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ARTICLE INFO ABSTRACT
Keywords: In this work, the LiTi5(PO4)s (LTP) flakes have been prepared by employing a template method
LiTiz(PO4)3 for lithium-ion batteries with high capacity. The 2D layered structure of LTP offers large aspect

Lithium-ion batteries
Anode
NASICON-Type structure

ratio and rich active sites, which not only create the large contact area between the electrolyte
and electrode, but also promote the diffusion kinetics of Li". As a result, the Li" diffusion coef-
ficient of lamellar LTP anode is 3.12 x 10~® cm? s’l, while it is only 5.01 x 10719 em? 57! for
granular LTP anode. Further, the lamellar LTP anode delivers a high initial discharge capacity of
986.8 mAh-g~ at 0.1 A g1, and remains at 231.1 mAh-g ™! after 100 cycles, which is higher than
that of the granular LTP anode (340.5 mAh-g~! at 1 cycle, 169.3 mAh-g ™! at 100™ cycles). Thus,
the lamellar LTP should be recommended as a potential anode for high-performance LIBs due to
the fast charge-discharge performance and superior cycling stability.

1. Introduction

Owing to the fast development of electric vehicles (EVs), it is very urgent to exploit high-power LIBs [1-5]. Currently, the graphite
anode is the priority for LIBs towards the commercialization, which is cost-effective and stable as well as the abundant reserves [6-8].
Unfortunately, the inherent disadvantage associating with graphite anode is low Li* intercalation potential (0.1 V vs. Li*/Li), which
probably leads to the deposition of metal lithium, giving rise to safety issues and poor rate performance [9-11]. Alternatively, the
promising insertion host materials, such as TiOg, LisTisO12, LiCrTiO4 and LiTiz(PO4)3 (LTP) have been recommended as the potential
anode instead of graphite [12-16]. Among these candidates, the polyanionic compound LTP with (NASICON)-type structure has
demonstrated the high energy density and long life when served as the anode for LIBs. In terms of the superiorities of the LTP anode,
they can be classified as below: (1) The 3D skeleton structure that formed by linking each TiOg octahedron and six PO4 tetrahedrons
sharing all the top O atom facilitates the Li * migration; (2) Each molar LTP stores 2 M Li; (3) The high strength of P-O covalent bond
causes high thermal stability and ionic conductivity during the Li* insertion/de-insertion [17-21]. As a result, the theoretical specific
capacity of LTP is 138 mAh-g~! [22]. Despite the advances of LTP, it encounters inferior electronic conductivity, which undoubtedly
brings high charge transfer resistance. To face this issue, many strategies have been proposed, such as morphological modification and
composite engineering [23,24]. For example, Zhou et al. synthesized the LiTi(PO4)3/C nanoporous microplates (LTP/C MPs) using
ethylenediamine as both the chelating agent and carbon source by a one-step solvothermal method. The LTP/C MPs consisted of
interconnected LTP nano-particles which embedded in nano-thickness carbon layer (~10 nm) [25]. The novel porous plate structure
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Fig. 1. (a) Crystal structure of LTP flakes, (b) XRD pattern of LTP flakes and LTP particles, (c) FTIR spectra of LTP flakes, (d) pore size distribution
curves of LTP flakes and LTP particles.

enables to reduce the Li'* diffusion distance and offer favorable conditions for electrolyte to penetrate the electrode completely.
Meanwhile, the carbon layer generates the conductive network to improve the electronic conductivity of LTP microplates effectively.
As a consequence, the as-prepared LTP/C MPs achieves a high capacity of 114 mAh-g~! with a retention of about 94.2 % after 100
cycles at 0.2C. Ye et al. reported a facile sol-gel method to synthesize LTP anode, followed by introducing carbon coatings by
carbonating p-cyclodextrin [26]. It realized that the uniform carbon coating can support a high Li™ mobility and yield serviceable
electronic conductivity. Thus, the LTP@carbon displayed high initial discharge specific capacity of 131.2 mAh-g~* at 0.2C, and it
remained at 90 % after 50 cycles.

Inspired the above investigations, we developed a templated sacrificial approach to prepare 2D LTP flakes enabling high Li*
diffusion kinetics for enhanced LIBs. The morphology, structure and electrochemical performance of LTP were analyzed and discussed.
As compared to LTP particles, the LTP flakes anode demonstrated improved specific capacity and prominent rate capability. Beyond
that, the post characterization was performed to verify the reliability of the LTP anode.

2. Experimental section

The 2D TiO; nanoflakes as the template was prepared according to our previous work [27]. Firstly, 16 mg LioCO3, 142.16 mg (NH4)
HyPO4 and 65 mg 2D TiO, nanoflakes were ground evenly in a mortar for 5 min to obtain homogenous mixture. Then, an appropriate
amount of deionized water (DI) was added to the mortar, and the rheological mixture was formed after grinding. Afterwards, the
mixture was dried at 100 °C for 8 h. Finally, the as-prepared precursor was ground in a mortar and annealed in a muffle furnace at
800 °C for 6 h, resulting in the synthesis of LTP flakes. The LTP particles were synthesized according to the same method while the

commercial TiO2 powders were utilized instead of 2D TiO5 nanoflakes. The overall reaction involved in this process is written below
[28]:

0.5Li;CO; + 2TiO, + 3(NH,)H,PO,4 —LiTi,(POy), + 3NH; +0.5C0O, + 4.5H,0 @
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Fig. 2. SEM images of (a) LTP flakes and (b) LTP particles, (c) TEM and (d) HRTEM images of LTP flakes.

The preparation of the anode and the assembly of the battery have been described somewhere [29,30]. Specifically, the copper
foam with a diameter of 1.2 cm was employed as the current collector. Then, the as-prepared active material, acetylene black and
binder (PVDF) were mixed together according to the mass ratio of 8: 1: 1. After that, they were ground at least 10 min to achieve the
even mixing. Meanwhile, few drops of NMP were added into the mixture to make it moisture. Further, the slurry was uniformly coated
on the copper foam and then dry at 80 °C for 12 h in air. Finally, the battery was assembled in a glove box filling with argon. The
galvanostatic charge-discharge (GCD) performance of the lamellar LTP anode and granular LTP anode was obtained on a battery test
system (CT2001A, LANHE, China) at ambient temperature. The electrochemical workstation (PARSTAT 3000 A-DX, Princeton Applied
Research, USA) was used to explore the electrochemical impedance spectrum (EIS) and cyclic voltammetry (CV) profiles of the
lamellar LTP anode and granular LTP anode.

3. Results and discussion

Fig. 1a draws the crystal structure of LTP flakes. It is found that the 3D skeleton structure is constituted by connecting TiOg oc-
tahedron and PO, tetrahedron. Such rhombohedral NASICON-type structure effectively facilitates the Li" transport [31,32]. The
crystalline phase of LTP flakes and LTP particles are explored by the X-ray diffraction (XRD; Smart Lab, Japan) and the corresponding
XRD patterns are shown in Fig. 1b. All relevant characteristic diffraction peaks of the LTP flakes and LTP particles are associating with
the rhombohedral NASICON-type LTP very well (space group R3c, PDF#35-0754) [33]. Moreover, the peaks are sharp and strong,
suggesting the high purity and crystallinity. Specifically, the main characteristic diffraction peaks distribute at 14.7°, 20.8°, 24.5°,
25.6°, 29.6°, 32.4°, 33.2°, 36.5° and 57.2°, which corresponds to the (012), (104), (113), (202), (024), (211), (116), (300) and (410)
crystal planes of LTP flakes and LTP particles, respectively. Fig. 1c shows the Fourier transform infrared spectrum (FTIR; spectrum
Two03040404, USA) of LTP flakes. Essentially, the band emerging at 578.1 cm ! and 643.8 cm ™! are relating to the P-O-P bond in the
PO, tetrahedron and the Ti-O-Ti bond in the TiOg octahedron, respectively. The sharp absorption peak at 1040 cm™! belongs to the
stretching vibration of POy4 functional group in the LTP flakes. Further, the absorption peak near 1226 cm ! corresponds to the
stretching vibration of the O-P-O non-bridge oxygen bonds. Besides, peaks presenting at 3437.7 cm ™! and 1633 cm ™! are separately
attributed to the bending vibration and symmetrical stretching vibration modes of ~-OH due to the water absorbed from the KBr and
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Fig. 3. (a) Full XPS spectrum, (b) Ti 2p, (c) O 1s and (d) P 2p spectrum of LTP flakes.

phosphate matrix. The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were employed to detect the dates
of specific surface area and the pore size distributions by a surface area analyzer (JW-BK200C, China). Fig. 1d shows the pore size
distribution curve of LTP flakes and LTP particles. The dominant peaks concentrate at 3.26 nm and 2.89 nm, respectively, corre-
sponding to LTP flakes and LTP particles.

Fig. 2a and b shows the scanning electron microscopy (SEM; Hitachi SU5000, Japan) images of LTP flakes and LTP particles,
respectively. In Fig. 2a, the tightly connected LTP particles constitute LTP flakes. This novel structure helps to enlarge the contact area
between the electrolyte and the LTP, which enable the rapid electrons transfer and fast Li* diffusion. In Fig. 2b, the rock-like LTP
particles randomly stack together, which is not conducive to Li" migration. Moreover, the high-resolution transmission electron
microscopy (HRTEM; FEI Talos200s, USA) images of LTP flakes are illuminated in Fig. 2c and d. Obviously, the layered structure is
confirmed, and a lattice fringe with a lattice spacing of 0.368 nm can be measured, which corresponds to the (113) crystal plane of LTP.

The chemical valence state of elements of LTP flakes was studied by X-ray photoelectron spectrum (XPS, Thermo ESCALAB 250Xi).
Fig. 3a displays the XPS full survey spectrum of LTP flakes, which exhibits the characteristic peaks of O 1s, Ti 2p, C 1s, P 2p and Li 1s.
The high-resolution Ti 2p XPS spectrum was shown in Fig. 3b, the existence state of Ti in the sample was further confirmed. Two
characteristic peaks staying at 459.6 eV and 465.4 eV are corresponding to the spin-orbit splitting photoelectrons of Ti 2ps/2 and Ti
2p1 7 in the chemical state of Ti**, respectively [34]. Fig. 3¢ shows the O 1s spectrum. Three dominant peaks locating at 530.5 eV,
531.2 eV and 532.5 eV separately represent the C-O, P-O and Ti—O-P bonds. In Fig. 3d, it relates to the P 2p spectrum, in which the
binding energies of 132.9 eV and 134.2 eV is associating with the P 2p3,» and P 2p; /o, respectively.

The CV measurement of lamellar LTP anode was carried out at 0.1 mV s~! within the potential window ranging from 1.5V to 3.0 V
under room temperature. Fig. 4a draws the CV curves of the first four cycles. It can be observed that a pair of redox peaks appearing at
2.41 V/2.57 V relate to the valence state of Ti varying from +4 to +3 undergoing the insertion/de-insertion of Li*. Moreover, the low
voltage difference 0.16 V between the oxidation peak and the reduction peak indicates the high reversibility of lamellar LTP anode.
Basically, the reduction peak emerging at 1.6 V may be attributed to the formation of solid electrolyte interface film as well as the
decomposition of electrolyte. The cycling performance of lamellar LTP anode and granular LTP anode were evaluated at 0.1 A g~ in
Fig. 4b. Appreciably, the initial discharge specific capacity of lamellar LTP were as high as 986.8 mAh-g~!, while the corresponding



Y. He et al. Heliyon 10 (2024) e23396

(@) 0.08 (® mr—r— ,
- ;'d Ly , = O LTP flakes
< 0.04 1 ;D 800-\ 80 ;D Z @ LTP particles
\_E/ E o @— LTP flakes L 60 f\; E 600 o 0.1A-g"
= 0.00 = 1 @ LTP particles < E 450 1A
£ 2 4003 400 & R0 ag! b
E £ 400 r S 300 R oy
O .04 g W ; = - 05Ag!
S 200 120 S 150 gy AL gy
——— )
-0.08 T v T T 0 r v T T 0 0 v T v . v
1.6 2.0 24 2.8 32 0 20 40 60 80 100 0 10 =20 30 40 50 60
Potential (V) Cycle number Cycle number

1000

(d) = < <} 100
"] *Y Lo
e e o o LTP fikes A
E 6004 CPE ° 5 E 240 {8, @ LTP particles L 60 @
e e o S = <
Ry 400 e 2160 L4 8
! -} 37 é i e SRR
200 7 @ LTPflakes S 809 - 120
R @ LTP particles
0 T T T T 0 T - - - . T - - - 0
0 200 400 600 800 1000 0 30 60 90 120 150 180 210 240 270 300
Z' (ohm) Cycle number

Fig. 4. (a) CV curve of lamellar LTP anode, the (b) cycling performance, (c) rate performance, (d) EIS spectra and (e) long-term cycling performance
of lamellar LTP anode and granular LTP anode.

Table 1

Comparison of the LIB performance of NASICON type-based anodes.
Sample Capacity/(mAh-g~1) Ref.
Rhombohedral LiTiz(PO4)3 122 at 15mA g * [17]
LTP/C 144 at 28 mA g’1 after 100 cycles [19]
LiTi»(PO4)3@carbon 133.1 at 27.6 mA g’1 [26]
LiTis(PO4)3 360 at 20 mA g ! [28]
C-LiTiz(PO4)3 94.6 at 0.5 mA cm ! after 50 cycles [35]
NaTiy(PO4)3/C 390.7 at 100 mA g’1 after 100 cycles [36]
rGO/NTP 400.9 at 100 mA g ! after 200 cycles [37]
LTP/C 143.4 at 14.4 mA g’1 [38]
LiTiz(PO4)3/C 113.4 at 138 mA g’1 after 100 cycles [39]
This work 231.1 at 100 mA g~ ! after 100 cycles

value is 646.3 mAh-g~! in terms of granular LTP. After 100 cycles, the lamellar LTP anode remains at 231.1 mAh-g~*, which is much
higher than that of granular LTP (169.3 mAh-g~!). Further, the coulombic efficiency (CE) of lamellar LTP anode and granular LTP
anode reach to 98.6 % and 98.7 % after 100 cycles, respectively. Table 1 summarizes the specific capacities of various NASICON type-
based electrodes for comparison. Rate performance of lamellar LTP and granular LTP were investigated under various rates of 0.1 A
g 1,02Ag71,05Ag 1, 1Ag7 1, 2Ag 1 and 0.1 A gL, Asilluminated in Fig. 4c, the discharge specific capacities of lamellar LTP are
higher than that of granular LTP at any current density. Upon the rate increasing, the discharge specific capacities gradually decrease
for both anodes, which is presumably ascribed to the electrochemical polarization under large current. Further, when the current
density varies from 2 A g% to 0.1 A g™, the discharge specific capacity of lamellar LTP maintains at 300 mAh-g~}, indicating the
superior rate capability. Fig. 4d shows the EIS spectra and corresponding Nyquist plots of lamellar LTP and granular LTP, the inset is
the fitted equivalent circuit. The intercept at Z' axis at high frequency is relating to the ohmic resistance (Rs) of electrolyte and
electrode [40], while the semicircle at middle frequency represents the charge transfer resistance (R¢) [41]. The R of lamellar LTP
and granular LTP is 537.7 Q, and 810.3 Q, respectively. The low R of lamellar LTP may be ascribed to the layered structure which
improves the electrochemical kinetics. In order to further study the Li * transport characteristics of lamellar LTP anode and granular
LTP anode, the diffusion coefficient of lithium ions (Df;) was calculated by the following formula [42,43]:

Dy =R*T? [2A°n*F* C*6? 2
where R is the gas constant, T is the tested absolute temperature of test condition, A is the surface area of the working electrode, n is

the number of electrons transfer in the redox reaction, F is Faraday constant, C is the Li * concentration in the solid phase of the
electrode, and the o is the slope of linear fitting of the plot of Z, against @ /2. As a result, the lamellar LTP anode demonstrated
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Fig. 5. SEM images of lamellar LTP from top and cross-sectional view before (a) and (b) and after (c) and (d) 100 cycling, (e) and (f) the HRTEM
images of lamellar LTP anode after 100 cycling, the inset in (f) is the corresponding XRD pattern.

relatively higher Dy;  values than granular LTP anode, which is 3.12 x 10~8 cm? s™! and 5.01 x 1071% em? 571, respectively. Fig. 4e
shows the cycling capacity and CE of lamellar LTP anode and granular LTP anode at 1 A g~ . Even at high current density, the lamellar
LTP anode also demonstrates high initial discharge specific capacity of 592.5 mAh-g . After 300 cycles, the discharge specific capacity
of the lamellar LTP anode can reach 137.2 mAh-g~ after 300 cycles. By contrast, the initial discharge specific capacity of the granular
LTP anode was 423.3 mAh-g ! and the discharge specific capacity remained 97.2 mAh-g ! after 300 cycles. Thus, the LTP with layered
structure achieved wonderful rate performance and cycling stability. As a comparison, the previous work published by Deng et al.
reported the discharge specific capacity of graphite anode is only about 50 mAh-g ! after 650 cycles at a current density of 3C [44].

By studying the morphological and structural evolution of lamellar LTP anode upon the cycling, the Li" storage behavior was
discussed. Fig. 5a and b are the SEM images of the lamellar LTP anode from the top view and cross section before cycling, respectively.
The micro-sized LTP firmly connected together forming the lamellar structure. In Fig. 5c and d which exhibit the SEM image of
corresponding lamellar LTP anode after 100 cycles at 0.1 A g™, the structural deterioration is rarely examined while the surface of LTP
is covered by some small particles. It may be considered as LisTi»(PO4)3 that from the insertion of Li'. Fig. 5e and f illuminate the
HRTEM images of lamellar LTP anode after 100 cycles. The lattice fringes with lattice spacing of 0.278 nm can be marked, which
correspond to the (211) crystal plane of Li3Tio(PO4)3. Moreover, the corresponding XRD pattern is given in the insert of Fig. 5f. The
diffraction peaks at 14.4° and 24.1° relating to the (012) and (113) crystal planes of Li3Tio(PO4)3 are firmly determined, respectively.

4. Conclusions

In summary, the LTP flakes was successfully synthesized by template method for the enhanced anode with high Li" storage per-
formance. The XRD analysis demonstrated that the as-prepared LTP flakes with highly crystallinity revealed the NASICON-structure.
Moreover, it was proved the mesoporous texture, which is effective to exposure as much as electroactive sites and promote the
diffusion kinetics of Li". For another, the tight connection of LTP particles can effectively shorten the diffusion path of Li*. When LTP
flakes is used as the anode of LIBs, it exhibited a high initial discharge capacity of 986.8 mAh-g~! at a current density of 0.1 A g1, and
remained at 231.1 mAh-g ™! after 100 cycles. It is noteworthy that the discharge specific capacity of the lamellar LTP anode can reach
137.2 mAh-g~! after 300 cycles at a high current density of 1 A g~1. Therefore, the LTP flakes is considered a prospective anode to be
used in LIBs due to its superior fast charge and discharge performance and cycling stability.
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