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Template synthesis of dual-functional porous
MoS, nanoparticles with photothermal conversion
and catalytic propertiesy
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Advanced catalysis triggered by photothermal conversion effects has aroused increasing interest due to
its huge potential in environmental purification. In this work, we developed a novel approach to the fast
degradation of 4-nitrophenol (4-Nip) using porous MoS, nanoparticles as catalysts, which integrate the
intrinsic catalytic property of MoS, with its photothermal conversion capability. Using assembled poly-
styrene-b-poly(2-vinylpyridine) block copolymers as soft templates, various MoS, particles were prepared,
which exhibited tailored morphologies (e.g., pomegranate-like, hollow, and open porous structures). The
photothermal conversion performance of these featured particles was compared under near-infrared
(NIR) light irradiation. Intriguingly, when these porous MoS, particles were further employed as catalysts
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for the reduction of 4-Nip, the reaction rate constant was increased by a factor of 1.5 under NIR illumina-
tion. We attribute this catalytic enhancement to the open porous architecture and light-to-heat conver-
sion performance of the MoS, particles. This contribution offers new opportunities for efficient photo-
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Introduction

Over the past decades, solar-driven photothermal conversion
has attracted intensive attention, which enables broad appli-
cations such as environmental remediation, water desalination
and photothermal-assisted catalysis under mild conditions
with high efficiency.'™ Therefore, it is essential to develop
photothermal conversion catalysts that can strongly harvest
solar energy ranging from UV to the visible light, and even to
the near-infrared light (NIR) to accelerate the degradation of
water contaminants by the converted heat.”” In principle, the
rational design of efficient photothermal conversion-assisted
catalysts includes, but is not limited to, active composition as
well as structural optimization. Nowadays, various solar absor-
bers including plasmonic noble metals (e.g., gold and
silver),® narrow bandgap semiconductors (e.g., copper sulfide
and tungsten oxide),'®"* carbon-based nanostructures (e.g.,
carbon nanotubes and graphenes),"”>' and organic com-

“Department for Electrochemical Energy Storage, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, Hahn-Meitner-Platz 1, Berlin 14109, Germany.

E-mail: yan.lu@helmholtz-berlin.de, shilin.mei@helmholtz-berlin.de

PInstitute of Chemistry, University of Potsdam, Potsdam 14476, Germany

“The State Key Laboratory of Molecular Engineering of Polymers and Department of
Macromolecular Science, Fudan University, Shanghai 200433, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr01040b

6888 | Nanoscale, 2022, 14, 6888-6901

pounds (e.g., polyaniline (PANI), polypyrrole and polydopamine
(PDA)) with outstanding photothermal conversion performance
are successfully fabricated.”>™"” For instance, a bismuth vana-
date photocatalyst modified with PANI was applied in the water
oxidation reaction under NIR light irradiation. The water oxi-
dation photocurrent was increased by more than 300% than
that of pristine catalysts with the assistance of photothermal
heating of PANL"" Recently, our group has successfully devel-
oped a gold@PDA nanoreactor for the fast reduction of 4-nitro-
phenol (4-Nip). The photoheating caused by PDA under NIR
irradiation greatly enhanced the reduction reaction catalyzed by
the gold nanoparticles embedded inside the nanoreactor.'®
Generally, the catalyst and the photothermal converter are often
two different species according to the above-mentioned reports.
A hybridization process is usually required to combine the
unique function of each material, which often involves compli-
cated synthetic routes and is undesirable from the economic
point of view. Furthermore, the activity of the catalytic species is
possibly being impaired due to the modification by the photo-
thermal conversion components, which may reduce the active
surface or induce diffusion-controlled sluggish Kkinetics.
Therefore, developing a dual-functional catalyst utilizing its
intrinsic photothermal conversion and catalytic properties is in
great demand.

Among various photothermal conversion materials, molyb-
denum disulfide (MoS,) has shown great potential in the fields

This journal is © The Royal Society of Chemistry 2022
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of hydrogen generation, pollutant degradation and photother-
mal therapy due to its tunable chemical and physical
properties.’?* The photothermal effect of MoS, is mainly
explained by the generation of electron-hole pairs upon light
excitation and their relaxation via a non-radiative decay
mechanism.>™*” In addition, MoS, exhibits a good catalytic
performance in the reduction of 4-Nip.*® The surface area and
crystallinity of the catalytic surface are additional important
parameters that determine their performances. Large surface
area with a plenty of exposed edges can provide abundant
active sites for the catalytic reaction.?® In addition, metallic 1T-
phase MoS, has been reported to exhibit a stronger NIR
absorption and a higher photothermal conversion efficiency
than those of the 2H-phase.>” However, their instability and
tedious synthesis protocol are inevitable. For the more stable
2H phase of MoS,, the unsaturated sulfur (S) atoms at the
edge sides of MoS, nanosheets determine the catalytic activity,
while the other S atoms in bulk MoS, contribute little to the
overall activity.>*>*' Thus, fabrication of MoS, with abundant
exposed active edges is an effective method to improve the
catalytic performance. Furthermore, several approaches
including bandgap engineering, defect design, and structural
heterojunction via hybridization with other nanomaterials
such as titanium oxide and nickel oxide have been developed
to simultaneously optimize their catalytic and photothermal
conversion performance.*®**?? Inevitably, these modification
approaches also involve complicated synthetic procedures,
which lead to additional production costs. Thus, facile fabrica-
tion of MoS, catalysts with efficient photothermal conversion
effects and rich active sites on the catalytic surface remains a
challenge.

H,O + SDS

Emulsion

/| Selective swelling

P

PS-b-P2VPHoluene

[a] [b]

Ve 4 ¢
. L&
oY R

PS33.5k-b-P2VPy3  PSyg5-b-P2VPyg 5 PS 455, -b-P2VPyg 5
50 °C 50 °C 75°%C

Porous PS-b-P2VP particles

View Article Online

Paper

Recently, it has been revealed that the rational design of
nanostructured MoS, (e.g., hollow structure) could enable
enhanced light scattering and capturing, reduced distance for
charge migration, and abundant surface reactive area.’*>°
However, less efforts have been made to explore the more com-
plicated surface/internal nanostructure of MoS, due to the
limitation of commonly used synthetic methods (e.g., hard
template, hydrothermal method, and physical deposition). In
contrast, soft templates such as surfactant micelles, organic
molecules, and polymer assemblies are good alternatives to
prepare novel nanostructures.’”*® Unlike the harsh conditions
needed to remove the hard templates, soft polymer templates
can be readily eliminated by solvent dissolution or direct calci-
nation. In particular, block copolymers open up new possibili-
ties for the construction of advanced architectures due to their
tunable microphase-separation when serving as soft
templates.

In this work, we developed a series of dual-functional MoS,
particles with well-designed nanostructures, combining the
photothermal conversion effect and catalytic property using a
soft-template strategy (Scheme 1). Polystyrene-b-poly(2-vinyl-
pyridine) (PS-b-P2VP) nanoparticles with tunable swollen struc-
tures were first fabricated and then used as soft templates.*
Different volume fractions (determined by the molecular
weight) of the P2VP moiety and swelling conditions were
applied to tailor the microphase separation of the PS-b-P2VP
particles, inducing a series of soft templates with significantly
different nanostructures.’® The template can be directly com-
plexed with the ammonium tetrathiomolybdate ((NH,),MoS,)
as the MoS, precursor. After calcination, MoS, nanoparticles
with pomegranate-like, hollow, and open porous structures

(NH,),MoS, solution \

Freeze drying

Calcination at 500 °C

Pomegranate-like Hollow Open porous

Porous MoS, particles

Scheme 1 Synthesis strategy of MoS, particles with various morphologies using PS-b-P2VP as a sacrificial soft template.
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were successfully constructed. The dependence of the photo-
thermal conversion effect as well as the catalytic performance
on their morphologies was systematically investigated, demon-
strating the importance of structure-property relationship in
the photothermal conversion-assisted catalysis.

Results and discussion
Material synthesis and characterization

Block copolymers composed of two (or more) covalently
bonded homopolymer chains show rich functional groups
and microphase separation structure, promoting their
increasing application in the formation of ordered hybrid
structures and porous functional materials.*'™*” A simple
pore-generating method termed “selective swelling” has
shown its great potential in extending the micropattern
diagram as well as the porous structure of block
copolymers.*®*? The methodology is based on the difference
in polarity (or interaction) of the constituent blocks and the
swelling solvent. The pores/voids are typically derived from
deformed domains of the minor component dispersed in the
continuous phase of the major component. In this contri-
bution, PS-b-P2VP particles with two different molecular
weight fractions of the P2VP moiety were generated by a deli-
cate emulsion-swelling method (Fig. S1a and S1b¥). Ethanol,
which has strong interaction with the P2VP block but poor
interaction with the PS block, was applied as the selective
swelling solvent. For PS;gs5:-b-P2VP,3 and  PSug s5i-b-
P2VP,¢ 51, the template particles tend to form solid nano-
structures upon swelling in ethanol at 50 °C (Fig. Sic and
S1dt). It is also found that dense and spherical P2VP nanodo-
mains (~20 nm) were uniformly distributed inside the
polymer particles in PSsg 5-b-P2VP,31.. FOr PSyg 51-b-P2VPy s,
an irregular hollow space was also generated inside. In this
scenario, swelling of both polymer particles results in only
slight deformation, and therefore, no porous structures were
obtained under this mild condition (Fig. 1a and b). This is
mainly due to the slight swelling degree of the P2VP chains at
this temperature (50 °C). Moreover, the osmotic pressure of
the slightly swollen P2VP domains is too weak to drive the
plastic deformation of the rigid PS domains. Therefore, solid
or non-porous complex nanostructures of MoS, can be
expected using these featured polymer particles as templates
for the subsequent step of MoS, generation. Notably, when
the temperature increased from 50 to 75 °C, an open porous
nanostructure with interconnected micellar fibers was fabri-
cated (Fig. 1c). At this temperature, a strong chain movement
is triggered, which gives rise to the structural reorganization
of the polymer chains into network-like spheres. Accordingly,
an open porous structure of MoS, particles can be obtained
by applying these porous particles as synthetic templates.
Note that a lower temperature (30 °C) led to a slight swelling
of the polymer chains, which is similar to that performed at
50 °C (Fig. Slet). In contrast, a higher temperature (90 °C)
led to the deformation of the polymer particles (Fig. S1ft).
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Block copolymers have been reported to serve as templates
for the synthesis of nanoparticles via coordination with in-
organic precursors.”>”" Benefiting from the good affinity of
the P2VP block to the inorganic precursors, anionic MoS,>”
was simply complexed with the PS-b-P2VP template with selec-
tive loading onto the P2VP domain.’*>® After the thorough
incorporation of a molybdenum precursor into the PS-b-P2VP
particle, the introduction of a trace amount of H' and 3-MPA
into the solution leads to the decomposition of MoS,>” into
MoS, (x = 2-3). In this experiment, 3-MPA can serve as a stabil-
izer and prevent the aggregation of the composite particles.
Finally, MoS, particles with various internal nanostructures
were obtained after calcination in an argon atmosphere.
During the calcination step, MoS,>~ was pyrolyzed into MoS,
as the backbone, while much of the polymer template was cal-
cined, leaving a small amount of carbon residues and hollow
channels. For PS;gs5.-b-P2VP,; particles swollen at 50 °C,
MoS,>” cations diffused inside the polymer particle and co-
ordinated with small spherical P2VP domains due to the rela-
tively large volume fraction of the P2VP block (37.4%), com-
pared to PS,gsi-b-P2VPyg 5 with a fraction of 25.4%. This
results in the formation of pomegranate-like nanoparticles
(PLNPs) that contain a solid outer layer (~25 nm thick) with
numerous dense nanospheres (~30 nm) inside, as shown in
Fig. 1d and g. A limited free space was also observed in PLNPs.
In contrast, MoS, hollow nanoparticles (HNPs) were obtained
using PS,g51-b-P2VP4 5 particles swollen at 50 °C as tem-
plates (Fig. 1e). The HNP particles possess a thin layer of MoS,
shell (~9 nm), without any visible internal MoS, spheres
(Fig. 1h). The observed small particles also exhibit the same
internal structure as the big ones (Fig. S2at and 2b). This
might be ascribed to the fact that few MoS,>” cations can
diffuse into the internal part of PS,gs5:-b-P2VPye 5 particles
primarily limited by their thicker blocking layer (rigid PS
layers) compared with PSsg51-b-P2VP,3,.. When it comes to
PS,s.5k-D-P2VP6 51 particles swollen at 75 °C, the MoS, porous
nanoparticles (PNPs) preserve the original loose structure of
the polymer template (Fig. 1f). Due to the free space between
interlocked fibers, the MoS,>” cations can easily diffuse and
adsorb onto the internal part of the porous polymer template.
After calcination, the polymer was burnt out leading to the for-
mation of the MoS, particles with multi-interconnected hollow
channels (Fig. 1i). The open porous MoS, particles with an
interconnected hollow channel structure show several advan-
tages when compared with particles of other morphologies
including high porosity, light weight, and large accessible
surface area. These are of special relevance to the practical
applications including drug delivery, water purification, and
surface catalysis. To further optimize the particle structure, we
successfully tuned the thickness of the deposited MoS, layers
by varying the concentration of the inorganic precursor during
the synthesis. Fig. 2a-c show the SEM images of a series of
MoS, particles prepared with different MoS,>~ concentrations.
The MoS, PNPs prepared with different concentrations of
(NH,4),MoS, (1, 1.5, and 3 mg mL ') are denoted as MoS,-1,
MoS,-1.5 and MoS,-3 PNPs, respectively. These three samples

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 TEM images of (a) PSzg sk-b-P2VP,3 and (b) PS4g sk-b-P2VP1¢ 5 particles obtained by swelling at 50 °C, and (c) PS4 5k-b-P2VP16 5 particles
obtained by swelling at 75 °C. The polymer particles were stained with |, vapor for 20 min. The dark contrast shows the distribution of P2VP
domains. (d) SEM and (g) TEM images of the MoS,-1.5 PLNPs. (e) SEM and (h) TEM images of the MoS,-1.5 HNPs. (f) SEM and (i) TEM images of the

MoS,-1.5 PNPs.

show a broad size distribution with a similar trend that the
diameter of the majority concentrates between 200 and
500 nm (Fig. S2c-ef). By increasing the precursor concen-
tration, more MoS,>~ were coordinated onto the PS-b-P2VP par-
ticles and the distance between the separated micellar fibers
became narrower. The layer thickness of the hollow channels
in the particles increased from ~7 to 12 nm on average, when
the concentration of precursor increased from 1 to 3 mg mL™".
The presence of tiny MoS, flakes with generally single-layered

This journal is © The Royal Society of Chemistry 2022

structures was identified from the HRTEM images (Fig. 2d),
suggesting the abundance of exposed active edges. The outer
and inner diffraction rings as observed from the selected-area
electron diffraction (SAED) pattern correspond to the (110) and
(100) reflection of MoS,, respectively (Fig. 2e). It is worth
noting that the isolated MoS, nanoflakes (short sheets of
length ~5 nm) of the MoS,-1.5 PNPs might be favorable for the
utilization of active edges. Carbon generated from the polymer
template during calcination also prevents the aggregation of

Nanoscale, 2022, 14, 6888-6901 | 6891
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Fig. 2 TEM images of MoS, PNPs prepared at precursor concentrations of (a) 1, (b) 1.5, and (c) 3 mg mL™™. The insets are the corresponding SEM
images with a scale bar of 500 nm. (d) HRTEM image and (e) SAED pattern of MoS,-1.5 PNPs. (f) HRTEM image of bulk MoS, prepared without any
polymer template; the inset is the corresponding SEM image with a scale bar of 500 nm.

the MoS, nanoflakes. On the contrary, the nanoflakes of bulk
MosS, (Fig. 2f) fabricated without any polymer template show a
huge tendency to fuse together, resulting in the formation of a
few layers of stacked multilayers (long sheets of length ~9 nm).
Besides, an irregular bulk phase without any defined structure
was found from the inset SEM image.

Taking MoS,-1.5 PNPs, for example, the X-ray diffraction
(XRD) profile verifies that MoS, in all the PNPs exhibits a
typical 2H phase (Fig. 3a, see the others in Fig. S31).>* The
main diffraction peaks at 32° and 56.8° correspond to the
(100) and (110) reflections, respectively. Moreover, the weak
(002) reflection at 14.4° indicates the relatively limited layers of
MoS,. The chemical composition of the obtained MoS,-1.5
PNPs was further confirmed by Raman spectroscopy, as shown
in Fig. 3b. The two Raman peaks at 1345 and 1587 cm ™" rep-
resent the D and G bands of sp” carbon, respectively, while the
Raman peaks at around 377 and 403 cm™", correspond to the
E';, and out-of-plane A'y vibration modes of the MoS,.>® The
amount of carbon and MoS, was calculated based on the mol-
ybdenum oxide residue from the TGA measurement in air
(Fig. 3c and S4t). The MoS,-1.5 PNPs show ~38.9 wt% of
carbon species, corresponding to 61.1 wt% of MoS, in the par-
ticles. In contrast, ~69.2 wt% of MoS, was left in the MoS,-3
PNPs on account of higher amounts of MoS;>~ precursors
during coordination, as summarized in Table S1.f From the

6892 | Nanoscale, 2022, 14, 6888-6901

N, adsorption/desorption isotherm curves in Fig. 3d, a distinct
hysteresis loop can be observed with a typical type-IV isotherm,
referring to a mesoporous structure. The pore size distribution
curve displays a narrow range of mesopores centered at ~5 nm
and a broad range (10-20 nm) centered at ~15 nm. The
specific surface area (Sggr) of these MoS, particles calculated
according to the BET equation is summarized in Fig. S5 and
Table S2.1 There is a clear decreasing tendency of Sggr for the
MoS,-1, Mo0S,-1.5 and MoS,-3 PNPs. The Sggr of MoS,-1.5
PNPs was calculated to be 106.6 m*> g™, which is around 1.3-
fold of that of the MoS,-3 PNPs. Meanwhile, the bulk MoS,
possesses the lowest Sger of 36.3 m” g . The Sgpr apparently
decreased with the increase in the layer thickness, mainly due
to the gradually diminished gap between the thick MoS,
frameworks of the particles. Consequently, a reduced porosity
as well as a lower specific surface area was obtained, as con-
firmed from the above-mentioned SEM and TEM images.

Photothermal conversion performance

To assess the photothermal conversion performance of the
MoS,, particles, we monitored the temperature change of the
MosS, dispersion upon light irradiation as illustrated in Fig. 4a.
A NIR-laser (808 nm, 3 W cm™>) was adopted to irradiate the
dispersions of the MoS, particles placed in a quartz cuvette,
while the temperature was simultaneously recorded using a

This journal is © The Royal Society of Chemistry 2022
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thermocouple connected to a digital thermometer. The
thermal evolution of the MoS,-1.5 PNP dispersion with time
was first visualized using an IR camera (Fig. 4b). The tempera-
ture of MoS, particle dispersions clearly increased with the
irradiation time. To precisely track the temperature variation
of the MoS, dispersion during NIR irradiation, quantitative
results were further collected from the digital thermometer.
Fig. 4c displays the photothermal heating curves of MoS, par-
ticles fabricated with different polymer templates. The temp-
erature of the MoS, PNP dispersion increased by ~20 °C, while
the dispersion containing the same concentration of MoS,-1.5
HNPs and MoS,-1.5 PLNPs exhibited a temperature increase of
~16 °C. The bulk MoS, particle synthesized without any
polymer template showed a much lower temperature incre-
ment of ~11 °C. As a reference, the pure water displayed a
temperature change of ~5 °C under the same light intensity.
Moreover, when the laser is off, the temperature profile of the
MosS, particle dispersions decreased slowly compared to that
of the bulk MoS,, showing that their defined hollow and
porous structures may lead to a better thermal insulating

This journal is © The Royal Society of Chemistry 2022
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effect (Fig. S6T). These results indicate the dependence of the
photothermal conversion performance on the surface/internal
structure of the MoS, particles. It has been reported that
hollow nanostructures improve the light harvesting via mul-
tiple scattering of the photons.”®”” This, in turn, will enhance
the light-to-heat conversion efficiency. The hollow architec-
tures facilitate localization and harvesting of the light, result-
ing in a relatively high particle temperature. Subsequently, the
solution temperature increases as the heat dissipates to the
solution. Therefore, our nanostructured MoS, particles (MoS,-
1.5 PLNPs, MoS,-1.5 PNPs and MoS,-1.5 HNPs) show better
photothermal conversion performance than that of bulk MoS,.
For MoS,-1.5 PLNPs, however, the conversion efficiency could
be limited by the insufficient free space. In addition, the
MoS,-1.5 PNP particles possess more complicated porous con-
struction than that of the MoS,-1.5 HNPs, which is likely to
lead to efficient light scattering and capture. The complex
open architecture of the MoS,-1.5 PNPs efficiently accelerates
the mass and heat transport, resulting in a higher overall
temperature of the dispersion. Hence, the photothermal con-
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Fig. 4 (a) Schematic of the photothermal conversion setup. (b) Temperature variation of the MoS,-1.5 PNP dispersion at 0.1 mg mL™* visualized

using an IR camera. (c) Photothermal curves of the MoS, particles with

different morphologies at 0.1 mg mL™* and 3 W cm™2. (d) Photothermal

curves of the MoS,-1.5 PNP dispersion at 0.1 mg mLt in response to different intensities of NIR light. (e) Photothermal curves of the MoS,-1.5 PNP
dispersion in response to different concentrations at 3 W cm™2. (f) Stability test of the MoS,-1.5 PNP dispersion at 0.1 mg mL™*and 3 W cm™2.

version performance of the MoS,-1.5 PNPs stands out among
these three featured MoS, particles.

We further investigated the dependence of the photother-
mal effect on the irradiation power and the particle concen-
tration. As shown in Fig. 4d, when the laser intensity increased
from 2 to 4 W cm™>, a temperature increment from ~5 to
~32 °C was observed for the MoS,-1.5 PNP dispersion.
Additionally, when the concentration of the MoS, PNP dis-

6894 | Nanoscale, 2022, 14, 6888-6901

persion was elevated from 0.05 to 0.5 mg mL™", the tempera-
ture increment of the dispersions increased from ~14 to
~29 °C under a constant laser power of 3 W cm™> (Fig. 4e).
This strongly implies the tunable capability of the photother-
mal behavior of our MoS, particles, which is of great impor-
tance for many applications including photothermal-assisted
catalysis and photothermal cancer therapy. In addition to the
enhanced photothermal performance, MoS, PNPs showed

This journal is © The Royal Society of Chemistry 2022
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excellent stability over a long irradiation period. The tempera-
ture increment of the particles displayed a stable reversible be-
havior using successive ON/OFF irradiation cycles (Fig. 4f). No
obvious structural change was observed from the TEM image
(Fig. S77). It is noteworthy that the dispersions of the MoS,
PNPs with different wall thicknesses exhibited similar photo-
thermal conversion performances and a temperature ~10 °C
higher than that of the bulk MoS, dispersion under the same
irradiation conditions (Fig. S87).

Catalytic reduction of 4-Nip

As a classic model reaction, the reduction of 4-Nip into
4-aminophenol (4-Amp) can be conducted under ambient con-
ditions by NaBH, in the presence of a catalyst. In addition,
this reduction reaction can be facilely monitored by UV-vis
absorption spectroscopy and commonly used as a benchmark
to compare the catalytic performance of various catalysts.”®>°
In this work, this model reaction was employed to unfold the
catalytic efficiency of our MoS, particles with different mor-
phologies. Importantly, we also evaluated the catalytic per-
formance under NIR irradiation by taking advantage of the
high photothermal efficiency of the MoS, particles. Unlike
conventional heating over a large macroscopic area, nanoscale
heating by laser irradiation highly localizes the heat around
the particles compared to the bulk solution and, therefore,
might accelerate the rate of surface catalytic reactions.®®" It is
noteworthy that the distinctive structure of the porous surface
as well as the interconnected hollow channels in the MoS,
PNPs increases the exposed active MoS, edges and accessible
surface area for the catalytic surface reactions. In addition,
these open porous particles also exhibit excellent photother-
mal performance. On the basis of these considerations, the
catalytic performance of MoS, PNPs was thereafter explored in
the presence/absence of NIR light.

Fig. 5a displays the typical time-dependent UV-vis absorp-
tion spectra of 4-Nip after introducing MoS, PNPs particles as
catalysts. As shown, at time zero, a distinct peak of the absorp-
tion spectrum is located at 400 nm, assigned to the 4-nitrophe-
nolate ions.®” As the reaction proceeds, a new peak appears at
290 nm and increases in absorption intensity, confirming the
gradual reduction of 4-Nip into 4-Amp. After 15 minutes, the
absorption peak of the 4-Nip at 400 nm was diminished,
revealing that 4-Nip molecules were completely converted into
4-Amp. First, the reaction was performed in the darkness to
compare the catalytic activity of the three MoS, PNPs with
different wall thicknesses by comparing the reaction rates, as
shown in Fig. 5b. The pseudo-first-order reaction was ensured
by an excess amount of NaBH, and the apparent reduction
rate (kypp) Of 4-Nip was calculated by monitoring the absor-
bance intensity at 400 nm over time according to eqn (1):®

ln£=1n

1
N " 1
Co 10 app ( )

where ¢ and ¢, are the concentrations and I and I, are the

absorption intensities at 400 nm of 4-Nip at time ¢ and the
start of the reaction, respectively. k., is the apparent rate con-
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stant, which is directly obtained from the linear relationship
between In(c/c,) and t. Fig. 5b shows a comparison of the reac-
tion rate constants using different MoS, particles as a function
of the catalyst concentration (see summary of k,p, in
Table S31). Notably, MoS,-1.5 PNPs displayed the highest cata-
Iytic performance among the various MoS, PNPs. In contrast,
the MoS,-3 PNPs exhibited the lowest rate constant with
different catalyst concentrations, which is very similar to that
of the bulk MoS, particles. It is worth noting that the MoS,-1
PNPs are relatively easy to aggregate and cluster in aqueous
dispersions, which could deteriorate their catalytic perform-
ance (Fig. S91). Therefore, we speculate that small clusters
could also form microscopically at a short time scale (15 min),
which relatively limits the accessible active surface of MoS,
particles. No doubt that a larger surface area is more favorable
for the surface-catalyzed reduction reaction, which can boost
the reaction kinetics by providing more accessible catalytic
sites. However, the overall reaction rate is determined by a
series of factors, including but not limited to, accessible
surface area, total active sites, and medium transfer pathway.
Thus, the substantial catalytic enhancement of the MoS,-1.5
PNPs is attributed to the porosity of the particles as well as to
the accessibility of the reactant 4-Nip molecules to the internal
active sites. The use of excess amount of MoS,>~ precursor in
the MoS,-3 PNPs relatively reduced the surface porosity of the
synthesis template (PS,g 51-b-P2VP;4 51 swollen at 75 °C), which
hinders the diffusion of 4-Nip molecules and retards their
reactivity. The stability and the recyclability of the catalyst rep-
resent another important parameter required for the practical
applications. In this work, the stability of MoS,-1.5 PNPs was
investigated, where the particles were recovered and reused for
five consecutive catalytic cycles. As shown in Fig. 5c, the con-
version efficiency of particles remained above 90% after five
cycles, suggesting the excellent catalytic stability of the par-
ticles, which makes it possible for them to serve as efficient
and reusable nanocatalysts. Moreover, no visible changes were
observed in the morphology of MoS,-1.5 PNPs after 5 catalytic
cycles, as examined by TEM (Fig. 5d, S10a and 10bf). In
addition, the XRD patterns of the particles remained
unchanged after being utilized for the catalytic reaction
(Fig. S10ct), demonstrating their good chemical stability.
Collectively, the structural and chemical stability contribute to
the catalytic stability of MoS, during recycling.

Furthermore, the effect of the photoheating on the catalytic
performance of the particles under light irradiation was
explored. The MoS,-1.5 PNPs were utilized for the catalytic
measurements with light due to the best catalytic performance
in the darkness at room temperature. The Mo0S,-1.5 PNP dis-
persion was first continuously stirred and irradiated with NIR
light for 15 minutes to ensure a stable temperature (here
37 °C; Fig. S11at). The catalytic reduction of 4-Nip was then
triggered after the introduction of NaBH, under continuous
light irradiation, and the reaction was simultaneously moni-
tored using UV-vis spectroscopy (Fig. S11bt). It is worth men-
tioning that the absorption of 4-Nip showed no changes in the
absence of NaBH,, indicating that the light solely cannot

Nanoscale, 2022, 14, 6888-6901 | 6895
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image with a scale bar of 5 nm.

initiate the reaction (Fig. S11c and 11d¥). As shown in Fig. 6a
and S12,} light irradiation has led to a higher reduction rate of
0.012 s~', which obviously surpassed the rate of the reaction
performed in the darkness (0.003 s™). The temperature of the
reaction solution also increased from 20 to 37 °C by light
irradiation. The enhanced reaction rate could therefore be
ascribed to the high temperature induced by the photothermal
conversion performance of the MoS, particles. To elucidate
the role of the photoheating effect, the reaction was performed
in the darkness with external heating at 37 °C in a water bath,
as observed in the irradiation experiment. As a result, the reac-
tion rate increased from 0.003 to 0.008 s™', suggesting the
strong influence of the operating temperature. However, the
reaction rate is still much lower than that of the photo-irra-
diated samples. It is also worth mentioning that photo-gener-
ated charges could possibly contribute to the reaction and
enhance the reduction rate.®® If this is true, the activation

6896 | Nanoscale, 2022, 14, 6883-6901

energy (E,) of the reaction should be reduced significantly.®*
To ease this concern, we compared the E, of the reaction in
the presence/absence of light. The reactions were conducted at
different operating temperatures with/without light irradiation
and the corresponding reaction rates were further determined
from the linear slope of In(c/c,) vs. ¢, as shown in Fig. 6b and c.
These reaction rates were determined in the form of a typical
Arrhenius plot in Fig. 6d (see summary of k,p,, in Table S47) to
calculate the E, from the linear slopes according to the follow-
ing eqn (2):*°

10 (kapp) = 1% ~In(4) 2)

where T is the total solution temperature in Kelvin, R is the gas
constant, k., is the apparent rate constant and A is the
Arrhenius pre-factor. Thus, a significant reduction of the E,
upon illumination would be plausibly expected if the photo-

This journal is © The Royal Society of Chemistry 2022
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irradiation.

generated charges are involved in the reaction. In the current
study, however, the E, in the presence/absence of light was cal-
culated to be 34.7 + 3.6 and 38.7 = 4.6 k] mol ™", respectively.
The comparable results of E, point out that the photoheating
effect could be the dominant mechanism of the reaction accel-
eration. In conclusion, the reduction reaction of 4-Nip into
4-Amp has been reported to occur on the particle surface fol-

This journal is © The Royal Society of Chemistry 2022

lowing the Langmuir—Hinshelwood model,*® as NaBH, pro-
vides the reactants with the necessary hydrogen species
(Fig. 6e). The borohydride ions adsorb onto the catalytic
surface to produce active hydrogen species, which sub-
sequently reduce the adsorbed 4-Nip molecules into 4-Amp.
Considering that the reduction of 4-Nip is a temperature-
dependent process, the reaction rate is therefore enhanced by
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the increased reaction temperature benefiting from the surface
local heat of the MoS, particles.®” Overall, we demonstrate that
our MoS, catalysts with well-designed porous nanostructures
can serve as efficient dual-functional catalysts for the
enhanced reduction of 4-Nip, benefiting from the fast
diffusion of reactants,®®®® photo-induced heat and improved
utility of active surface (Scheme 2). In other words, combining
with the intrinsically catalytic property of MoS,, the strong
photoheating effect induced by NIR light irradiation further
greatly accelerates the catalytic reduction reaction. The porous
nanostructure of MoS, enables the dual-functional MoS, to be
employed in the fast degradation of 4-Nip.

Conclusions

In summary, we have designed a series of dual-functional
MosS, particles including pomegranate-like, hollow, and open
porous particles using a soft PS-b-P2VP template. These nano-
particles with different well-defined internal structures show
an efficient photoheating effect. The porous MoS, nano-
particles displayed the highest photothermal conversion per-
formance, benefitting from the localization of the light in
their internal network-like structures. Moreover, this high
photothermal conversion behavior has been demonstrated to
accelerate the reduction reaction of 4-Nip under NIR light
irradiation, confirming the synergistic properties of these

6898 | Nanoscale, 2022, 14, 6888-6901

MoS, particles. Thus, the open porous MoS, particles with
interconnecting nanochannels were shown to serve as efficient
nanocatalysts, while their abundant active sites, fast reactant
diffusion pathway and local surface heating play a key role in
enhancing the overall catalytic performance.

Experimental section/methods
Assembled block copolymer nanospheres

For PS,g.51-b-P2VP; 51, 40 mg of the polymer powder was dis-
solved in 4 mL of toluene and introduced to 80 mL of de-
ionized water with 0.12 mL of the surfactant solution (SDS,
0.5 wt%). The mixture was left to emulsify under sonication
for 30 min. The solution was then evaporated using a rotary
evaporator at 40 °C in a water bath, resulting in solidified
polymer nanospheres dispersed in water. To completely
remove toluene, the solution was left at 40 °C overnight. The
dispersion was centrifuged at 9000 rpm for 2 h, and the
obtained particles were redispersed in 80 mL of ethanol. The
particle dispersion was further heated at 50 and 75 °C for 1 h
to induce the porous structure, respectively. After cooling
down, the polymer dispersion was then evaporated to remove
ethanol. For PSsgs-b-P2VP,3, the particles were obtained
using the same protocol, while the swelling of the polymer was
only performed in ethanol at 50 °C.

This journal is © The Royal Society of Chemistry 2022
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Nanostructured MoS,, particles

First, 150 mL of (NH,4),MoS, solution was added to the as-pre-
pared polymer dispersion (30 mg mL™", 15 mL) with final con-
centrations of (NH,),MoS, maintained at 1, 1.5 and 3 mg
mL~", respectively. After stirring at 250 rpm for 30 min, HCI
(0.16 mL, 1 M) was added dropwise into the solution, resulting
in the decomposition of a slight amount of the precursor into
molybdenum sulfide (MoS,, x = 2-3). To improve the hydrophi-
licity of MoS, in the aqueous solution, 100 pL of 3-MPA was
added into the solution under stirring. After stirring for
30 min, the brown solution was separated by centrifugation at
8000 rpm for 40 min and washed three times with fresh water.
The obtained dark brown particles were freeze-dried overnight.
The final product of MoS, particles was obtained by calcina-
tion at 500 °C in an argon atmosphere for 2 h at a rate of 3 °C
min~'. In comparison to MoS, particles prepared with
different polymer templates, bulk MoS, was fabricated by fol-
lowing the same process without any polymer template.

Photothermal conversion performance

The photothermal conversion performance of the MoS, par-
ticles was measured using an aqueous dispersion of the par-
ticles with different concentrations (0.05-0.5 mg mL ™). First,
1 mL of the dispersion was placed in a quartz cuvette under 300
rpm of stirring and directly irradiated under 808 nm NIR laser
(PhotonTec Berlin, turn-key 808 nm diode laser system) with
different intensities (2.0-4.0 W cm™?) for approximately 10 min.
To avoid direct heating by light, the thermometer was kept far
away from the laser spot, while the distance between the laser
spot and the thermometer was fixed at ca. 6 cm. The tempera-
ture changes of the dispersion were recorded using a digital
thermometer (P 300 Thermometer, Dostmann electronics) every
20 seconds. The IR camera (FLIR-E8 XT) was employed to visual-
ize the temperature changes of the dispersion every 3 min.

Catalytic reduction of 4-nitrophenol

Catalytic reaction in darkness. All the solutions and dis-
persion were purged with fresh N, for 30 min to remove
oxygen before use. An appropriate amount of MoS, aqueous
dispersion (0.1-0.25 mL, 1 mg mL™") was sonicated for 15 min
and then added into a clean quartz cuvette. The 4-Nip solution
(0.25 mL, 1 mM) was introduced into the MoS, dispersion
under 300 rpm of stirring. The reducing agent NaBH, (0.5 mL,
0.1 M) was then quickly injected to initialize the reduction
reaction at room temperature. The total volume of the dis-
persion was fixed at 2.5 mL. The dispersion in the cuvette was
measured using an UV-vis absorption spectrophotometer
(PerkinElmer, Lambda 650 spectrometer) in the darkness. For
the catalytic recycling test, the MoS, catalysts after reaction in
one cycle were collected by centrifugation at 9000 rpm for
15 min. Afterwards, the MoS, particles were redispersed in
fresh water with sonication for 15 min and then used for the
next catalytic cycle.

Catalytic reaction in the presence of NIR light irradiation. a
MoS, particle dispersion (0.05 mL, 1 mg mL ") was added into

This journal is © The Royal Society of Chemistry 2022
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a 4-Nip solution (0.5 mL, 2 mM) in the cuvette under 300 rpm
of stirring. Then, 0.45 mL of fresh water was introduced into
the dispersion. After irradiation with the NIR laser at an inten-
sity of 3 W em™? for about 15 min, the temperature of the dis-
persion remained constant. A freshly prepared NaBH, solution
(100 pL, 2 M) was then quickly injected into the mixed dis-
persion. Following this, 0.1 mL of the reaction dispersion was
taken out at regular time intervals and then quickly diluted
with 1.9 mL of water. The catalysts were then filtered out using
a syringe filter (pore size of 0.22 pm), and the residual solution
was tested using the UV-vis absorption spectrum. For the cal-
culation of activation energy, the MoS, dispersion (0.03 mg
mL™") was heated by an external heating plate and NIR light (2
W cm™?), and the reaction temperature was recorded using a
thermometer. In comparison to the NIR-assisted reduction,
the reaction without light irradiation was conducted in a water
bath heating at a corresponding temperature to that under
NIR light irradiation by following the same process.

Materials characterization

X-ray diffraction analysis (XRD, Bruker D8) measurements
were conducted using a monochromatic X-ray beam with CuKa
radiation at a scan rate of 0.05° min~". N, adsorption/desorp-
obtained wusing a Quantachrome
Autosorb-1 system at 77 K. The specific surface area was calcu-
lated using the Brunauer-Emmett-Teller (BET) method based
on a multipoint analysis. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were performed
using a JEOL JEM-2100 instrument operating at an accelerating
voltage of 200 kV. Scanning electron microscopy (SEM)
measurement was carried out using a LEO Gemini 1530 micro-
scope operating at 5 kV. Thermogravimetric analysis (TGA) was
performed using a Mettler Toledo TGA 1 Stare thermal instru-
ment in the temperature range of 25-900 °C at a heating rate
of 10 °C min~" in air. The Raman spectra were recorded using
an InVia 2R9X81 Raman spectrometer equipped with a detec-
tor of Renishaw Centrus 2MYA08 and a HeNe laser (a wave-
length of 532 nm).

tion isotherms were
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