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To alleviate the restacking issue of 2D TizC,T, itself, we purposefully
explore a simple but efficient method for controllable construction of
1D TizC,T, nanoscrolls with a high efficiency of ~90.5%, with detailed
regulation of the feed concentrations and surface energy of TizC,T,.
The involved transformation mechanism from 2D nanosheets to 1D
nanoscrolls is reasonably proposed.

In recent years, as a new member of two-dimensional (2D)
materials, transition metal carbides or carbon/nitride MXenes,
with a structure similar to that of graphene, were first reported
by Gogotsi in 2011, and afterwards immediately attracted
enormous attention worldwide." MXenes are usually prepared
by a selective etching-assisted method by removing the A-layer
elements (group IIIA or IVA elements, such as Al, Ga, Si or Ge)
in the M,,,;AX,, (n = 1-3) phase. And the original M,,;;X,,T, (M
refers to transition metals and X represents carbon and/or
nitrogen) structure can remain unchanged, with -F, -OH and
other anion surface functional groups on the surface of nano-
sheets (NSs) shown as T,, exhibiting excellent electrical, optical
and mechanical properties.>®* Compared to traditional 2D
materials, MXenes are also endowed with great chemical reac-
tivity and hydrophilicity with functional groups, which is ex-
pected to be an ideal matrix material for constructing
nanocomposites.* Furthermore, the obtained MXene NSs can
be exfoliated to monolayer-enriched MXene colloidal solutions
towards promising electromagnetic interference shielding and
energy storage materials.>” However, mono-layered MXene NSs
are always restacked and brought together because of van der
Waals interaction and hydrogen bonds, hindering their prac-
tical applications because of the poor ion conductivity and
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electromagnetic wave consumption, which can be solved well by
morphology transformation.®

The specific morphologies of MXenes play a great role in
improving or expanding their properties.®** It has been shown
that Ti,C MXene NSs can be transformed into crumpled sheets,
spheres and scrolls by selective intercalation of p-phosphonic
calix[nJarenes, showing new physico-chemical properties.®
Alkalized MXene nanoribbons with extended interlayer spacing
were prepared with excellent Na'/K'-storage properties.’
Ti;C,T, MXene NSs could be scrolled by spray-drying or freeze-
drying with Si nanoparticles for electrode materials for Li-ion
batteries." Besides, the Ti;C, aerogel synthesized by a simple
self-assembly method displays exceptional electrochemical
performance for supercapacitors.”

Herein, we proposed a highly efficient method to synthesize
one-dimensional (1D) Ti;C,T, nanoscrolls through surfactant-
assisted lyophilization. Competitively, the formation efficiency
of 1D Ti;C,T, nanoscrolls by this way can reach as high as
~90.5% just by optimizing the concentrations of Ti;C,T, NSs
dispersion and surfactants. More importantly, with detailed
investigations, the essential roles of colloidal solution concen-
tration and surfactants in the scrolling behaviour of Ti;C,T, NSs
were rationally put forward.

The Tiz;C,T, nanoscrolls were prepared as follows. First, 2.0 g
of LiF powder was dissolved in 40 mL of 9 M HCI solution, and
stirred for 30 min to prepare etch solution. 2.0 g of TizAlC, MAX
(11 Technology Co. Ltd.) was added into the solution slowly.
After being stirred at 30 °C for 24 h, the suspension was
centrifuged at 3500 rpm and washed with deionized (DI) water
until the pH value of the solution went up to 6. Second, the
obtained precipitate was dispersed into 40 mL of ethyl alcohol
and delaminated by sonication under Ar for 1 h. DI water was
added after the precipitate was retained in the container by
certification. The delaminated Ti;C,T, NSs dispersion can be
obtained after being sonicated under Ar for 1 h and centrifuged
at 3500 rpm for 5 min, for the formation of a supernatant. The
concentration was tested by vacuum drying a certain volume of
dispersion at 60 °C for 8 h. Third, 5.0 wt% of surfactants
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including sodium dodecyl sulfate (SDS), polyvinyl pyrrolidone
(PVP) or hexadecyl trimethyl ammonium bromide (CTAB) was
dispersed in the diluted Ti;C,T, NSs dispersion of 0.1 g mL™ " by
stirring at room temperature for 1 h, respectively. Finally, the
solutions with SDS, PVP or CTAB were transferred to tubes in
liquid N, for freezing and drying in freeze-drying equipment for
48 h, and then denoted as Ti;C,T,-S, Ti;C,T,-P and Ti;C,T,-C,
respectively. Other Ti;C,T, samples were prepared by the same
procedure just with the exception of different concentrations of
the Ti;C,T, NSs dispersion and the absence of the surfactant,
and named Ti;C,T,-n (n = dispersion concentration). TizC,T,
dispersion (0.1 g mL™ ") is directly frozen in a refrigerator (—18 ©
C), along with the other parameters the same as TizC,T,-S, and
the product was named TizC,T,T.

The structures and morphologies of samples were investi-
gated by field-emission scanning electron microscopy (FESEM,
JEOL-6300F, 15 kV), transmission electron microscopy (TEM),
scanning TEM (STEM), and high-resolution TEM (HRTEM)
(JEOL JEM 2100 system) with an energy dispersive X-ray spec-
troscopy (EDS) system. Crystalline phases were examined using
a Rigaku Ultima IV X-ray diffractometer with a Cu Ko radiation
source.

The morphologies of Ti;C,T, NSs and Ti;C,T,-S were char-
acterized by FESEM and (HR)TEM techniques. Typically, micro-
sized TizC,T, NSs with transparent features (Fig. 1a and b) and
a spacing between layers of ~1.18 nm (Fig. S17) are evidenced,
confirming the successful fabrication of high-quality few-
layered Ti;C,T, NSs. It can be visually authenticated by the
HRTEM observation (Fig. 1c). One should especially note that
some cracked NSs still exist (Fig. 1a) in the freeze-fried TizC,T,
NSs of original concentration after being frozen by liquid
nitrogen. With such a phenomenon in mind, more experiments
on feed concentrations are designed later. STEM and corre-
sponding EDX mapping images (Fig. 1d) reveal that there are
rich oxygen-containing functional groups on Ti;C,T, NSs. After
modification with SDS, rapid freezing by liquid nitrogen and
freeze-drying, most Ti;C,T, NSs are rolled up to TizC,T,S
(Fig. 1e). The diameter of Ti;C,T, nanoscrolls is usually ~200-
500 nm, as derived from FESEM and TEM images (Fig. 1f and g).
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Strikingly, the topological transformation efficiency of Ti;C,T,-S
is as high as ~90.5%, assessed by counting the number of NSs
and nanoscrolls quantitatively in the SEM image (Fig. S27). The
HRTEM image (Fig. 1g) shows that the layer spacing is
expanded to ~1.43 nm after rolling-up, corresponding to the
low-angle shift tendency of the (002) crystal plane (Fig. S17),
indicating that the addition of SDS and the freezing process
further expand the layer spacing. Fig. 1h evidently proves that
the nanoscrolls are still Ti;C,T, with oxygen-containing func-
tional groups.

From the discovery of broken Ti;C,T, NSs mentioned before,
the sheets dispersion is diluted to successively decreasing
concentrations and freeze-dried directly after freezing with
liquid N, without SDS. The morphologies of these samples with
different concentrations ranging from 2.0 to 0.1 g mL ™"
(Fig. 2a-f) visualize that more Ti;C,T, NSs can be scrolled up
and more broken NSs appear as the concentration decreases.
Specifically, Ti;C,T,-2.0 (Fig. 2a) still presents a sheet-shape
structure, and TizC,T,-1.0 (Fig. 2b) is partly broken. As the
concentration decreases, most NSs of Ti;C,T,-0.8 (Fig. 2c) are
broken and nanoscrolls start to appear in TizC,T,-0.5 (Fig. 2d).
More and more nanoscrolls are discerned with further
decreasing the concentration of Ti;C,T, dispersion, particularly
for the case of Ti;C,T,-0.1 (Fig. 2f). Note that the NSs start to roll
up inward from the edge closer to freshly formed ice in Tiz;C,T,-
0.8, while the NSs in Ti;C,T,0.2 and Tiz;C,T,-0.1 are half/full
rolling up with a lower rolling degree than Ti;C,T,-S. Their
digital pictures (the insets in Fig. 2) show that the volume of
Ti;C,T, in the form of aerogels gets smaller and smaller as the
dispersion concentration decreases. It can be rationally attrib-
uted to the larger size of Ti;C,T, NSs and the too fast growth rate
of ice crystals by liquid N, freezing. When the concentration is
reduced to a certain extent, the rapidly growing ice crystals tear
the NSs apart into smaller sizes as they cannot hinder them, as
revealed by the schematic illustration (Fig. S37).

As mentioned above, Ti;C,T, NSs modified with the anion
surfactant of SDS can be well rolled-up after freezing by liquid
N, and freezing-drying. To better understand the phenomenon,
two other surfactants (i.e., cationic CTAB and non-ionic PVP) are

Fig.1

(a) FESEM, (b) TEM, (c) HRTEM, and (d) STEM and corresponding EDX mapping images of TizC,T, NSs; (e and f) FESEM, (g) TEM and HRTEM

(the inset in panel (g)), and (h) STEM and corresponding EDX mapping images of TizC,T,-S.
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Fig. 2 FESEM images and digital pictures (the insets) of (a) TizC,T,-2.0, (b) TizC,T,-1.0, (c) TizC,T,-0.8, (d) TizC,T,-0.5, (e) TizC,T,-0.2 and (f)

TizCoT,-0.1 samples.

evaluated as well like SDS with TizC,T, NSs, and their
morphological transformation results are shown in Fig. 3a-d.
Interestingly, for the case of Ti;C,T,-C, most of the Ti;C,T, NSs
are still flat and half-rolled up sheets, along with merely a small
number of nanoscrolls (Fig. 3a and b). In contrast, Ti;C,T,-P
(Fig. 3c and d) consists of half-rolled up NSs and nanoscrolls,
about half of each. The distinct difference among the three
cases should be related to the different natures of the three
surfactants. Generally, the anionic surfactant of SDS further can
enhance the electronegativity of the NSs with original anion

surface functional groups (-F and -OH), while a cationic
surfactant or non-ionic surfactant could reduce the electro-
negativity and enhance the stability of Ti;C,T, NSs. When the
temperature drops rapidly, TizC,T, NSs tend to roll up and
shrink to reduce surface energy. And more pronounced the
tendency to roll up becomes, the greater the electronegativity.

For figuring out the influence of the dropping rate of freezing
temperature, Ti;C,T, NSs are frozen under ~—18 °C in
a refrigerator for comparison. Clearly, the integral NSs even
larger than ~50 um in size are obvious for Ti;C,T, (Fig. 3e and

Fig. 3 FESEM images of (a and b) TizC,T,-C and (c and d) TizC,T,-P frozen with liquid Ny, and (e and f) TizCyT,-r.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration for synthesizing different TizC,T, struc-
tures through regulation of concentrations and electronegativity.

f), which is not broken by ice crystals. This can be attributed to
ice crystals that just grow along the NSs when the temperature is
dropped slowly and the stress work on the NSs is too small to
break and/or squeeze them much (Fig. S4t). This can be used
for the delamination of MXenes, as reported in detail before.™
Combining the above phenomenon of different concentra-
tions and surfactant modifications, the morphological trans-
formations of Tiz;C,T, NSs themselves manifest in different
forms, as schematically summarized in Fig. 4. When the
concentration is relatively high, the stress generated by the
growth of ice crystals can only break the Ti;C,T, NSs and
rolling-up of them cannot be achieved because of their mutual
obstacles. As regards the relatively low concentration, some of
the broken Ti;C,T, NSs roll up for lower surface energy to
accommodate the super low environment, so the porous NSs
and nanoscrolls co-exist in the case. After being modified with
SDS, nearly all Ti;C,T, NSs roll up when frozen with liquid
nitrogen as they are more unstable. As for TizC,T,-S, some
structures in the intermediate state show how broken Ti;C,T,
NSs rolled up (Fig. S5a and b?}). When the ice crystal punctures
Ti;C,T, NSs, a temperature difference in a localized area con-
taining ice and broken NSs is created temporarily. The ambient
temperature at the edge of the NSs near the ice is much higher
than that at the other part farther away from the ice, so the NSs
are rolled up from this edge for a more stable state. The inter-
connected types of nanoscrolls show a typical scrolling
morphology containing trunk-to-trunk and head-to-trunk
structures (Fig. S5c-f}). Commonly, the trunk-to-trunk struc-
ture is formed by crossing mutually independent NSs, and the
head-to-trunk structure is formed from the same NSs.

Conclusions

In summary, a highly efficient and simple method was devised
to controllably synthesize 1D Ti;C,T, nanoscrolls by surface
energy modulation and cryogenic freezing. The formation of 1D
Ti;C,T, nanoscrolls was rationally proposed with detailed
morphological and structural characteristics. Benefitting from
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the enhanced electronegativity by an anionic surfactant and the
fast freezing rate of liquid nitrogen, Ti;C,T, NSs were sponta-
neously rolled up to keep stable as they are in the area of
temporary temperature imbalance. More meaningfully, our
contribution here will provide a functional building block to
construct 1D versatile Ti;C,T, nanoscroll based composites,
hugely promoting comprehensive research and applications of
Ti;C,T, MXenes in energy storage, electromagnetic interference
shielding, catalytic conversion, and beyond.
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