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HIGHLIGHTS GRAPHICAL ABSTRACT

e Nag 44MnO;, (NMO) cathode synthesized
via modified autocombustion method.

o Sheet-to-rod evolution in NMO with
sodium-ion diffusion pathways
elucidated.

e NMO-NFM blend shows synergistic ef-
fect with higher rate capability.

¢ NMO composite-hard carbon full cell
assembled and tested at 1C.
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ARTICLE INFO ABSTRACT
Keywords: Nag.44MnO2(NMO) powders are synthesized by auto combustion. At lower calcination temperature, carbo-
Tunnel-structured N30444Mn02 thermal reductive environment preserves lamellar Birnessite type slab of NMO. A stress induced mechanism is
Layered-structured Na(Niy/3Fe1/3Mn1/3)02) proposed to explain the splitting of the lamellar nanosheet to NMO rods. TEM analyses confirm that the diffusion

Auto combustion synthesis
Composite cathode
Sodium-ion full cell

distance for Na™ ion extraction is much shorter than the growth direction to facilitate the extraction of Na* from
NMO lattice. Due to facile extraction of Na* ions, remarkable 1st charge capacity ~96 mAhg ™! is obtained in
NMO cathode. Composite of NMO and TiO3 coated Na(Ni; 3Fe;,3Mnj,3)O2 (NFM) is made as a novel cathode for
Na ion rechargeable cells. At 1C the discharge capacity of 0.7 NMO-0.3 NFM composite is reported to be 113
mAhg~! with a capacity retention of ~80 % after 100 cycles. The composite cathode also exhibits superior rate
performance with a discharge capacity ~66 mAhg ! at 15C rate. In a voltage window of 1.0-4.0V, the discharge
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capacity of hard carbon and 0.7NMO — 0.3NFM full cell is measured to be 133 mAhg ™! and 109 mAhg ™! at 0.1
and 1C respectively. After 100 cycles, at 1C rate, we have reported 80 % capacity retention of the full cell.

1. Introduction

Significant research activities are being pursued on a variety of
materials as positive electrodes for sodium ion rechargeable cells. These
materials can broadly be classified into transition metal oxides, poly-
anionic compounds, Prussian white/Prussian blue analogue, and
organic cathode materials [1]. Among these classes of materials
manganese-based sodium manganese oxides (NayMnO;, 0 < x < 1.0)
have found to be attractive because of the abundancy of cheaper man-
ganese precursors. When 0.22 < x < 0.44, NayMnO, crystallizes into
tunnel structure (TS), whereas 0.66 < x < 1.0 results fully layered
structure (LS). However, a mixer of TS and LS is formed when 0.44 < x
< 0.66.

One of the major drawbacks of the tunnel structured NMO is that
yields lower charge capacity. Schematic crystal structure of Nag 44MnO2
(NMO) (analogue of NazMngOjg) is shown in Fig. S1 (a) of the sup-
porting document which marks three Na™ positions (Nal, Na2, and Na3)
and five Mn ion positions Mn1, Mn2, and Mn5 (Mn4+),Mn3, Mn4 (Mn®*)
in NMO cell. In a voltage window 4.0-2.0 V Na/Na*, sodium ions can
reversibly be de-inserted/inserted (during charge/discharge respec-
tively) mostly from Na2 and Na3 crystallographic sites. Although Na2
and Na3 can accommodate more Na' ions [2,3], maximum up to 0.22
Na " can be extracted during 1% charge. Therefore, the 1% charge ca-
pacities have always been reported <60 mAhg™! in various recent
literature reports [4-6]. Due to such low first charge capacity, hard
carbon-NMO-based full cell charge capacity has been reported to be
only 36 mAhg’1 [7]. It remains therefore of prime importance to in-
crease the 1st charge capacity of NMO and we have categorized various
strategies adopted in literature to increase its 1st charge capacities.
These strategies are (a) presodiation [8], (b) adaptation of engineered
synthesis, (¢) doping Mn ions with suitable cations. However, process
complexities and optimization of pre-sodiation time render it difficult
for roll-to-roll coating during cell making [9]. D.Wang et al. [10] has
reviewed the synthesis routes to make TS type NMO. Along with solid
state and solution-based routes, specialized synthesis, including but not
limited to electrospinning, spray pyrolysis, solution combustion and
molten salt-based techniques, have also been used. However, in these
reports, either the 1st charge capacities not explicitly been reported or it
has been reported to be < 60 mAh/g.

In NayMnO; (0.22 < x < 1.0), crystallization of tunnel structured
material is preferred over layered structured cathode due to the mois-
ture insensitivity of the later. Thus, due to its moisture sensitivity, poor
electrochemical stability, especially upon repeated cycling, has been
reported in layered type Na,MnO,. As compared to layered structure,
NMO with tunnel structure is preferred for its lower moisture sensitivity
and facile Na' ion extraction. However, stringent composition control
(0.22 < x < 0.44) is required for the crystallization of NayMnO,
(analogue NasMngOsg) into tunnel structure (TS). It is well known that
when 0.66 < x < 1.0, fully layered structure (LS) crystallizes, whereas
when 0.44 < x < 0.66 a mixer of TS and LS results.

To improve the rate performance of pure NMO, optimization of
synthesis parameter found to have immense influence. Solution
auto—combustion has been reported to be highly effective to synthesize
tunnel structured Nag 44MnO-. In auto combustion synthesis one can
tune the phase purity, morphology, tunnel structure, and length:
diameter (L/D) ratio of the synthesized nano-rods to yield superior
electrochemical performances. Thus, by optimizing the fuel: oxidizer
ratios though higher capacity ~100 mAhg ™" is reported at 4C even after
300 cycles for solution combustion synthesized Nag 44MnO, [11]; its 1%
charge capacities remained low (<60 mAhg’l). Single or dual dopant
induced TS to LS ©phase transition (for example in

Nag.44Mng.94Wo.01Alp 0502) has been reported to enhance reversible as
well as 1% charge capacity and smoothen the resultant voltage transient
by suppressing the Na™ ion vacancy ordering upon cycling. [12]. Thus,
the reversible capacities of both W and Al co-doped NMO are reported
to be much higher (~150 mAhg ! measured at 1C) and as compared W
doped NMO (85 mAhg™'). The layered structured Al/W co-doped
cathode yields superior capacity retention (121 mAhg ™, i.e 80 %) after
200 cycles measured at 1C. We feel that yielding higher capacity uti-
lizing the dopant induced tunnel to layer structural conversion is not an
ideal strategy to improve the overall performance of Nag44MnO;
cathode.

In the present work we have proposed a mechanism of the formation
of tunnel structured NMO prepared using auto—combustion synthesis. By
optimizing the fuel: oxidiser ratio during auto-combustion synthesis, we
provided a mechanistic view to achieve superior 1% charge capacity of
the synthesized NMO due to the facile extraction of Na* ions not only
from Na2 and Na3 crystallographic sites but also at least part extraction
from otherwise inactive Nal sites confined in pentagon type regions.
Limited attempts have been made to make composite of NMO with other
cathode materials to improve the 1% charge capacities of NMO. The use
of composite strategies that integrate different materials has been
extensively investigated as an effective means to enhance the overall
performance of electrode materials [13-16].Thus, Liu et al. reported
that in Prussian blue analogue NajyFe(Fe(CN)g) (PBA) — Nag 44Mng gs.
Tip.1502 (NMTO) composite (20:80 M ratio) [17], 18t charge capacity in
half - cell configuration is ~95 mAhg'1 (measured at C/10 rate). At same
rate the 1% charge capacity of Nag 44Mng g5Tig.1502 Was reported to be
only ~55 mAhg!. The improvement in 1% charge capacity in
PBA-NMTO composite was explained to be due to a novel sodium
compensation strategy. In another study, Nagp44MnOs — NasMnsO;
(31:69 phase ratio) heterojunction was prepared using
microwave-assisted solution synthesis [18]. The 1% charge capacity of
the composite was reported to be ~125 mAhg™ (@200 mAg™). How-
ever, in most of these studies, full cell characteristics of the composite
cathodes have not been reported [18,19]. In view to this we thought it
will be fruitful to find a suitable strategy to increase the 1% charge ca-
pacity above the usual charge capacities reported in tunnel type
Nag 44MnO; cathode in a half cell configuration; avoiding the tunnel to
layer phase transition. Doping in layered oxide is found to be an efficient
strategy to improve the electrochemical performance of parent mate-
rials. Thus, the electrochemical performance of NaCrOs is found to be
grossly improved by Ni?* doping [20]. Incorporation of Ni®*, and Fe>*
in NaMnOs, replacing part of Mn>*, also yield superior electrochemical
performances [21]. Thus, to further enhance the 1st cell charge capacity,
we propose to investigate the electrochemical performance of tun-
nel-layer composite cathode (viz. 0.7 Nag44MnOy; (NMO) — 0.3 Na
(Nij s3Feq 3Mnj/3)02)(NFM)) prepared by a mixing route. The schematic
crystal structure of NFM is shown in Fig. S1(b) of the supporting docu-
ment. The composite formation is expected to be beneficial for both the
constituents. First, auto—combustion synthesized NMO favors facile Na™
diffusion to improve rate performance and in conjunction it acts as pillar
to retard structural degradation of commercial TiOs coated NFM upon
prolonged cycling. In addition, NFM, depending on its contents raise the
nominal voltage and capacity to increase the energy density of com-
posite cathode as compared to the NMO counterpart. It is expected that
the 1% charge capacity of the NFM half—cell would further be increased
as compared to the NMO half-cell. To the best of our knowledge, the
strategy of making a composite of TS NMO and LS NFM has not yet been
reported. In addition, we have also demonstrated the electrochemical
characteristics of hard carbon —Nag 44MnO, based full cell in CR2032
coin cell configuration. Such full cell characteristics have hardly been
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reported.
2. Experimental
2.1. Powder synthesis

Auto combustion synthesis was adopted to prepare Nag44MnOy
powders. The precursors, sodium nitrate and manganese acetate, were
used as received. To prepare a 5 g batch, a stoichiometric amount of the
precursors was dissolved in deionized water with continuous stirring.
Manganese acetate was converted to nitrate by adding nitric acid to the
aqueous solution. The conversion reaction is as follows:

Mn(CH3COO); + 2HNO3 — Mn (NO3); + 2CH3COOH [1]

In the auto-combustion synthesis, nitrate salts are preferred as
effective oxidizers. Citric acid was used as fuel. The pertinent reaction is

0.44 NaNO3 + Mn (NO3)3 + n CgHgO7 + (4.5n - 2.66) Oz — Nag 44MnOo
+ 6n CO2t +4n Hy0 + 1.22 Nat [2]

The value of ‘n’ (moles of citric acid), can be adjusted to control the
fuel to oxidizer ratio (f) during auto combustion synthesis. The surface
morphologies are reported to be controlled by changing the value of f
[11]. In the present work f is selected to be 1.11 and moles of citric acid
(n) is used to be 1.6. Use of excess fuel is expected to act as an extra
carbon source to induce carbothermal reductive environment during
powder synthesis. As has been explained later, the reductive environ-
ment is beneficial to preserve lamellar Birnessite-type slab even after
high-temperature calcination. Subsequently, ethylene glycol (1:2 M
ratio of the oxidizers) was added to the solution, which acts as a stabi-
lizing agent to ensure uniform mixing of the constituent ions. The
resultant solution was continuously stirred at 80 °C for 45 min. The
temperature was further increased to 120°C to form a clear gel. The
heating was continued further to initiate auto combustion of the gel to
form fluffy black powder. The powder was calcined at 900°C for 12 h to
form crystalline Nag 44MnO2 powder.

To make composite cathode, 70 wt % tunnel-type calcined
Nag 44MnO, powder was mixed with 30 wt % commercial TiO, coated
layered (O3 type) NaNi; sFe;,3Mn;,302 powder. Initially this powder
was hand mixed in a mortar pestle. The hand mixed powder was mixed
again in a vacuum mixer (MSK-SFM-07, MTI Corporation, USA) for 1 h.

2.2. Material characterization

X ray diffractograms of cathode powders were recorded using a
powder diffractometer (Empyrean, Malvern Panalytical, UK) employing
Cu Ka radiation. The surface morphology of the cathode powders was
investigated using a FESEM microscope (Gemini 500 series, ZEISS,
Germany) employing electron gun voltage of 5 kV, and a secondary
electron in-lens detector. Energy dispersive X-ray spectroscopy was
performed for compositional analysis of the cathode powders. The
crystal structure analysis was carried out using high-resolution trans-
mission electron microscopy. The powder Nag44MnO2 samples were
dispersed in isopropanol through a sonication in a bath sonicator for 30
min. A 20 pL drop of the dispersion was suspended on a carbon coated
400-mesh Cu grid followed by drying of the grid in vacuum oven for 6 h.
Once dried, the sample was subjected to imaging in a 300 kV double-
corrected JEOL Grand ARM microscope fitted with an EDS detector.

2.3. Electrochemical characterization

Electrochemical characteristics of the synthesized Nag 44MnO, and
0.7Nag 44Mn0O,-0.3Na (Nij/3Fej/3mn1,3)02 composites were investi-
gated by fabricating CR2032 type coin cells both in half - cell (using Na
negative electrode) and full — cell (using hard carbon negative electrode)
configurations. For making electrodes a slurry was prepared by vacuum
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mixing of 80 wt% active material (cathode/anode powders), 10 wt%
carbon black (conducting agent) and 10 wt% polyvinylidene fluoride
(binder) dissolved in N-methyl pyrrolidone (NMP) solvent. The slurry
was coated on aluminum foil using a commercial tape casting unit (BS-
AFA-II, ZHIK Energy, China).The coating was dried overnight in a vac-
uum oven kept at 80°C. Electrodes (® ~ 20 mm) were cut using a disc
cutter and CR2032 type coin cells were fabricated inside a moisture and
oxygen controlled (<0.5 ppm) glove box (Labstar, MBraun Inc., Ger-
many). In half-cell configuration Na was used as negative electrode; in
full cell configuration we have used hard carbon electrode to make the
coin cells. The negative electrode was tape cast on aluminum foil using a
slurry made of 93 wt% hard carbon powder (Kurray type 3 commercial
grade), 3.5 wt% carbon black, and 3.5 wt% PVDF binder dissolved in
NMP. 1M sodium hexafluorophosphate (NaPFg) salt dissolved in
diglyme (DG) was used as electrolyte. A Celgard 2400 polypropylene
membrane, soaked in electrolyte served as the separator.

The cyclic voltammetry of the electrodes in half — cell configurations
were measured employing a voltage scan rate ranging 0.05 mVs ! t00.7
mVs~! using a potentiostat — galvanostat system (BCS -815 Series, Bio-
logic, France). Using a battery cycler (CT-4008Tn, Neware, China),
galvanostatic charge-discharge measurements were performed in the
voltage range of 2.0-4.0 V for the half-cell and 1.0-4.0 V for the full cell.
The same equipment was also used to characterize the cycleability and
rate performances of half and full cells.

3. Results and discussion
3.1. Structure and growth analyses

Fig. 1 shows the X-ray diffraction patterns of (a) Nag 44MnO3, (b)
commercial TiOy coated Na(Nij/sFejsMn;/3)02, and (c) 0.7
Nagp 44Mn02-0.3 Na(Nij/3Fe;,3Mn;,3)O2 composite powders. The
orthorhombic sodium manganese oxide (space group Pbam) diffraction
peaks (Fig. 1(a)) are indexed with JCPDS card No. 27-0750. The space
group of layered sodium nickel iron manganese oxide is R3-m and it is
indexed with JCPDS card No. 25-0819 (Fig. 1(b)). The XRD pattern of
0.7 Na0_44Mn02 —0.3Na (Ni1/3Fe1/3Mn1/3)02 composite powder (Fig. 1
(c) is indexed in accordance with Fig. 1(a) and (b). In Fig. 1(c) the
diffraction peaks from the tunnel type NMO phase are marked with
asterisks. Unlike reported by others for auto-combustion synthesized
Nag 44MnO; [11] our NMO powder is phase pure and free from Mn,03
impurity phase (JCPDS 71-0636). This indicates proper stoichiometry
control of Na/Mn atomic % obtained by optimizing the fuel: oxidizer
ratio during auto — combustion synthesis.

Fig. 2 (a) shows the surface morphology of calcined Nag 44MnO;
powder. The morphology resembles solid rods of different L/D ratios. He
et al. [22] postulated that as compared to such unidimensional particles,
growth of thinner bi-dimensional Birnessite nanoplates, grown
perpendicular to the facile Na™ ion extraction/insertion pathways, yield
lower surface defect concentrations, increase tap density (for uniform
electrode coating on current collector) and faster Na™ ion diffusion to
increase the rate performance. Li et al. [23] claims that Birnessite
nanoplate has layered structure, formed of edge shared MnOg octahedra
layers with Na™ cations (and HoO molecules) occupy interlayer space.
Goff et al. [24] reported that during sol — gel synthesis of lamellar Bir-
nessite (composition Nag 45MnO3 14,0.76H20, formed at temperature
<400°C) is transformed into a tunnel structure (composition Nag 45M-
nO) go) at calcination temperature >600°C.Using a citric acid based wet
chemical synthesis Xu et al. [25] also reported the formation of solid rod
like morphology of Nag 44MnO, calcined at 900°C for 15 h. They termed
it as “ultra-long Nag 44MnO; submicron slab of >20 pm length, 1 pm
width and 0.1-0.2 pm thickness. He et al. [22] reported a template
assisted sol-gel route to yield thinner lamellar Nag 44MnO5 slabs. Poly-
styrene was used as extra carbon source to induce carbothermal
reductive environment to preserve lamellar Birnessite type slab even
after high temperature calcination.The magnified image of calcined
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Fig. 1. X-ray diffraction patterns of (a) Nag 44MnOs, (b) commercial TiO, coated Na(Ni; 3Fe;,3Mn;,3)05, and (c) 0.7 Nag 44MnO, — 0.3 Na(Ni; 3Fe; ,3Mn; 3)02
composite powders. The diffraction peak positions of orthorhombic sodium manganese oxide (space group Pbam) (JCPDS card No. 27-0750) and rhombohedral
layered sodium nickel iron manganese oxide (space group R3-m) (JCPDS card No. 25-0819) are also marked.

Nag 44MnO;, rod, synthesized in the present work, is shown in Fig. 2(b).
The magnified image clearly shows that even after high temperature
calcination the remaining of lamellar Birnessite is still visible in the
micrograph. The conversion mechanism of lamellar Birnessite to tunnel
structured Nag 44MnO; solid nanorods is not well understood and we
feel that in many of the reports, the growth mechanism has been mis-
interpreted. In many of reports, [001] direction (along the length of the
nanorod) has been reported as favorite direction for crystal growth [26,
27]. Had the growth direction been parallel to the direction of S shaped
channel of Na* ion extraction/insertion, the long distance of the Na™*
diffusion pathway would significantly deteriorate the rate performance
[22]. Contrary to the popular notion of the growth of nanorod along
[001] direction, we propose alternate growth mechanism of nanorods as
observed in Fig. 2(a). The nanorod formation occurs from the lamellar
Birnessite; formed as an intermediate phase during low temperature
calcination (see Fig. S2 of the supporting document). As shown in Fig. S2

(a), after auto combustion, large shaped lamellar regions are identified.
In some regions of such lamella growth of nanocrystalline particles is
apparent. When calcined at 400°C, growth of particles in these lamellar
regions is readily identified (Fig. S2 (b)). With further increase of the
calcination temperature (600°C), nanorods form from these lamellar
Birnessite (Fig. S2 (c)). Some particulate regions are still visible in
Fig. S2 (c). With further increase of calcination temperature 900°C
nanorods are found to be delineated from the lamellar Birnessite (Fig. S2
(d)). In line with the schematic reported in Ref 25, the growth direction
of these nanorods is along [010] (marked as b axis in Fig. 2(b)) whereas
the Na' extraction/insertion would occur along [001] which would be
much shorter than the growth length (estimated L/D ratio of the shown
nanorod is ~6).

The low magnification TEM image of the rods is shown in Fig. 3 (a).
HRTEM imaging on a rod readily ends up on [001] zone axis, as shown
in Fig. 3 (b), with fringe spacings of 3.2 A and 4.5 A, respectively
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(b) o

Fig. 2. Surface morphologies of (a) Nag 44MnO, powders calcined at 900°C for
12 h. (b) Magnified image of the calcined powder showing the Birnessite
nanoplate. The growth direction of the nanorod is along ‘b> axis, whereas Na™
ions diffuse along ‘c’ axis marked. The splitting of a nanorod from the nano-
sheet is also marked in the micrograph.

corresponding to the (080) and (200) planes. Between the two, the (080)
planes are stacked along the growth direction of the rod, thus depicting
[010] or the b-axis to be the growth axis. This is not too surprising, as the
orthorhombic Nag 44MnO; structure has a large anisotropy along the b-
direction. In selected area electron diffraction, as shown in Fig. 3 (c), the
obtained pattern is readily on the [001] zone axis, (similar to that of the
HRTEM image.). The synthesized rods have a dark contrast, depicting its
thickness. Moreover, the HAADF-STEM image shown in Fig. 3 (d), in
conjunction with the low-magnification image, hints towards the
layered structure of the rods along the viewing direction. The EDS
analysis, done at different locations of the sample shows presence of Na,
Mn and O in the sample (Fig. 3 (d)). The atomic concentration of Na/Mn
is 0.43:1.0, and O/[Na + Mn] is estimated to be 2.22 using STEM — EDS.

As postulated by Li et al. [23], a stress induced mechanism can
explain the splitting of the lamellar nanosheet (marked in Fig. 2(b)) to
Nag.44MnO; nanorods of various L/D ratios. As mentioned earlier, dur-
ing solution-based synthesis lamellar Birnessite formed as intermediate
phase at temperature <400°C. During high temperature calcination
Mn>* ions of Birnessite phase undergo a disproportionate reaction to
form Mn*" and Mn®" ions. Mn?* ions and oxidized during calcination in
air ambient to form shared MnOg octahedra and the induced strain
weakens the Birnessite layers. Eventually, as shown in Fig. 2(b), due to
the in-plane stress, high energy density of defects and stacking fault the
nano sheet splits into nanorods. As marked in Fig. 2(b), nanorods are
shown which is almost split from the nanosheet structure but still
adhered to it. The growth direction of the sheet is different from the
direction of Na* extraction/insertion. The diffusion distance for Na* ion
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extraction is much shorter than the growth direction to facilitate the
extraction of beyond 0.22 Na™ from Nag 44MnO; lattice. It is therefore
expected more than 60 mAhg ™! capacity may be achieved from auto —
combustion synthesized sodium manganese oxide.

3.2. Electrochemical performance of Nay 44MnO2

Fig. 4 (a) shows the cyclic voltammograms of Nag 44MnO; recorded
after the completion of three charge — discharge cycles (forming cycles)
measured in the voltage window of 2.0-4.0 V using voltage scan rates of
0.05-0.7 mVs ™. Like other literature reports, appearance of six pairs of
redox peaks denote different extraction/insertion steps of Na™ ions from
three different crystallographic locations (Nal, Na2, and Na3) of
Nag 44MnOy, lattice. For all these recorded CVs marginal voltage differ-
ence (AV) between oxidation and reduction peaks are indicative to
lower polarization effect [25]. Chae et al. [28] tried to understand so-
dium storage mechanism in NMO by powder X-ray Rietveld refinement
and Fourier synthesis map analysis in conjunction with
bond-valence-sum-difference maps (BVSMs) and barrier energy cal-
culations based on density functional theory (DFT). Electron densities
obtained by Fourier synthesis of XRD data helped them to identify Na*
ion insertion content range from different crystallographic sites. Further
using BVSMs in conjunction with DFT calculations Nal-Nal (386 meV)
diffusion energy barrier was found to be much higher than Na2-Na2
(216 meV), Na2-Na3 (241 meV) or Na3-Na3 (194 meV) diffusion en-
ergies. It is therefore postulated that Na2 and Na3 sites have major
contribution for the redox reactions shown in the cyclic voltammogram
as compared to Nal sites. Considering Nal sites are confined in
pentagon type region and Na2 and Na3 sites are withing ‘S’ type tunnel
(see Fig. S1(a)), a hopping mechanism of Na™ ion transport might still be
possible between Nal-Nal sites, as compared to easier diffusion path-
ways in the ‘S’ type tunnel. Corresponding to each of the reduction peaks
of CVs, using Randles — Sevcik relation, we have estimated the corre-
sponding slopes from the linear fit of the reduction peak currents and
square root of the used CV scan rates (Fig. S3). The highest slopes of the
linearly fitted curves indicate the Na™ ion extraction from either Na2 or
Na3 crystallographic sites, whereas the lowest slope might indicate
extraction from Nal crystallographic sites.

Fig. 4(b) shows the charge discharge profiles of Na—Nag 44MnO half-
cell at 1st and 4th charge — discharge cycles measured at C/10 rate. It is
remarkable to achieve 1st charge capacity ~96 mAhg~! which is
thought to be facile diffusion (due to shorter diffusion distance as
marked and explained in Fig. 2(b)) of Na2, Na3 and probably from Nal
site as well. The electrochemical reaction corresponding charge can be
estimated as

Nag 44MnOy — Nag goMnO5 + 0.35e™ + 0.35Na™ [1]

Estimating the slopes from Randles — Sevcik analyses (outlined in the
preceding paragraph) tallying it with the measured discharge capacities;
we have marked range of Na™ ions inserted at corresponding crystallo-
graphic sites of NayMnOy positive electrode. The tentative electro-
chemical reactions during each plateau of the discharge profile have also
been marked in Fig. 4(c). Table 1 compare the electrochemical perfor-
mances of prepared Nag 44MnO, with the ones reported in recent liter-
atures. Facile synthesized Nag 44MnO> of the present work exhibits good
electrochemical performance.

3.3. Electrochemical performance of Na (Nij, 3Fe;,3Mn;j,3) Oz

Na layered oxides are classified P2 or O3 type depending on Na ion
coordination (P = prismatic and O = octahedral) and oxygen stacking
sequence (2 = ABAB ....and 3 = ABCABC ....) [29]. The X-ray diffrac-
tion pattern (Fig. 1(b)) is found to be phase pure. The charge-discharge
characteristics of commercial TiO, coated Na(Nij 3Fe;/3Mnj/3)02
(NFM) has been shown in Fig. 5. The cycleability of NFM is shown in the
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Fig. 3. (a) Low magnification TEM image of the synthesized Nag 44MnO, microrods (b) HRTEM of a single rod shows the planar spacings of 3.2 A and 4.5 A,
respectively corresponding to (008) and (200) planes - confirming the growth direction to be the [010], perpendicular to the (080) planes; (c) SAED pattern recorded
from a thinner rod readily ends up on a [001] zone axis, with the spots corresponding to (0b0) and (a00) planes; (d) shows the HAADF-STEM image and the elemental

EDS maps of Mn, Na and O.

inset of Fig. 5. The theoretical capacity of NFM is estimated to be 240
mAhg ™!, As shown in Fig. 5, in the voltage window of 2.0-4.0 V, at C/10
rate, the reversible discharge capacity is measured to be 133 mAhg ™!
which corresponds to about 0.55 mol of Na * ion insertion. This is
consistent of recent literature report. In this voltage window, the
discharge capacity contributions are from Ni2*/Ni*" and Fe3*/Fe**
redox couples [30]. As shown in the inset, at 1C the discharge capacity
drops down to 86 mAhg ™!, however, the capacity fades marginally till
50th charge — discharge galvanostatic cycling.

3.4. Electrochemical performance of 0.7 Nag 44MnOg — 0.3 Na(Niy3Fe;,
3Mnj,3)O2 composite

The 1* and 10 cycle charge — discharge data of 0.7Nag 44MnO, —
0.3Na(Nil/3Fe1/3Mn1/3)02 (0.7NMO - 0.3NFM) is shown in Fig. 6(a).
The 1% cycle charge capacity of the composite is measured to be 113
mAhg~!. Considering the 1% cycle charge capacity of NMO and NFM are
96mAhg™! and 133 mAhg~!, the 1st cycle charge capacity of the
0.7NMO-0.3NFM  composite  should be ~107 mAhg™!
(=0.7x96+0.3x133 mAhg™1). Thus, the measured capacity is margin-
ally higher than the theoretical estimation for the composite cathode.
The cycleability of the composite is shown in Fig. 6(b) measured at 1C
rate. The capacity retention after 100 cycles is ~89.5 %. The char-
ge—discharge profiles of the 10th, 50th and 100th cycles are shown in the
inset of Fig. 6(b). Good reversibility is apparent in the shown figure. The
rate performance of the composite in 3 C-15 C rate is shown in Fig. 6(c).
The discharge capacity in 15C rate is reported to be ~66 mAhg™'. A

synergetic effect of NMO-NFM blended cathode materials on sodium ion
transport for improved power performance is apparent. Thus, like that
performed by Wu et al. [31], using Eqn. (1), we have calculated the
capacity (Qc) and compared with the measured capacity (Qp,) of the
blended cathode in half-cell configuration (see Table 2). Note that with
the increase in rate (0.1C-1C), the difference of Q, and Q. is increased.
This suggests a synergic effect in composite cathode.

(Mmoo ™ Qumo + Mnenvt™ Quient)
(Mamo + Myrm)

Q =

= XQumo + YQnrm (@)

The synergetic effect becomes clearer in differential capacity plots.
Thus, Fig. 7 compares the differential capacity plots of NMO and
0.7NMO - 0.3 NFM measured at (a) 0.1C and (b) 1C rate. For pure NFM
the differential capacity plot is shown at the inset of Fig. 7(a).
Comparing the differential capacity plots at 0.1C and 1C rates, we
observe that all oxidations and reduction peaks are relatively broader
and intense in the blended 0.7NMO-0.3NFM cathode. This effect is more
prominent when the rate is increased (see Fig. 7(b)). Now consider the
5th differential capacity peaks from left (marked by small arrows).
Comparing Fig. 7(a) and (b), with the increase in rate, the intensity of
this differential capacity peak is significantly increased. Note that, as
shown in the inset of Fig. 7(a), pure NFM does not exhibit any peak at
this voltage (~3.25 V). Therefore, the increase in peak intensity of the
composite, especially higher rate is indeed due to synergetic effect of the
blended cathode. The surface morphology of the blended 0.7 NMO-0.3
NFM composite cathode is shown in Fig. 8. Since the morphology of
NMO is distinctly different from NFM, by looking at the image, it is
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Fig. 4. (a) The cyclic voltammograms of Nag44MnO, measured in the voltage window of 2.0-4.0 V using voltage scan rates of 0.05-0.7 mVs '. (b) the charge
discharge profiles of Na-Nag 44MnO, half-cell at 1st and 4th charge — discharge cycles measured at C/10 rate. (c) The tentative electrochemical reactions corre-

sponding to each plateau of the discharge profile.

Table-I
Electrochemical performance of different NMO cathodes for sodium ion battery.
Cathode Synthesis Initial Reversible Reference
materials technique charge capacity with
capacity capacity
(mAh/g) At retention
0.1C
Nag 44MnO, Solid state 115.7 110 mAh/g, [8]
method with 94.1 % over
chemical pre- 200 cycle at
sodiation 2C
Nag 44MnO, Modified solid 110 115 mAh/g, [9]
state method 75 % over 400
cycles at 1C
Nag_44MnO, Urea based auto 62 111 mAh/g [11]
combustion
Nag,44MnO, Hydrothermal 60 110.7 mAh/g [34]
Our Lab Modified auto 96 110 mAh/g
synthesized combustion
Nag 44MnO,

apparent that these two components are mixed homogeneously with the
binder in the composite cathode. Fig. 9 shows the Nyquist plots (sym-
bols) of (a) pure NMO and (b) 0.7NMO-0.3NFM composite cathodes at
fully discharged states. These Nyquist plots were fitted using equivalent
circuits shown at the insets of Fig. 9. The high frequency semicircle is
ascribed to the solid electrolyte interface layer (with resistance R2). The
intermediate frequency semi-circle originates due to charge-transfer
resistance in the cathode-electrolyte interface (R3). Constant phase el-
ements (Q2 and Q3, connected parallel to R2 and R3) represent the
depressed nature of these semicircles due to the roughness of the elec-
trodes. The low frequency tail represents Na' ion diffusion (represented
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=
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Fig. 5. The charge-discharge profile of TiO, coated Na (Ni; 3Fe;,3Mn;,3) Os

half cell in the voltage window of 2.0-4.0 V measured at C/10 rate. The inset
shows the cycleability measured in 0.1 C to 1C rate.

by Warbug impedance W4). The intercalation capacitance (C1) repre-
sents Na® ion occupation in the lattice sites [32,33]. For uniformly
blended composite, as postulated by Wu et al. [31], the two components
(NMO and NFM with resistances Rymo and Rypym) in the blend can be
assumed to be connected in parallel to yield charge transfer resistance
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Fig. 6. (a) 1°t and 10" charge-discharge profile of 0.7Nag 44MnO, — 0.3Na (Ni s3Fe; sMny /3) O (0.7NMO — 0.3NFM) composite half— cell measured at 0.1 C rate. (b)
the cycleability and Coulombic efficiency of the composite cathode measured at 1C rate. (c) the rate performance of the composite cathode measured in the range of

3C-15C rates.

Table 2
Comparison of measured and calculated capacity at 0.1C and 1C for composite
and bare NMO cathode material.

Rate of Cathode Qm(mAh/ Q.(mAh/ Qm-Qc(mAh/
discharge g) g) g)
0.1C NMO 111 -
0.1C NFM 125
0.1C 0.7NMO- 124 116 8
0.3NFM
1C NMO 98
1C NFM 82 -
1C 0.7NMO- 110 93 17
0.3NFM

(R3) (=Rnmo-Rnem/(Rnmo + Rnpwm). As shown in Fig. 9, the simulated
curve using the assumed equivalent circuit (solid line) fits quite well to
the experimental data. The fitting parameters is tabulated in Table 3.
Note that the R3 value (~9.42Q) is significantly reduced in the com-
posite as compared to its counterpart measured for pure NMO
(~34.75Q). This indicates superior Na® ion diffusion in NMO-NFM
composite cathode as compared to bare NMO.
The diffusion coefficients are estimated from the relation

Zre =R+ G(l)-l/z (2)

Where Z,. is the real impedance, o is the frequency of the voltage applied
in the EIS measurement, and R is the combination of all impedances in
the system (~R;+Ra+Rg3). Fig. 10 shows the Z, vs o 1?2 plot for (a)
NMO and (b) 0.7 NMO - 0.3 NFM composite cathodes (symbols). From

the linear fit between Z;. vs ® 172 (solid line) we extracted the slope
value o. Subsequently from the estimated slope we calculated the
diffusion coefficient (Dy) using the following relation.

. O05(RT)?

Dfp=—"7"7"> 3)
N (An2F2ca)2

Where R is the gas constant (8.314 J K’lmol’l), T is the absolute tem-
perature (298.15 K), A is the working area of cathode (1.76 cmz), nisthe
electronic transport ratio during redox process (n=1), F is the Faraday
constant (96485.33 A s mol_l), ¢ is the concentration of sodium in
Nag 44MnO, cathode(1.87 x 10~2 mol/cm®).

Dy for bare NMO and 0.7NMO-0.3NFM is estimated to be 2.7 x
107! cm?/s and 6.13 x 107! cm?/s respectively. As expected the
diffusion coefficient of Nat is indeed enhanced in the composite
cathode.

Reviewing these results, we felt that the electrochemical perfor-
mance of NMO-NFM composite needs to be investigated in full cell
configuration using hard carbon and NMO/NFM composite as negative
and positive electrode respectively. Table 4 compares the electro-
chemical performances of prepared Nag 44MnQO; with the ones reported
in recent literatures. Facile synthesized 0.7Nag44MnOy- 0.3Na(Ni;,
sFe;3Mnj/3)O2 (0.7NMO-0.3NFM) composite of the present work ex-
hibits better electrochemical performances.

3.5. Electrochemical performance of HC - 0.7 Nag.44MnO2 — 0.3 Na
(Ni1/3Fe1/3Mn1/3) 02 (HC - NMO/NFM) full cell

Limited attempts have so far been made to study the electrochemical
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Fig. 7. (a) Differential capacity plot of 0.7 NMO-0.3NFM and NMO at 0.1C rate, and the inset shows about same for pure NFM at 0.1C rate. (b) Differential capacity
plot of 0.7 NMO-0.3NFM and NMO at 1C rate.

NayMn3O; heterojunction structure using sol-gel technique. It was
claimed that such heterojunction structure was effective to improve the
characteristics of Na;Mn3Oy. At 200 mAhg ™! the initial discharge ca-
pacity of the heterojunction was reported to be 119 mAhg ™! and after
100 cycles capacity retention of 88 % was reported. At 1000 mAg ™", the
discharge capacity ~72 mAhg ™' was measured for these composites.
The full cell characteristics of these composites were not reported. Oz
et al. [6] adopted Co doping for Mn in Nag44MnO,. Optimized Co
doping yields co-existence of layered P2 phase along with tunnel type
NMO. Co substitution was also instrumental to reduce the Jahn-Teller
effect to suppress the structural degradation. The discharge capacity of
such layered/tunnel composite was found to be 90 mAhg~!. After 100
cycles at 0.3C rate a capacity retention 84 % is achieved in such com-
posite. No full cell electrochemical characteristics have been reported

gy~ "
e & 2 TR
s Catbdn bITHAWItH PUGF B3

<

Fig. 8. Surface morphology of a composite electrode consisting of 0.7NMO and
0.3NFM, made with carbon black and PVDF in an 8:1:1 ratio.

Table 3
The fitting parameters for the Nyquist plot depicted in Fig. 9. The electrical
performance of various composites made using tunnel type Nag 44MnO2 circuit is illustrated in the inset of Fig. 9.
[33]. Zhang et al. [34] §ynthe51zed ball mill derived composite 'uflpg Circuit element For Bare NMO For 0.7NNO-0.SNFM
hydrothermally synthesized Nag44MnO; and graphene. The initial
discharge capacity was reported to be 106.9 mAhg™! at 50 mA/g rate. glz {1317‘22 106 F o1 ?;gff 10-5 F so-1
After 100 charge—discharge cycles a capacity retention ~85.9 % is re- R2 15.390 23130
ported. At 500 and 1000 mAg_1 the composite yields discharge capac- 03 6.988 x 1073 F s*! 5.077 x 1073 Fs*!
ities of 89 and 78 mAhg™!. Thus, the composite is claimed to yield R3 34.75Q e 9.42Q e
superior rate performance. No full cell characteristics have been re- 2’14 102;271395 Zii?s
ported for such composite. Zheng et al. [18] synthesized Nag 44MnO,. ’ -
aj100 100
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Fig. 9. Electrochemical impedance spectroscopy(Nyquist plot) of (a) NMO and (b) a 0.7NMO-0.3NFM blend electrode.Both the spectra was measured at a frequency
range of 10 kHz to 10 mHz in coin cell format.
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plot at lower frequency region of Nyquist plot to determine the bulk diffusion coefficient (Df,) within a material.

Table-IV
Electrochemical performance of different NMO Composite or sodium ion battery.
Cathode materials Synthesis technique Initial charge capacity Reversible capacity (mAh/g) Rate performance Reference
(mAh/g) At 0.1C with capacity retention
Nag 44MnO,-Na,Mn30; Sol-gel assisted High temperature 150 mAh/g (at 1.5-4.6 278 mAh/g(at 1.5-4.6 V 72 mAh/g at 1000  [18]
sintering V Window) window) mA/g
Nag.44Mng gsTip.1502-PBA Modified solid state method and for 110 mAh/g at 0.1C 115 at 10C 60mAh/g [17]
PBA -Coprecipitation 75 % over 400 cycles at 1C
(Our lab synthesized) 0.7Nag 44MnO5- Modified Autocombustion followed 110 mAh/g at 0.1C 124 at 15C
0.3NFM Composite by composite mixing 89.5 % after 100 cycle 66 mAh/g

for these composites. Liu et al. [17] made Prussian blue analogue (PBA)—
Nag.44Mn; 4TixO» composite for its commercial adaptation. PBA acted as
complementary sodium source and offered Fe>*/Fe3" redox couples to
contribute on capacity and cycling performance. In coin cell configu-
ration full cell yields discharge capacity ~97.3mAhg™! at 0.1C.
Coulombic efficiency was reported to be 88.69 %. When cycled at 0.5C,
capacity retention of 67.36 % was achieved after 300 cycles. These re-
sults can be compared to the electrochemical performance of the com-
posite cathode based full cell investigated in the present work. The
half-cell characteristics of HC is shown in conjunction with NMO-NFM
composite (Fig. 11(a)) measured at C/10 rate. The mass balance of the
respective electrodes was done (as far as practical) to construct the full
cell. The N/P ratio, we have taken 0.9. In the voltage window between
1.0 and 4.0 V, Fig. 11(b) shows the charge discharge capacity of
HC-NMO/NFM full cell measured at 1C. As shown in Fig. 11(b), 1st
cycle charge capacity was ~112 mAhg ™! with corresponding discharge
capacity ~ 109 mAhg'. Thus, increasing rate from 0.1C (133 mAhg ™)
to 1C (109mAhg 1), the discharge capacity drops only ~ 18%. After 100
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charge — discharge cycles at 1C the discharge capacity fades to 86
mAhg~! (capacity retention ~80 %). Table 5 compares the electro-
chemical performances of prepared composite full cell with other
composites reported in recent literatures. Facile synthesized hard carbon
- 0.7Nao_44Mn02—0.3Na (Ni1/3F81/3MI11/3) 02 (0.7NMO - 0.3NFM) full
cell of the present work exhibits better electrochemical performances.

4. Summary and conclusions

By controlling the fuel: oxidizer ratio during auto-combustion syn-
thesis we have been able to induce carbothermal reductive environment
to preserve lamellar Birnessite type slab even after high temperature
synthesis of tunnel structured Nag 44MnOy powders. A stress induced
mechanism was proposed to explain the splitting of the lamellar nano-
sheet to Nap 44MnO; nanorods of various L/D ratios. Thus, during auto —
combustion synthesis lamellar Birnessite formed as intermediate phase
at temperature <400°C. Subsequently, during high temperature calci-
nation, Mn®" jons of Birnessite phase undergo a disproportionate
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Fig. 11. (a) In the voltage window of 1.0-4.0 V, half — cell characteristics of hard carbon and 0.7NMO - 0.3 NFM measured at C/10 rate. (b) charge — discharge
capacity of HC — 0.7NMO — 0.3NFM full cell measured after 1st and 100th cycles measured at 1C.
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Table -V
Electrochemical performance of different Nag 44MnO, Based full cell for sodium ion battery.
Cathode -Anode materials for full cell Synthesis technique Initial charge capacity =~ Reversible capacity with C Reference
(mAh/g) capacity retention Rate
B doped Nag 44MnO,- HC Oxalate mixture sintering 105 75 0.1C [33]
[0.8Nag 44Mng g5Tig 1502-0.2PBA ] -HC Full cell Modified solid state method and for PBA 110 97 0.1C [171
-Coprecipitation
(Our lab synthesized) [0.7Nag 44MnO,-0.3NFM Modified Autocombustion followed by 112 109 1C

Composite]-HC full cell composite mixing

reaction to form Mn*" and Mn?* ions. Mn?" ions and oxidized during
calcination in air ambient to form shared MnOg octahedra and the
induced strain weakens the Birnessite layers. Eventually, due to the in-
plane stress, high density of defects and stacking fault the nano sheet
splits into nanorods. Transmission microscopy analyses confirm the
growth direction of the sheet is different from the direction of Na®*
extraction/insertion. The diffusion distance for Na® ion extraction is
much shorter than the growth direction to facilitate the extraction of
beyond 0.22 Na™ from the Nag 44MnO5 lattice. Due to facile extraction of
Na™' ions from Na2, Na3 as well as Nal sites, a remarkable 1°* charge
capacity as high as 96 mAhg™! has been reported in a tunnel-type
Nag.44MnO, cathode. Composite of Nag44MnO; (NMO) and TiOy
coated Na (Niy 3Fe; ,3Mn; ,302)(NFM) was made as a novel cathode for
Na ion rechargeable cells. As demonstrated, auto—combustion synthe-
sized NMO favours facile Na™ ion diffusion to improve rate performance
and in conjunction it acts as a pillar to retard structural degradation of
commercial TiO5 coated NFM to improve the cycleability of the com-
posite. At 1C rate the discharge capacity of 0.7 NMO-0.3 NFM composite
is reported to be 113 mAhg ™! with a capacity retention of ~80% after
100 charge—discharge cycles. The composite cathode also exhibits su-
perior rate performance with a discharge capacity ~66 mAhg ™! at 15C
rate. Full cell was fabricated using hard carbon as negative and
NMO-NFM composite as positive electrode. In a voltage window of
1.0-4.0 V, the discharge capacity of the full cell was measured to be 133
mAhg ! and 109 mAhg ! at 0.1 and 1C respectively. After 100 cycles, at
1C rate we have reported 80% capacity retention of the full cell.
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