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Gold nanoparticles promotes hydrogen production over the {001} facets of anatase nanosheets via 
the electromagnetic field generated nearby the semiconductor. 
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A 64-fold improved efficiency of solar-to-hydrogen 

conversion (SHC) was achieved via exposing Au 

nanoparticles (NPs) on the {001} facets of anatase TiO2 

nanosheets. The SHC follows a surface plasmon resonance-10 

mediated electron injection mechanism, where Au NPs can 

not only harvest visible light and convert them to free 

energetic electrons, but promote the SHC by increasing the 

electron-hole pair formation rate driven by the 

electromagnetic field formed nearby the semiconductor.  15 
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Photocatalyzed solar-to-hydrogen conversion (SHC) at desired 

efficiency represents one of the most promising alternatives to 

alleviate our dependence on carbon-based fuels, especially fossil 

oil, and has received tremendous attention over the past decades. 

Traditional photocatalysts such as TiO2, ZnO, and a few binary 40 

metal oxides are only able to utilize very limited solar photons 

(ca. 4%) because of their short wavelength cutoff (large band-gap 

of > 3.2 eV).1 Several attempts have been made to engineer their 

band structures to match the solar electromagnetic spectrum by 

doping metal and nonmetal ions or creating defects,2 to localize 45 

charge carriers on the surface of the semiconductors by adding 

dye or inorganic sensitizers,3 and to construct heterostructures 

and molecular junctions to improve the charge separation 

efficiency of photocatalysts,4 while more work has focused on 

developing novel photo-functional materials that can harvest 50 

visible-light photons and convert them to chemical energy.5 

   It is previously shown that plasmonic metallic nanostructures 

including Au and Ag nanoparticles (NPs) have the unprecedented 

ability to concentrate diffuse solar flux into deep-subwavelength 

volumes and further efficiently convert them to chemical energy.6 55 

The surface plasmon resonance (SPR) localized at the conduction 

band of metal nanostructures generally overlaps with the solar 

spectrum and has been frequently employed to promote the 

efficiency of a variety of photocatalytic reactions such as 

degradation of dye pollutants, aerobic oxidation, CO2 reduction 60 

(to hydrocarbon) under visible light irradiation,7 improvement of 

the solar-to-electric energy conversion and the photoactivity of 

electrodes for water splitting.8 However, only few works have 

applied the Au SPR effect to study photocatalyzed hydrogen 

conversion.9 For example, She et al.10 compared the plasmonic 65 

hydrogen conversion over different Janus Au-TiO2 nanostructures 

from isopropyl alcohol/aqueous solution under visible light 

irradiation and concluded that the local dielectric environment 

and size of metal nanostructures strongly affect their plasmonic 

near-fields, and consequently the photocatalytic activity. In fact, 70 

metal nanostructures themselves are photocatalytically inert for 

the hydrogen-conversion reaction. Hydrogen conversion over the 

plasmonic metal/oxide nanocomposite photocatalysts must be in 

virtue of the active sites of the oxide semiconductor where the 

crystal facets, dielectric constants, and crystal structures are 75 

pivotal parameters determining the efficiency of the SHC. 

Among them, the low-indexed crystal facets commonly show 

high photoreactivities since they have more active sites exposed 

to the reacting substrates.11 

However, these efforts are still far away from commercial 80 

applications because they don’t address the key factors: (1) very 

diffuse solar flux, (2) high rate of electron-hole recombination 

and low rate of charge carrier transport in bulk oxide 

semiconductors, (3) low rate of charge transfer at the 

semiconductor/liquid interface, and (4) lack of surface sites that 85 

allow for the proton reduction to be performed with low 

activation barriers. Thus, a proper strategy to conquer these 

obstacles is highly desired to design efficient and robust 

photocatalysts. Herein, we report Au-plasmon assisted SHC over 

the reactive {001} facets of anatase TiO2 nanosheets which can 90 

Broader context 

Hydrogen production by Plasmonic photocatalysis is a new 

exciting field developed recently for solar energy conversion. In 

this study, we elaborately designed a plasmonic photocatalyst 

consisting of gold NPs with an average size of 6.0 nm and 

anatase TiO2 nanosheets with the exposed (001) facets to 

achieve a 64-fold improved efficiency of the SHC. The surface 

plasmon resonance-mediated electron transfer path of the 

energetic electron generated under visible light (λ>420 nm) 

irradiation was clearly described by in situ ESR technique. More 

importantly, it was found for the first time that there exists a 
threshold photon energy of ca. 3.0 eV, corresponding to 413 nm 

solar photons, for the plasmonic electron transfer over the 

Au/TiO2 system. This work represents the latest advances in the 

area of SHC, also contributes fundamentally to not only the 

mechanism studies of the SHC, but also the design of novel and 

high-efficiency photocatalysts, which possess great potentials 

towards the “green energy” production. 
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greatly improve the problems of (2)-(4) and the SHC rate has 

been improved 64 times by plasmonic photocatalysis. 

  Anatase TiO2 nanosheets with the dominant {001} facets were 

prepared by a solvothermal method.12 Fig. S1 shows the typical 

X-ray diffraction peaks of anatase TiO2 (JCPDS No. 21-1272) 5 

and that loaded with varying amount of Au NPs from 0.4 to 3.0 

wt% on the {001} facets by the one-plot oleylamine-reduction 

method.13 No signal from Au are observed, which maybe because 

of the low loading amount or high dispersion of Au NPs on TiO2 

surface. The transmission electron microscopy (TEM) image 10 

(Fig. 1A) shows that after Au NP loading, the square morphology 

of anatase TiO2 is retained (Fig. S2), and a few well-dispersed Au 

NPs are clearly seen on the {001} planes of TiO2, at 1.0 wt% 

loading (denoted as Au/TiO2-1.0). The high-resolution TEM 

(HRTEM) image (Fig. 1B) exhibits an interplanar spacing of 15 

0.236 nm corresponding to the {111} crystal plane of face-

centered cubic gold, and an interplanar spacing of 0.235 nm 

indexed towards the {001} direction of the vertical TiO2 

nanosheet. The junction between the {111} crystal plane of Au 

NP and the {001} facet of anatase TiO2 is clearly discernable, 20 

indicating the perfect contact between each other. The mean size 

of Au NPs, determined by dark-field scanning TEM (STEM) 

analysis (Fig. 1C), is 3-8 nm (Fig. 1D), and they grow to 4-10 nm 

with slightly wider size distribution at 3.0 wt% loading. As 

expected, the slight increase in particle size doesn’t give rise to a 25 

significant change in optical absorption and electronic properties 

(Fig. S3). A broad plasmonic absorption band of Au NPs appears 

at 400-700 nm9a and centered at 534 nm, while the intensity 

increases with Au loading.  

 30 

Fig. 1 (A) TEM, (B) HRTEM, and (C) STEM images of 

Au/TiO2-1.0. (D) Size distribution of Au NPs on anatase TiO2 

nanosheets determined by dark-field STEM.  

Fig. 2A shows the H2 evolution rates from the aqueous solution 

of disodium ethylenediaminetetraacetate under artificial solar 35 

light irradiation. Fig. S4A gives the results of a typical H2 

conversion where the near-linear dependence on the irradiation 

time suggests zero-order kinetics for the proton reduction. The 

lowest H2 conversion rate over the bare TiO2 nanosheets is 8.0 

µmol g-1 h-1, while a 64-fold enhancement (510 µmol g-1 h-1) is 40 

achieved over the Au/TiO2-1.0 sample. The H2 evolution rate 

decreases significantly upon Au NP loading higher than 1.0 wt%. 

Under visible-light (≥ 420 nm) excitation, this trend is in parallel 

with that obtained under solar light irradiation, as shown in Fig. 

2B. The H2 evolution rate increases with Au NP content and 45 

reaches a maximum (50.0 µmol g-1 h-1) at 1.0 wt% loading. 

Although the maximal rate of H2 evolution with visible light 

irradiation is only one tenth of that obtained with solar light 

excitation, it is far larger than that (8.5 µmol g-1 h-1) of the 

counterpart prepared by loading the same content of Au NPs on 50 

commercial TiO2 (Fig. S5). More Au NP loading (> 1.0 wt%) 

results in a distinct decrease in H2 production rate possibly 

because of the stronger photon scattering,6b,14 which is consistent 

with the result obtained under solar light irradiation. The 

dependence of H2 conversion rate on Au content suggests that Au 55 

NPs act as visible light sensitizers. It should be noticed that no H2 

is detected over the bare anatase TiO2 nanosheets because of no 

absorption in the visible region, whereas a significant jump on H2 

evolution rate is observed and linearly increased with the 

irradiation time (Fig. S4B), even upon a small amount of Au NP 60 

(0.4 wt%) loading. This, together with the plasmonic absorption 

centered at 534 nm (Fig. S3), indicate that the H2 evolution is 

closely related to the localized SPR of Au NPs. 

   

Fig. 2 Photocatalytic H2 evolution rates of Au/TiO2 nanosheets 65 

with different Au NP contents in the presence of EDTA as a 

sacrificial electron donor under (A) solar light irradiation, (B) 

visible light irradiation, and (C) 365 nm light irradiation. (D) 

Action spectrum of H2 evolution over the Au/TiO2-1.0 

photocatalyst.  70 

In order to fully elucidate the role of plasmonic Au NPs in the 

SHC, we further examined the H2 evolution on bare TiO2 and 

Au/TiO2-1.0 under 365 nm light irradiation. As shown in Fig. 2C, 

the Au/TiO2-1.0 exhibits a H2 evolution rate of 720 µmol g-1 h-1, 

which is 8 times more active than that of the bare TiO2 75 

nanosheets. The enhancement originates mainly from the action 

of Au NPs as a cocatalyst. Although the 365 nm light intensity 

(1.5 W/cm2) used in this study is greatly higher than that of the 

solar light (0.33 W/cm2), the rate enhancement of the former is 

far lower than that of the later, implying that the SHC over the 80 

Au/TiO2 is predominantly contributed from the plasmonic effect 

of Au NPs induced by the 365 nm light. Inscrutably, the Au/TiO2 
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shows an ill-matched action spectrum of H2 evolution, consistent 

with the results reported by Hou et al.7e As depicted in Fig. 2D, 

no H2 is produced with excitation of a narrowed light flux 

centered between 480 and 530 nm where a strong plasmonic 

absorption occurs. The result demonstrates that there is no direct 5 

relationship between the SPR intensity and the H2 evolution rate, 

which leads to a hypothesis that the plasmonic absorption is 

unable to create “chemically useful” energetic charge carriers in 

the Au/TiO2 composite for H2 conversion if using a light flux 

well-matched with the SPR of Au NPs. 10 

 

Fig. 3 Short-circuit photocurrent response of (a) TiO2 nanosheets, 

(b) Au/TiO2-1.0, and (c) Au/TiO2-2.0 in a 0.2 M Na2SO4 aqueous 

electrolyte under (A) solar light and (B) visible light irradiations. 

(C) Short-circuit photocurrent response of Au/TiO2-1.0 under 15 

irradiation wavelength of (1) 420, (2) 435, (3) 450, and (4) 520 

nm. 

To confirm this hypothesis, we performed the photo-

electrochemical characterization of several representative 

photocatalysts including bare TiO2, Au/TiO2-1.0, and -2.0 to 20 

determine the formation and injection transfer of energetic 

plasmonic electrons. Fig. 3 shows the periodic on/off 

photocurrent response of such catalysts when irradiated under 

different lights. Artificial solar light irradiation of bare anatase 

TiO2 nanosheets coated on indium tin oxide (ITO) glass reveals a 25 

relatively low short-circuit photocurrent, whereas the loading of 

Au NPs results in a ca. 18-fold increase in the photocurrent (Fig. 

3A). This tremendous increase is mainly due to two aspects: i) the 

predominant plasmonic effect that increases the formation rate of 

electron-hole pairs over TiO2; ii) the formation of Schottky 30 

barriers among TiO2-Au-ITO glass, which leads to accelerated 

transfer of photogenerated electrons from TiO2 to Au, and finally 

to ITO. It is important to note that the Au/TiO2-1.0 exhibits a 

larger photocurrent than the Au/TiO2-2.0, in line with the 

photocatalytic results in Fig. 2A. As such, the visible-light 35 

photocurrent density of the Au/TiO2-1.0 and -2.0 samples (Fig. 

3B) also corresponds perfectly to their H2 evolution rates shown 

in Fig. 2B. Visible light irradiation of the bare anatase TiO2 

nanosheet electrode doesn’t produce any free electrons, which 

consequently doesn’t generate photocurrent, or H2. The addition 40 

of Au NPs generates a significant photocurrent under visible light 

irradiation, but more Au NPs are deleterious to the photocurrent. 

Comparison of the photocurrent density finds that the solar-light 

photocurrent of Au/TiO2-1.0 is one order of magnitude higher 

than that produced by visible light irradiation, which also agrees 45 

well with the H2 evolution rate shown in Fig. 2. The photocurrent 

results obtained under irradiation of different wavelengths further 

demonstrate the close correlativity of the H2 conversion rate with 

the photocurrent. As shown in Fig. 3C, the photocurrent density 

decreases gradually with increasing radiative wavelength, until to 50 

near zero under 520 nm light irradiation. This conclusively 

demonstrates that plasmonic Au NPs serve as a light-harvesting 

antenna for the visible-light H2 conversion and can significantly 

improve the SHC rate over anatase TiO2. Thus, we can propose 

that the plasmon-induced visible light H2 evolution follows 55 

mainly a charge injection mechanism analogous to dye 

sensitization, where plasmonic-Au NPs absorb visible light and 

transfer high-energy charge carriers to the anatase TiO2 

nanosheets nearby.6b,7d  

 60 

Scheme 1 SPR-mediated electron injection coupled with the 

electromagnetic near-field for the SHC.  

Anatase TiO2 is characterized by its negative conduction band 

at ca. -0.50 V versus the normal hydrogen electrode (NHE), while 

the Fermi energy of Au NPs positioned at ca. +0.45 V versus 65 

NHE.15 Loading of Au NPs on anatase TiO2 nanosheets can cause 

the Fermi level of Au and anatase TiO2 shift to more negative and 

more positive potentials, respectively, and finally reaches a new 

Fermi level equilibration. Liu16 reported a ca. 0.19 eV lowered 

Fermi level of Au/TiO2 when Au strip is brought into contact 70 

with the TiO2 surface. Owing to this alignment of the electronic 

states, the Au/TiO2 system only allows the transfer of high-

energy plasmon electrons of Au NPs across an energy barrier to 

the conduction band of TiO2, as depicted in Scheme 1.  

There is a threshold photon energy for the plasmonic electron 75 

transfer, which can be estimated by E = Ef -Ecb+ hC/λ, where Ef 

and Ecb are the Fermi level of plasmonic-metal/semiconductor 

composite and the conduction band energy of semiconductor, 

respectively. h is Planck’s constant (6.626 ×10-34
 J s), C is the 

speed of light in vacuum (3.0 ×108 m s-1), and λ is the centered 80 

wavelength of plasmonic absorption (nanometers). Ecb is constant 

for an indicated semiconductor, while Ef and λ are variables and 

depend on both plasmonic metal nanostructures and 

semiconductor. It can be calculated that the threshold energy in 

the Au/TiO2 system is equal to ca. 3.0 eV, corresponding to 413 85 

nm solar photons, which well-explains the photoactivity results in 

Fig. 2D.  According to literature,17 the threshold photon energy 

may be lowered by 0.2-0.3 eV upon UV light irradiation, because 

the charge redistribution shifts the Fermi level of Au/TiO2 to 

more negative potentials. This will enhance the conversion of 90 

more photons in visible light region to energetic electrons, and 

therefore the rate of H2 evolution. But the enhancement to H2 

evolution should be limited by simply increasing the injection 

amount of plasmonic electrons under solar light irradiation. A 

pivotal contributor, localized electromagnetic field formed by the 95 

SPR of supported Au NPs, can’t be ignored for the SHC. It has 

already proved to be able to increase the formation rate of 

electron-hole pairs of the semiconductor by a few orders of 
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magnitude.7b,18 We thus deduce that the SHC follows mainly a 

SPR-mediated electron injection process coupled with the 

electromagnetic near-field effect. 

 

Fig. 4 (A) In situ ESR spectra determined at 77 K of the 5 

Au/TiO2-1.0 photocatalyst before (blue) and after (red) visible 

light irradiation. (B) Integrated ESR spectra of the Au/TiO2-1.0 

photocatalyst as a function of irradiation time.  

To prove the SPR-mediated electron-injection from Au NPs to 

anatase TiO2 nanosheets under visible light irradiation, we 10 

monitored the change of Ti3+ species in Au/TiO2-1.0 by in situ 

electron spin resonance (ESR) at 77 K. There is no signal in the 

ESR spectrum before light irradiation, but when irradiation is on, 

a set of signals at g1 = 1.958, g2 = 1.989, and g3 = 1.989 are 

observed (Fig. 4A), which are unambiguously assignable to 15 

surface Ti3+ species originated from the electron-trapping of  

surface-layer Ti4+ cations.19 Moreover, a weak ESR line appears 

at g = 2.004, characteristic of single electron trapped oxygen 

vacancies (V•
o).

20 Interestingly, the integrated ESR line intensity 

of V•
o and Ti3+ exponentially increases with the irradiation time 20 

(Fig. 4B). After 3 min irradiation, the ESR intensity of V•
o 

reaches a plateau (Figs. 4B and S6), while that of the Ti3+ 

continue to increase exponentially, indicating that there is no 

relationship between the two ESR signals. Upon light off, a 

gradual decrease in the intensities of both ESR signals are 25 

observed and slowly return to the starting point. It appears that 

the decay rate of the g = 1.989 line is significantly larger than that 

of the g = 2.004 line (Fig. S6). This implies that the plasmonic 

electrons are shallow-trapped on surface Ti4+ and thus is easier to 

be released. Moreover, the surface Ti4+ trapped electrons are not 30 

paired with single electron-trapped oxygen vacancies, but 

recombined with holes residing at Au NPs upon light off. These 

results directly confirm the SPR-mediated electron injection 

process.    

Conclusions 35 

In summary, we have proved that 3-8 nm Au NPs can not only 

create electric fields nearby the semiconductor photocatalyst to 

improve the rate of electron-hole pair formation, but also act as 

photo-sensitizer to harvest visible photons and convert them to 

electric energy, which imparts the bifunctional Au/TiO2 40 

nanocomposite excellent photoactivity for the SHC. This work 

clearly reveals the SPR-mediated electron injection process 

coupled with electromagnetic near-field for the SHC, which 

should possesses great potential in developing novel plasmonic 

photocatalysts. 45 
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