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ABSTRACT

The growing demand for improved electrochemical performance in energy storage systems has stimulated research into advanced two-
dimensional (2D) materials for electrodes. In this work, we obtain a layered MXene compound by exfoliating a titanium aluminum carbide
precursor using tetramethylammonium hydroxide (TMAOH) ions in a full room temperature process followed by manual shaking. The
hexagonal crystal structure and composition of the layered materials are characterized using different techniques. X-Ray diffraction shows
the formation of 2D nano-sheets before and after the TMAOH treatment via its characteristic (002) diffraction peak, bringing to light an
increase in the interlayer spacing after treatment. Scanning electron microscopy images confirm the layered morphology, whose composition
is determined by energy dispersive x-ray analysis for the bulk material and by x-ray photoelectron spectroscopy for the surface of the obtained
compounds. This study demonstrates a promising route to enhance delamination of this MXene 2D material in a low-cost room-temperature

approach.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146821

I. INTRODUCTION

Two-dimensional (2D) materials have attracted great inter-
est in the past few years due to their unique properties in com-
parison with their bulk form. Many novel 2D materials have
emerged, including graphene,’ transition metal dichalcogenides
(TMDs),” and transition metal oxides (TMOs).” MXenes have
recently emerged as a hot topic and grown rapidly as a novel 2D
material family, currently containing about 30 members with var-
ious chemical compositions and orders, since it was discovered in
2011 by Naguib et al.* A large group of 2D transition metal carbides,
nitrides, and carbonitrides classified as MXenes can be synthesized
by treating the MAX phases with a wet hydrofluoric chemical. The
general formula of MXene is My 41X, Tx, derived from the M, 41AX,
phase, where “M” corresponds to an early transition metal, such as
V and Ti, “A” is from elements such as Si and Al, “X” is nitrogen
and/or carbon, and “n” is an integer (n = 1, 2, 3). Tx stands for
surface terminations (=0, OH, and F) that often occur as a result
of the wet chemical etching techniques used to fabricate MXenes

from their MAX phase precursors.”” These MAX phases are formed
by stacked hexagonal planes (space group P63/mmc). However, the
bond among M-X atoms is much stronger than the bond among
M-A atoms, which makes it possible to remove the A element using
specific chemical etchants in the MAX compound.” The TizC,Tx
phase is the most studied among MXenes known for its 2D nature,
metallic conductivity, and hydrophilicity, and it can be obtained by
extracting aluminum from the MAX Ti3AlC; phase.® The flake size,
structure, and electronic properties of MXenes can depend on the
different etchants used for exfoliation (NaF + HCI, HF, LiF + HCI,
etc.) and on the intercalation conditions.”'' Halim et al. proposed
to use ammonium bifluoride (NH4HF;) as an etchant to exfoliate
the MAX phase.'” Ghidiu ef al. reported the etching of Al from
Ti3AlC; using LiF salts and HCI, providing a procedure for MXene
synthesis.'” MXenes have unique properties due to their variable
chemistry and structural diversity, >'” which has led to their use in
a wide range of potential applications,'® including Li-ion batteries
(LIBs),"” " supercapacitors,”"”'ZU and photocatalysis.”' TizC, Ty is
hence considered promising for energy storage applications, mainly
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as electrode materials for supercapac1tors and also as negative elec-
trode material for lithium-ion batteries."”>”" Although electrodes
produced by multilayer-MXene with narrow interplanar distance
exhibit slow kinetics and low capacity, restacking of MXene flakes
further reduces capacity. Furthermore, -F ion could be hazardous
to the charge storage process.”* Delaminated Ti3C,Tx shows better
electrochemical performances and helps in reduction of the energy
barrier for usage in different energy storage applications.”” *’

5
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Different strategies on surface modification and interlayer spac-
ing modulation have been employed to improve the electrochemical
performance of MXenes.”® In this study, we demonstrate new syn-
thesis routes to exfoliate multilayers MXene by selective etching with
aqueous fluoride acid and delamination with tetramethylammo-
nium hydroxide (TMAOH) treatment at room-temperature while
doing manual shaking. During the synthesis, the chemically etched
MZXene forms an accessible interlayer space, which provides plenty
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FIG. 1. Flowchart of the synthesis process of (a) Ti3C,Tx MXene and (b) delaminated-TizC,Tx Mxene.
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of active sites for ion storage and can have a strong impact on
the expected electrochemical performance. We intercalate TMA™*
ions into originally made Ti3C, Ty that interacts with the functional
groups, weakens the bonds between the layers, and enlarges the
interlayer spacing to further improve the quality of MXene as the
material for potential energy storage applications.

Il. EXPERIMENTAL METHODS

For the preparation of 2D MXene sheets, 3 g of TizAlC, pow-
der (>98 wt. % purity) was treated in HF-solution (49 wt. %,70 ml)
into Teflon bottle and continuously stirred on a magnetic plate
for 70 h at room temperature. After completion, the product was
repeatedly rinsed with de-ionized (DI) water, and then, slurry was
separated by repeatedly centrifuging it at 7000 rpm for 7 min to
remove the remaining acidic residues until the pH ~ 6 was achieved.
The completely washed slurry was then dried in a vacuum oven for
24 h at 58 °C. The final product was etched TizC,Tx MXene sheets.
An organic base, Tetramethylammonium hydroxide (TMAOH),
was used to delaminate the Ti3C,Tx nano-sheets. 100 g of multi-
layered Ti3C,Tx MXene powder was mixed into 10 ml of de-ionized
(DI) water separately, containing 0.46 ml Tetramethylammonium
Hydroxide (TMAOH) in a 20 ml glass vial. Then, the vial was
placed on a stirrer plate and was stirred 14 h at RT. After 14 h,
the basic mixture was moved to centrifuging tubes and centrifuged
twice for 10 min to lower the pH from ~10 to ~7. The stable col-
loidal solution of MXene was achieved by doing further centrifuge
of solution for 1 h. Ti3C,Tx MXene nanosheets were delaminated
after shaking it manually, and then, the collected sediment was
dried in oven at 120 °C. The fabrication process of exfoliated and
delaminated Ti3C,Tx MXene is schematically shown in Fig. 1. The
conversion of pristine TizAlC, into TizC,Tx MXene that exhibits
a loose multi-layered structure indicates the successful extraction
of Al layers from Ti3AlC;, confirming the treatment was success-
ful. Furthermore, delaminating the multilayer-Ti3C,Tx by using the
TMAOH solvent is to expand the inter-layer spacing and weaken the
bonds/interaction by causing swelling through the chemical inter-
calation of large tetramethylammonium ions (TMA™) between the
Ti3C, Tx-layers. Meanwhile, the large, intercalated TMA* ions also
reduced the F-content between the layers and terminated with —O
and —OH groups.

A. Characterization techniques

Structural diffraction measurements were made in a X-Ray
Diffraction (XRD) diffractometer using monochromatic Cu-K,
radiation at a wavelength (A = 1.5405 nm), under 200 mA current
and 40 kV voltage source, with 28 ranging from 5° to 65°. Scanning
electron microscopy (SEM) was used to investigate the particle size
and morphology of the samples, while the chemical composition of
the samples was studied using Energy Dispersive X-ray spectroscopy
(EDX). The X-Ray Photoelectron Spectroscopy (XPS) experiments
took place in an UHV chamber with a base pressure in the low
107'% mbar range. X-ray photon source (PSP TA10) MgK, with
hv = 1253.6 eV was used. A hemispherical VG Microtech Clam-
2 electron analyzer with an overall energy resolution <1 eV and
constant pass energy mode set at 50 eV was used to measure the pho-
toelectrons. The Au4f;/; core-level was set to 84.0 eV BE to calibrate
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the binding energy scale on a freshly sputtered gold foil in electrical
contact with the sample.

Ill. RESULTS AND DISCUSSION

The crystallographic structure of the samples in the different
treatment phases is studied by XRD in the 20 range from 5° to 65°, as
shown in Fig. 2. The pristine Ti3 AlC; crystal phase is a typical hexag-
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FIG. 2. XRD pattern of (a) bulk MAX (Ti3AIC;) phase (bottom panel). (b) Exfoliated
(middle panel) and (c) delaminated (top panel) MXene (Ti3C,Ty).
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TABLE . Lattice parameters (LP), c/a ratio, average crystallite sizes, and interplanar spacing estimate from the XRD pattern.

Average Interlayer
crystallite (d-spacing) by (hk0) and (001)
Sample a(A) c(A) cla size (nm) planes
. 1.54 (a-LP)
TizAlC, 3.09 18.8 6.08 54 9.4 (c-LP)
. 1.52 (a-LP)
TizC,Tx 3.04 20 6.57 13 10 (c-LP)
. . 1.51 (a-LP)
Delaminated-Ti3C, Ty 3.02 29.4 9.73 18 14.7 (c-LP)

onal (P63/mmc) crystal structure (Fig. 2, bottom panel).” After
HF etching, a broadening and intensity reduction of the diffrac-
tion peaks is observed for Ti3C, Ty (Fig. 2, middle panel), indicating
a slightly lower crystallinity. The peak at 38.7° corresponding to
the (104) plane of TizAlC, almost disappears, indicating that “Al”
has been extracted from the Ti3AlC; structure, which is strong evi-
dence that the MAX phase is etched and converted into MXene
nano-sheets. The (001)-family peaks (002, 004, and 006) present dif-
ferent intensities with respect to the MAX phase, confirming its
different layered structure. In particular, they are shifted to lower
angles compared to their position before treatment, which results
in larger interlayer-spacing (d-spacing) between the Ti3C,Tx lay-
ers, according to the Bragg law, as reported in Table I. The a and
¢ lattice parameters are representing the inner and outer planes
of the Ti3C,Tx structure. The c-lattice parameter shifts from 18.8
to 20 A due to extraction of Al layers from the starting material

TABLE . The variations at different planes of all the samples.

Position 26 Crystallite size

Samples (deg) (hkl) p (rad) (nm)
94 (002) 0.098 80.97

190  (004) 0.12 68.17

339  (101) 0.16 52.75

366  (013) 0.16 53.13

Tis AIC, 387  (104) 0.12 71.24
416  (015) 0.19 43.16

483  (017) 0.20 4423

563 (019) 0.20 45.78

60.1  (110) 0.39 23.32

88  (002) 0.63 12.57

183  (004) 0.47 16.59

_ 275 (006) 0.63 12.24
TiCTx 350  (101) 0.63 12.02
369  (013) 0.63 11.95

60.5  (110) 0.48 14.28

60  (002) 0.49 16.18

. ‘ 180  (004) 0.53 14.77
Delaminated-TisCoTx 505 (101) 035 21.90
611  (110) 0.39 17.52

after HF-assisted exfoliation, causing an increase in layer spacing.
The new sharp and broad diffraction peak at 26 ~ 27.5° of the
(006) plane shows the characteristic TiO rutile phase in which
=0 attached with Ti** on the surface in oxides form.” In addi-
tion, the diffraction peaks at 36.9° is due to the presence of the
Al,O3 nanocrystal on the surface of MXene, which form because
of the residual AI’* that follows the migration of inside water to
the surface and separate out during the oven-drying process.’’ In
the crystal structure, the peaks at 26 ~ 35°, 36.9°, and 60.5°, which
correspond to the (101), (013), and (110) planes, show the charac-
teristics of titanium carbide.’” These peaks are already present in the
starting material with relatively low intensity, but after etching, we
note that the intensity increases and they shift to higher angles. This
shift might be caused by two possible effects: strong electrostatic
interaction and ion-exchange mechanism in the crystal structure
Of Ti}Csz.

After TMAOH treatment (Fig. 2, top panel), high-index diffrac-
tion peaks drastically weaken, confirming that multi-layer TizC,Tx
MZXene have been exfoliated, further evidence for the conversion to
MZXene with swollen layers and inter-layer modification. The (002)
peak shifts to lower angles from 26 ~ 8.8° to 26 ~ 6° with respect
to the MAX phase, indicating the further increase of d-spacing (d
=147 A), and the c-lattice parameter between nanosheets increases
from 20 to 29.4 A. This further increase in interlayer spacing is
a clear indication that the TMA" ions intercalate and induce sig-
nificant spontaneous swelling, which, in turn, weakens the bonds
between MXene layers.

The changes occurring in the inner and outer planes of the
structure, and all the parameters we calculated due to this structural
change are summarized in Tables I and I1. The lattice parameters of
all the samples are calculated by the equation of plane spacing for
the hexagonal crystal structure,’

= + =,
& 3 a’ é

1 4(h2+hk+k2) P
where “hkl” are the Miller indices of a given plane. The particle size
is calculated from the broadening of the diffraction peak by using
the Scherrer’s formula, D = /%’ while the interlayer spacing or
interplanar distance between the layers of the crystal structure are

calculated by the Bragg’s law, d = 3 g’i} 5
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FIG. 3. SEM images of (a) TizAIC, powder, (b) multi-layered Ti;C,Tx powder
synthesized with 49 wt. % HF, and (c) Ti;C,Tx powder obtained using TMAOH
treatment.

The compounds in the different treatment phases are imaged
by SEM, showing their general morphology. TizAlC, before etch-
ing shows a compact layered structure in the form of bulk material
[Fig. 3(a)]; the layered structure of TisC,Tx after HF-treatment is
maintained [Fig. 3(b)] as also after manual shaking in TMAOH
[Fig. 3(c)].

ARTICLE scitation.org/journalljcp

The EDX analysis carried out on all the compounds allows
the estimate of the different compositional concentrations (%) as
reported in Table I1I. Chemical analysis by EDX reveals that most
of Al was eliminated, although some F and O elements are still
present in the Ti;C, Tx sample, which is consistent with the following
XPS results. The results from EDX show that Al layers are replaced
by —O and/or —F” that is confirmed by the increase in percent-
age after etching. Furthermore, the —F concentration decreases after
TMAOH treatment.

XPS measurements are used to investigate the surface and
chemical states of the elements of the Ti3C,Tx nanosheets. The sur-
vey spectra for all the samples are shown in Fig. 4(a): we observe the
presence of the expected elements (Ti2p, Cls, Ols, Fls, and Al2p),
although part of the C signal may derive from residual contami-
nation on the surfaces. The Ols signal may derive from residual
contamination, from surface-terminations on TizC,Tx surface, and
from the oxidation of the Ti3C, Tx MXene. Fluorine derives from the
surface-termination of Ti3zC,Tx MXene and partly from the residual
reactants.’

In the survey scans, the Al2p core level is visible in the MAX
phase, but it is quenched after etching, evidence of proper removal
of AL The at. % ratio of all the elements present on the surface is
estimated from the XPS survey spectra by fitting each core level with
a pseudo-Voigt line shape (Gaussian-Lorentzian curve, associated
with the experimental uncertainty and intrinsic excitation lifetime,
respectively) after removal of a Shirley background, whose results
are presented in Table III. We note that the percentages we calcu-
lated of all the elements on the surface have changed after etching
and TMAOH treatment, although they are not fully in line with the
expected chemical composition of TizAlC,. This discrepancy with
the concentration of elements as derived from EDX (also presented
in Table ITI) points at a slightly different surface composition as mea-
sured by XPS (very surface sensitive) with respect to the bulk of the
materials.

The high-resolution XPS Ti2p spectra for all samples together
with their peak fits are shown in Fig. 5. We know that a variety of
surface-terminations exists on the surface of materials after exfo-
liation and delamination. This can be reflected in chemical shifted
components of the Ti2p core levels due to different surface-groups
attached to the samples, marked by Roman numerals in Fig. 4(b),
where the Ti atoms are colored in blue, oxygen in red, hydrogen in
white, and fluorine in blue. We summarize it as moieties, defined as
follows: (1) Moiety I corresponds to Ti atoms attached to C atoms

TABLE lIl. The percentage of elements present in all the samples after the formation of MXene (Ti3C, Tx).

Chemical elements (concentration %)

Samples Analysis Ti% C% Al% F% 0%
. EDX 45 36 13 cee 6
TisAlC; XPS 31 29 14 - 26
. EDX 27 24 2 30 17
TG Tx XPS 40 35 15 12
. . EDX 35 21 ce 9 33
Delaminated-Ti;C; Ty XPS 13 48 o 5 33
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FIG. 4. (a) Survey spectra of the MAX phase (bottom), exfoliated (middle) and delaminated (top) MXene (T3C,Tx); spectra are vertically stacked for clarity. (b) Top View
schematic of a T3C, Ty structure showing various termination sites of —Tx and Moieties.

1000 - - - and one bridging oxygen atom, e.g., Ti3C,Oy. (2) Moiety II refers to
Delaminated-Ti;C, Ty Tizp Ti attached with C atoms and an —OH group, e.g., TizC2(OH)x. (3)
Moiety III refers to Ti attached with C and F atoms, e.g., Ti3C,Fx. (4)
Moiety IV refers to Ti atoms bonded to OH-terminations, which, in
turn, are comparatively strong physisorbed to water molecules that
form OH-H,O complexes (called H,O,q5).""
The Ti 2p XPS peaks Fig. 5 for all the samples are decon-
volved into Gaussian-Lorentzian fitting doublets, with the expected
rrrprrrrprrrrp g . . ep . . <38 .
470 465 460 455 450 spn}—.orb{t sphttmgl anfi intensity ra.t1o.~‘ The Ti2p components
Binding energy (eV) exhibit different oxidation states of titanium on the surface of the
- MAX and MXene phases, in general agreement with the oxidation
200 TiCoTx 4 Ti2p species observed in the literature.”® " They are associated with TiC,
‘ Ti*%, Ti*?, Ti**, and Ti**™ at different binding energies due to the
different valence state of Ti in the compounds, in agreement with
our experimental data, whose fitting results are reported in Table I'V.
We note that the BE of Ti2p peaks in the TizC,Tx sample
after etching slightly decreases, possibly due to introducing defects
4004 n between the layers and/or replacement of Al layers by more electro-
T T T T T negative surface terminations, such as —O, —~OH, and —F.”” Room-
470 B‘%ggin g gﬁgrgy‘zg\sl) 450 temperature TMAOH treatment of delaminated-Ti3C,Tx colloidal
solution undergoes spontaneous reaction with oxygen and/or water.
900 Ti:AIC, $ Ti2p This suggests that even if care is taken to restrict its exposure to air,
800 - | oxidized titanium species, including TiO, and also a small amount of
TiO,_xFax bond in the form of oxyfluoride species, may be located
700+ on the surface of the produced TizC,Tx powder. In delaminated-
600 it Ti3C,Tx MXene, all the Ti2p peaks are shifted to higher BE except
500 -

Intensity (arb.units)

000
800
600

Intensity (arb.units)

Ti-C (see Table IV). The increased BE is probably due to the incor-
porated TMA™ ions between the layers, while the reduced BE of

LN A B Ti-C could be associated with a bond weakening after swelling. Fur-
470 465 460 455 450 ther notable point after TMAOH treatment is the clearly visible
Binding energy (eV) —F component decrease in delaminated-Ti3C,Tx spectra, suggest-
ing that F is replaced by O significantly, in agreement with the EDX
results.

Intensity (arb.units)

FIG. 5. High-resolution Ti2p spectra of all the samples.
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TABLE V. Parameters obtained for the Ti2p Gaussian—Lorentzian curve fitting of all the samples.

Samples Region B.E 2p3/2 B.E 2p1/2 FWHM (eV) Component atomic %
455.1 461.1 1.3 14 21%
456.2 462.1 1.2 14 15%

TizAlC, Ti2p 457.4 463.5 1.3 1.4 12%
459.0 464.9 1.3 14 19%
459.9 466.0 1.3 1.8 33%
455.2 461.1 1.3 1.7 34%
456.1 462.0 1.3 1.8 21%

TizCy Ty Ti2p 456.9 462.9 1.5 1.8 22
458.2 464.1 1.5 1.7 10%
459.7 465.8 1.5 2.0 13%
454.5 460.4 14 1.5 9%
455.8 461.7 1.5 1.8 10%

Delaminated-Tis C,Tx Ti2p 457.3 463.2 14 1.5 14%
458.5 464.4 14 1.8 46%
459.3 465.2 1.5 2.1 21%

IV. CONCLUSIONS

We successfully synthesized 2D multilayered TizC,Tx MXene
nanosheets by intercalating TMA™ ions into MXene at room-
temperature and by doing manual shaking, instead of using ultra-
sonication methods. The TMAOH organic solvent weakens the
bonds between the layers, and the intercalated TMA™ ions inter-
act with the functional group and determine the larger interlayer
distance between the layers. The XRD estimated c-lattice parameter
increases from 18.8 to 20 A after etching of the Al-layer and further
t0 29.4 A after TMAOH treatment. The TMAOH treatment removes
Al and reduces the F-content from the surface of the nanosheets,
as revealed by EDX spectroscopy. Reduction of F is an important
result, as fluorine high electronegativity would act as a passivating
layer for any potential use as electrode material. X-ray photoemis-
sion, while showing elemental composition in agreement with EDX,
enlightens a slightly different surface composition with respect to the
bulk. High-resolution Ti2p core-level spectra recorded for the com-
pounds allow us to understand the nature of chemical bonding in all
samples. This work is propaedeutic for the development of advanced
and improved 2D materials as promising candidates for electronics
and energy storage applications.
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