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Plasmonic metal nanostructures with the intrinsic property of localized surface plasmon resonance can
effectively promote energy conversion in many applications such as photocatalysis, photothermal
therapy, seawater desalinization, etc. It is known that not only are plasmonically excited hot electrons
generated from metal nanostructures under light irradiation, which can effectively trigger chemical reac-
tions, but also plasmonically induced heating simultaneously occurs. Although plasmonic catalysis has
been widely explored in recent years, the underlying mechanisms for distinguishing the contribution of
hot electrons from thermal effects are not fully understood. Here, a simple and efficient self-assembly
system using silver nanoislands as plasmonic substrates is designed to investigate the photo-induced azo
coupling reaction of nitro- and amino-groups at various temperatures. In the experiments, surface-
enhanced Raman spectroscopy is employed to monitor the time and temperature dependence of
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plasmon-induced catalytic reactions. It was found that a combination of hot electrons and thermal
effects contribute to the reactivity. The thermal effects play the dominant role in the plasmon-induced
azo coupling reaction of nitro-groups, which suggests that the localized temperature must be considered

rsc.li/nanoscale in the development of photonic applications based on plasmonic nanomaterials.

splitting,"*'® hydrogen production and dissociation,"”*®

taics,'® and hydrocarbon conversion.”**!

Introduction photovol-
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The unique property of localized surface plasmon resonance
(LSPR) on noble metal nanostructures can be used to promote
photochemical transformations of micro- or nanomaterials." ™ An
LSPR is formed by the optical excitation of the collective oscil-
lation of free electrons on the surface of metal nanostructures,
which depends on their composition, size, shape, and surround-
ing medium.””® Simultaneously to the LSPR excitation hot carriers
are generated by re-emitting photons or nonradiative Landau
damping relaxation.'®™® In addition, photothermal effects can
also be observed. It has been reported that plasmonic hot elec-
trons and thermal effects can trigger photochemical reactions on
the surface of the irradiated plasmonic nanostructures.*'* Such
plasmon-induced photocatalytic reactions have received increas-
ing attention in recent years and are widely applied in water
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In this contribution, 4-nitrothiophenol (4-NTP) and 4-ami-
nothiophenol (4-ATP) are used as model molecules to study
plasmonic  photocatalysis under various experimental
conditions.>””** In the studied molecular catalytic reaction, a
photothermal effect is inevitable even under low-power illumi-
nation. Consequently, it is challenging to separate this
thermal contribution from that of the hot electrons. There are
many ongoing investigations focusing on the role of thermal
effects by changing the local temperature, for example Kim
et al. studied the behaviour of 4-NTP and 4-ATP on silver at
liquid nitrogen temperature using surface-enhanced Raman
scattering (SERS);?® Golubev et al. evaluated the role of plasmo-
nic heating by performing temperature-dependent studies and
multi-wavelength analyses.”” Recently, the evaluation of the
temperature directly at a single plasmonic hot-spot was con-
ducted using a Stokes/anti-Stokes Raman approach by consid-
ering the Boltzmann distribution and the plasmon resonance
profile.***?° However, the influence of the thermal effects of
plasmonic nanostructures during light irradiation has not yet
been systematically studied for plasmon-induced catalytic reac-
tions. It is important to note that the size of chemically syn-
thesized plasmonic nanostructures is non-uniform and
uncontrollable, which severely limits their application in plas-
monic photocatalysis. Therefore, it is an urgent requirement to
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systematically explore the effect of the local temperature on the
plasmon-induced catalytic reactions by designing a simple and
effective photocatalytic system.

In this work, plasmonically active silver nanoislands
(AgNIs) were prepared to investigate the role of hot electrons
and thermal effects on the photo-induced azo coupling reac-
tion of nitro- and amino-groups at various temperatures using
in situ SERS monitoring. It is known that 4-NTP and 4-ATP
dimerize to dimercaptoazobenzene (DMAB) when adsorbed on
plasmonic AgNIs. It was found that the catalytic efficiency of
the AgNIs gradually increased with an increase in the sur-
rounding temperature. At 77 K, starting with 4-NTP, DMAB
could hardly be detected, but when using 4-ATP, the dimerized
product was evident. The results demonstrate that thermal
effects dominate in the azo coupling reaction of nitro-groups
and hot electrons prevail in the azo coupling reaction of
amino-groups. Clearly, the plasmon-induced photocatalytic
reaction does not only depend on the hot electrons generated
by the metal nanostructure, but also on thermal effects. The
results are relevant for the photothermal application of plas-
monic nanomaterials and promote the understanding of
plasmon assisted catalytic reactions.

Experimental section
Sample preparation

All chemicals were obtained commercially and used without
further purification. 80% 4-NTP and 80% 4-ATP were pur-
chased from Sigma-Aldrich. Ethanol was supplied by
Sinopharm Chemical Reagent Co., Ltd (China). The glass
slides were immersed in a mixed H,SO, (12 mL)/H,0, (28 mL)
solution at 80 °C for 2 h, and then washed with ethanol and
deionized water. The SERS substrates were prepared by evapor-
ating silver onto precleaned glass slides under high vacuum
(2.1 x 107 Pa) using a thermal evaporation instrument. The
evaporation conditions were carefully controlled to produce a
layer of silver film with an average thickness of 5 nm. Then the
AgNIs were formed by annealing at 350 °C for 30 s under an
argon atmosphere. Finally, the AgNIs were immersed in a 1 x
10~ M solution of 4-NTP and 4-ATP in ethanol for more than
5 h, then the sample was washed with ethanol for 1 min and
dried with N, gas.

Material characterization

Atomic force microscopy (AFM) topography images were
obtained with a Bruker-JPK NanoWizard Ultras. Extinction
spectra were acquired with a PerkinElmer Lambda 950 spectro-
meter. SERS experiments were performed with a LabRam HR
Evolution Raman system (Horiba) with a 50 x (NA = 0.5) objec-
tive. The temperature-dependent SERS spectra were measured
by using a temperature-controlled Raman cell. 532 nm and
633 nm continuous lasers were employed as excitation sources
for the plasmon-induced catalytic reactions. The data acqui-
sition time used in the experiments was 60 s for one spectrum.
In order to monitor the reaction dynamic process, very low
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laser power (1.05 pW-1 mW) was used to obtain the Raman
spectra.

Simulations

Numerical simulations were performed by the finite element
method with COMSOL Multiphysics. The models of AgNIs
formed from Ag NPs with different sizes were constructed
according to the experimental geometry. The dielectric con-
stants of the plasmonic silver metal were obtained from the
data reported by Johnson and Christy.*°

Results and discussion

The schematic diagram of the in situ plasmonic catalysis reaction
of 4-NTP adsorbed on AgNIs is shown in Fig. 1. The AgNIs absorb
light and generate hot electrons on the metal surface under LSPR
excitation. Then, the hot electrons from the plasmon decay are
transferred to the lowest unoccupied molecular orbital of the
adsorbed molecule. The -NO, group is reduced to an -NHOH
group in a series of electron and proton transfer steps, which are
eventually terminated by a nitrogen-nitrogen coupling.**
Simultaneously, the photothermal effect of the LSPR relaxation
process also favors the conversion of molecules.

The AgNIs substrate preparation method can be found in the
Experimental section. As shown in the atomic force microscopy
(AFM) topography image in Fig. 2a, the average size of the NPs is
about 15 nm (Fig. S1t). The LSPR peak is at 520 nm, which
matches well with the irradiation wavelength of 532 nm (Fig. 2b).
Under laser excitation, the local temperature generated at a plas-

monic NP will increase and is given by eqn (1):*>**

_ O abs]
AnkR

(1)

where o, is the absorption cross-section of the nanoparticle,
I is the irradiance (optical power per unit area), x is the
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Fig.1 Scheme of a plasmon-induced catalytic dimerization of 4-NTP
to DMAB adsorbed on plasmonic AgNIs. The black, red, blue and yellow
spheres represent C, O, N and S atoms, respectively.
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Fig. 2 (a) AFM topography image and (b) normalized extinction spectrum of AgNiIs; (c) simulated electric field distribution of AgNIs (a 300 x
300 nm? region extracted from the AFM image) under 532 nm (i) and 633 nm (i) excitation, respectively.

thermal conductivity of the surrounding medium, and R is the
radius of the NP. The temperature increase is observed to be
directly proportional to the absorption cross-section.
According to Fig. 2b, the photothermal effect of AgNIs at
532 nm excitation is better than that at 633 nm excitation. As
already mentioned, additional to the plasmonic photothermal
effect, hot electrons also contribute to the plasmon-induced
catalytic reaction. The total rate of hot electrons generated at a
plasmonic NP can be calculated by eqn (2):**

2 eZEFZ (fzw — AEb)
Ratenigh-energy = oy X 7 W
@

X J ‘Enormal(gu w)‘zds

(2)

where AE}, is the potential barrier height, E,ormar is the com-
ponent of the electric field normal to the surface, and the inte-
gral is taken over the entire metal surface. The total rate of hot
electrons can be determined by the integration of the |
Enormal|®- The simulated electric field distributions of AgNIs
under 532 nm and 633 nm excitation are shown in Fig. 2c,
respectively, which suggest that the hot electron effect is better
at 532 nm excitation than at 633 nm. The results indicate that
there is a better photothermal effect and hot electron effect for
AgNIs excited at 532 nm than at 633 nm. Such a AgNIs film
with high catalytic efficiency was used as the substrate for the
following SERS experiments.

Because the LSPR peak of AgNIs is located at around
532 nm, the energy of hot electrons provided by 633 nm exci-
tation is less than that provided by 532 nm. To minimize the
contribution of hot electrons, a low laser power at 633 nm was

This journal is © The Royal Society of Chemistry 2024

used to study the reaction dynamics in the presence of AgNIs.
The time-dependent SERS spectra with 633 nm laser
irradiation (7.8 pW) at room temperature (RT) are shown in
Fig. 3, where the observation time increases from bottom to
top with an interval of 1 min. The graph shows that two 4-NTP
molecules dimerized to DMAB gradually during 9 min of
irradiation. Prior to the formation of DMAB, the major SERS
bands of 4-NTP at 1085, 1336, and 1571 cm™" were assigned to
the benzene ring breathing, the -NO, stretching, and the C-C
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Fig. 3 Time-dependent SERS spectra at room temperature of the reac-
tion of 4-NTP to DMAB on a substrate similar to the one shown in
Fig. 2a, at 633 nm excitation. Interval between subsequent spectra is 60
S. (P=7.8 pW, taeq = 60 5).
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stretching mode, respectively. As the photocatalytic reaction
proceeded, several new bands at 1140, 1390, and 1438 cm™*
were detected, corresponding to the C-N asymmetric stretch-
ing, the -N=N- vibration, and the C-H plane bending mode
of DMAB, respectively. The dimerization of 4-NTP to DMAB
also resulted in significantly stronger SERS signals due to the
larger Raman scattering cross-section of DMAB compared to
4-NTP. Moreover, the permanent detection of the band charac-
teristic of 4-NTP at 1336 cm™" indicates an incomplete reaction
at room temperature even after 15 min of laser irradiation.
Due to the inhomogeneous distribution of AgNIs with
different gaps and sizes, the less efficient reaction sites lead to
low hot-spot efficiency, thus reducing the catalytic reaction
rate.>!

In order to gain insight into the role of thermal effects on
the plasmon-induced catalytic reaction, the system was moni-
tored at cryogenic temperatures as a function of laser power at
two excitation wavelengths, 532 nm and 633 nm, respectively.
The Raman modes at 1140, 1390, and 1438 cm™" were used to
identify the presence of DMAB molecules. As shown in Fig. 4a,
it is clear that the plasmon-induced photocatalytic reaction
from 4-NTP to DMAB was successful under 532 nm irradiation
at —180 °C. Using 633 nm excitation no azo coupling reaction
was evident under the same conditions (Fig. 4b). The intensity
ratio of 1390 cm™ /1336 cm ™' ([DMAB]/[4-NTP]) was then used
to determine the catalytic efficiency of plasmonic AgNIs at
specific temperatures as shown in Fig. 4c. Clearly, the catalytic
efficiency of the AgNIs decreases with the decrease of tempera-
ture. At around —150 °C, no DMAB could be synthesized using
633 nm even if the laser power was increased (Fig. S27).
Although 633 nm can excite the plasmons, no azo coupling
reaction was observed, because the excitation wavelength was
too far from the plasmon resonance maximum. Apparently, a
certain thermal effect is necessary. In addition, the energy of
the hot electrons produced by the relaxation of the plasmons
excited at 633 nm was lower than that with excitation at
532 nm, further resulting in a too low energy to assist the cata-
lytic reaction. Consequently, it is suggested that the thermal
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effect plays a dominant role in the plasmon-induced coupling
reaction of 4-NTP to DMAB.

Besides, temperature-dependent SERS spectra recorded at
high temperatures under 532 nm and 633 nm excitation were
used to confirm the important role of thermal effects in plas-
monic catalysis (see Fig. 5). To ensure that the kinetic process
of the catalytic reaction can be monitored at various tempera-
tures, appropriate powers were selected for the 532 nm
(1.05 pW) and 633 nm (7.8 pW) excitation light. Similar to the
previous experiments, the three characteristic Raman bands at
1140, 1390, and 1438 cm ™" were used to monitor the dynamics
of the catalytic process. The results show that the 4-NTP dimer-
ized gradually to DMAB with the increase of temperature at
532 nm and 633 nm. The 4-NTP was completely converted to
DMARB after irradiating the sample at 100 °C with 532 nm and
633 nm excitation (see Fig. 5a and b). The intensity ratio of
1390 cm™'/1336 cm™" as a function of temperature with 532 nm
and 633 nm excitation is shown in Fig. 5c. The slopes of the
curves indicate that the catalytic efficiency of AgNIs increased
gradually with increasing temperature. It is important to note that
no Raman signal was detected at 125 °C using 532 nm excitation.
Most likely, the molecules decomposed or detached from the sub-
strate at that high temperature. Since the plasmonic photother-
mal effect was lower at 633 nm excitation than at 532 nm, the azo
coupling reaction was observed with 633 nm irradiation at
100-150 °C. These results suggest that thermal effects can play a
dominating role in studying the azo coupling reaction catalyzed
by plasmonic AgNIs.

In subsequent experiments, the catalytic reaction of 4-ATP
on AgNIs was investigated to further determine the role of
thermal effects and hot electrons. The temperature-dependent
SERS spectra are shown in Fig. 6. The distinct Raman bands at
1390 and 1438 cm ™' corresponding to the N=N stretching and
C-H bending vibrations of DMAB were detected over the entire
temperature range from -180-250 °C. This observation
demonstrates a successful reaction of 4-ATP to DMAB even at
1.05 pW. A similar experimental phenomenon can be observed
for the catalytic reaction of 4-ATP on AgNIs excited at 633 nm
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Fig. 4 Time-dependent SERS spectra of the plasmon-induced catalytic reaction of 4-NTP at —180 °C with (a) 532 nm and (b) 633 nm excitation at
different laser powers on the samples. The time interval is 1 min from bottom to top, t..q = 60 s; (c) the average intensity ratio of 1390 cm™Y/
1336 cm™* referring to [DMABI/[4-NTP] as a function of temperature at 532 nm (black) and 633 nm (red).
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Fig. 5 Temperature-dependent SERS spectra of the plasmon-induced photocatalytic reaction of 4-NTP at high temperatures with 532 nm (a) and
633 nm (b) excitation, respectively, t,cq = 60 s. (c) intensity ratio of 1390 cm™Y/1336 cm™ referring to [DMAB]/[4-NTP] as a function of temperature

at 532 nm (black) and 633 nm (red) (Ps32 nm = 1.05 pW, Pg33 nm = 7.8 pW).
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Fig. 6 Temperature-dependent SERS spectra of the plasmon-induced photocatalytic reaction of 4-ATP at 50-250 °C (a) and at —180-0 °C (b) with

532 nm excitation (P = 1.05 pW), t,cq = 60 s.

(Fig. S3 and S4f1). In contrast to 4-NTP, hot electrons must
obviously dominate in the plasmon-induced catalytic reaction
of 4-ATP. Due to the lower reaction energy barrier of the azo
coupling reaction of amino-groups compared to nitro-groups,
4-ATP molecules can be easily converted to DMAB molecules
even at cryogenic temperatures.”® It is postulated that 4-ATP
molecules are not affected by the surrounding temperature,
since hot electrons play a more important role in this process.

Conclusions

The plasmonic induced azo coupling reactions of 4-NTP and
4-ATP to DMAB were investigated at 532 nm and 633 nm with
surface-enhanced Raman spectroscopy at various temperatures.
Using plasmonically active nanoislands on glass substrates
enabled the discrimination of hot electron and thermal effects in
the catalytic reactions. After evaluating the time-dependent SERS
spectra at different temperatures, it was found that the intensity

This journal is © The Royal Society of Chemistry 2024

of the Raman bands of DMAB gradually increased at elevated
temperatures, indicating the improved catalytic efficiency of
AgNIs under these conditions. Interestingly, at —180 °C, 4-NTP
hardly reacted to DMAB while 4-ATP completely dimerized to
DMAB at such low temperatures. The SERS results demonstrate
that the thermal effect is a key parameter in the catalytic reaction
of 4-NTP to DMAB while hot electrons dominate in the catalytic
dimerization of 4-ATP. Our systematic results based on a tempera-
ture-dependent approach at different wavelengths indicate that
the photothermal effect plays a significant role in photocatalytic
reactions that must be taken into account. This work deepens the
understanding of the photocatalytic reaction mechanism and will
promote the development of further photonic applications of
plasmonic catalysis.
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