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ABSTRACT:  

Photocatalytic activities of mesoporous heterostructure RuO2/TiO2 nanocomposites for organic 

dye decomposition and H2 production by methanol photoreforming have been studied as a function 

of the RuO2 loading in the 1-10wt% range. According to Powder X-ray Diffraction, N2 sorption 

analyses, Transmission Electron Microscopy and X-ray Photoelectron Spectroscopy, all 

nanocomposites are made of a mesoporous network of aggregated RuO2 and TiO2 nanoparticles, 

textural properties being almost independent upon the RuO2 loading. However, an optimum RuO2 

loading has been evidenced for both kinds of reaction, the corresponding nanocomposites showing 

much higher activities than pure TiO2 and commercial reference P25. Thus, heterojunction 1 wt% 

RuO2/TiO2 photocatalyst led to the highest rates for the degradation of cationic (methylene blue) 

and anionic (methyl orange) dyes under UV light illumination. To get a better understanding of 

the mechanisms involved, a comprehensive investigation on the photogenerated charge carriers, 

detected by electron spin resonance (ESR) spectroscopy in the form of O-, Ti3+ and O2
- trapping 

centers, was performed. Along with the key role of superoxide paramagnetic species in the 

photodecomposition of organic dyes, ESR measurements revealed a higher amount of trapped 

holes in the case of the 1wt% RuO2/TiO2 photocatalyst that allowed rationalizing the trends 

observed. On the other hand, a maximum average hydrogen production rate of 618 µmol h-1 was 

reached with heterojunction 5 wt% RuO2/TiO2 photocatalyst to be compared with 29 µmol h-1 

found without RuO2 that points out the key role of RuO2 for efficient hydrogen production. 

Favorable band bending at the RuO2/TiO2 interface and the key role of photogenerated holes have 

been proposed to explain the highest activity of the RuO2/TiO2 photocatalysts for hydrogen 

production. These findings open new avenues for further design of RuO2/TiO2 nanostructures with 
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a fine tuning of the RuO2 nanoparticle distribution in order to reach optimized vectorial charge 

distribution and enhanced photocatalytic hydrogen production rates. 
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1. INTRODUCTION 

Environmental issues along with the continuous energy demand increase arising from the global 

population growth require the development of advanced technologies addressed towards the 

production of green fuels or the efficient elimination of harmful pharmaceutical or organic 

pollutants. In this context, semiconductor heterogeneous photocatalysis appeared to be a versatile 

concept for green technology,1,2 and was directed to a wide range of purposes as hydrogen 

production, C-C bond formation, carbon dioxide remediation and depollution.3 So far, titanium 

dioxide (TiO2) is the best understood prototype of metal oxide semiconductor for photocatalytic 

applications due to both fundamental and practical reasons such as good biological and chemical 

stabilities, low cost, non-toxicity and long-term stability against photocorrosion and chemical 

corrosion, combined with rather high photocatalytic efficiencies.4,1 Nevertheless the use of this 

metal oxide suffers from some limitations related to fast recombination phenomena of 

photoinduced electron–hole pairs during photocatalytic processes. In this context, different 

strategies have been investigated to lower the recombination rate of electron-hole pairs by 

designing metal/metal oxide (Ag/TiO2
5,6 or Au/TiO2

7,8), n-type metal oxide/n-type metal oxide 

(SnO2-TiO2)9,10 or p-type metal oxide/n-type metal oxide (NiO-TiO2)11,12 heterostructure 

nanocatalyts. Such heterojunctions favor charge separation through an easy transfer of electrons 

or holes from one material to the other depending upon the band alignment at the interface.13 

Belonging to the family of transition metal oxides with rutile-like structure, ruthenium(IV) oxide 

(RuO2) shows an intrinsic submetallic property and its Fermi level EF is situated in the partially 

filled Ru 4d state.14,15  Moreover, when TiO2 is put into contact with RuO2, that has a high work 

function16 situated in the band gap above the valence band of TiO2, hole transfer from TiO2 to 

RuO2 can be expected after irradiation of the nanocomposite. However, no sufficient attention has 
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been paid so far concerning the study and the rationalization of the photocatalytic properties of 

RuO2/TiO2 nanocomposites.17,18,19,20 We have recently reported a thoroughly study of the band 

aligment in RuO2/TiO2 nanocomposites which allowed explaining the best photocatalytic 

properties of this heterojunction compared to pure TiO2.21 Nevertheless, there have been not any 

efforts toward the investigation of the RuO2/TiO2 nanocomposites in connection to the type, 

amount and location of the paramagnetic defects involved in the photocatalytic processes. 

Aiming at addressing these points, we report the study of the photocatalytic activity under UV-

light of RuO2/TiO2 nanocomposites in two different processes: the photodecomposition of organic 

dyes and the production of hydrogen by methanol photoreforming. Depending upon the nature of 

the reaction investigated, an optimum RuO2 loading was determined. To get deeper insight into 

the photocatalytic mechanism, a comprehensive investigation on the photogenerated charge 

carriers, detected by electron spin resonance (ESR) spectroscopy in the form of O-, Ti3+ and O2
- 

trapping centers, was performed. Their abundance were related to the RuO2 loading and to the 

photoefficiency of the catalysts. This study may represent a first attempt towards an effective 

detection of the charge trapping centers involved in the photocatalytic reactions assisted by 

RuO2/TiO2 heterostructures.  

 

2. EXPERIMENTAL METHODS 

2.1. Synthesis.  

RuO2/TiO2 photocatalytic heterostructures were prepared by impregnation of anatase TiO2 

nanopowders22 with a ruthenium(III) salt according to a previously reported procedure.21 In a 

typical synthesis experiment, anatase TiO2 nanopowder (0.3 g) was suspended into a solution of a 

given amount of ruthenium (III) pentan-2,4-dionate (Alfa Aesar) in tetrahydrofuran (50 mL).  After 
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being stirred at room temperature for 4 h, the volatiles were evaporated and the resulting solids 

were dried at 70 °C overnight. Further calcination at 400°C in air for 6h yielded the target 

RuO2/TiO2 catalyst. Samples including 1, 2.5, 5 and 10wt% of RuO2 were synthesized by adding 

0.0091, 0.023, 0.047 and 0.094 g of ruthenium (III) pentan-2,4-dionate, respectively, to THF (50 

mL). The resulting samples are hereafter named 1wt% RuO2/TiO2, 2.5wt% RuO2/TiO2, 5wt% 

RuO2/TiO2 and 10wt% RuO2/TiO2 nanocomposites. 

2.2. Characterization methods 

A Bruker AXS diffractometer (D2 PHASER A26-X1-A2B0D3A) including a Cu anode ( K  

radiation) and a ASAP2010 micromeritric equipment were used to record X-ray diffraction (XRD) 

patterns and nitrogen adsorption-desorption isotherms respectively, according to previously 

established procedures.21,23 X-ray photoelectron spectroscopy experiments were performed at the 

Darmstadt Integrated System for MATerial research (DAISY-MAT) using previously reported 

procedures.24 Transmission Electron Microscopy (TEM) was carried out using a JEOL JEM 2100F 

(JEOL, Tokyo, Japan) operating at an acceleration voltage of 200 kV (wavelength λ = 2.51pm) 

equipped with a Schottky-type FEG and an EDS system (Oxford, Wiesbaden, Germany). For the 

sample preparation, the photocatalyst powders were dispersed in an ultrasonic bath (high purity 

methanol 99.8%, Sigma–Aldrich Co.) and a small droplet of the suspension was placed on holey 

carbon (Cu) grid. ESR investigation was performed by a Bruker EMX spectrometer operating at 

the X-band frequency and equipped with an Oxford cryostat working in the temperature range of 

4-298 K. The nanocrystals were charged into quartz glass tubes connected both to a high vacuum 

pumping system and to a controlled gas feed (O2). Spectra were recorded at 130 K in vacuo 

conditions (p < 10-5 mbar), before and after 30 min of UV irradiation inside the ESR cavity either 

in vacuo (p < 10-5 mbar) or in the presence of             p (O2) = 10 mbar. For each sample, the 
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absence of a signal before irradiation was checked. No significant differences resulted between the 

spectra recorded just before and 20 min after switching off the UV irradiation, except a small 

decrease of the signal intensity. Spectra were acquired with a modulation frequency of 100 kHz, 

modulation amplitudes of 5 gauss, and microwave powers of 10 mW. Irradiation was performed 

by an UV 150 W Xe lamp (Oriel) with the output radiation focused on the samples in the cavity 

by an optical fiber (50 cm length, 0.3 cm diameter). The g values were calculated by 

standardization with ,′ - diphenyl -  - picryl hydrazyl (DPPH). The spin concentration was 

obtained by double integration of the resonance lines, referring to the area of the standard Bruker 

weak pitch (9.7 × 1012 ± 5% spins cm-1). Accuracy on double integration was ± 15%. Care was 

taken to always keep the most sensitive part of the ESR cavity (1 cm length) filled. Spectra 

simulations and fits were performed using the SIM 32 program.25 

2.3. Photocatalytic experiment 

Photocatalytic activity of the different nanocatalysts was first examined by the degradation of 

methyl orange (MO) dye (Alfa Aesar, reagent grade, used as supplied) under UV-light. All the 

experiments were conducted at room temperature in a Pyrex beaker open to air illuminated with a 

125 W high pressure mercury lamp (Philips, HPL-N 125 W/542 E27), emitting UV light, 

positioned above the solution beaker. In a typical experiment, 0.1 g of photocatalyst was immersed 

in 100 mL of MO aqueous solution (10 mg/L) that corresponds of a catalyst concentration of 1.0 

g/L. Prior to irradiation, the suspension was stirred in the dark for 30 min to reach 

adsorption/desorption equilibrium. Small amounts of dye solution were withdrawn firstly after 

dark stirring and afterward in regular time intervals from the reactor and then centrifuged (4000 

rpm, 10 min). Monitoring the absorption intensity of MO at 464 nm with a UV-Visible 

Spectrophotometer (Shimadzu, UV-1650 pc) led to the remaining amount of dyes. In all the cases, 
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blank experiments were also conducted with the catalysts in the absence of light and without the 

catalysts when the solution containing the dissolved dye was illuminated. 

Furthermore, the photocatalytic production of hydrogen (H2) was carried out in an argon 

atmosphere and under exclusion of air. Solvents were distilled under an argon atmosphere, or 

degassed via standard procedures prior to use and stored under argon. The UV light source a was 

Hg vapor light source (LUMATEC SUPERLITE 400) emitting in the 320-400 nm wavelength 

range with an input power of 1.6 W. Each photocatalytic experiment was conducted in a double 

walled thermostatically controlled reaction vessel (at a constant temperature of 25.0°C) which was 

connected via a condenser to an automatic gas burette. In a typical reaction, the double-walled 

reaction vessel connected to the automatic gas burette was evacuated and flushed with argon three 

times to remove any other gases. The photocatalysts were introduced as a powder and the mixture 

of methanol/H2O (1:1, 10 mL) was added, and the temperature was maintained at 25°C by a 

thermostat. The mixture was stirred (300 rpm) for 5 min to reach thermal equilibrium. The 

photocatalytic reaction was started by irradiating the reaction vessel with light. The volumes of 

the evolved gases were determined by an automatic gas burette. The gas burette was equipped with 

to a pressure sensor. Evolving gas during the reaction causes a pressure increase in the closed 

system, which is compensated by volume increase of the burette syringe by an automatic 

controlling unit. The gas evolution curves are collected by a PC. After each reaction a gas sample 

was taken and quantitatively analyzed by gas chromatography (HP6890N, carboxen 1000, thermal 

conductivity detector (TCD) and methanizer/flame ionization detector (FID), external calibration). 

The variance of the volumes for reproduction of experiments was between 1–15%. 

 

3. RESULTS AND DISCUSSION 
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3.1. Characterization of nanocatalysts 

The XRD patterns of TiO2 and heterostructure RuO2/TiO2 nanocatalysts containing different wt 

% (1.0, 5.0, and 10.0) of RuO2 exhibited the diffraction lines expected for anatase TiO2 (JCPDS 

21-1272), traces of brookite TiO2 (JCPDS 29-1360) and rutile RuO2 (JCPDS 43-1027). As shown 

in Figure 1, the intensity of the peaks at 28.1 and 35.5 2, which are attributed to RuO2 (110) and 

(101) planes, increased with the amount of RuO2 introduced.  
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Figure 1. XRD of TiO2 (a, black), 1wt% RuO2/TiO2 (b, blue), 5wt% RuO2/TiO2 (c, red) and 
10wt% RuO2/TiO2 (d, olive) nanomaterials: A: 2θ region of 10-80°. B: Higher magnification of 
the 2θ region of 20-50°. 

 

As far as the textural properties are concerned, each sample showed a typical type IV N2 

adsorption-desorption isotherm including a hysteresis loop which is typical of mesoporous 

materials, according to the IUPAC classification, as depicted in Figure 2.26 Increasing the RuO2 

content induced a slight decrease of the specific surface area (SBET) that was found to be 68, 67, 

69, 63 and 60 ± 2 m2g-1 for TiO2, 1wt% RuO2/TiO2, 2.5wt% RuO2/TiO2, 5wt% RuO2/TiO2 and 

10wt% RuO2/TiO2, respectively. Moreover, the presence of a hysteresis loop indicates that each 

sample contained pores of non-uniform size and shapes that is characteristic of solids consisting 

of particles crossed by nearly cylindrical channels or made by aggregates (consolidated) or 
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agglomerates (unconsolidated) of spheroidal particles.27 It is also worth mentioning that the pore 

size distribution was found to be similar whatever the RuO2 loading that suggests that the 

mesoporosity does not depend upon the RuO2 amount in the 1-10 wt% range (Figure 2, inset). The 

materials synthesized can be therefore seen as a nanocrystalline mesoporous photocatalysts made 

of anatase TiO2 and rutile RuO2 nanocrystallites. 
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Figure 2. Nitrogen gas adsorption-desorption isotherms and pore-size distribution (inset) of 1wt% 
(circle, blue), 5wt% (down triangle, red) and 10 wt% (diamond, olive) RuO2/TiO2 photocatalysts. 

 

To confirm the deposition of RuO2 on the surface of TiO2, scanning transmission electron 

(STEM) bright field (BF) and high angle annular dark field (HAADF) experiments were 

performed. First of all, the TEM image of RuO2/TiO2 sample containing 5 wt% RuO2 was 

measured. It can be seen that the RuO2 is deposited as cluster (can you tell the dimensions? So that 

we can be sure if they are cluster or not)  on the surface of TiO2 nanoparticles (Figure 3A). The 

BF image (Figure 3B) showed the presence of RuO2 nanoparticles with a clear contrast in STEM-

HAADF image (Figure 3C) indicating the deposition of RuO2 on TiO2 surface. Contrast variation 

was observed between RuO2 and TiO2 nanoparticles, because the contrast variation in STEM 

images is Z-related and due to the higher atomic number of Ru, those particles are brighter in 
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HAADF images. EDX analysis performed on the sample (Figure 3E) further confirmed the 

presence of RuO2 deposited on the surface of TiO2. 
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Figure 3. A: (A) TEM (B) STEM-BF (C) STEM-HAADF images and (D, E) EDX mapping of 5 
wt% RuO2/TiO2 nanoparticles. 

Finally the surface composition of the RuO2/TiO2 nanocomposites was studied by X-ray 

photoelectron spectroscopy. As previously found for the 1wt% RuO2/TiO2 sample,21 only the 

characteristic features of titanium, oxygen and ruthenium, along with those of adventitious carbon 

species, were observed in the spectra of the 5wt% RuO2/TiO2 and 10wt% RuO2/TiO2 samples 

(Figures 4 and Figure S1). The presence of ruthenium was clearly evidenced by the detection of 

the Ru 3d5/2 emission line located at 280.55 eV which is typical of Ru4+ cations as expected for 

RuO2 (Figure 4B).28 The high-resolution XPS spectra for Ti 2p yielded binding energies of 464.4 

and 458.7 eV assigned to Ti 2p1/2 and Ti 2p3/2 core levels, respectively (Figure 4C). The spin-orbit 
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splitting was found to be 5.7 eV which is in good agreement with the one expected for Ti4+ 

oxidation state in TiO2-based nanocomposites.29 Moreover, no evidence of Ti3+ could be found in 

the spectrum. Finally, the main component of the O1s peak located at 530.5 eV was attributed to 

O-Ti bonds in bulk TiO2, whereas the tailing to higher energies can be related to hydroxylation of 

TiO2 particles (Figure 4D). As a result, both 5wt% RuO2/TiO2 and 10wt% RuO2/TiO2 

nanocomposites are made of RuO2 and TiO2 nanoparticles. 
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Figure 4. A) XPS Survey spectrum for 5wt% RuO2/TiO2 nanocomposite; B) High resolution XPS 
spectrum of C 1s + Ru 3d after deconvolution for 5wt% RuO2/TiO2 nanocomposite; C) High 
resolution XPS spectrum of Ti 2p for 5wt% RuO2/TiO2 nanocomposite; D) High resolution XPS 
spectrum of O 1s after deconvolution for 5wt% RuO2/TiO2 nanocomposite;. 

 

3.2. Photocatalytic activity 
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To complete our previous study concerning on the photocatalytic decomposition of cationic dyes 

(methylene blue (MB)) with catalytic amounts of RuO2/TiO2 nanomaterials,21 similar experiments 

were performed with methyl orange (MO) as a typical anionic dye.30 While MO remained stable 

under UV irradiation without any catalyst, a progressive decrease in absorption 464 nm along with 

a slight shift of the bands toward shorter wavelengths were detected upon addition of the 

nanocatalyst (Figure 5A). Furthermore, the photodegradation of MO by RuO2/TiO2 heterojunction 

nanocatalysts follows a first- order law, ln(C/C0) = - kappt, where kapp is the pseudo first-order rate 

constant (Figure 5B, Table 1). As for MB,21 1wt% RuO2/TiO2 nanocatalyst showed the highest 

photocatalytic activity in the photocatalytic decomposition of MO with an apparent degradation 

rate constant reaching 0.065 min-1, value 2 times higher than those obtained with commercial TiO2 

P25, respectively.   
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Figure 5. (left) Absorbance changes of MO solution after different irradiation times in the 
presence of the 1wt% RuO2/TiO2 sample: equilibrium (black), 10 min (red), 20 min (green), 30 
min (blur), 40 min (cyan), 50 min (dark yellow), 60 min (magenta) and 80 min (olive). (right) 
ln[C/C0] as a function of the irradiation time for TiO2 (square, black), 1wt% RuO2/TiO2 (circle, 
blue), 5wt% RuO2/TiO2 (down triangle, red) and 10 wt% RuO2/TiO2 (diamond, olive) 
photocatalysts  

Table 1. Apparent rate constants for the degradation of MOa and MBb of TiO2, P25 and RuO2/TiO2 
nanocatalysts. 
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Photocatalyst TiO2 
 

1% 
RuO2/TiO2 

 

2.5% 
RuO2/TiO2 

 

5% 
RuO2/TiO2 

 

10% 
RuO2/TiO2 

 

P25 
 

 
kapp MO 
(min-1) 

 

 
0.032 

 

 
0.065 

 
0.049 

 
0.039 

 
0.023 

 
0.033 

kapp MB 
(min-1) 

 

0.101 0.239 
 

0.192 0.165 0.081 0.101 

a This study. bAccording to reference 21. 

 

The photocatalytic activity of the various heterostructures was also determined in the hydrogen 

(H2) evolution from methanol steam reforming reaction (Figure 6). As evidenced in Figure 6A, the 

H2 production after 3 h under UV irradiation was only 20.4 mL without photocatalysts, whereas 

in the absence of methanol but in the presence of catalysts, the evolved H2 resulted 24.5 mL. In 

contrast, the H2 production was increased more than 77 times in the presence of photocatalyst (5 

wt% RuO2/TiO2) and methanol. These results revealed that both photocatalysts and sacrificial 

agent are required for an effective photocatalytic H2 production. The time-course of the 

photocatalytic gas evolution over TiO2 and RuO2/TiO2 containing different amount of RuO2 is 

shown in Figure 6B. The amount of the evolved gas almost linearly increased with increasing 

irradiation time. The gas mixture mainly contained H2 along with a small amount of carbon dioxide 

(CO2), in an amount of 0.31 wt%, but without any oxygen (O2) and methane (CH4) traces. As far 

as the hydrogen production is concerned (Figure 6C), the yield of H2 over heterostructure 

RuO2/TiO2 photocatalysts was higher than that obtained over pure TiO2 and commercial TiO2 P25, 

whatever the RuO2 content. As a consequence, the presence of RuO2 played a key role in 

photocatalytic H2 production. To get a deeper insight in this issue, the influence of the RuO2 

loading on the photocatalytic H2 production was studied (Figure 6D). It can be clearly seen that 
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the rate of H2 production increased initially by increasing the RuO2 content, reached a maximum 

and then started to decrease once the RuO2 content reached a certain value. Increasing the RuO2 

content from 1 wt% to 5 wt%, the H2 production rate increased from 441µmol/h to 618 µmol/h, 

the 5 wt% RuO2/TiO2 nanocatalyst yielding the highest rate of H2 production. In contrast, with 

further increase in RuO2 content from 5 wt% to 10 wt%, the H2 production rate dropped rapidly 

from 618 µmol/h to 353 µmol/h.  
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Figure 6. (A) photocatalytic evolution of H2 under different condition, photocatalytic evolution of 
gas (B) and H2 (C) over TiO2 (black), P25 (wine), 1 wt% RuO2/TiO2 (blue), 5 wt% RuO2/TiO2 
(red) and 10 wt% RuO2/TiO2 (olive) photocatalysts and (D) effect of RuO2 loading on the H2 
production. All the experiments were run for 3 h under identical conditions. 

 

3.3. Mechanistic investigations 
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Introduction of RuO2 clearly enhanced the photocatalytic properties of TiO2 for both 

photodecomposition of organic dye and hydrogen production. As the textural properties (SBET and 

mesoporosity) of all the nanocomposites studied are similar, the effect is related to better charge 

separation, as a consequence of suitable band alignment previously shown by our UPS/XPS 

studies.21 However, the optimum RuO2 content strongly depends on the kind of photocatalytic 

reaction envisaged, values of 1wt% and 5 wt% having been determined for organic dye 

degradation and hydrogen production, respectively.  

As a consequence, in order to study how the doping with RuO2 affects the formation of the 

charge trapping centers upon UV excitation and, in turn, the photocatalytic activity of TiO2, 1wt% 

RuO2/TiO2, 2.5wt% RuO2/TiO2 and 5wt% RuO2/TiO2 nanocatalysts, ESR investigation was 

performed after UV irradiation at 130 K, either in vacuo (p < 10-5 mbar) or in the presence of p 

(O2) = 10 mbar. After irradiation under vacuum, pure TiO2 nanocatalysts (TiO2, Figure 7a), show 

broad and weak resonances at g = 1.976, attributable to Ti3+ centers (Ti3+[II] species).31 No Ti3+ 

species are instead detectable in 1wt% RuO2/TiO2 anatase nanocrystals (Figure 7b) Increasing the 

percentage of RuO2 (2.5wt% RuO2/TiO2, Figure 7c), the spectrum displays the presence of higher 

field features assigned to electrons trapped at two different Ti3+centers: species [I], attributable to 

Ti3+ centers in a ordered crystalline environment and species [II], broader and weaker, ascribable 

to Ti3+centers located in a disordered environment and probably near to the surface.31 The g values 

of these species are reported in Table 2. At highest Ru concentration (2.5wt% RuO2/TiO2, Figure 

7d), Ti3+ species are no more attribuable. 

The intense resonances at lower fields (Figure 7), can be attributed to coexisting oxygen species, 

O- and O2
-,32,33 whose g values and relative contributions have been calculated by signal simulation 

(Table 2). In particular, Figure 8 reports the the deconvolutions of the EPR signals of 1wt% 
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RuO2/TiO2 (Figure 8a) and 2.5wt% RuO2/TiO2 (Figure 8b) samples. The presence of O2
- species, 

mainly occurring in 2.5wt% RuO2/TiO2 nanocrystals, even when UV irradiation was performed 

under vacuum, may be related to the evolution of residuals OH- groups according to the following 

mechanism:34 

h+   +   OH-    →  •OH     (1) 

2 •OH   →    H2O2     (2) 

H2O2   +    h+     →    O2
-    +   2 H+      (3) 

O2
-    +    h+     →    O2                (4) 

 

 

3200 3250 3300 3350 3400 

Magnetic field (Gauss) 

a) 

b) 

c) 

d) 

Ti3+ [I] species

Ti3+ [II] species

 

Figure 7. Experimental ESR spectra at 130 K after UV irradiation in vacuum (p < 10-5 mbar) of: 
a) TiO2, b) 1wt% RuO2/TiO2, c) 2.5wt% RuO2/TiO2 and d) 5wt% RuO2/TiO2 nanocrystals. Dashed 
lines highlight the signals attributed to Ti3+ species. 
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Considering their determinant role in oxidative catalysis (see below), the relative contribution 

of the O- species (calculated as % of the total intensity of the O- + O2
- signals) was determined and 

reported in Table 2, for the different samples.  

 
Table 2. g tensor values of the paramagnetic defects detected after photoexcitation in vacuum (p 
< 10-5 mbar) in TiO2 and TiO2/RuO2 nanocrystals, determined by simulation of the ESR features. 
The relative contribution of the O- species (calculated as % of the total intensity of the O- + O2

- 
signals) is also reported. 
 

Photocatalyst O- 

centers (%) 

O- species Ti3+ species O2
- species 

 
TiO2 

 
100% 

 
g┴ = 2.0129, 
g║ = 2.0047 

 

 
g┴  1.976 
g║= n.d. 

 
/ 

1% RuO2-TiO2 50% g┴ = 2.0100,  
g║ = 2.0028 

 

/ gzz = 2.0286, gyy = 2.0096, 
gxx= 2.0003 

2.5% RuO2-TiO2 27% g┴ = 2.0129,  
g║= 2.0036 

 

Ti3+[I]: 
g┴ = 1.9880 

g║ = n.d. 
Ti3+[II]: 

g┴  1.976 
g║= n.d. 

O2
-[I]: gzz = 2.0258,  

gyy = 2.0110, gxx= 1.9999 
O2

-[II]: gzz = 2.0339,  
gyy = 2.0099, gxx= 2.0000 

 
5% RuO2-TiO2 

 
60% 

 
g┴ = 2.0129, 
g║ = 2.0047 

 
n.d. 

 
/ 

     

 

The abundance and the stability of the paramagnetic centers detected by ESR after UV 

irradiation is relatable to the charge separation and to their inhibited recombination.31,32,33,35 Hence, 

as already suggested in our previous studies,31,35 the amount of hole trapping centers can be 

associated to the efficiency of the photocatalytic processes. 
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sim.
sim.

exp. exp.

O- species

O2
- species

O- species

O2
-[I] 

species

O2
-[II] 

species

3240 3270 3300 33303240 3270 3300 3330

a) b)

Magnetic field (Gauss)Magnetic field (Gauss)

 

Figure 8. a) Deconvolution (sim.) of ESR signals of 1wt% RuO2/TiO2 nanoparticles (exp.) into O- 
and O2

- species; b) Deconvolution (sim.) of ESR signals of 2,5wt% RuO2/TiO2 nanoparticles (exp.) 
into O- and O2

- species.  
 

In the present case, from the area of integrated signals obtained after photoexcitation in vacuum, 

the concentration of holes trapped on O- centres always exceeds that of electron trapped on Ti3+ 

centres. In particular, when plotted against the apparent reaction rate constant (kapp) for the 

degradation of MB and of MO,21 the amount of O- centers increases with the kapp increase, i.e. with 

the increase of photoefficiency (Figure 9), becoming the highest for 1wt% RuO2/TiO2. This trend 

suggests a parallelism between the photoactivity of nanocrystals and the amount of trapped holes 

which ultimately drives the surface photooxidation processes. On the contrary, considering also 
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their low amount, no simple relation between the abundance of Ti3+ centers and the photoactivity 

can be suggested. 

 

Figure 9. Trend of the relative amounts of O- species calculated for different nanocatalysts vs. 
apparent reaction rate constant (kapp) for the degradation of MB () and MO (). a: TiO2; b: 1wt% 
RuO2/TiO2; c: 2.5wt% RuO2/TiO2; d: 5wt% RuO2/TiO2 
 

These outcomes support the idea that the formation of TiO2/RuO2 heterojunctions promotes a 

more efficient electron-hole separation which results, in turn, in an increase of the photocatalytic 

activity. However, it is also worth mentioning that the photoefficiency in the MB or MO 

degradation gradually decreased with increasing RuO2 concentration (kapp 5wt% RuO2/TiO2 < kapp 

2.5wt% RuO2/TiO2 < kapp 1wt% RuO2/TiO2). This behavior may be attributed to the possible action 

of RuO2 as charge recombination center, when deposited in higher amount on titania.19   As it has 

been previously reported that the conductivity of TiO2/RuO2 heterostructures is higher than that of 

bare TiO2, a more rapid charge transfer and recombination in RuO2 can be suggested.36 

In order to further elucidate the mechanism of the MB and MO photooxidative processes, ESR 

investigations on TiO2, 1wt% RuO2/TiO2, 2.5wt% RuO2/TiO2, and 5wt% RuO2/TiO2 nanocrystals 
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were performed after UV irradiation at 130 K in the presence of p (O2) = 10 mbar and subsequent 

removal of the residual oxygen by evacuation at p < 10-5 mbar. 

 

a) 

b) 

c) 

d) 

3200 3250 3300 3350 3400 

Magnetic field (Gauss) 

 

Figure 10. ESR spectra at 130 K after UV irradiation in the presence of 10 mbar of O2 and then 
vacuum at p < 10-5 mbar of: a) TiO2, b) 1wt% RuO2/TiO2 c) 2.5wt% RuO2/TiO2 and d) 5wt% 
RuO2/TiO2 nanocatalysts. 

 

After the oxygen contact (Figure 10), the resonances of O2
- centers can be easily detected. In 

particular, it can be observed that the amount of superoxide species formed is higher in 1wt% 

RuO2/TiO2, 2.5wt% RuO2/TiO2 and 5wt% RuO2/TiO2 than in bare TiO2 nanoparticles and raises 

as the kapp for the degradation of MB and MO increases (Figure 11). This trend on one hand 

indicates an indirect involvement of these paramagnetic species in the photooxidative processes, 

on the other confirms that the creation of TiO2/RuO2 heterojunctions effectively improves the 

charge separation boosting the photoefficiency of RuO2 doped nanocrystals. 
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Figure 11. Trend of the abundance of superoxide species (O2
-) as a function of apparent reaction 

rate constant (kapp) for the degradation of MB () and MO (). a) TiO2, b) 1wt% RuO2/TiO2, c) 
2.5wt% RuO2/TiO2 and d) 5wt% RuO2/TiO2 nanocatalysts. 
 

As far as the hydrogen production by methanol photoreforming with these nanocomposites is 

concerned, the experimental conditions used suggest the following mechanism for H2 generation. 

In the absence of oxygen and presence of sacrificial species such as methanol, the holes generated 

by the light (Eq. (5)) react with methanol (CH3OH) to produce •CH2OH radical. The •CH2OH 

radical possesses sufficiently negative oxidation potential (-0.74 V) and could further react to 

produce H+, electron and HCHO ((Eq. (6)).37 On the other hand, electrons in the conduction band 

of the particle will simultaneously reduce water or protons in the solution to form gaseous H2 as 

shown by Eq. (7). These reactions proceed competitively with the recombination of the 

photoinduced electrons and holes. 

 

 

RuO2/TiO2 + hv → e- (TiO2) + h+ (RuO2)     (5) 

H+ +CH3OH → •CH2OH + H +     (6) 
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•CH2OH → HCHO + H+ + e-      (7) 

2H2O + 2e- → H2 + 2OH-       (8) 

As a result, the overall reaction is  

2
catalyst ,h

3 HHCHOOHCH   v       (9) 

Formaldehyde (HCHO) obtained can be further oxidized to methanoic acid HCOOH and 

subsequently to CO2 along with hydrogen generation according to: 

2
catalyst ,h

2 HHCOOHOHHCHO         (10) 

22
catalyst ,h HCOHCOOH          (11) 

This mechanism points out the pivotal role h+ species in enhancing the photo-oxidation of 

methanol and, consequently, the hydrogen production. As assessed by ESR investigation after 

photoexcitation in vacuum, the amount of hole traps, i.e. O- centers, is higher for RuO2/TiO2 

nanocatalysts than for pure TiO2. This highlights the role of RuO2 in stabilizing the photogenerated 

holes and explains the better ability of the heterojunctions in the hydrogen production. A second 

key factor favoring H2 production with RuO2/TiO2 nanocatalysts is the Schottky barriers 

developed at the interface between RuO2 and TiO2. Thus, postulating an idealized mechanistic 

scheme of electron-hole pair separation of a well-defined planar metal-semiconductor contact, our 

previous XPS studies clearly showed a favorable upward band bending at the interface of 

RuO2/TiO2 heterojunction, the phenomenon increasing with the RuO2 amount.21 As a result, the 

enhanced H2 production rate with increasing the RuO2 loading up to 5 wt% can be due to a higher 

number of Schottky barriers at the RuO2/TiO2 interfaces. However, above a certain RuO2 amount, 

the active sites on the TiO2 surface that were available for absorption of light and electron donors 

can be covered by excessive RuO2 particles inhibiting the photocatalytic processes. Moreover, as 

mentioned above, RuO2 nanoparticles in composites containing higher RuO2 loadings may act as 
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recombination centres for photogenerated electrons and holes. Both phenomena are likely at the 

origin of the significant decrease in photocatalytic activity for RuO2 loadings higher than 5 wt%. 

At this stage, it is worth underlining that changes in morphology and size dependent electronic 

properties should also be taken into account to rationalize the photocatalytic properties on the basis 

of band bending at the RuO2/TiO2 interface. Indeed, our previous studies showed that the observed 

band bending in the RuO2/TiO2 nanocatalysts is smaller than in a well-defined planar metal-

semiconductor contact. Indeed, the small sizes of both TiO2 and RuO2 particles does not allow to 

saturate the band bending as the standard space charge layers thickness will exceed the size of the 

particles (an effect which depend on doping). Furthermore, the spatial distribution of the RuO2 

deposits on the TiO2 substrates are not yet optimized, high RuO2 loading hampering a favorable 

vectorial charge separation. As a consequence, further efforts are required to control better the 

RuO2 nanoparticules distribution over TiO2 in order to produce highly efficient RuO2/TiO2 

heterostructures.  

 

4. Conclusion 

In summary, mesoporous heterostructure RuO2/TiO2 nanoparticles photocatalysts showed 

enhanced photocatalytic activity in organic dye decomposition and H2 production by methanol 

photoreforming compared to pure TiO2 and commercial P25. For both kinds of photocatalytic 

reactions, different optimum RuO2 loading have been evidenced. Thus, heterojunction 1 wt% 

RuO2/TiO2 photocatalyst showed the highest rates for the degradation of MB and MO dyes under 

UV light irradiation. These findings were rationalized on the basis of ESR studies that evidenced 

the higher amount of trapped holes for the 1wt% RuO2/TiO2 photocatalyst and the role of 

superoxide paramagnetic species in the photodecomposition of organic dyes. On the other hand, 
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heterojunction 5 wt% RuO2/TiO2 photocatalysts showed the highest catalytic activity with average 

hydrogen production rate of 618 µmol h-1, the latter decreasing dramatically to 29 µmol h-1 without 

RuO2 that points out the key role of RuO2 for efficient hydrogen production. Favorable band 

bending at the RuO2/TiO2 interface and key role of photogenerated holes have been underlined to 

explain the highest activity of the RuO2/TiO2 photocatalysts for hydrogen production. Further 

efforts are currently in progress to achieve a better control of the RuO2 nanoparticle distribution in 

order to reach optimum vectorial charge distribution and enhanced photocatalytic hydrogen 

production rates. The overall results support that understanding how the cooperative interaction 

between RuO2 and TiO2 affects the formation and reactivity of charge trapping centers, may lay 

the groundwork for the development of highly active photocatalysts. 
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