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ABSTRACT: MZXenes, a relatively new class of two-dimen-
sional (2D) transition-metal carbides, carbonitrides, and
nitrides, exhibit unique properties such as high electronic
conductivity, a wide range of optical characteristics, hydro-
philicity, and mechanical stability. Because of the high
electronic conductivity, MXenes have shown promise in
many applications, such as energy storage, electromagnetic
interference shielding, antennas, and transparent coatings. 2D
titanium carbide (Ti,C,T,, where T, represents surface
terminations), the first discovered and most studied MXene,
has the highest electronic conductivity exceeding 10000 S
cm™". There have been several efforts to alter the conductivity
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of MXenes, such as manipulation of the transition-metal layer and control of surface terminations. However, the impact of the C
and N site composition on electronic transport has not been explored. In this study, the effects of synthesis methods on
optoelectronic properties of 2D titanium carbonitride, Ti;CNT,, were systematically investigated. We show that Ti;CNT,,
which hosts a mix of carbon and nitrogen atoms in the X layer, has lower electronic conductivity and a blue shift of the main
absorption feature within the UV—visible spectrum, compared to Ti;C,T,. Moreover, intercalants such as water and
tetraalkylammonium hydroxides decrease the electronic conductivity of MXene due to increased interflake resistance, leading to
an increase in resistivity with decreasing temperature as observed in ensemble transport measurements. When the intercalants
are removed, Ti;CNT, exhibits its intrinsic metallic behavior in good agreement with Hall measurements and transport
properties measured on single-flake field-effect transistor devices. The dependence of conductivity of Ti;CNT, on the presence
of intercalants opens wide opportunities for creating MXene-based materials with tunable electronic properties.

B INTRODUCTION

Two-dimensional (2D) transition-metal carbides, carboni-
trides, and nitrides, collectively known as MXenes, have
shown great promise in various applications, including energy
storage, electromagnetic interference shielding, transparent
conductive coatings, photothermal therapy, catalysis, water
desalination, and as a metamaterial.'~” MXenes have a general
formula of M, X, T,, where M is an early transition metal, X is
C and/or N, and T,, represents surface terminations, such as O
and F, and n = 1-3. To date, nearly 30 MXene compositions
with different properties have been experimentally synthesized
and dozens more have been predicted to be stable and studied
theoretically. Among them, 2D titanium carbide, Ti;C,T,, is
the first and most studied MXene. It has high metallic
conductivity exceeding 10000 S cm™ in thin films.® The
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performance of MXenes in the above-described applications is
related to their electronic conductivity, which can be improved
by different approaches, such as increasing the lateral flake size,
minimizing the defects and impurities, and modification of
surface terminations.” "' Density functional theory (DFT)
studies have predicted that the electronic and optical
properties of MXenes strongly depend on transition metals,
X elements, and surface terminations.'>'® For example, it has
been experimentally shown that the composition of outer
atomic layers (M’) in the ordered double-transition-metal
MXenes, M;M"C, and M;M;Cs, has a strong influence on
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their electronic properties."* Moreover, the effects of surface
terminations and intercalation on the electronic properties of
MXenes have been recently reported.'"”'>'® However, there is
no experimental evidence that tuning of the electronic and
optical properties of MXenes can be achieved by manipulating
the X elements.

In most bulk transition-metal carbides and carbonitrides, the
electronic conductivity increases with nitrogen content because
of increased density of states (DOS) at the Fermi level (Eg)
resulting from the extra electrons of the nitrogen atoms.” ™’
In bulk-layered ternary carbides and/or nitrides (known as
MAX phases, where A is a group IIIA—VIA element), which
are precursors for MXene synthesis, the electronic conductivity
is of metallic character with high DOS at the Ep 2" 1t has
been shown that the electronic properties of the MAX phases
can be controlled by manipulating the three components of
the structure, that is, transition metals, A elements, and X
elements.”>™%° Although alteration of the transition metal and/
or X layer affects the DOS at Ep of the MAX phases, the
change in the A elements (e.g, formation of a binary solid
solution) shows little effect on electronic and thermal
properties aside from increased residual resistivity, resulting
from solid solution scattering.”* The effects of N-substitution
on the electronic properties of the MAX phases are apparent
when comparing Ti,AIC, Ti,AlCysNys, and Ti,AIN.
Ti,AlCysNys showed the highest resistivity followed by
TiLAIC and TiAIN, and the DOS at Ep slightly increases
with N-substitution. Similar trends were observed for Ti;AlC,
and Ti;AICN systems.25 However, for carbonitride MXenes, it
was predicted that the DOS at Ep of Ti;CNT, and Ti;N,T,
MZXenes is lower than that of their Ti;C,T, counterparts, yet
these materials are metallic with high DOS at Eg. The Fermi
level is positioned at a band that contains mainly Ti 3d states,
whereas the C 2p and N 2p states are found between —4 to —2
eV and —6 to —3 eV below the Fermi level, respectively."
Unlike the MAX phases, the contribution of the N 2p band in
carbonitride and nitride MXenes to the DOS at Eg is almost
negligible. However, this difference in electronic properties
between bulk carbonitrides and 2D carbonitride MXenes has
not been investigated experimentally. Therefore, it might be
possible to alter the electronic conductivity of Ti;C,T, by
partial substitution of carbon atoms with nitrogen atoms in the
X layer—forming Ti;CNT,. Titanium carbonitride MXene has
been reported to have very attractive energy storage and
electrocatalytic properties,”*~>* so understanding and control-
ling its conductivity is of great practical interest. Moreover, we
have recently shown that the electronic properties of Mo,CT,
and V,CT, MXenes can be tuned by formation of Mo,N and
V,N via high-temperature ammoniation.””

Similar to its Ti;C,T, carbide counterpart, Ti;CNT, can be
synthesized by etching Ti;AICN in (i) hydrofluoric acid (HF)
followed by intercalation of organic intercalants, such as
hydrazine or tetrabutylammonium hzdroxide (TBAOH), to
delaminate the 2D MXene layers’~** or (i) in a mixture of
lithium fluoride (LiF) and hydrochloric acid (HCI), formin§
HF in situ, without subsequent use of any organic intercalant.”
For both synthesis methods, Ti;CNT, showed much lower
conductivity compared to Ti;C,T, obtained by similar
methods, although the LiF + HCl method produced MXenes
with higher electronic conductivity compared to HF
etching.”***° However, there is no published report on the
effects of synthesis and processing methods on the
optoelectronic properties of Ti;CNT, MXene.
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In this work, we studied the optoelectronic properties of a
titanjum carbonitride MXene, Ti;CNT,, and the effects of
material synthesis and processing on those properties. We
showed that the presence of nitrogen atoms in the X layer
results in lower electronic conductivity and a blue shift of the
main absorption peak in UV-—visible spectra compared to
Ti;C,T,. Moreover, we found that the macroscopic electronic
transport behavior of Ti;CNT, is largely governed by inter-
flake electron hopping processes rather than intrinsic electron
transport within a flake. Single-flake measurements reveal
intrinsic metallic behavior of the material. This work
demonstrates the effects of X elements, synthesis, and
processing on optoelectronic properties of MXenes, providing
more opportunities to tune those properties.

B EXPERIMENTAL SECTION

Ti;AICN MAX powder was prepared following a procedure reported
elsewhere.” Briefly, elemental Ti (Alfa Aesar, 99.5 wt % purity), AIN
(Sigma-Aldrich, 99 wt % purity), and graphite (Alfa Aesar, 99 wt %
purity; particle size < 48 ym) with a molar ratio of 3:1:1 were ball-
milled for 18 h in a plastic jar with 10 mm-diameter zirconia milling
balls at SO rpm. The powder mixture was heated under Ar flow (100
mL min™") in a tube furnace at 10 °C min™" to 1500 °C and held for
2 h. After cooling down to room temperature, the resulting block of
Ti;AICN MAX was crushed via drill-milling and sieved through a 400-
mesh sieve (particle size < 38 um).

Ti;CNT, MXene was produced by two etching routes, via a
mixture of LiF and HCI and via HF. For the LiF + HCl route, 0.5 g of
Ti;AICN powder was slowly added to a mixture of 0.8 g of LiF (Alfa
Aesar) and 10 mL of 9 M HCI (Fisher Chemical), and the solution
was stirred at 500 rpm at 35 °C for 24 h. Then, the mixture was
washed by adding 150 mL of deionized (DI) water and centrifuged at
3500 rpm (2300 rcf) for S min followed by decantation of the clear
supernatant. The washing process was repeated four to five times until
the pH of the supernatant became close to neutral and the
supernatant became dark, as a result of partial delamination of
TiyCNT, flakes (d-Ti;CNT,). The dark supernatant was decanted
and ~10 mL of DI water was added to the sediment. The mixture was
bath-sonicated (2510, Branson) at 40 kHz for 30 min or manually
shaken for 15 min and centrifuged at 3500 rpm for 1 h. The
supernatant, consisting mainly of single-layer or few-layer flakes of
Ti;CNT,, was collected for further processing. For the HF route, 2 g
of MAX powder was slowly added to 20 mL of 30 wt % HF aqueous
solution (Acros Organics). The mixture was stirred at 500 rpm at
room temperature (20 °C) for 18 h and washed in the same way as
the LiF + HCl method. When the pH of the supernatant became close
to neutral, the multilayered Ti;CNT, (ML-Ti;CNT,) was collected
by a vacuum-assisted filtration. An additional 200 mL of DI water was
used to rinse the powder. To delaminate the HF-etched Ti;CNT,, 1 g
of the powder was added to a mixture of S mL of tetramethylammo-
nium hydroxide (TMAOH) (25 wt % in water, Sigma-Aldrich) or
TBAOH (48 wt % in water, Sigma-Aldrich) and S mL of DI water.
The mixture was stirred for 12 h at room temperature and then
washed with repeated centrifugation (50 mL of DI water for two to
three centrifugation times or until the pH of the solution was close to
neutral). Finally, ~10 mL of DI water was added to the sediment, the
mixture was bath-sonicated for 30 min, and centrifuged at 3500
rpm for 1 h to separate single- and few-layer flakes from nonexfoliated
multilayered MXenes.

The Ti,CNT, thin films were prepared by a spin-casting technique
using a spin coater (Laurell Technologies, Model WS-650 Hz, USA).
The delaminated MXene solution with a concentration of 5 or 20 mg
mL™! was applied to an oxygen plasma-treated microscope slide and
spun at various spin speeds from 1000 to 10 000 rpm for 30 s. The
films were subsequently dried at 5000 rpm for 15 s. The free-standing
MXene films were prepared by vacuum-assisted filtration of the
delaminated solution on a porous membrane (3501 Coated PP,
Celgard, USA).
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Sheet resistance was measured using a four-point probe (ResTest
vl, Jandel Engineering Ltd., Bedfordshire, UK) with 1 mm distance
between the probes. The measurement was repeated five times at the
four corners and the middle of each film. The average values were
reported.

UV—visible spectroscopy measurements were conducted using a
spectrometer (Evolution 201, Thermo Scientific), scanning from 200
to 1000 nm and normalized at 264 nm. A microscope glass slide and
DI water were used as blanks for thin-film and solution measure-
ments, respectively. The extinction coefficients (&) were calculated by
the Beer—Lambert law [A = £Cl, where A is the measured absorbance,
C is the concentration (g L™') of MXene in solution determined
through gravimetric analysis, and [ is the optical path length (1 cm)].
The as-produced solutions were serial-diluted, and extinction
coefficients were calculated from the extinction value at the peak
maxima in the visible region (4,,,)-

Dynamic light scattering (DLS) of the d-Ti;CNT, solutions was
performed using a Zetasizer Nano ZS (Malvern Panalytical) in a
polystyrene cuvette. The average particle size was taken over a total of
five measurements from each sample.

Scanning electron microscopy (SEM) images were taken with an
electron microscope (Zeiss Supra SOVP).

The Ti;CNT, MXene flakes were also visualized using a FEI
Tecnai Osiris scanning transmission electron microscope equipped
with a HAADF detector and a X-FEG high brightness Schottky field
emission gun. The accelerating voltage was 200 kV. X-ray diffraction
(XRD) patterns were recorded by a powder diffractometer (Rigaku
Smart Lab, USA) with Ni-filtered Cu Ka radiation operated at 40 kV
and 15 mA. A step size of 0.03° and 0.5 s dwelling times were used to
collect the patterns.

Atomic force microscopy (AFM) images were recorded by a Bruker
AFM Multimode 8 using a driving frequency of 249 kHz, driving
amplitude of 73.85 mV, and scanning frequency between 0.6 and 0.9
Hz.

Transport property measurements were conducted in a physical
property measurement system (PPMS) (Quantum Design EverCool
II). Free-standing MXene films with a size of S X S mm were wired to
the PPMS sample puck using a silver wire and a conductive silver
paint (Ted Pella, CA). Temperature-dependent resistivity was
recorded from 10 to 300 K in a low-pressure helium environment
(~10 Torr) using the four-point configuration. The film thicknesses
were measured by an electronic micrometer (MDH-25M, Mitutoyo,
IL). The geometry of the samples and probe spacing were taken into
account in resistivity calculation following the standard method.*
Hall measurements were performed at various temperatures using van
der Pauw configuration. The magnetic field was swept between —30
and 30 kOe, and the Hall voltage was measured two to five times at
the same magnetic field value. The effect of magnetoresistance was
removed by subtracting the Hall resistance in the positive magnetic
field regime with their respective negative field values and dividing the
difference by 2.

X-ray photoelectron spectroscopy (XPS) spectra were collected in
a spectrometer (Physical Electronics, VersaProbe 5000, Chanhassen,
MN) using a 100 pgm monochromatic Al Ka X-ray beam.
Photoelectrons were collected at a takeoff angle of 45° between the
sample surface and the hemispherical electron energy analyzer.
Charge neutralization was applied using a dual-beam charge
neutralizer, irradiating low-energy electrons and ion beams. Survey
scans were obtained from 1000 to —4 eV binding energy using a pass
energy of 117.4 eV, whereas the high-resolution scans were obtained
within the interested regions using a pass energy of 23.5 eV.
Quantification and deconvolution of the core-level spectra were
performed using a software package (CasaXPS Version 2.3.16 RP
1.6). Background contributions to the measured intensities were
subtracted using a Shirley function.

Thermogravimetric and mass spectroscopy analyses were per-
formed using a Discovery SDT 650 thermal balance connected to a
Discovery mass spectrometer (TA Instruments, DE). The free-
standing MXene films with masses around 5—10 mg were dried in a
vacuum desiccator at room temperature for at least 24 h prior to the
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measurement. Then, they were packed in a 90 yL alumina pan and
heated to 1500 °C at a constant heating rate of 10 °C min~" in He
atmosphere (100 mL min™"). The furnace was purged with a 100 mL
min~" flow of He gas for 1 h before the analysis to remove air residue.
For single-flake device fabrication, the Ti;CNT, MXene solution
was drop-cast onto a Si/SiO, substrate and dried in air, leaving
multiple MXene flakes on the substrate. Individual monolayer flakes
were identified by optical microscopy and then used for device
fabrication. Similar to other 2D materials deposited on the Si/SiO,
substrate, MXene flakes show color contrast in the optical microscope.
Multilayered and folded flakes exhibit higher contrast compared with
monolayer flakes, which we used to differentiate between the number
of layers. For device fabrication, we selected uniformly colored flakes
with the lowest contrast, which were confirmed to be Ti;CNT,
monolayers by AFM imaging. A Zeiss Supra 40 field-emission
scanning electron microscope and a Raith pattern generator were used
for electron beam lithography to pattern electrodes on Ti;CNT,
MXene flakes. Deposition of 3 nm of Cr at a rate of 0.2 A s™' and 20
nm of Au at a rate of 0.3 A s™' was performed using an AJA electron
beam evaporation system at a base pressure of ~7 X 10~ Torr. The
electrical characterization of MXene devices was performed in a Lake
Shore TTPX cryogenic probe station at a base pressure of 2 X 107°
Torr using an Agilent 4155C semiconductor parameter analyzer.

B RESULTS AND DISCUSSION

Synthesis and Delamination. The XRD pattern of the
Ti;AICN MAX powder used in this study is shown in Figure
Sla. The peak positions and intensity are in good agreement
with the previous report.”> We note that there is a small
amount of M,AX; and M,AX phases in the powder as
indicated by their (002) peaks at 7.5° and 13.0°, respectively.
Moreover, we cold-pressed this Ti;AICN powder as well as
Ti;AlC, powder with pressure ranging from 250 to 900 MPa
and compared the electronic conductivity and density of the
resulting MAX powder pellets as shown in Figure SIb.
Although the conductivity of Ti;AIC, and Ti;AICN pellets
increased with increasing the applied pressure because of more
efficient interparticle contacts at the grain boundaries, the
difference between Ti;AlC, and Ti;AICN lies within the error
of the measurement. This result and that reported earlier show
minimal effect of nitrogen substitution on the electronic
conductivity of the Ti;AlC, and Ti,AICN MAX phases.”>**

A schematic representation of the two synthesis routes and
the structures of the resulting products is shown in Figure 1. In
the LiF + HCIl route, the resulting MXene sheets are

! = water

x = tetramethylammonium hydroxide (TMAOH)

Figure 1. Schematic of the two synthesis routes used for producing
Ti;CNT,. Using a mixture of LiF and HCI results in Li* and H,0O
intercalation (upper route), which leads to more compactly stacked
MXene sheets compared to when TMAOH or TBAOH are used as
intercalants (lower route). Ti, C, N, Al, O, H, F, and Li atoms are
represented by yellow, black, blue, gray, red, white, green, and purple
spheres, respectively. Electron paths are represented by red and green
arrows.
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Figure 2. (a—c) SEM images of d-Ti;CNT, flakes from the LiF + HCI route with and without sonication. (d,e) SEM images of delaminated
Ti;CNT, flakes from the HF + TMAOH and HF + TBAOH routes with sonication, respectively. The flakes are marked with orange arrows to be
distinguishable from the porous alumina membrane used for imaging. (f) Cross-sectional SEM image of a ~2.5-um-thick free-standing film

prepared by vacuum filtration of d-Ti;CNT, (LiF + HCI) solution.

intercalated by water molecules and solvated Li* ions, whereas
in the HF + TMAOH route, the films are intercalated by water
molecules and tetramethylammonium cations (TMA®). Similar
to Ti;C,T, Ti;CNT, was readily delaminated without the
need of sonication when a mixture of LiF and HCl with a
molar ratio of LiF to MAX powder exceeding 7.5:1 was used in
the etching step.”> SEM and AFM were used to confirm
successful delamination of Ti;CNT, via the LiF + HCI route
(Figures 2a—c and S2), the HF + TMAOH route (Figure 2d),
and the HF + TBAOH route (Figure 2e). Thin and
transparent flakes (marked with orange arrows) with lateral
size around 300 nm for sonicated solution and up to 10 um for
the LiF + HCI route without sonication were observed over a
large area on a porous anodized alumina membrane (Figure
2b—c). A cross-sectional SEM image of a ~2.5-um-thick free-
standing film prepared by vacuum filtration of d-Ti;CNT,, (LiF
+ HCI) solution is shown in Figure 2f. Transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) of Ti;CNT, (LiF + HCI) without sonication also
confirm delamination, yielding flakes with lateral size larger
than 10 pgm with a typical hexagonal symmetry of MXenes
(Figure 3). The size distribution curves obtained from DLS of
d-Ti;CNT, solutions (Figure 4a) are shown in Figure 4b. The
DLS results are in good agreement with the flake size observed
in SEM and TEM, where the peaks in DLS results are at ~300
nm for the sonicated solution and at ~1 and 10 ym for

Figure 3. (a) TEM image of a Ti;CNT, (LiF + HCI) single flake. (b)
SAED pattern showing typical hexagonal symmetry of the flake.

2944

a) b)
i TizC,T
TI3CNTX 32 1x —— LiF+HCI_sonic
- - - LiF+HCI_nosonic '
—~ |——HF+TMA_sonic o
> |
A
>
‘@
c
]
=

100 1000
Size (nm)

10 10000

Figure 4. (a) Optical image of d-Ti;CNT, and d-Ti;C,T, solution
produced by LiF + HCl method. (b) DLS data of d-Ti;CNT, solution
obtained from different routes. The nonsonicated LiF + HCI route
has a larger particle size of 1 gm and a peak of more than 10 ym,
which is the upper limit of the DLS machine.

nonsonicated solution. For both synthesis methods, the
obtained flakes are free of impurity particles, such as oxide
or remaining salt, as can be seen from the clean surface and
edges of the flakes in the SEM, TEM, and AFM results in
Figures 2, 3, and S2. Nonetheless, small amounts of impurity
nanoparticles were observed in the delaminated solution,
especially when organic bases were used in the delamination
step (not shown). The thickness of a single MXene flake was
measured by AFM and was found to be close to 2.5 nm
(Figure S2). The thickness of Ti;CNT, measured in this work
was similar to that of Ti;CNT, and Ti;C,T, reported
earlier.”>**® We also observed a step of 1.5 nm when there
was a stack of flakes on top of each other. However, the
measured thickness values are still larger than that proposed by
the DFT calculation and high-resolution TEM images (~1
nm).”” The increased thickness is likely due to water and/or
other adsorbed molecules trapped between the flakes and the
substrate, which was also reported for graphene and other 2D
materials.”>”

XRD patterns of free-standing films obtained by vacuum-
assisted filtration of the delaminated solution produced by each
synthesis method before and after annealing are presented in
Figure Sa. For the as-produced films, the (002) peaks of the
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Figure 5. (a) XRD patterns showing the (002) reflection of the Ti;CNT, films produced by different methods and post-synthesis treatments. (b
and d) TGA—MS thermogram of the Ti;CNT, (LiF + HCl) and Ti;CNT, (HF + TMAOH), respectively. (c and e) N 1s high-resolution XPS
spectra of the Ti;CNT, (LiF + HCI) and Ti;CNT, (HF + TMAOH), respectively.

LiF + HCl, HF + TMAOH, and HF + TBAOH films are
located at 6.8°, 6.8°, and 4.7°, respectively, corresponding to
the interlayer distances (d) of 13.0, 13.0, and 18.7 A,
respectively. We used TBAOH to further intensify the effects
of intercalated ions on transport properties as will be discussed
in the following sections. For the TMAOH-delaminated film,
there is a shoulder centered at 5.5° corresponding to the
interlayer distance of 16.1 A. From the (002) peaks of the as-
produced LiF + HCIl and HF + TMAOH samples, their
interlayer distance is ~13 A because of Li* and water
intercalation, in good agreement with the previous reports.””*’
On the other hand, TMA* and TBA" intercalation resulted in
larger interlayer distances of 16.1 and 18.7 A, respectively,
which are similar to that reported previously.”’ The increases
of ~3 and ~6 A for the samples intercalated by TMA* and
TBA, respectively, agree well with the size of the cations.*!
After drying at 150 °C under vacuum for 18 h, a negligible
shift was observed in the (002) peak of the Ti;CNT, (LiF +
HCI) sample. However, when the sample was heated at 400 °C
in Ar atmosphere for 3 h, the peak shifted to 8.64° (Figure Sa,
top pattern). This result suggests that Ti;CNT, synthesized by
this method has a stronger affinity to the intercalated water
molecules compared to Ti;C,T,, where the (002) peak was
reported to be around 8.6° after drying only at 120 °C under
vacuum.” This conclusion is supported by the thermogravi-
metric analysis coupled with mass spectroscopy (TGA—MS)
data shown in Figure Sb, where water desorption (indicated by
the m/z = 18) was not complete until close to 250 °C. The
reason for this phenomenon is not clear at the moment and
was not observed in the HF-etched samples. After annealing at
400 °C, the (002) peaks of the LiF + HCl, HF + TMAOH,
and HF + TBAOH samples were at 8.6° (10.3 A), 8.0° (11.0
A), and 6.8° (13.0 A), respectively. The large interlayer spacing
of the HF + TMAOH and HF + TBAOH samples after
annealing suggests incomplete removal of the organic cations.
However, for the HF + TMAOH sample after drying at 400
°C, a small peak at 8.6° was also observed, suggesting that
some of the TMA' cations were removed by thermal
annealing. TGA—MS results of the HF + TMAOH and the
HF + TBAOH samples shown in Figures Sd and S3a,
respectively, show that the organic cations decomposed slightly
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after 400 °C, which agree with the smaller (002) peak shifts for
these two samples compared to the LiF + HCI one. We also
tested thermal stability of the TBAOH aqueous solution and
found that the sample decomposed at ~250 °C as revealed by
the thermogram shown in Figure S3b. The increase of the
decomposition temperature of approximately 150 °C of the
intercalated organic species indicates a strong interaction
between TMA* and TBA" ions and the MXene surface, which
might be responsible for incomplete thermal decomposition.
Independent of the synthesis method, Ti;CNT, MXene starts
to decompose close to 900 °C forming CO gas (m/z = 28).
Interestingly, no NO, gas (m/z = 30, 46, etc.) was detected
after MXene decomposition. The XRD patterns of the sample
annealed at 1500 °C in He environment (Figure S4a) shows
only peaks corresponding to TiN and some trace of anatase
and rutile, in contrast to TiC formed when Ti;C,T, is annealed
at 1500 °C. This result suggests that formation of TiN is
thermodynamically more favorable compared to TiC at high
temperatures.

XPS was used to analyze chemical composition and C/N
ratio of the Ti;CNT, prepared by different methods. Shown in
Figure Sc,e are high-resolution XPS scans of N 1s region of
Ti;CNT, prepared from the LiF + HCl and the HF +
TMAOH routes, respectively. For the LiF + HCI sample, four
peaks were used to fit the spectra: TiCN (396.6 eV), N—Ti—
T, (3972 €V), —NR, (R = C, H) or N—O (399.3 V), and
N-TiO, (401.0 eV). Similar peak assignments were used for
the HF + TMAOH and HF + TBAOH samples (Figure S7)
except the high binding energy peak of 401.8 eV was assigned
to NCR," (R = C, H). Detailed XPS peak fits of all regions are
presented in Figures S5—S7 and Tables S1—-S3. TiCN was
observed in all samples at approximately 20 at. %. Interestingly,
the N—O bond was observed in both samples, suggesting the
possible formation of oxynitrides. When comparing atomic
concentrations obtained from the XPS spectra, we observed
that the C/N ratio is not unity and varies in a range close to
1.2—1.5:0.5 (see Tables S1—S3). We believe that the different
C/N ratios can affect the optoelectronic properties of
Ti;CNT, and other carbonitride MXenes in general, as will
be discussed in the next section. The absence of Al confirms
successful etching, washing, and delamination steps for both
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Figure 6. (a) UV—visible spectra of d-Ti;CNT, solutions produced using LiF + HCI (black) and HF + TMAOH (red) routes compared to
Ti;C,T, (LiF + HCI) solution (blue). The solution concentration is around 1.5 X 107> mg mL™". (b) Calibration curves of the solutions obtained
using their respective peak absorption in the visible region. (c) UV—visible spectra of spin-casted Ti;CNT,, (LiF + HCl) films. The optical image of
the films is shown in the inset. Drexel University logo is used with permission from Drexel University. (d) Film transmittance as a function of sheet
resistance for the Ti;CNT, samples prepared using two etching routes. Ti;CNT, (HF + TMAOH) thin films are about 10 times more resistive than

Ti,CNT, (LiF + HCI) films.

synthesis methods, as they were adequate to remove any Al-
containing impurities. From the Ti 2p region, it was observed
that Ti in the HF + TMAOH and HF + TBAOH samples has
higher contribution from Ti*" (458.4 eV) of 17 and 26 at. %,
respectively, compared to that of the LiF + HCl sample (13 at.
9%). The Ti*" contribution could come from the O-terminated
MZXene surface and/or a small amount of TiO, nanoparticles
present in the free-standing film samples used in XPS analysis.
This might be due to treatment of the sample with bases,
similar to that observed for the KOH- and NaOH-treated
Ti,C,T,. "

Optoelectronic Properties. UV—visible spectroscopy was
used to study the optical properties of Ti;CNT, prepared by
different methods. Figure 6a shows absorption spectra of d-
Ti;CNT, solutions prepared by LiF + HCl and HF + TMAOH
methods compared to a solution of d-Ti;C,T, prepared by the
LiF + HCl method.”® A clear distinction can be observed when
comparing Ti;CNT, and Ti;C,T,. The local absorption
maxima are located at 670 and 770 nm for Ti;CNT, (LiF +
HCI) and TiyC,T, (LiF + HCI), respectively. Ti;CNT, (HF +
TMAOH) did not show a clear absorption peak, but a broader
shoulder at around 670 nm. The difference in absorption peaks
translates into different colors of the two MXenes, that is,
brownish for Ti;CNT, and dark green for Ti;C,T, as shown in
Figure 4a. The full UV—visible spectra recorded over
wavelengths between 200 and 1000 nm are shown in the
inset of Figure 6a. It is worth mentioning that Ti;CNT, shows
higher optical absorption in the near-infrared region compared
to Ti;C,T,, which could be useful for photothermal therapy
applications. We also found that the absorption peak of
Ti;CNT, made by LiF + HCIl from different batches of
Ti;AICN MAX powder showed a shift in peak position ranging
from 670 to 730 nm (not shown). A conclusive reason for this
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shift could not be drawn at this point and is beyond the scope
of this study. However, we believe that it is related to the C/N
ratio variation in the Ti;AICN MAX precursor. Further studies
will be conducted to verify this hypothesis. In general, the
results presented here show the tunability of optical properties
of MXenes by manipulating their X elements. Figure 6b
presents a plot of the absorbance at the local absorption
maxima (670 nm for Ti;CNT, and 770 nm for Ti;C,T,) as a
function of the solution concentration and the extinction
coefficients were calculated to be 27.6, 27.0, and 324 L g™!
cm™! for Ti;CNT, (LiF + HCI), Ti;CNT, (HF + TMAOH),
and Ti;C,T, (LiF + HCI), respectively. Although the etching
methods only slightly affected the absorption coeflicient of
Ti;CNT,, the resulting absorption coefficients were lower than
that of Ti;C,T,, which is beneficial for transparent conductive
coating applications.

The transparent films of Ti;CNT, were prepared by a spin-
casting technique using d-Ti;CNT, solution with a concen-
tration between S and 20 mg mL™'. As the TBAOH
delamination route did not yield high-concentration solutions,
we only compared the optoelectronic properties of thin films
made by LiF + HCI and HF + TMAOH routes. When using 5
mg mL™" solution of Ti;CNT, (LiF + HCI), the transmittance
of the thin films at 550 nm ranged from ~75 to 94%, when the
spin speed increased from 1000 to 10 000 rpm. To obtain less
transparent and more conductive films, 20 mg mL™" solution
was used (Figure 6¢). The thickness of the film with 80%
transmittance was 9 nm with a surface roughness of 2.7 nm,
while that of the film with 94% transmittance was 2.5 nm. The
latter film mainly had a monolayer coverage of the MXene
flakes as confirmed by AFM images (Figure S8). Although the
thickest film we obtained with the 20 mg mL™" solution has a
transparency of 40%, thicker films can be prepared by
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Figure 7. (a) Temperature-dependent resistivity of the Ti;CNT, films prepared by different routes. (b) Temperature-dependent resistivity of the
Ti;CNT, (LiF + HCI) film after annealing at 400 °C in Ar, showing metallic behavior from room temperature to ~100 K. (c) Hall mobility and
carrier concentration of the Ti;CNT, (LiF + HCI) film at different temperatures. (d) Transfer characteristics of a Ti;CNT, (LiF + HCI) single-
flake device. Top inset is the SEM image of a four-terminal device and bottom inset is Ins—Vpg curves for different gate voltages, which demonstrate
Ohmic behavior and weak gate voltage dependence, indicating metallic behavior.

repeating the spin-casting process or using a higher solution
concentration. Note that a high spin speed of more than 5000
rpm is required to obtain homogeneous coating when using
high concentration of the MXene solution because of its
viscoelastic property.44 Moreover, we note that MXene in
solution tends to agglomerate when the concentration of the
solution exceeds 20 mg mL ™!, which may cause inhomogeneity
of the resulting thin films.

Next, we studied the optoelectronic properties of the
Ti;CNT, thin films by comparing their optical transparency
measured by UV—visible spectroscopy and sheet resistance
measured in a four-point probe configuration. The plots of
transmittance as a function of sheet resistance of the thin films
prepared from Ti;CNT, (LiF + HCl) and Ti;CNT, (HF +
TMAOH) are shown in Figure 6d. At the same transparency,
the films made from the Ti;CNT, (HF + TMAOH) solution
were approximately 1 order of magnitude less conductive than
those made from the LiF + HCI solution. The sheet resistance
of the thin films with transparency between ~40 and ~94%
prepared from the Ti;CNT, (LiF + HCI) solution ranges from
0.1 to 10 kQ sq~', whereas that of films prepared from the
Ti;CNT, (HF + TMAOH) solution range from 3 to 10 000
kQ sq~". The electrical figure of merit (FoM,; opc/ Oop Where
opc is the electronic conductivity and o, is the optical
conductivity at 550 nm) of each film was calculated using the

188.5 %
1+ —=—=

R, opc

-2
equation T550nm=( ) , where Tyso,, is the

transmittance of the film at 550 nm and R, is the sheet
resistance (Q sq™').*> The films prepared from the Ti;CNT,
(LiF + HCI) solution and the Ti;CNT, (HF + TMAOH)
solution have FoM, values of 2 + 0.81 and 0.1 + 0.027,
respectively. The large difference in the electrical conductivities
of the films prepared from the Ti;CNT, (LiF + HCl) and the
Ti,CNT, (HF + TMAOH) solutions is ascribed to differences

in their surface chemistries and largely to intercalation of
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TMA" cations, which expands the interlayer distance,
suppressing inter-flake electron transport. However, we do
not eliminate the possibility that the Ti;CNT, (HF +
TMAOH) films could be more oxidized because of prolonged
exposure to basic solution as suggested by the XPS results.
Moreover, it was reported for Ti;C,T, that HF etching results
in more defective MXene flakes, which could potentially affect
the electronic properties of MXenes.*® The Ti,CNT, (LiF +
HCI) thin films were less conductive than the Ti;C,T, films of
similar thickness that were prepared by a similar method.®*’
This is possibly due to reduced electron density of Ti d-
electrons induced by the presence of highly electronegative
nitrogen atoms in the X layer, as predicted by the DFT
calculations.'®  Although nitrogen has one extra electron
compared to carbon, its electrons are localized in a lower
energy band far away from the Fermi level, which are not active
in electronic transport.13 Moreover, random distribution of the
nitrogen atoms in the X layer and atomic defects could act as
scattering centers, reducing electron mobility.'”*>**

To study the stability of the Ti;CNT,, thin films prepared by
different methods, the resistance of the films with different
thicknesses was recorded while the films were exposed to
ambient conditions (20 °C, laboratory air). For Ti;CNT, (LiF
+ HCI) and Ti,CNT, (HF + TMAOH) films with 8§ nm
nominal thickness, the sheet resistance increased 1.25 and 1.5
times their original values after 30 h, respectively, as shown in
Figure S9. For thinner films, the sheet resistance increased
drastically over time, that is, 2.5 times for the Ti;CNT, (HF +
TMAOH) film with ~4 nm thickness and 3.5 times for the
Ti,CNT, (LiF + HCI) film with ~2 nm thickness. The
Ti;CNT, thin films are less stable compared to Ti;C,T,, where
only 10% change was observed in a single-flake device over 30
h and a negligible change in resistance was observed in a 25
nm-thick film over 150 min.”*” We also observed that vacuum
annealing of the freshly made thin films of Ti;CNT, at 150 °C
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Figure 8. (a) Normalized low-temperature resistivity (p/p3ox) of the Ti;CNT, films prepared by different methods and post-synthesis treatments.
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Table 1. Summary of the Effects of Synthesis and Processing on Optoelectronic Properties of Ti;CNT,

etching delamination  annealing conditions ~optical absorption peak (nm)
. as-produced 670
LiF + HCI
400 °C N/A
as-produced 670
HF TMAOH
400 °C N/A
as-produced N/A
HF TBAOH
400 °C N/A

interlayer distance (A) room-temperature resistivity (Q cm)  pox/P300x

13.0 1.1 x 1073 1.80
10.3 1.0 x 1073 1.07
13.0, 16.1 2.0 X 1072 5.50
11.0 33%x 1073 1.84
18.7 7.8 480
13.0 34 %1072 6.06

caused the sheet resistance to increase, opposite to that
reported for Ti;C,T,." The increase of sheet resistance was
only observed for the very thin films (<20 nm). As we discuss
in the next section, annealing of the micrometer-thick filtered
films reduced their sheet resistance.

Electronic and Transport Properties. Electronic and
transport properties of free-standing MXene films were studied
to provide insights into the role of the X site composition on
electronic behavior. The MZXene films made by vacuum-
assisted filtration of d-Ti;CNT, solution with a thickness
between S and 10 pm were wired to a PPMS puck in a four-
point configuration using a silver wire and a silver paint, as
shown in the inset of Figure 7a. Temperature-dependent
resistivity (p versus T) was measured from 10 to 300 K with a
cooling/heating rate of S K min~' (Figure 7a). For each
synthesis route, we tested the as-produced films (solid lines)
and the same films after annealing at 400 °C for 3 h in Ar
environment (dashed lines). The room-temperature resistivity
of Ti;CNT, (HF + TBAOH) with the value of 7.8 & cm was
the highest among the as-produced films, followed by the
Ti;CNT, (HF + TMAOH) at 2.0 X 107> Q cm, and the
Ti;CNT, (LiF + HCI) sample at 1.1 X 107> Q cm. After
annealing at 400 °C, about 3 orders of magnitude decrease in
resistivity was observed for the Ti;CNT, (HF + TBAOH) film
and 1 order of magnitude decrease for the Ti;CNT, (HF +
TMAOH) film, whereas that of the Ti;CNT, (LiF + HCI) film
remained almost unchanged. The decrease in resistivity
corresponds to the decomposition/desorption of the interca-
lated molecules as revealed by the XRD (Figure Sa) and the
TGA-MS (Figures Sb,d and S3a) results discussed earlier.
Interestingly, all the as-produced films displayed a negative
slope of p versus T (dp/dT) over the temperature range
measured.

For comparison, using the p versus T data shown in Figure
7a, the low-temperature resistivity was normalized by the
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room-temperature resistivity (p/ps0x) and presented in Figure
8a. The ratios of resistivity at 10 K to room-temperature
resistivity are 480, 5.5, and 1.8 for the Ti;CNT, (HF +
TBAOH), Ti,CNT, (HF + TMAOH), and Ti;CNT, (LiF +
HCI) films before annealing, respectively. The (p/p;qox) versus
T data of the Ti;,CNT, (HF + TBAOH) film after annealing
can be almost superimposed with that of the Ti;CNT, (HF +
TMAOH) film before annealing. These two films also
exhibited similar interlayer distances as shown in Figure Sa.
A similar behavior was also observed when comparing the
Ti;CNT, (HF + TMAOH) film after annealing with the as-
produced Ti;CNT, (LiF + HCI) film. These results suggest
that temperature-dependent resistivity is largely governed by
the inter-flake transport process, which is strongly affected by
the interlayer distance. A similar increase of resistivity with
increasing interlayer distance was also observed for Ti;C,T,
treated with long-chain alkylammonium salts.”” We also
observed a correlation between the interlayer distance and
the ratio of the resistivity at 10 K to the room-temperature
resistivity (910x/P300x) s shown in Figure 8b, where an abrupt
increase of pgk/pP300x Occurred when the interlayer distance
exceeded 1S5 A. Strikingly, the initially negative dp/dT of the
as-produced Ti;CNT, (LiF + HCI) film changed to positive
dp/dT after annealing at 400 °C. As shown in Figure 7b, the
resistivity decreased with decreasing temperature from 300 to
100 K but increased as the temperature further decreased to 10
K. A similar rise in the resistivity at low temperature was also
observed for the Ti;C,T, MXene, which was attributed to
weak localization.'**” We note in passing that the increase of
resistivity with decreasing temperature of the as-produced
Ti;CNT, MXene does not originate from the existence of a
band gap of the material but most probably because of the
inter-flake electron hopping. For a better comparison, the
effects of synthesis and processing on the optical and electronic
properties of Ti;CNT, are summarized in Table 1.
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To study the effects of ion exchange on the electronic
properties, the Ti;CNT, (HF + TBAOH) film was treated
with 1 M HCI for 3 h to remove intercalated TBA" ions and
subsequently dried at 150 °C. The XRD results shown in
Figure S10a reveal a shift from 4.8° of the as-produced film
(also dried at 150 °C) to a broad peak centered around 5.7°
after the HCI treatment. The corresponding p versus T of the
TBAOH-delaminated films with acid and heat treatments are
shown in Figure S10b. The data for the as-produced HF +
TBAOH film annealed at 400 °C are shown for comparison. A
similar correlation between the interlayer distance and
resistivity, that is, the larger the interlayer distance, the higher
the room-temperature resistivity and the larger the negative
slope of the p versus T, was observed for the Ti;CNT, (LiF +
HCI) film treated with TBAOH for 24 h (Figure S10c,d). Note
that the HCI treatment of the Ti;CNT, (LiF + HCI) film
neither altered the interlayer distance nor the resistivity of the
film, suggesting that the intercalated Li* ions did not undergo
ion exchange with protons of HCL

To study the carrier densities and mobilities of Ti;CNT,, we
performed Hall measurements on the as-produced Ti;CNT,
(LiF + HCI) film at various temperatures (Figure 7c). The
Hall mobility was almost constant at 0.6 cm> V™' s™! from 10
to 200 K, whereas the carrier concentration increased slightly
from 7.7 X 10*' cm™ at 10 K to 8.7 X 10*! cm™ at 200 K. The
data above 200 K were too noisy to make any meaningful
interpretation. The high carrier concentration is consistent
with a metallic band structure of the Ti;CNT, film, even
though this sample showed negative dp/dT macroscopic
resistivity behavior in the p versus T measurement. Moreover,
the negative Hall slope (Figure S11b,d) indicates that electrons
are the majority carrier, similar to that observed for Ti;C,T,.*’
The combination of the Hall and resistivity results strongly
suggests that Ti;CNT, is intrinsically metallic with a large
electron density as predicted by DFT."*** However, expansion
of the interlayer distance caused by the intercalation of water
and organic molecules leads to the macroscopic negative dp/
dT that might be misinterpreted as semiconductor behavior.

To study the intrinsic electronic and transport properties of
Ti;CNT,, we measured the conductivity of five two-terminal
(2T) and two four-terminal (4T) field-effect transistors, which
were fabricated using single flakes of Ti;CNT, (LiF + HCI);
see the inset in Figure 7d for an SEM image of a typical 4T
device. The results of electrical measurements for all devices at
room temperature are summarized in Table S4. In all studied
devices, the drain—source current (Ipg) linearly depends on the
drain—source voltage (Vpg), which indicates Ohmic behavior.
The calculated average sheet resistance is 8900 Q sq~', which
is 3—4 times higher than that of Ti;C,T, single flakes.” Using a
flake thickness of 1 nm, the single-flake resistivity was
calculated to be 8.9 X 10™* Q cm. We also investigated the
transfer characteristics of the Ti;CNT, devices by measuring
Ips while applying gate voltage (V) to the bottom electrode.
As can be seen in Figure 7d, Ijg increases with increasing Vg
and the positive slope indicates that electrons are the majority
charge carriers, in agreement with the Hall measurements on a
free-standing film. The field-effect mobility was calculated to
be 1.4 + 025 cm® V™' 57! (Table S4), which is reasonable
given that the inter-flake resistance reduces carrier mobility
measured in a Hall measurement of a free-standing film. This
value is comparable to the values of 2.6 + 0.7 and 0.7 & 0.2
cm® V7' 57! obtained in similar measurements for devices
based on single flakes of Ti,C,T,.°
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B CONCLUSIONS

A systematic study of the effect of synthesis (LiF + HCI or
HF) and processing (intercalation, annealing, drying, and ion
exchange) on optoelectronic properties of the Ti;CNT,
MXene has been conducted, which showed that Ti;CNT,
exhibited lower electronic conductivity and a blue shift in UV—
visible spectra compared to its Ti;C,T, carbide counterpart.
This work has demonstrated that the optoelectronic properties
of MXenes can be controlled by manipulating the X element
(C versus N). We also showed that increasing the interlayer
distance by intercalants, such as water, TMAOH, and TBAOH,
decreases the electronic conductivity because of increased
inter-flake resistance. The inter-flake process strongly affects
the temperature-dependent resistivity, causing the macroscopic
negative slope (dp/dT) observed in the as-produced Ti;CNT,
samples. Removal of intercalants by vacuum annealing or ion
exchange resulted in several orders of magnitude increase in
conductivity of the organic-intercalated samples and caused the
macroscopic conductivity within the Ti;CNT, (LiF + HCI)
sample to change to metallic behavior. The Hall measurements
indicated electrons as the majority charge carrier with a density
close to 8 X 10?! cm™3, which is in good agreement with the
electronic transport measurements of field-effect transistors
made from single MXene flakes, showing that Ti;CNT, is
intrinsically metallic within the flake.
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