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ABSTRACT: Metallic nanohole arrays exciting both surface plasmon polariton (SPP) and 

localized surface plasmon resonance (LSPR) in a single thin film has sparked considerable interest in 

the field of plasmonics. To exert their full potential for generation of hot electrons in visible light, we 

bury an Au nanohole array (AuNHA) under a thin TiO2 layer and decorate Pt nanoparticles randomly 
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on the surface to form the Pt/TiO2/AuNHA nanocomposite. As compared to the Pt/TiO2/Au film, the 

Pt/TiO2/AuNHA sample with the 90-nm hole diameter obtains the enhancement of 4.1 folds in 

photocurrent density, 14.7 folds in the peak of incident photon-to-current conversion efficiency 

(IPCE), and 9.4 folds in degradation of methyl orange. Moreover, numerical simulations are 

conducted to analyze the contributions of SPP and LSPR effects at different wavelengths. This work 

is the first study of AuNHA fully covered by a thin TiO2 film and provides a unique design of 

photoelectrodes for solar photocatalysis applications. 

KEYWORDS: Au nanohole array, surface plasmon, hot electrons, plasmonic photocatalysis, 

anodic aluminum oxide (AAO) 

The conversion of solar light to chemical energy by using photocatalysts is an economical way 

toward sustainable economy. As a benchmark material for photocatalysis, titanium dioxide (TiO2) is 

environmentally friendly, stable, cost-effective, and has a high oxidizing power to decompose 

unwanted organic compounds.1 However, its wide bandgap (~3.2 eV) appears to be a major 

drawback since it makes the material essentially insensitive to visible light which accounts for 54.3% 

of the energy of sunlight. Several recent studies have shown that the surface plasmon resonance 

(SPR) effect of noble metal nanostructures can generate hot carriers and significantly enhance the 

photocatalytic efficiency of wide bandgap semiconductors in visible light, offering an intriguing 

route toward novel solar energy harvesting devices.2,3,4 The conversion efficiency lies greatly on the 

utilization of light-absorption spectral range and charges separation rate.5,6,7,8,9,10 

In many previous studies, hot electrons are typically generated either by localized surface 

plasmon resonance (LSPR) in metal nanoparticles (e.g., Au, Ag, and Cu)11,12,13,14,15 or by surface 

plasmon polaritons (SPPs) in patterned metal nanostructures.8 In addition, metal- dielectric-metal 

(MDM) structures were reported to couple the LSPR mode on Au nanoparticles with the SPP mode 

on the Au film so as to increase the electric field intensity in the gap between the nanoparticle layer 

and the metal surface.8,16 Among various plasmonic metallic nanostructures, nanohole arrays are of 
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particular interest due to the extraordinary optical properties, superior conductance, high 

surface-to-volume ratio, and most importantly, the unique plasmonic capability in supporting both 

the non-propagating LSPR mode and the propagating SPP mode simultaneously.7,17,18,19,20,21 So far, 

the metallic nanohole arrays have been intensively applied in biosensing,22,23 surface enhanced 

spectroscopy,24 plasmon-enhanced photovoltaics,25 metamaterials26,27，photoelectrocatalysis and 

electrocatalysis7,28. They are usually fabricated by self-colloidal lithography and have the aperture 

diameter of hundreds nm. Few efforts have been devoted to the plasmonic enhancement of metallic 

nanohole arrays with diameters below 100 nm in the solar energy conversion field. In this work, we 

fabricate the Au nanohole arrays (AuNHA) with highly ordered and high-density nanoholes 

(diameter = 50 nm, 70 nm and 90 nm) in a continuous film by using the anodic aluminum oxide 

(AAO) template.  

In addition, the metallic nanohole arrays can exhibit enhanced optical properties with the 

deposition of different dielectrics.2,4,29,30 Atomic layer deposition (ALD) is applied to deposit 

conformal and highly-uniform TiO2 overlayer, which shows little electronic defects and is beneficial 

to the transport of plasmon-induced hot electrons. The AuNHA under the thin TiO2 layer can perform 

dual functions: optical enhancement and high electrical conductivity. The former is due to the 

support of different plasmonic modes of AuNHA, while the latter is beneficial to the 

photoelectrochemical process since its continuous metal structure has direct contact with the 

substrate for easy leading out the photo-excited holes. 

Here, we present a nanocomposite Pt/TiO2/AuNHA (from top to bottom) on the FTO substrate 

to study the SPR effect of size controllable AuNHA in visible light. As the recombination of 

photo-excited electrons and holes is detrimental to the energy efficiency of photocatalysis, the Pt 

nanoparticles are deposited on the TiO2 surface as an electron sink to enhance the transfer efficiency 

of hot electrons.8 The choice of this structure is to obtain multiple benefits of different layers with the 

major features include: (i) the enhanced optical extinction (70% - 90%) owing to the co-excitation of 
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SPP and LSPR modes of AuNHA in visible light; (ii) the improved photon-to-current conversion 

efficiency (by 14.7 times) since the porous structure of AuNHA has an increased Au/TiO2 interface 

area for electron transfer and the Au/TiO2 Schottky junction assists the separation of photoexcited 

electrons and holes; (iii) the raised photoelectrocatalytic (PEC) degradation performance (by 9.4 

times) due to SPR effects of AuNHA. With all these merits, the Pt/TiO2/AuNHA nanocomposite is 

expected to have much-enhanced light-harvesting efficiency and can be applied to a wide range of 

plasmonic applications. 

RESULTS AND DISCUSSION 

Fabrication and characterization of Pt/TiO2/AuNHA on FTO glass. The Pt/TiO2/AuNHA 

nanocomposite consists of three layers: an FTO glass substrate, an AuNHA layer and a TiO2 thin film 

(from bottom to top, see Figure 1a). In addition, some Pt nanoparticles are decorated on top of the 

TiO2 film. The AuNHA samples are obtained by transferring from the AAO templates (see Figure 1b). 

After the fabrication, the nanoholes inherit the regular pattern of the AAO template (see Figure 1c for 

the overview SEM image of AuNHA(D70) in the area 8 µm × 6 µm). The AuNHA structures have 

the same thickness of 60 nm and the same interpore distance of 125 nm (i.e., hole period p = 125nm), 

but have different base diameters (e.g., 50, 70, 90 nm) by using different AAO templates (see Table 

S1 for the major parameters of samples). Hereafter we use AuNHA(D50), AuNHA(D70), 

AuNHA(D90) to represent the AuNHA samples with the hole diameters of 50, 70, 90 nm, 

respectively.  

Then, the TiO2 overlayer is coated by the ALD and conformally covers the top surface as well 

as the sidewalls and bottoms of the nanoholes (see the lower part of Figure 1a). The SEM images and 

AFM image of TiO2/AuNHA are shown in Figures 1d, S1 and S2. Here the TiO2 overlayer serves 

dual purposes: the protective layer for AuNHA structure on FTO substrate and the electron filter to 

separate hot electrons from the underlying AuNHA structure. The thickness of the TiO2 overlayer 

should be chosen carefully to balance the charge transfer and the film stability. Generally, a thinner 



5 

TiO2 film has a shorter distance for the transfer of hot charge carriers and thus higher efficiency, here 

the TiO2 thickness is chosen to be 15 nm on the trade-off between the durability for PEC reactions 

and the hot electron transfer efficiency.12 After the TiO2 deposition, the samples are annealed at 450 

oC for 1 h in the air to ensure that the polycrystalline TiO2 is in the anatase phase (see Figure S3). 

The Pt nanoparticles are deposited on the sample surface to promote the electron transfer, which 

has been verified by many previous studies.8,31,32,33 The size of Pt nanoparticle clusters can be 

controlled by adjusting the depositing time of sputtering. As shown by the TEM images in Figure 1e, 

the Pt nanoparticles remain relatively small and uniform with a diameter of about 2 nm. The EDS 

elemental analysis of Pt/TiO2/AuNHA(D70) in Figure S4 further confirms that the Pt nanoparticles 

are deposited evenly on the sample surface. 

Optical characteristics of AuNHA with and without TiO2 coating in the visible light region. As 

stated above, the AuNHAs can support both the LSPR mode and the SPP mode on a given set of 

experimental conditions.34,35,36 The simulated spectra of AuNHA are shown in Figure 2a. Here an 

unpatterned Au film (used as the reference) has a single valley at 500 nm due to the interband 

transition (d-band to s-band).35,37 In comparison, each bare AuNHA has two valleys (near 500 nm 

and 590 nm) and a strong extinction peak (near 560 nm, see arrows in Figure 2a). It is also observed 

that the valley near 500 nm presents a slight red-shift with the increase of hole diameter. Since the 

interband transition is a material property and does not vary with the nanohole geometry, this slight 

red-shift should be attributed to the SPP effect of AuNHA.23,38 

It is known that the LSPR peak wavelength and the localized electric field enhancement are 

highly dependent on the surrounding media.12,36 In the TiO2/AuNHA bilayers, the initial single LSPR 

peaks of the bare AuNHAs near 560 nm now turn into three peaks in 500 – 700 nm as shown in 

Figure 2b, which actually reflects the coupling of the SPP mode and the LSPR mode at the interface 

between the AuNHA layer and the 15-nm thick TiO2 overlayer (see the simulated electric fields and 

the caption of Figure S5). As the AuNHA in the TiO2/AuNHA bilayer is enclosed by the top TiO2 
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layer and the FTO substrate, the extinction peaks located at 516 nm, 585 nm and 639 nm (see Figure 

S5(i)) are induced by the SPR effects in different parts of the AuNHA structure. More specifically, 

the peak at 516 nm results from the interface between the upper nanohole edge and the TiO2 

overlayer, the peak at 585 nm from the upper nanohole film (including the nanohole edge and the 

neck part of film between adjacent nanoholes) with TiO2 combining the lower nanohole edge with 

FTO, whereas the peak at 639 nm from the upper nanohole edge with TiO2 combining the lower 

nanohole edge with FTO. For the fabricated TiO2/AuNHA bilayers, the measured spectra show that 

the extinction peaks are flattened and smeared (see Figure 2c) but still in the range of 500 – 650 nm 

as predicted by the simulation. The optical properties of the Pt/TiO2/AuNHA nanocomposites are 

similar to those of the corresponding TiO2/AuNHA bilayers because the Pt nanoparticles are small 

and sparse and do not introduce additional plasmonic peaks (see Figure S6). 

Hot-electron transfer mechanism in the Pt/TiO2/AuNHA structure. Apart from the simulated and 

measured extinction spectrum, the transient absorption (TA) spectroscopy is applied to study the 

exciton and carrier dynamics under visible light irradiation39,40 The TA data for the bare 

AuNHA(D90), TiO2/AuNHA(D90) and Pt/TiO2/AuNHA(D90) are presented in Figure S7. Upon the 

excitation of the pump pulse (wavelength 500 nm), the bare AuNHA(D90) shows an excited state 

absorption (ESA, i.e., A > 0) near 500 nm and a broad negative photo-bleaching (PB, i.e., A < 0) 

signal in 580 – 700 nm. For the TiO2/AuNHA(D90) sample, an ESA intensity is shown near 500 nm 

and an additional broad ESA band is observed at ~570 – 700 nm. In contrast, Pt/TiO2/AuNHA(D90) 

sample shows similar spectral features with TiO2/AuNHA(D90) and a relatively prominent PB signal 

near 530 nm. Due to the resolution of the measurement, we are unable to trace and compare the 

plasmon-induced hot-electron excitation difference, but mainly focus on the recombination process. 

More details are shown in Figure 2d by tracing the PB recovery kinetics, which represents the 

dynamics of the photogenerated electrons and holes at the band edge including charge recombination, 

trapping and transfer processes.41 By comparison, the Pt/TiO2/AuNHA(D90) has a longer lifetime 
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(1.65 ps) than TiO2/AuNHA(D90) (1.32 ps), indicating that Pt nanoparticles could act as an electron 

sink to attract the hot electrons to go across TiO2 layer.42 As the bleaching kinetics of plasmonic 

nanostructure is strongly laser power-dependent,43,44 we measured the transient absorptions of 

TiO2/AuNHA(D90) and Pt/TiO2/AuNHA(D90) under different pump laser power excitations 

(Figures S7(d) and S7(e)). By fitting the experimental data, it is found that the derived decay times 

for TiO2/AuNHA(D90) and Pt/TiO2/AuNHA(D90) at 530 nm both increase almost linearly with the 

pump power as shown in Figure S7(f). 

Furthermore, the photoluminescence (PL) spectra of the pure TiO2/AuNHA(D90) sample and 

three Pt/TiO2/AuNHA samples are compared under the excitation wavelength of 488 nm. It is seen 

from Figure 2e that all Pt/TiO2/AuNHA samples have similar PL spectral shapes and a much lower 

PL intensity than the pure TiO2/AuNHA(D90) sample. This suggests that the electrons in the TiO2 

conduction band transferred from AuNHA are further moved to the Pt clusters, which suppresses the 

electron/hole recombination in AuNHA structure. The lower PL emission intensity of 

Pt/TiO2/AuNHA(D90) than TiO2/AuNHA(D90) is also consistent with the transient absorption 

analysis of bleaching kinetics in Figure 2d. 

Based on the above results and analyses, here we propose Figure 2f to represent the mechanisms 

of the excitation and transfer of charge carriers in the Pt/TiO2/AuNHA structure under the irradiation 

of visible light. Since TiO2 is a UV-responsive semiconductor, the visible-light irradiation can only 

excite the AuNHA layer by the interband transition or the intraband transition.3,45,46 As the work 

function of Au is more negative than the Fermi level of TiO2, an internal local electric field is 

therefore generated.11,47,48,49 This promotes the transfer of photo-excited electrons to the conduction 

band of TiO2 by overcoming the Schottky barrier, and then to the Pt nanoparticles on the surface.50 At 

the same time, the photo-generated holes are transferred to the FTO substrate. 

Photoelectrochemical performance in the visible region. In the photoelectrochemical 

measurements shown in Figure 3a, the Pt/TiO2/AuNHAs are used as the photocathode and are 
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illuminated by a visible light source (a Xe lamp equipped with a UV cutoff filter  > 420 nm). The 

Na2SO4 solution (0.5 M) is used as the electrolyte and all samples are normalized to the macroscopic 

area of 1 cm2. The linear sweep voltammetry (LSV) curves are measured using a scan rate of 5 mV/s 

in dark and visible light. As one can see from Figure 3b, the Pt/TiO2/AuNHA samples have a larger 

magnitude of photocurrent density than the control sample of Pt/TiO2/Au film; and among the 

Pt/TiO2/AuNHA samples, the magnitude of photocurrent density and the onset voltage tends to 

increase when the nanohole diameter goes larger. Here the pronounced photocurrent and the positive 

onset potential are beneficial to the overall efficiency of the photocathodic electrode. The LSV 

curves of TiO2/Au film and TiO2/AuNHA samples are also measured as shown in Figure S8. When 

compared with Figure 3b, it is seen that the photocurrent densities are greatly enhanced by the 

deposition of Pt nanoparticles on the sample surface. The transient responses of different samples 

measured at 0.5 V vs. RHE with and without the light illumination are plotted in Figure 3c. When the 

Pt/TiO2/Au film is used as the reference, the photocurrent densities of Pt/TiO2/AuNHA(D50), 

Pt/TiO2/AuNHA(D70), Pt/TiO2/AuNHA(D90) are 3.1, 3.4, and 4.1 times of that of the Pt/TiO2/Au 

film, respectively (see Table 1 for the values and ratios). However, as shown in Figure S9, the 

increased surface areas (ΔArea) of AuNHA(D50), AuNHA(D70), AuNHA(D90) with respect to the Au 

film are 3500πN, 3500πN and 2700πN nm2, respectively, here N is the number of the nanoholes in 

AuNHA. Based on the above data, the photocurrent follows the trend Pt/TiO2/AuNHA(D50) < 

Pt/TiO2/AuNHA(D70) < Pt/TiO2/AuNHA(D90), whereas the surface area has a different trend 

Pt/TiO2/AuNHA(D50) = Pt/TiO2/AuNHA(D70) > Pt/TiO2/AuNHA(D90). This suggests that the 

change of surface area has an ignorable effect, whereas the plasmonic effects of AuNHA is the major 

reason for the increase of photocurrent. It is also noted that the photocurrent density of the bare 

Pt/TiO2 film is only 1/21 of that of the Pt/TiO2/Au film. If the bare Pt/TiO2 film is used as the 

reference, the Pt/TiO2/AuNHA(D90) sample is enhanced by 88.2 times. 

As the plasmonic effect is strongly dependent on the wavelength of illumination light, the 
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photocurrents of different samples are measured when the wavelength is varied at a step of 10 nm by 

using a monochromator. The results are plotted in Figure S10(a), showing that the photocurrent 

peaks appear at ~575 nm for all the Pt/TiO2/AuNHA samples. The Pt/TiO2/Au film also shows a 

weak and broad photocurrent peak in 500 – 700 nm due to the SPR effect caused by the irregularity 

of Au film deposited on the FTO substrate with a rough surface (see Figure S11). 

For a better understanding of the photoelectrocatalytic efficiency, the incident 

photon-to-electron conversion efficiency (IPCE) is calculated by, 
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where I and P are the measured photocurrent density and the incident light power density in the units 

of A/cm2 and W/cm2, respectively, and  is the wavelength in the unit of nm.  

In the IPCE curves in Figure 3d, the Pt/TiO2/AuNHA samples show a notable enhancement 

within the wavelength range of 400−800 nm by comparing with that of the Pt/TiO2/Au film, agreeing 

with the trends of the photocurrent results in Figures 3b and 3c. Particularly, the 

Pt/TiO2/AuNHA(D90) sample obtains the maximum efficiency of 0.5% at the peak of ~575 nm, 

which is 14.7 times that of the Pt/TiO2/Au film (see Table 1). The IPCE curves of all 

Pt/TiO2/AuNHA samples are relatively flat within the range of 400 – 500 nm and have a broad and 

obvious IPCE peak after 500 nm, which are not very similar to those of Figure 2c in the general 

shape. As the reflectance cannot be neglected under irradiation when the incident photon conversion 

efficiency is considered, we measured the absorption of the samples (see Figure S12). The 

comparison between the measured IPCE values and absorption spectra of Pt/TiO2/AuNHA(D50), 

Pt/TiO2/AuNHA(D70) and Pt/TiO2/AuNHA(D90) are shown in Figure S13. Except for the range of 

400 – 500 nm in which gold has the high absorption induced by the interband transition, the similar 

trends of the IPCE and the absorption spectrum of Pt/TiO2/AuNHA over 550 – 800 nm indicate that 

the enhanced absorption has an impact on the IPCE performance. In addition, the internal quantum 
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efficiency (IQE) is calculated by dividing the IPCE by absorption to determine the charge separation 

efficiency as shown in Figure S10(b), which explicitly expresses the fraction of photons absorbed by 

the electrode that are converted to charge carriers and then give rise to the photocurrent.9 

To reveal more details about the different mechanisms on the above IPCE performance of 

Pt/TiO2/AuNHAs, here we will study the enhancements of IPCE and absorption at different 

wavelengths in visible light. Using the IPCE of the control sample Pt/TiO2/Au film as the reference, 

we can define the enhancement factor EFIPCE by  
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To investigate the contribution of the absorption, we make a similar definition of the enhancement 

factor of absorption as  
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here AuNHATiOPt 2
A and filmAu TiOPt 2

A represent the absorption intensities of the Pt/TiO2/AuNHA 

nanocomposite and the Pt/TiO2/Au film, respectively. 

Based on the measured IPCE data in Figure 3d, the EFIPCE of different wavelengths is plotted 

in Figure 4 for the three Pt/TiO2/AuNHA samples. For easy reference, the corresponding absorption 

spectra and the calculated EFabs of the Pt/TiO2/AuNHA samples are added into Figure 4 as well. 

Over the whole range of 400 – 800 nm, although the absorption tends to drop with the increase of 

wavelength, the EFIPCE curves are quite flat, with the average values of 7, 8, 12 for 

Pt/TiO2/AuNHA(D50), Pt/TiO2/AuNHA(D70), Pt/TiO2/AuNHA(D90), respectively. Notably, the 

Pt/TiO2/AuNHA(D90) sample obtains the highest enhancement. In contrast, the calculated EFabs 

curves are close to 0 in 400 – 500 nm and then go up at longer wavelengths for all Pt/TiO2/AuNHA 

samples. Thus, the large EFIPCE in 400 – 500 nm is not from the enhancement of absorption but other 

effects as stated below. Although the AuNHA with a larger hole diameter (but a constant hole period 
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p = 125 nm) has naturally a lower absorption, the average EFIPCE value of Pt/TiO2/AuNHA sample in 

400 – 500 nm actually increases with the larger hole diameter. This might be because and the 

AuNHA with a larger hole diameter has a larger area of hole sidewalls, which is beneficial to the 

transfer of electrons generated in the interband transition process. Over the wavelength region of 500 

– 800 nm, the EFabs and EFIPCE curves of each of the three samples share similar shapes (e.g., peak 

positions, trend), showing a strong correlation between the IPCE and the absorption. In the other 

words, in the 500 – 800 nm region, the large EFIPCE may be mainly attributed to the enhanced 

absorption by the SPR effect of AuNHA. 

Finite-difference time-domain simulation of TiO2/AuNHA. To analyze the details of plasmonic 

effects on the IPCE peak, a finite-difference time-domain (FDTD) simulation is conducted on three 

TiO2/AuNHA bilayers, which correspond to the three measured Pt/TiO2/AuNHA samples with the 

hole diameters of 50, 70 and 90 nm, respectively. Here the Pt nanoparticles are omitted in the 

simulations so as to focus on the electric field distributions between TiO2 and AuNHA. The unit cell 

schemes are shown in the 3D view (Figure 5a) and the XZ view (Figure 5b). In the cross-section of 

the TiO2/AuNHA bilayer, the locations of two special layers (namely, upper layer and lower layer) 

are shown as black dash lines in Figure 5c. To investigate the plasmonic response, the normalized 

electric fields |E|2/|E0|
2 in the upper layer, the lower layer and the XZ central plane are computed for 

the three TiO2/AuNHA bilayers (see Figure 5 (d1 – f3)). The wavelength of light is set at 575 nm, 

which corresponds to the position of the IPCE peak in Figure 3d. The surrounding medium is water 

(not air) so as to mimic the experimental condition in the photoelectrochemical measurement. In the 

upper layer as shown in Figure 5(d1) – (d3), the electric field is strong near the edge of holes and on 

the film between the holes, which represent the LSPR mode and the SPP mode, respectively.7,19,51 In 

the lower layer as shown in Figure 5(e1) – (e3), the electric field is strong only near the edge of holes, 

showing the dominance of the LSPR mode. In the XZ central plane as shown in Figure 5(f1) – (f3), 

the electric field confirms both SPP and LSPR modes in the upper layer and single LSPR mode in 
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the lower layer. Since the interpore distance of nanoholes is kept the same, the distance between 

adjacent hole edges becomes smaller when the hole diameter of AuNHA is increased. When the three 

samples are compared, the TiO2/AuNHA(D90) bilayer shows the best electric field (see Figure 5(d3) 

and (f3)) due to the nanoholes with smaller distance in the array structures have the stronger coupling 

effects of the LSPR mode and the SPP mode.52,53 

As the wavelength has a strong influence on the plasmonic effects, the simulated electric field 

of TiO2/AuNHA(D90) bilayer at 575 nm is compared with those at two neighboring extinction dips 

at 565 nm and 622 nm (see Figure S14). It is obvious that the TiO2/AuNHA(D90) exerts both the 

SPP mode and the LSPR mode at 575 nm; comparatively, the SPP mode on the film between the 

adjacent nanoholes35 is dominant at 565 nm and the LSPR mode at the nanohole edge is the only 

major factor at 622 nm. To further elucidate the plasmonic response to the broadband light, we have 

simulated the dynamic response of the TiO2/AuNHA(D90) bilayer to a pulse of visible light ( > 420 

nm). As shown in the Movie S1 and Figure S15, both the SPP and the LSPR are prominent most of 

the time, and the LSPR gradually becomes dominant at the hole edges before the electric field fades 

away eventually. 

Photoelectrocatalytic organic decomposition in visible light. To evaluate the size controllable 

AuNHA on the catalytic activity of Pt/TiO2/AuNHA, the decompositions of methyl orange (MO) are 

performed in neutral aqueous solutions (see details in the Methods Section). Upon the irradiation, the 

AuNHA generates the electron-hole pairs (see Figures 2f and 3a). The holes are migrated toward the 

counter electrode via the external connection and typically form hydroxyl radicals •OH, whereas the 

electrons are transported to the surface of the working electrode and mainly reduce the dissolved 

oxygen to superoxide •O2
– anions. These species have sufficient oxidation power (redox potential) to 

decompose the MO molecules in the electrolyte.54  

From the measured UV-vis absorbance spectra by the PEC degradation shown in Figure S16, 

the characteristic absorption peak of MO near 464 nm diminishes gradually with the increase of 
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irradiation time. The conversion 
0

1 CC− as a function of time is plotted in Figure 6a, here C and C0 

denote the remnant and initial concentrations of MO, respectively. After the visible-light irradiation 

for 60 min, the conversion of MO molecules reaches 1.5% by Pt/TiO2, 8.5% by Pt/TiO2/Au film, 

32.6% by Pt/TiO2/AuNHA(D50), 43.6% by Pt/TiO2/AuNHA(D70), and 54.4% by 

Pt/TiO2/AuNHA(D90), respectively. The ascending order of the conversions of the five samples 

corresponds faithfully to that of the photocurrent density measured in the electrolyte containing MO 

(40 M) and Na2SO4 (0.5 M) (see Figure S17), showing that higher photocurrent indeed leads to 

more degradation. 

When the degradation curves are plotted in the logarithm scale, they present linearity with 

respect to the reaction time (see Figure 6b). This suggests that the PEC obeys the first-order reaction 

kinetics as expressed by ( )ktCC −= exp
0

, or equivalently ( ) ktCC =
0

ln , where k is the reaction 

rate constant. The fitting results are listed in Table 1 as well. Using the Pt/TiO2/Au film as the 

reference, the Pt/TiO2/AuNHA samples show larger k values with the ratios of 4.8, 6.8 and 9.4 when 

the AuNHA hole diameters are 50, 70 and 90 nm, respectively. Again, the Pt/TiO2/AuNHA(D90) 

yields the best performance. In comparison, the Pt/TiO2 structure shows a reduced ratio of 1/6. 

To examine the contributions of the SPR effect in visible light, we further test the 

electrocatalytic process (EC) using the Pt/TiO2/AuNHA(D90), which has the best performance in 

photocurrent and PEC degradation. According to the measured data in Figure 6c, the MO 

degradation in PEC is always higher than in EC. In terms of the reaction rate constant shown in 

Figure 6d, the k value of degradation in PEC is 13 times than that in EC (i.e., 1.3210-2 min-1 vs. 

1.0210-3 min-1). This demonstrates that the SPR effect of AuNHA plays an important role in MO 

degradation in visible light. 

CONCLUSIONS 

In summary, the photocathodic nanocomposite of Pt/TiO2/AuNHA has shown superior 

photoelectrocatalytic performance in visible light as verified by the measurements of photocurrent, 
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IPCE and degradation of methyl orange. Both the experimental and simulation studies demonstrate 

that the enhanced performances result from the plasmonic effects of different parts of the structures 

and their combined effects. The AuNHA layer exerts both the LSPR mode and the SPP mode 

simultaneously to enhance the optical absorption; its nanohole structure facilitates the efficient 

transfer of generated electrons leads to a significant increase in the incident photon-to-electron 

conversion efficiencies; its direct contact with the TiO2 overlayer generates the Schottky junction to 

enhance the separation of photo-excited electrons and holes; the Pt nanoparticles work as electron 

traps to increase the lifetime of hot charge carriers and to promote the transfer of photoexcited 

electron. Equipped with these favorable features, this nanocomposite is highly potential to boost the 

solar energy conversion efficiency in applications such as optoelectronic devices, solar cells, and 

other photo-assisted reactions. 

METHODS 

Fabrication procedures. The substrate FTO glasses were degreased ultrasonically in acetone, 

isopropanol, anhydrous ethanol and deionized (DI) water for 10 minutes successively. The AuNHA 

structure was fabricated by a lift-off process on the anodic aluminum oxide (AAO) template. (1) The 

AAO template was fixed on a glass slide by using two small pieces of glasses to press at the edges. 

(2) A 60-nm thick Au film was deposited on the AAO templates by the E-beam system (pressure 4×

10-6 Torr). Here the deposition rate of Au was constantly controlled at 0.01 nm/s. (3) The 

Au-deposited AAO template was transferred to the surface of a NaOH solution (0.1 M). After 20 

minutes, the AAO template layer was dissolved, leaving only the AuNHA structure that floated on 

the water surface. (4) The AuNHA structure film was then manually transferred to a clean FTO glass 

after being cleaned in the deionized (DI) water. By drying in air with the residual amount of water 

removed from the interface of the metal, the AuNHA film was attached to the FTO substrate. As a 

reference sample, the Au film with a thickness of 60 nm was also deposited on the FTO by the 

E-beam system. 

javascript:;
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The TiO2 layer was fabricated by Atomic Layer Deposition (ALD, Ultratech), in which TiCl4 

and H2O were used as precursors. The substrate temperature was set as 100℃ and the working 

pressure was 3 mTorr. The deposition was performed with cycles of TiCl4 (0.1 s pulse), N2 purges 

(10 s), H2O (0.015 s pulse) and N2 purges (10 s). The deposition rate was 0.055 nm per cycle.  

A magnetron sputtering system (Denton Explorer 14 Sputtering System) was used to deposit Pt 

nanoparticles on the surface of the TiO2 overlayer. The thickness was controlled by changing the 

deposition time. When the sputtering time was less than about 100 s, the deposited Pt film was 

discontinuous, mostly in the form of Pt nanoparticles. Here, Pt nanoparticles were deposited by the 

RF magnetron sputtering (power 30 W, 50 s) at 4 ×10-6 Torr in Ar atmosphere.  

Characterization: SEM, TEM, AFM, XRD, extinction spectrum, PL and TA. The nanostructure 

of the as-prepared electrode was characterized by the scanning electron microscope (SEM, JEOL 

JSM-6335F) and transmission electron microscopy (TEM, JEOL JEM-2011). Surface morphology 

images were collected in the noncontact mode of atomic force microscope (AFM, Park systems 

NX10) by using a silicon cantilever (SI-DF20, Seiko Instruments, Japan). The phase of the samples 

was identified by an X-ray diffractometer (Shimadzu LabX XRD-6000) employing Cu K radiation 

at 40 kV and 30 mA over the 2θ range of 20–80°. The optical properties were monitored using a 

Perkin-Elmer Lambda 950 UV/vis/NIR. With the transmittance results, the extinction was calculated 

by extinction = 1 – T. The photoluminescence (PL) spectra were recorded using the Edinburgh 

Photoluminescence spectrophotometer. The excitation wavelength was 488 nm, and the 

photoluminescence spectra were recorded over the range of 620–800 nm. The broadband 

femtosecond transient absorption (TA) measurements were performed by using the Ultrafast System 

HELIOS TA spectrometer. The laser source was the Coherent Legend regenerative amplifier (150 fs, 

1 kHz, 800 nm) seeded by a Coherent Vitesse oscillator (100 fs, 80 MHz). The broadband probe 

pulses (400-800 nm) were generated by focusing a small portion of the fundamental 800 nm laser 

pulses into a 2 mm CaF2 plate. 500 nm pump pulses were generated from a Light Conversion 
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TOPAS-C optical parametric amplifier.  

Material characterization: Photocurrent density, IPCE and MO (methyl orange) degradation. 

PEC measurements were carried out in a standard three-electrode system, consisting of the working 

electrode, a saturated Ag/AgCl reference electrode and a Pt wire counter electrode. It was carried out 

by an electrochemical station (CHI 660E, Shanghai Chenhua, China). The photocurrent was 

measured under the irradiation of a Xenon lamp (100 mW/cm2) fixed with a UV cutoff filter (λ > 420 

nm). The applied potential was referred to the RHE using the following equation: 

 pH0.05910.197Ag/AgCl) E(vs.RHE) E(vs. ++=  (4) 

For the IPCE measurement, the photocurrent was recorded at a constant bias (0.5 V vs. RHE) 

with a spectral step of 10 nm by a monochromator (Newport). The incident light intensity was 

measured by an optical power and energy meter (Thorlabs). For accurate measurement, the sensor of 

the spectroradiometer was placed inside the glass reactor to mimic the intensity at the electrode 

under experimental conditions. In this way, the intensity loss due to the scattering and absorption of 

the glass reactor wall was taken into consideration.  

For the degradation process, the electrolyte (20 ml) consisted of MO (40 M) and Na2SO4 (0.5 

M). Before the light irradiation, it was stirred for 30 min to reach the adsorption equilibrium in dark. 

For the PEC and EC degradations, the prepared samples were used as the working electrode, together 

with the Ag/AgCl reference electrode and the Pt wire counter electrode. A bias voltage of 0.5V vs. 

RHE was applied by the electrochemical station (CHI 660E, Shanghai Chenhua, China). After the 

dark adsorption, the whole reactor was illuminated by a Xeon lamp (100 mW/cm2) with a UV cutoff 

filter (> 420 nm) for the PEC test, whereas the reactor was kept in dark for the EC test. Finally, the 

MO decomposition rate was characterized by measuring its concentration using a UV–vis 

spectrometer (Perkin-Elmer Lambda 950) with the Na2SO4 (0.5 M) solution as the reference sample. 

Finite-difference time-domain simulation. A commercial FDTD simulation package (FDTD 

Solutions, Lumerical Solutions Inc.) was used to calculate the near-field distributions of the 
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TiO2/AuNHA bilayers. The distance was 200 nm between the excitation plane and the top of the 

model for reflection. A normally incident plane-wave source with the polarization along the x-axis 

was used to illuminate the AuNHAs. The x and y ranges of simulation space were set to be the unit 

cell of the AuNHAs according to the experimental data. The anti-symmetric boundary conditions 

were used for xmin and xmax, the symmetric boundary conditions were used for ymin and ymax. The zmax 

value was set to be 300 nm away from the top of the model and the zmin value was set to be 300 nm 

away from the bottom of the AuNHAs. The z dimension was truncated by the perfectly matched 

layers. The simulation time was set to be 1000 fs and the time step was set to be the default 

parameters of the software, the auto-shutoff min value was set to be 110-7. The mesh size for the 

model region was set to be 1.0 nm, while the other region was set to be the mesh accuracy of 2. The 

mesh refinement setting was set to be conformal variant 1. The dielectric functions were modeled 

using the CRC data for Au, the reference data for FTO55 and the Devore data for TiO2.
56 The 

Refractive index of air was set to be 1, and the corresponding extinction coefficients were 0. 
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Figure 1. (a) The layer structure of Pt/TiO2/AuNHA nanocomposite on the FTO glass. From bottom to top, 

it has an AuNHA layer (60 nm thick), a TiO2 thin film (15 nm thick) and randomly dispersed Pt 

nanoparticles. (b) The fabrication procedure of AuNHA on the FTO substrate. (c) The scanning electron 

microscopic (SEM) images of the AuNHA(D70). The inset presents the close-up SEM image of the AuNHA 

(D70). (d) The SEM images of the cross-section of the TiO2/AuNHA(D70) bilayer on the FTO substrate. 

The inset is the close-up of the layer structure, which uses pseudo-colors for easy visualization. (e) The 

transmission electron microscopic (TEM) image of Pt nanoparticles on the TiO2 layer, the magnified image 

in the inset shows that the diameter of Pt nanoparticles is about 2 nm. 
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Figure 2. (a) The simulated extinction spectra of the Au film and the bare AuNHA (without the TiO2 

overlayer) with different hole diameters (50, 70 and 90 nm). (b) Simulated and (c) measured extinction 

spectra of the TiO2/AuNHA bilayers (without the Pt nanoparticles). Here AuNHA(D50), AuNHA(D70), 

AuNHA(D90) represent the AuNHA structures with hole diameters of 50, 70, 90 nm, respectively. (d) The 

bleaching kinetics and the relative fits of TiO2/AuNHA(D90) and Pt/TiO2/AuNHA(D90) at 530 nm obtained 

from the transient absorption spectra upon the 500-nm excitation. (e) The photoluminescence (PL) spectra of 

three Pt/TiO2/AuNHA nanocomposites and the TiO2/AuNHA(D90) structure. (f) The energy band diagram 

of the Pt/TiO2/AuNHA nanocomposite. 
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Figure 3. (a) The schematic of the photoelectrochemical cell for the experiment. (b–d): Measured results of 

the linear sweep voltammetry (LSV) curves (b), the transient photocurrent responses (c), and the IPCE (d) as 

a function of wavelength for the Pt/TiO2/AuNHA nanocomposites and the control samples (i.e., the 

Pt/TiO2/Au film, the Pt/TiO2 structure). In (a), A and D denote the acceptor and the donor, respectively; and 

WE, RE and CE represent the working electrode, the reference electrode and the counter electrode, 

respectively. In (b), the dotted curves represent the measured dark currents, and the cross-points of the LSV 

curves with the line of I = 0 roughly represent the onset voltage, which goes higher with the increase of the 

nanohole diameter. In (c), the photocurrent density of the bare Pt/TiO2/Au film is used as the reference for 

easy comparison. 



29 

 

 

Figure 4. The absorption spectra, the enhancement factor of IPCE (EFIPCE) and the enhancement factor of 

absorption (EFabs) of the (a) Pt/TiO2/AuNHA(D50), (b) Pt/TiO2/AuNHA(D70), and (c) 

Pt/TiO2/AuNHA(D90), respectively. 
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Figure 5. (a) Schematic of the TiO2/AuNHA/FTO structure for the FDTD simulation, which consists of an 

FTO substrate, an AuNHA film in the middle, and a TiO2 overlayer on the top. (b) The XZ view of the unit 

cell. (c) The XZ view of the hexagonal lattice of the TiO2/AuNHA/FTO structure. The normalized electric 

field |E|2/|E0|
2 in the XY plane of the upper layer (d1-d3), the lower layer (e1-e3), and the XZ central plane 

(f1-f3) for the three TiO2/AuNHA/FTO structures with the hole diameters of 50, 70, 90 nm, respectively. In 

(d1) – (f3), the surrounding medium is water (not air); and the wavelength is λ = 575 nm, which is the 

position of IPCE peaks of all three samples (see Figure 3d). In (f1) – (f3), the white dotted lines indicate the 

outer edge of TiO2. 
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Figure 6. (a) The conversion (1–C/C0) and (b) the degradation exponent ln(C0/C) as a function of time for 

the photoelectrocatalytic (PEC) degradation by using the Pt/TiO2 structure, the Pt/TiO2/Au film and the three 

Pt/TiO2/AuNHA samples. (c) The conversion (1–C/C0) and (d) the degradation exponent ln(C0/C) of 

Pt/TiO2/AuNHA(D90) in the PEC degradation and the electrocatalysis (EC) degradation. 
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Table 1. Comparison of the measured photocatalytic performances of all the prepared samples. The 

Pt/TiO2/Au film is used as a reference. The ratios of all the samples are calculated by film)Au TiO(Pt 2
SS . In 

the measurement, all the applied bias voltage is 0.5 V vs. RHE. 

 

Sample Photocurrent 

density@ 

(Acm-2) 

Ratio IPCE# Ratio Reaction rate 

constant& 

(10-3 min-1) 

Ratio 

Pt/TiO2/AuNHA(D90) 79.4 4.1 0.50% 14.7 13.2 9.4 

Pt/TiO2/AuNHA(D70) 65.8 3.4 0.37% 10.9 9.5 6.8 

Pt/TiO2/AuNHA(D50) 59.4 3.1 0.21% 6.2 6.7 4.8 

Pt/TiO2/Au film 19.2 1.0 0.034% 1.0 1.4 1.0 

Pt/TiO2 0.90 0.047 – –  0.23 0.16 

@ Under illumination of visible light ( > 420 nm).  
# Mean value near the wavelength of 575 nm.  
& In degrading methyl orange. 
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The Pt/TiO2/AuNHA structure as a unique design of photoelectrode exerts both surface plasmon polariton 

(SPP) and localized surface plasmon resonance (LSPR) simultaneously and exhibits enhanced 

photoelectrocatalytic performance in visible light. 




