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Abstract

Na super ionic conductor (NASICON)-type Na3;V,(PO4); (NVP) is a high-energy sodium-ion battery material for sodium-ion
batteries (NIBs), which has a high theoretical specific capacity, structural stability, and high safety performance. However, in
order to promote its practical applications, it is imperative to replace vanadium with other low-cost and rich elements on earth.
Therefore, NASICON-Na;TiMn(PO,4); (NTMP) is more attractive due to its higher voltage platform and lower toxicity.
However, its low electrical conductivity, unsatisfactory rate performance, and cycle life limit its practical application. Herein,
the feasibility to realize advanced rate capability and long durability through dual carbon decoration strategy that in situ
embedding single-walled carbon nanotubes (SWCNT) into the bulk of Na;TiMn(PO,4); @C is reported. The elaborately designed
Na;TiMn(PO,); @ C@SWCNT can deliver an initial charge capacity of 112 mA h g ' at a current rate of 0.1 C with a long
durability over 1000 cycles at 2 C. This progress can be benefited from the improvement of the electrical conductivity of the

materials brought by the cross-linked conductive network and the robust structure.
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Introduction

With the attention paid to the consumption of nonrenewable
fossil fuels increasing, the storage of clean energy has become
a great concern for governments and scientists [ 1-3]. Since the
sodium is rich in resources and low in cost, sodium-ion batte-
ries (NIBs) are one of the most promising options in large
energy storage systems [4-7]. However, the insertion/
extraction of Na* ions from the active material is often accom-
panied by a large volume change caused by the large radius of
sodium ions, making the development of stable electrode ma-
terials a challenge. Besides, low energy/power density, slow
sodium mobility, and short life span on the electrode (espe-
cially cathode) materials still need to be addressed [8—12]. To
solve these problems, researchers strive to find suitable cath-
ode materials, including Prussian blue analogs (Pba), layered
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transition metal oxide, and polyanionic compounds, which
have been widely studied. Layered transition metal oxide ma-
terials have high theoretical specific capacity, but the structure
is not stable and their cycle life is not ideal [9—11]. Due to poor
thermal stability and low volume density of Prussian blue and
cyanide toxicity, it limits its application [12—14]. In this con-
text, polyanionic materials are widely investigated because of
their robust crystal framework, high thermal stability, moder-
ate capacity, adjustable high redox potential, and high energy
density [15-21].

The NayM,(POy4); (M = transition metal) series of
NASICON structure has been widely used as an electrode
material for rechargeable batteries due to its good ion diffusion
channels and strong frame structure [20, 21]. In particular,
NASICON-structured Na3;V,(PO,4); has been considered as
a hot research spot [22-27]. However, its large-scale applica-
tion is limited by the expensive and toxic vanadium. In this
aspect, researchers have focused on partially replacing V with
other low-cost and environment-friendly elements [28]. Due
to the low cost and environmentally friendly manganese,
manganese-based materials have potential for large-scale ap-
plications, and the addition of manganese also brings higher
operating voltage [29]. Due to the Jahn-Teller effect of man-
ganese, we need to add other elements to stabilize the lattice,
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in order to make better use of the high voltage platform of
manganese. Na;TiMn(PO,); as cathode shows good applica-
tion prospects because it is greener, is more lower in cost, and
has higher voltage platform [18, 30, 31]. However, the poor
electronic conductivity limits the electrochemical perfor-
mance of NazTiMn(PO,);, which makes the theoretical per-
formance difficult to realize. We know that the introduction of
conductive carbon is a common method to increase the con-
ductivity of electrode materials. However, a simple carbon
coating is not so satisfactory. SWCNT is a very good conduc-
tivity material that can lead to a significant increase in the
performance of the material used in battery [32-38].

In this work, we successfully embedded single-walled car-
bon nanotubes (SWCNT) into the bulk of carbon-coated
Na;TiMn(POy4); NTMP@C) through sol-gel method. We
elaborately designed Na;TiMn(PO4); @C@SWCNT
(NTMP@C@SWCNT) that can deliver an initial charge ca-
pacity of 112 mA h g ' at 0.1 C with a long cycle life of 1000
cycles at 2 C. This progress has benefited from the increased
electrical conductivity of the materials brought about by the
cross-linked conductive network and the sturdy structure.

Experimental section
Synthesis of Na;TiMn(P0,4);@C@SWCNT composite

Na;TiMn(PO,4); @ C@SWCNT composite was prepared by
simple sol-gel method. First, stoichiometric citric acid, sodium
acetate, manganese acetate, and NH4H,PO, were dissolved in
20 ml deionized water in molar ratios. After stirring the solu-
tion at 80 °C for 30 min. Isopropyl titanate and a little bit
SWCNT were then dissolved in 20 ml anhydrous ethanol
and ultrasound for 1 h. The anhydrous ethanol solution was
then slowly dripped into the deionized water solution. The
mixed solution was continuously stirred for 6 h to dry the
solvent under the condition of 80 °C oil bath to obtain the
gel. The resulting gel was then transferred to the vacuum oven
and heated to 120 °C for 3 h. Then, the dry gel was ground and
calcinated under an argon atmosphere at 650 °C for 10 h to
obtain the Na3;TiMn(PO,); @ C@SWCNT composite. The
specific steps are presented in Fig. 1. Its crystal structure is
also shown in Fig. 1. NazTiMn(PO,4); @C is prepared in the
same way as described above except adding any SWCNT.

Materials characterization

The purity of Na;TiMn(PO,); @ C@SWCNT composite was
researched by X-ray diffraction with a Cu-Ko radiation at
room temperature, and the scan rate is 1° min ', and range is
10 to 80° (Bruker D8 Advance). The refinement is performed
by GSAS software, and the crystal structure is visualized by
VESTA. Field emission scanning electron microscope was
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used to characterize its particle size and morphology (SEM,
Zeiss Sigma HD). Transmission electron microscopy was
used to observe the microstructure of particle materials
(TEM, JEM-2100, Japan). Carbon content of the
Na;TiMn(PO,); @ C@SWCNT material was researched by
thermogravimetric (TG) analysis. X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi) was analyzed to determine
the valence state of the elements. The nitrogen isothermal
adsorption-desorption analysis was performed to reveal the
Brunauer-Emmett-Teller (BET) specific surface area of the
samples (Micromeritics ASAP 2020 instrument, Norcross,
GA, USA). Raman spectroscopy was used to analyze the de-
gree of graphitization of carbon (LabRAM HR Evolution).

The electrochemical performance of the materials was in-
vestigated using CR2032 assembled batteries. The cathode
electrode is composed of 70% by weight of active material,
10% by weight of polyvinylidene fluoride, and 20% by weight
of carbon black. The sodium metal was employed as negative
electrode, 1.0 M NaClO, was dissolved in a PC with
fluoroethylene carbonate (5 vol%) which was added to form
an electrolyte. Constant current charge and discharge, long
cycle, and rate performance were measured on a battery test
system (CT2001A), and the potential range is 2.5-4.2 V.
Cyclic voltammetry (CV) tests were performed on the
PARSTAT 2273 electrochemical workstation from 2.5 to
42 V.

Results and discussion

Synthesis of NTMP@C@SWCNT and control of its particle
size by a feasible sol-gel method, as schematically illustrated
in Fig. 1. Isopropyl titanate and SWCNT which are conducive
to the formation of SWCNT conductive network, are evenly
dispersed in ethanol. Citric acid acts as carbon source and
chelating agent. The B solution was dropped into the A solu-
tion and stirred uniformly, then the solvent was evaporated,
and the material was sintered at 650 °C for 10 h. The crystal
structure of the material is drawn from the refined results
shown in Fig. 1. The specific synthesis steps of
NTMP@C@SWCNT and its crystal structure are shown in
Fig. 1. From this figure, NASICON-type Na;TiMn(POy,); is
formed on a three-dimensional framework MnQOg or TiOg oc-
tahedron that share all the PO, tetrahedron angle. The
polyanionic phosphate skeleton gives Na;TiMn(PO,); excel-
lent structural stability and inherent safety.

The Rietveld refinement of the particle material was pri-
marily employed (Fig. 2a). X-ray diffraction peaks marked
with a triclinic structure with R3c as a space group. The fitting
result is satisfactory, and the reliability coefficient is Rp =
11.0%. The lattice parameters are a =8.821812 A, b=
8.821812 A, ¢=21.738842 A, «=90.0°, 3=90.0°, and y=
120.0°. NASICON-type Na;TiMn(PO,); is a skeleton
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Fig. 1 Preparation process of the cathode material and the crystal structure of the cathode material

structure composed of MnOg or TiOg octahedron with com-
mon angle and PO, tetrahedral elements, and there are wide
open channels between them. Since the stability of PO, back-
bone phosphate polyanion has a satisfactory structural stabil-
ity and inherent safety, which makes the redox of the transition
metal become stronger. And sodium ions occupy two different
sites: the sixfold coordination N1 site and the eightfold coor-
dination N2 site in the skeleton structure. During charging and
discharging, sodium ions located at N1 site are fixed, and
sodium ions located at N2 site can be extracted and inserted
into electrochemical activity. Due to the robust binding of the
sodium ion located at the N1 site to the coordinating oxygen
atom, only the sodium ion located at the N2 site can be ex-
tracted and inserted for electrochemical activity. Using Mn**/
Mn’* and Mn**/Mn** redox coupling agents to reversibly pull
or insert two sodium ions at the N2 site, a theoretical capacity
of 117 mA h g71 can be obtained, and it also has two voltage
platforms of 3.6 V and 4.1 V. The fitting result and XRD
indicate that NTMP material had been successfully synthe-
sized [30, 31]. XPS was used to discern the
NTMP@C@SWCNT material. The existence of Na, Mn, Ti,
P, O, and C were revealed by the wide-range spectrum of XPS
(Fig. 2b). The reduction and oxidation of manganese are ac-
companied by the insertion and extraction of sodium ions. The
two sodium ions can be extracted and inserted from NTMP by
using Mn**/Mn?* and Mn**/Mn>* redox coupling. Moreover,

from Fig. 2¢ and d, manganese has two oxidation states of Mn
and two oxidation states of Ti that exist simultaneously in
NTMP@C@SWCNT. And Mn** accounts for about 1/4 of
the total Mn, and Ti** accounts for about 1/3 of the total Ti.
The images of SEM and TEM reveal the morphology of
the samples. From Fig. 3a, b, and c, the prepared material
(NTMP@C@SWCNT) structure is not very regular, SEM
(Fig. 3c¢) indicates that the microspheres are made of NTMP
nanoparticles and SWCNT, and the SWCNTSs constitute a 3-D
conductive network visible on their surfaces. In addition, there
is a clear carbon layer structure on the surface of the material.
TEM imaging (Fig. 3d, e) demonstrates the relationships be-
tween the prepared materials, amorphous carbon layers, and
3-D nanotube networks. HRTEM images (Fig. 3f) reveal the
lattice structure of the material and the lattice fringes of
SWCNTs that are also clearly visible. In order to make sure
the existence and distribution of every element, EDS mapping
was performed (Fig. 3g—i). That clearly demonstrates that all
elements (C, Ti, Na, Mn, P) are very homogeneous. In this
composite structure, the surface of the material synthesized by
the one-step method is coated with a uniform carbon layer,
and the carbon-coated material is also attached to a three-
dimensional conductive network constituting SWCNT. The
cross-linking between SWCNT and carbon coating speed up
electron transfer between multiple particles. In contrast, Fig. 4
reveals the morphology of the NTMP@C. From Fig. 4aand c,
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Fig. 2 a Rietveld refinement of the XRD pattern of the NTMP@C @SWCNT material. b XPS spectra in a wide-range scanning core-level spectra of ¢

Mn 2p and d Ti 2p

the prepared material NTMP@C) structure is also not very
regular, SEM (Fig. 4¢) indicates that the microspheres are
made of NTMP nanoparticles, and there is no SWCNT.
From Fig. 4b and d, the lattice structure of the NTMP@C
and the carbon-coated morphology of the material are exhib-
ited. Therefore, due to the joint contribution of the carbon-
coating layer and the three-dimensional conductive network
of SWCNT, the conductivity of the composite material is sig-
nificantly improved. The surface of the material is uniformly
covered by carbon layer, and the cross-linking between
SWCNT accelerates electron transfer between multiple mate-
rial particles. Due to the combined effect of the carbon coating
and the SWCNT three-dimensional conductive network, the
electrical conductivity and the electrochemical performance of
the prepared material are significantly improved.

Figure 5a demonstrates thermogravimetric test of the
NTMP@C@SWCNT and the NTMP@C, the carbon content
0of 19.7 wt.% and 17.5 wt.% in the NTMP@C@SWCNT, and
the NTMP@C, respectively. Figure 5b demonstrates the result
test of Raman spectroscopy. Raman spectroscopy reveals the
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presence of highly graphitized carbon to distinguish between
disordered and graphitized carbon. The graphitization of car-
bon materials is evaluated by the intensity ratio of the D-band
and G-band. The ID/IG values of NTMP@C and
NTMP@C@ SWCNT are 0.90 and 0.93, respectively, which
are close to each other. It indicates that the two have similar
graphitization degrees. Figure Sc shows the pore distribution
and specific surface area of the NTMP@C@SWCNT. The
specific surface area of the material is 12.95 m* g '. The
average pore volume of the material is 2.51 nm. The results
show that the sample has an internal mesoporous structure, so
rich electrolyte can promote penetration of the pore structure,
thus affecting the rate performance of the electrode.

The electrochemical properties of all NTMP samples were
discussed in detail, as shown in Fig. 6. The charge and dis-
charge curves of the NTMP@C@SWCNT and NTMP/C
(Fig.6a) were tested at a C-rate of 0.1 C (1 C=80 mA gfl),
and the electrode voltage window is from 2.5 to 4.2 V (vs Na*/
Na). Two distinct voltage platforms (vs Na/Na*) have been
observed around 3.6 and 4.1 V corresponding to the redox of
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mappings

Mn**/Mn?* and Mn**/Mn>* pairs, respectively.
NTMP@C@SWCNT can deliver a capacity of 79 mA h g
higher than 70 mA h g~' (NTMP@C). Due to the 3-D con-
ductive network formed by SWCNT to boost the electronic
conductivity of the material, it can get a higher discharge
capacity observed in the NTMP@C @SWCNT. The CV curve
of the NTMP@C@SWCNT electrodes was tested (Fig. 6b).
Its test condition is that the scanning rate is 0.1 mV s~ and the
voltage range is 2.5-4.2 V. In NTMP, the redox peak centered
on 3.6 V approaches to the equilibrium potential of Mn>*/
Mn>* redox dipole. The center of the peak is approximately
the redox couple of Mn**/Mn** corresponding to 4.1 V. The
CV curves were almost overlapped from the second cycle,
revealing that the extraction/insertion of sodium ions from
NTMP has acceptable reversibility.

From Fig. 6¢c, the NTMP@C can deliver a capacity of 54,
50, 41, 31, and 21 mA h g ' at 0.1, 0.2, 0.5, 1, and 2 C,
respectively. In contrast, NTMP@C@SWCNT can deliver a
capacity of 64, 59, 52,47, and 43 mA h g71 at0.1,0.2,0.5, 1,
and 2 C, respectively. It can be understood that

NTMP@C@SWCNT exhibits better rate performance.
When the rate capability was restored from 2 to 0.1 C, its
reversible capacity was restored to 61 mA h g~', which ex-
plained that this material has good reversibility. At the dis-
charge rate of 2 C, the NTMP@C@SWCNT can deliver a
capacity of 41 mA h g™'; in contrast the NTMP@C has
21 mA h g '. In addition, the capacity maintenance of the
NTMP@C@SWCNT and the NTMP@C after 500 cycles at
2 C are more than 95% and 90%, respectively. This shows that
the material shows good cycle stability during the charge and
discharge process. Moreover, the 3-D structure formed by
SWCNT cross-linking enhances the performance of cathode
materials. However, due to the influence of temperature, it can
be seen that the material will fluctuate a little during the cycle.

Figure 7 demonstrates long cycle stability of the
NTMP@C@SWCNT. Impressively, Fig. 7 reveals that the
initial capacity of this NTMP@C@SWCNT electrode is
43 mA h g ! at the discharge rate of 2 C and maintains a
significant capacity of 41 mA h g ™' after 1000 cycles. The
coulomb efficiency of the material shows good stability at
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Fig. 4 Physical and chemical characterization of the NTMP@C. a, ¢ SEM.

the beginning, and the coulomb efficiency remains at about
100%, showing remarkable cyclability. It is expected to be-
come a high-voltage environmentally friendly cathode mate-
rial having a long life cycle. It is possible to achieve the goal of
large-scale energy storage applications.

b, d HRTEM images

To further unearth the Na migration kinetics in the
NTMP@C@SWCNT electrode, the galvanostatic inter-
mittent titration technique (GITT) has been used. The
transformation of the effective diffusion coefficient of

Na* ions (Dyn,") for NTMP@C@SWCNT electrodes is
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displayed in Fig. 8a. The value of the ion diffusion
coefficient is about 107 °~107'% cm? s ' indicating that
this NASICON-type material has the characteristics of
easy migration. Otherwise, TEM image after material
cycling is shown in Fig. 8b. It is known that the 3-D

structure of SWCNT cross-linked has not changed after

cycling. The material is evenly attached to the three-
dimensional structure. The prominent electrochemical
performance of this NTMP@C@SWCNT cathode com-
posite can come down to the following elements: First
of all, the carbon-coating layer can enhance the elec-
tronic conductivity of individual NTMP particle.

H’" "“ et I'”' “m- 100
* o
- SOF \’ =
o 180 =
= =
< 60 | k)
g \ 460 &
~ @
& M a RIS 2
P 40 J 40 .g
-3 S
S : 2
20 | v Discharge 420 O
4 Charge
0 A A A A A ' ' A A A 0
0 100 200 300 400 500 600 700 800 900 1000

Cycle number
Fig. 7 Cycling capability of the NTMP@C@SWCNT under a high rate of 2 C
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Secondly, the structure of the amorphous carbon layer
reinforces the contact between the NTMP particle and
the electrolyte, which are advantageous to quicken Na*
transportation rate through the carbon-coated layer.
Lastly, the most important thing is due to the close
contacts between the active materials, and the SWCNT
3-D conductive network can enhance electron migration
between multiple NTMP particles. Consequently, the
electrochemical characteristics of NTMP@C@SWCNT
are more excellent than NTMP@C.

Conclusion

In summary, NTMP@C and NTMP@C@SWCNT with
NASICON-structured structure were synthesized by a feasible
sol-gel method. Both materials exhibit stable cycling perfor-
mance, with voltage platforms of 3.6 Vand 4.1 V, respectively.
Among them, NTMP@C@SWCNT has better performance.
When the discharge rate is 2 C, the reversible capacity is about
41 mA h g™', and the cycling performance of the material is
stable. This excellent electrochemical performance is attribut-
ed to the conductive network formed by SWCNT cross-
linking. Due to its green system, stable material structure, high
voltage, and long cycle characteristics, Na;TiMn(PO,); has a
good application prospect in the future large-scale energy stor-
age field.
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