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Surface-enhanced Raman spectroscopy (SERS), a powerful surface vibrational spectroscopic technique, is
ideally suited for in situ monitoring the chemical transformations occurred at surfaces and/or interfaces.
For in situ SERS monitoring, a platform integrated both plasmonic and catalytic activity is a prerequi-
site. Here, we fabricate a bifunctional Au-Pd nanocoronal film for in situ SERS monitoring Suzuki-Miyaura
cross-coupling reaction. This excellent bifunctional substrate leads to the coupling of high catalytic activ-

Keywords: ity with a strong SERS effect at the center of two adjacent Au cores and shows fine reproducibility and
Suzuki-Miyaura cross-coupling reaction stability of SERS signals. During investigating the Suzuki reaction with in situ SERS, we found two distinct
Au-Pd catalytic kinetic processes resulted from two disparate catalytic sites on a Au-Pd nanocoronal. Comparing
SERS with conventional analytical techniques, this work provides a novel approach for studying Suzuki reac-

In situ monitoring
Kinetics

tions at surfaces and/or interfaces with in situ SERS.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface-enhanced Raman spectroscopy (SERS), based on the
localized surface plasmon resonance (LSPR) effect, can provide
us significantly enhanced fingerprint vibrational information of
molecules adsorbed on the surface [1-7]. In recent years, SERS has
been a powerful pathway to in situ monitor interfacial reactions
[8-14]. For instance, Kneipp et al. demonstrated that the kinet-
ics of catalyzed reactions can be determined with in situ SERS by
just mixing the catalysts in proximity to aminosilane-immobilized
Au nanoparticles (NPs) [8]. Schliicker and other workers succeeded
in the label-free in situ SERS monitoring of 4-nitrothiophenol (4-
NTP) reduction catalyzed by small SERS-inactive Au NPs and cir-
cumventing the hot-electrons-induced side reactions with a single
bifunctional 3D superstructure (Au@SiO,@satelite-Au) [15]. Han et
al. distinguished different catalytic sites for 4-NTP reduction on a
complexed nanorod (Au nanorod@AuPd) with in situ SERS moni-
toring, which exemplifies exciting prospects for studying catalytic
reaction processes on catalyst surfaces with high sensitivity [16].
Except for the reduction of 4-NTP, Weckhuysen et al. firstly ex-
tended the in situ SERS monitoring to the sequential hydrogena-
tion of phenylacetylene on the surface of Au@SiO,@satelite-Pt, in
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which they observed the sequential hydrogenation of phenylacety-
lene into styrene and ultimately ethylbenzene with hydrogen [16].

Generally, a requisite of in situ SERS monitoring catalytic re-
actions is the construction of an appropriate bifunctional plat-
form possessing both plasmonic and catalytic activity [8,15,18-21].
To date, several kinds of bifunctional nanostructures have been
developed, such as core@shell [22-27], shell-isolated nanoparti-
cle (SHIN)@satelites [15,17,28-32], and other hierarchical structures
[33-35]. In practical catalysis, hierarchical structures with exposure
of two or more metals usually perform better activity. However,
the current applications of these materials in SERS are few and
still limited to the model reaction (hydrogenation reduction) [33].
Few SERS investigations on other organic reactions are reported. In
2019, our group first reported in situ SERS characterization of the
Suzuki-Miyaura cross coupling reaction (Suzuki reaction for short)
catalyzed by Pd [36]. This work not only extended the range of
in situ SERS monitoring, but also provided solid evidence for the
catalysis mechanism on Pd NPs. Subsequently, Ren group utilized
in situ SERS to monitor the Suzuki reaction catalyzed by Au@Pd
NPs and confirmed the hot electron transfer mechanism accord-
ing to the linear relationship between the reaction rate and laser
power [22]. Apart from the both, there is no investigation about
the Suzuki reaction proceeding on hierarchical catalysts, which is
of significance for practical catalysis applications.
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Fig. 1. (a) HRTEM of Au-Pd nanocoronals (the top left inset is the correspond-
ing single Au-Pd nanocoronal; the red dashed circles exemplify the OA sites of Pd
growth; the inset in the bottom right is the photo of Au-Pd nanocoronal film fab-
ricated by slightly modified LB method). (b) The TEM images of Au-Pd nanocoronal
monolayer film (the top right inset is the 3D model of single Au-Pd nanocoronal).
(c) HADDF-STEM and (d) EDS mapping of Au-Pd nanocoronals.

Here, we fabricated a kind of peculiar Au-Pd hybrid NPs by us-
ing Au spheres (50.2 + 5.0 nm) (Fig. S1 in Supporting informa-
tion) as seeds and Na,PdCl, as the precursor of Pd, which fea-
tured dozens newly grown Pd coronals with about 43.6 + 6.3 nm
length and 9.5 + 1.7 nm width on Au NPs (Fig. 1). Therefore, it
will be termed as Au-Pd nanocoronals in the following. The ap-
pearance of many defect sites indicated that the growth of Pd coro-
nals followed the successive oriented attachment (OA) mechanism
(dashed circles in Fig. 1a) [37,38], which will greatly improve the
catalytic performance of Au-Pd nanocoronals. Because it has been
proved that defect sites always are the active center of catalysis.
To clarify the separate and exposed Au and Pd phases, we took
HAADF-STEM as shown in the Fig. 1c, in which dozens separate Pd
coronals can be easily distinguished from the Au cores in the cen-
ter regions by the obvious different contrast of Au and Pd. The gaps
between Pd coronals with darker contrast suggested that both in-
dependent Au and Pd phases are exposed. Combined EDS elemen-
tal analysis with HAADF-STEM (Figs. 1c and d), we can depict the
three-dimensional nanostructure of Au-Pd nanocoronals as shown
in the inset of Fig. 1b.

It has been reported that the agglomeration of particles can
result in the improved SERS enhancement due to the consider-
ably plasmonic coupling among particle junctions, known as “hot
spots” [1,39,40]. In order to obtain fine and reproducible SERS sig-
nals, we assemble the Au-Pd nanocoronals into a film with the
slight modified Langmuir-Blodgett (LB) method as the SERS mon-
itoring platform. Briefly, owing to the tension in water-oil inter-
face, Au-Pd nanocoronals simultaneously assemble into a mono-
layer film, which can be visualized by the glittering film at the
interface shown in the bottom right inset of Fig. 1a. The TEM of
the Au-Pd nanocoronal film indicates a monolayer film is formed
(Fig. 1b).

Prior to in situ monitoring the Suzuki reaction with SERS, it
is necessary to verify the bifunctionality of the prepared SERS
substrate. At first, the SERS activity is confirmed by measuring
the SERS spectra of 4-nitrothiophenol (4-NTP), known as a probe
molecule of SERS measurement. The three characteristic peaks of
4-NTP can be easily distinguished on Au-Pd nanocoronals includ-
ing 1079 cm~', 1330 cm~! and 1576 cm™!, respectively assigned
to the C-S stretching, O-N-O stretching and the phenyl-ring mode
[15,18,41-43]. Compared with the Raman spectra on Au NPs (black
line in Fig. 2a), the noise ratio on Au-Pd nanocoronals is a little
damped but still enough clear for the SERS detection. Furthermore,
the distribution of enhanced localized electromagnetic fields is de-
picted by the three-dimensional finite difference-time domain (3D-

Chinese Chemical Letters 34 (2023) 107655

1330 1342

a b)
) Aunps NO:
Au-Pd nangcoronals 10
3
: —~
2 i SH E
S (il MWW >
o}
E \
A '“LA /I\,\ "I'.
800 1000 1200 1400 1600 1800 80 40 0 40 80
Raman shift (cm™) X (nm)

Fig. 2. (a) The SERS spectra of 4-NTP on Au NPs and Au-Pd nanocoronals with the
same measure conditions. (b) The distribution of enhanced electromagnetic field
simulated by FDTD.

FDTD) simulation. The simulation result in Fig. 2b shows that en-
hanced localized electromagnetic fields mainly distribute around
the surrounding within 20 nm of Au-Pd nanocoronals and the
closer to the surface of Au core, the brighter color indicating the
stronger the enhancement effect. What is more, little enhanced
field in the direction perpendicular to the incident light source is
observed, which manifests the SERS activity of Au-Pd nanocoro-
nals is mostly contributed by the LSPR effect. Consequently, we
can achieve a SERS detection with Au-Pd nanocoronals by exciting
the LSPR effect and plasmonic coupling between nanostructures to
generate highly enhanced field around them.

Apart from the fine SERS activity, catalytic activity is the other
requisite for a bifunctional SERS substrate. Given the reduction
of 4-NTP is the most commonly used model reaction for in situ
SERS monitoring, we also utilize it to validate the bifunctionality
of the above SERS substrate. The reaction can be on-site completed
within dozens of seconds upon the introduction of hydrogen and
the whole reaction process can be clearly monitored (Fig. S2a in
Supporting information). While the reaction can not occur on pure
Au NPs concluded by no SERS signals belonging to products de-
tected even when the reaction time is tripled (Fig. S3 in Supporting
information). Thus, the above results evidence the excellent dual
function of the Au-Pd nanocoronal films, SERS and catalytic activ-
ity.

For the exploration of reaction mechanisms by in-situ SERS
monitoring, stability and reproducibility of signals collected on the
substrate are of critical importance. In order to make an assess-
ment for the as-prepared Au-Pd nanocoronal films, the charac-
teristic peak at about 1330 cm~! of 4-NTP is chosen to obtain
the SERS mapping within a 20 x 20 pm? area. From the mapping
result (Fig. 3), it is reasonable to conclude that SERS signals on
the self-assembly Au-Pd nanocoronal film (Fig. 3b) are superiorly

a) b)
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Fig. 3. SERS mapping of 4-NTP over a 20 x 20 pm? area on the Au-Pd nanocoro-
nal films by dropping (a) and self-assembly (b) using the band at 1330 cm~! (the
inset photos are taken by LabRAM HR Evolution microscope (Horiba Jobin Yvon)
equipped with a 50x objective).
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Fig. 4. (a) SERS spectra at different reaction time by in situ monitoring the Suzuki
reaction on Au-Pd nanocoronals precoated with 4-BTP. (b) Sketch map for the re-
action process. (c) A plot of the logarithm of the area ratio at 1600 and 1558 cm~!
versus reaction time (In(ly00/l1s58) ~ t). (d) The time dependency plot of (TOF/10°)
for the Suzuki reaction of 4-BTP on Au-Pd nanocoronals.

stable and reproducible, especially, compared with the signals ob-
tained on the dropped samples in Fig. 3a. In addition, the SERS
signals on the former follow normal distribution with a standard
deviation of 17.5% (Fig. S4 in Supporting information). Furthermore,
the results of statistic method—t test validate the reproducibility of
SERS signals collected on the Au-Pd nanocoronal films from differ-
ent batches (details in Supporting information).

With the above fabricated bifunctional SERS substrate, the ki-
netics of Suzuki reaction was monitored by in situ SERS. The
progress of the Suzuki reaction catalyzed by Au-Pd nanocoro-
nals is traced by the time series of in situ SERS spectra of 4-
bromothiolphenol (4-BTP) adsorbed on the Au-Pd nanocoronals
immersed in the ethanol solution of PhB(OH), (Fig. 4a). It should
be noted that the remaining 4-BTP molecules have been removed
by centrifuging and washing with ethanol and water prior to fab-
ricating films, which ensures that all the SERS signals are from the
molecules adsorbed on the surfaces of Au-Pd nanocoronals. From
the dynamic SERS spectra in Fig. 4a, the characteristic peaks of 4-
BTP can firstly be detected at 1065 cm~! and 1560 cm~!, which is
attributed to a hybrid mode of phenyl ring and C-Br bond vibra-
tions and the symmetric stretching mode of the phenyl ring, re-
spectively [22,36]. Once initiating the SERS monitoring, the peaks
associated with 4-BTP decreased and three new peaks at 1283,
1580 and 1600 cm~! become appeared within 10 s, which are the
characteristic peaks of 4-mercapto-biphenyl (4-MBP) and should be
assigned to the stretching between two phenyl rings, the symmet-
ric stretching modes of the two phenyl rings [22,36]. The whole
conversion ultimately completes within 220 s, the transformation
process of which can be captured thanks to the fast and sensitive
characteristics of SERS. Additionally, no cross-coupling products is
detected in the case without PhB(OH), or Pd (pure Au NPs), results
of which are shown in Figs. S5a and b (Supporting information). All
these results demonstrate that it exactly is the Suzuki reaction that
is catalyzed by palladium (Fig. 4b).

To decipher the reaction kinetics on Au-Pd nanocoronals, the in-
tegral area ratio of SERS peaks at 1600 and 1558 cm~! (denoted as
I1600 and Iy55g) is tracked, which is proportional to the surface cov-
erage percentage (6) of the cross-coupling products (4-MBP) since
a monomolecular layer of 4-BTP originally forms on the surface
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of Au-Pd nanocoronals through chemisorption [16,44,45]. There-
fore, the surface coverage percentage € of 4-MBP can be calculated
by 64_mpp(t) = Ii-1600/lt-1558.- Then, the equation of turnover fre-
quency (TOF) normalized to the fraction of Pd active sites at the
catalyst surface, derived from the atomic ratio of Pd and Au in XPS
(Fig. S6 in Supporting information), can be expressed as the fol-
lowing (Eq. 1):

) = 90— Gpamery (1)
- at

k x [PhB(OH),]" x [1 — Bja_wer(D)]" 1)
where m and n are the reaction order of [PhB(OH),] and [4-BTP],

respectively. 7 is the fraction of Pd. Given the much excessive con-
centration of [PhB(OH),], Eq. 1 can be simplified into Eq. 2:

(1 — Ba_mpp(t)) 1 n

)= —+5 =kx[1 = Oa_mery(t)]
(2)
Therefore, the reaction order of [4-BTP], n, can be obtained
by plotting lnk%%) versus In(1 — ‘ 1?‘;0) (Fig. S7
in Supporting information), namely, n=0.76 + 015 indicating

the Suzuki reaction approximately follows the first-order kinetics.
Then, Eq. 3 can be obtained:

m(’t—ﬂ>:kxnxt 3)
It_1580

TOF (54

:;\—t

TOF (s’l

According to Eq. 3 the reaction rate constant can be derived
from the linearly fitted slope of the In (;ﬁ%) ~ t plot (Fig. 4c).
Surprisingly, there is an inflection point in the time dependency
plot of In(I;500/I1558) obtained on the Au-Pd nanocoronals (Fig. 4c).
The obvious different kinetic processes indicate the coexistence
of two kinds of catalytic sites with different activities on Au-Pd
nanocoronals [16]. The both kinetic constants (k; =32.3 x 1074 s71,
ky =5.4x 1074 s=1) numerically show that the second process is
much slower than the first one. Combined with the nanostructure
of Au-Pd nanocoronals, the two different kinetic processes are sup-
posed to result from the reactions of 4-BTP on Pd and Au surfaces,
respectively.

Taking the advantage of SERS as a powerful surface and inter-
face molecular characterization technology, we further make a cal-
culation according to the spatial distribution of molecular adsorp-
tion on Au-Pd nanocoronal surfaces. For the convenience of calcu-
lation, the coronal Pd and the core Au are respectively simplified as
a cylinder (height: h=43.6 nm, bottom diameter: r=9.5 nm) and
a sphere (diameter: d=50.2 nm). According to the area formula
and the numbers of coronal Pd, we can derive the numbers of 4-
BTP adsorbed on Pd (Npgq) and Au (N,a,) with the area occupied by
a 4-BTP molecule (S=0.2 nm?2). Therefore, TOF at each monitoring
time can be calculated from the Eq. 4:

= 2‘:& x (Npg + Nau) x 1 (4)

Two different sections also can be distinguished in the Fig. 4d,
the coincidence of which with the aforementioned discussion
demonstrates the validity of our explanation. Moreover, it should
be noted that the steric effect of the product 4-MBP also can be
distinguished from the gradual decrease of TOF particularly on Pd.

It is reasonable that the faster process is assigned to the 4-BTP
adsorbed on the Pd surface known as highly efficient catalyst for
the Suzuki reaction. However, people may wonder how the 4-BTP
adsorbed on inert Au surfaces is catalyzed into 4-MBP. According
to reported works, palladium could leach in the means of atoms
from the NPs or metal complexes through the oxidative addition of
palladium and aryl halides [46-48]. The leached palladium species
can reversibly form Pd NPs, the activity of which is reported to be

TOF (s-
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greatly decreased [49,50]. Besides that, it involves diffusion pro-
cess, which further drags the reaction progress. Therefore, it is de-
duced that the second process could be the slower conversion of
4-BTP on Au surfaces catalyzed by the reformed Pd NPs with de-
teriorated activity, which becomes visible when the faster process
on Pd is completed (as shown in the inset of Fig. 4d).

In summary, the bifunctional Au-Pd nanocoronals provide us
an excellent platform for the in situ monitoring catalytic reactions
with SERS. With the self-assembly Au-Pd nanocoronal films, we
not only achieve fine SERS signals with good reproducibility, but
also ascertain the kinetics of the Suzuki-Miyaura cross-coupling re-
action catalyzed by Au-Pd nanocoronals. Two distinct kinetics pro-
cesses rooted in the different catalytic activity of Au and Pd, are
reflected by in situ SERS monitoring, which corroborates the ul-
trasensitivity of SERS for in situ monitoring reactions on the sur-
face of nanocatalysts. This work provides a paradigm for the excit-
ing prospect of SERS in exploring more practical catalytic reactions
with superior sensitivity, which will be highly useful for deeply un-
derstanding catalytic mechanisms and reasonably optimizing cata-
lysts.
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