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a  b  s  t r  a  c  t

We investigated  the synthesis  of  quasi-two-dimensional  carbide  (Ti3C2), with  the  name  of  MXene,  by
immersing  Ti3AlC2 in  40%  or 49%  hydrofluoric  acid  (HF)  at 0 ◦C,  15 ◦C or  60 ◦C. The influences  of  time,
temperature,  and  source  of  Ti3AlC2 on the  synthesis  were  researched.  It was found  that  Ti3C2 synthe-
sized  from  pressureless  synthesized  Ti3AlC2 was  highly  oriented  compared  to  that  from  hot-pressed
Ti3AlC2. As-synthesized  Ti3C2 could  be further  exfoliated  by  intercalation  with  urea,  dimethylsulfoxide
eywords:
wo-dimensional materials
Xene

ransition metal carbides
hermal stability

or ammonia.  From  the  results  of thermogravimetry  and  differential  scanning  calorimetry,  Ti3C2 MXene
with  F/OH  termination  was  found  to be  stable  in  argon  atmosphere  at  temperature  up to 800 ◦C.  In oxygen
atmosphere,  at 200 ◦C, parts  of MXene  layers  were  oxidized  to obtain  an  interesting  structure:  anatase
nano-crystals  were  evenly  distributed  on 2D  Ti3C2 layers.  At  1000 ◦C,  MXene  layers  were completely
oxidized  and  anatase  phase  fully  transformed  to rutile  in  oxygen  atmosphere.
xfoliation

. Introduction

Two-dimensional (2D) materials, such as graphene [1], are
ell known to have unique properties and important applications.

n general, 2D materials are produced by exfoliating layered 3D
aterials with weak van der Waals-like coupling between layers.
uring the last decade, some 2D materials such as hexagonal
oron nitride [2], metal oxides [3], and chalcogenides [4] have
een synthesized by chemical exfoliation or mechanical cleavage
f layered 3D precursors.

However, there was no report on the synthesis of 2D nanocrys-
alline materials by exfoliation of layered solids with strong
rimary bonds until Naguib et al. [5,6] synthesized two-
imensional transition metal carbides by HF exfoliating from
AX phases: Ti3AlC2, Ti2AlC, etc. These 2D materials were made

y removing “A” element from MAX  phase and named as MXenes
o emphasize their graphene-like morphology. MXenes are con-
uctive and hydrophilic 2D materials. From experiments [7–9] and
heoretic computation [10], MXenes are very promising electrode
aterials for lithium-ion batteries and supercapacitors. Addi-
ionally, we found that MXene are promising hydrogen storage

edium [11], lead adsorption medium [12], and catalyst [13]. The

∗ Corresponding author. Tel.: +86 391 3986936; fax: +86 391 3986908.
E-mail address: zhouag@hpu.edu.cn (A. Zhou).

ttp://dx.doi.org/10.1016/j.mseb.2014.10.009
921-5107/© 2014 Elsevier B.V. All rights reserved.
© 2014  Elsevier  B.V.  All  rights  reserved.

research on MXenes opened a door for the synthesis of a large
number of 2D Mn+1Xn structures and attracted the attention of
many scientists [14–16].

MAX  phases, the precursors of MXenes, are ternary carbides or
nitrides with the general formula of Mn+1AXn, where M is an early
transition metal; A is an A-group element (mostly group IIIA or
IVA); X is either carbon or nitrogen and the value of n can be 1, 2,
or 3 [17–20]. A typical MAX  compound consists of metallic A layers
and ceramic Mn+1Xn layers. A layers are chemically more active than
Mn+1Xn layers [21]. 2D MXenes were made by removing A layers
from MAX  phases by HF etching [5,6]. The surfaces of MXene made
in HF solution are usually terminated by F and/or OH groups due to
its high surface energy. Fig. 1 shows the chemical structures of a typ-
ical MAX  phase (Ti3AlC2) and MXene (Ti3C2) with OH  termination.
The later can be made from the former by HF etching and sonication.

Thereafter, many theoretic papers predicted the properties and
applications of these novel 2D materials [10,11,16,22–25]. How-
ever, there are only a few reports on the experimental synthesis
and characterization of MXenes.

In this paper, for fully understanding MXene synthesis process,
Ti3C2 MXene was made by exfoliating Ti3AlC2 with HF acid at dif-
ferent temperature for different time. In order to further exfoliate

2D MXene, as-synthesized MXenes were intercalated with urea,
dimethylsulfoxide or NH3·H2O.

Besides the synthesis procedure, we  studied the thermal stabil-
ity of Ti3C2 2D sheets in oxygen or argon atmosphere. This property

dx.doi.org/10.1016/j.mseb.2014.10.009
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mseb.2014.10.009&domain=pdf
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ig. 1. Chemical structures of (a) Ti3AlC2 (a typical MAX  phase), and (b) Ti3C2 (a
ypical MXene) with OH termination. Ti3C2 is made from Ti3AlC2 by HF etching and
onication.

s very important for the application of these materials at high tem-
erature. As far as the authors know, this is the first report on the
xperimental measurement of MXenes’ thermal stability. Addition-
lly, the thermal process of MXenes in oxygen atmosphere obtained
n interesting structure, that anatase nano-crystals were evenly
istributed on conductive 2D Ti3C2 layers.

. Experimental

Two kinds of Ti3AlC2 powders were used in this paper. One
HP-Ti3AlC2, 98 wt.% pure) was obtained by grinding hot-pressed
HP) Ti3AlC2, which was made from 3Ti/Al/2C mixture by hot-press
t 1400 ◦C under 25 MPa  for 2 h with a heating rate of 20 ◦C/min.
he other (PLS-Ti3AlC, 98 wt.% pure) was pressureless synthesized
owders from TiH2/Al/2TiC by a tube furnace with flowing Ar atmo-
phere at 1450 ◦C for 2 h with a heating rate of 15 ◦C/min [26]. Both
P-Ti3AlC2 powders and PLS-Ti3AlC2 powders passed through a
25-mesh screen. Ten grams of Ti3AlC2 were immersed in 100 ml
0% or 49% HF solutions (Aladdin Reagent, Shanghai, China). The
olution was stirred for 1 min, and then kept at different temper-
ture (0 ◦C, 15 ◦C, or 60 ◦C). After some time, the samples were
ashed by deionized water and MXene powders were centrifugally

eparated from supernatant. The powders were washed by deion-
zed water until the pH value ≈ 7, then washed by ethanol twice.
hereafter, they were dried in a vacuum oven at 80 ◦C for 24 h.

The intercalation experiment was carried out with dimethyl
ulfoxide (DMSO), urea, or NH3·H2O, respectively. The intercalation
rocedure was: (1) 0.5 g MXene powders were mixed with 10 ml
MSO and then magnetically stirred for 18 h at room temperature;

2) 0.5 g MXene powders were mixed with 6 ml  NH3·H2O (25–28%)
nd then magnetically stirred for 2 h at room temperature; (3) 0.5 g
owders were mixed with 3 g urea and 10 ml  water, then magneti-
ally stirred for 24 h at 60 ◦C. Thereafter, the samples were washed
everal times by deionized water and then dried in a vacuum oven
t 80 ◦C.

X-ray diffraction (XRD) patterns were obtained from powders
irectly without further treatment with a diffractometer (Bruk-
raxs Co., Germany) using Cu K� radiation. A scanning electron
icroscopy (FESEM, S4800, Hitachi, Japan) with an accelerating

oltage of 3 kV, and equipped with an energy dispersive spectrome-

er (EDS, EMAX ENERGY EX-250, Horiba, Japan), was used to obtain

icrostructure images. Transmission electron microscope (TEM,
EOL JEM-2100, Japan) with an accelerating voltage of 200 kV, was
sed to investigate the structure of some 2D MXene powders.
Fig. 2. XRD patterns of Ti3AlC2 as starting material.

Thermal stability of obtained MXene was  measured by using a
Setaram Evolution 2400 thermal analyzer with �-Al2O3 pans under
argon/oxygen flow of 20 ml/min with a heating rate of 15 ◦C/min
from room temperature (RT) to 1000 ◦C.

3. Results

3.1. XRD analysis of exfoliation process to synthesize MXene

The XRD patterns of two Ti3AlC2 powders as starting materials
are shown in Fig. 2. The two patterns are very similar and both show
peaks corresponding to quite pure Ti3AlC2. Fig. 3 shows the XRD
patterns of samples exfoliated by 40% HF or 49% HF at 0 ◦C for 2 h,
24 h or 72 h, respectively. For either 2 h or 24 h etching, the etched
samples still mainly consisted of Ti3AlC2 without Ti3C2 MXene. If
etching time was extended to 72 h, the strongest peak of Ti3AlC2,
(1 0 4) peak at 39.2◦, obviously decreases. Therefore, part of Ti3AlC2
reacted with HF to form Ti3C2. In the figure, (0 0 2) peak at 9.7◦

and (0 0 4) peak at 19.4◦ are bifurcated into two minor peaks. One
minor peak keeps in the original position, which belongs to Ti3AlC2.
The other minor peak shifts to low angle, which belongs to newly
formed Ti3C2 MXene. A conclusion can be drawn that, at 0 ◦C, no
matter what the concentration of HF acid was, at least 72 h was
required for the beginning of Ti3AlC2 exfoliation.

Fig. 4 shows the XRD patterns of samples processed at 15 ◦C.
Similar with the 0 ◦C results shown in Fig. 3, at least 72 h was
required for the exfoliation of Ti3AlC2. As shown in Fig. 4b, for 72 h
sample, a new peak at 9.1◦ appeared near the (0 0 2) peak of Ti3AlC2
at 9.7◦. The 9.1◦ peak belonged to Ti3C2 MXene. A long exfoliat-
ing time, 168 h, resulted extensive generation of MXene as shown
in the figure. However, there was  a little residual Ti3AlC2 in 40%
HF sample and some TiC was formed in 49% HF sample. There-
fore, at 15 ◦C, 168 h was not long enough to make pure MXene by
40% HF exfoliation while it was  too long for the process of 49% HF
exfoliation.

Theoretically, high temperature and high concentration of HF
are favorable for the synthesis of MXene. Fig. 5 shows the XRD
patterns of sample exfoliated at 60 ◦C by 49% HF. Different from lit-
erature reports [5,27], 2 h was  not enough for the fully exfoliation of
Ti3AlC2. As processing time increased, Ti3AlC2 peaks decrease and
MXene peaks appear obviously only if the time >8 h. Weak peaks of
Ti3AlC2 are still detectable at 12 h sample. However, for 24 h sam-

ple, all Ti3AlC2 was  exfoliated and transformed to MXene with some
TiC impurity.

To understand the influence of Ti3AlC2 source on the exfoliating
process, MXene was  made from PLS-Ti3AlC2 or HP-Ti3AlC2, by 49%
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Fig. 3. XRD patterns of exfoliating Ti3AlC2 at 0 ◦C by (a) 40% HF, and (b) 49% HF.
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Fig. 4. XRD patterns of exfoliating Ti3

F etching at 60 ◦C for 24 h. The corresponding XRD patterns are
hown in Fig. 6. MXene from PLS-Ti3AlC2 has stronger characteristic
eaks than that from HP-Ti3AlC2. MXene from PLS-Ti3AlC2 has very
trong (0 0 2) and (0 0 4) diffraction peaks as shown in Fig. 6.

Intercalation with small molecules can result in the increase
f d-spacing of MXene and be helpful to the further exfoliation

f MXene 2D sheets [28]. In this paper, the obtained MXene
as intercalated with NH3·H2O, dimethyl sulphoxide (DMSO) and
rea. XRD patterns of intercalated MXene are shown in Fig. 7. For
H3·H2O and DMSO intercalations, the (0 0 2) peak of MXene shifts

Fig. 5. XRD patterns of exfoliating Ti3AlC2 at 60 ◦C by 49% HF.
t 15 ◦C by (a) 40% HF, and (b) 49% HF.

to low angle and tends to broaden, corresponding to an increase
of d-spacing and a decline of the thickness of Ti3C2 layers, respec-
tively. Therefore, the intercalation can further exfoliate MXene and
is an effective way to obtain Ti3C2 with smaller thickness and
larger d-spacing. However, the intercalation with urea at 60 ◦C for
24 h shows a very different result. The c lattice parameter (LP c)

increased from 19.853 A to 25.108 A and, meanwhile, the (0 0 2)
peak became extraordinarily strong and sharp. This means that
MXene layers became thicker. During intercalation process, urea

Fig. 6. XRD patterns of MXene from PLS-Ti3AlC2 and HP-Ti3AlC2 by 49% HF etching
at  60 ◦C for 24.
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ig. 7. XRD patterns of MXene and MXene intercalated with NH3·H2O, dimethyl
ulphoxide (DMSO) and urea. The dash vertical line in 9.7◦ represents the original
0  0 2) peak of Ti3AlC2.

olecules probably came into the space between MXene crystal
lanes, increased d-spacing and LP c (LP c = d-spacing + thickness of
D sheet), and meanwhile glued the MXene layers together rather
han delaminated the MXene layers.

.2. SEM and TEM analysis of MXene crystals

Fig. 8 shows the SEM images of exfoliated samples by 49% HF at
0 ◦C. As shown in Fig. 8a and b, only partial exfoliation appeared

n Ti3AlC2 grains after 4 h or 8 h etching and Ti3AlC2 was still the
ain composition of etching products as shown in the XRD results.
If reaction time was extended up to 24 h, fully exfoliation was

chieved and quasi-2D MXene sheets were obtained as shown in
ig. 8c and d. The whole grain exfoliated into thin layers with uni-
orm thickness was clearly visible in high magnification SEM image
Fig. 8d) and the expansion of the grain in c direction is much larger
han that of Fig. 8a and b in consideration of the same magnifica-
ion. From high magnification image (Fig. 8e and f), the thickness
f MXene layer is ∼30 ± 5 nm,  which corresponds to roughly 15
i3C2 layers. Additionally, Fig. 8e and f reveals two  kinds of struc-
ure for the 2D layered edge. One is attached by small balls with
he diameter of 40 ± 10 nm (Fig. 8e); the other is clean without any
ttachments (Fig. 8f). From the shape of these small balls (Fig. 8e),
hey were not formed by breaking larger MXene sheets or MAX
articles. We conjectured that they nucleated and grew from HF
olution.

From EDS, the samples in Fig. 8c contain Ti, C, F, O and Al ele-
ents with atomic ratio of Ti:C:F:O:Al = 28:20:33:18:1. It should

e noted that H is not detectable to EDS. At previous litera-
ure [27], the Ti:C:O:F ratio of a MXene sample from EDS was
5:25:15:25. For both data, Ti/C ratio is close to 3:2, however, the
atio of F/O is different. The surfaces of Ti3C2 made in HF solu-
ion are always terminated by F and/or OH groups and the ratio
f F/OH is variable. Some F and/or OH may  be lost during sub-
equent drying process. Then EDS results are difficult to give us
nformation on the resulted chemistry, especially on F and/or OH
roups. Thus, only one EDS result is shown for the purpose of con-
ision.

2D MXene floating in the HF solution after exfoliating were
bserved by TEM, which are separated by filtering, washed by
eionized water, removed to a glass dish and dried in a vacuum

ven. The TEM images in Fig. 9 show that MXenes are quite thin
nd transparent to electrons because other sheets are clearly seen
elow them. This strongly suggests that these are very thin foils,
specially considering the high atomic number of Ti. From SEM
gineering B 191 (2015) 33–40

results in Fig. 8f and previous TEM result in Ref. [27], we deem
that the thickness of a sheet shown in Fig. 9 is ∼30 nm.  Fig. 9b is
a highly magnified image of the area 1 of Fig. 9a. A crystal sheet is
shown with an angle of ∼120◦. Selected area electron diffraction
(SAED) pattern of the 2D crystal is shown in the inset of Fig. 9b.
It is an obviously hexagonal pattern and matches well with the
pattern of Ti3C2 MXene reported by previous literature [5,9]. The
d-spacing estimated from the pattern are 0.252 nm for (1 0 0) planes
and 0.182 nm for (1 1 0) planes. There is no PDF card providing d-
spacing of MXene for comparison. However, these values can be
compared with those of Ti3AlC2 from PDF card #52-0875, which
are 0.266 nm for (1 0 0) planes and 0.153 nm for (1 1 0) planes.
Compared with Ti3AlC2, Ti3C2 keeps the hexagonal structure and d-
spacing adjusts a little except that the value in c direction increases
extensively.

3.3. Thermal stability results

Fig. 10 shows the thermogravimetric (TG) curve and differen-
tial scanning calorimetric (DSC) curve of MXene (49% HF etching
at 60 ◦C for 24 h) from room temperature (RT) to 1000 ◦C in argon
atmosphere (Fig. 10a) or oxygen atmosphere (Fig. 10b). The res-
olution of TG measurement and DSC measurement are 0.002 �g
and 1 �W,  respectively. In Ar atmosphere, the weight change of
MXene is divided into three stages. The first stage is 0.38% weight
loss from RT to 200 ◦C. The second stage is 4.48% weight loss from
200 ◦C to 800 ◦C. The third stage is 2.47% weight loss from 800 ◦C
to 1000 ◦C, which is a fast weight loss and corresponds to a broad
exothermic peak in DSC curve. The intensity of this peak is 4 mW,
which is very weak compared with the strong exothermic peaks in
Fig. 10b.

In oxygen atmosphere, TG curve is still divided into three stages.
As shown in Fig. 10b, the first stage is 0.54% weight loss from RT
to 200 ◦C. The second stage is 19.63% weight gain from 200 ◦C to
368 ◦C and a corresponding sharp and very strong exothermic peak
(300 mW)  at 285 ◦C in DSC curve. The third stage is weight loss from
368 ◦C to 1000 ◦C and a relatively weak exothermic peak (30 mW)
at 386 ◦C in DSC curve.

Fig. 11 shows the SEM and XRD results of MXene samples after
high temperature process at thermal analyzer. Fig. 11a is the SEM
micrograph of MXene sample processed at 1000 ◦C in Ar atmo-
sphere. The sample still kept the loose quasi-2D structure of MXene.
Fig. 11b and c is the SEM micrographs of sample processed in O2
atmosphere at 200 ◦C or 1000 ◦C, respectively. From Fig. 11b, at
200 ◦C, many equiaxial crystals were formed on the surface or edge
of 2D structure. A few crystals are large (∼1 �m)  and most crystals
are small (∼100 nm). However, the quasi-2D structure of MXene
was kept.

From Fig. 11c, at 1000 ◦C, the crystals grew and connected each
other to form a net shape. There was only a little trace of the
2D structure of MXene. Fig. 10d shows the XRD patterns of these
samples. In Ar atmosphere, samples after 200 ◦C process kept the
quasi-2D structure of MXene. After 1000 ◦C process, MXene reacted
with O2 impurity in Ar atmosphere or attached OH groups to form
a small quantity of TiO2, thus weak peaks of rutile (TiO2) exist
in the sample’s XRD pattern. In O2 atmosphere, after 200 ◦C pro-
cess, large amount of anatase and small quantity of rutile was
formed due to the reaction between MXene with O2. There is a
peak at 23.4◦ in the XRD patterns for both samples heat treated
at 200 ◦C in Ar or O2 atmosphere. This peak belongs to TiOF2
[27]. The TiOF2 was  formed from the low-temperature reaction

between Ti3C2 with F termination and the oxygen from atmo-
sphere or O/OH termination. After 1000 ◦C process, most anatase
transformed to rutile and the 23.4◦ peak of TiOF2 in XRD patterns
disappears.
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Fig. 8. SEM images of exfoliated Ti3AlC2 by 49% HF at 60 ◦C for (a) 4 h; (b) 8 h; (c) 24 h, low magnification to show all grains are exfoliated; (d) 24 h, high magnification to
show  a fully exfoliated grain; (e) 24 h, high magnification to show thin layers with small balls with the diameter of 40 ± 10 nm; (f) 24 h, very high magnification to show thin
l
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ayers  without small balls and layer thickness is ∼30 ± 5 nm.

. Discussion

.1. Exfoliating process to synthesize MXene

From the analysis of aforementioned results (Figs. 3–6), temper-
ture, concentration of HF solution and reaction time are important
actors to influence the fabrication of MXene. Different from pre-
ious reports [5,6,27] that only 2 h is enough for etching at room

emperature, longer time and higher temperature (24 h at 60 ◦C)
ere necessary for fully exfoliation of Ti3AlC2 to synthesize MXene

Figs. 8 and 9), coinciding within another recently published report
29]. We  consider that the discrepancy is caused by the activities of
starting material Ti3AlC2, which is different as it is obtained by dif-
ferent method. Zhang et al. tried to make a more active Ti3AlC2 by
synthesizing Ti3(AlxSi1−x)C2 solid solution [30]. And they exfoliated
the Ti3(AlxSi1−x)C2 solid solution by organic solutions instead of HF.
However, the final product they obtained was  ultra-thin MAX  phase
instead of MXene [30]. In this paper, we tried to exfoliate different
Ti3AlC2 source and explain this discrepancy.

The two  kinds of Ti3AlC2 have almost same XRD patterns as

shown in Fig. 2. However, the XRD patterns in Fig. 6 of MXene
powders from the two  Ti3AlC2 are obviously different. In previous
report [6], cold-pressing can significantly enhance the XRD peaks
of MXene. However, neither MXene powder from HP-Ti3AlC2 nor
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Fig. 9. TEM images of clean Ti3C2 2D sheets (a) low magnification, and (b) high magnification. The inset is SAED pattern to show hexagonal structure.

Fig. 10. TG and DSC curves of MXene from room temperature to 1000 ◦C in (a) argon atmosphere, and (b) oxygen atmosphere.

Fig. 11. (a) SEM image of MXene after thermal analysis at 1000 ◦C in Ar, (b) SEM image of MXene after thermal analysis at 200 ◦C in O2, (c) SEM image of MXene after thermal
analysis at 1000 ◦C in O2, and (d) XRD patterns of MXene after thermal analysis in O2 or in Ar.
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hat from PLS-Ti3AlC2 was cold pressed for XRD test. Then the dif-
erence of XRD patterns is due to starting material rather than the
rocedure to prepare XRD samples.

The main peaks for TiC impurity is (2 0 0) peak at 41.7◦ and (1 1 1)
eak at 36◦ degree. Both peaks can be seen in the XRD pattern
f Ti3C2 from HP-Ti3AlC2, but only (1 1 1) peak was observed in
ase of Ti3C2 from PLS-Ti3AlC2. This difference is due the preferred
rientation of TiC [31]. Besides TiC peaks, Ti3C2 peaks also have dif-
erent relative intensity. Thus, MXene produced from PLS-Ti3AlC2
as highly oriented compared to that produced from HP-Ti3AlC2.

he reason for this difference is not clear at this moment. Consider
he lower price of TiH2, PLS-Ti3AlC2 from TiH2 is a cheaper starting

aterial to synthesize Ti3C2 MXene.
From SEM (Fig. 8) and TEM (Fig. 9) images, we observed the fully

xfoliated MXene with perfect hexagonal structure. Small balls
ere found to attach on the edges of MXene as shown in Fig. 8e. It

s the first report on this phenomenon. This is important because it
olves a mystery in the process to make MXene. The exfoliation of
i3AlC2 follows this equation [5]:

i3AlC2(s) + 3HF(l) → Ti3C2(s) + AlF3(s) + (3/2)H2(g) (1)

From Eq. (1), during the etching process, two solid products,
i3C2 crystals and AlF3, should exist in HF solution. In previous
ork, however, Ti3C2 2D crystal was the only solid that was  noticed

nd researched. AlF3 cannot dissolve in water, acid and base. The
ole ratio of Ti3C2:AlF3 is 1:1. Where is AlF3? Here were the balls

ound attached on the edge of MXene sheets. It is very possible
hat they are AlF3 that nucleate and grow from HF solution, though
e cannot deny the possibility that they are Al’s oxide or hydrox-

de. According to the ratio of Ti3C2:AlF3 in Eq. (1), many AlF3 balls
hould be generated. However most of them were washed off or
issolved in HF solution in the form of AlF3·3H2O during the exper-

ment. Due to the small quantity and small size (40 nm in diameter),
t is not detectable to XRD. In our experiment, some balls attached
n the edges of 2D sheets were kept and gave us the opportunity
o observe them. It is very possible that these balls are AlF3.

.2. Intercalation of MXene

From Fig. 7, intercalation with NH3·H2O, DMSO, and urea can
bviously increase the LP c of MXene. This is very helpful to make
ully exfoliated MXene 2D sheets. In addition, it is the first report
n intercalation of MXene with NH3·H2O, which is very cheap com-
ared with other molecules for MXene intercalation.

.3. Thermal stability of MXene

Ti3C2 2D sheets made in HF solution are terminated with F
nd/or OH [5]. At high temperature, the terminated F and OH are
ost or replaced by O. Therefore the amount of terminated F and
H is a key factor to understand the TG and DSC curves. From
DS, Ti:C:F:O atomic ratio of our sample was 28:20:33:18. In pre-
ious work [27], the ratio was 35:25:25:15 and a chemical formula
as assumed as Ti2.94C2F2O0.55(OH)0.65. In this paper, based on EDS

esults and TG/DSC results (Fig. 10), we proposed a simple structure
or MXene in this paper: Ti3C2F2OH.

As shown in Fig. 10a, in Ar atmosphere, the first stage weight loss
RT to 200 ◦C) is due to the loss of physically adsorbed water and
F on MXene surface. The second stage weight loss (200–800 ◦C)

s caused by the loss of chemically adsorbed water, which is OH
roups attached on Ti3C2 surface, as shown by the following equa-
ion:
i3C2F2OH(s) → Ti3C2F2O0.5(s) + 0.5H2O(g) (2)

The weight loss calculated from Eq. (2) is 4.05%, which agrees
ell with the value (4.48%) obtained from TG curve.
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At temperature above 800 ◦C, the obtained Ti3C2F2O0.5 starts to
lose F or O. Due to different bond energy, the loss of O should be
easier than the loss of F. The third stage weight loss in TG curve
follows this equation:

Ti3C2F2O0.5(s) → Ti3C2F2(s) + 0.25O2(g) (3)

The calculated weight loss is 3.59%, approximate to 3.10% mea-
sured in TG curve. At higher temperature (>1000 ◦C, above the limit
of our experiment), more O and even F may  be lost.

According to this analysis, the heat process of MXene in Ar atmo-
sphere is mainly a weight loss process and there are no obvious
chemical reactions, which confirmed by XRD and SEM results in
Fig. 11. The weight loss needs energy to desorb water and break
the bonds between OH/O/F with Ti3C2 crystals. Thus, the corre-
sponding DSC curve should be endothermic. However, as shown
in Fig. 10a, the true DSC curve is endothermic only in the first
stage, the loss of physically absorbed water. Subsequently, DSC
curve completely turns into exothermic, especially in the begin-
ning of second and third stages, which are relevant to the loss of
chemically absorbed water. This must be due to the decrease of
surface energy. Ti3C2F2OH 2D sheets have very large surface area
and high surface energy. They are thermodynamically metastable.
As the chemical bonded OH groups are lost as H2O or O2, some
surface of MXene sheets are changed from Ti OH to Ti O or unco-
ordinated Ti. The newly formed surface is unstable and with high
surface energy. In order to decrease surface energy, and due to the
attraction between Ti O on the surface of one sheet and uncoordi-
nated Ti on the surface of another sheet, two sheets are attractive
and move closer to form a new metastable structure. As a result,
two surfaces transform to a new interface. Some energy is released
during the process. This explains the exothermic character of DSC
curve in Fig. 10a. However, the exothermic peak is very weak com-
pared with the peaks in Fig. 10b. The heat released is very small.
The newly formed interface is very weak. This is proved by the SEM
image shown in Fig. 11a. In addition, from Fig. 11d, no new phase
was formed except a few TiO2.

In oxygen atmosphere, the first stage of heat treatment is still
a weight loss due to the loss of physically absorbed water and
HF. Thereafter, according to XRD results in Fig. 11d, MXene react
with O2 to form TiO2 in the form of rutile or anatase. However,
there are two  exothermic peaks in the DSC curve, and two stages
(drastic weight gain and slow weight loss) in the corresponding TG
curve. Therefore, the oxidation of MXene should be divided into
two stages.

The first oxidation stage (second stage in the whole process)
is the oxidation of surface layers of MXene to form anatase. This
reaction corresponds to the first big exothermic peak in DSC curve
and drastic weight gain in TG curve. The newly formed anatase in
MXene sheets separates the contact of O2 with unreacted MXene,
which stops the further oxidation of MXene and resists the release
of CO2 formed during the oxidation. As a result, an interesting struc-
ture as shown in Fig. 11b is generated that anatase nano-crystals are
distributed on conductive MXene 2D sheets. Due to the photocat-
alytic property of anatase nano-crystals, the structure may  have
important application in the area of photocatalysis. We  already
obtained good results in preliminary experiment and will report
the results in another paper.

The second oxidation stage (third stage in the whole process)
is the oxidation of the residual MXene due to the diffusion of O2
through newly formed TiO2 in high temperature, which corre-
sponds to the second exothermic peak in DSC curve (Fig. 10b). As

shown by the XRD results in Fig. 11d, high temperature process also
results in the transformation of anatase to rutile. Accompanying the
formation of TiO2, CO2 is also formed and released. The release of
CO2 as well as chemically absorbed OH and F results in the total
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eight loss in TG curve. The whole reaction follows this equation:

i3C2F2OH(s) + 4.75O2(g) → 3TiO2(s) + 2CO2(g)

+ 0.5H2O(g) + F2(g) (4)

Very recently, Naguib et al. obtained similar results [32]. In their
ork, flash heating 2D Ti3C2 in air resulted in TiO2 nanocrystals

n thin sheets of disordered graphitic carbon and the carbon was
urned later in excess of oxygen leaving pure TiO2 alone. The TG and
SC curves in our paper support the statement in Naguib’s paper

hat TiO2 and CO2 were formed from the reaction between Ti3C2
nd oxygen. However, our experiment was a long time reaction
∼20 min  for temperature increasing and ∼20 min  for temperature
ecreasing), which was different from the flash reaction (the whole
eaction time < 5 s) in Naguib’s paper [13]. The newly formed carbon
as unstable in our experiment. Therefore, we only state that final

eaction products were TiO2, CO2, F2 and H2O as shown in Eq. (4).
Compared with that of corresponding 3D materials, the thermal

tability of Ti3C2 MXene is worse. Ti3AlC2 is stable at least up to
460 ◦C in Ar atmosphere [33]. And Ti3AlC2 has excellent oxidation
esistance in air at the temperature below 1200 ◦C because con-
inuous �-Al2O3 layer is formed to prevent further oxidation [34].
or nanocrystalline titanium carbide with an average diameter of
0 nm,  thermal stability and oxidation resistance are good at tem-
erature up to 350 ◦C in air [35]. Due to high specific surface area, it

s not surprising that Ti3C2 MXene has worse thermal stability than
i3AlC2 or TiC. However, it is a little surprising that, as a quasi-2D
aterial, Ti3C2 MXene has even worse thermal stability, compared
ith graphene, a typical genuine 2D material with good oxidization

esistance at 601 ◦C in air [36].

. Conclusions

Ti3C2 MXene with quasi-2D structure was successfully pre-
ared. The 2D Ti3C2 crystals from Ti3AlC2 had perfect hexagonal
tructure. The influences of temperature, time and the source of
i3AlC2 on the exfoliating process were researched and clarified.
ompared with HP-Ti3AlC2 from element powders, PLS-Ti3AlC2
ade by tube furnace from TiH2 as Ti source is a cheaper start-

ng material to make MXene with highly preferred orientation. A
uitable condition to synthesize MXene was achieved in this paper,
hich is etching for at least 24 h at 60 ◦C in 49% HF solution. Small

alls, which may  be AlF3, as by-products were observed on the edge
f MXene sheets. In argon atmosphere, Ti3C2 MXene is stable from
oom temperature to 800 ◦C. In oxygen atmosphere, at 200 ◦C, parts
f MXene layers are oxidized to an interesting structure: anatase
ano-crystals are evenly distributed on 2D Ti3C2 sheets. At 1000 ◦C,
Xenes are completely oxidized and rutile is the final oxidized

roducts.
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