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ABSTRACT

Various processing techniques reported in the literature for synthesizing the Ti3AIC; MAX phase involve high calcination temperature, expensive equipment, and
inert environmental requirement. Here, we report a cost-effective, solid-state, single-step synthesis route of the TizAlC, MAX phase. Optimizing the stoichiometry of
the precursors and controlling the thermal treatment, the desired MAX phase has been attained, as confirmed by XRD analysis. Further, Ti3gCoTx (Where, Tx: O, OH, F
functional groups) MXene was prepared from this one-pot synthesized MAX phase. FESEM, TEM, and Raman spectroscopy were used to ensure that the hexagonal
structure of the MAX phase was retained in as-synthesized MXene. Further, XPS was employed to detect the presence of surface functional groups (-O, -OH, and -F)
on the MXene surface. UV-vis spectroscopy shows a strong absorption peak in the NIR region.

1. Introduction

Since the discovery of new generation 2D material MXene, efforts
towards developing a recipe of low-cost, easy processing technique for
MAX as MXene precursor have been revived. This family of 2D materials
is named MXene to recognize its parent ternary compound MAX and
show the similarities with famous 2D materials like Graphene [1]. Their
exotic properties such as high flexibility [2], layered structure to host
ions and molecules [3], high young’s modulus [4], and high electrical
conductivity (24000 S cm_l) [5] make them potential candidates for a
wide range of applications, including catalysis [6], water desalination
[71, gas sensor [8,9], electromagnetic interference shielding [10], super
capacitor [11] and electrochemical energy storage [12,13]. Although
MXene has already been established as a promising energy storage
material in Li-ion (Na ion) batteries, it’s yet to realize widespread in-
dustrial applications. Ease of synthesis can be an excellent way to make
it viable for a variety of applications.

MAX is a ternary phase compound, where M is an early transition
metal element (e.g., Sc, Ti, V, Cr), A is a group 14 or group 15 element (e.
g., Al, Si, Ga), and X is C and N. Formula for MAX is My 1AX,, where n
lies between 1 and 3. Fig. 1(a) shows the typical crystal structure of
M3AX,, where M atoms are located at closely packed sites; X atoms
occupy the octahedral sites. Every 4th layer consists of a group A
element weakly bonded with M atoms. MAX shows a hexagonal struc-
ture with space group P63/mmc and two formula units per cell. Many
processing techniques have been explored to make MAX phases. How-
ever, the difficulty in synthesizing high purity phase either in bulk or
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powder form has led researchers to explore multistep synthesis routes.
Barsoum [14] prepared MosGapC by ball milling MoyC and Ga and
two-step processing with a long dwelling time, introducing the impurity
of MgO and some free Ga. Hu et al. [15] prepared Nb4AIC3 using a
dispersing agent with milling media. The appropriate Nb, Al, and C
molar ratio was ball milled and sintered by the SPS route at 1450 'C. The
sample was also kept in a magnetic field to orient the particles toward
the magnetic field. Goto et al. [16] adopted the CVD (chemical vapor
deposition) approach to synthesize the MAX phase. They used TiCly,
SiCly, Hp, and CCly as source gases. Pampuch et al. [17] reported the
formation of Ti3SiCy by igniting the stoichiometric mixture of Ti, Si, and
Cat 1830 "C. A porous product was formed with some fraction of ~20 wt
% TiC. Racault et al. [18] reported a multistep solid-state synthesis
process to make TisAlCy with >5 wt% TiC. All these reports suggest that
the synthesis history of the MAX phase, which is the key precursor for
the synthesis of MXene, imparts its characteristics into 2D MXene
[19-21], e.g., the presence of oxide in MAX will also reflect in structural
and electrical properties of MXene. Therefore, it is imperative to explore
a laboratory synthesis route of the high purity MAX phase. The pro-
duction cost of the pure MAX phase has been relatively high [19,21,22],
which further restricts its broad applicability. Hence, it is essential to
find a single-step, cost-efficient way of synthesizing MAX phase. The
current research work studies the effect of the right choice of precursors,
sub-stoichiometric composition, and temperature on the final product
phase. It indicates a narrow temperature window for the synthesis of
Ti3AlCy (312 MAX phase).
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2. Experimental details
2.1. Synthesis of MAX phase

In the present work, commercial-grade TiC (>99%, Sigma Aldrich),
Al (98%, Alfa Aesar), and Ti (99.5%, Alfa Aesar) were used as pre-
cursors. Precursors were weighed in the stoichiometric ratio. An excess
amount of Al was taken to maintain the stoichiometry and cope with its
high evaporation rate at a higher temperature. As shown in Fig. 1(b),
weighed powder was hand-mixed using agate mortar and pestle, fol-
lowed by cold compaction using a uniaxial hydraulic press. Compacted
pellets were vacuum-sealed in a 10 cm long fused quartz tube and kept in
a muffle furnace. The calcination temperature was varied from 1300 °C
to 1350 °C with a soaking time of 1-2 h to get the desired MAX (Ti3AlC5)
phase. It is to be noted that calcination at 1350 °C performed for 1hr
since the quartz ampoule started swelling just after 1 h of heat treatment
and broke during 2 h of firing. Fig. 2(a) shows that sealing in a quartz
tube is an effective way to avoid the oxidation of Ti and Al metals.
Following reactions are expected to occur using a stoichiometric and
sub-stoichiometric ratio of precursors.

1300°C,

2TiC + Ti + AI22STi, AIC, e}
Ti, AIC, 2 $Ti, AIC + TiC )
1.8TiC + Ti + 1.2A12250.8Ti;AIC, + 0.2Ti,AIC + 0.2Al} 3)

2.2. Synthesis of MXene

1 gm of a lightly sintered pellet of Ti3AlCy was finely crushed with
agate mortar and pestle. This powder was mixed in the 20 ml, 48 wt%
HF for 8 h to selectively etch Al and get a 2-D layered structure. Etching
was done in high-density polyethylene (HDPE) crucible, placed on a
magnetic stirrer hot plate at room temperature, as shown in Fig. 2. The
Teflon-coated magnetic bead was used for continuous stirring while
etching. Afterward, the solution was washed with DI water and centri-
fuged at 5000 rpm for 3 min s until pH > 6 was obtained. Water was
decanted, and settled powder was removed from the centrifuge tube and
kept for vacuum drying at 60 °C for 8 h s. The dried powder was much
darker in color because of the removal of Al. This powder was used for
further characterization.

Ti;AlC, 4+ 3HF—=AIF; + Ti; C, + %Hz 4

Ti3 C2 + 2HF—>Ti3 C2F2 + H2 (5)
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Ti;C, +2H,0-Ti;C,(OH), + H2 (6)

Equations (4)-(6) and Fig. 3 show the mechanism of MXene (Ti3Cy)
formation and the presence of functional groups after etching with HF
and washing the solution with DI water.

2.3. Characterization

XRD was performed on Rigaku MiniFlex 600, with a step size of 0.02"
with Cu Ka radiation (30 kV and 10 mA). For Surface characterization,
elemental composition detection, and electronic and chemical states of
the elements were determined using X-Ray Photoelectron Spectroscopy
on PHI 5000Versa Prob II, FEI Inc. with Ar ion and C60 sputter gun.
Raman spectroscopy was done on Princeton Instruments Acton Spectra
Pro 2500i, with 532 nm DPSS Laser (Laser Quantum gem 50 MW). A 50X
objective lens, a grating of 1200 lines per mm, was used to get high
spectral resolution. Microstructural characterization was done using the
FESEM Quanta200 instrument. The SAED pattern was observed using
FEI-Tecnai G2 Tin TEM 120 kV for further structural verification. The
four-probe van der Pauw method was used to check the thin samples’
electrical conductivity. A Semiconductor Parameter analyzer measured
-V characteristics.

3. Results and discussion
3.1. XRD

XRD pattern of dense pellet fired at 1300 °C shown in Fig. 4 implies
the formation of Ti3AlC, (Reference pattern:00-052-0875) as the pri-
mary phase with TisAlC (Reference pattern:00-029-0095) MAX phase
and TiCy 93 (Reference pattern:03-065-8806) as a by-product. A peak at
20 = 9.6 of (002) basal plane, which is the typical peak of Ti3AlCy as
reported by Barsoum and others [1,23], confirms the formation of
desired MAX phase. Fig. 4(a) depicts that the peak at around 26 = 39" is
completely diminished after etching, confirming Al atoms’ removal from
the 3D lattice. Fig. 4(b) shows a broad (002) peak for MXene, showing a
significant shift from 9.5 to 8.29°, depicting the increased interlayer
spacing of MXene flakes [1]. To reduce the TiC content in the MAX
phase, we have increased the firing temperature to 1350 °C. Interest-
ingly, an increase in MAX phase processing temperature results in a
lower yield of the TizAlCy; MAX phase, as shown in Fig. 4(c). It is
anticipated that the stoichiometric ratio of precursors (Ti: Al: TiC: 1:1:2)
does not provide sufficient vacant sites for Al to go into the Ti3AlC2
MAX structure in the higher fraction of TiC in the finally obtained MAX
phase. Hence, we have further adopted the strategy of using a
sub-stoichiometric ratio of precursors (Ti:Al: TiC:1:1.2:1.8).

(b)

B\ RPITITITI N £

a

Pellet sealed in
quartz tube

Powder mixing Uniaxial pressing

Fig. 1. (a) Schematic of MAX phase synthesis and (b) crystal structure of Ti3AlC; MAX phase.
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Fig. 2. Quartz ampoule after heat treatment at (a) 1300 °C for 2 h, (b) 1350 °C for 1hr, (c) samples after thermal treatment, (d) Selective etching of Al from TizAlCy
phase in 48 wt% HF, (e) Ti3C,Ty (MXene) suspension in DI water, (f) final product: MXene(Ti3CoTy).

Based on the XRD peaks intensity shown in Fig. 4(d), it can be said
that desired MAX phase (Ti3AlCy) fraction is improved significantly with
areduced fraction of TiC when the sub-stoichiometric ratio of precursors
(Ti:AL: TiC:1:1.2:1.8) is used. The composition variation and thermal
treatment helped create and order C vacancies, which subsequently
facilitated the introduction of Al into the MAX (Ti3AlC;) phase. Al goes
directly into those vacant sites and forms bonds with TiC. Earlier re-
searchers [24] also observed that it is possible to get TizAlCy by inten-
tionally adding C vacant sites into the structure. A. Agresti et al. [25]
prepared Ti3AlCy using Ti:Al:TiC:3:1.1:1.9 non-stoichiometric ratio. In
the present work, further reducing C vacant sites by lowering TiC pre-
cursor content does not provide a better yield of TizAlC,. K. J Cai [26]
also reported a similar theory.

3.2. Raman spectroscopy

Raman spectrum provides molecular fingerprints and information
about the bonds present in the structure by measuring lattice vibrations.
Fig. 5(a-b) shows that the Raman spectrum of MAX (Ti3AlCy) and MXene
(Ti3CoTy) are comparable at room temperature when a 532 nm laser is
used. Y. Yoon et al. [27] also reported a similar spectrum of MAX and
MXene. We observed four prominent peaks in the 100 to 800 cm *
range. In MAX (Ti3AlCy), peaks at 126, 226, and 426 em™! can be
assigned to Epg, E1g [28], and Ajg vibrational modes [27,28], respec-
tively. The previous report [26] suggests that non-stoichiometric TiCy is
responsible for the former peaks. A peak at 606 cm ™! can be assigned to
Eyg [27] vibrational modes corresponding to the C sub-lattice. Eg, Eog
and Ay modes depict in-plane vibration of Ti, Al, and C bonds [26,27,
29]. Peaks at 1375 and 1578 em™* correspond to D and G bands of

graphitic carbon. In comparing with Raman spectra of MXene, we can
say that the etching of Al has not eliminated any of these modes. Some
surface functional groups (O, OH, and F) are adsorbed and intercalated
within the interlayer spacing. Their distribution affected lattice vibra-
tions of the unit cell, as more atoms vibrated together. These vibrations
result in the form of peak shifting and broadening. This data is in good
agreement with the broadening of XRD peaks of MXene (Ti3C2Ty). The
peak at 126 cm! (MAX) is shifted to 122 em! (MXene), showing
in-plane vibration Ti atoms. The peak at 226 cm ™! is shifted to 236
cm ™!, which shows the mixed contribution from out-of-plane vibration
of the Ti—C bond and H atoms of TizC2(OH), [28]. A peak at 426.7 is
softened to 411.8 and corresponds to in-plane vibration of O atoms of
OH terminated MXene. A peak at 606 cm ™ is also softened to 601 cm ™
showing in-plane vibration of the Ti—C bond. As shown in Fig. 5(b), the D
band with A;g [26] vibrational mode and the G band with Eyg [26]
vibrational mode at 1375 cm™! and 1578 cm ™%, respectively, are shifted
implying out-of-plane vibration of C atoms and unit cell distortion [27,
28]. This way Raman spectrum of MXene (Ti3CyTy) shows that Al is
selectively removed, but the hexagonal structure of the parent phase is
retained and all basic Raman modes are preserved.

3.3. Microstructure analysis

TEM (Transmission Electron Microscopy) and FESEM (Field Emis-
sion Scanning Electron Microscopy) are carried out for morphological
and microstructural analysis. Fig. 6(a) shows the dense, layered struc-
ture of MAX (Ti3AlCy), connected by metallic bonding and preferred
growth of the crystalline phase in the c direction. Fig. 6(b) shows the
presence of kinked laminates, which are responsible for the flexibility of
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Fig. 3. Schematic of MAX phase and Functionalized MXene.

Ti3AlCy. Eduardo et al. [30] reported that these kink bands and the MAX
phase nano-laminated structure are accountable for its shock absorption
resistance.

Fig. 6(c-d) shows the 2D multilayered structure of MXene (Ti3CoTy).
After etching with 48 wt% HF and removal of Al, increased spacing
between the layers indicates successive exfoliation of Ti3AlC, and for-
mation of TizCyTx (Tx: Functional groups O; OH; F). These results sup-
port the peak shifting and broadening of (002) in the XRD pattern of
MXene. We found that the accordion-like open layer structure has an
average interlayer spacing of ~116 nm, as shown in Fig. 6(d), which is
better than that reported by Zhang et al. [31], and an average layer
thickness of ~74.4 nm, matching the earlier data [32]. Fig. 6(e) shows
the atomic percentage of Ti, Al, and C in the MAX recorded by EDXS.
Fig. 6(f) implies the removal of Al atoms and the presence of F, OH, and
O functional groups on the surface of MXene sheets. To further verify the
structure of MXene, TEM analysis is done. Fig. 7 (a) shows the IFFT
(Inverse Fast Fourier Transform) pattern of MXene, which demonstrates
the selected area with lattice fringes. These fringes are 0.486 nm apart
and agree with the reported values [33]. This inter-lamellar spacing is
compared with the ‘d’ values obtained from XRD data analysis of MXene
(Ti3C2Tx) and matches the d-spacing of the (004) plane. Fig. 7(b) shows
the SAED (Selective Area Electron Diffraction) pattern of the MXene,
implying hexagonal symmetry of the structure as reported in the liter-
ature [23,34]. We can conclude that Ti3CyTy retained the crystallinity
and symmetry of the parent phase Ti3AlC,.

3.4. XPS analysis

To characterize the surface chemical composition of the MAX
(Ti3AlCy) and MXene (Ti3CyTyx), X-Ray photoelectron spectroscopy
(XPS) analysis is conducted. XPS spectra of MAX (Ti3AlCy) confirm the

presence of Ti, C, and Al elements, as shown in Fig. 8. All the binding
energies are calibrated with the contingent value of C, i.e., 284.8 eV.
Table 1 shows the binding energy and fraction of each component. Al 2p
core level peaks, as shown in Fig. 8(a), confirm the presence of metallic
Al, Al,03 and Al(OH)3 peaks, similar to what is reported in the literature
[35]. These peaks generally appear due to working in an open lab
environment. Fig. 8(b) shows the fitted peaks of C 1s spectra, demon-
strating that C is present as Ti-C, C-C, -CO/CHy, and -COO components.
Fitted Ti 2p core-level peaks confirm the presence of Ti as Ti-C in
Ti3AlC,, as shown in Fig. 8(c).

Fig. 9 depicts the XPS spectra of MXene (Ti3CoTx) and implies that
along with Ti and C, some surface functional groups like —O, ~OH, and -F
are also present in the MXene. After etching, Al is successfully removed
from the structure, as shown in Fig. 9(a). Fig. 9(b) depicts fitted peaks of
the C 1s core level. We can see that the Cls spectra of MAX and MXene
do not offer much difference. Table 1 shows that with the formation of
MXene, surface functional groups affected the fraction of Ti-C, C-C, and
—CO bonds. Fig. 9(c) plots the fitted peaks of the Ti 2p core level. The
presence of functional groups on the surface of MXene improved the
bond strength of surface Ti atoms and shifted the peaks towards higher
binding energies as evident from Table 1, which also matches with the
reported data [36]. After etching, the peak intensity of Ti*3 and Tit* is
increased as shown in Fig. 9(c), and a report by Li et al. [37] also con-
firms this finding. The reduced fraction of Ti*2 shows the oxidation of Ti
into Ti*3 and Ti** oxidation states and the attachment of -O and -OH
atoms to the surface Ti atoms. Fig. 9 (d-e) confirm the presence of -O,
-OH, and -F functional groups on the surface of MXene.

3.5. UV-visible spectroscopy

Fig. 10 shows the absorbance behavior of MXene-ethanol solution. A
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Fig. 5. Raman spectra of (a) MAX (Ti3AlC,) and (b) MXene (TizCxTy; Tx is a functional group).

1mg/3 ml solution was filtered using a 0.22 pm pore size PVDF filter to
collect the absorbance data. It is observed that MXene (<0.22 pm) has
excellent transmittance in the visible range and shows a broad absor-
bance peak in the NIR region (815 nm). Absorption peak in the NIR
reason also shows LSPR (Localized Surface-Plasmon Resonance) effect
as shown in Ref. [42]. These characteristics make MXene a suitable
candidate for biosensing applications [43-48], protein detection
[49-53], multicolor cellular imaging [54], and photothermal imaging
[55]. We obtained an extinction coefficient of 21.2 L g_lcm_l, as shown
in Fig. 10(b), which is much better than GO (7.3 L g~ lem™!) [56] and
near the values (25.67 L g"lem™!) reported by Lin p et al. [57].

3.6. -V characteristic

Fig. 11(a) shows the linear I-V curve, which verifies the metallic
behavior of the MXene sample. To further confirm the metallic nature of
the sample, band structure calculation was done by density functional
theory (DFT) analysis using quantum espresso, and Fig. 11(b) shows the
zero-band gap of the MAX phase. The electronic conductivity of the cold-
pressed MXene pellet (0.1 mm thickness) is measured by the four-probe
van der Pauw method at room temperature. We obtained ~2556 S/m of
conductivity, which is in good accordance with the literature [58]. The
cold-pressed thin pellet has high resistance due to functional defects and
high inter-flake resistance. Cold pressing with 2 kN pressure does not
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Fig. 6. FESEM images of (a) MAX (Ti3AlC,) (b) formation of kink bands on the surface of MAX phase. (c) MXene (Ti3C,Tx) (d)An open layer structure of MXene with
an average interlayer spacing of 116 nm. EDS (Energy Dispersive Spectroscopy) data of (e) MAX and (f) MXene.
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Fig. 7. TEM images of MXene (a) IFFT pattern show d-spacing of (004), which is well-matched with the data obtained from XRD. (b) SAED pattern confirms the
hexagonal crystal structure of MXene.
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Binding Energy(eV)

452

TizAlC, and Ti3C,Tx XPS peak fitting result: Parameters like peak position and percentage of the components are obtained by peak fitting XPS spectra by Gaussian-

Lorentzian curve.

Phase Region Component Binding energy (eV) Percentage (%) This work &Ref.
TizAlC, (MAX) Ti 2p 3/2 (14.52 at%) Ti-C 454.1 6.46 [35,38]
Tit2 45475 15.31 [36,39]
Ti*3 455.78 6.11 [36,39]
Tit4 458.54 14.29 [35,36]
Ti2p 1/2 Satellite peak 459.54 41.97 [40]
464.35 15.83 [40]
Al 2p 3/2; 2p 1/2) (12.22 at%) Ti-Al 71.6 (72.2) 15.57 (8.6) [35]
Al,03 74.29 67.69 [35]
Al(OH); 75.63 8.12 [41]
C(1s) (73.25 at%) Ti-C 281.48 5.9 [34,35,37]
Ti-C 282.25 2.71 [34]
c-C 284.96 38.07 [35]
-CO/CHy 286.11 49.57 [35]
-COO 288.79 3.72 [35]
Ti3CyTy (MXene) Ti 2p 3/2 (13.75 at%) Ti-C-Ty 454.47 5.06 [38]
Tit2 455.35 10.12 [38]
Ti*3 456.59 9.17 [38]
Tit* 459.06 27.54 [38]
Ti2p 1//2 Satellite peak 460.29 32.01
464.91 16.07
Al 2p 3/2; 2p 1/2) (1.9 at%) - - - -
C(1s) (53.91 at%) Ti-C-Tiy 281.46 2.15 [35,38]
Ti~C-Tiy 282.38 3.99 [34,37,38]
c-C 284.81 45.69 [34,35,37,38]
-CO/CHy 286.23 432 [34,35,38]
-CO0 288.54 4.91 [34,35,38]
0(1s) (22.26 at%) Ti-C-Oy 530.07 30.55 [38]
Ti-C-OHy 531.69 69.42 [38]
F(1s) (8.16 at%) Ti-C-Fy 684.66 87.78 [38]
Al-F 685.83 12.22 [38]

provide a highly dense pellet, as only 57% of the theoretical density
(4.07g/cc) [59] was achieved. Hence, we have found higher resistivity.

4. Conclusion

We prepared the Ti3AlC; (MAX) phase and its derived TizCyTx
(MXene) using a single-step synthesis route. Further, we have shown
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Fig. 11. (a) I-V characteristic of 0.1 mm thick MXene pellet. (b) The band structure of the MAX phase obtained from the DFT calculation shows a “Zero” bandgap.

that a sub-stoichiometric amount of TiC precursor produces a better
yield in the fraction of the Ti3AlC; MAX phase. Having precise control
over the precursor’s composition and reaction kinetics makes it possible
further to reduce the TiC fraction in the final product. XRD peaks
confirm that the interplanar spacing increases after etching the MAX
phase with HF. Raman spectroscopy and SAED pattern ensure that the

removal of Al didn’t distort the original hexagonal structure of the MAX
phase. XPS and Raman peaks show surface functional groups (-O, —~OH,
and -F) on the MXene surface. The hexagonal structure of MXene and
the presence of D, and G bands with Ip/Ig < 1 confirm that MXene is
analogous to graphene with high electrical conductivity because of the
ordered crystal structure. The absence of the right set of resources often
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restricts to work on new generation materials. No use of milling media or
an expensive tool like a hot press; small dwelling time, and the right set
of precursors make this process less time-consuming. This single-step
processing technique can also be adopted for producing various MAX
phase compositions.
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