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Journault, Montréal, QC H2M 2E2, Canada

† Electronic supplementary information
regarding ink formulation, contact ang
intrusion porosimetry, and c
https://doi.org/10.1039/d5su00211g

Cite this: RSC Sustainability, 2025, 3,
3184

Received 24th March 2025
Accepted 28th May 2025

DOI: 10.1039/d5su00211g

rsc.li/rscsus

3184 | RSC Sustainability, 2025, 3, 31
y assessment of water-based
composite electrodes for lithium-ion batteries†
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Screen printing is a processing technique that presents significant advantages as it is versatile, low-cost and

generates minimal amounts of waste. These features make this technique of interest for use in the

production of battery electrodes. However, it is important to understand that changing how the

composite electrode is manufactured can impact its microstructure and thus its properties. This study

highlights the importance of assessing whether a material presents the appropriate properties to be

processed via a specific printing technique (screen printing vs. rod coating) to reach the targeted

properties of the composite electrode. More specifically, an evaluation of the printability of water-based

composite electrode inks that were formulated with a bio-based polymeric binder (carboxymethyl

cellulose) is presented in the context of flat bed screen printing and conventional rod coating. An

assessment of the wettability of the ink and its rheological characterization enable the suspension

formulation to be adapted to the requirements of each processing technique while ensuring the

reproducibility of the suspension formulations for both manufacturing processes. This study

demonstrates that screen printing, which allows for significant flexibility and design freedom, can be

used to produce composite electrodes as their electrochemical characterization suggests that their

performance is similar to that of electrodes prepared using rod coating techniques.
Sustainability spotlight

From small sensors to advanced wearable devices, the Internet of Things (IoT) plays a role in our daily lives, particularly within the medical and food packaging
industries. Numerous studies have demonstrated the effectiveness of these systems; however, themethods by which these devices are powered remain insufficiently
explored. Lithium-ion battery technology is regarded as the default option for IoT applications and has been a focal point of discussion for several years. This
technology is recognized for its high energy density, offering enhanced autonomy while maintaining a lighter weight—qualities that are particularly benecial for
portable devices. Nevertheless, further development andmanufacturing efforts are necessary to adapt these batteries for sustainable use in small IoT devices, such as
exible sensors. Our focus here is to develop an efficient protocol to assess the printability of water-based ink for composite positive electrodes in lithium-ion
batteries. This study promotes a new approach to the processability of composite electrodes using screen printing technologies. Water-based inks with biobased
polymer binders for composite electrodes have not yet been widely developed for manufacturing positive electrodes. This work demonstrates the feasibility of such
an approach and benchmarks the screen printing methodology with the more conventional rod-coating technique, leading to a new printed composite electrode
design that could be benecial for their implementation in IoT devices. Thus, our research highlights the importance of the following UN Sustainable Development
Goals: affordable and clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9), and climate action (SDG 13).
1. Introduction

Lithium-ion batteries, which have been commercialized for over
30 years, are one of the major systems used for energy storage.1–3
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Recent research focuses on enhancing the energy density or
power of these devices as demand is expected to increase due to
pressure to meet existing goals for sustainable development.4

To this end, new manufacturing processes for Li-ion batteries
are major topics that need to be addressed to reduce the energy
costs associated with the increasing demand for this
technology.5–7

The realm of battery manufacturing entails the meticulous
arrangement of numerous composite electrodes within
a specic casing. These composite electrodes are generally
prepared as suspensions called slurries that contain a mixture
of an active material, carbon additives and a uorinated poly-
mer binder. This mixture is spread on a metallic current
collector and is dried and calendered before being integrated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the suspension formulations used in this
study

LiFePO4 (%) Carbon black (%) CMC (%) Solid content (%)

RC-CMC 89.8 � 0.1 4.9 � 0.2 5.2 � 0.2 32 � 3
SP-CMC 90.4 � 0.1 4.5 � 0.1 5.0 � 0.1 36 � 1
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into the battery. The waste and energy consumption associated
with this process should be reduced to support sustainable
growth within the battery industry.

Printing is a technique that could be leveraged to prepare
these composite electrodes.8 The advent and progression of
movable type printing, dened as a method of printing that
involves arranging separate characters or letters, has facilitated
widespread access to cost-efficient books and printed mate-
rials.9 Various printing methodologies have evolved over time,
with screen printing emerging as a predominant technique on
a global scale. This method consists of depositing an ink
through a mesh using a squeegee. Through this basic principle,
numerous variables can be manipulated to regulate the thick-
ness of the applied lm. Screen printing for electronics was rst
used during World War II to facilitate the mass production of
electronic circuits. Screen printing was chosen to replace the
manual routing of wires because it could deposit the appro-
priate thicknesses of the conductive material needed to carry
current without excessive voltage drop. Applications were
broadened to include resistors and dielectrics. This technique
developed into a branch of electronic manufacturing to produce
devices such as biosensors, solar cells and electronic
circuits.10–12

In this work, screen printing techniques were used to
produce composite electrodes. A bio-based sodium carboxy-
methylcellulose (CMC) binder was used to replace the tradi-
tional uorinated polymers in the manufacturing process.13 The
switch is in line with recent bans on peruoroalkyl and poly-
uoroalkyl substances in many countries.14 This was done by
adapting each step of the composite electrode fabrication
process to be compatible with a printable system. The physical,
electrochemical and mechanical properties of the nal dried
composite electrodes were characterized and compared with
those of conventional manufactured composite electrodes to
determine how the screen printing process impacts the micro-
structure and hence the nal properties of the electrodes. The
differences in ink composition needed for compatibility with
screen printing technology compared to the more conventional
rod coating process were explored. Film thickness, electrical
conductivity, porosity and tortuosity were evaluated. Cycling
was performed in a half cell battery to examine the performance
of the screen-printed and rod-coated electrode systems.15

2. Materials and methods
2.1 Materials

Carbon coated LiFePO4 (c-LFP), type P2, was purchased from
JohnsonMatthey. Super C65 (carbon black) was purchased from
TimCal. Sodium carboxymethylcellulose (CMC) (Mw = 250 000 g
mol−1) was purchased from Sigma Aldrich. Carbon coated
aluminum was purchased from ARMOR GROUP. The carbon-
coated aluminum was pre-treated by heating it in air (220 °C
for 2 h) for its use with a water-based suspension. Lithiummetal
laminated onto copper foil was purchased from MSE Supplies.
1 M LiPF6 EC : EMC (1 : 1) electrolyte was purchased from Sigma
Aldrich. A Celgard H2013 trilayer microporous membrane was
used as a separator for electrochemical measurements.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2 Printability characterization

2.2.1 Suspension preparation. Solutions containing 4 wt%
CMC in distilled water were prepared according to Table 1. The
CMC was dissolved in water by stirring overnight. LiFePO4 and
carbon black were mixed using a mortar prior to being added to
the CMC solution. Themixture was then agitated for 30minutes
using a planetary centrifugal mixer (AR250, ThinkyCorp).
Different composition suspensions are studied and presented
in the ESI les (Table S1†).

2.2.2 Contact angle measurements. Contact angle
measurements were performed using an OCA 25 goniometer
(DataPhysics) to assess the wettability between the selected
substrate and the suspension containing c-LFP, C65, and CMC.
Contact angle measurements (sessile drop) were performed
using three different solvents: water, glycerol, and a mixture of
ethylene glycol and toluene to determine the total free surface
energy of the substrate using the Zisman model. Droplet
behavior aer stabilization was monitored for 60 s using a video
camera system. Contact angle data was captured at t = 10 s post
drop casting. Pendant drop measurements were also performed
to evaluate the surface tension of the suspension. The analysis
of the drop shape is based on the Young–Laplace equation
(eqn (1)).

Dp ¼ s

�
1

r1
þ 1

r2

�
(1)

where Dp represents the pressure difference of the curved
surfaces of the drop, r1 and r2 are the two radii, and s denotes
the surface tension. The recorded video/images used for contact
angle and pendant drop measurements were analyzed using the
DataPhysics Instrument soware (dpiMAX).

2.2.3 Rheological measurements. Rheological measure-
ments were carried out using a Discovery Hybrid H2 rheometer
(TA Instruments). The rheological studies were conducted
immediately aer suspension preparation using a 20 mm
diameter plate geometry with a 250 mm gap for each test. Flow
sweep tests were performed at shear rates ranging from 0.01 s−1

to 1000 s−1 and a constant temperature of 25 °C. Thixotropy
measurements were performed by measuring the suspension
viscosity at different shear rates with steps of 0.1 s−1 to 100 s−1.
Each step lasted for 60 s. Amplitude sweep measurements were
completed at oscillation strains between 0.1% and 1000% at an
angular frequency of 10.0 rad s−1 over a 300 s period.
2.3 Composite electrode preparation

2.3.1 Rod coating. The suspension was coated onto
a carbon-coated aluminum current collector at a rate of
25.4 mm s−1 using a Meyer rod (54 mm). The resulting lm was
RSC Sustainability, 2025, 3, 3184–3197 | 3185
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dried at 30 °C for 3 h, before being dried under static vacuum
from 0 to −30 mmHg for 24 h.

2.3.2 Screen printing. Screen printed composite electrodes
were produced using the Ekra X1SL Semi-Automatic Flat Bed
Screen Printing Press. Fig. S1† illustrates the theoretical meth-
odology and experimental setup of the atbed screen printing
process. The ink was pressed against the screen (polyester mesh
with 60 monolaments per cm), using a rubber squeegee at an
angle of 45° between the screen and the carbon-coated
aluminum current collector. The ink was printed at a rate of
35 mm s−1. The resultant lm was dried at 30 °C for 3 h, before
being dried under static vacuum from 0 to −30 mmHg for 24 h.

The nal composite electrodes obtained using both
processes were stored under dynamic vacuum to prevent
interaction with air.
2.4 Composite electrode characterization techniques

2.4.1 Mercury intrusion porosity. The tested electrodes
were cut into 1 cm × 4 cm rectangular strips. The electrode was
rolled in the direction of the long axis and the cylinder-shaped
strip was placed in the bulb of a calibrated 5 cm3 penetrometer
(model 09 – Micromeritics). The sealed penetrometer was then
introduced into the low-pressure chamber of an AutoPore V
(Micromeritics) which was then put under vacuum (atmosphere
to 0.20 Torr) at a rate of 2.0 psia min−1. Rapid evacuation was
performed down to 0.05 Torr. The penetrometer was then
pumped for 5 minutes. When the penetrometer was lled with
mercury (tripled distilled quality), the pressure wasz0.01 Torr.
Once lled, the pressure in the pneumatic circuit was brought
to 0.5 psia (25.9 Torr) and the low-pressure analysis began. Air
(99.998, bone dry, Linde) was used to force mercury into the
sample. The instrument was set to record 25 points per decade
between 0.5 psia and 35 psia. The system was allowed to
equilibrate for 10 s aer each pressure step. The intrusion rate
of mercury into the sample wasmonitored during this time. The
low-pressure method imposes an intrusion rate of #0.100 mL
g−1 s−1 before the next pressure step was applied. The pene-
trometer was introduced into the high-pressure chamber of the
instrument once a pressure of 35 psia was reached. Analysis was
performed at pressures up to 60 000 psia using the same
intrusion method as describe above. Data analysis and artefact
corrections are reported in the ESI le.†

2.4.2 Scanning electron microscopy (SEM). A cross-section
of the screen-printed and coated electrodes was analyzed using
a scanning electron microscope (SEM, ThermoFisher Quattro).
The sample was prepared from a 10 mm circular electrode
encapsulated in an epoxy resin mold, which was polished
(Buehler) using silicon carbide sandpaper for 2 minutes,
progressively decreasing the grit size from 80 to 8 mm. To
enhance conductivity, a 7 nm gold lm was sputtered onto the
otherwise insulating epoxy mold. The micrographs presented in
the ESI† were acquired using secondary electrons at an accel-
erating voltage of 20 kV.

2.4.3 Electronic resistance. The electronic resistance across
the thickness of the composite electrode was measured between
two copper plates aer subtracting the resistance of the wires. A
3186 | RSC Sustainability, 2025, 3, 3184–3197
micrometer was used to ensure that the distance between the
plates was always greater than or equal to the thickness of the
electrodes, allowing for a pressure similar to that in a coin-cell
setup. The sheet resistance within the plane of the electrodes
was also determined using a 4-point probe (Ossila). In both
experiments, composite electrode discs with a diameter of
16 mm were used for measurement. The measurements were
performed under ambient conditions.

2.4.4 Tortuosity factor. Tortuosity factor measurements
were carried out using the technique proposed by Landesfeind
et al.,16,17 based on graphical tting of electrochemical imped-
ance spectroscopy (EIS) data. Eqn (2) describes the relationship
between tortuosity and the actual ionic resistance through
a cross-sectional area.

s ¼ RionAek

2d
(2)

where s represents the tortuosity, Rion the ionic resistance
through the composite electrode, A is the area of the electrode,
˛ is the porosity of the electrode (determined using Hg
Porosity), k is the ionic conductivity of the used electrolyte and
d is the thickness of the composite electrode.

Rion can be estimated using EIS under blocking conditions,
meaning that no charge transfer nor faradaic reactions occur
across the solid/liquid interface. This makes polarization the
only observable phenomenon. Charge transfer reactions were
limited using blocking conditions which involved using (1)
a non-intercalating electrolyte that is electrochemically stable
and (2) blocking electrodes. To achieve this, all tortuosity
measurements were conducted by assembling symmetric cells
(c-LFP vs. c-LFP system) where both composite electrodes had
the exact same masses and thicknesses. Symmetric electrodes
were separated using one sheet of Celgard H2013, soaked in an
electrolyte made of 10 mM tetrabutylammonium perchlorate
(Sigma-Aldrich). The ionic conductivity of the electrolyte was
measured using a platinum conductivity cell with a cell
constant of 1 (Jenway, 027815) at 25 °C. This system was
assembled in a stainless-steel coin cell to maintain the same
pressure applied to the electrodes so that the tortuosity
measurements are representative of the galvanostatic cycling
measurements.

2.4.5 Galvanostatic cycling. Galvanostatic cycling with
potential limitation in half-cells (c-LFP vs. lithium metal) was
conducted to gain a better understanding of the actual elec-
trochemical behaviors of both the printed and cast composite
electrodes. The electrodes were prepared and assembled in
stainless-steel coin cells, immersed in 1M LiPF6 EC : EMC (1 : 1)
organic electrolyte, and separated by one sheet of Celgard
H2013. The electrochemical performances of the cells were
evaluated between 2.5 V and 4 V vs. Li+/Li. All cells were cycled
using a VMP potentiostat (Biologic, France) at room tempera-
ture. Each sample was tested a minimum of three times.
3. Results and discussion

A composite positive electrode for lithium-ion batteries is
a complex system that undergoes various mechanisms
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00211g


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
1/

20
25

 1
1:

28
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
throughout the cycling process. That is why it is important to
dene the chosen system and highlight its main advantages.
Fig. 1 presents the four different components presented in the
studied composite electrode. Carbon coated lithium iron
phosphate (c-LFP),18–20 the electrochemically active material, is
the primary component of the electrode (>80%wt). c-LFP is
widely known and commercially available. It is considered to be
more sustainable than other active materials as its raw mate-
rials are both highly abundant and non-toxic. Furthermore, c-
LFP is less sensitive to water than other cathode materials
are.21 This makes it suitable for processing in a water-based
slurry.22 In addition to the active material, a polymeric binder
is needed to ensure the mechanical integrity of the composite
electrode. This role is ensured by promoting the interconnec-
tion between the active material and carbon black at the current
collector (see Fig. 1). Polyvinylidene uoride (PVDF) is the most
commonly used binder material for cathode applications due to
its thermal, chemical and electrochemical stability over a large
potential window. However, the use of this binder does not
meet either the sustainability criteria mentioned previously or
the compatibility requirements for the screen printing process.
PVDF is a per- and polyuoroalkyl substance (PFAs) and can
only be dissolved in N-methyl-2-pyrrolidone (NMP), which is
a highly toxic solvent that is both mutagenic and
teratogenic.23–26 The screen printing process involves the use of
polyester mesh screens and UV-curable photoemulsions.
Emulsions used in this study are incompatible with NMP, which
can degrade the photoemulsion layer and compromise the
printing quality.27 CMC, which already has some established
use as a binder material for Li-ion batteries, is used here as
a more environmentally friendly alternative and is compatible
with the screen printing parameters used.28–30 This biobased
polymer, produced by the insertion of carboxymethyl groups in
natural cellulose, was rst used as a thickening agent, but has
been shown to produce adequate suspensions when used as
a binder in electrodes. These properties are related to its elec-
trochemical stability and its adsorption and conformation
around particles that create a bridging mechanism which
enables a homogeneous morphology.31 Carbon additives such
Fig. 1 Schematic representation of the electrode composition and of th
CMC) and flat bed screen printing (SP-CMC).

© 2025 The Author(s). Published by the Royal Society of Chemistry
as C65 have also been added to the composite electrode to
enhance its overall electronic conductivity. The composite
electrode suspension is prepared by mixing these three
components in water. The obtained suspension is coated onto
the current collector to allow for the free ow of electrons in the
battery's external circuit. In the case of screen printing pro-
cessing, the printed suspension is called an ink. Carbon coated
aluminum is used as a current collector because it is known to
resist corrosion when used with water-based inks.32 The current
collector and specically, the carbon coated aluminum current
collector, is usually made for a specic ink's formulation and
has to be compatible with the different components present in
the ink.33 The compatibility with the chosen current collector
for this study and the formulated ink has also been conrmed
with surface tension characterization (see section 3.2 Wetta-
bility: surface tension measurements).

The primary objective of this work is to verify the printability
of the CMC-based ink during screen printing (referred to as SP-
CMC). This process will entail analyzing the microstructure of
the resulting electrode and correlating that microstructure with
the electrochemical characteristics of the electrode. For
comparison, the same system was processed using a conven-
tional technique (Meyer rod coating, referred to as RC-CMC)
with the aim of highlighting the validity and reliability of
screen printing manufacturing for battery applications.

3.1 Assessing printability

Articles about functional printing of components such as elec-
trodes have already been published in the past, demonstrating
a new way of processing electrodes which can be fast, efficient
and compatible with scale-up.34–37 Fig. S2† describes the
upscaling process, transitioning from a atbed to a rotary
screen printing process, that can enable roll-to-roll processing
suitable for industrial-scale production.38 This manufacturing
process is described as a promising alternative to rod coating
for specic energy storage applications. Yet, the development of
such a process is still under development and life cycle analysis
(LCA) should be considered to follow the whole sustainability
process of its manufacturing. However, the feasibility of such
e manufacturing processes used in this study: Meyer rod coating (RC-

RSC Sustainability, 2025, 3, 3184–3197 | 3187
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processes for the preparation of printed batteries has received
more limited attention. Several articles have explored electrode
printing in Zn/MnO2 and Li-ion battery systems. These works
provided limited analysis of the printed materials and the
microstructure of the printed components which are the focus
of this article.8,39,40 Alkaline printed batteries were even upscaled
and commercialized for applications such as traceability. For
example, Varta has demonstrated the partiality of printed
battery systems adaptable to various form factors.41 Several
steps were taken to evaluate the properties of the ink and to
ensure printing efficiency in terms of both delity and func-
tionality. Printability can then be characterized by the quality of
(1) the transfer of an ink onto a printing substrate using
a printing process, (2) the capability of the ink to wet the
surface, and (3) the proper contact angle and adhesion onto the
substrate in liquid and dry states, respectively.42 Fig. 2 presents
how printability can be assessed using different characteriza-
tion techniques.
3.2 Wettability: surface tension measurements

The wettability of the functional suspension on the chosen
substrate must be characterized following printing. Contact
angle analysis is an accepted method to evaluate interfacial
compatibility in surface chemistry.43 The substrate in
a conventional composite electrode is the current collector. This
is typically a metal foil which provides the electrons with
a pathway toward the external circuit. The current collector used
in this study is a carbon-coated aluminum substrate. This
current collector is commonly used for the positive electrode in
Li-ion batteries because its electrochemical stability reaches 3 V
(vs. Li+/Li) and is more electronically conductive than regular
aluminum foil.44–47 The carbon-coated aluminum substrate was
thermally treated prior to use to resist corrosion due to exposure
to the water-based suspension.32 The surface energy of the
substrate must be evaluated to better understand the wettability
Fig. 2 Schematic representation describing the three-step assessment o
to the surface tension of the ink and the current collector; the transfer o
and the printed design that is characterized by its functional (chemical,

3188 | RSC Sustainability, 2025, 3, 3184–3197
of the suspension on the surface of the substrate. Fig. 3 high-
lights the contact angle measurements that were performed not
only to understand the affinity between the substrate and the
suspension, but also to ensure that the measured values are
adequate for the screen printing process.

The surface energy of the carbon coated aluminum was
measured with four different solvents using the Zisman model
(Fig. S3†): deionised water, ethylene glycol, glycerol and diio-
domethane. The surface energy calculated for this substrate is
44.0 mN m−1, corresponding to the one reported in the litera-
ture for a carbonmaterial (45.3 mNm−1).48,49 Pendant drop tests
were performed to quantify the surface tension of the suspen-
sions that were prepared for rod coating and screen printing.
For both dispersions, the surface tension was estimated to be
around 30 mN m−1. The surface tension values observed for
both suspensions are inferior to the surface energy of the
substrate: this indicates an efficient wettability between the
chosen substrate and the dispersions.50,51 In addition to these
analyses, contact angle measurements were done for the
components of the suspension (distilled water, 4 wt% CMC in
distilled water and C65-4 wt% CMC in distilled water) (Fig. 3).
This test showed how the use of different materials will impact
the wettability of the suspension on the current collector. The
obtained contact angles show that adding CMC and C65 to the
suspension reduces the contact angle with the current collector.
A droplet of deionized water shows a contact angle of 123 ± 1°.
When adding CMC and C65 in water, the contact angle of the
suspension decreases to 90± 1°. The reduction in contact angle
can be explained by the higher affinity between the carbon
residuals present on the current collector and carbon particles
in the CMC and CMC-C65 solutions. This observation shows
that the chosen materials are compatible with each other, and
that they enhance the surface wettability of the current
collector, making them suitable for use in the screen printing
process.52,53
f printability: the wettability of the ink on the substrate that is correlated
nto the substrate that can be assessed by rheological characterization;
mechanical and electrochemical) properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Contact angle measurements for the components of the suspension on the current collector substrate: H2O, CMC (4 wt%) solubilized in
H2O, and CMC (4 wt%) and C65 (4 wt%) solubilized in H2O.
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3.3 Transfer: rheological characterization

Rheological tests of printing inks are one of the most important
steps as they simulate what is going on during the printing
processes and thus indicate if the suspension is suitable for the
chosen manufacturing technique.7,54 As shown in Fig. 4, three
different tests have been realized to understand and validate the
rheological response of a processable suspension.55

Fig. 4(a) shows the results of a ow sweep test. This common
rheological test is used to evaluate the shear thinning behavior
of the suspensions.56 This test, which shows the viscosity of the
Fig. 4 Rheological characterization of RC-CMC and SP-CMC suspensio
otropy tests, (c) storage modulus (G0) and loss modulus (G00) at different

© 2025 The Author(s). Published by the Royal Society of Chemistry
suspensions as a function of shear rate, allows the behavior of
the suspension during manufacturing to be extrapolated. Most
lithium-ion electrode suspensions exhibit shear-thinning
behavior which is enhanced by the higher solid content
suspensions.57 Fig. S4† highlights the viscosity increase at very
low shear rates as the particle concentration increases in the
systems: 17 Pa s−1 for the CMC solution, 215 Pa s−1 for the
CMC-C65 mixture and 1083 Pa s−1 for the cLFP-C65-CMC
solution at a shear rate of 0.04 s−1.

CMC as a carbohydrate plays an important role in dening
the shear-thinning behavior of the suspension: its rigid
ns: (a) flow sweep tests: viscosity as a function of shear rate, (b) thix-
applied strains during oscillatory testing.
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cellulosic structure, in contrast to materials such as vinyl and
acrylic, leads these polymers to adopt an extended conforma-
tion in solution, resulting in elevated viscosity levels at low
shear rates. At higher shear rates during ow sweep measure-
ments, the alignment of the polymer chains induces signicant
shear-thinning characteristics.58 The non-Newtonian property
of the suspensions proves to be benecial in the electrode
manufacturing process as it enables the suspension to reach an
appropriate viscosity value. This targeted value can vary
according to several parameters such as the mesh count of the
screens or the printing rate. A low-viscosity suspension is
essential for achieving adequate surface coating or printing at
a high shear rate, while a higher viscosity can effectively inhibit
particle sedimentation during drying.59

Each technique used to process the composite electrodes is
correlated to a maximum shear rate which the suspension must
withstand during the process. Shear rates reaching 10 000 s−1

can occur during screen printing when the ink penetrates the
screen mesh. This is caused by the movement of the squeegee
on the surface of the screen. The ideal ink for the screen
printing process would exhibit low viscosity, around 1–10 Pa s,
during the transfer step (i.e., at a high shear rate), while
exhibiting higher viscosity (a factor of 250× higher) at low shear
rates (<1 s−1).60 The associated shear rate of the rod coating
method is lower, around 100 s−1. These shear rate requirements
will thus impact how the suspension should be formulated to
meet the requirements of both techniques.61–63 Furthermore, in
the case of printing, which offers freedom in the design and
architectural aspects of the print, the effects of blurring and the
associated lack of denition must be considered. Therefore, the
ink used in at bed screen printing will have a higher viscosity
than that used for rod coating to maintain the integrity of the
design and ensure sharp edges. The SP-CMC formulation was
designed to t within the acceptable viscosity range, which is
from 1 to 10 Pa s for a shear rate of up to 1000–10000 s−1. More
precisely, at 1000 s−1, the measured viscosity of the mixture is
1.20 Pa s. In comparison, the RC-CMC formulation should have
a lower viscosity to align with lower shear rates of 50–100 s−1.64

The measured viscosity of the RC-CMC suspension reaches 3.21
Pa s at 100 s−1.

The rheological properties of the suspension formulations
were further studied using three-interval thixotropy tests (3ITT).
These tests measure the rapid recovery of the suspension's elastic
modulus aer undergoing a large amplitude oscillatory shear.
Fig. 3(b) shows the suspension response aer structural defor-
mation (100 s−1 during 60 s). Both suspensions exhibited the
same shear-thinning behavior at the higher shear rate, despite the
difference in their viscosities. The suspensions recovered their
initial viscosities during the 60 s recovery period. The viscosity of
the RC-CMC remained around 60 Pa s, while the viscosity of the
SP-CMC ink stood at 270 Pa s. These values conrmed that the
equilibrium value obtained following the application of a high
shear rate is the same as the viscosity value aer the rst-time
interval. The initial macromolecular arrangement in solution
can therefore be fully recovered post microstructure disruption.65

In the printing eld, this measure can help in assessing the
denition of the chosen design and to determine whether any
3190 | RSC Sustainability, 2025, 3, 3184–3197
artifacts or drips will be present in the nal print.66 Oscillation
measurements provide information about the suspension
behavior and stability as a function of an applied strain.

Fig. 3(c) presents the storage and loss moduli as a function of
the applied oscillation strain. For the RC-CMC and SP-CMC
suspensions, the storage modulus G0 dominates over the loss
modulus G00 in the low strain range until the ow point is
reached. This corresponds to the critical strain where the
viscous portion will dominate and induce the suspension to
ow. The solid elastic behavior observed at lower strain corre-
sponds to an organization that can be considered as gel-like
behavior with the interaction that CMC forms when it inter-
acts with C65 and cLFP particles.58 Fig. S5† highlights this
change in rheological behavior between CMC solutions, C65-
CMC and cLFP-C65-CMC suspensions. As particle concentra-
tion in the suspension mixture rises due to C65 addition, the
CMC solution transitions from behaving like a viscous liquid to
behaving like an elastic solid. This phenomenon can be
explained by CMC/C65 electrostatic repulsion. This results in
the formation of a network that is comprised of colloidal C65
particles that are interlinked by CMC chains which cover the
entirety of the system.31 The ow point of the RC-CMC
suspension is observed at a lower strain value than that of the
SP-CMC suspension. This correlates with the yield point values,
which are much higher for the SP-CMC suspension than for the
RC-CMC suspension (Table S2†). These viscoelastic responses
prove that the SP-CMC ink is stable over a larger strain range
than the RC-CMC suspension. These differences make these
suspensions suitable for use in their respective manufacturing
techniques. Rheological measurements were also conducted to
assess the reproducibility of the suspension formulation.
Fig. S4† presents the ow sweep test duplicate for the tested
suspensions that were printed or coated onto the current
collector. This gure exhibits one of the rheology's key roles,
that is ensuring the reproducibility of the formulated and
homogenized suspensions for each try. The suspension
formulation was reproducible: the same viscosity range and
slope is observed for each duplicate. These tests are needed to
provide homogeneous, well controlled and reproducible elec-
trode suspensions for rod coating and screen printing.54
3.4 Composite electrode properties: microstructure and
electrochemical characterizations

The dried electrodes were calendered onto the current collec-
tors to improve adhesion between the current collector and the
active material. This process reduced the total thickness of each
composite electrode by 33% (Table S3†). The dried electrodes
were rst characterized via microscopy to highlight the micro-
structure of the composites. The cross-sectional scanning elec-
tron microscopy (SEM) micrographs for the RC-CMC and SP-
CMC electrodes are presented in Fig. S7.† These images
suggest a similar repartition of the active material, binder and
conductive agent is achieved in both processing techniques.
Further improvements concerning the cross-sectional method
used can be considered to push further the understanding of
the microstructure arrangement.67,68
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mercury intrusion porosimetry was used to estimate the
overall porosity of each electrode, as well as to determine the
corresponding population in each pore size range.69 Fig. 6
shows the porosity results of the SP-CMC and RC-CMC
composite electrodes. The nal screen-printed composite elec-
trodes had a higher average porosity (12.4 ± 0.5 wt%) than the
rod coated electrodes (11.6 ± 0.6 wt%) (Table 2). However, these
porosity values are lower than the 20–30 wt% targeted for
lithium-ion battery applications.70,71 This can be directly corre-
lated to the CMC binder that was used to prepare the electrodes.
CMC has previously been found to interact with the active
material, carbon black and current collectors differently than
polyvinylidene uoride (PVDF) which is the most commonly
used binder material in the fabrication of electrodes for
lithium-ion batteries.72 Thus, the polymeric binder plays an
important role in the microstructure of the electrode. Fig. S8
and Table S4† conrm the porosity difference between elec-
trodes prepared with these binders: 20 wt% for PVDF and
12 wt% for CMC, to reach the same rheological properties for
both inks presented previously. When comparing both results,
depending on the manufacturing technique, no signicant
changes are observed for the overall porosity: both values are
close to each other (around 12%). Looking more closely at the
pore size distribution observed for both composite electrodes,
the porosity population is represented in one single distribution
starting from 0.09 to 0.20 mm, and thus, for both electrodes.
These measurements are consistent with previously published
arrangements of active material particles within the composite
electrode. The pore size distribution is concentrated in one
major particle size range that is dependent on the chemical
composition of the binder.73

Porosity results enable tests to be performed to understand
the composite electrodes' tortuosity, related to the pore
arrangement inside the electrode.74 EIS measurements were
conducted on symmetric cells with two identical electrodes
using the Landesfeind technique, to observe the resistance
associated with lithium ion diffusion in the overall composite
electrode.75 As displayed in Fig. 5(b), the Nyquist plots typically
consist of three main components: a distorted semicircle at
higher frequencies, a 45° linear segment at intermediate
frequencies, and a steeper linear portion at lower frequencies.
However, in the context of transmission line model (TLM)
theory, a 45° slope without any semi-circle is predicted in the
high frequency range. This deviation from the TLM model can
be associated with the size or distribution of pores in the
composite electrode, contact between the composite material
and the current collector, and the overall thickness of the
electrodes.76,77 Despite these deviations, the TLM model can be
applied to extrapolate the ionic transport resistance (Rion)
Table 2 Electrode tortuosity estimated based on EIS measurements

Sample Thickness (mm) Loading (mg cm−2)

RC-CMC 27 � 2 4.1 � 0.4
SP-CMC 29 � 2 3.9 � 0.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
within the pore structure, taking into consideration the cylin-
drical pore approximation.78 The ionic transport resistance
(Rion) within the pore structure is represented by the projection
of the 45° slope onto the real axis (Rion/3). Fig. S9† exhibits the
graphical linear extrapolation to obtain Rion. This parameter
serves as a vital metric for assessing the rate capacity of the
composite electrodes. The presence of the mid-to-high
frequency range can be exclusively attributed to ionic conduc-
tivity within the porous material. This is based on the
assumption that the resistance encountered by ions present in
the electrolyte is at least two orders of magnitude greater than
that of electrons in solid electrodes.79

Fig. 5(c) and Table 2 present the tortuosity values obtained
for composite electrodes prepared via the different
manufacturing techniques. The tortuosity values obtained for
both processes are far from the ideal value of 1 which corre-
sponds to the shortest path that Li+ ions can take when traveling
through the composite electrode.15 Several processes could be
responsible for the observed non-ideal tortuosity. These include
the distribution of materials, as well as the intrinsic porosity
and heterogeneity of the whole composite electrode which can
create different pathways for ion transport.80 The tortuosity
values observed in this study are lower than those that have
previously been reported for c-LFP-based systems.81 This can be
directly associated with the composite thickness and loading:
tortuosity is intrinsically increased as the thickness and loading
are increased. Pore rearrangements in such complex structures
can be associated with the processing methods used.82 Various
models have been employed over the years to predict tortuosity
values in composite electrodes. The Landesfeind model, rst
published in 2016 and used in this study, is based on electro-
chemical impedance spectroscopy to assess ionic resistance in
composite electrodes.79 Previously, the Bruggeman equation
was frequently used in battery models.83 It is based on simple
diffusive transport, and the resulting tortuosity factor reported
in the literature considers the Bruggeman equation for spher-
ical particles, which can deviate from the reality of composite
electrodes.

The printed and coated electrodes made in this study are
signicantly different from those used for industrial purposes:
the resultant thickness of the electrode is much lower (z30 mm
for this study), using a bio-based polymeric binder electrode.
Relating this observation to Bruggeman's earlier propositions
provides a rationale for tortuosity; it indicates that with low
porosity exhibiting a Gaussian distribution akin to our ndings,
total tortuosity increases due to ionic transport dynamics
occurring within conned spaces lled with inactive constitu-
ents such as carbon black.84 The previously described inho-
mogeneities in structural arrangement led to electrodes
Rion (ohm m2) Porosity (%) sEIS

0.017 � 0.002 11.6 � 0.6 1.6 � 0.3
0.021 � 0.003 12.4 � 0.5 1.9 � 0.2

RSC Sustainability, 2025, 3, 3184–3197 | 3191

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00211g


Fig. 5 (a) Pore-size distribution for RC-CMC and SP-CMC electrodes measured by mercury intrusion porosimetry. (b) Electrochemical
impedance spectroscopy (EIS) spectra used for determining the tortuosity of the composite electrode. (c) Porosity and tortuosity results for the
RC-CMC and SP-CMC composite electrodes.
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characterized by elevated tortuosity levels, a phenomenon
conrmed through our experimental methodology. Yet, the
standard deviation associated with the results suggests that the
obtained values are relatively close to each other. These results
show that it is possible to adapt a suspension to a specialized
printing process such as at bed screen printing with a different
electrode microstructure, that results in similar electrochemical
properties between the two processes.

The effect of processing method on the efficiency of CMC-
based c-LFP electrodes was assessed by investigating the elec-
trochemical behavior of these electrodes using half-cell
congurations (c-LFP vs. Li metal) with a conventional organic
electrolyte (1 M LiPF6 EC : EMC (2 : 1)) at different cycling rates.
Fig. 6(a) shows the power performance of RC-CMC and SP-CMC
3192 | RSC Sustainability, 2025, 3, 3184–3197
electrodes charged at the same C-rates. The discharge rate was
increased every 5 cycles over a range of C/10 to 1C. These
measurements show that the processing method did not have
a signicant inuence on cell performance. The intrinsic
conductivity of c-LFP (both electronic and ionic) was therefore
deemed to be responsible for the kinetic limitation reported at
a high C-rate.85 The increase in specic discharge capacity
during the rst cycles at C/20 can be ascribed to reaching
a steady state, that has previously been observed for the CMC-
based electrode.22 This behavior is also in accordance with SEI
(solid electrolyte interface) formation during the initial cycles
which improves the overall specic capacity of the cell.86 Similar
behavior and performance were observed for SP-CMC and RC-
CMC electrodes: specic discharge capacity values are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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150 mA h g−1 at lower charging rates which is close to the
theoretical capacity of c-LFP (165 mA h g−1). The intrinsic
conduction properties of c-LFP are responsible for kinetic
limitations at higher C-rates.85

Fig. 6(b) exhibits the cycle life for both kinds of composite
electrodes over 100 cycles at C/10. The RC-CMC and SP-CMC
electrodes used in the cycling study had the same weight to
facilitate comparison (RC-CMC: 0.65 ± 0.04 mA h cm−2 and SP-
CMC: 0.67 ± 0.02 mA h cm−2). The capacities of the composite
electrodes were very similar over 50 cycles as is expected with
similar areal coat weights. Aer 50 cycles, a fresh disk of lithium
metal as the negative electrode was used to remove the altered
lithium metal electrode.87 Indeed, previous tests have been
done using the same lithium metal electrode over 100 cycles,
which resulted in capacity losses of 31% and 25% for the RC-
CMC and SP-CMC composite electrodes respectively
(Fig. S10†). The at plateau (Fig. 6(b)) tilts progressively,
possibly due to the contribution of lithium metal, used as
a negative electrode in this system. Aer 50 cycles, the surface of
lithium metal is altered, leading to the appearance of
Fig. 6 (a) Ragone plot of SP-CMC and RC-CMC composite electrodes fo
(Li metal – negative electrode with fresh lithium metal disks changed at
discharge capacity profile of the fifth cycle at different C-rates: C/20, C
profile of the fifth cycle at different C-rates: C/20, C/10, C/5, C/2, C at r

© 2025 The Author(s). Published by the Royal Society of Chemistry
irregularities in the passivated interphase between lithium
metal and the liquid electrolyte. However, this change in
polarization occurs at the discharge state due to the use of
lithium metal as a negative electrode: lithium metal stripping
while discharging leads to an increase in overvoltage due to
lithium metal passivation aer 50 cycles. On the other hand,
when charging, the plateau remains in the same place, indi-
cating stable polarization as fresh Li metal is deposited onto the
negative electrode. This hypothesis has been conrmed in
Fig. 6(b). RC-CMC electrodes as well as SP-CMC electrodes
exhibit similar capacities throughout the 100 cycles. Post-
mortem SEM composite electrode micrographs are presented
in Fig. S7,† where no drastic change was observed in the
composite electrodes' microstructure and adhesion to current
collectors throughout the cycles.

The electrochemical curves displayed in Fig. 6(c) and (d)
reveal consistent behavior over multiple cycles at different rates
for both electrodes. These are indicative of the biphasic reaction
involving LiFePO4 (Fe

2+) and FePO4 (Fe3+). The data depicted in
Fig. 6(a) show that the capacities of the galvanic cells that were
r different C-rates, (b) life cycle of the SP-CMC and RC-CMC half cells
50th cycle) for 100 cycles, at C/10, (c) SP-CMC galvanostatic charge/
/10, C/5, C/2, C, (d) RC-CMC galvanostatic charge/discharge capacity
oom temperature.
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Table 3 Voltage hysteresis at different C-rates for RC and SP-CMC
electrodes at a capacity of 60 mA h g−1

Sample C/20 C/10 C/5 C/2 C

RC-CMC 0.057 mV 0.063 mV 0.081 mV 0.110 mV 0.151 mV
SP-CMC 0.056 mV 0.061 mV 0.080 mV 0.114 mV 0.156 mV
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assembled with printed or cast electrodes are measured around
145 mA h g−1 at C/20, falling within the typical capacity range
observed for c-LFP materials.88

The voltage hysteresis between the charge and discharge
curves (Table 3) increases from 56 mV at C/20 to 151 mV at C for
SP-CMC, and from 56 mV at C/20 to 156 mV at C for RC-CMC,
aer 5 cycles at a xed capacity of 60 mA h g−1. This is
directly attributed to the increasing electrical resistance as well
as the limitations of the diffusion process. This is attributed to
the increasing electrical resistance as well as the limitations of
the diffusion process. Li+ ion diffusion is always associated with
electron transport phenomena within the battery circuit. The
internal electric eld generated by the electronmotion is known
to strongly enhance lithium ion migration.89

The diffusion limitation at low rates (C/20 to C/5) is attrib-
uted to solid-state mass transport limitations within the c-LFP
particles (Fig. 6(c) and (d)), while at higher rates, above 1C,
the limitation is due to Li+ transport within the electrolyte
trapped in the electrode, since the amount of Li ions in the
electrode alone is not enough to discharge all the FePO4 active
particles.90 The electrodes produced by screen printing with low
active mass loadings show similar performance when compared
to the RC-CMC electrodes. Furthermore, composite electrodes
produced via screen printing facilitate a range of versatile
applications, particularly in instances where thin composite
electrodes with different architectures are required.

4. Conclusion

In summary, this study addresses challenges concerning the
printability of a water-based composite electrode composed of
c-LiFePO4 as an active material and CMC as a bio-based poly-
meric binder. This approach establishes a new way to prepare
composite electrodes for lithium-ion batteries. Indeed, the
importance of integrating a robust approach to prepare and
characterize the ink used for the printing of the electrode is
discussed. The printability process is broken down into three
different characterization steps which involve the assessment of
the: (1) wettability by studying the surface tension and the
affinity between the chosen inks and substrates, (2) ink transfer
via functional ink rheological properties91 and (3) properties of
the printed electrodes, including porosity and tortuosity which
can be used to explain the cycling and electrochemical proper-
ties of the resultant composite electrodes. The obtained results
validate the adaptation of the suspension to be used to produce
electrodes via atbed screen printing.92 The use of a water-based
ink as well as a biobased polymer as a binder material intro-
duces a new way of manufacturing the battery electrode system
that is both more environmentally friendly and compatible with
3194 | RSC Sustainability, 2025, 3, 3184–3197
large-scale manufacturing. This article is the rst step towards
the introduction of a new manufacturing method to process
composite electrodes for use in lithium-ion batteries. This
technique can have a real impact on design freedom which can
lead toward a simplied way of preparing exible batteries for
the Internet of Things.93–95
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