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ABSTRACT: Photocatalysis is a promising technology for
renewable energy production. Many photocatalysis have
realized the visible-light-driven catalytic activity. However,
it is still difficult to achieve the enhanced photocatalytic
activity with tunable wavelength. We have designed
tunable wavelength enhanced photoelectrochemical cells
by tuning the surface plasmon resonance (SPR) peaks,
which can be controlled by the aspect ratios of the Au
nanorods, for both the cathode with the hydrogen
evolution reaction and the anode with the electrooxidation
of methanol reaction. The optimal photocatalytic activity
of the hydrogen evolution and electrooxidation of the
methanol can be realized only when the illuminating
wavelength matches with the SPR peaks, which is quite
selective to the illuminating wavelength. The blue shift of
the SPR peak increases the photoelectrocatalytic effect
whereas the red shift enhances the photothermal effect.
Such studies provide a useful way for improving the
photocatalytic activity and the selectivity of the photo-
catalytic reactions by adjusting the illuminating wave-

length.

S olar energy conversion is a promising way to provide a
sustainable energy source to meet the steadily increasing
energy demand. Photocatalysis could be used to exploit the free
energy of the sun in the search for new sustainable energy
sources, which has now become the most promising green
technology.l’2 Solar energy can be converted and stored in
chemical fuels with a photoelectrochemical system through
photocatalytic reactions such as splitting water or reducing
CO,.”* Photocatalysis can not only produce H, or reduce
CO,>° but also enhance the catalytic activity of reactions such
as electrooxidation of methanol," Suzuki coupling reaction” and
so on. Currently, most of the photocatalytic reactions are easily
realized under ultraviolet (UV) light irradiation, but are difficult
to utilize the visible wavelengths that comprise most of the
solar energy reaching the Earth’s surface. In this regard,
numerous efforts have been made to boost the visible-light-
driven activity of these photocatalytic reactions from UV light
to visible light and great progresses have been achieved.
Among the photocatalytic systems developed, plasmonic
photocatalysis are one of the most extensively investigated
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photocatalytic systems owing to their high solar energy
utilization efficiency and possess great potential applica-
tions." ™" Surface plasmon resonance (SPR) effects have been
widely used to construct visible-light-driven photocata-
lysts."" "% Tunable SPR ranging from visible to near-infrared
has been achieved by tuning the aspect ratios of gold nanorods
(Au NRs), which provides the possibility to enhance chemical
reactions on their surface under light of particular frequencies
illumination.'*"® Nevertheless, the enhanced photocatalytic
activity with such tunable wavelength is still very challenging
and has not yet been realized. To make full utilization of the
SPR absorption peaks to improve the photocatalytic activity of
the corresponding reactions is still a great challenge. To realize
the tunable wavelength enhanced photoelectrochemical cells
with both the anode and the cathode tunable by the
illuminating wavelength is even more difficult.

Herein, we realized the photoelectrochemical cells with
tunable wavelength enhancement from Au nanorods coated by
Pt clusters (denoted as Au@Pt NRs) with corresponding SPR
peaks. The tunable wavelength enhanced photocatalytic activity
for electroreduction of H,O to produce H,, and electro-
oxidation of methanol reactions could be readily realized by
controlling the aspect ratios of the Au NRs with different SPR
peaks. We systematically investigated the influence of the
illuminating wavelength on the catalytic activity of the
hydrogen evolution reaction and methanol electrooxidation
reaction for Au@Pt NRs with different aspect ratios. Moreover,
photoelectrochemical cells with the hydrogen evolution
reaction as the cathode and methanol electrooxidation reaction
as the anode were skillfully designed to investigate the tunable
wavelength enhanced photocatalytic activity. The maximum
photocatalytic activity enhancement was achieved by well
matching the illumination wavelength with the SPR peaks of
the Au@Pt NRs. Such photocatalytic activity was contributed
by both the photoelectrocatalytic and the photothermal effects.

Au NRs with different plasmon resonance absorption peaks
were first synthesized according to the literature,'® and then
coated with Pt clusters according to our previous work."”
Detailed experiments are in S1 in the Supporting Information
(SI). Scanning electron microscopy (SEM) and transmission
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electron microscopy (TEM) images show that Pt clusters are
successfully coated on the Au NRs, as shown in Figure 1A and
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Figure 1. SEM images of 25 nm Au NRs on silicon (A) and on F-
doped tin oxide coated glass (FTO) for electrochemical studies (B);
(C) UV—vis absorption spectra of 25, 31 and 37 nm Au@Pt NRs on
FTO; (D) CV curves of 31 nm Au NRs, 31 nm Au@Pt NRs and Pt
electrode on FTO electrodes in 0.5 M H,SO, solution (pH = 0.76)
with a scanning rate of 50 mV s™".

S1 in the SI. The aspect ratios for these Au NRs are 2.5, 3.0 and
3.4, respectively. Figure 1B is the typical SEM images of the
Au@Pt NRs on FTO, which are used as electrode for
photocatalytic activity studies. As expected, we could tune the
SPR peaks to be 613, 705 and 784 nm for 25, 31 and 37 nm
Au@Pt NRs by adjusting the aspect ratios of the Au@Pt NRs
(Figure 1C), respectively.

Electrochemical measurements were further used to identify
the surface structure of the Au@Pt NRs. The reduction peak at
about 1.2 V corresponds to the oxygen desorption on Au NRs
whereas the peak at about 0.8 V compared to the reversible
hydrogen electrode (RHE) corresponds to the oxygen
desorption on Pt electrode in H,SO, solution according to
the literature.'®'” The cyclic voltammogram (CV) in Figure 1D
shows the reduction peaks both at around 1.2 and 0.8 V for the
Au@Pt NRs (Figure 1D), implicating that the Au sites were
exposed on the surface,”” instead of completely coated with Pt
clusters.

The influences of the illuminating wavelength and SPR peak
on the photocatalytic activity for the hydrogen evolution
reaction by Au@Pt NRs with different aspect ratios were first
investigated. Linear sweep voltammogram (LSV) curves of
these Au@Pt NRs electrodes in a 0.5 M H,SO, solution under
different illuminating wavelengths for each aspect ratio are
shown in Figure 2A—C. The photocatalytic activity gradually
increased with the illuminating time and then kept constant
after about 30 min illumination (see S2 in the SI), and
therefore we selected an illuminating time of 30 min for all the
photocatalytic reactions. Interestingly, the catalytic activity
enhancement is significantly dependent on the SPR peak and
illuminating wavelength.

We analyzed the dependence of the photocatalytic activity on
the SPR peak and illuminating wavelength in detail. LSV curves
show that the 25 nm Au@Pt NRs with a SPR peak at about 613
nm exhibit the highest photocatalytic enhancement when the
illuminating wavelength is at about 600 nm, whereas 700 and
800 nm wavelength illumination will make only weak catalytic
activity enhancement (Figure 2A). This is due to the SPR
absorption at 700 and 800 nm for the 25 nm Au@Pt NRs are
weaker than at 600 nm (Figure 1C). Similarly, the 31 nm Au@
Pt NRs with a SPR peak at about 708 nm exhibits the highest
photocatalytic enhancement when the illuminating wavelength
is at about 700 nm, and the 37 nm Au@Pt NRs with a SPR
peak at about 784 nm exhibits the highest photocatalytic
enhancement when the illuminating wavelength is at about 800
nm (Figure 2B,C). Additionally, the Pt clusters coated on
nanoparticles without SPR exhibit weak photocatalytic activity
(S3 in the SI), which indicates that the SPR from Au NRs is
essential to enhance the photocatalytic activity. Therefore, the
highest catalytic activity enhancement is achieved only when
the illuminating wavelength matches with the SPR peak, which
is further confirmed by the I—t curves collected at —0.10 V
(Figure 2D—F). These results again demonstrate that the Au@
Pt NRs yield the highest enhancement in photocatalytic activity
when the illuminating wavelength matches well with their SPR
peaks.

Next, we systematically investigated the influences of the
illuminating wavelength and SPR peaks on the catalytic activity
of the electrooxidation of methanol on the Au@Pt NRs. Similar
as the hydrogen evolution reaction, the highest photocatalytic
activity is achieved by illuminating the Au@Pt NRs with the
corresponding SPR peak wavelength. Au@Pt NRs with a SPR
peak at about 613, 705 and 784 nm exhibit the highest
photocatalytic activity when the illuminating wavelength is 600,
700 and 800 nm, respectively (Figure 2G—I). I—t curves
collected at 0.80 V also confirm that illuminating the Au@Pt
NRs with a wavelength of the SPR peak gives the highest
photocatalytic activity (Figure 2J—L). The photocatalytic
activity will decrease when the illuminating wavelength is
shifted away from the SPR peaks, which is similar to the
photocatalytic activity of the hydrogen evolution reaction.
Thus, the photocatalytic activity of the electrooxidation of
methanol can be tuned by varying the illuminating wavelength
taking advantage of the tunable SPR from Au@Pt NRs.

Lastly, a photoelectrochemical cell with the hydrogen
evolution reaction as the cathode and electrooxidation of
methanol reaction as the anode was designed to study the
tunable wavelength enhanced photocatalytic activity. The 25
nm Au@Pt NRs with the absorption at about 613 nm were
used as the cathode while the 37 nm Au@Pt NRs with the
absorption at about 784 nm were used as the anode. The
photocatalytic activity was enhanced by about 1 time when the
cathode was illuminated with the 600 nm light or the anode
was illuminated with the 800 nm light (Figure 3A), respectively.
Most importantly, when the cathode was illuminated with the
600 nm light and the anode was illuminated with the 800 nm
light at the same time, the photocatalytic activity was enhanced
by almost 2 times (Figure 3A). However, if the cathode was
illuminating with the 800 nm light and the anode was
illuminating with the 600 nm light at the same time, a weak
photocatalytic activity enhancement was gained (Figure 3A). I—
t curves in S4 in the SI can further confirm these results. More
group data of different anode and cathode illuminating with
different wavelengths are listed in S5 in the SI. The maximum
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Figure 2. (A—C) LSV curves of Au@Pt NRs with various absorption peaks in dark and illuminating with different wavelength for 30 min in a 0.5 M
H,SO0, solution (pH = 0.76) and (D—F) corresponding I—t curves at —0.10 V for 400 s; (G—1I) LSV curves of Au@Pt NRs with various absorption
peaks in dark and illuminating with different wavelength for 30 min in a 1 M methanol +0.5 M H,SO, solution (pH = 0.76) and (J—L)

corresponding I—t curves at 0.8 V for 400 s.
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Figure 3. (A) LSV curves of photoelectrochemical cells with 25 nm
Au@Pt NRs as the cathode and the 37 nm Au@Pt NRs as the anode
in a two-electrode configuration under different wavelength irradiation
with a scanning rate of 10 mV s™'. (B) I—t curves of the
photoelectrochemical cells with different electrodes illuminating
under the corresponding wavelength at 0.90 V for 400 s in a 1 M
methanol +0.5 M H,SO, solution (pH = 0.76) with light on 200 s.

photocatalytic activity enhancement is achieved only when the
illuminating wavelengths match with the SPR peaks for all
groups of anodes and cathodes, which is about 2 times higher
than the photocatalytic activity without matching with the
illuminating wavelength (Figure 3A). Therefore, the photo-
catalytic activity of the photoelectrochemical cells can be tuned
by the illuminating wavelength, indicating its high selectivity to
the illuminating wavelength.

We finally investigated the mechanism of the SPR enhanced
catalytic activity for such photoelectrochemical cells. The
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enhanced photocatalytic activity induced by SPR is caused by
the photothermal and photoelectrocatalytic effects.””' When
the light was on, an immediate increase of the current was
observed in the I—t curves (Figure 3B), which was contributed
by the photoelectrocatalytic effect from the hot electrons.'
Then the current began to increase as a result of the gradual
increase of the temperature on the hot Au@Pt NRs surface due
to the photothermal effect from the illumination (see S6 in the
SI). Therefore, the photocatalytic activity of different Au@Pt
NRs is contributed by both the photoelectrocatalytic and
photothermal effects (Figure 3B).

I—t curves with an immediate light on are used to calculate
the quantitative contribution of the photoelectrocatalytic and
photothermal effect according to our recent work (see S6 in the
SI)." The current before switching on the light at 200 s was
designed as iy whereas the current after immediate illumination
for 2 s was designed as i}, and the contribution ratio for the
photoelectrocatalytic effect would be (i; — iy)/i;. The 600 +
600 nm, 600 + 800 nm, 800 + 800 nm group exhibit a
photoelectrocatalytic effect of about 19%, 14% and 11% (Figure
3B), respectively. The final temperature on the hot Au@Pt NRs
surface after illuminating for 30 min is calculated from vy_c of
4-methoxyphenyl isocyanide in surface enhanced Raman
spectroscopy (see S6 in the SI). The hot spot temperature of
different electrode, the quantitative contribution of the
photoelectrocatalytic effect and the current density are
summarized in Table 1. The final temperature for the 600
and 800 nm illuminating electrodes are 82 and 90 °C, but the
final photocurrent density is 13.8 and 12.6 mA cm™?, indicating
the short wavelength makes a higher photocatalytic activity
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Table 1. Photothermal Effect and Photoelectrocatalytic
Effect for the Photoelectrochemical Cells with Various Au@
Pt Electrodes

hot spot
temperature
illuminating wavelength °C)
PEC
effect” I
cathode anode cathode anode (%) (mA cm™2)
600 on 25 nm 600 on 25 nm 82 82 19 13.8
Au@Pt Au@Pt
600 on 25 nm 800 on 37 nm 82 90 14 13.44
Au@Pt Au@Pt
800 on 37 nm 800 on 37 nm 90 90 11 12.6
Au@Pt Au@Pt

“Photoelectrocatalytic effect calculated by the I—t curves in Figure. 3B
and detail of the calculation can be seen in S6 in the SI ] is the peak
current density of photoelectrochemical cells with various Au@Pt
electrode in Figure SS in the SL

enhancement. Therefore, the blue shift of the SPR peak
increases the photoelectrocatalytic effect whereas the red shift
enhances the photothermal effect.

In conclusion, we have realized a tunable wavelength
enhanced photoelectrochemical cell by tuning the SPR peaks
of the Au@Pt NRs. The photocatalytic activity of the hydrogen
evolution reaction and methanol electrooxidation reaction can
be tuned by matching the SPR peaks with the illuminating
wavelength. The highest photocatalytic activity enhancement is
achieved when the illuminating wavelength is 600, 700 and 800
nm for the 25, 31 and 37 nm Au@Pt NRs, which matches with
the SPR peaks of the Au@Pt NRs. The photocatalytic activity
of the photoelectrochemical cells can be enhanced by 2-fold
when the illuminating wavelength matches with the SPR peaks
of the electrode. Both of photocatalytic activity of the cathode
and the anode can be regulated by the matching of the
illuminating wavelength with the SPR peaks. The photocatalytic
activity is contributed by the photothermal and photo-
electrocatalytic effects with a ratio of about 4 to 1. The shorter
wavelength SPR peak can achieve higher photocatalytic activity.
Such tunable wavelength enhanced catalytic activity provides a
way to match the absorption of molecule, SPR peaks and
illuminating wavelength to enhance both the photocatalytic
activity and the selectivity, which would be very promising in
the solar-energy harvesting and conversion reactions.
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