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Surface modification is one of the impressive and widely used technique to improve the electrochemical
performance of sodium-ion batteries by modifying the electrode-electrolyte interface. Herein, we used
the atomic layer deposition (ALD) to modify the surface of P2-NagsMngsC0os0, by sub-monolayer
Al;03 coating on the prefabricated electrodes. Phase purity is confirmed using various structural and
morphological studies. The pristine electrode delivered an initial discharge capacity of 154 mAh g~ at
0.5C, and inferior rate performance of 23 mAh g~! at 40C rate. On the other hand, the interfacial modified
cathode with 5 cycles of ALD coating delivers a high capacity of 174 and 45 mAh g~ ! at 0.5C and 40C rate,
respectively. The Co?*** redox couple is utilized for the faradaic process with high reversibility along
with suppressed P2-02 phase transition. The presence of the Al,05 layer acts as an artificial cathode elec-
trolyte interface by suppressing the electrolyte oxidation at higher cutoff potentials. This is clearly vali-
dated by the reduced charge transfer resistance of surface modified electrodes after cycling at various
current rates. Even at an elevated temperature condition (50 °C), interfacial layer significantly improves
the safety of the cell and ensures the stability of the cathode.
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1. Introduction

Energy storage sector improves the reliability and utilization of
an electrical grid. Renewable and environmentally responsible
energy storage solution requires high roundtrip efficiency, long
cycle life, low maintenance, and flexible power energy characteris-
tics are good for grid functions. Rechargeable batteries are consid-
ered for electrical grid applications. Such batteries find a wide
spectrum of applications ranging from portable electronics to large
scale energy storage applications [1,2]. Lithium-ion batteries (LIBs)
are first commercialized by SONY in the 1990’s by using the lay-
ered cathode, LiCoO, invented by Prof. ].B. Goodenough with gra-
phitic anode [3,4]. Although, LIB is widely used for portable
electronics, but extended as a potential power source towards
the automotive industry in the recent past. Therefore, the esti-
mated value of LIB usage is predicted as >95 billion USD in 2025,
which leads to the larger consumption of lithium resources and
subsequent rise in the price [5]. Utilizing sustainable energy
resources is an economically affordable and environmentally safer
option for future generations. Compared to lithium, sodium
resources are abundant (e.g., the cost of Li,CO3; is 6600 USD/Mt,
whereas Na,COs is 60 USD/Mt) and widely distributed on the earth
surface. Sodium-ion based intercalation compounds are initially
studied in the 1970’s, but the interest gets subsided due to the
rapid progress in the LIB development. Sodium-ion batteries (SIBs)
share similar chemical properties with LIB system, and the distri-
bution of sodium is 3-4 orders of magnitude higher than lithium
[6-9]. The only bottleneck in the designing high power SIBs is the
higher ionic radius of Na* (102 A) compared to Li* (76 A) leading
to sluggish diffusion kinetics and higher volume change[10]. Gra-
phite anode is the perfect example to understand the difference
between the aforesaid two battery systems. The differences in
atomic weight and ionic radius have a significant effect and influ-
ence on the cyclability and power capability of the battery system.
The redox potential of Na* is slightly higher than Li*. (-2.71 V vs
—3.05 V vs. SHE) which reduces the overall cell voltage of SIBs
[11,12]. Aluminium does not form an alloy with sodium; hence,
it can be safely used as an anodic current collector compared to
expensive Cu [13]. However, industrial production is still pushing
to further improve the power capability and lifetime of the battery
due to higher demand in various applications. Interfacial engineer-
ing is one of the best-pursued approaches in this direction since it
influences both the power density and lifeline of the battery.
Importantly, this modification certainly prevents inevitable side
reactions at electrode and electrolyte at the positive side, which
is the main cause for capacity fading. [14-17].

A wide range of cathode materials was studied as the promising
host for SIBs like layered oxides, [14,18,18,19] polyanionic com-
pound [20,20,20,20,20], organic compounds [21a,21b 22]. Among
these, P2 type manganese-based layered oxides are more actively
pursued due to its high theoretical capacity, more flexibility in
design, and low-cost [23]. The P2 type layered oxides consist of
two MO, layers build by edge-sharing MOg octahedral units. The
Na™ cation resides comfortably in the prismatic sites between these
layers which come under one of the broad classifications of Delmas
et al. [24,25]. However, the appearance of multiple voltage pla-
teaus in the charge-discharge process, and Mn>* dissolution result-
ing from Jahn-Teller distortion have been a serious concern over
the years. Hence, the research activities are keen to replace the
Mn>* with several other metals with either iso or aliovalent substi-
tutions to attain stable structures with better electrochemical
properties [26].

Cation doping is a common and simple strategy to improve the
rate capability of the LIB [27] and SIBs [28]. In our previous work,
we have established that Al-doping can improve the structural

stability of layered P2-NagsMngsCogs0, [29]. Also, the partial
replacement of Mn with Co significantly improve the electrochem-
ical properties of the cathode [30]. Even 10% of Co doping is
reported to improve the structural stability of the layered oxides
by Bucher et al. [31]. The extraction and re-insertion of Na* take
place smoothly with the disappearance of step-like voltage pro-
files. The substitution of low valence Co®* ions could increase the
average oxidation state of Mn ions (e.g., Mn**), thereby enabling
the structural stability of the phase by preventing Jahn-Teller dis-
solution of Mn>3* ions [32]. Secondly, the Ni and Co substitution for
the Mn site is said to increase the diffusion coefficient of
Na-ions and result in higher power capability [33]. Therefore,
Nay;3Mny/3C01/30, is reported as a high capacity cathode and
reversibly able to intercalate 0.5 mol of Na within 1.5 to 4.0 V win-
dow [34]. Wang et al. [34] performed a detailed study on the elec-
trochemical performance of the Na,3MnyCo4.,0, cathode at higher
voltages and predicted that these layered oxides undergo severe
structural transition at higher voltages. However, such high voltage
(>4.2 V) P2-02 phase transition induces the capacity fading and
poor rate performance. Chen et al. designed an integrated P2/P3
NagesMng5Cogp 50, as a high rate cathode within the limited volt-
age of 1.5-4.3 V [35]. Wang et al. [36] utilized Co?*/Co>®* redox cou-
ple for the first time in sodium layered oxides. Increasing the
voltage window could increase the energy density of the layered
oxides, but at the sacrifice of material stability subjecting to several
factors. The electrode-electrolyte interface is a crucial factor in
determining the safety and feasibility of the SIB at elevated tem-
peratures. In common, electrolytes are made of Na* ion conducting
salts dissolved in a mixture of carbonate-based organic solvents,
which has low thermal stability with high volatility and flamma-
bility that limits the operating temperature and safety of SIBs
[37,38]. Hence interfacial engineering is a must for better stability
and safety at elevated temperatures.

Exploring new cathode materials with wide interlayers is one of
the ways of designing high power cathode [18,39], whereas over-
coming the setbacks of existing high capacity layered oxides in
terms of structure or interfacial properties is another away of tack-
ling the issue [19,40]. Herein, we adopt surface modification/inter-
facial engineering as the strategy to design high power layered
oxides [41]. Initially, carbon coating is considered as one of the
solutions to overcome the poor rate performance [42]. But, the car-
bon layer reduces the redox capacity of the cathode. In contrast,
metal oxide coating certainly improves the rate performance along
with yielding higher capacity [43]. Liu et al. [44] reported the Al,05
coating over Nagg;Nig33Mngg;0, particulates via the sol-gel
method. This solution coating method of Al,05; encapsulates the
surface of the individual particles, thereby increasing the electrical
resistance and polarization of the cathode and the capacity is
approaching zero at higher rates. Also, the solution coating process
failed to provide a homogeneous coating.

Atomic layer deposition (ALD) is one of the successful and
simple techniques employed uniform and conformal coating and
convincingly validated for several li-ion battery electrodes [16]. It
is well known that Al,03-based coating is non-ideal due to the
resistive nature of the oxide. However, for ultrathin layers of
Al;03, lithium can diffuse reasonably well through the layers
[15,16,45]. The success of this method lies in the (i) very conformal
coating on different active materials, (ii) able to control the thick-
ness and (iii) versatility of coating, (iv) suppress CEI layer forma-
tion and acts an artificial CEI layer, (v) strengthen the electronic
conductivity of the cathode by keeping it together, and (vi) act as
a hydrofluoric acid (HF) scavenger [46]. Still, the potential applica-
tion of this ALD process is at the initial stage of research. Recently,
Karthikeyan et al. [43] conducted a conformal coating of Al,05 by
ALD as an artificial CEI layer and found that optimized surface
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coating could improve the stability and rate capability of the cath-
ode. On the other hand, more in-depth studies are needed to
understand the effect of ALD coating on the electrochemical kinet-
ics in SIBs. In this line, we studied the influence of Al,03 coating
thickness, (i.e., the number of cycles) on the prefabricated elec-
trodes of NagsMngsCogs0, using ALD. The necessary physical
and chemical studies were performed and explained in detail.

2. Experimental section
2.1. Material synthesis

Modified Pechini method (MP) was used for the synthesis of
micron-sized P2-type NagsMng 5Cog 50-. In a typical process, a sto-
ichiometric amount of sodium acetate (Sigma Aldrich, 99.5%),
manganese acetate (Sigma Aldrich, 98%), cobalt acetate (Sigma
Aldrich, 98%) were dissolved in distilled water. Then, the citric acid
solution was added in a dropwise along with polyethylene glycol
as a surfactant under vigorous stirring at 80 °C to encourage the
esterification reaction. Ethylene glycol and conc. nitic acid was
added to it, making the colour of the solution change to pink and
subsequently dried. The dried precursor powder was subjected to
pre-calcination at 500 °C in air. The intermediate product was
again re-grinded well and fired at a high temperature of 900 °C
in air. The final samples were named as MC900 and stored in the
glovebox for further studies.

2.2. Atomic layer deposition (ALD) of Al,O3

A thin layer of Al,0O5 film was deposited in a laminar-flow-type
thermal ALD reactor (NCD, Lucida D100, Korea) on the prefabri-
cated electrodes at the substrate temperature of 150 °C using
trimethylaluminum (TMA) and de-ionized-H,O as the Al and O
sources, respectively. The TMA and H,O sources were kept at
10 °C throughout the deposition process. A continuous flow of N,
gas (50 sccm) was used as the carrier gas and for purging during
the deposition process. The reaction scheme for one Al,03 ALD
cycle was set as follows: 0.5 s pulsing of TMA, 20 s purging of
Ny, 0.5 s pulsing of H,0, and 20 s purging of N,. The repetition of
the aforementioned sequence for two, five, and 10 cycles resulted
in different thicknesses of the Al,0O3 coating on the cathode mate-
rials. Hereinafter, the electrodes are denoted as MC900-0c, MC900-
2c, MC900-5¢, and MC900-10c, respectively.

2.3. Electrochemical characterization

Electrochemical studies were performed using standard CR2032
coin-type cells, adopting sodium metal as reference and counter
electrode for half cells. The test cells were assembled in a glovebox
in which the oxygen and hydrogen levels maintained at below
1 ppm. Whatman glass fiber paper was used as the separator,
1 M NaClO4 in propylene carbonate with 2 vol% of fluoroethylene
carbonate was used as the electrolyte. Each cathode consisted of
2.0 mg of accurately weighed active material, 0.5 mg of ketzen
black, 0.5 mg of teflonized acetylene black (Table 1). The slurry

Table 1
Values of resistance calculated from fitting the Impedance graphs.
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of the above mixture was obtained with the assistance of ethanol
and pressed over a stainless-steel mesh current collector and dried
in a vacuum oven at 160 °C for 4 h. Charge-discharge studies were
performed at different cut-off voltages (vs. Na) for various current
rates using battery tester (WBS 3000, Won-A-Tech, Korea) at room
temperature (25 °C) and high temperature (50 °C) conditions.

2.4. Material characterization

X-ray diffraction (XRD) pattern of the samples was obtained
over the 20 range of 5-90° at the scanning rate of 2° degree per
min (Cu K, radiation, Rint 1000, Rigaku, Japan). The elemental
composition of the samples was obtained using inductively cou-
pled plasma atomic energy spectroscopy (ICP-AES). X-ray photo-
electron spectroscopy (XPS) was used to analyze the valance
state of the elements (Multilab 2000, UK) on the surface. The mor-
phology and microstructure of the samples were recorded using
field emission scanning electron microscopy (FE-SEM, S-4700,
Hitachi, Japan), energy dispersive spectroscopy and high-
resolution transmission electron microscopy (HR-TEM; JEM-2000,
EX-II, JEOL, Japan), respectively.

3. Result and discussion

The crystal structure of 50 cycles ALD Al,03 coated MC900 is
analyzed using XRD (Fig. 1a). Compared to other methods like
the sol-gel method, the modified pechini (MP) synthesis process
is highly facile resulting from the hydroxylation and condensation
of the molecules that produce products of required structural and
morphological features [47]. Here, the obtained peaks are very
sharp which suggests the highly crystalline nature of the synthe-
sized phase. There is no additional impurity peaks observed in
the XRD pattern. The peak position well matches with P2 type crys-
tal structure having hexagonal unit cell and P63/mm3 space group.
Accordingly, the high intense reflections are labeled. Inset of Fig. 1a
represents the crystal structure of P2-type sodium layered oxide
which composed of MOg edge-sharing octahedral units together
forming (MO,), sheets that can easily accommodate alkali ions in
the prismatic position. This trigonal prismatic coordination of
Na-ions is facing sharing each other and hence, facilitate direct
Na-ion diffusion between sites resulting in the higher diffusion
coefficient of these structures. The chemical composition of
MC900 is confirmed as 0.49:0.511:0.489 using ICP-OES analysis
and is matched with the calculated value. Fig. 1b is that of SEM
analysis along with selected area electron diffraction (SAED) pat-
tern provided as inset. Apparently, the synthesized particles are
in few micrometers long with irregular shape as that of other
reported P2-layered oxide cathodes. This kind of irregular mor-
phology is quite common while employing the modified pechni
process. The particles have very thin width resembling micro-
plates. The SAED pattern exhibits a clear lattice spot with the
hexagonal arrangement. All these confirm the phase purity and
crystalline nature of the structure. Fig. 1c shows the HR-TEM image
of the MC900 particle, which carefully separated from the pre-
fabricated electrode showing a uniform surface layer after 50 cycles

Samples Before Cycling After Cycling

Rsol(Q) Rct(Q) Zw (Q) Rsol(Q) Ret(Q) Zw (Q)
MC900-0c 20.53 22534 2368 13.66 293.43 252.2
MC900-2¢ 18.63 1729.94 455 17.833 267.59 184.7
MC900-5¢ 13.88 1416.79 297.5 10.215 257.02 138.9
MC900-10c 12.05 1783.8 439.8 11.016 224.92 156.3
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Fig. 1. (a) XRD peaks of 50 cycle ALD Al,03 coated MC900 with its crystal structure (b) SEM image with SAED pattern (c-h) EDS elemental mapping of Al,03 coated MC900.

of ALD Al,03 coating. The conformal coating is very clear with
amorphous nature and no influence on the structural aspects of
the parent materials which is clearly seen from the absence of
impure peaks in Fig. 1a. Fig. 1(d-h) shows the elemental mapping
of Mn, Co, and Al recorded alongside TEM analysis. All the elements
are uniformly distributed with a denser Al distribution at the sur-
face of the particle. The HRTEM image of MC900 without ALD mod-
ification is provided in Fig.S1 for comparison and has no distinct
surface coating seen.

XPS analysis (Fig. 2b) was carried out to elucidate the effect of
ALD Al,03 coating on the surface. To probe the effect of surface
modification on the electrode surface, we performed ex-situ XPS
analysis after varying the number of coating cycles. In the case of
pristine electrode, a major peak of Mn2ps,, is convoluted into
two minor bands located at 642.1 and 643.81 eV which belongs
3+ and 4+ valance state of Mn, respectively [41]. The peak positions
are shifted towards lower binding energy with the increasing no of
ALD cycles (2 and 5 cycles) due to the reduction in the average oxi-
dation state. Similarly, the two main Co peaks of ALD Al,03 coated
electrodes can be disintegrated into four minor peaks located at
781.97,797.96,780.13 and 795.22 eV in which the former two rep-
resenting Co®" and the later that of Co®" respectively [29]. Very
interesting thing is that the electrode without ALD coating has only
Co>" peaks. Further, the average oxidation state of Co is also found
to be reduced. This is because Mn*" and Co®* ions in the surface are
being reduced by accepting electrons from the adsorbed Al ions
forming a complex layer as reported for other works [15]. Al2p
peak can be spotted at the binding energy of 75.23 eV for surface
modified electrodes marking its presence on the electrode surface
[29]. The effect of these changes on electrochemical performance is
analyzed in the forthcoming sections.

The electrochemical performances of pristine and ALD coated
electrodes were carried out using cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS). Fig. 3a shows the CV curves of pristine and
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Fig. 2. De-convoluted XPS spectrum of pristine and different cycles of ALD coated
MC900 (a) Mn, (b) Co, and (c) Al

surface-modified electrodes for the first three cycles between 1.5
and 4.5 V vs. Na at 0.5 mV s~'. Two pairs of redox peaks appear
in all cycles due to the complex process involving the redox
reaction of Mn and Co with varying valence states. During the
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Fig. 3. CV curves of MC900 samples at 0.5 mV s~ (a) Pristine, (b) 2 cycles of ALD Al,03 coated, (c) 5 cycles of ALD Al,O; coated, and (d) 10 cycles of ALD Al,03 coated.

initial positive sweep, the redox peaks above 3.0 V vs. Na is due to
the oxidation of Co®* to Co** followed by two sets of reduction
peaks around 4.0 and 2.0 V vs. Na due to the reduction of Co*
and Mn*" [35]. In the subsequent cycles, the redox peaks become
unusual with the appearance of a new peak around 2.5 V vs. Na
which is possibly originated from the Co**/?* couples [35]. Obvi-
ously, the increase in voltage polarization with the gradual shift
in reduction peaks are clearly seen as the cycling proceeds. The
intensity of peak at 4.0 V vs. Na corresponding to Co**/>* reduction
is minimized with the simultaneous increase in the Co>*/?* couples
around 2.5 V vs. Na. The CV traces of surface-modified electrodes
using different thickness of ALD Al,O3 coating is compared with
the above results to understand the changes taking place in the
cell. All the electrodes show active participation of Co>*?* redox
during the discharge cycle. The electrode coated with 5 cycles of
ALD Al,Os5 is highly reversible in the consecutive cycles compared
to the other three electrodes. Specifically, the pristine electrode
shows a higher amount of deviation when compared to the
surface-modified electrodes. In addition to the above peaks, when
the electrodes are cycled to a higher voltage, especially to 4.5 V vs.
Na, a sharp peak appears at ~4.4 V vs. Na representing slight elec-
trolyte oxidation and formation of CEI layer on cathode interface
[14]. Fig. 4 represents the galvanostatic charge-discharge curves
of pristine and ALD coated cathode between 1.5 and 4.5 V vs. Na
at varying current rates from 0.5 to 40 C rate (1 C = 136 mAh
g~ 1) for analyzing the stability and rate capability. Initial charge
behavior is completely different from the subsequent cycles for
all the electrodes. This is mainly because of sodium deficiency in
the synthesized compounds as shown in ICP analysis [26]. The pris-
tine electrode has an initial charge capacity of 111 mAh g~! corre-
sponding to 0.415 mol Na extraction from the cathode when
charged to 4.5 V vs. Na due to Co>*/** oxidation. During discharge,
0.58 mol Na inserted back to the cathode and delivering a high

capacity of 156 mAh g~! with the simultaneous reduction of
Mn*3* and Co*"** as seen from the clear voltage plateau at
around 2.5 V vs. Na. The second charge curve has a plateau below
2.5 V vs. Na possibly due to Mn>*/#* couple and simultaneous oxi-
dation of Co?*** with plateau above 3.0 V vs. Na corresponds to the
Co>*/** process. However, the following cycles are showing slight
capacity fading with the increasing separation between the charge
and discharge voltage plateau’s i.e.,, an increase in polarization.
Generally, the voltage fading may be due to the dissolution of
Mn>* jons during deeper discharge resulting in loss of active mate-
rials [44]. Further, it has been reported that, when the cells are dis-
charged below 1.7 V vs. Na, the Mn>* ions tend to distort the
structure which regains the electronic stability and thereby initiat-
ing fading mechanism [36]. The 2, 5 and 10 cycles ALD Al,O3
coated cathode delivers a higher initial charge capacity of 122,
132 and 125 mAh g~! which corresponds to the 0.45, 0.49 and
0.46 mol Na extraction. Similarly, a higher discharge capacity of
165 (0.61 mol Na), 175 (0.65 mol Na) and 168 mAh g!
(0.62 mol Na) has resulted. Overall, 5 cycle ALD Al,03 coated elec-
trode exhibited better performance with very high capacity among
the other Mn based layered oxides compared. Importantly, the
voltage fade is significantly suppressed for surface modified sam-
ples in the consecutive cycles. The presence of low valance, high
spin Co?* at the end of discharge is said to maintain the average
voltage of Mn slightly above 3+ which partially suppresses the
Jahn-Teller distortion [36].Stability and rate capability are other
important parameters for high power applications. Hence, all the
electrodes were continually tested for varying currents from
0.5 C to 40 C between 1.5 and 4.5 V vs. Na, as shown in Fig. 5a.
The capacity retained at high current rates is related to the charge
transfer at the interface. Even though the performance of the pris-
tine cathode is better than many reported cathodes due to its high
crystallinity and uniform distribution of elements, the overall
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Fig. 4. Charge Discharge curves of MC900 (a) Pristine, (b) 2 cycles of ALD Al,03 coated, (c) 5 cycles of ALD Al,03 coated, and (d) 10 cycles of ALD Al,O3 coated.

performance can be further improved by modifying the interface
with the ALD coating [35]. Also, charge-discharge curves resemble
without distinct voltage plateau when the applied current is very
higher due to insufficient time for bulk diffusion [48]. ALD modi-
fied electrodes show better performance than the pristine elec-
trode at higher currents. Pristine electrode gives discharge
capacity of 156, 118, 85, 67, 45 and 25 mAh g ! at 0.5, 1, 5, 10,
20 and 40 C rates, respectively. Among varying cycles of ALD
Al,03 modification, the one with 5 cycle ALD coating has better
performance with high discharge capacities at varying current
rates. The discharge capacity of all the electrodes is found to be lin-
early decreasing with increasing current density due to polariza-
tion [30]. It is common that the electrode materials are subjected
to high stress during the charge-discharge process, especially at
high current rates. The improved performance of the optimized
Al,03 coated electrodes is due to the difference in bandgap ener-
gies between MC900 and the coating materials and high fracture
toughness of 3.5 mPa m 2. Al,03 coating has a higher E, value of
9.0 which prevents the electrons in the conduction band of the
cathode to move into coating material and induce reactions [49].
Also, this layer acts as a flexible film that can accommodate stress
and volume change. [50] The charge-discharge curves with varying
current densities for pristine and surface modified cathodes are
provided in Fig. S2. The above rate performance is higher than
many reported P2-type cathode materials [58,58]. The stability of
pristine and optimized 5 cycle coated electrodes are tested at 2 C
rate between 1.5 and 4.5 V vs. Na and shown in Fig. 5e. The ALD
Al,03 coated electrode has a slightly higher capacity of 143 mAh
g~ ! with 79% capacity retention after 100 cycles, whereas the pris-
tine can only retain 75% of its initial capacity.

The above results made it clear that only optimized coating is
necessary for superior electrochemical performance. For increasing

number of ALD Al,O3 cycles, the capacity tends to decrease as it is
difficult for the ions to pass through the higher diffusion barrier of
insulating Al,O03 [51]. All the electrodes could retain the capacity
after cycling, making it highly reversible. The presence of Al,03
coating is said to prevent the Mn>" dissolution into electrolyte at
deep discharge [44]. To our surprise, all the electrodes including
pristine MC900 show a smooth curve above 4 V vs. Na without
any predominant P2-02 phase transition, which is a major problem
in sodium deficient P2-layered oxides. To be clear, when more Na*
ions are de-intercalated from the sodium layered oxides, the elec-
trostatic repulsion between the adjacent oxygen layers causes
phase transition from P2-02 through slab gliding, causing partial
irreversibility and capacity fading over cycles [48]. As mentioned,
the phase transition at higher voltages is a serious problem for lay-
ered oxides, as it collapses the structure at the interface, thereby
blocking the Na* diffusion pathways. The P2-02 phase transition
accounts for about 15% volume shrinkage compared to 2% volume
change of pure P2-phase [50]. This high stress resulting from vol-
ume change impose kinetic limitations. Within the voltage win-
dow of 1.5-4.5 V vs. Na, many factors tend to affect the
performance of layered oxides. (i) Electrolyte oxidation above
4.3 V vs. Na could be triggered due to the presence of highly acidic
HF species in the electrolyte and increased interfacial reactions at
elevated temperature created by highly oxidizing environments
which result in the thick insulating CEI layer. This eventually con-
sumes more Na* ions in an irreversible manner, which causes a
reduction in the initial coulombic efficiency and higher interfacial
impedance [14,52]. (ii) irreversible loss of oxygen ions from surface
lattice is a concern [53]. (iii) disproportionate reaction of Mn3* into
Mn?* and Mn*" below 1.7 V vs. Na causes active metal dissolution
and the resulting Jahn-Teller distortion to achieve electrochemical
stability [19]. Hence, the bare electrode has serious capacity fading
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at higher currents resulting in poor capacity retention characteris-
tics. Modifying the interface using an optimum number of ALD
cycles certainly avoids the direct contact of electrode active mate-
rials with electrolyte, and thereby stabilizing the electrolyte
decomposition above 4.3 V vs. Na [52]. The loss of active materials
by dissolution is suppressed over prolonged cycling. All these
together contribute to a higher capacity as well as improved rate
capability of surface-modified electrodes. Moreover, the cells could
recover its almost complete capacity when cycled back to 0.5 C rate
after 40 C.

Hence, it is better to understand the contribution of these draw-
backs individually. Initially, we fixed the lower cutoff voltage at
2.0 Vvs. Na and higher at 4.5 V vs. Na (Fig. 5c). Here, we intention-
ally overcharge MC900 up to 4.5 V vs. Na to examine the solvent
oxidation and its influence on cathode kinetics. This excludes the
structural disturbance caused by Mn at deep discharge while
specifically focusing on high voltage electrolyte decomposition
and structural transformation. The initial capacity in this voltage
range is 108 mAh g ! and 104 mAh g~! for MC900-5c and
MC900-0c at a current rate of 0.5 C. In this voltage range, only sin-
gle plateau is observed during charging and discharging involving

Co?*/Co®*/Co*" redox pair with higher average voltage plateau of
2.9V vs. Na[36] (Fig. S3¢,d). Irrespective of ALD Al,03 surface mod-
ification, both the electrodes show better stability with >99%
capacity retention after 70 cycles. In terms of rate performance,
as the applied current rate increases from 1 to 40 C, the pristine
material gives a capacity of 85, 59, 36, 15 and almost reached
2.7 mAh g~1. On the other hand, under similar circumstances, the
5 cycle ALD Al,05; modified cathode gives higher rate performance
with 89, 71, 60, 42 and 26 mAh g, respectively. Oxidation of elec-
trolytes takes place when the cathode voltage raises above its
LUMO until a uniform and stable layer of CEI is formed. Stable
CEI layer with high ionic conductivity, better chemical, mechanical
and electrochemical stability along with lower electronic conduc-
tivity is favorable for better performance [52]. The effect of CEI
layer can be understood from the initial coulombic efficiency val-
ues of pristine and coated electrodes. Creating an artificial CEI layer
is more protective for high voltage cathodes of future SIBs. Here,
ALD Al,05 coating with 5 cycles acts as an artificial CEI layer
towards translating superior power capability. Thus, the improved
performance in this voltage range is attributed to the stable CEI
layer formation after ALD muodification, allowing better Na* ion
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kinetics at the higher current rate. Foremost, Al,O3 coating is an
insulator for electrons across the interface, but prevent direct con-
tact of the electrolyte with the electrode active material over pro-
longed cycles. All these have a cumulative effect on the high
voltage operation of the cathode. Thus, interfacial modification
using conformal Al,Os coating is an efficient way of developing
high voltage cathode for SIB.

It is well known that Jahn-Teller distortion and the Mn-based
structural distortion is predominant during the deep discharge
process. This leads to the dissolution of Mn?* ions into electrolyte
after consecutive cycles [54]. Therefore, by restricting the upper
cut-off voltage to 4.0 V vs. Na, we can exclude the capacity fading
contribution from electrolyte decomposition and structural transi-
tion at higher voltages (Fig. 5b). Limiting the cut-off voltage
improves cyclability and initial coulombic efficiency due to
single-phase reaction at the expense of capacity. In this case, the
pristine material has a high initial capacity of 152 mAh g~! com-
pared to ALD modified cathode with 142 mAh g~ . The stability
is very excellent irrespective of ALD coating with 92% and 88%
capacity retention for MC900-5c and MC900-Oc after 70 cycles.
Again, the significance of ALD coating comes into play at the higher
current rate with MC900-5c retaining 51 and 31 mAh g~ ! at 20 and
30C rates, respectively. Two sloping voltage profiles centered on
2 V vs. Na and 3.5 V vs. Na are clearly seen in the charge-
discharge curves (Fig. S3a-b). These are the contribution from the
Mn>*4* and Co>*** couple for a very high capacity [35]. When
the upper cut-off voltage is restricted to 4.0 V vs. Na, Co>*/** redox
is highly reversible both at room temperature and high tempera-
ture as seen below. More detailed studies are needed to under-
stand these intrinsic effects of redox couples. The coulombic
efficiency of pristine and ALD modified electrodes within different
cut-off voltage are provided in Fig. S4(a—c).

Fig. 5d and S5 show the electrochemical studies of MC900-0c
and MC900-5c at an elevated temperature of 50 °C between 1.5
and 4.0 V vs. Na. The charge-discharge curves represent the contri-
bution of Co and Mn redox couples. MC900-0c and MC900-5c deli-
ver a high capacity of 172 and 188 mAh g ! at 0.5C rate. Despite its
high capacity, it can be clearly seen that the degradation is very
high at elevated temperature compared to room temperature per-
formance. This is due to accelerated electrolyte decomposition and
the high reducing ability of Mn** resulting in capacity fade [55].
This, in turn, causes further Mn dissolution in the consecutive
cycles. The 5 cycles ALD Al,03 coated electrode could retain 68%
of initial capacity (128 mAh g~!) after 30 cycles. This is due to
the multiple roles of interfacial engineering by using amphoteric
Al,03 coating as the best scavengers of electrolyte byproducts
[43]. ALD Al,05 coating on powders or electrodes has effectively
improved the cycle life and stability of several lithium-based elec-
trodes at higher operating potentials. In all these cases, Al;05 is
perceived to be a discrete layer on the surface of the powder. Taka-
shi et al. [43] clearly demonstrated that Al,05 coating on the pre-
fabricated electrode of LiCoO, could dope the Al without the
necessity of post-deposition annealing. This improves the electro-
chemical performance of the cathode even at higher charge dis-
charge rates. This is because a thin uniform monolayer of Al,03
coating is said to form after approximately 10 ALD cycles. During
the initial few cycles of ALD coating, Al from TMA bonds to the sur-
face oxygen by consuming Mn-O and Co-O bonds [15]. At this
stage, Al is almost like surface dopant than coating. This can be
confirmed by the XPS studies in Fig. 2, where the average oxidation
state of Mn and Co are reduced. This accounts for the superior rate
performance of the 5 cycle ALD coating. In general, an annealing
process is necessary to overcome the activation barrier for Al diffu-
sion into the structure. However, in this case, the surface reactive
sites created when the electrodes are exposed to the surface are
few nanometers in thickness. These sites are highly reactive and

undergo a self-limiting chemical reaction with TMA during coating,
thus accounting for the graded incorporation of Al on the surface
[43]. It’s been said that diffusion of Na* ion is faster in the Na,Al,-
05 than that of Li* in Li,Al,03 as Na ion transport happens by hop-
ping between O rich trapping sites via a Na-O bond-breaking
making [56]. Weaker Na-Al-O boding can accommodate higher
volume change during repeated charge-discharge cycles. Also,
Na* diffusion through Al,05 is said to induce low stress because
of both vibrational and translational motion [56]. All these
accounts for improved electrical conductivity together with the
structural stability of active materials. Sol-gel coating of Al,O3 on
the P2-Nay;3Nij;3Mny30, will exhibit better stability, but the poor
rate capability remains an issue which is mainly because
of the coating thickness is uncontrolled and non-uniform. This
often leads to the formation of the very thick protective layer
(>12 nm) [44]. Similarly, 1 nm thick ALD Al,03 coating on
P2-N;/3Niq3My30, has experienced similar features with better
stability with poor rate capability. However, the authors didn’t
clear about the coating cycles and other parameters which
makes it difficult to consider for comparison [45]. Karthikeyan
et al. [51] studied different cycles of ALD Al,O3 coating on
P2-Nag g7Mng 54Nj0.13C00.130,, where less than 1 nm coating is
having superior stability and rate performance justifying our
results. The fundamental understanding of the ALD Al,O5 coating
of Na-based layered oxides is proposed based on our results. It
shows that ALD Al,0s can significantly improve the power capabil-
ity of the cathode irrespective of its insulating nature. Hence, ALD
Al,05 coating on sodium layered oxides can be considered for sig-
nificant development of cathode materials for advanced sodium-
Ion Batteries with high power capability. Fig. 6 shows the sche-
matic of half cell with ALD Al,0; modified MC900 and Na-metal
anode during discharge along with the scheme of the surface
coating layer.

Impedance is a powerful tool to understand the interfacial
properties of the cathode with and without ALD Al,03; modifica-
tion. Hence, we have performed the electrochemical impedance
spectroscopic (EIS) studies before cycling for electrodes coated
with different cycles of ALD Al,O3 coating and provided in Fig. 7
(a). The graphs are fitted using the equivalent circuit provided in
Fig. 7a and the corresponding resistance values are provided in
Table.S1. Initially, the cells are fabricated and kept at aging for a
few hours to stabilize the interface. The EIS spectra have two parts,
one semicircle from high-frequency region to medium frequency
region and a sloping line at the low-frequency region. The semicir-
cle is because of the combined phenomenon of two reactions with
similar time constants (i.e.,, the surface film resistance and the
charge-transfer resistance). The sloping line is the diffusion resis-
tance in the bulk of the cathode [57]. The decreased charge transfer
resistance of the ALD Al,03; modified electrodes compared to the
bare electrode is due to the improved interfacial properties after
surface treatment. This observation could not be seen if a signifi-
cant thickness of a highly resistive coating like Al,O3 was present.
This is clearly justified by the charge-discharge studies conducted
above. After subjecting to cycling studies at different current rates,
the EIS is again recorded and displayed in the Fig. 7(b). The Nyquist
plot after cycling shows a clear difference between the ALD Al,03
modified and pristine cathode. This is due to the unstable CEI layer
and the resulting structural damage at the interface after reaction
with the electrolyte. The formation of the CEI layer induced by
electrolyte oxidation is the only major bottleneck for the pristine
electrode inducing larger charge transfer resistance before and
after cycling [52]. The 2 and 5 cycles ALD Al,03 coated electrodes
have partially covered Al precursors on the surface like surface
doping of Al rather than coating and help to stabilize the CEI layer
formed on the interface, resulting in very low charge transfer resis-
tance before and after cycling. The maximum thickness of the coat-
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ing layer in this work does not exceed 1 nm (10 cycles of ALD Al,03
corresponding to one single layer of conformal coating). This cre-
ates an additional bottleneck for ion diffusion resulting in slightly
higher interfacial resistance for a 10 cycle coated electrode before
cycling. In contrast, the impedance measured after cycling has its
interfacial resistance inversely proportional to no of cycles of
ALD Al,03 coating. This is because all kinds of degradation mecha-
nisms come into play during cycling which severely affects the less
coated. The diffusion coefficient of the Na-ions was calculated from
Impedance spectra after cycling using the following equation [59],

R2T?

S S 1
2A’n4F*Ct g2 @

Li

where, G is the Warburg factor, R is the gas constant, A is the area of
the electrode, F is the Faraday constant, C is the concentration of
sodium ions in the electrode material and n is the number of elec-
trons involved in the reaction. The Warburg factor is obtained from
the slope of the linear plot between the real part of the impedance
and the inverse square root of the frequency at low-frequency
regions [Fig. 7(c, d)] using the following relation,

Z =R+ Ry + G, 12 (2)

The diffusion coefficient values of MC900-0c and MC900-5c¢ are
47.4 x 10712 and 63.2 x 1072 cm? s~ . This shows that 5 cycles of
ALD coated MC900 has a higher diffusion coefficient than the pris-
tine electrode without coating. Therefore, conformal surface mod-
ification can play a major role in the electrochemical process by
protecting the dissolution of active particles and the improved
interface. This helps in designing high power SIBs with higher
upper cut-off voltages.

4. Conclusion

P2-Nag sMng 5C00 50 utilizing Co>*/?* redox couples were syn-
thesized using polyol synthesis and studied as a high-power cath-
ode for SIBs. We performed interfacial engineering using different
cycles of ALD Al,05 coating and studied its effects on electrochem-
ical kinetics. Surface coating with ALD Al,03 reduced the average
oxidation state of Mn and Co ions. The 5 cycles of ALD modified
electrode delivers a high capacity of 174 mAh g~ ! and have supe-
rior rate capability irrespective of the applied voltage window.
Even at 40C, the cathode delivers a high capacity of 45 mAh g~'.
Surface modification suppresses the electrolyte oxidation at higher
voltages and stabilizes the CEI layer formed on the surface thereby
reduced the charge-transfer resistance. The surface film, CEI acts as
a buffer layer to volume expansion at higher current density lead-
ing to better stability even at high temperatures.
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