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Abstract 

A new type of nanocomposites containing titania and gold were prepared via the coupling between 

exfoliated Ti0.91O2 nanosheets and surfactant-capped Au nanoparticles, followed by flocculation and 

calcination. After hybridization with Ti0.91O2 nanosheets, octahedral Au nanoparticles were embedded 



intimately into the matrix of titania, leading to a broad absorption peak assigned to surface plasmon 

resonance (SPR) effect in the visible region. The obtained nanocomposite exhibited remarkably 

improved photocatalytic hydrogen evolution performance compared to naked titania and conventional 

titania with photodeposited Au co-catalyst, due to the special SPR effect of the relatively large 

octahedral Au nanoparticles. Through control experiments, we demonstrated that the octahedral Au 

nanoparticles mainly functioned as local light intensifier and photon scattering agent. 
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1. Introduction 

Finding suitable semiconductors for solar fuel generation through the so-called artificial 

photosynthesis is the key to solving many environmental and energy-related issues. One of the most 

important and promising artificial photosynthesis processes is hydrogen production from solar water 

splitting, in which the clean hydrogen fuel can be generated from water.[1, 2] Among various 

semiconductor photocatalysts, TiO2 has been the most intensively investigated one because of its low 

cost, photo- and chemical- stability, and high synthesis controllability.[3, 4] However, TiO2 has a 

relatively wide band gap (ca. 3.2 eV) and thus can only absorb UV light while remains inactive in the 

visible region.  To introduce visible light photocatalytic activities to TiO2, guest species are often 

incorporated via two strategies: doping and heterostructuring. Doping is an effective way to 

incorporate guest atoms into the crystal lattice of TiO2 and render visible light absorption. 

Nevertheless, doping often creates crystal defects, which may act as recombination centres for 

photoinduced electrons and holes.[5] 

Unlike doping, heterostructuring allows the incorporation of relatively bulky guest species by directly 

combining different materials with proper energy band alignment. A good example is the 

metal/semiconductor heterogeneous structure, in which noble metals such as Pt[6] and Au[7, 8] are 

loaded onto semiconductors as cocatalyst, and such a structure can provide both effective charge 

separation and  active sites for water splitting. In addition, noble metal nanoparticles (NPs) such as Ag, 

Au, Cu etc. have attracted much interest recently due to their unique surface plasmon resonance (SPR) 

properties.[4, 9, 10] SPR is defined as the collective oscillation of free electrons when the frequency 

of incident photons approaches the natural frequency of surface electron oscillation.[1] SPR effect can 

induce a very strong localized electric field near the noble metal nanostructures, and it can be 

significantly influenced by the size, shape and embedding medium.[11-15] Of those noble metals, Au 



draws particular attention as it has strong SPR effect in visible region and many researchers have 

successfully synthesized Au NPs with varied sizes and diverse morphologies.[15-17]  

With the arising interest in the SPR properties of Au, many semiconductor/Au composites have been 

investigated in terms of visible light activities and it was found that in many cases the enhancement of 

photocatalytic activities occurred at wavelengths corresponding to the metal SPR.[18-20] The 

enhancement induced by SPR has been contributed to three proposed mechanisms: direct charge 

injection from Au NPs to semiconductors, strong SPR-induced near-field electromagnetic energy and 

effective photon scattering.[11] In order to verify these mechanisms, titania-supported Au NPs have 

been prepared in various methods: direct adsorption of pre-synthesized Au colloids, photo-deposition, 

deposition-precipitation, core-shell structure construction, etc.[21] However, there are two great 

limitations of these methods. First, generally the size and morphologies of Au NPs cannot be precisely 

controlled owing to the absence of morphology-control reagents. In most cases, the Au NPs are of 

spherical shape. Second, Au NPs tend to aggregate or grow up at the surface of TiO2 particles during 

the composite material synthesis, which will lead to the variation of SPR properties. This issue can be 

solved by separating gold nanoparticles with titania, and thus forming a structure in which Au 

nanoparticles are embedded into titania, for example, core-shell structures.[22-25]  

Although constructing core-shell structure provides an effective way to separate Au NPs, the coating 

process of tiania shell often involves careful and complex chemical and physical control.[26] Hata et 

al. reported a general method to intercalate Au NPs into galleries of layered materials such as Dion-

Jacobson layered perovskite HCa2Nb3O10 via pre-intercalation of tetrabutylammonium hydroxide 

(TBAOH) and polyallylamine (PAA) to enlarge the interlayer space.[27] This general method 

promises a simpler method of embedding Au NPs into semiconductor matrix compared to the core-

shell structure. Nevertheless, the size of gold is greatly restricted because the extent of gallery 

expansion is very limited. Here we report a facile way to prepare titania-gold nanocomposite materials 

with easily tuneable Au NPs. By thorough mixing of exfoliated titania (Ti0.91O2) nanosheets (NSs) and 

pre-synthesized Au NPs followed by flocculation and calcination, leading to the octahedral Au NPs 

embedded intimately in the matrix of anatase titania. The shapes and sizes of Au NPs can be simply 

controlled during the synthesis process, so special SPR properties can intentionally introduced into the 

composite material. To demonstrate this method, we successfully synthesized an Au/TiO2 composite 

material containing relatively large octahedral Au NPs. The Au NPs were well separated in the 

nanocomposite. Moreover, the octahedral Au NPs provide good SPR-induced optical properties such 

as localized light intensity enhancement and photon scattering improvement, and thus the as-prepared 

nanocomposite exhibited dramatically improved hydrogen evolution performance compared to the 

naked titania. 

2. Experimental 



All chemicals were purchased from Sigma-Aldrich including cesium carbonate (99.9%), titanium (IV) 

dioxide (99%), hydrochloric acid (37%), tetrabutylammonium hydroxide solution (40% in water), 

cetyltrimethylammonium bromide (99%), gold (III) chloride hydrate (99.999%), trisodium citrate 

(99%), chloroplatinic acid hydrate (99.9%) and sodium borohydride (99%). They were used without 

further purification. 

2.1 Preparation of nanobybrid 

Titania nanosheets suspension (Ti0.91O2 NSs) was prepared according to previous reports by Sasaki’s 

group.[28-31] In a typical synthesis process, the layered Cs0.68Ti1.83O4 precursor was first obtained by 

solid state reaction, followed by proton-exchange to H0.68Ti1.83O4·H2O in hydrochloric acid and a 

delamination step in the presence of tetrabutylammonium cations (TBA+). Stoichiometric mixture of 

Cs2CO3 and TiO2 were thoroughly ground before heated at 1033K for 30 mins. Then the sample was 

reground and reheated at 1033K for another 12 hours. The obtained Cs0.68Ti1.83O4 titanate precursor 

was subsequently placed in excess amount of hydrochloric acid (1M) and stirred vigorously for three 

days. The hydrochloric acid was refreshed every 24 hours and the proton-exchanged titanate 

H0.68Ti1.83O4·H2O can be collected by centrifugation and wash with deionised water. The dried 

H0.68Ti1.83O4·H2O was re-dispersed in tetrabutylammonium hydroxide (TBAOH) solution containing 

same amount of TBA+ as protons, and the white suspension was shaked for over 7 days. To remove 

the un-delaminated precursors, the suspension was centrifuged under 4700 rpm and the supernatant 

suspension was collected for use. The concentration of Ti0.91O2 NSs suspension is ca. 1.79 g/L. 

Octahedral Au nanoparticles (NPs) were synthesized via a simple hydrothermal method reported 

before.[32] In a typical synthesis procedure, 0.055 g of cetyltrimethylammonium bromide (CTAB) 

was first dissolved in 9.7 mL of deionised water, and then 250 µL of 0.01 M HAuCl4 and 50 µL of 0.1 

M trisodium citrate were added. The solution was then transferred to a Teflon-lined autoclave and 

heated at 383K in an oven for 48 hours. The concentration of Au NPs suspension is ca. 0.05 g/L. The 

Au NPs with tunable sizes and shapes can be prepared using the methods in the literature, which will 

affect the photocatalytic performance of the resultant composite photocatalysts. [33]  

Under vigorous stirring, 2 mL of Au NPs suspension was added dropwise to 50 mL of Ti0.91O2 NSs 

suspension. After 30 mins of stirring to reach a uniform mixture of NPs and NSs, hydrochloric acid (1 

M) were added to flocculate the NSs coupled with NPs. The nanohybrids were centrifuged, washed 

with deionised water and ethanol for several times and dried in a 100 °C oven. The as-prepared 

sample is denoted as O-Au-NS. Then O-Au-NS was placed in an alumina crucible and calcined at 723 

K for 2 hours, which is denoted as O-Au-A. The ratio of Au in both O-Au-NS and O-Au-A is 

calculated to be around 0.11 wt%. 



As comparison, two types of nanohybrids between Ti0.91O2 NSs and irregular Au NPs were prepared, 

in which the ratio of Au was kept to be 0.11 wt%. One sample was prepared by direct deposition of 

Au particles onto Ti0.91O2 NSs via photo-deposition, flocculation with protons and calcination. First, 2 

mL of HAuCl4 solution (0.01 M) and ethanol were added to 50 mL of Ti0.91O2 NSs suspension. Under 

stirring, the suspension was illuminated by Xenon lamp for 6 hours, and flocculated with hydrochloric 

acid (1 M). To ensure that HAuCl4 has been completely reduced to Au, the supernatant solution after 

centrifugation was treated with NaBH4 solution and its absorption spectrum was measured by a UV-

Vis spectrometer. The flocculated product was then calcined at 723 K and this sample was denoted as 

Au-A-1. 

The other sample was prepared by photo-depositing gold onto restacked NSs after calcination. 50 mL 

of Ti0.91O2 NSs suspension was first flocculated with hydrochloric acid (1 M), followed by calcination 

723 K for 2 hours. The obtained product (A) was then dispersed in ethanol solution containing 2 mL 

of HAuCl4 (0.01M), and illuminated by Xenon lamp for 6 hours. Similar method was implemented to 

ensure the complete reduction of HAuCl4 as used in the preparation of Au-A-1. This sample was 

denoted as Au-A-2. Scheme 1 shows the synthesis procedures of all samples. 

 

Scheme 1. Schematics of the synthesis routes of different hybrid samples. 

2.2 Characterizations 

The crystalline structure of samples was characterized by powder X-ray diffraction (XRD, Rigaku 

Miniflex) with Co Kα (λ= 1.78897 Å) radiation. The morphology of different samples was examined 

by transmission electron microscopy (TEM, JEOL 1010 at 100 kV) and scanning electron microscopy 

(SEM, JEOL JSM-7001F at 20 kV). The light absorption of samples was characterized by UV-Vis 



spectrometer (Shimadzu 2200). X-ray photoelectron spectroscopy (XPS, Thermo Escalab 250, a 

monochromatic Al KR x-ray source) was carried out to determine the chemical composition of the as-

prepared nanohybrid materials and the chemical status of various species. The Brunauer-Emmett-

Teller (BET) surface area was measured using nitrogen adsorption apparatus (Tristar 3030, 

Micromeritics Instrument Corporation). The sizes and surface charges of sample particles were 

measured using a zetasizer (Zetasizer Nano ZS, Malvern Instruments). 

2.3 Photocatalytic activity measurement 

The photocatalytic reactions were carried out in a quartz reaction cell connected to a closed gas 

circulation and evacuation system. 40mg of catalyst was suspended in 300 ml aqueous solution 

containing 60 ml of ethanol, and H2PtCl6 solution containing 1wt% of Pt was added to the suspension. 

Before the reaction starts, the whole system was thoroughly degassed. The quartz reactor was 

irradiated by a 300 W Xe lamp (Beijing Trusttech Co. Ltd., PLS-SXE-300UV) from its top. The light 

spectrum produced by the Xe lamp is shown as Figure S1. A water filter was applied to the top of the 

reactor in order to remove infrared light. The temperature of the reactor was maintained at 293±5 K 

by a cooling water cycle system. The evolved hydrogen gas was collected by a sampling device and 

tested by gas chromatography (GC) with Ar as the carrier gas. 

3. Results and discussion 

3.1 Formation and microstructure of the nanohybrid materials 

The Ti0.91O2 NSs used in this work were obtained from exfoliation of a lepidocrocite-type layered 

protonic titanate, H0.68Ti1.83O4·H2O in aqueous solution of TBAOH.[28, 29] The as-prepared NSs 

possess a thickness of 0.75 nm taking the outer edge of surface oxygen atoms, and negative charges of 

ca. -39 mV.[31, 34] TEM image in Figure 1a confirmed the ultrathin nature of Ti0.91O2 NSs and their 

extremely high two-dimensional anisotropy.  

 

Figure 1. (a) TEM image of exfoliated Ti0.91O2 NSs. (b) TEM image and (c) SEM image of 
octahedral Au NPs prepared via hydrothermal method. 

The pre-synthesized Au NPs possessed octahedral morphology and relatively uniform size of ca. 70 

nm, as confirm by the TEM and SEM images (Figure 1b-c). To further confirm the size of the 



octahedral Au NPs, dynamic light scattering (DLS) technique was implemented. The octahedral Au 

NPs have very uniform size distribution around 69 nm, which corresponded well to the observations 

in TEM. Due to the presence of ammonium group in the capping agent, that is, 

cetyltrimethylammonium bromide (CTAB), the Au NPs will carry positive charges. Zeta potential 

measurement showed that the octahedral Au NPs carried a positive charge of +59 mV.  

The synthesis routes and denotation of all the samples are shown in Scheme 1. When the octahedral 

Au NPs were added to NSs suspension, Au NPs were attracted to the surface of NSs as a result of 

electrostatic force. Upon the addition of hydrochloric acid, the NSs attached with octahedral Au NPs 

flocculated and settled, leaving the supernatant solution colourless. The flocculated NSs remained 

pink-ish after drying at 100 °C (O-Au-NS) and calcination at 450 °C (O-Au-A). As a comparison, two 

other types of Au-TiO2 composites were also prepared, in which Au NPs were introduced to different 

locations in the composites via direct photo-deposition. In one composite, Au particles were directly 

photo-deposited onto NSs before calcination, so most of the Au particles were distributed in the 

interior of the final composite (Au-A-1). In the other composite, however, flocculated NSs were first 

calcined to anatase particles (A) before being photo-deposited with Au particles (Au-A-2), so the Au 

particles will be dispersed only on the surface of Au-A-2. It should be noticed that all nanocomposites 

contain the same amount of Au (0.11 wt%). 

Figure 2 illustrates the XRD patterns for all synthesized nanocomposites. The XRD pattern of O-Au-

NS exhibited a (010) peak at 2θ=8.74 °, corresponding to d spacing of 1.17 nm (Figure 2a). There 

were no distinct peaks assigned to titania phase in O-Au-NS, which reflects the lack of three-

dimensional order in long distance. Its XRD pattern is typical for intercalated complex with lattice 

expansion along the b-axis.[35, 36] The relatively broader peaks of the nanocomposite resulted from 

elastic deformation of host layers upon lattice expansion.[37] The XRD result demonstrated the 

randomly restacked structure of NSs in O-Au-NS. After calcination at 450°C, the (010) peak 

disappeared while peaks assigned to anatase phase evolved in the XRD pattern of O-Au-A (Figure 2b), 

which indicates that the stacked sheets structure collapsed to form an anatase crystal structure. It has 

been previously demonstrated by Fukuda et al. that a very thin film made of several layers of 

monolayered titania NSs could transform into anatase phase at elevated temperatures and the 

transformation temperature decreased for thicker films.[38] The films composed of more than five 

layers of NSs were found to transform to anatase at 400-500 °C. Considering that our nanocomposite 

was prepared by stacking multilayers of Ti0.91O2 NSs, calcination at 450°C could induce the 

recrystallization of titania NSs to form three-dimensional crystalline anatase structure. It is noted that 

no peaks of Au appeared in the XRD pattern of either O-Au-NS or O-Au-A, which we believe is due 

to the fact that most Au NPs were sandwiched between Ti0.91O2 NSs. Similar to O-Au-A, both Au-A-1 

and Au-A-2 showed peaks of anatase phase in their XRD patterns, but a small peak at 2Θ=52 ° 

assigned to Au appeared (Figure 2c and 2d). 



 

Figure 2. XRD patterns of (a) O-Au-NS, (b) O-Au-A, (c) Au-A-1, and (d) Au-A-2. 

To investigate the morphology of the nanocomposites, TEM was performed. In O-Au-NS, the 

ultrathin NSs formed a randomly stacked structure, in which the Au NPs were extremely difficult to 

find (Figure 3a and 3b). This is in good agreement with our observation in the XRD pattern. After 

very careful searching in TEM, we only found very few octahedral Au NPs wrapped by NSs, and all 

NPs were well separated because of their scarcity and thorough mixing with NSs. After calcination, 

the stacking structure of NSs collapsed due to recrystallization, transforming to irregular-shaped 

porous anatase particles in O-Au-A (Figure 3c). Similar to O-Au-NS, Au NPs were very scarce and 

we were only able find to one after very long time of searching in TEM (Figure 3d). We believe that 

most Au NPs were embedded into the matrix of anatase after calcination as indicated in the XRD 

pattern. It is noted that after calcination, the morphology and size of Au NPs remained unchanged. We 

assign the stability of Au NPs to the protection of titania surrounding Au NPs. TEM images of Au-A-

1 and Au-A-2 are presented in Figure 3e and 3f, respectively, and it can be seen that the photo-

deposited Au particles were of irregular spherical shape and possessed smaller sizes compared to the 

octahedral Au NPs. 



 

Figure 3. TEM images of (a) and (b) O-Au-NS, (c) and (d) O-Au-A, (e) Au-A-1  and (f) Au-A-2. 

Nitrogen adsorption-desorption isotherm measurements were carried out to further study the 

microstructure of the nanocomposites. As shown in Figure 4, all nanocomposites exhibited Type IV 

isotherms, corresponding to mesoporous structure.[39] Isotherm of O-Au-NS showed a H3-type 

hysteresis loop in the IUPAC classification,[38] revealing the presence of slit-shaped pores. Such type 

of isotherms was observed in nickel oxide pillared titania NSs before, which highlighted the existence 

of open slit-shaped capillaries with very wide bodies and narrow short necks.[37] In addition, the 

hysteresis loops of O-Au-NS appeared in the relative pressure region of p/p0>0.5, which suggests that 

the majority of the porosity originated from mesopores in the randomly restacked structure.[35, 40] 

After calcination, an H1-type hysteresis loop appeared in the isotherms of all nanocomposites 

containing anatase phase (O-Au-A, Au-A-1 and Au-A-2), indicating that their microstructure changed 

to agglomerates of spheres.[39] All results from nitrogen adsorption-desorption isotherms agreed well 

with our previous analysis of XRD and TEM data. Table 1 summarizes the surface area of all 

nanohybrids according to BET equation based fitting analysis. Calcination caused collapse of the 

stacking structure and agglomeration of anatase particles, which is reflected in the drop in surface area 

of O-Au-A (84.4 m2/g) compared to O-Au-NS (135.4 m2/g). 



 

Figure 4. Nitrogen adsorption-desorption isotherms of the nanocomposites: (a) O-Au-NS, (b) Au-A-2, 
(c) O-Au-A, and (d) Au-A-1. 

Table 1. BET surface areas of the composite materials.  

Sample BET surface area (m2/g) 

O-Au-NS 135.4 

O-Au-A 84.4 

Au-A-1 166.1 

Au-A-2 114.0 

 

3.2 Chemical state analysis 

To investigate the chemical states of Au present in the nanohybrids, the Au 4f levels were measured 

using XPS. As shown in Figure 5, the peaks of Au 4f7/2 located at 83.3-83.4 eV are close to metallic 

Au0 4f7/2 (84.0 eV), and different from Au+ 4f7/2 (85.2 eV) and Au3+ 4f7/2 (86.7 eV),[41, 42] which 

confirms the metallic state of Au. The surface Au:Ti atomic ratios detected by XPS in Au-A-2 and 

Au-A-1 are 0.018:1 and 0.0033:1 respectively, which verified the fact that more Au particles existed 

at the surface of Au-A-2 compared to Au-A-1. However, no signals of Au 4f were detected in XPS 

spectra of O-Au-NS and O-Au-A. The most possible reason is that the majority of Au NPs were 

wrapped, so the signals of Au NPs were screened by titania. We implemented Ar ion-sputtering to 

remove the top surface layers of O-Au-NS and O-Au-A, but the signals of Au were still not detected 

even though a 40 nm-thick surface layer was removed. Considering the scarcity of Au NPs and the 

small detection area of XPS technique, this phenomenon is understandable. 



 

Figure 5. High resolution XPS spectra of Au 4f in (a) O-Au-NS, (b) O-Au-A, (c) Au-A-2 and (d) Au-
A-1. 

3.3 Light absorption properties analysis 

Figure 6 shows the overall light absorption spectra for all composites and naked titania (A). All 

composites containing Au particles exhibit a broad absorption peak in the wavelength range of 500-

600 nm, which can be assigned to the SPR effect of Au particles. A has an absorption edge at a 

wavelength of 418 nm corresponding to a band gap of 2.97 eV (Figure 6a), which is slightly smaller 

than general band gap measured of anatase (ca. 3.2 eV). Since A was prepared by calcining 

flocculated NSs and some organic chemicals like TBA+ might be incorporated into flocculated NSs, 

small amount of C may exist in A, leading to the extended light absorption above 400 nm. All the 

other composites possess larger band gaps of around 3.12-3.26 eV, compared to A, which is probably 

owing to the interaction between Au and titania.[43-45] O-Au-NS (Figure 6c) and O-Au-A (Figure 6b) 

exhibited slightly red-shifted SPR peaks at around 565 nm compared to those of Au-A-1 (Figure 6e) 

and Au-A-2 (Figure 6d) at around 550 nm, which is due to the presence of larger octahedral Au NPs 

in the former two nanocomposites. SPR peak was reported to shift towards longer wavelength with 

the increasing size of Au NPs,[15, 18, 46, 47] and so the SPR peak shift agreed well with the 

observations from TEM. Moreover, Noguez reported that compared to polyhedral nanoparticles, 

spherical ones will have blue-shifted SPR peaks.[48]  There was no obvious change of the SPR peak 

position after O-Au-NS was calcined, which again reflects the retainment of the size and shape of 

octahedral Au NPs. 



 

Figure 6. UV-Vis absorption spectra of the composites: (a) A, (b) O-Au-A, (c) O-Au-NS, (d) AU-A-2 
and (e) Au-A-1. 

3.4 Photocatalytic hydrogen production test 

The average hydrogen evolution rates for all samples are shown in Figure 7. The Xe lamp produces 

both UV light and visible light (Figure S2). Naked titania A can only produce H2 at a low rate of 1474 

µmol•h-1•g-1. O-Au-NS showed very low activities, which is mainly because of its low crystallinity. 

However, after calcination, the hydrogen evolution rate dramatically increased (up to over 270 times), 

to 6753 µmol•h-1•g-1, which is 3.6 times faster than A. O-Au-A can also produce hydrogen faster than 

Au-A-1 (5071 µmol•h-1•g-1) and Au-A-2 (3443 µmol•h-1•g-1). 
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Figure 7. Normalized average hydrogen evolution rates for all samples prepared. Experimental 
conditions: 40 mg of catalyst powder photo-deposited with 1wt% Pt (except the last one) was 
dispersed in 300 mL of aqueous ethanol solution (20 vol%), light source was 300 W Xenon lamp. 

3.5 Analysis on the role of Au NPs 

The most efficient nanocomposite, O-Au-A, can evolve hydrogen more than 3.6 times faster than 

naked titania A, even though the ratio of Au is extremely low (ca. 0.11 wt%). The phenomenon 

indicates the vital role of octahedral Au NPs in the photocatalytic reaction. As mentioned earlier, 



several mechanisms regarding the role of Au NPs have been proposed by researchers. We conducted 

some experiments to investigate the roles of Au NPs in our material system. 

Conventionally, Au in a metal-semiconductor composite system can act as a sink for photoinduced 

electrons and catalyses the reduction of protons, in which way Au improves the photocatalytic 

performance as a co-catalyst. However, in order to effectively act as co-catalyst, Au must exist in the 

interfacial region between semiconductors and the electrolyte. In a control experiment, we conducted 

hydrogen evolution with O-Au-A in the absence of Pt. Surprisingly, O-Au-A alone produced even 

less hydrogen compared to A deposited with Pt, as shown in Figure 7. This phenomenon can be 

explained in the way that due to the scarcity of Au NPs at the surface of O-Au-A, the ability of 

octahedral Au NPs as co-catalyst is very limited in the nanocomposite. However, octahedral Au NPs 

may still partly act as co-catalyst, which is a minor function of Au NPs in our nanocomposite system. 

In the direct electron injection mechanism, Au NPs undergo SPR-induced excitation upon visible light 

irradiation and electrons in the surface plasmon (SP) states possess enough energy to be injected to 

the conduction band of semiconductors. This mechanism has been very controversial in Au-TiO2 

composite systems. Even though water splitting under visible light has been reported by several 

groups,[2, 4, 10] no direct evidence of electron transfer between Au particles and titania were 

provided. At the same time, the possibility of photoexcitation of Au NPs by visible light has been 

ruled out in several papers of Cronin’s Group in recent years.[41, 49, 50] They claimed that there is 

no highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) energy 

band configuration like semiconductors in a plasmon excitation, so the visible activities originated 

from the sub-bandgap transition in TiO2 with some dopants. In another control experiment, we 

equipped the Xe lamp with a 420 nm cut-off filter so only visible light can reach the reactor. For all 

samples, no hydrogen can be detected. Since titania cannot be excited by photons with wavelength 

longer than 420 nm, Au NPs did not seem to act as visible light sensitizer in our case.[51]  

From the discussion above, octahedral Au NPs seem to work insignificantly as co-catalyst and hardly 

as visible photosensitizer. However, the dramatically improved hydrogen production capability of O-

Au-A compared to A highlights the importance of octahedral Au NPs. Therefore, in our opinion, the 

other two effects of SPR, that is, intensified localized electric field and photon scattering, are likely to 

work at the same time to enhance the photocatalytic water splitting. The mechanism of the two effects 

is shown in Scheme 2. Upon SPR-induced excitation of Au NPs, charges are concentrated at the 

metal-semiconductor interface, yielding a dramatic amplification of localized electric field.[13] In this 

case, Au NPs essentially act as light concentrators and the localized field is distributed very unevenly, 

with the highest intensity at the surface of Au NPs and decreasing exponentially within 20-30 nm 

from the surface and linearly further away.[11] Through finite-difference time-domain (FDTD) 

simulation, Christopher et al. reported that an isolated Ag nanocube with an edge length of 75 nm can 



produce a SPR-induced electric fields with intensity of ~103 times larger than the incident photon flux 

while two same nanocubes with 1 nm distance can enhance the light intensity up to ~106 times.[51] 

Using similar FDTD simulation, Liu et al. also found that the localized SPR-induced electric field 

intensity in their Au-anodic TiO2 film can reach up to 1000 times that of the incident electric field 

intensity.[49] This largely enhanced local light intensity will promote photoexcitation of 

semiconductor and thus produce more electrons and holes, considering that the charger pair formation 

rate is proportional to the local light intensity.[11] In addition, plasmonic nanostructure acts a 

nanomirror in the composites, which can scatter the resonant photons to have longer lifetime in the 

system.[11, 53, 54] In this way, photons are given many more passes through the materials and can be 

utilized more efficiently. As shown in Figure 8, O-Au-A showed significantly better light scattering 

behaviour compared to those of samples Au-A-1 and Au-A-2,[55] which can be elucidated by the fact 

that the photon scattering effect become more significant with the increase of the size of Au NPs.[54] 

This drastic photon scattering effect can explain why O-Au-A showed better photocatalytic 

performance than Au-A-1 and Au-A-2, that is, the larger octahedral Au NPs embedded in O-Au-A 

can scatter more photons throughout the catalyst particles efficiently than the small irregular-spherical 

Au particles in Au-A-1 and Au-A-2, which subsequently result in more efficient utilization of the 

light for initiating photocatalytic activity. Based on the above discussion, it is interesting to predict the 

effect of Au size on the photocatalytic activity of the composites. Further increase of the size of the 

Au NPs within a range will increase the photocatalytic activity due to enhanced photon scattering. 

However, overly large Au NPs can lead to  weakened SPR effect,  and the mismatch between SPR 

spectrum and TiO2 absorption spectrum may result in deteriorated photocatalytic performance. 

[54] 

So to briefly conclude, we believe that Au NPs mainly function to enhance local light intensity and 

scatter photons in our system. On the contrary, the possibility of photosensitization of Au NPs can be 

ruled out and the role as co-catalyst is minor. 

 

 

Scheme 2. Schematics of the two effects of octahedral Au NPs: Local light intensity enhancement and 
photon scattering. (Blue spheres: titania matrix, pink octahedral particles: Au nanoparticles)  



 

Figure 8. UV-Visible reflectance spectra of (a) O-Au-A, (b) Au-A-1 and (c) Au-A-2.  

4. Conclusions 

A new type of Au-TiO2 nanocomposites with well dispersed octahedral Au NPs of relatively large 

particle size were developed. By using exfoliated Ti0.91O2 NSs and pre-synthesized Au NPs as the 

starting materials, it is easy to achieve nanocomposite with intimately  mixed Au NPs with matrix of 

anatase titania. The synthesized nanocomposite showed much better photocatalytic hydrogen 

evolution performance compared to naked titania and titania photo-deposited with Au due to the 

excellent SPR properties of the pre-synthesized octahedral Au NPs. This strategy provides some 

important information for the development of nanocomposite photocatalysts, which can be applicable 

to both other nanosheets (Nb6O17
4-, Ca2Nb3O10

-, etc.) and other plasmonic metal NPs (Ag, Cu, etc.). 
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