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on emergence of strong room-
temperature ferroelectricity and multiferroicity in
2D-Ti3C2Tx free-standing MXene film†

Rabia Tahir,a Syedah Afsheen Zahra,a Usman Naeem,a Deji Akinwandeb

and Syed Rizwan *a

Two-dimensional (2D)multiferroics are key candidatematerials towards advancement of smart technology.

Here, we employed a simple synthesis approach to address the long-awaited dream of developing

ferroelectric and multiferroic 2D materials, especially in the new class of materials called MXenes. The

etched Ti3C2Tx MXene was first synthesized after HF-treatment followed by a delamination process for

successful synthesis of free-standing Ti3C2Tx film. The free-standing film was then exposed to air at

room-temperature and heated at different temperatures to form a TiO2 layer derived from the Ti3C2Tx
MXene itself. The ferroelectric measurement showed a clear polarization hysteresis loop at room-

temperature. Also, due to the reported ferromagnetic behavior of Ti3C2Tx MXene, our composite could

show multiferroic properties at room-temperature. The magnetoelectric coupling test was also

performed that showed a clear, switchable spontaneous polarization under applied magnetic field. TiO2

is reported to be an incipient ferroelectric that assumes a ferroelectric phase in composite form. The

structural and morphological analysis confirmed successful synthesis of free-standing film and the

Raman spectroscopy revealed the formation of different phases of TiO2 and the observed ferroelectricity

could be due to structural deformation as a result of the formation of this new phase. The measured

value of remanent polarization is 0.5 mC cm�2. This is the first report on the existence of a ferroelectric

phase and multiferroic coupling in 2D free-standing MXene film at room-temperature which opens-up

the possibility of 2D material-based electric and magnetic data storage applications at room-temperature.
Introduction

Due to interesting physical and electronic properties for diverse
applications, designing two-dimensional (2D) multiferroic
materials has been a dream for researchers.1–3 In multiferroics,
two or more ferroic phases are coupled through piezoelectric,
magnetoelastic or magnetoelectric (ME) interaction in such
a way that one ferroic phase is tuned and controlled by another
upon external perturbation and vice versa. In ME interaction,
the magnetic eld (or electric eld) can tune the spontaneous
polarization (or magnetization) in a single material or
composite thus, providing a unique opportunity to develop
smart sensors, non-volatile memories, small electronic devices,
etc. that might lead to the miniaturization of electronic
ab (PCSL), Department of Physics, School

Sciences and Technology (NUST), H-12

sns.nust.edu.pk; syedrizwanh83@gmail.

iversity of Texas at Austin, Austin, TX

mation (ESI) available. See

the Royal Society of Chemistry
gadgets.4 There are numerous reports on the existence of mul-
tiferroic phases in bulk materials however, the miniaturization
of electronic devices requires developing multiferroicity in
materials in low-dimensions.5 One possible solution is to
develop 2D materials that are smaller in size and easy to
synthesize however to the best of our knowledge, experimentally
the existence of ferroelectricity in MXenes, and two ferroic
phases in 2D materials has not been realized yet. Experimental
and theoretical reports on 2D ferroelectrics and multiferroics
are listed in Tables 1 and 2.

Ferroelectric materials possess an inherent switchable
spontaneous polarization that can be tuned using an external
electric eld.22 A very few 2Dmaterials have been predicted to be
ferroelectric and the experimental reports on 2D ferroelectrics
are even rare. Molybdenum di-sulde (MoS2), a candidate 2D
material from transition metal chalcogenides (TMCs) family, is
reported to reveal ferroelectricity under high pressure.23 The
authors created bi-domain polarization under mechanical
stress leading to polar distortion in symmetric monolayers
generating ferroelectric-type distortion. The binary oxides such
as TiO2 are also important material candidates owing to
potential applications in dielectric, photocatalysis, etc.24 TiO2 is
also known to be an incipient ferroelectric material that shows
RSC Adv., 2022, 12, 24571–24578 | 24571
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Table 1 Experimental and theoretical reports on 2D ferroelectrics

S. No. Name MXenes 2D Materials other than MXenes Experimental/theoretical Ref.

1 Sc2CO2 3 Theoretical 6
2 Nb2NF2 3 Theoretical 7
3 Ti3C2Tx 3 Experimental This work
4 SnS 3 Experimental 8
5 SnSe 3 Experimental 9
6 d1T-MoTe2 3 Experimental 10
7 WTe2 3 Experimental 11
8 BA2PbCl4 3 Experimental 12
9 2H a-In2Se3 3 Experimental 13
10 b0-In2Se3 3 Experimental 14
11 In2Se3 3 Experimental 15
12 a-In2Se3 3 Experimental 16
13 SnTe 3 Experimental 17
14 CnInP2S6 3 Experimental 18
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View Article Online
ferroelectricity in proximity in its composite form.25 Y. Yu et al.
reported successful generation of local broken symmetry
causing observation of ferroelectricity in TiO2.26 Theoretical
predictions also suggest that under high mechanical or uniaxial
strain, TiO2 can reveal ferroelectricity at room-temperature
however, this is still to be observed experimentally.25,27

Transition metal carbides, known as MXenes with general
chemical formula Mn+1XnTx, (where, M ¼ Sc, Ti, V, Cr, Zr, Nb,
Mo, Hf, Ta and X ¼ C, N while n ¼ 1,2,3), are emerging 2D
materials owing to their rich physical and chemical properties
suitable for vast avenue of applications such as in transparent
conductors,28,29 supercapacitors,30–32 transistors,33–35 electro-
magnetic shielding,36 photocatalysis,37 etc. Sunaina et al. re-
ported presence of ferromagnetism in Ti3C2Tx MXene at room-
temperature which was further enhanced upon doping with
a magnetic element.38 Similar studies were also reported in this
compound suggesting that Ti3C2Tx is a good material candidate
among MXene family that might be suitable for spintronic
applications.39 Another report on Nb2C MXene reported the
diamagnetic-type superconductivity with relatively higher tran-
sition temperature of 12.5 K.40 These reports clearly reveal the
hidden potential of MXene in magnetic data storage devices,
magnetic sensors, etc. Moreover, J. X. Low reported synthesis of
Ti3C2-MXene/TiO2 composite formed by calcination at different
temperatures which provides a scheme way to prepare Ti3C2-
MXene composites useful for various applications.41

In this report, we have employed a simple and cost-effective
strategy to develop ferroelectricity in free-standing Ti3C2Tx
Table 2 Experimental and theoretical reports on 2D multiferroics

S. No. Name MXenes 2D Materials othe

1 Hf2VC2F2 3

2 Ti3C2 3

3 SnS 3

4 SnSe 3

5 GeS 3

6 GeSe 3

7 NiI2 3

24572 | RSC Adv., 2022, 12, 24571–24578
MXene lm. Since TiO2 is reported to be an incipient ferro-
electric, we assumed the emergence of ferroelectricity in
MXene-derived TiO2/Ti3C2Tx free-standing lm. To prepare this
composite with an optimal TiO2 ratio in the composite, MXene
was air-exposed at room-temperature and was heated at higher
temperatures. The presence of TiO2 was conrmed using
Raman spectroscopy technique. The ferroelectric testing per-
formed at room-temperature clearly showed the ferroelectric
hysteresis. Further, the magnetic testing of the free-standing
composite lm conrmed the existence of ferromagnetism in
the compound thus, paving the way to create the multiferroicity
in prepared composite. To conrm this assumption, magneto-
electric testing was also performed that showed a clear
magnetic-eld control of spontaneous polarization suggesting
it to be a very good multiferroic 2D material. Our results, pre-
sented here, are the rst report on existence of ferroelectricity
and multiferroicity induced in MXene-derived TiO2/Ti3C2Tx

free-standing lm at room-temperature prepared using a simple
synthesis approach which will open new avenues for 2D MXene
multiferroics to be employed in electric and magnetic data
storage applications.
Experimentation
Synthesis of Ti3C2Tx free-standing MXene lm

Ti3C2TxMXene was prepared by selectively eliminating ‘Al’ from
the Ti3AlC2 MAX phase. The commercial grade Ti3AlC2 MAX
powder was used. In a typical process, 1.0 g of sieved Ti3AlC2
r than MXenes Experimental/theoretical Ref.

Theoretical 19
Experimental This work
Theoretical 20
Theoretical 20
Theoretical 20
Theoretical 20
Theoretical 21

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Sample stage, (b) Ti3C2Tx free-standing MXene film with
electrical connections.
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MAX phase is immersed in the solution containing Hydrouoric
acid ($48 wt%, 1 ml HF) (Sigma Aldrich), deionized water (3 ml
DI) and hydrochloric acid (37 wt%, (12 M) 6 ml HCl) in a ratio of
1 : 3 : 6 (volume ratio) under constant stirring at 450 rpm for 24
hours at 35 �C. The sieved Ti3AlC2 powder was steadily added in
increments over 5–8 min in a Teon-lined reaction vessel before
it was sealed. Once done, it was rinsed with DI multiple times.
Aer each cycle, the supernatant was discarded to eliminate any
undesirable adsorbed ions. The sediment was dispersed in DI
until the pH reached 7. The etched powder was then collected by
ltration and dried overnight at room temperature.

Subsequently, the multilayer (ML)-Ti3C2Tx MXene was
delaminated using LiCl (lithium chloride, 99%).42 The ML-
MXene powder was dispersed in 20 ml of DI, 1 g of LiCl was
then added, and the mixture was shaken hard for 8–10min. The
solution was then kept under constant stirring at 300 rpm for
24 h. The resulting intercalated dispersion was centrifuged with
DI at 3500 rpm for 5 min; the centrifugation was performed
repeatedly until a stable colloidal MXene solution was achieved.
Following separation, additional DI was added to the sediment,
which was then re-dispersed and centrifuged again. This was
repeated until the supernatant produced was dilute. The
resulting wet sediment formed a clay-like paste which was
centrifuged for 30min at 3500 rpm to ensure that noML powder
remained. The supernatant MXene solution that remained
stable aer extended centrifugation was vacuum ltered via
Celguard membranes, which were then used to form free-
standing lms (Fig. 1). The thickness of synthesized Ti3C2Tx

free-standing MXene lm was measured by using micro screw
gauge which is �21 mm. Generally, centrosymmetry is broken
when 2D material's surfaces are asymmetrically functionalizes
that results in out of plane polarization. So, the 2D layered
structure of MXene is favorable for the induction of ferroelec-
tricity if the desired functional groups i.e. O, OH, S, Cl or F are
attached on the surface of MXene that play a big role to tune
their electronic properties. So, heat treatment is done for the
Fig. 1 Synthesis scheme for production of de-laminated Ti3C2Tx MXene

© 2022 The Author(s). Published by the Royal Society of Chemistry
oxidation of Ti3C2Tx MXene which results in formation of TiO2

which possibly give rise to non-centrosymmetric structure that
probably induced the coexistence of in-plane and out of plane
electric polarization under the application of external eld.43

For oxidation, it was reported that Ti3C2Tx gets optimum
oxidation by heat treatment.41 So, the synthesized Ti3C2Tx

MXene lm was heat-treated for 2 hours at 100OC (namely
HT@100 �C), 150 �C (namely HT@150 �C), and 300 �C (namely
HT@300 �C) under an ambient environment.
Ferroelectric/multiferroic measurement setup

For ferroelectric/multiferroic testing, the precision tester from
Radiant Technologies Inc. was used. The sample stage for
mounting the sample is shown in Fig. 2(a). The prepared
Ti3C2Tx free-standing MXene lm was mounted on sample
stage has dimensions of about 0.2 cm � 0.4 cm having thick-
ness �21 mm. While the copper wire was used to make
connection between pins of sample stage (Return (R) and Derive
(D)) and Ti3C2Tx free-standing MXene lm as shown in sche-
matic in Fig. 2(b).
film.

RSC Adv., 2022, 12, 24571–24578 | 24573
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Fig. 4 Raman Spectra of oxidized air-exposed (dark green) and heat-
treated samples at 100 �C (orange) and 300 �C Ti3C2Tx MXene film.
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Result and discussion

Crystallographic studies of received MAX and synthesized
MXene were carried out through X-ray diffraction (XRD) analysis
(Fig. 3a). The XRD pattern of Ti3AlC2 MAX phase is in good
agreement with the literature,42 referring to JCPDS card# 52-
0875. As can be seen from XRD pattern, our MAX phase is free of
impurities. Aer the acidic etching and delamination, as ex-
pected, (00l) preferential symmetry of basal planes is observed
in MXene akes (indigo). All the peaks beyond 2q ¼ 30� are
absent in contrast to MAX phase. Also, the higher order (00l)
peaks are of very weak intensity. A signicant downshiing of
(002) peak from 2q ¼ 9.6� to 2q ¼ 5.4� is a clear indication of
complete exfoliation of MXene via removal of Aluminum
layers.44 This downshi towards a lower angle resulted in an
increase in the c-lattice parameter from 18.4 Å of MAX to 32.8 Å
in MXene and an increased d-spacing from 9.2 Å to 16.4 Å. The
oxidation reections are not visible in the XRD pattern which is
due to the low fraction and smaller size of TiO2 crystallites45

however, the oxidation of MXene under room-temperature is
a well-known phenomenon.46,47 Fig. 3b exhibits the scanning
electron micrograph (SEM) image of the bulk MAX phase while
Fig. 3c is the cross-sectional image of delaminated Ti3C2Tx

MXene. The morphological image clearly suggests the success-
ful formation of de-laminated MXene with well separated
sheets.

Structural and phase transformations were studies through
analysis of Raman spectra of the air exposed lms heated at
100 �C and 300 �C (Fig. 4). The peaks present at 154 cm�1,
409 cm�1 and 514 cm�1 are ascribed to TiO2 anatase phase.46,47

The peaks at 154 cm�1, 260 cm�1 and 604 cm�1 conrm the
presence of rutile phase.48 Formation of anatase and rutile
phases is due to the partial oxidation of Ti3C2Tx MXene over the
air exposure and heating effects. Moreover, a long time air
exposure as well as heating at high temperature resulted in
emergence of another phase, i.e. brookite phase of TiO2. The
peaks at 197 cm�1 and 409 cm�1 in ambient oxidized and 300 �C
heat-treated systems are attributed to the brookite phase of
TiO2. These modes were not observed in the sample heated at
Fig. 3 (a) XRD pattern of Ti3C2Tx MXene (purple) and heat-treated Ti3
micrographs of Ti3AlC2 MAX and (c) De-laminated Ti3C2Tx MXene film.

24574 | RSC Adv., 2022, 12, 24571–24578
relatively lower temperature (around 100 �C).49–52 When heated
at high temperature, two broader peaks at z1390 cm�1 and
z1590 cm�1 are characterized as G and D bands of graphitic
carbon. Broadening of D and G bands is an evidence of disor-
dered or oxidized carbon, similar to what has been reported for
graphene.53 Presence of TiO2 on the carbon sheets implies that
the Ti atoms present in the inner MXene sheets have migrated
to the top surface to react with oxygen leaving behind the
defects. This kind of outward migration of Ti atoms is similar to
the previous studies carried out on TiN.54,55

Fig. 5 presents unique ferroelectric, and multiferroic results
of the heat-treated de-laminated free-standing Ti3C2Tx MXene
lm. Fig. 5a shows spontaneous polarization vs. electric-eld
hysteresis loops for samples heated at 100 �C (le vertical
column) and 150 �C (right vertical column) measured at room-
temperature and frequency of 10 Hz that show clear ferroelec-
tric hysteresis effect. As the electric-eld is increased, the
C2Tx MXene film (green); inset: XRD of Ti3AlC2 MAX phase, (b) SEM

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Ferroelectric hysteresis loops measured for heat-treated de-laminated Ti3C2Tx MXene film at 100 �C (left vertical column) & 150 �C
(right vertical column); inset shows typical leakage current vs. voltage that corresponds to the ferroelectric materials, (b) electric field (left vertical
column) and electric polarization (right vertical column) versus time for heat-treated sample at 100 �C, (c) typical dielectric constant as a function
of electric fields for heat-treated sample at 100 �C; the data is presented for 1000 cycles showing its reproducibility and stability, (d) the
magnetoelectric coupling coefficient versus magnetic-field measured for heat-treated sample at 100 �C.
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polarization increases as well due to alignment of the electric
dipoles along the electric-eld and reaches to the saturation
value (maximum polarization) of 1 mC cm�2 and 0.6 mC cm�2 for
HT@100 �C and HT@150 �C, respectively at +4 kV cm�1. When
the electric eld is reduced to zero, the polarization falls to
a non-zero remanant polarization value of 0.5 mC cm�2 and 0.28
mC cm�2 respectively for HT@100 �C and HT@150 �C which is
a typical signature of hysteresis effect. It is important to note
that the polarization–voltage measurements were also per-
formed for air-exposed sample as well as the ones heated at
temperatures higher than 150 �C (Fig. S1†) but the ferroelectric
hysteresis effect was not observed. The polarization–voltage
curve showed typical conductive behavior which either could be
due to the under-formed or over-formed TiO2 phase. This
concludes that the induced ferroelectric effect remains stable
for a narrow temperature range forming a suitable TiO2/Ti3C2Tx

composite ratio. The inset of Fig. 5a shows current–voltage (I–V)
measurements performed for HT@100 �C at room-temperature.
The current is slightly asymmetric being higher for negative
polarity and lower for positive polarity. The I–V results present
a typical polarization-switching induced leakage current which
is a characteristic of the ferroelectric material.56,57 Fig. 5b
represents electric eld versus time (red) and polarization versus
time (orange) measurements. The electric eld follows linear
© 2022 The Author(s). Published by the Royal Society of Chemistry
change with time in positive and negative polarity which
polarizes the electric dipoles along positive and negative
directions, respectively indicating ne tuning of the polariza-
tion. Also, the polarization curve at minimum (0 s) and
maximum (100 s) time shows non-zero values which is due to
the remanent effect. To the best of our knowledge, this is the
rst experimental report on existence of ferroelectricity in 2D
MXene especially in the de-laminated free-standing lm at
room-temperature. One possibility for observation of this
ferroelectricity in heat-treated MXene is the emergence of TiO2

phase aer heat treatment within Ti3C2Tx MXene. Montanari
et al.58 performed density function calculations on rutile TiO2

and concluded that it can show ferroelectricity under a uniaxial
strain or a negative pressure. Yong Liu et al. also predicted
a negative pressure induced ferroelectric phase in TiO2.25 A.
Grunebohm et al. computationally studied the effect of strain
which induced ferroelectricity in TiO2 and concluded that even
a non-uniaxial strain could induce a ferroelectric phase in TiO2

where a small change in strain could produce a large sponta-
neous polarization.27 The bond length between Ti–O is also re-
ported to be a key parameter in determining proximity for
inducing ferroelectricity where a small perturbation could drive
the system ferroelectric.59–61 Fig. 5c shows the buttery-like
dielectric constant-electric eld hysteresis loops measured for
RSC Adv., 2022, 12, 24571–24578 | 24575
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HT@100 �C at room-temperature. It is to be noted that the
dielectric constant data is plotted for 1000 cycles that shows its
high stability. The dielectric constant is initially small due to the
small poling but increases at higher electric eld and reaches
the maximum at around the coercive eld. At values closer to
the saturation values of polarization, it reduces to its minimum
value because all the dipoles get aligned and are unable to
respond further to the increase in electric eld.62

In order to observe the multiferroic effect in Ti3C2Tx MXene
lm, the material must possess at least two ferroic orders
(ferromagnetic, ferroelectric, etc.) simultaneously. In an earlier
literature, Sunaina et al. reported the existence of ferromagne-
tism in Ti3C2Tx MXene at room-temperature.38 Since, our
MXene showed a good ferroelectric response, it could show
a multiferroic behavior as well because it was already reported
to be a ferromagnet at room-temperature. The results presented
in Fig. 5(a–c) clearly suggest that our heat-treated Ti3C2Tx

MXene lm could behave like a multiferroic 2D material which
can be conrmed by ME coupling effect.

Fig. 5d shows magnetoelectric results of heat-treated Ti3C2Tx

free-standing lm measured at room-temperature using
multiferroic/ferroelectric precision tester from Radiant Tech-
nologies Inc. The gure shows the magnetoelectric coupling
coefficient versus applied magnetic eld measured at room-
temperature. The ME coefficient displays obvious peaks at
specic magnetic eld values which are close to the magnetic
coercivity of the material itself. This suggests that the magnetic
domains are strongly coupled with the electric domains which
are well-tuned by the external magnetic eld at room-
temperature. Thus, our heat-treated Ti3C2Tx lm proved to
possess strong multiferroic property due to the existence of
ferroelectric as well as ferromagnetic orders. It is pertinent to
mention that our report is the rst experimental evidence on
existence of multiferroicity in MXene, especially in the 2D de-
laminated free-standing Ti3C2Tx MXene lm. Further studies
on this effect in layered materials could enhance practical
application scope of MXene in electric and magnetic data
storage devices in the elds of spintronics and MXetronics.

Conclusion

We employed a simple approach to induce ferroelectricity and
multiferroicity in free-standing heat-treated Ti3C2TxMXene lm
at room-temperature. The successful synthesized free-standing
Ti3C2Tx MXene, the lms were heated at different temperatures
produce TiO2 layer on top of the Ti3C2Tx MXene. Raman spec-
troscopy conrmed the presence of rutile and anatase phases of
TiO2. The composite lm was tested for ferroelectric measure-
ment that showed a clear hysteresis effect. The measured value
of remanent polarization is 0.5 mC cm�2. The effect was attrib-
uted to proximity-induced ferroelectricity in TiO2 which was
predicted before. Since, Ti3C2Tx MXene lm also reported to be
a so ferromagnet hence, we assumed that the composite lm
may also possess multiferroic property. To verify this assump-
tion, the magnetoelectric (ME) testing was performed at room-
temperature. Interestingly, the lm showed a strong ME
coupling with a good control of spontaneous polarization via
24576 | RSC Adv., 2022, 12, 24571–24578
external magnetic eld revealing the emergence of strong
multiferroic effect as well. Our report is rst experimental report
on observation ferroelectric as well as multiferroic property in
de-laminated heat-treated Ti3C2Tx MXene lm at room-
temperature and presents MXene as the potential 2D material
candidate for future data storage devices.
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