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Abstract 

A series of ruthenium catalysts supported into pure anatase oxide were tested in the photo-

production of hydrogen from methanol:water mixtures under UV and visible illumination 

conditions. Catalysts containing 1, 2, 3 and 5 wt.% of ruthenium were subjected to a 

characterization study with the help of X-ray diffraction, Raman, X-ray photoelectron 

spectroscopy, photoluminescence, morphology as well as scanning and transmission electron 

microscopy. Through the measurement of the optical properties of the suspension of the catalysts 

and the hydrogen photo-production reaction rate we calculate the true quantum efficiency. 

Optimum activity is presented by the catalyst with a 3 wt.% of Ru component, which shows 

quantum efficiency values of ca. 3.0 and 0.6 % under, respectively, UV and visible light 

illumination. Careful examination of the physico-chemical properties of the solid allows to 

establish a correlation between the ruthenium surface exposed and the quantum efficiency. The 

implications of such result to justify chemical activity of the ruthenium supported samples are 

discussed both for UV and visible illumination conditions. 
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Introduction 

Photocatalytic materials play a role in the development of the new, greener society required for 

the XXI century by opening solutions for the protection of the environment as well as for the 

production of chemical energy vectors from sustainable materials and sources.[1–11] In this 

regards, hydrogen has received considerable attention as a next-generation energy carrier. One of 

the most interesting processes is the photo-water-splitting which is as a clean and renewable way 

to produce hydrogen using solar energy.[5,12–15] It has, however, some limitation. The overall 

water splitting reaction is an uphill reaction with a large positive change in Gibbs free energy. 

Besides, there is an activation barrier in the charge-transfer process between photocatalysts and 

water molecules, consequently a photon energy greater than the band gap of the photocatalyst to 

obtain reasonable reaction rates is necessary.[15] In this regard, a versatile reaction within the 

field of sustainable energy considers the production of hydrogen from raw materials extracted 

from bio-based processes and sunlight. Among them, the use of bioalcohols is common from the 

beginning of the research considering hydrogen photo-production. Methanol is the simple 

molecule among bio-alcohol and has been used as a model reactant in this photo-catalytic 

process.[16–21] The reaction is initiated by a hole attack to the alcohol and its further evolution 

in carbon-containing products, evolving protons concomitantly. The role of water in the reaction 

is complex but at least takes part in the activation of some specific carbon containing molecules 

such as aldehydes to produce carboxylates as well as to promote the evolution of this last 

species.[4,22] In any case, a critical point of the catalytic cycle is the electron attack to the 

protons to generate hydrogen. As well known, these reaction steps occur with the help of a co-

catalyst to boost the reaction rates. Pt has been customarily utilized as it provides the higher 

reaction rates.[16,23,24] 

Alternatives to Pt have been continuously essayed in the literature. In this search, other metal 

nobles such as Pd or Au showed similar activity.[19,25,26] However, for economic reasons, 

desirable alternatives would be out of these three noble metals. The use of non-noble metals has 

captured the attention of researchers with a significant number of works considering the use of 

Cu or Ni.[27–32] In relative contrast, the use of Ru has been significantly less explored. In fact, 

for the photo-production of hydrogen from bioalcohols, the use of ruthenium out of molecular 

complexes/compounds has been presented only in a single reference study to our knowledge.[33] 

The Ru-TiO2 system showed relatively high activity but the study does not present an analysis of 
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the quantum efficiency of the reaction, limiting a possible quantitative comparison with results 

from other metals. In addition, Ru can provide interesting activity (compared with the most used 

noble metals as Pt, Pd and Au) under visible light illumination due to the inherent high 

absorption of the corresponding catalyst. Such capability relies on the existence of plasmon 

resonances directly ascribable to the Ru(IV) oxide.[34–36]  

Here we will provide a study of the activity of Ru containing titania materials in the photo-

production of hydrogen using a series of materials with growing quantities of ruthenium. As said, 

we particularly focus on measuring the activity on true basis by calculating the true quantum 

efficiency. This would allow quantitative comparison with other systems and thus to analyze the 

goodness of ruthenium for hydrogen photo-generation. According to the IUPAC 

recommendations, the calculation of the quantum efficiency requires the measurement of the 

reaction rate as well as the local volumetric rate of photon absorption.[37] To do it, we carried 

out the measurements of the optical properties of the catalysts suspensions and the modelling of 

the light-matter interaction at the reactor used to measure the catalytic properties. The study 

further considered with a complete characterization of the materials using X-ray diffraction 

(XRD), Raman, X-ray photoelectron spectroscopy (XPS), photoluminescence, porosimetry 

measurements, UV-visible spectroscopy as well as microscopy tools such as transmission and 

scanning microsocopies combined with electron dispersion x-ray analysis (EDX). With these 

tools, we attempt to rationalize the activity of the materials and particularly the maximization of 

the quantum efficiency occurring through the series of catalysts varying the ruthenium content. 

We also compared the performance of Ruthenium with Platinum/Palladium containing materials 

supported on pure anatase (or materials having a dominant anatase phase) from literature.  

 

1. Experimental 

 

1.1.Catalysts synthesis  

1.1.1. Synthesis of TiO2 

In the present work, reversed micro-emulsion method was applied in the synthesis of TiO2. 

Briefly, 177.4 mL Triton and 185.4 mL of hexanol were sequentially added into 854 mL n-

heptane as surfactant and co-surfactant and mixed under stirring at 400 rpm for 30 minutes. 

Afterward, 100 MiliQ water was added to the above solution and the mixture was kept stirring 
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for 1 hour, followed by dropwise addition of titanium precursor solution (14.7 mL titanium 

isopropoxide dissolved into 24.4 mL isopropanol). The corresponding mixture was stirred 

overnight, then dispersion phase was removed using centrifugation for 15 minutes at 10000 rpm, 

5 oC. The obtained solids were then washed with methanol under stirring (15 minutes) and 

recovered using centrifugation under the same conditions. The solids were dried at 70 oC for 

overnight after washing and then annealed at 600 oC for 30 minutes (ramping rate: 1 oC/min).  

1.1.2. Incorporation of Ru on TiO2 

Firstly, 0.5 g TiO2 was added to 100 mL MiliQ water, followed by sonication for 30 minutes. 

Then, a different amount of RuCl3∙H2O was added to the mixture to obtain 1, 2, 3, 5 wt. % 

loading of Ru on the TiO2 support and sonicated for 5 minutes. Subsequently, an appropriate 

volume of 0.1 mol/L NaBH4 solution (molar ratio, Ru: NaBH4 = 1:5) was added to the mixture 

which was kept stirring for 1 hour. The above process was performed under N2 bubbling 

protection. At last, the solids were recovered by centrifugation (10000 rpm, 15 min, 5 oC) and 

washed with deionized water, dried at 80 oC for overnight. The as-synthesized samples were 

named as 1 Ru/TiO2, 2Ru/TiO2, 3Ru/TiO2 and 5Ru/TiO2 respectively. 

1.2.Characterization 

Seifert D-500 diffractometer equipped with Ni-filtered Cu Kα radiation was employed to 

record XRD pattern of the as-synthesized samples with a 0.02° step. Raman spectra of samples 

were collected with an iHR320 Horiba Jobin-Yvon spectrometer equipped with a He:Ne laser 

(633 nm). Nitrogen physisorption was performed in Micromeritics ASAP 2010 for BET surface 

and porosimetry analysis. Scanning electron microscopy images were obtained using a JEOL 

JSM-7800 scanning microscope (SCAI of Universidad de Cordoba) equipped with EDX at 20 

kV. Transmission electron microscopy images were taken in a JEOL 2100F TEM/STEM 

microscope. Elemental analysis was determined using inductively coupled plasma atomic 

absorption spectroscopy (ICP-OES) (PerkinElmer Optima 3300 DV). UV−vis transmission or 

diffuse-reflectance spectra were recorded with a Shimadzu UV2100 apparatus (using BaSO4 as a 

reference for diffuse experiments). Photoluminescence spectra were measured at room 

temperature on a Fluorescence Spectrophotometer (Perkin Elmer LS50B). Trans- A VG 

Scientific photoelectron spectrometer ESCALAB-210 equipped with Mg Kα radiation (1486.6 

eV) was used for the X-ray photoelectron spectroscopy (XPS) measurements, operated at 15 kV 
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and 20 mA. Survey spectra in the energy range from 0 to 1350 eV were recorded using 0.4 eV 

steps while high-resolution spectra were recorded with 0.1 eV steps, 100 ms dwell time and 25 

eV pass energy. Curve fitting was carried out using the CasaXPS software in which aromatic 

carbon C1s peak (284.6 eV) was used as the reference for binding energy calibration. 

1.3.Photocatalytic experiment 

Photocatalytic H2 production was performed in added 50 mL MeOH/H2O solution (vol. ratio = 

3:7) inside a double wall Pyrex reactor with a cooling system to control the temperature (25 oC), 

avoiding significant evaporation of the sacrificial agent. A 500 W Xe lamp was used as 

irradiation source, which was equipped with a light cut-off filter to select the desired wavelength 

(UV light: 280-400 nm; Visible light: 420-680 nm). 25 mg catalysts were suspended in the 

reaction solution with continuous stirring. The suspension was degassed with Ar stream (100 

mL/min) for 30 min and then the Ar flow rate was set at 10 mL/min for the reaction. After 30 

min at dark condition, the lamp was switched on with desired irradiation wavelength and the 

outlet gas was analyzed by an online mass spectroscopy. 

1.4.Quantum efficiency calculation 

Quantum Efficiency (Q.E.) parameter was used to compare and present the catalytic results. Q.E. 

is defined by Equation 1.[37] 

𝑄. 𝐸. (%) = 100 ×
𝑛×𝑟 (mol m−3s−1)

𝑒𝑎 (Einstein m−3s−1)
        (1) 

In this equation, r is the reaction rate and 𝑒𝑎  the average local volumetric rate of photon 

absorption. n can be 1 or 2 depending of the reaction mechanism proposed in the literature (see 

details in the discussion section 6 “Mechanism” of the Supporting Information). 𝑒𝑎 calculation 

requires the solution of the Radiative Transfer Equation (RTE) in the reactor which can be 

expressed by Equation 2.  

Equation 2 describes the specific intensities, along the directional spatial coordinate (s). [23,38]    

𝑑𝐼𝜆,𝛺(𝑥)

𝑑𝑠
= −𝜅𝜆𝐼𝜆,𝛺(𝑥) − 𝜎𝜆𝐼𝜆,𝛺(𝑥) +

𝜎𝜆

4𝜋
∫ 𝑝(𝛺′ → 𝛺)

𝛺′=4𝜋
𝐼𝜆,𝛺′    (2) 

The solution of the integro-differential equation 2 provides the value of the intensity of photons 

for each differential elementary volume of the reactor and direction considered of radiation 

propagation and the wavelength. Its solution requires the determination of the optical parameters 
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(spectral absorption coefficient (𝜅𝜆 ), spectral scattering coefficient (𝜎𝜆 ) and scattering phase 

(𝑝(𝛺′ → 𝛺)). of the catalysts suspensions (See Supporting Information, section 3.1. Optical 

properties of the suspension. Solution of RTE for the spectrophotometer cell; one dimensional-

one directional model). The scattering phase function was calculated using the Henyey and 

Greenstein which has been used with good results in similar optical systems.[38–40]    

𝑝(𝛺′ → 𝛺) =
1−𝑔𝜆

2

(1+𝑔𝜆
2−2𝑔𝜆𝑢0)

3/2         (3) 

Where 𝑔𝜆
2  is the asymmetry factor and 𝑢0 , the director cosine between ingoing at outgoing 

radiation. Extinction coefficients (𝛽𝜆 were obtained by applying a standard linear regression to 

the plots of 𝛽𝜆  versus catalyst concentration 𝐶  in a broad range (0.1-5 x 10-3 g L-1). Optical 

properties were estimated by solving the RTE using the discrete ordinate method (MOD) in a 

rectangular spectrophotometer cell following a procedure developed previously.[39,41]  

Once the optical properties of the catalyst(s) have been determined, the evaluation of the 

radiation field inside the photoreactor can be carried out. The MOD tool was used to transform 

the integro-differential Equation 2 into a system of algebraic equations that can be solved 

numerically. Complete procedure is detailed in the Supporting Information (Section 3.2. Optical 

properties of the suspension. Solution of RTE for the photoreactor setup; two dimensional-two 

directional model) and allows obtaining of  𝑒𝑎 (local volumetric rate of photon absorption) at 

each point of the photoreactor.  

𝑒𝑎 = ∫ 𝜅𝜆𝜆
∙ ∫ 𝐼𝜆,𝛺(𝑥)𝑑𝛺

𝛺=4𝜋
𝑑𝜆         (6) 

3. Results and discussion 

3.1. Characterization 

3.1.1. Structural and morphological analysis  

The XRD diffraction patterns of the active TiO2 support and Ru/TiO2 photo-catalytic systems are 

displayed in Figure 1A. The analysis of the diffraction patterns only allowed the identification of 

Anatase phase; JCPDS card 78-2486, corresponding to the I41/amd space group. Raman analysis 

of titania also confirmed the absence of the Rutile phase in the titania support. As can be seen in 

Figure 1B and S3 of Supporting Information, the analysis only detected the presence of 

contributions at ca. 144, 195, 399, 517 and 639 cm−1 which can be exclusively ascribable to 
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Anatase phase.[42,43] For the composite materials, we highlight the lack of Rutile-type RuO2 

contributions, typically detected at 232, 447 and 612 cm-1 (results not shown).[44] This is 

confirmed by numerical calculation of crystallite size, microtensions and cell parameters of the 

anatase structure as it is summarized in Table 1. Crystallite size of the TiO2 particles remain 

constant (c.a 16 +/- 2 nm) since the subsequent modification of the samples only targets a 

superficial stable deposition of Ru. Microtension and cell parameters also showed an unwavering 

character. In particular, doping of anatase can be disregarded. Morphological properties obtained 

by nitrogen physisorption are dominated by the major TiO2 component. No noticeable effect can 

be detected in the morphological properties of the samples when the Ru component is deposited 

on the anatase structure (Table 1). Samples presented very similar BET surface area and porosity 

parameters which, as mentioned, is a consequence of the limited influence of the ruthenium 

compound deposition on the titania support structure.  

The interaction between the components and the physico-chemical properties of the minor Ru 

component can be analyzed using XPS. Chemical composition of the surface was evaluated from 

the analysis of the C1s, Ti2p and Ru3p and Ru3d XPS regions. Analysis of Ru/TiO2 samples 

corresponds to a relatively complex task taking into account that overlapping effects coming 

from close enough peak position(s) can be encountered between C-Ru and Ru-Ti contributions. 

[33,45] XPS information concerning Ti2p and Ru3p for the samples and the TiO2 reference is 

graphically depicted in Figure 2A. Besides it, Figure 2B includes a representative example of the 

fitting procedure. Spectra presented in Figure 2A show that the binding energy of Ti2p peaks are 

located at 458.1 and 458.8 eV, values typical of the Ti(IV) oxidation state.[46] XPS Ti2p3/2-

Ru3p5/2 energy region shows a relative low, but clearly defined increase of width (Table 3) which 

can be associated with the surface deposition of Ru. As can be seen in Figures 2A and 2B (fitting 

procedure; example for 2Ru/TiO2 sample) this energy region shows contributions which can be 

fitted considered a dominant Ru (IV) oxidation state. In particular, lines at 461.8 (3p3/2) and 

484.6 eV (3p1/2) are typical of the Ru(IV) oxidation. [47,48] The same conclusion can be 

extracted from the Ru 3d XPS region (Figures 2C and 2D). Deconvolution analysis of all 

samples presented a well-defined contribution at c.a. 280.6 eV (3d5/2) which are typical of the Ru 

(IV) oxidation state.[47–49] Taking into account the contribution of the 3d5/2 line, the final 

fitting approach shown in panel D of Figure 2 considers Ru3d (two) contributions and two more 

associated to different superficial carbonaceous species from spurious entities.[46] A summary 
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of XPS fitting results is presented in Table 2. XPS analysis, besides providing electronic 

information of the components, also allows carrying out an important elemental analysis of the 

surface. Although the chemical structure seems to be defined by the synthesis method, the 

exposed Ru concentration showed only a rough linear behaviour (Table 2). Figure 3 shows Ru/Ti 

atomic superficial concentration (Ru/Ti XPS) as a function of Ru/Ti ratio obtained by ICP-OES 

(Ru/Ti e.a). This ratio provides a more simple view or comparison of these observables. In both 

cases, the Ru/Ti ratio obviously increased as a consequence of the increasing of the Ru amount 

in the materials, although in the case of surface concentration, the 3Ru/TiO2 seems above the 

linear trend suggested by the other three samples. This would indicate a relatively larger 

dispersion of the metal for this sample with respect to the remaining ones. 

Aditional information about the nanostructured Ru/TiO2 samples were obtained by SEM-

mapping and TEM. Figures 4A and 4B show SEM micro-images of the two samples with Ru 

highest concentrations. It also included on both figures, the elemental mapping analysis. 

Mapping panels clearly show that Ti, O, C, and Ru elements are truly present in the samples. 

RuO2 seems dispersed onto the support with reasonable homogeneity. In any case, no definitive 

conclusion regarded the Ru component distribution can be reached from these figures. Figure 

5A-G presents representative TEM images for samples with 2, 3 and 5 wt. % of Ru. Detailed 

views of the materials show titania-platelet particles which have some smaller Ru particles on the 

surface. A proper particle size distribution can be obtained from the TEM analysis. Samples with 

2, 3 and 5 wt. % were analyzed displaying the RuOx size distribution presented in Figures 5H, 5I 

and 5J, respectively. The mean particle size for 2Ru/TiO2 and 3Ru/TiO2 obtained after counting 

more than 150 nanoparticles were c.a. 5 nm while the 5Ru/TiO2 showed an average size increase 

of about 2 nm was detected. 

3.1.2. Optical properties analysis 

For photocatalytic applications, optical properties and particularly the calculation of the light-

matter interaction at the reactor are particularly relevant observables. In this work, we combine a 

typical UV-vis analysis with a strict calculation of Local Volumetric Rate of Photon Absorption 

(ea). Starting with the UV-vis, samples presented UV-vis spectra dominated by the major TiO2 

component (Figure 6), displaying the characteristic intensity decay for a band gap energy of ca. 

3.2 eV.[50] A gradual reduction of this parameter from 3.1 to 2.8 eV was detected with further 
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increasing of the Ru nanoparticles on the structure (Table 1). This combines with a significant 

absorption in the visible region derived from plasmon resonances of the ruthenium oxide. [34–36] 

This remarkable enhancement (with respect to the titania reference) of light appears, as 

mentioned, in the whole visible range, being potentially positive for the catalytic properties as 

will be discussed in next sections.  

The band gap parameter describes the optical absorption but the calculation of Local Volumetric 

Rate of Photon Absorption gives the optical properties of the active material under the 

illumination condition used to obtain catalytic properties.[37] To do it, first, we must determine 

the optical properties of the catalytic suspension (Figure 7) using a spectrophotometric cell (See 

details of the modelling procedure in Supporting information). These optical properties allow the 

evaluation of the radiation field inside the photo-reactor from which the absorption profile 

through the reactor can be obtained (See details of the modelling procedure in Supporting 

information). Panels for the Local Volumetric Rate of Photon Absorption observable were 

expressed in two spatial coordinates according to the cylindrical geometry of the liquid reactor. 

They are presented in Figure 8. No appreciable differences, taking into account the model error, 

were observed among the catalysts studied under UV illumination condition (upper panels). 

However, as aforementioned, the enhancement of the absorption capability under visible 

conditions affects the Local Volumetric Rate of Photon Absorption observable. As can be seen in 

the lower row panels of Figure 8, an enhancement of this observable was detected under visible 

irradiation conditions. The most pronounced difference in comparison to TiO2 references was 

obtained, as expected, for the 5Ru/TiO2 sample (enhancement factor of 1.1). 

3.2. Activity 

During the photocatalytic methanol reforming process, several elemental steps can be considered. 

The mechanism has been studied using different technics and approaches (DRIFTs, GS-MS, 

Isotopic exchange experiments (D2O), EPR, spectro-kinetic modeling, among others),[16–18,51–

54] and can be summarized in the elemental steps presented in Table S2 of the Supporting 

Information. Steps (1-3) are based on the well-established initial elemental steps of 

photocatalytic processes: (1) the photo-excited sample generates electrons and holes, (2) holes 

may react with adsorbed water and superficial OH∙ions to generate hydroxyl radicals, and (3) 

recombination of electrons and holes and the resulting loss of energy.[55,56] According to the 
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reaction scheme of previous reports, the oxidations steps can occur through a direct or indirect 

path using (𝒉+) or (𝑶𝑯•) radical species, respectively (Table S2).[16] Is important to mention 

that, a process called “current-doubling effect” can happen. In this case, the hole-capture species 

is transformed to a radical anion intermediate and then injects an electron into the conduction 

band of the catalyst.[52–54]  This process, associated with equations (5-6), would imply that 

only one photon would be necessary to produce one hydrogen molecule. Alternatively (equation 

7) a second hydroxyl radical can interact with the organic radical anion and would render a 

product of the reaction. 

 As it is described in the previous section, catalytic properties of the samples were evaluated by 

using both the reaction rate and the quantum efficiency observables. Quantum efficiency is not 

only the IUPAC recommended way to present photocatalytic results but also a general parameter 

to carry out quantitative comparisons with other literature data.[37,57] As aforementioned, the 

value of n in Equation 1 (and Equation S5-S6) will depends of the number of electron and proton 

available to produce H2. In others word, n value will be 1 if “current-doubling effect” is taking 

into account. In contrast, if it is assumed that the transfer of two electrons is required to reduce 

tow protons and thus to produce one H2 molecule, n is equal to 2. Table XS of Supporting 

Information presents Q.E. values considering both assumptions. The photonic efficiency (P.E.), 

also called Apparent Quantum Efficiency,[58] have been also calculated and presented in Table 

S1 of supporting information. Q.E. shows higher values for both irradiation sources, in 

comparison with the values obtained for the P.E. The most active sample (3Ru/TiO2) shows 

enhancement factors (Q.E. vs. P.E.) of 1.1 and 1.2 for UV and ST illumination conditions, 

respectively.  

Figure 9 summarizes reaction rate (mol m-3 s-1) and quantum efficiency (Einstein m-3 s-1) values 

obtained under both UV and visible irradiation. Q.E. represented in Figure 9 were obtained 

assuming 2 for the n value. This allows comparison with literature in which 2 photons were 

counted during the Q.E. calculation. Reaction rate shows that all samples containing the Ru co-

catalyst display enhanced activity with respect to the support, with a clear maximum situated at 

about 2-3 wt. % of Ru. Focusing on quantum efficiency; values of 3.0 and 0.6 % were obtained 

for UV and visible illumination conditions, respectively. Comparison with literature reports is 

relatively difficult. Ru supported on titania materials have been tested recently for CO2 photo-

reduction showing the importance of the Ru metallic state to boost activity.[59] More classical 
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studies of Ru promoted titania materials concern the photo-degradation of dyes.[60] To our 

knowledge, a single reference concerns the publication of previous results for methanol photo-

reforming using Ru on titania materials. A sample having a 0.7 wt. % of Ru rendered an apparent 

quantum efficiency of 1.2 % under UV light. [33] This can be compared with a value of 2.8 

calculated for the 3Ru/TiO2 sample. We thus multiply by ca. 2.4 the previous result of a 

ruthenium-based catalyst. Note that our material having similar Ru content (the 1Ru/TiO2 sample) 

also displays a larger apparent quantum efficiency value, 1.8 %. Finally, it is interesting to note 

that the quantum efficiency allows calculating the expected activity of the materials for solar 

light application. The 3Ru/TiO2 sample would render c.a. 1.1 quantum efficiency value under 

sunlight (AM1.5 standard).  

In order to explore the influence of charge mobility/recombination process, we have measured 

photoluminescence of Ru/TiO2 samples (Figure 10A and B) under UV (320 nm) and visible (450 

nm) excitation, respectively. Spectra are dominated by two kinds of transitions corresponding to 

the annihilation of conduction band free electrons with trapped holes and valence band free holes 

with trapped electrons.[19,61] The profiles obtained show very similar behaviour and broad 

peaks at ca. 425, 480 and 500 (UV excitation) and 615 and 640 (visible excitation) nm, 

dominated by the anatase major component, which is in accordance with previous reports of co-

catalysts-titania materials. [19,23,58,61] As aforementioned, samples display very marginal 

differences which allow the adequate yet simple analysis of recombination in terms of the overall 

intensity. Thus we can note that the most active sample (3Ru/TiO2) present lower 

photoluminescence intensity under both UV and VIS irradiation conditions. This would indicate 

that the interaction between the Ru compound-titania favours the decrease of the charge 

recombination with respect to the titania reference, irrespective of the light wavelength. 

As summarized in Table 4, comparison with Pt or Pd samples over titania support is rather 

interesting. 1Ru/TiO2 and 3Ru/TiO2 samples render comparable results compared with samples 

in which Pt and Pd were deposited on a Nb-doped titania previously synthesized by a 

microwave-assisted method.[19] The optimum quantum efficiency value obtained for Ru-

containing (3Ru/TiO2) and Pt-containing (1 wt. % of platinum onto a Nd-doped titania obtained 

by reverse microemulsion method) samples using the same reaction setup indicates larger values 

(ca. 40 %) with respect to Pd but lower values (40 %) with respect to Pt.[23] Activity of 

ruthenium samples is thus competitive, even when compared with Pt, considering that the price 
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of a ruthenium-based catalyst would significantly reduce with respect to platinum-palladium-

based ones.  

Within our series of samples, it seems clear that the increase of Ru concentration increases the 

size of the ruthenium oxide nanoparticles (Figure 3), which in turn translates into a more 

heterogeneous distribution (Figure 5G-I). Additionally, the variation of the behaviour of the 

surface concentration vs the bulk counterpart seems to have a significant influence on the activity. 

In fact, as it is shown in Figure 11, the relationship between the surface (measured with XPS) 

and bulk (measured with ICP-OES) Ru/Ti ratios describes a similar profile than the quantum 

efficiency of the samples for both illumination sources tested in the work. This result suggests 

that ruthenium superficial concentration interface plays an important role on the activity of our 

samples. Such a conclusion would, in fact, indicate a cooperative catalytic effect grounded in 

several factors; size and distribution of RuO2 nanoparticles, increasing visible light absorption 

with Ru content and a positive photo handling of charge carrier after excitation. The photo-

handling of charge carriers through the interface would be dependent on the ruthenium loading. 

The band gap of nanometer RuO2 type particles strongly depends on the primary particle size, 

defect structure and crystallinity, going from a value of ca. 2.1 typical of the bulk oxide to below 

of 1.5 eV.[62,63]. While the bulk oxide is likely a hole acceptor while in contact with anatase, 

the large shift of the conduction and valence bands observed for some nanosized materials does 

not allow to make a clear statement in the case of supported Ru-containing oxide clusters. Here 

they appear to power the electron collection to render hydrogen in a direct or, more likely, an 

indirect way by generating adequate interface sites with titania to handle electrons created 

though titania excitation and/or ruthenium oxide plasmon resonances. Surface sites at the 

ruthenium oxide - titania interface have been shown to play a role in promoting photo-oxidation 

with respect to the bare titania reference. [J. Phys. Chem. C, 117, 11149-11158 (2013)] The 

exact role of the interface in our case remains however to be verified but the nanometer size 

(with concomitant defect structure likely affected by both size and interface effects with titania) 

of the Ru-containing component at the titania-based materials does not allow an easy study of 

this point using the collection of spectroscopies here utilized. Only the use of nanometer size 

(excitation) beams for spectroscopic tools (for example in UPS/XPS) would allow the obtaining 

of further information. However, this technology is currently not available. 
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In spite that the unknown exact mechanism by which the Ru/TiO2 showed high activity in 

hydrogen photo-production, all the above mentioned physical phenomena would contribute to 

the activity of the Ru titania composite samples. The maximum of activity in our case seems 

related to the control of the primary particle size of Ru component and the simultaneous 

maximization of the three factors just mentioned. This optimum combination is achieved with 

the 3Ru/TiO2 sample. 

 

4. Conclusions 

A series of ruthenium-based catalysts with weight loadings from 1 to 5 % were deposited using a 

chemical reduction method into a highly crystalline anatase support. The support appears 

essentially unaltered by the deposition method. The resulting noble metal phase appears an 

oxidized Ru(IV) type phase in all cases. This component has an average primary particle size 

below 5 nm for loadings equal to or below 3 wt % and around 7 nm for the 5Ru/TiO2 sample. 

Introduction of the Ru component alters significantly the optical properties, particularly in the 

visible region, of the catalysts with respect to the bare support. This can be ascribed to RuO2 

plasmon resonance related effects. 

The photo-activity of the samples for methanol photo-reforming was investigated through the 

measurement of the hydrogen photo-production reaction rate and quantum efficiency values. The 

activity under both UV and visible illumination increases in presence Ru up to a loading of 3 

wt. %. For the 3Ru/TiO2 catalyst we obtained quantum efficiency values of ca. 3.0 and 0.6 % for, 

respectively, UV and visible light illumination. The comparison of catalytic data with the ratio 

between surface and bulk values of the Ru/Ti observable indicates that ruthenium superficial 

concentration itself and/or the Ru oxide - titania interface play an important role(s) in driving the 

activity of our samples. As this result appears for all illumination conditions, we would suggest 

that charge recombination is a key property in driving the activity of the materials. However, in 

addition to this property, we highlight the importance of the visible light performance of the 

catalysts, mostly relying on the surface plasmon resonance of the ruthenium oxide. 
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Table 1. XRD-derived size, microstrain and cell parameters for TiO2 Anatase phase. 

Sample 

Size 

(nm) 

TiO2 

Microstrain 

<ξ2>1/2 

(x 10-3) TiO2 

TiO2 Anatase 

Cell parameters (Å) 

a=b c 

TiO2 16.4 1.80 3.786 9.497 

1Ru/TiO2 16.2 1.61 3.786 9.498 

2Ru/TiO2 16.5 1.58 3.783 9.493 

3Ru/TiO2 16.1 1.92 3.785 9.491 

5Ru/TiO2 16.5 1.59 3.783 9.491 

 

 

Table 2. Band Gap and morphological properties of Ru/TiO2 samples and TiO2 reference. 

sample 
Band gap 

(eV) 

BET surface 

area (m2 g−1) 

pore volume 

(cm3 g−1) 

pore 

size (nm) 

TiO2 3.15 44 0.097 8.33 

1Ru/TiO2 3.0 46 0.103 7.56 

2Ru/TiO2 3.0 47 0.104 7.37 

3Ru/TiO2 2.9 47 0.109 7.70 

5Ru/TiO2 2.8 47 0.111 7.76 

 

 

Table 3. XPS Data for the xRu/TiO2 samples 

Sample 
Ti2p3/2 

(eV) 

Ti2p1/2-

Ru3p3/2 

width 

(eV)a 

Ru3d5/2 

(eV) 

O1s 

(eV) 

Ru/Ti at. 

% 

Ru/Ti at. 

(ICP-OES) 

TiO2 458.3 2.2a - 529.8 - - 

1Ru/TiO2 458.3 2.4 280.7 529.7 0.287 0.003 

2Ru/TiO2 458.4 2.4 280.8 529.8 0.409 0.006 

3Ru/TiO2 458.4 2.5 280.8 529.7 0.432 0.008 

5Ru/TiO2 458.4 2.5 280.6 529.7 0.697 0.011 

a width only ascribable to the Ti2p1/2 component 



23 
 

   Table 4. Comparison of quantum efficiency values for the1Ru/TiO2 and 3Ru/TiO2 samples and 

Pt/Pd co-catalysts titania-based samples under UV and Sunlight-type (S.T.) illumination 

conditions. 

Sample  Novel metal wt. % UV Q.E (%) S.T Q.E. (%) Reference 

1Ru/TiO2 1 2.3 0.1 This work 

3Ru/TiO2 3 3.1 0.6 This work 

0.025NbTi/Pta 1 5.1 2.5 [23] 

3NbTi/Ptb 1 1.9 1.6 [19] 

3NbTi/Pdc 1 0.06 0.01 [19] 
a0.025NbTi/Pt: 1 wt. % of Pt on Nb-doped Titania. (Titania doped with 2.5 Nb mol. %) 

b3NbTi/Pt: 1 wt. % of Pt on Nb-doped Titania. (Titania doped with 3 Nb mol. %) 
c3NbTi/Pd: 1 wt. % of Pd on Nb-doped Titania. (Titania doped with 3 Nb mol. %) 

 

 

 

 

Figure 1. XRD spectra of xRu/TiO2 samples and TiO2 references. 
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Figure 2. (A) Ti 2p and Ru 3p XPS spectra for the xRu/TiO2 samples. (B) Representative 

example of the fitting procedure for the Ti 2p (Red) and Ru 3p (Blue) contributions. 

 (C)  C1s and Ru 3d XPS spectra for the xRu/TiO2 samples. (D) Representative example of the 

fitting procedure for the C1s (Red) and Ru 3d (Blue) contributions. 

0.3 0.4 0.5 0.6 0.7

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

 

 

5Ru/TiO
2

3Ru/TiO
2

2Ru/TiO
2

(R
u
/T

i)
e
.a

.

(Ru/Ti)
XPS

1Ru/TiO
2

 

Figure 3. Bulk (Ru/Ti e.a) and Superficial (Ru/Ti XPS) ratio of the xRu/TiO2 samples. 
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Figure 4. SEM images of 3Ru/TiO2 (A), and 5Ru/TiO2 (C). EDX mapping of Ti (red), O (green) 

and Ru (violet or blue). 
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Figure 5. TEM images for the (A-B) 2Ru/TiO2, (C-D) 3Ru/TiO2 and (E-F) 5Ru/TiO2. Ru particle 

size distributions for (G) 2Ru/TiO2, (H) 3Ru/TiO2 and (I) 5Ru/TiO2. 
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Figure 6. UV-vis spectra of xRu/TiO2 samples and TiO2 reference. 
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Figure 7. Optical properties of xRu/TiO2 samples and TiO2 reference. 
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Figure 8. Local volumetric rate of photon absorption (Einstein cm-3 s-1). From A to E: TiO2, 

1Ru/TiO2, 2Ru/TiO2, 3Ru/TiO2, 5Ru/TiO2 under UV irradiation. From F to J: TiO2, 1Ru/TiO2, 

2Ru/TiO2, 3Ru/TiO2, 5Ru/TiO2 under Visible irradiation. 
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Figure 9. Reaction rate and quantum efficiency obtained under UV and visible illumination for 

Ru/TiO2 samples. 

 

Figure 10. Photoluminescence spectra of samples under UV (A, 320 nm) and Visible (B, 450 nm) 

excitation. 

 

Figure 11. Relationship between the surface (Ru/Ti XPS) and bulk (Ru/Ti e.a) Ru/Ti ratios and 

Quantum Efficiency. 
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Abstract 

A series of ruthenium catalysts supported into pure anatase oxide were tested in the 

photo-production of hydrogen from methanol:water mixtures under UV and visible 

illumination conditions. Catalysts containing 1, 2, 3 and 5 wt.% of ruthenium were 

subjected to a characterization study with the help of X-ray diffraction, Raman, X-ray 

photoelectron spectroscopy, photoluminescence, morphology as well as scanning and 

transmission electron microscopy. Through the measurement of the optical properties of 

the suspension of the catalysts and the hydrogen photo-production reaction rate we 

calculate the true quantum efficiency. Optimum activity is presented by the catalyst 

with a 3 wt.% of Ru component, which shows quantum efficiency values of ca. 3.0 and 

0.6 % under, respectively, UV and visible light illumination. Careful examination of the 

physico-chemical properties of the solid allows to establish a correlation between the 

ruthenium surface exposed and the quantum efficiency. The implications of such result 

to justify chemical activity of the ruthenium supported samples are discussed both for 

UV and visible illumination conditions. 
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1.- Nomenclature used in the main manuscript 

𝑒𝑎: local volumetric rate of photon absorption (Einstein cm-3 s-1) 

x: x coordinate (cm) 

y: y coordinate (cm) 

z: z coordinate (cm) 

𝐼: specific radiation intensity (Einstein cm-2 s-1 sr-1) 

𝑉: Volume (cm3) 

𝑔: asymmetry factor of the Henyey–Greentein’s phase function (dimensionless) 

𝑝: phase function (dimensionless) 

𝑟: radial coordinate (cm) 

Greek Letters 

𝛽∗: specific extinction coefficient (cm2 g-1) 

𝜅∗: specific absorption coefficient (cm2 g-1) 

𝜎∗: specific scattering coefficient (cm2 g-1) 

µ: direction cosine (dimensionless) 

Ω: Solid angle (sr) 

Ω: unit vector in the direction of radiation propagation 

𝛽: volumetric extinction coefficient (cm-1) 

𝜂: direction cosine (dimensionless) 

𝜅: volumetric absorption coefficient (cm-1) 

𝜆: wavelength (nm) 

𝜎: volumetric scattering coefficient (cm-1) 

ω: optical albedo (dimensionless) 

Subscripts 

𝜆: denotes wavelength dependence 

Special Symbols 

∗: denotes vector 

〈∗〉: average value over a defined space 
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2.- Reactor set-up  

 

Figure S1. Experimental photoreactor setup. (1) Hg-Xe lamp, (2) Water filter, (3) 

dichroic filter (280-400; 420-680 nm), (4) Methanol-Water/catalyst suspension, (5) 

Argon carrier inlet, (6) Argon carrier and gas products outlet, and (7) neutral filter. 

Dotted arrows indicate inlet and outlet cooling water. 

3. Volumetric rate of photon absorption  

3.1.Optical properties of the suspension. Solution of RTE for the 

spectrophotometer cell (one dimensional-one directional model) 

The optical properties were obtained by solving the RTE (which consider radiation 

absorption and scattering effect by the catalyst, Equation 2 of the main manuscript) 

using the discrete ordinate method (MOD) in a rectangular spectrophotometer cell (0.2 

mm optical path) in combination with a nonlinear, multiparameter regression procedure 

(lsqnonlin (Matlab), Algorithm: Trust-Region-Reflective Optimization). Before that, the 

extinction coefficients (𝛽∗) were obtained in the spectrophotometer cell by applying a 

standard linear regression to the plots of 𝛽𝜆 versus catalyst concentration 𝐶 in a broad 

range (0.1-5 x 10-3 g L-1). Besides, considering that the cell can be represented as an 

infinite plane parallel medium with azimuthal symmetry, a one-dimensional, one-

directional radiation transport model can be used to solve the RTE.  

Figure S2A shows a schematic representation of the RTE solution scheme where the net 

light intensity is presented by one angular-related variable (𝜇 = cos (𝜃)) at each point 

of the cell one-dimensional (x variable) representation. The fitting procedure renders the 

values of 𝜔𝜆 (the so-called albedo defined in equation S1) and 𝑔𝜆 (equation S3, which 

defines the Henyey–Greentein’s scattering phase function: 𝑝(𝛺′ → 𝛺) =

1

23

4

5 6

7
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1−𝑔𝜆
2

(1+𝑔𝜆
2−2𝑔𝜆 𝑢0)

3/2) parameters that minimize the differences between model predictions 

and experimental data of diffuse transmittance and reflectance measurements at the 

spectrophotometric cell for a set of catalyst concentrations, C, and in the wavelength 

range of the light source (1). Then, the volumetric scattering and absorption coefficients 

can be obtained using Equation S1 and S2 (All optical properties presented in the main 

text). 

𝜎𝜆 =  𝛽𝜆 ∗ 𝜔𝜆           S1 

𝜅𝜆 = 𝛽𝜆 − 𝜎𝜆           S2 
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Figure S2. Schematic representation for the one-dimensional, one-directional radiation 

Model used for the spectrophotometer cell (A) and the two-dimensional, two-directional 

radiation Model used for the liquid phase photoreactor (B-D). (B) Representation of the 

r and z spatial mesh discretization of the photoreactor, (C) Directional mesh for the 

Quadrant I and (D) representation of quadrants of directions as a function of the 

direction cosines (µ, η) respect to r and z axis in a cross section of the spatial cell. 

 

 

Quadrant IVQuadrant I

Quadrant II Quadrant III
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3.2. Optical properties of the suspension. Solution of RTE for the photoreactor 

setup (two dimensional-two directional model) 

 

Once the optical properties of the catalyst(s) have been obtained, the evaluation of the 

radiation field inside the photoreactor presented in Figure S1 can be carried out. The 

MOD tool was used to transform the integro-differential equation 2 (main text) into a 

system of algebraic equations that can be solved numerically. Our reactor configuration 

requires the use of a cylindrical two-dimensional (𝑟 − 𝑧 variables), two-directional (𝜃 −

𝜙 variables) model of the photoreactor radiation field (Figure S2B-C). The net radiation 

intensity at each 𝑟 − 𝑧 point of the reactor is now represented using a discretized spatial 

mesh having two angular-related coordinates 𝜇 = cos(𝜃) ;  𝜂 = cos (𝜙) . Fig. S2C 

displays 𝜇;  𝜂  unitary, basal projection(s) in a quadrant of the space around a 𝑟 − 𝑧 

point calculated using the so-called S16 method (2). The computation of the intensity at 

each point of the reactor require to divide the space in 4 quadrants as depicted in Figure 

2D and the measurement of the incident light intensity at the frontier (liquid surface) 

using actinometry (2). According to the Duderstadt and Martin recommendation (3), 

and following the numerical procedure scheme detailed by previous authors (2), the 

finite difference (MOD) was derived directly from the radiation balance for each mesh 

cell (Figure S2D). The solution of Equation 2 of the main text provides the light 

intensity 𝐼𝜆,𝛺(𝑥; 𝑟 − 𝑧) at each point of the reactor. 

Finally, once the intensities were obtained, the local volumetric rate of photon 

absorption (𝑒𝑎) was calculated at each 𝑟 − 𝑧 point of the reactor according to: 

 

𝑒𝑎 = ∫ 𝜅𝜆𝜆
∙ ∫ 𝐼𝜆,𝛺(𝑥)𝑑𝛺

𝛺=4𝜋
𝑑𝜆       S4 

 

 

 

 

 

 

 



7 
 

4.- Raman analysis of titania support 

 

 
Figure S3. Raman spectrum of TiO2 pure reference. 

 

 

5.- Quantum Efficiency and Photonic Efficiency calculations 

 

Q.E. (Quantum Efficiency) and P.E (Photonic Efficiency, also called Apparent 

Quantum Efficiency) definitions are: 

 

 𝑄. 𝐸. (%) = 100 ×
𝑛×𝑟 (mol m−3s−1)

𝑒𝑎 (Einstein m−3s−1)
  S5 (Equation 1 in the main text) 

 

𝑃. 𝐸. (%) = 100 ×
𝑛×𝑟 (mol m−2s−1) × 𝑉 (m3)

𝑞 (Einstein m−3s−1) × 𝐴  (m2)
      S6 

 

Where, r is the reaction rate, 𝑒𝑎 is the local volumetric rate of photon absorption, V is 

the reactor volume, and 𝑞  represents the incident radiation flux averaged in the 

illuminated reactor surface (A).  𝑞 value experimentally measured using a radiometer 

(Delta OHM) at the sample average position were 1.8 × 10-7 and 2.9 × 10-7 Einstein cm-2 

s-1 for, respectively, UV and ST illumination conditions. n takes the value 1 or 2 

depending on the mechanism (See the discussion in the main text for details). 
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Table S1. Quantum Efficiency and Photonic Efficiency under UV and Sunlight-type 

(S.T.) illumination conditions.a 

 

Sample UV Q.E. (%) 

n=2b/ n=1c 

UV P.E. 

(%) 

n=2b/ n=1c 

S.T. Q.E. 

(%) 

n=2b/ n=1c 

ST P.E. 

(%) 

n=2b/ n=1c 

1Ru/TiO2 2.3/1.2 1.9/1.0 0.05/0.03 0.04/0.02 

2Ru/TiO2 2.8/1.4 2.4/1.2 0.5/0.3 0.4/0.2 

3Ru/TiO2 3.1/1.6 2.8/1.4 0.6/0.3 0.5/0.3 

5Ru/TiO2 2.1/1.1 2.0/1.0 0.1/0.05 0.08/0.04 
a Standard error: Q.E. (%) <15%;  P.E. (%)<12%. a Gaussian-type standard errors were 

estimated using the equations reported in [4]. bQuantum Efficiency calculated using n = 

2 (see details in the main text), cQuantum Efficiency calculated using n = 1(see details 

in the main text).  

 

 

6. Mechanism  

 

 

Table S2. H2 photoprodution mechanism scheme. 

 

Step Number 

𝑪𝒂𝒕𝒂𝒍𝒚𝒕𝒔 + 𝒉𝒗 → 𝒆− + 𝒉+ 1 

𝒆− + 𝒉+ → 𝒄𝒂𝒍𝒐𝒓 2 

𝑯𝟐𝑶𝒂𝒅𝒔 + 𝒉+ → 𝑶𝑯•
𝒂𝒅𝒔 + 𝑯+

𝒂𝒅𝒔 3 

𝑪𝑯𝟑𝑶𝑯𝒂𝒅𝒔 + 𝑶𝑯•
𝒂𝒅𝒔(𝒉+) → 𝑪𝑯𝟑𝑶• + 𝑯𝟐𝑶𝒂𝒅𝒔(𝑯+

𝒂𝒅𝒔) 4 

𝑪𝑯𝟑𝑶𝑯𝒂𝒅𝒔 + 𝑶𝑯−
𝒂𝒅𝒔 → 𝑪𝑯𝟑𝑶−

𝒂𝒅𝒔
+ 𝑯𝟐𝑶𝒂𝒅𝒔 5 

𝑪𝑯𝟑𝑶• + 𝑪𝑯𝟑𝑶−
𝒂𝒅𝒔

+ 𝑯+ → 𝟐 𝑪𝑯𝟐𝑶𝒂𝒅𝒔 + 𝑯+ + 𝒆−  6 

𝑪𝑯𝟑𝑶•
𝒂𝒅𝒔

+ 𝑶𝑯•
𝒂𝒅𝒔(𝒉+) → 𝑪𝑯𝟐𝑶𝒂𝒅𝒔 + 𝑯𝟐𝑶𝒂𝒅𝒔(𝑯+

𝒂𝒅𝒔) 7 

𝑪𝑯𝟐𝑶𝒂𝒅𝒔 + 𝑶𝑯•
𝒂𝒅𝒔(𝒉+) → 𝑯𝑪𝑶•

𝒂𝒅𝒔 + 𝑯𝟐𝑶𝒂𝒅𝒔(𝑯+
𝒂𝒅𝒔) 8 

𝑯𝑪𝑶•
𝒂𝒅𝒔 + 𝑶𝑯•

𝒂𝒅𝒔 → 𝑯𝑪𝑶𝑶𝑯𝒂𝒅𝒔 9 

𝑯𝑪𝑶𝑶𝑯𝒂𝒅𝒔 + 𝑶𝑯•
𝒂𝒅𝒔(𝒉+) → 𝑪𝑶𝑶𝑯𝒂𝒅𝒔

• + 𝑯𝟐𝑶𝒂𝒅𝒔(𝑯+
𝒂𝒅𝒔) 10 

𝑪𝑶𝑶𝑯𝒂𝒅𝒔
• + 𝑶𝑯•

𝒂𝒅𝒔(𝒉+) → 𝑪𝑶𝟐𝒂𝒅𝒔
+ 𝑯𝟐𝑶𝒂𝒅𝒔(𝑯+

𝒂𝒅𝒔) 11 

𝟐𝑯+
𝒂𝒅𝒔 + 𝟐𝒆− → 𝑯𝟐  12 
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