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Since the discovery of graphene, two-dimensional (2D) materials have been receiving increased attention.
The quest for new 2D materials with unique structure and special properties has become urgent. Herein we
report on the preparation of a new kind of ternary 2D material, Ti4AlN3 nanosheets, by liquid exfoliation of

the corresponding laminated MAX phase. The obtained Ti4AlN3 nanosheets, bearing abundant surface
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subsequently functionalized through self-initiated photografting and photopolymerization (SIPGP) to
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Introduction

Two-dimensional (2D) materials have garnered tremendous
interest recently. They offer high specific surface area, diverse
electronic structure and properties compared with their bulk
counterparts. Among typical 2D materials, graphene is arguably
the most studied due to its unique mechanical, thermal, elec-
tronic, and optical properties." Other 2D materials containing
two elements, such as hexagonal boron nitride (h-BN),>* tran-
sition metal dichalcogenides,* and metal oxides,” have also
been receiving increased attention. Recently, a new family of
binary 2D materials, named MXenes, was reported.® They were
produced by etching of A elements from MAX, or M,.;AX,
phases (M is an early transition metal, A is mainly an A-group
element, X is carbon and/or nitrogen, and n = 1, 2, or 3)"° by
F-containing etchants (HF, NH,HF,," or the mixture" of fluo-
ride salts and hydrochloric acid), leaving M,,,;X,, layers. So far
the MXene family includes Tiz;C,, Ti,C, (Tigs, Nbg5)2C, (Vo.s,
Cry5)3C,, TizCN, Ta,Cz;, Nb,C, V,C, and Nb,C;."*** These
MXenes have greatly enlarged the number of binary 2D mate-
rials, and showed promising performance as electrode mate-
rials in  both lithium ion batteries (LIBs) and
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of 2D hybrid materials for functional applications based on the traditional MAX phases.

supercapacitors,'*'®” catalyst supports in the chemical
industry,"*® and adsorbents for heavy metal ions.*®

These unexpected 2D materials, MXenes derived from MAX
phases intrigue the exploration of multi-element graphene-like
materials. In fact, in the Ti;Siy ;5Aly 25C, (TSAC) case, the partial
solid solution of Al in Si site weakened the bond strength of A
layers, and favored the formation of TSAC nanosheets.*
Compared with ones comprising of single or binary element,
these multi-element 2D materials broaden the opportunity to
tune their physical and chemical properties. Moreover, the
above-mentioned discovery of MXene materials only takes
advantage of features of their binary MX units, not of parent
ternary MAX phase, whose appealing structural and functional
characters, such as excellent conductivity, good oxidation
resistant,” and radiation tolerance,* have been widely studied.”
Hence, an effective strategy to exfoliate the bulk MAX phases
into 2D ones with intact crystal configuration for functional
applications is highly needed.

Inspired by the exfoliation behavior of carbide MAX phase to
2D MXene® or MAX phase nanosheets,” herein, we report a
strategy to prepare exfoliated 2D nitride MAX nanosheets (using
Ti,AIN; as a sample) derived from the corresponding MAX
phase by etching in diluted hydrofluoric acid (HF) with a
following ultrasonic treatment. Unlike TSAC sheets* directly
exfoliated from A-layer-activated MAX phase with ultrasound
more than 12 hours, the Ti,AIN; powders are firstly etched in
the caustic HF solution with a suitable concentration. Many
defects form in the structure due to the corrosion, and the
following exfoliation process of Ti,AlN; powders to nanosheets
becomes easier and more efficient. In order to further explore
the potential of this new 2D inorganic material, micro-patterns
and chemical functionality of TiAIN; nanosheets were
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attempted. After etching in HF solution, the surface of materials
is usually attached by hydrophilic hydroxyl and fluorine
groups.*™ As an active site, -OH group has been successfully
utilized to fabricate micro-patterned graphite oxide (GO) films
through micro-contact printing (LCP) induced supramolecular
self-assembly of GO nanosheets,* and initiated to grow poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) polymer
brushes via self-initiated photografting and photo-
polymerization (SIPGP) from V,C MXene to achieve the “smart”
properties of CO, and temperature dual response.>® The fabri-
cation of hybrid polymer brushes with controllable sizes and
special properties can vastly extend the applications of the
corresponding organic or inorganic material. Our work thus
allows us to achieve 2D hybrid patterned polymer brushes
grafted from MAX nanosheets, which will endow the traditional
MAX phases to have more smart functionality.

Experimental
Materials

Ti,AIN; phase used in this work was synthesized from the
starting raw materials of Ti, Al, and TiN powders with a non-
stoichiometric molar ratio of 1 : 1.2 : 2.05 by a microwave sin-
tering method at 1250 °C for 30 min in an argon atmosphere.>*
Styrene (~99% purity, Alfa Aesar China (Tianjin) Co., Ltd) was
purified by neutral Al,O; column chromatography and dried
with a 0.4 nm molecular sieve at room temperature for 3 days.
Patterned PDMS stamps were fabricated from Sylgard 184 (the
ratio between component A and B was 1:10) on a silicon
master. Silicon wafers were cleaned in a mixture of H,0,/H,SO,,
1:3 (v/v, i.e. “piranha solution”) at 80 °C for 2 h and washed
thoroughly with Milli-Q-grade water.

Preparation of Ti,AIN; ink

Roughly 3 g Ti,AIN; powders were immersed in about 50 mL of
20 wt% diluted HF solution at room temperature for 30 h. The
etched powders were collected by centrifugal treatment and
then washed several times using deionized water. To obtain
stable suspension, the powders were then dispersed into
alcohol and ultrasonically treated for nearly 6 h. After standing
still for more than 24 h, the solution was centrifuged at about
3000 rpm to remove large-size particles, leaving a stable ink.

Micro-contact printing (WCP)

The patterned PDMS stamp was inked by exposing the stamp
features to the ink of Ti,AIN; sheets for 3 min and drying with
nitrogen, and then brought into contact with Si substrate for 1
min with an adequate applied force of 50 g to fabricate the
patterns on the substrate.

Self-initiated photografting and photopolymerization®

The patterned Si substrates surface was submerged in 2 mL of
styrene monomer and irradiated with an UV fluorescent lamp
with a spectral distribution between 300 and 400 nm (A =
365 nm with a total power of ~240 mW cm ?) for 1 h in N,
atmosphere. After SIPGP, the functionalized substrate were
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rinsed with several solvents (toluene, ethyl acetate, and ethanol
for styrene) to remove physisorbed polymer.

Characterization

The phase composition of samples before and after immersion
was analyzed by X-ray diffraction (XRD), using a diffractometer
(D8 Advance, Bruker AXS, Germany) with Cu K, radiation. Their
microstructures were characterized by a scanning electron
microscope (SEM, FEI Quanta 250 FEG, Hillsboro, OR), and
transmission electron microscopy (TEM, FEI Tecnai F20) at an
acceleration voltage of 200 kV. Atomic force microscopy (AFM)
study in this work was taken by a multimode AFM (Being Nano-

Instruments, Ltd) operating in the contact and/or tapping mode

using silicon cantilevers.

Results and discussion

The preparation process of the exfoliated ternary Ti,AIN;
nanosheets and subsequent exploration for fabricating hybrid
patterned polymer brushes is outlined in Scheme 1. To the best
of our knowledge, it is the first effort to prepare nitride MAX
nanosheets and MAX-based hybrid brushes. In order to find a
suitable etching condition for exfoliation, different concentra-
tion of HF solution and etching time were initially attempted. In
the diluted HF solution (i.e. 10 wt%), the powders seemed intact
due to low reaction kinetics. However, in the concentrated HF
solution (i.e. 40 wt%), Ti,AlN; was vigorously eroded, and
impurities such as Al,O3 and TiN always remained in the final
products (Fig. S1 and S27). In a moderate condition such as 20
wt% HF for 30 h, the accordion-like structure could be easily
found in the final products (Fig. 1a and S3}). These etched
products were well dispersed in water or alcohol after sonica-
tion, and formed a stable suspension even after standing still
for more than 24 h (Fig. S4f). For comparison, pure Ti AIN;
powders without HF-etching treatment cannot form such
suspension (Fig. S4t), which is the same as the result of
ultrasonic-treated Ti;SiC,.**

Scheme 1 Schematic procedure of preparing nitride Ti4AINs nano-
sheets, and subsequently fabricating hybrid patterned polymer
brushes. (A and B) The process of etching Ti4AlNs powders in the
diluted hydrofluoric acid (20 wt%) with a following ultrasonic treat-
ment for 6 h. (C—E) Fabricating micro-patterns of Ti4AlN3 nanosheets
via micro-contact printing (uCP). (F) Growing polymer brushes
through self-initiated photografting and photopolymerization (SIPGP)
on the micro-patterns.
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Fig. 1 (a) SEM image of as-etched TisAlN3 particles in 20 wt% HF. (b)
Typical morphology of etched Ti4AlN3 powders after sonication for 6
h. (c) TEM image of as-obtained nanosheets, and (d) the corresponding
SAED pattern. (e) AFM image of as-obtained nanosheets, and (f) the
corresponding height measurement.

In order to find out whether there was a successful exfolia-
tion of Ti AIN; particles to nanosheets, scanning electronic
microscopy (SEM) was employed to investigate the morphology
of the products in the suspension. As shown in Fig. 1b, sheets
with a wide range of diameters from several nanometers to
micrometers are obtained after sonication, which resemble the
typical delaminated Tiz;C, MXene.® A transmission electron
microscopy (TEM) analysis (Fig. 1c and d) of the sheets reveals
the graphene-like products are still Ti,AIN; phase, which is not
as-reported MXene material (i.e. Ti,N; phase) as Ti;AlC, phase
normally does under the same etching condition. The corre-
sponding selected area electron diffraction (SAED) pattern
(Fig. 1d) clearly reveals the hexagonal crystalline nature of the
sheet, and the corresponding lattice spacing of (100), (110), and
(300) planes (listed in Fig. S5at) are all consistent with those of
Ti4AIN; phase. Energy dispersive spectroscopy (EDS) data
(Fig. S5bt) shows the presence of Al as well as Ti and N
elements, indicating the existence of Ti,AIN; phase, which
further corroborates the SAED result. C and Cu signals originate
from the supporting foil, and vast O, F should come from the
surface groups of hydroxyl and fluorine groups, which have
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been proved to exist in the MXene materials after HF-etching
process.*' To confirm the thickness of the exfoliated sheets,
tapping-mode atomic force microscopy (AFM) analysis was
employed. As shows in Fig. 1e and f, the thickness of the as-
exfoliated nanosheets is only 7-9 nm, which is about three to
four multilayers of the Ti AIN; crystal unit along ¢ axis. The
sharp fluctuation of curves in Fig. 1f should be due to the
existence of holes or small particles on the surface of sheets.

The formation of Ti,AIN; nanosheets is further confirmed by
X-ray diffraction (XRD). As Fig. 2 shows, the major phase of the
exfoliated sheets (curve C) drying on the silicon wafer is still
Ti,AIN; phase (JCPDS: 65-9771), the same with the results of
Ti AIN; before (curve A) and after (curve B) HF-etching treat-
ment. However, it clearly shows that the relative intensity of
peaks belonging to (00/) planes of Ti,AIN; crystal structure
increases, but the peaks assigned to (104), (105), (106) lattice
planes obviously weaken. This result indicates the samples
lying flat on the silicon wafer expose more basal plane (00!) to X-
ray compared with the corresponding MAX phase powders, as
SEM revealed (Fig. 1b). Furthermore, there is still small amount
of TiN phase existing in the as-prepared Ti,AIN; sheets, most
possibly attached on the surface of Ti,AIN; nanosheets as AFM
technique detected. Raman spectroscopy (Fig. S61) also
confirms the Ti,AIN; phase in the products. All the character-
istic Raman peaks® belonging to Ti,AIN; phase still remained
after etching and sonication. The corresponding calculated
peak energies and symmetries for the assigned modes are
summarized in Table S1.}

At present, the mechanism for the formation of ternary 2D
TizAIN; nanosheets (rather than Tiy,N; MXene) is not exactly
known, but it could be due to the dissolution of one complete
Ti,AIN; unit layer (both Al and TiyN; layers) rather than single Al
atom layer in HF. Since the exfoliation of MAX phases is mainly
due to the active A atom (Al in all current reports on
MXenes),**>** the bond strength between A atom to M or X

Fig. 2 XRD patterns for Ti4AlN3 before (A) and after (B) 20 wt% HF
treatment, and for the exfoliated sheets film (C).
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atom is the decisive factor to control the etching behavior in HF
solution. When the X atom changes from C to N, the exfoliation
behavior of MAX phase is totally different. The stronger bond*
between Al atoms to Ti-N substructure unites the two layers,
and prevents the formation of TiN, phase in HF solution. On the
contrary, Al atom is much free in the Ti;AlC, phase, which well
explains the formation of binary MXene materials. Further-
more, Ti,AIN phase has the similar periodic lattice structure
except the thinner Ti-N layer than Ti,AIN; phase. Through
carefully selecting the etching condition (e.g. in 10 wt% HF for
10 hours), Ti,AIN nanosheets can also be prepared in our work.
Since N atom can be doped into or replace most of carbide MAX
phase, it would be an effective strategy to synthesize 2D ternary
MAX phase.

Recently, freestanding films have attracted continuing
attention due to their potential applications in micro-sensors*
or energy storage devices.* We found that the obtained Ti, AIN;
ink could be successfully used to fabricate ultrathin film using
Langmuir-Blodgett assembly,** as Fig. 3 showed. The as-
fabricated Langmuir-Blodgett (LB) film attaching on the
PDMS (Fig. 3a) possesses a good flexibility to bend with the
substrate (Fig. 3b), and it seems semi-transparent. An AFM
height measurement (Fig. 3d) of the film attaching on the
silicon wafer (Fig. 3c) shows that the thickness of Ti AlN;
Langmuir-Blodgett film is only 120 nm, which is comparable to
other functional films (e.g. CNT film*), and may have the
potential in electronic or photonic applications."

With the development of UV polymerization, SIPGP has
provided a convenient method to grow polymer brushes. In fact,
we have successfully functionalized another two-dimension
material derived from MAX phase (ie. V,C MXene) with

Fig. 3 (a and b) Digital photographs of Langmuir—Blodgett (LB) film of
Ti4AlIN3 sheets attaching on the PDMS substrate. (c) Photograph of
Ti4AlN3 LB film attaching on a Si wafer, and (d) the corresponding AFM
measurement of the film.
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PDMAEMA via SIPGP,” which endows V,C to have tunable
conductivity during CO, uptake and subsequent CO, release,
and makes the hybrid V,C as a smart material. Moreover, in
order to meet the practical application, we have also fabricated
micro-patterns of GO sheets via pnCP.>* The grid patterns with
adjustable sizes and shapes are subsequently grafted poly-
styrene (PS) via SIPGP to achieve patterned polymer brushes,
which play an important role in the modification of surface
properties.**** Hence, the functionalization of 2D materials is
an effective way to achieve new structures and more properties.

For Ti,AIN; nanosheets, it has shown that they are bearing
abundant hydroxyl groups as EDS (Fig. S5bt), FTIR (Fig. S8t)
and XPS (Fig. S9t) results indicated. Based on the different
hydrogen bond strengths of PDMS-Ti,AIN; and Ti,AIN;-silicon
interfaces, micro-patterns of Ti,AlIN; sheets were easily trans-
ferred from PDMS stamp onto Si wafer via nCP, and formed
patterns with a size of 10 pm x 10 pm and a thickness of 7 nm
(Fig. 4a and b) on the substrate. Furthermore, as a photo active
site, -OH group on the patterned sheets could be initiated to
grow polymer brushes by self-initiated photografting and pho-
topolymerization (SIPGP) from the micro-patterns without a
surface bonded initiator.”” Hence, after immersing the
substrate in the styrene monomer solution and irradiating with
a UV lamp for an hour, we can grow polystyrene (PS)** from
Ti4AIN; nanosheets, and achieve functionalized MAX micro-
patterns. After polymerization, the resulted thickness is about
160 nm (Fig. 4c and d), showing a drastic increase in height,
which indicates the successful graft of PS.

In order to achieve more unique nanostructures with special
properties, the graft of polymer brushes from MAX sheets
cannot be limited to PS or Ti,AlN; phase selected in our work,

Fig. 4 (a) AFM height image of micro-patterned Ti4AlN3 nanosheets,
and (b) the corresponding amplified image. (c) AFM height image of
polystyrene (PS) brushes grafted from micro-patterned TisAlN3
nanosheets, and (d) the corresponding 3D view.
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but should be extended to other polymers or 2D material. This
work just opens a door to explore the synthesis of 2D hybrid
materials for more functional applications**?® basing on the
traditional MAX phases.

Conclusions

In summary, a new kind of ternary 2D material, Ti,AIN; phase
nanosheets was prepared for the first time through a simple
soaking and ultrasonic treating approach. This finding shows
that the replacement in the X atom from C to N in MAX phases
can dramatically changes their exfoliation behavior in HF
solution, and also implicates that more nitride 2D materials can
be prepared from their corresponding MAX bulk counterpart.
The obtained Ti AIN; nanosheets containing vast surface
groups can be further functionalized to fabricate hybrid
patterned polymer brushes through micro-contact printing
induced supramolecular self-assembly and subsequent self-
initiated photografting and photopolymerization. This micro-
patterned MAX-based hybrid system endows the traditional
MAX phase to have chemical functionality and more potential
applications.
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