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n of an anatase/rutile-TiO2/
Ti3C2Tx hybrid electrode for durable sodium ion
batteries†

Yang Song, Yuchong Kang, Wei Ma * and Haibo Li *

Herein, a facile one-step method is developed to in situ prepare crystalline anatase and rutile TiO2

nanocrystals on Ti3C2Tx by regulating the metastable Ti ions. The combination of TiO2 nanocrystals and

Ti3C2Tx not only introduces extensive accessible sites for Na+ storage, but also promotes the charge

transport by efficiently relieving the collapse of Ti3C2Tx. Compared with pristine Ti3C2Tx, the optimized

TiO2/Ti3C2Tx hybrid electrode (anatase/rutile-TiO2/Ti3C2Tx, A/R-TiO2/Ti3C2Tx) exhibits a desirable specific

surface area (22.5 m2 g�1), an ultralow charge transfer resistance (42.46 U) and excellent ion diffusion

(4.01 � 10�14). Remarkably, rich oxygen vacancies are produced on TiO2/Ti3C2Tx which is beneficial to

enhance the insertion/de-insertion of Na+ during the charge/discharge process. As a result, the A/R-

TiO2/Ti3C2Tx delivers a high average capacity of 205.4 mA h g�1 at 100 mA g�1 and a desirable

capacitance retention rate of 84.7% can be achieved after 600 cycles at 500 mA g�1.
1. Introduction

Cost-effective energy storage systems have been one of the most
promising candidates to face the challenges of the worldwide
energy issues. Among various electrochemical energy storage
techniques, the rechargeable lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs) have attracted great interest due to
their high energy density and exible characteristics.1–4

However, the limited lithium resources increase the fabrication
cost, thus hindering the development of LIBs. Compared to
LIBs, SIBs have been considered as the most hopeful next-
generation secondary battery due to their advantages of abun-
dant sodium reserves.5,6 Unfortunately, the large diameter of
Na+ (116 pm) is always accompanied by the issues of slow
reaction kinetics, low capacity and poor cycle stability when
making SIB.7,8

MXene, as a newly emerged 2D material, has exhibited
prominent advantages, i.e. outstanding electronic conductivity
and large surface area.9–11 Essentially, the MXene is proposed as
an ideal matrix body to hybridize electrochemical active mate-
rials for SIB by inducing a synergistic effect. For example, Lv
et al. developed Ti3C2Tx by intercalation of ethanol or dimethyl
sulfoxide. When employed as the anode for SIB, it achieved
110 mA h g�1 at a current density of 100 mA g�1, which was 16%
higher than that of the original Ti3C2Tx (95 mA h g�1).12
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However, due to the easy collapsing characteristics of MXene,
the Na+ storage capacity of the MXene anode is still far away
from the theoretical value. To address this issue, various strat-
egies have been proposed to alleviate the structure damage of
MXene in the Na+ storage process. For example, Sun et al.
provided a surface regulation method, replacing the O-terminal
with the PO2-terminal, which greatly enhanced the specic
capacity of Nb4C3 MXene and effectively relieves the collapse of
MXene.13 Besides, the preparation of MXene based nano-
composites is also an efficient way to address this issue. The
obvious advantage of the nanocomposite is to reduce the
volume expansion during charge/discharge and thereby
improve the stability of the battery.14–16 For example, Yang et al.
in situ grew anatase TiO2 on MXene towards the enlarged
spacing layer of MXene. Meanwhile, the anatase TiO2 nano-
particles also supply additional adsorption sites for sodium
ions, which gives rise to a reversible capacity of 52 mA h g�1 to
156 mA h g�1 with a large current span of 50–2000 mA g�1.17

Due to the network structure enabled by the stacking and
edge-sharing of TiO6 octahedra, TiO2 provides many ideal
insertion sites for accommodating Na+ and the suitable path for
the diffusion of Na+.18–20 Furthermore, among all kinds of
crystalized TiO2, rutile-TiO2 exhibits good cycling stability due
to its robust structure. Regarding TiO2, it is known that the TiO2

anode has the advantages of being non-toxic, low cost, high
specic capacity and good rate performance.21–23 Nevertheless,
the large band gap (3.0 eV) associated with TiO2 causes the
inferior electronic conductivity, which brings a negative impact
on rate capability.24,25

In this work, we aim to construct hybrid structures
composed of Ti3C2Tx and TiO2 in different crystallinity for
RSC Adv., 2022, 12, 12219–12225 | 12219
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durable SIBs. It is explored that the coupling of TiO2 with
Ti3C2Tx not only benets to support the 2D structure of Ti3C2Tx,
but also introduces additional capacity enabled by TiO2.
Meanwhile, a large number of oxygen vacancies can be gener-
ated, which facilitates the insertion/de-insertion of sodium
ions. Further, the agglomerate of TiO2 can be relieved during
the preparation. Owing to the synergistic effect, the A/R-TiO2/
Ti3C2Tx anode has proved superior Na+ storage performance.

2. Experimental
2.1 Materials

Ti3AlC2 (MAX phase, 325 mesh) powder was purchased from
Shanghai Bowei applied material technology Co., Ltd. Hydro-
uoric acid (HF-35%), hydrogen peroxide (H2O2), Na2SO4 and
metallic sodium were purchased from Aladdin (China). All
reagents are analytically pure and can be used as is without
further purication.

2.2 Synthesis of Ti3C2Tx

1 g Ti3AlC2 powder was added into a 100 ml plastic beaker.
Meanwhile, 12 ml hydrouoric acid (HF-35%) was dropped into
the beaker under an ice bath environment, and then continu-
ously stirred at 45 �C for 48 hours. Aer that, the black
precipitate was washed repeatedly with deionized water (DI)
until it reached a neutral pH value. Finally, it was collected and
dried at 60 �C to obtain the Ti3C2Tx powder.

2.3 Synthesis of A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx

0.2 g Ti3C2Tx powder, 80 ml DI, 0.5 ml H2O2 and 1 ml HCl (36%)
were sent into a 100 ml stainless-steel autoclave with Teon
lining and maintained at 110 �C for 12 h. Subsequently, the
precipitate was washed repeatedly with DI until the pH equals 7.
Aerwards, the product was collected and dried at 60 �C to
obtain the A-TiO2/Ti3C2Tx. In terms of the synthesis of A/R-TiO2/
Ti3C2Tx, we followed the same procedure except for setting the
reaction at 200 �C.

2.4 Synthesis of A-TiO2 and A/R-TiO2

0.2 g Ti3C2Tx powder, 80 ml DI, 4 ml H2O2 and 1 ml HCl (36%)
were sent into a 100 ml stainless-steel autoclave with Teon
lining and maintained at 110 �C for 12 h. Subsequently, the
precipitate was washed repeatedly with DI until the pH equals 7.
Aerwards, the product was collected and dried at 60 �C to
obtain the A-TiO2. In terms of the synthesis of A/R-TiO2, we
followed the same procedure except for setting the reaction at
200 �C.

2.5 Material characterization

The morphology, structure and elemental distribution were
characterized by scanning electron microscopy (SEM, Hitachi
SU5000) and transmission electron microscopy (TEM, FEI Talos
F-200X). X-ray diffraction (XRD, SmartLab) with Cu Ka radiation
at 45 kV and 200 mA over a 2q range of 5–85� was utilized to
examine the internal crystalline structures of samples. The
12220 | RSC Adv., 2022, 12, 12219–12225
Raman spectra were measured on a spectrometer (DXR, USA)
equipped with an optical microscope at room temperature.
Various functional groups associated with samples were clas-
sied by Fourier transform infrared spectroscopy (FTIR) on
a high-resolution infrared spectrometer (WQF-520A). The
binding energy of the samples conrmed by X-ray photoelec-
tron spectroscopy (XPS, Thermo ESCALAB 250Xi) was measured
using the Al Ka ray (hn ¼ 1486.6 kV) with a working voltage of
14.6 kV. The Brunauer–Emmett–Teller (BET) experiment was
performed with a surface area analyzer (JW-BK200C). The pore
size distribution plot was obtained according to the Barrett–
Joyner–Halenda (BJH) method. The oxygen vacancy signal was
obtained using a paramagnetic resonance spectrometer (EPR,
Emxmicro).
2.6 Electrochemical characterization

The electrochemical behavior and SIB performance of Ti3C2Tx,
A-TiO2, A/R-TiO2, A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx were
studied by making a coin-type battery (CR2032). Initially, the
working electrode was prepared by mixing the active materials,
superconducting black and polyvinylidene uoride (PVDF) in N-
methyl-2-pyrrolidone (NMP) according to a mass ratio of
8 : 1 : 1, and then pasting evenly on copper foam. The average
mass loading of the active material was about 2.0 mg cm�2.
Subsequently, the battery was assembled in a glove box lled
with argon with H2O and O2 whose concentrations were below
0.1 and 0.3 ppm, respectively. The constant current charge
discharge measurements were performed at room temperature
using a battery program-controlled test system (CT2001A,
LANHE, China) with a voltage range of 0 to 3 V. The cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) curves were measured using an electrochemical worksta-
tion (PARSTAT 3000A-DX, Princeton Applied Research, USA).
3. Results and discussion
3.1 Synthesis and materials characterization

Fig. 1a shows the schematic illustration of the structure of the
TiO2/Ti3C2Tx nanocomposite. There are a large number of
metastable Ti ions present on both sides of Ti3C2Tx, which
guarantees the building of the TiO2/Ti3C2Tx hybrid.12,26,27 By
regulating the state of metastable Ti ions, the crystallinity of
TiO2 can be rationally controlled. Fig. 1b is the SEM image of
Ti3C2Tx, exhibiting a typical accordion-like layered structure.
Fig. 1c shows the SEM image of the A-TiO2/Ti3C2Tx hybrid.
Apparently, the accordion-like layered structure remains, while
the surface of Ti3C2Tx is occupied by a large number of A-TiO2

nanoparticles. When introducing R-TiO2 into A-TiO2/Ti3C2Tx, as
shown in Fig. 1d, regular octahedral nanocrystals have been
observed which are deemed as R-TiO2. Fig. S1† shows the SEM
images of A-TiO2 and A/R-TiO2, where the TiO2 particles
agglomerate together. The elemental mapping image of A/R-
TiO2/Ti3C2Tx in Fig. 1e clearly demonstrates the co-existence of
Ti, C and O. Fig. 1f shows the high-resolution transmission
electron microscope (HRTEM) image of A/R-TiO2/Ti3C2Tx with
the enlarged HRTEM image of the selected area as well. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of A/R-TiO2/Ti3C2Tx, the SEM images
of (b) Ti3C2Tx, (c) A-TiO2/Ti3C2Tx, and (d) A/R-TiO2/Ti3C2Tx, (e)
elemental mapping image of A/R-TiO2/Ti3C2Tx, and (f) HRTEM images
of A/R-TiO2/Ti3C2Tx.

Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) FTIR spectra, (d) O 1s
spectra, (e) C 1s spectra, (f) Ti 2p spectra, (g) N2 adsorption–desorption
isotherm, (h) pore size distribution and (i) EPR spectra of Ti3C2Tx, A-
TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx.
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lattice fringes of d ¼ 0.342 nm, 0.33 nm and 0.21 nm are
associated with the (101) plane of A-TiO2, (110) plane of R-TiO2

and (105) plane of Ti3C2Tx, respectively, demonstrating the
coexistence of A-TiO2, R-TiO2 and Ti3C2Tx-MXene.26,28 Conse-
quently, the A/R-TiO2/Ti3C2Tx hybrid is successfully
synthesized.

Fig. 2a shows the X-ray diffraction (XRD) patterns of Ti3C2Tx,
A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx. Basically, the character-
istic peaks of Ti3C2Tx can be indexed in all samples, particularly
two peaks at 9.08� and 18.22�.29 As a supplementary, the XRD
patterns of A-TiO2 and A/R-TiO2 are given in Fig. S2.† In terms of
the A-TiO2/Ti3C2Tx, except for the characteristic peaks of
Ti3C2Tx, a new peak located at 25.31� has emerged, which
corresponds to the (101) plane of A-TiO2. Upon the increase of
the oxidation degree, a new peak appearing at 27.2� is assumed
as the characteristic peak of the (110) plane of R-TiO2, proving
the presence of the A/R-TiO2/Ti3C2Tx nanocomposite.25,30,31 By
using quantitative full pattern Rietveld renement from the
XRD diffraction patterns of each phase, we have calculated the
mass ratio of MXene in TiO2/MXene nanocomposites, which is
1 : 0.17 for MXene : A-TiO2 in the A-TiO2/Ti3C2Tx composite and
1 : 1.05 : 4.06 for MXene : A-TiO2 : R-TiO2 in A/R-TiO2/Ti3C2Tx,
respectively.

Fig. 2b and c presents the Raman and Fourier transform
infrared spectroscopy (FTIR) spectra of all samples. In the
Raman spectrum of Ti3C2Tx, a distinct peak between 140 cm�1

and 160 cm�1 refers to the typical C plane and the metastable Ti
vibration modes. Besides, Ti–O vibration bands of surface
groups arise at 202 cm�1.32,33 Compared with the Raman spec-
trum of pristine Ti3C2Tx, the appearance of strong Ti–O vibra-
tion peaks at 625 cm�1, 506 cm�1, 394 cm�1 and 150 cm�1 in
the Raman spectrum of A-TiO2/Ti3C2Tx suggests the existence of
A-TiO2 nanoparticles. Moreover, the shi of the peak from 394
to 385 cm�1 and decline of the peak at 150 cm�1 in the Raman
spectrum of A/R-TiO2/Ti3C2Tx reveal the existence of R-TiO2
© 2022 The Author(s). Published by the Royal Society of Chemistry
nanoparticles.34,35 In Fig. 2c, a broad band at 3100 cm�1 is
ascribed to the stretching vibration of –OH groups that come
from the terminations of Ti3C2Tx, which consist of –OH and –F
terminations.36 The peaks at 1722 cm�1 and 2920 cm�1 are
assigned to C]O and C–H stretching in pristine Ti3C2Tx,
respectively, while bending of the –OH terminal groups of
Ti3C2Tx contributes to absorption peaks at 1630 cm�1 and
584 cm�1. Assignments of the peaks at 1382 cm�1 and
1111 cm�1 are the C–F vibration and Ti–C–O vibration,
respectively.37 Differing from the FTIR spectrum of Ti3C2Tx,
a strong absorption band emerges from 500 cm�1 to 900 cm�1

in A-TiO2/Ti3C2Tx due to the existence of A-TiO2. Remarkably, in
A/R-TiO2/Ti3C2Tx, the band at 840 cm�1 is attributed to the
lattice stretching vibration of R-TiO2 (O–Ti–O). Beyond that, the
peak at 650 cm�1 would be assigned to the (Ti–O) tensile zone,
which is associated with A-TiO2.25,38 Based on the above results,
we have successfully synthesized the MXene/TiO2 nanohybrids,
in which the crystalinity of TiO2 can be precisely controlled by
regulating the metastable Ti ions through a facile one-step
method.

Fig. 2d shows the O 1s spectra of Ti3C2Tx, A-TiO2/Ti3C2Tx and
A/R-TiO2/Ti3C2Tx. Apparently, the C–O bond doesn't have
a violent change in all samples. In sharp contrast, the Ti–O
bond is signicantly enhanced in A/R-TiO2/Ti3C2Tx, suggesting
the presence of a large amount of TiO2.14 Fig. 2e gives the C 1s
spectra, which can be split into C–C, Ti–C and C–O bonds. The
C–C and Ti–C bonds reveal the signature of the Ti–C–Ti struc-
ture in all samples. The attenuation of Ti–C peaks in A-TiO2/
Ti3C2Tx and A/R-TiO2/Ti3C2Tx is indicative of oxidation of
surface Ti ions into TiO2. In the Ti 2p spectrum (Fig. 2f), one
pair of strong peaks located at 456.47 eV and 465.57 eV are
correlated with the Ti2+, while two peaks centered at 455.27 eV
and 461.27 eV indicate the existence of the Ti–C bond in
Ti3C2Tx.14,15 There was a controversy; a new pair of peaks occur
RSC Adv., 2022, 12, 12219–12225 | 12221
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at about 458.57 and 464.27 eV, which are associated with the Ti–
O bonds in A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx. In addition,
the peak areal ratio of Ti–O/Ti–C (z2.57) in A/R-TiO2/Ti3C2Tx is
larger than that of A-TiO2/Ti3C2Tx (z0.81), demonstrating the
presence of a large amount of TiO2.8,9,15,32

Fig. 2g and h show the typical nitrogen adsorption–desorp-
tion isotherm and pore size distribution of Ti3C2Tx, A-TiO2/
Ti3C2Tx and A/R-TiO2/Ti3C2Tx, respectively. The relatively
apparent hysteresis loop is examined on the isotherms of the
three samples, implying the mesoporous characteristic.
Compared with pure Ti3C2Tx, the formation of the TiO2/Ti3C2Tx

heterojunction structure would bring in larger mesopores,
which contributes to larger specic surface area. Incorporation
of TiO2 with different phases into MXene would further rein-
force this effect, leading to increased specic surface area.39,40

Apparently, the N2 adsorption capacities of the samples follow
the order of Ti3C2Tx < A-TiO2/Ti3C2Tx < A/R-TiO2/Ti3C2Tx. The
formation of TiO2 nanocrystals on MXene provides more
adsorption sites for Na ions. Furthermore, we made BET
measurements on the three samples, which show that the
specic surface area (SSA) of Ti3C2Tx, A-TiO2/Ti3C2Tx and A/R-
TiO2/Ti3C2Tx is 5.0, 6.0 and 22.5 m2 g�1, respectively. In strong
contrast to Ti3C2Tx and A-TiO2/Ti3C2Tx, the dominant pore size
of A/R-TiO2/Ti3C2Tx concentrates on 3–5 nm. The improved SSA
with rational pore size makes A/R-TiO2/Ti3C2Tx possess more
sodium ion storage sites, which could adapt to strain/stress
during cycling and promote electrode/electrolyte contact.41,42

Fig. 2i shows the electron paramagnetic resonance (EPR)
spectra of Ti3C2Tx, A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx. The
signal response at 3515 gauss has been observed in all samples,
corresponding to a g factor of 2.003, which is a characteristic of
oxygen vacancies24 In Ti3C2Tx, the oxygen vacancies may be
related to the surface functional groups. Aer oxidation, the
oxygen vacancies of A-TiO2/Ti3C2Tx have signicantly increased,
and the signal intensity is about 4.34 times higher than that of
Ti3C2Tx. Additionally, the signal factor of A/R-TiO2/Ti3C2Tx is
the strongest among all samples, with�7.38 times higher signal
intensity of Ti3C2Tx. Notably, oxygen vacancies have been
demonstrated to improve the electronic structure, charge
transfer, and surface properties of TiO2 by narrowing the band
gap, resulting in the accelerated Na+ adsorption and diffusion
kinetics.43–45
Fig. 3 (a) Cycling performances at 100 mA g�1 and (b) rate capabilities
of Ti3C2Tx, A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx, (c) CV curve of A/R-
TiO2/Ti3C2Tx, (d) GCD curves at 100 mA g�1 and (e) cycling perfor-
mances at 500 mA g�1, (f) CV curves of A/R-TiO2/Ti3C2Tx at scan rates
ranging from 0.1 to 2.0 mV s�1, and (g) and (h) the capacitive contri-
bution of A/R-TiO2/Ti3C2Tx at 0.1 mV s�1, normalized contribution
ratios of capacitive and diffusion-controlled capacity of A/R-TiO2/
Ti3C2Tx at different scan rates.
3.2 Electrochemical performance and ion diffusion kinetics

The cycling performances of the Ti3C2Tx, A-TiO2/Ti3C2Tx and A/
R-TiO2/Ti3C2Tx electrodes at 100 mA g�1 are exhibited in Fig. 3a.
The three electrodes realize good cycling stability. Remarkably,
the A/R-TiO2/Ti3C2Tx electrode delivers a reversible capacity of
183.5 mA h g�1 aer 100 cycles, while the reversible capacities
of Ti3C2Tx and A-TiO2/Ti3C2Tx separately are only 96.8 and
107.9 mA h g�1. As a comparison, Fig. S3† shows the reversible
capacities of A-TiO2 and A/R-TiO2 aer 100 cycles, which are
55.6 and 118.7 mA h g�1, respectively. Both are far less than the
capacity of the A/R-TiO2/Ti3C2Tx anode. Further, Fig. 3b shows
that the rate capacities of the A/R-TiO2/Ti3C2Tx electrode are
205.4, 135.7, 103.5, 77.5 and 40.6 mA h g�1 at 100, 500, 1000,
12222 | RSC Adv., 2022, 12, 12219–12225
2000 and 5000 mA g�1. These values are considerably higher
than those for the A-TiO2/Ti3C2Tx and Ti3C2Tx electrodes, which
are 132.4 mA h g�1, 78.3 mA h g�1, 50.1 mA h g�1, 25.6 mA h g�1,
and 11.4 mA h g�1 and 109.9 mA h g�1, 59.7 mA h g�1,
31.1 mA h g�1, 11.4 mA h g�1, and 12.6 mA h g�1, respectively.
Fig. 3c displays the rst four continued CV curves of the A/R-
TiO2/Ti3C2Txwith potential windows of 0.01–3.0 V at 0.1 mV s�1.
As illustrated, the irreversible oxidation peak in the anodic
process for the rst cycle can be ascribed to the decomposition
of the electrolyte, the formation of the solid electrolyte interface
(SEI), or the irreversible muti-electrochemical reactions.46 In the
case of the rst sodiation process, two broad anodic peaks
occurred at 1.39 V and 2.03 V, respectively, and their intensity
decreased compared with the subsequent cycles, corresponding
to the extraction of sodium ions from the Ti3C2Tx electrode. No
signicant shi was observed in subsequent cycles, suggesting
that the charge storage in Ti3C2Txwas due to the intercalation of
Na+ rather than a conversion reaction.12,14 In the following three
subsequent cycles, a cathodic peak near 2.35 V can be clearly
observed due to the sodiation, while an anodic peak near 0.45 V
is attributed to the de-sodiation. This reversible process is
accompanied by the conversion of Ti4+/Ti3+ couples in the A/R-
TiO2/Ti3C2Tx.14,17,46 Beyond the rst cycle, the subsequent cycles
are almost overlapping, implying the high reversibility of the
electrode. The selected charge–discharge curves of A/R-TiO2/
Ti3C2Tx within 0–3.0 V at a current density of 100 mA g�1 are
drawn in Fig. 3d. The initial discharge and charge capacity were
774.7 and 270.9 mA h g�1, respectively, delivering a Coulomb
efficiency (CE) of 35%. The low CE and huge irreversible
capacity loss are mainly resulted from the formation of SEI lm
and irreversible electrochemical reaction.16,47 Interestingly, the
charge–discharge curves aer the rst cycles are going to over-
lap, suggesting the improved reversibility of the A/R-TiO2/
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EIS spectra and Nyquist plots, and (b) relationship between Z0

and u�1/2 at low frequencies.

Table 1 The charge transfer impedance, weber factor and diffusion
coefficient of Ti3C2Tx, A-TiO2/Ti3C2Tx and A/R-TiO2/Ti3C2Tx

Electrode Rct/U
s/ohm
cm2 s�0.5 DNa+/cm

2 s�1

Ti3C2Tx 289.8 57 2.858 � 10�15

A-TiO2/Ti3C2Tx 119 55.1 8.602 � 10�15

A/R-TiO2/Ti3C2Tx 42.46 48 4.01 � 10�14

Fig. 5 SEM images of (a and b) the pure Ti3C2Tx and (c and d) A/R-
TiO2/Ti3C2Tx electrode before/after 100 charging–discharging cycles,
respectively.
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Ti3C2Tx electrode. Fig. 3e illustrates the long cycling perfor-
mance of A/R-TiO2/Ti3C2Tx at 500 mA g�1 in 600 cycles. Essen-
tially, the reversible initial and nal capacities are 128.8 and
109.1 mA h g�1, respectively, deducing a capacitance retention
rate of 84.7%.

To gure out the charge-storage mechanism of the A/R-TiO2/
Ti3C2Tx electrode, cyclic voltammetry (CV) proles at various
scan rates were tested. Fig. 3e illustrates the CV curves of A/R-
TiO2/Ti3C2Tx at scan rates of 0.1, 0.3, 0.5, 0.7, 1.0 and 2.0 mV
s�1, respectively. Classically, the charge-storage mechanism can
be investigated by exploring the relationship between the peak
current (i, mA) and the scan rates (n, mV s�1):

i ¼ avb (1)

log(i) ¼ b log(v) + log(a) (2)

where a and b are adjustable parameters. When b equals 1, the
capacity is fully governed by the capacitive-controlled process; if
b equals 0.5, it corresponds to a diffusion-controlled process.
Fig. S4† shows that the b values of A/R-TiO2/Ti3C2Tx are 0.888
and 0.910, which realizes the mixed behavior of diffusion-
controlled and capacitive-controlled process. Further, the ratio
of contribution of capacitive-controlled process and diffusion-
controlled process can be quantitatively estimated through
the following equations:

i(v) ¼ k1v + k2v
1/2 (3)

i(v)/v1/2 ¼ k1v
1/2 + k2 (4)

where i(n), k1n, k2n
1/2 and n denote the current at a xed poten-

tial, the capacitive-controlled current, the diffusion-controlled
current and the scan rate, respectively. The capacitance
contribution of the capacitive-controlled process at a given scan
rate can be gured out by obtaining k1. Through linear ttings
of the n1/2 vs. i/n1/2 plots, k1 values at different scan rates are
determined.48 As shown in Fig. 3g and h, as the scan rate
increased from 0.1 mV s�1 to 2 mV s�1, the capacitive contri-
bution grew from 56.1% to 84.0% of the total stored charge,
which implies that the electrochemical process is determined
by both intercalation and capacitive reactions and the capaci-
tive charge storage contributes most to the total capacity at high
rates.

Fig. 4a shows the Nyquist plot and equivalent circuit
diagrams of the three electrodes at a frequency of 0.01 to 106 Hz.
As shown in Fig. 4a, all plots exhibit similar shapes composed of
a straight line in the low frequency area and a semicircle in the
high frequency range.49 The equivalent circuit is given in the
inset, where Rs, Rct and W0 represent the electrolyte resistance,
the interfacial charge transfer resistance and the Warburg
impedance related to the Na+ diffusion within the electrode.50

As shown in Table 1, Rct signicantly decreases when TiO2 is
incorporated in Ti3C2Tx regardless of the crystal type. This can
be attributed to the improved conductivity and increased elec-
troactive sites. Moreover, the Rct of A/R-TiO2/Ti3C2Tx is 42.46 U,
which is much lower than that of A-TiO2/Ti3C2Tx (119 U), indi-
cating the high interfacial charge transfer which is benecial to
© 2022 The Author(s). Published by the Royal Society of Chemistry
enhance the rate capability. Except for the resistance, we
calculated the diffusion coefficient of sodium ions (DNa+) from
the low frequency domain, which can be expressed by the
following equations:

D ¼ R2T2

2A2n4F 4C2s2
(5)

Z0 ¼ Re + Rct + su1/2 (6)

R denotes the molar gas constant (8.314 J K�1 mol�1), T is the
absolute temperature (298.15 K), A is the area of the electrode, n
RSC Adv., 2022, 12, 12219–12225 | 12223
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is the number of electrons transferred during the reaction, C is
the sodium ion concentration and F is the Faraday constant
(96 486 C mol�1). Fig. 4b shows the relationship between Z0 and
u�1/2 at low frequencies.32 The values of s and the DNa+ are
summarized in Table 1. The DNa+ of A/R-TiO2/Ti3C2Tx is 4.01 �
10�14 cm2 s�1 which is approximately 14.01 times and 4.66
times higher than the DNa+ of Ti3C2Tx (2.858 � 10�15 cm2 s�1)
and A-TiO2/Ti3C2Tx (8.602� 10�15 cm2 s�1), respectively. This is
presumably ascribed to the incorporation of long rod-like R-
TiO2 nanocrystals, which can effectively relieve the collapse of
Ti3C2Tx layers.

Fig. 5a and b show the SEM images of the Ti3C2Tx electrode
before and aer the cycling, respectively. Obviously, the layered
structure of pure Ti3C2Tx seriously collapsed aer cycling. In
sharp contrast, the structure of A/R-TiO2/Ti3C2Tx remains
largely unaffected (Fig. 5c and d), illustrating its desirable
stability.

4. Conclusions

Through the surface regulation of Ti3C2Tx, we generated A-
TiO2 and R-TiO2 in situ from metastable Ti ions on the surface
of Ti3C2Tx by a one-step method to obtain nano hybrid
structures. The growth of crystalline A-TiO2 and R-TiO2 is
benecial to improve the collapse of Ti3C2Tx. The 2D struc-
ture can provide a fast channel for the transmission of Na+. A-
TiO2 and R-TiO2 crystals can introduce more active sites for
Na+. Moreover, the crystals can provide a supporting effect for
the layered structure and maintain the integrity and rmness
of the structure. Meanwhile, a large number of oxygen
vacancies can be introduced into the composite which are
conducive to the insertion and extraction of Na+. Due to the
advantages of the A/R-TiO2/Ti3C2Tx hybrid structure, the
prepared A/R-TiO2/Ti3C2Tx electrode has proved high
capacity, great rate performance and long-term cycle stability.
We believe that these ndings will provide new ideas for the
design of nanostructured electrodes for advanced recharge-
able batteries.
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