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Abstract: 19 

Plasmon-induced hot carriers have attracted intensive research attention due to their vast potential for 20 

light-triggered high-efficiency carrier generation and extraction, which can overcome the optical 21 

bandgap limit of conventional semiconductor-based optoelectronic devices. Here, we demonstrate 22 

that Au/TiO2 dumbbell nanostructures assembled on a thin Au film serve as an efficient optical 23 

absorber and hot-carrier generator in the visible region. Upon excitation of localized surface plasmons 24 

in such coupled particle-on-film nanocavities, the energetic conduction electrons in Au can be 25 

injected over the Au/TiO2 Schottky barrier and migrate to TiO2, participating in the chemical reaction 26 

occurring at the TiO2 surface. Compared with the same dumbbell nanostructures on an ITO film, the 27 

Au-film-coupled system exhibits remarkable enhancements in both photocurrent amplitude (more 28 

than one order of magnitude) and reaction rate (up to three times), which are mainly due to the 29 

plasmon resonance enhancement and near-field amplification in the presence of the Au film. The 30 

incident-wavelength-dependent photocurrent and reaction rate measurements jointly reveal that the 31 

Au-film-mediated near-field localization not only significantly facilitates more efficient electron-hole 32 

separation and transport in the coupled system but also promotes strong d-band optical transitions in 33 
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the film itself for generation of extra hot electrons. Our nanocavity system provides a new plasmonic 34 

platform for effective photoexcitation and extraction of hot carriers and also better understanding of 35 

their fundamental science and technological implications in solar energy harvesting. 36 

1. Introduction37 

Plasmon-mediated photoexcitation of hot carriers has attracted an increasing research interest due to 38 

its wide potential applications in photovoltaics,[1-3] photodetection[4-5] and photocatalysis.[6-9] Unlike 39 

photoexcited carriers in semiconductors, the hot carriers stimulated in metals exhibit favourable 40 

excitation conditions by overcoming the bandgap limitation[10-12] and can directly participant in 41 

chemical reactions through charge transfer.[13-15] However, conventional hot-carrier devices suffer 42 

from inefficient excitation and extraction since strategies are seldom adopted to simultaneously 43 

enhance the optical absorption and hot-carrier transport, which consequently generates low 44 

photocurrents. By the means of collective oscillation of the conduction electrons in metallic 45 

nanostructures, hot-carrier generation can be remarkably promoted by invoking their surface plasmon 46 

resonance (SPR), which is regarded as one of the most effective ways for hot-carrier generation and 47 

extraction. 48 

Various Au/TiO2 nanostructures have been developed as novel metal-semiconductor hybrid platforms, 49 

which have been widely used in many applications by harnessing the localized SPR induced visible-50 

light confinement and harvesting.[16-18] These nanostructures can be easily incorporated into 51 

optoelectronic devices and thus improve the visible-light responsivity. One type of such prevailing 52 

nanostructures is the Au/TiO2 core/shell configuration in which the metallic core concentrates the far-53 

field radiation into a sub-wavelength volume to locally generate plasmonic hot carriers that can 54 

subsequently transfer to the semiconducting shell. Note that the semiconductor shell also provides 55 

optical spacing,[19-20] chemical stability and electrical conductivity.[21] By varying core diameter and 56 

shell thickness, the plasmonic response of core/shell nanostructures can be flexibly tuned to meet the 57 

needs of specific applications.[22] Another interesting configuration is the Au-film/TiO2-film/Au-58 



  

3 

 

nanosphere sandwich system that has been used as a broadband visible-light absorber capable of 59 

efficiently converting the absorbed visible photon energy to plasmon-mediated photocurrent 60 

generation.[23-24] However, those subwavelength spherical nanoparticles support only one plasmon 61 

resonance mode that restricts the near-field strength amplification compared with metallic nanorods 62 

or nanocubes.[25] Besides, the critical role of the Au film in hot-carrier generation and separation when 63 

coupled with metallic nanoparticles remains unclear. Therefore, it is essential to comprehensively 64 

elucidate the plasmonic resonance properties and hot-carrier transfer mechanism in such coupled 65 

particle-on-film nanocavities. 66 

In this study, we investigate the plasmonic response of Au/TiO2-dumbbell-on-Au-film nanocavities 67 

and explore the physical mechanism of dumbbell-film coupling mediated hot-carrier generation and 68 

transfer at the two TiO2-Au interfaces. In experiment, the dumbbell-shaped Au/TiO2 nanoparticles 69 

were prepared by encapsulating the two ends of Au nanorods with TiO2 shells, which were then self-70 

assembled on two thin films, i.e. plasmonic Au and conducting ITO to form two systems with 71 

distinctively different optical and electrical properties. Optically, the Au/TiO2-dumbbell-on-Au 72 

shows a strong film-mediated near-field localization and confinement compared with its counterpart 73 

on ITO, and therefore can locally generate hot carriers under visible-light illumination; Electrically, 74 

a Schottky barrier is established between the Au nanorod and TiO2 shell to collect the hot electrons 75 

generated through non-radiative decay of the localized SPR excitation in both configurations, 76 

however, an additional Schottky barrier is electrically constructed at the TiO2/Au-film interfacial 77 

contact, allowing the extraction of hot carriers from the photoexcited d-band transitions in the Au 78 

film. Although the hot-electron injections from the Au nanorod and the Au film to the TiO2 shell in 79 

the coupled system apparently counter each other with reversed current direction, both sources of hot 80 

electrons facilitate the photocatalytic reaction at the TiO2 shell surface, as manifested by an 81 

extraordinary performance in the dye decomposition experiment. 82 

 83 
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2. Results and discussion 84 

2.1 Morphology characterization and working principle 85 

 86 

Figure 1. (a) TEM graph of a Au/TiO2 dumbbell-shaped nanostructure captured at magnification of 50000X. (b, c) 87 

SEM images of Au/TiO2 dumbbell nanostructures deposited on an ITO glass (b) and a thin Au film (c). (d) Pictorial 88 

sketch of the hot-carrier generation in a Au/TiO2-dumbbell-on-Au-film nanocavity through both localized SPR 89 

excitation and d-band transitions. (e) Schematic band diagram for a Au/TiO2-dumbbell-on-Au-film nanocavity, 90 

illustrating the pathways of hot-carrier excitation and injection. The work function of Au, Au = 5.1 eV, and affinity 91 

of TiO2,  = 4.2 eV, are indicated in the band digram. 92 

We first introduce the Au/TiO2 dumbbell-shaped nanostructures used in our study and discuss how 93 

to make uniform deposition of such nanostructures on substrates. The dumbbell nanostructures were 94 

synthesized with a wet-chemistry method[26] in which anisotropic TiO2 shells were selectively grown 95 

at the two ends of Au nanorods by controlling the density of the surfactant – DTAB on the rod surface. 96 

The TEM graph in Figure 1(a) depicts a single Au/TiO2 dumbbell nanoparticle prepared with our 97 

method, and the average size of Au nanorods is estimated to be 78 nm in length and 23 nm in diameter 98 
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(see Figure S1a-b for detailed statistics) and the average thickness of TiO2 shells is about 31 nm (see 99 

Figure S1c). To obtain uniform deposition of Au/TiO2 dumbbells on the two substrates, i.e. a thin Au 100 

film and an ITO glass, we carefully adjusted the speed of spin-coating to precisely control the surface 101 

density of deposited Au/TiO2 dumbbells,[27] which can prevent unwanted nanoparticle-aggregation-102 

induced plasmon coupling.[28] The TEM images shown in Figure 1(b) and (c) confirm uniform 103 

deposition of Au/TiO2 dumbbells on both Au film and ITO glass, exhibiting better dispersion than 104 

that prepared with simple drop-casting (see Figure S2 for uniformity comparison of the two methods). 105 

In the context of plasmon-assisted visible-light-driven photocatalysis, the Au/TiO2 dumbbell 106 

nanostructures outperform Au@TiO2 core-shell nanostructures due to efficient spatial separation of 107 

electron/hole pairs. The carrier generation and transport processes in the Au/TiO2/Au nanocavity 108 

system are more interesting, as schematically illustrated in Figure 1d and physically described by the 109 

band diagram in Figure 1(e). For comparison, the band diagram for the Au/TiO2/ITO system is shown 110 

in Figure S3. Specifically, hot carriers can be generated only through localized SPR excitation in the 111 

Au nanorod in the Au/TiO2/ITO system; however, both localized SPR excitation in the Au nanorod 112 

and direct optical excitation of d-band transitions in the Au film can induce hot carriers in the 113 

Au/TiO2/Au system as schematically illustrated in Figure 1(d). The dual-channel carrier generation 114 

mechanism associated with the Au/TiO2/Au system leads to an intriguing carrier transport process. 115 

The two Au/TiO2 Schottky junctions electrically established at the interfacial contact allow for 116 

injection of hot electrons to the conduction band of TiO2 through two pathways with opposite 117 

photocurrent direction: 1) the hot electrons induced by the nonradiative plasmon damping in the Au 118 

nanorod can be injected into the TiO2 shell,[29-31] which dominates the photocurrent generation of the 119 

whole system; 2) the Au film has optical d-band transitions at around 500 nm,[32,33] which also enables 120 

the migration of hot electrons to the TiO2 conduction band. Such dual-channel hot-electron injection 121 

are illustrated in the proposed band diagram in Figure 1(e). In the following, we will experimentally 122 
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reveal the proposed hot carrier transport mechanism in the coupled plasmonic particle-on-film 123 

nanocavities by investigating their optical response and wavelength-dependent photocurrent. 124 

2.2 Optical characterization 125 

126 

Figure 2. The optical response of Au/TiO2 dumbbells on an ITO glass and on a thin Au film. (a) Extinction spectra of the 127 

Au/TiO2 dumbbells on the ITO glass (black curve) and on the Au film (red curve) measured with a microscope system 128 

equipped with a 10X objective lens. (b, c) Optical dark-field microscope images of the Au/TiO2 dumbbells on the ITO 129 

glass (b) and on the Au film (c). The dark-field images were obtained with the same microscope system with a 50X 130 

objective lens. 131 

The optical properties of the Au/TiO2/Au and Au/TiO2/ITO systems were characterized by an optical 132 

microscope system (Olympus BX-51). The extinction of the two systems are defined as 1- R - T, 133 

where T is the transmittance of the systems and R is the reflectance. Since the Au film was sputtered 134 

on an opaque silicon wafer with zero transmittance, the extinction in the Au-film-coupled system is 135 

defined as 1 - R. By subtracting the background extinction of both ITO and Au film, we can extract 136 

the pure extinction of the Au/TiO2 dumbbells on both substrates to compare their optical responses. 137 

When the Au/TiO2 dumbbells are placed on a substrate, the anisotropic TiO2 shells isolate the Au 138 

nanorods from the substrate, creating non-contact plasmonic nanocavities. The extinction of the 139 

Au/TiO2 dumbbells assembled on the ITO glass has two distinct peaks at 560 and 820 nm, 140 
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corresponding to the transverse and longitudinal localized SPR resonance modes of the Au nanorods, 141 

respectively. In comparison, the dumbbells on the thin Au film show two peaks at 560 and 800 nm, 142 

with the longitudinal one narrower than that of the dumbbells on ITO. For the Au/TiO2/ITO system, 143 

the full-width at half maximum (FWHM) of the longitudinal resonance is estimated to be ~160 nm, 144 

while it shrinks to ~130 nm for the Au/TiO2/Au system. This is consistent with our pervious 145 

observation that a thin Au film can modulate the localized SPR mode of metallic nanoparticles on 146 

top, resulting in resonance linewidth shrinking.[34-35] Besides, it is also worthwhile to note that, in the 147 

Au/TiO2/Au system, larger incidence angle associated with the 50X objective lens used in our 148 

experiment can enhance the extinction intensity at 560 nm, becoming comparable to the long-149 

wavelength extinction peak (Figure S4). This observation is in good agreement with the dark-field 150 

images shown in Figure 2(b) and (c), where the Au/TiO2 dumbbells appear reddish on the ITO film 151 

while greenish on the Au film, suggesting that the Au/TiO2 dumbbells on ITO has a far-field 152 

scattering radiation dominated in the long-wavelength region and the short-wavelength scattering is 153 

enhanced when coupled to the Au film. The detailed optical responses of the two systems will be 154 

discussed later in connection with FDTD simulation results. 155 

Compared to the ITO substrate system, the Au-film-coupled nanocavity provides an extra advantage 156 

associated with its unique configuration. In the long-wavelength region (>750 nm), the Au film has 157 

very high reflectance (~90%) (Figure S5), and thus it can serve as a rear mirror to reflect the incident 158 

light, further enhancing the extinction intensity of the Au/TiO2 dumbbells as shown in Figure 2(a). 159 

While in the short-wavelength region (<600 nm), the reflectance is lowered due to the increased 160 

photon absorption by the Au film itself, which is originated from the optical d-band transitions under 161 

excitation by high-energy photons. 162 

 163 

 164 

 165 
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2.3 Electromagnetic Simulation 166 

 167 

Figure 3. Simulated extinction spectra of a Au/TiO2 dumbbell nanoparticle with experimentally determined 168 

geometrical dimensions on a 100 nm thick Au film (red lines) and on a semi-infinite ITO substrate (black lines): (a) 169 

the incident E-field is parallel to the x-axis (i.e. the long axis of the dumbbell) and (b) parallel to the y-axis (i.e. the 170 

short axis of the dumbbell) both under normal incidence; (c) the incident E-field is parallel to the z-axis (i.e. the 171 

short axis of the dumbbell under horizontal incidence). Each inset shows corresponding excitation configuration and 172 

simulated electric near-field distribution profiles at the resonance wavelengths as labelled by the arrows. (d) 173 

Simulated extinction spectra for randomly distributed Au/TiO2 dumbbell nanoparticles on both substrates. 174 

To have a comprehensive understanding on the optical response of the present structures and look 175 

deep into the resonance modes sustained by the two systems, we use the finite-difference-time-176 

domain method implemented in the platform of Lumerical FDTD Solutions to investigate their 177 

extinction response and electric near-field distribution profile. On the one hand, the longitudinal and 178 

transverse resonance modes of the two systems are respectively studied in Figure 3(a) and (b), where 179 

the incident E-field is parallel to the long axis of the rod in Figure 3(a) and the short axis of the rod 180 

in Figure 3(b), both under normal incidence. The simulated extinction spectra for both systems show 181 
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two resonance modes, one long-wavelength peak at ~800 nm and the other short-wavelength peak at 182 

~530 nm, which are ascribed to the longitudinal and transverse localized SPR of the Au/TiO2 183 

dumbbell, respectively. Compared to the Au/TiO2 dumbbell on the ITO substrate, the longitudinal 184 

localized SPR of the Au-film-coupled nanocavity exhibits a linewidth shrinking: the FWHM of the 185 

800 nm resonance peak is ~30 nm for the ITO-supporting system while it shrinks to ~19 nm for the 186 

Au-film-coupled system, a signature of plasmonic coupling between the Au/TiO2 dumbbell and the 187 

Au film underneath. More importantly, we observe that the extinction intensity of the two resonance 188 

modes in the Au-film-coupled nanocavities are enhanced by 3-4 times compared to that for the 189 

Au/TiO2 dumbbells on ITO, which is because the plasmonic coupling between the Au/TiO2 dumbbell 190 

and the Au film underneath contributes an extra photon absorption channel. 191 

Since in our experiment the two systems were illuminated with a focused white light beam by a 50X 192 

objective, consisting of a significant out-of-plane electric-field component (i.e., parallel to the z-axis), 193 

here we also simulate the extinction spectra for the two systems with field polarization along the z-194 

axis and light propagation along the x-axis, with results shown in Figure 3(c). Similar to the 195 

observation in Figure 3(b), a remarkable extinction enhancement is found at the short-wavelength 196 

peak for the Au-film-coupled nanocavity system. Let us analyse these three illumination cases as 197 

illustrated in Figure 3(a-c). In Figure 3(a), the E-field is along the x-axis of the rod when the light is 198 

normal incident at the sample surface. This field component can effectively excite the longitudinal 199 

localized SPR mode (~800 nm). As the incident angle increases in the x-z plane, the E-field can be 200 

decomposed into two components, one along the x-axis and the other along the z-axis. In an extreme 201 

case (i.e. incident angle 90o), the E-field is totally along the z-axis (see Figure 3(c)). On contrary, the 202 

E-field in Figure 3(b) is always along the y-axis, which is independent on the incident angle. The z- 203 

and y-axis E-field components can excite the same resonance mode (i.e. the transvers localized SPR 204 

mode at ~530 nm). In our experiment, the unpolarised illumination has all three cases. When the 205 

incident angle becomes larger, the E-field z-axis component increases as described above while the 206 

y-axis component preserves. Therefore, the extinction intensity at 560 nm can be enhanced at larger 207 
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incidence angles. Such far-field extinction enhancement is consistent with the simulated near-field 208 

results. As can be seen from the near-field distribution profiles in the insets of Figure 3(a) and (b), 209 

the near-field strength in the Au-film-coupled nanocavity is increased in magnitude and the field 210 

localization is stronger than the Au/TiO2/ITO system. 211 

After understanding those localized SPR modes in the two systems under specific excitation 212 

conditions, we construct a general model to simulate the extinction spectra of the Au/TiO2 nano-213 

dumbbells randomly distributed on the thin Au film and on ITO substrate, mimicking the exact 214 

experimental situation. The simulated extinction spectra for the two systems are shown in Figure 3(d), 215 

which agree well with the experimental results in Figure 2a (see Figure S6 for direct comparison), in 216 

terms of both peak position and extinction intensity. This agreement further confirms that both 217 

longitudinal and transverse localized SPR modes contribute to the total optical absorbance of the Au-218 

film-coupled nanocavities. Note that spectral modulation of localized SPR modes has important 219 

implications in efficient hot-carrier generation and extraction. Since the non-radiative damping of 220 

localized surface plasmons is believed to result in hot-carrier generation, the near-field strength and 221 

distribution associated with the relevant plasmon modes would be crucial. Therefore, the Au-film-222 

coupled nanocavity system is expected to have a much higher efficiency in generating plasmon-223 

decay-induced hot carriers. In the coming paragraph, we will further discuss the hot-carrier generation 224 

behaviour in connection with the above-shown optical characterization and simulation results. 225 

 226 

 227 

 228 

 229 

 230 

 231 
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2.4 Photocurrent response over the visible-light region 232 

 233 

Figure 4. Wavelength-dependent photocurrent response of the Au/TiO2/Au nanocavity and Au/TiO2/ITO systems. 234 

(a) Sketch of the IPCE measurement setup used in our experiment. Here the plasmon-induced electron-hole pairs 235 

separate and the hot electrons transport from working electrode (WE) to counter electrode (CE). Satuarated 236 

Hg/Hg2Cl2 was used as reference electrode (RE).  (b) Comparison of measured photocurrent under 800 nm (black: 237 

Au/TiO2/Au, red: Au/TiO2/ITO) and 560 nm (blue: Au/TiO2/Au, magenta: Au/TiO2/ITO) illumination. (c, d) 238 

Measured IPCE for the Au/TiO2/ITO system (c) and the Au/TiO2/Au nanocavity system (d), in comparison along 239 

with their corresponding extinction spectra. The error bars are standard deviation of three times measurements. 240 

The photocurrent generation and transport in the two systems were measured with a three-electrode 241 

potentiostatic setup as shown in Figure 4(a). The nanoparticle density on the Au film and on the ITO 242 

substrate were inspected by our optical dark-field microscope system prior to photocurrent 243 

measurements. In Figure 4(a), the two plasmonic systems are respectively connected as working 244 

electrode in the measurement setup under illumination with a monochromatic light source. A Pt wire 245 

and saturated calomel (Hg/Hg2Cl2) serve as counter electrode and reference electrode, respectively, 246 

and the whole setup works in Na2SO4 electrolyte with 10% v/v methanol as sacrificial reagent.[36] 247 
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Based on the extinction peaks observed in Figure 2(a), we first study the photocurrent response of 248 

each plasmonic system under 560 and 800 nm illumination, respectively. The photocurrent results 249 

shown in Figure 4(b) suggest that the Au/TiO2/Au nanocavity system has a remarkable photocurrent 250 

enhancement (more than ten-folds) compared to its counterpart, i.e. Au/TiO2/ITO under both incident 251 

wavelengths at the same power. When the incident light is off, both plasmonic systems show 252 

negligible photocurrent, indicating little contribution of dark current in our setup. 253 

To have a comprehensive comparison and depict the relative strength of photocurrent response of the 254 

two plasmonic systems, here we introduce the incident photon-to-electron conversion efficiency 255 

(IPCE), which is defined as: 256 

 
%100

nm

1240
IPCE

in

m 
P

I


                                                  (1) 257 

where Im (Pin) refers to the measured photocurrent density (incident light power density). The results 258 

in Figure 4(c) and (d) show that the wavelength-dependent IPCE for both systems follows the same 259 

trend as their extinction spectrum. To be specific, two IPCE peaks for the Au/TiO2/ITO system are 260 

found at 560 and 800 nm as shown in Figure 4(c), which matches well with its extinction spectrum. 261 

To verify that the measured photocurrent is entirely from the localized SPR excitation of the Au/TiO2 262 

dumbbells, we measured a bare ITO substrate under the same illumination condition. As expected, 263 

no photocurrent was observed over the incident wavelength region, which corroborates that the 264 

photocurrent observed in our experiment is solely from the localized SPR excitation of the Au/TiO2 265 

dumbbells. Similarly, the IPCE curve for the Au/TiO2/Au nanocavity system shown in Figure 4(d) is 266 

also found to have two peaks located at 560 and 800 nm, again in good agreement with its extinction 267 

spectrum. However, the two peaks show different IPCE magnitudes where the hot-carrier excitation 268 

in the long wavelength region is more efficient, consistent with their extinction intensity contrast. 269 

Remarkably, the IPCE values obtained for the Au/TiO2/Au nanocavity system are nearly 15-fold 270 

larger than that for the Au/TiO2/ITO at the same illumination wavelength of the same power. To 271 

explain this difference, we analyse the spatial distribution of electric near-field at the resonant 272 
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wavelengths observed in Figure 3(a) and (b), because it has been pointed out that the optical response 273 

such as field distribution, magnitude and localization in a plasmonic system is of critical importance 274 

for hot-carrier excitation and carrier transport.[8,37] In fact, the Schottky barrier height of the Au/TiO2 275 

junction is calculated to be ~0.9 eV as shown in the band diagram in Figure 1(e). Therefore, the hot-276 

electron injection through plasmon damping is feasible for the whole excitation spectrum (580-860 277 

nm). From the simulated field distribution profiles, we can see the following merits upon introducing 278 

the Au film in comparison with the ITO film. Firstly, the strength of electric near-field is significantly 279 

enhanced due to the near-field coupling between the dumbbell and the Au film, which ultimately 280 

results in a higher hot-carrier generation over the whole incidence spectrum. Secondly, the near-field 281 

distribution is much concentrated at the two ends of the dumbbell atop the Au film compared to the 282 

ITO glass, particularly at the long-wavelength peak, which dramatically increases the probability of 283 

the hot-electron injection into the nearby TiO2 shell. Finally, the Au film servers as a rear reflector 284 

that allows the Au/TiO2 dumbbell to collect more excitation photons by its localized SPR modes. 285 

2.5 Carrier transport  286 

In section 2.1, we have proposed that the Au/TiO2/Au system generates hot carriers in dual channels. 287 

To verify this, we have fully exanimated the photocurrent generated in the Au/TiO2/Au system. The 288 

short-wavelength photon illumination (500<<560 nm) induces no significant photocurrent (Figure 289 

S7) in the bare Au film due to inefficient hot-carrier collection without the presence of Schottky 290 

barrier. When pristine TiO2 nanoparticles of 30 nm diameter are deposited on the Au film (TiO2/Au), 291 

surprisingly, the system shows a negative photocurrent when the device is excited at the short-292 

wavelength region (500<<560 nm, see Figure S7), indicating that the current flow direction is 293 

reversed compared to the localized-SPR-induced photocurrent. This could be understood by 294 

investigating the optical property of the Au film: the reflection spectrum shown in Figure S5 indicates 295 

that the Au film has an increased extinction in the short-wavelength region (<580 nm), which is due 296 

to the optical transitions of electrons from the d-band to sp-band of Au. The photoexcited electrons 297 
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in the sp-band have a higher energy level than the TiO2 conduction band,[38] thus the electron injection 298 

from the Au film to the TiO2 shell is allowed. However, previous studies have suggested that the 299 

excited d-band electrons in a Au nanorod can non-radiatively decay into its localized SPR band, 300 

providing an extra channel for the relaxation of the excited d-band electrons.[39] Note that the hot 301 

carrier generation is also sensitive to structure geometry, particularly for Au nanostructures with 302 

dimensions or Au films with thickness smaller than 10 nm.[40]  By considering the whole Au/TiO2/Au 303 

system, it is obvious that hot electrons generated by the localized surface plasmons in the Au nanorod 304 

and by the optical d-band transitions in the Au film are both injected into the TiO2 conduction band, 305 

yet in opposite directions. Although the reversed current direction weakens the measured IPCE 306 

magnitude, such dual-channel injection of hot electrons into the TiO2 conduction band make the 307 

Au/TiO2/Au system an excellent plasmonic photocatalysis platform since photocatalytic reactions 308 

take places at the TiO2 surface.[41] 309 

2.6 Photocatalytic organic decomposition 310 

 311 
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Figure 5. Photocatalytic decomposition of Methylene blue (MB) in a microfluidic device. (a) Sketch of microfluidic 312 

device for the MB decomposition experiment: The Au/TiO2/ITO and Au/TiO2/Au systems are respectively 313 

assembled in the device with a small cavity for flowing of MB. (b) Measured MB decomposition rate for the 314 

Au/TiO2/ITO-based device (black curve) and the Au/TiO2/Au-based device (red curve) both under >550 nm 315 

illumination. Insert shows the same data in logarithm scale. (c) Measured extinction spectra of the MB solution 316 

flowing through the two devices at flow rate of 10 μLmin-1 under different illumination spectra. (d) Extracted MB 317 

decomposition rate for the two devices under different illumination spectra. 318 

To prove the Au/TiO2/Au system exhibiting better photocatalytic activity over the visible light region, 319 

we perform a methylene blue (MB) decomposition experiment in a microfluidic device. The Au/TiO2 320 

nano-dumbbells on the ITO substrate and the thin Au film with similar nanoparticle density are 321 

respectively assembled inside two microfluidic devices covered with PDMS. In each device, a small 322 

cavity with 0.2 mm height is used as a flow pathway as shown in Figure 5(a). In the MB 323 

decomposition experiment, we used four long-pass filters to observe the decomposition rate as a 324 

function of illumination spectrum. As can be seen from Figure 5(b), under the visible-light 325 

illumination (filter >550 nm), the MB solution in the Au/TiO2/Au-based system exhibits a higher 326 

decomposition efficiency than the Au/TiO2/ITO-based system under varied flow rate. At the slowest 327 

flow rate (5 µLmin-1), the Au/TiO2/Au-based device reaches a decomposition rate C/Co equal to 0.26. 328 

The logarithm-scale plot of the measured decomposition rate shows a linear relationship to the 329 

inversed flow rate, demonstrating that the photocatalytic decomposition of MB follows a first-order 330 

kinetics.[42] Here decomposition of MB is initiated by the generation of hydroxyl radical (OH•) and 331 

superoxide radical (O2
•-).[43] When the Au/TiO2/Au-based device is under visible-light illumination, 332 

no electron-hole pair is excited in TiO2 (band gap ~3.2 eV). Therefore, we consider the radical 333 

generation originated from the excitation of hot carriers induced in the plasmonic nanocavities. The 334 

hot electrons generated from both d-band transitions and localized SPR excitation are injected to the 335 

conduction band of TiO2 to produce O2
•- radicals. On the other hand, the OH• radicals are produced 336 

on the surface on both Au film and Au nanorods, where the hot holes with sufficient negative energy 337 

take part in the oxidization reaction.[44] The radical generation pathways are summarized below: 338 

through the localized SPR-induced hot-carrier pathway: 339 
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hv + Au/TiO2 dumbbell  (h+)Au / (e-)TiO2 340 

(h+)Au + H2O  OH• + Au 341 

(e-)TiO2 + O2  TiO2 + O2
•- 342 

through the d-band transition induced hot-carrier pathway: 343 

hv + TiO2/Au film  (e-)TiO2 / (h
+)Au 344 

(h+)Au + H2O  OH• + Au 345 

(e-)TiO2 + O2  TiO2 + O2
•- 346 

From the pathways described above, we can see that both Au nanorods and Au film act as photoanode 347 

where the hot holes induce the formation of OH• radicals while the TiO2 shell acts as photocathode 348 

where the hot electrons induce the formation of O2
•- radicals. The photocatalytic performance of both 349 

systems can be understood by the aforementioned spectrum-dependent analysis, which indicates that 350 

the MB concentration continuously decreases with increasing the illumination spectral range as 351 

shown in Figure 5(c). We also observe that the Au/TiO2/Au-based device is more active in the short-352 

wavelength region than the Au/TiO2/ITO-based device. Such comparison further confirms the dual-353 

channel hot-carrier generation in the former device. In the long-wavelength region (filter >590 nm), 354 

the MB decomposition mostly relies on the electron-pair generated by the longitudinal localized SPR 355 

of the Au/TiO2 nano-dumbbells; However, in the short wavelength region (filter >550 nm), the 356 

decomposition is also facilitated by the optical transitions of d-band electrons in the Au film (although 357 

the decomposition is mainly contributed by the plasmon-induced hot electrons). As the illumination 358 

spectrum contains more short-wavelength photons (filters >495 nm and >450 nm), more electrons 359 

from the d-band transitions are injected to TiO2, consistent with the strong absorption of Au at about 360 

500 nm, which accelerates the MB decomposition in the short-wavelength region. 361 

To further confirm the visible-light-driven photocatalytic decomposition of MB is resulted from the 362 

plasmonic hot carriers, we have conducted a set of control experiments by illuminating the same 363 

microfluidic devices without the deposition of Au/TiO2 dumbbells. The results in Figure S10 clearly 364 
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show that in the absence of Au/TiO2 dumbbells, the MB decomposition is not significant and has no 365 

wavelength dependence. The wavelength-dependent action spectra shown in Figure S11 also depicts 366 

the photocatalytic performance of the two devices. For the Au/TiO2/ITO-based device, the apparent 367 

quantum yield (AQE) well matches the corresponding IPCE and extinction spectrum, with two peaks 368 

located at the two localized SPR bands (~560 and 800 nm). In contrast, the AQE for the Au/TiO2/Au-369 

based device is substantially higher than that for the Au/TiO2/ITO-based device (~3 times 370 

enhancement), and it also follows the extinction and IPCE spectra in the long-wavelength region 371 

(>700 nm). In the short-wavelength region (<550 nm), the AQE for the Au/TiO2/Au-based device 372 

slight deviates from the extinction and IPCE spectra. This observation is coherent with the spectrum-373 

dependent analysis and the electron injection model proposed earlier: The photocurrent induced by 374 

the optical d-band transitions has a reversed direction to the plasmon-induced photocurrent, but in the 375 

photocatalytic decomposition experiment the hot electrons generated through both the d-band 376 

transitions and the localized SPR excitations simultaneously participant in the reactions. 377 

3. Conclusion 378 

In this work, we have synthesized Au/TiO2 dumbbell nanoparticles in wet-chemistry environment 379 

and uniformly deposited the nano-dumbbells on ITO substrate and a thin Au film. With the aid of 380 

optical characterization and electromagnetic simulation, we show that the Au-film-coupled Au/TiO2 381 

dumbbells form plasmonic nanocavities with strong near-field localization and enhancement, which 382 

ultimately contributes to improved photocurrent generation and photocatalytic decomposition rate. 383 

Distinctly different from the ITO substrate based device, the Au-film-coupled dumbbells electrically 384 

form two Schottky junctions for plasmonic hot-carrier injection. Plasmon-induced hot carriers in the 385 

Au/TiO2 dumbbell and the d-band transition induced hot carriers in the Au film simultaneously 386 

migrate through junction barrier and transport to the conduction band of TiO2, resulting in 387 

photocurrents in opposite directions. Wavelength-dependent IPCE measurements and organic 388 

decomposition experiments furtherly verify that the Au/TiO2 dumbbells assembled on the thin Au 389 
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film is more efficient in hot-carrier generation and collection. Although the d-band transitions 390 

contribute a reversed photocurrent that counters the localized SRP induced photocurrent, the electron 391 

injection serves as an additional channel that enhances the photocatalysis performance. Our study is 392 

beneficial to the basic understanding of plasmon-induced hot carriers and provides a new platform 393 

for high-efficiency hot-carrier generation and extraction. 394 

4. Experimental section  395 

Materials: Hexadecyltrimethylammonium bromide (CTAB >99%), Dodecyltrimethylammonium 396 

bromide (DTAB, >98%), Tetrachloroauric (III) acid (HAuCl4), Sodium borohydride (NaBH4 >99%), 397 

Silver nitrate (AgNO3 >99%), Hydrochloric acid (HCl 1M), Ascorbic acid (AA >99%), Sodium 398 

bicarbonate (NaHCO3 >99%), Titanium (III) chloride solution (TiCl3, 15-20%, in 30% HCl solution), 399 

Methanol (CH3OH >99%)and Sodium Sulphate (Na2SO4 >99%). All materials were brought from 400 

Sigma without further purification. 401 

Synthesis of Au nanorods: Au nanorods were synthesized by a seed-medicated wet-chemistry method. 402 

A seed solution was prepared by mixing 9.75 mL CTAB (0.1 M) with 250 µL HAuCl4 (10 mM), and 403 

600 µL ice-cold NaBH4 (10 mM) was then quickly added to the mixture. The resultant mixture was 404 

kept until the solution turned brownish, and then left undisturbed for 2 h. To prepare the growth 405 

solution, 42.5 mL CTAB (0.1 M) was added with 400 µL AgNO3 (10 mM), 800 µL HCl (1 M) and 406 

320 µL AA (1 M), followed by a rapid mixing until it turns to colourless. Finally, 150 µL as-prepared 407 

seed solution was added into the growth solution, with the final mixture left undisturbed overnight 408 

before further usage. 409 

Synthesis of TiO2/Au dumbbell nanoparticles: The synthesis procedures for Au/TiO2 dumbbell 410 

nanoparticles follow the method reported by Wu et al.[26] 10 mL as-prepared Au nanorod solution 411 

was centrifuged twice (5500 rpm) and then re-dispersed into 2 mL DTAB (0.2 M) and 7.6 mL DI 412 

water. The resultant solution was left at room temperature for 1 h to allow uniform absorption of 413 

DTAB on the Au nanorods. The growth of anisotropic TiO2 shells was initiated by TiCl3 hydrolysis. 414 
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Typically, 400 µL TiCl3 (15-20% TiCl3 in 30% HCl) was diluted into 8 mL DI water and NaHCO3 415 

(1 M) was then added to adjust the solution pH value. The resultant TiO2 shell thickness depends on 416 

the environment pH value. Adding 5 mL NaHCO3 (1 M) turned the TiCl3 solution into dark-blue and 417 

resulted in about 20-30 nm thick TiO2 shells at the tips of Au nanorods. The as-prepared Au nanorod 418 

solution was immediately added into the dark-blue TiCl3 solution and the mixture was kept under 419 

stirring for 15 min. To wash the unreacted titania precursor, the resultant Au/TiO2 dumbbell solution 420 

was centrifuged twice (4500 rpm) then and then re-dispersed into 10 mL ethanol for further usage. 421 

Spin-coating of Au/TiO2 dumbbells on ITO and Au film: 400 µL concentrated Au/TiO2 dumbbell 422 

solution was under sonication for 45 min and then dropped onto an ITO glass or a thin Au film 423 

(substrate size: 1 cm x 1.5 cm). After keeping the samples for 2 min to further increase the particle 424 

concentration, spin-coating at 2300 rpm was run for 20 s for the ITO substrate and at 1500 rpm for 425 

10 s for the Au film sample. 426 

Material characterization: 427 

Electron microscope characterization: The geometry of Au/TiO2 dumbbell nanoparticles was 428 

characterized by transmission electron microscope (JEOL-2011) working at 20 kV. The particle 429 

density of two plasmonic systems (Au/TiO2/ITO and Au/TiO2/Au) were inspected by scanning 430 

electron microscope (JEOL JSM-6335F) working at 12 kV. 431 

Extinction characterization: Extinction spectra were obtained by reflectance (R) and transmittance (T) 432 

measurements in an optical microscope system (Olympics BX-150) equipped with 10X (N.A. 0.3) 433 

and 50 X objective (N.A. 0.5). Extinction spectra of Au/TiO2 dumbbells were calculated as 1RT 434 

for the ITO sample and as 1R for the Au film sample. 435 

Incident photon-to-electron conversion efficiency (IPCE) measurements: The Au/TiO2/ITO and 436 

Au/TiO2/Au plasmonic systems were spin-coated with Nafion solution (5% v/v). Each system was 437 

then connected as working electrode in a three-electrode potentiostatic system with a Pt plate as 438 

counter electrode and Hg/Hg2Cl2 in saturated 4M KCl as reference electrode. All electrodes were 439 

immersed into 1M Na2SO4 solution with addition of 10% v/v methanol severing as sacrificial reagent. 440 
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Prior to light illumination, the electrolyte solution was purged with N2 for 15 min. The working 441 

electrode was the illuminated through a quartz window with a 150 W Xeon lamp source that had a 442 

cut-off wavelength at 420 nm by a long-pass filter. For wavelength-dependent IPCE measurements, 443 

15 band-pass filters with 15 nm bandwidth were used for spectral selection with centre wavelengths 444 

at 500 nm, 530 nm, 560 nm, 600 nm, 620 nm, 640 nm, 680 nm, 720 nm, 740 nm, 760 nm, 780 nm, 445 

800 nm, 820 nm, 840 nm and 860 nm. Incident power was measured by a hand-held power meter 446 

(Thorlabs PM100). 447 

Methylene blue (MB) decomposition: The Au/TiO2/ITO and Au/TiO2/Au plasmonic systems were 448 

respectively assembled inside a PDMS-covered microfluidic reactor. In the reactor, the Au/TiO2 film 449 

was illuminated through the transparent PDMS cover while the MB solution (10-3 mM) passes 450 

through the microcavity of the reactor. To control the flow rate, a steady syringe pump was equipped 451 

in the microfluidic system, allowing four flow rates at 5, 10, 15 and 20 µL min-1. Prior to light 452 

illumination, dark absorption was conducted when MB flowing at constant rate (5μL min-1) for 15 453 

min. After the dark absorption, the whole microfluidic device was illuminated by a 150 W Xeon lamp, 454 

and the illumination spectrum was selected by inserting four long-pass filters (>450 nm, >495 nm, 455 

>545 nm and >595 nm). Finally, the MB decomposition rate was characterized by measuring its 456 

concentration using a UV-Vis spectrometer with water as reference sample (Shimadzu Scientific 457 

Instruments, UV2550). 458 

Supporting Information  459 
 460 

Supporting Information is available from the Wiley Online Library or from the author. 461 
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S1. Statistics on the dimensions of Au nanorods and Au/TiO2 nanoparticles: 570 

 571 

 572 
        573 

 574 

 575 
Figure S1. Histogram statistics of the physical dimensions of Au nanorods and Au/TiO2 dumbbells: (a) the 576 

longitudinal length and (b) the diameter of the Au nanorods, and (c) the thickness of TiO2 shells. 577 

 578 
S2. Au/TiO2 deposition by drop-casting and spin-coating 579 
 580 

 581 
 582 

Figure S2. Au/TiO2 dumbbell nanoparticles deposited on Au film with (a) drop-casting and (b) spin-coating. 583 

 584 

S3. Schematic band diagram of a Au/TiO2/ITO system 585 
 586 

 587 

𝑥̅=77.8 nm 𝑥̅=24.20 nm 𝑥̅=31.1 nm 
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S4. Extinction spectra of Au/TiO2 dumbbell nanoparticles on ITO substrate and Au film 588 

 589 

 590 
 591 

Figure S4. Measured extinction spectra of Au/TiO2 dumbbells on an ITO glass (black) and on a thin Au film (red) 592 

using a microscope system equipped with a 50X objective. 593 

 594 

S5. Reflectance of the Au/TiO2/Au system and a bare Au film 595 

 596 

 597 
 598 

Figure S5. Measured reflectance spectra of the Au/TiO2/Au system (red line) and a thin Au film (black line). 599 

 600 

S6. Comparison of measured and FDTD-simulated extinction spectra 601 
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 602 

Figure S6. Comparison of FDTD-calculated extinction spectra (blue) and experimental extinction spectra obtained 603 

with a 10 X objective (black) for the Au/TiO2/ITO system (a) and the Au/TiO2/Au system (b). 604 

 605 

S7. Photocurrent for the TiO2/Au system and a bare Au film 606 

 607 

 608 
Figure S7. Measured photocurrent for a TiO2/Au system (a) and a bare Au film (b) under illumination with 609 

monochromatic light at the same condition as described in Experiment Section. 610 

 611 

S8. Particle density inspection after MB decomposition experiment 612 

 613 

 614 
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 615 
Figure S8. SEM images of Au/TiO2 dumbbells on a thin Au film (a) and on an ITO glass (b), both captured after 616 

the MB decomposition experiment with flow rate of 10 μL min-1. 617 

 618 

S9. Redox partial reactions on working electrode (WE) and counter electrode (CE) 619 

 620 
Photoanode: Au/TiO2/ITO and Au/TiO2/Au plasmonic systems 621 

Methanol (CH3OH) is oxidized by holes (h+) generated on the Au nanorod surafce. The reaction 622 

follows the following pathway: 623 

h+ + CH3OH + H2O→ CO2 + 6H+ + 6e- 624 
 625 

Photocathode: Pt plate  626 

Protons are reduced by electons in the following pathway: 627 

e- + H+→ H2 628 

 629 

S10. Illumination spectrum-dependent MB decomposition rate 630 

 631 

 632 

Figure S10. Measured illumination spectra-dependent MB decomposition rate. The black and red curves are the 633 

measured decomposition rates for a bare ITO and a bare Au film, respectively. The blue and magenta lines are the 634 

results for the Au/TiO2 dumbbells on an ITO glass and on a thin Au film, respectively. All measurements were 635 

conducted at a constant flow rate of 10 μL min-1. 636 

 637 

S11. Action spectra of MB decomposition  638 
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 639 

Figure S11. Comparison between action spectra and extinction spectra (obtained with a 10X objective) for the 640 

Au/TiO2/ITO system (a) and the Au/TiO2/Au system (b). The flow rate was kept at constant of 10 μL min-1. 641 




