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Transition metal carbon/nitrogen compound (MXene) materials have been regarded as promising

candidates for lithium-ion storage. However, two-dimensional (2D) MXenes with abundant surface

functional groups easily accumulate spontaneously, which significantly reduces their specific surface

area and further limits their lithium-ion storage properties. In this study, uniform three-dimensional (3D)

hollow MXene nanospheres with an average diameter of < 300 nm were first synthesized via a template

method, which used positively charged polystyrene (PS) as a template. Furthermore, reduced graphene

oxide (rGO) was introduced to wrap the hollow MXene nanospheres to form hybrid MXene@rGO

nanospheres. The 3D structure of the composite can not only increase the specific surface area of the

material and prevent the accumulation of sheets, but also reduce the effect of volume expansion upon

cycling. Meanwhile, the layer spacing between rGO and MXene sheets is only 0.26 nm, which further

promotes charge exchange at the interface, so as to improve the electrochemical kinetic performance

of the material. Thus, the hollow MXene@rGO nanospheres exhibited excellent rate properties as anodes

for lithium-ion batteries, providing a high capacity of 241.5 mA h g�1 after 5000 cycles at 10 A g�1. It is

demonstrated that 3D MXene@rGO nanospheres are a promising anode material for high-rate lithium-

ion batteries.
1 Introduction

Since Gogotsi et al. discovered two-dimensional transition
metal carbides and nitrides (MXenes) and rst obtained a Ti3C2

MXene material by selectively etching Al atoms in the precursor
Ti3AlC2 (MAX) phase with HF in 2011,1 MXenes have attracted
more and more attention.1–7 It was demonstrated that MXene
nanosheets have large interlayer channels that provide short
transport paths for lithium-ion diffusion and achieve high
power capability. These superior properties make them
a promising material candidate for application in rechargeable
lithium-ion batteries (LIBs).8–21

As a typical MXene, Ti3C2 nanosheets present good potential
as a LIB anode materials in terms of experiments and theoret-
ical calculations.22–24 Researchers have found that the lithium-
ion storage capacity of Ti3C2 (MXene) signicantly depends on
its surface functional groups.11,13,23 The abundant functional
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groups such as –F, –OH, and –O on MXenes can adsorb Li+ and
provide part of the lithium storage capacity, which makes the
experimental capacity exceed the theoretical prediction capacity
of Ti3C2. However, similar to other 2D materials, MXenes also
have a propensity for “face-to-face” stacking and aggregation
owing to strong van der Waals forces that hinder the ion
transport, reduce the utilization of reactive sites, and increase
the ion/electron transport distance, resulting in a poor rate and
cycling performance. A common strategy to solve this drawback
is introducing interlayer spacers, such as surfactants,25 carbon
nanotubes,26–31 polymers,32 and reduced graphene oxide.33–38

However, this method can only relieve the stacking of MXene
slices to a certain extent. Aerward, 2D MXenes were success-
fully prepared into spheres,39 foams,40,41 and owers42 using the
template method, capillary assembly, and construction of
MXene aerogels to reduce the contact and weaken the hydrogen
bonding force between MXene sheets. Nevertheless, a three-
dimensional (3D) structure can effectively promote electrolyte
penetration and construct a good ion/electron transport
channel, leading to high capacity and rate performance. Among
these modication methods, the construction of 3D hollow
spheres is the most controllable and effective. In 2017, Gogotsi
et al. reported a method to synthesize 3D hollow MXene spheres
using polymethyl methacrylate (PMMA) as a template. They
were applied to a Na-ion battery to achieve good rate
J. Mater. Chem. A, 2021, 9, 23841–23849 | 23841
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performance and high cycling stability.39 They further produced
smaller 3D hollow MXene spheres using positive PS spheres as
templates and then cast a homogeneous polyaniline layer onto
the 3D porous MXene spheres to form an ultrafast poly-
aniline@MXene cathode for high-performance asymmetric
supercapacitors.43

As recently reported, 3D graphene frameworks are synthe-
sized through the self-assembly of integrated graphene mate-
rials, providing signicantly enhanced performance in
applications in the sensing, environmental, energy, biological
elds, etc.44,45 When MXenes are combined with rGO, the
synergy between the MXene and rGO can further improve the
electrochemical capacity and electrochemical kinetic perfor-
mance of the composite material.46 For instance, Zhou et al.33

constructed a 3D porous structure in a MXene/rGO hybrid lm
by a facile electrolyte-induced self-assembly method and used it
as an anode material for LIBs. It can provide 335.5 mA h g�1

capacity at 50 mA g�1 and 100 mA h g�1 at 4 A g�1. In addition,
due to its stable structure, the lm electrode has no decay in
capacity aer 1000 cycles at a current rate of 1 A g�1, showing
excellent cycling stability.

In this study, 3D hollow MXene nanospheres were rst
prepared via a template method, and then the surfaces of the 3D
hollow MXene nanospheres were coated with a layer of reduced
graphene oxide (rGO) to obtain 3D hollow MXene@rGO nano-
spheres with an enhanced specic surface area. The rGO acts as
an electron conduction plane in the structure, which can realize
fast electron transmission between the nanospheres. The
excellent layer spacing of the MXene can provide a fast channel
for Li+ transport, which effectively improves the rate capability.
Thus, the 3D hollow MXene@rGO nanospheres delivered high
capacity, excellent rate performance, and stable cyclability,
making the composite a promising anode material for LIBs.
2 Results and discussion

Fig. 1 shows a schematic diagram of the program to generate
a 3D hollow MXene structure. The MXene akes have negative
charges due to the functional group –F on their surface, while
the polystyrene (PS) spheres have positive charges due to the
addition of cationic initiators in the synthesis process. As
shown in Fig. S1,† the zeta potentials of the PS, MXene and GO
Fig. 1 Schematic illustration of the fabrication process of the s-
MX@rGO composite.

23842 | J. Mater. Chem. A, 2021, 9, 23841–23849
aqueous dispersions are 17.6, �37.1 and �51.2 mV, which are
consistent with ref. 47. When a delaminated Ti3C2Tx colloidal
solution was mixed with an aqueous solution of PS and stirred
under ambient conditions at room temperature (RT), the lm
MXene (f-MX) was uniformly coated on the surface of the PS
nanoparticles through electrostatic adsorption. Subsequently,
the graphene oxide (GO) dispersion was added to the solution to
obtain the PS@MX@GO dispersion via electrostatic adsorption.
The mixed solution was then freeze-dried to obtain
PS@MX@GO powder. Finally, the PS templates were removed
by thermal annealing in an inert atmosphere at 500 �C, while
the graphene oxide was reduced to rGO to obtain the nal
product. According to the different proportion of the MXene in
the composite material, the spherical MXene/rGO composites
(s-MX@rGO) were denoted as s-MX@rGO-1, s-MX@rGO-2 and s-
MX@rGO-3 and the corresponding PS@MX@GO composites
were denoted as PS@MX@Go-1, 2, and 3, respectively. To obtain
spherical MXenes (s-MX) and spherical rGO (s-rGO), the MXene
and GO were mixed with PS at a weight ratio of 7 : 3, respec-
tively, and heat treated at 500 �C in an inert atmosphere. The
concentrations and proportions of the precursors used in the
experiment are listed in Table S1.†

The morphologies and structures of s-MX and s-MX@rGO
were investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) characterization. The
SEM images of PS@MX (Fig. 2a), PS@rGO (Fig. S2f†) and
PS@MX@GO (Fig. 2b, S2d and e†) revealed that the MXene and
GO nanosheets were curled and uniformly coated PS nano-
spheres under the action of electrostatic adsorption. Aer heat
treatment, the 3D spherical morphology of s-MX (Fig. 2c) and s-
MX@GO (Fig. 2d, S2g and h†) can be maintained well. TEM
images showed that the spheres with a 250–300 nm diameter
were cross-linked with each other by the MXene and rGO, pre-
senting a hollow structure (Fig. 2f, e and S2j–l†). High-
resolution transmission electron microscopy (HRTEM)
showed that the shell of s-MX is mainly composed of f-MX with
an interlayer distance of 1.31 nm (Fig. 2g). In contrast, the shell
of s-MX@rGO is composed of the MXene with an interlayer
distance of 1.31 nm and rGO with an interlayer distance of 3.4�A
(Fig. 2h, S2m and n†). Elemental mapping of s-MX@rGO by
energy-dispersive X-ray spectroscopy (EDS) showed a uniform
distribution in the lm (Fig. 2i). It should be noted that both the
MXene and rGO contain a large amount of C element. Surface
scan analysis cannot directly explain why rGO is uniformly
coated on the surface of the MXene ball, which needs to be
analyzed in combination with the high-resolution TEM results
in Fig. 2h. These results further demonstrate that the MXene
and rGO coexist in the composites.

The XRD patterns of the precursors, s-MX, s-rGO and s-
MX@rGO composites are shown in Fig. 3a and S3.† For s-
MX@rGO with different proportions, the XRD patterns con-
tained the characteristic peaks of both the MXene and rGO.
With the decreasing content of the MXene in the s-MX@rGO
composite, the intensity ratio between MXene and rGO char-
acteristic peaks decreased, suggesting a physical mixing of the
two materials. The Raman spectra in Fig. 3b show two distinct
characteristic peaks of s-rGO materials, namely, the D-peak and
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 SEM images of (a) PS@MX, (b) PS@MX@GO-1, (c) s-MX, and (d) s-MX@rGO-1; TEM images of (e) s-MX and (f) s-MX@rGO-1; high-
resolution TEM images of (g) s-MX and (h) s-MX@rGO-1; (i) the corresponding EDS mappings of s-MX@rGO-1 of titanium (green), carbon (red),
oxygen (blue), and fluorine (purple).
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G-peak located at 1332 cm�1 and 1589 cm�1, respectively. For
the s-MX material, the D-peak and G-peak also exist. However,
the strength of the D-peak is weak, which may be caused by the
Fig. 3 (a) XRD patterns of s-MX, s-rGO, and the s-MX@rGO composite;
TGA curves of PS, PS@MX@rGO-1 and PS@MX-1; (d) BET curves of f-MX

This journal is © The Royal Society of Chemistry 2021
few defects of the MXene. In addition, s-MX presents two
characteristic peaks of Eg at 408 cm�1 and 601 cm�1, which are
mainly caused by the mass vibration of Ti, C, and surface
(b) Raman spectra of s-MX, s-rGO, and the s-MX@rGO composite; (c)
, s-MX, s-rGO, and the s-MX@rGO composite.

J. Mater. Chem. A, 2021, 9, 23841–23849 | 23843
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functional groups in the plane. When the MXene and rGO were
combined, the Raman spectrum of the s-MX@rGOmaterial was
similar to that of s-MX, but the D-peak intensity increased,
which conrmed the presence of rGO. Moreover, the intensity
of the Eg characteristic peak belonging to the MXene decreased
with a decrease in the MXene content in the s-MX@rGO
composites, which is consistent with the XRD results (Fig. 3a).

TGA tests were conducted for different samples to determine
the decomposition of PS and contents of the MXene and rGO in
the s-MX@GO composites. The test results are shown in Fig. 3c
and S4.† The PS decomposes rapidly at 450 �C and completely
decomposes at 500 �C, while PS@MX-1 and PS@MX@GO-1
leave 22.7 wt% and 31 wt% products, respectively, aer being
decomposed at 500 �C. The content of the MXene in the ob-
tained s-MX@rGO materials at this ratio was calculated to be
59.7 wt%, while the content of rGO was 40.3 wt%, much lower
than that added in the synthesis process. The specic calcula-
tion process is shown in Fig. S4 in the ESI.† The oxygen-
containing functional groups on the GO surface were removed
during the reduction of GO to rGO aer high temperature
treatment, resulting in a large quality loss. Similarly, for s-
MX@rGO-2 and s-MX@rGO-3, the content of the MXene in
materials accounted for 41.1 wt% and 25.5 wt%, respectively
(Fig. S4†).

The BET results in Fig. 3d show that the specic surface area
of s-MX nanospheres was 69.93 m2 g�1 while it was only 3.62 m2

g�1 for f-MX, demonstrating that the 3D hollow spherical
structure effectively prevented the restacking of f-MX, thus
increasing the specic surface area of the MXene. The s-rGO
material has the highest specic surface area (116.01 m2 g�1)
due to the low density of rGO. Therefore, the specic surface
area of s-MX@rGO can be enhanced with the introduction of
rGO and increased with increasing the rGO content in the
composite, reaching 86.48 m2 g�1, 99.42 m2 g�1, and 108.80 m2

g�1 for the s-MX@rGO-1, 2, and 3 samples, respectively.
Fig. 4a presents the cyclic voltammetry (CV) curves of the s-

MX@rGO-1 composite in the rst three cycles at a sweep rate
of 0.1 mV s�1 in the voltage range of 0.01–3.0 V versus Li+/Li. It is
observed that two reduction peaks appeared at around 0.75 and
1.75 V. The reduction peak at 0.75 V is caused by the formation
of a partially reversible solid electrolyte interphase (SEI) layer on
the working electrode.27,40 Another obvious reduction peak at
1.75 V was related to the lithiation of the MXene@rGO
composite. The charge storage of composite materials is due to
the intercalation of Li+ rather than a conversion reaction, so the
redox peak is weak. Accordingly, in the anode curves, the
oxidation peaks at 1.2 V and 2.0 V are generated by the deli-
thiation of the MXene and rGO. These results are consistent
with the charge–discharge curves (Fig. 4b). In addition, there is
no other high-strength redox signal peak in the CV curves,
which indicates that the lithium storage mechanism of s-
MX@rGO is an intercalation reaction. The CV and charge/
discharge curves of the s-MX@rGO-1 electrode in the second
cycle are coincident with those of the third cycle, indicating its
excellent cycling stability.

In Fig. 4c, the cycling performance of s-MX@rGO-1 with pure
MXene and rGO electrodes at 100 mA g�1 is compared. s-MX
23844 | J. Mater. Chem. A, 2021, 9, 23841–23849
provides an initial capacity of 1121.8 mA h g�1 in the rst
cycle, which is much higher than that of f-MX (710 mA h g�1).
This indicates that the 3D structure of s-MX effectively prevents
the stacking of lamellae, thus increasing the specic surface
area of the material and providing a higher capacity during the
formation of the rst ring solid electrolyte lm (SEI). As for the
s-MX@rGO-1 electrode, it delivers outstanding discharge
capacities of 1827 and 773 mA h g�1 for the rst and 80th cycles,
comparable to those of s-rGO (1625 and 734 mA h g�1) but
much higher than those of pure s-Ti3C2 (1136 and 349mA h g�1)
electrodes, indicating that the coated rGO signicantly
improved the electrochemical properties of s-MX at low current
densities. It is worth noting that the capacity of the s-MX@rGO
electrode was observed to increase aer 60 cycles, which is
primarily because the deintercalation of lithium ions can
increase the lamellar spacing of the MXene, thus making it
easier for Li+ to enter the reaction site. This phenomenon
generally occurs in most electrodes composed of 2D
materials.33,48–50

The rate capabilities of the s-MX@rGO composite compared
with those of pure MXene and rGO electrodes are shown in
Fig. 4d and S5b.† Notably, the specic capacities of s-MX@rGO-
1, 2, and 3 were calculated according to the mass of the
MX@rGO composite. The s-MX@rGO-1 electrode exhibited the
highest reversible capacities of 659.6, 520.7, 428.4, 366.2, 318.3,
and 259.7 mA h g�1 at 0.1, 0.2, 0.5, 1, 2, and 5 A g�1, respectively.
Even when the current density was increased to 10 A g�1, the s-
MX@rGO-1 electrode exhibited a reversible capacity of
215.2 mA h g�1. Aer switching the current densities back to
0.1 A g�1, the s-MX@rGO-1 electrode still possessed a high
reversible capacity of 659.6 mA h g�1, reecting its highly
reversible characteristics. In particular, the rate performance of
s-MX@rGO-1 is better than that of s-MX or s-rGO, indicating
that a synergistic mechanism occurs in the s-MX@rGO
composite.

The electrochemical kinetics of the s-MX@rGO composite
were also demonstrated by electrochemical impedance spec-
troscopy (EIS). Fig. 4e shows the Nyquist plots of f-MX, s-MX, s-
rGO and s-MX@rGO composite electrodes in the frequency
range of 100 kHz to 0.01 Hz. The Nyquist plots of these cells
have a semicircle at both high and medium frequencies and
a diagonal line at low frequencies. The size of the semicircle
reects the size of the charge transmission impedance on the
electrode. As observed, the s-rGO material has the lowest
impedance value and the s-MX cell has the highest among these
samples. Therefore, for s-MX, although the 3D hollow structure
is conducive to ion transport in the electrode, the relatively low
electron conductivity hinders rapid electron transport, resulting
in poor multiplier performance compared with the rGO elec-
trode. Aer combining with rGO, the impedance of the s-
MX@rGO-1 electrode decreased, indicating that the rGO
coating on s-MX enhanced the ion/electron transport rate due to
the high electrical conductivity of rGO, which provides a fast
channel for ion/electron transport between the nanospheres,
leading to an improvement of rate performance (Fig. 4d). The
method of enhancing the lithium storage performance of
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Electrochemical properties of f-MX, s-MX, s-rGO, and the s-MX@rGO composites. (a) CV profiles of the s-MX@rGO-1 electrode at a scan
rate of 0.1 mV s�1; (b) charge/discharge curves of the s-MX@rGO-72 electrode in different cycles at 100 mA g�1; (c) cycling performance of the
electrodes at 100mA g�1; (d) rate capability at various current densities (0.1 A g�1–10 A g�1); (e) EIS plots; (f) cycling performance of electrodes at
2 A g�1; (g) long-term cycling properties at 10 A g�1 for 5000 cycles; (h) comparison of the s-MX@rGO-1 electrode with other reported MXene-
based anodes.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

1/
14

/2
02

3 
2:

12
:4

5 
PM

. 
View Article Online
materials by strengthening the connections between different
hollow spheres has been proved to be effective.51,52

The MXene, rGO, and s-MX@rGO composite electrodes were
tested at high current densities of 2 and 10 A g�1, respectively, to
determine their cycling stability and rate performance (Fig. 4f, g,
S5c and d†). The capacity of f-MX aer 500 cycles was only
141.1 mA h g�1. In contrast, the capacity of s-MX aer 1000 cycles
This journal is © The Royal Society of Chemistry 2021
reaches 354.6 mA h g�1, which is much higher than that of f-MX.
The improvement in the rate capability is attributed to its 3D
hollow structure, which facilitates the rapid transfer of electrons
and lithium ions. Signicantly, s-MX@rGO-1 shows excellent
long-term cycling stability with stable capacities of approximately
672.1 and 241.5 mA h g�1 aer 500 cycles at 2 A g�1 and 5000
cycles at 10 A g�1, respectively. The 3D hollowMXene/rGO sphere
J. Mater. Chem. A, 2021, 9, 23841–23849 | 23845
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exhibits superior electrochemical performances including high
capacity, good cycling stability, and excellent rate performance in
comparison with other reported MXene-based LIB anodes, such
as dimethyl sulfoxide (DMSO) intercalated Ti3C2 powder
(69 mA h g�1 at 2.6 A g�1), delaminated f-Ti3C2 “paper”
(110 mA h g�1 at 11.5 A g�1), and MXene/rGO composites
(98.9 mA h g�1 at 4 A g�1) (Fig. 4h and Table
S2†)2,3,8,9,24,27,33,40,48,53–56. To verify the relationship between excel-
lent cycling properties and the structure of the composite mate-
rial, the morphology of the cycled samples was characterized by
SEM. It can be seen from Fig. S10† that the hollow nanosphere
structure of s-MX@rGO can bemaintainedwell aer 100 (Fig. S6a
and b†) and 500 (Fig. S6c and d†) cycles at 2 A g�1. The test shows
that the material has good structural stability, which explains the
good cycling performance of the composite material.

CV tests on f-MX, s-MX, s-rGO, and s-MX@rGO electrodes
with various ratios at different scan rates were performed to
investigate the contribution of their capacitance behavior
(Fig. 5, S7 and S8†). To call attention to the charge storage
kinetics, an analysis of peak current (i) dependence at 2 V on the
scan rate (v) was performed, based on the following
relationship:

i ¼ avb. (1)

log(i) ¼ log(a) + b log(v) (2)
Fig. 5 (a) CV curves of the s-MX@rGO-1 electrodes at various scan rates;
10mV s�1 for the s-MX@rGO-1 electrode at 2 V; (c) pseudocapacitive con
pseudocapacitive contribution (in percentage) at different scan rates.

23846 | J. Mater. Chem. A, 2021, 9, 23841–23849
The value b, obtained from the slope of the curves, reects
the electrochemical behavior of the electrode material. When
b ¼ 1, the reaction of the electrode was completely non-
diffusion-controlled. When b ¼ 0.5, the reaction of the elec-
trode was completely diffusion-controlled. Therefore, according
to the value of b, the capacitive effect of the non-diffusion
control and de-embedding process of diffusion control can be
well identied. For the f-MX, s-MX, and s-rGO electrodes
(Fig. S7†), the values of b at the cathodic peak were determined
to be 0.88, 0.78, and 0.71, respectively. The results show that the
lithium storage behavior of the MXene is more non-ionic
diffusion-controlled than that of s-rGO, so it has a better rate
performance. The b-values of the s-MX@rGO-1, 2, and 3 elec-
trodes are 0.84, 0.76, and 0.79, respectively (Fig. 5b and S8†).
Compared with pure s-MX and rGO, the b value of the
composite product is improved, which shows that the electro-
chemical behavior of s-MX@rGO tends to be controlled by non-
ionic diffusion, in agreement with their superior rate capability.
The relationship between the peak current (i) and the scan rate
(v) for the s-MX@rGO-1, 2, and 3 electrodes at 1.2 V also has
been analyzed, and the results are shown in Fig. S9.† The b value
calculated at 1.2 V is close to the b value calculated at 2 V.
Therefore, we selected 2 V with more obvious peak intensity for
the calculation of pseudocapacitive contribution.

The voltametric sweep rate dependence was examined more
closely according to eqn (3) to quantify the contribution of
capacitance and diffusion limitation to the total capacitance.
(b) the relationship between the peak current and scan rates from 0.1 to
tribution in the CV curve of s-MX@rGO-1 at a scan rate of 10mV s�1; (d)

This journal is © The Royal Society of Chemistry 2021
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i ¼ k1v + k2v
1/2 (3)

In the formula, i is the current at a given potential, and k1v
and k2v

1/2 respectively correspond to the current contributions
from the diffusion-controlled intercalation process and surface
capacitive effect. As shown in Fig. 5c, the prevailing contribu-
tion at 10 mV s�1 is due to the surface capacitive effect (purple
region in Fig. 5c), which contributed 94.9% of the total capac-
itance of the s-MX@rGO-1 electrode. The other pseudocapaci-
tive contributions obtained were 38.3%, 44.1%, 52.9%, 60.4%,
69%, 82.1%, and 94.9% at sweep rates of 0.1, 0.2, 0.5, 1, 2, 5, and
10 mV s�1, respectively (Fig. 5d). At a high scan rate, the
dominant pseudocapacitive contribution leads to rapid Li+

intercalation/deintercalation, which accounts for good revers-
ibility and rate capability. The results were slightly higher than
those of s-MX@rGO-2 (Fig. S8d†) and s-MX@rGO-3 (Fig. S8h†).
The main reason is that the content of the MXene in s-
MX@rGO-1 is the highest among these samples.

The outstanding lithium storage properties of s-MX@rGO
can be attributed to the 3D hollow structure, which is bene-
cial for increasing the specic surface area of the material and
increasing the number of reactive sites, resulting in a higher
lithium storage capacity. The hollow structure is conducive to
the penetration of the electrolyte, thus accelerating the trans-
mission speed of the lithium ions. Owing to its excellent
mechanical properties, the MXene can maintain its structural
Fig. 6 (a) Mechanism schematic diagram of improving the surface electr
diagram of the spacing between MXene and rGO layers. (c) Energy ch
resolution TEM images of the layer spacing of the MXene and rGO. (e) Cha
map of Li+ s-MX@rGO.

This journal is © The Royal Society of Chemistry 2021
stability during cycling, and the addition of rGO can realize the
overall enveloping of s-MX, which further promotes electronic
transmission between MXene spheres. Fig. 6a schematizes the
mechanism of improving the surface electron transport prop-
erties of the materials by the rGO coating. Although the pure
MXene spheres were cross-linked, the contact between the
spheres was not tight, which results in high resistances to
electron and ion transport. Aer being combined with rGO, the
rGO with high conductivity can coat the whole nanospheres,
providing a fast channel for ion/electron transmission between
nanospheres. In addition, electrons can transfer within the
cathode via rGO instead of the poor-contacted interface
between two MXene sheets (Fig. 6b), thus improving the elec-
trochemical dynamic properties of the materials. Furthermore,
the Li+ diffusion coefficient of the material was calculated by
using the EIS plots (Fig. S10†). The Li+ diffusion coefficient of s-
MX, s-rGO, and s-MX@rGO is 3.88 � 10�14, 3.80 � 10�12 and
1.33 � 10�13 cm2 s�1, respectively. The results show that the
diffusion coefficient of the pure MXene sphere of the composite
material is signicantly improved, which partially explains the
reason for the increase in the rate performance of the s-
MX@rGO composite.

To further prove the effect of rGO coating on electron
conduction, DFT calculation was used to simulate the
improvement of cathode performance caused by the
on transport properties of the materials by rGO coating. (b) Schematic
ange curve with the layer spacing of the MXene and rGO. (d) High-
rge density differencemap of s-MX@rGO. (f) Charge density difference
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https://doi.org/10.1039/d1ta07250a


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

1/
14

/2
02

3 
2:

12
:4

5 
PM

. 
View Article Online
introduction of rGO. Comparing the total energy of rGO–MXene
interfaces with varied layer spacing, it is found that the most
stable layer spacing is about 0.22 nm (Fig. 6c), which is much
closer than the MXene–MXene interface and provides a better
interface contact. The interface spacing between rGO and the
MXene was well distinguished by the HRTEM image (Fig. 6d
and S11†). It shows that the layer spacing of the MXene and rGO
is 1.31 nm and 0.34 nm respectively, and the layer spacing at the
interface is 0.26 nm, consistent with the DFT calculated results.
The Li ions are mainly stored between the spacing of the MXene
and rGO through an intercalation mechanism at low current
charge and discharge. The distance between the MXene and
rGO layer is 0.26 nm, which is very suitable for storing Li ions.
Therefore, the composite material has high lithium storage
capacity at a low current density.

The electronic structure of s-MX@rGO (both pristine and Li-
deposed) is shown in Fig. 6e and f by analyzing the charge
density difference maps. In Fig. 6e, a strong negative charge
accumulation can be seen between rGO and the MXene and
some small ones on the Ti and C atoms at the top of the MXene
and C atoms in rGO, while positive charge accumulations are
found on C–C bonds in rGO and on top Ti atoms in the MXene.
Such a charge redistribution ensures a sterling contact between
rGO and the MXene. Aer the deposition of Li, a new negative
charge accumulation appears at the bottom of Li atoms, and the
previous one between 2 sheets gets stronger (Fig. 6f). It indicates
that electrons can transfer from Li to MXene sheets, and then to
rGO. All the results given by DFT simulation prove that rGO
ameliorates the electronic performance of s-MX by constructing
shorter and faster paths for charge transmission. In the process
of charging and discharging at a high rate, Li ions mainly
adhere to the surface of the material, appearing as pseudoca-
pacitance. The lm MXene is prone to stacking resulting in
a reduced specic surface area, while the spherical MXene can
alleviate this stacking phenomenon, and the specic surface
area is greatly increased. The BET test results also verify this. At
the same time, the rGO on the surface can further improve the
conductivity of the material and quickly conduct the electrons
detached from the Li attached to the composite surface. These
results further verify that s-MX@rGO is an ideal substrate for
high-rate LIBs.

3 Conclusion

In summary, we employed a simple template method for the
successful fabrication of 3D hollow MXene/rGO hybrids as
anode materials for LIBs. These new hybrids exhibit high
reversible capacities and excellent rate performances. A revers-
ible capacity of 808.6 mA h g�1 at 0.1 A g�1 aer 100 cycles and
672.1 mA h g�1 at 2 A g�1 aer 500 cycles was achieved for s-
MX@rGO-1. More importantly, the as-prepared hybrid anode
material exhibits outstanding rate capability, which can reach
up to 241.5 mA h g�1 at 10 A g�1 aer 5000 cycles. The perfor-
mance improvement is attributed to the material's 3D hollow
structure, which provides a larger specic surface area and
more active sites. The addition of rGO can realize the overall
coating of s-MX, improve the overall electrical conductivity of
23848 | J. Mater. Chem. A, 2021, 9, 23841–23849
the material, and further promote electronic transmission
between the MXene spheres. Themethod used here is facile and
general and can be used to prepare other 3D structure MXene
hybrids for energy storage.
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