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Binders are electrochemically inactive electrode components. However, their chemical and physical nature greatly affects battery
performance and plays a key role in electrode integrity and interface reactivity. The binders thus have a strong impact on battery
capacity retention and cycle life. Water-processable binders would make the electrode preparation process cheap and environmentally
friendly and provide a viable alternative to polyvinylidene difluoride (PVdF). Here we report the use of sodium alginate (SA) as
binder for LiNi0.5Mn1.5O4 (LNMO), one of the most promising cathode materials for high-voltage and high-energy LIBs. We
demonstrate that electrodes with high mass loading containing SA have excellent specific discharge capacity (120 mAh g−1 at C/3
and 100 mAh g−1 at 5C) with negligible overpotentials in conventional electrolyte based on ethylene carbonate (EC): dimethyl
carbonate (DMC) and 1 M LiPF6, where the reactivity of LNMO is known to negatively affect stability. The electrodes with SA also
show a good stability over subsequent cycles of charge and discharge at 1C with capacity retention of 95% and 86% with respect to
the initial cycles at the 100th and 200th cycle.
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Lithium-ion batteries (LIBs) have been on the market for 25 years
and recently are being widely used in electric vehicles.1,2 Research is
currently focused on improving the safety and performance of LIBs
in terms of gravimetric and volumetric energy and power as well
as reducing the costs and toxicity of battery components and of the
manufacturing process.3,4 While the three main active battery compo-
nents, i.e. anode, cathode and electrolyte, are widely studied, as shown
by numerous review papers,5–8 it is worth noting that such inactive
battery components as separators are extremely important in overall
operation.9 The same holds true for the conductive agent (usually car-
bon black) and the binder that support the electrochemical processes
even if present in low weight percentages in electrode composite. The
former improves electronic conductivity and, hence, the rate capabil-
ity of the electrode. The latter acts as glue for active material and the
conductive agent and can also improve adhesion with the current col-
lector. Although electrochemically inactive, the chemical and physical
nature of polymeric binders can enhance battery performance, control
the interface structure of the electrode and has a strong impact on
battery capacity retention and cycle life.10

The most widely used binder for LIBs is polyvinylidene difluoride
(PVdF). While displaying all the desirable binder properties, such as
good adhesion strength to the current collector and good electrochem-
ical stability, it can also soak up a large amount of liquid electrolyte, a
property that has its pros and cons.11 A facile penetration of the elec-
trolyte inside the composite electrode results in a high interfacial area
of active material in contact with the electrolyte. While this facilitates
Li+ transport, it also promotes unwanted side-reactions. Furthermore,
the soaked electrolyte can swell the composite electrode material, re-
sulting in contact loss between particles and in an increase of electrode
resistance.12

PVdF requires the use of organic solvents like as N-
methylpyrrolidone (NMP) that are toxic and expensive. Water-
processable binders would make the electrode preparation process
cheap and environmentally friendly and provide a viable alternative
to PVdF. Polyacrylic acid (PAA) is one of the most widely studied
water-soluble binders as an alternative to PVdF. This polymer is solu-
ble in both water and in such other organic solvents as ethanol that is
more environmentally friendly than NMP. Thanks to the presence of
carboxylic acid functional groups, it can form hydrogen bonds with
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the active material. A derivate of PAA was first studied as a disper-
sant and a binder for LiCoO2 cathodes in LIBs by Li et al.13,14 It has
subsequently been investigated as a binder for graphite,15,16 SnCoC17

and Si18 anodes and for other cathode materials like LiMn2O4
19 and

LiFePO4.15,20 Cai et al.20 reported that LiFePO4 electrodes with PAA
binder had greater stability and lower resistance than those with PVdF
binder.

Many studies have indicated that water processable cellulose-like
materials may be suitable binders for both anode and cathode.10,19,21,22

The use of carboxymethylcellulose (CMC) as binder for a graphite-
based anode material was first described by Lee et al.23 CMC binder
has been proposed also for Si-based electrodes. It can promote the for-
mation of a stable solid electrolyte interface (SEI) layer by acting as a
surface modifier and can facilitate networking between the conductive
carbon and the Si particles because of its extended structure.24,25 The
presence of carboxylic groups on CMC promotes the formation of
hydrogen bonds with hydroxyl groups on Si surfaces, especially at
high temperature, which leads to improved stability of the electrode
structure.26

CMC has also been successfully used in LiFePO4 cathode
formulations, with improved capacity retention over cycling.27

LiNi1/3Mn1/3Co1/3O2 (NMC) cathodes with CMC binder showed im-
proved high rate capability in comparison with electrodes using
PVdF.28,29 High-voltage cathodes based on LiNixMn2-xO4 (x = 0.4
and 0.5) and on Li2MnO3–LiMO2 displayed improved performance,
too.30,31

Sodium alginate (SA) is a less widely studied binder. A biopoly-
mer extracted from brown seaweeds, SA contains 1,4-linked β-D-
mannurate and α-L-guluronate which can be arranged to form copoly-
mer or homopolymer dyads. Several combinations are thus possible
in nature and depend on the source of the alginate. An important
property of this material is that it contains a carboxylic group on
each monomeric unit that enables a great number of hydrogen bonds
between the binder and the electrode materials. It was first stud-
ied as a binder for anodic Si-based materials by Kovalenko et al.32

Subsequent studies demonstrated its suitability for cathodic materi-
als like LiNi1/3Mn1/3Co1/3O2, LiMn2O4

29,33,34 and, very recently, for
LiNi0.5Mn1.5O4.35

One of the crucial challenges in LIB electrode formulation is to
identify the best strategy to develop electrodes with high mass loading
without penalizing capacity and rate performance which is required
for large-size batteries.
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Here we report the use of SA as a binder for LiNi0.5Mn1.5O4

(LNMO) electrodes and focus our work on electrodes with high mass
loading. LNMO is one of the most promising cathode materials for
LIB use in electric vehicles thanks to its good theoretical capacity
(146.7 mAh g−1), high operating voltage (4.7 V vs. Li+/Li) and good
high-rate performance.36,37 However, its reactivity with conventional
electrolytes based on ethylene carbonate (EC): dimethyl carbonate
(DMC) and 1 M LiPF6 is well known.38 We report that the use of SA
binder with high LNMO loading enhances the cycling performance of
the electrodes with respect to the use of PVdF and offers the advantage
of enabling water-process methods for the preparation of high-voltage,
high-loading electrodes, a key feature in view of large-size battery
production for electric vehicles.

Experimental

Electrode preparation.—The electrodes were prepared by mixing
the active material LiNi0.5Mn1.5O4 (LNMO, Nanomyte SP-10, NEI
Corporation), the conductive agent C-nergy Super C65 carbon black
(C65, Imerys) and the binder sodium alginate (SA, Sigma-Aldrich).
Polyvinylidenedifluoride (PVdF, Kynar HSV 900, Arkema) was taken
as reference binder.

The composite material (2 g) containing SA was obtained by dis-
solving the binder in 4 mL of MilliQ water and mixing with a magnetic
stir bar for 30 minutes; LNMO was then added and the whole mixed
in the planetary mill (PULVERISETTE 6, Fritsch) with tungsten car-
bide (WC) jar and balls (25 balls, 5 mm diameter) at 250 rpm for 30
minute. Thereafter, C65 was added and 1-hour mixed in the planetary
mill. The resulting product was viscous slurry containing 87% LNMO,
10% C65 and 3% SA weight composition. The use of PVdF required a
different formulation, and 5% binder content was an optimal value.39

The composite cathode material containing PVdF with 85% LNMO,
10% C65 and 5% PVdF weight composition was prepared by dry
mixing LNMO and C65 with a planetary mill with 25 WC balls in a
WC jar at 250 rpm for 1 hour. Subsequently, PVdF powder was added
and dry mixed for 1 hour, then 3 mL (for 2 g of composite material) of
N-methylpyrrolidone (NMP, Sigma-Aldrich, >99%) were added and
the whole was mixed for 1 h.

The slurries were deposited on aluminum foil sheets previously
etched in KOH 5 wt% for 1 min via mini coater machine (MC
20, Hohsen Corp.) by adjusting the thickness between 6 and 10 mil
(150–250 μm). The electrode layers with SA (LNMO_SA) were al-
lowed to dry at room temperature, as a quick drying process would
cause the formation of cracks and the loss of adhesion between the
composite material and the current collector. Electrodes with PVdF
(LNMO_PVdF) were allowed to oven-dry at 60◦C overnight. The
electrodes LNMO_SA and LNMO_PVdF were obtained by punching
the corresponding electrode layers with a 9 mm-diameter puncher.
They were pressed at 5 tons for 1 minute with a hydraulic press and
dried under dynamic vacuum at 100◦C for 16 hours in glass Büchi
B-585 oven. The loading of active material per electrode was in the
range 6–9 mg cm−2.

Electrochemical tests.—Teflon T-shaped cells (Bola, Bolhender
GmbH) were assembled in a dry box (LabMaster SP, MBraun) with
argon atmosphere (H2O < 0.1 ppm, O2 < 0.1 ppm), with LNMO
working electrodes and lithium metal as counter electrode and refer-
ence electrode. The electrolyte was 1 M LiPF6 in ethylene carbonate
(EC):dimethyl carbonate (DMC) 1:1 (Selectilyte LP30, BASF) and
the separator a microfiber glass membrane Whatman GF/D (10 mm
diameter). The electrochemical tests were carried out with Perkin-
Elmer VMP and Biologic VSP multichannel potentiostat/galvanostats
at 30◦C. Galvanostatic charge/discharge cycles between 3.5 and 4.8 V
vs. Li+/Li were carried out to evaluate the discharge performance of
the cathode materials prepared with the two binders at different cur-
rent densities and their cycling stability when subjected to repeated
charge and discharge cycles. The electrochemical characterization
always started with three charge/discharge cycles, with a charge at
C/3 constant current (CC), followed by a potentiostatic charge (CV)

over 30 minutes or until the attainment of a current corresponding to
C/10 and a CC-discharge at C/3. Electrochemical impedance spec-
troscopy (EIS) measurements on LNMO electrodes in the charged
state were also performed in three-electrode mode in the range 100
kHz–100 mHz with a perturbation amplitude of 5 mV, recording 10
points/decade. The electrodes were charged at CC (C/3)-CV at the
selected potential vs. Li+/Li and the spectra taken after at least 1 hour
of rest in open circuit for the system to reach equilibrium. EQUIVCRT
Boukamp software was used for EIS data fitting.

Physical-chemical characterization.—The morphological and
structural properties of SA and PVdF were investigated by scan-
ning electron microscopy (SEM) with a Zeiss EVO 50 microscope
equipped with an energy dispersive X-ray analyzer from Oxford INCA
Energy 350 system, and by a PANalytical X’Pert PRO powder diffrac-
tometer equipped with a X’Celerator detector (CuKa radiation, 40 mA,
40 kV) for X-ray powder diffraction (XRD). SEM and XRD of SA
and PVdF films were also recorded after dissolution of the polymers
in water and NMP, respectively, i.e. the solvents of electrode slurry
formulations.

LNMO_SA and LNMO_PVdF electrodes were also characterized
by SEM (surface and cross section) and by porosimetry. The porosi-
metric analysis was carried out on the composite material detached
from the aluminum collector after drying and before pressing the
electrode. An ASAP 2020 Micrometrics porosimeter was used and
the analyses performed according to BET and DFT methods. The
adhesion test (T-peel test) was performed with 4465 of Instron ten-
siometer on rectangular samples (1 × 2.5 cm) pressed at 10 tons for
2.5 minutes. MagicTM adhesive tape (3M) was applied on the samples
and the speed was set at 25 mm min−1. The electrode resistivity was
evaluated at room temperature with a four-point probe Jandel multi-
height apparatus connected to a Amel 2053 galvanostat/potentiostat
and a Hewlett Packard 3478A multimeter on the composite materials
deposited on non-conductive substrates (glass or mylar film). Given
that the water-based slurry containing SA did not yield homogeneous
layers on these support materials, ethylene glycol (Sigma-Aldrich,
>99.5%) was used to dissolve the SA binder while maintaining the
proportions of the slurry components.

Results and Discussion

Good binding properties of SA were appreciated since electrode
preparation. Indeed, LNMO_SA electrodes were easily obtained at
low SA content: LNMO_SA electrodes featured a 3% of SA with
respect to LNMO_PVdF that contained 5% PVdF.

Figures 1a and 1b show the SEM images of the surface and of
the cross-section of pristine LNMO_SA electrode (6–9 mg cm−2).
The electrode appears homogeneous, with a good distribution of C65
carbon; the comparison with pristine LNMO_PVdF electrode (Figures
1c and 1d) does not evidence a marked difference in morphology. The
BET surface area of both electrode composite materials is ca. 10 m2

g−1 and the DFT analysis shows no difference in their mesoporosity.
The different molecular structure and composition of SA and PVdF
notably affect the morphology of these powders as shown in Figures 2a
and 2b. SA displays particles with irregular shapes and fibrous struc-
ture, indicating that it is an amorphous material. On the other hand,
PVdF is composed of small, regular spherical particles that testifies to
a certain degree of crystallinity, as confirmed by XRD diffractograms
in Figure 2c. While SA powder is almost totally amorphous with only
traces of short-range order, the diffractogram of PVdF powder shows
more defined peaks at 2θ values of 18.2◦, 20.0◦ and 26.6◦, typical of
the crystalline form II of this polymer.40 The differences in particle
shape and crystallinity do not influence the morphologies of the poly-
mer films resulting from binder dissolution and solvent evaporation.
Indeed, the spectra of the dry SA and PVdF films obtained after dis-
persing the binders in H2O and NMP, respectively, are almost identical
and completely amorphous as shown by the XRD patterns reported in
Figure 2c. Electrochemical tests were carried out on the electrodes of
the same mass loading with the two different binders. The electrodes
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Figure 1. SEM images of pristine electrodes: LNMO_SA (a) surface and (b) cross-section, LNMO_PVdF (c) surface and (d) cross section.

Figure 2. SEM images of (a) SA and (b) PVdF powders and c) XRD diffrac-
togramms of SA (powder and film) and PVdF (powder and film).

underwent charge/discharge cycles in half-cells between 3.5 to 4.8 V
vs. Li+/Li at 30◦C. The electrochemical characterization started with
three charge/discharge cycles, as indicated in the Experimental part to
enable the formation of an effective surface layer that protects LNMO
from further reactions with the electrolyte.38

The discharge capability of the LNMO_SA electrodes, i.e. their
response to progressively increased discharge currents, was evaluated
with CC(C/3)-CV charge and CC discharge at increasing C-rate (C/3,
C/2, 1C, 2C, 3C, 5C). Three cycles were performed for each C-rate
and three additional cycles with CC discharge at C/3 were carried
out at the end of the test to assess whether the cell recovered initial
conditions. Figure 3 shows the discharge capacity and the percentage
of recovered capacity, i.e. the ratio between the discharge capacity
and the charge capacity for each cycle of LNMO_SA. The results
are compared to those of LNMO_PVdF. The specific capacity of the
LNMO_SA and LNMO_PVdF electrodes are quite similar and close
to the practical one of LNMO reported in the technical data sheet (130
mAh g−1 at C/10). The LNMO_SA and LNMO_PVdF electrodes have
similar resistivity, 0.47 ohm cm and 0.76 ohm cm, respectively. The
slightly lower resistivity of the former is probably due to the lower
amount of binder, i.e. of non-conductive material being the binder-
to-carbon black ratio 0.3 for LNMO_SA and 0.5 for LNMO_PVdF.

Figure 3. Specific discharge capacity and recovered capacity upon CC(C/3)-
CV charge and CC discharge of LNMO_SA (8.1 mgLNMO cm−2) and
LNMO_PVdF (8.3 mgLNMO cm−2).
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Figure 4. Discharge potential profiles of LNMO_SA (8.1 mgLNMO cm−2)
and LNMO_PVdF (8.3 mgLNMO cm−2) electrodes: (a) 3rd discharge at C/3,
(b) 3rd discharge at 5C.

A lower binder-to-carbon ratio might favor electric contact between
carbon and LNMO. The recovered capacity is good for each material.
The first cycle shows a recovered capacity lower than that of the
subsequent cycles, with values between 80% and 85%. This is due to
the formation of a passivation layer on the surface of the electrodes
(both LNMO and Li) caused by the degradation reaction of LP30.38

By contrast, the first of the last three cycles at C/3 shows a recovered
capacity greater than 100%. The reason for this is that the charging
processes is not much affected by kinetics when the charging current
is maintained at C/3 and the constant current step is followed by the
constant potential step. With the increase of the discharge current, a
certain amount of charge remains trapped in the electrode, causing
the lowering of the discharge capacity. When, at the end of the test,
the discharge is carried out at low current, there are fewer kinetic
limitations and the trapped charge is delivered.

Despite the similarity in the behavior of electrodes with SA and
PVdF during the discharge capability test, differences are evinced
in potential profiles. Figure 4 shows the discharge potential profiles
of the electrodes at low and high currents (C/3 and 5C). While at
C/3 LNMO_SA and LNMO_PVdF have almost superimposed pro-
files (Fig. 4a), at 5C LNMO_SA displays a lower overvoltage than
LNMO_PVdF (Fig. 4b). This is a very important feature for the devel-
opment of LIBs operating at high C-rates. Indeed, the higher discharge
potential profile of LNMO_SA would provide a higher energy of the
full cell compared to LNMO_PVdF.

Stability tests were carried out by CC-CV/CC charge/discharge
cycles at 1C after five galvanostatic cycles CC-CV/CC at C/3.
Figure 5 demonstrates the very high stability of LNMO_SA elec-
trode: it maintained 95% of specific capacity after 100 cycles and
86% after 200 cycles. In the same cycling conditions LNMO_PVdF
is less stable displaying a 89% recovered charge after 85 cycles.41

The Figure also displays the potential profiles of the 1st and the 100th
cycle at 1C (i.e. the 5th and 105th total cycles) of LNMO_SA that
shows a low increment of the discharge overpotential over cycling.
The coulombic efficiency was nearly constant at ca. 98%. However,
some scattered values were evident after the 100th. One reason for
these scattered values may be the rupture of the SEI passivation lay-
ers on LNMO and on Li electrodes over cycling. In this case the

Figure 5. Discharge capacity over repeated CC-CV charge and CC dis-
charge cycles and charge/discharge potential profiles at 1C of LNMO_SA
(7.1 mgLNMO cm−2).

Figure 6. Impedance spectra from 100 kHz to 0.1 Hz of LNMO_SA and
LNMO_PVdF recorded in OCV after charge at potential of 4.70 V vs. Li+/Li
at different rest time.

charging process also comprises the charge involved in building new
layers so that charge capacity values are much higher than those of
discharge capacity. From a chemical point of view, the good stability
of LNMO_SA can be attributed to the presence of carboxylic groups
in each monomer unit of SA. These groups form ester-like chemical
bonds with hydroxyl groups on the surface of the active materials that
favor particle cohesion.19 In addition, the passive layer that usually
forms on the electrode surface strictly depends on the nature of the
binder.20,35,42

To investigate the electrode/electrolyte interface reactivity, elec-
trochemical impedance spectra at different times after charge at
4.70 V vs. Li+/Li (CC-CV) were taken in OCV and are reported
in Figure 6. The Nyquist plots of the charged electrodes feature a
high frequency semicircle that represents the solid-electrolyte inter-
face resistance (RSEI). The intercept on the Z real axis at the highest
frequency is the uncompensated resistance (Ru). The equivalent cir-
cuit that models electrode response is described in Scheme 1 and
deeply discussed in the following paragraph. LNMO_SA displays a

Scheme 1. Equivalent circuit used for the fitting of the EIS data.
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Figure 7. Impedance spectra from 100 kHz to 0.1 Hz of (a) LNMO_SA and
(b) LNMO_PVdF recorded after charge (4th cycle) at different potentials vs.
Li+/Li.

slight increase of the total resistance over time that is mainly related
to the increase in Ru. LNMO_PVdF, by contrast, almost doubles the
total resistance in 24 h. Specifically, RSEI increases, thus demonstrat-
ing higher interface reactivity of LNMO_PVdF than LNMO_SA. The
slightly higher Ru displayed by LNMO_SA electrodes could be as-
cribed to poorer adhesion of LNMO to Al current collector than that
of LNMO_PVdF electrodes. This was confirmed by T-peel test. The
adhesive strengths to the aluminum current collectors for the LNMO
composite electrodes were 0.14 and 0.38 N cm−1 for electrodes with
SA and PVdF, respectively. However, this feature does not seem to
affect LNMO_SA electrode performance to any great extent, but it is
worth improving.

To evince the effect of the SEI formation on the LNMO-based elec-
trodes over cycling, EIS of the LNMO_SA and LNMO_PVdF elec-
trodes was carried out at different potentials after the initial 3 charge/
discharge cycles (Figure 7) and at 4.70 V vs. Li+/Li after 130 cycles
(Figure 8). The spectra reported in Figure 7 were collected after hav-
ing charged the electrodes (4th charge process) at 1C up to 4.10 V
and after a rest period of 1 hour in open circuit. The electrodes, which
were not discharged at the end of the impedance measurement, were

Figure 8. Impedance spectra from 100 kHz to 0.1 Hz of LNMO_SA recorded
in OCV at potential of 4.70 V vs. Li+/Li after the 4th and 130th charge during
cycling stability tests.

further charged up to 4.70 V and the spectra were collected after the
1h-rest. The electrodes were similarly further charged up to 4.77 V and
the impedance measurements performed. The open circuit potentials
are reported in Figure 7. The electrodes were then discharged and the
stability tests continued. The spectra in Figures 7a (LNMO_SA) and
7b (LNMO_PVdF) display one high frequency semicircle with a di-
ameter (RSEI) that is not affected by the potential value and is ascribed
to the solid electrolyte interface. The medium frequency semicircle
is related to the charge transfer phenomenon with a diameter that
corresponds to the charge transfer resistance (RCT) and increases at
low potential. The low frequency line at almost 45◦ (QW) is related to
Li+ diffusion in the solid electrode. Impedance spectra of LNMO_SA
were also collected in the charged state after repeated cycles at 1C
and shown in Figure 8. The electrodes were charged at 4.70 V vs.
Li+/Li and the spectra taken after 2h-rest in open circuit. The spectra
were analyzed with the equivalent circuit RU(RSEIQSEI)(RCTQCT)QW

shown in Scheme 1, where RU is the uncompensated resistance and Q
indicates the constant phase element, whose impedance is ZCPE(ω) =
Q−1 (jω)−a, and represents an ideal capacitance if a = 1 and a Warburg
element if a = 0.5. The results of the fitting analyses of the spectra
are listed in Table I. The data evidence that LNMO_SA impedance
increase upon cycling is mainly related to the RCT component. At
130th cycle the RSEI contribution is negligible, thus suggesting the
formation of a thin SEI layer and explaining the good cycling per-
formance. For a comparison it has to be mentioned that in the case
of LNMO_PVdF both RSEI and RCT significantly increase over cy-
cling. Indeed, we reported that after 27th and 87th cycle RSEI and
RCT change, respectively, from 5.4 to 11.7 ohm cm2 and from 12.0 to
32.0 ohm cm2.39

Passivation layers on LNMO_SA and LNMO_PVdF were inves-
tigated by SEM. Specifically, the cells were disassembled after the
cycling stability test and the electrodes were analyzed by SEM af-
ter being washed with DMC to remove salt traces. The SEM images
(surface and cross-section) of these electrodes after cycling are shown

Table I. Fitting parameters of the impedance spectra of Figure 8 of the LNMO_SA electrodes after 4th and 130th charge at 4.7 V vs. Li+/Li.

Ru RSEI RCT QSEI QCT QW

Cycle � cm2 � cm2 � cm2 F s(a-1) cm−2 F s(a-1) cm−2 F s(a-1) cm−2

4 1.97 ± 0.04 1.3 ± 0.1 0.5 ± 0.2 (5.0 ± 0.7) · 10−5 (6 ± 1) · 10−2 1.28 ± 0.02
a = 0.95 ± 0.02 a = 0.46 ± 0.08 a = 0.62 ± 0.01

130 2.59 ± 0.07 0.56 ± 0.02 3.53 ± 0.07 (9 ± 2) · 10−5 (1.76 ± 0.05) · 10−2 0.64 ± 0.02
a = 0.85 ± 0.03 a = 0.60 ± 0.01 a = 0.59 ± 0.02
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Figure 9. SEM images of electrodes after the cycling stability test:
LNMO_SA (a) surface and (b) cross-section, LNMO_PVdF (c) surface and
(d) cross section.

in Figure 9. The SEM images show that the LNMO_SA electrode
(a, surface and b, cross-section) maintained the same compact struc-
ture after cycle life test. The LNMO crystals were well preserved as
demonstrated by the hexagonal faces that are evident in several LNMO
particles (Figure 9a). SEM images show a slight morphology change
in the LNMO_PVdF electrode (c, surface and d, cross-section). In
these cycled electrodes the LNMO particle boundaries are smoothed
as if covered by a thick SEI layer.

The binder may affect the electrolyte permeation inside the com-
posite material, thereby favoring Li+ transport but also enhancing the
electrolyte reactions on LNMO particles. Therefore, the higher SEI
thickness of LNMO_PVdF compared to LNMO_SA can be explained
by a higher electrolyte uptake of PVdF than SA. On the other hand, the
electrolyte uptake and swelling properties of PVdF, which are due to
its flexible linear chains, are well known and exploited for the prepa-
ration of solid electrolytes and separators.11,42 In effect, we found that
SA swelling in presence of LP30 electrolyte is not so high and this is
due to its more rigid structure. The difference in electrolyte uptake of
the two binders is shown in Figure 10. An equal amount of binders
(230 mg) was added to the same volume of LP30. The addition of 0.2
mL of electrolyte soaks the SA binder completely but only a small
portion of PVdF, which promptly formed a gel. Adding 0.4 mL more
(0.6 mL total) of LP30 electrolyte completed gel formation of the
entire amount of PVdF but this addition remained as surnatant over
SA. While SA is wetted without showing any evident swelling, PVdF
is able to soak up a greater volume of electrolyte and readily swells
forming a gel. Hence, SA could prevent the massive infiltration of
electrolyte into the electrode and this improves the cycling stability of
the electrode.

Conclusions

Water-processable SA can be successfully used in high-potential
electrode formulations based on LNMO. SA-based electrodes with
relatively high mass loadings and high active material percentages
were prepared and their performance was compared to that of elec-

Figure 10. SA and PVdF powders (a) dry and after the addition of (b) 0.2 mL
and (c) 0.6 mL of LP30.

trodes containing the conventional PVdF binder. LNMO_SA elec-
trodes showed excellent specific discharge capacity (120 mAh g−1

at C/3, close to practical capacity of 130 mAh g−1 at C/10) even at
very high currents where a specific capacity of about 100–105 mAh
g−1 was delivered at 5C with negligible overpotentials. By contrast,
overpotentials significantly increased at 5C for electrodes with PVdF.
The electrodes with SA showed good stability over subsequent cycles
of charge and discharge at relatively high current (1C), showing a dis-
charge capacity at the 100th and 200th cycle that was 95% and 86%
of the initial one. The poor swelling ability of SA makes LNMO_SA
electrodes less susceptible to a massive electrolyte penetration and,
hence, to degradation and passivation processes. Therefore, the high-
potential LNMO cathodes with high active material mass loading
have good electrochemical performance when prepared using SA as
binder. Further optimization of binder, conductive material and active
material percentages, with particular attention to the slurry formation
procedure and physical chemical properties, especially for the scal-
ing up and automation of the coating process, would lead to notable
improvements.
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