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Fabrication of tunable hierarchical MXene@AuNPs
nanocomposites constructed by self-reduction
reactions with enhanced catalytic performances
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ABSTRACT MXene, a new type of two-dimensional layered
transition metal carbide material differing from graphene,
demonstrates intriguing chemical/physical properties and
wide applications in recent years. Here, the preparation of the
self-assembled MXene-gold nanoparticles (MXene@AuNPs)
nanocomposites with tunable sizes is reported. The nano-
composites are obtained via the self-reduction reactions of
MXene material in a HAuCl, solution at room temperature.
The sizes of the Au particles can be well-controlled by reg-
ulating the self-reduction reaction time. They can greatly in-
fluence the catalytic behaviors of the MXene@AuNPs
composites. MXene@AuNPs composites with optimized re-
duction time show high catalytic performances and good cycle
stability for model catalytic reactions of nitro-compounds,
such as 2-nitrophenol and 4-nitrophenol. This work demon-
strates a new approach for the preparation of tunable MXene-
based self-assembled composites.

Keywords: MZXene, self-reduction, gold nanoparticle, nitro-
compound, nanocomposites

INTRODUCTION

Various kinds of two-dimensional (2D) materials have
drawn increasing attention in recent years, owing to
special physical and chemical properties [1-9]. In 2011,
Naguib first prepared transition metal nitride/carbon
nano-layered materials (MXene), a new type of 2D layer
material [10]. The earliest discovered transition metal 2D
carbide/nitride is a member of the MXene family [11,12].
At present, MXene [13] is mainly synthesized by the
corrosion of the A-group layered M, AX, (MAX) phase
by hydrofluoric acid, where n = 1 to 3, M is an early

transition metal, A is an A-group (mostly IIIA and IVA,
or groups 13 and 14) element and X is either carbon and/
or nitrogen [14-17]. The surface of MXene contains
many active groups, such as hydroxyl groups, oxygen
ions, and fluorine ions [18-20]. The 2D MXene materials
show special nanostructures that easily induce oxidization
reaction in environments with oxygen and water [21-24],
and demonstrate special electronic [25], magnetic [26]
and mechanical properties [27]. Additionally, MXene has
a wide range of applications, such as for energy storage,
catalysis, adsorption, hydrogen storage, sensors, and new
polymer-reinforced composites. Presently, research on
MXene is mainly focused on lithium ion batteries [28,29],
supercapacitors and fuel cells [30-32]. Additionally, some
special aspects regarding the catalytic performances of
MZXene materials, such as high-performance oxygen
evolution, efficient electrocatalyst for hydrogen evolution
and single-atom catalyst for CO oxidation, have been
investigated [33-37]. Moreover, in recent years, our
group has prepared some novel MXene/Ag composites,
MZXene-based nanoflower-shaped TiO,/C composites,
and MXene/magnetic iron oxide nanocomposites, which
demonstrate unusual electrocatalytic activity, extra-
ordinary long cycle lifetime lithium storage and catalytic
activity for the dehydrogenation of sodium alanates, re-
spectively [38-41]. However, it is still challenging to de-
sign and obtain MXene-based composites via facile and
effective self-assembly. Alternatively, Au nanostructures
and nanocomposites have shown important applications
in cancer-related detection, selective photocatalysts and
controlled drug release [42-45]. It is expected that a
combination of MXene-based composites with gold na-
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noparticles could be especially advantageous, owing to
controllable nanostructures and enhanced catalytic
properties.

In this work, we report the synthesis and character-
ization of new MXene-gold nanoparticles (MXe-
ne@AuNPs) composites with layered MXene (Ti;C,-
(OH,F,,),) as a template for the direct reduction of Au
nanoparticles in HAuCl, solution. The layered MXene
acts as a supporter and reductant in the reaction process.
The obtained MXene@AuNPs composites exhibit excep-
tional performances for the model reduction reaction of
nitro-compounds, such as 2-nitrophenol (2-NA) and 4-
nitrophenol (4-NP) [46-48]. Additionally, we study the
size of surface-reduced gold particles and their catalytic
effects on 2-NA and 4-NP at different reaction times. This
present work suggests that MXene-based composites may
be promising catalyst candidates, demonstrating great
potential in the fields of composite catalyst materials and
wastewater treatment.

EXPERIMENTAL SECTION

Materials

2-NA and 4-NP were obtained from Aladdin Reagent
(Shanghai, China). Ultra-pure water was obtained
through a Milli-Q Millipore filter system (Millipore Co.,
Bedford, MA, USA) with a resistivity of 18.2 MQ cm
Chloroauric acid tetrahydrate (HAuCl,-4H,0) and so-
dium borohydride (NaBH,) were obtained from Alfa
Aesar (Beijing, China). Ethanol (C,H;OH) was provided
by Sinopharm Chemical Reagent Co., Ltd. (Beijing, Chi-
na). All chemicals were used, as received, without further
purification. MXene (Ti;C,(OH,F,,),) was synthesized
according to previous reports [39,40].

Preparation of composites MXene@AuNPs

First, 100 mg of MXene solid powder, after sonication for
30 min in an ultrasonic water bath, was dispersed in
100 mL ultrapure water to obtain a uniform suspension.
Then, 3 mL of HAuCl, (0.1 mol L") was slowly added to
the suspension and constantly stirred to give full re-
sponse. After reacting for 20 min, the obtained composite
(named as MXene@AuNPs20) suspension was cen-
trifuged several times with ultrapure water. Finally, the
composite was freeze-dried in a dryer at —60°C for 48 h.
Additionally, via catalytic reduction reactions for 5 or
60 min, MXene@AuNPs5 or MXene@AuNPs60 compo-
sites, respectively, were synthesized under the same
conditions.
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Catalytic performance of MXene@AuNPs composites

The catalytic performance of MXene is evaluated mainly
through the degradation of nitro-aromatics, including 4-
NP and 2-NA by NaBH, [49]. The prepared MXe-
ne@AuNPs suspension (0.3 mL, 1 mg mL™') was mixed
with an aqueous solution of 2-NA (2 mL, 5 mmol LYor
4-NP (2mL, 5mmol L), and a fresh aqueous NaBH,
solution (20 mL, 0.01 mol L™"). The filtered solution
samples were analyzed by UV-vis spectroscopy until the
mixture became colorless. Additionally, we also studied
the cyclic stability under the same environmental condi-
tions.

Characterization

The morphology of the sample was characterized by field-
emission scanning electron microscopy (SEM, Hitachi
S4800, Japan) and transmission electron microscopy
(TEM, HT7700, Hitachi High-Technologies Corporation,
Ibaraki, Japan). High resolution transmission electron
microscopy (HRTEM) images were acquired with a JEM-
2010 electron microscope operated at 200 kV. X-ray dif-
fraction (XRD) patterns of the samples were obtained
with an X-ray diffractometer equipped with a Bragg dif-
fraction setup (SMART LAB, Rigaku, Akishima, Japan)
and a Cu Ka X-ray radiation source. At different times,
the reaction solution concentration was measured by ul-
traviolet absorption spectroscopy using a UV-2550
spectrophotometer. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Thermo Scientific
ESCALab 250Xi XPS (Thermo Fisher Scientific, San Jose,
CA, USA) using 200 W monochromated Al Ka radiation.
Thermogravimetry (TG) analysis was carried out using a
NETZSCH STA 409 PC Luxx simultaneous thermal
analyzer (Netzsch Instruments Manufacturing Co., Ltd.,
Seligenstadt, Germany) in an argon atmosphere.

RESULTS AND DISCUSSION

Structural characterization of MXene@AuNPs composites
The flowchart in Fig. 1 shows that this experiment mainly
involves the preparation of composite MXene@AuNPs
and analysis of the catalytic properties of composite
MXene@AuNPs on nitro-compounds. First, under am-
bient conditions, MXene reacted with HAuCl, to obtain
composite MXene@AuNPs with different particle sizes of
Au. Next, the catalytic properties of two nitro-com-
pounds 2-NA and 4-NP were studied with the composite
MXene@AuNPs.

The SEM image (Fig. 2a) shows that the original
MXene is a layered structure and is more visible [50].
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Figure 1 Schematic illustration of the fabrication and catalysis of MXene@AuNPs composites.

keV

Figure 2 (a) Representative SEM image of the layered MXene sample.
(b) Representative SEM image of the layered MXene@AuNPs sample.
(c) High magnification image of a local area in (b). (d) Representative
EDS image of the layered MXene@AuNPs sample.

After HAuCl, treatment, the surface of MXene has many
white spots, as shown in Fig. 2b, c. By energy dispersive
spectrometer (EDS) analysis, it is further verified that the
white spots on the MXene surface are gold particles, in-
dicating that many gold particles are mainly distributed
on the surface of MXene after HAuCl, treatment, as
shown in Figs 2d and 3. HRTEM images indicate the
nanoparticles are single crystal. In the process of Au re-
duction by MXene, with the increase of reaction time, Au
particles grow slowly. Lattice figures with an interplanar

730 © Science China Press and Springer-Verlag GmbH Germany 2018

spacing of d;; = 0.238+0.07 nm and d,y, = 0.210+£0.01 nm
are clearly visible, as shown in Fig. 3b, e, h. The average
particle size of the Au particles is concentrated at
15+5 nm at 5 min, as shown in Fig. 3c. Additionally, the
average size of gold particles in MXene@AuNPs20 and
MZXene@AuNPs60 composites are 25+5 nm (Fig. 3f) and
35+5 nm (Fig. 3i), respectively, indicating that the particle
size of gold particles increases slowly with the increment
of reaction time.

The XRD pattern (Fig. 4) shows four major diffraction
peaks, which can be attributed to the (111), (200), (220),
and (311) planes of face-centered-cubic Au single crystal.
With the increment of reaction time, the peaks of Au
become sharper and stronger, indicating the enhance-
ment of Au crystallinity. Additionally, the (002) peak
intensity of MXene at ~8.9° becomes weak, which could
be speculated to be the partial oxidation of the MXene
sheet in the reduction reaction process of gold nano-
particles [51].

As shown in Fig. 5, the thermal stability of MXene and
MXene@AuNPs composite was evaluated by TG, which is
an important technique to investigate functional nano-
composite materials [52-56]. TG results show the final
heat loss at 650°C, in which the maximum mass loss of
MXene@AuNPs60 is about 12.3%, followed by MZXe-
ne@AuNPs20, MXene@AuNPs5, and MXene. With the
increment of reaction time, the heat loss of composite
MXene@AuNPs is also larger, indicating that the thermal
stability of the composite MXene@AuNPs60 worsens.

XPS is a useful tool to investigate the chemical states
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Figure 3 (a, d, g) TEM images of the prepared MXene@AuNPs5, MXene@AuNPs20, and MXene@AuNPs60 samples at 5, 20, and 60 min. (b, e, h)
High-resolution TEM images of Au nanoparticles at (a, d, g). (c, f, i) Particle size distribution of Au nanoparticles.

and elemental components in various functional com-
posites [57-61]. To study the mechanism of self-reduc-
tion, XPS analysis was performed for the MXene and
MZXene@AuNPs60 composite (Fig. 6a). The obvious peak
at ~458.8 eV from original MXene samples is assigned to
Ti(IV) 2ps, (Fig. 6b). Simultaneously, the broad peak
ranging from 454-457 eV in Fig. 6b suggests the possible
presence of low valence Ti species (i.e., Ti(II) (~454.7 eV)
and Ti(III) (~455.6 eV)) [62,63]. On the other hand, the
self-reduction process onto a MXene@AuNPs60 compo-
site can lead to the initial conversion from Ti(II) and Ti
(IIT) species to the termination of the Ti(IV) species, as
shown in Fig. 6¢c. The MXene@AuNPs60 composite (Fig.
6d) shows peaks at 82.3eV and 86.1 eV, where the
binding energy difference is 3.6 eV, indicating a reduced
form of Au(0), thus further confirming the presence of
Au nanoparticles in the sample. The obtained results
indicate that all gold elements exist in the Au(0) (i.e.,
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metallic) state, which further proves the strong reductive
activity in low valence Ti(II) and Ti(IIT) species. There-
fore, the self-reduction of Au is ascribed to the activated
low valence Ti species.

Catalytic performances of MXene@AuNPs composites

The catalytic capability of the obtained MXene@AuNPs
nanocomposites was evaluated by the catalytic hydro-
genation reaction of nitro-compounds [64]. In this study,
the reduction of 2-NA (2mL, 5mmol L) or 4-NP
(2 mL, 5mmol L") with fresh aqueous NaBH, (20 mL,
0.01 mol L") at room temperature was performed to in-
vestigate the catalytic activity of the composite MXe-
ne@AuNPs20, as monitored by UV-vis spectroscopy.
After the addition of NaBH, solution to the 4-NP solu-
tion, the UV-Vis absorption peak of 4-NP was from 317
to 402 nm, indicating the formation of 4-nitrophenolate
[65]. In the absence of a catalyst, the color of the mixture
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Figure 4 XRD patterns of the prepared different MXene composites.
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Figure 6 (a) XPS profiles of the MXene and MXene@AuNPs60 samples; (b) Ti 2p in the MXene; (c) Ti 2p in the MXene@AuNPs60; (d) Au 4f in the

MXene@AuNPs60.

of 4-NP and NaBH, does not change significantly for
24 h, indicating that the reaction does not occur. Upon
addition of a small amount of composite MXe-
ne@AuNPs20 suspension, the mixture gradually became
colorless over time. The typical peak of 4-NP at 402 nm
gradually diminished, indicating the complete reduction
of 4-NP (Fig. 7a). Considering that the concentration of
NaBH, is much higher than that of 4-NP (Cy,pus/Cinp =

732
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400), the whole reaction process of 4-NP can be regarded
as a pseudo first-order reaction. A linear relationships
between In(C,/C,) and time (t) of the MXene@AuNPs20
catalyst (Fig. 7b) indicates that the catalytic reaction of 4-
NP could be well-considered as a pseudo-first-order re-
action, where C, is the concentration at time ¢, and C,
represents the initial concentration. The rate of the
pseudo-first-order reaction is 0.175 min "}, indicating that

May 2018 | Vol.61 No.5
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Figure 7 (a, d) Catalytic reduction of 4-NP or 2-NA with MXene@AuNPs20 composite. (b, e) The relationship between In(C,/C,) and the reaction
time () of the nanocomposite catalyst. (c, f) The recyclable catalysis capacities of MXene@AuNPs20 composite for the reduction reaction of 4-NP or

2-NA by NaBH,.

the composite MXene@AuNPs20 had excellent catalytic
activity for 4-NP. After eight consecutive catalytic cycles,
the catalytic conversion was still more than 92%, in-
dicating its superior stability in comparison with other
kinds of composite catalysts [66-71], as shown in Fig. 7c.
Additionally, we have studied the catalytic mixtures of
MXene@AuNPs5 and MXene@AuNPs60 composites,
and linear-fitted their data (Fig. S1). As shown in Fig. S1a,
b, the MXene@AuNPs5 composite can completely cata-
lyze 4-NP mixtures within 1 h with a well linear depen-
dence. The MXene@AuNPs60 composite fully catalyzes
the 4-NP mixture slightly earlier than the MXe-
ne@AuNPs5 composite, but slightly later than the MXe-
ne@AuNPs20 composite, and the reaction order is close
to 1, indicating that the MXene@AuNPs20 composite is
an ideal catalyst (Fig. Slc, d).

Catalytic reduction of 2-NA was also carried out to
evaluate the activity of gold nanoparticles [72]. In the
absence of a catalyst, the color of the NaBH, solution and
2-NA mixture did not change significantly over 24 h, and
the intensity change of the characteristic absorption band
of solution at 415 nm was negligible. After adding a small
amount of the composite MXene@AuNPs20, the mixed
solution turned colorless within 1 h, indicating that the
MXene@AuNPs20 composite can also be almost com-
pletely catalyze the 2-NA mixture solution (Fig. 7d). Like

May 2018 | Vol.61 No.5

the MXene@AuNPs20 composite-catalyzed reduction of
4-NP, the MXene@AuNPs20 composite-catalyzed re-
duction of 2-NA can be also considered as a pseudo-first-
order reaction (Fig. 7e). The rate of the pseudo-first-order
reaction is 0.116 min", indicating that the composite
MXene@AuNPs20 has excellent catalytic activity for 2-
NA. The rate of the pseudo-first-order reaction for 4-NP
is much higher than that of 2-NA, indicating that the
catalytic effect of 4-NP is better than that of 2-NA. After
eight catalytic cycles, the conversion rate of the catalyst
remained above 95% (Fig. 7f). The MXene@AuNPs5 and
MXene@AuNPs60 composites can catalyze the 2-NA
mixture completely within a certain period; however, the
time required is slightly higher than that of the composite
MXene@AuNPs20 (Fig. S2), indicating that the MXe-
ne@AuNPs20 composite is a highly efficient catalyst for
the catalytic reaction of 2-NA. Additionally, the catalytic
effect of pure gold particles on 4-NP or 2-NA is far less
than that of MXene@AuNPs composites, indicating that
the MXene@AuNPs composite is an excellent catalyst.

CONCLUSIONS

In summary, new MXene@AuNPs nanocomposites were
prepared via a self-reduction reaction of MXene with
HAuCl,. The catalytic performances of the composite
MZXene@AuNPs were obviously affected by the time of
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the self-reduction reaction. By controlling the duration of
the self-reduction reaction, MXene@AuNPs composites
with different particle sizes of Au particles were prepared.
Owing to the special structural features and excellent Au-
based catalytic activity, the composite MXene@AuNPs
exhibited excellent reduction ability for some nitro
compounds, such as 2-NA and 4-NP. Experimental re-
sults show that the composite MXene@AuNPs20 pre-
pared with suitable self-reduction reaction time has the
best catalytic effect. Additionally, even after eight suc-
cessive catalytic cycles, the composite MXene@AuNPs
showed great stability. Thus, this work presents a new
route for the preparation of MXene-based nanocomposite
materials.
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