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ABSTRACT: We report a unique reaction type for facile
synthesis of ultrafine and well-dispersed Pt nanoparticles
supported on chalcogel surfaces. The nanoparticles are
obtained by in situ Pt*" reduction of a chalcogel network
formed by the metathesis reaction between K,PtCl, and
Na,SnS,. The rapid catalytic ability of the chalcogel-
supported Pt nanoparticles is demonstrated in a recyclable
manner by using 4-nitrophenol reduction as a probe
reaction.

ltrafine metal nanoparticles (NPs) have unique physical

and chemical properties and are important in optoelec-
tronics, plasmonics and catalysis.' > Especially, ultrafine noble
metal NPs (Pd, Pt, Au) with large surface area and number of
edge and corner atoms are greatly beneficial to catalysis.”* The
behavior and stability of noble metal NP catalysts, however, can
be greatly hampered due to agglomeration. Supporting
substrates are usually required to disperse the NPs, which
keep them from aggregation, secure easy separation after the
reaction and deliver favorable catalytic behavior and stability."
Mesoporous materials (such as silica, carbon and titania) with
interconnected mesochannels as well as metal organic frame-
work are appealing as supporting substrates because of the ease
of fabrication, higher surface areas, and stability.”~** Dispersing
noble metal NPs onto the supports has been achieved by
microwave irradiation, impregnation, deposition-precipitation,
photodeposition, chemical vapor deposition, atomic layer
deposition, etc.””*” The nanointerface between noble metal
NPs and the underlying substrates largely determines the
catalytic behavior and stability.””*** For example, if the
underlying substrates participate in catalytic reactions, the
weak interactions between the substrates and noble metal NPs
can limit catalytic activity.”* Therefore, developing a synthesis
strategy that can simultaneously address both the dispersion
and nanointerface issues is appealing.

The in situ formation of the NPs on the supported substrates
addressing aggregation and interface engineering issues is
highly desirable for diverse applications including cataly-
sis.”****” For example, noble metal precursors incorporated
in polymers can be reduced to form immobilized NPs on the
surface of nanodiamonds, and have shown good stability
toward catalyzing NaBH, reduction of the 4-nitrophenol.”®
Solution-phase epitaxial growth of noble metal nanostructures
on dispersible MoS, nanosheets was also reported.”” In these
examples, the in situ formation of the supported NPs is mostly
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based on the separate metal sources. In the vast amounts of
reported examples, NPs are mostly supported on metal oxide or
carbon surfaces. Here we describe a reaction type that can yield
NPs supported on sulfidic and more generally chalcogenide
surfaces and the NPs derive from the substrate itself.

Previously, we reported a generalized strategy to synthesize
highly porous semiconducting aerogels (chalcogels) from
chalcogenide-based clusters ([M,Qa,.,]*, M = Ge, Sn; Q =
S, Se, n =1, 2, 4) and the linking metal ions (such as Pt**, Sn*",
Sb**). We have shown diverse applications for these materials
including ion adsorption, gas separation, catalysis, electro-
catalysis and photocatalysis.”’ > Here we show that using a
suitable reductant, the Pt metal centers in a Pt—Sn—S chalcogel
structure can be reduced while the remaining Pt—Sn—S§
chalcogel skeleton acts as the supporting substrate. Specifically,
we describe a unique method for the in situ generation of
supported Pt NPs involving the use of Pt*" containing chalcogel
(abbreviated as Pt—SnSPdSﬁne) as the precursor. Well-dispersed
and ultrafine Pt NPs supported on the chalcogel skeleton are
obtained after reduction with NaBH,. The material obtained by
the in situ formed NPs on chalcogel catalyzes the rapid
reduction of 4-nitrophenol to 4-aminophenol. The quick and
complete conversion suggests the formed NPs as an excellent
hydrogenation catalyst and good recyclability proved the
stability of the system. The route could be applied to other
noble metals, such as Pd, Au and Ag, and even for controllable
synthesis of supported alloy NPs in the future.

The synthesis of Pt containing chalcogel (abbreviated as the
Pt—SnSPdsﬁne) is from the metathesis reaction between K,PtCl,
and Na,SnS,-14H,0 in deionized water. Upon mixing of the
precursor solutions, the purple solution starts to turn yellowish
accompanying the gelation process, which lasts 5—6 h (see
Figure S1 of Supporting Information, abbreviated as SI). After
gelation, the as-obtained chalcogel is washed extensively with
water to remove the unnecessary byproducts of NaCl and KCl.
A xerogel is obtained after drying of the cleaned chalcogel in
the nitrogen glovebox and supercritical drying with liquid CO,
results in the aerogel. This material contains Pt** ions as linking
atoms for the [SnS,]*” but contains no Pt NPs.

The transmission electron microscopy (TEM) image in
Figure la and high-resolution TEM (HRTEM) image of Pt-
SnS,uistine Chalcogel in Figure 1b suggest that the chalcogel
skeleton is homogeneous. No Pt NPs could be observed. The
selected area electron diffraction (SAED) shown in the inset of
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Figure 1. (a) TEM image of the Pt-SnS,pigine chalcogel with inset
showing the diffuse e-beam scattering arising from the amorphous
nature of the gel. (b) HRTEM image of the Pt-SnS ,igtine chalcogel
indicating the absence of Pt NPs. (c) HAADF-STEM image of the Pt-
SnS,,sistine gel- (d—f) EDS mapping of composition elements, Pt, S and
Sn, in the Pt-SnS;;n. gel, respectively.

Figure 1a demonstrates the amorphous nature of the chalcogel,
although both precursors (see Figure S2 of SI) give strong
diffraction peaks from X-ray diffraction (XRD) patterns (as
illustrated in Figure S3 of SI). The spatial confinement of Pt**
in the chalcogel network was verified by the high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and the energy-dispersive X-ray spectroscopy
(EDS). The HAASD-STEM imaging in Figure lc shows
uniform Z-contrast (proportional to atomic number), indicat-
ing the homogeneous distribution of Pt** with respect to all
composition elements of the gel. The corresponding EDS maps
in Figure 1d,e,f demonstrate that the constituent elements (Pt,
S and Sn) are distributed uniformly in the chalcogel network
(see also Figure S4 of SI). Area-averaged EDS compositions of
the Pt-SnS ;. Xerogel indicate an empirical formula close to
“NaKPtSnS,” (Figure SS and S6 of SI). The Pt—Sn—S network
is negatively charged, with the K" and Na" cations balancing the
charge. The weight ratio of Pt** in the pristine gel is about 50%
from the EDS analysis (Figure S6¢c of SI).

To precipitate in situ the Pt NPs out of the chalcogel, the Pt-
SnSistine chalcogel is mixed with a NaBH, aqueous solution.
After mixing, hydrogen bubbles are observed due to the
spontaneous hydrolysis of NaBH,, and the monolith chalcogel
breaks into small pieces with the color turning from light yellow
to brownish gradually. The Pt** is reduced by the NaBH, or the
nascent hydrogen and nucleated rapidly on the gel network to
grow into clusters and further into NPs. The accompanying
dark brown color arising from the plasmonic absorbance
indicates the formation of the Pt NPs.

The TEM image in Figure 2a indicates the well-dispersed
and supported Pt NPs in the chalcogel network (abbreviated as
Pt-SnS, 4uceq)- The size of the ultrafine Pt NPs is around 2 nm
but the range is from 1.5 to 4.2 nm (after statistics of S0 NPs).
The in situ reduction of Pt** from the chalcogel network leads
to the supported NPs directly formed on chalcogel skeleton.
The corresponding SAED pattern in the inset of Figure 2a
indicates the polycrystalline nature of the Pt NPs and the
electron diffraction pattern of Pt NPs indicates the character-
istic Bragg peaks at (111), (220) and (200). The HRTEM
image in Figure 2b shows the lattice fringe spacing of 0.232 nm
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Figure 2. (a) TEM image of the Pt-SnS,.g..q Xerogel shows the
presence of the well-dispersed Pt NPs in the chalcogel skeleton and
inset shows the polycrystalline nature of the gel. (b) HRTEM image of
the Pt-SnS,.gyc.qd Xerogel. (c¢) HAADF-STEM image of the Pt-SnS.quceq
gel. (d) SEM image of the Pt-SnS,.gy..q Xerogel.

corresponds to the (111) plane of face-centered cubic Pt
crystal. Comparing with the amorphous Pt-SnS; . the
reduced counterpart appears to possess more porosity from
the darker area observed by HAADE-STEM, which is due to
the formation of Pt NPs from the network, see Figure 2c. The
SEM image in Figure 2d depicts the porous and spongy nature
of the reduced chalcogel which does not appear to have been
morphologically altered after reduction.

The N, adsorption—desorption isotherms are shown in
Figure 3a. The Brunauer—Emmett—Teller (BET) surface areas
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Figure 3. (a) N, adsorption and desorption isotherms of the Pt-
SnS igtine and Pt-SnS, 4,c.q aerogels at 77 K. (b) DRIFTS investigation
of CO adsorption on the reduced and Pt-SnS;yy,. Xerogels,
respectively. (c) Pt 4f XPS spectra of the pristine and Pt-SnS,.guceq
xerogels, respectively.

of the pristine and Pt-SnS,g,c.q aerogel were 30 and 52 m?*/g,
respectively. The enhanced surface area after NaBH, reduction
is probably due to the breakage of the chalcogel to expose more
open sites, which is beneficial for potential catalysis applications
(see pore size distributions in Figure S7 of SI). The XRD
characterization of the Pt-SnS,.g,.q Xerogel suggests the
amorphous nature of the gel like the pristine xerogel (Figure
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S8 of SI). The lack of diffraction peaks of the metallic Pt NPs
could probably be attributed to the small grain size (~2 nm)
and high dispersion of Pt NPs in the chalcogel network.
Infrared spectroscopy of CO adsorption on supported noble
metal catalysts is widely used to determine the atomic and
electronic structures of the binding sites.*”*! Herein, the diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
was adopted to investigate the CO adsorption on the Pt-
SnS,cqucea sample. As shown in Figure 3b, the newly formed
peak at 2089 cm ™! is assigned to the CO adsorption on the Pt
NPs, in agreement with literature reports.*’ For reference, a
CO adsorption peak does not appear when using the pristine
Pt-SnS gel or K,PtCl, under our experimental conditions
(Figure S9 of SI), indicating that Pt NPs are the binding species
of CO.

From the X-ray photoelectron spectroscopy (XPS) results in
bottom part of Figure 3¢, the platinum(II) is exclusively present
in the Pt-SnS;.. gel. However, the slight decrease of the
binding energy of Pt 4f;, from 72.8 eV in K,PtCl, (Figure S10a
of SI) to 72.1 eV demonstrates the slight decrease of oxidation
state of Pt** after metathesis reaction due to the replacement of
the electronegative CI™ by less electronegative terminal sulfur
atoms of [SnS,]*".*" After NaBH, reduction, the existence of
Pt’ is clearly observed along with Pt** in the structure of the Pt-
SnS gel (upper part of Figure 3c). The Pt:Pt*" ratio could be
further adjusted by the NaBH, amount. Some Sn*" was reduced
to Sn’* in the process. The XPS spectra of Sn 3d is shown in
Figure S11 of SI. By controlling the amount of NaBH,, samples
containing various amounts ranging from traces of Pt to
complete Pt’ could be obtained (See Figure S10b,c of SI). The
partially reduced gel with comparable amount of Pt° and Pt**
(upper part of Figure 3c) was employed in the characterization
and catalytic testing.

The catalytic behavior of noble metal NPs is typically
evaluated by the reduction of 4-nitrophenol to 4-aminophenol
using NaBH,.*”*’ The reduction reaction does not occur
without the Pt-SnS,;y chalcogel catalyst, as shown by the
constant absorption peak at 400 nm in the UV—vis spectrum
(Figure S12a of SI). The Na,Sn$, itself does not show any
activity toward 4-nitrophenol reduction. K,PtCl, could be
directly reduced by NaBH, to obtain Pt NPs, which could
further catalyze the reduction of 4-nitrophenol. However,
aggregation of in situ formed Pt particles was severe, which
underscores the importance of the supporting substrate (as
shown in Figure S13 of SI). As shown in Figure 4a, full
conversion of 4-nitrophenol to 4-aminophenol is accomplished
in 10 min with the diminish of the peak at 400 nm in the UV—
vis spectra. The inset of Figure 4a shows the discoloration of

(2)3%° omn  (b)5100
5 0.4 t10 min-1st ‘é 75
Q NaBH, =
g 02 !Pt’snsma WE g 50
200 ____3®
Qo . +
<7200 400 600 800

Wavelength (nm)

Figure 4. (a) UV—vis spectra and typical optical image (inset) before
and after catalysis of the Pt-SnS,.g..q respectively. (b) Stability
investigation in S consecutive catalysis experiments; the last histogram
column shows the behavior of the Pt-SnS;,. chalcogel (without
reduction in advance) for reduction of 4-nitrophenol in the presence
of NaBH,.
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the solution after full conversion. We further investigated the
recyclability of the Pt-SnS,.g4,.q catalyst in the 4-nitrophenol
reduction experiment. After centrifugation and washing with
deionized water, the recovered Pt-SnS . 4,..q Was reused to
perform additional catalytic experiments. Conversion rates
above 90% could still be achieved after S cycles (see Figure
S12b of SI). The TEM of the recycled Pt-SnS materials was
similar to the original materials demonstrating the robustness of
the Pt NPs (see Figure S14 of SI). Because the presence of
NaBH, for catalytic conversion of 4-nitrophenol would cause
the breakage of the chalcogel network and reduction of the Pt**
to Pt NPs, we also perform the 4-nitrophenol reduction with
the Pt-SnS;yne chalcogel. As shown by the green column in
Figure 4b, a comparable conversion was achieved with the Pt-
SnS,igines indicating that the tandem formation of Pt NPs and
subsequent catalysis occur with NaBH, participating in both
reactions. The Pt NPs after this tandem reaction were observed
to possess slightly larger size and aggregation behavior (Figure
S15 of SI).

In conclusion, well-dispersed and supported ultrafine Pt NPs
are obtained by the in situ reduction of Pt** from the Pt—Sn—S
chalcogel network using NaBH,. The good dispersion of Pt
NPs in the chalcogel surface is derived from the homogeneous
nature of the chalcogel. The catalytic behavior of the chalcogel-
supported NPs has been demonstrated by the reduction of 4-
nitrophenol to 4-aminophenol in a quick and recyclable
manner. Further diversifying the metal species (Pd, Au, Ag)
and chalcogenide clusters (polysulfide, Na,Sn,S;, Na,SbS;,
Na,SbS,, etc.) will provide more opportunities to modulate the
size, distribution and compositions of noble metal NPs on
support. We postulate that chalcogel-derived in situ growth of
metal NPs supported on chalcogenide surfaces is a promising
path for functional composite nanomaterials.
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