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Graphical Abstract 

 

A large area TiO2 film supported by vertically ordered Au nanorod superlattice array (O-

AuNRs/TiO2) is fabricated on a glass substrate. Compared to both pristine TiO2 film and the TiO2 

film supported by randomly-oriented AuNRs (R-AuNRs/TiO2), the O-AuNRs/TiO2 delivers highly 

enhanced photocatalytic hydrogen evolution rate, benefiting from the significant localized surface 

plasmon resonance (LSPR) enhancement by O-AuNRs. 
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Highlights 

• A centimeter-scale TiO2 film supported by Au nanorod superlattice/ordered array (O-

AuNRs/TiO2) was fabricated on a glass substrate; 

• Well-ordered and closely-packed AuNR superlattice dramatically boosts the local 

electromagnetic field; 

• O-AuNRs architecture plays a key role in enhancing the photocatalytic activity of TiO2 

film; 

• O-AuNRs/TiO2 exhibits a highly enhanced photocatalytic hydrogen evolution rate, 58 times of 

unsupported TiO2 film. 
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Abstract 

Photocatalytic hydrogen generation from water as a renewable non-polluting technique for 

converting solar energy to chemical energy has recently attracted worldwide attention. However, 

low hydrogen production efficiency of traditional photocatalysis still remains as a challenge. Here, 

we report a large area TiO2 film supported by vertically ordered Au nanorods superlattice array 

(O-AuNRs/TiO2), which demonstrates excellent photocatalytic performances of hydrogen 

evolution from water under solar and visible light irradiation. The O-AuNRs/TiO2 architecture 

enables the significant localized surface plasmon resonance (LSPR) enhancement, including both 

local electromagnetic field effect and hot electron transfer effect, which promotes the 

photocatalytic hydrogen evolution rate of the TiO2 film by 58 times. The photocatalytic efficiency 

of O-AuNRs/TiO2 exceeds that of the TiO2 film supported by randomly oriented AuNRs by over 

five times. Finite difference time domain (FDTD) modeling results support that the strong coupling 

of O-AuNRs enhances the electromagnetic field intensity along the longitudinal axis in the gaps 

between adjacent AuNRs and the average electric field enhancement factors at the interface 

between the AuNRs and TiO2 of O-AuNRs/TiO2. This work demonstrates the substantial 

performance boost of conventional photocatalyst by LSPR enhancement, thus provides a 

promising tactic to devise highly efficient photocatalytic system for solar energy conversion. 

 

 

 

 

Keywords: photocatalytic hydrogen evolution; Au nanorod superlattice; surface plasmon 

resonance; hot electron; near field enhancement  
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1. Introduction 

Photocatalytic hydrogen generation from water has long been considered as one of the most 

promising future strategies for solar energy-to-chemical fuels conversion. Among various 

materials developed so far, nanoscale titanium dioxide (TiO2) is usually regarded as a 

benchmarking photocatalyst for metal-oxide-based semiconductors and has been substantially 

investigated for decades.[1, 2] Nevertheless, the relatively large bandgap energy of TiO2 (3.20 eV 

for anatase and 3.03 eV for rutile TiO2) makes its light absorption limited to the ultraviolet (UV) 

region of electromagnetic spectrum, which accounts for less than 5% of the whole solar spectrum 

and thus hampers the utilization of solar energy. Over the past years, substantial efforts have been 

devoted to boost visible light-absorption of TiO2.[3-7] Recently, plasmon-mediated tactic has been 

demonstrated to augment the visible light utilization efficiency by means of achieving hot electron 

injection, improved photoexcitation, and the propelled charge separation in the coupled 

photocatalyst.  

To accomplish efficient utilization of visible light, the nanostructured plasmonic metals (Au, Ag, 

Cu, and Al) have been widely implemented into various photocatalysts.[8-14] The light response 

of such composite photocatalysts can be enhanced and tailored by choosing the suitable 

components or adjusting the size and shape of the metallic nanostructures. This strategy has been 

also extensively employed to promote the photocatalytic capability of nanostructured TiO2 by 

engaging the plasmonic metal nanoparticles (NPs) as light-harvesting antennas, which exhibit 

unique localized surface plasmon resonance (LSPR) characteristics at visible or even infrared 

wavelengths.[15-17] The main LSPR enhancement of photocatalytic performance acts 

through:[18-21] 1) scattering light to increase the average photon path length between the metal 

NPs and semiconductors thus boosting light trapping by a photocatalyst;[22, 23] 2) direct hot 
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electron transfer (DHET),[24-28] in which the plasmon-excited electrons on metal (hot electrons) 

are injected into the conduction band (CB) of neighboring semiconductor over the Schottky barrier; 

3) plasmon-induced resonant energy transfer (PRET), which is regarded as a process of 

transferring the plasmonic oscillation energy from the plasmonic metal nanocrystals to the nearby 

semiconductor based on local electromagnetic field (LEMF) effect. The PRET accelerates the 

generation of additional electron-hole pairs and suppresses the recombination of generated charge 

carriers in the nearby semiconductor,[29-32] thus boosting the photocatalytic performance.[33]  

In addition to the nature, shape, and size of the plasmonic metal,[33-35] the intensity of the LEMF 

is also largely dependent on the local density, the alignment/orientation, and the interparticle gap 

of metal crystals.[36-40] Benefiting from the collective plasmonic intensity of the LSPR-excited 

LEMF, 3-dimensional (3D) superlattice array, an ordered assembly of colloidal nanostructures, 

especially the anisotropic Au nanorods (AuNRs), has shown the extraordinarily enhanced 

performances in spectroscopies,[41-44] solar cells,[19] and nanoscale light polarizers.[45, 46] 

Nevertheless, the size of reported 3D superlattices is usually just a few square micrometers, which 

hinders their application in the fields where a large area is required. In our previous study, we 

developed a simple and efficient evaporative self-assembly strategy to build millimeter-scale 3D 

superlattice arrays composed of dense, regular, and vertically aligned AuNRs for surface-enhanced 

Raman scattering (SERS).[36] Apparently, the millimeter-scale superlattice arrays are too small to 

be an effective photocatalytic system for hydrogen evolution reaction (HER). Herein, a centimeter-

scale AuNR superlattice/ordered array (O-AuNRs) was fabricated on a glass substrate to study 

how the LEMF and DHET from the underlying O-AuNR array affect the exciton carrier generation 

in TiO2. A remarkably enhanced photocatalytic HER rate of the TiO2 film deposited on top of O-

AuNRs by magnetron sputtering (O-AuNRs/TiO2) was achieved, which exceeds that of bare TiO2 
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film by 58 times. 

 

2. Experimental Section 

2.1. Chemicals 

Chloroauric acid (HAuCl4⋅4H2O), silver nitrate (AgNO3), sodium chloride (NaCl), hydrochloric 

acid (HCl), sodium borohydride (NaBH4), sodium hydroxide (NaOH), ascorbic acid (AA), 

hexadecyltrimethylammonium bromide (CTAB), 11-mercaptoundecylhexaethylene glycol 

(MUHEG), and triethanolamine (TEOA) were purchased from Sigma-Aldrich. All the chemicals 

were used as received without further purification. 

2.2. Synthesis of AuNRs 

Au nanorods (AuNRs) were prepared in an aqueous solution using a seed-mediated growth method 

as described previously.[36] Briefly, Au seed particles of 3-4 nm diameter were synthesized first 

by reducing a mixture of HAuCl4 (0.5 mM, 5 mL) and CTAB (0.2 M, 5 mL) with freshly prepared 

ice-cold NaBH4 (10 mM, 600 μL) under vigorous stirring. The seed solution was incubated at 

37 °C for 2 hours before further use. A growth solution was prepared by adding a mixture of AgNO3 

(0.1 M, 150 μL) and HAuCl4 (5 mM, 12 mL) to a CTAB solution (0.2 M, 60 mL), followed by the 

addition of HCl (1.2 M, 150 μL) and AA (10 mM, 5.55 mL) with gentle swirling until the dark 

orange color disappears. After that, 100 μL of the Au seed solution was rapidly injected to the 

growth solution followed by gentle mixing for 10 s and kept undisturbed overnight. Finally, the 

reaction was stopped by centrifuging the resulting AuNR solution at 9,000 rpm for 20 min. The 

precipitated product (CTAB-AuNRs) was dispersed in Milli-Q water with a concentration of about 
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0.8 nM according to the extinction coefficient at the longitudinal LSPR wavelength. 

2.3. Synthesis of AuNR array 

The fabrication of AuNR array involves two steps. The first step is the modification of AuNRs 

with MUHEG. The CTAB-AuNR solution (18 mL) was purified by centrifugation (9,000 rpm, 15 

min) to remove the excess CTAB. The precipitate was then re-suspended in a 36 mL (0.1 mM) 

MUHEG aqueous solution and stirred (1,000 rpm) at room temperature overnight to yield the 

AuNRs capped with the mixture of MUHEG and CTAB (MUHEG-AuNRs). The second stage is 

the self-assembly of MUHEG-AuNRs on an ITO glass slide (water contact angle is ca. 40°) to 

form the MUHEG-AuNR superlattice array. Specifically, the MUHEG-AuNR suspension was 

concentrated to various concentrations (20, 50, 100, and 200 nM) by centrifugation. A droplet (200 

μL) of the MUHEG-AuNR suspension was drop-cast onto the substrate and kept undisturbed at 

room temperature under high humidity (around 90 %) to slowly evaporate the water. After 10 hours, 

four-layer AuNR array (ordered AuNRs, O-AuNRs) were assembled on the substrate. For 

comparison, CTAB-AuNR solution with the same concentration (200 nM) of AuNR was also 

assembled on a glass with the same procedure (random AuNRs, R-AuNRs). 

2.4. Fabrication of TiO2 and AuNRs/TiO2 film 

Transparent TiO2 films were deposited on the substrates (ITO glass slide and AuNRs-coated ITO 

glass slide) using a commercial pulsed DC reactive magnetron sputtering system (AJA 

International, ATC Orion). The thickness of TiO2 film was controlled by deposition time (10, 20, 

30, and 45 min). Pure argon (99.999%) and oxygen (99.999%) were used as the sputtering and 

reactive gas, respectively. Metallic titanium (99.995%) was employed as a sputtering target. The 

base pressure of the deposition chamber was approximately 1 × 10−4  Pa and the flow rates of Ar 
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and O2 were kept constant at 20 and 10 standard cubic centimeters per minute (SCCM), 

respectively, controlled by mass flow meters. The pulsed DC power was kept constant at 100 W. 

The AuNRs-on-TiO2 film was prepared by drop-casting 200 μL of 200 nM CTAB-AuNR solution 

on the surface of TiO2 film and keeping undisturbed at room temperature under high humidity 

(around 90 %) to slowly evaporate the water. 

2.5. Characterization of the materials 

The morphology of the samples was analyzed by a field emission scanning electron microscopy 

(FE-SEM, FEI Nova 450 Nano) and a scanning transmission electron microscopy (TEM, JEOL 

JEM-2100F). Crystallographic phases of samples were identified by a powder Xray diffractometer 

(XRD, Bruker D2 PHASER) with a diffraction angle 2θ ranging from 20 to 80° and scan rate of 

10° min-1. The Raman spectra in this study were collected on a Renishaw 2000 Raman 

spectrometer. The ultraviolet–visible-near infrared (UV-Vis-NIR) absorption spectra of AuNRs 

solution, TiO2, and AuNRs/TiO2 films were determined by the UV–vis absorption and diffuse 

reflectance spectra on a Cary 4000 UV-visible spectrophotometer equipped with an integrating 

sphere for diffuse and total reflection measurements. The photoluminescence (PL) spectra were 

recorded on a PTI QM-TM (Photon Technology International) fluorescence spectrophotometer 

with an excitation wavelength of 330 nm. 

2.6. Photocatalytic hydrogen evolution reaction (HER) 

A piece of the catalyst film (2 cm × 1.5 cm) was immersed in an aqueous solution (20 mL) 

containing 10 vol.% TEOA as a sacrificial agent in a 50 mL round-bottom quartz flask. The flask 

was then degassed by bubbling with argon for 30 min and sealed. The sample was irradiated by 

solar light and visible light using a Newport AM1.5 solar simulator (Xe lamp, 150 W) of the light 
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intensity of 100 mW cm-2 without and with an UV-cutoff filter (λ > 400 nm), respectively. The 

generated H2 was analyzed by an Agilent 7890B GC system using N2 as carrier gas and a thermal 

conductivity detector. 

 

2.7. Photoelectrochemical analysis 

The photocurrent experiments were conducted on a CHI760E potentiostat (CH Instruments Inc., 

Shanghai, China) using a standard three electrode system with the fabricated TiO2 and 

AuNRs/TiO2 films as the working electrode. A saturated calomel electrode (SCE) and a Pt foil 

were used as the reference and counter electrodes, respectively. Photocurrent measurements were 

performed at a 0.4 V bias potential vs. SCE using 1.0 M NaOH as the supporting electrolyte. A 

300 W Xe lamp with and without a UV-cutoff filter (λ > 400 nm) was used as the irradiation source.  

 

2.8. Finite-difference time-domain simulations 

The local electromagnetic field intensity distribution of AuNR, TiO2, and AuNRs/TiO2 films was 

performed using commercial software with a frequency domain solver based on the three-

dimensional finite-difference-time-domain (3D-FDTD) method. The FDTD method is an explicit 

time marching algorithm used to solve Maxwell’s curl equations on a discretized spatial grid. The 

absorbing boundary conditions of perfectly matched layer were obtained in different directions. A 

plane wave at a wavelength of 709 nm was launched into the boundary to simulate the distribution 

of electromagnetic field. The refractive index of AuNRs was set as n = 0.18 + 4.96i at this 

frequency, and the refractive index of surrounding medium was equal to 1 as air. The 

electromagnetic field profiles for the O-AuNRs/TiO2 and R-AuNRs/TiO2 hybrid samples were 
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simulated by putting the vertically aligned AuNRs array and random AuNRs under the TiO2 film 

(ca. 85 nm). The length and diameter of AuNRs are 65 and 21 nm, respectively. The gaps of the 

vertically aligned AuNRs array is 1.5 nm in both x and y directions. The averaged electromagnetic 

field enhancement factors for all samples were obtained by calculating the average value of the 

electromagnetic field intensity enhancement at the interface between AuNRs and TiO2 in the mesh 

range. 

 

3. Results and discussion 

Among various Au nanostructures, much attention has been paid to those with rod-like shapes due 

to their unique optical properties and wide applications in optical devices since their first discovery 

in 1991.[47] Moreover, the surface plasmon propagation of AuNRs mainly takes place along the 

longitudinal direction, and the LSPR maxima can be easily tuned between 600 and 1200 nm by 

adjusting the aspect ratio.[48] To enhance the LSPR effect, the AuNRs were modified with specific 

capping agents (MUHEG/CTAB) and then assembled on a glass substrate to form a 

superlattice/ordered array (O-AuNRs). For comparison, the randomly distributed AuNRs (R-

AuNRs) were also deposited on a glass substrate using the CTAB-capped AuNRs. On the glass 

substrate with and without AuNR assemblies, TiO2 films were deposited by magnetron sputtering 

to prepare TiO2, R-AuNRs/TiO2, and O-AuNRs/TiO2 photocatalysts as depicted in Fig. 1. 

Fig. 2 shows the TEM images of CTAB-AuNRs and MUHEG-AuNRs, which reveal the 

uniform morphology of as-prepared AuNRs. Based on the mean value of Gaussian distributions, 

the average length and diameter of the AuNRs are estimated to be 65 and 21 nm, respectively. It is 

evident that the CTAB-AuNRs are randomly oriented (Fig. 2a), while the AuNRs are self-
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assembled in a side-by-side arrangement after the MUHEG modification (Fig. 2b). The UV-Vis-

NIR absorption spectra measured from the CTAB-AuNR (wine line) and MUHEG-AuNR (olive 

line) aqueous solutions are presented in Fig. 2c. The CTAB-AuNRs exhibit the longitudinal and 

transverse LSPR band peaks at 742 and 512 nm, respectively, which arise from the oscillation of 

free electrons due to the interactions with electromagnetic field. The incubation of CTAB-AuNRs 

in the MUHEG solution results in a partial displacement of CTAB molecules coated on the side 

facets of AuNRs by MUHEG molecules because of the stronger binding of S atom to Au than that 

of N atom. This replacement of capping ligands results in a side-by-side self-assembly due to the 

increased lateral interactions between the side faces that possess a larger surface area than the end 

face.[49, 50] After the ligand exchange, a strong blue-shift of the longitudinal LSPR band is 

observed from 742 to 707 nm with a decrease in its intensity. A slight red-shift of the transverse 

LSPR band is also observed with a mild increase in the intensity.[51] These changes in the 

longitudinal and transverse LSPR bands suggest the plasmon coupling between the closely spaced 

AuNRs as well as the decreased aspect ratio as a result of side-by-side assembly of the MUHEG-

AuNRs. This is in good agreement with the numerical simulations of model system,[52] in which 

a clear blue-shift of the longitudinal plasmon band and a red-shift of the transverse plasmon 

resonance were observed upon the formation of side-by-side AuNRs assembly due to the coupling 

of the plasmons of the two interacting nanorods.  

To assemble a vertically oriented AuNR array on a glass slide using as less AuNRs as possible, 

a droplet of MUHEG-AuNR solution of various concentrations was drop-cast onto a glass 

substrate, followed by slow evaporation under high humidity conditions overnight. Fig. S1 shows 

the field emission SEM images of the samples obtained from various MUHEG-AuNR solutions 

of concentrations from 20 to 200 nM. With the 20 nM solution, the AuNRs are not assembled as a 
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vertical array but scattered in a horizontal orientation, probably due to insufficient amount of 

AuNRs (Fig. S1a). Upon the increase of AuNR concentration to 50 nM, partially oriented AuNR 

clusters start to appear (highlighted with red rings in Fig. S1b). Further increase of MUHEG-

AuNRs concentration to 100 nM yields more than half of AuNRs organized into a closely packed 

hexagonal structure (Fig. S1c), and almost all AuNRs are highly aligned with their long axes 

perpendicular to the substrate at 200 nM (Fig. S1d). This oriented AuNR superlattice array is 

denoted as ordered AuNRs (O-AuNRs) hereinafter. For comparison, 200 nM CTAB-AuNR 

solution was drop-cast on a glass substrate following the same procedure. The digital photo of 

sample prepared from CTAB-AuNRs (Fig. 3a) displays an obvious brown ring-shaped mark at the 

peripheral and lighter color in the central area of the formed film. The corresponding SEM images 

in Fig. 3b and 3c reveal that the majority of the CTAB-AuNRs are horizontally self-assembled at 

the rim, while a small amount of aligned CTAB-AuNRs are randomly scattered in the inner area 

(named as R-AuNRs). In contrast, the photographic image of sample obtained from 200 nM 

MUHEG-AuNR solution (Fig. 3d) shows an even distribution of dark yellow color over the entire 

film area. The SEM images display that the MUHEG-AuNRs are vertically aligned in the center 

(Fig. 3e) and quasi-aligned at the rim (Fig. 3f). The TEM images of the self-assembled MUHEG-

AuNR film scraped from glass substrate (Fig. S2) further confirm the observations of SEM 

analyses. Most regions of the film consist of quadruple layers of AuNRs, while the outermost 

region shows single AuNR array. Such variation in the number of AuNR layer can be correlated to 

the concentration change of AuNR solution during water evaporation. Initially, the rate of water 

evaporation is faster than that of AuNR assembly on the substrate due to low concentration of 

AuNR solution. As water evaporates over time, these two processes reach a balance that the 

concentration of the AuNRs remains unchanged to assemble into quadruple AuNRs layers for most 
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area of the film. 

On the other hand, the coffee-ring pattern of CTAB-AuNRs is the results of the edgeward flow 

and pinned contact line, which drive the interior-to-exterior water flow to replenish the evaporated 

water at the edge. This causes almost all AuNRs to migrate with the edgeward flow and accumulate 

near the pinned contact line, forming a coffee-ring pattern.[53] The positively charged surface of 

CTAB-AuNRs repels one another, hindering the self-assembly (Fig. 1a). The partial replacement 

of CTAB with negatively charged MUHEG considerably reduces the electrostatic repulsion and 

induces the side-by-side self-assembly of AuNRs.[50, 54] The Marangoni effect induces the 

circulatory flow during the evaporation of the MUHEG-AuNRs droplet,[55] which suppresses the 

migration of AuNRs to the contact line and redistributes them in the central region. During the 

slow water evaporation, MUHEG-AuNRs are self-assembled on the glass to form the superlattice 

arrays, as illuminated in Fig. 1b. For the formation of a large scale AuNRs arrays, the following 

points should be considered: 1) the surface of AuNRs should possess both positively and 

negatively charged ligands with a suitable surface potential; 2) the substrate should be hydrophilic 

to allow the droplet containing AuNRs to spread out; 3) high humidity environment is needed to 

slow down the rate of water evaporation and induce the formation of superlattice array; 4) the 

concentration of AuNRs solution is important to balance the rate of water evaporation and the fix 

the AuNRs on the substrate. 

On top of these R-AuNRs and O-AuNRs as well as bare glass slide, we sputtered thin layer of 

TiO2 controlling its thickness with the deposition time. The thickness of TiO2 layer influence the 

photocatalytic HER performance because it would determine the number of active sites as well as 

the amount of light that reaches AuNRs underneath. The cross-sectional SEM images (Fig. 4a-d) 

show that the thickness of deposited TiO2 layer increases incrementally from 30 to 123 nm as the 
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deposition time was increased from 10 to 45 min. The top-view SEM image of the TiO2 film (Fig. 

4e) reveals that it consists of numerous nanoparticles of uniform size between 10 to 25 nm, forming 

a mesoporous structure. Fig. 4f compares the photocatalytic HER performance of pristine TiO2 

film (black line) and R-AuNRs/TiO2 film (wine line) with the variation of TiO2 thickness. The 

HER rate of TiO2 film gradually increases from 1.5 to 2.3 μmol h-1 cm-2 with the TiO2 film 

thickness due to the increased number of catalytic sites. However, in the case of R-AuNRs/TiO2 

heterostructure, the HER rate increases with TiO2 thickness, reaching the highest rate of 18.2 μmol 

h-1 cm-2 at 85 nm, but slightly drops when the thickness of TiO2 film further increases to 123 nm. 

Such decline in photocatalytic activity can be correlated with the fact that electromagnetic near 

field at the plasmon resonance only extends up to 100 nm from the plasmonic metal surface.[30] 

Although the TiO2 layer thicker than 100 nm can offer more photocatalytic sites, but it could also 

cause the shading effect that lowers the LSPR effects from AuNRs. Based on the HER performance 

results of R-AuNRs/TiO2, the optimal thickness of TiO2 layer was determined to be ca. 85 nm, and 

the O-AuNRs/TiO2 heterostructure was fabricated with this optimum thickness of TiO2 layer. The 

low-magnification cross-sectional SEM image of the O-AuNRs/TiO2 (Fig. S3a) displays that the 

AuNRs layer is slightly thinner near the rim area, while the TiO2 layer appears to have a uniform 

thickness over the entire area. The higher magnification SEM images clearly reveals that a 

monolayer AuNR array is formed at the outermost rim area (Fig. S3b) and the quadruple layer of 

AuNR arrays are formed in the center area (Fig. 5b and S3e). Double and triple layers of AuNPs 

are also found in the intermediate areas (Fig. S3c and S3d). The AuNRs in both monolayer and 

multilayers are well aligned perpendicularly to the substrate. On the other hand, the typical cross-

sectional SEM image taken at the center of the R-AuNRs/TiO2 film (Fig. 5a) shows just a few 

scattered AuNRs between the uniform TiO2 layer and the glass substrate, which is consistent with 
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the result of CTAB-AuNR film on a glass (Fig. 3b). 

Fig. 6a and S4 compare the photocatalytic HER performances of TiO2, R-AuNRs/TiO2, and 

O-AuNRs/TiO2 films. Under the simulated sunlight, the HER rate of O-AuNRs/TiO2 film is 105.3 

μmol h−1 cm−2 (equivalent to 3,253.8 μmol h−1 g(TiO2)
−1 based on the weight of TiO2), which is 58 

and 5.8 times higher than those obtained from TiO2 film (1.8 μmol h−1 cm−2) and R-AuNRs/TiO2 

film (18.2 μmol h−1 cm−2), respectively. Under the visible-light irradiation, the pure TiO2 film 

produces negligible amount of H2, while both R- and O-AuNRs/TiO2 films exhibit the HER 

photoactivity with the rates of 3.7 and 30.8 μmol h−1 cm−2, respectively. These HER rates of O-

AuNRs/TiO2 film outperforms most recent photocatalysts based on Au and TiO2 (Table S1 and 

S2). The durability of the O-AuNRs/TiO2 was evaluated by a long-term photocatalytic HER where 

the 90 min-cycle was repeated for 7 times (Fig. 6b). The O-AuNRs/TiO2 film shows a steady H2 

production rate for entire cycles. During a continuous 8 hour-reaction, the volume of hydrogen 

generated on the O-AuNRs/TiO2 film linearly increases with the irradiation time, demonstrating 

its stability (Fig. S5). 

Apparently, the insertion of AuNRs underneath TiO2 film drastically elevates the 

photocatalytic HER activity of TiO2 film. Considering that no hydrogen is produced when only R- 

or O-AuNRs film is used, this enhancement arises from the LSPR effects that include the injection 

of photo-excited hot electrons from the surface of AuNRs to TiO2, local electromagnetic field (near 

field) enhancement, and the charge separation in TiO2 under the simulated solar light irradiation 

[15, 31] (Fig. 7a). The light scattering may also enhance the average length of photon path between 

the AuNPs and the TiO2. Under the visible light irradiation, no electron–hole pair will be generated 

in TiO2, and thus only LSPR-induced hot electrons from AuNRs are injected to the CB of TiO2 for 

HER activity (Fig. 7b). 
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It is worth noting that O-AuNRs/TiO2 film demonstrates 5.8 and 8.3 times higher HER rates 

compared with R-AuNRs/TiO2 film under solar and visible light irradiation, respectively. Fig. 8a 

compares the UV-vis diffuse reflectance spectra of TiO2 (black line), R-AuNRs/TiO2 (wine line), 

and O-AuNRs/TiO2 (olive line). As previously reported,[56] anatase TiO2 absorbs only in the UV-

light range (λ ≤ 375 nm).[56] In contrast, both R- and O-AuNRs/TiO2 show significantly enhanced 

absorptions in the visible range (400 – 800 nm) with the main absorption peaks located at ca. 505 

and 710 nm, respectively. Noticeably, the LSPR bands of both R- and O-AuNRs/TiO2 composites 

show slight blueshifts from those of CTAB- and MUHEG-AuNRs (Fig. 2c), which can be ascribed 

to the change in the dielectric constant of surroundings of AuNRs (refractive index of water = 1.33; 

anatase TiO2 = 2.57).[57] In addition, the O-AuNRs/TiO2 exhibits the stronger longitudinal 

absorption at ca. 709 nm than the R-AuNRs/TiO2, which is benefited from the stronger coupling 

of the adjacent O-AuNRs. Such enhanced light absorption of the O-AuNRs/TiO2 would contribute 

to photocatalytic HER performance.[58] 

To better understand photo-response process, the photoelectrochemical and optical properties 

were characterized by photocurrent response test, photoluminescence (PL), and Raman 

spectroscopy. Fig. 8b and S6 present the photocurrent profiles of anatase TiO2, R- and O- 

AuNRs/TiO2 recorded at a bias potential of 0.4 V vs. SCE under solar and visible light irradiation, 

respectively. The O-AuNRs/TiO2 exhibits much higher photocurrent intensities under both solar 

and visible light irradiations compared with pristine TiO2 and R-AuNRs/TiO2, which clearly 

illustrates highly boosted interfacial charge transfer and photoelectric conversion rates under solar 

light irradiation as well as the enhanced LSPR hot electrons generation under visible light 

irradiation. This is confirmed by steady-state PL spectroscopies shown in Fig. 8c. The emission 

intensity increases in the order of TiO2, R-AuNRs/TiO2, and the O-AuNRs/TiO2, indicating that 
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more LSPR-induced electron–hole pairs are created and the non-radiative transition channel is 

suppressed in the O-AuNRs/TiO2.[37] 

The higher enhancement effect of O-AuNRs/TiO2 is closely related with the orientation of 

AuNRs. Firstly, the O-AuNR array allows more AuNRs to directly contact the TiO2 for efficient 

injection of hot electrons, especially the tips of AuNRs that induce the longitudinal mode LSPR 

effect (Fig. 5).[24-28, 59] It is believed that the longitudinal mode can generate more LSPR hot 

electrons from the tips than transverse mode from the sides of AuNRs.[17, 60] More importantly, 

the well-ordered and closely-packed O-AuNR array can narrow the inter-particle gap (ca. 1.5 nm, 

Fig. S2), thus forming a chain-like end-to-end AuNR configuration that dramatically boosts hot 

electron generation at plasmonic hot spots between AuNRs.[61, 61] This can be confirmed by the 

much enhanced HER performance and photocurrent of O-AuNRs/TiO2 under visible light 

irradiation (Fig. S6), in which only the direct hot electron transfer effect is working because TiO2 

cannot be activated. Compared with R-AuNRs, such well-organized O-AuNR superlattice of 

narrow inter-particle gap can induce much stronger local electromagnetic field along the 

longitudinal direction of adjacent AuNRs.[10, 62-64] The LSPR-induced local electromagnetic 

field of plasmonic metals increases the amount of photo-generated electron−hole pairs because the 

photon absorption is proportional to the electric field squared (|E|2),[35] and also facilitates the 

separation of photo-generated charge carriers in semiconductors, thus enhancing the photocatalytic 

performance.[29-32, 58, 65] This can explain the dramatic HER enhancement of O-AuNRs/TiO2 

under solar light illumination. 

The Raman spectra collected from the bare TiO2 film and the center and rim of R- and O-

AuNRs/TiO2 films (Fig. 8d) further support the proposed enhancement mechanism of H2 evolution. 

The Raman signal from the O-AuNRs/TiO2 matches well with the characteristic Raman bands of 
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the anatase TiO2 (A-TiO2) phase, which feature three Eg peaks at 144, 196, and 638 cm-1, B1g peak 

at 399 cm-1, and A1g peak at 520 cm-1.[66] Such Raman signals are absent in the spectrum of bare 

TiO2 film of the same thickness, which could be due to the low crystallinity of sputtered TiO2 film 

as indicated by its amorphous XRD patterns (Fig. S7). In the case of R-AuNRs/TiO2, a weak peak 

corresponding to Eg band of A-TiO2 phase is identified at 144 cm-1 from the center area, of which 

the intensity is ca. 5.3 times higher than that observed from the rim of R-AuNRs/TiO2. It is well 

known that the Raman signal shows highly nonlinear correlation with the intensity of 

electromagnetic field, and thus the enhanced Raman signals indicate the elevated local 

electromagnetic field of O-AuNRs/TiO2.[40, 61, 67, 68] To elucidate the exact extent of 

electromagnetic field amplification, we engaged FDTD modeling to simulate the electromagnetic 

field enhancement at the interface between AuNRs and TiO2 under an incident plane wave along 

the z direction at the wavelength of LSPR peak (709 nm). As presented in Fig. 9, the 

electromagnetic field intensity along the longitudinal axis in the gaps between adjacent AuNRs is 

significantly boosted, and the averaged electric field enhancement factors (|𝐸𝐸|2 ∕ |𝐸𝐸0|2��������������� ) at the 

interface between the AuNRs and TiO2 of O-AuNRs/TiO2 (Fig. 9a and 9b) are much stronger than 

those of R-AuNRs/TiO2 (Fig. 9c and 9d). It indicates that the well-ordered and closely-packed O-

AuNR array possessing a strong nano-antenna effect shows much stronger local electromagnetic 

field intensity than R-AuNRs, owing to the coupling effect among the vertically aligned AuNRs.  

Another control experiment was conducted by depositing the same amount of CTAB-AuNRs 

(200 μL of 200 nM CTAB-AuNR solution) on the top surface of TiO2 film forming a AuNRs-on-

TiO2 configuration and evaluating its photocatalytic properties. Similar to R-AuNRs on the glass, 

the AuNRs-on-TiO2 forms a coffer-ring pattern (Fig. S8a). The corresponding SEM images reveal 

that the majority of the AuNRs are horizontally self-assembled at the peripheral region (Fig. S8b) 
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and few AuNRs lie at the inner area (Fig. S8c), which is similar to the R-AuNRs on the glass. The 

HER rates of AuNRs-on-TiO2 film are 31.3 and 8.2 μmol h−1 cm−2 under solar and visible light 

irradiation, respectively (Fig. S9), which are higher than those obtained from R-AuNRs/TiO2 but 

much lower than those from O-AuNRs/TiO2. The AuNRs on top of TiO2 can absorb incident light 

more than those in R-AuNRs/TiO2, thus generating more hot electrons in AuNRs. However, the 

LSPR enhancement of AuNRs-on-TiO2 is still much weaker than that of O-AuNRs/TiO2. This is 

further confirmed by the PL spectra (Fig. S10) and FDTD modeling (Fig. S11) where the AuNRs-

on-TiO2 shows intermediate PL intensity and local electromagnetic field intensity between the R-

AuNRs/TiO2 and O-AuNRs/TiO2. 

4. Conclusions  

In summary, a large area of vertically ordered AuNRs (O-AuNRs) superlattice array was prepared 

on a glass substrate by a simple evaporative self-assembly method. A layer of anatase TiO2 film 

was then deposited on the AuNR superlattice array by magnetron sputtering to form an O-

AuNRs/TiO2 heterogeneous nanostructure. The O-AuNRs/TiO2 architecture significantly 

enhances the photocatalytic H2 evolution rate of the TiO2 film by 58 times, benefiting from the 

localized surface plasmon resonance (LSPR) enhancement by the O-AuNRs, including both local 

electromagnetic field effect and hot electron transfer effect. The dramatically enhanced 

photoactivity of TiO2 film supported by O-AuNRs presents a possible pathway to more efficient 

utilization of the solar energy. 
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Figures  

 

Fig. 1 Schematic diagrams showing the synthetic procedures of (a) R-AuNRs/TiO2 and (b) O-

AuNRs/TiO2 films. 

 

 

 

 

Fig. 2. TEM images of (a) CTAB-AuNRs, and (b) MUHEG-AuNRs. (c) UV-Vis-NIR absorption 

spectra of CTAB-AuNRs (wine line) and MUHEG-AuNRs (olive line) aqueous solutions. 
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Fig. 3. Photographic images of AuNR assemblies obtained from the droplets of the same amount 

of (a) CTAB-AuNRs and (d) MUHEG-AuNRs on a glass slide. SEM images of (b) center and (c) 

rim of CTAB-AuNRs film, (e) center and (f) rim of MUHEG-AuNRs film on a glass. The areas 

selected for SEM analyses are marked in (a) and (d). 
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Fig. 4. Cross-sectional SEM images of the TiO2 films with various deposition time: (a) 10 min, (b) 

20 min, (c) 30 min, and (d) 45 min. (e) Top-view SEM image of the TiO2 film deposited for 30 

min. (f) Photocatalytic HER rates of TiO2 (black line) and R-AuNRs/TiO2 (win line) as a function 

of TiO2 layer thickness. 
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Fig. 5. Cross-sectional SEM image of the (a) R-AuNRs/TiO2 and (b) O-AuNRs/TiO2 films.  
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Fig. 6. (a) Comparison of the photocatalytic HER rates among the TiO2, R-AuNRs/TiO2, and O-

AuNRs/TiO2 films. (b) Long-term photocatalytic H2 generation over the O-AuNRs/TiO2 film. 

 

 

 

Fig. 7. Schematic diagrams showing the proposed photocatalytic HER mechanism of the 

AuNRs/TiO2 films under (a) simulated solar light and (b) visible light irradiation. ECB is the 

minimum energy level of conduction band and EVB is the maximum energy level of valence band 

EF represents the Fermi energy level and EM field is the electromagnetic field. 
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Fig. 8. (a) UV-vis diffuse reflectance spectra, (b) photocurrent response, (c) PL spectra, and (d) 

Raman spectra of the TiO2, the R-AuNRs/TiO2, and the O-AuNRs/TiO2.  
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Fig. 9. Simulated local electromagnetic field intensity distributions of (a and b) O-AuNRs/TiO2 

and (c and d) R-AuNRs/TiO2 films in the cross section, along x−y plane (a and c) and x−z plane 

(b and d). The |𝐸𝐸|2 ∕ |𝐸𝐸0|2��������������� is the averaged electric field intensity enhancement factor between the 

AuNRs and TiO2 layer. 

 


	Graphical Abstract
	Abstract

	1. Introduction
	2. Experimental Section
	2.1. Chemicals
	2.2. Synthesis of AuNRs
	2.3. Synthesis of AuNR array
	2.4. Fabrication of TiO2 and AuNRs/TiO2 film
	2.5. Characterization of the materials
	2.6. Photocatalytic hydrogen evolution reaction (HER)
	2.7. Photoelectrochemical analysis
	2.8. Finite-difference time-domain simulations

	3. Results and discussion
	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References



