 Hz–500 kHz) for the cells after formation cycle (a) and after cycling (10 mHz–500 kHz) (b) for 1%
octanol in the slurry composition for the Dr Blade (Red) vs Printed (black) coated electrodes, respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table S1 and Fig. S2. The conductivities and exchange currents of
the electrodes also increase with increasing octanol content and
is highest for the printed electrodes as shown from the PEIS analysis of the cycled electrodes. Due to the merging of the respective
observed frequency responses in the formed electrodes, the
comparison of the conductivities of the draw-down and printed
electrodes is more difficult. However, the electrodes which exhibited highest electronic conductivities in conjunction with a lower
tortuosity also showed higher diffusion coefficients. This indicates
that improved lifetime can be achieved through microstructure
control to improve electronic conductivity and reduce tortuosity.
Further improvements in electronic conductivity of the coatings
can be achieved through calendaring and formulation changes.
However, this may change the carefully controlled microstructure
of the electrodes and the alignment of the graphite particles and
needs further investigation.

containing electrodes exhibiting improved CB percolation and
higher porosities which contributes to the improved lithium-ion
diffusion, combined with a faster electron transport at the same
time explained by the short-range electrical contacts [53]. Moreover, it should be noted that the alignment of the graphite particles
in the electrodes has an influence on the ionic and electronic conductivity [54,55]. It is known that a resistivity of graphite in c-axis
direction is 102 Xcm, whereas, in the a-axis direction is 4  105
Xcm. The lithium intercalation into graphite occurs along the aaxis – perpendicular to the direction of the current flow [36]. It
was observed on the SEM micrographs, Fig. 5, that the alignment
of the graphite particles in the electrodes containing 0.5 wt% and
1.0 wt% of 1-octanol has become more perpendicular to the current
collector (c-axis parallel). The MacMullin number was shown to
decrease with increasing octanol content and the tortuosity
decreased. The printed electrode is more difficult to assess as the
electrolyte channels would have a tortuosity of 1, whereas the
coated parts of the electrodes exhibited a tortuosity of around
3.93. However, it can be observed that the alignment of the graphite to the current collector in the printed electrode is comparable to the 10% octanol, but the particles are not agglomerated,
and the carbon black is well dispersed as shown in Fig. 10,

5. Conclusions
This work illustrates the importance of microstructure design
upon the performance properties of lithium-ion battery electrodes.
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The internal pore and electronic networks for electronic and ionic
transport can be manipulated through rheological changes in the
inks and through deposition method. A flake graphite model system is demonstrated with a small particle size graphite (KS6) as
an example lithium-ion anode material. This material can be
utilised in conjunction with the printing dispenser and does not
block the printing nozzle. The inks were optimised through the
addition of a secondary solvent, 1-octanol. The rheological properties of the inks were modified successfully for both tape casting
and digital syringe deposition printing methods of high coat
weight graphite battery electrodes. The addition of the secondary
solvent (0% to 10% 1-octanol) in water provided design changes
in the microstructures of the as made electrodes, for both the
pore-network and tortuosity, carbon black distribution and the
flake graphite alignment. With more octanol less alignment of
the particles to the current collector was observed and improved
distribution of the carbon black throughout the electrode. At 10%
octanol the particles agglomerated, and the microstructure of the
electrodes collapsed. The syringe deposited electrode with 1% octanol secondary solvent produced an electrode which exhibited a
tortuosity similar to that of the tape cast electrode (3.9 cf 3.4),
and the additional electrolyte channel designed into the electrode
provided enhanced ion transport. These electrodes exhibited
improved life-time properties because of the optimised ion transport network. The improved cycle life can be related not only to
the improved lithium-ion transport properties through the channels in the electrode, but the greater dispersion of the carbon black,
even though the electrode strips exhibited higher tortuosity compared to the draw-down electrodes. The extrapolated resistances
from the impedance spectroscopy showed that with higher octanol
content greater electronic conductivities were observed. The electrodes with lower tortuosity and high electronic conductivity
exhibited higher observed diffusion coefficients. The structured
electrode manufactured through syringe extrusion deposition
showed highest conductivities, lowest average tortuosity, less
alignment of the graphite to the current collector, higher diffusion
coefficients and longer cycle life. Further work is still required to
further optimise inks with battery electrodes; however, this shows
the initial steps required in printing optimisation and opens up
many further avenues of design and control of electrode
microstructures to optimise performance properties.

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2021.109720.
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