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HIGHLIGHTS 

• Au clusters are produced by one-step ball milling from TiO2 and Au acetate 
• Mechanochemically synthesized Au/TiO2 exhibits superior photocatalytic 

activity 
• Ball milling results in efficient charge separation and photocurrent response 
• Ball milling can provide highly active metal-semiconductor photocatalysts 
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ABSTRACT 

Reducing the metal particle size on semiconductor-based materials from a few 

nanometers down to well-dispersed clusters or single atoms has been demonstrated to 

be an effective strategy to enhance the photocatalytic performance. However, designing 

a simple and fast synthesis procedure has consistently been a challenge. In this work, 

gold clusters have been easily synthesized and dispersed onto TiO2 surface by one-step 

ball milling from TiO2 and gold acetate. The Au clusters strongly interact with TiO2 and 

the resulting material exhibits outstanding photocatalytic performances on the 

generation of hydrogen under UV and visible light, which double those obtained on 

conventional Au/TiO2 photocatalysts containing Au nanoparticles. We have studied the 

effect of various preparation parameters and characterized the samples by a variety of 

microscopic and spectroscopic techniques. The particular architecture accomplished by 

ball milling results in efficient charge separation, low charge transfer resistance and 

high photocurrent response. This mechanochemical method not only provides a facile 

and cost-effective alternative to the conventional methods of fabricating Au/TiO2 

catalysts, but also opens a promising avenue for developing other ultrasmall metal 

clusters onto different supports. 
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1. INTRODUCTION 

Small metal species (nanoparticles, metal clusters, single atoms) exhibit unique 

chemical properties that differ from those of its corresponding bulk metal [1–3]. Such 

small metallic forms are gaining interest in heterogeneous photocatalysis. Whereas there 

are numerous studies demonstrating the influence of reducing the size of the supported 

metal to increase the photocatalytic performance [4,5], conceiving a facile one-step 

synthesis of well dispersed ultrasmall metal supported species has consistently been a 

challenge [6,7]. 

Ball milling is a well-known solventless method for decreasing the size of particles 

that presents several advantages such as simplicity, versatility and scalability [8]. In 

addition to decreasing the particle size, ball milling can be also employed to perform 

chemical transformations induced by mechanical forces by the so-called 

mechanochemistry [9,10]. Moreover, mechanochemical synthesis enables the use of 

insoluble reagents. Actually, mechanochemistry has been recently rediscovered as a 

promising method to produce highly active heterogeneous catalysts, which are not 

available by conventional synthesis routes [10–15]. For instance, mechanochemistry has 

recently been used to enhance the catalytic performance in the abatement of pollutants 

generated during the combustion of fossil fuels, such as the oxidation of soot over ceria-

based catalysts [16,17], the oxidation of CO over different metal supported oxides 

[18,19], or the oxidation of CH4 over Pd/CeO2 catalysts [20,21]. Mechanochemistry has 

also been proven an as efficient approach to prepare active photocatalysts such as N-

doped and S-doped TiO2 [22–26], photoactive semiconductor mixtures of Fe2O3-TiO2 

and MoS2-TiO2 [27–30] and magnetically separable TiO2 [31]. Recently, the preparation 
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of Au/TiO2 for hydrogen (H2) photoproduction from gold complexes and manual 

grinding has been reported [32,33]. However, many questions remain open to shed light 

on how the mechanochemical action aids to enhance the photocatalytic process. 

Mechanochemistry is probably the simplest, fastest and environmentally-friendly 

method for preparing catalysts [34,35], but its use in the preparation of supported small 

metal species is scarce [19,20]. Moreover, the manufacture of heterogeneous catalysts 

integrating one or more co-catalysts over oxide supports typically involves several steps 

in liquid phase that could compromise the scalability and control of their industrial 

production. [36–38]. Here, we report for the first time the preparation of Au/TiO2 by 

mechanochemical action from commercial TiO2 and Au (III) acetate. We have carefully 

investigated the effect of the parameters influencing the mechanochemical action: 

milling time, milling frequency, ball to powder ratio and concentration of reactants. We 

show that the photocatalytic properties for H2 photogeneration of the resulting material, 

which contains an ultra-dispersion of Au clusters are much better than those of Au/TiO2 

prepared by conventional wet methods, both under UV and visible light. This approach 

may be equally useful for other reactions. 

 

2. EXPERIMENTAL 

2.1 Materials 

Gold (III) acetate (Alfa Aesar, 99.9%), commercial TiO2 P90 (Degussa, ca. 90 m2 g-

1), commercial TiO2 P25 (Evonik, ca. 80% anatase and 20% rutile, purity>99.55%), 

gold (III) chloride hydrate (99.999%, trace metal basis) and glacial acetic acid were 

purchased from Sigma-Aldrich. Absolute ethanol was purchased from Scharlau. Milli-Q 

water (H2O) was routinely used. All reagents were used without further purification. 
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2.2 Preparation of Au/TiO2 P90 by mechanochemical synthesis 

In a typical synthesis of mechanically mixed Au/TiO2 photocatalyst to obtain a 

nominal Au loading of 1 wt%, gold (III) acetate (0.0057 g) and commercial TiO2 P90 

(0.29 g) were added to a stainless-steel vessel (10 mL) along with one stainless-steel 

ball (15 mm diameter, 13.54 g weight), resulting in a ball to powder ratio (BPR) value 

of 45. The vessel was placed in a high-speed vibrating ball miller (Retsch, Mixer Mill 

MM200), and the mixture was ground for 10 min at a vibrational frequency of 15 Hz 

(unless otherwise stated). After milling, the powder was denoted as Au/P90-BM and 

used without any further treatment. 

2.3 Synthesis of Au/TiO2 P90 by incipient wetness impregnation 

As a reference photocatalyst, the same nominal Au loading (1 wt%) was obtained by 

incipient wetness impregnation on the same TiO2 P90 support (0.052g) from a solution 

of 0.001 g of gold acetate dissolved in 5 mL of glacial acetic acid. The resulting 

impregnated powder was dried in an oven at 50 °C for 3 h. Afterwards, the sample was 

calcined at 300 °C for 3 h and labelled as Au/P90-IWI. 

2.4 Synthesis of other reference photocatalysts samples 

To investigate the effects of raw materials and TiO2 surface area on H2 production 

rate, a set of reference photocatalysts were also synthesized using TiO2 P25 and HAuCl4 

instead of TiO2 P90 and gold acetate, respectively. The photocatalysts were prepared 

with the same Au loading (1 wt%) and mechanochemical procedure (15 Hz, 10 min, 

BPR = 45). The samples obtained were denoted as Au/P25-BM and HAuCl4/P90-BM, 

respectively. A reference catalyst (Au/P90-PM) was prepared by grinding gold acetate 

and TiO2 P90 manually in a pestle and mortar for 10 min. TiO2 P90 without any 
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treatment and after ball milling (15 Hz, 10 min, BPR = 45) were also used as reference 

samples and were denoted as Pure P90 and P90-BM, respectively. 

2.5 Characterization of the photocatalysts 

X-ray diffraction (XRD) analysis was performed in a Bruker D8 diffractometer with 

Cu Kα radiation (λ=1.5418 Å, 40 mA, 40 kV). Data were recorded in the 2θ range of 

20-80° with a step size of 0.02° and a dwell time of 1 s per step. Crystallite sizes of 

samples were calculated using the Scherrer equation. High resolution transmission 

electron microscopy (HRTEM) and high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) were carried out on a FEI Tecnai F20 electron 

microscope equipped with a field emission electron gun and operated at an accelerating 

voltage of 200 kV. The point-to-point resolution was 0.19 nm. Scanning electron 

microscopy (SEM) images were performed on a Zeiss Neon40 Crossbeam Station 

instrument at 5.0 kV equipped with a field emission source. The free software Fiji was 

used to measure the particle size of the samples. UV-vis reflectance spectroscopy was 

measured on a Shimadzu UV3600 UV-vis/NIR apparatus. BaSO4 was used as a 

reference standard. The spectra were recorded at room temperature in air within the 

range of 300-800 nm. The acquired diffuse reflectance spectra were converted to 

absorbance through the standard Kubelka-Munk function. The band gap energies (Eg) of 

the prepared samples were estimated from the UV-vis spectra by Tauc plots of [F(R) 

hv]1/2 vs hv. X-ray photoelectron spectroscopy (XPS) was recorded on a SPECS system 

equipped with a Phoibos 150 MCD-9 detector and an Al anode XR50 source operating 

at 150 W. CasaXPS program (Casa Software Ltd., UK) was used to evaluate the XPS 

data (Shirley type background). Raman spectroscopy was carried out on a confocal 

Raman spectrometer (Renishaw in Via Qontor) equipped with a Leica DM2700M 

microscope over the range of 50 to 800 cm−1. A laser excitation source of 532 nm and a 
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grating of 2400 lines mm−1 were used. A power of the laser of 1 mW cm-2 was kept at 

all samples. Brunauer-Emmett-Teller (BET) surface area measurements were performed 

on QUADRASORBevo Gas Sorption Surface Area and Pore Size Analyzer by N2 

sorption at 77 K. Before the N2 sorption isotherm measurements, all samples were 

outgassed at 110 °C for 12 hours. 

2.6 Electrochemical and photoelectrochemical measurements 

The photoelectrochemical properties were measured on a Bio-logic Sp-200 (Bio-

Logic Science Instruments, France) potentiostat/galvanostat in a three-electrode cell 

(volume 100 mL) with 25 mL of 0.5 M Na2SO4 electrolyte (pH=7.0) at room 

temperature. The catalyst loaded onto fluorine doped tin oxide (FTO) glass was used as 

the working electrode. The preparation process is as follows: after washing the FTO 

glass with ethanol and acetone three times, 15 mg of photocatalyst was dispersed in 15 

mL of ethanol under ultrasounds for 30 min and the mixture was dripped onto the FTO 

glass by spin-coating and dried at room temperature. An Ag/AgCl (3.5 M) electrode 

(+0.205 V vs. NHE at 25 °C) was used as reference electrode and a spiral Pt (~ 3.6 cm²) 

wire was used as a counter electrode. The specimens were stabilized under open circuit 

condition for 1 hour before the measurements. The stable, quasi-steady state potential 

reached at the end of the stabilization period is denoted as open circuit potential (OCP). 

Transient photocurrent responses with time were recorded at a bias potential of 10 mV 

versus OCP during repeated on/off UV light cycles with interval of 20 s. 

Electrochemical impedance spectroscopy (EIS) experiments were performed at 10 mV 

amplitude relative to OCP over the frequency range of 1 MHz to 10 mHz. The 

resistance values of each sample were obtained from the intercepts on the real, Z’, 

impedance axis from the resultant Nyquist plots performed under UV radiation or dark 

conditions. Mott-Schottky (M-S) plots were performed at a frequency of 1 kHz and 
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amplitude of 10 mV from -0.8 V to 0.5 V with 20 potential steps. The capacitance and 

flat-band potential, Vfb, of Pure P90, Au/P90-IWI and Au/P90-BM can be defined by the 

horizontal intercept of the tangent line of (M-S) plots using the following equation (1): 

𝐶𝐶−2 = 2
𝑁𝑁𝐷𝐷𝜀𝜀𝜀𝜀0𝑒𝑒

 �𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑓𝑓 −
𝑘𝑘𝑘𝑘
𝑒𝑒
�   (1) 

where C is the space charge capacitance in the semiconductor, ND is the electron carrier 

density, e is elementary charge (1.60 × 10−19 C), ε0 is the Vacuum permittivity (8.85 × 

10−12 F m−1), ε is the relative permittivity of TiO2 (55) [39], V is the applied potential, 

Vfb is the flat band potential, T is the absolute temperature, and k is the Boltzmann 

constant (1.38 × 10-23 m2 kg s-2 K-1). The effective density of states in conduction band, 

NC, can be estimated by equation (2), 

𝑁𝑁𝐶𝐶 = 2(2𝜋𝜋𝑚𝑚𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘
ℎ2

)
3
2                  (2) 

where mde is the density-of-state effective mass for electrons of nano-crystalline anatase 

TiO2 (9.1 × 10-30 kg), h is Planck constant. The estimated NC value is 7.7 × 1020 cm−3. 

For a n-type semiconductor, if the value of ND ˂ NC, it can be seen as a nondegenerate 

semiconductor [40]. Thus, for all prepared photocatalysts in this work, the Boltzmann 

statistics can be applied to get the bottom of the conduction band ECB (3): 

𝐸𝐸𝐶𝐶𝐶𝐶 − 𝐸𝐸𝐹𝐹 = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑁𝑁𝐶𝐶
𝑁𝑁𝐷𝐷

)                  (3) 

where EF is the Fermi level position (EF =Vfb). 

2.7. Photocatalytic experiments 

The photogeneration of hydrogen was tested at atmospheric pressure with a tubular 

glass photoreactor (from SACOPA, S.A.U.) in a continuous mode as explained 

elsewhere [41–43]. 2.0 mg (unless otherwise stated) of the selected photocatalyst was 

dispersed in ethanol by ultrasonication and dripped onto a circular cellulose paper 

(Albet, thickness 0.18 mm, pore size 35-40 μm, 80 g m-2) and dried at 50 °C for 1 h. An 
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argon gas stream (20 mL min-1) was bubbled through a Drechsel bottle, which 

contained a liquid mixture of 87.5 g H2O and 9.92 g EtOH to obtain a water:ethanol 

vapor mixture of 9:1 (molar ratio). An external hot air blower controlled the temperature 

of the photoreactor and the temperature of the photocatalyst was monitored directly with 

a K-type thermocouple in contact with the sample. Gas products were analyzed on-line 

every 4 min with a micro gas chromatograph (GC, Agilent 490) equipped with MS 5 Å, 

Plot U and Stabilwax columns. The photoreactor was equipped with either a UV light 

source or a UV-visible light source aligned to a synthetic quartz glass cylindrical lens. 

The UV light source contained four LEDs emitting at 365 ± 5 nm. A light irradiation of 

87 ± 0.5 mW cm−2 was measured directly with a UVA radiation monitor (from Solar 

Light Co., model PMA 2110, spectral response of 320-400 nm) and a radiometer 

(model PMA2200, Solar Light Co.). The UV-visible light source contained two LEDs 

emitting at 372 ± 5 nm and two LEDs emitting visible light (correlated color 

temperature (CCT) 6099 K, color rendering index (CRI) 74). The UV irradiance of the 

UV-visible light source was 14 ± 0.5 mW cm−2. The apparent quantum yield (AQY) 

was calculated by the following equation (4): 

AQY = 
2nH2

np
×100 = nNA

ET/EP
×100 = nNA

(𝑃𝑃𝑃𝑃𝑃𝑃)/ (ℎ𝑐𝑐𝜆𝜆 )
× 100         (4) 

where nH2 refers to the number of molecules of generated H2. np refers to the incident 

photons reaching the catalyst. The number of H2 molecules can be calculated by nH2 = 

nNA, where n is hydrogen moles evolved during the time of light exposure (t), and NA is 

the Avogadro constant. The np can be calculated by np = ET/Ep, where ET and Ep are the 

total energy reaching the catalyst and the energy of a photon, respectively. In the 

equation ET = PSt, the terms P (W m-2), S (m2) and t (s) refer to the power density of 

incident monochromatic light, the irradiation area and the duration of the incident light 

exposure, respectively. In the equation Ep = hc/λ, where h, c and λ (m) are the Planck's 
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constant, the speed of light and the wavelength of the incident monochromatic light, 

respectively. For a correct AQY calculation, the effect of the amount of photocatalyst 

used in the photocatalytic experiments at a fixed contact time value was studied, 

because it is well-known that photocatalytic experiments are strongly influenced by 

mass and photon transfer limitations [44]. As shown in Fig. S1, a loading of 2 mg of 

photocatalyst exhibited optimal hydrogen photoproduction rate. A further increase of 

photocatalyst loading did not show an improvement of the hydrogen photoproduction 

rate, confirming that 2 mg of photocatalyst led to an optimum photon usage in the 

experimental conditions tested. 

 

3. RESULTS AND DISCUSSION 

3.1 Photocatalytic activity 

The photocatalytic activity of the different samples was first evaluated in the H2 

photoproduction under UV light radiation (365 nm) under dynamic conditions from a 

gaseous water/ethanol mixture by using argon as the carrier gas. As depicted in Fig. 1a, 

pristine TiO2 P90 displayed an inappreciable photocatalytic H2-production rate (1.5 

mmol h-1 g-1) and an apparent quantum yield (AQY) of 0.3% because of the fast 

recombination of photoexcited electron-hole pairs [45]. After ball milling, the 

photocatalytic rate of TiO2 P90 increased (sample P90-BM), although it was kept low 

(4.9 mmol h-1 g-1). This slight increase is explained considering the effect of ball milling 

on the surface area exposed (from 87.6 to 98.2 m2 g-1, Table S1). It is worth noting that 

the sample Au/P90-BM prepared by ball milling showed a remarkably enhanced H2 

evolution efficiency, with rate values up to 49.3 mmol h-1 g-1 and an AQY of 8.6%. In 

contrast, samples Au/P25-BM and HAuCl4/P90-BM prepared with different types of 
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TiO2 and Au sources showed considerably lower photocatalytic performances. 

Likewise, the samples prepared by conventional incipient wetness impregnation 

(Au/P90-IWI) and manual grinding using a pestle in a mortar (Au/P90-PM) also did not 

reach the observed H2 production rates in Au/P90-BM. The sample Au/P90-PM 

exhibited higher photocatalytic activity than the conventional Au/P90-IWI because it 

also involved mechanical mixing, but lower than that of Au/P90-BM due to the lower 

mixing energy involved in the manual procedure. 

 

Fig. 1. (a): Hydrogen photoproduction rates (red bars) and AQY (black bars) obtained 

over the following samples: (A) Au/P90-BM, (B) Au/P90-PM, (C) Au/P90-IWI, (D) 



12 

 

Au/P25-BM, (E) P90-BM, (F) HAuCl4/P90-BM and (G) Pure P90. (b) Hydrogen 

photoproduction rates of Au/P90-BM (b-1, b-2) and Au/P90-IWI (b-3, b-4) under UV 

and UV+visible light irradiation (b-1, b-3) and under UV and UV+heating (b-2, b-4). 

(c): Hydrogen photoproduction rates of Au/P90-BM under different milling time (blue 

bars), milling frequency (orange bars) and ball to powder ratio (BPR, green bars); all 

samples were prepared by changing only one parameter in each experiment while 

keeping the other ball milling conditions unchanged. (d) Stability tests of hydrogen 

photoproduction over Au/P90-BM (red line) and Au/P90-IWI (black line) samples. 

 

The photocatalytic H2 production rates over Au/P90-BM and Au/P90-IWI were also 

measured under UV+visible light irradiation, in order to evaluate the influence of the 

localized surface plasmon resonance (SPR) effect on expanding the photo-response in 

the visible region (Fig. S2) [46,47]. To that end, the samples were tested in three 

consecutive steps: (i) under UV light only, (ii) UV+visible light irradiation and (iii) 

back to UV light only. The results are shown in Fig. 1b. From Figs. 1b-1 and 1b-3, it is 

evident that both Au/P90-BM and Au/P90-IWI exhibit a considerable increase in the H2 

photoproduction under UV+visible light irradiation than that obtained only under UV 

light. Nevertheless, we observed that the temperature of the samples increased slightly 

upon visible light illumination (step ii), from 25 up to 36 °C. It is well known that 

visible light irradiation can induce heating and promotion of electron transfer, leading to 

an enhancement of the photocatalytic activity [48]. Therefore, to discriminate the 

contribution of the temperature change, we also tested the samples at 36 °C only under 

UV light exposure. As shown in Figs. 1b-2 and 1b-4, after heating at 36 °C, the 

maximum rate of H2 production of both Au/P90-BM and Au/P90-IWI under UV light 

increased by a factor of about 2.0 ± 0.1 against to the respective values obtained under 
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UV light at 25 °C. However, the effect of temperature did not account for the 

enhancement of the H2 photoproduction rates obtained under UV+visible illumination, 

which undoubtedly means that visible light has a positive effect on the H2 

photoproduction. In addition, the relative enhancement of the H2 photoproduction rate 

obtained over Au/P90-BM under UV+visible light with respect to UV light is much 

higher than that obtained over Au/P90-IWI (160 vs. 100 % increase, Table S2). 

Therefore, the particular architecture attained by ball milling between Au and TiO2 not 

only leads to a higher photoactivity under UV light, but also to a significant benefit in 

the use of visible light in the H2 photoproduction. 

3.2 Ball-milling parameters 

Given the remarkable H2 production rate recorded on the Au/P90-BM sample, we 

performed a series of experiments to elucidate the influence of the preparation 

conditions of the ball milling process on the photocatalytic activity, i.e., milling time, 

milling frequency and ball to powder ratio (BPR). In all the experiments performed, 

XPS analyses did not reveal any contamination of the samples prepared from the 

milling jar and balls (Fig. S3). As illustrated in Fig. 1c, these parameters have a strong 

influence on the photoproduction of H2. The milling time could promote the 

mechanochemical reaction and influence the dispersion or particle size of the catalyst, 

modifying its specific surface area and the number and quality of active sites. However, 

when the milling time exceeds a certain range, the agglomeration of particles may be 

induced and many surface defects can be generated, which could accelerate the 

recombination rate of electron-hole pairs, reducing the photocatalytic performance, as 

observed in previous works [49,50]. The ball milling frequency is another important 

factor affecting the synthesis of the photocatalyst due to its influence on the efficient 

mixing of the photocatalyst components [51]. It is clearly seen in Fig. 1c that the higher 
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the frequency value, the lower the rate of H2 photoproduction. In particular, it has been 

demonstrated that high-energy mechanical forces result in the formation of structural 

defects, which act as effective recombination centers of electron-hole pairs [52,53]. 

Also, extensive high-energy milling can cause the encapsulation of Au by the TiO2 

support, which would result in a decrease of the photocatalytic activity. We ascribe this 

behavior to a different gold-titania interaction resulting from the energy of the milling 

process. Finally, too large or too small BPR both have negative effects on the 

synthesized Au/P90-BM catalysts due to the restricted movement of balls or insufficient 

collision force, respectively (Fig. 1c). We also studied the loading effect of the gold 

acetate precursor on the photocatalytic production of H2 (Fig. S4). The H2 

photoproduction rate increased with the Au concentration until a value of 1 wt%, where 

the highest reaction rate was achieved. A further increase of the Au loading above 1 

wt% provoked a decrease of the activity of the Au/P90-BM photocatalysts, which is 

ascribed to the accumulation of Au on the TiO2 surface, resulting in a reduction of the 

electron-hole formation rate in TiO2 [48]. Therefore, a ball milling time of 10 min, 

frequency of 15Hz, BPR value of 45 and 1 wt% Au loading were chosen as the optimal 

synthesis conditions and they were kept constant throughout all the next experiments. 

Stability tests were performed over Au/P90-BM and Au/P90-IWI by switching on and 

off the UV light up to four cycles of ca. 60 min of UV light irradiation. As shown in 

Fig. 1d, the photocatalytic H2 production rate of the sample Au/P90-BM decreased from 

cycle 1 to cycle 3, whereas the sample Au/P90-IWI exhibited a more stable H2 

photoproduction rate, but considerably lower than that of Au/P90-BM. After the fourth 

cycle, the Au/P90-IWI and Au/P90-BM samples exhibited H2 production rates of 20.7 

and 35.8 mmol h-1 g-1, respectively. Furthermore, with the aim of examining a longer 

stability behavior, a two-day test was conducted on Au/P90-BM by continuous reaction 
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under UV light. As illustrated in Fig. S5, the sample still had a remarkable rate of H2 

production (28.3 mmol h-1 g-1) after 48 hours of photoreaction. It is important to 

underline the extraordinary performance of the photocatalyst prepared by ball milling 

with respect to the sample prepared by conventional impregnation. 

What is the reason for the particular performance of the catalyst prepared by ball 

milling? In order to get insight into the reasons for the different photocatalytic behavior 

exhibited by the Au/P90-IWI and Au/P90-BM photocatalysts, obtain valuable 

information about the active sites, understand the reasons for the deactivation of the 

Au/P90-BM sample and find valuable hints for the rational design of new 

heterogeneous photocatalysts, we carried out a detailed characterization of the samples 

before and after photoreaction, which is presented below. 

3.3 Characterization of the photocatalysts 

The characteristic diffraction peaks of the anatase and rutile phases are identified in 

the XRD patterns of all catalysts (Fig. 2a), which matched well with the values of 

pristine TiO2 P90, suggesting that the crystalline structure of TiO2 P90 used as support 

was primarily retained after the ball-milling step. As shown by SEM (Fig. S6), the TiO2 

nanoparticles kept the original morphology and size after ball milling, which was within 

the range of 9-15 nm, in agreement with the results obtained from XRD. Enlarged XRD 

patterns from 2θ of 43° to 46° and 76° to 80° (Fig. 2a) show weak peaks at 44.4° and 

77.5° in Au/P90-IWI (fresh and after reaction) and Au/P90-BM (after reaction) that can 

be assigned to Au diffraction peaks, whereas the fresh Au/P90-BM has no signal related 

to Au species. This could be attributed to the fact that most of the Au particles prepared 

by ball milling are too small and elude their detection by XRD, and larger Au 

nanoparticles observed by HAADF-STEM comprised only a minor fraction of the total 

loaded Au by ball milling. 
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Fig. 2. XRD patterns (a) and Raman spectra (b) of A: Pure P90, B: Au/P90-IWI fresh, 

C: Au/P90-IWI after reaction, D: Au/P90-BM fresh, E: Au/P90-BM after reaction. 

Insets show expanded regions of XRD and Raman spectra. The horizontal dashed lines 

in the expanded Raman spectra indicate the full width at half maximum (FWHM) 

measured values. (c-e) HRTEM images of fresh Au/P90-BM (c,d) and Au/P90-IWI (e) 
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photocatalysts. (f-i) HAADF-STEM images of Au/P90-BM (f) fresh and (g) after 

reaction, and Au/P90-IWI (h) fresh and (i) after reaction. The inset histograms show the 

size distribution of Au nanoparticles. (j) Au 4f region of the XPS spectra of A: fresh 

Au/P90-IWI, B: Au/P90-IWI after reaction, C: fresh Au/P90-BM, D: Au/P90-BM after 

reaction. (k) Tauc plots of (F(R∞)E)1/2 versus E (eV) for Pure P90, Au/P90-IWI and 

Au/P90-BM, including a linear fit (dashed lines) to determine the band gap energy (Eg). 

 

All photocatalysts showed the characteristic Raman-active modes of anatase TiO2 

(Fig. 2b) at 144.4, 196.15, 400.4, 514.9, and 637.5 cm−1 [54], whereas rutile phase was 

not observed due to its poor scattering efficiency. There is a slight peak broadening and 

shift of the main peak of Au/P90-BM (FWHM=12.2 cm−1) with respect to Pure P90 

(FWHM=10.9 cm−1) and Au/P90-IWI (FWHM=10.9 cm−1) (Fig. 2b), which suggests 

that the addition of Au introduced some defects during the ball milling process [55]. 

Representative HRTEM images for fresh Au/P90-BM are presented in Figs. 2c and 2d. 

The Fourier Transform (FT) images shown in the insets of Fig. 2c show spots 

corresponding to the crystal planes of metallic Au, anatase and rutile. In addition to 

these large Au nanoparticles, a large number of ultrasmall Au entities (as highlighted by 

the yellow circles in Fig. 2d, with a size distribution between 0.1-0.5 nm), well 

dispersed over the surface of fresh Au/P90-BM, were also revealed by HRTEM. 

Noticeably, these ultrasmall Au entities, or Au clusters, were not present in the fresh 

Au/P90-IWI sample (see Fig. 2e). 

The samples Au/P90-BM and Au/P90-IWI were also carefully examined before and 

after the photoreaction by HAADF-STEM (Fig. 2f-i). The existence of Au nanoparticles 

(white spots in Z-contrast) was confirmed in all samples. However, whereas only large 

particles (15-20 nm) could be clearly identified in the fresh Au/P90-BM sample (Fig. 
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2f), an impressive amount of smaller Au particles (5-10 nm) appeared after the 

photoreaction (Fig. 2g, pointed by arrows). This clear appearance of small Au 

nanoparticles is likely due to the agglomeration of the Au clusters identified by HRTEM 

(Fig. 2d) during the photoreaction process. In contrast, HAADF-STEM observations 

demonstrate that there is no significant change of Au particle size for the sample 

Au/P90-IWI before and after photoreaction, and both are around 8 ± 2 nm (Figs. 2h and 

2i). 

The XPS analysis of the Au 4f region (Fig. 2j) in Au/P90-IWI reveals the presence of 

metallic Au (Au0) at Au 4f7/2 of 82.7-83.1 eV [56], both in the fresh and used samples. 

But in Au/P90-BM, the Au 4f spectra changed radically before and after the 

photoreaction. The fresh sample is dominated by a signal at 83.6 eV, which can be 

assigned to gold clusters (labelled as Au0*), in addition to a minor signal corresponding 

to Au0 at 82.3 eV. After the photoreaction, the signal of the gold clusters Au0* totally 

disappeared. The loss of Au0* can be accounted for the agglomeration of Au clusters 

into larger nanoparticles after photoreaction, which is perfectly consistent with the 

HRTEM and HAADF-STEM results. In addition to this, the Au/Ti surface atomic ratios 

calculated by XPS (Table S3) clearly indicate that, for the same Au loading (1 wt%), the 

Au/Ti surface atomic ratio of fresh Au/P90-BM is almost 4-fold that of the other 

samples (1.92 vs. 0.47), which is a strong evidence of the better dispersion of Au in the 

fresh sample prepared by ball milling due to the presence of the Au clusters on it. Also, 

the strong decrease of the Au/Ti atomic ratio after photoreaction in the Au/P90-BM 

sample (from 1.92 to 0.45) is consistent with an aggregation process of the Au clusters 

during the photocatalytic test. The Ti 2p spectra (Fig. S7) displays only two components 

centered at binding energies of 458.5 eV and 464.3 eV, which are assigned to the Ti 

2p3/2 and Ti 2p1/2 components of Ti4+ in TiO2 [57]. No peaks related with Ti3+ 
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components could be distinguished in any case. Scheme 1 summarizes the changes of 

the Au species in Au/P90-BM and Au/P90-IWI during the photoreaction process. From 

the characterization data and taking into account that the H2 photoproduction is much 

higher in Au/P90-BM with respect to Au/P90-IWI and the deactivation observed for 

Au/P90-BM during photoreaction (Fig. 1d) is due to the progressive transformation of 

the Au clusters into Au nanoparticles, it can be safely concluded that the photoactivity 

of the Au clusters-TiO2 interface obtained by ball milling is much higher than that of Au 

nanoparticles-TiO2. This is an important finding of this work. Nevertheless, the 

photostability of Au clusters over TiO2 surface is not maintained during long time 

photocatalytic H2 production experiments (Fig. S5) under the photocatalytic conditions 

tested in this work. The combination of UV exposure, a continuous stream of vaporized 

ethanol that act as sacrificial electron donor and the transfer of photogenerated electrons 

from TiO2 to Au species, originate a reducing environment that facilitates a dynamic 

restructuring phenomenon of Au clusters evolving into Au nanoparticles. Actually, it 

has been already reported that ultrasmall Au species are at a thermodynamic unstable 

state and tend to agglomerate under light irradiation or thermal changes [7].  

 

 

Scheme 1. Illustrative representation of changes of Au species during the studied 

photoreaction of hydrogen generation. 
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The band gap energy values (Eg) of Pure P90, Au/P90-IWI and Au/P90-BM were 

calculated by using Tauc plots (Fig. 2k) from the UV-vis spectra (Fig. S2a) and are 3.18 

eV, 3.05 eV and 2.97 eV, respectively. The values are all in the range of experimental 

error (3.08 ± 0.11 eV), indicating that ball milling had little influence on the band gap 

energy of the TiO2 support. In contrast, charge transfer strongly differs between 

Au/P90-IWI and Au/P90-BM as determined by electrochemical impedance 

spectroscopy (EIS). The Nyquist plot (see Fig. 3a) shows a partial high frequency arc in 

all cases corresponding to the charge transfer resistance. The obtained resistance values 

were significantly sensitive to the preparation method of the sample. As expected, 

Au/P90-IWI and Au/P90-BM resistance values were lower than those of pure P90 

sample due to the addition of Au nanoparticles, which facilitate the electron transfer. 

More interestingly, the mechanochemically prepared Au/P90-BM shows a lower 

resistance than the conventionally prepared Au/P90-IWI, which indicates a better 

electron transfer and more efficient charge separation [58–60]. A similar trend is 

observed under dark conditions (Fig. S8a), although, as expected, the resistance values 

of all the samples were much higher compared with those obtained under UV light 

conditions. 



21 

 

 

Fig. 3. Nyquist plots under UV irradiation (a), Mott-Schottky plots (b, dark conditions) 

and transient photocurrent response (c, λ=365 nm) of Pure P90, Au/P90-IWI and 

Au/P90-BM. 
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Table 1. Electron carrier density (ND), flat band potential (Vfb), conduction band (ECB) 

and valence band (EVB) calculated for Pure P90, Au/P90-IWI and Au/P90-BM. 

 
Pure P90 Au/P90-IWI Au/P90-BM 

 
Dark UV  Dark UV  Dark UV  

ND (cm-3)a 9.0×1019 9.8×1019 9.9×1019 1.0×1020 9.2×1019 9.0×1019 

Vfb (V vs. AgCl)b -0.66 -0.65 -0.64 -0.63 -0.50 -0.47 

Vfb (V vs. NHE) -0.46 -0.45 -0.44 -0.43 -0.30 -0.27 

ECB- EF (V vs. NHE)c 0.055 0.053 0.053 0.052 0.055 0.055 

ECB (V vs. NHE) -0.52 -0.50 -0.49 -0.48 -0.36 -0.33 

EVB (V vs. NHE)d 2.67 2.68 2.56 2.57 2.62 2.65 
acalculated from Equation (1) 
bmeasured from M-S plots in Fig. 3b 
ccalculated from Equation (3) 
dcalculated by EVB = Eg + ECB 

 

Mott-Schottky (M-S) analysis was measured at the frequency of 1 kHz both under 

dark and UV light conditions (Fig. 3b and Fig. S8b). All samples show positive slopes 

in the M-S plots, as expected for n-type semiconductors. In addition, the intercept of the 

tangent lines of Au/P90-BM under dark and UV light appears at higher potential than 

that of Pure P90 and Au/P90-IWI, which indicates a higher flat band position (Vfb) in 

the ball milled sample. The shift in the Vfb (see Table 1) of TiO2 by the addition of Au is 

related to the Schottky junction formed at the Au/TiO2 interface and causes a decrease 

of the band bending and a positive shift on Vfb [61]. This is particularly evident for the 

Au/P90-BM sample, probably due to the presence of the Au clusters, which interact 

strongly with the titania support. The conduction band (ECB) is calculated to be about 52 
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mV to 55 mV above the Fermi level (EF) for all photocatalysts (Equation 3). Thus, the 

position of the bottom of the conduction band in Pure P90, Au/P90-IWI and Au/P90-

BM can be determined, which are around -0.52 V, -0.49 V, and -0.36 V (vs. NHE, dark 

conditions), respectively. Combining with the band gap energy (Eg) values obtained 

from Tauc plots (Fig. 2k), the top of the valence band (EVB) in each sample is estimated 

to be 2.67 V, 2.56 V, and 2.62 V (vs. NHE, dark conditions), respectively [60]. The 

detailed results are shown in Table 1. The calculated electron carrier density (ND) values 

in all three photocatalysts are in the range of (9.5 ± 0.5) × 1019 cm−3 both in dark and 

UV light conditions, which means that the carrier density might not be the decisive 

factor for the photocatalytic activity improvement of TiO2 after the surface decoration 

with Au. In order to study the electron-hole pair formation and electron transfer 

efficiency [62], transient photocurrent measurements were carried out on Pure P90, 

Au/P90-IWI and Au/P90-BM (Fig. 3c). Au/P90-BM shows an outstanding, intense 

photocurrent among all the performed cycles. This result implies that photogenerated 

electrons and holes in Au/P90-BM moved faster than in Au/P90-IWI and Pure P90, 

which in turn restricted the recombination process effectively, leading to a more active 

photocatalyst (Scheme 2). As illustrated in Fig. 3c, the photocurrent recorded in 

Au/P90-BM progressively decreased over the successive cycles, which again is a direct 

consequence of the agglomeration of the Au clusters into Au nanoparticles. Therefore, 

the enhanced photocurrent response provoked by Au clusters explains the improved 

photocatalytic H2 production rate in Au/P90-BM, which was not observed for the 

sample Au/P90-IWI containing solely Au NPs. 
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Scheme 2. Illustrative representation of the photocatalytic mechanism of Au/P90-BM. 

ECB and EVB correspond to the energy band structures of the Au/P90-BM sample, where 

the bending of TiO2 energy bands and the electronic equilibrium of the Fermi level 

occurs due to the Au/TiO2 Schottky junction. The photogenerated electron transport 

pathways between Au clusters and TiO2 are depicted by arrows (the black vertical arrow 

represents the photoexcitation process of electron–hole pairs; the red dash arrow 

illustrates the restricted recombination of electron-hole pairs; e- and h+ in the blue and 

orange cycles correspond to a photogenerated electron and hole, respectively). Diagonal 

arrows represent charge carriers transport from the bulk to the surface, where the 

photocatalytic H2 generation takes place. SPR denotes the localized surface plasmon 

resonance phenomena on expanding the Au/P90-BM sample photo-response under 

visible light. 

 

All these observations explained the particular photocatalytic activity of the Au 

clusters on TiO2 prepared by mechanochemical force. Additionally, they also 



25 

 

demonstrated a dynamic restructuring phenomenon of Au clusters evolving into Au 

nanoparticles under the photocatalytic conditions tested, which has been crucial for 

determining the actual nature of active Au species. 

 

4. CONCLUSIONS 

We have demonstrated a fast, simple and clean way to efficiently fabricate Au/TiO2 

photocatalyst by one-step ball milling at room temperature directly from commercial 

TiO2 and gold acetate. The photocatalyst contains Au clusters well dispersed on the 

surface of TiO2 and exhibits an activity that doubles that of a conventional Au/TiO2 

photocatalyst containing Au nanoparticles in the photoproduction of hydrogen under 

UV light. The mechanochemically manufactured Au/TiO2 is also more efficient under 

UV-visible light than when the photocatalytic process is carried out with conventional 

Au/TiO2. The strong interaction between the Au clusters and TiO2 accomplished by the 

ball milling method results in efficient charge separation, low charge transfer resistance 

and high photocurrent response. However, Au clusters agglomerate over time under the 

photocatalytic conditions tested and they transform into Au nanoparticles, which are 

less active. We have studied in detail this transformation with various microscopic and 

spectroscopic techniques and have clearly demonstrated the superior photocatalytic 

performance of the Au clusters. The mechanochemical approach for the production of 

heterogeneous supported catalysts provides a new perspective that might pave the way 

to the design of highly active metal-semiconductor catalytic systems with enhanced 

photocatalytic activity, which can be further explored for other catalytic applications. 
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