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The bonding nature of Na0.44MnO2 particle surfaces is tailored by introducing Al2O3 nanopowder and/or 
multiwalled carbon nanotubes (MWCNTs).  
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We report the design and fabrication of a novel functional material in which protective Al 2O3 

nanoparticles are merged with highly conductive multiwalled carbon nanotubes (MWCNTs). In 

this paper, we discuss in detail the effects of the Al2O3/MWCNT hybrid networks on the 

electrochemical performance of sodium manganese oxide (Na0.44MnO2), which is used as an 

electrode material in sodium rechargeable batteries. The Al2O3/MWCNT hybrid networks, 

which are uniformly dispersed on the surface of Na0.44MnO2, change its surface bonding nature, 

resulting in the improvement of the cycling performance and rate-capability of Na0.44MnO2. 

We ascribe these enhancements in performance to the inhibition of the formation of damaging 

NaF-based solid-electrolyte interface (SEI) layers during cycling, which enables facile transfer 

of Na ions through the Na0.44MnO2 electrode/electrolyte interfaces. Our findings regarding the 

control of the chemistry and bonding structure of the Na0.44MnO2 particle surfaces induced by 

the introduction of the Al2O3/MWCNT functional hybrid networks provide insight into the 

possibilities for achieving sodium rechargeable batteries with high power density and stability.  

 

 

Introduction 

Widespread and increasing interest in the storage of renewable 

energy derived from the sun, wind, and water have spurred the 

development of energy storage systems made from eco-friendly, 

abundant, and low-cost elements. Lithium rechargeable 

batteries have been accepted as one of the most representative 

energy storage and/or powering systems; however, the gradual 

exhaustion of natural lithium resources followed by rapid cost 

increase may not guarantee their consistent use in future.1-6 

Thus, nonlithium rechargeable batteries with low cost and 

excellent cycle life should be developed for preparing potential 

lithium crisis.7,8 

Sodium rechargeable batteries have emerged as promising 

replacement energy storage systems for lithium rechargeable 

batteries because sodium is abundant and environmentally 

benign.9 In particular, similarities in the redox potential 

(E0
(Na+/Na) and E0

(Li+/Li) are -2.71 and -3.04 V vs. S.H.E., 

respectively) and insertion mechanism of sodium and lithium-

based chemistries have led to a rapid development in cathode 

materials for sodium rechargeable batteries, including sodium 

transition metal oxides, 10-15 phosphates,16-20 and 

fluorophosphates.21,22 However, the precise reaction mechanism 

operating in the sodium ion battery cathode materials has not 

been fully understood yet because of the lack of an appropriate 

electrolyte, in addition to the unwanted decomposition of 

electrolyte solutions on the surfaces of cathode particles. Hence, 

one of the most important challenges in sodium-based battery 

technologies is to suppress the negative effects of electrolyte 

decomposition on the surface properties of cathode materials. 23 

Tailoring the bonding nature of the electroactive particle 

surfaces toward Li ion insertion/extraction has been 

accomplished mainly by surface modification with 

carbonaceous or inactive oxide materials.24-30 The surface 

tailoring has improved the chemical and electrochemical 

stabilities of electrode material surfaces, which has advanced 

the commercialization of lithium rechargeable batteries. 

Likewise, the surface structure of the cathode materials used in 

sodium rechargeable batteries needs modification depending on 

the physical properties of the potential functioning materials 

and the chemical bonds that newly form on the surface of the 

active materials. Surprisingly, however, there seems to be a 

dearth of in-depth studies verifying the effects of surface 

reformations on the mechanism of Na ion reactions on the 

surface of the cathode materials, which prevents the practical 

application of cathode materials in sodium rechargeable 

batteries. 
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In this paper, we describe the use of sodium manganese 

oxides (Na0.44MnO2) with surface structures modified by 

Al2O3/MWCNT hybrid networks as a cathode material for 

sodium rechargeable batteries. Orthorhombic Na0.44MnO2 

exhibits excellent structural stability owing to the presence of 

tunnel-type crystal structure, which reduces the stress/strain 

occurring when Na ions are inserted in to or extracted from 

Na0.44MnO2.
31-34 This feature convinced us that most of the 

effects resulting from variations in the Na0.44MnO2 bulk 

crystallography could be excluded and we could focus on the 

surface properties. In general, Al2O3 has been widely adopted 

as a functional material capable of stabilizing the interface 

between active materials and the electrolyte.35-38 However, 

when the surfaces of the active particles are covered by inert 

Al2O3, the kinetics of the Al2O3-assisted active materials could 

deteriorate primarily because of the low electronic conductivity 

of Al2O3.
 39,40 Thus, we designed a novel functional material in 

which highly protective Al2O3 was merged with highly 

conductive multiwalled carbon nanotubes (MWCNTs) with a 

large surface area.29 Al2O3 and MWCNTs were uniformly 

interconnected on the surfaces of the Na0.44MnO2 particles 

through high energy dispersive mechanochemical reactions. To 

the best of our knowledge, this is the first paper to report a 

distinctive hybrid surface tailoring method, which demonstrates 

positive effects on the electrochemical performance of 

transition metal oxide cathode materials. 

The aim of the present study is to elucidate the effects of 

Al2O3/MWCNT hybrid surface networks on the surface 

structure and electrochemical performance of Na0.44MnO2 

cathode materials for sodium rechargeable batteries. 

Experimental 

Synthesis and physicochemical characterization 

Na0.44MnO2 was prepared by a conventional solid state reaction 

using Na2CO3 (Aldrich, 99.5%) and Mn2O3 (Aldrich, 99%) as 

starting materials. After mixing stoichiometric amounts of the 

reactants using a paste mixer (1000 rpm, 10 min.), the obtained 

precursor mixture was crystallized at 900 °C for 10 h in air flow. 

The surface-modified Na0.44MnO2 was prepared by using a 

Nobilta mechano-fusion system (Hosokawa Micron 

Corporation). Al2O3 nanopowder (Aldrich, 99.0%, ≤10 nm) 

and/or MWCNTs (Hanwha) were adopted as functional 

materials for tailoring the structure of the surface bonds on 

Na0.44MnO2. X-ray diffraction (XRD) patterns of pristine and 

surface-modified Na0.44MnO2 were acquired using a Bruker 

AXS D8 Advance X-ray diffractometer (Cu Kα radiation, λ = 

1.5406 Å ) to identify the different phases present. The 

morphology of the products was observed by scanning electron 

microscopy (SEM, Hitachi, S-5500) and high-resolution 

transmission electron microscopy (HRTEM, FEI, TITAN-80-

300). The actual Na/Mn and Al/Mn ratios of the final materials 

as well as the amount of dissolved Mn into the electrolyte after 

cycling were verified by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES, Shimadzu, ICPS-8100). 

Further, X-ray photoelectron spectroscopy (XPS, Ulvac PHI, 

VersaProbe) was carried out to acquire the Al 2p, Mn 2p, C 1s, 

F 1s, and O 1s core binding energies from the samples. The 

BET surface areas and carbon contents of the products were 

estimated using a surface area analyzer (BET, BEL Japan Inc., 

BELSORP-max) and element analyzer (EA, Thermo Scientific, 

FLASH 2000 series), respectively. The electronic 

conductivities of the powders were measured by a four-point 

probe powder resistivity measurement system (Mitsubishi 

chemical Hiresta-up). 

Electrochemical characterization 

Electrodes were fabricated from a mixture containing 80 wt% 

of the active material and 10 wt% of Denka black, which was 

added to a solution of N-methyl-2-pyrrolidene (NMP) 

containing 10 wt% polyvinylidene fluoride (PVDF). The 

resulting slurry was pasted onto an Al foil current collector and 

dried at 120 °C for 2 h in a vacuum oven. After pressing, the 

dried paste was punched into a disc (of 1.2 cm in diameter). 

The electrochemical properties of the fabricated electrodes were 

evaluated by constructing 2032 coin-type cells assembled in an 

Ar-filled glove box. Na was used as the counter electrode and 

1M NaPF6 dissolved in propylene carbonate (PC) was used as 

the electrolyte. 

The charge/discharge characteristics of the assembled cells 

were examined at 25 °C using a battery cycler (Toscat-3100, 

Toyo System). The cells were charged and discharged 

galvanostatically in the potential range 2.0–3.8 V (vs. Na+/Na) 

with a variety of current densities ranging from 0.1 to 20 C-rate. 

Cyclic voltammetry (CV) measurements were carried out 

between 2.0 and 3.8 V (vs. Na+/Na) at a scan rate of 0.1 mV s-1. 

To identify the kinetics of the pristine and surface-modified 

Na0.44MnO2, the activated two-electrode cells (Working: 

Na0.44MnO2, counter and reference: Na) were subjected to 

electrochemical impedance spectroscopy (EIS) after cell 

formation and 100 cycles, with a sinusoidal voltage signal (10 

mV) over a frequency ranging from 100 kHz to 100 mHz. The 

electrodes were washed with dimethyl carbonate (DMC) to 

remove residual Na salts from the electrolyte before carrying 

out ex situ XRD and XPS analyses. 

Results and discussion 

Fig. 1a to 1d shows the scanning electron microscopy (SEM) 

images of the pristine and surface-modified Na0.44MnO2. We 

denote the surface-modified ones that were combined with a 

small amount of aluminum oxide (Al2O3) nanoparticles and 

Al2O3/MWCNT on their surfaces as Al2O3-Na0.44MnO2 and 

Al2O3/MWCNT-Na0.44MnO2, respectively. Pristine Na0.44MnO2 

consisted of rectangular primary particles with an average 

width of less than 5 μm (Fig. 1a). However, no significant 

changes were found in the overall morphology of Na0.44MnO2 

particles when comparing the pristine Na0.44MnO2 and Al2O3-

Na0.44MnO2 samples (Fig. 1b). However, the presence of Al2O3 

on the surfaces of Al2O3-Na0.44MnO2 particles was identified by 

energy dispersive X-ray spectroscopy (EDS) analysis, as 

marked in Fig. 1c. The incorporated MWCNTs, which blended 

with Al2O3 and Na0.44MnO2 particles, adhered to the surfaces of 

Na0.44MnO2 particles and the surface morphology of the 

Al2O3/MWCNT-Na0.44MnO2 particles seemed deformed (Fig. 

1d). Further morphological analysis of the particle was carried 

out by HRTEM. Fig. 1e and 1f exhibit the HRTEM 

micrographs of pristine Na0.44MnO2 and Al2O3-Na0.44MnO2, 

along with the corresponding selected area electron diffraction 

(SAED) patterns. SAED patterns of both pristine Na0.44MnO2 

and Al2O3-Na0.44MnO2 indicate the presence of crystalline 

Na0.44MnO2 particles. The distorted lattice fringes formed on 

the outermost Al2O3-Na0.44MnO2 particles could be associated 

with thin Al2O3 atomic layers. The uniform distribution of Al 

on the whole surface of Na0.44MnO2 particles was confirmed by 

EDS mapping (Fig. 1g). In addition, we found that the 
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MWCNT networks (Fig. 1i) connected neighboring Na0.44MnO2 

particles in Al2O3/MWCNT-Na0.44MnO2. 

The crystal structures of pristine Na0.44MnO2 and surface-

modified Na0.44MnO2 were verified by XRD (Fig. S1†). The 

XRD pattern acquired from pristine Na0.44MnO2 coincides with 

the Inorganic Crystal Structure Database (ICSD) reference 

pattern corresponding to tunnel-type Na0.44MnO2 (ICSD-

261314) with orthorhombic crystal structure, confirming the 

absence of any secondary phases. In addition, no notable 

changes in the XRD peak positions and peak ratios were 

observed in the Al2O3 nanopowder and Al2O3/MWCNT-

Na0.44MnO2 in comparison to pristine Na0.44MnO2, indicating 

that the crystal structure of Na0.44MnO2 was retained even after 

high energy dispersive mechanochemical reactions with Al2O3 

or MWCNTs. The absence of specific peaks corresponding to 

Al2O3 and MWCNTs in the XRD patterns of the surface-

modified Na0.44MnO2 could be attributed to the lack of Al2O3 

(0.5 wt%) and MWCNT (1 wt%) in sufficient concentrations 

and the amorphous nature of Al2O3 and the MWCNTs. The 

actual Na/Mn and Al/Mn ratios of the materials measured by 

ICP–AES are provided in Table S1 (supporting information). 

The results of the XPS analyses of pristine and surface-

modified Na0.44MnO2 particles are shown in Fig. 2. We 

confirmed from the Al 2p XPS core peaks (Fig. 2a) that the 

incorporated Al2O3 nanopowder particles were located on the 

surface of the Al2O3 and Al2O3/MWCNT-Na0.44MnO2 particles, 

which is consistent with the EDS results presented in Fig. 1c 

and 1g. In addition, we compared the C 1s XPS core peaks 

from pristine and surface-modified Na0.44MnO2, which proved 

the presence of MWCNTs in the Al2O3/MWCNT-Na0.44MnO2 

sample.41 This agrees well with the observation of MWCNT 

networks in the case of the Al2O3/MWCNT-Na0.44MnO2 

samples in the SEM (Fig. 1h). Meanwhile, the oxidation states 

of central Mn ions in Na0.44MnO2 were estimated from the Mn 

2p XPS core peaks, accompanied by their peak deconvolution, 

as presented in Fig. 2c. No variation was observed in the 

oxidation states (Mn3+/Mn4+ ratio = ca. 0.16) of Mn ions 

between the pristine Na0.44MnO2 and Al2O3-Na0.44MnO2 

particles; however, the Mn3+/Mn4+ ratio in Na0.44MnO2 

increased to around 0.69 when the Na0.44MnO2 particles were 

uniformly mixed with MWCNTs. We assume that the partial 

oxidation of MWCNTs during the high energy dispersive 

mechanochemical reaction possibly contributes to the reduction 

of Mn ions near the surfaces of the Na0.44MnO2 particles. These 

findings were also supported by the O 1s XPS core peaks 

originating from pristine and surface-modified Na0.44MnO2; the 

intensity of the characteristic peak (observed at around 529.8 

eV) for MnO2 was highly diminished in the case of 

Al2O3/MWCNT-Na0.44MnO2, which was significantly different 

from Na0.44MnO2 without MWCNTs. 

The initial insertion/extraction reactions of Na ions into/out 

of the pristine Na0.44MnO2 and surface-modified Na0.44MnO2 

after cell fabrication were investigated by CV (profiles are 

shown in Fig. 3a). At least six pairs of reversible reactions were 

observed for all the materials although the correlation between 

the variation in the crystal structure and the consecutive two-

phase transitions is yet to be completely understood.42,43 The 

difference in the peak voltage between a pair of anodic and 

cathodic reactions for Na0.44MnO2 observed at less than 2.8 V 

vs. Na+/Na was remarkably diminished by Al2O3 and 

Fig. 1 (a) Scanning electron microscopy (SEM) images of (a) pristine, (b) Al2O3-, and (d) Al2O3/MWCNT-Na0.44MnO2. (c) Energy dispersive X-ray spectrum 

of Al2O3-Na0.44MnO2. High resolution transmission electron microscopy (HRTEM) images and selected area electron diffraction (SAED) patterns of (e) 

pristine and (f) Al2O3-Na0.44MnO2. (g) Scanning transmission electron microscope (STEM) images and EDS mapping (Al) of Al2O3-Na0.44MnO2. (h) TEM 

image of Al2O3/MWCNT-Na0.44MnO2. (i) SEM image of MWCNTs. 
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Al2O3/MWCNT incorporation. The CV profiles of the pristine 

and surface-modified Na0.44MnO2 are in good agreement with 

their galvanostatic (rate 0.1 C) voltage profiles in the range 2.0–

3.8 V (vs.  Na+/Na), as described in Fig. 3b. The reversible 

charge-discharge curves of the prepared samples agree well 

with previous reports on the charge-discharge behavior of 

Na0.44MnO2.
 42,43 The lower discharge capacity (100.2 mA h g-1) 

of pristine Na0.44MnO2 in comparison to Al2O3-Na0.44MnO2 

(105.3 mA h g-1) can be attributed to the modification in the 

surface properties of the Na0.44MnO2 particles induced by the 

presence of Al2O3. In contrast, the discharge capacity of 

Al2O3/MWCNT-Na0.44MnO2 was almost identical to that of 

pristine Na0.44MnO2 because a part of the reactive area formed 

on the surface of the Na0.44MnO2 particles in the initial state 

could be deactivated by the surrounding MWCNT networks 

with a large surface area (Table S1).  

We evaluated the rate-capabilities of the pristine Na0.44MnO2 

and surface-modified Na0.44MnO2 at a variety of current 

densities ranging from 0.1 to 20 C (the results are presented in 

Fig. 3c). At low current densities (rates ≤ 0.5 C), the extent of 

the discharge capacity degradation of Na0.44MnO2 is not a 

function of Al2O3 and MWCNT incorporation. In contrast, the 

extent of capacity loss at a high current density (≥1 C) is highly 

suppressed by Al2O3 and Al2O3/MWCNT incorporation, which 

is indicative of facile Na ion insertion/extraction into/out of the 

Na0.44MnO2 particles. This is in agreement with the CV results, 

which show a reduction in the peak voltage between a pair of 

anodic and cathodic reactions (Fig. 3a). One of the most 

important points here is the similarity of the rate-capabilities of 

Al2O3-Na0.44MnO2 and Al2O3/MWCNT-Na0.44MnO2, which 

proves that the ionic conduction of sodium ions through 

Na0.44MnO2 the electrode/electrolyte interfaces is a more 

crucial factor than the electronic conduction in the 

determination of the kinetic properties of Na0.44MnO2. 

Compared to pristine and Al2O3-Na0.44MnO2, the electrical 

conductivity of Al2O3/MWCNT-Na0.44MnO2 was 

approximately three orders of magnitude higher because of the 

addition of conductive MWCNTs, was shown in Fig S2†. These 

findings are special as they counterintuitive in terms of the 

expected the rate performance of transition metal oxides with 

poor electronic conductivity. 

The cycling performances (rate 0.2 C) of pristine Na0.44MnO2 

and surface-modified Na0.44MnO2, measured in the range 2.0–

3.8 V (vs. Na+/Na) are shown in Fig. 3d. While the discharge 

capacity of pristine Na0.44MnO2 abruptly decreased after around 

60 cycles, Al2O3-Na0.44MnO2 exhibited considerably high 

discharge capacity (of 98.2 mA h g-1), corresponding to ~ 

95.8 % of its initial discharge capacity even after 100 cycles. 

Meanwhile, Al2O3/MWCNT-Na0.44MnO2 exhibited entirely 

different capacity fading properties when compared with the 

other samples and the discharge capacity of Al2O3/MWCNT-

Na0.44MnO2 continued to increase from ~ 96.1 mA h g-1 to ~ 

99.0 mA h g-1 during 100 cycles. Considering that the long-term 

cycling performance of Na0.44MnO2 is associated with the 

Fig. 2 (a) Al 2p, (b) C 1s, (c) Mn 2p, and (d) O 1s XPS core peaks acquired 

from pristine and surface-modified Na0.44MnO2 before cycling. 

Fig. 3 (a) Cyclic voltammetry (CV) profiles, (b) galvanostatic (rate 0.1 C) voltage profiles voltage, (c) rate-capability, and (d) cycling performance (rate 0.2 

C) of pristine and surface-modified Na0.44MnO2 in the range 2.0–3.8 V (vs. Na+/Na). 
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structural and/or chemical stabilities of Na0.44MnO2 particles 

not only in the bulk crystal structure but also on the surface,35,44 

the origin of improvements in the cycling performance of 

Na0.44MnO2 assisted by a small amount of Al2O3 and 

Al2O3/MWCNTs should be considered separately in the light of 

the bulk and surface properties of the Na0.44MnO2 particles. 

We performed ex situ XRD analyses on the pristine and 

surface-modified Na0.44MnO2 electrodes to investigate the 

crystallographic changes occurring in the bulk during cycling, 

and the results measured before cycling and after 100 cycles 

(0.2 C-rate, galvanostatic) are shown in Fig. 4. We found that 

the pristine Na0.44MnO2 electrode exhibited XRD patterns 

comparable to the Al2O3 and Al2O3/MWCNT-Na0.44MnO2 

electrodes before cycling. In addition, all the three XRD 

patterns tended to change in a similar manner during cycling, 

together with a substantial reduction in the intensities of the 

overall peaks. This result was also supported by the ICP-AES 

analyses used for measuring the amount of dissolved Mn into 

the electrolyte after cycling. Negligible amount of Mn (< 1ppm, 

which could not be measured) was detected in all the samples. 

Thus, it could be simply concluded that the discrepancy in the 

cycling performance between pristine and surface-modified 

Na0.44MnO2 was not a function of the structural stability of the 

Na0.44MnO2 bulk crystals. 

The electrochemical reactions and their kinetics were 

identified for pristine Na0.44MnO2 and surface-modified 

Na0.44MnO2 after cell formation and after 100 cycles by EIS, as 

shown in Fig. 5. The EIS analysis is  one of the most 

appropriate tools for demonstrating different kinds of 

resistances linked to charge transfer at the electrode/electrolyte 

interface or inside the electrode. The established equivalent 

circuit model is also included in Fig. 5a. The charge transfer 

resistance (Rct,NMO) at the cathode sides of the pristine 

Na0.44MnO2, Al2O3-Na0.44MnO2, and Al2O3/MWCNT-

Na0.44MnO2 were 23.6, 24.9, and 19.5 Ω cm2, respectively, after 

cell formation. The significantly lower Rct,NMO of the 

Al2O3/MWCNT-Na0.44MnO2 compared to that shown by the 

other samples might be associated with its much higher 

electrical conductivity (Fig S2†), which is induced by the 

presence of MWCNTs. Meanwhile, after 100 cycles, the 

Rct,NMO of the pristine Na0.44MnO2 sample increased from 23.6 

to 56.8 Ω cm2 but the extent of increase in Rct,NMO was 

definitely reduced in the case of surface-modified Na0.44MnO2. 

In particular, the Al2O3/MWCNT-Na0.44MnO2 sample featured 

a much lower value of Rct,NMO (25.8 Ω cm2) than the pristine 

sample. From these results, we conjecture that the improved 

cycling performance of Na0.44MnO2 resulting from the surface 

reforming caused by Al2O3 and the Al2O3/MWCNT network 

resulted from the reduced charge transfer resistance at the 

Na0.44MnO2 electrode/electrolyte interfaces. These findings 

Fig. 4 Ex situ X-ray diffraction (XRD) patterns of pristine and surface-
modified Na0.44MnO2 obtained (a) before cycling and (b) after 100 cycles 

(rate 0.2 C). Fig. 5 Electrochemical impedance spectroscopy (EIS) spectra and equivalent 

circuit model of pristine and surface-modified Na0.44MnO2 measured (a) 

after cell formation and (b) after 100 cycles (rate 0.2 C). 
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imply that the surface properties of the Na0.44MnO2 particles 

play a crucial role in the facile migration of Na ions migration 

into/out of Na0.44MnO2 particles. 

We believe that these findings including high Li ion transport 

and structure stabilization induced by Zr incorporation suggests 

a totally brand-new strategy for achieving high-power Li 

rechargeable batteries using NASICON-structured cathode 

materials in combination with nano-architecture tailoring, 

thereby solving general issues in NASICON-structured 

phosphates applicable to electric vehicles and energy storage 

systems for renewable energy in the field of energy storage and 

conversion materials, as well as it lays a fundamental ground 

for tailoring lattice structure of materials for various energy 

devices such as capacitors, lithium rechargeable batteries, solar 

cells, and etc. as well as diverse semiconducting devices based 

on metal oxides. 

To verify the origin of the increase in the charge transfer 

resistance at the Na0.44MnO2 electrode/electrolyte interfaces on 

cycling, we compared the bond structures formed on the 

surfaces of the pristine Na0.44MnO2 and surface-modified 

Na0.44MnO2 electrodes by ex situ XPS analyses. Fig. 6 shows 

the O 1s (Fig. 6a, c, and 6e) and F 1s (Fig. 6b, d, and 6f) XPS 

core peaks for all the materials acquired before cycling, after 

the 1st cycle, and after the 100th cycle. When the Na0.44MnO2 

electrodes were not exposed to the electrolyte before cycling, 

three different O 1s XPS core peaks were observed at 535.5, 

531.4, and 529.3 eV corresponding to the Auger electron signal 

of Na ions, C=O, and Mn-O bonds, respectively.45 However, the 

presence of MWCNTs in the Al2O3/MWCNT-Na0.44MnO2 

increased the intensity of the C=O bonds on the surface of 

theNa0.44MnO2 (Fig. 6a). After the 1st cycle, the peak signal of 

the Mn-O bonds weakened with a slight increase in the 

intensity of the Na Auger peak, but the extent of such peak 

variations was more marked in the case of pristine Na0.44MnO2 

than in the case of surface-modified Na0.44MnO2 (Fig. 6c). This 

demonstrated that the solid electrolyte interface (SEI) layers 

primarily comprised of a Na composite and formed on 

Na0.44MnO2 electrodes during initial cell activation, which 

diminished the large reaction area of the Mn-O bonds exposed 

to the electrolyte. In addition, the Al2O3 nanopowder (Fig. 1c 

and Fig. 2a) and MWCNTs (Fig. 1h and Fig. 2b) located on the 

surfaces of the Na0.44MnO2 particles seemed to suppress the 

formation of the SEI layers. We point out, based on our analysis 

of the O 1s peaks in the XPS profiles of the materials after 100 

cycles (Fig. 6e), that the bond structure on the surfaces of the 

Na0.44MnO2 electrodes tend to be dominated by growing SEI 

layers. We identified the composition of the SEI layers formed 

on the surface of Na0.44MnO2 electrodes by tracing the variation 

in the F 1s XPS core peaks with cycling. Two different peaks 

were found at 687.0 and 684.3 eV after the 1st cycle, which 

corresponded to the PVDF binder and NaF, respectively (Fig. 

6d). It is noteworthy that the strong PVDF peak remained in the 

surface-modified Na0.44MnO2 electrodes, which differs from the 

pristine Na0.44MnO2 electrode in which the PVDF peak was 

remarkably weakened. Moreover, a minute survey revealed that 

the formation of NaF on the surface of Na0.44MnO2 was more 

suppressed by the presence of strong C=O bonds induced by the 

presence of MWCNTs and Al2O3-Na0.44MnO2 showed NaF 

peaks with higher intensity compared with Al2O3/MWCNT-

Na0.44MnO2. However, after 100 cycles, the surfaces of all the 

Na0.44MnO2 electrodes were fully covered with NaF and 

simultaneously, the PVDF peaks disappeared, irrespective of 

the state of surface modification. Thus, NaF-based SEI layers 

are considered to be a major factor degrading the capacity of 

the Na0.44MnO2 electrodes during cycling. More importantly, 

the formation of NaF on the surface of the Na0.44MnO2 

electrode can be suppressed by converting HF into the form of 

aluminum oxyfluorides45 as well as by prohibiting any direct 

contact between the active materials and the electrolyte, which 

improves the cycling performance of Na0.44MnO2. However, the 

effects of weight ratio between Al2O3 and MWCNT on the 

electrochemical performance of Na0.44MnO2 are still in debate. 

Our findings suggest a novel way of maximizing the 

electrochemical properties of Na-based cathode materials by 

hybrid surface tailoring using a combination of a highly 

protective oxide (Al2O3) and conductive carbon (MWCNTs). 

Conclusions 

In summary, we succeeded in tailoring the bonding nature of 

Na0.44MnO2 particle surfaces by introducing Al2O3 nanopowder 

and/or multiwalled carbon nanotubes (MWCNTs). Surface-

modified Na0.44MnO2 (Al2O3- and Al2O3/MWCNT-Na0.44MnO2) 

showed superior electrochemical performance when compared 

to pristine Na0.44MnO2. In particular, the discharge capacity of 

Al2O3/MWCNT-Na0.44MnO2 increased to 99.0 mA h g-1 after 

100 cycles, but pristine Na0.44MnO2 exhibited an abrupt decline 

in the discharge capacity within 60 cycles. Such an 

improvement in the cycling performance of Na0.44MnO2 is 

attributed to the inhibited formation of unstable solid-

electrolyte interface (SEI) layers during cycling that negatively 

affects the cycling performance of Na0.44MnO2, which is 

induced by Al2O3/MWCNT hybrid networks homogeneously 

dispersed on the surfaces of the Na0.44MnO2 particles. In 

addition, F 1s peaks obtained during ex situ X-XPS analysis 

were used to identify the composition of the SEI layers formed 

Fig. 6 O 1s and F 1s ex situ XPS core peaks acquired from pristine and 

surface-modified Na0.44MnO2 measured (a, b) before cycling, (c, d) after the 

1st cycle, and (e, f) after 100 cycles (rate 0.2 C). 
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on the surface of the Na0.44MnO2 electrodes as sodium fluoride 

(NaF). The results of our study suggest that controlling the 

initial chemistries and bonding structures of the surfaces of the 

transition metal oxides could be a crucial factor determining 

their long-term cycling performance. The rate-capability of 

Na0.44MnO2 was also remarkably enhanced by Al2O3 and 

Al2O3/MWCNT incorporation. Surprisingly, however, no 

notable change in their rate performance was observed despite 

the observation of a large difference in the electrical 

conductivities of Al2O3-Na0.44MnO2 and Al2O3/MWCNT-

Na0.44MnO2 samples, which proved that ionic conduction of 

sodium ions through theNa0.44MnO2 electrode/electrolyte 

interfaces (and not the electronic conduction) acted as the rate 

determining step during the Na insertion/extraction reaction 

process. 
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