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A comparative study of aqueous- and non-
aqueous-processed Li-rich Li; 5sNig.25Mng 7505 5
cathodes for advanced lithium-ion cells

M. Akhilash,?® P. S. Salini,? Bibin John, 2*2 S. Sujatha® and T. D. Mercy®

High-capacity Li-rich cathode materials are highlighted as next-generation cathode candidates for lithium-
ion batteries (LIBs) owing to their superior specific capacity. Herein, we report the synthesis of a lithium-rich
layered cathode material, Li; sNip25Mng 75025, by the sol—gel method. Based on sustainability concerns,
a combination of carboxymethyl cellulose (CMC) and acrylic binder was applied as a binder with the
addition of a small amount of phosphoric acid in the slurry during electrode processing. The electrode
with the CMC-acrylic binder combination delivered a specific capacity of 219.5 mA h g™ at C/10 rate
with a capacity retention of >97.5% after 100 cycles, which is comparable with that of the PVDF-based
electrode (226.6 mA h g~! ~95.4% capacity retention). Moreover, the aqueous-processed electrode
exhibits better rate performance at high rates (1C and 2C). This work demonstrates that aqueous binders
can be employed for the cathode formulations of next-generation LIBs, thus enabling a route for the
processing of low-cost and long-cycle-life lithium-ion cells in an environment-friendly way.

Li-ion batteries (LIBs) are widely used as power sources for various applications. The electrodes in LIBs, especially cathodes, are processed using polyvinylidene

fluoride (PVDF) binder, which requires the toxic and costly solvent N-methyl pyrrolidone (NMP) for its dissolution. In this context, the aqueous binder-based
processing of electrodes is gaining popularity and has drawn substantial interest in LIBs due to its low cost and environmental friendliness. In the present work,

we employed carboxymethyl cellulose and an acrylic binder for the processing of the cathode. Remarkably, we achieved superior performance for an aqueous
binder-based cathode. Additionally, recycling of the aqueous binder-based electrode is easier compared to the PVDF-based electrode. The present work aligns

well with UN Sustainable Development Goal 7 (affordable and clean energy).

1. Introduction

Lithium-ion batteries (LIBs) have been considered one of the
most promising energy storage systems that have been exten-
sively employed in various areas such as portable electronic
devices, electric vehicles (EVs), hybrid electric vehicles (HEVs),
and smart grids owing to their advantageous features, including
a high working voltage, superior energy density, low self-
discharge, extended cycle life, and no memory effect."”
However, conventionally employed electrode materials in LIBs
can no longer meet the high energy requirements of modern
applications. Cathode materials are the key components in LIBs
that can significantly increase the capacity and energy density of
LIBs.® Recently, lithium-manganese-rich oxides (LMRO)
became an attractive candidate for next-generation, high-energy
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density LIBs because of their low cost, high operating voltage
(2.0-4.8 V), high discharge capacity (>250 mA h g~ '), and envi-
ronmental friendliness. LMRO cathode materials are generally
represented by xLi,MnO;- (1 — x)LiMO, where M = Ni, Co, Mn,
etc. Such a material is made up of two components, viz.,
Li,MnO; (space group: C2/m) and LiMO, (space group: R3m).>*?
Even though new cathode materials with high discharge
capacity and high energy density were developed recently, the
cost of producing the cathode material accounts for more than
50% of the total cost of the materials. Consequently, technical
advances that lower manufacturing costs and increase energy
density are urgently required.

Aqueous processing of cathodes stands as a promising
strategy to make LIBs in mass production, more environmen-
tally friendly and cost-effective. Generally, electrode processing
in the LIB industry uses polyvinylidene fluoride (PVDF) as the
binder, owing to its excellent binding capability, good electro-
chemical stability, and liquid absorption ability. However,
PVDF has some disadvantages: (i) PVDF is usually dissolved in
volatile, flammable, and costly non-aqueous N-methyl pyrroli-
done (NMP) solvent; (ii) the stability of PVDF binder towards
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reducing agents is also not satisfactory due to the presence of
fluorine; (iii) it is not favorable to ion migration, which causes
the inferior rate performances of LIBs; and (iv) the low flexibility
of PVDF binder results in cycle life deterioration of LIB owing to
breakage of the bond between active material particles upon
long-term cycling.”'*** Moreover, it is found that PVDF-based
binder is ineffective in maintaining electrode integrity in Li-
rich layered oxides at high working voltage due to weak van
der Waals interactions between the surface of the cathode
particle and the PVDF binder, which would gradually reduce
chemical stability during cycling. Therefore, PVDF cannot meet
the requirements of high-capacity cathode materials, such as Li-
rich materials, and switching from a non-aqueous-based binder
to an aqueous-based binder has been widely investigated.***>*¢
The main advantage of aqueous processing is that the use of
non-toxic and environmentally friendly water as the processing
solvent reduces the electrode manufacturing cost and makes
the process more sustainable. In commercially employed LIBs,
graphite anode-based electrodes are fabricated with carbox-
ymethyl cellulose/styrene-butadiene rubber (CMC/SBR)
binder.”” In the case of aqueous binder-based anodes, less
binder is required compared to PVDF. Thus, batteries may
benefit from more flexibility, increased capacity, and longer
cycle life as a result of the decreased amount of binder utilized
in the electrodes.'** In the case of cathodes, the employment of
aqueous binders is under investigation, and the most widely
reported water-based binders in cathodes are sodium carbox-
ymethyl cellulose (Na-CMC), polyacrylic acid (PAA), guar gum
(GG), sodium alginate (SA), gum arabic (GA), and so on.
Aqueous binders are regarded as the best replacement for non-
aqueous-based binders due to their low-cost electrode
manufacturing and more environmentally friendly process-
ing.”*® Moreover, the recycling of LIBs, and particularly the
recycling of the cathode material, will become a hot topic in the
upcoming years. For aqueous-produced cathodes, it is antici-
pated that converting electrodes into black mass (comprising
active material, binder, and conductive additives) will be
simpler and less expensive.*">*

Herein, we report the synthesis of a Li-rich layered cathode
material, Li; 5Nip,5Mng 750,55 (0.5Li,Mn03.0.5LiNiy sMng 50,),
by a citric acid-assisted sol-gel process. The structural proper-
ties of the lithium-rich material were analyzed in detail by X-ray
diffraction (XRD), and scanning electron microscopy (SEM)
analysis was employed to study the morphology of the synthe-
sized material. In this work, a mixture of carboxymethyl cellu-
lose (CMC) and acrylic binder was used as the binder for the
processing of the Li and Mn-rich transition metal oxide-based
cathode. The lithium-rich cathode material has a higher
lithium content (1.5 moles of Li per formula) and, thus, it is
expected that more lithium leaching will occur during aqueous
processing. To the best of our knowledge, this is the first time
that the effect of aqueous processing has been studied in
Liy 5Nip25Mng 75055 (LNMO) cathode material. Furthermore,
we employed a modified electrode preparation by adding
phosphoric acid (PA) to the slurry, which was recently employed
by Kazzazi and his team.*® The cycling stability and rate capa-
bility of the prepared electrodes were analyzed in half-cells, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

we also compared the electrochemical performance of the
aqueous binder-based LNMO cathode with the PVDF binder-
based electrode.

2. Experimental
2.1 Synthesis of the cathode material

Li; sNip25Mnp 750,55 cathode was prepared by a typical citric
acid-assisted sol-gel method. Stoichiometric amounts of
manganese acetate tetrahydrate [Mn(CH;COO),-4H,0], nickel
acetate tetrahydrate [Ni(CH3COO),-4H,0], and lithium acetate
dihydrate (C,H30,Li-2H,0) were dissolved in 50 ml of deion-
ized water to obtain a homogeneous metal ion solution. The
calculated amount of citric acid was dissolved in 50 ml of
deionized water, and the mixed salt solution was added drop-
wise to this solution. The mixed homogeneous solution was
then heated at 80 °C until it changed into a gel. The obtained
precursor was dried at 120 °C in an oven overnight; it was then
crushed and pre-calcined at 450 °C for 6 h, followed by sintering
at 950 °C for 12 h under air in a muffle furnace.*

2.2 Electrode processing

80 wt% of the LNMO active material, 10 wt% of carbon black,
and 10 wt% of binder (CMC: acrylic binder; 1:1, by weight)
were thoroughly mixed in de-ionized water. To avoid
aluminium current collector corrosion, phosphoric acid (PA)
was added to the slurry. The addition of PA lowers the pH of the
slurry (after the PA addition, the pH was adjusted to 9.3). For
comparison, LNMO material, carbon black, and PVDF (8:1:1,
by weight) were mixed in N-methyl-2-pyrrolidone (NMP) solvent.
Both the slurries were coated onto aluminium foil and then
vacuum-dried for 4 h at 120 °C. The electrode was then cut into
circular discs of 12 mm diameter. The loading level of active

material was kept at ~6 mg cm >,

2.3 Material characterization

The crystallographic structure of the LNMO cathode powder
was analyzed by X-ray diffraction (XRD, Bruker D8 Discover) in
the range of 10° to 80°. Field-emission scanning electron
microscopy (FE-SEM, GEMINI SEM 500) equipped with energy
dispersive spectroscopy (EDS) used to study the
morphology and elemental distribution of the cathode powder.
The elemental composition of the synthesized cathode mate-
rials was analyzed using inductively coupled plasma atomic
emission spectroscopy (ICP-AES; PerkinElmer, optima 4300 V).
The surface area of LNMO powder was measured by the Bru-
nauer-Emmett-Teller (BET) method. Malvern Mastersizer 2000
was used to analyze the particle size distribution.

was

2.4 Electrochemical evaluation

The charge-discharge properties were investigated by assem-
bling CR2032 coin-type cells. Coin cells were assembled in an
Ar-filled glove box. The half-cell consists of a Li metal anode, an
LNMO cathode, a Celgard 2320 separator, and LiPF (1 M) dis-
solved in ethylene carbonate, diethyl carbonate, and ethyl
methyl carbonate (1:1 : 1, by weight) as the electrolyte. All the
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charge-discharge measurements were carried out in the
constant current-constant voltage (CC-CV) protocol in the
voltage window of 2.0-4.8 V, and the number of formation
cycles was 5. The initial charge-discharge tests were carried out
at C/10 rate. The rate capability of the electrodes was tested
under different current densities, from C/10 to 2C rate. During
the rate performance study, the charge rate was kept constant at
C/10 rate, and only the discharge rate was changed. Cyclic vol-
tammetry (CV) measurements were performed in the voltage
window between 2.0 and 5.0 V (scan rate: 100 uV s ‘). To
investigate the diffusion coefficient of the electrodes, CV
measurements were also carried out at different scan rates from
100 to 600 uV s~ . Two coin cells were assembled and tested in
each case.

3. Results and discussion

Lithium-rich cathode material with the composition Li; 5-
Niy,5Mng 750, 5 was synthesized by a typical sol-gel process
using citric acid. The acetates of nickel, manganese, and
lithium are used as the precursor materials. The solution of
metal salts and citric acid first formed a gel, which was then pre-
annealed at 450 °C for 6 h, followed by calcination at 950 °C for
12 h to yield the required product.

3.1 Characterization of cathode material

The XRD pattern of the LNMO sample is shown in Fig. 1. All the
main reflections are well defined, sharp, and clear, and they are
all well indexed to the R3m space group with hexagonal
ordering. No impurity peaks exist in the XRD pattern, and the a-
NaFeO, structure is well crystallized.'®*>*¢ The weak reflections
between 20° and 23° confirm the existence of a monoclinic
Li,MnO; phase (space group: C2/m) (inset in Fig. 1), resulting
from the superlattice ordering of Li and Mn in the transition
metal (TM) layers. The low intensity of these peaks is due to the
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Fig.1 XRD pattern of the LNMO sample.
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disorder of LiMng clusters with the addition of nickel. The
integrated intensity ratio of I(003)/I1(104) is larger than 1.2,
indicating a low cation mixing in the material. Moreover, the
well-separated adjacent reflections (006)/(012) and (018)/(110)
in the XRD pattern confirm the well-crystalline layered struc-
ture of LNMO material.>”°

SEM characterization was carried out to study the surface
morphology of the LNMO sample. The SEM images indicate
that the LNMO powder is made of nanoporous polyhedral
particles. The diameter of the particles is in the range of 100~
200 nm, with smooth facets and sharp edges (Fig. 2). The
decomposition of the precursor components during calcination
may be the primary cause of the porous structure. The small
particle size shortens the lithium-ion diffusion paths and
thereby facilitates its easy transport. The porous structure
improves electrolyte infiltration and also provides a large
interface area between the LNMO particles, which is believed to
promote the Li" insertion/de-insertion reaction.2®

The elemental composition was determined by ICP-AES
analysis, which reveals that the Li:Ni:Mn mole ratio in
LNMO material is 1.524 : 0.242 : 0.744, which is very close to the
theoretical stoichiometry of 1.5:0.25:0.75. The results of the
EDS analysis (Fig. 3a) show that only Ni, Mn, and O are present
on the surface of the LNMO material. Fig. 3b shows the
mapping images of Ni, Mn, and O in the LNMO sample by
scanning electron microscopy. It confirms that the elements are
uniformly distributed in the LNMO material. The surface area
of LNMO powder was determined by the BET method, and the
obtained specific surface area of the LNMO sample is 12.9 m?
g

The particle size distribution of the LNMO powder was
studied. The results are displayed in Fig. 4, while details of the
particle size are summarized in Table 1. The broader particle
size distribution curve signifies that the LNMO particles are
non-uniformly distributed in the sample, and the particle size
(do.5) is found to be 4.7 um.

3.2 Electrochemical evaluation

The characteristic initial charge-discharge mechanism is
considered the key reason for the high capacity of Li-rich
cathode materials. Two coin cells each were assembled and
tested to examine the cycling and rate performances. The
charge-discharge curves, rate capabilities, and cycling perfor-
mances of PVDF- and aqueous binder-based electrodes are
depicted in Fig. 5a—e. These results are used to examine the
effect of the binders on the electrochemical performance of the
LNMO material. Fig. 5a represents the initial charge-discharge
profiles of the LNMO/PVDF and LNMO/CMC-acrylic binder
electrodes. In the initial charging process, two distinct regions
are present. The first is a smooth sloping region below 4.5 V,
and the second is a long plateau above 4.5 V. The sloping region
below 4.5 V is attributed to the lithium-ion extraction from the
LiMO, component with simultaneous oxidation of Ni** to Ni**
ions. The second long plateau above 4.5 V is due to the irre-
versible release of Li,O from the Li,MnO; phase to form
MnO,.**** The smooth sloping curve in the initial discharge

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of LNMO powder at two different magnifications.
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Fig. 3 (a) EDS spectra and (b) element mapping of the LNMO sample.
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Fig. 4 Particle size distribution of the LNMO sample.
Table 1 Particle size distribution of LNMO powder
Sample d (0.1) d (0.5) d (0.9) d (4,3)
LNMO 1.250 pm 4.745 pm 23.357 um 9.062 um

process corresponds to Li" insertion into the crystal structure.
The Li" ions extracted during the initial charging cannot be fully
re-inserted into the host structure during the discharge process
owing to the dislocation of transition metal (TM) ions after the
initial charge process. Thus, the initial discharge capacity is
significantly less than the initial charge capacity, leading to
a large irreversible capacity loss and a low coulombic efficiency
in the first cycle.**** Fig. 5a revealed that the initial charge-
discharge profiles of LNMO electrodes based on both binders
are similar. However, above 4.5 V, the charge plateau of the
LNMO/CMC-acrylic electrode is shorter than that of the LNMO/
PVDF, indicating that it is not easy to extract lithium ions from
the Li,MnO; phase when aqueous binder is employed as
a binder in the lithium-rich cathode material. Additionally, the
initial discharge capacity of the LNMO-aqueous electrode is
224.94 mA h g™, whereas that of the PVDF-based electrode is
237.7 mA h g~ *. This may be ascribed to the reasonable amount
of lithium leaching from LNMO material during aqueous pro-
cessing. Based on previous reports, it is possible that the
leached lithium ions during the electrode process react with
phosphate ions from the phosphoric acid, forming Li;PO,,
which may act as a barrier to prevent the further loss of lithium
from the active material.?***%

The initial coulombic efficiency of the LNMO/CMC-acrylic
electrode is 84.4%, which is much higher than that of the
PVDF-based electrode (70.3%). The improved initial efficiency
of the LNMO/CMC-acrylic electrode can be explained as follows:
during the initial charge process of LNMO material, Li" ions are
extracted from the lithium-rich layer below 4.5 V and form
a large number of Li-ion vacancies. When the material is
charged to 4.8 V, Li" ions from the TM layer are extracted in the
form of Li,O. Thus, after the first charging, huge lithium-ion
vacancies originate in the crystal structure, and the extracted
Li" ions move into the counter electrode through the electrolyte.
During the initial discharge process, Na" ions tend to dissociate
from CMC and have the propensity to occupy the Li" ion
vacancies in the TM and Li layer because Na" ions have a shorter
diffusion path than Li" ions during the discharge process, and it
is simpler for Na" ions in the cathode to enter into Li sites in the

420 | RSC Sustainability, 2024, 2, 416-424

View Article Online

Paper

cathode structure. The higher radius of Na* ions than Li* ions
allows the Li layer spacing to be extended after the first cycle. A
wider layer gap facilitates the extraction and insertion of Li"
ions, thereby improving the rate performance of the Li-rich
cathode.” Fig. 5b and c represent the first and second
charge-discharge profiles of LNMO electrodes (based on PVDF
and CMC-acrylic binder, respectively), which indicates that the
second cycle of the LNMO/CMC-acrylic electrode shows a higher
discharge capacity than the PVDF-based electrode (a
~19 mA h g~ increase for the LNMO/CMC-acrylic electrode and
only a 7 mA h g ' increase for the LNMO-PVDF electrode). To
further study the cyclability (Fig. 5d), cells employing LNMO/
CMC-acrylic and LNMO/PVDF electrodes were cycled at C/10
rate for 100 cycles. It is noticeable that LNMO/CMC-acrylic
electrodes exhibited a capacity retention of >97.5% at the end
of 100 cycles in comparison to the initial discharge capacity,
whereas LNMO/PVDF electrode retained a capacity of ~95.4%.
According to reports, the addition of PA during the aqueous
processing led to the formation of lithium phosphate and/or
transition metal phosphates, which resulted in the formation
of a layer of lithium phosphate/transition metal phosphate on
the surface of the lithium-rich cathode particle; both are highly
insoluble in water and act as a protective layer on the surface of
the cathode material.> Thus, the stabilized electrode/electrolyte
interface and the reduction in particle surface reduced the
superficial structural degradation of the cathode material,
which led to improved rate performance for the LNMO/CMC-
acrylic electrode.

Galvanostatic cycling at different C rates, ranging from C/10
to 2C, with five consecutive cycles at each rate, was used to
evaluate the rate performance of LNMO cathodes (Fig. 5e). The
results indicate that both the CMC-acrylic- and PVDF-processed
electrodes exhibit comparable rate performance at lower C
rates. However, at 1C and 2C rates, LNMO/CMC-acrylic elec-
trodes exhibited higher capacities than the LNMO/PVDF elec-
trodes. This may be due to the higher Li-ion conductivity offered
by LizPO, formed during aqueous processing.***”

Cyclic voltammetry (CV) studies were carried out to under-
stand how the binder affects the electrochemical performance
of LNMO material. The electrochemical behavior of LNMO/
PVDF and LNMO/CMC-acrylic electrodes is shown in Fig. 6.
Fig. 6a and d show the voltammograms for the half-cells with
CMC-acrylic and PVDF-based LNMO, respectively. The voltam-
mograms show a typical intercalation-de-intercalation profile
of an LNMO cathode. When swept at 100 uV s~ in the potential
window of 2.0-5.0 V, two anodic peaks were observed in both
the systems. Compared to LNMO/PVDF, the first three CV cycles
of LNMO/CMC-acrylic-based cells displayed greater peak
current densities and reversibility (Fig. 6a). The first anodic
peak between 3.5-4 V corresponds to the oxidation of Ni** to
Ni*', and the second peak at ~4.7 V corresponds to the activa-
tion of the Li,MnO; component, in which simultaneous irre-
versible loss of Li* and O>~ takes place. In the subsequent cycle,
there is no oxidation peak at 4.7 V, which confirms that the
activation of Li,MnOj takes place only in the initial cycle and is
irreversible.> The cathodic peak between 3.5 and 4 V indicates
the reduction of Ni** to Ni*" ions, and the peak below 3.5 V

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Initial charge—discharge profiles of the LNMO/PVDF and LNMO/CMC-acrylic binder electrodes; (b and c) first two charge—discharge

curves of LNMO electrode processed with PVDF and CMC-acrylic binder electrodes at C/10 rate; (d) cycling performance of the CMC-acrylic
binder electrode and the PVDF electrode at C/10 rate (the specific capacity reported is an average of two cells and the error bars represent the
standard deviation between the cells for every 10 cycles); (e) rate performance of the CMC-acrylic binder electrode and the PVDF electrode (the
specific capacity reported is an average of two cells and the error bars represent the standard deviation between the cells for the 5 cycles at each

C rate).

denotes the reduction of Mn*" to Mn*".>* The good overlaps in
the second and third cycles of LNMO/CMC-acrylic and LNMO/
PVDF electrodes are indicative of stability during the Li" ion
intercalation and de-intercalation processes. Furthermore, the
apparent Li" ion diffusion kinetics were studied by using CV
curves at different scan rates (100-600 uV s~ ') (Fig. 6b and e). It
is evident that when the scan rate increases, the absolute values

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the cathodic and anodic peak intensities also increase. The
square root of the scan rate and peak current are linearly related
in both systems (Fig. 6¢ and f), and the Randles-Sevcik equation
was employed to determine the Li-ion diffusion coefficient (D):*

I, = 2.69 x 10°n*AD"*Cyp'"
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where I, is the peak current, Cy; is the Li-ion concentration in
the electrode, n is the number of electrons, A is the geometric
area of the electrode, v is the scan rate, and D is the diffusion
coefficient. The apparent lithium-ion diffusion coefficients of
LNMO/CMC-acrylic are 8.301 x 10~ " e¢m?® s and 2.574 x
107" ecm?® s7' for the delithiation and lithiation processes,
respectively. These values are higher than those of LNMO/PVDF
(6.367 x 10" em*s7 !, 7.85 x 107" cm® 7). The low electrical
and lithium-ion diffusion resistance of the LNMO/CMC-acrylic
electrode may be due to the formation of a conductive layer of
Li;PO, on the cathode surface. Since lithium-ion intercalation
and de-intercalation are known to be reversible reactions,
a higher diffusion coefficient means that the electrodes will
transfer lithium-ions more quickly, thus improving high-rate
performance. The obtained results are in good agreement
with the experimental data showing that the LNMO electrode
with an aqueous binder showed better rate performance than
the PVDF-based electrode. Thus, the outstanding electrode

422 | RSC Sustainability, 2024, 2, 416-424

performance was possibly achieved by pH buffering and the
development of a protective Liz;PO, layer on the surface of the
active material, as reported earlier for NMC111 (ref. 37) and
high-voltage LiNi, sMn; 50,4.%°

4. Conclusions

In the present study, we have successfully synthesized a lithium-
rich cathode material, Li; sNig25Mng 75055, via the sol-gel
method. The material was characterized by XRD analysis, and
the morphology was studied by SEM analysis. Lithium-
manganese-rich cathode-based electrodes were fabricated using
an aqueous binder consisting of a combination of CMC and
acrylic hybrid latex, while phosphoric acid was added to balance
the slurry pH value. The electrochemical performance of the
aqueous-processed electrodes was compared with that of PVDF-
based electrodes. The results indicate that the initial discharge
capacity of the PVDF-based electrode (237.7 mA h g™ ') is slightly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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higher than that of the aqueous-processed electrode
(224.94 mA h g '). However, CMC-acrylic-based electrodes
exhibit comparable cycling performance at C/10 rate and also
show better rate performances at higher rates (1C and 2C). This
study proposes a simple and environmentally friendly strategy
to improve the electrochemical competence of the electrodes
used in the LIBs; thus, it is expected to aid the rapid advance-
ment of the major technological areas in EVs by offering the
conceptual basis and essential technical support for developing
high-capacity aqueous binder-based cathodes.
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