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Na-ion batteries (NIBs) are regarding as the optimum complement for Li-ion batteries along with the rapid devel-
opment of stationary energy storage systems. In order to meet the commercial demands of cathodes for NIBs, O3-
type Cu containing layered oxide Nag goCuq 22Feg 30Mng 480, with good comprehensive performance and low-cost el-
ement components is very promising for the practical use. However, only part of the Cu3t/Cu?* redox couple partic-
ipated in the redox reaction, thus impairing the specific capacity of the cathode materials. Herein, Mg>*-doped O3-
Nag.9oMgg.0gCug 22Fep 30Mng 400, layered oxide without Mn3* was synthesized successfully, which exhibited improved
reversible specific capacity of 118 mAh/g in the voltage range of 2.4-4.0 V at 0.2 C, corresponding to the intercala-
tion/deintercalation of 0.47 Na™ (0.1 more than that of Nag g9Cug 22Fe( 30Mng 430;). This work demonstrates an important

strategy to obtain advanced layered oxide cathodes for NIBs.

Keywords: copper redox, layered oxide, cathode, Na-ion batteries, energy storage

PACS: 82.47.—a, 82.45.Fk, 84.60.-h

1. Introduction

Li-ion batteries (LIBs) are the optimum choice for
portable electronic devices and electric vehicles due to the
high energy density and energy conversion efficiency. How-
ever, the energy density is not the primary consideration when
it comes to large-scale or stationary electrical energy storage
systems. Instead, Na-ion batteries (NIBs) as a helpful comple-
ment have drawn increasing interest owing to the abundance
and low cost of sodium resources, as well as the similar Na™
storage mechanism to that of the LIBs.I!?! Extensive efforts
have been made and improve the comprehensive performance
of NIBs.[3! It is of great importance for the improvement of
the performance of NIBs to explore electrode materials with
high capacity, high voltage, and excellent cycle stability.!*7]
Layered transition metal (TM) oxides (Na,TMO,) are an im-
portant type of cathode materials due to their easy synthesis,
remarkable Na™ intercalation/deintercalation reversibility, ex-
cellent diffusion kinetics, and high theoretical capacity. 810l
Driven by the urgent demand for electrode materials with high
energy density, long-cycling stability and low-cost in the com-
mercial application of NIBs, many cathode materials with su-
perior electrochemical performance have been designed and
developed in recent years.[6:1-17]

Cu®* was firstly found to be electrochemically active
in P2-Nag ¢3Cug 34Mng 60> compound.'3! Compared with

other reported redox couple of +2/ + 3 valence in layered
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oxides, such as Ni*T/Ni**, the advantage of Cu’t/Cu’*
redox couple lies in its higher reaction potential and rel-
atively low-cost. Subsequently, a series of Cu-containing
layered oxides have been developed.l'*! It was found
that the Cu?" substitution not only contributes to charge
compensation, 4151720211 byt also improves cycling perfor-

n, [22.23,25.26]

mance via suppressing phase transitio or miti-

27,281 which enhance Na™ diffusion

gating TM dissolution,|
kinetics and promote the rate performance of the cathode
materials.[>-3!l However, among the Cu-contained materi-
als reported above, only part of the Cu’*/Cu* redox cou-
ple participated in the redox reaction, and the activity of
Cu**/Cu®* redox for this type of materials needs to be fur-
ther improved. The previous studies showed that Mg+
substitution generally contributes to stabilizing the crystal
structure. For example, Na[Niy9Mn;,3Mg;/18Tij /6102 goes
through more continuous phase transitions and lattice pa-
rameter variation than the undoped one;*?! Mg dopant in
03-NaMg o5 [Ni1/3Fel/3Mn1/3]0.9502 suppresses the occur-
rence of irreversible phase transitions as well as structural
degradation;**! Mg doped P3-Na, 3Ni; sMg; /1,Mn; 305 is
stable against water and air.**! However, to date, there is yet
to be a systematic study on the effect of Mg-doping on the
electronic structure of the layered oxides cathode.

Compared with the P2-type layered oxides, the O3-
type layered oxides have a considerably higher initial in-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

068201-1


http://dx.doi.org/10.1088/1674-1056/ac523b
rong@iphy.ac.cn
mailto:yshu@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 068201 (2022)

terlayer Na™ content and thus can provide more reversible
Na' de-intercalation and higher initial Coulombic effi-
ciency. This is crucial for improving the reversible ca-
pacity of the Na-ion full-cell.l®! Herein, we report a
novel Mg-doped O3-type Cu-Fe-Mn based layered oxide,
O3—Nao,90Mg(),08CUO,22F60.30MHQ‘4002 (abbreviated as NM-
CFM), with more reversible intercalation/deintercalation of
Na™ compared with undoped O3-Nag 99Cug.22Feg 30Mng 4502
(abbreviated as NCFM).[3®! This work reveals, for the first
time, that Mg>* doping could effectively promote the elec-
trochemistry of the Cu3t/Cu?t redox, thus increasing the dis-
charge voltage in O3-type materials. Based on the analysis of
in situ x-ray diffraction (XRD) result, we found that the irre-
versible phase transition occurring at higher-voltage gives rise
to the significantly increased polarization and capacity fading.
By reducing the charge cutoff voltage to 3.85 V, we found that
NMCEM still delivered a reversible capacity of 100 mAh/g
with long-cycling stability.

2. Experimental details
2.1. Materials synthesis

The 03—Nao.goMgQ,ogCUQ,22F60,30M110.4002 and the ref-
erential sample O3-Nag 99Cug 22Fep30Mng 480, were synthe-
sized by a simple solid-state reaction at 850 °C in air at-
mosphere using precursors of Na,COj3 (Alfa, 99.5%), MgO
(Aladdin, 99.9%), CuO (Aladdin, 99.9%), Fe,Os (Aladdin,
99.8%), and MnO, (Aladdin, 99.5%).

2.2. Structure and morphology characterization

The XRD patterns were collected on a Bruker-AXS D8
Advance instrument using Cu Ko radiation. The structural
refinement was performed by Rietveld refinements using the
Fullprof suite. The special cell for in siftu XRD experiment
during the first charge and discharge was assembled with the
Al foil as the x-ray window and current collector. The ac-
tual chemical composition of the final materials was deter-
mined by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES, Shimadzu, ICPS-8100). Scanning elec-
tron microscopy (SEM) measurements were carried out on a
Hitachi S-4800 (10 kV).

2.3. Electrochemical characterization

The working cathodes were fabricated by mixing active
material with carbon nanotube and polytetrafluoroethylene (in
a weight ratio of 8:1:1), which were rolled into thin films with
the loading mass of the active material of 4-7 mg/cm?. The
prepared electrodes were dried at 100 °C under vacuum for
12 h and then were fabricated into CR2032 coin-type cells in
an argon-filled glove box (H2O, Oz < 0.1 ppm). Commercial
glass fibers and sodium metal were employed as the separa-
tor and counter/reference electrode, respectively. 1 M NaClO4

in propylene carbonate/ethylene carbonate/dimethyl carbonate
(PC/EC/DMC=1:1:1 in volume) with fluoroethylene carbon-
ate (FEC, 2% in volume) was used as the electrolyte. The
galvanostatic charge and discharge measurements were car-
ried out on a Neware CT4000 battery test system in various
voltage ranges and current rates under room temperature, and
a rate of 1 C corresponding to 100 mA/g. The CV tests were
performed on an electrochemical workstation CHI 760e in the
voltage range of 2.4-3.9 V or 2.4—4.5 V vs. Na™/Na at various
scan rates. GITT was measured by applying the repeated cur-
rent pulses for 30 min at a current density of 15 mA/g followed
by relaxation for 2 h. The electrochemical impedance spec-
troscopy (EIS) of the coin cells was recorded by electrochem-
ical workstation CHI 760e in the discharged state of 2.4 V at
room temperature between 1 MHz and 10 mHz with an AC
voltage of 5 mV.

3. Results and discussion

The Mg>* doped NMCFM could be synthesized by
means of solid-state reaction at 850 °C in air atmosphere. As
shown in Fig. 1(a), NMCFM was characterized as a typical o-
NaFeO, structure, belonging to the R-3m space group, similar
to NCFM. A few weak diffraction peaks in XRD spectrum of
NMCFM corresponded to CuO impurities. According to the
XRD refinement result, part of the Mn>* with a smaller ion
radius was replaced by Mg?* with a larger ion radius (0.62 A
vs. 0.72 A). The lattice parameter a = 2.96877 A increased
while ¢ = 16.20971 A decreased comparing with the lattice
parameter of NCFM (a = 2.9587 A, ¢ = 16.3742 A). The ICP
results confirmed that stoichiometric ratio of various elements
was nearly the same as the designed one. Moreover, the chem-
ical valence state of Mn in the material could be calculated
to be +4 based on the electroneutrality principle. Evidently,
the design objective material with free of Mn>* was achieved,
demonstrating that the Mg?* was a good alternative to replace
Mn3t.

Furthermore, the size and morphology of NMCFM par-
ticles were studied by SEM, showing a particle size ranged
from 1 pum to 3 um. Meanwhile, almost all the particles were
polyhedral and plate-like with smooth surfaces. Based on the
energy dispersive spectroscopy (EDS) results (Fig. 1(b)), Cu,
Fe, Mn and Mg elements were uniformly distributed in the
material bulk, indicating that Mg ions were uniformly doped
into NMCFM.

Galvanostatic charge—discharge test was carried out on
NMCFM at a current rate of 0.2 C in Na-ion half-cells.
The first-cycles of charging and discharging curves at differ-
ent voltage intervals were compared, as shown in Fig. 2(a),
showing that the initial Coulombic efficiency decreases as the
charge cut-off voltage increases. In addition, the polarization
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in a narrow voltage range is significantly reduced in com-
parison to that in a wider voltage window. It is possibly re-
lated to the irreversible migration of Fe** into the Na™ layer
upon increasing Fe*T/Fe** redox reaction, which deteriorates
the Na™ diffusion dynamics.?*37! Besides, when the charging
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voltage was above 4.0 V, a second voltage platform appeared,
indicating another phase transformation occurred in the high-
voltage range after the O3-P3 two-phase reaction. In conse-
quence, both the reactions mentioned above may directly lead

to the increase of polarization.

Fig. 1. Structural characterizations of NMCFM. (a) The XRD Rietveld refinement result of the sample; (b) SEM image and EDS mapping of

the as-synthesized sample.
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Fig. 2. The Na™ storage performances of NMCFM and NCFM. (a) Galvanostatic charge-discharge curves of NMCFM electrodes at 0.1 C
within different voltage ranges. (b) CV curves of NCFM and NMCFM electrodes. (c), (d) The initial charge—discharge curves of NCFM and
NMCEM cathodes with voltage intervals of 2.4-3.9 V (c) and 2.4-4.0 V (d), respectively. (e) Charge—discharge curves of NMCFM cathode

during the initial three cycle in the voltage interval of 2.4-3.85 V.

Cyclic voltammetry (CV) was employed to compare the
kinetics property of these two oxide electrodes. As shown in
Fig. 2(b), both oxide cathodes were tested with the potential
ranges of 2.4-3.9 V using scan rates of 0.08 mV/s, demon-
strating good reversibility in the first two cycles. A pair of
reversible redox peaks (at 3.203 V and 3.014 V) are shown in
the cyclic voltammogram of NCMFM, and a similar pair of
reversible redox peaks (at 3.160 V and 2.941 V) are also dis-
played for NCFM. The redox peak potentials of NMCFM are
higher than those of NCFM, indicating that Mg doping could
increase the reaction potential of the oxide cathode. Further-
more, the electrochemical polarization (0.189 V) calculated

between the redox peaks of NMCFM is also smaller than that
of NCFM (0.219 V), indicating that Mg doping could enhance
the phase stability as well.

It can be seen from Figs. 2(c) and 2(d), NMCFM de-
livers a reversible capacity of 107 mAh/g in the voltage
range of 2.4-3.9 V, corresponding to the reversible intercala-
tion/deintercalation of 0.43 Na*t, with high initial Coulombic
efficiency of 92%. Whereas within the same voltage inter-
val, NCFM only delivers a reversible capacity of 80 mAh/g,
corresponding to the reversible intercalation/deintercalation
of 0.32 Na*. Similarly, in the voltage range of 2.4-4.0 V,
NMCFM and NCFM respectively deliver a reversible capac-
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ity of 117.7 mAh/g and 90 mAh/g, corresponding to the re-
versible intercalation/deintercalation of 0.47 and 0.37 Na*t
ions. Therefore, compared to NCFM, additional 0.10 Na*t
ions are available for NMCFM, resulting in the specific en-
ergy of 347.9 Wh/kg and 262.6 Wh/kg in the voltage range
of 2.4-3.9 V, as well as 394.4 Wh/kg and 295.9 Wh/kg in the
voltage range of 2.4-4.0 V for NMCFM and NCFM, respec-
tively. As shown in Fig. 2(e), the NMCFM cathode can deliver
a highly reversible capacity of ~ 100 mAh/g in the voltage
range of 2.4-3.85 V. As for the rate performances in the volt-
age range of 2.4-3.9 V, the reversible capacities of NMCFM
are 107.3 mAh/g, 101.4 mAh/g, 93.3 mAh/g, 86.1 mAh/g,

79 mAh/g and 65 mAh/g at 0.1 C,0.2C,0.5C,1C, 2 C and
5 C (Fig. 3(a)), respectively. In comparison, the reversible ca-
pacities of NCFM are 88.1 mAh/g, 83.6 mAh/g, 77.3 mAh/g,
74.2 mAh/g, 71 mAh/g and 64.1 mAh/gat0.1 C,0.2C, 0.5C,
1 C,2 Cand S5 C (Fig. 3(b)), respectively. As a result, it could
be concluded that Mg>t doping contributes to the improve-
ment of the electrochemical activity of Cu>*/Cu®* redox. Fur-
thermore, as shown in Figs. 3(c)-3(d), NMCFM exhibited out-
standing cyclability with capacity retention of 88% after 200
cycles at 0.2 C in 2.4-3.85 V; even at the higher rate of 1 C,
75% capacity was still retained after 500 cycles.!!!]
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Fig. 3. Rate performance of NMCFM (a) and NCFM (b) cathodes in the voltage range of 2.4-3.9 V at various rates from 0.1 C to 5 C. Cycling
performance of the NMCFM electrode with the voltage range of 2.4-3.85 V at 0.2 C (c) during 200 cycles, at 1 C (d) during 500 cycles.

In situ x-ray diffraction characterization was performed
in order to capture the structural evolution process of NM-
CFM during the Na™ insertion and extraction process. The
corresponding in situ XRD spectra were collected during the
initial charge and discharge process at the rate of 0.1 C in the
voltage range of 2.4-4.0 V and are shown in Fig. 4. When
Nat extraction amount x was lower than 0.1, or between 0.22

and 0.45, the material maintained O3 and P3 phase structures,

respectively. Meanwhile, the diffraction peak (00/) shifted to
a lower angle as the charging voltage increased. Evidently,
along with the content of interlayered Na™ decreased, the elec-
trostatic repulsion between TMO; layers would increase, lead-
ing to an increase in the interlayer spacing along the c-axis.
The single-phase solid solution reaction was consistent with
electrochemical behavior in the corresponding interval of volt-

age. When the Na™ extraction amount x was in the range from
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0.12 to 0.22, the intensity of (003), (006) and (104) diffrac-
tion peaks that belonged to O3 phase declined gradually; in
the meantime, the (003), (006) and (105) diffraction peaks
that belonged to P3 phase started to appear, which implies O3
phase and P3 phase coexist in this process.*8! When the dein-
tercalated Na™ ion amount exceeded 0.45, the (00!) diffraction
peaks moved towards a higher angle.!*®! This might be due to
the crystal structure starting to shrink upon the formation of
more Na™ vacancies. Furthermore, the (002) diffraction peak
belonging to a new phase was found, which was identified as
the OP2-like phase.l*?! What is more, the intensities of vari-
ous diffraction peaks dramatically decreased with peak-width
broadening, which is due to a larger cubic deformation of OP2-
like phase. Moreover, either the lattice distortion or the irre-
versible migration of Fe** to the Na™ layer could hinder the
Na™ diffusion, which is consistent with the finding of the sig-
nificant decline of Dy, calculated by GITT. In short, during
the initial charge process, the layered oxide cathode underwent
the phase transformation of O3—P3—OP2-like, meanwhile
the discharge process displayed an opposite phase transforma-
tion. However, when it was discharged to 2.4 V, the (003)
diffraction peak angle of reformed O3 phase was lower than
that of the pristine sample, which implies the Na™*ion content
reduced slightly after the initial insertion and extraction cycle.

GITT is a common electrochemical technique that is used

Intensity

15 16 17 18 32 34 36 38

42 44 46 52 54 56 58
20 (°)

for analyzing the diffusion ability of Na* in electrode materi-
als. As can be seen in Fig. 5(a), the apparent diffusion co-
efficient Dy, is little changed in the voltage range of 2.4—
3.9 V, reasonably maintaining at the 10~'2 cm?/s order of
magnitudes.**) However, Dy, declines sharply in the voltage
window ranged from 3.9 V to 4.5 V, which decreases to below
10713 cm?/s especially when it is charged to above 4.15 V.
The reason is that Na™ diffusion is severely hampered due to
the generation of a new phase.*’! Furthermore, EIS of the fab-
ricated coin cells consisting of NMCFM electrodes was mea-
sured and analyzed after the first cycle in the voltage ranges of
2.4-3.85 V and 2.4-4.5 V, respectively. It is obvious that the
electrode cycled in the voltage range of 2.4-3.85 V exhibits
lower resistance than the electrode cycled in the voltage range
of 2.4-4.5 V, suggesting the reduced Na™ diffusion resistance
and charge-transfer resistance when cycled in narrow voltage
range. These results suggest that Mg?* doping stabilizes the
layered structures in a suitable voltage range, thus enhancing
the electrochemical properties of the layered oxides. Our find-
ings from the systematic studies on the influence of doping
metal are instructive and will stimulate further research for
enhancing the structural stability and electrochemical perfor-
mance of the O3-type layered oxide cathode at higher volt-

ages.
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We also assembled full cells with hard carbon (HC) as
the anode to demonstrate the excellent electrochemical perfor-
mance of the NMCFM cathode. Figures 6(a) and 6(b) show
that a reversible storage capacity of ~ 92 mAh/g (based on the
mass of cathode active material in the cell) was achieved in the
voltage range of 0.5-3.85 V at 0.1 C. The specific energy den-
sity was calculated to be 262 Wh/kg based on the total mass
of cathode and anode active materials. The reversible capac-
ities were 70 mAh/g and 47 mAh/g at the rates of 2 C and
5 C (Fig. 6(a)), respectively. The cell also presented excellent
cycling stability and the capacity retention was 96% after 80
cycles at 1 C rate. Thus, the high energy density and cycle sta-
bility revealed in the full cells stand a good chance to meet the
practical applications and commercial demands henceforward.
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Fig. 6. Electrochemical performance of the NMCFM//hard carbon full
cells: (a) charge/discharge curves in the voltage range of 0.5-3.85 V at
different rates and (b) the cycling performance at 1 C.

4. Conclusions

In summary, we reported an O3-type Mg?*-doped NM-
CFM (Nag.9oMgo.0sCug 22Fep 30Mng 400;) cathode material
without Mn3*. The XRD and ICP results indicated that Mg?*
is a good alternative to replace Mn>T, which is helpful to in-
crease the reversible specific capacity. Both the SEM and EDS
results further illustrated the doped element Mg?* was dis-
tributed uniformly. The in siru XRD data demonstrated a re-
versible O3—P3—OP2-like phase—P3—0O3 transformation
during the initial charge and discharge process in the voltage
range of 2.4-4.0 V. Combined with the GITT analysis, the for-
mation of OP2-like phase at high voltage probably contributes
to the reduction of Dy, leading to the reversibility of Na*t
intercalation/deintercalation fading eventually. In the voltage
range of 2.4-4.0 V, NMCFM delivered a reversible capacity

of 118 mAh/g at 0.2 C, which is significantly higher than that
of undoped NCFM. Through limiting the voltage within 2.4—
3.85 V, the NMCFM cathode exhibited the capacity retention
of 88% after 200 cycles at 0.2 C, 75% after 500 cycles at 1 C.
As a result, considering the involvement of Cu3*/Cu’* redox
couple in the charge/discharge process, it can be concluded
that Mg doping contributes to improve the electrochemical
activity of Cu’*/Cu?*. In full cells, it provides a reversible
storage capacity of around ~ 92 mAh/g, achieving a specific
energy density of 262 Wh/kg with the capacity retention of
96% after 80 cycles at the rate of 1 C. The NMCFM with
high specific capacity and good cycling stability stands a good
chance to meet the practical applications and commercial de-
mands henceforward.
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