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A B S T R A C T

The problem of water pollution has become increasingly serious, and it has already threatened the
survival of mankind and has become an obstacle to the healthy development of human health. Here, we
prepared a novel polyvinyl alcohol (PVA)/polyacrylic acid (PAA)/MXene fiber membrane by electro-
spinning. After heat treatment of film and subsequent modification with Pd nanoparticles, PVA/PAA/
MXene@PdNPs composite nanofiber membrane with high specific surface area and excellent catalytic
performance was finally prepared. The uniform distribution of MXene sheets in the composite fiber
membrane not only solves the problem that the MXene sheet is not easy to be monolayerized, but also
can grow the self-reduced Pd nanoparticles on the MXene sheets. In addition, the composite nanofiber
membrane exhibits excellent catalytic ability and cycle stability for 4-nitrophenol (4-NP) and 2-
nitrophenol (2-NA), providing new strategy for the study of catalytic composite materials related to
degradation of wastewater.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
In recent years, the problem of water pollution has become a
hot spot of concern. The sewage treatment has also become the
research focus. Among them, the main sources of sewage are
domestic sewage and chemical dye wastewater. Nitrophenol is
well known as the most common organic pollutant in industrial
and agricultural wastewater [1]. At present, various methods for
removing them have been developed, such as photocatalytic
degradation [2], adsorption [3], microbial degradation [4], nitro
reduction [5], microwave-assisted catalytic oxidation [6], and
electrocoagulation [7]. However, considering the conditions such
as energy saving, safe operation, and avoidance of use of an organic
solvent, a method for converting 4-NP to 4-AP in an aqueous
solution under mild conditions is urgently needed to develop.
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In the past few decades, nanotechnology has developed rapidly
in various fields, especially precious metal nanoparticles. Due to
the excellent catalytic performance of noble metal nanoparticles,
they have been widely concerned in the world, such as gold,
palladium, etc. [8,9]. However, since the palladium nanoparticles
have high surface energy, resulting in instability and easy
aggregation of the palladium nanoparticles, the catalytic perfor-
mance and catalytic efficiency of the palladium nanoparticles are
suppressed [10]. According to research, loading particles onto a
carrier substrate [11–13] is one of the effective methods for solving
the aggregation of metal particles. Recently, a variety of different
palladium based catalysts have been reported. Mourdikoudis et al.
prepared highly porous and hydrophobic palladium nanodendrites
by a one-step process, and palladium nanodendrites exhibited
excellent performance of recyclable catalysts [14]. Zhao et al.
proposed a convenient, time-saving, economical, and sustainable
method for immobilizing Pd NP on filter paper by PEI-mediated in
situ reduction, and this material is reusable in the reduction
conversion of Cr(VI) to Cr(III) and 4-nitrophenol to 4-aminophenol.
[15]. Wang et al. successfully prepared a polyethyleneimine/
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polycaprolactone composite fiber membrane decorated with
palladium nanoparticles by electrospinning method, which has
high and recoverable catalytic performance for nitro compounds
[10]. Therefore, electrospun fibers can be used as an ideal carrier
for metal nanoparticles. MXene is a new layered two-dimensional
(2D) material with excellent surface area and excellent properties,
providing a carrier substrate for the reduction of metal particles
[16]. Huang et al. prepared a graded AgNP-loaded MXene/Fe3O4/
polymer nanocomposite for enhanced catalytic performance [17].
However, MXene nanosheets are prone to aggregation in solution
and are prone to oxidation, which has become an urgent challenge.
Boota et al. prepared PPy/Ti3C2Tx composites through modifying
polypyrrole on the surface of MXene [18]. However, after the
surface of the MXene sheet is modified, its self-reducing precious
metal properties are masked.

In order to solve the above problems, we successfully
synthesized PVA/PAA/MXene@PdNPs functional nanocomposites
by electrospinning technology. Electrospinning is well known as a
simple and effective method for the direct and continuous
preparation of polymer nanofibers [19,20]. The prepared electro-
spun fibers have unique characteristics such as specific surface
area and high porosity [21], which can be widely used in
adsorption [22], catalysis and filtration [23–25]. At the same time,
PVA and PAA are water-soluble and environmentally friendly
materials, which are non-polluting and easy to degrade. In
addition, PVA/PAA/MXene@PdNPs nanofibers synthesized by
electrospinning technology not only make MXene sheets evenly
distributed on the spinning, reduce the aggregation of MXene in
solution, but also provide a substrate for the reduction of Pd
nanoparticles. In this work, the structural characterization and
performance tests of the PVA/PAA/MXene@PdNPs composite
nanofibers show that the composite fiber material behaves
excellent catalytic reduction performance of nitro compounds
such as 2-nitrophenol (2-NA) and 4-nitrophenol (4-NP), which
means that the new PVA/PAA/MXene@PdNPs composite nano-
fibers provide a new strategy in future wastewater treatment.

In this study, as shown in Fig. 1, the stratified PdNPs-loaded
MXene/polymernanocompositessynthesizedbytheelectrospinning
strategy have high catalytic performance for wastewater-treated
nitro compounds. First, a solution of theMXene flake dispersionwas
separately added to the PVA and PAA solutions. Next, the two
solutionsofPVAandPAAwereuniformlymixedwitheachothertobe
spun. Finally, PVA/PAA/MXene composite nanofiber membranes
were prepared by electrospinning technology. After the composite
fiber membrane was dried, it was placed in a PdCl2 solutionwith an
appropriate time.Then, themembranewaswashedwithethanol and
ultrapure water for several times and dried to finally obtain a
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Fig. 1. Schematic illustration of preparation process of the obtianed composite
fibers.
PVA/PAA/MXene@PdNPs composite nanofiber membrane. Finally,
the catalytic activity of PVA/PAA/MXene@PdNPs composite nano-
fiber membranes for 2-NA and 4-NP was studied. It is worth noting
that since the electrons in the low-priced titanium in MXene are
oxidized to a high valence state, the electrons of the Pd2+ ion are
reduced toPdNPs. Inaddition,with theadditionofMXene sheets and
PdNPs, thePVA/PAA/MXene@PdNPscompositefiberfilmwithhigher
specific surface area was obtained, and the specific surface area
increased from 9.63m2/g to 13.48m2/g, as shown in Table S1
(Supporting information).

X-ray diffraction (XRD) data is used to reflect strong affiliations
in composite nanofibers. Fig. S1a (Supporting information) shows
the XRD pattern of MXene powder, PVA/PAA nanofibers, PVA/PAA/
MXene composite nanofibers and PVA/PAA/MXene@PdNPs com-
posite nanofibers. The curve of MXene powder clearly indicates
that the characteristic peaks are at 2u = 8.90�, 18.24� and 27.65�,
which are assigned to the (002), (006) and (008) crystal faces [26],
respectively. XRD peaks were observed at 19.58� (PVA/PAA) and
20.24� (PVA/PAA/MXene), indicating the addition of MXene flakes
to the composite nanofiber layer. In addition, the XRD inset shows
the characteristic peaks of PdNPs corresponding to (111), (200) and
(220) planes, which further confirms the successful loading of
PdNPs [27].

The thermal stability of different composite nanofibers was
measured by TG, as shown in Fig. S1b (Supporting information). A
small weight loss was observed at 180 �C, indicating evaporation of
moisture in the nanofiber material. Further, the weight loss is
remarkably increased due to thermal decomposition of the carbon
chain between 250 �C and 450 �C. When the temperature reached
480 �C, the weight loss value of the nanofibers remained constant.
Therefore, the heat loss rates of PVA/PAA, PVA/PAA/MXene and
PVA/PAA/MXene@PdNPs spinning films were 73.15%, 67.30% and
57.1%, respectively. The results show that the PVA/PAA/MXene
spinning fiber has relatively less heat loss due to the successful
addition of MXene sheet, while the PVA/PAA/MXene@PdNPs
spinning film has the least heat loss of the spinning fiber,
indicating that MXene nanosheets and Pd nanoparticles were
successfully anchored in the obtained fibers.

Next, the morphology of PVA/PAA/MXene@PdNPs composite
nanofibers was characterized by SEM, as shown in Fig. 2. Figs. 2a–c
depict the SEM structures of PVA/PAA, PVA/PAA/MXene and PVA/
PAA/MXene@PdNPs, respectively. The PVA/PAA nanofibers exhibit a
relatively uniformfilament shapewith anaverage diameterof about
500 nm. After the addition of MXene sheets, the morphology of the
preparedPVA/PAA/MXenecompositenanofibers changed.Asshown
in Fig. 2b, theMXene sheets were uniformly distributed on the spun
fibers, indicatingthattheMXenesheetsweresuccessfullyembedded
in the fibers. Finally, the PVA/PAA/MXenemembranewas immersed
in PdCl2 solution to obtain PVA/PAA/MXene composite nanofibers
loadedwith PdNPs, as shown in Fig. 2c. Bymapping the elements in
the SEM, as shown in Figs. 2d–g, the images of PVA/PAA/
MXene@PdNPs clearly show the existence of carbon, oxygen,
titanium and palladium elements, further proving the successful
loading of PdNPs. In order to further analyze the structure of the
prepared PVA/PAA/MXene@PdNPs composite nanofibers. Fig. 2h
showsthat theplanespacingd(111)=0.240 nmof the latticedatacan
fully prove that PdNPs were successfully prepared, which is
consistent with the results expressed in XRD.

We used XPS technology to study the elemental composition
and Pd2+ reduction level on the surface of PVA/PAA/MXene@PdNPs
composite nanofibers (Fig. 3). Figs. 3b–d represent characteristic
peaks of C 1s, O 1s and Pd 3d, respectively. The XPS spectrum of Pd
3d shows a double peak with a binding energy of 337.5 eV and
343.3 eV, corresponding to the Pd 3d5/2 and Pd 3d3/2 components
of the metal Pd(0) state, which confirms the presence of metal Pd
[28–30]. In addition, we analyzed the oxygen and carbon elements.
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Fig. 2. SEM images of PVA/PAA nanofibers (a), PVA/PAA/MXene nanofibers (b), PVA/PAA/MXene@PdNPs nanofibers (c), C/O/Ti/Pd elemental mapping (d–g), and high-
resolution TEM images of Pd nanoparticles (h).
[(Fig._3)TD$FIG]

Fig. 3. XPS profiles of the PVA/PAA/MXene@PdNP nanofibers (a) and elemental mappings: C 1s (b), O 1s (c), and Pd 3d (d).
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The peaks appearing at 284.7 eV, 285.8 eV and 288.8 eV are
respectively the peaks of C 1s, representing C–C, C–H and C–OR.
Then, the peaks at 532.1 eV and 532.8 eV are respectively the peaks
of O 1s, representing C–O bonds and C=O bonds [31].

Next, as a new catalyst, the obtained PVA/PAA/MXene@PdNPs
composite nanofibers were used to study the catalytic perform-
ances of the nitro compound (4-NP, 2-NA). As shown in Fig. 4a, the
color of 4-NP solution is pale yellow in neutral and acid
environments. Under the influence of NaBH4 at room temperature,
the color of the solution immediately changed from pale yellow to
[(Fig._4)TD$FIG]

Fig. 4. UV–vis spectra of 4-NP (a) and 2-NA (d) before and after adding NaBH4 aqueous so
nanofibers (b,e); and relationship between ln(Ct/C0) and the reaction time (t) of comp
bright yellow because of the formation of p-nitrophenol ions, and
the absorption peak moved from 317 nm to 402 nm [32]. As the
reaction progressed, the absorption peak of 4-AP gradually
appeared near 295 nm, and meanwhile the solution was almost
colorless. When PVA/PAA/MXene@PdNPs composite nanofibers
were added, the peak of 4-NP gradually decreased at 402 nm over
time, indicating that 4-NP was continuously catalyzed (Fig. 4b)
[33]. It is worth mentioning that the concentration of NaBH4 is
negligible throughout the reaction due to the large initial
concentration of NaBH4, and the entire process of catalyzing
lution; catalytic reduction of 4-NP or 2-NAwith PVA/PAA/MXene@PdNPs composite
osite nanofiber catalyst (c,f).
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4-NP can be regarded as a quasi-first-order reaction. As shown
in Fig. 4c, the linear relationship of ln(Ct/C0)-t in the catalytic
reaction indicates that the catalytic reaction is a pseudo first-order
reaction (Ct represents the concentration at a certain moment, C0
represents the initial concentration and t indicates the reaction
time). The kinetic constant (k) of PVA/PAA/MXene@PdNPs
composite nanofibers for catalytic reduction of p-nitrophenol
was 0.367min�1. The results show that PVA/PAA/MXene@PdNPs
composite nanofibers has good catalytic activity for 4-NP.

To further evaluate the catalytic activity of PVA/PAA/MXe-
ne@PdNPs composite nanofibers, we also performed experiments
to catalyze2-NAreactions. Similarly, the colorof themixtureof2-NA
and NaBH4 remained steady for 24 h in the absence of a catalyst,
the color of 2-NA exhibited a bright yellow color [34–38], and the
position of the absorption peak of 2-NA was 415 nm. After the
addition ofNaBH4, the position of the absorptionpeak of 2-NA is still
415 nm,asshowninFig.4d.AfteraddingappropriateamountofPVA/
PAA/MXene@PdNPs composite fiber, the catalytic reaction was
completed in 15min, which proved that the process of composite
fiber catalyzing 2-NA exhibited very obvious effect, as shown in
Fig. 4e. It is similar that the catalytic reaction of PVA/PAA/
MXene@PdNPscompositenanofibers to2-NAcanalsobeconsidered
a quasi-first-order reaction (Fig. 4f). The kinetic constant (k) of PVA/
PAA/MXene@PdNPs compositenanofibers for catalytic reductionof
o-nitroaniline was 0.331min�1, which proved that the composite
has good catalytic activity for 2-NA. In addition, the catalytic
efficiencies of the composite fiber membranes PVA/PAA/MXe-
ne@PdNPs for 4-NPand2-NAwere94%and90%, respectivelyafter 8
reuse cycles, as shown in Fig. S2 (Supporting information),
demonstrating well stability and wide reuse applications. Thus,
present obtained PVA/PAA/MXene@PdNPs composite nanofiber
materials seemed to be an excellent catalyst for degrading dyes,
which provided new idea for design of catalytic materials and self-
assembled composites in the future [39–45].

In summary,we successfully designed andprepared anovel PVA/
PAA/MXene@PdNPs composite nanofiber material with significant
catalytic activity through the electrospinning technology and the
self-reduction of Pd2+ ions by MXene flakes. After the use of MXene
flakes, it provides a rich active linking site and sufficient space for
the chemical modification of palladium, which is beneficial to the
adhesion of palladium particles and reduces the aggregation of
palladium during the reduction process. The PVA/PAA/MXe-
ne@PdNPs composite nanofibers exhibit excellent reactivity for
the catalytic reaction of certain nitro compounds (such as 2-NA and
4-NP) due to special structural characteristics of composite nano-
fibers and good catalytic activity of PdNPs. Therefore, present work
not only provides new research clues for the preparation of
composite materials loaded with metal particle, but also lays a
new foundation for wastewater treatment. At the same time, it has
extremely important and potential worth for environmental
management and sustainable development of composite materials.
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