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We report a novel P2-type Nag sNig 26Cug.07MNg 6702 (NCM) mixed oxide obtained by conventional solid-
state method as a prospective cathode for sodium-ion battery (SIB) applications. X-ray diffraction analysis
shows that NCM exhibits a hexagonal structure with a P6s/mmc (No. 194) space group, in which Na-ions are
located in a prismatic environment. The introduction of Cu into the lattice enhances its structural stability,
showing a capacity retention of 83% after 100 cycles, which is much better than its native compound. MgO
encapsulation was performed to further improve the interfacial kinetics and suppress P2-0O2 phase
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g~ at 5 and 20C, respectively. As expected, dual modification by Cu-ion doping and MgO coating
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1. Introduction

Over the past decades, Li-ion batteries (LIBs) have been
predominantly used to power most of the portable electronic
devices, (hybrid) electric vehicles, aerospace applications, and
grids due to their high energy density, flexibility, and long cycle
lifetimes." However, high cost, scarcity of Li-deposits in the
earth's crust (0.006 wt%) and safety concerns for operation
under extreme environmental conditions constrain their
applications. Sodium-ion battery (SIB) is considered as better
alternative to LIB due to the similar storage mechanism.> Owing
to the natural abundance (fourth most abundant element on
earth) along with its wide distribution (e.g., sea salt and rock
salt) and low cost of sodium, SIBs can be considered promising
candidates for large-scale energy storage systems, where cost
aspect is of prime importance and decent gravimetric energy
density is sufficient.>* However, finding a suitable cathode that
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provides a novel strategy for designing high-rate SIB cathodes.

is capable of withstanding high stress caused by the larger Na-
ion is highly challenging. Various cathode materials such as
layered oxides,® polyanionic compounds,® redox-active poly-
mers,” and Prussian blue analogues® have been found to host
Na ions in their crystal structure. Among them, layered transi-
tion metal oxides exhibit various advantages like simple struc-
ture, good electrochemical performance, and ease of synthesis.®
Based on alkali ion occupancies, these layered oxides can be
classified as prismatic (P2) or octahedral (03), where the
numeral indicates the number of transition metal layers in the
repeating unit cell.' Among metal oxides, compounds of
NaMO, (M = Co, Ni, Mn, Fe, etc.) have been intensively inves-
tigated due to their unique electrochemical properties."***
Ternary and quaternary systems utilizing the synergistic effect
of various transition metal oxides such as Nag¢;Niy.15C00 5~
Mny 650,," Nag 6,Nig 15Feg .Mng 650, (ref. 5) and NaNi, ;,Co,/4Feq 4
Mn, 5Ti;,50, (ref. 16) have also been studied. Furthermore, P2-type
Na-Ni-Mn-O materials are considered to be suitable SIB cathode
materials due to their stability in air, low cost, ease of synthesis,
and high theoretical capacity of above 250 mAh g~ "."” Lu et al.*®
reported P2-type Na,;3Ni;;3Mn,/30, as a cathode with complete
extraction/re-insertion of Na-ions in its structure. Moreover,
high theoretical capacity of 173 mA h g~" was noted, but severe
capacity fading due to P2-02 phase transition above 4.2 V was
a major setback. Limiting cut-off voltage appeared to be a good
option, but it certainly decreased the reversible capacity and
energy density. Moreover, complete removal of Na ions in a wider
operating window led to increased repulsion of oxygen atoms in
adjacent layers.” Considering this problem, cationic substitution

This journal is © The Royal Society of Chemistry 2017
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could be an effective strategy to improve the structural stability of
this material. Several researchers substituted Mg, Al, Fe, Co, Ti,
Zn, and Li in the P2 Na-Ni-Mn-O structure, which eventually led
to (i) an increase in structural stability, thereby resulting in
a smooth and enhanced voltage plateau,”** (ii) suppression of the
Na'/vacancy ordering,? (iii) prevention of cation mixing in Na
sites,” and (iv) suppression of Jahn-Teller distortion of Mn ions.>
Copper, being a robust and cheap element, has been used as an
efficient doping material in Li-ion battery cathodes, for example
Cu-doped LiCoO, is highly stable at elevated voltages. Similarly,
spinel LiCug1,Nip3sMn, 50, exhibited increased capacity reten-
tion due to reduced cation ordering, and LiCuy,5Nig,sMn; 50,
has shown low Li-ion diffusion barrier with good rate capa-
bility.**?® Thus far, few Cu-based cathode materials have been
reported for SIBs.””*° Extending the study in this line, we inves-
tigated the electrochemical properties of Cu-substituted mixed
oxides with higher operating window. At these voltages, durability
of SIB was mainly affected by side reactions that occurred at the
electrode/electrolyte interface.** Hence, it was essential to design
a suitable strategy to minimize these drawbacks and improve the
interfacial reactions in order to obtain high-rate cathodes with
good durability. Surface modification with carbon/metal oxides
yielded good results for LIB by preventing the unwanted side
reaction with electrolytic solutions.***® However, only few reports
are available on metal oxide coatings for SIB cathode; for instance,
Karthikeyan et al.** used atomic layer deposition to coat Al,O; and
studied the impact of Al,Oj; layer thickness on the electrochemical
performance of Naj sMny 54Nig 13C00 130, at high voltages.

Herein, we studied the electrochemical performance of Cu-
substituted mixed oxides in a high-voltage range of 2-4.5 V.
Thus far, the application of MgO coating to SIB materials has not
been reported. Hence, this study presents a novel strategy for
designing high-rate SIB cathode materials. Based on the results
obtained from electrochemical studies, we further modified the
surface with MgO coating by solution-free melt impregnation to
mitigate the degradation of layered oxide. MgO has been used as
a coating material due to its ability to mitigate the volume change
occurring during Li-ion insertion/extraction in LIB.*” In addition
to preventing cathodic side reactions, MgO coating drastically
reduces the interfacial resistance during high-potential cycling,
as confirmed by electrochemical impedance spectroscopy (EIS)
studies. Extensive powder and electrochemical studies have been
performed and described in detail.

2. Experimental

2.1. Synthesis of Na, sNij 33Mng 6,0, (NM) and
Nay 5Nig 26Cg.0;Mng 6,0, (NCM)

The P2-type NaysNip33Mng 6,0, (NM) was synthesized using
a conventional solid-state method. Stoichiometric amounts of
Na,CO; (Sigma Aldrich, 98%), nickel(un) acetate tetrahydrate
(Sigma Aldrich, 99%), and manganese(n) oxide (Sigma Aldrich,
>98%) were ground for 0.5 h using a mortar and pestle. The
resultant powder was pressed into pellets, heated to 900 °C for
15 h at a heating rate of 5 °C min™ " in a muffle furnace, and
slowly cooled to room temperature to yield NM. The same
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procedure was repeated to obtain NCM under similar conditions,
while copper(u) oxide was used as a source of Cu (Scheme 1(a)).

2.2. Synthesis of Na, 5Nij 6Cug oy Mng 670,/MgO (NCM/
Mg0)

Coating of NCM by MgO was performed by melt impregnation
method wherein, magnesium nitrate was mixed with 1 g of the
synthesized material using a mortar and pestle (Scheme 1(b)).
The mixed powders were made into pellets and subjected to
two-step calcination process: first maintained at 120 °C for 2 h,
followed by calcination at 500 °C for 2 h. The resulting sample
was named as NCM/MgO.

2.3. Material characterization

Crystal structures were characterized by X-ray diffraction (XRD;
Cu K, radiation, Rint 1000, Rigaku, Japan) in 26 range of 5-90°.
Lattice parameters were determined by Rietveld refinement
using GSAS software. The particle morphology, elemental
composition and internal structure were evaluated using Field-
emission scanning electron microscopy (FE-SEM, S-4700, Hita-
chi, Japan) coupled with an energy-dispersive X-ray spectros-
copy (EDX) module, and high-resolution transmission electron
microscopy (HR-TEM; JEM-2000, EX-II, JEOL, Japan). The stoi-
chiometry was determined with inductively coupled plasma
atomic emission spectroscopy (ICP-AES analysis, Perkin Elmer,
OPTIMA 8300, USA). XPS measurements (Multilab 2000, UK)
were performed to determine the chemical oxidation sates of
Mn, Ni, and Co on the compound surface. FTIR measurements
were performed using an IR Prestige-21 spectrometer (Shi-
madzu corp., Japan) to identify local structural changes caused
by inactive cationic substitution.

2.4. Electrochemical measurements

The electrochemical studies of all samples were performed
using CR2032 coin cells assembled inside a glovebox under
a controlled atmosphere of ultrapure argon. The cells consisted
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Scheme 1l Schematic showing (a) NCM synthesis and (b) MgO coating
by melt impregnation.

Metal Nitrate

J. Mater. Chem. A, 2017, 5, 8408-8415 | 8409


http://dx.doi.org/10.1039/c6ta10334k

Published on 04 April 2017. Downloaded by CHONNAM NATIONAL UNIVERSITY on 28/09/2017 02:24:24.

Journal of Materials Chemistry A

of the synthesized material as the cathode and metallic Na as
the anode separated by a polypropylene separator, with 1 M
NaClO, in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) (1:1, v/v) as the electrolyte. The cathode
materials were prepared by mixing 2.5 mg of active material
with 0.5 mg of Ketjen black and 0.5 mg of teflonized acetylene
black (TAB-2). The obtained mixtures were pressed on stainless
steel current collector and dried in an oven at 160 °C for 4 h
before cell fabrication. Charge-discharge (C-DC) studies were
performed for different voltage ranges at current rates varying
from 0.25 to 20C using an Arbin BT-2000 battery test system.
Cyclic voltammetry and EIS analyses were conducted using an
electrochemical analyzer (SP-150, Biologic, France).

3. Results and discussion

The XRD peaks of pristine and Cu-doped and MgO-coated
materials reveal a P2-type layered structure with a P6s/mmc
(no. 194) space group (Fig. S1}). The XRD Rietveld refinement
pattern presented in Fig. 1 suggests the phase purity of all the
three samples. Intense reflections correspond to highly crys-
talline nature of the samples prepared and indexed accordingly.
Furthermore, Cu-doped samples do not exhibit any additional
peaks, clearly indicating that the substitution of metal ions in
transition metal layer occurs without any phase change of the
parent compound. Similarly for NCM/MgO, no reflections
associated with MgO were detected, thereby suggesting that
MgO coating on the surface might be either ultrathin or
amorphous. The NCM hexagonal crystal structure unit cell with
alternating alkali and transition metal layers is given in Fig. 1d,
in which it can be observed that Na ions occupy two different
prismatic sites: Na (1) position that shares faces with MOy
octahedra in the layers, and Na (2) position that shares only
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corresponding edges." The obtained lattice and other refined
parameters have been summarized in Table S1.f After Cu-
doping, lattice parameter values increase due to larger ionic
radius of Cu ions (1.28 A) compared to those of Ni ions (1.24 A).
The higher c/a ratio (3.8) denotes increased crystallinity of the
cathode. To analyze local environment changes of the cathode
after Cu substitution, FTIR studies were conducted, and the
results are given in Fig. S2.1 The appearance of three intense
peaks at 440, 513, and 1448 cm ™" could be due to asymmetric
stretching modes of MO octahedra, bending modes of O-M-O
units,” and presence of carbonate functional groups on the
compound surface,*® respectively. The results of ICP-AES anal-
ysis (Table S21) were found to be in good agreement with
theoretical values. Energy-dispersive X-ray spectroscopy
(Fig. S31) was used to confirm the identity of elements present
in NCM cathode surface along with MgO.

FE-SEM images (Fig. 2a-c) of all the samples show similar
morphology irrespective of the small amount of Cu doped into
the lattice. The high-temperature precursor calcination at
900 °C for 15 h results in large aggregated secondary particles
with high crystallinity and an average crystallite size of 2-5 um.
Fig. 2d-f show the elemental distribution of Mg, Mn, and Ni
observed using EDX elemental mapping. The amount of MgO
on the surface was found to be 2.0 wt%. Fig. 2g and h show high
resolution TEM images of NCM/MgO. The MgO surface coating
with a thickness of 1.3 nm was clearly visible in the corre-
sponding HR-TEM images. The interplanar spacings of 2.1 and
1.0 A obtained from the lattice fringes correspond to [013] and
[025] planes, respectively. Furthermore, single crystalline nature
of the sample was confirmed by selected area electron diffrac-
tion (SAED) pattern, and the results are given in Fig. 2i. From
Fig. S4a-c,T it can be concluded that MgO is well coated on the
surface with a clear boundary between the bulk and surface
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Fig.1 Rietveld refinement of the X-ray diffraction patterns of (a) NM, (b) NCM, and (c) NCM/MgO. (d) Schematic showing the P2-type structure

unit cell.
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Fig. 2 SEM images of (a) NM, (b) NCM, and (c) NCM/MgO. Elemental
mapping of (d) Mg, (e) Mn and (f) Ni. (g and h) HR-TEM images of MgO-
coated sample, (i) SAED pattern showing high crystallinity of NCM/
MgO.

coated layer. Moreover, the transport and storage path of Na ion
is clearly visible from the respective images. All these results
confirm the presence of single crystalline particles.

In order to understand NCM chemical composition and
surface oxidation states, XPS analyses were performed, and the
results are given in Fig. S5.1 Fig. S5af shows the survey spec-
trum of NCM. The appearance of peaks at 1070.29, 932.75,
854.11, 641.38, 530.26 and 284.6 eV confirms the presence of
Na, Cu, Ni, Mn, C, and O, respectively. Fig. S5b-gf show the
deconvoluted spectra of individual spin orbit. The Mn 2p peak
can be deconvoluted into four different characteristic peaks: the
ones appearing at binding energies of 641.38 and 653.1 eV
correspond to Mn 2p3 and Mn 2p1, respectively, while those at
642.78 and 654.54 eV are satellite peaks.'”” Thus, the oxidation
state of Mn was confirmed as +4. The high-temperature

View Article Online
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calcination for 15 h in air leads to partial evaporation of Na,
which is responsible for the increased valence state of Mn.** The
Ni 2p peak can be separated into four peaks, corresponding to
Ni 2p1 (871.63 eV) and Ni 2p3 (854.11 eV), with other peaks
(860.43 and 877.89 eV) being satellites. Herein, oxidation state
of Ni is +2." The two distinct peaks appearing at 953.00 and
932.74 eV correspond to Cu 2p1 and Cu 2p3, respectively. The
appearance of a shake-up satellite peak at 946 eV validates the
presence of Cu®*".* This satellite peak can be caused by the
charge transfer between ligands (O~ from CuO) and unfulfilled
valence levels (d°) of the Cu®" ion.*

Fig. 3 compares the XPS spectra of NCM/MgO and NCM
samples. A specific Mg 2p peak at 49.21 eV is present in the
spectrum of the coated material. The binding energy of Mg
matches with that of MgO, thereby suggesting +2 oxidation state
for Mg.** Moreover, peaks of other elements do not show any
observable binding energy shifts after MgO coating. Thus, it can
be concluded that MgO is uniformly coated on the surface
without altering the chemical environment of the native
compound. The appearance of sharp O 1s peak after MgO
coating could be due to surface-adsorbed water molecules with
OH" or O bonded to their surface.*

Electrochemical performance of all the samples was exam-
ined using coin-type cells with Na metal as the counter and
reference electrode. It is notable that the electrochemical
activity of layered oxides was greatly influenced by cut-off volt-
ages;* hence, we initially chose a lower testing window of 2.2-
4.25 Vvs. Na. Fig. 4a and b compare the initial voltage-capacity
profiles and long-term cycling stability of NM and NCM in
avoltage range of 2.2-4.25 V vs. Na at a rate of 0.25C (34 mA g™ ).
The NM electrode shows an initial discharge capacity of 115
mA h g’l, with three distinct voltage plateaus at 3.35, 3.71, and
4.23 Vvs. Na. The capacity in the low-voltage range of 2.1-2.4 V
vs. Na is ascribed to Mn**/Mn*" redox reaction, while Ni*"/Ni*"
redox reaction contributes at higher potentials.” The remaining
voltage plateau below 4.0 V vs. Na was due to the presence of
Na'/vacancy ordering and the stalking faults arising from
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Fig. 3 (a) Survey spectrum of NCM and NCM/MgO, core level spectra of (b) Mg 2p, (c) Ni 2p, (d) Mn 2p, (e) Cu 2p, and (f) O 1s.
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transition metal layer gliding." The long plateau appearing at
4.2 Vvs. Na for NM is due to the mostly reversible P2-O2 phase
transition via an intermediate OP4 phase, as reported by Lee
et al.*>* This phenomenon is a major practical issue for real-
izing high-rate cathode materials for SIB and can be easily
explained by the structural arrangements of atoms. In P2 and
02 structures, Na-ions were located at prismatic and octahedral
sites with AABB and ABCB stacking sequences, respectively.*
Hence, O2 structure could easily be formed by a simple gliding
of oxygen layers without breaking the O-TM bonds. The driving
force for this phase transition is the higher coulombic repulsion
of the adjacent oxygen layers when more Na ions are removed at
higher potentials.”® In situ and ex situ XRD studies have been
used by several research groups to confirm the phase change
occurring in this voltage range.'®*?

NCM was found to deliver a discharge capacity of 110 mA h
g " when cycled at 0.25C in voltage range of 2.2-4.25 V vs. Na. It
was evident that a small amount of Cu in the lattice was suffi-
cient to smoothen the plateau at higher voltages at the expense
of a small capacity due to the electrochemically inactive nature
of the Cu ion. The average voltage was also enhanced, leading to
higher energy density. NM was cycled 100 times in voltage
window of 2.2-4.25 V vs. Na, and the plot is shown in Fig. 4b. It
can be observed that all samples could reversibly intercalate
and de-intercalate Na ions within the layered structure for
a long time. The long-term cycling performance of NM can be
best described by its higher initial discharge capacity along with
a high capacity fade until the tenth cycle, followed by more
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stable long-term cycling. The capacity retention after 25 cycles
was 77.93%, with the discharge capacity equaling 94 mA h g™,
The capacity was found to decrease gradually until the 100"
cycle, with the final capacity retention equaling 70.75% and the
final capacity being 81 mA h g~ '. The coulombic efficiency in
the final cycles reached 97.87%. The capacity fade at initial
voltages can be attributed to several phenomena like (i) elec-
trolyte decomposition, which resulted in the formation of
a solid-electrolyte interface (SEI) layer," (ii) Jahn-Teller
distortion resulting in Mn”" dissolution into the electrolyte,*
(iii) severe internal stress with a significant volume change,
resulting from the accommodation of larger sized Na ions,*®
and (iv) insertion of solvated ions into the metal oxide layers.*”
Copper was utilized as an inactive metal ion for crystal structure
stabilization and disruption of Na*/vacancy ordering. The initial
discharge capacity of Cu-substituted NCM was 111 mA h g™/,
which was lower than that of NM (Fig. 4a). This lower value can
be attributed to the presence of electrochemically inactive Cu
species. However, substitution by copper smoothens the voltage
plateau above 3.5 V vs. Na, thereby reducing the phase gliding
due to deep extraction of Na at higher voltages. The long-term
cycling performance of NCM was compared to that of NM to
determine the effect of Cu doping. For NCM, the initial capacity
fade up to the 25" cycle was significantly reduced and the
capacity retention was equal to 90.27% after 50 cycles. After 50
cycles, the observed discharge capacity equaled 100 mA h g™,
which was 10 mA h g~ higher than that of the pristine material.
The discharge capacity dropped to 92 mA h g~ after 100 cycles,
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Fig. 4 (a) Initial galvanostatic charge/discharge profile and (b) cycling performance of NM and NCM at 0.25C in a voltage range of 2.2-4.25V vs.
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resulting in a capacity retention of 83.63%. When NCM was
further analyzed in an extended voltage window of 2.0-4.5 V at
a rate of 0.33C (45 mA g~ '), an initial discharge capacity of 120
mA h ¢! was obtained due to increased participation of Na
ions. The effect of Cu substitution was highlighted by the
smooth and enhanced voltage plateau of NCM.

It can be noted that phase transitions alone cannot be
responsible for the capacity fade at high cut-off voltages, indi-
cating the existence of other driving forces mentioned above.
Hence, surface coating was a good strategy to prevent direct
contact of the cathode material with electrolyte and improve its
interfacial properties. Thus, we coated the surface of NCM with
a thin layer of MgO by melt impregnation and studied its
electrochemical performance in a high-voltage range of 2.0-
4.5 V vs. Na. Surprisingly, the initial discharge capacity was
significantly increased to 131 mA h g~'. Moreover, the smooth
voltage curve of MgO-coated NCM (Fig. 4d) indicated suppres-
sion of the partially irreversible P2-O2 phase transition at 4.2 V
vs. Na, which was very important for P2-Na-Ni-Mn-O based
cathodes at higher cut-off voltages. When long-term cycling
performance was analyzed at the same input conditions
(Fig. 4e), a significantly smaller initial capacity fade was
observed with an enhanced capacity retention of 96.45% even
after 70 cycles. Liu et al.*® studied the capacity degradation
mechanism of Na,;Ni;;3Mn,;;0, using Al,O; coating and
retained only 88.4% after 50 cycles. However, this study did not
address the P2-O2 phase transition of cathode that occurs
above 4.2 V. When bare NCM was charged to high voltage, more
Na ions were extracted from the lattice, initiating the exfoliation
of the layered structure*® and resulted in a capacity fade over
prolonged cycles. To understand Cu doping and MgO coating in
the layered structure, differential capacity plots were drawn
from the charge/discharge curves (Fig. S6T). In Fig. S6a and b,
multiple redox peaks were found in the voltage range of 2.20-
4.25 V, corresponding to the voltage plateaus in the charge-
discharge profiles. The peaks above 3.0 V resulted from the
redox reaction of Ni**/Ni*" couples, whereas the peaks below
3.0 V arose due to the contribution of Mn**/Mn** couple. The
separations between anodic and cathodic peaks were signifi-
cantly reduced for Cu-doped samples, thereby proving the
improved stability of the cathode. When the voltage windows
were further expanded, a clear peak was observed at around
4.2 V in the charge curve of NCM (Fig. S6ct). In case of MgO
coated NCM, the peaks became broader with less intensity,
indicating smooth structural transition over the entire voltage
range and a complete suppression of the peak at 4.2 V (Fig.-
S6d+t). To ascertain the role of MgO coating, we studied 2 wt% of
MgO coated over NM at high voltage window. Although, a small
reduction in the initial capacity was observed for MgO coated
NM, it rendered better stability with high capacity retention
characteristics after 15 cycles (Fig. S71). Moreover, to under-
stand the influence of MgO coating, we coated NCM with 1, 2
and 5 wt% of MgO and cycled at different current rates. Among
these, 2 wt% MgO was found to be the optimum concentration
to yield a high performance cathode with better rate capability
(Fig. S81). From the above results, MgO coating was found
to have a major role in improving the electrochemical
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performance of high voltage cathodes. Further analysis of
structure using in situ monitoring techniques would provide
a deeper understanding of the mechanism behind MgO
coating.

Rate capability is an important factor for large-scale appli-
cations of SIB. Hence, the rate capability of the above
mentioned materials was analyzed in a voltage range of 2.0-
4.5V at current densities from 0.33 to 20C (1IC =136 mAh g™ ),
as depicted in Fig. 4f. The NCM displayed specific capacities of
120, 103, 92, 83,and 47 mA h g’1 at current densities of 0.33, 2,
4, 5, and 20C, respectively, whereas NCM/MgO exhibited
enhanced specific capacities of 131, 104, 95, 84, and 52 mA h
g ', respectively. If we define the discharge capacity of 131 mA h
g~ at 0.33C as 100%, the cell could be operated at high rates,
maintaining normalized capacity values of 79%, 72%, 63%, and
39% at current rates of 2 (272 mA g™ '), 4 (544 mAg ), 5 (680 mA
¢ ") and 20C (2720 mA g~ '), corresponding to initial discharge
cycle at each rate. The cathode capacity decreased with
increasing current density due to improper utilization of active
materials at high input currents. Even at high current rates of 5
and 20C, the coated material exhibited capacities of 84 and 51
mA h g, respectively. The transport of electrons from the
cathode to current collector was the critical step at high current
rates, promoted by modification of the surface with MgO. In
addition, MgO coating decreased the activation energy for
charge transfer reaction at electrode/electrolyte interface.*
Based on the above results, MgO coating provided a mechanical
support to the cathode at high operation voltages. Even the
high-capacity Na, sNip23Fep13Mng 630, cathode reported by
Hasa et al.*® could only deliver a capacity of 60 mA h g~ at a rate
of 5C. Recently, Li et al.>* have reported Nay 6;Mng gNig 1Mgo 10,
as a high-rate NIB cathode material using a novel design
strategy. This material delivered a specific capacity of only 66
mA h g™" at 5C. Numerous reports on P2-type layered cathode
materials along with their high-rate capacities are listed in
Table 1. Apparently, our results displayed one of the best set of
values compared to other reported values for Na-Ni-Mn-O-
based cathodes with metal-substituted derivatives; for
example, Komaba group® reported Na,;;Ni;;sMny ;3 ,Ti,O, as
a high-energy NIB cathode that can deliver ca. 90 mA h g~ " at

Table 1 Comparison of previously reported studies with our study

Current Capacity/ Voltage/V

Sample rate/C mAhg™' vs Na Reference
Nag_45Nig 2,C00.11MNg 6605 5/2 76/91 2.1-4.3 53

Na, 5Nig 23Feg.13Mng 630, 5 60 1.5-4.6 50
Nag_45Nig 2,C0g.11MNg 6605 5/2 75/127 2.0-4.2 54
P2-Nag ¢sMng gFeo 1Tip 10, 5/2 ~60/67 2.0-4.0 55
P2-Naj sMng ¢oNig.30C00.100, 1 >75 1.7-4.0 56
P2-Na,Fe; ,Mn; ,0, 4 >60 1.5-4.2 57
P2-Nay/3Niy;sMny ;3 ,Ti,0, 2 >90 2.5-4.5 52
Nao'67Ni0V25Mg0'1Mn0,5502 1 70 2.0-4.2 23
NaoAgo[Lig_lzNiolzzMno.ee]OZ 5 71 2.0-4.4 22

Nag 6;Mng goNip 1Mgo 10, 5 66 1.5-4.2 51

Nag 5Nig ,6CUg.07MnNg 670, 5/2 83/104 2.0-4.5 Present

study
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Fig.5 Nyquist plots of (a) NM and NCM before cycling, (b) NCM and NCM/MgO before cycling in voltage range of 2.0-4.5V vs. Na and (c) NCM

and NCM/MgO after cycling in voltage range of 2.0-4.5 V vs. Na.

a rate of 2C. As evidenced by structural analysis, the enlarged c-
axis and increased volume upon Cu-ion substitution facilitate
wider Na-ion diffusion paths even at high current rates. Hence,
this high rate performance can meet the demands of large-scale
applications.

To further evaluate the kinetic properties, EIS was used as
a major tool. Fig. 5a shows the Nyquist plots of NM and NCM
before cycling. The NM plot exhibits three regions with
a depressed semicircle in the high-frequency region, followed
by a semicircle in the high to medium frequency, and a quasi-
straight line in the low frequency region, corresponding to
surface resistance (SEI layer), charge transfer resistance (R.),
and Warburg impedance, respectively."” Clearly, the charge
transfer resistance was very much reduced for Cu-doped
sample, compared to that of the pristine material. This was
due to the rapid charge transfer at the electrode/electrolyte
interface and enhanced reaction Kkinetics of the electrode
material. Moreover, the absence of a proper semicircle in the
high-frequency region of the doped material denoted negligible
role of resistance caused by diffusion of Na* ions in SEI layer.
The functional introduction of Cu ions into the crystal structure
plays a critical role in improving the Na-ion diffusion of NCM
sample by altering the local structure of cathode material. These
results agree well with the excellent cycling stability exhibited by
the doped material in the limited cut-off voltage range.

To clearly understand the influence of MgO coating on the
cycling performance at high voltages, Nyquist plots of NCM and
NCM/MgO samples were recorded before and after 70 cycles
(Fig. 5Db). Initially, the charge transfer resistance of MgO-coated
sample was very much reduced compared to that of the native
compound, with the latter exhibiting feasible Na-ion diffusion
and electronic conduction at high current rates, as reported by
Karthikeyan et al.** Fig. 5¢ shows Nyquist plots of NCM and
NCM/MgO after 70 cycles. The appearance of a single semicircle
in high-frequency region for MgO-coated sample indicates its
reduced charge transfer resistance and the negligible role of
interfacial resistance caused by SEI layer formation, which very
well accounts for the long-term cycling performance of this
sample. The MgO encapsulation over NCM certainly hinders
unwanted side reaction with electrolyte and subsequently
prevents the formation of by-products in the form of SEI layer
over the active material surface. This eventually facilitates the

8414 | J Mater. Chem. A, 2017, 5, 8408-8415

smooth transfer of ions and electrons over prolonged cycles.*
Hence, these observations show the functional role of MgO
coating in improving the electrochemical performance of
layered oxides at high operating voltages. This study provides
a new way of designing high-rate cathode materials for future
SIB applications.

4. Conclusion

In summary, MgO-coated P2-type Nay sNig6CUg07MnNg 67,04
(NCM) was developed as a high-rate cathode for SIB applications.
The presence of Cu in the lattice effectively minimized Na'/
vacancy ordering and improved structural stability, leading to
capacity retention of 83% after 100 cycles. MgO-modified NCM
sample showed an initial discharge capacity of 131 mA h g~ with
an improved voltage profile in a voltage range of 2.0-4.5 V.
Finally, all the above results confirm that MgO coating (i) sup-
pressed P2-O2 phase transformation at high voltages, (ii) stabi-
lized the SEI layer formed during initial cycles, and (iii) prevented
metal-ion dissolution, resulting in reduced phase transition and
higher rate performance of the NCM cathode. Hence, substitu-
tion with a suitable amount of inactive metal ions and modifying
the cathode surface with a proper metal oxide coating play
multiple roles in improving the high-voltage electrochemical
performance of P2-type layered oxides, providing new insights
into designing high-rate cathode materials for SIBs.
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