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Fig. 1 Schematic diagram in the preparation process of Na,Ti;0,/C composites by spirulina template method
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Fig. 2 Environmental scanning electron microscopy (ESEM) morphologies of materials synthesized by two methods
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Fig. 3 Eenrgy spectra of the two synthesized materials

(b) Na,Ti,0, synthesized by hydrothermal method
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Table 1 Chemical composition of two synthetic materials

Na,Ti307/C material prepared by spirulina template method

Na,Ti;07 material synthesized by hydrothermal method

Element W% X% W% X%
C 1.29 1.83

o 38.41 37.83 38.51 36.16
Na 15.02 15.21 15.31 16.07
Ti 45.27 45.12 46.17 47.76
Matrix Correction Correction

W is mass fraction; X is mole fraction.
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Fig. 5 Charge—discharge curves of electrode materials synthesized by two methods in the constant current condition (wherein,

current density: 0.5 C=125 mA/g)
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Table 2 Comparison of electrochemical properties of
Na,Ti;O; materials synthesized by different
morphologies

Material type CllITCIllt Capa01ty/‘(mA~h-g ) Reference

density/C (Cycle time)

Lamellar 0.10 420(1)-101(50) [21]
Na,Ti;0;

Microspheric 2.00 680(1)-108(100) [22]
Na,Ti;0;

Floriform 226 260(1)-85(100) [23]
Na,Ti;0;

Na,Ti;0,/C 1.00 73(1)-37(200) [24]
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Fig. 9 AC impedance equivalent circuit diagram of two
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Table 3 Equivalent circuit fitting results of AC impedance spectroscopy (EIS) of the synthetic Na,Ti;O;/C materials by

spirulinal template method and Na,Ti;O0; materials by hydrothermal method

Electrode Ri/(Q-cm?) CPE,/(F-cm™) Ry/(Q-cm?) CPE»/(F-cm™) R/(Q-em?) W r/(Q-cm®) Ws—p/(Q-cm?)

Na,Ti;0/C by spirulinal template 302 4.53x10°° 165 8.25x10°° 128 231 5.21
method (the 100th cycle)

Na,Ti;0,/C by spirulinal template 356 4.63x107 186 8.78%107° 167 267 543
method (the 150th cycle)

Na,Ti;07 by the hydrothermal 895 6.38x107* 324 437x107 336 378 10.67
method (the 100th cycle)

Na,Ti;07 by the hydrothermal 967 8.98x107* 578 6.57x107* 593 466 12.13

method (the 150th cycle)

R;—Total impedance between electrode and electrolyte in series; R,—FElectrode contact resistance; CPE,—Electrode interface film capacitance; Rs—Sodium ion

charge transfer resistance; CPE,~Electrolyte double layer capacitance; W, —Na' semi-infinite diffused Warburg impedance affected by temperature;

W, ,—Na" semi-infinite diffused Warburg resistance affected by pressure.



E2EE 1

O A AEVIRBRGE S BN T RIE NapTi;0,/C FUobh kR LA BT fE © 53 -

Ky HXFRIE) Riv Ry Rev Wes {HARHE R, HIK#
EA K NayTisO7 FIARAARL A BH A R 2 B 2 e
TR AL IR K NapTi0,/C B4 HARM KL
XN 2 MORERHE H FE SR PR LK A S R g
T

3 #%

WE i AR 9 ) A TN 4% 2R L R S 1
Na,Ti;0,/C FHE T Bt AR KL, 5K BIE S
) Na,Ti;07 HARATRIIEAT X b . 45 SRR IH, BARIE
A ) NapTi;0,/C HLAR A R 1 25 B R 4
70%; Tl NapTizO7 FAR R IR B AR R 2] 35%.
R TT DL, BRE SE AR 23R 15 1) NapTi0,/C HIARAS
HRE 70 T8 L G2 B R RO R A X S, X E AL
I 28 2R g A o0 . PR FE 2 PE AT Coulomb A%
SIMTATRN: R BEEAAR IS B T NapTis04/C A B 4T
(PG PR A 7 PEFIBE S Coulomb 2% . il I AN A1
RRPERMAR TR /NP T 7o i g L
PR, T K FEL IR 70 TS P A 7 I 0o R R 2R R AR
SE, IXRNRKYZRIREEN ISR T 8 3) /132
P . HMBGES R NayTis04/C AR R a5 P
1K kA BRI NaoTisO, BRI, 78 K fs %
F(5 C=1 250 mA/g)if HL I AT B 2 7 15 vy B T8 H L
A (93.52 mA-h/g). ZVLIHBTHTE— P UESE T i
TR T R I 265 2% PR &5 44 T DA B 5 76 LA
T 5t PR P RO TE FELARVE R i SR B, 385K FEL AR
5 AR TR B A T AR, T X LB R A R A T
BT RIEIE, HAe R iR bR e T SR,
HA bR s AL

SE R

[11 GE P, FOULETIER M. Electrochemical intercalation of sodium in
graphite[J]. Solid State Ion, 1988, 28-30: 1172-1175.

[2] D'ARIENZO M, RUFFO R, SCOTTI R, et al. Layered Nag7,CoO,: A
powerful candidate for viable and high performance Na-batteries[J].
Phys Chem Chem Phys, 2012, 14(17): 5945.

[3] MAAZAZ A, DELMAS C, HAGENMULLER P. A study of the
Na,TiO, system by electrochemical deintercalation[J]. J Inclusion
Phenom, 1983, 1(1): 45-51.

[4] LI X N, ZHU X B, LIANG J W, et al. Graphene-supported
NaTiy(PO4); as a high rate anode material for aqueous sodium ion
batteries[J]. J Electrochem Soc, 2014, 161(6): A1181-A1187.

[5] EHEk &RE, ERE 5 WS T EIRERELY ERA T
B[], TRERLE 2R, 2022, 44(4): 601-611.

JIAN Xiayan, JIN Junteng, WANG Yao, et al. Chin J Eng, 2022, 44(4):
601-611.

6] EJUML, XL, Wi, 4. Z=iEaNE 7 R SR RHIT FUE R ).

HAL 2, 2019, 25(1): 55-76.

(7]

(8]

(]

[10]

(1]

[12

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

WANG Fanfan, LIU Xiaobin, CHEN Long, et al. J Electrochem, 2019,
25(1): 55-76.

rhdE, EISLZE. NagTi;0;@CNT NS+ e ith SRR PE ER 72 [T].
I AR, 2015, 29(4): 64-67.

YANG Zhonghua, GAO Lijun. J Chang Inst Technol, 2015, 29(4):
64-67.

FRERDL, BOHE, SRR, 55 AT A BREZY Na,Ti;0; 9ok
RSV S e R RE SR M BA S 7 Tt SRR, W B 22224, 2018,
34(2): 219-226.

ZHANG Xiyue, HUANG Yalan, WU Shuwei, et al. Acta Phys Chim
Sin, 2018, 34(2): 219-226.

ZHANG Y P, GUO L, YANG S H. Three-dimensional spider-web
architecture assembled from Na.TisO- nanotubes as a high performance
anode for a sodium-ion battery[J]. Chem Commun, 2014, 50(90):
14029-14032.

BZLME. =4k NayTisO4/ 41 SIS 1 Hith 52 & FONBDRH ] 46 &%
For A2 ERERT AT (D). PR HRIE TR, 2016.

XIAO Hongmei. Synthesis and electrochemical performance of 3D
Na,Ti307,/rGO composite anode materials for sodium ion batteries[D].
Chonggqing: Chongqing University of Technology, 2016.

JEANE, XK. FHYTm] & e T b e BRI TR RE ).
TR L 244R, 2017, 45(10): 1382-1391.

FAN Lizhen, LIU Yongchang. J Chin Ceram Soc, 2017, 45(10):
1382-1391.

. LIRS 52 20 2 SLES K FUBAPRL S LA B BERIT 7S (D).
B HEL Tl k2%, 2013.

XIA Yang. Design and fabrication of hierarchically porous electrode
materials using biological templates for lithium ion batteries[D].
Hangzhou: Zhejiang University of Technology, 2013.

CAO F, LI D X. Biotemplate synthesis of monodispersed iron
phosphate hollow microspheres[J]. Bioinspir Biomim, 2010, 5(1):
16005.

TN, WA, SR, % LiMnSiO./C 41 Bt 5 A B A R 4
LA PERER FU[T]. WAL I A B 24, 2021, 38(8): 1-6.
HUA Li, ZENG lJianhua, HU Qinglan, et al. J Hubei Univ Educ, 2021,
38(8): 1-6.

HER, R, SR, & B T HRILHEMME LuTis0n@Tio,
i R IERED]. RSB SRFIERR), 2023, 59(2): 271-278.
HUA Li, ZENG Jianhua, FAN Fengkai, et al. J] Lanzhou Univ Nat Sci,
2023, 59(2): 271-278.

KRR, ANES T IR EE GO R ) 8 2 G A 2 R RERIT 4E[D].
R BHEHRIIREE, 2019.

SONG Tianbing. Study on synthesis and electrochemical performance
of titanium-based materials as anode material for sodium ion
batteries[D]. Shanghai: Shanghai University of Electric Power, 2019.
ZOU W, L1 J W, DENG Q J, et al. Microspherical Na,Ti;O; prepared
by spray-drying method as anode material for sodium-ion battery[J].
Solid State Ton, 2014, 262: 192-196.

WANG L J, ZHANG T, QI Q, et al. Synthesis and field effect
characteristics of Na,Ti;O; nanowires[J]. Mater Lett, 2009, 63(11):
903-904.

SONG H Y, JIANG H F, LIU T, et al. Preparation and photocatalytic
activity of alkali titanate nano materials A;TinO2n+1 (A=Li, Na and
K)[J]. Mater Res Bull, 2007, 42(2): 334-344.

LIU K J, WANG Y W, DI Y Z, et al. Investigation of the
electrochemical reduction of Na,Ti;O; in CaCl, molten salt[J].
Electrochim Acta, 2019, 318: 236-243.



. 54 . Qe e N ) J Chin Ceram Soc, 2024, 52(1): 46-55 2024 4E

[21] XIE M, WANG K K, CHEN R J, et al. A facile route to synthesize batteries[J]. ACS Appl Mater Interfaces, 2017, 9(13): 11669-11677.
sheet-like Na,Ti;O7 with improved sodium storage properties[J]. Chem [24] RUDOLA A, SHARMA N, BALAYA P. Introducing a 0.2 V
Res Chin Univ, 2015, 31(3): 443-446. sodium-ion battery anode: the Na,Ti;O; to Na;Ti3O; pathway[J].

[22] WANG W, YU C J, LIN Z S, et al. Microspheric Na,Ti;O; consisting Electrochem Commun, 2015, 61: 10-13.
of tiny nanotubes: An anode material for sodium-ion batteries with [25] #Bh4e. BB T R SRR Na,Ti;0;@CNT il 4% J Bk 2Pk
ultrafast charge—discharge rates[J]. Nanoscale, 2013, 5(2): 594-599. RERFF[D]. 1175 FHRMIK2E, 2015,

[23] ANWER S, HUANG Y X, LIU J A, et al. Nature-inspired Na,Ti;O; YANG Zhonghua, Synthesis and electrochemical performance of
nanosheets-formed three-dimensional microflowers architecture as a Na,Ti307@CNT anode materials for sodium-ion batteries[D]. Suzhou:
high-performance anode material for rechargeable sodium-ion University of Suzhou, 2015.

Preparation of Na,Ti;O7/C Anode Materials for Sodium Ion Battery by Biological Template
Method and Its Sodium Storage Characteristics

HUA Li, ZENG Jianhua, ZHU Yuhan, WENG Fangqing
(Hubei Key Laboratory of Purification and Application of Anticancer Active Substances, School of Chemistry and Life Science,
Hubei University of Education, Wuhan 430205, China)

Extended Abstract

Introduction Sodium batteries become a novel energy storage device due to their higher safety factor and superior comprehensive
performance. The existing electrode materials such as Na,CoO,, Na,TiO,, NaTiy,(POy);, €tc. are investigated for sodium batteries.
However, these electrodes have a disadvantage of poor ion/electronic conductivity, restricting their widespread application. Na,Ti;0,
is an ideal alternative titanium-based negative electrode material for sodium batteries due to its Ti**/Ti*' variability and suitable redox
pairs, as well as its low voltage plateau. Embedding carbon in Na,Ti;0; electrode for sodium ion batteries can improve their
conductivity and electrochemical performance, especially for the large-scale energy storage applications with different energy density
and volume requirements. In this paper, Na,Ti;0,/C composite anode material for sodium ion battery was prepared by a special
template method, and its electrochemical characteristics were investigated.

Methods Na,Ti;0,/C composite anode material for sodium ion battery was synthesized with natural spirulina as a biological
template. Spirulina was added into Na,Ti;0; precursor solution, heated and stirred in a magnetic stirrer for 1 h, and then put them in a
hydrothermal reactor (with a polytetrafluoroethylene inner tank capacity of 100 mL) at 180 ‘C for 18 h. In addition, Na,Ti;O;
precursor solution was also placed into a tank to hydrothermal reaction under the same condition for comparing with the template
method. The final products were calcined in an air furnace (with a heating rate of 1 ‘C/min from room temperature to 850 C) at
850 C for 5 h to form the perfect crystals and remove the spirulina templates. A CR2032-typed buckle battery was assembled in a
glove box (GRS-1200, Wuhan Grace New Energy Co., Ltd., China) filled in argon gas and with the synthesized Na,Ti;0,/C or
Na,Ti30; electrodes as anodes, high purity sodium tablets as counter electrodes.

The microstructure of the product was characterized by a model Quanta 200 environmental scanning electron microscopy
(ESEM) (FEI Ltd., Netherlands), and the components were analyzed by an EDAX spectrometer in the ESEM microscope. The crystal
structure was determined by a model X’Pert PRO X-ray diffracto meter (XRD, PANalytical B.V. Ltd., Netherlands). The 26 range of
XRD is 5° to 70°. Their electrochemical properties were analyzed by a model CT2001A programmatical-controllable Land battery
testing system (Hubei Lanbo New Energy Equipment Co., Ltd., China). The test parameters involved the charge—discharge capacities at
a constant current (i.e., 0.5 C=125 mA/g), cycle stability and coulomb efficiency, and discharge capacities after 20 cycles at different
rates (i.e., 0.1, 0.2,0.3,0.4 C, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 2.0 C, and 5.0 C). The alternating aurrent (AC) impedance was analyzed via a
model CS350 electrochemical workstation (Wuhan Kesite Instrument Co., Ltd., China). The test parameters are the total impedance
(Ry) of electrode and electrolyte in series, electrode contact resistance (R,), sodium ion charge transfer resistance (R;) and
semi-infinite diffusion Warburg impedance of Na" in electrolyte (Ws).

Results and discussion The ESEM results show that Na,Ti;O,/C material prepared with the spirulina biological template has a
good network strip structure, with a small amount of carbon residue (the mass fraction of carbon of 1.29%). The Na,Ti;O, materials
by a hydrothermal method are nano-particles with the diameters of approximately 10-30 nm. Their XRD patterns of both materials
are consistent with the standard spectra of Na,Ti;O; (JCPDS 31-1329), indicating a perfect crystal structure. The initial
charge—discharge capacity of Na,Ti;O,/C electrode material prepared with spirulina template is 109.3 mA-h/g and 117.6 mA-h/g,
respectively. The initial charge—discharge capacity is 89.3 mA-h/g and 86.3 mA-h/g of Na,Ti;O; electrode material by the
hydrothermal method, respectively. After 250 cycles, the average retention rate of the charge—discharge specific capacity of
Na,Ti;0/C material is 70%, which is better than that of Na,Ti;O, material (i.e., 35%), showing a better cyclic stability and a higher
Coulomb efficiency. Based on the results of the specific discharge capacities at different rates, the discharge attenuation of both the
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materials are faster at a lower current, while they are relatively stable at a higher current, which provides a good power support for
high-power hybrid electric vehicles. At the same rate, the stability of Na,Ti;O,/C electrode material is better than that of Na,Ti30;
electrode material. The electrochemical impedance spectra shows that R;, R,, Ry and Ws resistances of Na,Ti;O,/C material are
smaller than those of Na,Ti;O; material.

Conclusions The specific capacity decay rate of Na,Ti;O,/C electrode obtained by the spirulina template method was slower than
that of Na,Ti;0; electrode obtained by the hydrothermal method after charge—discharge cycles. This was due to the nano-network
strip structure prepared by natural spirulina as a template. Na,Ti;0,/C electrode reduced the detachment resistance of sodium ions on
the electrode surface and the diffusion resistance in the electrolyte, increased the contact area between the electrolyte and the
electrode surface, thereby proved a good channel for the detachment of sodium ions, thus effectively improving the electrochemical
performance of electrode materials. Moreover, the residual carbon in calcination improved its conductivity of Na,Ti;O; electrode
material, and enhanced its electrochemical performance, thus providing a basic support for the development and application of novel
sodium batteries.

Keywords natural spirulina; biological template method; hydrothermal method; sodium trititanate/carbon composite; sodium
reservoir performance



