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Highly Stable Na, ;(Mn,s,Ni,,;C0,,5)0, Cathode Modified
by Atomic Layer Deposition for Sodium-lon Batteries

Karthikeyan Kaliyappan, Jian Liu, Andrew Lushington, Ruying Li, and Xueliang Sun*®

For the first time, atomic layer deposition (ALD) of Al,O; was
adopted to enhance the cyclic stability of layered P2-type
Na,/3(Mng 54Nig13C0415)0, (MNC) cathodes for use in sodium-ion
batteries (SIBs). Discharge capacities of approximately 120, 123,
113, and 105 mAhg™' were obtained for the pristine electrode
and electrodes coated with 2, 5, and 10 ALD cycles, respective-
ly. All electrodes were cycled at the 1C discharge current rate
for voltages between 2 and 4.5V in 1m NaClO, electrolyte.
Among the electrodes tested, the Al,O; coating from 2 ALD
cycles (MNC-2) exhibited the best electrochemical stability and
rate capability, whereas the electrode coated by 10 ALD cycles
(MNC-10) displayed the highest columbic efficiency (CE), which

Introduction

As a result of the increasing awareness on global warming and
the depletion of fossil fuels, there is much effort devoted to
finding alternative energy sources for automobile applications
including electric vehicles and hybrid electric vehicles.
Rechargeable lithium-ion batteries (LIBs) are considered as an
ideal choice for automotive applications, among other battery
systems, because of their large capacity and high energy densi-
ty. However, the high cost and scarcity of lithium reserves has
resulted in the pursuit of alternative energy-storage materials."
Recently, sodium-ion batteries (SIBs) are drawing attention for
use in large-scale energy-storage applications as a result of the
abundance and ecofriendly nature of sodium. Furthermore, the
intercalation/deintercalation (I/DI) mechanisms of LIBs and SIBs
are similar. Henceforth, similar synthetic strategies, materials
development, and alloying/conversion chemistry to those uti-
lized for LIBs could also be applied for the development of
electrode materials for SIBs.” However, SIBs have a number of
disadvantages including the larger ionic radius of sodium
(~1.03 &) and higher redox potential (—2.71 V vs. SHE) relative
to the ion size of Li (=0.79 A) and redox potential of Li/Li*
(=3 V vs. SHE).

However, the different interaction mechanism between the
host material and Na ions influences the kinetics/thermody-
namic properties of SIBs, which provides a new platform for
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exceeded 97 % after 100 cycles. The enhanced electrochemical
stability observed for ALD-coated electrodes could be a result
of the protection effects and high band-gap energy (E;=
9.00 eV) of the Al,O; coating layer. Additionally, the metal-
oxide coating provides structural stability against mechanical
stresses occurring during the cycling process. The capacity,
cyclic stability, and rate performance achieved for the MNC
electrode coated with 2 ALD cycles of Al,O; reveal the best re-
sults for SIBs. This study provides a promising route toward in-
creasing the stability and CE of electrode materials for SIB ap-
plication.

advanced technology to surpass LIBs in high-power applica-
tions. The I/DI mechanisms of SIBs and LIBs are almost same,
so well-developed lithium-based technology could also be
used to explore sodium-based hosts used in SIBs.

Research concerning Na-ion storage into host materials can
be traced back to the early 1980s.%% Since that time, a great
deal of effort has been devoted to discovering novel sodium-
intercalation materials for use in SIBs. Sodium-intercalating
host materials, such as layered oxides, transition-metal fluo-
rides, olivine phosphates, pyrophosphate, fluorophosphates,
sodium superionic conductors, and alluaudite framework com-
pounds, have been reported as potential cathode materials for
SIBs.¥ Among the aforementioned materials, layered metal
oxides have a number of advantages including facile synthesis,
high theoretical capacity, and high working voltage.”'*'?
Therefore, the exploration of mixed layered oxides as energy-
storage materials will advance the construction of high-per-
formance SIBs.

According to Delmas et al., Na-based layered oxide materials
can be classified as O3-type and P2-type, in which the Na ions
occupy octahedral or prismatic sites, respectively."® It was re-
ported that P2-type layered materials exhibit enhanced electro-
chemical Na-ion storage capability relative to O3-type materials
because of the high Na-ion diffusion coefficient and forbidden
slab gliding."*™ The transition-metal intermixing component,
for example, in NaNi,;Mn,sFe,;0,, displays a number of favor-
able features such as stable structure and higher capacity than
in the Li counterpart.”’ This may be a result of the combination
of the several advantages from the different metals and the
elimination of the drawbacks and challenges related to the
pure oxides.”® Hence, focus has been made to develop these
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intermixing layered metal-oxide cathode materials.”’ Recently,
numerous sodium-intercalation P2-type materials, such as
NaMO, (M: Cr, Fe, Co, and Ni), Nage(MngesCoq,Nig15)0,,
Na,;3(Mn; ,Fe;.)0,, Nays(NiysMny3)0,, NaysNiysMnys,Ti0,, and
Nage,;MnggsFeq,Nig 50, have been demonstrated to store Na
jons in their structure.>>*18 Dagpite delivering high ca-
pacity, these materials experience severe capacity decay even
at a low current density and simultaneously demonstrate poor
rate performance. Furthermore, the limitations of these materi-
als at high cutoff voltages hinder their application in the fabri-
cation of high-energy-density SIBs.

Many strategies have been applied to address the above
challenges. Wang etal. proposed that the severe capacity
fading observed under elevated voltage conditions is a result
of crystal structure changes that occur during the charge/dis-
charge (C-DC) process.'” They also noted that the unstable
electrochemical behavior of layered electrode materials cycled
at voltages of between 2 and 4.5V results in an irreversible
phase transformation at voltages greater than 4.3 V. Lu and
Dhan also suggested that capacity retention is greatly affected
by the P2-02 phase transformation at voltages above 4.2 V.*!
To stabilize the structure, small-sized cations implemented into
the host structure have been shown to be successful. Yuan
etal. and Yoshida et al. demonstrated that doping Al and Ti
into P2-type Nag;[Mng;C0,,Nig15]0, and NaysNiysMny s ,Ti,0,,
respectively, stabilized the structures for high-voltage opera-
tion at 4.2 V.'7"® Although cation doping enhances structural
stability, the rate capability of these material is still not ade-
quate for practical applications because of the large particle
size, uneven particle shape and distribution, and severe parti-
cle agglomeration."”'®

Previous reports have indicated that the preparation
method and surface morphology have a large influence on the
electrochemical performance of any cathode materials.?" The
preparation of cathode materials with uniform structure and
high crystallinity is an ideal path to enhancing the C-DC per-
formance of intercalation host materials.”” By following this
methodology, we have succeeded in synthesizing micrometer-
sized P2-type Na,,;;(Mngs,Nig;3C04:5)0, (MNC) with uniform size
and distribution with a citric acid assisted sol-gel method. The
citric acid acted as a chelating agent to reduce the particle ag-
glomeration and to upsurge the structural integrity of the final
product. Unfortunately, the MNC cell experienced capacity
fading during the cycling process at voltages above 4.3 V. One
effective way to improve the electrochemical stability of SIB
cathodes is to introduce a surface coating layer. This additional
layer protects the active electrode material from hazardous re-
action byproducts that are produced during the C-DC pro-
cess.”™ Numerous reports have indicated that the use of con-
ductive carbon and/or metal oxides on the surface as a coating
results in enhanced cycling stability for various energy-storage
materials.?**! However, the presence of inactive carbon on the
surface decreased the initial capacity value.”® On the other
hand, metal-oxide coatings not only improve the electrochemi-
cal stability of the cathode but also increase the initial capacity
value.”” Moreover, these rigid coatings can aid in maintaining
the mechanical integrity of the cathode during the C-DC pro-
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cess. Traditionally, solution-based coating methods, such as
sol-gel and hydrothermal methods, are adopted to deposit
metal-oxide coatings on the surface of cathode materials.”>%
However, uniform coatings are difficult to produce by using
conventional coating methods, which result in rough surface
coatings that inadequately protect the surface. In addition,
these solution-based methods require a large amount of pre-
cursor and solvent, as well as subsequent heat treatment.’*>2®

Atomic layer deposition (ALD) is a technique that has recent-
ly been used to coat metal oxides on anode and cathode ma-
terials for LIB applications. ALD has the excellent capability of
coating thin films at the atomic scale along with unprecedent-
ed uniformity.”” Additionally, metal-oxide coatings by ALD
have led to enhanced electrochemical lithium-ion-storage ca-
pability for various anode and cathode materials for LIBs.?>3%
Various metal-oxide coatings (Al,O;, ZrO,, TiO,, and LiTaO,)
have been applied by using the ALD method on different
anodes and cathodes for high-performance LIB applica-
tions.’'Y Although the ALD method has been employed in
various energy-storage applications, such as LIBs, fuel cells,
and lithium-sulfur batteries, coating of metal oxides on SIB
cathodes with ALD has not yet been explored.?**>=8 Han et al.
reported the ALD of an Al,O; thin film on an Sn nanostruc-
tured anode for SIBs, along with improved cycling per-
formance.?? However, the use of ALD metal-oxide coatings for
SIB cathodes has not yet been reported. In addition, the adop-
tion of the ALD technique will open wide channels for devel-
oping high-energy-density materials with enhanced stability
for SIBs, because the capacity retention normally decreases
with the upper voltage limit.

In this regard, we are reporting ALD coating of alumina
(Al,O;) on MNC electrodes as high-performance cathode mate-
rials for SIBs. To the best of our knowledge, this is the first
report of ALD-controlled metal-oxide coating on sodium-based
P2-type layered oxide intercalation electrodes. In particular,
emphasis is placed on studying the effect of the ALD coating
thickness on the electrochemical characteristics for SIBs. It was
reported that direct ALD on as-prepared powders results in
slower ionic and electronic transport as a result of the inherent
properties of the metal oxide preventing a continuous network
from being formed."***"! Based on this, we have coated Al,O,
thin films with different thicknesses directly on the MNC elec-
trode by using ALD. This work evaluated the effect of ALD
coating thickness on the cycling performance and rate capabil-
ity of MNC materials versus a metal Na anode in 1m NaClO,
electrolyte. Additionally, capacity fading is more obvious at
high voltage cycling because of the harmful reactions with the
electrolyte and dissolution of active species into the electro-
lyte. High-potential operation is more demanding for large-
scale storage applications, so we have chosen 4.5V as the
upper-cutoff voltage limit for the present study. The obtained
results revealed that ultrathin Al,O; films can dramatically en-
hance the electrochemical stability of pristine MNC cathodes at
high operating voltages. In addition, the columbic efficiency
(CE) of the electrodes increased linearly with number of ALD
cycles. The impact of Al,O; film thickness on the electrochemi-
cal conductive profile was also determined.
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Results and Discussion

Figure 1a displays an SEM image of MNC powder prepared by
using the citric acid assisted sol-gel method at T=850°C for
12 h. Figure Ta confirms that the pristine MNC displays well-
defined particles with very smooth surfaces and edges. An
average particle size of approximately 1.5 um was observed
from Figure Ta. The image also illustrates that the prepared
powder has uniform particle size and distribution, which re-
sults from the addition of citric acid during the synthesis pro-
cess. This type of morphology decreases particle agglomera-
tion and aids in reducing the distance for ionic migration. It
has been reported that the ion insertion into the host material
is mainly dominated by the ion diffusion distance.?"?2333437
However, after A,O; ALD coating, the surface of the MNC par-
ticles becomes rough, as shown in Figure 1b and Figure S1 in
the Supporting Information. The homogeneity of the MNC
powder and the existence of the Al,O; coating layer on the
surface was analyzed by energy-dispersive X-ray spectroscopy
(EDX). Figure S2 in the Supporting Information shows the EDX
mapping of MNC powders synthesized with the sol-gel
method at T=850°C for 12 h and illustrates the Mn-, Co-, Ni-,
and Na-ion distributions with similar intensities, which indi-
cates the molecular-level mixing of the starting materials. The
presence of Al on the surface of the MNC particles was also
confirmed by EDX (Figure S3-S5 in the Supporting Informa-
tion) and the intensity of Al increases with the number of ALD
cycles. A similar trend was also observed in the EDX profile
presented in Figure S6 in the Supporting Information. To fur-
ther confirm the coating layer on the MNC surface, high-reso-
lution TEM (HRTEM) was conducted on the MNC-10 sample
and the corresponding image is shown in Figure 1c. The
HRTEM image shows the presence of a thick Al,O; coating of
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Figure 1. SEM images of a) MNC and b) MNC-10 particles; c) TEM image of
MNC-10 particle; d) XRD patterns of pristine MNC and Al,0;-coated MNC
samples. The lattice parameters are inserted above the spectra.
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approximately 1.5 nm on the MNC-10 surface.?"***¢3¥ |n addi-
tion, Figure S7 in the Supporting Information clearly reveals
that it is hard to observe the Al,O; coating layer for the elec-
trode coated with 2 ALD cycles as a result of the relative thin-
ness of the coating layer.?"*? We have reported in our previ-
ous study that the growth rate of the Al,O; coating per cycle
of ALD was approximately 0.13 nm.?¥ However, it is apparent
for the MNC-5 and MNC-10 samples that the thickness of the
coating layer was increased if the number of ALD cycles was
increased.

The XRD patterns of pristine MNC and ALD-coated MNC
powders are presented in Figure 1d. As seen from Figure 1d,
the pristine MNC displays characteristic peaks for a hexagonal
structure with the P6;/mmc space group (JCPDS PDF no. 194),
as reported by several authors."'”'® |n addition, sharp and in-
tense peaks confirm the formation of highly crystalline MNC
powders. The ALD-coated MNC also displays a hexagonal
structural behavior. Furthermore, peaks associated to the Al,O,
coating material are not observed in the XRD patterns of MNC-
2, MNC-5, and MNC-10 because of the ultrathin and amor-
phous nature of the Al,O; coating layers.* The lattice parame-
ters (a and ¢) of the pristine and ALD-coated materials were
also calculated from the XRD patterns and are shown in Fig-
ure 1d. The lattice parameters of all samples is almost the
same, which demonstrates that surface modification of the
ALD Al,O; coating at T=100°C did not affect the structure of
the MNC. It is well known that high working voltage and large
capacity are necessary to utilize any cathode materials for
high-energy applications. Figure S8 in the Supporting Informa-
tion presents the C-DC curves and cycling performance of the
pristine MNC electrode cycled at different voltage ranges of 2-
43V and 2-45V at 1C discharge current rate for 100 cycles.
The MNC electrode delivered discharge capacities of 81 and
121 mAhg™" between the voltage ranges of 2-4.3 and 2-4.5V,
respectively. If cycled between 2 and 4.3V, the cell displayed
exceptional cycling stability after 100 cycles, as illustrated in
Figure S8b in the Supporting Information. In contrast, the
MNC electrode cycled between the 2-4.5V voltage range ex-
perienced severe capacity decay upon cycling, most likely as
a result of structural changes and dissolution of active species
during the C-DC process.*?? Despite monotonous capacity
fading in the high voltage window of 2-4.5V, the capacity and
cycling performance achieved at 1C is the best reported value
for P2-type layered materials used in SIBs."? It is apparent
that the long-term cyclability is an important parameter for
energy-source materials along with a high capacity value. Nev-
ertheless, the poor cycling stability and cutoff voltage limita-
tions of pristine MNC electrode restricted their practical appli-
cation. Therefore, Al,O; coatings with different thicknesses
were adopted to improve the cycling stability of the pristine
MNC electrode and the results are discussed in the following
section.

The C-DC voltage profiles of pristine and ALD-coated elec-
trodes recorded at 1C and voltages between 2 and 4.5V in 1wm
NaClO, electrolyte are shown in Figure 2a. All of the cells dem-
onstrate three distinctive slopes and plateaus during the
charge process. The presence of high Mn content caused
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Figure 2. a) Initial C-DC analysis at 1C; b) cyclic performance of the electrodes at 1C for 100 cycles; ¢) columbic ef-
ficiency (CE) of the electrodes with different ALD coating thicknesses; d) rate capabilities of the MNC, MNC-2,
MNC-5, and MNC-10 electrodes measured within the potential range of 2-4.5 V at different discharge current

rates.

a longer plateau as a result of the Mn**/Mn** redox couple.
Moreover, redox peaks associated to the Ni#™/Ni** and Co®"
/Co*" couples can be observed at voltages of 4.3 and 3.6V, re-
spectively. Meanwhile, the discharge plateau also displays
a clear downwards slope along with three reduction peaks,
which indicates the complex nature of the electrochemical re-
actions in P2-type layered materials."*'*'®*" This complex
electrochemical reaction of the layered materials originates
from the gliding of oxygen planes and the Na-ion vacancy or-
dering."? There were irreversible capacity losses observed for
all cells tested. Generally, the irreversible capacity loss during
the initial cycles can be attributed to the possible irreversible
reactions such as decomposition of the electrolyte, which re-
sults in the formation of a solid electrolyte interphase (SEI).?"*?
As shown in Figure 2a, a discharge capacity of approximately
121 mAhg™" was obtained from the pristine MNC electrode at
1C in the 2-4.5V potential range, whereas the MNC-2, MNC-5,
and MNC-10 electrodes displayed discharge capacities of ap-
proximately 123, 110. and 105 mAhg™" under the same testing
conditions. The discharge capacity of the ALD-coated electrode
linearly decreases with the increasing number of ALD cycles.
This trend is associated with the presence of a thick inactive
AlLO; film on the surface of the electrode, as seen from the
HRTEM images in Figure S7 in the Supporting Informa-
tion.B%33 |n addition, the ultrathin ALD coating of Al,O,
(2 cycles of ALD coating) exhibits enhanced electrochemical ac-
tivity over that of the electrodes with thicker ALD coatings.?**”
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cal C-DC process."*?” As expect-
ed, ALD-coated MNC electrodes
display higher capacity retention
than the pristine MNC electrode.
Among the ALD-coated electro-
des, the MNC electrode coated
with 2 ALD cycles (MNC-2) has
better cyclic stability than the
pristine MNC electrode at 1C. Interestingly, the MNC-10 elec-
trode showed lower discharge capacity but better cyclability
after 100 cycles. The enhanced stability of the MNC-10 sample
results from the influence of the thicker ALD coating, which ef-
fectively eliminated the phase transformation and thus in-
creased the cyclic stability of the MNC-10 electrode. The CE
values of the electrodes after 100 cycles were also improved
with an increase in the number of ALD cycles, as presented in
Figure 2c.

The pristine MNC electrode has a CE value of approximately
84% after 100 cycles. Conversely, the MNC-2, MNC-5, and
MNC-10 electrodes showed CE values of 89, 94, and 98%, re-
spectively, after 100 cycles at 1C. Sun and co-workers reported
that the thicker Al,O; coating layer not only protects the elec-
trode from electrolyte attack but also reduces the use of active
species, which results in higher CE values.”” It is clear from the
C-DC curves that surface modification with ultrathin AlLO, is
advantageous for improving the stability of P2-type layered
MNC electrodes, especially at high working voltages. The ultra-
thin Al,O; layer on the MNC electrode prevented direct contact
between MNC particles and the electrolyte solution and, thus,
effectively hindered the dissolution of the ion-conductive SEI,
minimized the consumption of active materials into the elec-
trolyte, and increased the discharge capacity and cyclic stabili-
ty of the pristine material. In addition, the electrical band struc-
ture of ALD-coated Al,O; also influenced the performance of
the MNC electrodes. Al,O; has a higher band-gap energy of
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9.00 eV, so phase transformations are suppressed during the
C-DC process and, hence, cyclic stability is improved.®>*
Besides this, the coating layer provided a flexible structure
against the mechanical strain and stress formed during the cy-
cling process, which led to better electrochemical behav-
ior.?”31:33 This enhanced the cyclic performance of the pristine
electrode by eliminating the formation of void spaces between
the cathode and conductive additives.*3*3%44

Furthermore, the ALD coating effectively prevents the struc-
tural transformation upon cycling, which leads to an increase
in capacity retention. A similar trend was also observed in the
rate performance studies. Figure 2d shows the rate per-
formance of pristine and ALD-coated electrodes under differ-
ent current densities ranging from 0.1 to 15C. As the discharge
current rate increases, the capacity of the cells decreases,
which demonstrates that a surface-adsorption phenomena is
occurring. This may restrict the full utilization of active materi-
als at high discharge current rates for charge-storage reac-
tions.”>*) The results obtained from the rate-performance
study indicate that the MNC-2 electrode displays higher capaci-
ty values than the pristine MNC, MNC-5, and MNC-10 electro-
des as a result of an increase in conductivity (Figure 2d). Addi-
tionally, electrolyte oxidation at high discharge current rates is
severe and results in rapid SEI film erosion. The dissolution of
the SEI film leaves the active species able to interact directly
with the acidic electrolyte and, thereby, the discharge capacity
is enormously reduced upon subsequent cycling progress.”®
A high capacity of approximately 72 mAhg™' was observed for
the electrode coated with 2 ALD cycles at 15C. Unfortunately,
the MNC-10 electrode delivered the lowest capacity value. This
may be a result of the thick insulating Al,O; layer,®%3336-4043)
From the C-DC and rate performance analysis, it can be con-
cluded that 2 ALD cycles of Al,O; coating are optimal for ob-
taining high-rate-performance electrodes for large-scale SIB ap-
plications.3*37:38

To further analyze the electrochemical nature of pristine and
ALD-coated electrodes, CV measurements were conducted at
voltages between 2 and 4.5V at a scan rate of 0.1 mVs™". The
CV curves of all electrodes for the first cycle are illustrated in
Figure 3a. The CV traces clearly reveal the complexity of the
electrochemical I/DI of the Na ions into the MNC structure. All
curves display three primary redox processes and a sharp inser-
tion peak during the reverse scan, which agrees well with the
results obtained from the C-DC studies.””

The redox peaks centered at voltages of approximately 2.3,
3.6, and 4.3V can be assigned to the electrochemical redox re-
actions of Mn****, Co®™*", and Ni**"**, respectively.”® The
electrochemical oxidative current response area of samples
coated by 2 ALD cycles was higher than that of the pristine
MNC-5 and MNC-10 electrodes, which demonstrated the excel-
lent electrochemical activity of MNC-2 and is similar to the ad-
ditional charging capacity obtained during the C-DC studies.
Analogous behavior is observed during the reduction reaction
as well. Moreover, the pristine electrode showed peak shifts in
both positive and negative scans, which confirms the lower
electrochemical polarization of the pristine electrode that leads
to unstable Na-ion I/DI behavior. These interpretations agree
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Figure 3. a) CV traces of the cells fabricated with MNC and Al,O;-coated
MNC electrodes at potential ranges between 2 and 4.5V at a scan rate of
0.1 mVs™'; Nyquist plots of the MNC, MNC-2, MNC-5, and MNC-10 electrodes
recorded b) before and c) after cycling at 1C for 100 cycles, respectively. The
scatter and line curves represent experimental and fitted data, respectively.

well with the results obtained during the C-DC process and
rate performance studies.

The influence of the Al,O; coating thickness on the conduc-
tive profile was examined through electrochemical impedance
spectroscopy (EIS) measurement before the C-DC process. Fig-
ure 3b shows the Nyquist plots for the pristine MNC and
Al,O;-coated MNC electrodes conducted at open circuit volt-
age between a frequency range of 200 kHz to 10 mHz. All of
the spectra contain three regions: semicircles in the lower- and
medium-frequency regions and a line inclined at approximate-
ly 45° to the real axis in the high-frequency region. The lower-
and medium-frequency semicircles can be assigned to ionic
migration resistance (Ry) through the SEIl layer and charge-
transfer resistance (R.) at the cathode-electrolyte interface, re-
spectively. The inclined line at the high-frequency region (War-
burg impedance Z,) is attributed to Na-ion diffusion into the
bulk of the electrode material. The EIS curves are fitted accord-
ing to the equivalent circuit given in Figure S9 in the Support-
ing Information and the parameters are summarized in Table 1.
The parameters R, Q,, and Q, are associated to the ohmic re-
sistance, interfacial capacitance, and double-layer capacitance,
respectively. Generally, interfacial capacitance refers to the
charge transfer through the bulk electrode, whereas the
double-layer capacitance is related to the charge transfer be-
tween the electrode and electrolyte interface. It was demon-
strated that the increase of interfacial resistance was an indica-
tion of increased interfacial charge-transfer resistance, which
could be used to predict the cycling stability of any electrode
materials.”” As seen in Table 1, the MNC-2 electrode had a low
interfacial-resistance value among the electrodes tested, which
reveals that interfacial resistance significantly improves after ul-
trathin Al,O; coating (2 cycles of ALD). The stabilized SEI layer
of the pristine MNC electrode thereby enhances the cyclic per-
formance of the cell. The electrochemical parameters in Table 1
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MNC-10 electrodes recorded before and after cycling at 1C for 100 cycles.

Table 1. Electrochemical impedance parameters of the MNC, MNC-2, MNC-5, and

ing layer not only protects the electrode surface from
metal dissolution but also stabilizes SEI formation,
even after the cycling process. This results in an in-

show small variations in the R, value as a result of the complex
reaction mechanism of the Na ions in the electrolyte.”"*” How-
ever, a clear difference is noted in the resistance associated to
the R, value, which arises from the effect of surface modifica-
tion by Al,O; deposition. Table 1 indicates that the R values
linearly increased with an increase in the coating thickness. Li
et al. and Xiao et al. demonstrated by using synchrotron-based
X-ray photoelectron spectroscopy that the ultrathin ALD coat-
ing (2 ALD cycles) is more favorable for forming an effective
protection layer on the surface of electrodes, which also sup-
ported an enhancement of the Na-ion diffusion rate and effec-
tively protected the SEI layer®*¥ In contrast, MNC-10 with
a thick insulating coating layer increased the R value by de-
creasing the participation of active material for electrochemical
reaction.”® Hence, improved electrochemical performance was
noted from the MNC electrode coated with 2 ALD cycles of
AlLLO; film.

The EIS analysis was also performed for the electrodes after
cycling at 1C within a potential range of 2-4.5V for 100 cycles
and the corresponding Nyquist plots are presented in Fig-
ure 3c. The Nyquist plots of the pristine and Al,O;-coated elec-
trodes after cycling show a clear difference (Figure 3b and c).
In particular, the R, value displays a large difference, as listed in
Table 1. This can be attributed to an increase in resistance as
a result of the presence of the insulating coating layer.** More-
over, the Ry value is mainly related to the resistance for Na-ion
diffusion through the SEI film. It is clear from Figure 3¢ that
the pristine MNC electrode has a larger Ry value than any ALD-
coated electrodes, which demonstrates severe damage of the
SEl layer during electrochemical cycling. According to Li etal.,
the large difference in the R value for the ALD-coated electro-
des is due to the presence of byproduct derived from the de-
composition of the coating layer along the electrolyte decom-
position products.*>***! Fyrthermore, the Ry value of the
electrode is increased an increase in the number of coating
layers from 2 to 10 cycles, which confirms the presence of
more byproduct formed by Al,O,-coating decomposition; this
is in good agreement with the above justification and the pre-
vious reports.®**! In contrast, the MNC-2 electrode exhibited
lower R,, whereas the MNC-10 electrode has a larger R value,
which demonstrates that the thicker Al,O; coating layer
blocked the active reaction sites from participating in the
charge-storage reaction.?%3334363844 Therefore, the thin coat-
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Electrode , Before cycling . After oycling crease in Na-ion storage relative to that of the pris-
10” 1072 R R 10~ 107 R R .
Qx 0,2 2,x 0,2 : « Qx 0,2 Q,x 0,2 : ot tine MNC electrode.?*3%* These results clearly reveal
[WFem™] [uFem™] [Q]  [Q]  [uFem™] [uFem™] [Q]  [Q] . L .
that ALD coating has a significant impact on the
pristine MNC 37.58  0.696 923 11025 13.23 0251  2757.5 3147.9 . . - o
MNC-2 .06 0,503 165 10699 082 4631 6143 5055 CyC!IC behavior of the pristine electrode, especially in
MNC-5 2373 0826 1018 13544 102 2307 10184 14592 | @ high cutoff voltage range, and could be used to de-
MNC-10 28.51 0.935 114.6 1487.7 1.1 26.26 1472.8 1742.1 velop high-energy-density SIBs, which could be uti-
lized for large-scale applications.
Conclusions

A surface-modification strategy has been applied to enhance
the cyclic stability of a pristine P2-type
Na,/3(Mng 54Nig13C0443)0, (MNC) electrode for high-performance
sodium-ion batteries (SIBs). A series of atomic layer deposition
(ALD) cycles of ALLO; were employed on MNC electrodes and
the Na-ion storage capabilities of the ALD-coated electrodes
were tested with C-DC studies within a potential range of 2-
4.5V at different discharge current rates. Among the electro-
des, the MNC-2 electrode displayed the highest discharge ca-
pacity of 123 mAhg™ at 1C, as well as excellent cyclic stability,
which is the best ever reported performance for P2-type elec-
trodes cycled at voltages above 4.2 V. The discharge capacities
and rate capabilities decreased if the number of ALD cycles
was increased. The decreasing capacity trend resulted from the
presence of a thick insulating layer on the surface of the elec-
trode. The thicker ALD AlL,O; coating also reduced the utiliza-
tion of active materials and increased the charge-transfer re-
sistance upon cycling, which correlated well with the results
obtained from impedance studies. Based on the present inves-
tigation, it can be inferred that the application of ALD coating
on cathodes is a promising approach to fabricate high-per-
formance SIBs for future applications.
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