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ABSTRACT: MXenes are a family of two-dimensional (2D) materials
with broad and varied applications in biology, materials science, photonics,
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responses of 2D Ti;C,T, MXenes both in aqueous solutions and on a
silicon substrate for the first time. MXene flakes showed strong second-
harmonic scattering (SHS) in a dilute suspension with a sensitivity of less
than 0.1 pg/mL. Angle-dependent SHS experiments further found that the second-order responses originate from coherent 2D
dipole radiation. Through confocal and atomic force microscopies, we found that the intense SHG signal from free-standing MXene
flakes increases exponentially with decreasing thickness, while two-photon fluorescence increases linearly with thickness. The
second-order susceptibility of the MXenes was determined to be 3.6 pm V™' with a thickness of 10 nm, almost twice of that for an
often-used SHG crystal, beta barium borate. We further explored surface properties of the MXene sheets by investigating the SHS
responses upon addition of organic dye molecules to the system. It was found that the adsorption of crystal violet (CV) obeys a
Langmuir adsorption model while the addition of malachite green (MG) resulted in almost no change in SHG intensity, even though
the adsorption capacities for both CV (61.3 + 1.7 mg/g) and MG (54.8 + 2.8 mg/g) are similar. Such a stark difference in
adsorption characteristics between cationic organic CV and MG dyes is likely due to their distinct orientational orderings on the
MZXene surfaces. This work opens many possibilities for the further employment of the family of 2D materials in photonics, optics,
and surface catalysis applications.
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Xenes are a family of 2D materials consisting of

transition metal carbides and nitrides taking the form
M, X,T,, where M is an early transition metal, X is C or N,
and T are surface terminal groups on M sites including OH, O,
F, and CL' Since their fabrication from MAX (Ti,AlC,) in
2011 by Naguib et al,” MXenes have been a major topic of
research in materials science and chemistry."”* This is due to
the utility of MXenes in photocatalysis,”” energy storage,'’™ "
biosensing,14 electrochemistry,ls_18 and water treatment for
environmental remediation.'”>* For example, MXenes have
been used in H, production®”** and CO, reduction,”*® as
well as methane”” and methanol®® production by photo-
catalytic reactions. MXenes also have been utilized in
electrochemical hydrogen evolution” and water oxidation
showing significant catalytic promise. The unique layered
structure of MXenes has also been exploited as a means for the
removal of metal ions in solution,*' >* desalination,**** and
even treatment of organic contaminants including antibiotics*®
and dyes.””** Hybrid MXene-gold nanoparticle composites
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have even provided enhanced sensitivity for biosensing
applications for viral mutations.'* These unique structure
and properties of MXenes materials stem from their 2D layered
structure which provides excellent surface area for functional-
ization and adsorbate interactions. Such adsorption can lead to
areas of broken symmetry, where nonlinear spectroscopic
methods are uniquely sensitive to detecting these areas by
measuring the second-order nonlinear response. However,
until now, the intrinsic second-order nonlinear optical
properties and molecular adsorption on MXenes remain

unexplored.
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Second harmonic generation (SHG) is a second order
nonlinear optical process which is very sensitive to the crystal
symmetry of materials. This technique has been used
extensively over the past decade to investigate the optical
and physiochemical properties of other 2D materials, including
crystal symmetry, stacking alinement, crystal strain tension,
phase transition, magnetism, among many others.*** In some
of the first demonstrations of SHG with 2D materials, it was
shown that the breaking inversion symmetry of MoS,, which
forbade bulk SHG character, enhanced the nonlinear response
of atomically thin and odd-numbered layered 2D sheets.*"**
Further investigation by Li et al. developed a relationship
between the crystalline and electronic structures of 2D MoS,
whereby interlayer electronic coupling occurred and therefore
electronic structure changed as a function of layer thickness.*’
Second-harmonic character has been exhibited in other 2D
semiconductor materials such as WSe,* and InSe.** More
recent examples of this material-instrument combination and
response include observations of strain-induced changes m
SHG light patterns from 2D graphene, GaSe, WS,, InzSe3,
penta-CdO, sheets,”” and designer self-intercalated tantalum
sulfide sheets with spontaneous and scalable second-harmonic
character.* Interestingly, SHG has recently been used as a tool
to investigate the effects of mechanical forces applied on
MXene flakes, as well as their piezoelectric properties. For
example, it was shown that mechanical strain affected the linear
and nonlinear optical properties of Sc,CT, MXenes with
significant anisotropicity." Furthermore, changes is in the SH
character of monolayer Ti;C, MXene sheets was used to
identify crystal orientations for further monolayer piezoelectric
applications.”® While the SHG has been used for sensing of
MXene properties, the SH character of MXenes has not yet
been thoroughly quantified.

MXenes have seen applications in optics and nonlinear
optics as well.’' For example, Ti;CN showed promise as a
saturable absorption material for mode-locking femtosecond
lasers, where it was employed in a near-IR laser with
subpicosecond pulse durations at a high repetition rate.’”
Furthermore, the nonlinear character of another MZXene,
Ti;C,T,, was examined demonstrating a large nonlinear
absorption coeflicient and a negatlve nonlinear refractive
index on par with that of graphene.’® Ti;C,T, also showed
great potential in near-IR mode locking applications, obtaining
a pulse duration of hundreds of femtoseconds. Hybrid
TiyC,(OH),/Ti;C,F MXenes have also found utility in
nonlinear optical experiments as a saturable absorber in the
near-IR and was deployed in a Q-switching application.”*
Later, the nonlinear character of Ti;C,T,, was systematically
studied where its nonlinear absorption coefficients, negative
nonlinear refractive indices, and third-order susceptibilities
were quantified.”® Further study of Ti;C,T,, using ultrafast
transient absorption has shown that the material exhibits a long
bleaching recovery time which contributes to its usefulness in
broadband Q-switching applications.”® Other investigations
have shown that Ti;C,T, can undergo a laser-induced
structural change from flat to rippled in hundreds of fs, with
ripples that were aligned with the incident laser polarization.>”
By comparing surface terminations and their effect on MXene
optical properties, it was shown that = O rich surfaces resulted
in saturable absorption but —OH rich termination resulted in
reverse saturable absorption, and the nonlinear absorption
coeflicient of the —OH rich sample was over 50% greater than
that of the pristine sample.”® Although the nonlinear optical

characteristics of MXenes have been investigated and produced
interesting photonic properties, nonlinear methods have not
been used with MXenes to probe chemical processes in situ.

Unlike 2D transition metal dichalcogenides such as MoS,,
MXenes, specifically Ti;C,T,, have exhibited metallic elec-
tronic character, where its conductivity decreased upon
photoexcitation.” Accordingly, MXenes may be expected to
exhibit SHG character similar to other metals such as gold and
silver,®”" but this has not yet been demonstrated. Addition-
ally, MXene surfaces have shown excellent potential for
functionalization to extend their applicability. In one such
case, phenylsulfonic-functionalized MXenes exhibited a 2-fold
increase in capacitance and excellent stability for better
electrochemical energy storage applications.”” In another
example, Ti;C,T, was functionalized with aminosilane groups
which resulted in a pH-tunable surface charge and extended
their utility.”> MXene 2D sheets have also been used as a
photothermal ablation tool for tumors where therr function-
ality can assist in interfacing in biological systems * In a recent
study, boro-organic functionalized Ti;C,T, showed excellent
fire and smoke retardant characteristics in a composite material
for industrial applications.”” The extensive applicability of
MXenes in many applications, stemming from their diverse
surface functionalization and coupled with their distinctive
physiochemical attributes, highlights their significance and
emphasizes the need to enhance our understanding of these
materials.

While the use of MXenes to remediate organic pollution in
aqueous systems is not novel, the complete exploration and
optimization of this approach have not been achieved, thus
creating opportunity for further investigation. Building upon
their adsorptive capabilities, recent studies have also
investigated the potential of MXenes to adsorb and degrade
organic dyes in aqueous media.””** An early demonstration of
the ability of Ti;C,T, to adsorb organics was with methylene
blue (MB), which followed a Freundlich isotherm over a
Langmuir isotherm, and demonstrated the affinity of MXenes
for cationic adsorbates resulting in a strong and irreversible
binding.>” Later, it was shown that alkalized TiyC,T, resulted
in increased 1nter1ayer spacing that 1ncreased its adsorption
capacity for MB** as well as Congo red.”® MXene also has
shown an impressive adsorption capacity for MB and methyl
orange.”” While the adsorption of organic dyes by MXenes has
been studied repetitiously, these works focus on the adsorption
capacity of the dye, instead of in situ monitoring adsorption
mechanism of dyes onto MXenes. Given the unique metallic
traits of MXenes which can contribute to their nonlinear
optical properties, along with their unique surface chemistry
which hosts functionalization and adsorption unlike other 2D
semiconductors, we believe that this combination of character-
istics may make MXenes ideal for investigating using SHG
methods to detect contaminant adsorption and uptake.

In this work, we demonstrate, to the best of our knowledge,
the first report of both SHG detection of MXenes in aqueous
solutions and quantitative evaluation of second-order nonlinear
optical properties of few layer Ti;C,T, MXenes. Using second-
harmonic and atomic force microscopies, we found that the
SHG intensity strongly depends on the sample thickness: the
thicker sample, the smaller SHG signal; possibly becoming
canceled out by dipole symmetry for multilayer samples. We
then quantify the second-order susceptibility of Ti;C,T,
MXenes, a metric by which materials’ nonlinear optical
properties can be assessed. To better understand the
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Figure 1. XRD pattern of MAX phase (A) and TiyC,T, MXenes (B). (C) UV—vis absorption spectrum of an aqueous MXene suspension. (D)
UV—vis calibration curve of different MXene concentrations. (E, F) TEM images with scale bars of 500 and 20 nm, respectively. G) EDS elemental

mapping of (left to right) Ti, O, and C with a scale bar of S um.

surface/interface properties of the Ti;C,T, MXene flakes, we
then investigated their dye adsorption capabilities using crystal
violet (CV) and malachite green (MG) in aqueous suspensions
by monitoring their adsorption in situ using second-harmonic
scattering (SHS) spectroscopy. This work highlights the
impressive SH character of MXenes and uses it to obtain
ppb sensitivities for dye contaminants in addition to other
applications in nonlinear optics and photonics.

B EXPERIMENTAL SECTION

Second Harmonic Scattering (SHS) Experiments.
Light was sourced from a femtosecond laser amplifier system
(Carbide, Light Conversion), operating at a repetition rate of
100 kHz and an output power of 5.0 W. As schematically
depicted in Figure S1, the laser pulse was centered at 1030 nm
with a duration of 170 fs. The polarization of the 1030 nm
pulse was adjustable via a half-wave plate, while a thin-film
polarizer was employed to select the polarization of the SHS
signal. A lens with a focal length of 5.0 cm was utilized for the
1030 nm light, resulting in focal spot diameters of
approximately 35 um. The pulse energy before the sample
was 0.8 uJ. A spectrometer (Acton 300i, Princeton Instru-
ments) combined with a charge-coupled device (CCD)
detector (Princeton Instruments, LN/CCD-1340/400) was
used for spectral collection.

Forward-collected SHS experiments were conducted with
the sample in a 10 mm quartz cuvette while angle-dependent
scattering experiments used an NMR tube with a 5 mm outside
diameter and 0.5 mm wall thickness. The collection arm of the
instrument was mounted on a rotating stage (PRSOCC:
Newport) which focused the collected signal into an optical
fiber (FC-UVIR600—1-BX 1904207: AVANTES), and a
LabView program was used to correlate scattering angles
with the collected spectra. A 3° angular resolution was
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obtained by using a 2 mm slit. Angle-dependent scattering
spectra were collected from —75° to 75° at 2° increments.
Polarizations of the incident and collected light are defined as
H-polarized being within the scattering plane (horizontal
plane), and V-polarized being perpendicular to the scattering
plane, resulting in four polarization combinations of HH, HV,
VH, and VV, in order of incident light followed by the SH
signal.

AFM and SHG Imaging. Atomic force microscopy (AFM)
measurements were conducted using a silicon tip in contact
mode, combined with a confocal microscope (NTEGRA
Spectra I, NT-MDT Inc.). For SHG imaging measurements,
the sample was excited by femtosecond laser pulses at a
wavelength of 900 nm with a pulse duration of <100 fs and a
repetition rate of 80 MHz (Mai Tai, Spectra Physics). The
objective used was 100x with NA = 0.7 and a long working
distance (Mitutoyo). SHG images were acquired by scanning
the laser beam using a Galvo mirror and detecting the SHG
and photoluminescence signals with an EM-CCD camera. All
measurements were performed under ambient conditions. The
samples for AFM and SHG imaging measurements were
prepared by drop-casting a dilute solution of MXenes onto a
silicon substrate.

TisC,T, MXene Preparation. Multilayer Ti;C,T, MXene
flakes were prepared by etching Ti;AIC, MAX phase 500 mesh
powder.”® 1.0 g of the MAX powder was slowly added to 30
mL of 12 M HCI and 3 M HF, then stirred for 20 h at 45 °C
with a condenser column to minimize product loss. After
etching, the sample was washed repeatedly with deionized
(DI) water (18.2 M2 cm) until the supernatant reached a pH
of 5. To delaminate the sample, 25 mL of 1.0 M LiCl was
added to the neutralized MXene with about 25 mL of water
used to transfer the sample.”” The mixture was stirred and
heated at 65 °C for 1 h under argon, followed by 3 washes with
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Figure 2. (A) Emission spectra of 0.06 mg/mL Ti;C,T, MXenes in DI water (blue) and DI water (red) at HH polarization under 1030 nm
excitation. The inset shows SHG intensity of the MXenes suspended in DI water from 0 to 80 ug/mL. (B) Angle-dependent SHS under HV (red
dots, top) and VV (red dots, bottom) polarization combinations from the suspension of 60 yg/mL Ti;C,T, MXene flakes normalized with angle-
dependent VV-polarized hyper-Rayleigh scattering (HRS) from water. Black curves represent the fitted data using the Rayleigh-Gan-Debye

scattering model.

DI water. The prepared MXenes were stored suspended in
argon-purged DI water.

Chemicals. MAX phase powders were purchased from
Laizhou Kai Kai Ceramic Materials Company Ltd. HCI
(certified ACS plus) was purchased from Fisher Chemical
and HF (was purchased from Sigma-Aldrich. LiCl (99%) was
purchased from Sigma-Aldrich. Argon gas was purchased from
Airgas. Malachite green was purchased from Acros Organics
and crystal violet was purchased from Alfa. All components
were rinsed extensively with methanol (HPLC-UV grade,
Pharmco) and 18.2 MQ cm ultrapure water.

B RESULTS AND DISCUSSION

The quality of our as-prepared Ti;C,T, MXenes from MAX
phase was characterized by X-ray diffraction (XRD), ultra-
violet—visible (UV—vis) spectroscopy, and transmission
electron microscopy (TEM). As shown in Figure 1(A), the
diffraction peaks obtained for the pristine MAX phase powder
were in accordance with JCPDS no. 52—0875. These peaks at
9.78°, 19.72°, 34.06°, 39.04°, 41.84°, 48.46°, 60.28°, and
74.08° were assigned to (002), (004), (100), (104), (105),
(107), (110), and (118) crystal planes, respectively. The XRD
pattern in Figure 1(B) for MXene also correlated with JCPDS
no. 32—1383, with the peaks at 6.96°, 13.86°, 28.3° 35.66°,
43.28° and 60.68° being assigned to (002), (004), (008),
(111), (200), and (220) crystal planes, respectively. After
etching the MAX phase, the most prominent peak in the MAX
phase XRD pattern at 39.04° disappeared indicating complete
etching of the Al layers.” In addition, the TiyC, peaks at 9.78°
and 19.72° broadened and were negatively shifted to 6.96° and
13.86°, respectively, further signaling the Al layers were etched
and the interlayer distance increased. UV—vis spectroscopy
was used to characterize the MXene and to determine the
concentration for the prepared samples. In Figure 1(C), a
representative UV—vis spectrum of a suspension of 0.02 mg/
mL MXenes in DI water results in a broad peak around 770
nm with additional Beaks at shorter wavelengths consistent
with the literature.”””" The absorption peak at 770 nm was
used to construct the calibration curve shown in Figure 1(D),
which exhibits a linear fit at concentrations up to 0.1 mg/mL;
beyond which significant light scattering was observed and
affected linearity. TEM was used to investigate the morphology
of the as-prepared MXenes revealing several hundred nano-
meter diameter flakes, as shown in Figure 1(E). Furthermore,
high-resolution TEM (HRTEM) in Figure 1(F) shows that the
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interlayer spacing was 0.26 nm, which matches previous
reports.72 Figure 1(G) verifies the elimination of Al from the
prepared MXenes with TEM elemental mapping depicting the
spatial distributions of Ti, C, and O with a ratio of 56.9%,
21.2%, and 14.2%, respectively.73’74 Overall, these structural
and morphological analyses indicate the complete etching of
MXenes from MAX phase powder and demonstrated a high-
quality product.

To probe the second-order nonlinear optical properties of
MXenes, we first implement second-harmonic scattering
(SHS) spectroscopy of the Ti;C,T, flakes suspended in DI
water. Figure 2(A) shows emission spectra at 2@ for samples
containing DI water (red) and 0.06 mg/mL MXene suspended
in DI water (blue) under an input fundamental light of ca.
1030 nm. SHG is a second-order nonlinear optical process in
which two degenerate photons are coincident on a sample and
are annihilated to produce a new photon whose frequency is
twice the incident frequency: 515 nm. Here we can see a large
signal, over 60 times more intense from the MXene suspension
than that from the water sample. Under the dipole
approximation, SHG is forbidden from systems possessing
inversion symmetry and is therefore forbidden from bulk
media. This large SH response from the MXene indicates that
such symmetry is broken at the water/MXene interface.
Additionally, the coherent SHS response from MZXenes
suspensions should increase linearly with concentration of
the scatterer.”> ™" Along these lines, different concentrations of
MXene SHS in DI water were collected and their peak
intensities at SIS nm were plotted as a function of
concentration in the inset of Figure 2(A). A linear increase
was observed for concentrations up to 0.03 mg/mlL, after
which the intensity stabilizes, possibly due to excessive
scattering form sample turbidity. The sensitivity of SHS signal
from MXene flakes of less than 0.1 pg/mL is readily achieved
and is only limited to the hyper-Rayleigh scattering (HRS)
signal from water. These results demonstrate a very intense
SHS response from MXenes in a suspension which is coherent
in nature.

To better understand the origin of the SHS intensity, angle-
dependent scattering experiments were carried out for the 0.06
mg/mL Ti;C,T, MXene samples in DI water under HV and
VV polarization combinations. These angle-dependent in-
tensities, normalized with the HRS response of pure water at
VV polarization are shown in Figure 2(B). This figure
illustrates that VV polarization configuration produces a peak
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Figure 3. (A) Optical image of free-standing Ti;C,T, MXene flakes on a silicon substrate at 100X magnification. (B) AFM height image of the
same MXene flakes. (C) AFM cross-section height profile of the sample indicated by the white line in (B). (D) SHG image of the MXene sample
under 900 nm fs laser excitation; red line indicates the sample boundary. (E) Emission spectra for representative sample thicknesses under 900 nm
excitation. (F) SHG and two-photon fluorescence (TPF) signals as a function of MXene thickness.

four times stronger than HV, with both having peak intensities
in the forward scattering direction, 0°. HV polarization also
results in satellite peak around 10°. Assuming 2D flakes of
MXene with an approximate lateral size of 3 ym, as determined
by optical measurements in the next section, we were able to
obtain an excellent fit to the scattering patterns using Rayleigh-
Gan-Debye scattering theory,”®”” as described in the
Supporting Information (SI). These experimental results
further confirm that the MXenes exhibit large and coherent
second-harmonic 2D dipole radiation. Although we have found
that the Ti;C,T, MXene flakes produce large SHS responses, it
is also useful to investigate the material's SH character
unencumbered by the suspension medium.

To quantify the second-order susceptibility of our Ti;C,T,
MXene flakes, thickness-dependent SHG experiments were
carried out, complemented by optical and atomic force
microscopies. The sample was drop-cast onto a silicon
substrate, and its optical image is shown in Figure 3(A),
where darker spots in the image correspond to thicker regions
of the sample. The correlating AFM image is shown in Figure
3(B), with brighter regions being thicker than the darker zones.
A slice of the height profile from the AFM image is shown in
Figure 3(C) (taken from the white diagonal line in 3(B)), with
a sample thickness ranging from about 10 to 100 nm. Using
the confocal optical/AFM setup, we then collected an SHG
image of the same flake, shown in Figure 3(D), where the
bright spots indicate a more intense signal at 2c. The emission
spectra from the Ti;C, T, MXene flake at different thicknesses
is shown in Figure 3(E). The thinner spectral location results
in a sharp, intense SHG peak near 450 nm (incident 900 nm).
In contrast, the thicker sections shown a weaker SHG peak
accompanied by a broad feature centered near 580 nm,
attributed to two-photon fluorescence (TPF). The intensities
of these two peaks were then compared as a function of sample
thickness, as shown in Figure 3(F), to better understand their

origin. Here we see that while the SHG intensity decreases
exponentially with increasing flake thickness, the TPF feature
increases linearly with sample thickness. This relationship is
indicative of cancellation of the SHG intensity by the buildup
of inversion-symmetrical layers with increased MXene thick-
ness. On the other hand, the TPF signal increases with sample
thickness due to the incoherent nature of electron—hole
recombination. These thickness-dependent SHG results may
provide valuable insight into interlayer coupling and electronic
structure., as found in other 2D materials.*"*

The second-order susceptibility, ¥ (pm V'), is a material
property that quantifies the magnitude of the second-order
nonlinear response. To measure the second order susceptibility
of MXene flakes, we used left-handed z-cut quartz with a
known second order susceptibility as a reference. As shown in
the SI, the SHG intensity is directly proportional to the square
of effective second-order susceptibility, )(,%)f (pm?* V71), which
is a product of 79, local field factors, and the coherence
length, I. (m) of the generated signal. The coherence length
accounts for the penetration depth of the associated pulses,
and the sample thickness is used when it is thinner than [.*° A
standard left-handed z-cut quartz crystal was used as a
reference material, it has a known second-order susceptibility
of 0.8 pm V™' and a coherence length of 24.6 nm.* By
comparing the SHG intensity of the unknown sample to that of
the reference material (Figure S2), we were able to calculate
the effective second-order susceptibility of the sample. As
shown in the SI, we determined the coherent length of the
Ti;C,T, MXene to be 13 nm,”" resulting in X Bne = 3.6 pm
V™!, which is almost twice that of the often-used SHG crystal,
beta barium borate (BBO) of 1.93 pm/V.*” The large
susceptibility for Ti;C,T, is likely due to strong bond
polarizability of the MXene structure. This hypothesis is
corroborated by our AFM and SHG imaging results, where
thicker sheets of Ti;C,T, MXenes resulted in a rapid decrease
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Figure 4. (A) SHG spectra of 0.06 mg/mL Ti;C,T, MXenes with the addition of 1.5 uM and 5.0 uM CV in DI water. (B) SHG spectra of 0.06
mg/mL MXenes with the addition of 1.5 uM and 5.0 uM MG. (C) Concentration isotherm of CV adsorbing onto the MXene suspension. (D)
Concentration isotherm of MG adsorbing onto the MXene suspension. Dots represent experimental values and solid lines are to guide the eye.

in SH intensity, where misalignments of the multilayer flakes
cause the 2w intensity to be partially canceled out. An even
larger second-order susceptibility is anticipated for thinner
MXene materials and may differ for other moieties. Our
discovery of large SHG character in MXene suggest that they
could have even broader applications in various photonic
devices, such as lasers and frequency conversion systems, using
less expensive components through optimized packaging of the
2D flakes. Further research in this direction is needed to
determine the effects of sheet orientation, surface functional-
ization, packing density, and different compositions to give the
most efficient photonic composites.

We utilized the strong SHG character of Ti;C,T, MXene
sheets to investigate their surface properties in situ, leveraging
their unique structures and surfaces. Distinct from traditional
2D materials, MXenes exhibit a rich surface functionalization,
featuring terminating functional groups, such as —OH, = O, -F,
and -Cl, which terminate the crystal structure to form the
sheets and prevent restacking. As an example, we compared the
surface adsorption behaviors of crystal violet (CV) and
malachite green (MG) onto MXene flakes, as shown in Figure
4. As noted above, MXenes suspended in water gives a large
SHS response. As presented in Figure 4(A), the addition of CV
results in a significant increase in the signal at 2w, with an over
4-fold enhancement observed at a CV concentration of 5.0
uM. Conversely, the addition of MG to the aqueous MXene
suspension leads to a slight decrease in SHS intensity, as
shown in Figure 4(B). A comparison of the insets in Figures
4(A) and (B) reveals that cationic CV and MG have similar
structures, with the primary difference being the absence of a
-N(CHj;), group on one phenyl of MG. This simple change
results in a complete destruction of molecular symmetry,
where CV has C;, symmetry while, MG is reduced to D,y
symmetry. Since both dyes have a (+1) charge and their main
difference is in symmetry, we conclude that their difference in
adsorption properties is not electrostatic but is more directly
the result of the MXene surface/interlayer structure. To further
investigate the adsorption properties of CV and MG onto
Ti;C,T, MXenes, we obtained concentration isotherms, as
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shown in Figures 4(C) and 4(D), respectively. For CV, the
isotherm follows a modified Langmuir-type trend.**~*° On the
other hand, we see a slight decrease in intensity upon MG
addition that does not necessarily follow any trend. Since the
CV isotherm data fit well to the Langmuir model, we were able
to determine the adsorption constant, K, to be 4.0(+0.4) X 10°
and thereby determine the adsorption free energy of CV on
Ti;C,T, MXenes to be —12.98 + 0.06 kcal/mol, as detailed in
the SI. The adsorption free energy of CV onto the MXene
surfaces is surprisingly large, and is comparable to that of MG
onto a sulfate terminated, anionic functionalized MZXene
surface.’® Interestingly, although MG did not result in an
increase of SHS response for suspended Ti;C,T, MXene
flakes, adsorption still occurred. As shown in the SI and Figure
S3, the UV—vis absorption of both CV and MG decreased in
the presence of MXene, indicating adsorption. We found that
our Ti3C,T, MXene sheets had dye adsorption capacities of
61.3 + 1.7 mg/g for CV and 54.8 + 2.8 mg/g for MG. By these
experiments, SHS may not always be sensitive to dye
adsorption onto MXenes, possibly owing to the material’s
specific interfacial orientation properties.

These results demonstrate that the unique surface properties
of MXenes can dramatically impact their adsorption properties
by demonstrating affinity for the adsorption of both MG and
CV, molecules that are chemically similar but symmetrically
very different. While CV resulted in a drastic increase in the
SHS intensity form the MXene suspension, but MG caused a
slight decrease. Since SH methods are sensitive to orientational
ordering centrosymmetry, this indicates that CV and MG
adsorb to MXenes flakes with different orientational
distributions. The increase in SH intensity upon adsorption
of CV indicates an ordered adsorption process with aligned
dipoles to promote SHG. Transversely, the reduction in SH
intensity indicates a disordered adsorption process where a
more random distribution of dipoles results in the SHG being
canceled out. These findings are important because they
indicate that for these two dyes, molecular symmetry is more
impactful on MXene adsorption than electrostatics, likely a
result of the surface structure of the MXenes sheets which can
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be altered by interacting with the dyes. The surface properties
of MXenes introduces unique features into the adsorption
process which calls for further mechanistic investigation.
Additionally, functionalization of the MXenes sheets may be
of further usefulness in linear and nonlinear optical
applications, where surface structures affect the nonlinear
optical properties of the material and allow it to be tailored to
specific uses. We believe that SH spectroscopy can be a useful
tool in studying the effects of step-by-step MXenes surface
functionalization where new information about the structure—
function relationships can be uncovered.

In this work, we have demonstrated large second-order
nonlinear optical responses of 2D Ti;C,T, MXene flakes both
in water solutions and on a silicon substrate and quantified its
second-order nonlinear susceptibility for the first time. In an
aqueous suspension, MXene flakes show strong second-
harmonic scattering (SHS) in a dilute solution of less than
10 ug/mL. Angle-dependent SHS experiments further found
that the second-order responses originate from coherent 2D
dipole radiation. Through second-harmonic and atomic force
microscopy, we found that the intense SHG signal from
MXene flakes on a silicon substrate increases exponentially
with decreasing thickness, while two-photon fluorescence
increases linearly with sample thickness. We further explored
surface properties of the MXene sheets in water solution by
studying the SHS responses upon addition of organic dye
molecules to the system. It was found that the adsorption of
crystal violet (CV) obeys a Langmuir adsorption model while
the addition of malachite green (MG) resulted in little change
in SHS intensity, even though both dyes were adsorbed onto
the material. Such a stark difference in adsorption character-
istics between cationic organic CV and MG dyes is likely a
result of the layered structure of the Ti;C,T, MXene sheets
which appears to be sensitive to adsorbate structural symmetry.
This work not only reports the first direct observation of SHG
from MXenes, but also demonstrates that atomically thin
MXene sheets have the largest SHG response, opening
possibilities for their use in photonics and optics applications,
such as lasers and frequency conversion systems. Lastly, it was
shown that the combination of MXenes with SHS also may be
a useful tool for detecting and adsorbing organic pollutants.
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