Journal of Science and Technique - ISSN 1859-0209

STUDYING THE ELECTROCHEMICAL PROPERTIES OF
POTASSIUM-DOPED SODIUM-MANGANESE OXIDE CATHODE
MATERIALS FOR SODIUM-ION BATTERIES

Van Ky Nguyen'=, Van Nghia Nguyen?*, Dinh Lam Vu3,
Dinh Thao Vu?, Trung Son Luong*
IFaculty of Physics and Chemical Engineering, Le Quy Don Technical University

?Research Center of Advanced Materials and Applications, Institute of Architecture, Construction,
Urban and Technology, Hanoi Architectural University

SGraduate University of Science and Technology, Vietnam Academy of Science and Technology

Abstract

The development of layered sodium manganese oxide cathode materials with high capacity
and long life is one of the keys to boosting the performance of sodium-ion batteries (SIBs),
but it remains a great challenge. In this work, a potassium doped P2-type sodium
manganese oxide, NaosKoi1MngsO2 (NKMO), is developed as a high-capacity and long-
lasting cathode for high-performance SIBs. Sodium-potassium-manganese oxide
Nao.sKo.1Mno 9O, was synthesized by a conventional solid-state reaction method. Crystal
structure and morphology of the NKMO material were investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX). The NKMO material was utilized to fabricate CR2032-type coin cells, and later
evaluated for its electrochemical characteristics. The electrochemical characteristics of
NKMO were evaluated through cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic charging-discharging (GCD) at different current
densities on a NEWARE battery testing system. The NKMO material had a superior initial
charge and discharge capacity, approximately 130 mAh.g* and 125 mAh.g, respectively,
within the voltage range of 1.5-4 V at a current density of 0.1 C. Remarkably, the capacity
remained stable at 100 mAh.g* even after 100 cycles. These findings indicate that NKMO
is a highly promising cathode material for sodium-ion batteries.

Keywords: Sodium-ion battery; sodium manganese oxide; cathode materials; solid-state reaction.

1. Introduction

The rapidly increasing energy demand has resulted in the aggravating
environmental pollution, which has compelled the development of renewable energy
resources including geothermal, wind power, and solar energy [1-5]. However, its
intrinsic disadvantages of intermittency and regional disparity make it necessary to
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develop reliable large-scale electric energy storage devices [6]. Lithium-ion batteries
(LIBs) have been considered as the dominate power supply for consuming electronics
and electric vehicles due to thier high energy density and long cycle life. However, the
cost of Li is constantly increasing due to its scarcity, so scientists are trying to find
alternative sources of materials. Fortunately, sodium-ion batteries (SIBs) could well meet
these requirements due to the much higher abundance of sodium in the Earth’s crust
compared to lithium. Additionally, the similar physical and chemical properties of sodium
and lithium make sodium-ion batteries promising candidates in the near future [7, 8].

The structure and operating principles of sodium-ion and lithium-ion batteries are
quite similar. However, due to the larger radius of sodium ions compared to lithium
ions, the intercalation and extraction capabilities of sodium ions within electrode
materials are less efficient. The larger radius of Na* ions results in sluggish kinetics,
significant volume changes during sodiation and desodiation, lower capacity, and
shorter cycle life for sodium-ion batteries (SIBs). Consequently, to develop high-
performance SIBs, it is crucial to explore suitable electrode materials, particularly
cathode materials with exceptional properties. There are reported cathode materials
meeting the requirement such as AMO2, AMPO4 (i.e., A is alkali metals and M is
transition metals), and phosphates polyanions [9-23].

Among AMO2-type materials, a variety of P2-type layered-structure materials
have been reported for SIBs, primarily due to their superior energy density relative to
other materials [9-16]. In particular, manganese-based oxides exhibit moderate
electrochemical performance, with a notable emphasis on their high cycling stability.
For example, Sauvage et al. demonstrated reversible insertion and extraction of
Na* ions in pure Nag4MnO, with an initial capacity of approximately 80 mAh.g* at
0.1 C. However, after 50 cycles, only half of the original capacity was retained [17].
Some for instance other, Caballero et al. reported that P2-NagssMnO2 cell had a
capacity of 160 mAh.g, which rapidly decreased to 60 mAh.g* after 10 cycles [18];
P2-Nao.7MnO2 material showed the similar characteristics in which the capacity of the
material was 140 mAh.gt and remained at 70 mAh.g? after 20 cycles [19]; P2-type
Nao 53sMnO; exhibited a discharge capacity of 120 mAh.g* at 0.2 C, and the capacity
reduced to about 90 mAh g after 50 cycles [20].

Doping other transition metals into manganese-based oxide has improved the
cycling ability and rate capability of the manganese-based oxide such as Pang et al.
reported that doping of Co and Cu generated a synergetic improvement of multi-
metallic ions that improved electrode kinetics of P2-type NazsMn12Co1/3Cu1602 oxide.
The material had a capacity of 118.2 mAh.g* at a current density of 10 mA.g*! and
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retained 66% of its capacity after 100 cycles [21]. In addition, Jianyin Wang et al.
reported that doping Cu of P2 -Naop7MnoeCuo.1O2 material has achieved a capacity of
130 mAh.g?t at a current 0.1 C, and exhibited a stable cycle performance, also as a
capacity retention of 80% obtained after 100 cycles [22].

On the other hand, doping alkaline metals into manganese-based oxide also
improved the cycling ability and rate capability of the manganese-based oxide. For
example, Liangtao Yang and colleagues had successfully synthesized P2-
Nao.s7Mno.sNio2Lio2O02 in which a partial amount of manganese ions were randomly
substituted by the lithium and nickel ions. The P2-Nags7MnosNio2Lio 202 exhibited a
specific capacity of 115 mAh.g™ and 80 mAh.g* at current densities of 0.1 C and 1 C,
respectively, and the capacity retained of 95.6% after 100 cycles at 0.1 C [23]. In this
work, we doped potassium into sodium manganese oxide-based materials (NKMO). The
results showed that the electrochemical properties of NKMO materials were
significantly improved. The specific results are presented in the following section.

2. Experiments
2.1. Synthesis of NKMO materials

Potassium-doped sodium-manganese oxide material (NKMO) was synthesized by
a solid-state reaction method. A mixture of sodium carbonate (Na2COs, Sigma-Aldrich),
potassium carbonate (K>COs, Sigma-Aldrich), and manganese carbonate (MnCO,
Sigma-Aldrich) was mixed at a molar ratio of Na:K:Mn = 0.8:0.1:0.9. Then the mixture
was ball milled at 100 rpm for 1 hour. The balls used were quartz with a diameter of 8
mm, and the weight ratio of the balls to the materials was 50:1. The obtained mixed
powders were heat-treated at 500°C for 10 hours in the air to remove carbonates. The
resulting product was then calcined at 750°C for 24 hours to obtain the Nao.gKo.1Mng.90>
(NKMO) material. The reaction creating NKMO during calcination can be illustrated by
the following equation:

8Na2CO3 + K2CO3 + 18MnCO3 +13/202 — 20Nao sKo.1MnpsO2 + 27CO2

Then, the synthesized NKMO materials were analyzed to determine their
morphological, structural, and electrochemical properties.
2.2. Material characterizations

The crystal structure of NKMO was verified using X-ray diffraction (XRD) with a
Siemens D5005 diffractometer, employing Cu-Ko radiation (A = 1.54 A) over a 20
range of 10-70° with a step size of 0.05°. The morphology of the NKMO material was
examined through scanning electron microscopy (SEM) using a JEOL JSM-6490
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microscope. The microscope was also used to analyze composition of the NKMO
materials via energy dispersive X-ray spectroscopy (EDX).

The electrochemical performance of NKMO was assessed using cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) on a Metrohm Autolab
PGSTAT 302 N. The charge-discharge capacities at various current densities, ranging
from 1.5V to 4.0 V, were measured using a NEWARE battery testing system (GCD).

The electrochemical measurements were conducted using CR2032-type sodium-
ion batteries, with NKMO as the cathode, sodium foil as the anode, a polypropylene
(PE) membrane as the separator, and a solution of 1 M NaClO4 in a mixture of ethylene
carbonate/diethylene carbonate (EC/DEC, 1:1 by volume) as the electrolyte. The
CR2032 coin cells were assembled in a glove box with oxygen and moisture levels
below 0.1 ppm, and stabilized for 24 hours before testing. For the preparation of the
electrode materials, a slurry was formed by mixing the active material (NKMO), black
carbon (supper P), and polyvinylidene fluoride (PVDF) binder in a weight ratio of 8:1:1
in N-methyl-2-pyrrolidone (NMP). This slurry was then uniformly coated onto 20 um-
thick aluminum foil by tape casting, dried at 100°C in a vacuum oven for 12 hours, and
cut into sheets.

3. Results and discussions

3.1. Structural and morphological characterization

The phase structure of the synthesized NKMO materials is illustrated in Fig. 1. As
depicted in Fig. la, the XRD pattern of the NKMO material can correspond to the
hexagonal P2-structure, which belongs to the P63/mmc space group. The diffraction
peaks observed at 16.01°, 31.25°, 36.75°, 38.32°, 45.68°, 49.15°, 62.52°, 65.14°, and
67.52° are accurately identified as the (002), (004), (100), (101), (102), (103), (104),
(106), (110), and (008) planes, respectively. To extract more valuable information from
the XRD data, the lattice parameters were calculated using UnitCell software, and the
estimated parameters were a = b = 2.862 A and ¢ = 11.128 A. Compared to the JCPDS
#27-0751 standard (c = 11.12 A), the ¢ value of NKMO is higher, indicating a greater
distance between the adjacent O-Mn-O slabs in the NKMO [24-27]. This increased
distance contributes to the enhanced stability of the NKMO structure. The higher ¢
value results in shift towards lower 26 angles in the the diffraction peaks. The increase
in lattice constant compared to the standard can be attributed to the phase appearance of
Nao 612K0.056MnO, material (a = b = 2.868 A and ¢ = 11.134 A), where the larger ionic
radii of K* compared to Na* lead to a larger interlayer space [25]. In addition, we
synthesized NagsMn1002 (NMO) material samples under similar conditions to NKMO
for comparison. Calculation based on XRD result of the obtained NMO material gave
80
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a=b=2.862 A andc=11.122 A The ¢ value of NMO (c = 11.122 A) is smaller than
that of NKMO (c = 11.128 A).

—— JCPDS #27-0751
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Fig. 1. XRD pattern of NKMO materials.

Fig. 2. SEM images of NKMO material at different magnifications; (a) ten thousand times;
(b) twenty thousand times; (c) thirty thousand times; (d) fifty thousand times.
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The morphology of the NKMO material was confirmed through scanning electron
microscopy (SEM), as illustrated in Fig. 2. The SEM images at magnifications of ten
thousand times, twenty thousand times, thirty thousand times, and fifty thousand times are
displayed in Figures 2a, 2b, 2c, and 2d, respectively. These images reveal that the NKMO
material particles are polyhedral in shape, with sizes ranging from 300 nm to 1 pm.
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Fig. 3. Energy dispersive X-ray spectroscopy (EDX) result of NKMO.

The composition of the NKMO material was evaluated using energy dispersive
X-ray spectroscopy (EDX), as depicted in Fig. 3. The result indicated that the
synthesized NKMO material comprised Na, K, Mn, and O elements. The atomic ratio of
Na, K, Mn, and O was approximately 0.8:0.1:0.9:2, aligning with the initially used
precursor ratio.

3.2. Electrochemical properties

Figure 4a illustrates the charge and discharge profiles of the NKMO material at a
current density of 0.1 C (12 mA.g™') within a voltage range of 1.5 to 4.0 V. The
overlapping of the initial charge and discharge curves indicates exceptional cyclability
of the NKMO material. The charge capacity and discharge capacity of the first cycle are
approximately 130 mAh.g* and 125 mAh.g?, respectively. The charge-discharge curves
show two voltage plateaus: 2.0 to 2.75 V and 3.6 to 4.0 V during the charge process,
and 3.8 to 3.5 V and 2.6 to 1.6 V during the discharge process. The observed voltage
plateaus likely correspond to the oxidation and reduction processes of Mn**/Mn3* and
Mn®/Mn?* during the charge and discharge processes, respectively [28].

A thorough analysis of the initial three cycles’ charging and discharging outcomes
reveals that NKMO materials exhibit superior electrochemical properties compared to
sodium manganese oxide-based materials. This demonstrates that doping potassium into
sodium manganese oxide significantly enhances the sodium ion insertion and extraction
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processes. As shown in Table 1, the charge-discharge capacity of NKMO materials
surpasses that of various sodium manganese oxide-based materials.

Table 1. Comparison of discharge capacity of NKMO material with previously
reported sodium manganese oxide-based materials

Electrode materials Discharge capacity (mAh.g?) References
P2-Nao.44MnO> 101 [18]
P2-Nao.67MnogNio 2Lio202 115 [23]
P2-Nag.gsLi0.17Nio.2:Mno.640: 105 [29]
P2-NayoLio2MnogO- 112 [30]
P2-Nao sLio.12Nio.22Mng 6602 120 [31]
P2-Nao.67Nio.33Mng 670: 86.8 [32]
P2-Naz;sMng 67Nio.22CUo 05 Tio.02Al0.020- 107 [33]
P2-Nao.esNio.2sMno 55 Ti0.202 114 [34]
P2-Nao.67Mno 6sNio2Mdo.1502 105 [35]
NKMO 125 This study

Figure 4b shows the charge-discharge capacities of the NKMO material over 100
cycles at a current density of 0.1 C. The specific capacity of the material gradually
declines to around 100 mAh.g? by the 100th cycle. The capacity remains about
approximately 80% of its initial cycle. The cyclic efficiency of the synthesized NKMO
material surpasses that of several reported cathode materials [17-23].

Figures 4c and 4d depict the charge-discharge profiles and specific capacity of
NKMO material at various current densities: 0.1 C, 0.2 C, 0.5 C, and 1 C. The discharge
capacity notably decreases from approximately 125 mAh.g-1 at 0.1 C (from the 1% to 5™
cycle) to around 110 mAh.g! at 0.2 C (from the 6th to 10th cycle), then to about
80 mAh.g™ at 0.5 C (from the 11" to 15" cycle), and finally to roughly 40 mAh.g™* at
1 C (from the 16™ to 20" cycle). Upon reverting the current density back to 0.1 C (from
the 21%t to 25" cycle), the capacity recovers to about 120 mAh.g, demonstrating that
the NKMO material maintains structural stability even after undergoing charge-
discharge cycles at elevated current densities.

Figure 5a presents the cyclic voltammetry (CV) scan of the NKMO material. The
CV scan was conducted over a voltage range of 1.5 to 4.0 V at a scanning rate of
0.2 mV.s? using the Metrohm Autolab PGSTAT 302 N. During the scan, the working
electrode was connected to the battery’s positive terminal, while the counter and
reference electrodes were connected to the negative terminal.
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Potential (V) vs. Na/Na™*

Potential (V) vs Na/Na*

The CV spectrum reveals pairs of peaks corresponding to the voltage plateaus
observed during the charge-discharge processes. Peaks at approximately 1.6 V and 2.2 V
are indicative of the oxidation and reduction processes of Mn3*/Mn2*, while peaks at
2.75 V and 3.9 V correspond to the oxidation and reduction processes of Mn**/Mn3* in
the NKMO electrode material. The substantial area under these peaks demonstrates the
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Fig. 4. (a, b) - The charging-discharging profiles of NKMO at 0.1 C;
(c, d) - The charging-discharging profiles at different current densities.

high specific capacities of the NKMO material.

Fig. 5. (a) The CV curves of NKMO at 0.2 mV. s™; (b) Nyquist plots of the NKMO materials.
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The electrochemical impedance spectroscopy (EIS) characterization was
performed across a frequency range from 1 MHz to 0.1 Hz to assess the electrochemical
reaction Kinetics, as depicted in Fig. 5b. The Nyquist plots of the NKMO material, both
before the first cycle and after the 100" cycle, exhibit a small semicircle at high
frequencies and a larger semicircle at low frequencies. The Nyquist plots of the NKMO
material, both before the first cycle and after the 100" cycle, exhibit a small semicircle
at high frequencies and a larger semicircle at low frequencies. These semicircles likely
correspond to the charge transfer processes involving Mn**/Mn?" and Mn*/Mn**. This
behavior is also reflected in the CV spectrum with the corresponding peak pairs and in
the charge-discharge curve with the associated voltage plateaus. The total impedance is
also relatively low, indicating that the material maintains stability during the reversible
intercalation and extraction of Na* ions into the NKMO structure.

4. Conclusions

The sodium manganese oxide-based materials are potential cathode materials for
sodium-ion batteries. However, these materials experience capacity loss during cycling
process due to phase transitions along with the insertion and desertion of Na*. In this
study, we successfully doped potassium into sodium manganese oxide-based materials.
The electrochemical properties of sodium manganese oxide-based materials can be
significantly improved by doping potassium into them. Our XRD, SEM, and EDS
results confirm that the NKMO material has a hexagonal P2-structure, as compared to
the JCPDS #27-0751 standard. The NKMO material particles range in size from
approximately 300 nm to 1 um, with a combinatorial formula of NaogKo.1Mno9O2. The
electrochemical properties of NKMO materials are evaluated by cyclic voltammetry
(CV), charge-discharge with constant current density, and electrochemical impedance
spectroscopy (EIS). The NKMO material has a high specific discharge capacity of
125 mAh.g* at the first cycle. The discharge capacity remains about 100 mAh.g™* after
100 cycles. The results suggest that the NKMO material is a potential cathode material
for sodium-ion batteries.
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NGHIEN CUU TINH CHAT BPIEN HOA CUA VAT LIEU CATOT OXIT
NATRI-MANGAN PHA TAP KALI CHO PIN NATRI-ION

Nguyén Vin Ky'3, Nguyén Vin Nghia?, Vii Dinh Lam?,

Vii Binh Thao!, Luong Trung Son!

'Khoa Hoéa - Ly kj thudt, Trwong Pai hoc Ky thudt Lé Quy Dén

2Trung tam Nghién civu Vit liéu tién tién va Ung dung, Vién Cong nghé Kién tric,
Xay dung va Do thi, Truong Dai hoc Kién triic Ha Néi

3Hoc vién Khoa hoc va Cong nghé, Viéen Han lam Khoa hoc va Cong nghé Viét Nam

Tém tit: Viéc phat trién vat liéu cuc duwong oxit natri mangan nhiéu 16p c6 dung lugng
cao va tudi tho dai 1a mot trong nhitng chia khoa dé ting hiéu suit cua pin ion natri (SIB),
nhung van 12 mot thach thirc 16n. Trong bai béo nay, mot oxit natri mangan loai P2 pha tap kali,
Nao sKo,1Mno 02 (NKMO), dugc phat trién nhu mot vat lidu cuc duong c6 dung lugng cao va
tudi tho dai cho SIB hiéu suét cao. Oxit natri-kali-mangan NapgKo,1Mno ¢O> duoc tong hop bang
phuong phap phan tng trang thai rdn thong thudng. Cau trac tinh thé va hinh thai cta vat liéu
NKMO di dugc nghién ctru bang phuong phép nhidu xa tia X (XRD), kinh hién vi dién tir quét
(SEM) va quang phd tan xa ning luong tia X (EDX). Vat lieu NKMO dugc st dung dé ché tao
pin dang dong xu loai CR2032 va sau d6 dugce danh gia cac dic tinh dién hoa théng qua cac
phép do quét thé vong tuan hoan (CV), phép do phd trd khang dién hoa (EIS) va phép sac-xa &
cac mat do dong dién khac nhau. Vit liéu NKMO c6 dung lugng sac va xa ban dau vuot troi 1an
luot 1a 125 mAh.g* va 123 mAh.g* trong khoang 1,5 - 4 V & mat do dong dién 0,1 C. Dung
luong van duge duy tri & mirc 100 mAh.g* sau 100 chu ky. Két qua cho thiy vat liéu NKMO 14
vat liéu cuc duong dﬁy hira hen cho pin ion natri.

Tir khéa: Pin natri-ion; natri mangan oxit; vdt liéu catot; phan vmg trang thdi ran.
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