
Applied Surface Science 583 (2022) 152441

Available online 6 January 2022
0169-4332/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

TiO2 encrusted MXene as a High-Performance anode material for 
Li-ion batteries 

Hanan Abdurehman Tariq a, Umair Nisar a,*, Jeffin James Abraham a, Zubair Ahmad b, 
Siham AlQaradawi c, Ramazan Kahraman d, R.A. Shakoor a,* 

a Center for Advanced Materials (CAM), Qatar University, Doha P. O. Box 2713, Qatar 
b Young Scientist Center (YSC), Qatar University, Doha P. O. Box 2713, Qatar 
c Department of Chemistry & Earth Sciences, College of Arts and Science, Qatar University, Doha P. O. Box 2713, Qatar 
d Dept. of Chemical Engineering, College of Engineering, Qatar University, Doha P. O. Box 2713, Qatar   

A R T I C L E  I N F O   

Keywords: 
Li-ion battery 
Anode 
MXene 
TiO2 

Kinetics 
Cyclability 
Rate capability 
Ti3C 

A B S T R A C T   

TiO2 has the potential to be a viable anode material for high-power lithium-ion batteries (LIBs). However, the 
lower electronic conductivity of TiO2 limits its practical applications. Here, the synthesis of novel TiO2 decorated 
Ti3C-MXene anode for LIBs using in-situ hydrolysis is discussed. MXenes are well known for their outstanding 
structural stability and superior electronic conductivities; thus, using MXenes as a host material for TiO2 may 
improve its structural and electrical characteristics. Scanning and transmission electron microscopy (SEM & 
TEM) examination revealed that the in-situ method resulted in a uniform and comformal coating of TiO2 (27.5 
nm) on the inner and outer surfaces of MXene surfaces. BET analysis revealed that the larger surface area of 
MXene-TiO2 nanocomposite enhanced the active sites for lithium intercalation, which improved electrochemical 
performance. Furthermore, electrochemical impedance spectroscopy (EIS) analysis revealed faster kinetics for 
MXene-TiO2 materials when compared to the TiO2 anode. Compared to pristine TiO2 anode, 5 wt% MXene-TiO2 
nanocomposite showed significantly better electrochemical performance, with an electrochemical capacity of 
around 200 mAhg− 1 at 0.1C. Nanocomposites based on MXene-TiO2 exhibit outstanding electrochemical per
formance, indicating the potential for using MXene-based nanocomposites as an anode in high-performance 
lithium-ion batteries.   

1. Introduction 

Lithium-ion batteries have been widely acknowledged as a critical 
component of portable electronic gadgets, driverless cars, and home 
energy management systems (EMSs) because of their increased energy 
and power densities [1–3]. All over the world, more rigorous criteria are 
being imposed on LIBs as floating energy storage systems with the 
emergence of autonomous electric cars, hybrid-electric cars, and intel
ligent micro-grid networks. [4,5]. Currently, graphite is being used as an 
anode in commercial lithium-ion batteries since its commercialization. 
However, due to graphite’s lower working potential (vs. Li), the 
decomposition of organic electrolyte results in the continual formation 
of solid electrolyte interface (SEI) layers on graphite anodes, raising 
safety issues and consuming active lithium during electrochemical 
cycling. This results in loss of capacity and fast aging of the cells. As an 
alternative to graphite, Tin (Sn) and Silicon (Si) have been intensively 

investigated as anodes because of their higher energy densities [6]. 
However, significant volume changes during the electrochemical 
cycling, substantial irreversible capacity loss, low cyclability stability 
limit their use in commercial LIBs [7]. Better safety, cycling, and higher 
reversible capacities have prompted researchers to investigate metal 
oxides as anodes in high-performance lithium-ion batteries. 

Due to abundance, excellent safety, eco-friendliness, and low cost, 
titanium dioxide (TiO2) has been considered a promising anode material 
for high power density LIBs during the last decade [8–10]. Moreover, 
TiO2 electrodes undergo small volume change (~5%) during the char
ge–discharge cycling [11]. TiO2 comprises eight known crystal struc
tures, rutile, anatase, brookite, TiO2-B, TiO2-R, TiO2-H, TiO2-II, TiO2-III 
[12]. Over the last decades, rutile, anatase, and TiO2-B have been 
rigorously explored as anode materials for lithium-ion batteries. Rutile is 
thermodynamically the most stable form, whereas anatase and TiO2-B 
are metastable phases [13]. Additionally, due to the higher operating 
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voltage of TiO2 (1.5 V vs. Li/Li+), it is compatible with conventional 
organic-based commercial electrolytes, making it safe for high-power 
LIBs applications. This is because no solid electrolyte interface (SEI) 
forms at these working voltages, which restricts active lithium con
sumption and thus the continuous capacity fade [14,15]. However, TiO2 
has few intrinsic limitations, large bandgap, poor electrical conductiv
ity, and low diffusion, which seriously prevent the practical use of TiO2 
in commercial LiBs [16,17]. This poor electrical and ionic diffusion re
sults in high polarization [18]. Different methods to address these 
challenges have previously been investigated. This includes the syn
thesis of nanostructured TiO2 with various morphologies, which en
hances the active surface area of the particles. This leads to better ionic 
diffusion kinetics as the ionic transition distance within the particles 
decreases due to particle size reduction [19–21]. The electrochemical 
lithiation/de-lithiation in TiO2 is represented by the equation (1) 
[22,23]. 

xLi+ + xTiO2 + xe− ⋯ ↔ ⋯LixTiO2(0 < x < 1) (1) 

The electrochemical lithiation and de-lithiation in TiO2 are greatly 
affected by its crystallinity, particle size, composition, surface energy, 
and polymorphism. Several approaches have been adopted to overcome 
the intrinsic shortcoming of TiO2. The use of nanostructured material, 
carbon coatings on TiO2, and carbon-based TiO2 nanostructures/com
posites. Several nano architectures of TiO2 have been synthesized to 
enhance their performance in LIBs, such as nanorods [24], nanotubes 
[25], and nanosheets [26]. By reducing the size of TiO2 to nano regime, 
the reaction kinetics significantly improve during lithiation/de- 
lithiation, which results in fast charging capabilities [27]. Neverthe
less, the nanomaterials tend to agglomerate, particularly during the 
electrochemical processes, because of their high surface activity, which 
may result in poor electrochemical performance [28]. 

Furthermore, carbon based composites have been found to increase 
the electronic conductivity of the electrode materials, therefore 
enhancing the electrochemical performance [19,29]. The mesoporous 
carbon/TiO2 approach is an effective method of producing high- 
performance TiO2 anodes [30]. Moreover, graphene-based TiO2 com
posite anode has been reported as a positive approach to improving the 
performance of TiO2 anode, which results from the unique structure of 
graphene with exceptionally high surface area and outstanding elec
trical properties [31]. 

More recently, MXene based anode and cathode materials have been 
reported, which show excellent electrochemical performance owing to 
exceptionally high electronic conductivities of MXene (20,000 S/cm) 
[32]. MXene is derived from the MAX phase (Ti3AlC2), a family of 
transition metal carbides and carbonitrides [33]. It has been observed 
that the electrical conductivity of demountable MXene layers was equal 
to multilayer graphene [34]. When employed as an anode for lithium- 
ion batteries, MXene nanocomposites exhibited outstanding electro
chemical performance [35–38]. Ti2C3 is one of the most known MXenes, 
although few reports on its utilization in LIBs [39]. Although the usage 
of Ti3C2 as anode material in LIBs has been described, its electro
chemical performance has not been promising. Moreover, the exact 
mechanism of intercalation/de-intercalation in MXene is not well un
derstood [40]. However, researchers have shown that MXenes layers can 
be coated with several different metal oxide nanoparticles for several 
applications to gain the maximum advantage from their high surface due 
to their 2D layered structure [41,42]. However, due to the small spac
ings between MXene layers, it is challenging to coat the inner surface of 
MXene layers with these metal oxide nanoparticles [43,44]. If these 
MXene layers are well exfoliated and delaminated, it may be possible to 
thoroughly coat the inner surfaces with these nanoparticles, exploiting 
the advantage of the high surface area MXenes. 

Herein, MXene/TiO2 (MXene = 2, 5 and 7 wt%) anode for LIBs was 
developed using an in-situ process where TiO2 nanoparticles are grown 
on the MXene surface. This process’s advantage is that the inner surfaces 
of MXene layers are also well coated with TiO2 nanoparticles due to the 

in-situ nucleation of TiO2 on MXene layers. Later, during the heat 
treatment process, the TiO2 particle growth due to Ostwald ripening 
increases the distance between MXene layers, increasing the MXene/ 
TiO2 anode’s active surface area. For comparison purposes, nano-TiO2 
was also synthesized without any MXene. The low electrical conduc
tivity of TiO2 is likely to be compensated by the exceptionally high 
electrical conductivity of MXene. MXene/TiO2 electrochemical perfor
mance is enhanced in terms of higher initial discharge capacity, 
improved rate capability, and lower cell impedance. The process 
employed here is quite simple, scalable without any complicated reac
tion steps compared to most of the published works [45–51]. Moreover, 
a very homogeneous TiO2 coating is achieved both on the inner and out 
surfaces of MXene. Furthermore, the pseudo-capacitive character of 
Ti2C3 MXene may help to improve the electrochemical performance of 
MXene-TiO2 [52]. 

2. Materials and methods 

2.1. Synthesis of Ti3C2-MXene from MAX phase 

1 g of the Ti3AlC2 powder was immersed in 20 mL of the mixed-acid 
solution and stirred until the Al layers’ complete removal. This approach 
uses a lithium fluoride (LiF) salt and hydrochloric acid (HCl) to produce 
HF, which results in simultaneous etching and delamination of MXene. 
5 mL deionized water was added in a plastic bottle, then 15 mL HCl (12 
M) and 1.6 g LiF were added at 100 rpm at 35 ◦C, respectively. 1g 
Ti3AlC2 was slowly added to the mixture with a gradual increase in the 
stirring speed of 300 rpm. Under these reaction conditions, the reaction 
was allowed to continue for 24 h. The etched mixture was then shifted to 
a centrifugation tube pre-filled with DI water. The mixture was centri
fuged at 3500 rpm for 10 min. Finally, the supernatant’s pH was 
analyzed and adjusted until the solution’s pH was around neutral (>6). 

2.2. Synthesis of TiO2-Ti3C2 MXene nanocomposites 

The nano-TiO2 was synthesized by using titanium isopropoxide 
(TTIP) as a precursor. Initially, 5 mL of titanium isopropoxide (TTIP) 
was added to 15 mL of isopropanol. Later 0.078 g of Ti3C2-MXene was 
added to this solution for 2 wt% MXene-TiO2 and 0.197 g of Ti3C2- 
MXene was added to this solution for 5 wt% MXene-TiO2. Moreover, 7 
wt% MXene-TiO2 was also synthesized but was discarded after initial 
electrochemical testing. Finally, 250 mL of deionized water was used as 
a hydrolysis catalyst. The PH of the solution was adjusted to around 8 by 
adding NH4OH. Initially, these two solutions were mixed under vigorous 
stirring. TTIP hydrolysis provided a turbid solution when heated to 
70 ◦C for almost 18–20 h (peptization). The solution volume decreased 
after the peptization phase, and a suspension was formed. The pre
cipitates prepared were washed with ethanol and dried at 120 ◦C in a 
vacuum oven for 12 h to obtain amorphous MXene-TiO2 nano
composites. The prepared MXene-TiO2 nanocomposite was eventually 
heat-treated in an argon atmosphere at 550 ◦C for 6 h to form a well 
crystalline MXene-TiO2. Fig. 1 depicts a schematic of the synthesis 
process. Moreover, pure TiO2 was also synthesized without adding 
MXene for comparative purposes. 

2.3. Analysis and characterization 

The synthesized materials’ crystal structure were investigated using 
an X-ray diffractometer (XRD, PANalytical diffractometer) with a scan 
rate of 1◦/min and a step size of 0.01. The synthesized materials’ 
morphological (particle form and size) and microstructures were 
examined using a field emission scanning electron microscope (FE-SEM, 
Hitachi S-4800). To investigate the detail of structural changes, high- 
resolution transmission electron microscopy (HR-TEM, JEOL) was 
used. Particle size was analyzed from SEM images using ImageJ soft
ware. Energy-dispersive X-ray spectroscopy (EDX) was used to 
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determine the elemental composition of the synthesized materials. The 
thermal stability of the materials was analyzed using a TGA analyzer 
(Pyris 4000, PerkinElmer-USA). TGA analysis was performed from 25 ◦C 
to 700 ◦C at a heating rate of 10 ◦C/min. Lastly, Raman spectra were 
collected using Thermo Fisher Scientific DXR Raman Microscope with a 
wavelength of 532 nm to get more insights into the synthesized mate
rials’ structure. 

Coin cells were used for electrochemical characterizations (CR2032). 
First, in n-methyl pyrrolidinone (NMP) solvent, 80 wt% active material 
(TiO2 and MXene-TiO2), 10 wt% carbon black, and 10 wt% poly
vinylidene fluoride (PVDF) as a binder were evenly mixed for 6 h. Next, 
the slurry for later coated on copper foil (current collector) using a 
doctor blade. The slurry was initially dried in a conventional oven for 12 
h to remove NMP. Later, the coated electrodes were dried in a vacuum 
oven at 120 ◦C for 12 h to remove moisture traces. The dried electrode 
sheets were punched to get the electrodes (14.5 cm in diameter). Cell 
fabrication was performed in an argon-filled glove box (H2O and O2 
concentration < 0.1 ppm) using Celgard 2325 separators soaked in 125 
mL of the electrolyte solution (1 M LiPF6 in EC/DMC, 1:1 v/v). Lithium 
metal was used as a counter electrode, while TiO2 and MXene-TiO2 
electrodes were used as anodes. To investigate the electrochemical 
performance of the produced materials, the cells were electrochemically 
cycled between 1.5 and 3.0 V using a WonAtech (WBCS 3000L) battery 
cycler. BioLogic (VSP, France) was used to perform cyclic voltammetry 
(CV) at a scan rate of 0.1 mV/s. Finally, BioLogic (VSP, France) was also 
used to perform electrochemical impedance spectroscopy (EIS) using a 
10 mV sinusoidal signal spanning frequency ranges from 1 MHz to 10 
Hz. All EIS measurements were performed at discharged at discharged 
states. The data collected with EIS were modeled with an electrical 
equivalent circuit using RelaxIS (rhd instruments, Germany) impedance 
analysis software. 

3. Results and discussion 

Fig. 2 shows the XRD spectra of TiO2, MXene, and TiO2-MXene (2 
and 5 wt%) materials. The sharp diffraction peaks at 25.28◦, 37.80◦, 
48.05◦, 53.89◦, and 55.06◦ are ascribed to anatase TiO2 (JPCD: 01–078- 
2486). Similarly, the diffraction peaks at 6.0◦, 27.44◦, 34.51◦, and 
60.75◦ correspond to Ti3C –MXene [53,54]. For the TiO2-MXene (2 & 5 
wt%), the average crystallite size of TiO2 is calculated to be ~ 27.5 nm 
by the Deby-Scherrer equation. The XRD patterns of 2 & 5 wt% MXene- 

TiO2 exhibited the diffraction peaks of anatase-TiO2 and Ti3C2-MXene, 
which verified the co-existence of TiO2 and Ti3C2-MXene. Thus, sug
gesting an effective reduction from titanium isopropoxide to TiO2 after 
the simultaneous hydrolysis and peptization. A comparison of the XRD 
spectra indicates no evidence of the presence of any impurities con
firming the successful formation of phase pure 2 & 5 wt% MXene- TiO2. 
Figure (S1) displays the XRD spectra of the MAX phase and Ti3C –MXene 
obtained after mixed acid treatment. 

To further validate the prepared materials’ structure, Raman spectra 
of TiO2, MXene, and 2 & 5 wt% MXene-TiO2 were recorded as displayed 
in Fig. 3. Raman spectra of the synthesized materials well match with 
previously reported literature [55]. There are five distinct Raman scat
tering peaks at 144, 394, 513, and 635 cm− 1 that correspond to the 

Fig. 1. Schematic representation for the synthesis of MXene-TiO2 materials using Ti3AlC2 (MAX phase) as a starting material and titanium isopropoxide (TTIP) as a 
precursor for TiO2. 

Fig. 2. XRD spectra of anatase-TiO2, pristine MXene, and 2 & 5 wt% 
MXene- TiO2. 
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anatase phase of TiO2. The two wide spikes between 1000 and 1800 
cm− 1 were distinctive D-and G-modes of graphitic carbon of Ti3C2- 
Mxene [56,57]. The existence of graphitic carbon means that the 
conductive carbide layer ensures rapid charge transfer, enhancing 
electrochemical performance. Based on Raman spectrasand XRD results, 
it is confirmed that the synthesized 2 & 5 wt% MXene-TiO2 materials are 

constituted of Ti3C2-MXene and TiO2 anatase phase. 
As shown in Fig. 4(a-b), FE-SEM micrographs display the pristine 

Ti3C2-MXene. The pristine Ti3C2-MXene has a layered morphology 
resembling an exfoliated graphite, where nanolayers are distinctly iso
lated. Fig. 4(c-e) displays the SEM images of 5 wt% MXene-TiO2, which 
clearly shows the homogenous and complete coverage of MXene layers 
by TiO2 nanoparticles (~27.5 nm). Moreover, the inner layers of MXene 
are also effectively coated with TiO2 nanoparticles owing to the facile in- 
situ process. The insertion of TiO2 nanoparticles into the inner surface of 
MXene could effectively hinder the stacking of MXene layers and expand 
the gap. Additionally, it was found that in 7 wt.% MXene-TiO2 some 
parts of MXene were not fully coated with TiO2 particles, which might be 
due to the limited amount of TiO2 (MXene surface area > TiO2 particles), 
as clearly shown in Figure S3. On the other hand, for 2 wt% MXene-TiO2 
all MXene surfaces fully coated with TiO2 particles. However, at certain 
places, TiO2 agglomerates were also seen, which suggests the insuffi
cient MXene surfaces for these particles to cover. Therefore, based on 
our SEM analysis, we feel that 5 wt% MXene-TiO2 shows the best 
coverage of TiO2 particles on MXene, without the presence any bare 
MXene surfaces and TiO2 agglomerates. 

This would result in high TiO2 loading on MXene surfaces, increasing 
energy density [58]. Two significant features can be noted in the SEM 
images: (1) the TiO2 on MXene layers preserves a homogeneous 
morphology (size and shape); (2) Ti3C2-MXene retains a well laminar 
structure even after TiO2 coating on the surfaces (Fig. 2 (d-e)). The SEM 
image for the Ti3AlC2 (MAX) phase, which was used as a starting ma
terial to synthesize MXene, is shown in Figure S2. It clearly shows the 
tight stacking of the layers without any gap. 

Fig. 5 shows the Brunauer–Emmett–Teller (BET) adsorption/ 
desorption isotherms for MXene, TiO2, and MXene- TiO2 (2 and 5 wt% 
MXene- TiO2) materials. It can be seen from the isotherms that the 2 and 
5 wt% MXene- TiO2 materials show a much larger surface area when 
compared to MXene and TiO2. 5 wt% MXene- TiO2 shows the highest 
surface area of around 77.785 m2/g compared to 2 wt% MXene-TiO2, 
MXene, and TiO2, which are around 55.687, 16.248, and 6.760 m2/g, 
respectively ( also listed in Table 1.). The 5 wt% MXene- TiO2 has the 

Fig. 3. Raman spectra of the (a) MXene, (b) TiO2, (c) 2 wt% MXene-TiO2 and 
(d) 5 wt% MXene-TiO2. 

Fig. 4. SEM images for (a-b) pristine Ti3C2-MXene, (c-e) 5 wt% MXene-TiO2.  
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highest surface area due to the fully covered MXene surfaces with TiO2. 
On the other hand, 2 wt% MXene- TiO2, the amount of TiO2 is slightly 
more than what is required to fully cover the MXene surfaces, resulting 
in some TiO2 agglomerating at certain places, which is the possible 
reason for the lower surface area of this material when compared to 5 wt 
% MXene-TiO2. 

It is also interesting to note that TiO2 shows the lowest surface area 
compared to other materials. This behavior’s possible reason is the 
agglomeration of TiO2 nanoparticles, which decreases the surface area, a 
well-known phenomenon in nanomaterials. Looking at the high surface 
area of MXene- TiO2 materials, it can easily be deduced that (1) 

introducing TiO2 particles in between layers of MXene increased the 
spacing between layers exposing more surfaces to TiO2. (2) Moreover, 
the coating of nano-TiO2 on the MXene sheets increased the MXene 
sheets’ roughness, which effectively increased the surface area of the 
materials, clearly supported by SEM and TEM images (Fig. 4 and Fig. 6). 
This morphology of MXene-TiO2 is highly desirable for the electro
chemical performance of TiO2 since the high surface area of TiO2 would 
help increase the active site for lithium intercalation/de-intercalation 
during electrochemical cycling resulting in enhanced performance. 

The HR-TEM images and selected area electron diffraction (SAED) 
images of pristine MXene, 2 wt%, and 5 wt% MXene-TiO2 nano
composites are shown in Fig. 6. It can be seen in Fig. 6(a) that MXene 
displays a well-stacked layered structure. The higher resolution image in 
Fig. 6(b) clearly shows a single layer of MXene layer that does not show 
any secondary material traces. Moreover, the SAED pattern shown for 
MXene Fig. 6(c) confirms the hexagonal symmetry of the structure, 
which clearly shows that it retained the crystallinity and symmetry of 
the parent MAX phase Ti2AlC [59]. On the other hand, 5 wt% MXene- 
TiO2 have layers of MXene well covered with TiO2 particles, as shown in 
Fig. 6(d-e). TiO2 nanoparticles were uniformly and homogenously pre
sent on the MXene layers. HR-TEM images of 5 wt% MXene- TiO2 (Fig. 6 
(e) further clarify the homogeneous distribution of TiO2 nanoparticles 
on the surface of MXene layers. Lattice fringes for TiO2 can be seen in the 
HR-TEM image highlighted in white circles. HR-TEM observations 
demonstrate the TiO2 nanoparticles accumulated on MXene surfaces, 
confirming the successful formation of MXene-TiO2. Thus, the growth of 
TiO2 nanoparticles between MXene layers increased the surface area of 
the MXene-TiO2 and increased the interlayer spacings between MXene 
layers for Li-ion intercalation, which also resulted in additional diffusion 
pathways for the electrolyte. Lattice fringes indicate that TiO2 nano
particles have been successfully decorated on MXene. The lattice fringes 
corresponding to the interlayer spacing of (200) and (101) planes of 
TiO2 (anatase) are observed. HR-TEM image reveals that TiO2 nano
particles have been incorporated onto MXene layers supporting SEM 
results. The SAED patterns shown for MXene-TiO2 in Fig. 6(f) further 
indicate the presence of an additional phase along with MXene, which is 
ascribed to TiO2 nano-particles [60,61]. 

Figure S4 shows the results of a TGA analysis performed between 20◦

and 700◦ C to assess the thermal stability of the produced materials. The 
TGA data shows that for pure Ti3C2-MXene, the first weight-loss stage is 

Fig. 5. BET adsorption/desorption isotherms for MXene, TiO2, and MXene- 
TiO2 materials. 

Table 1 
Materials and their surface area calculated from BET.  

Materials BET surface area (m2/g) 

MXene  16.248 
TiO2  6.760 
2 wt% MXene-TiO2  55.687 
5 wt% MXene-TiO2  77.785  

Fig. 6. HR-TEM and SAED images of (a-c) MXene, (d-f) 5 wt% MXene-TiO2.  
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attributed to the loss of physically adsorbed water on the MXene sur
faces (till 174.36◦). The next step is the liberation of bonded water (OH) 
and functional groups on the surface of MXene. The third region, 
~323 ◦C (Δm=+10%), indicates the weight gain due to oxidation of 
MXene.[62] In comparison, the TiO2, 2 wt% Ti3C2-MXene, & 5 wt% 
Ti3C2-MXene show much stable thermogravimetric curves. The weight 
changes for MXene and Mxene-TiO2 nanocomposite can be ascribed to 
the following two reasons: (i) TiO2 grafted on the MXene provides 
thermal stability and shielding,[63] (ii) incorporation of TiO2 reduces 
the heat flow, producing localized hot spots.[64] TGA results indicate 
that the MXene-TiO2 nanocomposites improves the materials’ structural 
integrity at elevated temperatures. 

Fig. 7 displays the CV profiles for the 2nd cycle for TiO2, 2 & 5 wt% 
MXene-TiO2 materials at a scan rate of 0.1 mVs− 1. The CV profiles 
indicate slightly lesser polarization for 2 & 5 wt% MXene-TiO2 material 
when compared to TiO2. The inset in Fig. 7 clearly shows the oxidation 
peaks move to lower voltage for 2 and 5 wt% MXene-TiO2 materials, 
which indicate lower polarization when compared to TiO2 material, 
which would result in improved kinetics for MXene-TiO2. Moreover, 2 & 
5 wt% MXene-TiO2 also display much higher currents during the redox 
activity, related to the increased electronic conductivity. On the other 
hand, TiO2 shows a much lower current, reflected in its electrochemical 
performance compared with MXene-TiO2 materials. Figure S4 displays 
the CV profiles of MXene, which corresponds to the characteristic 
behavior of MXene in Li-ion half-cell as previously reported [65]. 

The electrochemical performance of the synthesized TiO2 and 2 & 5 
wt% MXene-TiO2 anode materials were evaluated in Li half-cells. The 
galvanostatic discharge/charge voltage profiles of TiO2, 2 & 5 wt% 
MXene-TiO2 at 0.1C in the voltage window of 1.5–3 V, are shown in 
Fig. 8. All cells show characteristic voltage plateaus at ~ 1.78 V, which 
can be ascribed to the oxidation/reduction of titanium (Ti+3/Ti+4) in 
TiO2 [66]. TiO2 and 2 & 5 wt% MXene-TiO2 display an initial discharge 
capacity of around 120, 183, and 200 mAh g− 1. The capacity of TiO2 
after 100 cycles is only 117.8 mAhg− 1, as shown in (Fig. 8a). Contrarily, 
2 & 5 wt% MXene-TiO2 shows high initial capacity and much better 
capacity retention with a discharge capacity of around 165 and 180 mAh 
g− 1 after 100 cycles, respectively (Fig. 8(c-d)). Moreover, 7 wt% MXene- 
TiO2 was also tested for a few cycles; however, due to lower initial 
discharge capacity than 5 wt% MXene-TiO2, it was not analyzed further. 
The reasons for the decrease in specific capacity for the 7 wt% MXene- 
TiO2 can be related to an increase in the amount of inactive MXene 
material (as seen from Fig. S5). 

The higher discharge capacity and better cycling of 2 & 5 wt% 
MXene-TiO2 result from faster (de)intercalation kinetics resulting from 
increased electronic conductivity, the increased surface area of the 
MXene-TiO2 materials, and well homogenously distributed TiO2 on the 

surface of MXene layers. Moreover, this material’s architecture increases 
the active sites for lithium (de)intercalation, resulting in much improved 
initial discharge capacity. On the other hand, nano-TiO2 resulted in 
agglomeration, which resulted in lower initial discharge capacity and 
comparatively poor cycling performance. Furthermore, it can be seen 
that MXene-TiO2 shows much higher coulombic efficiency (CE) when 
compared to TiO2. The coulombic efficiencies were calculated based on 
the ratio of charge to discharge capacity. This indicated the electro
chemical stability of MXene-TiO2 as an anode. 

The rate capability of TiO2, 2 & 5 wt% MXene-TiO2 materials from 
0.1C to 10C is shown in Fig. 9(a). TiO2 shows the gradual capacity decay 
from 166 mAhg− 1(0.1C) to 20 mAhg− 1(10C). However, on the other 
hand, 2 & 5 wt% MXene- TiO2 shows significantly higher capacities at all 
C-rates with a capacity of around 70 mAhg− 1 at 10C. Overall, 5 wt% 
MXene-TiO2 shows the best rate capability compared with TiO2 and 2 wt 
% MXene-TiO2. This is due to the uniform coating of MXene layers with 
electrochemically active TiO2 and the inherent high electronic conduc
tivity of MXene. It can be seen that TiO2 displays lower discharge ca
pacity at all C-rates when compared with 2 & 5 wt% MXene-TiO2. 
Moreover, TiO2 also shows slightly higher polarization , resulting from 
the inherent poor electronic conductivity of TiO2. On the other hand, 
due to the high electronic conductivity of MXene, the polarization seems 
to be reduced for 2 & 5 wt% MXene-TiO2 materials. Moreover, it is 
interesting to see that TiO2 anodes show lower reversible capacity when 
compared to MXene-TiO2 anode, thus leading to lower coulombic effi
ciencies at all C-rates. The particle morphology (size and shape) of TiO2 
plays an important role in the overall electrochemical performance [67]. 
With nano-sized particles, they tend to agglomerate, resulting in elec
trode fabrication issues and poor electrochemical performance. This 
agglomeration problem is solved using TiO2 grown on between the 
MXene layers, resulting in a homogeneous distribution of TiO2 over 
MXene layers, further enhancing the loading of active material. This 
increases the active TiO2 surface area, which improves the electro
chemical performance. 

As reported earlier [68], the aggregated particle of TiO2 can sustain 
just half mole Li-ions, while well-dispersed nanoparticles can accom
modate one-mole Li+ ions per mole TiO2. Consequently, the small 
interlayer spacing of MXene-TiO2 nanocomposites thermodynamically 
suppresses the surface tension and aggregation between the intercala
tion stages[45]. This is primarily attributed to a change in the layer 
distance of MXene, which offers more favorable active sites for enhanced 
ionic mobility and reaction kinetics during lithium-ion intercalation and 
de-intercalation during the charging/ discharge cycling [57]. 

Electrochemical impedance spectroscopy (EIS) measurements were 
conducted to analyze the total impedance of the cells with TiO2, 2 & 5 wt 
% MXene-TiO2 materials, as illustrated in Fig. 10. The Nyquist data was 
fitted to a simulated equivalent circuit (inset Fig. 10) to evaluate 
different resistance contributions from the cell, including ohmic resis
tance of the cell components (Re), SEI layer resistance (Rf), and charge- 
transfer resistance (RCT). It can be seen from the EIS spectra that TiO2 
anode show considerably high cell impedance after figure S5 100th cy
cles when compared to MXene-TiO2 materials, which also reflects in the 
electrochemical cycling data. Moreover, the 5 wt% MXene-TiO2 showed 
lowest impedance (Rct = 15 Ω & Rf = 7 Ω) compared to 2 wt% MXene- 
TiO2 (Rct = 20 Ω & Rf = 9 Ω) and TiO2 (Rct = 35 Ω & Rf = 13 Ω) (not 
shown here). This is because TiO2 is a poor electronic conductor, which 
results in higher cell impedance. 

On the other hand, MXene has high electronic conductivity, which 
improves overall electronic conductivity in 2 & 5 wt% MXene-TiO2 and 
decreases overall cell impedance. The high electronic conductivity of 
MXene results in improved redox kinetics which results in improved 
electrochemical performance and decreased cell impedance. It was seen 
that there was slight increase in impedance for 2 & 5 wt% MXene-TiO2 
after 100 cycles, whereas the TiO2 anode indicates a marked rise in 
impedance after 100 cycles. The change in impedance indicates the 
instability of TiO2 anode when compared with 2 & 5 wt% MXene-TiO2 

Fig. 7. Cyclic voltammetry (CV) curves for the 2nd cycle of TiO2, 2 & 5 wt% 
MXene-TiO2 at 0.1mv s− 1. 
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anodes. Thus, the lower impedance of MXene-TiO2 indicates better ki
netics for them compared to TiO2 based cells, showing better electro
chemical performance. 

4. Conclusion 

To conclude, firstly, the multilayered Ti3C2-MXene was synthesized 
by mixed-acid etching of Ti3AlC2 MAX-phase. Later, MXene layers were 
decorated with TiO2 nanoparticles (~27.5 nm) through scalable 

Fig. 8. A comparison of electrochemical performance of TiO2 and MXene-TiO2; (a) Cyclability and (b, c, d) galvanostatic charge/discharge behavior at 0.1C.  

Fig. 9. (a) Rate capability of TiO2, 2 & 5 wt% MXene-TiO2 at room temperature, (b-c) charge/discharge behavior of the materials at progressing C-rate (b) 2 wt% 
MXene-TiO2 (c) TiO2 (d) 5 wt% MXene- TiO2. 
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hydrolysis of titanium isopropoxide (TTIP) to form MXene-TiO2 material 
as a high-performance anode for lithium-ion batteries (LIBs). Structural 
analysis (XRD, SEM, HR-TEM) confirmed the presence of nano-TiO2 on 
the surfaces of the MXene surface. Moreover, the TiO2 was present even 
between the inner surfaces of MXene layers, which is in general not 
possible with ex-situ techniques. The larger surface area offered by the 
unique morphology guaranteed outstanding electrochemical perfor
mance of MXene-TiO2 anodes. The 5 wt% MXene-TiO2 materials 
exhibited the highest initial discharge capacity of around 200 mAh g− 1 

compared with 120 mAh g− 1 for the TiO2 material. Moreover, MXene- 
TiO2 materials have shown much-improved rate performance compared 
to TiO2 material. The reason for the superior electrochemical properties 
of the MXene-TiO2 is (1) improved electronic conductivity/kinetics of 
MXene-TiO2 materials, thus lowering the activation energy of lithium- 
ion mobility, (2) improved morphological features and surface area of 
MXene-TiO2 based anodes, which provide more active sites for lithium 
(de)intercalation, when compared to TiO2, (3) suppression of agglom
eration of MXene-TiO2 when compared to nano-TiO2 based anode. If 
properly engineered, MXene based anodes materials have the potential 
for commercial applications, where MXene can act as a host material for 
different anode materials and simultaneously improving their structural 
and electronic properties. 
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