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A universal chitosan-assisted method was developed to synthesize
various Ag-including heterostructured nanocrystals, in which
chelation probably plays a vital role. The as-prepared Ag/Pd
heterostructured nanocrystals show outstanding properties when
used as bifunctional nanocomposites in label-free in situ SERS
monitoring of Pd-catalyzed reaction.

Surface-enhanced Raman scattering (SERS) possesses inherent
advantages in label-free in situ monitoring of the catalyzed
reaction process, which can help in understanding the reac-
tion mechanism and optimize the catalyst formula." It is well
known that some noble metal structures, such as Ag and Au
nanocrystals, are required for magnifying the molecule infor-
mation in the SERS process.”® Moreover, SERS is a short-
range effect, and the catalyzed reaction is a process taking place
at the surface of the catalyst. Hence, assembling nanocrystals
with SERS activity and the catalyst together is significant for
realizing an accurate and highly effective monitoring.

Recently, various protocols for fabricating the bifunctional
units, which combine both catalytic and SERS activities, have
been developed for label-free in situ monitoring.**” 107
A general strategy to fabricate the units is to coat a SERS-active
core with a catalytically active surface, including assembling
small Au nanoparticles (NPs) on the core or coating the core
with a shell of Pt or Pd.*>'®'"'7 However, it is difficult to
achieve a balance between high catalytic efficiency and SERS
enhancement in this method, as the plasmon of the core will
be significantly decreased with the increase of shell
thickness.”">"”

In addition, other methods, such as depositing isolated Au
NPs and Pt NPs simultaneously onto the glass substrate to
study Pt-catalyzed reaction, provide a different route." But the
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label-free in situ SERS monitoringt
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non-chemically bound metal nanoparticles are unpractical as
a system under real catalytic conditions.? It is known that the
Au core is the most employed material in the fabrication
of Dbifunctional wunits, including Au nanorods and
nanowires.* ®'%118729 1 fact, Ag has a stronger localized
surface plasmon resonance (LSPR) and can provide a higher
enhancement factor than Au even though the latter is more
chemically inert, which is an advantage in assembling bifunc-
tional structures.'”*'~>?

Heterogeneous metal nanocrystals (HMNCs) are common
entities formed by integrating some metal nanocrystals of
different compositions, which are jointed through permanent
bonding interfaces.**®° Particularly, the oligomer-type
HMNCs, which are different from the core-shell type ones,
expose multiple material surfaces, which can avoid the
dilemma in maintaining the balance between catalytic and
SERS activities.

Pd and Pt are the most important catalysts used in many
applications, including the conversion of chemical to electrical
energy and a series of vital organic chemical reactions.**'
Therefore, it is highly desirable to synthesize oligomer-type
HMNCs containing Ag and Pd (Pt) and use them as the sub-
strate for the label-free in situ SERS monitoring.

Herein, we demonstrate a facile synthesis of Ag/Pd oligo-
mer-type heterostructured nanotubes (OHNTSs), in which some
Ag NPs are jointed to one-dimensional (1D) Pd nanotubes
(NTs) through permanent bonding interfaces. Chitosan plays a
vital role in the successful preparation of Ag/Pd OHNTS;
without chitosan, Ag could not heterogeneously nucleate and
grow on the NTs uniformly. The method was then successfully
used to grow Ag NPs on bimetallic NTs, such as PdPt alloy NTs
or quasi-1D Au/PtAu heterojunction NTs. Finally, Ag/Pd
OHNTs were used to monitor the reaction process of
p-nitrothiophenol (p-NTP) to p-aminothiophenol (p-ATP) in
label-free in situ by SERS in aqueous solution.

The Te nanowires (NWs) were synthesized at first. Then the
Pd NTs were synthesized by using Te NWs as the template and
chitosan as the stabilizing agent in aqueous solution at room
temperature. The TEM images of the as-prepared Te NWs and
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Fig. 1 TEM images of Pd NTs (A), Ag/Pd OHNTs (B), Ag/PdPt OHNTS (E).
HRTEM images of Ag/Pd OHNTs (C). HAADF-STEM images of Ag/Pd
OHNTs (D), Ag/PdPt OHNTSs (F).

Pd NTs are shown in Fig. S1f and Fig. 1A, respectively. It is
shown that Pd NTs have the same size as the Te NW template
(about 30 nm in diameter and 420 nm in length), and it can
be observed that the centers of the 1D Pd nanostructures are
obviously brighter than the edges, suggesting that they are
hollow nanotubes. The XRD pattern of the Pd NTs (Fig. S2t)
shows a characteristic diffraction peak which can be assigned
to the (111) lattice plane of face-centered-cubic (fcc) Pd struc-
tures. The other peaks of fcc Pd were not obviously observed,
which might have been caused by a lack of other planes with
an appropriate area.

Ag NPs grow on the Pd NTs by reducing silver nitrate with
ascorbic acid in the chitosan and PVP solution. The typical
TEM image of Ag/Pd OHNTs is shown in Fig. 1B. Some
0-dimensional (0D) nanocrystals with a diameter of 30 nm
grow on the surface of 1D Pd NTs. The HRTEM image of Ag/Pd
OHNTs (Fig. 1C) shows that the attached NPs are jointed to
the Pd NTs through permanent bonding interfaces and a
crystal boundary can be clearly observed. One of the inter-
planar spacings of the nanotube is about 0.225 nm, which is
consistent with the (111) lattice plane of fcc Pd, and 0.235 and
0.204 nm in the particles are corresponding to the (111) and
(200) lattice planes of fcc Ag, respectively. In addition, the
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high-angle annular dark-field scanning TEM-energy-dispersive
X-ray spectroscopy (HAADF-STEM-EDS) elemental mapping
image of the Ag/Pd OHNT shows the distinct compositional
distribution of each constituent metal element (Fig. 1D). It
unambiguously reveals that Ag NPs are linked to the 1D Pd NT
skeleton. The energy-dispersive X-ray spectroscopy (EDS) per-
formed on Pd NTs (Fig. S31) shows that they are mainly com-
posed of Pd and Ag elements. The presence of a few Te
elements indicates that the used templates are Te NWs. When
the amount of Pd precursors used in the synthesis of Pd NTs
was adjusted, the Te elements could be completely absent. The
XRD pattern of the Ag/Pd OHNTs (Fig. S21) shows more
characteristic diffraction peaks than the last one, which can be
suitably assigned to the reflections from the fcc structure of
Ag. When Pd and Pt precursors were added simultaneously
instead of a single Pd precursor using the same method, PdPt
bimetallic NTs were obtained (Fig. S47). According to induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis, the molar ratio of Pd:Pt is about 7:1. The TEM
images of the as-prepared Ag/PdPt OHNTSs show that they have
the same morphology with Ag/Pd OHNTs (Fig. 1E). Moreover,
HAADF-STEM-EDS was used to further characterize the struc-
ture. As shown in Fig. 1F, Ag elements are distributed on NPs
while both Pd and Pt elements are distributed on NTs, reveal-
ing that Ag NPs are linked to the 1D PdPt bimetallic NT skele-
ton. The EDS performed on Ag/PdPt OHNTs (Fig. S51) shows
that they are composed of Pd, Pt and Ag elements, but no Te
element was observed.

In order to investigate the role of chitosan in the synthesis
of heterostructured nanocrystals, a contrast test was per-
formed. Porous PdPt NTs were synthesized using Te NWs as
templates in hexadecyltrimethylammonium bromide (CTAB)
solution, and were then used as the intermediate for the fol-
lowing synthesis (Fig. S6T). ICP-AES analysis shows that the
molar ratio of Pd: Pt in the NTs is about 11:9. When chitosan
was used as the surfactant, as shown in Fig. 24, all of the Ag
NPs are jointed on the porous PdPt NTs. In Fig. 2B,
HAADF-STEM-EDS further demonstrates that the Ag NPs are
jointed on the PdPt NTs, and the EDS analysis (Fig. S71) shows
that they are composed of Pd, Pt and Ag elements. However,
when using polyvinyl pyrrolidone (PVP) as the surfactant
instead of using chitosan, Ag NPs cannot grow uniformly on
the surface of the porous PdPt NTs. A typical result is shown in
Fig. 2C: Ag NPs tend to aggregate and are not well-distributed.
To further understand the effect, we tested other surfactants in
the synthesis instead of chitosan, such as CTAB, sodium
dodecyl sulfate (SDS) and acrylic acid polymers (PAA)
(Fig. S8T). Probably because of the electrostatic repulsion of
CTAB and Ag ions or the termination of growth of little Ag NPs
by CTAB, no Ag NPs appear clearly on the nanotubes. Even
though SDS exhibits a negative charge and Ag ions can absorb
on the nanotubes, not all Ag NPs are grown on the nanotubes.
Moreover, PAA has the same performance as SDS because it
also has a negative charge. Chitosan is a polysaccharide bio-
polymer formed by the deacetylation of the naturally occurring
chitin with a large number of functional groups. Although it
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Fig. 2 TEM images of Ag/PdPt OHNTSs using chitosan (A) and PVP (C) as
surfactants in the synthesis. HAADF-STEM images of Ag/PdPt OHNTSs (B)
and Ag/Au/PtAu heterostructured nanotubes (D).

has a positive charge as CTAB, it possesses unique polycationic
and chelating properties.>*** In this research, chelation
induced the even dispersion of Ag ions on the surface of the
metal NPs, which probably provides the essential conditions
for the heterogeneous nucleation and growth of Ag on the
NPs. In addition, adhesion may have a certain effect on the
process. Therefore, we can conclude that chitosan plays a vital
role in the preparation of Ag-including heterostructured
nanocrystals.

In addition, to further confirm the method, a more compli-
cated heterostructure, Au/PtAu heterostructured NTs, was used
as the intermediate to fabricate Ag-including heteronanostruc-
tures. The Au/PtAu heterostructured NTs were prepared firstly
(Fig. S9t), and were then used in the next process. The TEM
image demonstrates that Ag-including heterostructures were
obtained (Fig. S101). HAADF-STEM-EDS was also used to test
the result. As shown in Fig. 2D, Ag NPs are obviously linked to
the surface of the PtAu NTs. The EDS performed on the struc-
tures shows that they are composed of Au, Pt and Ag elements
(Fig. S117). Even though Ag and Au crystals have a higher
match than Ag and Pt crystals, in the presence of chitosan, it
was not observed that more Ag NPs were linked to Au NPs than
to PtAu NT frameworks as expected. When using PVP instead
of chitosan in the synthesis, we found that Ag NPs apparently
were not well-distributed on the surface of Au/PtAu hetero-
structured NTs (Fig. S12%). All these results demonstrate that
chitosan is vital in the heterostructured growth of Ag NPs on
other materials and the chitosan-assisted method is a univer-
sal strategy to obtain Ag-including heterostructures.

It is well known that many noble metal NPs can catalyze
the reaction of p-NTP to p-ATP. Herein, UV-vis absorption
spectra were used to testify the catalytic properties of the Ag/
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Fig. 3 Time dependent UV-vis absorption spectra for the reduction of
p-NTP by NaBH4 in the presence of Ag/Pd OHNTs. The absorption
spectra were recorded every 3—4 min.

Pd heterostructured nanocrystals. As shown in Fig. 3, the
absorption intensity of p-NTP at 410 nm wavelength decreases
over time in the presence of the Ag/Pd heterostructured nano-
crystals, while the contrast experiment shows no change
(Fig. S137). Obviously, the as-prepared Ag/Pd heterostructured
nanocrystals have catalytic activity towards the reaction of
Pp-NTP to p-ATP. This result is in conformity with the antici-
pation, as only a part of the surface of the Pd NTs is covered by
Ag NPs and considerable Pd atoms are exposed to the solution.
When the borohydride ions reacted with Pd, the electrons
from the donor were relayed to the acceptor p-NTP right after
both of them were absorbed onto the particle surfaces.

After the catalytic activity was determined, the SERS sensi-
tivity was assessed. A series of Raman spectra were collected
from the reaction system in sequence after the addition of
NaBH,. It is noteworthy that all samples were measured in
aqueous solution without a special mixing process in our
study, both of which are significant for a label-free in situ
monitoring of the metal-catalyzed reaction process by recording
the SERS response in real time. As shown in Fig. 4, four charac-
teristic peaks at 1082, 1113, 1345 and 1572 cm™" in the bottom
spectra are clearly observed, which are in accordance with

Raman Intensity/a.u.

I\ A

SRR RS o SPRRPAICI WP/ S

1000 1200 1400 1600

Raman Shifticm”™

Fig. 4 SERS spectra recorded from the reaction suspension collected
at different reaction times. From bottom to top: SERS spectra recorded
at0,1,2, 3,4,5, 6,7, 8and 12 min after addition of NaBH, solution.
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those of pure p-NTPs. As time went on, the characteristic peaks
at 1345 and 1572 cm™', which correspond to R-NO, of p-NTP,
gradually decrease and finally disappear, while two new peaks
at 1007 and 1590 cm™', which correspond to phenyl ring
modes of p-ATP, were clearly observed. Generally, the intensity
ratios of the peaks at 1572 and 1590 cm " were used to
monitor the catalyzed reaction. From the nonexistence of the
peak at 1590 cm™" at the beginning to the final disappearance
of the peak at 1572 cm™, the reaction process in the experi-
ment was recorded by SERS monitoring (Fig. S141). Because
both the catalyzed reaction and SERS took place at the surface
of nanocrystals, we directly measured the samples in aqueous
solution without washing the p-NTP after a mixing process.

It is worth pointing out that no peaks of p,p’-dimercapto-
azobenzene (DMAB), which usually emerge in the reaction by
various catalysts, were observed in the process. Moreover, PdAg
bimetallic nanofibers were used as the catalyst in the same
reaction and the intermediate product was observed in the
process."”” However, the PdAg heterostructures produced a
different result in this work, even though a high laser power
was used, which usually assists the production of the photo-
chemical product.®** Xie et al. reported that the production of
an intermediate product can be avoided by using a thin layer
silica shell to isolate the inert Au core from the actual catalytic
Au satellites.” Herein, we consider that the structural features
of the catalyst are probably an important reason for the non-
appearance of the reaction intermediate.

In conclusion, we have demonstrated a universal chitosan-
assisted method for the facile synthesis of Ag-including hetero-
structured nanocrystals in aqueous solution at room tempera-
ture. Chitosan promotes the heterostructured nucleation and
growth of Ag on other nanostructures in the synthesis. The as-
prepared Ag/Pd heterostructured nanocrystals were used to
monitor the reaction process of p-NTP to p-ATP by SERS in real
time in aqueous solution successfully. The superior properties
of the bifunctional nanocomposites exhibit great potential in
label-free in situ SERS monitoring of Pd-catalyzed reaction. The
design concept described here can also be extended to other
bi- or tri-metallic NPs according to the actual requirement of
the study on metal-catalyzed reaction in situ by SERS.
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