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ABSTRACT: It is believed that plasmon-excited electrons
from Ag and Au nanostructures can induce photochemical
reactions. However, the inﬂuence of heat generated by
nanoparticle (NP) hotspots during light irradiation was not
systematically studied yet. To evaluate the role of plasmonic
heating, we performed a surface-enhanced Raman spectroscopy study of the photocatalytic conversion of 4-nitrobenzenthiol
to 4-aminobenzenthiol by metal NPs with diﬀerent compositions and shapes having localized surface plasmon resonances
(LSPRs) spanning the whole visible range. Our collective
results based on temperature-dependent studies and multiwavelength analyses show that contrary to the previous
reports, the photocatalytic reaction is not only determined
by the excitation of LSPRs or by the NP material (Ag or Au) but also drastically dependent on the plasmon-induced heating.
This work has strong implications for the development and engineering of novel plasmonic and photonic applications where the
role of localized temperature must be considered.

■

INTRODUCTION
It is well-known that the use of laser excitation in Raman
spectroscopy can induce photocatalytic reactions of organic
substances.1−3 In some cases, additional catalysts such as noble
metal nanoparticles (NPs) are needed to promote chemical
reactions during irradiation.4−6 NPs of noble metals show
extinction in the optical region because of the unique feature
known as localized surface plasmon resonance (LSPR). The
strong electric ﬁeld enhancement induced by NPs LSPR gives
rise to an extremely high sensitivity that can allow singlemolecule detection.7 This remarkable sensitivity is now widely
used in various ﬁelds to create new analytical methods in the
ﬁeld of surface chemistry.8−10 The strong enhancement of local
electric ﬁelds with the generation of hot electrons produced by
plasmons can activate chemical reactions of organic molecules
adsorbed on metal NPs.11 The combined eﬀects of hot electron
driven plasmonic reactions have been used for liquid-phase
water splitting,12,13 hydrogen production14 and dissociation,15
photovoltaics,16 and hydrocarbon conversion.17 With such
photocatalytic reactions, the molecules change their structure
and the surface-enhanced Raman spectroscopy (SERS) can
detect this structural change. The conversion of 4-nitrobenzenthiol (4-NBT) to 4-aminobenzenthiol (4-ABT) and
p,p′-dimercaptoazobenzene on plasmonic NPs under laser
irradiation18−20 is a widely studied example of this kind of
reaction partly because of their technological importance as
© 2018 American Chemical Society

chemical precursors for pharmaceutical drugs such as paracetamol and the easiness to obtain the self-assembly monolayer
covering on plasmonic nanostructures. Most SERS platforms
inducing photochemical reactions fall into three categories: (1)
individual or aggregated metal NPs such as Ag,3,8 Au,19,20 and
Cu;21 (2) rough metal ﬁlms;22−24 and (3) gaps between metal
surfaces and NPs.18 The plasmon-induced photocatalysis
depends on many experimental parameters including the
plasmonic NP size, chemistry, shape, illumination power, and
even time.25 Chadha and co-workers26 investigated the
plasmon-induced oxidation and isomerization of 3-hydroxy
anthranilic acid to ﬁnd out whether these reactions are aﬀected
by experimental parameters such as thermal and photon energy,
pH, and media such as air, nitrogen, and oxygen atmospheres.
They report the SERS results obtained for a NP system
measured at diﬀerent temperatures that induced changes in the
spectra. We aim at taking this research forward by systematically investigating how critical the localized temperature
contribution is in the plasmon photocatalysis.
Despite the recent progress in the photocatalysis, the
conditions necessary for the conversion of 4-NBT to 4-ABT
are still under debate.27 It was reported that this reaction could
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Figure 1. TEM images of as-prepared Ag nanocubes (A), Au@Ag cuboids (B), and nanocages (C). The scale bar is 100 nm for all images. Panel (D)
shows the normalized extinction spectra of NPs: Ag cubes (curve 1), Au@Ag cuboids (curve 2), and nanocages (curve 3). Panel (E) shows the
results of FDTD simulation of EM ﬁeld distribution near the same NPs under irradiation with 514.7 nm (left), 633 nm (center), and 785 nm (right).

obtained from a Milli-Q Integral 5 system was used in all
experiments.
Fabrication of Ag Nanocubes and Au Nanocages. NPs
were prepared by a protocol previously reported by Skrabalak
et al.,30 with a minor modiﬁcation.31 In the ﬁrst step, Ag
nanocube templates were prepared by mixing 30 mL of EG, a
sodium sulﬁde solution in EG (0.35 mL, 3 mM), a PVP
solution in EG (7.5 mL, 20 g/L), and a silver nitrate solution in
EG (2.5 mL, 48 g/L) under argon ﬂow at a temperature of 150
°C. The resultant Ag nanocubes were washed by centrifugation
(12 000g, 30 min) and redispersed in 40 mL of ethanol. The
isolated Ag nanocubes were converted into Au nanocages via
the galvanic replacement reaction.31 To this end, 2 mL of the
as-prepared nanocube suspension was added to the PVP water
solution (100 mL, 1 g/L). The mixture was heated at 100 °C
under magnetic stirring, followed by the dropwise addition of
10 mL of 1 mM HAuCl4. The resulting nanocages were washed
by centrifugation (12 000g, 20 min) and were redispersed in 4
mL of water.
Synthesis of Au@Ag Nanocuboids. First, Au nanorods
were prepared by a seed-mediated growth in a binary surfactant
mixture as described elsewhere.32,33 Then, 100 μL of 100 mM
AgNO3 solution was added to a mixture of 4 mL of Au
nanorods and 12 mL of 20 mM CTAC, followed by the
addition of 400 μL of 100 mM ascorbic acid as a reductant.34
The mixture was incubated and unstirred at 70 °C for 3 h. After
that, the obtained Au@Ag nanocuboids were washed and ﬁnally
redispersed in 4 mL of water.
NP Characterization. Extinction spectra were measured
with a SPECORD 250 spectrophotometer (Analytik, Jena,
Germany). Transmission electron microscope (TEM) images
were obtained with a Libra-120 TEM (Carl Zeiss, Jena,
Germany) at the “Simbioz” Center for the Collective Use at
IBPPM RAS.
Raman Spectroscopy. Micro-Raman spectroscopy experiments were performed within the spectral range 1000−1700
cm−1 using the 532 (green), 638 (red), and 785 (IR) nm lines
of solid-state lasers in a XploRA Raman spectrometer. A
LabRAM HR800 system was used for the temperaturedependent SERS measurements under green and red laser
illumination, 514.7 and 633 nm, respectively. Both spectrometers were coupled to an optical microscope Olympus BX-40. A

occur even without LSPR conditions. For example, 4-NBT
molecules can be photocatalytically reduced on Ag and Cu foils
under irradiation by red and green lasers.5,21 The comparison of
silver with copper and gold substrates showed that the
photoreduction occurred only in the presence of silver and
copper but not gold.23 The physical mechanisms behind this
reaction were believed to depend on the atomic scale catalytic
active sites of metal, excitation wavelength, material (Ag vs Au),
LSPR energy, hotspots, and substrate−molecule distance.23
Moreover, the dependence of catalytic behavior on the laser
power and the irradiation time was discussed in previous
papers.21,28,29 Surprisingly, although the clear consequence of
increasing laser power or irradiation time was considered, the
direct contribution of local temperature increase to this reaction
was never discussed until now. In this context, we are interested
in ﬁnding out the role of temperature increase induced in
hotspots and to determine whether or not this contribution
plays an essential role in the photocatalytic conversion of 4NBT to 4-ABT used here as a model system. To this aim, we
investigated SERS active photocatalysts as several NP sets with
diﬀerent compositions and shapes (Ag cubes, Au@Ag cuboids,
and Au nanocages) having LSPRs and hotspots that can be
excited under diﬀerent laser wavelengths. The temperaturedependent Raman investigations on these systems as well as on
4-NBT deposited on Si and ﬂat Ag surfaces allowed us to
distinguish the photothermal plasmonic contribution from the
chemical one under laser illumination. Through this analysis,
we determined that the local temperature increase is critical to
driving the 4-NBT to 4-ABT photoreaction.

■

EXPERIMENTAL METHODS
Reagents. All chemicals were obtained commercially and
used without further puriﬁcation. Cetyltrimethylammonium
bromide (>98.0%), cetyltrimethylammonium chloride (CTAC,
25% water solution), sodium oleate (NaOL, technical grade
>82% fatty acid), L-ascorbic acid (AA, >99.9%), 4-NBT,
hydrochloric acid (HCl, 37 wt % in water), ethyleneglycol
(EG, (99%), poly(vinyl pyrrolidone) (PVP, Mw = 55 000), and
sodium sulﬁde nonahydrate (Na2S·9H2O, analytical grade)
were purchased from Sigma-Aldrich. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) and silver nitrate (AgNO3,
>99%) were purchased from Alfa Aesar. Ultrapure water
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Previously, we showed that these modes are associated with
the cubic transversal cross-section of the Ag cuboid.39 Figure
1C shows the TEM image of nanocages made by using 50 nm
silver cubes as templates. It can be seen that the Au nanocages
mostly maintained a cubic shape with an edge length of (53 ±
15) nm and shallow walls. The main LSPR peak for nanocages
with such geometrical dimensions is located near 800 nm. The
TEM images also revealed the presence of porous particles of
triangular shape (not more than 5% of the total amount). The
LSPR overlap motivated the choice of our set of NPs as a
platform for photoreduction with the laser wavelengths
available for the SERS experiments. As a result, the NP
hotspots can be excited eﬃciently under the corresponding
light irradiation. For example, Figure 1E shows the results of
FDTD simulations of the EM ﬁeld distribution near the Ag
cubes (top), Au@Ag cuboids (middle), and Au nanocages
(bottom) under irradiation with 532 nm (left), 638 nm
(center), and 785 nm (right). It is clear that Ag nanocubes have
a higher ﬁeld enhancement factor under green laser irradiation,
whereas the Au nanocages work better in the NIR region. For
Au@Ag cuboids, the wavelength with higher ﬁeld enhancement
depends on the NP orientation with respect to the polarization
of incident light. For the longitudinal direction (as shown in
Figure 1E), the hotspots occur under red light irradiation, but
in the transversal direction, the optical properties of cuboids
become very close to those of Ag cubes (data not shown).
Figure 2A,B shows the Raman spectra of 4-ABT (A) and 4NBT (B) used as a reference in the further study. The most

100× objective (N.A. 0.9) was used to illuminate the sample
and to collect the Raman signal in the backscattering geometry.
A long working distance objective was used (50× LWD, N.A.
0.5) for the temperature-dependent experiments. The experiments at diﬀerent focus distances (power density) were realized
using a piezoelectric scanner that varied the laser focus (with a
100 LWD objective, N.A. = 0.7) below and above the sample
plane. A charge-coupled device was used for the detection of
the Raman signal using a diﬀraction grating of 600 lines per
millimeter, a spectral resolution of at least 4 cm−1, and an
acquisition time of 1 s. The laser power was limited to the range
0.5−2 mW to avoid unintended modiﬁcations of the molecular
layers.
The colloids of Au and Ag NPs were ﬁrst dropcasted on a Si
surface and dried in air. 4-NBT molecules were dissolved in
ethanol and used as a stock solution for the functionalization of
the metal NPs deposited on Si wafers. The NP-coated silicon
wafer was immersed in the 4-NBT solution overnight to ensure
the formation of a monolayer of 4-NBT on the surface of NPs.
Afterward, the sample was taken out, rinsed gently with ethanol
to remove possible physically absorbed molecules, and ﬁnally
dried under N2 ﬂow.
Finite-Diﬀerence Time-Domain Simulation. Electromagnetic simulations were performed by employing a ﬁnitediﬀerence time-domain (FDTD) method using the program of
FDTD Solutions (version 8.0, from Lumerical Solutions, Inc.).
TEM data were used to obtain geometrical models of the NPs.
The simulation volume was a 100 × 100 × 100 nm cube with a
uniform mesh of 0.5 nm. In all simulations, the “total scattering
ﬁeld” mode was used together with the Au optical constants
taken from the Drude approximation of the Johnson and
Christy data.35 The FDTD “ﬁeld monitors” were placed in the
middle sections of the NPs. The processor time of one
simulation run was about 1 h (8 × 2.7 GHz processors, 64 GB
RAM).

■

RESULTS AND DISCUSSION
Figure 1A−C shows the TEM images of NPs used as a catalyst
for the photoreduction of NBT. According to these data, the
cubes have an average edge length of 50 ± 8 nm and show
rounded corners with a diameter of about 5 nm. The TEM
images also revealed the presence of particles of triangular
shape (not more than 5% of the total amount). In close
agreement with the previously reported data,36 the nanocubes
have four overlapping resonance bands between 320 and 550
nm (Figure 1D, curve 1), where the strongest peak at 455 nm is
assigned to the dipole plasmon resonance, whereas other peaks
are attributed to higher-order plasmon modes.
The TEM image of Au@Ag nanocuboids is shown in Figure
1B. It is clear that these NPs have a cuboidal shape and narrow
size and width distributions. The statistical analysis gives the
average value of the cuboidal length of 87 ± 6 nm and the
width of 44 ± 3 nm. The gold nanorod cores are visible in
semitransparent layers consistent with the previous observations.37,38 It is important to notice that as reported in a previous
work, the optical and chemical properties of cuboids are
determined by the Ag shell, whereas the inﬂuence from the Au
nanorod core is minimal.39 The spectrum of the Au@Ag
cuboids (Figure 1D, curve 2) consistently displays plasmon
resonance bands associated with a longitudinal mode that
appears as a shoulder at 623 nm and three higher-order hybrid
modes at 418, 384, and 348 nm.

Figure 2. Raman spectra of 4-ABT (A) and 4-NBT (B) measured on a
Si wafer under 633 nm laser excitation.

intense SERS peak of 4-NBT located at 1346 cm−1 can be
assigned to the symmetric stretching vibration of the nitro
group ν(NO2).40 The other distinct peaks in Figure 2B can be
attributed to the CC ring stretching (1589 cm−1) and C−S
vibration (1078 and 1034 cm−1).41 In the Raman spectra of 4ABT (Figure 2A), the band at 1443 cm−1 originates from the
νCC + δCH ring vibration, whereas the intense band of the nitro
group vibration is absent. Thus, the intensity decreases at 1346
cm−1 together with the intensity increase of the νCC + δCH ring
vibration at 1443 cm−1 are indicative of the photocatalytic
transformation of 4-NBT to 4-ABT.24 This allows us to use the
intensity ratio between these two bands as a ﬁgure of merit for
the photocatalytic reduction of 4-NBT on the diﬀerent Ag and
Au NP systems investigated by SERS. The observation of 4ABT in SERS was the subject of debate, particularly because of
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range. These observations suggest that the plasmon resonance
excitation is not suﬃcient to induce the photoconversion
reaction but that other additional mechanism must be involved.
The other important parameter involved in the reaction is
the local heating of 4-NBT molecules by the NPs under laser
irradiation. This hypothesis is veriﬁed in the following. To
verify our hypothesis about the temperature-induced mechanism, the Au nanocages were heated up to 150 °C with a
temperature ramp rate of 10 °C·min−1 and the SERS spectra
were recorded under 633 nm laser irradiation (Figure 4A). We
focus on the Au nanocages because they do not induce any
reaction at room temperature as discussed above. It is clearly
seen that during the ﬁrst four measurements, that is, up to 55
°C, the SERS spectra remain almost unchanged, whereas
further increase in the temperature leads to the spectral changes
indicative of the 4-NBT to 4-ATP conversion. Figure 4B shows
the temperature dependence of the intensity ratio between
peaks at 1346 and 1443 cm−1. Below 70 °C, the intensity ratio
was between 6.5 and 7.5 and kept almost constant. When the
temperature reached 70 °C, a sharp decrease of the intensity
ratio between NO2 vibration and νCC + δCH ring vibration peaks
was observed. The ﬁnal intensity ratio was below 2. This is a
key result that provides further evidence on the inﬂuence of
local temperature in the photocatalytic reaction.
To determine whether heating the 4-NBT molecules is
suﬃcient to induce their conversion to 4-ABT without a metal
catalyst, a Si wafer coated with 4-NBT was investigated under
the same temperature program as the Au nanocages. Figure 4C
shows the Raman spectra of the Si wafer at 25 and 150 °C. The
Raman spectra remain unchanged after heating. For temperatures above 150 °C, the 4-NBT molecules completely
evaporated from the substrate without showing the Raman
ﬁngerprint peak at 1443 cm−1. Thus, temperatures up to 150
°C for the Si substrate are not suﬃcient to produce 4-ABT. For
this reaction to take place, the molecules need to be in contact
with a metal catalyst as was the case for the Au nanocages.
Therefore, we investigated further the eﬀect of the chemical
contribution by employing a ﬂat Ag substrate that has no LSPR
(Figure 4D). To this end, a 4-NBT monolayer on the ﬂat silver
surface was obtained under the same conditions as on the NPs.
At low laser power, just a small feature representing 4-ABT was
observed. When the red laser excitation reached a power of
about 1 mW, we observed an intensity increase of the 4-ABT
band at 1443 cm−1. After the temperature was increased and
reached 150 °C, the intensity of the νCC + δCH ring vibration
became comparable to that of one of the vibrations of the nitro
group. This result provides additional evidence that the
presence (and excitation) of LSPR is not the only condition
for the photocatalytic conversion. Instead, a catalytic surface
such as Ag and a threshold temperature are the two essential
parameters that trigger the photochemical reaction.
The last piece of evidence of the heating contribution to the
4-NBT to 4-ABT transformation was provided by investigating
the Raman spectra evolution on 4-NBT-coated Au@Ag cuboids
as a function of power density under 638 nm irradiation. The
results are shown in Figure 5A. A controlled change in power
density at the same spot of the sample was achieved by the
linear motion of a high N.A. (0.9) objective in the Raman
microscope in the direction normal to the sample surface. The
objective was moved from a focal point above the sample plane
to a position below, inside the sample, obtaining the Raman
spectra shown in the two-dimensional (2D) plot in Figure 5A.
Figure 5A shows the evolution of the power density

the close spectral features that 4-ABT has with other azo
compounds. Recent reports aimed at clarifying this issue have
established that 4-ABT is the sole product of the plasmoninduced photocatalytic reaction of 4-NBT.29,42
Figure 3A−C shows the surface-enhanced Raman scattering
spectra of 4-NBT adsorbed on Au/Ag nanocages, Ag cubes, and

Figure 3. SERS spectra of 4-NBT measured under diﬀerent laser
wavelengths using Ag cubes (A), Au@Ag nanorods (B), and Au
nanocages (C). The NH2 label refers to the νCC + δCH ring vibration
characteristic of 4-ABT. To ensure a proper comparison of the spectra
from (a) to (c), in all three NP systems, the laser power was kept
constant for a ﬁxed excitation wavelength. The laser power used: 9.7
μW@532 nm, 18.4 μW@638 nm, and 65.3 μW@785 nm.

Au/Ag nanorods, respectively. The role of the LSPR in the
photocatalytic reaction is evidenced by using diﬀerent
excitation wavelengths. For example, the 532 nm laser
excitation wavelength is close to the main LSPR peak of Ag
cubes thus producing hotspots at the nanocube corners (see
Figure 1E). First, for the Ag nanocubes, we observe the highest
SERS response under green laser excitation. The intensity of
Raman lines gradually decreases when shifting to red and NIR
light. More importantly, under green and red laser excitation,
the band at 1443 cm−1 from the νCC + δCH ring vibration
becomes clearly visible. This is a clear indication that the green
and red lasers can trigger the photocatalytic reaction of 4-NBT
to 4-ABT. Additionally, for Ag nanocubes, the peak intensity at
1443 cm−1 is much higher under LSPR condition (under green
laser excitation). Surprisingly, the results obtained when using
Au@Ag cuboids show SERS spectra quite close to those
obtained for Ag cubes. Again, we observe the appearance of the
νCC + δCH mode under green laser irradiation. The main
diﬀerence is the absence of the distinct photocatalytic reaction
in LSPR conditions under red light irradiation. In the case of
Au nanocages, as shown in Figure 3C, all the peaks can be
attributed to 4-NBT by comparing to the spectra in Figure 2B.
Thus, these results show that no photocatalytic activity was
detected for the Au nanocages under any of the laser
excitations, even when the LSPR was excited at the NIR
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Figure 4. (A) SERS spectra of 4-NBT adsorbed on Au nanocages measured under 633 nm laser excitation with the temperature varied from 25 to
150 °C. (B) Dependence of the intensity ratio between peaks at 1346 and 1443 cm−1 vs temperature. Raman spectra of 4-NBT on the Si substrate
(C) and the ﬂat Ag surface (D) before and after heating to 150 °C under 633 nm laser excitation. The NH2 label refers to the νCC + δCH ring
vibration characteristic of 4-ABT.

Figure 5. (A) Sketch of the hot electron transfer during the NBT to ABT transformation on the Au@Ag cuboid substrate under 638 nm laser
excitation. The two main Raman modes from these two species are marked in the 2D spectra graph below. Raman spectra evolution as a function of
focus displacement (power density). (B) Raman spectra before (blue) and after (red) focusing. (C) Intensity ratio (1346 cm−1/1443 cm−1)
decreases by a factor of 2 after focusing. The NH2 label refers to the νCC + δCH ring vibration characteristic of 4-ABT.

increase in the local temperature which in turn induced the
irreversible transformation of 4-NBT to 4-ABT. This
observation is conﬁrmed by the decrease in the intensity ratio
between the Raman modes of both components, as illustrated
in Figure 5C. Importantly, the SERS intensity ratio between the

represented by the intensity proﬁle of the most intense Raman
mode at 1346 cm−1. The spectra shown in Figure 5B were
obtained at the focus positions −2 and +2 μm corresponding to
the cases before and after reaching the max power density (at 0
μm), respectively. Increasing the power density leads to an
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temperature to maximize the conversion eﬃciency that deﬁnes
the fate of these emerging nanotechnologies.

peaks due to the vibration of the nitro group and the stretching
vibration of N−H decreases during focusing, but it does not
increase after defocusing. This result further conﬁrms that the
transformation of 4-NBT to 4-ABT depends on the local
temperature of hotspots which is here dependent on the laser
power density. As shown by the FDTD simulation results in
Figure 1E, the electric ﬁeld and therefore the power density
become extremely high at the NP hotspots. The results in
Figure 5B show that high power density triggers the
photocatalytic reaction from 4-NBT to 4-ABT (as illustrated
by the change in the intensity ratio). Notice that on contrary to
the Raman spectrum shown in Figure 3B, the spectrum in
Figure 5B already shows the mode from 4-ABT at 1443 cm−1.
Because both spectra were obtained using the same laser energy
and the same NP system, this apparent inconsistency is
attributed to the diﬀerences in power densities. The N.A. of the
objective (see Experimental Methods) and the laser power were
not the same, although being higher for the spectrum in Figure
5B with respect to the spectrum in Figure 3B. A higher laser
power was required for the results in Figure 5A because only
nonzero values of the 4-ABT band allowed a proper estimation
of the changes in the intensity ratio reported in Figure 5C.
This systematic study involving diﬀerent metallic NPs with
resonances spanning a broad spectral range, the multiwavelength, and the temperature-dependent SERS investigation
including nonplasmonic surfaces allows us to revisit the widely
accepted idea that the excitation of hot electrons and not the
temperature is the deciding factor in plasmon-induced catalytic
reactions.43 For example, in ref 22, it was stated that one only
needs hot electrons excited at active sites of Ag NPs to induce
the photocatalytic conversion of 4-NBT to 4-ABT.22 Even
more recently, the same group reported a cryogenic SERS study
in ref 29 explicitly ruling out the role of temperature.29
Moreover, in the plasmon-induced photocatalytic oxidation of
pollutants, it was concluded that not only the hot electrons
excitation and charge transfer were the factors responsible for
the reaction but also the energy accumulation in the vibrational
mode of O2 plays a role in lowering the dissociation energy.44
We expand this idea further and demonstrated in this work that
in contrast to the general belief, the localized temperature is a
critical driving force for the plasmon-induced photocatalytic
reaction and not only the excitation of hot electrons.43
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■

CONCLUSIONS
The substrate-, wavelength-, and temperature-dependent surface catalysis reaction from 4-NBT to 4-ABT by surface
plasmon resonances on Au, Ag, and composite NPs were
systematically investigated. Using this molecular model system
self-assembled on diﬀerent kinds of plasmonic NPs, we showed
that local heating is a key to drive the plasmon-induced
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