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ABSTRACT

In this work, the reduced graphene oxide/NaTi2(PO4)3 (rGO/NTP) nanocom-

posite has been prepared by employing MXene as both the template and pre-

cursor for lithium ions battery with the enhanced performance. It is found that

the NTP nanoparticles compact together and tightly decorate on the rGO layer.

This novel structure benefits to shorten the diffusion path of Li? and provide

high conductivity, which are proved by the density functional calculations.

Further, the Li? diffusion coefficient of rGO/NTP is 3.68 9 10–9 cm2�s-1 which

is much higher than that of the NTP (7.18 9 10–10 cm2�s-1). The results

demonstrate that the rGO/NTP anode offers the high specific discharge capacity

of 400.9 mAh�g-1 after 200 cycles at 0.1 A�g-1, which is nearly twice higher than

that of NTP anode. Even the current density varied from 0.1 to 2 A�g-1, the

specific capacity rGO/NTP anode can reach to 149.2 mAh�g-1. Further, the

integrity of the lamellar structure rGO/NTP anode remained after 200 cycles,

highlighting the superior stability.

Introduction

Lithium-ion batteries (LIBs) have been extensively

applied in our society, such as green energy power

grid systems, electronic consumer goods and electric

vehicles [1–4]. It has provided the significant advan-

tages of high energy density, prominent specific

capacity and long cycle life compared with other

energy storage devices [5, 6]. Owing to the low

carbon emission, electric vehicles have been calling

for large-scale applications, which demand greater

requirements on the performance of LIBs [7, 8].

Unfortunately, the anodes of LIBs suffer from low

capacity and power density, these of which are

attributed to the formation of a solid electrolyte

interface (SEI) layer between the electrode and elec-

trolyte as well as the irreversible redox reaction

relating to the lithiation/de-lithiation process [9–12].
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Up to now, despite great efforts are devoted to

designing advanced anodes, such as Li4Ti5O12 [13],

transition metal oxides [14, 15], silicon-derivatives

[16–18] and hard carbons [19, 20], it is still a challenge

to develop suitable anode material with high-rate

capability, long cycling life and excellent safety.

The NASICON-type NaTi2(PO4)3 (NTP) as a typi-

cal representative of polyanionic Ti-based materials

exhibits an open 3D skeleton structure, which is

conducive to the construction of a convenient and

fast transmission path for Li? diffusion [21–24]. In the

structure, the TiO6 octahedra share all of their corners

with PO4 tetrahedra, and Li? occupy the interstitial

sites [25]. In 1988, Delmas performed the pioneered

work to explore the possibility of Li? intercalation

into NTP [26]. Then, Masquelier reported that the

stable framework of ATi2(PO4)3 (A = Li and Na) is

very beneficial to intercalate/de-intercalate Li?

reversibly upon the cycling increases [27]. However,

the separation of TiO6 octahedrons leads to poor

conductivity. Thus, the cyclic stability and rate

capability of pure NTP electrode are concerning. In

order to face these issues, extensive works have been

dedicated to develop the nano-NTP which is expec-

ted to achieve a short diffusion path for electrons.

Meanwhile, compositing carbonaceous materials

with NTP is also effective to enhance the electrical

conductivity [28, 29]. For example, Mao et al. pre-

pared a carbon-coated NTP microsphere, which

offered an initial capacity of 105.3 mA�g-1 at 5 C and

a low capacity loss of about 0.018% per cycle after

2000 cycles. It realized that carbon coating favors to

improve the efficient transmission of electrons

between the electrolyte and electrode, and mean-

while the microspheric structure reinforces the

cycling stability of NTP as well [30]. Among car-

bonaceous materials, the reduced graphene oxide

(rGO) is envisioned to be the ideal conductive sub-

strate [31]. Most significantly, the coupling of rGO

can prevent the agglomeration of active materials

during the cycling.

In this work, the 2D layered Ti3C2Tx (T mainly

represents F, OH, O functional group) was employed

as Ti source and substrate to in situ prepare the NTP

nanoparticles. Then, the reduced graphene oxide

(rGO) was utilized to couple with NTP. The mor-

phology, structure, density functional calculation,

electrochemical behavior and Li? transport charac-

teristics of rGO/NTP and NTP are comparatively

explored. The findings pointed out that the

synergistic effect of rGO and NTP has manifested the

significant superiority to enhance the rate capability

and cyclic ability.

Experimental section

Synthesis of rGO/NTP

Firstly, 1 g LiF powder was added to 20 mL HCl

solution whose concentration is 9 mol�L-1 and then

stirred for 15 min. Afterward, 1 g Ti3AlC2 powder

was poured into the above solution and stirred at

40 �C for 96 h using magnetic heating agitator to

remove the Al layer. Subsequently, the resultant

solution was washed and centrifuged with deionized

water (DI) until the pH value exceeded 6. Then,

20 mL DI was added to the precipitate, accompanied

by performing the ultrasonication for 2 h and cen-

trifuging at 3500 r/min under room temperature for

1 h. Finally, the few layered T3C2Fx were obtained by

freeze-drying the supernatant. Secondly, 429.36 mg

NH4H2(PO4)3 and 66.25 mg Na2CO3 were dissolved

in 10 mL DI to obtain solution A. Then, 0.1 g Ti3C2Tx

was added into 20 mL DI to obtain solution B. solu-

tion A was slowly dropped into solution B for 2 h,

accompanied by stirring. After that, the mixture was

stirred vigorously in a water bath at 70 �C until the

gel was formed. Then, it was freeze-dried. The

resultant product was annealed at 350 �C for 2 h and

then performed the second annealing at 700 �C for

6 h to obtain NTP. Successfully, the NTP and rGO

were mixed with ultrasound at a mass ratio of 1:1 and

then freeze-dried, and followed by heating at 280 �C
for 3 h under Ar atmosphere to obtain the rGO/NTP.

Materials characterization

The scanning electron microscopy (SEM; Hitachi

SU5000, Japan) and high-resolution transmission

electron microscopy (HRTEM; FEI Talos200s, USA)

were employed to observe the morphologies and

microstructures of samples. Regarding the phase

identification, the X-ray diffraction (XRD; Smart Lab,

Japan) was utilized (2h = 5�–80�). X-ray source is

K alpha 1 ray using Cu target, where the power of

K alpha 1 is 2 KW. The Raman spectrum was char-

acterized by the Raman Spectrometer (USA DXR).

Moreover, the laser wavelength is 532 nm and the

irradiation length is 60–9000 cm-1. The Fourier
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transform infrared spectrometer (FTIR; spectrum

Two03040404, USA) was performed with KBr pellets.

The Brunauer–Emmett–Teller (BET) and Barrett–

Joyner–Halenda (BJH) methods was adopted to

determine the SSA and pore size distributions using a

surface area analyzer (JW-BK200C, China). X-ray

photoelectron spectroscopy (XPS, Thermo ESCALAB

250Xi) was carried out to investigate the surface

chemical structure composition.

Electrochemical measurements

The electrochemical behavior of the samples was

analyzed by fabricating the lithium half cells made in

the Ar-filled glove box. Essentially, the 80% NTP/

rGO, 10% conductive carbon black and 10%

polyvinylidene difluoride (PVDF) were completely

mixed by adding few drops of N-methyl pyrrolidone

(NMP) solution. Then, the resultant slurry was uni-

formly pasted on the copper current collectors.

Afterwards, the residual NMP within the as-pre-

pared electrode was removed by heating at 80 �C for

12 h. The 1 M LiPF6 dissolved in the mixture of

ethylene carbonate, diethyl carbonate and ethyl

methyl carbonate (1:1:1 wt%) was employed as the

electrolyte. In terms of the electrochemical measure-

ment, the constant current charge–discharge profiles

of the LIBs cells were obtained on a battery mea-

surement system (CT2001A, LANHE, China). Fur-

ther, the electrochemical impedance spectrum (EIS)

and cyclic voltammetry (CV) curves were performed

by an electrochemical workstation (PARSTAT 3000A-

DX, Princeton Applied Research, USA).

Theoretical calculations

The Vienna Ab Initio Package (VASP) was employed

to achieve the density functional theory (DFT) cal-

culation. It is based on the generalized gradient

approximation (GGA) using the Perdew, Burke and

Enzerhof (PBE) formulation [32–34]. Further, the

Brillouin zone was set with a Monkhorst–Pack

2 9 2 9 1 k-point grid and integrated by using

Gaussian method with a smearing width of 0.05 eV.

The convergence criteria for energy and force were

separately defined as 10–5 eV and 0.05 eV/Å, assur-

ing that the electronic energy was considered self-

consistent as well as a convergent geometry opti-

mization. The projected augmented wave (PAW)

potentials were applied to describe the ionic cores

and took valence electrons into account using a plane

wave basis set with a kinetic energy cutoff of 450 eV

[35, 36]. Partial occupancies of the Kohn–Sham orbi-

tals were allowed using the Gaussian smearing

method and a width of 0.05 eV. The dispersion

interactions were described by using Grimme’s DFT-

D3 methodology [37].

Results and discussion

Figure 1 depicts the schematical synthesis process of

rGO/NTP. The precursor is obtained by adding an

appropriate amount of NH4H2(PO4)3 and Na2CO3 to

Ti3C2Tx solution and followed by withstanding

freeze-drying. Then, it was sintered in a muffle fur-

nace to achieve the NTP. In this process, the NH4-

H2(PO4)3 was decomposed to NH3 and H3PO4 at

300 �C. Then, H3PO4 reacted with Ti3C2Tx and Na2-
CO3 to form NTP as the temperature goes up. All

related reactions are given as below:

NH4H2PO4 ! NH3 þH3PO4 ð1Þ

H3PO4 þNa2CO3 þ Ti3þ ! NaTi2 PO4ð Þ3þCO2

þH2O ð2Þ

Finally, the NTP and GO were coupled by ultra-

sonic mixing. Enabling the reduction, the GO/NTP

was sent into the tube furnace to reduce at 280 �C to

get rGO/NTP. It is expected that the rGO favors to

promote the electron transition and Li? diffusion,

resulting in high specific capacity and prominent rate

capability.

Figure 2a shows the SEM image of Ti3C2Tx which

displays the typical layered structure. Figure 2b

exhibits the SEM image of NTP. The NTP nanopar-

ticles aggregated together to form the layered

framework. Most importantly, the layered NTP

structure can effectively shorten the migration path of

Li?. Meanwhile, the inherent stress released from the

NTP during the charge–discharge can be alleviated

along with the widthwise direction. When coupling

with the rGO, the rGO uniformly covers the NTP, as

shown in Fig. 2c. Such structure favors to enhance the

conductivity of the whole electrode as well as pro-

motes the electron transfer during the charge–dis-

charge process. Figure 2d and e shows the TEM and

HRTEM image of rGO/NTP, respectively. It again

confirms that the NTP nanoparticles are tightly

attaching on the rGO layer. Further, the lattice
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spacing equals to 0.276 nm can be captured which

belongs to the (116) diffraction plane of NTP. In the

meanwhile, the lattice fringe corresponding to rGO is

examined as well. Figure 2f draws the crystal struc-

ture of NTP. It obviously demonstrated that NTP is

constituted by connecting TiO6 octahedron and PO4

tetrahedron [38, 39]. Such an open 3D structure is

very conducive to the transmission of Li?.

The XRD patterns of Ti3C2Tx, NTP and rGO/NTP

are shown in Fig. 3a. Essentially, the characteristic

diffraction peaks of Ti3C2Tx match with the reported

data very well. Further, the XRD patterns of the NTP

and rGO/NTP can be precisely indexed by the

standard card (PDF#84-2009). Significantly, the high

intensity of the diffraction peak indicates the good

crystallinity. The main diffraction peaks are found at

14.4�, 20.2�, 20.9�, 24.2�, 25.3�, 29.3� and 32.4� corre-

sponding to the (012), (104), (110), (113), (202), (024)

and (116) planes of NTP. After coupling with rGO,

the characteristic diffraction peaks of NTP do not

Figure 1 Schematic illustration of the synthetic process for rGO/NTP.

Figure 2 SEM images of a Ti3C2Tx, b NTP and c rGO/NTP, d TEM and e HRTEM image of rGO/NTP, f the crystal structure of NTP.
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obviously change. Unfortunately, no obvious

diffraction peaks relating to carbon are observed,

which is presumably ascribed to the low mass load-

ing of rGO or its low crystallinity. Figure 3b exhibits

the Raman spectra of rGO/NTP and NTP. From the

figure, three typical peaks of NTP appeared at 972,

1010 and 1098 cm-1. The peak at 273 cm-1 is related

to the translational vibration of Ti4?, while peaks at

307, 341 and 436 cm-1 are associating with the PO4
3-

[40]. In comparison to NTP, the full width at half

maximum of the representative peak at 1010 eV has

not changed anymore by coupling NTP with rGO,

suggesting the high crystalline phase of NTP. In

rGO/NTP, strong D and G peak which represents the

disordered carbon and sp2 hybrid carbon at 1332 and

1583 cm-1 are observed. Further, the ID over IG is

1.07, suggesting the high degree of defects due to the

coupling. To study the chemical interaction between

NTP and rGO, the as-prepared samples were tested

by FTIR. Figure 3c shows the FTIR spectra of rGO/

NTP and NTP. The absorption peaks at 997 and

641 cm-1 are attributed to Ti–O–Ti bond of TiO6

octahedron, while peaks at 432, 572 and 1029 cm-1

correspond to P–O bond of PO4 tetrahedron. More-

over, the absorption peak at 1227 cm-1 is ascribed to

the tensile vibration of PO4 [41]. In the FTIR spectrum

of rGO/NTP, the absorption peak at 1631 cm-1 in

relation to C–C bond is found, which proves the

presence of rGO. Figure 3d and the inset show the N2

adsorption–desorption curve and corresponding

pore size distribution of rGO/NTP and NTP. Both

the rGO/NTP and NTP have typical type-IV hys-

teresis loops, illuminating the existence of meso-

pores. The SSA of rGO/NTP and NTP are 13.95 and

6.54 m2�g-1, respectively, featuring the coupling of

rGO benefits to promote the SSA, which is conducive

to enlarging the contact area between the electrode

and the electrolyte. Besides, the pore sizes of rGO/

NTP and NTP are mainly distributed at 3.19 and

3.202 nm.

Figure 4a shows the survey XPS spectrum of rGO/

NTP, NTP and Ti3C2Tx. The signals of P 2p, C1s, Ti 2p,

O 1s, and Na 1s could be clearly detected from the

XPS spectrum of NTP and rGO/NTP. Remarkably,

the intensity of C 1s peak of rGO/NTP is significantly

higher than that of NTP and Ti3C2Tx due to the

presence of rGO. In Fig. 4b of the C 1s spectrum, the

C–C/C=C peak at 284.5 eV is relatively higher than

that of NTP. Meanwhile, the peaks at 285.1, 286 and

288.7 eV are corresponding to the C–O, C=O and O–

C=O, respectively. Figure 4c shows the high-resolu-

tion spectrum of O 1s. Three peaks at 533.6, 532.4 and

531.4 eV are captured, which correspond to C–O

bond, P–OH and Ti–O–P, respectively [25]. As can be

Figure 3 a XRD patterns,

b Raman spectra, c FTIR

spectra, d nitrogen adsorption/

desorption isotherms and pore

size distribution of rGO/NTP

and NTP.
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seen from Fig. 4d, the Ti 2p characteristic peaks in

both spectrums are quite similar. Basically, Ti 2p3/2
and Ti 2p1/2 orbits locate at 459.8 eV and 465.6 eV,

respectively, highlighting the Ti4? [42–45]. It is

observed that the binding energy of rGO/NTP shows

a negative shift of 0.4 eV by compared with that of

NTP, realizing the presence of chemical interaction

between the rGO and NTP. In Fig. 4e, the XPS spec-

trum of P 2p can be well convolved two peaks at 134.5

and 133.7 eV, which associated with the P 2p1/2 and

P 2p3/2, respectively.

Figure 5a–c shows the NTP/NTP gap structure,

NTP/NTP binding structure and rGO/NTP/NTP

binding structure, respectively. Correspondingly,

Fig. 5d–f illuminates the charge density difference of

the adsorption models. The regions in blue and yel-

low represent the accumulation and depletion

regions of electrons, respectively. Obviously, in the

NTP/NTP gap structure, there is barely accumula-

tion of electrons. In contrast, a net excess of charges

occurs in the intermediate area between NTP and

NTP in Fig. 5e, which improve that the tightly con-

nected NTP nanoparticles facilitate the diffusion of

Li?. When the surface is coupled with rGO, the

accumulation of electrons is mainly distributing near

to rGO, electrons prefer to transfer from the NTP

surface to rGO. Figure 5g–i shows the TDOS and

PDOS results of the three structures. Apparently,

after coupling with rGO, the number of electrons

near Fermi levels increases, which is beneficial to

enhance the electronic conductivity.

Figure 6a presents the CV curve of the rGO/NTP

electrode at 0.1 mV�s-1 from 0 to 3 V during the first

four cycles. Obviously, two pairs redox peaks at 2.6/

2.4 V and 0.81/0.57 V emerge which correspond to

the interconversion between Ti4? and Ti3? and the

further interconversion between Ti3? and Ti2?. It is

noting that the interconversion of Ti3? and Ti2? can

only be carried out in the low voltage range, and the

reason for the stability of this process is that the NTP

is NASICON-type structure. Figure 6b displays the

cyclic performance of rGO/NTP, the high specific

discharge capacity after 200 cycles is obtained as

400.9 mAh�g-1 at 0.1 A�g-1. Besides, the initial

coulombic efficiency (ICE) of rGO/NTP is 51.1%.

Figure 6c shows the rate capability of rGO/NTP and

NTP at different current densities. From the figure,

the specific discharge capacities of rGO/NTP are

408.1, 302.6, 252.9, 197.3, 149.2 and 96.8 mAh�g-1 at

0.1, 0.3, 0.5, 1.0, 2.0 and 5.0 A�g-1, respectively. When

the current density recovered to 0.1 A�g-1, the

specific discharge capacity recovered to 359.3

mAh�g-1. As a comparison, the specific capacities of

NTP were 291.8, 210.2, 169.5, 124, 87.9, 53.5 and 238.8

mAh�g-1 at 0.1, 0.3, 0.5, 1, 2 and 5 A�g-1, respectively.

In order to better study the Li? storage characteristics

of rGO/NTP and NTP, the EIS was tested. As shown

in Fig. 6d, the semicircular diameter of rGO/NTP is

significantly smaller than that of NTP, indicating the

Figure 4 The a full XPS spectrum of rGO/NTP, NTP and Ti3C2Tx, b C 1s, c O 1s, d Ti 2p and d P 2p spectrum of rGO/NTP and NTP.
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smaller charge transfer resistance. After simulation,

the resistance of rGO/NTP is 156.2 X which is much

smaller than that of NTP (443.4 X). In Fig. 6e, the

galvanostatic intermittent titration technique (GITT)

was tested by employing rGO/NTP and NTP elec-

trodes at 0.1 A�g-1. The Li? diffusion coefficient

(DLi?) obtained from GITT was calculated according

to the following Eq. (3) [46]:

DLiþ ¼ 4

ps
mBVM

MBS

� �2 DEs

DEt

� �2

ð3Þ

where s is the discharge/charge time, MB and mB

are the molecular weight and the mass of active

material, respectively. VM and S represent molar

volume and effective area, DEs is the voltage change

caused by a single pulse, DEt is the total transient

voltage variation during a galvanostatic charge/dis-

charge (GCD) process. From Fig. 6f, the DLi? of rGO/

NTP and NTP are about 3.68 9 10–9 cm2�s-1 and

Figure 5 a–c the NTP/NTP gap structure, NTP/NTP binding structure, and NTP/NTP binding structure coupling with rGO, d–f charge

density difference of the as-given adsorption models, g–i total and projected densities of states.
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7.18 9 10–10 cm2�s-1, respectively. The result is con-

sistent with EIS, confirming that rGO effectively

facilitates Li? transport kinetics of electrode material.

The morphology and structure evolution of the

rGO/NTP electrode before/after the cycling were

obtained to explore the Li? storage behavior. Fig-

ure 7a and b exhibits the cross-sectional SEM images

of rGO/NTP electrode before and after 200 cycles at

0.1 A�g-1, respectively. It can be observed that the

raw rGO/NTP electrode has obviously lamellar

structure. After cycling, although the stacking phe-

nomenon of electrode material occurred, it remains

the integrity of the lamellar structure which promises

the stable cyclic performance of the electrode. In

Fig. 7c, the raw NTP electrode also has lamellar

structure before cycling. However, after 200 times

charge–discharge cycles, the NTP electrode has

obvious agglomeration and pulverization, from

Fig. 7d. This verifies the structural stability of rGO/

NTP. Figure 7e and f are the TEM image and HRTEM

image of rGO/NTP anode performed after 200 cycles,

the 0.36 nm lattice spacing diffraction fringe was

obtained, corresponding to the (113) diffraction plane

of NTP. Thus, the structure stability of rGO/NTP in

cycling is further verified. Beyond that, the XRD

patterns of rGO/NTP after 200 cycles display two

diffraction peaks at 25.2� and 33.3�, which is relating

to the (113) and (116) planes of NTP, respectively.

Conclusion

In summary, the rGO/NTP nanocomposite has pro-

posed as advanced anode for LIBs. Regarding the

preparation of rGO/NTP, the MXene was employed

as the template and precursor. Thus, the NTP

nanoparticles tightly connected together to form the

2D lamellar structure, which effectively shorten the

migration path of Li?, resulting in enhanced capaci-

tance at high rate. After compositing with rGO, the

electronic conductivity of the rGO/NTP was signifi-

cantly reinforced. When it was used as the anode for

LIBs, the specific capacity reach to 400.9 mAh�g-1

after 200 cycles at 0.1 A�g-1. Even the current density

increased to 2.0 A�g-1, the specific capacity still

remain at 149.2 mAh�g-1. Further, it is explored that

the DLi? of rGO/NTP is * 3.68 9 10–9 cm2�s-1,

whereas it is 7.18 9 10–10 cm2�s-1 for NTP. Remark-

ably, the integrity of the lamellar structure of rGO/

NTP electrode is kept very well after 200 times

Figure 6 a The CV curves of rGO/NTP. The b cyclic performance, c rate capability, d EIS spectra, e GITT curves and f the diffusion

coefficient of Li? during the discharge process of rGO/NTP and NTP.
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charge–discharge cycles, featuring the exceptional

structural stability.
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