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Abstract: The surface plasmon resonance (SPR) induced
photothermal and photoelectrocatalysis effects are crucial for
catalytic reactions in many areas. However, it is still difficult to
distinguish these two effects quantitatively. Here we used
surface-enhanced Raman scattering (SERS) to detect the
photothermal and photoelectrocatalytic effects induced by
SPR from Au core Pt shell Nanoparticles (Au@Pt NPs), and
calculated the quantitative contribution of the ratio of the
photothermal and photoelectrocatalysis effects towards the
catalytic activity. The photothermal effect on the nanoparticle
surface after illumination is detected by SERS. The photo-
electrocatalytic effect generated from SPR is proved by SERS
with a probe molecule of p-aminothiophenol (PATP).

Efficient harvesting of solar energy has been a worldwide
priority target.[1] Surface plasmon resonance (SPR) can create
sharp spectral absorption and scattering peaks as well as
strong electromagnetic near-field enhancements when cou-
pling with metal nanostructures under irradiation.[2] Excited
plasmon resonances can greatly enhance the electric field
near the nanocrystal surface as well as the catalytic activity.[3]

Therefore, the investigation of the SPR induced photother-
mal and photoelectrocatalysis effects are important to under-
stand the mechanisms for the catalytic reactions.

Plasmonic effect can shift the absorption to the visible
light region, which facilitates the conversion of solar energy to
chemical energy over photocatalysts. SPR induced photo-
catalysis is especially important because it is the direct
interactions between the plasmonic nanocrystals and the
reactive molecules.[4] A possible way for this interaction is
directly injecting the excited hot electrons from plasmonic
nanocrystals into the antibonding orbitals of adsorbed
molecules.[5] The occupation of the antibonding orbitals will

weaken the related bonds and lead to desired reactions.
Plasmonic photocatalysis has been reported to drive the
oxidation of formaldehyde and methanol by Au nanocrys-
tals.[6] Plasmon resonance has also been reported to enhance
the catalytic activity of the Suzuki coupling reactions,[7] the
hydrogen generation reactions,[8] and other reactions.[9]

During these processes, the plasmonic photothermal and
photoelectrocatalytic conversion can be employed to enhance
the chemical reactions. However, the quantitative measure-
ment of the photothermal and photoelectrocatalytic activities
induced by SPR has remained elusive.

The temperature measurements on the hot nanoparticles
(NPs) surfaces are very important for the mechanism studies
of the catalytic reactions. Many efforts have been made to
develop lots of techniques to measure the temperature of the
hot spot of the NPs surface.[10] Takase et al. has found that
there is a shift in the wavenumber depending on the
illuminated laser power density in SERS.[11] Neumann et al.
has used SPR of the nanoparticle to heat the aqueous solution
and make steam.[12] Besides the temperature, it is even more
difficult to prove the photoelectrocatalytic process induced by
SPR. Huang et al. has proved by SERS that oxygen molecules
could be activated by accepting an electron from Au nano-
particle under the excitation of SPR to form a strongly
adsorbed oxygen molecule anion.[13] However, whether such
oxygen activation can happen on transition metals to enhance
the catalytic activity is still unclear. Therefore, further efforts
are needed to study the photoelectrocatalytic activity induced
by SPR.

In this work we quantitatively calculated the contribution
ratios of the photothermal and photoelectrocatalytic effects
induced by SPR to catalytic reactions. We take advantage of
the plasmonic Au core with strong SPR to enhance the
catalytic activity under illumination by the Au core Pt cluster
NPs (Au@Pt NPs). SERS is used to detect the photothermal
and photoelectrocatalytic effects induced by SPR. SERS is
used to detect the photothermal effect, while the probe
molecule of p-aminothiophenol (PATP) is used to investigate
the photoelectrocatalytic effect. The contribution ratios of the
photothermal and photoelectrocatalytic effects are calculated
according to the catalytic activity and SERS results.

A key issue in this study was the dependence of the
catalytic activity on the SPR effect. To study the SPR
enhanced catalytic activity, we used cyclic voltammetry
(CV) to systemically investigate the influence of the illumi-
nating time on the catalytic activity of the 55 nm Au@2Pt and
Au@20Pt NPs (with a Au core of about 55 nm and 2 or
20 equivalent monolayers of Pt according to the calculation)
on fluorine-doped tin oxide (FTO) in 0.5m methanol + 1m
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NaOH, and the experiment details are in S1 in the supporting
information (SI). It is important to note that Pt was grown on
Au as a set of clusters and not as a set of consecutive
monolayers; however, here we will use monolayer-equiva-
lents as a convenient method for describing the amount of Pt
added to each nanoparticle. As the 55 nm Au NPs have the
SPR peak at ca. 530 nm, a wavelength of 530� 10 nm light
with a power density of 10 mW cm¢2 was used as the
illumination light. With the increase of the illuminating
time, the catalytic activity increases gradually until 25 min and
then keeps constant (Figure 1A). The Au@2Pt NPs, which
have strong absorption at ca. 530 nm due to the SPR effect
and weak peak at about 750 nm because of the plasmon
coupling between nanoparticles (Figure 1B), exhibit ca. 2.6
times enhancement in catalytic activity after illumination for
25 min. In contrary, owing to the blocked SPR effect as
a result of the thick Pt coverage (Figure 1C), the Au@20Pt
NPs have very weak absorption at ca. 530 nm, and therefore
exhibit weaker enhancement in catalytic activity than the
Au@2Pt NPs after illumination (Figure 1 D).

In order to further prove that such remarkably enhanced
catalytic activity after illumination was caused by SPR, we
changed the illumination wavelength from the SPR peak at
ca. 530 nm to ca. 630 nm light. The power density of each
illumination wavelength on the sample is 10 mW cm¢2. A
drastic decrease in catalytic activity was found when changing
the illumination wavelength from 530� 10 nm to 630� 10 nm
(Figure 1E). This is because the SPR effect of the 55 nm
Au@2Pt NPs is strong at ca. 530 nm and weak at ca. 630 nm,

and therefore they exhibit higher catalytic activity when
illuminating at 530� 10 nm than at 630� 10 nm (Figure 1E).
We also found that the white and ultraviolet light with the
same power density were not as efficient as the 530 nm light
because of the SPR effect (see S2 in the SI). We also
eliminated the SPR effect completely to make sure the SPR
enhanced catalytic activity with Pd@2Pt nanocubes that have
no SPR. We found there was a very weak catalytic activity
enhancement after illumination (see S3 in the SI). Therefore,
such enhanced catalytic activity is caused by the SPR effect
from the Au core.

The harvesting of light energy using SPR from Au
nanocrystal cores to enhance the catalytic activity of chemical
reactions has attracted great interest. Wang et al. has used the
Au core to enhance the catalytic activity for the Suzuki
coupling reaction from the Pd shell.[7a] They found that both
plasmonic photoelectrocatalysis and photothermal heating
induced by SPR contribute to the catalytic activity of the
Suzuki coupling reaction. Zheng et al. has also used Pt-
modified Au nanorods (NRs) to enhance the catalytic activity
of the hydrogen generation reaction.[8, 14] They found that the
Pt-tipped Au NRs exhibited efficient photocatalytic H2

evolution under visible and near-infrared light because the
hot electrons arose from the excitation of surface plasmons in
Au NRs. However, the quantitative calculation of the
catalytic activity contribution from the plasmonic photo-
thermal and photoelectrocatalytic is still unclear.

Therefore, we did further experiments to distinguish the
photothermal and photoelectrocatalytic effects on the
enhanced catalytic activity. We tried to measure the photo-
thermal effect by SERS first. The direct detection of the
temperature on the NPs surface instead of the bulk solution is
very essential for the mechanism analysis in the catalytic
reactions. SERS is a powerful tool that can be used for in situ
studies, and therefore we can detect the surface temperature
of the NPs in situ by taking advantages of SERS according to
the method of Ren and co-workers.[15] The details for
measuring the temperature of the hot NPs are shown in S4
in the SI. We found that the temperature of the hot Au@2Pt
NPs surface increased from 23 to about 80 88C when illumi-
nating with the ca. 530 nm light from 0 min to 25 min with
a power density of 10 mW cm¢2, and then kept constant, which
is similar as in the literature.[16] When the power density of
30 mW cm¢2 was illuminating on the Au@2Pt NPs for 25 min,
the temperature increased to 95 88C. The temperature of the
Au@20Pt NPs surface increased from 23 to about 40 88C when
illuminating from 0 min to 25 min and then kept constant.
This is one of the reasons why the catalytic activity for the
Au@2Pt NPs is higher than that for the Au@20Pt NPs.

After knowing the temperature of the hot NPs surface, we
then systematically investigated the dependence of the
catalytic activity on the temperature by the i–t curve. The
temperature was controlled by the water bath. As shown in
Figure 2, the catalytic activity would increase gradually as the
temperature increases. As detected by SERS, the final
temperature for the Au@2Pt NPs after 25 min illumination
with 10 mW cm¢2 under 530 nm light was around 80 88C,
however, the catalytic activity for the Au@2Pt NPs under
illumination was higher than the catalytic activity in 80 88C

Figure 1. CV of 55 nm Au@2Pt NPs (A) and 55 nm Au@20Pt NPs (D)
in a solution of 0.5m methanol + 1m NaOH with different illumina-
tion time under 530�10 nm light with a power density of
10 mWcm¢2 ; UV-Vis absorption spectra of 55 nm Au@2Pt NPs (B)
and 55 nm Au@20Pt NPs (C) on FTO. CV of 55 nm Au@2Pt NPs with
different illuminating bandpass filter with a power density of
10 mWcm¢2 for 25 min in a solution of 0.5 m methanol + 1m NaOH
(E). The scanning rate was 50 mVs¢1.
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solution (Figure 2). More interestingly, the catalytic activity
for the Au@2Pt NPs after 25 min illumination with
30 mW cm¢2 under 530 nm light was higher than that in the
90 88C or even 100 88C solution (Figure 2). The current density
under illumination is more stable than controlling the
temperature. We did five groups of the experiments to
confirm these results (see S5 in the SI). Therefore, besides the
photothermal effect, the photoelectrocatalytic effect should
exist during the catalytic reaction.

We then used SERS to prove the photoelectrocatalytic
effect during the catalytic reaction. Similar as in the photo-
thermal effect investigated by SERS, a probe molecule of
PATP was used to detect the photoelectrocatalytic effect. The
bands of ag at 1140, 1388 and 1434 cm¢1 appeared after
illumination with laser means that PATP was oxidized to p,p’-
dimercaptoazobenzene (DMAB).[13] When PATP adsorbed
on the Au@2Pt NPs surface with air, the ag mode appeared
(Figure 3A), which indicates the selective oxidation from
PATP to DMAB happened in air. The selective oxidation
reaction cannot happen in N2 atmosphere because it has no
oxygen to oxidize PATP. However, when PATP adsorbed on

the Au@20Pt NPs surface, the selective oxidation from PATP
to DMAB was not observed in air (Figure 3 A). This is
because the SPR of the Au@20Pt NPs are dramatically
blocked by the thick Pt cluster, and therefore the selective
oxidation from PATP to DMAB happens only on the Au@2Pt
NPs in air. Additionally, PATP cannot be oxidized to DMAB
in air at high temperature (see S6 in the SI). The selective
oxidation from PATP to DMAB happens because the SPR
can excite the electrons and results in electron transfer from
NPs to 3O2 in air to yield 2O2

¢ ,[13] which can strongly adsorb on
the surface of the NPs and facilitate the selective oxidation of
PATP to DMAB. If the SPR is blocked, such hot electron is
difficult to transfer.[4b] Therefore, we can deduce that the
oxygen can be activated by the SPR on the Au@2Pt NPs but
cannot on the Au@20Pt NPs. Such electron transfer may also
facilitate the electrooxidation of methanol, which can
enhance the catalytic activity.

In order to prove such catalytic enhancement, the
electrooxidation activities of methanol in N2, air and O2

saturated solution with and without illumination were mea-
sured for comparison. The current density from dark to
illumination increased from 0.93, 1.01 and 1.07 to 2.41, 2.66
and 2.91 mAcm¢2 in N2, air and O2 atmosphere, respectively.
The current density increased about 2.59, 2.63, 2.71 times
from dark to illumination in N2, air and O2 (Figure 3B). Five
groups of the experiments showed the same trend (see S7 in
the SI). The further catalytic activity enhancement in O2

reveals that O2 has been activated during the illumination.
This confirmed with the SERS results in Figure 3A that O2

was activated by the surface plasmon, as in the literature.[13]

The resulting electron transfer from NPs to 3O2 in air to yield
2O2

¢ is due to the SPR effect from the Au core, which is the
reason why the SPR can enhance the photoelectrocatalytic
activity.[13] The increased catalytic activity for the Au@2Pt
NPs in N2 is attributed to the photothermal effect while in O2

is caused by both the photothermal and photoelectrocatalytic
effects. Therefore, the SPR-assisted activation of oxygen on
Au@2Pt NPs contributes to the enhanced catalytic activity of
the methanol electrooxidation. This is also may be one of the
reasons why the catalytic activity increased much more after
illumination for the Au@2Pt NPs than for the Au@20Pt NPs,
and further mechanism studies are undergoing in our labs.

We have confirmed that the enhanced catalytic activity
induced by SPR is caused by the photothermal and photo-
electrocatalytic effects, but the quantitative calculation of the
catalytic activity contribution is still a great challenge. Here
we chose the i–t curves at 25 88C and 80 88C in Figure 2 to
calculate the quantitative contribution of the photothermal
and photoelectrocatalytic effects induced by SPR. When the
i–t curves went to 200 seconds, the light was switched on and
an immediate increase of the current was observed (Figure 4).
The current before switching on the light at 200 seconds was
designed as i0, while the current after immediate illumination
was designed as i1. The 20 secondsÏ illumination made no
obvious increase of the temperature on the nanoparticle
surface according to SERS experiment (see S8 in the SI), and
therefore the immediate increase of the current after
illumination was contributed by the photoelectrocatalytic
effect. The contribution ratio for the photoelectrocatalytic

Figure 2. i–t curves for 55 nm Au@2Pt NPs in different temperature
solution and under illumination with different power density of
530�10 nm light. All these experiments were carried out in a 0.5m
methanol + 1m NaOH solution at ¢0.25 V for 400 s.

Figure 3. SERS spectra of PATP adsorbed on Au@2Pt NPs and
Au@20Pt NPs in N2 and air with a power of about 0.6 mW on the
sample (A); CV of 55 nm Au@2Pt NPs saturated with N2, air and O2

in a solution of 0.5m methanol + 1m NaOH with and without
illumination under 530�10 nm light with a power density of
10 mWcm¢2 for 25 min (B). The scanning rate was 50 mVs¢1.
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effect would be (i1¢i0)/i1. The contribution ratio for the
photoelectrocatalytic effect was calculated to be about 10�
2% for the Au@2Pt NPs at 25 and 80 88C for 10 groups of
samples. After about 20 seconds illumination, the current
began to increase as a result of the gradual increase of the
temperature due to the photothermal effect from the
illumination. The immediate current increase during the
first 10 seconds after illumination for the i–t curve at 25 88C or
80 88C is similar, however, the current density increased faster
during the 20 to 50 seconds for the 80 88C than the 25 88C in the
i–t curve because of the lower temperature difference, which
also means that the immediate current increase was caused by
the photoelectrocatalytic effect. When the light was turned off
at 500 seconds, an immediate decrease of the current was
observed because of the photoelectrocatalytic effect and
a gradual decrease of the current because of the photothermal
effect (Figure 4). This method combining SERS and catalytic
activity together can be used to calculate the contribution
ratios of the photothermal and photoelectrocatalytic effect
induced by SPR for other reactions as well.

In conclusion, we have distinguished the photothermal
and photoelectrocatalytic effects enhanced by the SPR
catalytic activity using SERS. Benefiting from the photo-
thermal and photoelectrocatalytic effects from SPR, the
catalytic activity of the Au@2Pt NPs can be enhanced by
about 2.6 times under illumination with 530 nm light. The real
temperature on the hot Au@2Pt NPs surface is measured to
be about 80 and 95 88C after illuminating with 530� 10 nm
light for 25 min with a power density of 10 mW cm¢2 and
30 mW cm¢2 by SERS, which would be a very important
method for in situ temperature studies of catalytic reaction on
the hot NPs surface in the future. The selective oxidation of
PATP to DMAB induced by SPR has proven that the
photoelectrocatalytic effect was presented on the Au@2Pt
NPs. Although the final temperature after illuminating with
30 mW cm¢2 for 25 min under 530 nm light is about 95 88C, the
final current density is higher than that for the 100 88C solution,
which further confirms the photoelectrocatalytic effect during
the catalytic reaction. The quantitative contribution to the
catalytic activity from the photothermal and photoelectroca-
talytic effects induced by SPR is calculated from the i–t curves
when switching on the light, which is about 90 % for the
photothermal effect and 10 % for the photoelectrocatalytic
effect. The photothermal and photoelectrocatalytic effects

induced by SPR can be used to enhance other reactions and
such method can provide great facility to investigate the
mechanism in the future studies.
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