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ABSTRACT: 

This paper reports the synergetic effects of UV and visible light irradiation on the photocatalytic 

activity of well-defined nanostructures composed of TiO2 films and Au nanoparticles. New insights 

into the electronic as well as the chemical processes that drive water decomposition were obtained 

by varying the position of the NPs on top and at different depths inside the semiconductor film. 

This work highlights a synergetic effect of UV and visible light on the photocatalytic activity of all 

the Au containing structures: hydrogen produced under UV+Vis shows an 100 % enhancement 

compared to the net production obtained only under UV or vis light. The systems where Au NPs 

are embedded in the TiO2 outperform the one where NPs are positioned on the surface, indicating 

that water-splitting reaction occurs primarily on the TiO2 surface rather than on the metal. 

Photocurrent and photocatalytic activity measurements under UV (353–403 nm), visible (400–

1100 nm) and UV+Vis (300–1100 nm) light, revealed the synergetic contribution of UV and Vis. 

Indeed, the plasmonic Au NPs create an intense oscillating electric field at the Au 

NPs/semiconductor interface (visible light contribution); this mechanism coupled with the 
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Schottky barrier formation generates hot electrons resulting in better photo-excited charge 

separation. In addition, contrary to what is generally assumed, charges injection by the plasmon 

from the metal into the semiconductor play a marginal role in the Hydrogen Evolution Reaction 

(HER).  Furthermore, the paper highlights the positive impact of the semiconductor crystallinity 

surrounding the metal particles to avoid the charge carrier recombination; and the importance of a 

surface free of oxygen vacancies, whose presence can inhibit the water decomposition.  

1. INTRODUCTION 

Hydrogen energy carriers play a central role in the energy transformation required to limit global 

warming.1-2 In this frame, photocatalysis, i.e. unbiased water splitting using sunlight water without 

any electric source, counter electrodes or supporting electrolyte,3-7 rigorously offers one of the most 

promising solutions to produce green and clean hydrogen.8-9 In this case, the photocatalyst, mostly 

a powder, dispersed in an aqueous solution is irradiated with sunlight, and hydrogen is produced3, 

10-13 Hence, an efficient photocatalyst should exhibit good absorption of sunlight, achieve adequate 

photo-generation of charge carriers with low recombination, and possess suitable positions of the 

valence and conduction bands with respect to the chemical potentials of water splitting. Titanium 

dioxide (TiO2) remains a benchmark photocatalyst with high stability, low cost, and low toxicity, 

but it is active only in the ultra-violet (UV) spectra and the rate of recombination of photo-generated 

charges (electron/hole pairs) is high.14 Thus, for practical applications, the photocatalytic reactions 

are inhibited under sunlight. Several engineering approaches based on structural and chemical 

modifications, have been explored to overcome some of the drawbacks mentioned above and to 

enhance the photocatalytic activity of TiO2. For example, creating heterojunctions, doping with 

metals and/or non-metals and/or using dye additives,15-20  have proved to be effective in slightly 

enhancing the absorption spectrum under visible light (vis)21-22 or avoiding recombination of 
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charges due to their chemical affinity or by electronic means such as the presence of a Schottky 

barrier that serves as a charge trap.19,20 Along the same line, one of the main research axes focuses 

on combining the TiO2 photocatalyst with plasmonic-metal nanostructures such as gold 

nanoparticles (Au NPs). Several Au/TiO2 hybrid structures (mostly nanopowders) have shown 

great potential for photocatalytic solar conversion applied to photodegradation of dyes,23 or 

oxidation reactions such as methanol or cyclohexane oxidation.24-25  While a more conceptual 

understanding is reported in literature, the documentation related to the determination and 

quantification of the various mechanisms (electronic and chemical) acting under UV + Vis 

irradiation is still sparse with no real consensus on their origin. Under UV, some authors observed 

that Au NPs act as an electron reservoir, facilitating charge separation and thus enhancing the 

photocatalytic process.23 This led also to the conclusion that hydrogen could be produced at the 

metal surface.26 On the other hand, it has been suggested that under visible light, plasmonic 

excitation leads to electron injection from the metal into the semiconductor conduction band.27 

Other authors mention that the plasmonic effects generate electron-hole pairs in the semiconductor, 

which would result in a different distribution of charges into the hybrid TiO2/Au systems.28 

Although synergetic effects in Au/TiO2 nanocatalysts under UV+Vis irradiation were 

macroscopically observed14, 23, 26, 29-31 and even optimized in certain cases,23 the electronic 

mechanisms derived from UV+Vis interaction still remains elusive.  

Our study seeks to get further insights into this synergetic effect under UV+Vis irradiation and 

assess the plasmonic contributions on direct photocatalytic hydrogen production by evaluating the 

role of UV, visible light and both, supported by Electric Field Simulation and photocurrent 

measurements. For this purpose, different well-defined Au/TiO2 model-structures were prepared 

by decorating a sputtered TiO2 thin film with Au NPs and/or by embedding them at different depths 

in the TiO2. A full structural, chemical, optical and photoelectrochemical characterization was 
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performed on each of the Au/TiO2 structures. The measurement of their photocatalytic activity was 

investigated by measuring the hydrogen produced under UV (353–403 nm), visible (400–1100 nm) 

and UV+Vis (300–1100 nm) light. Under UV, we demonstrated the role of the Schottky barrier 

between the metal/semiconductor, which allows the trapping of photo-excited holes and improves 

the charge separation in the overall system. Under visible light, we evidenced the presence of both 

a plasmonic electric field and the generation of hot electrons in TiO2. However, the latter does not 

affect H2 production, because of a high recombination rate. Importantly an enhancement ( 500) 

of the hydrogen evolution reaction (HER) is seen under both UV+Vis light. The contributions: 

being the UV photoexcited charges into TiO2, the Schottky barrier formation and effects associated 

to the intense electric field of SPR, elucidate the synergistic contribution of UV and Vis light on 

these hybrid nanostructures. Notably the energy transfer generated by the intense electric field 

contributes to the promotion of UV excited electrons in TiO2 to reach the surface, enhancing 

hydrogen production. But more importantly, this work invalidates to some extent the role of 

plasmonic nanoparticles as charge injectors into the semiconductor. In addition, the experimental 

work showed that the chemical decomposition of water does not occur primarily on the Au NPs 

surfaces, in contradiction with what is often suggested in literature.32-33 Finally, it was determined 

that the degree of oxidation of TiO2 impacts negatively on the HER. 

 

2. EXPERIMENTAL SECTION 

2.1. Sample Preparation. A first layer of TiO2 (270 nm-thick) was sputter-deposited by direct 

current magnetron sputtering on glass substrates. The Au NPs were synthesized on the TiO2 by a 

photo-deposition process under UV irradiation (365 nm, 100 W, 30 min) using gold chloride 

trihydrate (III) acid (HAuCl4.3H2O, ≥99.9%, Sigma-Aldrich, CAS: 16961-25-4) aqueous solution 
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(50 mL, 2.5 × 10-4 mol/L), a stabilizing agent of trisodium citrate dihydrate (Na3C6H5O7.2H2O, 

99.0%, Alfa Aesar, CAS: 6132-04-3) solution (5 mL, 0.05 mol/L) and ethanol (99.9%, Technic, 

CAS: 64-17-5) as a sacrificial agent (5 mL).34-35 An annealing step under air at 200 °C during 10 

min allowed the grafting of the NPs on the TiO2 layer. The stabilizing agent was removed after 

rinsing with deionized water. Next, a second TiO2 layer (15 and 270 nm thickness for different 

samples) was deposited by direct magnetron sputtering as previously described. More experimental 

details are described in the Supporting Information, SI, Section A-1. Analytical grade chemicals 

were used as received. All solutions were made using DI water obtained from Milli-Q (Millipore) 

system.  

2.2. Characterization. The characterization methods included scanning electronic microscopy 

(SEM, FEI Helios 600i Nanolab), high-angle annular dark-field scanning transmission electronic 

microscopy (HAADF-STEM, FEI Helios Nanolab), energy dispersive X-ray spectrometry (EDS), 

grazing incidence X-ray diffraction (GI-XRD, Bruker D8 Discover system) X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250 X-Ray photoelectron spectrometer), Electron Energy Loss 

Spectroscopy (EELS) was carried out in STEM mode and UV-vis spectroscopy (Perkin-Elmer 

Lambda 950 UV-vis spectrometer). Note that the surface morphology of TiO2 was characterized 

by atomic force microscopy (AFM) using Veeco equipment (Dimension 3100) with tapping mode.  

For photocatalytic experiments, 1 cm² samples were placed into a quartz reactor (60 mL) filled 

with an aqueous solution (10 mL, 35% v/v ethanol) and connected to a gas chromatography 

apparatus (GC, Perkin-Elmer Clarus 580) in order to monitor the hydrogen production (Figure S1). 

The sample was irradiated by a Xenon light lamp (Cermax® PE300B-10F) equipped with optical 

filters to delimit the spectral region. The relative spectral distribution of the Xenon lamp is given 

in Figure S2. The quantity of released hydrogen was monitored every 6 h and the hydrogen 

production rate was calculated after 24 h. The photoelectrochemical measurements were carried 
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using a VMP-3 and a VSP Biologic potentiostat with a three-electrode setup. For each working 

electrode, the respective sample was deposited onto a glass coated with Ti/Au (100 and 300 nm). 

The counter electrode was a platinum net and a silver chloride electrode (Ag/AgCl) was used as 

reference. An aqueous 0.5 M solution of sodium sulfate anhydrous (Na2O4S, >99%, Fluka, CAS: 

7757-82-6) was used as electrolyte. The electrochemical cell was irradiated with an optical fiber 

wire (Eurosep Instruments) connected to the previous mentioned Xenon light lamp. More 

experimental details are described in SI, Sections A-2 and A-3. 

2.3. Electric Field Simulation. Simulations were carried out using the discrete dipole 

approximation-based (DDA) open-source DDSCAT software package (see SI, Section A-4). The 

Au/TiO2 model-structures were built considering a 15 nm diameter Au nanoparticle. The three 

hybrid models were 1) a Au NP deposited on a TiO2 surface, thereafter Au-surface; 2) a 5 nm thick 

conformal TiO2 covering a Au NP, thereafter Au-subsurface; and 3) a Au NP fully embedded into 

the TiO2 matrix, thereafter Au-embedded. The three model-systems were irradiated, normal to the 

TiO2 surface, at 550 nm corresponding to the maximum plasmonic resonance wavelength of the 

bare gold nanoparticle. All structures were bathed in a water medium (1.33 refractive index).  

 

3. RESULTS AND DISCUSSION 

3.1. Structural and Optical Characterization. To investigate plasmonic and non-plasmonic 

contributions of the NPs on the water splitting reaction, various TiO2/Au structures were fabricated 

by alternatively depositing films of TiO2 and Au NPs as illustrated in Figure 1 (left column). 

Strictly, comparing different model systems is a complex task, as some conflicting parameters may 

impact the results. For instance, the change of the TiO2 thickness induces a variation on the film 

roughness and crystallinity (see SI, Section B-1) which can highly influence the photocatalytic 
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efficiency. Therefore, a fixed thickness was kept for all samples to ensure the surface roughness 

and anatase/rutile phase ratio. A TiO2 film of 270 nm was chosen as the reference for its highest 

hydrogen production as previously reported.36 As seen in the SEM images in Figure 1a, the TiO2 

thin film has a columnar morphology, which is rather disordered, with grain sizes from ~20 to 50 

nm, accompanied by the presence of porosities (~1-10 nm) between the columns. This is in 

accordance with the morphology generally observed in TiO2 films deposited by vapor deposition.37 

For the sample Au-on-TiO2 (Figure 1b), Au NPs were deposited on top of the TiO2 surface with an 

areal density of 60 ± 1 NPs/µm². The photo-deposited Au NPs are spherical with a size range of 

30-70 nm (insert in Figure 1b). The size dispersity is closely related to the geometrical constraints 

imposed by the roughness of the TiO2 structure. Therefore Au NPs of different sizes were located 

at different depths between the semiconductor columns as discussed in a previous study.34 The 

HAADF-STEM observations indicated that smallest Au NPs (~7 nm in size) are also into the TiO2 

porosities. This probably results from the decomposition and constrained agglomeration of some 

gold precursors within the porosities during the photo-deposition process (Figure 1b-d). 
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Figure 1. (Left) Schematic illustrations of TiO2 and TiO2/Au hybrid structures. (Middle) SEM 

images of the samples surface area. (Right) HAADF-STEM cross-section images: a) TiO2 thin film; 

b) Au-on-TiO2 (inset of the Au NPs size dispersion in yellow); c) Au-in-TiO2-15 and d) Au-in-TiO2-

270. Letter C corresponds to a top layer of protective sputtered carbon.  
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The Au-in-TiO2-15 and -270 structures (Figure 1c and d) were fabricated by depositing a TiO2 

film of 15 and 270 nm on top of the Au-on-TiO2 structure, respectively. In these samples the second 

layer of TiO2 completely covers the nanoparticles (SEM and HAADF-STEM cross-sections in 

Figure 1c and d, and SI, Section B-2.1). This was also confirmed by EDS spectroscopy (see SI, 

Section B-2.2). Note that the TiO2 grains sizes increased from 20-50 nm to 35-80 nm in the second 

TiO2 deposited layer, this is related to the regrowth process where the columnar features continue 

their propagation across the TiO2/TiO2 interface as observed in the HAADF-STEM cross-section 

(Figure 1d). 

The GI-XRD patterns of the three structures further confirmed their compositions, the TiO2 

matrix was composed by 84 ± 1% and 16 ± 1% of anatase and rutile phases, respectively (Figure 

2a). The Au peak intensities decreased progressively for Au-in-TiO2-15 and Au-in-TiO2-270, 

compared to Au-on-TiO2. In addition, the anatase/rutile ratio was not affected by the short 

annealing step that follows the NPs photo-deposition. XPS results (Figure 2b-d and SI, Section B-

2.3) were consistent with XRD and SEM observations. The TiO2 signature was clearly identified 

from O 1s and Ti 2p energy levels. Au 4f peaks were clearly observed for the Au-on-TiO2 sample. 

The Au signature completely disappeared when Au NPs are embedded into the TiO2. A slight Ti 

2p peak shift (-0.2 eV) was observed for Au-in-TiO2-15 and Au-in-TiO2-270 (Figure 2c, see SI, 

Section B-2.3, Table S1). This is explained by the interactions between the Au and TiO2 that affect 

the Ti-O bonds by lowering Ti 2p binding energy.38   
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Figure 2. GI-XRD patterns and XPS spectra for TiO2 (black curve) and Au/TiO2 hybrid structures; 

a) GI-XRD peaks are labelled by anatase-TiO2 (blue @), rutile-TiO2 (red *) and Au (green $); b) 

O 1s; c) Ti 2p1/2,3/2 and d) Au 4f5/2,7/2 regions. 

 

The transmittance of the three structures was evaluated by UV-vis spectroscopy (Figure 3a). 

The transmittance was null from 350 to 200 nm because of the total absorption of light by TiO2 

(Figure 3a, black curve). The ripples in the 400-850 nm range corresponded to the constructive and 

destructive interferences related to the film thickness and the difference of the refractive index 

between the TiO2 film and the glass substrate.39 Because of these ripples, the analysis of the 

absorption properties of the materials is quite difficult. However, the TiO2 film alone did not show 
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a significant absorption in the range of 450-700 nm and the Au-on-TiO2 structure showed an 

enhancement of its absorption in the visible light range (450-700 nm region) (Figure 3a, black and 

blue curves). This phenomenon can be attributed to the LSPR of Au NPs and its coupling with the 

local dielectric field of the semiconductor environment.28, 40-41 This is consistent with the further 

red-shifting of the absorption observed for Au-in-TiO2-15 and Au-in-TiO2-270 in the 450-700 nm 

spectrum. Indeed, the addition of a 15 nm-thick TiO2 layer (Au-in-TiO2-15) induced a red-shift of 

the absorption (around ~600 nm) whereas the major ripples were only slightly red-shifted (Figure 

3a, orange curve). With a thicker film covering the Au NPs (Au-in-TiO2-270) the red-shift was 

even more important i.e. localized around 650 nm, (Figure 3a, red curve). To summarize, all Au 

containing structures exhibited absorption in the visible light as expected. While it is hard to make 

a hierarchy of absorption levels between the different Au/TiO2 systems, the absorption band of the 

plasmonic peak seemed to shift to higher wavelengths for the Au-in-TiO2 samples.28  
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Figure 3. a) UV-visible absorption spectra (in transmission) of TiO2, Au-on-TiO2 and Au-in-TiO2 

in the 200-850 nm (left) and 450-750 nm (right) regions. Note that the transmittance of glass is 

depicted in grey. b) normalized H2 production rate per light flux and surface area of TiO2, Au-on-

TiO2 and Au-in-TiO2 structures. The samples were irradiated under UV+Vis light (300-1100 nm, 

left), UV light (353-403 nm, middle) and visible light (400-1100 nm, right): TiO2 (black curve and 

bar), Au-on-TiO2 (blue curve and bar), Au-in-TiO2-15 (orange curve and bar) and Au-in-TiO2-270 

(red curve and bar). 

 

The photocatalytic hydrogen production of these structures was evaluated in a 35% v/v ethanolic 

aqueous solution under irradiation of UV+Vis (300-1100 nm), UV (353-403 nm) and visible (400-

1100 nm) light. The HER rate was calculated after 24 h of irradiation and normalized with respect 

to the incident light flux on the sample. A correction for the light flux was done when UV and 
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visible filters were used (see SI, Section B-3.1). Note that the hydrogen release rate remains 

constant in time (see SI, Section B-3.2).  

For UV irradiation the production rates for reference TiO2, Au-on-TiO2, Au-in-TiO2-15 and Au-

in-TiO2-270, were 0.5, 0.1, 1.8 and 3.7 µmol.W-1.h-1, respectively (Figure 3b). Whereas for visible, 

the production rate for TiO2 and Au-on-TiO2 was zero, and a poor rate of 0.0092 and 0.0155 

µmol.W-1.h-1 was obtained for Au-in-TiO2-15 and Au-in-TiO2-270, respectively. According to this, 

a first observation is that, under UV light, the systems exhibits a higher H2 production rate than 

under Vis light. Also, under UV, the systems with Au NPs show a clear enhancement compared to 

the TiO2 reference (Figure 3b). A second observation is that the H2 production rate increases 

drastically for Au/TiO2 structures when they are exposed to the UV+Vis compared to reference 

TiO2. The measured HER rates reached 1.4, 4.7 and 9.7 µmol.W-1.h-1, for Au-on-TiO2, Au-in-TiO2-

15 and Au-in-TiO2-270, respectively, whereas the HER for plain TiO2  was 0.2 µmol.W-1.h-1. This 

corresponds to an enhancement factor of 7, 23 and 48 for Au-on-TiO2, Au-in-TiO2-15 and Au-in-

TiO2-270, respectively, with respect to TiO2.  

Primarily, these results evidence that the direct contact between water and Au nanoparticles is 

not critical to catalyze the photo-reduction of water, which suggests that the water splitting reaction 

takes place mostly onto the semiconductor surface. Primarily, these results evidence that the direct 

contact between water and Au nanoparticles is not critical to catalyze the photo-reduction of water, 

which suggests that the water splitting reaction takes place mostly onto the semiconductor surface. 

Next, a crucial understanding between the respective role of UV versus visible light in the HER in 

the three Au/TiO2 systems must be addressed. It is known that the band bending resulting from the 

Schottky barrier between the metal and the semiconductor can enhance the photocatalytic activity 

compared to the bare semiconductor. Upon UV irradiation electron-hole pairs are generated in 

TiO2, next, due to the band bending associated to the Schottky barrier presence, holes located in 
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the valence band of the TiO2 are attracted towards the metal NPs where they are annihilated by 

electrons. This recombination prolongs the lifespan of the electron in the conduction band of TiO2. 

This is consistent with the H2 production rate data (Figure 3b) were the best photocatalytic activity 

was obtained for the nanostructures where the metal-semiconductor junction is present, such as 

Au-on-TiO2 and Au-in-TiO2. On the other hand, the plasmonic resonance effects of Au 

nanoparticles that take place under visible light also play an important role in the charge transport 

mechanisms. As surface plasmon resonance creates a collective oscillation of conduction electrons 

at the interface between the Au and the TiO2, Plasmon Resonance Energy Transfer (PRET) in the 

vicinity of the NPs and production of hot electrons in the metal are possible. 

To shed light on these mechanisms, DDA simulations were performed to model the intensity 

and distribution of plasmonic near-fields in the three model-systems: Au-surface, Au-subsurface 

and Au-embedded, corresponding to the three Au/TiO2 experimented structures (see SI, Section B-

4). We can observe that the structures with embedded Au NPs exhibited a more intense electric 

field in the vicinity of the TiO2 surrounding the Au NP. Notably in the normal axis to the incident 

light, an axisymmetric electric near-field enhancement due to plasmonic effect exhibited four times 

more intensity for Au-subsurface and Au-embedded systems (55 and 53 intensity enhancement 

respectively), than that of Au-surface giving an intensity enhancement of 13 (Figure 4). 
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Figure 4. Cross-sections giving the electric near-field intensity enhancement (ǀ𝐸ǀ2 ǀ𝐸0ǀ2⁄ , 𝐸 accounts 

for the calculated electric near field while 𝐸0 is the incident electric field) for the three Au/TiO2 

simulated systems: (a) Au-surface corresponding to Au-on-TiO2, (b) subsurface Au corresponding 

to Au-in-TiO2-15, (c) embedded Au corresponding to Au-in-TiO2-270. The Au is 10 nm in diameter. 

The solid black lines underline the Au and TiO2 regions contours.  

 

Now, comparing embedded-Au and subsurface-Au structures, not only the intensity, but also the 

spreading of the maximum intensity regions were wider than that of the Au-on-TiO2 model system, 

pleading for a variation of the plasmonic intensity with increasing Au depth. Note that these results 

are in accordance with simulations on Janus-type nanoparticular systems.28 Unfortunately, the size 

limitation in simulations does not allow to rule quantitatively the issue of depth variation and to 

address the experimental findings, i.e. Au-in-TiO2-270 structure outperforms the Au-in-TiO2-15 

sample in terms of hydrogen production rate: 7.7 µmol.W-1.h-1 against 1.8 µmol.W-1.h-1, under UV, 

whereas photocurrent (not shown) are rather the same for both structures under UV. To address 

this point, the chemical composition of TiO2 in the vicinity of the Au NPs was analyzed for Au-in-

TiO2-15 by energy electron loss spectroscopy (EELS) which is particularly appropriate to monitor 

the evolution of the oxidation state of oxides. Scans are provided in Figure 5a. The spectra of Ti L3 

and L2 edges at ~455 eV and ~465 eV were acquired near a Au NP and along the TiO2 interface, 

i.e. starting in the first 270 nm TiO2 layer and finishing into the top TiO2 layer (line scan of ~20 

nm). The spectrum taken inside the first TiO2 layer (Figure 5a, spectrum 2) clearly shows the two 

dominant split peaks (Ti L2,3-edges@455-465 eV and O K-edges@530 eV) corresponding to the 

TiO2-anatase (Ti4+).42 The spectrum taken from the top layer of Au-in-TiO2-15 is quite distinct 

(Figure 5a, spectrum 1): two peaks can be distinguished in the L3-edge with a higher energy peak 

being somewhat asymmetric and no split. The titanium oxide corresponds to a Ti2O3 with a low 
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valence state (Ti 3+).42 The presence of such oxygen vacancies revealed a defective layer that could 

explain why the H2 production rate decreased for this sample, either by inhibiting the surface 

chemical process of the photo-reduction of water, or by enhancing undesirable charge 

recombination on these defects. With the aim to increase the coordination state of the 

surface/subsurface layers in the Au-in-TiO2-15 sample, without any chemical modification of the 

270 nm TiO2 underneath layer, the sample Au-in-TiO2-15 was annealed at 200 °C under air during 

10 min and characterized again using EELS (a-Au-in-TiO2-15, Figure 5b. Upon annealing, the 15 

nm top layer (Figure 5b, spectrum 3) showed the signature of anatase very close to that of the 270 

nm TiO2 layer, corresponding to the Ti4+ valence state (Figure 5a, spectrum 2). In addition, the 

chemical composition of the first 270 nm layer was not modified upon annealing (Figure 5b, 

spectrum 4). The annealing lowers the oxygen vacancy concentration by local recrystallization of 

the oxide.42-43 The photocatalytic performance of the annealed Au-in-TiO2-15, was measured in 

the same conditions under UV+Vis light (see SI, Section B-5) is now equivalent to that of Au-in-

TiO2-270. Indeed, the HER rates normalized with respect to the light flux received by the sample 

is now 9.1 µmol.W-1.h-1 (Au-in-TiO2-270 gives 9.7 µmol.W-1.h-1, Figure 5c). Two important 

conclusions can be derived from these results. The titanium dioxide stoichiometry and the defective 

nature and quality of the interface close to the Au NPs influence greatly the rate of recombination 

of the photo-induced charges. In addition, Ti3+ surface sites show a penalizing effect on the photo-

reduction of water. 
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Figure 5. The EELS analysis is performed along the red line depicted in the STEM images for: a) 

Au-in-TiO2-15 and b) annealed a-Au-in-TiO2-15. EELS core loss edges are background subtracted 
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using a power law fit before being plotted. c) Normalized H2 production rate under UV+Vis for: 

Au-in-TiO2-15 (orange bar) and annealed Au-in-TiO2-15 (noted a- Au-in-TiO2-15, green bar). 

 

3.2. Transport Mechanisms of Photogenerated Charges. All the Au/TiO2 structures exhibit 

a UV+Vis synergetic effect, i.e. when the full spectrum is used, the hydrogen production rate 

roughly doubles compared to UV exposure while, under visible light only, H2 production is 

negligible. A similar trend was observed in the study by Yan et al.26 where Au NPs of various sizes 

(~3 to 10 nm range) were deposited on top of a TiO2 anatase substrate. This raises questions on the 

exact role and impact of plasmonic effects of the Au NPs on the photocatalytic hydrogen 

production. For what concerns plasmon-induced charge generation, photoelectrochemical 

measurements were conducted in a cell containing a 0.5 M Na2SO4 solution using a three-electrode 

system with a Pt counter electrode and Ag/AgCl as reference electrode. Photocurrent response 

under visible light was tested to evaluate the response of the Au NPs in the different structures. 

The chronoamperometric I-t curves obtained under a pulsed irradiation at 0 V (vs. Ag/AgCl) are 

shown in Figure 6a. Contrary to the HER results under visible light showing no hydrogen 

production, all Au-containing samples exhibited a notable photocurrent and its response with the 

on-off cycles was highly reproducible. Note that the hierarchy in the photocurrent intensity agrees 

well, qualitatively, with hydrogen production, and also with the simulated intensity of the 

plasmonic near field; the Au-in-TiO2-270 sample showed the highest photocurrent followed by the 

Au-in-TiO2-15 and Au-on-TiO2 with a photocurrent of ~4.3, 2.1, 1.2 µA.cm-2, respectively (see 

Figure 6a). Note that, even though electrons are being generated under visible light as demonstrated 

by photocurrent measurements, their conversion into hydrogen molecules is not observed as seen 

from HER experiment (see Figure 3b).  
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Additionally, as the majority of charges present in the system emanate from the UV contribution, 

to corroborate the recombination rate in the samples with least and highest HER, i.e. TiO2 and Au-

in-TiO2-270, linear sweep voltammetry curves (Figure 6b) were obtained under dark and UV+Vis 

light to extract the flat-band potential. For semiconductor materials, negative flat-band potentials 

are obtained when the separation of the photogenerated hole-electron becomes more easier, 

favoring the transfer of electrons to reduce H+ to H2.
44 As expected, the value for Au-in-TiO2-270 

was -0.58 V (vs. Ag/AgCl), which is more negative than that of TiO2 that was -0.18 V (vs. 

Ag/AgCl). 

 

Figure 6. a) On/off photocurrent measurements on TiO2 and Au/TiO2 hybrid structures. The 

samples were irradiated under visible light (400-1100 nm): TiO2 (black curve), Au-on-TiO2 (blue 

curve), Au-in-TiO2-15 (orange curve) and Au-in-TiO2-270 (red curve). Off corresponds to the dark 

current. b) Photocurrent-potential curves in 0.05 M Na2SO4 solution for TiO2 (black curve) and 

Au-in-TiO2 (red curve) obtained under dark and UV+Vis light (353-1100 nm). 
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 At this point we can discuss the different mechanisms that contribute to the HER under 

UV+Vis light. Two main mechanisms of surface plasmon resonance can participate when only 

visible light irradiates on a hybrid metal/semiconductor system:  

(i) since under Vis light a readily photocurrent is measured, it can be inferred that, electrons 

are excited into the TiO2 to populate the defect states into the gap, at the level of the 

transferred energy.  

(ii) a localized intense oscillating electric field at the Au NPs/semiconductor interface 

generates hot electrons that are injected into the TiO2.  

In both mechanisms, electrons are thermalized and fast recombination processes take place 

preventing the electrons migration to the TiO2 surface to catalyze the photo-reduction of water. 

This is in accordance with the results showing negligible H2 production under visible light only.  

Under UV + Vis excitation, the energy transfer to the excited electrons in TiO2 due to SPR is 

the main proposed mechanism that could explain the observe synergy causing an enhancement of 

H2 production. Upon UV irradiation, thermalized and hot photo-excited electrons are being 

generated, but these are rapidly recombined before reach the surface to catalyze the chemical 

reaction, this explains the low level of hydrogen produced only under UV. But, when applying 

visible light, additionally to the injection of hot electrons from Au to the TiO2 conduction band, 

the contribution of the intense oscillating electric field at the Au NPs/semiconductor interface, as 

reported in 45, transfers energy in the range of 2.0 – 2.5 eV, to the existing UV excited electrons in 

the semiconductor located in the conduction band. These energetic electrons can migrate 

effectively to the TiO2 surface and catalyze the chemical reaction. It is important to note that this 

synergy driven by the plasmonic near field (which increases significantly the number of hot 

electrons) and the Schottky barrier at the Au/TiO2 interface (extending the lifespan of the electron), 

is in accordance with the negative flat band potential observed in the Au-in-TiO2 nanostructures.  
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To sum up, the following main steps driving the water splitting process under UV+Vis light is 

proposed: 1) photo excited electron-hole carriers are generated in TiO2 (UV light contribution). 

The Schottky barrier allows charge separation, as photo-excited holes are being attracted by metal 

NPs where they can be annihilated through recombination. This process is enhanced by the 

semiconductor crystallinity extending the depletion layer from the metal/semiconductor Schottky 

contact; 2) surface plasmon resonance create an intense near field in gold nanoparticles (visible 

light contribution) that transfer energy to existing (UV originated) thermalized electrons in TiO2, 

3) electrons migrate to the semiconductor surface to perform the water splitting reaction. 

 

4. CONCLUSIONS 

This study analyses the mechanisms of plasmon-enhanced photocatalytic water splitting and the 

effect of a metal/semiconductor interface, by characterizing different Au/TiO2 structures under 

visible, UV and UV+Vis light. Both experimental data and numerical simulations coherently 

demonstrate that an important enhancement in the hydrogen production rate is achieved when Au 

NPs are inside of a TiO2 film and when visible light is coupled with UV. Moreover, the depth of 

the Au NPs does not influence significantly the photocatalytic process and hydrogen production 

rate efficiency if the crystallinity of the semiconductor is high. Results indicate that the essential 

synergetic role of UV and visible light consists in increasing the carriers lifetimes and on the 

enhancement of the hot carrier generation in TiO2, resulting from the energy transfer from the 

plasmonic field to the photo-excited carriers in TiO2. Note that, as Au NPs are embedded, the 

plasmonic near field is more intense and spread over a larger area compared with Au positioned on 

the top surface. The results also reveal that the water-splitting reaction that leads to H2 production 

does not occur on Au NPs, but on the semiconductor surface. Therefore, the TiO2 crystallinity and 
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its surface stoichiometry are highlighted as they directly impact the carriers lifetimes and liquid-

solid chemical reactions. 
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