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ABSTRACT: The conventional method of manufacturing lithium-ion battery
electrodes employs a complex slurry casting process with solvents that are not
environmentally friendly and process parameters that are often difficult to
control. This study explores a solvent-free dry electrode fabrication process of
Co- and Ni-free LiMn2O4 (LMO) cathodes using a fibrillated polymer,
polytetrafluoroethylene (PTFE). A thick, dry electrode (265−368 μm, 30−64
mg cm−2) of LMO cathode was prepared successfully for the first time.
Altering the conductive additives in the LMO dry electrode revealed
multiwalled carbon nanotubes (CNTs) as the best conducting agent for dry
electrode formulation in terms of conductivity and rate performance.
Additionally, an all-dry electrode full cell consisting of both a dry electrode
cathode (LMO) and an anode (LTO) delivered a stable cycling performance
with a capacity retention of 82.8% after 200 cycles, demonstrating the scope for all-dry electrode full cells for future applications.

KEYWORDS: lithium-ion batteries, Co, Ni-free, electric vehicles

W ith the increasing prevalence of electric vehicles and the
global commitment to achieving net zero carbon

emissions by 2050, the development of energy storage devices
is anticipated to escalate worldwide.1,2 Lithium-ion battery
(LIB) technology is one of the most promising energy storage
technologies due to its lightweight and well-established
chemistries.3 Although LIBs are the ideal candidate that can
aid the establishment of renewable green energies via efficient
storage, their manufacturing processes are currently energy and
resource intensive, typically needing ∼50 kWh of electricity to
produce 1 kWh of battery storage.4−6 Currently, battery
electrodes are manufactured by a wet slurry route in which
active and additive powders are mixed with toxic organic
solvents, such as N-methyl-2-pyrrolidone (NMP), which is
widely used for cathode manufacture. The NMP solvent is
toxic to the environment, and exposure causes severe health
hazards to humans.7 Additionally, the energy needed for
electrode drying and solvent recovery forms a large part of the
electrode manufacturing cost (∼78%) during the manufactur-
ing of battery electrodes.8−10 Apart from that, the wet slurry
route is susceptible to huge variations in the final micro-
structure of the electrode due to the uncontrollable binder-
carbon migration during the solvent evaporation process11−13

which results in nonuniform distribution of pores and
deteriorates the performance and lifetime of the cell.14,15 It is
imperative that we address all of these issues and find clean
manufacturing strategies that can facilitate a sustainable future.
Dry electrode fabrication is an exciting pathway toward

sustainable electrode manufacturing that avoids the use of
conventional toxic solvents, although the use of polytetra-

fluoroethylene (PTFE) comes with other challenges. In
general, dry electrode fabrication can be classified into three
techniques: electrostatic spray dried (ESD) electrodes,16,17 soft
template (holey graphene) assisted electrodes,18,19 and
fibrillation of the binder.10,20−24 The ESD method involves
an additional high-voltage source, and the scalability of the
method is debatable.25,26 The holey graphene-assisted
electrode has limitations associated with the additional inactive
component and requires high pressure for the electrode roll-to-
roll fabrication.10 The third method is currently the most
affordable on a manufacturing scale and requires only slight
adjustments in the current manufacturing lines.15,24 By using a
fibrillation polymer (e.g., PTFE), the electrode thickness can
be tuned without the binder-carbon migration phenomenon
which on its own is the main advantage.10 Moreover, thick dry
electrodes can sufficiently reduce the pack size and increase the
overall energy density of the pack, favoring practical
applications.20,27

In this study, a solvent-free method for creating Co- and Ni-
free LiMn2O4 (LMO) dry electrodes using a fibrillation
polymer has been successfully developed for Li-ion batteries.
To ensure a sustainable approach, Co- and Ni-free electrodes,

Received: September 28, 2023
Revised: November 29, 2023
Accepted: November 29, 2023
Published: December 8, 2023

Letterwww.acsaem.org

© 2023 The Authors. Published by
American Chemical Society

12166
https://doi.org/10.1021/acsaem.3c02448

ACS Appl. Energy Mater. 2023, 6, 12166−12171

This article is licensed under CC-BY 4.0

D
o
w

n
lo

ad
ed

 v
ia

 5
1
.6

.2
0
5
.2

6
 o

n
 J

an
u
ar

y
 5

, 
2
0
2
4
 a

t 
1
1
:2

5
:5

9
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milan+K.+Sadan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guo+J.+Lian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+M.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Cumming"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.3c02448&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02448?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02448?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02448?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02448?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02448?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/6/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/24?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/24?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.3c02448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


LMO, and Li4Ti5O12 (LTO) were carefully selected as the
cathode and anode materials, respectively, in the current study.
For this study, we avoided using a graphite negative electrode
due to the electrochemical instability of PTFE at low
voltage.15,28,29 Three distinct types of popular, highly
conductive carbon were employed to fabricate the dry
electrodes, namely, carbon black (CB), carbon nanotube
(CNT), and carbon nanofiber (CNF). The electrochemical
performance of the LMO dry electrode in both half-cell and
full-cell configurations was evaluated with the most optimal
conductive agent type. To the best of our knowledge, no
reports of dry electrodes based on LMO and LTO half cells, as
well as all-dry electrode full cells with LMO/LTO have been
published to date. The full cell delivered an excellent capacity
retention of 82.8% after 200 cycles.
Figure 1a shows the XRD pattern of the LiMn2O4 (LMO)

particles. The peaks were exactly matching with the spinel

LiMn2O4.
30 Figure 1b and Figure S1 show the SEM images of

the LMO particles at different magnifications, revealing their
spherical shape and an average diameter of approximately 7
μm. From the EDS mapping shown in Figure 1c, it can be
inferred that both manganese and oxygen are equally
distributed in the particles.
LMO dry electrodes with various conductive agents and

PTFE were fabricated based on previous reports.20,31 All the
components were mixed in a hot mortar and pestle for several
minutes, followed by passing the mixture through a hot roll
press at 80 °C to prepare thick, free-standing electrodes (see
Supporting Information for details). During the mortar and
pestle mixing process, the three-dimensional molecular chains
in PTFE transform into a less ordered structure with shear
force. The degree of disorder increases further, and the
molecular chains slide with each other to form self-assembled
fibrils during the hot press calendaring process at 80 °C.
Formation of the polymer fibrils yields free-standing dry
electrodes.32 Though the β-transition of PTFE occurs at near
room temperature with shear force, Chen et al. reported that
the complete fibrillation of PTFE occurs at an elevated
temperature >80 °C.33 Hence, the temperature for hot-roll
pressing was selected as 80 °C in the current study. Further,
the thickness of dry electrodes was modified by changing the
distance between the roll press. Thick electrodes, up to 368

μm, with a high LMO active material loading of 64 mg cm−2

were prepared with this process.
The inset of Figure S2 shows the micrograph of the as-

prepared freestanding LMO dry electrodes with carbon black
(LMO−CB hereafter), carbon nanofiber (LMO−CNF here-
after), and carbon nanotube (LMO−CNT hereafter) as
conductive agents. The morphologies of LMO−CB, LMO−

CNF, and LMO−CNT are shown in Figure 2a−c, respectively,
along with the corresponding EDS mapping images in Figure
2d−f. PTFE fibrils can be seen holding the LMO particles and
conductive agents together (indicated by red arrow marks) in
all three dry electrodes. The presence of PTFE fibers reinforces
the mechanical strength of the electrode structure, generating
robust free-standing electrodes.
The electrochemistry of the LMO electrodes (31 mg cm−2)

with different carbon conductive agents was analyzed in 6.1
mAh half cells as shown in Figure 3. The rate performance of
the electrodes was carried out in constant current and constant
voltage mode at different current rates (C-rates), and the
corresponding voltage profiles are shown in Figures 3a−d.
Although, at low C-rates, the capacities of various LMO
electrodes were identical (Figure S2) in nature with the same
initial Coulombic efficiencies of 96% each, at high C-rates, the
LMO−CNT electrode showed higher rate performances,
yielding reversible capacities of 126, 123, 119, 117, 112, 80,
and 46 mAh g−1 at 0.05, 0.1, 0.2, 0.3, 0.5, 1.5, and 2 C-rates,
respectively.
The Nyquist plot in Figure 3e shows the electrochemical

impedance (EIS) of the LMO electrode using different
conductive agents, and the fitting parameters have been
tabulated in Table S1. The charge transfer resistance (Rct) of
the LMO electrodes followed a trend of LMO−CNT <
LMO−CNF < LMO−CB. The voltage-drop (iR drop)
calculated from the galvanostatic intermittent titration
technique (GITT) profile (Figure S3) reveals that the trend
of voltage drop is in agreement with the EIS results. The iR
drop during the electrochemical reaction followed the order of
LMO−CNT < LMO−CNF < LMO−CB. To investigate the
reason for this observation, the electronic conductivity of the
electrodes was analyzed using a standard four-probe technique.
The conductivities of the electrodes were found to follow the
trend of LMO−CNT > LMO−CNF > LMO−CB which can
be correlated to the fact that the highly conductive CNT
matrix reduces the iR drop in the electrode and facilitates high-
rate performances in LMO dry electrodes. Consequently, the
optimized CNT-containing LMO dry electrodes were
considered for further analysis.
Cyclic voltammetry of the LMO−CNT electrodes was

carried out, as shown in Figure 4a. The characteristic anodic
peaks observed at 4.08 V and 4.21 V and cathodic peaks at
4.04 V and 3.91 V, respectively, were consistent with the
previous reports on LMO.30,34 The cycling performance of the
LMO−CNT sample at progressively increasing active material
loadings up to 29 mg was measured, as shown in Figure 4b.
The half cells showed a capacity retention of 93.3, 92.7, and
87.7% at loadings of 10, 16, and 29 mg cm−2, respectively.
Notably, the areal capacities are comparable with previous
LMO slurry cast reports with similar thickness.30 Moreover,
the cycling performance of the LMO−CNT at a very high
loading of 64 mg cm−2 was carried out at 0.1 C-rate and is
shown in Figure S4 which shows excellent cycling performance
up to 50 cycles with a capacity retention of 78%. Additionally,
the cycling performance of the LMO−CNT at different

Figure 1. (a) X-ray diffraction (XRD) pattern, (b) scanning electron
microscopy (SEM) image, and (c) energy-dispersive X-ray spectros-
copy (EDS) mapping of the LiMn2O4 particles.
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ambient temperatures (Figure 4c) was evaluated at a 0.2 C-
rate. The LMO−CNT showed a capacity of 123, 114, 108, 99,
and 129 mAh g−1 at different temperatures of 25, 10, 0, −10,

and 50 °C, respectively. The capacities were less affected by
the ambient temperature, which could be due to the excellent
electronic conductivity of the LMO−CNT electrode.

Figure 2. SEM image of LMO electrodes with different conductive agents: (a) carbon black, (b) carbon nanofiber, and (c) carbon nanotube (red
arrow indicates the polymer fibrils). EDS mapping of LMO electrode with different conductive agents: (d) carbon black, (e) carbon nanofiber, and
(f) carbon nanotube.

Figure 3. Discharge curves of 30 mg cm−2 LMO electrodes with (a) CB, (b) CNF, and (c) CNT conductive agents at different current densities
(1C = 148 mAh g−1). Comparison of (d) rate performances, (e) Nyquist plot, and (f) voltage drop/electronic conductivity of the LMO cathode
with different conductive agents.
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In order to make freestanding all-dry electrode full cells,
commercial lithium titanate (Li4Ti5O12, LTO) was selected as
the anode material. The XRD, SEM, and EDS mapping of the
LTO particles showed pure phase material with a particle size
of about 900 nm. The electrochemical performance of the
LTO−CNT dry electrode is shown in Figure S6. The cyclic
voltammetry of the LTO−CNT (Figure S6a) shows single
oxidation and reduction peaks at 1.78 V and 1.35 V,
respectively. The voltage profile at 0.05 C-rate (Figure S6b)
exhibited a single plateau that supports the CV results. Further,
the cycling performance of the LTO anode at 0.5C in Figure
S6c shows an excellent reversible capacity of 170 mAh g−1 with
60% capacity retention after 50 cycles. The rate performance of
the LTO−CNT electrode is shown in Figure S6d with a
reversible capacity of 122.1, 80.3, 43.6, 20.2, and 4.3 mAh g−1

at 0.1, 0.2, 0.5, 1, and 2C, respectively. Figure S6e shows the
EIS spectrum of the LTO−CNT electrode with a charge
transfer resistance of ∼200 Ω which is slightly higher than the
previously reported LTO thick electrodes prepared via a wet
route and can be attributed to the comparatively thicker LTO
electrodes (360 μm) utilized in the current study as opposed
to previous reports.35,36 Further, it should be noted that the
GITT profile (Figure S6f) of the LTO−CNT shows a low iR
drop of 0.02 V at a 0.1 C-rate.
All dry electrode full cells with LMO−CNT and LTO−

CNT were assembled, and the electrochemical performances
are shown in Figure 5. Figure 5a shows the CV of the LMO−

CNT/LTO−CNT full cell at a scan rate of 0.2 mV s−1. Two
oxidation peaks and reduction peaks were merged at around
2.4 V and 2.1 V, respectively. The rate performance and
corresponding voltage profile at different C-rates are shown in
Figures 5b and S7a, respectively. The full cell showed a
capacity of 110.4, 99.0, 82.7, 71.6, 52.1, and 6.8 mAh g−1 at a
C-rate of 0.05, 0.1, 0.2, 0.3, 0.5, and 1C, respectively. When the
current density was reduced to a 0.1 C-rate, a capacity of 91.2
was obtained, which shows high stability for full cells. The full
cells were cycled at a 0.7 C-rate and a stable cycle performance
with a capacity retention of 82.8% after 200 cycles. The
Nyquist plot shown in Figure S7b shows a low charge transfer
resistance of ∼100 Ω. In addition, the full cell exhibited
excellent capacities at various ambient temperatures from −10
to 50 °C (Figure 5d), indicating promising prospects for
practical applications
In summary, Co- and Ni-free all-dry electrode full cells with

LMO as the cathode and LTO as the anode were fabricated for
the first time. By incorporating CNT as a conductive agent,
excellent electronic conductivity and rate performance were
achieved from the LMO cathode at varied loading from 10 mg
cm−2 to 64 mg cm−2. The CNT improved the electrode
electronic conductivity and thereby reduced the internal
resistance of the electrode, which resulted in the excellent
rate performance of the LMO−CNT electrodes compared to
LMO−CB and LMO−CNF. With the LMO−CNT cathode
and LTO−CNT anode, an all-dry electrode full cell was
assembled which delivered a capacity of 110 mAh g−1 at 0.05
C-rate. To best of our knowledge, there are no full cell reports
based on Ni- and Co-free cathodes in dry electrode fabrication
techniques in the field of lithium-ion batteries. The full cells
with a high loading exhibited exceptional electrochemical
performance at varying temperatures as well, including room
temperature, subzero temperature, and elevated ambient
temperatures. The sustainable solution demonstrated in this
report calls for the commercialization of all-dry electrode cells
with a thick LiMn2O4 cathode material as a viable substitute
for the popular cathodes that contain critical elements such as
Ni or Co. To understand the specific impact of various
conducting agents in the dry processing technique, it is
imperative to draw correlations between the porosity and the
mechanical properties of the LMO dry electrodes. Addition-
ally, in-depth analysis of the diffusion kinetics and structural
evolution of the dry electrodes during electrode processing are
critical areas of interest and will be the main scope of our next
article.

Figure 4. (a) Cyclic voltammetry (CV) at a scan rate of 0.1 mV s−1, (b) cycling performance at 0.5 C-rate of the LMO−CNT electrode at different
loading, and (c) cycling performance of the LMO−CNT electrode at 0.2 Crate at various ambient temperatures.

Figure 5. (a) Cyclic voltammetry at a scan rate of 0.2 mV s−1, (b) rate
performance, (c) cycling performance, and (d) cycling performance at
different ambient temperatures at a current rate of 0.2C of the LMO/
LTO all dry full cell.
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