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Abstract: - Organic free electrodes for lithium ion batteries
containing cellulose derivatives components as binding and
disperser respectively, lithium iron phosphate as active
material and carbon black as conductive agent were
manufactured by means of a large scale technique as well as
screen printing process onto a cellulosic based separator.
Firstly a water based ink, was formulated and rheological
properties were analyzed in order to investigate the role of
each component in the ink. Electrical conductivity was tuned
by adjusting the content of carbon black to insure electrical
percolation. The electrode exhibits a capacity of 143 mAh/g at
C/10, close to the nominal capacity of the lithium iron
phosphate (150 mAh/g). At higher current rates a good
retention capacity was observed with 107 mAh/g at C. Finally
industrial scale printed electrodes were manufactured by
means of an industrial printing machine onto a cellulose
based separator. The electrodes exhibit a promising capacity
of 129 mAh/g at C/10 and an electrical conductivity of 21 S/m.
The industrial scale approach proposed here could be a viable
route to the manufacturing of large scale and eco-sustainable
electrodes.

KEYWORDS: - Lithium ion batteries-cellulose-printing-
lithium iron phosphate-industrial scale.

I. INTRODUCTION

The continuous search for more efficient, convenient,
pollution free and safe energy sources involved an
increasing number of researchers in academy and
industry. Electrochemical systems, such as batteries and
super capacitors, could efficiently store and deliver
energy on demand by playing a crucial role in this
domain[1].The most commercialized battery technology
are lithium ion batteries (LIBs) thanks to their high
energy density (~ 180 Whkg™), long term stability and
average voltage (3.8V)[2]. However, energy density is
not the only key factor for LIBs technology. The
necessity to develop batteries that can bend, twist, stretch
and compress repeatedly, while maintaining their full
capability, has led to numerous efforts in developing
technologically challengingly to fill the requirements of
new emerging markets as well as flexible electronic.[3—
6].Alternatively to the conventional coating technique,
printed processes have been recognized as an appropriate
method of deposition, responding to the demand of low
cost and flexibility dictated by the market of flexible LIBs
[7]. Contrary to the coating method, printing processes
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allow to print patterns with a huge possibility in terms of
battery shapes with minimal extra cost production.
Another requirement dictated by the market is the eco-
sustainability. Compared to the classical organic based
system, the aqueous processing presents several
advantages, mainly in term of safety and environmental
impact[8].Many articles in literature report extensive
study concerning aqueous processing of cathode
systems[9-13]. In this sense the introduction of water
processable and bio-sourced polymers such as cellulose
and its derivatives is a potentially viable route to the
development of green and economical LIBs
[14].Nowadays the use of cellulose derivatives as binders
was reported for the fabrication of free standing flexible
electrodes. Micro fibrillated cellulose (MFC) graphite
composites for LIBs, having excellent flexibility and
good cycle performances, are described in literature.
Leijonmarck et al. reported a single flexible lithium ion
battery cell, where nano-fibrillated cellulose acts as
binder and separator. The battery exhibited good
mechanical properties with reversible capacity of 146
mAhg™ at C/10[15]. In the printing process domain, the
requirement of eco-sustainability leads to the
development of water based inks process able by printing
processes. In fact a water based ink offers different
advantages, such as reduced volatility and lower
reactivity [16,17].Nevertheless the transition to agqueous
process encountered some difficulties related to the ink
formulation, viscosity control and film processing, which
must be overcome for successful developing in LIBs.
Moreover the rheology of the ink has to be adjusted to
match specific printing process[18]. The properties of
printed films strongly depend on the viscosity and the
composition of the ink. The electrode performances can
be affected by the mixing sequence during ink
formulation. Kim et al.[19]showed how the formulation
protocol modified the electrode performances in terms of
charge and discharge capacities. Lee et al [20]reported
how the mixing process influences the performances of
LiCoO, based electrodes. In fact, at fixed solid loading,
the mixing process changes dramatically the rheological
properties and then the homogeneous distribution of the
carbon particles inside the composite electrode. As a
result electrode polarization is reduced and cyclability
and rate capability are improved. Another important
aspect is the implementation of a large scale approach in
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order to be competitive with the existent techniques. At
present, several studies were focused on the reduction of
the cost in terms of materials[21,22] or manufacturing
techniques[23]. However, further investigations are
necessary to be transferred at an industrial scale concept.
By considering all these technological key points, we
formulated, in this work, a new water based ink
containing lithium iron phosphate (LiFePO,) particles and
MFCsbio-sourcedbinder for the development of eco-
sustainable positive electrodes for LIBs. Rheological
properties of the inks were tuned to be process able by a
large area and low cost manufacturing technique as
screen printing process. Moreover preliminary tests were
performed in an industrial printing machine with the aim
to implement a large scale process production of Li-ion
battery electrodes.

1. EXPERIMENTAL SECTION
A. Materials

Lithium iron phosphate covered with a carbon layer
(LFP/C) particles battery grade purchased by Prayon®,
with a diameter of 0.1 um and a nominal specific capacity
of 150 mAh/gwere used as active material for the
fabrication of positive electrode. Carbon black (CB) was
provided by Rubber Team® Carboxymethylcellulose
(CMC) with an average molecular weight of 90,000 g
mol™ and degree of substitution (DS) of 0.7 was
purchased from Aldrich. Micro fibrillated cellulose
(MFC) nanoparticles derived from bleached Domsjé pulp
were purchased from “Institute Technologique Forét
Cellulose Bois-construction Ameublement” FCBA. The
high grammage (HG) cellulosic based substrate was
provided by Papyrus®. The low grammage cellulosic
based paper (LG) was purchased by SWM®.The liquid
electrolyte (battery grade) composed by 1 M Lithium
hexafluorophosphate (LiPFg) in a 1:1:3 volume mixture
of ethylene carbonate (EC), propylene carbonate (PC) and
dimethylcarbonate (DMC) was provided by Purolyte®. A
lithium foil was used as counter electrode. Celgard®2500
was used as further separator to insure electrical isolation.
The physical characteristics of the high grammage (HG)
and low grammage (LG) substrates are listed in table 1.

Table 1. Physical characteristics of the high grammage
(H.G.) and low grammage (L.G.) cellulosic based substrates

H.G. L.G.
Thickness pm 142 78
Grammage g/m? 120 23
Porosity % 47 80

Air permeability  cm*cm?min’ 417 4100
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B. Rheological characterization
Rheological properties of inks were measured using a

plate-plate rheometer Anton Paar. Measurements were
performed at 25 °C at a fixed gap of 1 mm. The samples
were equilibrated 1 minute in order to remove any
previous shear history. Steady state flow measurements
were made from 1 s* to 10° s* to determine the ink
viscosity. For the dynamic viscoelastic measurements, the
linear viscoelastic range was determined with a stress
sweep ranging from 1 Pa to 10°Pa at a fixed frequency of
2 Hz. A frequency sweep was performed by applying a
constant shear stress of 1 Pa over a frequency range from
0.1 to 100 rad/s.

C. Ink formulation

D. Ink for screen printed laboratory process

An ink containing 40wt% of dry solid content

composed of 70 wt% LFP, 27wt% CB, 2wt% MFC andl
wt% CMC was formulated. The mixing sequence used to
prepare inks was based on the following protocol. Firstly
CMC was added in distillated water. The obtained
dispersion was mixed using a mechanical stirrer RW 14
from DEK®for 5 minutes. Secondly, obtained mixture
was gently mixed at 100 rpm and MFC binder was
progressively added. Another mixing step at 500 rpm was
necessary to insure good dispersion of prepared
suspension. CB particles were added progressively to the
CMC — MFC mixture and mixed at 500 rpm for 5
minutes. Finally LFP powder was added to the suspension
and the system was stirred for 10 minutes at 500 rpm.In
order to have a well-dispersed stable ink, the ink was
homogenized by means of three roll mills 50i equipment
from EXACT and dispersed at 3000 rpm for 5 minutes by
using high speed disperser mixer from DISPERMAT®.

1. Ink for large-scale roll to roll manufacturing
process

The roll to roll manufacturing machine required a
formulation tailored for this process. An ink was
formulated with 21 wt% of dry solid content composed of
75 wt% LFP, 19 wt% CB, 5 wt% MFC and 1 wt% CMC.
The mixing sequence is analogue to the protocol
described previously for laboratory screen printed
electrodes.

E. Printing laboratory tests

Screen printing laboratory tests were performed with a
DEK® Horizon 03i screen printing press. A polyamide
nylon screen mesh (208 threads per inch, 40 % open area,
70 um thread diameter and 110 um emulsion thickness)
was used to achieve printing tests. A polymer squeegee
forming an angle of 60 ° with the screen and having 70 —
75 shore hardness was used. The printing speed was fixed
at 110 mm/s and the printing force at 50 N. Off contact
between the substrate and the mesh was fixed at 1 mm.
An area (4 cm x 25 cm) was printed onto the cellulosic
based substrate and dried by heating at 105 °C for 10
minutesat ambient temperatures for 24 hours.
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F. Roll to roll printing machine tests
The large-scale electrodes were manufactured by using
an EM 280 hybrid printing system provided by Gallus®
with a maximum printed width fixed at 282 mm. One
rotary screen printer unit was used for the tests with an
open area of 53 % and a thread diameter of 250 pm;the
printing pressure was fixed at 0.25 MPa. Water based ink
was dried with hot air at 90 °C in order to remove water
content from the electrode.
G. Physical and electrical characterization
Electrode thickness was measured using a mechanical
gauge (Adamel Lhomargy®) according to the 1SO 534. A
quanta 200 FElI ESEM (environmental scanning
microscope) was used to perform surface micrographs.
Cross section and part of surface images were realized by
means of a Zeiss ultra 55 FESEM. The conductivity of
the electrodes was measured using a four probes
ohmmeter (Jandel, Universal Probe®). Roughness
measurements of the electrodes were carried out with an
ALICONA?® Infinite Focus optic microscope.
H. Electrochemical characterization
Disks of 0.8 cm of diameter were punched out of the
printed electrode and dried at 105 °C under vacuum over
one night to insure the total removal of water. The
electrochemical behavior of the electrodes was tested in
Teflon made two electrode cells. A lithium foil was used
as counter electrode. The Galvan static cycling tests were
performed at ambient temperature using an Arbin®
Instrument model S/N 170795. The cells were assembled
in argon-filled Jacomex®, glove box with an oxygen and
water content less than 10ppm.lonic conductivity
measurements were performed in Teflon made two
electrodes cell, assembled in glove box. Blocking
electrodes were made by 1 cm diameter stainless steel.
lonic conductivity measurements were performed by
means of impedance spectroscopy over the frequency
range 100 kHz — 10 mHz with + 10 mV amplitude using a
Biologic® analyzer equipped with an EC-LAB interface.

111. RESULTS AND DISCUSSION
A. Formulation and rheological properties

1. Flow state measurements

Figure 1 shows the evolution of apparent viscosity as
function of shear rate at different carbon black contents.
A dependence of the apparent viscosity vs shear rate,
typical of non-Newtonian liquid, was observed. A
thinning  behavior was reported with a decrease of
apparent viscosity when shear rates increases, as observed
by Barrie et al. [24]for carbon black dispersions. When
carbon black content increases, a thickening effect was
observed thanks to the ability of CB particles to form a
network structure. The threshold viscosity value at 1 s
'suggests the formation of a structure during the rest state.
As pointed out by the dashed line bordered region in the
graph, at lower shear rates, (¥ = 3s~%), rheological
curves exhibit a different behavior, associated to the
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carbon black content. As explained by Amari et al. carbon
black particles form a network structure at lower shear
rate [25].Actually a pseudo-newtonian behavior was
observed for inks containing 17 and 27 wt% CB.
Measured viscosity values at low shear rates, were
conformed with screen  printing process viscosity
requirements ranging between 10 and 150 Pa*s[18] .

1E+04

1E+03

1E+02

1E+01

1E+00

Apparent viscosity (Pa*s)

1E-01
1E+00

1E+01
Shear rate (s)

1E+02 1E+03

Fig 1. Viscosity as a function of shear rate for inks at 7 wt%
(A), 17Wt% (m) and 27wWt% (e) of carbon black content.

CB content is the parameter affecting strongly the
electrical conductivity of the electrode[26]. In order to
examine the effect of CB content on electrical
conductivity, inks were deposed onto a cellulosic
substrate and electrical conductivity was measured. Up to
17 wt% of CB, the inks present an appreciable electronic
conductivity that enhances with increasing CB content.
Rheological properties in table 2 confirm the thickening
role played by CB in the formulation. An increment of
apparent viscosity and shear stress was measured when
CB content increased.

Table 2. Rheological characteristics (viscosity and shear
stress) and electrical conductivity of the formulated inks as
function of CB content

Ink Viscosity  Shear stress  Conduct.*
M(LFP_CB_ CMC_ atr=1s! atr=1s?
MFC)
wit% Pa-s Pa S/m
Not
40(90_7 2 1) 9 10 measurable
40(80_17_2 1) 25 29 1743
40(70_27_2 1) 56 64 35+2
*Conductivity

Despite 27 wt% of CB is notably higher than the
percolation threshold in the electrode, this formulation
was selected as it presents the highest electronic
conductivity. Figure 2 depicts the evolution of apparent
viscosity as function of shear rate. The first step consists
in measuring apparent viscosity from 1 s to 10° s™. A
shear thinning behavior was measured. As explained by
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Lee et al. this behavior can be associated to the
breakdown of agglomerates composed by cellulose and
conductive components[27]. The applied shear forces
induce a progressive decrease of the apparent viscosity;
CMC and MFC play a role of surface modifier by
affecting friction forces between particles. The same
experiment was performed by varying the shear rate from
10° s* to 1 s™. Analogous behavior has been observed
with a continuous increase of apparent viscosity when
shear rate decreases.

1.0E+02
1.0E+01

1.0E400 m%
&

1.0E-01
1.0E+00

Apparent viscosity (Pa*s)

1.0E+01 1.0E+02 1.0E+03

Shear rate (s)

Fig 2. Apparent viscosity as function of increasing (0) and
decreasing (m) shear rate of ink containing 27 wt % of CB.

2. Oscillatory measurements

Viscoleastic properties of the ink were investigated by
oscillatory measurements. Storage and loss moduli were
investigated within LVR in a frequency range from 1 to
10 Hz. As showed in figure 3 weak frequency
dependence was observed for both parameters within
frequency range. This is an evidence of a structured paste
where the solid like behavior is predominant. This fact
indicates that ink particles are connected between them in

a network structure[28].
100

=
(=)

=]
5 p g oo fo

Storage andLoss
modulus (Pa)
[m]
a

Frequency(Hz)

Fig 3. Storage (m) /loss modulus (o) as function of frequency
of ink containing 27 wt % of CB.

3. Influence of printing process on rheological
properties

A study of the coating thickness respect with the
number of squeegee passages was realized. As showed in
figured4, a linear dependence was observed until four
passages. This linear dependence was previously
observed in literature for screen printed solar cells
[29].Up to the fourth passage the coating thickness is
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constant, in accordance with the fact that the theoretical
volume defined as the volume between the threads of the
mask and the thickness of the emulsion[30], the
maximum coating thicknesses attained after 4 passages of
the squeegee.

. e

60

40

20

Printed layer thickness (pm)
HH

0 : . : ; ;
0 1 2 3 4 5 6
N° of passages

Fig 4. Printed layer thickness as function of squeegee
passages.

To explain the linear dependence between coating
thickness and squeegee passages, an analysis of the
rheological behavior of the paste during printing process
was performed. Simple shear experiments are not
sufficient to completely characterize the ink. Viscoelastic
measurements are more accurate to describe the viscous
and elastic behaviors[31]. Neidert et al.[32] Simulated the
rheological behavior of a paste prior, during and after
screen printed process. The maximum shear rate of about
10® s™* occurs when the paste is forced to pass through the
screen. For our purpose we performed oscillatory
measurements to simulate the ink behavior during the
passage through the screen (1) and during the transfer
from the screen to the substrate (I1). Figure 5shows the
loss angle (8) as function of the shear stress. A & close to
0° indicates solid like behavior whereas a 3 close to 90°
indicates a liquid like behavior. When ink is transferred
from the screen to the substrate, the elastic behavior is
predominant respect with the viscous behavior and better
printability can be achieved[33]. This fact is reflected by
a small loss angle & at low shear stress. The same
behavior was reported by Somalu et al. [34] for screen
printing ink for fuel cell applications.

~ : @w“
| o
Co | — P
3 |0 o ()
' 2
g 30 ) ’0‘
7] H
S et
- !

0 20 40 60 80 100
Shear stress (Pa)

Fig 5. Loss angle as function of shear stress during printing
process: (1) represents the passage of the ink through the
screen while (11) represents the transfer of the ink from the

screen to the substrate.
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B. Physical characterization of the electrodes
Figure6.a shows the electrode after printed process and

highlights the flexibility thanks to the nature of the
substrate. SEM image shows the cross section of the
printed electrode (Figure 6.b). Two layers are clearly
distinguished:  the top layer represents the printed
LiFePO, based film with a thickness of about 30 um
whereas on the bottom the cellulosic based separator is
presented. The surface homogeneity of the electrode is
illustrated in figure 6.c. Conventional screen printing
defects such as cracking or peel off defects are not
visible. At higher magnification (figure 6.d) the good
dispersion of MFC (marked by 1.) and LiFePO, particles
(marked by 2.) can be observed. As showed in the figure
MFCs create a network structure between LiFePO,
particles. This network increases the mechanical
properties as described by Jabbour et al.[35].

a b

e

Coatini

Fig 6. (a) Image illustrating the flexibility of the electrode.
(b) Cross section image taken by SEM of the electrode at
100 X showing the interface between the substrate and the
positive electrode. (c) Surface images taken by SEM at 50X
displaying the homogeneity of the surface. (d) FESEM
image taken at 50 keV showing a network structure between
MFC and LiFePO, particles.

Table 3 resumes the physical properties of the printed
electrodes. An electrode thickness value of 34 £3 um was
measured. This value is in good agreement with results
reported by Geyer et al.[36] for screen printed lithiated
oxides, thickness of about 28 pm.Moreover, the
dispersion protocol and the CB content insure high
electrical conductivity value of 352 S/m. The measured
coating weight of 31 g/m? is in agreement with values
reported in literature for positive and negative electrodes
manufactured by printing and casting technique [37,38].
The printed layer exhibits a porosity value of 68 %,
comparable with screen printed electrodes having70wt %
of active material powder in the formulated electrode as
reported in literature [39].
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Table 3. Physical characterizations of the electrode in terms
of coating thickness, electronic conductivity, coating weight
and porosity.

Ms(LFP_NC_CMC_MFC)/40(70_27 2_1)

Coating thickness pm 34+3
Electrical conductivity S/m 3542
Coating weight of the layer g/m? 3143
Porosity of the electrode % 68+4

C. Electrochemical characterization of the
electrodes

The cyclic voltammogram at a scan rate of 0.1 mVs™
of screen printed electrodes was performed. As expected
for LiFePO, based electrodes[40], an oxidation and
reduction peaks at 3.6 V and 3.2 V respectively
corresponding to delithiation and lithiation processes
were observed. In figure7, the Galvan static cycling test is
shown, at a constant C-rate of C/10, during the initial
cycles. A continuous increase of the discharge and charge
capacities was measured ranging from 129 mAh/g for the
first discharge to 143 mAh/g, close to the nominal
capacity of the LiFePO, used in this work (150
mADh/g).Furthermore a stabilization of the capacity was
measured since the fifth cycle. The progressive increment
of capacity is likely due to the better wet ability of
electrode by the electrolyte during cycling, the same
behavior was reported by Hani et al. [41].

Voltage vs LI/LI* (V)
(5]

[

0 50 100 150 200
Specific capacity (mAh/q)

Fig 7. Discharge and charge profiles at C/10 during 5 cycles.
A progressive increase of the capacity was observed until the
fifth cycle.

In figure 8.a the capacities obtained at C/10 and C/5 are
close, a neat decrease of the performances was observed
up to C/2. The specific capacity drops from 136 mAh/g to
108 mAh/g and 106 mAh/g at C/2 and C respectively.
The decrease in the specific capacity observed when
increasing C-rate can be ascribed to the weak connexion
between LiFePO, particles and the electronic conductive
pathway due to the high porosity of the electrode i.e.
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68%[42]. A calendering process may improve the
performances if performed at low calendering pressure.
In fact conventional pressure load of 1 -2 ton/cm? used for
the manufacturing of LIBs may damage the cellulosic
based separator and might induce local short circuits.

Coulombic efficiency attains99.7 % after 3 cycles and
remains stable for all current rates imposed, reaching 99.9
% in accordance with the electrochemical stability of
LiFePO,4.A good capacity retention was observed with a
constant capacity of 120 mAh/g during 150 cycles at
C/5(figure 8.b).
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Fig 8.a Specific Charge (0)/Discharge (m) capacity and
coulombic efficiency (A) as function of cycles. b) Charge (o)
/discharge (m) specific capacity as function of cycles at C/5.

D. Scale up to an industrial process

As claimed in the introduction part, one of the
objectives of this work is the production of a large scale
manufactured electrodes for LIBs, in a continuous roll to
roll machine. FigureQoutlines the process carried out.
Printing units are arranged in a row. The cellulosic based
substrate (1) is diverted between the printed units (2)in
order to accommodate hot hair dryers (3) with the
corresponding drying length as well as well tensioning
and guidance elements (4). A rewinding unit (5) collects
the printed electrodes at the end of the process. As the
pulsed air dryer used in this test are not enough efficient
compared to Infra Red dryer for the manufacturing of
printed LIBs. For this reason the speed of the machine
was reduced at 5 m/min in order to maximize the
evaporation time of water content inside the electrodes.
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Fig 9. Roll to roll hybrid printing machine: unwinder (1),
corona surface treatment (2), rotary screen printing unit (3),
hot air drier (4), winding unit (5).

After printing process physical and electrochemical
tests were performed to characterize large-scale
manufactured electrodes. Formulation of the electrode
was tailored to the new parameter of the printing machine
as reported previously in the experimental section. The
manufacturing process is showed during (figure10.a) and
after printing step (figure10.b).

b

Fig 10. (a) A photograph of rotary screen printing (1)
during printed process onto cellulosic based substrate (2).
(b) Final large-scale printed pattern (3).

Table 4 provides the measured physical properties of
the printed electrodes. Because of the new formulation
required for the industrial printing machine and different
printing parameters, the results are not directly
comparable with the values obtained in the laboratory
scale. As expected, the reduction of the dry content leads
to a decrease of the thickness of the coating layer and a
decrease of the coating weight as reported in literature by
Krebs et al.[30]. However no variation was observed on
the porosity of the electrode compared with electrodes
manufactured in the laboratory and an appreciable
electrical  conductivity was measured for the
electrodesof21 S/m.

Ms(LFP_NC_CMC_MFC)/21(75_19 1 5)

N° Coating layers !

Thickness of the printed layer pm 14+2
Coating weight of the layer g/m? 15+3
Electrical conductivity S/m 21+7
Porosity % 68+3

Table 4. Physical properties of large scale printed electrodes.
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Galvanostatic cycles at C/10 and C/5 were performed in
order to examine the electrochemical performances of the
electrode at low C-rates as showed in figure 11. High
performances are obtained at C/10 and C/5 with 130
mAh/g and 123 mAh/g respectively. Furthermore, a high
coulombic efficiency is obtained immediately with a
value higher than 99% at the second cycle which remains
stable.
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Fig 11. Specific discharge (0) capacity and coulombic
efficiency (A) as function of cycles for large-scale printed
electrodes.

IVV. CONCLUSION

The proposed work demonstrated how bio-sourced
components as micro fibrillated cellulose coupled with
water based solvent could be a viable route to the
manufacturing of eco-sustainable positive electrodes for
LIBs. As demonstrated tailored rheological properties
allow the implementation of an easy up scalable
manufacturing process such as screen printing technique
by allowing the production of flexible electrodes printed
on flexible cellulose based substrates. Physical and
electrochemical results are promising for further
developments. Indeed, to validate our manufacturing
strategy, we performed a new procedure based on roll to
roll printing technique. Preliminary results proved that
screen  printed electrodes can be  successfully
implemented on industrial scale machine for the rapid and
reliable large scale production of screen printed and eco-
sustainable positive electrodes.
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