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1 | INTRODUCTION
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Selmiye Alkan Giirse | Alp Yiiriim?

Abstract

One of the main problems of LiNig goC0q 15Al 95O, (NCA) materials is the side
reactions occurring during battery cycling. These side reactions result in capac-
ity fading, which in turn decreases the life span of the battery. Conventionally,
for nickel-rich cathodes, an inorganic layer is used as a protective layer. Apply-
ing these layers may require additional complicated steps. To overcome this
problem, we focused on coating the NCA electrode with a polymeric ion con-
ductive layer that can easily be applied. For this purpose, using an ion-
conductive polymer is a novel approach. We used Nafion as the protective
layer on NCA electrodes. While the Nafion layer can protect the surface
against the side reactions, it does not prevent the Li* ion flow. Following this
purpose, we synthesized NCA by a modified co-precipitation method followed
by sintering at 750°C. After the preparation of the NCA cathodes, we coated
the surfaces with a more straightforward drip coating. The Nafion-coated elec-
trodes delivered a superior electrochemical performance with 100% of dis-
charge capacity retention even after 100 cycles at 0.1C. The electrochemical
impedance spectroscopy revealed that the Nafion coating could effectively pre-
vent passive layer formation, which causes capacity fading.
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electrode.l? Even so, different cathode materials and syn-
thesis routes may be used to build up commercial LIBs.?

The advance of energy storage and conversion technology
is one of the leading research topics in today's world. In
this regard, lithium-ion batteries with their higher energy
density, charge, discharge capacities, and longer cycle life
have generated significant interest in portable electronics
and electric cars. Although these criteria are much more
tolerable for the materials that are used in anode elec-
trodes, cathode electrodes always require a certain
threshold in terms of discharge capacity and energy den-
sity, which tend to become as limiting and determining

In those cathode materials, many of the LIBs utilize Co-
rich cathodes as they may relatively provide higher dis-
charge capacity and excellent electrochemical cycling.*>
Despite their superb specifications, cobalt cost is a huge
barrier, and the industry and academia had tried to
replace cobalt with safer and more affordable ele-
ments.>*’ Nickel-rich layered cathodes are the solution
to this problem since they provide high reversible capac-
ity and reasonable costs. Some of the materials are lay-
ered oxides such as lithium nickel manganese cobalt
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oxides (NMC) or lithium nickel cobalt oxides (NCO).%?
Within that Ni-rich cathode family, LiNij goC0g 15Al0.0502
(NCA) is a highly promising candidate, particularly for
utilizing in electric vehicles. Their delithiated phase cre-
ates a thermally stable environment, which, in turn,
reduces the safety concerns.*'® Moreover, most of the
theoretical capacity of NCA (276.5 mAh/g) effectively
participate in charge/discharge cycles with the range of
3.2 to 4.3 V, which back as high discharge capacity.'>!!

Synthesizing NCA may be achieved by various
methods.'>'® Purwanto et al have summarized in detail
various synthesis techniques of NCA cathode active
material for LIBs. These methods with different synthesis
characteristics result in differences in particle sizes.'* In
this regard, the literature itself provides several examples
for different synthesis characteristics depending on the
synthesis routes.’® For instance, solid-state reactions
allow a higher quantity of NCA powder but require
higher energy.'®'® On the other hand, the modified sol-
gel method creates much finer particles within the struc-
ture, thus enhances electrochemical activity. While in the
spray pyrolysis, the particles are not stable during
sintering at elevated temperatures. Single co-precipitation
method can result in powders with crystalized layered
structures and a more isotropic shape of NCA.'%*

Despite its extensive range of production methods
and its excellent discharge capacity, the most significant
drawbacks of NCA cathodes are the side-reactions that
occur during the cycling. These reactions limit the
cycling performance, which in turn decreases the life
span of the electrode.'®**?! These side-reactions are due
to the highly active transition metal at the charged-state
and reacting with the electrolyte. In addition to that, dur-
ing the charge/discharge cycles, the microcracks natu-
rally present in the NCA particles propagate with
expansion/contraction. This phenomenon creates new
surfaces to react with the electrolyte. To eliminate these
side reactions, scientists have tried many different surface
modifications applied to the cathodes.?** For instance,
a-MoO; particles are used on layered cathodes of
Lig 20Mny 54Nip13C00 130, and it is reported that a thin
layer of a-MoOj; particles enhanced the electrochemical
performances in charge and discharge tests by preventing
the side-reactions.>® He et al demonstrate that a protec-
tive layer like Mn-rich oxide on the NCA surface can pro-
tect the material, suppress the phase changes, and
enhance the performance of the electrode.”®*>*

Another example is using a nano-scale carbon coating
on the NCA cathode as the layer provides much higher
diffusivity for Li-ions and decreases the mechanical
stress, which in turn provides a significant recovery on
the discharge capacity.>*'®1%21**3% Wrapping the Ni-
rich cathode with lithium lanthanum titanium oxide

(LLTO) inorganic film is a different example of surface
modification type. Kim et al claim that it prevents the
side reactions of nickel-rich cathodes, thus remedy on the
capacity.>’ The readers should keep in mind that all these
surface modifications mentioned above use inorganic
coatings that are rather complex and require a certain
amount of energy to implement into practice.

Herein, our motivation is to minimize the side reac-
tions on the NCA cathode and achieve a highly stable
electrochemical performance by applying a simple coat-
ing technique. In this technique, an ion-conducting poly-
mer is simply drip coated on to the cathode. This coating,
while creating a very thin barrier between the electrolyte
and the electrode, prevents the side-reactions and micro-
crack propagations. In line with this goal, the NCA cath-
ode was developed by first a modified co-precipitation
method that provided a lot of smaller and dispersed pow-
ders. Then a surface modification was applied with a
Nafion coating on the prepared NCA cathode powders.
In the literature, there are studies with electron-
conducting polymers as a coating. However, to the best of
our knowledge, a surface modification, where an ion-
conducting polymeric protective coating, has not been
reported on any Li-ion battery cathode. Our purpose for
using the Nafion coating was to help to create a stable
electrochemical performance under long charge/dis-
charge cycles by preventing the side reactions and disin-
tegration due to microcrack propagations. The
microcracks expose more of the surface to the electrolyte,
thus increases the side-reactions with cycling and deterio-
rates the cathode. In the study, the results are compara-
tively shown and discussed for both pristine NCA and
Nafion-coated NCA.

2 | EXPERIMENTAL PROCEDURE

2.1 | Material synthesis

All the chemicals were purchased from Sigma-Aldrich,
and they were used without further purification. To syn-
thesize NCA cathode active material,
Co(CH,CO,),4H,0, Ni(CH;CO,),-4 H,0, AICl;, and
C,H,0, were used as the starting materials. They were
completely dissolved in 200 mL of distilled water with a
molar ratio of Ni:Co:Al = 80:15:5. After that, C,H,0, was
added then 10 mL of NH; (30%) was poured to the solu-
tion for precipitation. The solution was then continuously
stirred for 2 hours. The mixed solution was placed in an
on-oil bath at 90°C for overnight to ensure a complete
chemical reaction. The obtained (NiCoAl) C,0, powders
were then calcined at 500°C for 8 hours in an air atmo-
sphere. Sintered powders were mixed with C,H;LiO,.
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The amount was 1.1 times the stoichiometric Li required
in the structure. After calcinated powders were analyzed
in TGA, the best calcination temperature was determined
as 750°C. The final sintering was applied accordingly in
an air atmosphere for 12 hours to obtain a black LiN-
i.80C00.15Al9.0502 (NCA) powder.

Powder characterization of the NCA was done via
XRD and SEM. XRD patterns for NCA were analyzed in
a Bruker D2 Phaser that used CuKa radiation with
1.54 A wavelength to characterize phase composition
and crystal structure of synthesized materials. The pow-
der X-ray diffraction measurements were collected from
5° to 90° and 20 with a step size of 0.02° and a step
speed of 0.5°/min. The morphology of the obtained
electrode powder and the surface of the electrodes that
were pristine and Nafion modified were examined in a
Zeiss LEO Supra 35VP SEMFEG scanning electron
microscope.

2.2 | Preparing the NCA cathode slurry
To prepare the cathode slurry, we took polyvinylidene
difluoride (PVDF, Sigma-Aldrich), carbon black (CB,
Sigma-Aldrich), and NCA powder in the 5:25:70 propor-
tions, respectively. After the ingredients were mortared,
they were mixed NMP (N-Methyl-2-pyrrolidone, Sigma-
Aldrich) to obtain a uniform and viscous slurry. After the
slurry was stirred overnight, we coated the slurry on to
the current collectors. The coated film was then dried at
120°C overnight in a vacuum oven. As a final step, the
electrodes were immediately taken out from the oven
hot-pressed at 120°C for 2 minutes and put into the
glovebox.

2.3 | Coating NCA cathode with Nafion

Nafion, which is a sulfonated tetrafluoroethylene-based
fluoropolymer-copolymer, is frequently used in energy
conversion applications, primarily in proton exchange
membrane fuel cells as a proton conductor due to its high
chemical stability as well as superior proton conductiv-
ity.3’2 Here in this research, the reason for using Nafion is
its excellent ionic conductivity, high chemical stability,
and serving as a protective layer on the NCA cathode.
With these properties, Nafion can help to eliminate the
propagation of microcracks by covering the NCA parti-
cles and inhibit the surface reactions. As a result, the pro-
tective layer helps to achieve a stable cyclability. Nafion
(Fuel Cell Earth, 15% wt) was diluted in water by 30%. A
drip coating method is then applied with a 100-pl pipette
from 2 cm to the surface of the NCA electrode without
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touching the surface. And lastly, they were dried over-
night at 60°C in a vacuum oven.

2.4 | Assembling the coin cells

The electrodes were assembled in CR2032 coin cells in a
glovebox for electrochemical characterizations. Li chips
were used as the counter electrodes. 1 M LiPFg solution
in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1
vol/vol, Sigma-Aldrich) was used as the electrolyte, and a
polypropylene separator (Celgard) was used as the
separator.

The cyclic voltammograms were recorded between
3.0 and 4.3 V (vs Li/Li") at a sweep rate of 0.1 mV s~
For the cycling performance, the coin-cells were
galvanostatically charged and discharged at different cur-
rent rates of 0.1C, 0.5C, and 1C for 100 cycles in the volt-
age range of 3.3 and 4.2 V. For the rate capability
performance, the current was alternated from 0.1C, 0.5C,
1C, 2C, and 0.1C for 40 cycles (between 3.3 and4.2 V).
Electrochemical impedance spectroscopy (EIS) responses
were obtained between the frequency range of 1 mHz
and —1 MHz with an AC amplitude of 5 mV. All of the
electrochemical tests were carried out in a Princeton
Applied Research PARSTAT MC system.

3 | RESULTS AND DISCUSSION

3.1 | Powder characterization

We show the XRD pattern of the NCA powder in
Figure 1A. As indicated in the figure, all of the diffraction
peaks of NCA is indexed to a fine layered «-NaFeO,
structure (R3m) (JCPDS Card #87-1562).>> The peaks at
18.8, 36.7, 38.2, 38.5, 44.5, 48.7, 58.8, 64.6, 65.1° were
indexed to (003), (101), (006), (102), (104), (105), (107),
(018), and (110) planes, respectively.>* These peaks verify
that the material has a LiNiO, structure. We did not
observe peaks other than LiNiO,'s. It confirms that Co
and Al atoms are properly incorporated into the lattice,
meaning that a layered O3 rhombohedral NCA material
was successfully synthesized.*>*® In these materials,
apparent double peaks of (006)/(102) and (018)/(110)
should be seen, which is the observed case for this mate-
rial (Figure 1B,C). NCA based materials with a good hex-
agonal structure should have a low-intensity ratio of
Toosy/ Taony + I(102)>” We calculated this ratio to be
0.0907 for the NCA in this study. A value that low is con-
sidered to be more than sufficient since commercial NCA
can have a factor of about 0.13.°*** We present the XRD
pattern of the Nafion-coated NCA electrode in Figure S1.
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In this pattern, there are additional peaks due to the car-
bon black, PVDF and the current collector. The NCA
peaks became broader due to conformal thin film on the
crystal particles. However, the pattern shows that the
NCA structure is conserved.

For layered LiNiO, type cathodes, cation mixing is a
crucial fact that limits the cathode performance. The
extent of cation mixing in the structure can be estimated
from the intensity ratio of Ipos)/ I(104).34 This value should
be higher than 1.2 to have a low cation mixing. The ratio
calculated for the NCA powder synthesized in this study
is 1.9, which is attributed to a low cation mixing. At
higher sintering temperatures like 850-950°C, a high

value of 2.1 can be obtained.*®*! However, at these condi-
tions, much bigger particles form, and this would
adversely affect the polymer coating's effectivity.

We performed the SEM characterization of NCA to
understand the morphology and detailed structure of the
sintered particles. Figure 2 shows the agglomerated poly-
hedral particles of NCA sintered at 750°C. Their average
particle size was 240 nm. While particles with threefold
rotation symmetry can be seen in Figure 2B, their particle
size varies between 40 and 510 nm (Figure 3). According
to the XRD analysis, the average crystallite size of the
particles is 107 nm, which suggests that most of the pow-
der consists of fused polycrystalline particles (about 80%).
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FIGURE 1 XRD pattern of the NCA powder sintered at 750°C
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SEM micrographs of NCA sintered at 750°C. Images at, A, lower, and, B, higher magnifications
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In the NCA structure, it is difficult to oxidize all Ni**
to Ni**** Ni** occupies a certain amount of Ni** sites,
but these ions move to the Li* layer to conserve charge
in the structure (cation mixing). Cation mixing is an
unwanted situation and should be minimized during the
synthesis. Due to that reason, NCA requires high
sintering temperatures. Although there are several
methods to synthesize NCA and similar materials, the
most common ones are solid-state synthesis and solution-
based synthesis. In solid-state synthesis, all the solid reac-
tants are mechanically mixed and heat to high tempera-
tures like 725°C in a furnace under an O,
environment.*>** Since the materials are already in solid
form, the final product tends to be large. Particles with
dimensions ranging from 1 to 10 pm sinters to form large
clumps of 10 to 200 pm. When the particle size is that
big, it is more prone to cracking.*> Due to cracking and
inhomogeneous metal distribution in the crystal, the
cathode can lose about 20% of its capacity after only
20 cycles.®

Solution-based synthesis facilitates better mixing at
the atomic level. In this method, dissolved precursors are
precipitated or gelated and after that heat-treated in a
furnace. These methods produce finer particles with bet-
ter cycling stability.***® But since the particles are
smaller, they are more reactive and tend to react with
atmospheric CO, to form a Li,COj; layer.* This layer pre-
vents ion and electron mobility for the NCA particles. In
this study, although the particles are at the nanoscale,
XRD characterization did not show any Li,COj; layer due
to storing the electrodes in a glovebox.

For an active material, nanomaterials with a porous
structure are crucial for effective Li-ion diffusion.
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FIGURE 3 Particle size distribution of NCA powder
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Moreover, the porous structure can resist the volume
expansion more efficiently. Among the methods to obtain
a porous structure, co-precipitation is probably the most
suitable for industrial applications. In the literature,
oxalic acid was used as a precipitating agent for various
cathode materials like LiNiysMnysO, and Li;,N-
i9.13C0013Mng 54057 However, to the best of our
knowledge, it has not been used for NCA synthesis
before. As can be seen from Figure 2, the particle struc-
ture is porous, and its open structure is more suitable for
a polymer coating.

In addition to the powder characterization, we took a
cross-sectional SEM image of the Nafion-coated NCA
electrode before the cycling tests (Figure 4 and S1). The
SEM image clearly shows the Nafion nano-thin transpar-
ent film on the NCA electrode. Moreover, Nafion
completely coats the electrode surface. It also reveals the
encapsulation of NCA particles on the surface. Layered
cathode materials like NCA needs a coating layer that
suppresses the unwanted reactions between the cathode
surface and electrolyte. In addition to that, since these
materials can experience cracking, the coating also cre-
ates a barrier against the microcracks.’*>* The coating on
the surface should be as uniform as possible. However,
more importantly, these layers should not prevent
lithium-ion conduction.>*

When the literature is examined, depending on the
base material, various coatings can be seen, but all of
these coatings are inorganic materials like SiO,, Al,O;,
TiO,, and Zn0.>>>® In addition to that, most of them are
not ion-conducting materials. A no ion-conducting layer
means that while the coating prevents the unwanted sur-
face reactions, it also creates an additional resistance for

FIGURE 4 Cross-sectional view of Nafion-coated NCA
cathode



YIGITALP Et AL.

sz | WiLEY B e e

ion mobility. To coat the cathode active material with an
oxide, usually, the oxide precursor is mixed with the cath-
ode active material and calcined/sintered. Cho et al pre-
pared a SiO,-coated NCA by mixing the NCA powder
with SiO, nanoparticles and sintered the material at
700°C.>” After the sintering process, NCA agglomerates
of about 6 pm were coated with a 500 nm SiO, layer.
Although the protective layer can protect the material, it
slows down the Li* migration at high current densities.
A thin layer of oxide coating can be achieved with more
complicated techniques like atomic layer deposition
(ALD). Mohanty et al coated NCA powders with Al,O;
and TiO, using an ALD technique.’® They achieved a
coating thickness of about 10 nm. Interestingly they
observed that while the Al,0; layer protects the material,
TiO, coating could not stabilize the surface.

NCA can also be coated with active materials that
facilitate the Li-ion movement. Srur-Lavi et al coated
NCA electrodes with ALD.>® They obtained 2 nm thick
LiAlO, layers, and the capacity fading was three times
better than the uncoated sample. The study shows the
importance of the coating both as a protective layer and
Li-ion migration medium. In the current study, we
showed that a conformal nano-sized ion-conducting poly-
meric coating could be easily applied to the electrode sur-
face. It should also be noted that usually, the cathode
active materials are coated with a protective layer, and
then an electrode is prepared.®® However, directly cover-
ing the electrode makes the process much simpler and
less energy-consuming.

3.2 | Electrochemical characterizations

To understand the electrochemical activity of the elec-
trodes, first, a cyclic voltammetry test was performed. As
shown in Figure 5, there are three redox pairs for both
pristine and Nafion-coated electrodes. This result is con-
sistent with the cathode materials that have a LiNiO,
(LNO) structure.***"*> These peaks correspond to the
phase transitions from hexagonal (H1) to monoclinic
(M) (3.78 V), monoclinic (M) to a second hexagonal
structure (H2) (4.03 V) and finally from the second hex-
agonal structure (H2) to a third one (H3) (4.24 V) during
the reduction. During the oxidation, the phase transitions
occur in the opposite direction (4.15V — 3.93 V — 3.66 V).
Both of the electrodes showed the same peaks with no
distinct shifts. These results show that the Nafion coating
on the NCA electrode does not adversely interfere with
the lithiation/delithiation process, and both of the elec-
trodes have similar electrochemical activities. When the
NCA cyclic voltammograms in the literature are exam-
ined, it can be seen that when the particles are porous,

the HI-M and M—H2 transition peaks are more dis-
tinct.>”%*%* However, with dense particles, these peaks
merge and observed as a single peak. In this study, the
NCA structure is porous, as can be seen from the SEM
images (Figure 2), and similar to the literature, each tran-
sition is visible in the CV curves.

We present the initial charge/discharge profiles of
pristine and Nafion-coated NCA electrodes in Figure 6.
Although the electrodes had similar electrochemical
activities in the cyclic voltammograms, they showed sig-
nificantly different profiles. Nafion-coated NCA elec-
trode, at the first cycle, delivered discharge/charge
capacities of 202 and 182 mAh/g (91% efficiency),
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FIGURE 5 Cyclic voltammograms of pristine (dashed-line)
and Nafion-coated (solid-line) NCA electrodes
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and Nafion-coated (solid line) NCA electrodes (first cycle at 0.1C)
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respectively, at 0.1C. On the other hand, the pristine elec-
trode, under similar conditions, had discharge/charge
capacities of 176 and 115 mAh/g (65% efficiency), respec-
tively. This significant difference suggests that the pris-
tine electrode is vulnerable to unwanted reactions, which
causes a drop in capacity. Without a protective layer, the
pristine cathode deteriorated immediately in the first
cycle and showed a capacity lower than the theoretical
values. Nevertheless, both of the electrodes showed a typ-
ical NCA profile.*>*’

During the lithiation/delithiation of cathodes, Li-rich
and Li-deficient regions occur in the same particle. These
regions can create coherency strains, and the particle
needs an overpotential to be delithiated.**®® For NCA,
such an overpotential can be observed when the structure
is not oxidated enough, and there is a cation mixing.**> As
discussed in the powder diffraction section, we did not
expect to have cation mixing, and the charge/discharge
profile also supports that.

Figure 7 shows the cyclic performance of pristine and
Nafion-coated NCA electrodes. At 0.1C, the Nafion-
coated electrode showed capacities close to reported
values and, after 100 cycles, retained 100% of its capacity.
Although the pristine electrode's capacity retention at
0.1C was similar, the capacity was lower due to the
already degraded surface.®*’> With increasing current
rates, the specific capacities of both electrodes decreased.
At 0.5C and 1C, the Nafion-coated electrodes showed a
steady capacity until about the 20th cycle. After that, the
specific capacity started to decline, and the capacity
retention was 88% at the 100th cycle. The pristine elec-
trodes, at higher current rates, performed more errati-
cally. The cycling results show that the Nafion coating
effectively improved the performance of the electrodes.
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When the surface is not coated, it is prone to surface
reactions, which yields non-active phases and creates
extra resistance for ions to flow.”

Depending on the synthesis procedure, uncoated
NCA can have varying capacity retention. In one study,
while an NCA without a coating can have 56% of reten-
tion after 40 cycles at 1C,”* after Cos(PO,), coating, the
retention increases to 86%. In another study, NCA's
retention was increased from 53% to 75% with Niz(PO,),
coating.”® These coatings are active materials that do not
create resistance for ion flow. When the coating is a non-
active material like TiO,, the retention after the coating
can be as low as 63.5%.”° The Nafion structure lets the
flow of Li ions and prevents surface reactions. This pre-
vention results in more steady cycling performance and
high capacity retention.

Rate capability tests are essential to understand the
behavior of the battery under changing current densities.
We show the rate performance of pristine and Nafion-
coated NCA cathodes in Figure 8. The Nafion-coated
electrode performed much more stable with higher
capacities due to the protective layer on the surface. The
electrode delivered discharge capacities of 182, 154,
136, and 102 mAh/g at the end of 0.1C, 0.5C, 1C, and 2C
cycles, respectively. Moreover, the Nafion-coated elec-
trode recovered 100% of its capacity after reaching back
to 0.1C. Although both electrodes demonstrated stable
discharge characteristics under different current densi-
ties, the Nafion-coated NCA electrode showed a much
better reversible capacity than the pristine NCA. The
observed capacity fade of the pristine electrode was 5% at
0.1C. We may attribute this to the passive layers formed
on the pristine electrode, which has low ionic and elec-
tronic conductivity.”””®

(B)

180

160 -

140 -

=y
o
o

Specific Capacity (mAh/g)
9
5]

80 -

60

0 20 40 60 80 100
Cycle Number

FIGURE 7 Cycling performance of, A, pristine NCA, and, B, Nafion-coated electrodes (black: 0.1C, gray: 0.5C, white: 1C)
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To get a more in-depth insight into the electrochemi-
cal behavior of the electrodes and the effect Nafion coat-
ing, we have conducted a systematic analysis with EIS
measurements of NCA electrodes before and after cycling
tests. In Figure 9, we show the changes in the EIS spectra
of the NCA electrodes. The EIS profiles of both cells
reveal a semicircle in the high-frequency side and a slop-
ing line in the low-frequency side. At the high-frequency
side, the intersection point of the semicircle with the hor-
izontal axis is attributed to the electrolyte impedance. EIS
characterization shows that both of the cells had similar
ohmic electrolytic resistances before the cycling.””®' The
medium-frequency end of the semi-circle is considered as
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FIGURE 8 Rate capability performance of NCA electrodes
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the charge transfer resistance. This is the impedance
between the cathode and the electrolyte, and it is espe-
cially crucial for NCA type cathodes. Even before the
cycling, the pristine NCA electrode showed a much
higher charge transfer resistance at the electrode/electro-
lyte interface. The higher charge transfer resistance sug-
gests that already a passive layer had formed on the
pristine electrode before cycling due to the side reactions.
This finding supports the inferior properties of this elec-
trode, even at the beginning of cycling tests. Nafion-
coated NCA electrode provided a natural pathway for Li*
insertion and extraction from the active material to elec-
trolyte and vice versa.*? Furthermore, the sloping line at
the low-frequency side is the Warburg diffusion region
indicating the diffusion in the cathode material.®* Since
we used the same NCA materials as the cathode, we
observed similar trends at the low frequencies.

After 100 cycles at 0.1C, the charge transfer resistance
of the pristine NCA electrode significantly increased. We
attributed this increase to the degradation of the electro-
lyte and passive layer formation on the cathode during
the side reactions.””’® This charge transfer increase
explains the capacity fade of NCA electrodes without any
protective coating. However, the Nafion-coated NCA has
almost one order of magnitude smaller resistance even
after 100 cycles, which depicts the improvement of the
charge transfer in the cell. This result is consistent with
the stable cycling performance of the Nafion-coated elec-
trodes. The protective conformal coating on the NCA par-
ticles, first of all, prevented unwanted reactions like
carbonate formation, electrolyte degradation, and spinel-
like passive layer formation. These unwanted structures
decrease the specific capacity, and with cycling cause

0 50 100 150 200 250 300 350 400
Z (ohm)

FIGURE 9 Nyquist plots of pristine and Nafion-coated NCA electrodes, A, before cycling, and, B, after 100 cycles at 0.1C (white:

pristine, black: Nafion-coated)
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FIGURE 10 Equivalent circuit and surface structure of the
electrode

capacity fading. Nafion coating can effectively prevent
the formation of these layers. In addition to that, since
Nafion can conduct Li* ions, it does not create extra
resistance like passive layers.

To explain the mechanism more in detail, we used
the equivalent circuit shown in Figure 10. We assumed
that there is a cathode electrolyte interface (CEI) like
layer between the electrolyte and the electrode surface.®*
This film forms an additional impedance for the charge
flow. Table 1 presents the fitted values, and Figure S3
shows the related fitting curves. The results show that
the electrolyte and charge transfer resistance in the elec-
trode (R, and R.) do not change significantly after
100 cycles. However, the film resistance of the pristine
electrode increases almost two times. The film resistance
of the Nafion-coated electrode is much lower and even
decreases after cycling. The pristine electrode has a high
film resistance even before cycling. The high resistance
may arise from the formation of a carbonate layer on the
untreated NCA surface, which also supports the low ini-
tial specific capacity of the pristine electrode.

The suggested mechanism is as follows: The electro-
lyte adsorbed on the surface can react with the Ni"* ions

EESEENE WiLEy- |

TABLE 1 Resistance values of the electrodes before cycling
and after 100 cycles

Electrode R, (Q) Reim () R, (Q)

Pristine Before 4.0 81.3 48.0
After 5.1 143.4 55.6

Nafion-coated Before 12.1 21.6 25.7
After 5.2 34 20.0

on the cathode surface. During this reaction, electrolyte
oxidation occurs, and it starts to deteriorate. The deteri-
orated components can initiate Ni"* leaching, and this
results in the cathode material degradation.®> All these
materials formed in the electrolyte can lead to CEI,
which is composed of -(CF,),- and NiF,®® This CEI is
an insulating material and creates an additional resis-
tance on the electrode surface. Without a protective
layer, due to the cracks formed, the CEI layer grows;
thus, the electrolyte continues to degrade, and the resis-
tance increases more. Eventually, this results in a capac-
ity fading. When a Nafion layer is present on the
cathode surface, it prevents the direct contact of the
electrolyte and Ni"* ions. As a result, no CEI forms. Ini-
tially, since the Nafion is not lithiated, an additional
resistance occurs in the first cycle. However, after the
first cycle, this resistance drops since the Nafion
becomes lithiated.

4 | CONCLUSION

In this research, LiNig ggC0q.15Alp 050, (NCA) material
was synthesized by a co-precipitation method with
oxalic acid. The prepared electrodes were coated with
Nafion to have a conformal layer on the NCA
nanoparticles against side reactions. The Nafion coating
both prevented the side reactions and facilitated the Li*
movement between the electrode and electrolyte. Due
to the protective coating, the electrode did show any
capacity fading after 100 cycles. Without any protective
layer, the electrode structure degrades, a passive layer
forms, and the electrode starts to fail. The modified sur-
face of NCA with high ionic conductivity provides an
optimal material for long cycling. More importantly,
the ease of coating NCA with an ion-conductive protec-
tive layer makes the process suitable for industrial
manufacturing.
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