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Abstract

Sodium-ion batteries can be the best alternative to lithium-ion batteries, because of their similar
electrochemistry, nontoxicity, and elemental abundance and the low cost of sodium. They still stand in
need of better cathodes in terms of their structural and electrochemical aspects.
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ABSTRACT:

Sodium-ion batteries can be the best alternative to lithium-ion batteries, owing to their similar
electrochemistry, non-toxicity, elemental-abundance and the low-cost of sodium. They still stand
in need of better cathodes in terms of their structural and electrochemical aspects. Accordingly,

the present study reports the first example of the preparation of Nays(Fe;2Mn;,)O, hierarchical



nanofibers by electrospinning. The nanofibers with aggregated nanocrystallites along the fiber
direction have been characterized structurally and electrochemically resulting in enhanced
cyclability when compared to nanoparticles, with initial discharge capacity of ~195 mAh g™
This is attributed to the well-interconnections among the fibers, with well-guided charge

transfers and better electrolyte contacts.

KEYWORDS: batteries, sodium, electrospinning, nanofibers, electrochemistry.

Owing to limited energy resources for the future, it is necessary to look for eco-friendly and
affordable renewable energy systems and their systematic utilization by safe and facile energy
storage systems.'” Due to superior electrochemistry and cell design, the lithium-ion battery has
been predominant in portable applications and also could be in electric vehicles, resulting in
depletion of lithium reserves, which is hardly sustainable for future needs.’ Thus, an alternative
that can compete with lithium-ion battery (LIB) technology on the global market is inevitably
needed. Sodium is non-toxic, inexpensive, the next lighter and smaller alkali metal other than
lithium, has a redox potential suitable for battery applications (0.3 V vs. Li), and importantly, is
an abundant element, with a similar electrochemistry to that of lithium in LIBs. All these
attributes make sodium an alternative to lithium and pave the way for research on feasible
sodium-based electrode materials.” Surprisingly, the sodium-ion battery (SIB) system is not new;
in the 1970s, some researchers conducted early experiments on Na-ion intercalation in certain
layered structures,”® although there was little further research due to the commercial dominance
of LIBs. Considering the socio-economic and chemical aspects of sodium, there is a need for a

new class of sodium-based cathodes and to achieve further understanding of Na-ion



intercalation/deintercalation mechanisms and charge transfers compared with those of the
analogous Li materials.

Research on cathode materials for SIBs has been focussed on compounds ranging from
polyanions to layered transition-metal oxides, and it is suggested that layered sodium transition-
metal oxides show outstanding electrode properties.”® Layered sodium metal oxides are
classified as O3- and P2-types, based on the location of the Na-ion at octahedral and prismatic
sites, respectively, and there are sub-groups of new phases such as the new O3 and P'3-phases.’
The P2-type layered oxides such as NaysMnO, and Naj;CoO, show improved initial capacity
when compared to those of the O3-type NaMO, (M = Co, Cr, V, NigsMny, etc.), but with poor

cyclability.'*!*

To make progress with such cathodes electrochemically and economically, toxic
and costly metals such as Cr and Co are need to be replaced with safe and economical Mn and
Fe.® Various groups have successfully prepared P2-type Nay(Mny.yFe,)O, (x = 2/3,y = 1/2) by
solid-state reaction, auto-combustion and sol-gel processes,'”™” and it delivers an excellent initial
discharge capacity of ~190 mAh g™ at a low current density in the voltage range of 1.5-4.3 V
with optimized proportions of Mn and Fe. Unfortunately, the cyclability of these materials is
limited and needs to be improved for large-scale applications. Apart from doping and surface
engineering of active materials, nanostructured design of electrodes and electrolyte compositions
can contribute to the overall performance of batteries.'"® Nanomaterials have a short Na-ion
diffusion distance, relatively less volume expansion during cycling, and better electrolyte
contacts due to their high specific surface area, all of which are responsible for improved

- - 19,20
electrochemical performance in SIBs.™

Nanoparticles have a regular tendency to self-
aggregate due to high surface energy, however, resulting in limited contact with the conducting

components, which leads to declining net battery performance. Such self-aggregation can be



mitigated by one-dimensional (1D) nanostructures, which could have better contact areas with

21.22 Feasible and reliable

the electrolyte and offer improved electrochemistry and cycle life.
fabrication techniques are essential for 1D nanostructures. Electrospinning is a low-cost, large-
scale, and facile one-pot synthesis technique for continuous nanofibers, and such nanofibrous
electrodes offer high porosity, good interfacial contact, and well-guided charge transfer towards
the current collector.*2°

There have been no reports to date on 1D nanofibrous sodium metal oxide cathodes for SIBs.
We have now successfully fabricated electrospun nanofibers of P2-type Nays(FeinMnjn)O;
material and characterized them structurally and electrochemically, demonstrating improved
cyclability with better structural stability. We have also attempted to understand the correlation
between 1D nanofibers and electrochemical performance.

Nays(Fei2Mnj2)O; nanofibers and nanoparticles were prepared by electrospinning and the sol-
gel process, respectively and hereafter are designated as NFMO NF and NFMO NP, respectively.
Detailed synthesis procedures are explained in the Supporting Information. X-ray diffraction
(XRD) patterns for both samples prepared at 900°C are shown in Figure 1. Both patterns appear
the same, with well-crystallized sharp reflections associated with the hexagonal phase system
and space group P63/mmc, which are well consistent with the literature.”'” NFMO is a P2-type

structure, with the Na-ions accommodated at two locations in prismatic sites and stacked in

between the ordered hybrid octahedral layers of FeOg and MnOg [inset of Figure 1].
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Figure 1. XRD patterns of NFMO NF and NFMO NP (inset: crystal structure of P2-type

NFMO).

Figure 2(a) shows an scanning electron microscope (SEM) image of the as-spun precursor fibers
with average diameter of ~400 nm [see also Figure S1(a) in the Supporting Information]. After
calcination, the polyvinylpyrrolidone (PVP) and organic residues are sublimated, resulting in
NFMO NF [Figure 2(b)], with average diameter of ~170 nm [Figure S1(b)]. Figure S2 shows an
SEM image of NFMO NP with average particle size of ~500 nm. High-resolution transmission
electron microscope (HR-TEM) images were obtained to determine the crystallinity and
secondary structure of the hierarchical nanofibers. Figure 2(c) is in good agreement with the
SEM image in terms of its 1D morphology. Notably, the NFMO nanocrystallites are tightly
connected with each other within the nanofiber (as highlighted with contours in Figure 2(c)), and
the self-aggregation of nanocrystallites is greatly reduced due to the attachment of

nanocrystallites in the nanofiber. Figure 2(d) shows a high-resolution TEM image of the well-



developed nanocrystallite taken at the diffraction condition near the zone axis [1100]. It shows
that the width of the lattice fringes is about 5.4 A, as marked in Figure 2(d), which is in good
agreement with the XRD data and corresponding to the (0 0 2) plane of the hexagonal structure.
The longitudinal direction is along [1120]. Figure 2(f) presents the energy dispersive X-ray

(EDX) spectrum of NFMO NF with the individual elements Na, Fe, Mn, and O.
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Figure 2. SEM images of (a) as-spun nanofibers (inset: photograph of as-spun nanofibrous mat),
and (b) NFMO nanofibers (inset: high-resolution image); (¢) HR-TEM image of NFMO
nanofiber with hierarchical arrangement of nanocrystallites; (d) high-resolution TEM image of a

longitudinal nanoparticle taken from near the zone axis [1100] showing fringes of (0 0 2) and the

longitudinal direction of the particle is [1120]; and (¢) EDX spectrum.

The electrochemical properties were examined for both samples from charge-discharge curves
and cyclic voltammograms (CVs) using a battery analyser and an electrochemical workstation in
the voltage range of 1.5-4.2 V. Figure 3(a) shows the charge-discharge behaviour in the initial
cycle and the 80™ cycle for both samples at 0.1 C current rate (1 C =260 mA g™'). The charge-
discharge curves show similar behaviour to that reported elsewhere, with two plateaus at 4 V and
3.4 V, corresponding to phase transitions from P2-type to O2-type with OP4-type as an
intermediate phase. The additional plateau around 2.1 V could be attributed to reverse phase
transition from OP4-type to P2-type during discharge.” Interestingly, NFMO NF showed an
improved initial discharge capacity of ~195 mAh g"' when compared to that of NFMO NP (~179
mAh g™). Under the same specifications at the 80" cycle, the discharge capacity is ~167 mAh g’
and ~113 mAh g for NFMO NF and NP, respectively, and it is apparent that there is a notable
impact of morphology on the stability of NFMO during cycling. Thus, cyclability was evaluated
over 80 cycles at the 0.1 C rate, in which the NFMO NF showed an initial capacity decay from
~195 mAh g to ~175 mAh g for the first few cycles (which could be due to the inherent
internal resistance of the cell and the conducting nature of NFMO *’) and thereafter maintained
excellent cyclability [Figure 3(b)], with discharge capacity of ~166 mAh g after 80 cycles with
86.4% capacity retention, which is a significant improvement when compared to that of the NP

(60.5% capacity retention with the discharge capacity of ~113 mAh g™'). The enhanced capacity



and cyclability could be attributed to the well-guided charge transfer kinetics and better
wettability of the well-interconnected and highly porous nanofibrous network with respect to the
electrolyte over cycling, whereas the NP sample delivered relatively poor capacity retention,
which could be attributed to pulverization of the material, less contact of the active material with
the electrolyte due to possible self-aggregation of nanoparticles over cycling, and also the
relatively larger crystallite size. Such self-aggregation is barely seen for the nanofibers because
of the hierarchical crystallite formation at localized sites along the fiber structure during the
calcination, which reduces the diffusion in the sintering process.” In addition, capacity fade can
be observed for the NP sample from the initial cycle to the final cycle, which may be due to the
volumetric expansion of the material during repeated Na-ion intercalation/deintercalation
processes during cycling and loss of electrical contact between the active material and the current
collector.

To understand the impact of morphology on rate performance, both samples were
characterized at various rates from 0.1 C to 15 C. The NFMO NF samples featured slightly
improved rate performance when compared to NFMO NP. At the high current rates of 1 C, 2 C,
and 5C, the NFMO NF sample showed good discharge capacity values when compared to
NFMO NP [see Figure 3(c)]. This is attributed to the minimal polarization of the NF electrodes
when compared to the NP ones. At the very high rates of 10 C and 15 C, however, for both
samples, the discharge capacity values are dramatically diminished to the range of 70 mAh g to
33 mAh g'. The charge-discharge curves of both electrodes at various current rates from 0.1C to
15C [see Figure S3(a-b)], reveal that with increasing rate, the two voltage plateaus at 4 V and 3.4
V are gradually diminishing, which could be attributed to the polarization of the electrodes,

hindering reversible phase transitions from P2-type to O2-type and leading to corresponding



deterioration in the crystal structure of the active material, thereby decreasing Na-ion
intercalation/deintercalation reactions.® These reactions are further confirmed by the CVs (Figure
3(d)), with Na as reference and counter electrode in the voltage range of 1.5-4.2 V at the scan
rate of 0.1 mV s™'. Two pairs of peaks are observed in both the anodic and cathodic sweeps at 2.6
vs. 1.9 V and 4.1 vs. 3.4 V, corresponding to redox reactions of Mn®>"/Mn*" and Fe*'/Fe*’,
respectively. 2* 2’ The phase transition from quasi-reversible P2-type to O2-type due to less Na
content upon extraction corresponds to the anodic peak at 4.1 V. This phase change is associated
with slight oxygen layer dislocation in the crystal structure of NFMO, resulting in octahedral
phase. During reduction, the octahedral phase is converted back to hexagonal phase.””® These
voltage plateaus associated with phase transitions are in good agreement with the corresponding

charge-discharge curves.

(a) 45 (b)eoo

o0
51:_ ‘Q"ﬁw.— e p—

4.0 4

‘- E » NFMO NF
2 a5, 2140 e NFMO NP
o
z m
- ——NFMONF 1"cycle | 2 120 .
£ 304 \ —— NFMO NP 1" cycle o
s Vo - - NFMONF 80" cycle | & 1007
- = NFMO NP B0™ cycl ]
% . ot O NP B0™ cycle '§ 80 4
° 1% eycie T go
g 20 £
0 % 40
S &
B0° cycie ¥ v
- 5 A 204
T T T T T T T T ; ' . . T T T T
1] 20 40 60 B0 100 120 140 160 180 200 0 10 20 a0 40 50 &0 T0 80
Specific capacity (mAh g”) Cycle number (n)
(c)2e (d)
Py, P i 0.4 4 26V NFMO NF
f___.w Sgnay #— NFMO NF ’ —— NFMO NP
< 180 %y 4 o0sC i *— NFMO NP 0.1C 0.3 4
E 160 ] LYY | penn
= T—r " 4.1V
.g 140 ] .:III': ¢ . 7 —
*8 1
& 120.] T ennunn meg, B o
o seeeg sC | 1= %1
&‘m- smmme ! E
8 80.] ! 5 0.0+
g | [TT L] o
= ] ony P
E - eSS snnnnn 0.1
s a0 -
a - 8§ 0.2 4
& 0
0 T T T T 03 : T T T T T
1] 5 10 15 20 25 30 35 40 1.5 20 25 3.0 as 4.0 45
Cycle number (n) Voltage (V) vs. Na/Na*



Figure 3. (a) Charge-discharge curves of NFMO NF and NP at the initial and 80" cycles at the
0.1 C current rate; (b) corresponding cycling stability; (c) rate performance; and (d) cyclic
voltammograms of NFMO NF and NP at the scan rate of 0.1 mV s™'. The voltage range is 1.5-

4.2V.

Various reasons are proposed for the improved electrochemical performance of the NFMO NF
over that of NFMO NP. During the calcination of the as-spun nanofibers, NFMO nanocrystallites
are formed at localized sites along the direction of fiber growth [schematic illustration in Figure
4(a)], which is also evident from HR-TEM and SEM analyses [see Figure 3(b-c)]. Such
hierarchical growth of nanofibers thereby prevents sintering and self-aggregation,”° whereas
nanoparticles without a well-defined morphology have a tendency to self-aggregate, as shown in
Figure 4(b). Thus, 1D NFMO nanofibers take advantage of their large effective contact area and
consequent better wettability with the electrolyte during cycling, which significantly contributes
to improved performance. In addition, the charge transfer kinetics in the active material also
influences the electrochemical conductivity. NFMO NFs display well-guided transport
behaviour, with long mean free paths of charge carriers (Na-ions and electrons), as shown in
Figure 4(a), which improves the electronic and ionic conductivities. The proposed mechanism is
evident from the electrochemical impedance spectroscopy (EIS) studies and ex-situ SEM
analysis, as shown in Figure S4(a-b) and S5(a-b), respectively. EIS measurements were
performed to understand the conductivity profiles of the NFs and NPs. The Nyquist plots present
the lower charge transfer resistance of 47 { for NFMO NF when compared to that of NFMO NP
(140 Q) before cycling, and the same trend is followed even after 80 cycles. Ex-situ SEM
analysis of both electrodes after 40 cycles revealed the excellent structural stability with well-

defined hierarchical structure of the NFs and the self-agglomeration of NPs, as shown in Figure

10



S5. Further studies relating to the improvement of rate performance at very high current rates and

understanding the interfacial properties need to be conducted.
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Figure 4. Formation mechanism and charge transfer pathways in (a) hierarchical NFMO NF and

(b) NFMO NP.

To summarize, structurally stable P2-type Nay;s(Fe;»2Mn;,)O, hierarchical nanofibers were
fabricated by electrospinning. The hierarchical arrangement is formed during the calcination
from ordered stacking of nanocrystallites along the direction of fiber growth. These nanofibers

showed enhanced electrochemical performance in SIBs, with an initial discharge capacity of

11



~195 mAh g and improved cyclability with capacity retention of 86.4% over 80 cycles. These
hierarchical structures are unique in terms of being well-interconnected for charge conductivity
and well-guided diffusion pathways. Such hierarchical nanofibers could be one of the potential

cathode candidates for SIBs.

ASSOCIATED CONTENT

The Supporting Information consists of an experimental section with characterization
techniques, fiber diameter and particle size distributions of NFMO NF and NP, respectively, with
an SEM image of NFMO NP. It also includes the charge-discharge behavior of NFMO NF and
NP at various rates, electrochemical impedance plots and ex-situ SEM images of NFMO NF and
NP after 20 cycles. This material is available free of charge via the Internet at

http://pubs.acs.org.”
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Experimental:
Preparation of Nayz(Fey2Mny2)O, nanofibers and nanoparticles

The precursor solution is prepared by dissolving stoichiometric amounts of sodium acetate, iron
nitrate, and manganese acetate (all from Sigma-Aldrich with 99% purity) in a mixed solvent of
ethanol and N,N-dimethylformamide (DMF). The selection of solvents (ethanol and DMF) is
based on their compatibility with the electrospinning process. After stirring for an hour, 10 wt. %
polyvinylpyrrolidone (PVP, 1,300,000 g/mol) is added to the resultant solution. After overnight
stirring, electrospinning is carried out at room temperature by transferring the precursor solution
into a syringe with a 21G stainless steel needle and feeding it into the electrospinning unit
(NanoNC, South Korea) at constant parameters: applied voltage: 20 kV, tip to collector distance:
11 cm, feed rate: 0.8 ml h™ and relative humidity (RH): ~25%. After electrospinning, the as-spun
nanofibrous mats are collected from the Al foil collector and calcined in a step-wise process as

follows: 1° C/min, 350°C, 2h; 2° C/min, 500°C, 2h; and 3° C/min, 900°C, 2 h in compressed-air



atmosphere. Then, the resultant Na,;s(Fe;»2Mn;2)O; nanofibers (hereafter designated as NFMO
NF) are quenched down to room temperature and stored in an Ar-filled glove box. The purpose
of the step-wise calcination process in the case of the nanofibers is to protect their structure from

collapse during the calcination process by employing slow heating rates in a step-wise fashion.

For the baseline reference sample, the same precursor solution is dried in a drying oven at 100°C
overnight and further calcined at 900°C for 2 h in compressed-air atmosphere. The thus obtained
Nay3(Fe2,Mn2)O; nanopowder (hereafter designated as NFMO NP) is quenched down to room

temperature.

Sample characterization

Structural and crystallographic properties for both NFMO NF and NFMO NP were obtained by
X-ray powder diffraction (XRD, GBC MMA) with Cu-Ka radiation. Morphological studies were
performed using scanning electron microscopy (SEM, JEOL JSM-7500, Japan) and high-
resolution transmission electron microscopy (HR-TEM, JEOL JEM-2010, Japan). Fast Fourier
transform (FFT) analysis on the HR-TEM images was performed using digital micrograph
software. The fiber diameter and particle size distributions were calculated using Imagel
software. For ex-situ SEM characterization after 40 cycles, the coin-cells of NFMO NF and NP
were disassembled in a glove box, washed three times with diethyl carbonate (DEC), and dried
in the glove box. The thus obtained samples were characterized with SEM, and the

corresponding images are shown in Figure S5(a-b).

Electrochemical characterization

The electrochemical properties of the as-prepared samples were evaluated in CR2032 coin-cells

assembled in an Ar-filled glove box (MBraun, Germany) in the half-cell configuration. Both the



NFMO NF and the NFMO NP cathodes were prepared by milling the active material with carbon
black (Super P, TIMCAL, Switzerland) and polyvinylidene fluoride (PVDF) (80:10:10) with N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) in planetary mixer (Kurabo Mazerustar, Japan).
The resultant slurries were coated on Al current collectors by traditional doctor blading and dried
in a vacuum oven at 120°C overnight. The coin-cells were assembled using Na disks (Sigma-
Aldrich, USA) as counter electrode, porous glass fiber (Milli pore, Australia) as the separator,
and 1M NaClO, in propylene carbonate (PC) as the electrolyte, with 2 wt.% fluoroethylene
carbonate (FEC) as an additive. The FEC electrolyte additive acts as a stabilizing agent for the
solid electrolyte interphase (SEI) film and helps in improving the Na-ion intercalation/de-
intercalation kinetics and thus the cycle life as shown in Figure S7.'% Galvanostatic charge-
discharge behaviour was investigated using an automatic battery analyzer (Land, China). A
Biologic VMP3 electrochemical workstation was used to collect cyclic voltammograms (CVs)
and Nyquist plots. The CV curves were collected with the scan rate of 1 mV s™' and Na-foil as
the counter electrode, while the impedance Nyquist plots were collected in the frequency range
of 100 kHz to 100 mHz at open circuit voltage. Since this NFMO material is highly sensitive to
moisture/air, all the post-synthesis characterizations of both samples were conducted under
highly controlled inert conditions. In order to understand the stability of this material in
air/moisture, XRD patterns were collected for three successive weeks after exposing the material
to air/moisture, as shown in Figure S6. This reveals the structural degradation with time and

possibly the formation of some by-products due to the high reactivity of Na with air/moisture.
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Fig. S1: Fiber diameter size distribution of NFMO NF (a) as-spun and (b) heat-treated.
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Fig. S2: (a) SEM image of NFMO NP and (b) particle size distribution
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Fig. S3: Charge-discharge curves at various current rates measured in the voltage range of 1.5 -

4.2 V for (a) NFMO NF and (b) NFMO NP.
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Fig. S4: Electrochemical impedance spectroscopy Nyquist plots of NFMO NF and NFMO NP

(a) before cycling (inset: highly magnified region of plot) and (b) after cycling, with all plots

collected at open circuit voltage (OCV) in the frequency range of 100 kHz to 100 mHz.

Fig. S5: Ex-situ SEM images of (a) NFMO NF and (b) NFMO NP after electrochemical cycling.
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Fig. S6: XRD patterns of NFMO after exposure to moisture /air for three successive weeks.
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