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In this study, a bifunctional material with SERS effect and catalytic performance is fabricated in which
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Understanding the structure-activity relationship at a molec-
ular level and identifying the factors that govern the catalytic
performance are key issues when new catalysts are developed,
characterized, and introduced. SERS (surface-enhanced Raman
scattering) can provide the fingerprint information of molecules
from their vibrational transitions,' thus displays extraordinary
application value in studying chemical reaction mechanism
catalyzed by noble metal nanoparticles in recent years.*® Noble
metals such as Au and Ag are excellent SERS substrates,”® Au
nanorods (AuNRs) have attracted enormous attention due to
their highly adjustable morphologies, unique anisotropic plas-
monic  properties, and widely adjustable plasmon
wavelength.”** Pd and Pt can catalyze a lot of chemical reac-
tions, but they are poor SERS substrates because of the weak
coupling between their free electrons and visible lights.*>** For
all, it is difficult to achieve the desired activities for simulta-
neous SERS and catalysis using monometallic Ag, Au, Pd, or Pt
nanocrystals.’'® One approach to integrating SERS and cata-
lytic properties on a single nanocrystal is to deposit Pd or Pt
onto Au or Ag nanocrystals, forming bimetallic nanocrystals
with dual functionality, which have shown enormous potentials
in catalytic investigations."””*®* Therefore, the development of
a bifunctional metal substrate for in situ SERS detection of
catalytic reactions is attracting more and more attention. For
example, Xie et al. used bifunctional Au@Niz;FeO, core-satellite
superstructure as SERS substrate to monitor interfacial oxygen
evolution reaction (OER) progress, and found direct spectro-
scopic evidence of intermediate O-O species." Zhao et al. used
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confined modification of surface active sites of AuUNRs using 5-iodo salicylic acid (5-ISA), which optimize
the performance of bifunctional materials.

a borrowing strategy to synthesize bifunctional Au@PtNi
nanoparticles. In situ SERS coupled with rotating disk electrode
(SERS-RDE) was described to provide information about the
intermediates involved in the electrocatalytic hydrogenation of
nitrobenzene on PtNi under ambient conditions.*

Core-shell structures are commonly used in bifunctional
research.” However, it has been reported that the shape of shell
greatly influence SERS and catalytic properties.**?*® Inspired by
this issue, herein, dispersive Pd islands-deposited AuNRs for in
situ SERS monitoring of catalytic reaction was carried out (Fig.
1). Typically, AuNRs coated with different Pd shells have been
successfully synthesized: one with dense Pd shell (Fig. 2d and e)
and another with dispersive Pd islands (Fig. 2g and h), among
which the later one present a better SERS-catalysis bifunctional
performance by regulating surfactants in synthetic processes.
Simply, 1 mM Pd precursor(H,PdCl,) was used to synthesize the
AuNR@Pd islands. By changing the surfactants, AuNRs were
capped with CTAB using seed growth method, while AuNR@Pd
islands were prepared by capping the AuNRs using CTAB and 5-
ISA to stabilize the AuNRs surface.>** It is proposed that the 5-
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Fig. 1 Schematic illustration of in situ SERS monitoring of catalytic
reaction.
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Fig.2 SEM, TEM images and schematic diagram of (a—c) AuNRs; (d—f)
AuNR@Pd shell; and (g-i) AuNR@Pd islands.

ISA interacts with the AuNRs surfactant bilayer with a cationic-
7 noncovalent interaction.?® The surfactant bilayer on the AuNR
surface becomes more packed upon the addition of 5-ISA,*” and
this slowed the nucleation rate of the Pd seeds on the surface of
the AuNRs. Ascorbic acid (AA) and hydrochloric acid (HCI) were
used as weak reducing agents,”® which induced the Pd deposi-
tion on the surface of the AuNRs, and HCI helped to control the
reduction rate.” Finally, AuNR@Pd shell with dense shell and
AuNR@Pd islands with dispersive Pd islands were synthesized.

Initially, the structures and morphologies of the synthesized
AuNR®@Pd were characterized by using SEM and TEM. The SEM
and TEM images clearly showed that AuNRs have an average
size of 24 nm x 60 nm (Fig. 2a and b) and AuNR@Pd shell
directly synthesized by using AuNRs capped with CTAB has
a dense and smooth Pd shell (Fig. 2d and e). Notably, when
CTAB was employed as a capping agent, H,PdCl, should not be
considered as the actual precursor. This was because a fast
ligand-exchange reaction between [PdCl,*~ and Br~ could
occur and the major Pd*" complex in the system would become
[PdBr,]>". Since the [PdBr,]*> /Pd°® had a lower redox potential
(~0.49 eV) versus [PdCl]>~/Pd° (~0.62 €V),* the presence of Br~
ions led to a slower reduction rate of the Pd precursor, leading
to a smooth Pd shell (~2 nm) (Fig. S1). In comparison, due to
the interaction between 5-ISA and CTAB, the surfactant layer of
gold nanorods become more compact, which reduced the
deposition rate of Pd, thus the AUNR@Pd islands had a bumpy
surface with dispersive Pd islands(Fig. 2d, e and S2t).>* UV-vis
was used to investigate the structure and optical properties.
As it can be clearly seen from Fig. S3, after AuNRs were coated
with different Pd nanostructures, the intensity of the longitu-
dinal surface plasmon absorption peak decreases, and it has
a slight red shift and further broadened. Corresponding
element mapping Fig. 3a—-c show that there were Pd and Au
elements in the AuNR@Pd islands, and Pd islands were
dispersive deposited on the AuNRs. Furthermore, X-ray photo-
electron spectroscopy (XPS) was employed to analyze the surface
composition and the oxidation state of the metals in the
materials. The Pd 3d XPS spectra of AuNR@Pd islands in Fig. 3f
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Fig. 3 (a—c) EDS mapping images of AuNR@Pd islands; (d—g) XPS
spectra of AUNR@Pd islands — (d) the survey scan; (e) Au 4f; (f) Pd 3d;
(9) I 3d.

showed that Pd® were mainly in their metallic states. The
binding energies at 335.0 eV and 340.2 eV could be assigned to
Pd 3ds,, and Pd 3d;.,, respectively. Compared to the pure Pd
metal (335.7 eV and 340.9 eV),"*** the binding energy of Pd 3d
had a negative shifting, while the binding energy of Au 4f had
a positive shifting, and the Pd° hold a dominant role. The peaks
at 619.2 eV and 630.6 eV could be assigned to I 3ds,, and I 3d;),,
corresponded to C-I covalent single bond in the 5-ISA. XPS
spectra of AuNR@Pd Shell in Fig. S41 showed that, compared
with the pure Au 4f (Au 4fs), 87.3 eV, Au 4f,, 83.5 eV),* the
binding energy of Au 4f (Au 4f5, 87.7 €V, Au 4f;, 84.1 eV) shifted
towards higher position, while the Pd 3d shifted towards lower
position. This was mainly caused by the electron transfer from
Au to Pd, which led to the change of the electronic structure of
Au. All these obvious changes indicated the successful synthesis
of AUNR@Pd islands and AuNR@Pd shell.

Subsequently, we used 10~7 M crystal violet (CV) molecules
as a Raman probe to evaluate the SRES property of these two
AuNR®@Pd materials (Fig. 4). Obviously, the SERS signal inten-
sity collected under the naked AuNRs substrate was signifi-
cantly higher than those of other AuNRs deposited by Pd. It was
suggested that the deposition of Pd atoms on AuNRs would
deteriorate their SERS activity.®® More importantly, the SERS
signal intensity collected under AuNR@Pd islands was higher
than AUNR@Pd shell. It was assumed that such a decrease may
also arise from the Pd shell reducing the direct contact between
CV and AuNRs surface. Additionally, AuUNR@Pd islands had
a bumpy surface with dispersive Pd islands may expose more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SERS spectra of CV acquired from different substrates.

surface of gold nanorods to enhance the SERS performance and
possessed an acceptable SERS enhancement ability.

Next, the catalytic activity of AuNR@Pd was evaluated by
using the model reduction of 4-NTP to 4-aminothiophenol (4-
ATP).*® Typically, UV-vis spectroscopy was used to monitor the
decay of the adsorption peak of 4-NTP at 400 nm as reduction
proceeded after adding catalyst. Fig. 5b showed the absorption
spectra of 4-NTP as a function of time which indicated the
reduction of 4-NTP catalyzed by AuNR@Pd islands with NaBH,
solution. After the NaBH, was added, the ionization of 4-NTP
took place in alkaline solution,*® a strong UV-vis absorption
peak of 4-NTP at 400 nm could be clearly observed from the
Fig. 5b (black line). The position and intensity of the maximum
absorption peak did not change with time, indicating that
individual NaBH, is unable to reduce 4-NTP (Fig. S51). While
after the AuNRs were added into the solution (as shown in
Fig. S61), within 180 min, the intensities and positions of the
UV-vis spectra did not change significantly, indicating that
AuNRs basically did not have catalytic performance. The spectra
Fig. 5b confirmed that the Pd deposited on the AuNRs could
accelerate the reduction. With the addition of AuNR®@Pd
islands, the intensity of the UV-vis absorption peak at 400 nm
gradually decreased, at ~18 min (green curve), there was a new
UV-vis absorption peak at 300 nm appeared, this was the typical
characteristic peak of 4-ATP, which represented that the 4-NTP
was reduced to 4-ATP. In the system, the concentration of 4-NTP
was lower and lower, and the concentration of 4-ATP was
gradually increased. At ~25 min, the characteristic absorption
peak of 4-NTP disappeared completely indicating the end of
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Fig. 5 (a) Reaction scheme for the conversion of 4-NTP to 4-ATP in
the presence of NaBH4 and AuNR@Pd islands; (b) UV-vis of 4-NTP
reduction catalyzed by AUNR@Pd islands.
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reaction and the color of solution changed from yellow to
colorless. In contrast, it was noted that AuNR@Pd shell did not
show comparable catalytic effects. While added AuNR@Pd shell
(as shown in Fig. S77), UV-vis spectra did not have any apparent
change until 35 min. It showed that these AuUNR@Pd with Pd
deposited on the surfaces could accelerate the reaction, and the
catalytic performance of AuNR@Pd shell with dense and
smooth Pd shell was not good as that of AuNR@Pd islands with
dispersive Pd. It was assumed that AuUNR@Pd islands with
dispersive Pd can expose more active sites for the reaction.
Therefore, the construction of AuUNR@Pd islands is a much
better candidate of bifunctional materials. Furthermore, to
check the influence of the amounts of Pd islands to catalyze
reactions, 4 types of AuNR@Pd islands were checked by
adjusting the volume of H,PdCl, (Table S17). The UV-vis of 4-
NTP reduction catalyzed by different AUNR@Pd islands were
shown in Fig. S8-S10.7 Clearly, with the decrease of Pd islands,
the catalytic performance of AuNR@Pd islands was quickly
weakened, consistent with the calculated first-order Kinetic
constant of the reaction (Table S21). Fig. S12} shows the
absorption at 400 nm as a function of reaction time in the
presence of different AuUNR@Pd islands. Oppositely, the SERS
effect increased with the decreasing of Pd islands (Fig. S11 and
S131).

To realize the aim of fabricating a bifunctional substrate and
benefit with the high sensitivity of SERS, the AuNR@Pd islands1
with the best catalytic activity and an acceptable SERS
enhancement ability were selected for in situ SERS monitoring
of the reduction of 4-NTP. Firstly, 4-NTP molecules were incu-
bated with AuNR@Pd islands1 for 12 h. After centrifugation,
they were dropped on silicon wafers and dried at room
temperature. Then NaBH, solution was added dropwise to start
the catalytic reaction. At the same time, an ultra-thin quartz
sheet was quickly covered to avoid evaporation of the liquid. By
collecting SERS signals, the catalytic reduction reaction of 4-
NTP was dynamically monitored in situ. At ¢t = 0, Fig. 6 showed
the SERS spectrum of 4-NTP with three characteristic vibra-
tional bands at 1108 cm™?, 1326 cm™*, and 1569 cm™'. As the

R-NO, R-NO,R-NH
_180s A A A |
150s

3: 120s

&

_3‘ 90s t

e A,

2 /!

c} 608 A N A —
| 2308 __JS\uina 7 ‘\'\»:\,,h -
_AOS_,/\/\,\,\_//\W/\; ]
800 1000 1200 1400 1600

Raman Shift (cm™)

Fig. 6 Time-dependent SERS spectra of recorded during the reduc-
tion of 4-NTP to 4-ATP catalyzed by AuNR@Pd islands1.
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reaction proceeded, the intensity of these bands decreased
gradually, and a new band emerged corresponding to the
phenol-ring mode of 4-ATP at 1590 cm ™" (red block), the other
vibrational modes shown in the SERS spectra can also be
assigned to those shown in Raman spectra of 4-NTP and 4-ATP
(Table S37), which realized in situ SERS real-time monitoring of
4-NTP to 4-ATP catalytic reduction. Hence, we demonstrated
that the AuNR@Pd islands1 are capable of SERS and catalytic
activity.

In summary, dispersive Pd islands were deposited onto
AuNRs (i.e., AUNR@Pd islands) by regulating the surfactants of
CTAB and 5-ISA which showed different morphologies from
AuNRs with dense Pd shells (i.e., AuUNR@Pd shell) regulated by
a sole surfactant of CTAB. It was assumed that ISA competitively
interacted with CTAB and finally induced the formation of
dispersive Pd islands. More importantly, compared with the
AuNR@Pd Shell, AUNR@Pd islands presented better bifunc-
tional performance of SERS and catalytic activity on the catalytic
reduction of 4-NTP to 4-ATP. This AuUNR@Pd islands substrate
and the corresponding strategy shows the significance of
regulating the bifunctional substrate for simultaneous in situ
SERS and catalytic investigation of environment, energy, catal-
ysis, etc.
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