Chinese Chemical Letters 33 (2022) 1850-1854

Contents lists available at ScienceDirect

Chinese Chemical Letters

GCL. "

aE

journal homepage: www.elsevier.com/locate/cclet

Highly fluorescence TayC3 MXene quantum dots as fluorescent ®)

Check for

nanoprobe for heavy ion detection and stress monitoring of

fluorescent hydrogels

Shouzhen Li?!, Junfei Ma®!, Xuelin Zhao®!, Peide Zhu?, Meng Xu®, Yingchun Niu?*,

Dixian Luo®*, Quan Xu®*

aState Key Laboratory of Shale Oil and Gas Enrichment Mechanisms and Effective Development, National Energy Shale Oil Research and Development

Center, China University of Petroleum (Beijing), Beijing 102249, China

b Department of Musculoskeletal Tumor, Senior Department of Orthopedics, the Fourth Medical Center of PLA General Hospital, Beijing 100142, China
¢ Department of Laboratory Medicine, Huazhong University of Science and Technology Union Shenzhen Hospital (Nanshan Hospital), Shenzhen 518000, China

ARTICLE INFO ABSTRACT

Article history:

Compared with other transition metal Mxene derived quantum dots (MQDs), Ta-based Mxene quantum
dots have good functionality, but Ta-based Mxene quantum dots and their applications have not been
studied so far. In this paper, we report for the first time the synthesis of high fluorescence quantum yield
(QY) N-doped TasCs quantum dots (N-MQDs) using Ta4C3 quantum dots in acid reflux damaged Ta,Cs
nanosheets as precursors and ethylenediamine as nitrogen source. The prepared N-MQDs have excellent
blue photoluminescence (PL) properties, particle size is only 2.60nm, QY is up to 23.4%, and good sta-
bility. In addition, it has been reported that N-MQDs can be used as fluorescent probe for detection of
Fe3+ and remote force sensing analysis In liquid ion sensing, N-MQDS shows a unique selective quenching
of Fe*+ with a detection limit as low as 2 pmol/L, and has great potential as a fast and super-sensitive
fluorescent probe for the detection of heavy ion. More importantly, in solid mechanics sensing, the in-
troduction of N-MQDs into self-healing hydrogels can be developed into a fluorescent hydrogel that can
be used for accurate remote force measurement and applied in the field of mechanical sensing analysis.
Therefore, Ta-based N-MQDs show excellent potential in the field of fluorescence sensing, which provides
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a door for multi-dimensional sensing of new materials in the future.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, two-dimensional (2D) Mxene as a new nanomaterial
has been gradually developed, and shows excellent electro-optical,
thermal and mechanical properties [1-3]. MXene is a novel two-
dimensional layered material, which is the general name of transi-
tion metal-carbon and/or nitrite. The hydrophilic surface ends and
transition metal elements give MXene excellent high conductiv-
ity, excellent hydrophilicity, superior thermal stability, large inter-
layer space, and high surface area [4,5]. Accordingly, MXene has
great potential as a sensor device, but the low PL reaction of this
material in solution has greatly limited its wide application. By
doping heterogeneous elements (N, P, S, etc.), the optical proper-
ties and other chemical properties of nanomaterials such as MQDs
can be effectively improved, such as the increase of QY, to expand
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their applications in environmental monitoring, fluorescence imag-
ing, photosynthetic cell, photoelectric devices and other fields [6,7].
In previous studies, researchers have successfully prepared MQDs
with high QY, such as Ti3Cy, Mo,C, Nb,C, and explored their appli-
cations in environmental monitoring and electrical energy fields,
Compared with other transition metal Mxene derived quantum
dots (MQDS), Ta-based Mxene quantum dots have good functional-
ity and excellent environmental friendliness compared with other
Mxene quantum dots, but Ta;C3 MQDs and their application are
still in the gap [8-12].

In this paper, we reported for the first time an excellent N-
doped TayC3 quantum dots (N-MQDs), using the sensitivity of N-
MQDs fluorescent probe to Fe3t to detect the environment, such
as heavy oil ion detection, which can promote the sustainable uti-
lization of oil products, find oil problems in time and avoid risks.
At the same time, the pressure sensing properties of fluorescent
hydrogels provide the possibility for future applications of optical
pressure detection [13-16].
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Fig. 1. (a) Schematic of preparation and light-emitting mechanism of the N-MQDs;
(b) TEM image, inset: diameter size distribution; (c) AFM image of the N-MQDs,
inset (top-right): thickness distribution of the N-MQDs; (d) Fluorescence emission
spectra of the prepared N-MQDs (160°C) at different excitation wavelengths (nm);
(e) Fluorescence lifetime of N-MQDs.

The preparation of N-MQDs was in a typical process, and its
synthesis scheme is illustrated in Fig. 1a. The structure of Ta,Cs
was further studied, and the diameter information of N-MQDs was
obtained by TEM, as showed in Fig. 1b. The diameter of N-MQDs is
evenly distributed between 1.9-3.3 nm, with an average diameter
of 2.60 nm, indicating that the N-MQDs are uniform in water and
well separated. AFM image shows that the diameter of N-MQDs is
evenly distributed between 0.8-3.2nm (Fig. 1c), and the average
thickness is 1.90nm (Fig. S1 in Supporting information), the quasi
spherical structure of MQDs also indirectly proves that N-MQD has
been successfully synthesized [17,18]. Fig. 1d shows the fluores-
cence spectrum of N-MQDs. When the Aex (300-450nm) of the
N-MQDs changes, only the Aep intensity decreases, while the peak
position hardly changes, which indicates the emission excitation-
dependent characteristics of the prepared N-MQDs. This excitation-
dependent characteristic is believed to be related to the optical se-
lection of different surface emission traps in N-MQDs nanoparti-
cles of different sizes. The prepared N-MQD has a bright blue flu-
orescence at 450 nm (Aem) When excited at 380 nm (Aex), and has
bright blue fluorescence. In addition, we also explored the influ-
ence of different synthesis temperatures (120, 140, 160, 180, 200
°C) on the fluorescence intensity of N-MQDs. Experimental results
prove that N-MQDs have the highest QY and fluorescence lifetime
(Table S1 and Fig. S2 in Supporting information) at a hydrothermal
temperature of 160 °C, it is noteworthy that both QY and fluores-
cence lifetime show a trend of first increasing and then decreas-
ing with temperature. This may be because temperature affects the
carbonization of N-MQDs, leading to differences in optical proper-
ties [1,17]. Fig. 1e is the PL lifetime decay curve, with a lifetime of
7.92 ns.

We also explored the effects of exposure time, temperature,
and pH of aqueous solution to the fluorescence intensity of N-
MQDs (Fig. S3 in Supporting information). The experimental results
showed that the fluorescence emission intensity did not change
significantly with the increase of the solution temperature, re-
mained relatively stable. When the pH of an aqueous solution goes
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from 2 to 13, PL strength basically has no significant change. At the
same time, the wavelength position and intensity of the fluores-
cence and absorption of N-MQDs show appropriate light-emitting
time stability [18]. These results indicate that N-MQDs can be used
in different environments, this excellent temperature and pH sta-
bility make the N-MQDs can be widely used in groundwater, un-
conventional oil and gas development, hydraulic fracturing and
other fields [19].

Fig. 2a shows the UV-visible (UV-vis) absorption spectrum of
the synthesized N-MQDs under UV irradiation at 360 nm, and ab-
sorption peaks are located at 234 and 293 nm, respectively. The
strong absorption peak at 234nm corresponds to m-m* conju-
gate, and the other absorption peak found at 293 nm corresponds
to n-m* conjugate [17]. Fourier transform infrared spectroscopy
(FTIR) was used to analyze the structure, composition and chemi-
cal bonds of the synthesized N-MQDs (Fig. 2b). It can be seen from
the infrared spectrum that MQDs and N-MQDs have the constant
vibration peaks. The peak at 3438 cm~! is attributable to -OH and
-NH groups. The single peak at 1650 cm~! corresponds to the C=0
stretching vibration. The peak at 1345 cm~! is caused by -NH, vi-
bration, and the intensity of N-MQDs is greater than that of MQDs,
which proves the successful doping of N element on MQDs [20].
The peak of the C-O-C bond is located at 1092 cm~! [21]. The peak
at 943 cm~! belongs to the Ta=0 bond in the OTaCO group [23],
especially the peak at 826 cm~! may be explained by the vibra-
tion of the Ta-O bond. Infrared spectroscopy results show that the
-NH group forms a passive surface on the N-MQDs, which makes
the MQDs have excellent stability at different pH values and dif-
ferent temperatures. The surface modification of nanomaterials by
hydroxyl and carbonyl groups makes the functionalized nanomate-
rials have good light stability [23].

X-ray diffraction (XRD) (Fig. 2c) was used to study the elemen-
tal composition and overall crystal structure of the original TasCs
MXene, MQDs and N-MQDs. The etched Ta,C3 MXene nanosheets
have obvious (002), (015) and (018) peaks [24], which indicates
that TayC3 MXene has a 2D layered structure. The peaks of N-
MQDs contained the same peaks as Ta;C3 MXene, indicating that
the prepared N-MQDs maintained the two-dimensional layered
structure of the parent MXene material. It should be noted that
there is a peak at 59.03°, which corresponds to the formation
of impurity TaO. Due to the doping of heterogeneous elements,
the angle of the (018) peak of the synthesized MQDs is slightly
changed compared with that of the original TayC3 Mxene [25,26].
The element composition and valence state of N-MQDs were char-
acterized and analyzed by X-ray Photoelectron Spectroscopy (XPS)
(Figs. 2d-h). The contents of C, N, O and Ta elements in the sam-
ples were analyzed by XPS, and the high-resolution XPS spec-
tra of MQDs and TayC; was compared to indicates the success-
ful doping of N element (Table S2 and Fig. S4 in Supporting in-
formation). XPS was used to identify the properties of chemical
bonds in the C 1s, O 1s, N 1s and Ta 4f regions of the sam-
ple. The results show that N-MQDs have a 2D layered structure
consistent with the parent MXene. The XPS spectrum of N-MQDs
(Fig. 2d) all showed 4 peaks, which are 285.08, 535.08, 400.08 and
30.08 eV, corresponding to C 1s, O 1s, N 1s and Ta 4f [22,27], re-
spectively. In the high-resolution C 1s spectrum (Fig. 2e), the C
1s XPS spectrum of N-MQDs shows four peaks at 283.3, 284.8,
285.5 and 288.3eV [19]. The peak centered at 283.3 eV in the XPS
spectrum of N-MQDs corresponds to the Ta-Cx bond. The peak
of 284.8eV corresponds to the C-C bond that may be formed
during the synthesis of MXene. The "graphitized" nitrogen (C-N-
H) bond corresponds to the peak of 285.5eV, and the existence
of the C-N bond is consistent with the results of FTIR (Fig. 2b)
[28,29]. The peak centered at 288.3eV corresponds to the C=0
bond. The O 1s XPS spectrum of N-MQDs (Fig. 2f) forms four
peaks at 530.9, 531.8, 533.0 and 535.4eV, corresponding to TaCx
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Fig. 2. (a) UV-vis absorption; (b) FTIR spectra; (c) XRD spectra of pristine MQDs, N-MQDs and pristine Ta;C; MXene; (d) XPS survey spectra, high-resolution XPS spectra of

(e) C 1s, (f) O 1s, (g) N 1s, (h) Ta 4f.
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Fig. 3. (a) Time-dependent fluorescence changes of the N-MQDs in the presence of Fe3* (100 umol/L); (b) PL emission spectra of the Fe3+ (N-MQDs) solution with different
concentrations (umol/L) of Fe3*; (c) The AF calibration curve of the N-MQDs solution versus the concentration of Fe3*; (d) The AF at 370 nm for N-MQDs in the presence of

various metal ions (100 pmol/L).

(-0 end), TayC3(OH)x (-OH end), TayC3(OH)x-H;0,4s (the -OH end
strongly adsorbs water) and C-OH bond, respectively. This corre-
sponds to the typical surface end -O, -OH and -F of TayC3 Mx-
enes [29]. The -OH bond indicates that the N-MQDs are connected
by hydrogen bonds on the surface, which leads to the fixation of
C=0 and C-O bonds, which greatly enhances the entire system’s
stability. The two peaks formed by the high-resolution N 1s spec-
trum (Fig. 2g) at 400.8 and 399.1eV correspond to the nitrogen
(-NH;) and pyrrole-like nitrogen (C-N) in the amine group, indi-
cating that the functionalized nitrogen is -NH, and C-N The form
of bond is doped into N-MQDs. In the presence of pyrrole-like ni-
trogen, N doping tends to occur at the position where the defec-
tive bond shrinks, and pentagonal rings also appear at the posi-
tion where the defective bond shrinks more. The high-resolution
Ta 4f spectrum was used to characterize the bonding configuration
of nitrogen atoms in N-MQDs (Fig. 2h). The Ta 4f spectrum con-
tains four peaks at 23.4, 25.1, 26.1, and 28.1 eV. The peak at 23.4eV
corresponds to 4fy, sites of TaCx, the peak at 25.1eV corresponds
to 4fs), sites of TaCx, and the peak at 163.94eV is accredited to
the 4fy, sites of [N(C3Hs)4]2[TagCli>Clg], the peak at 28.1eV cor-
responds to 4fs), sites Ta;Os5 [27,30,31]. The results show N ele-
ments are successfully doped into the MQDs. It is worth seeing
that there is a uniform displacement of binding energy, which fur-
ther proves the chemical bond interaction between N and other
elements, and better proves that N has been successfully doped
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into MQDs. Thanks to the surface of N-MQDs is rich in -NHj,
-OH and other groups as well as N and O, it has a strong electron-
absorbing ability and can effectively passivate the active sites on
the surface. And quantum binding and edge effect of N-MQDs, it
is useful to improve the stability and fluorescence performance of
MQDs [32,33]. The results show that N-MQD is functionalized by
N atoms, and the emission and corresponding fluorescence proper-
ties of quantum dots are improved, such as PLQY, which provides
an idea for the subsequent adjustment of Ta;C3 Mxene.

Based on the excellent QY properties of N-MQDs, we explored
the application of N-MQDs in fluorescent probes [34-37]. Fe3* is
very important in both biological environment and natural envi-
ronment. Fe3* is the core part of hemoglobin and an indispensable
substance in various physiological processes. At the same time,
Fe3* is the key index of oil quality in the process of oil produc-
tion [37-39]. We detected the effect of N-MQDs of different ions,
and the fluorescence intensity is quenched rapidly within 0.5 min
with the addition of Fe3* (Fig. 3a). As can be seen from Fig. 3b,
after adding 100 pmol/L Fe3*, the fluorescence decreases signif-
icantly and is almost quenched, indicating that N-MQDs have a
high detection efficiency for Fe3*. The results show that N-MQD
has a strong detection potential for Fe3* [40-42], and the detection
limit can be as low as 2 pmol/L (Fig. 3c). In addition, in order to
avoid the possible influence of other factors on N-MQDs, interfer-
ence detection of other metal ions is of great importance. Fig. 3d
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Fig. 4. (a) Schematic diagram of a hydrogel fluorescence emission intensity test; (b) The relationship between the fluorescence intensity of the hydrogel (doped with N-
MQDs) and the external force to which the hydrogel was subjected; (c) A fitted curve between the fluorescence intensity of the hydrogel (doped with N-MQDs) and the
external force; (d) The relationship between the fluorescence intensity of N-MQDs doped hydrogel and the external force (3 kg; 2.5kg) to which hydrogel was subjected.

can be seen that, by comparing the fluorescence interference re-
sponses of various ions to N-MQDS, other ions basically have no
meaning influence on the fluorescence of N-MQDs, except Fe3+.
This obvious change in fluorescence intensity can be attributed to
the fact that Fe3* promotes electron/hole recombination annihila-
tion through an alternative and effective electron transfer process,
which leads to changes in the morphology and electronic state of
the N-MQDs surface, and the selectivity of N-MQDs quenching is
also the key to eliminating fast response and detection limit [43].
In addition, the changes of fluorescence lifetime and UV-vis ab-
sorption of N-MQDs (Fig. S5 in Supporting information) indicate
that the presence of Fe3* has no effect on the lifetime absorp-
tion, which proves that Fe3+ makes the fluorescence quenching of
N-MQDs be static quenching. The specificity and selectivity of N-
MQDs in Fe3+ provide an important contribution to the contempo-
rary role of N-MQDs in heavy ion detection and stress monitoring.

In addition, due to the fluorescence properties of N-MQDs are
easy to be oxidized or quenched by extreme environments and
metal ions, we developed a fluorescent hydrogel that can enhance
the fluorescence intensity. Adding fluorescent quantum dots into
hydrogels will expand the application scope of N-MQDs, such as
remote mechanical fluorescence monitoring applications [44-46].
In the hydrogel fluorescence force measurement experiment, as
shown in Fig. 4a, the hydrogel of the same size is fixed in the
foam mold to avoid shape changes and maintain the external force
to bear the weight. When the hydrogel is compressed by an ex-
ternal force, the volume of the hydrogel decreases, and the unit
volume concentration of fluorescent quantum dots increases, lead-
ing to the increase of fluorescence emission intensity of the flu-
orescent hydrogel, which makes it feasible to monitor the size of
external force by the change of fluorescence intensity of the hydro-
gel. The fluorescence intensity changes to determine the strength
of the external force. As shown in Fig. 4b, the fluorescence in-
tensity of hydrogels changed obviously and the detection range
is large. Through linear fitting, the relationship between the flu-
orescence intensity of the fluorescent hydrogel and the external
force was obtained (Fig. 4c). In order to verify the reliability of the
method, a confirmatory experiment (Fig. 4d) was carried out. The
result shows that the external force measured by the hydrogel flu-
orescence intensity change method is similar to the actual external
force, and can correspond to the force value in the fitting curve,
which proves that the performance has universal applicability in
the application. Therefore, we can realize the perception and cal-
culation of the environmental stress of the material by calculating
the fitting curve of the change of the fluorescence intensity on the
surface of the remote detection material (fluorescent hydrogel).

In conclusion, we first developed bright blue fluorescent N-
MQDs with TasC3 as the precursor. It showed a very high QY
(23.4%) and excellent fluorescence stability. The specificity and se-
lectivity of N-MQDs in the detection of Fe3* make it promising to
be a fast and ultra-sensitive fluorescent probe in diverse environ-
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mental detection and protection applications. In addition, the accu-
racy of stress monitoring shown by hydrogel quantum dots has a
broad application prospect in optical, mechanical and architectural
fields.
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