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A stepwise approach was implemented in this research to synthesize the covalent linkage between
graphene oxide (GO) and MXene for the first time. The preparatory procedure involves the exchange
of surface functional groups on MXene, followed by the covalent modification of N-terminalized
MXene with GO, making a pioneering advancement in the domain of nonlinear optics. The resulting
nanohybrids, labeled as f-MXene-GO, underwent fully comprehensive characterization by crystallo-
graphic, spectroscopic, and microscopic techniques. Z-scan measurements revealed that f-MXene-GO
features an optimized nonlinear optical (NLO) response in both nanosecond (ns) regimes at 532 nm and
femtosecond (fs) regimes at 800 nm across the visible and near-infrared spectra, surpassing its
precursor and physically blended samples. The transmittance of f-MXene-GO gradually diminishes with
increasing incident energy, displaying enhanced reverse saturable absorption (RSA) and optical limiting
effects upon ns pulse excitation. Conversely, f-MXene-GO demonstrates promoted saturable absorption

Received 24th January 2024, (SA) under fs laser illumination. The effective electron transfer process from MXene to the grafted GO,

Accepted 19th March 2024 validated by theoretical calculations, stimulates superior NLO absorption. These findings not only
DOI: 10.1039/d4tc003669 elucidate the intricate relationship between the structure and the NLO response across wide spectral
regions and time scales but also provide invaluable insights into the untapped potential of MXene-based

rsc.li/materials-c materials for NLO applications.

the potential of individual materials: graphene’s inherent zero
bandgap and limited modulation depth hamper its advance-

Introduction

Nonlinear optical (NLO) materials are essential in various
optical applications, including optical limiting, optical switch-
ing, optical communication, and so forth.'” Materials with
extended m-conjugation have been elaborately designed and
explored to pursue remarkable NLO performance.*”® The suc-
cessful delamination of graphene’® has prompted heightened
interest in numerous two-dimensional (2D) materials within
the realm of nonlinear optics, which encompass graphene
derivatives, transition metal sulfides,'®"® black phosphorus
(BP),"”'® and MXene.'®">* However, distinct drawbacks hinder
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ment in optoelectronic devices; the large bandgap of MoS,
along with the narrow tunable bandgap range poses challenges
in future devices; the air-instability of BP and perovskites is not
ideal in practical developments. To address these limitations
and fulfill the expanding technical requirements of optical
nonlinearity, the incorporation of varied 2D materials in con-
structing heterostructures emerges as an appealing approach.
Harnessing the collective benefits of diverse materials presents
a formidable task. Consequently, the synergy of advantages
from 2D materials within heterostructures is anticipated as the
incident light passes through the heterojunction boundary,
yielding the optimized NLO performance.

MXene materials, denoted as M1 X, T, (n = 1-3), boast a
distinctive molecular composition where M corresponds to a
transition metal (e.g., Ti, V, or Nb), X encompasses carbon and/
or nitrogen, and T represents a surface termination. Experi-
mental findings have proved the outstanding NLO properties
of the MXene family, emphasizing their immense potential
in optical limiting, mode-locking pulse generation, and
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Q-switching pulse generation.>>*” The reported inaugural
MXene, Ti;C,Ty, has undergone extensive scrutiny, particularly
regarding its NLO response.”*>! The enhanced NLO perfor-
mance of Ti;C,T, has been achieved through successful inte-
gration, facilitated by van der Waals forces, involving functional
materials such as MoS,,*> BP," Ti0,,* Fe;0,,>>** and Ag.>
In contrast to the aforementioned non-covalent functionaliza-
tion methods, covalent functionalization strategies hinge on
the establishment of robust covalent bonds between the
anchoring groups and the terminal surface atoms, which not
only capitalize on the advantages of both components, but also
enable charge transfer at the intimate contact interface.
The discerning deployment of these covalent functionalization
strategies holds a significant importance in crafting high-
performance NLO nanohybrids. Indeed, a variety of ligands
have been utilized to covalently functionalize Ti;C,T, MXene
via diazonium,***” catechol,®® isocyanate,*® phosphonic acid,*’
esterification,”” and silanization.*”> These reactions enhance
the versatility and performance of the resulting nanohybrids,
rendering them more applicable in the fields of optics, electro-
nics, and mechanics. Notably, studies on the covalently func-
tionalized Tiz;C,T,-based materials for the NLO response
remain limited.>®

The forefront technique for synthesizing Ti;C,T, involves a
hydrofluoric acid-based solution etching process, leading to
surface terminations (T,) consisting of oxo (-O or =0), hydro-
xyl (-OH), and fluoro (-F) terminations distributed across both
edges and basal planes.*® Fluorine forms ionic connections
with metal atoms, allowing for chemical modifications.** Addi-
tionally, distinct surface functional group terminations on
TizC,T, exhibit varying work functions,*>*® profoundly influen-
cing its optical and electronic properties, which provides an
effective avenue to enhance the optical nonlinearity of Tiz;C,T,
nanosheets.*””*® Recent research from our group has unveiled
that switching the NLO performance of Ti;C,T, nanosheets is
linked to the intrinsic surface terminals via electrical modula-
tion, oscillating between the ~OH-rich and =O-rich states.>*
Inspired by this concept, we introduce a novel approach to
design the NLO-active TizC,T, nanosheets, involving the
exchange of surface functional groups followed by the covalent
modification, for the first time. In essence, the design of its
structure encompasses the following three methods: expanding
the layer spacing, optimizing the surface groups, and modify-
ing the functional complexes. Importantly, the combined strat-
egy has rarely been reported. Amino-functionalized Ti;C,T,
nanosheets have been commonly employed in energy storage,
detector, and adsorption applications.*>**">' When the N group
binds to the Ti atom, the promoted electron transfer causes the
surface charge of MXene to be redistributed, significantly enhan-
cing its conductivity.”> Due to the adjustment of surface functional
groups, the subsequent covalent functionalization significantly
departs from the existing methods.”>*** Within the domain of
nonlinear optics, this innovative strategy combines the alteration
of surface functional groups with subsequent covalent modifica-
tion, representing a pioneering step in the covalent functionaliza-
tion of MXene-based materials.>>>°
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In this work, we introduce a novel covalently linked compo-
site, f-MXene-GO, comprising graphene oxide (GO) and amino-
functionalized MZXene, characterized by the extensive 2D
n-electron conjugation systems. The carboxyl groups on the
surface of GO undergo covalent reactions with the amino
groups on the surface of Ti;C,T, nanosheets, resulting in the
formation of amide bonds. To the best of our knowledge, the
hybrids assembled by the amino-functionalized MXene and GO
have not been explored within the realm of nonlinear optics.
Upon excitation by nanosecond (ns) pulses, the normalized
transmittance curves of f-MXene-GO deepened as the incident
energy increased, indicating an obvious reverse saturable
absorption (RSA). When exposed to femtosecond (fs) laser
illumination, the resulting material f-MXene-GO exhibits a
different NLO performance, that is, saturable absorption (SA).
Our study delineates a clear correlation between the structure
of MXene-based materials and their NLO responses under the
different durations of the laser pulse. These electron-donor/
electron-acceptor interactions optimize the NLO effect, aug-
menting RSA under ns irradiation as well as SA under fs
irradiation. This suggests that the incorporation of NLO-
active species stands as an effective strategy to bolster the
NLO response across the visible and near-infrared regions.””
In conclusion, our investigations present a promising strategy
involving the exchange of terminal surface groups and covalent
functionalization of MXene materials. This approach not only
contributes to the post-synthesis of MXene materials but also
offers a new perspective on MXene-based materials in the field
of nonlinear optics.

Experimental section

1. Reagents

Ti;AlC, MAX powder was obtained from 11 Technology Co. Ltd
(Jilin, China). Ammonium fluoride (NH,F), tetramethylammo-
nium hydroxide (TMAOH), and N,N-dimethylformamide (DMF)
were purchased from Energy Chemical Corporation (Shanghai,
China). 1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide hydro-
chloride (CgHy;N3-HCl), N,N-diisopropylethylamine (CgH;oN),
and 1-hydroxybenzotriazole hydrate (CcHsN3;O-H,0) were pur-
chased from Aladdin Biochemical Technology Co. Ltd (Shang-
hai, China). Hydrofluoric acid (HF, 40 wt%) was obtained from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). All
reagents were of analytical grade and used without further
purification. Reactions that required water-free and oxygen-
free conditions were carried out under a N, atmosphere using
standard Schlenk techniques.

2. Preparation of amino-functionalized f-MXene

MXene was prepared through the selective etching of alumi-
num from the MAX phase. Initially, Ti;AlC, MAX powder (1 g,
200 mesh) was added into 20 mL of HF etchant solution and
stirred for 48 hours at room temperature under a N, atmo-
sphere. Subsequently, the dispersion was subjected centrifuga-
tion and washed with ethanol and deionized water until the pH

This journal is © The Royal Society of Chemistry 2024
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of the supernatant reached approximately 6. After discarding
the supernatant, the clay-like precipitates were immersed in
10 mL of TMAOH and stirred for 24 hours at room temperature.
The delaminated-Ti;C,T, MXene was freeze-dried under
vacuum overnight. In the next step, NH,F (4.44 g) was added
to 5 mL of the 5 mg mL ™" delaminated-Ti;C,T, MXene disper-
sion. The combined solution was stirred at 75 °C for 24 hours
under a N, atmosphere. Finally, the amino-modified Ti;C,T,
MXene, denoted as f-MXene, was obtained by freeze-drying the
resulting precipitate.

3. Preparation of f-MXene-GO

Graphene oxide (GO) was synthesized from graphite powder via
the modified Hummers’ method (ESIt). GO (150 mg) and
f-MXene (150 mg) were dispersed in 150 mL of DMF through
ultrasonication for 30 minutes to obtain a uniform suspension.
Deoxygenation was carried out by N, bubbling for 20 minutes.
CgH,;N3-HCl (80 mg), CgH;oN (80 mg), and Ce¢Hs5N30-H,0O
(1.2 mL) were added to the suspension, and a reaction was
initiated that spanned for 24 hours. It should be noted that the
final product must undergo sequential washing with DMF and
deionized water. The layered structured product, denoted as
f-MXene-GO, was collected after freeze-drying.

4. Material characterization

Scanning electron microscopy (SEM) images using a Hitachi
S-4800 instrument and transmission electron microscopy
(TEM) images using a JEOL-2100 instrument were obtained.
The X-ray photoelectron spectra were obtained using an X-ray
photoelectron spectroscopy (XPS) system with Al Ka line excita-
tion on a Kratos Axis Ultra DLD. The structures of the sample
were characterized by X-ray powder diffraction (XRD) using a
Bruker D8 Advance instrument with Cu Ko radiation (1 =
0.154178 nm). Ultraviolet-visible (UV-Vis) absorption spectra
were recorded with an Agilent Cary 5000 spectrophotometer.
Fourier transform infrared spectra (FTIR) were recorded using
a Thermo Scientific Nicolet iS10 spectrometer in the 4000-
400 cm ™' region. The Raman spectra were obtained using an
invia confocal Raman microscope (Renishaw, U.K.) with an
excitation laser of 514 nm. For thermal stability analysis,
thermal gravimetric analysis (TGA) was carried out with a
thermal analyzer STA 409, where the samples were heated to
600 °C at a rate of 15 °C min~" under a dry N, flow (20 sccm).
Brunauer-Emmett-Teller (BET) surface area measurements were
conducted using a TRISTAR 3020 gas adsorption equipment.

5. Z-Scan measurements

The nonlinear optical (NLO) characteristics of the samples in
the nanosecond (ns) regime were investigated using the open-
aperture Z-scan technique. A linearly polarized 12 ns pulsed
532 nm laser at a repetition rate of 10 Hz was generated from a
ns Q-switched YAG:Nd*" laser system (LS-2145-OPO-PC).
For the femtosecond (fs) timescale, an 800 nm pulsed laser
with a pulse duration of 34 fs and a repetition rate of was
generated by Solstice Ace (Spectra-Physics). The Gaussian laser
was focused using a converging lens with a focal length of
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25 cm. The beam waist values were approximately 60 um for ns
pluses and 30 pm for fs pulses. The input fluence and trans-
mitted fluence of the laser pulses were checked using two
energy detectors. In the nonlinear scattering (NLS) experi-
ments, an additional energy detector was positioned at an
approximate horizontal angle of 30° from the incident fluence
to capture a portion of the scattering signals. DMF dispersions
of the samples were tested in a 1 mm thick quartz cell at room
temperature.

Results and discussion
1. Synthesis of fMXene-GO

The delaminated-Ti;C,T, was derived from the Ti;AlIC, powder
by a two-step process including HF etching and TMAOH inter-
calation reactions. Subsequently, the delaminated-Ti;C,T, was
further modified with NH,F, referred to as f-MXene, which then
reacted with graphene oxide (GO). The synthesis scheme of
f-MXene-GO is illustrated in Fig. 1. The GO is successfully
incorporated into amino-functionalized f-MXene through the
amide bonds via the carbodiimide reaction, leading to the
covalent linkage between f-MXene and GO and the formation
of f-MXene-GO.

2. Characterization methods

The morphological and microstructural characteristics of GO,
f-MXene, and f-MXene-GO were investigated using a scanning
electron microscope (SEM) and a transmission electron micro-
scope (TEM), as depicted in Fig. 2. GO manifested extensive
sheet-like structures, and MXene (Fig. S1, ESIf) displayed a
slender sheet with a morphology distinct from the accordion-
like structure, signifying the success of the HF etching and
TMAOH intercalation reactions. The f-MXene presented the
morphological characteristics similar to MXene. The elemental
surface distribution image of f-MXene-GO revealed even dis-
persion of Ti, C, N, and O elements on the surface. Moreover,
the distribution areas of N elements and the regions of Ti and
C elements overlapped, demonstrating the uniform amine
modification on the Ti;C,T, MXene surface. The N elements
may be traced back to the amide bond (HN-C=O), which
requires further characterization. The HN-C—O bonds were
attributed to the dehydration condensation reaction, inducing
the spontaneous arrangement of TizC,T, MXene and GO.
This process resulted in the formation of the covalently func-
tionalized material f-MXene-GO with an adaptive layered
structure.”® The TEM analysis revealed distinctive features for
pure TizC,T, MXene (Fig. S2, ESIT) and f-MXene, characterized
by the dark wrinkles in the edge region indicative of the self-
stacking between layers. In Fig. 2d and f, similar characteristics
were observed for GO and f-MXene-GO, while GO displayed a
thin layer structure attributed to the harmonic coupling
between the bending and stretching modes.>® In the high-
resolution transmission electron microscopy (HRTEM) images
of f-MXene-GO, parallel fringes were evident in the MXene
regions, with a lattice spacing of approximately 1.3 nm.
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Fig. 2 SEM images of (a) GO, (b) f-MXene, and (c) f-MXene—-GO (inset: the corresponding elemental mapping images). TEM images of (d) GO,
(e) f-MXene, and (f) f-MXene—-GO. (g) High-resolution TEM image of f-MXene—-GO.

This spacing indicated that the covalent linkage reaction
between Ti;C,T, MXene and GO molecules increased the
interlayer spacing. In contrast, the lack of overlapping layers
in the GO regions resulted in unclear parallel fringes, present-
ing as a white area with a water ripple pattern.*®®° The layered
structure of f-MXene-GO exhibited non-uniform dark folds,
suggesting that GO with Ti;C,T, MXene linked together still
possessed flexible mechanical properties. Furthermore, the
self-adaptive layered structure of f-MXene-GO induced by GO
maintained the intrinsic properties and original appearance of
the Ti;C,T, MXene.

To investigate the amide bonds between MXene and GO,
Fourier transform infrared spectroscopy (FTIR) analysis
was conducted as shown in Fig. 3a. In Ti;C,T, MXene, peaks
located at 550, 1440, and 1630 cm ™" were attributed to the Ti-O

5740 | J Mater. Chem. C, 2024,12, 5737-5747

vibration, C-O stretching vibration, and C=C stretching vibra-
tion, respectively. The resulting f-MXene exhibited a new peak
at 3300 cm~ ' compared to the precursor, which represents N-H
bonds after the reaction with NH,F, confirming the presence of
amino groups on the surface. When GO was covalently bonded
to f-MXene, the stretching peak of carboxyl groups (-COOH)
at 1730 cm™ " almost vanished in the case of f-MXene-GO.
Notably, the stretching peak of the amide bond (-CONH) at
1670 cm ™" appeared, identifying the highly efficient formation
of the amide bond between the amine group of MXene and the
carboxyl group of GO. The information on the crystal structure
was obtained from the X-ray powder diffraction (XRD) patterns
of GO, MXene, f-MXene, and f-MXene-GO. In Fig. 3b, compared
with TizC,T, MXene, the (002) plane of f-MXene was shifted
to 7.07°, indicating that an increased d-spacing was around

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) FTIR spectra and (b) XRD patterns of GO, MXene, f-MXene, and

f-MXene—-GO. (c) Raman spectra of GO and f-MXene-GO. (d) Survey XPS
spectra of GO, MXene, f-MXene, and f-MXene-GO. (e) C 1s spectra of GO,
MXene, and f-MXene-GO. (f) UV-Vis spectra of GO, MXene, and f-MXene—
GO.

1.25 nm. The (002) plane of f-MXene was shifted to the lower
angle after HF etching, TMAOH intercalation process, and
NH,F modification, as reported previously.>®> For f-MXene-
GO, the (002) plane of MXene was shifted to 6.90° with an
enlarged interlayer spacing (~1.28 nm), whereas the (001)
plane of GO was shifted from 10.53° to 8.78°. The further
expansion in the interlayer pacing of both MXene and GO
was observed due to the carbodiimide reactions, consistent
with the TEM results.®® Compared with MXene, f-MXene-GO
possessed an increase in interlayer spacing, which was bene-
ficial for the enhanced surface areas in Fig. S3 (ESIt). Raman
spectroscopy, an important technique for characterizing two-
dimensional materials, was employed (Fig. 3c). D and G peaks
were observed in pristine GO at 1343 and 1590 cm™ ", respec-
tively, with an intensity ratio of D and G peaks (Ip/Ig) of 0.735.
The carbon atom defect is the source of the D peaks, which are
distinctive peaks of carbon atoms. The in-plane stretching
vibration of sp® hybridization is represented by the G peaks.
Furthermore, the unbroadened G peak indicates that the edges
are the source of D peaks rather than structural defects.’
After f-MXene was covalently attached to GO, the Ip/Ig of
f-MXene-GO was increased to 0.937, suggesting a reduction
in the in-plane sp® hybridization of GO®® as a result of the
carbodiimide reactions.

The X-ray photoelectron spectra (XPS) of the as-prepared
samples were recorded in Fig. 3d. The atomic percentages of

This journal is © The Royal Society of Chemistry 2024
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GO, MXene, f-MXene, and f-MXene-GO were listed in Table S1
(ESIY). There were C elements (~284 eV), Ti elements (~455 eV),
O elements (~532 eV), and F elements (~684 eV) in MXene.
A new peak appeared for f-MXene with a binding energy of
401.7 eV, corresponding to N 1s. After f-MXene reacted with GO
to form f-MXene-GO, the intensities of the C 1s and O 1s peaks
further increased, whereas the intensities of the Ti 2p, F 1s, and N
1s peaks decreased. To further understand the bond formation
and structural changes in detail, the deconvoluted C 1s spectrum
of GO exhibited three characteristic peaks in Fig. 3e, including
284.7 eV (C-C), 286.8 eV (C-0), and 288.2 eV (O-C—0O0). The high-
resolution C 1s spectrum of MXene can be fitted into five
components attributed to 281.7 eV (C-Ti-T,), 282.8 eV (C-Ti,),
284.7 eV (C-C), 285.8 eV (C-O), and 288.7 eV (C-F), which
confirmed the modification of F species on the surface. After
covalent attachment with GO, a new peak appeared at 287.6 eV,
representing the HN-C—O bond, while the peak corresponding
to O-C—O0 disappeared. In contrast, the high-resolution C 1s
spectra of the physical mixture MXene/GO (Fig. S4, ESIt) showed
the characteristic peaks of GO and MXene without the peak
(HN-C=0). Consistent with the FTIR analysis, the results illumi-
nated that GO was covalently linked to f-MXene via the amide
bond. The high-resolution Ti 2p spectra of the sample can be
deconvoluted into two distinct peaks as shown in Fig. S5 (ESIT),
which were ascribed to Ti 2p,/, and Ti 2p3,, respectively. More-
over, the peaks of TiO, (~458.4 eV) were not apparent, evidencing
the avoidable oxidation of Ti atoms in f-MXene and f-MXene-GO.
The carbodiimide reaction did not significantly affect the surface
composition and structure of Ti atoms. Thermal gravimetric
analysis (TGA) was carried out to further investigate the functio-
nalization reaction, as illustrated in Fig. S6 (ESIT). The weight loss
for GO was 62 wt% at ~600 °C, resulting from the decomposition
of the surface functional groups to produce carbon dioxide and
water. Notably, the weight losses of MXene and f-MXene were
much lower. In the case of f-MXene-GO, the weight loss was only
26 wt%, either due to the loss or transformation of some oxygen-
containing groups or the reaction with amines.’®

3. Linear optical properties

As shown in Fig. 3f, the ultraviolet-visible (UV-Vis) absorption
spectra of GO exhibited a broad linear absorption that includes
both infrared and ultraviolet bands. The absorption increased
rapidly near the ultraviolet band, with a small broad peak at
~300 nm, corresponding to the n-n* transition of the C=0
bond. The position of the peak was related to the content of
the C=0O bond in GO, which depended on the degree of
oxidation.®* There was no obvious absorption edge in the
spectrum, and the absorbance decreased slowly in the visible
light wavelength region. With broadband absorption, the ultra-
violet absorption spectra of Ti;C,T, MXene were closely related
to the surface functional groups. Two characteristic absorp-
tions were centered at 330 and 760 nm, which represent the
interband transition and the surface transversal plasmon
mode.®® The intrinsic interband transitions were directly visua-
lized and correlated with the size and thickness of Tiz;C,Ty
MXene.®® The transversal surface plasmon mode of MXene
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appeared with increasing concentrations in Fig. S7 (ESIY),
which strongly depends on the free carrier density on the
nanomaterial surface. The resulting f-MXene-GO improved
the absorption in the visible light region. In particular, due to
the covalent functionalization, the hybrid f-MXene-GO behaved
differently from Ti;C,T, MXene, which had implications
for the linear optical absorption of the transversal surface
plasmon mode.

4. NLO properties

Due to the ease of data interpretation, the Z-scan technique is
the most commonly used method to evaluate the nonlinear
optical (NLO) properties of all as-prepared samples. In the
open-aperture Z-scan tests, the transmittance is recorded at
various positions and plotted as a function of the Z position,
with the focus of the laser being the zero position. According to
the fitting formula (ESIt), the theoretical curve shows good
agreement with these experimental scattering point data of the
NLO responses. The absorptions of all samples show a propor-
tional relationship with different concentrations at 532 and
800 nm as shown in Fig. S7 (ESIt). GO, MXene, MXene/GO with
a weight ratio of 1:1 based on the synthesis, and f-MXene-GO
were tested in DMF solution with linear transmittance values of
88.7%, 60.0%, 58.0%, and 84.0% at 532 nm, as well as 97.0%,
56.0%, 82.0%, and 95.5% at 800 nm, respectively. The blank
solvent DMF has no absorption in the absorption spectra at
532 and 800 nm, which excludes the influence of its linear
absorption. The purpose is to provide a theoretical basis for the
subsequent NLO measurement. In Fig. S8 (ESIf), the NLO
response of the DMF at 532 and 800 nm is almost negligible.
Therefore, any NLO response observed in the as-prepared
samples is solely due to their properties.

The examination of the NLO properties was conducted at
532 nm using the open-aperture Z-scan technique with a
12 nanosecond (ns) laser excitation at 10 Hz. The contour
map serves to visualize two-dimensional Z-scan data and avoids
cluttering the plot with excessive data points when the color bar
represents the normalized transmittance. As depicted in
Fig. 4a-c, the Z-scan results of GO, Ti;C,T, MXene, and
f-MXene-GO indicate energy-dependent reverse saturable
absorption (RSA). The transmittance curves exhibit a valley-
shaped profile from non-focus to on-focus. Furthermore, the
depth of the valley intensifies with the increasing pulse energy
from 50 to 125 pJ. In Fig. S9 (ESI{), the minimum normalized
transmittance (Tpi,) values decrease with higher pulse energy
of all materials. The Ty, values of GO at Z = 0 are 0.95 (50 pJ),
0.91 (75 1J), 0.88 (100 pJ), and 0.85 (125 pJ), while the Tmin
values of TizC,T, MXene at Z = 0 are 0.76 (50 pJ), 0.73 (75 pJ),
0.67 (100 pJ), and 0.65 (125 pJ). Similarly, the Ty, values of
f-MXene-GO at Z = 0 are 0.66 (50 pJ), 0.53 (75 pJ), 0.41 (100 pJ),
and 0.30 (125 pJ). Fig. 4d presents a more comprehensive
comparison through the Z-scan results of the precursor materi-
als (GO and Ti;C,T, MXene), the physically mixed samples
(MXene/GO), and the resulting products (f-MXene-GO). It is
noteworthy that the nonlinear absorption coefficient (fS.¢) value
of f-MXene-GO is 393.13 cm GW ', surpassing other materials
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in Table S2 (ESIf). The optical limiting threshold (For) is
defined as the fluence at which the transmittance diminishes
to half of the linear transmittance. Additionally, the Fg; for
f-MXene-GO is low at 0.49 J cm™?, rendering it an exemplary
candidate in the ns regime and significantly outperforming
other materials listed in Table S3 (ESIt). Fig. 4e elucidates a
comparison between the . and the third-order nonlinear
susceptibility (Im 7¥)). Table S4 (ESIt) details the values for
Petr, Im ;{(3), and the figure of merit (FOM) for GO, MXene,
MXene/GO, and f-MXene-GO, utilizing ns pulses centered at
532 nm with an input intensity of 125 pJ. FOM, specifically
defined to mitigate the impact of linear absorption on third-
order optical nonlinearity, is a key parameter. In terms of the
third-order NLO absorption coefficient, the covalently functiona-
lized material f-MXene-GO exceeds that of both the precursor and
the physically mixed material. This observation strongly empha-
sizes the superiority conferred by the covalent bond.

The combination of both nonlinear absorption (NLA) and
nonlinear scattering (NLS) effects collectively contributes to
the RSA response in nanoparticle dispersions exposed to a
high-intensity ns pulse. The NLS process involves solvent
evaporation from the laser-irradiate nanoparticles, triggering
the formation of microbubbles and/or microplasmas. These
serve as scatterers that disperse the intense laser beam, conse-
quently enhancing the NLS effect. The positioning of an addi-
tional photodetector at an approximately 30° horizontal angle
to the incident laser beam allows for the analysis of the NLS
contribution to the RSA response. As the dispersion samples
went through the on-focus point, the symmetric peak-shaped
curve in transmittance exhibited augmentation with increasing
energy, enabling the detection of scattering signals in the
dispersions. The Z-scan measurements, as illustrated in
Fig. S10 (ESIY), delineate the scattering data for functionalized
nanohybrids. Remarkably, f-MXene-GO shows no active NLS
signals, indicating that NLA alone is responsible for the
observed RSA response.

Furthermore, an in-depth exploration of the NLO properties
was extended to the femtosecond (fs) regime using the open-
aperture Z-scan technique with 34 fs at 800 nm and a repetition
rate of 1 kHz. In contrast to the ns timescale, Fig. 5a-c depict
the Z-scan outcomes in the fs regime. MXene demonstrates
RSA, while GO and f-MXene-GO exhibit saturable absorption
(SA). SA is characterized by a deepening peak-shaped transmit-
tance curve with increasing pulse energy, indicating the dom-
inance of single-photon absorption in the nonlinear absorption
process. In Fig. S11 (ESIT), the maximum normalized transmit-
tance (Tmay) values of GO at Z = 0 are 1.02 (40 nJ), 1.03 (60 nJ),
and 1.05 (80 nJ). Correspondingly, the Ty, values of TizC,T,
MXene at Z = 0 are 0.97 (40 nJ), 0.94 (60 nJ), and 0.84 (80 nJ).
In the case of f-MXene-GO, the T,,.x values at Z = 0 are 1.03
(40 nJ), 1.05 (60 nJ), and 1.09 (80 nJ), respectively. Fig. 5d
visually elucidates the NLO behavior, emphasizing the sub-
stantial difference in the f.¢ values between MXene/GO (7.03 x
107> cm GW ') and f-MXene-GO (—8.12 x 107% cm GW™ ).
This highlights the advantages of covalent bonding in the
case of f-MXene-GO. Fig. 5e presents a comparison of the

This journal is © The Royal Society of Chemistry 2024
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as-prepared samples in terms of fg and Im 3 with an input materials is presented in Fig. 6. Moreover, the stability of the
intensity of 80 nJ in the fs regime. NLO response over time was extensively explored. Fig. S12

The comparison of NLO parameters in the ns regime (ESIf) illustrates that the NLO performance of f-MXene-GO
of 532 nm and the fs regime of 800 nm with other typical materials remained unchanged after 30 and 60 days. In stark
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contrast, the XRD patterns and Raman spectra of the structural
analysis revealed the oxidation of MXene after the 3-month
storage, while f-MXene-GO exhibited anti-oxidation (Fig. S13,
ESIt). This highlights the protective effect of covalently linking
GO to the MXene surface against external factors such as
oxygen and water, consistent with the antioxidant capacity
reported in the literature.®® This superiority can be attributed
to the implementation of covalent functionalization, reinfor-
cing its environmental stability.

Graphene has garnered widespread attention among physi-
cists owing to its unique electronic structure. The Pauli block-
ing effect makes graphene an ideal ultra-broadband and fast
saturable absorber for applications in ultrafast laser techno-
logy. GO, a derivative of graphene, possesses chemically active
oxygen functional groups, allowing for covalent linking with
other nonlinear optically active molecules. The strong electron
transfer behavior between electron acceptors and electron
donors results in the hybrids demonstrating excellent optical
limiting effects in the field of nonlinear optics, as exemplified
by nanohybrids of GO and porphyrin.®*®® In the realm of GO
materials, the sp> moiety induces SA behavior due to the Pauli
blocking effect while the sp® fraction introduces two-photon
absorption (2PA) and excited state absorption (ESA), leading to
RSA behavior. The NLO response can be finely tailored by
manipulating the oxidation degree of GO nanomaterials, that
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is, by adjusting the ratio of sp® and sp® hybridization. In the
case of the ns pulsed laser, RSA can be attributed to synergistic
mechanisms, including NLA such as 2PA and ESA, as well as
NLS.%” Unlike pure graphene, GO possesses a limited band gap
due to surface functionalization, allowing for the possibility of
NLA.®® GO shows RSA, which results from 2PA or ESA under
radiation at 1064 nm®” and is dominated under ESA radiation
at 532 nm.*>”° Therefore, in the study, under the ns radiation
of 532 nm, the prepared GO exhibits RSA behavior primarily
governed by ESA, with the result of NLS synergy (Fig. S14,
ESI{).°””"73 With a fs pulse width, the ground state of GO
absorbs the laser light and transitions to the excited state. The
electronic transition and relaxation between the ground state
and the excited state reach a steady state, limiting the further
absorption of single photon due to the Pauli blocking effect,
inducing SA behavior. Simultaneously, in contrast to short
pulses with high pulse repetition rates, the solvothermal-
induced NLS phenomenon is significantly weakened. Further-
more, the 2PA of the sp® fraction in the structure of GO induces
RSA while the SA is caused by the band-filling effect induced by
the sp” fraction.®*®”* However, it has been proved that pulsed
laser radiation at 800 nm is unfavorable to the RSA of GO in the
fs regime. Therefore, under 800 nm fs pulsed laser irradiation,
the NLO response of GO is dominated by sp*-induced single-
electron absorption because of the band-filling effect.

On the other hand, recent research has generated consider-
able interest in attributing the RSA of Ti;C,T, MXene to
mechanisms such as 2PA, bandgap renormalization, and ESA
of surface functional groups.>>>**"*® Under the irradiation at
532 nm in the ns regime and at 800 nm in the fs regime, the
log(AT,)-log(I) diagram was used to investigate the relationship
between the NLO absorption (AT, the depth of the valley
bottom) and the laser pulse energy density (I) in Tiz;C,T,
MXene. The slope is correlated with the order of the nonlinear
optics, corresponding to the slope of n, which is a nominal
(n +1) photon absorption process. In order to validate the above
statement, Fig. S15 (ESI) demonstrates that the slope of the
MXene material is 0.81, which is close to 1. Consequently, it is
reasonable to infer that the RSA behavior of MXene is derived
from the 2PA at 532 nm in the ns regime. Similarly, the fitting
data yields slopes at 1.02 for MXene at 800 nm in the fs regime.
Additionally, if the 2PA induces the NLO behavior, the f.¢ of
the MXene remains essentially unchanged at different energies,
as shown in Fig. S16 and S17 (ESIT).

Consequently, the high Fermi energy level of metallic
MXene, the interlayer coupling reaction, and the electron
transfer play pivotal roles in the NLO process.”>””” Under
532 nm ns laser irradiation (Fig. 7a), the proposed mechanism
involves the few-layer MXene materials continuously transition-
ing electrons to the excited state through 2PA. In the covalently
functionalized f-MXene-GO, the electron transfer from the
excited state of MXene to the excited state (S;) of GO induces
electrons of GO to move to a higher state (S,,) due to the electron
accumulation in the S; state, thereby enhancing ESA. Moreover,
the promotion of 2PA of MXene occurs as the excited state
electrons are transferred to GO. Therefore, in f-MXene-GO, the

This journal is © The Royal Society of Chemistry 2024
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synergistic effects of 2PA in MXene and the ESA in GO collec-
tively enhance the RSA. Turning attention to the fs excitation
wavelength at 800 nm, Fig. 7b explains the NLO behavior of
f-MXene-GO, where electrons are transferred from the excited
state of MXene to the S; state of GO, increasing the electron
accumulation of the S, state of GO. Benefiting from the band-
filling effect, the GO component of the f-MXene-GO nano-
hybrid mainly contributes to the NLO signal at 800 nm. The
NLO response of MXene/GO at 800 nm is thus more likely to be
a result of counteracting SA from GO with RSA from MXene.
Also, the SA performance exhibited by f-MXene-GO is better
than that of pure GO due to the electron transfer.

5. Theoretical calculations

Theoretical calculations utilizing the density functional theory
(DFT) method were performed to provide a comprehensive
understanding of alterations in the NLO properties. For the
MXene model construction, three O atoms on the surface of
MXene were replaced by one F atom and two N atoms, respec-
tively, with the N atoms saturated by H atoms. The GO model
was constructed by adding an epoxy group and a carboxyl group
to each of the upper and lower surfaces of the monolayer
graphene. The heterogeneous model of f-MXene-GO was cre-
ated from a (4 x 4) supercell for MXene and a (5 x 5) supercell
for GO in order to minimize the lattice mismatch. In the final
model for f-MXene-GO (Fig. 7c), the dashed box represents the
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GO segment with a transferred charge value of 0.31 e, based on
the Mulliken population analysis.

The charge density difference diagram in Fig. 7d vividly
depicts the electron density distribution within the f-MXene-
GO. The light yellow part represents the charge accumulation
area, while the light purple area denotes the region of charge
reduction, providing a clear visualization of the electron density
distribution in f-MXene-GO. The electron transfer from MXene
to GO 1is consistent with the proposed mechanisms in
NLO analysis. The covalently functionalized construction of
f-MXene-GO facilitates more efficient charge transport, thus
enabling significantly enhanced NLO response under both the
ns and fs laser irradiation.

Conclusions

The successful synthesis of f-MXene-GO through the amidation
method, along with its extensive characterization using various
techniques, has paved the way for evaluating the NLO proper-
ties. The resulting f-MXene-GO demonstrates significant pro-
mise in nonlinear optics, demonstrating the improved optical
limiting effect under ns laser irradiation and enhanced SA
under fs laser irradiation. The enhancement was attributed to
the synergistic effects of multiple mechanisms including the
NLO behavior of GO, the RSA of MXene, and the photoinduced
electron/energy transfer from MXene to GO. This research
provides valuable insights into the intricate NLO properties
and associated mechanisms of f-MXene-GO under different
laser pulse widths. Overall, f-MXene-GO is anticipated to
emerge as a high-performance material within the domain of
nonlinear optics.
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