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ABSTRACT. The development of low-cost yet highly efficient catalysts for hydrogen evolution 

reaction (HER) is crucial for large-scale clean and sustainable hydrogen production from water 

splitting. Tuning the interfacial structure of catalyst has emerged as an effective strategy to 

optimize the intrinsic catalytic activity. In this study, we demonstrated the deposition of Ru 

nanoparticles by freshly prepared strong reductive Ti(III) oxide, resulting in Ru/reduced TiO2 

interface with oxygen vacancies. The as-prepared Ru/r-TiO2 exhibited a superior HER 

performance over commercial Pt/C in alkaline media, only with a small overpotential of 15 mV 

required to deliver the benchmark current density of 10 mA cm-2 and a high turnover frequency 

of 8.74 s-1 at an overpotential of 100 mV. Density functional theory calculation indicates that 

high electrocatalytic activity of Ru/r-TiO2 is originated from the promotion of water dissociation 

and weakening OH adsorption by reduced TiO2, which facilitates the conversion of water to H2. 

This work provides an efficient strategy for the design of high-performance HER catalysts. 

KEYWORDS: Hydrogen evolution, Ru-based Electrocatalyst, Oxygen vacancy, Reduced TiO2, 

Interfacial structure 
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1. Introduction 

Hydrogen has been proposed as an ideal next-generation fuel to provide clean and 

sustainable energy via fuel cells [1, 2]. Electrochemical water splitting is a promising approach 

to substitute steam reforming for low-carbon H2 production, which is a renewable and 

environmentally friendly route to generate high pure H2 for fuel cells [3-7]. Water electrolysis 

can be performed in both acidic and alkaline electrolytes. In acidic media, hydrogen evolution 

reaction (HER) at cathode is facile, however, oxygen evolution reaction (OER) at anode is very 

sluggish and it is a great challenge to find an efficient and stable catalyst. By contrast, in alkaline 

media, the OER is much improved and allows the use of low-cost transitional metal-based 

catalysts, but the HER becomes a problem, as its reaction rate is 2-3 orders of magnitude lower 

than that in the acidic media for Pt-based catalysts [8-12]. Therefore, the rational design the 

highly efficient HER catalysts in alkaline media is of great importance [13]. Generally, 

electrocatalytic reactions occur on the interface of electrocatalysts, which greatly influences the 

energy barrier of reaction intermediates [14, 15]. Thus, modulating the interfacial structure of the 

electrocatalysts is an effective way to optimize the HER performance [16]. 

Among various ways for interfacial structure modulation for HER catalysts, constructing 

metal/oxide interfaces have been demonstrated as a promising strategy to optimize the HER 

electrocatalysts, including electrocatalytic activity and stability [17-20]. The alkaline HER 

process involves the water dissociation to adsorbed H* and OH*, and the recombination of H* to 

H2, as well as the desorption of OH*. Currently, most of efforts have been focused on the 

improvement of water dissociation and/or H* adsorption [17, 21, 22]. For example, the 

introduction of 3d transition metal oxides/hydroxides on the Pt surfaces can greatly boost the 
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alkaline HER through the acceleration of water dissociation [17]. Nonetheless, an optical HER 

electrocatalyst requires a balance between facilitating water dissociation and preventing the 

‘poisoning’ by OH* [17, 18]. However, little attention has been paid to the rational modulation 

of OH* desorption. Previous work reported that oxygen vacancies in metal oxide can greatly 

influence the interaction of metal/oxide interfaces, and thus tune the adsorption and desorption of 

the intermediates [23-26]. Therefore, exploring the impact of oxygen vacancies on OH* 

desorption in alkaline HER is promising. 

Herein, we proposed a facile strategy to construct metal/oxide catalyst by introducing a 

strong reductive Ti(III) oxide as the support of Ru nanocatalyst to in-situ deposit Ru 

nanoparticles anchored on partially reduced rutile TiO2 (denoted as Ru/r-TiO2). The as-prepared 

catalyst obtained abundant oxygen vacancies and strong interaction between metal and support, 

as indicating the existence of negatively charged Ru. This is a mild method to introduce strong 

metal-support interaction without high-temperature reduction/oxidation [27-29]. The Ru/r-TiO2 

exhibited an excellent alkaline HER activity, reaching the benchmark current density of 10 mA 

cm-2 only at a small overpotential of 15 mV, and a high turnover frequency (TOF) of 8.74 s-1 at 

an overpotential of 100 mV. This performance is much superior to those of control Ru-based 

samples without oxygen vacancies, as well as the commercial Pt/C catalyst. Density functional 

theory (DFT) calculations reveal that reduced TiO2 with oxygen vacancies facilitates both the 

water dissociation and weakening OH adsorption, resulting in the excellent electrocatalytic 

activity of Ru/r-TiO2. 

2. Experimental section 

2.1 Preparation of Ru-based catalysts  
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Synthesis of Ti(III) oxide. In Ar atmosphere, 0.25 g TiCl3, 0.35 g NaCl and 1 mL ultra-pure 

water were added into a Schlenk bottle, stir for 12 h at 100 ℃ to get blue Ti(III) oxide 

precipitation [30]. The obtained Ti(III) oxide had the poor crystallinity (Fig. S1). 

Synthesis of Ru/r-TiO2. Adding 40 mg RuCl3 into the separating Ti(III) oxide at 80 ℃ in Ar 

atmosphere, after mixing evenly for 30 min, excessive NaBH4 was added into the mixture and 

stir for 6 h. RuCl3 was hardly reduced completely by Ti(III) oxide due to slow reduction kinetics. 

Adding NaBH4 can completely reduce the residual RuCl3 to Ru nanoparticles anchored on the 

reduced support. The resulting black powder was washed by ultra-pure water and collected by 

centrifugation for 3 times. Finally, the black powder was dried at 60 ℃ in vacuum oven, and 

then grinded into fine powder to get Ru/r-TiO2 catalyst.  

Synthesis of Ru/TiO2 and Ru/TiO2-O. Adding 1 mL ultra-pure water into separating Ti(III) 

oxide and stir in air for 24 h to get TiO2 solid. The following experiments of depositing Ru 

nanoparticles on Ti oxide were the same with the above synthesis of Ru/r-TiO2 catalyst. In this 

step, the atmosphere in Ar is to get Ru/TiO2 catalyst and in air is to get Ru/TiO2-O catalyst. 

Synthesis of Ru/r-TiO2-HTO. The obtained Ru/r-TiO2 catalyst was heated in air at 700 K for 

15 min to get Ru/r-TiO2-HTO catalyst. 

 

2.2 Catalyst Characterizations 

 Transmission electron microscopy (TEM), scanning transmission electron microscopy 

(STEM) images, and elemental mapping analysis were performed using a Philips Tecnai F30 at 

300 kV. Powder X-ray diffraction (XRD) was performed on Panalytical X’pert PRO X-ray 
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diffractometer with monochromated Cu Kα radiation (40 kV, 30 mA). Inductively coupled 

plasma atomic mass spectrometry (ICP-MS) measurements were performed on PerkinElmer. X-

ray photoelectron spectroscopy (XPS) was carried out on PHI5000VPIII hemispherical electron 

energy analyzer with monochromatized Al Kα radiation (1,486.6 eV). Electron paramagnetic 

resonance (EPR) was performed at Bruker EMX-10/12 with the temperature at 90 K. 

2.3 Electrochemical measurement  

To prepare catalyst ink, Ru/r-TiO2 (1.0 mg) and XC-72 carbon black (1.0 mg) were 

ultrasonically dispersed in a mixture of water (0.50 mL), ethanol (0.50 mL) and 5% Nafion (15 

µL) for 1 h. The 25 μL of ink was pipetted onto a glassy carbon (GC, φ = 5 mm) disk electrode, 

resulting in a catalyst loading of 37 µgRu cm-2. The introduction of carbon black into catalyst ink 

could improve the electronic conductivity and the dispersion of the catalyst on the electrode 

surface. The electrodes of Ru/TiO2, Ru/TiO2-O and Ru/r-TiO2-HTO were prepared as the same 

procedure. Commercial Pt/C (20 wt%, Johnson Matthey) was used as benchmark material, and 

the Pt loading on the GC electrode was also 37 µgPt cm-2. 

HER activity was tested in H2-saturated 0.1 M KOH solution at 30 oC on a rotating disk 

electrode (RDE) system (Pine Inc.) with a CHI-760E bipotentiostat. A glassy carbon plate was 

used as counter electrode, and a Hg/HgO was used as reference electrode. All potentials were 

reported versus the reversible hydrogen electrode (RHE) scale. HER polarization curves of all 

the catalysts in this study were recorded through staircase voltammetry at an equivalent rate of 5 

mV s-1, and corrected by solution ohmic drop. The electrode rotating rate was 1600 rpm to 

improve mass transfer and alleviate the blocking effect of H2 bubble on the electrode surface. 
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Electrochemical impedance spectroscopy (EIS) measurements were carried out on a Parstat 2263 

potentiostat in the frequency range of 100 kHz–0.1 Hz with AC amplitude of 5 mV. 

2.4 DFT calculations  

All electronic structure calculations were carried out using the VASP with 

Perdew−Burke−Ernzerhof (PBE) functional of exchange-correlation. The projector-augmented-

wave (PAW) pseudopotentials were utilized to describe the core-valence electron interaction 

with electrons from Ti 3p, 3d, 4s; O 2s, 2p; and H 1s shells [31-35]. The on-site Hubbard U term 

(DFT+ U) was added on O 2p orbitals at the value of 6.3 eV [36]. The cutoff energy was set to 

450 eV. The vacuum height in the z direction was above 12 Å. The Ru(0001) and Pt(111) 

surfaces were modeled as a p(2×2) periodic slab with five layers with 20 Ru(Pt) atoms. The 

bottom two layers were fixed and other atoms were relaxed. A 6×6×1 Monkhorst-Pack k-point 

sampling was used. The rutile TiO2(110) surface was modeled as a p(2×3) periodic slab with 

three layers with 36 Ti and 72 O atoms. The bottom one layer was fixed and other atoms 

including supported Ru atoms were relaxed during geometry optimizations. The five-layer 

Ru(0001) surface with 40 atoms was placed above on TiO2(110) to model the Ru/TiO2 interface 

for investigating the adsorption and dissociation of water at the interface. For simulating the 

reduced TiO2(110) surface, two rows of bridge oxygen atoms were removed. A 6×1×1 

Monkhorst-Pack k-point sampling was used for the TiO2-supported models. The adsorption 

energy was defined in this work as: Ead = E(ad/surf) - E(surf) - E(ad), where E(w/surf), E(w), and 

E(surf) are the total energies of the adsorbate binding to surface, free adsorbate in gas phase and 

clean surface, respectively. The free energy of species was obtained from G = E + ZPE - TS, 

where E is the total energy of species, S is the entropy and ZPE is the zero-point energy at 300 
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K. All the vibrational frequencies, 𝑣𝑣𝑖𝑖  (Hz), were calculated based on the harmonic oscillators 

approximation [37]. The charge transfer was analyzed by Bader method. 

3. Results and discussions 

3.1 Characterization of morphology and structure. 

Fig. 1a illustrates the preparation of Ru nanoparticles anchored on partially reduced TiO2 

and normal TiO2 catalysts under Ar atmosphere, i.e., Ru/r-TiO2 and Ru/TiO2. The Ru weight 

contents were about 30% (Table S1), determined by the inductively coupled plasma mass 

spectrometry (ICP-MS) with the NaClO as the digestion solution [38]. Fig. 1b shows the XRD of 

the as-prepared Ru/r-TiO2. The indicated peaks can be indexed to the rutile TiO2 (PCPDF no. 21-

1276) and hexagonal Ru (PCPDF no. 060663). TEM images revealed that Ru nanoparticles with 

average size of 2.1 nm were homogeneously distributed on the TiO2 support (Fig. 1c). Some Ru 

nanoparticles with a lattice space of 0.214 nm, corresponding to hexagonal Ru (002) plane[39], 

can be observed in the HRTEM image (Fig. S2). The crystal structure with lattice space of 0.324 

nm was clearly visible (inset of Fig. 1c), which was attributed to the (110) plane of rutile TiO2. 

This result indicated that most of Ti(III) oxide had been converted into TiO2 on the sample of 

Ru/r-TiO2. The formation of TiO2 may be caused by the RuCl3 oxidation and inevitable exposure 

to air or dissolved O2 during washing and centrifugation steps in the synthesized process, as well 

as in the characterization and test process. The annular dark-field (ADF-STEM) coupled with 

energy-dispersive X-ray spectroscopy (EDX) element mapping images indicated that the 

homogeneous distribution of the element Ru, Ti, and O over the entire area (Fig. 1d). The control 

samples, i.e., Ru/TiO2, Ru/TiO2-O and Ru/r-TiO2-HTO, showed similar morphologies, the 
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crystal structure of TiO2, and Ru particle sizes as Ru/r-TiO2 (Fig. S3), which is favorable for the 

comparison of HER performance. 

XPS was employed to investigate the near-surface charge state of these samples (Fig. 2 and 

Fig. S4). The Ru 3d spectra clearly exhibited that binding energies of Ru decreased in the order 

of Ru/r-TiO2 ˂ Ru/TiO2 ˂ Ru/TiO2-O ˂ Ru/r-TiO2-HTO (Fig. 2a). The same trend was also 

observed in Ru 3p spectra (Fig. S4b). Among these samples, the Ru/r-TiO2 had the lowest 

binding energy, indicating the highest electron density on Ru. To get an insight into the charge 

state of Ru in Ru/r-TiO2, Ru 3d spectra were deconvoluted into three doublet peaks of Ru 3d5/2 

and 3d3/2 with confined conditions of spin-orbit splitting distance of 4.1 eV and area ratio of 3:2, 

[40] as well as one carbon contamination at 284.27 eV, as shown in Fig. 2b and Table S2. For 

the sake of comparison, the Ru 3d XPS of metal Ru black and RuO2/TiO2 were also tested, and 

the binding energies of Ru 3d5/2 were at 280.00 and 281.1 eV, respectively (Fig. S4d). Therefore, 

three Ru 3d5/2 peaks of Ru/r-TiO2 at 279.35, 279.98, and 280.98 eV can be assigned to 

negatively charged Ru, metallic Ru, and oxidized Ru [41, 42]. The existence of negatively 

charged Ru with lower binding energy than metal Ru implies the significant electron transfer 

from the reduced TiO2 support to Ru nanoparticles on the Ru/r-TiO2 due to the strong metal-

support interaction. In contrast, only metallic Ru and oxidized Ru species could be observed on 

the Ru/TiO2, Ru/TiO2-O, and Ru/r-TiO2-HTO (Fig. 2b and Fig. S4). 

Furthermore, high-resolution XPS Ti 2p spectra were collected to clarify the Ti 

environment in Ru/r-TiO2 (Fig. 2c). The peaks at 458.44 and 464.18 eV were assigned to Ti 2p3/2 

and 2p1/2, respectively. The peak located at 461.66 eV between Ti 2p3/2 and 2p1/2 was contributed 

to the Ru 3p3/2. Compared with Ru/TiO2, Ru/r-TiO2 exhibited negatively shifted binding energies 

of 0.51 eV for Ru 3p3/2, and 0.37 eV for Ti 2p (Fig. 2c). In addition, the Ti 2p spectra clearly 
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show that the binding energy of Ti follows the order: Ru/r-TiO2 ˂ Ru/TiO2 ˂ Ru/TiO2-O ˂ Ru/r-

TiO2-HTO (Fig. S4g). The shift toward lower binding energy in Ti 2p indicates the fewer O 

neighbors around the Ti on average, which suggests the existence of oxygen vacancies in Ru/r-

TiO2 [43]. To clarify the oxygen vacancies in Ru/r-TiO2 more clearly, electron paramagnetic 

resonance (EPR) was employed, because this method is sensitive to paramagnetic species 

containing unpaired electrons, such as Ti3+ and oxygen vacancies, but silence to TiO2 [44, 45]. 

As shown in Fig. 2d and Fig. S5, obvious EPR peak was observed on Ru/r-TiO2. The EPR 

signals at g⊥ = 1.9627 and g‖ = 1.9383 are assigned to the surface Ti3+ with oxygen vacancies 

[46, 47]. No obvious EPR signals could be observed on Ru/TiO2, Ru/TiO2-O, and Ru/r-TiO2-

HTO (Fig. 2d and Fig. S5). Overall, the above results confirm that introducing the Ti(III) oxide 

as support successfully tailored negatively charged Ru nanoparticles supported on partially 

reduced TiO2 and the strong interaction between Ru and Ti oxide makes it possible to stabilize 

oxygen vacancies on the interface in Ru/r-TiO2. In addition, oxygen defects can usually increase 

the electrical conductivity of TiO2, which may facilitate the electron transfer from the Ru 

nanoparticles to the support. 

 

2.2 Electrocatalytic activity and stability towards HER 

Electrocatalytic HER performance was tested through steady-state linear sweep 

voltammetry (LSV) in H2-saturated 1.0 M KOH. For better comparison, similar noble metal 

loading (Ru or Pt loading around 37 µg cm -2) on the electrode was applied for all 

electrocatalysts studied. Fig. 3a shows the HER polarization curves of Ru/r-TiO2, Ru/TiO2, 

commercial Pt/C and Ru/C, as well as Ti(III) oxide, TiO2 and bare GC electrode in H2-saturated 

1.0 M KOH solution. The control samples of Ti(III) oxide, TiO2, and bare GC electrode without 
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noble metals show the negligible HER performance in alkaline media. For the Ru/r-TiO2, it just 

needed -15 mV overpotential to reach a benchmark current density of 10 mA cm-2. This is 

considerably better than Ru/TiO2 (-32 mV) and Pt/C (-34 mV), and also better than recently 

reported Ru@C2N (-17 mV) [39], RuCoP (-23 mV) [48], and other non-platinum electrocatalysts 

(Table S3). At the current density higher than 10 mA cm-2, Ru/r-TiO2 also exhibited the superior 

HER catalytic activity with the overpotential of 25 mV at 20 mA cm-2, and 76 mV at 100 mA 

cm-2 (Fig. 3b). By comparing with the control samples in Fig. 3c, Ru/r-TiO2 exhibited a much 

better HER activity than Ru/TiO2, Ru/TiO2-O and Ru/r-TiO2-HTO, for the latter cases, the 

overpotentials for current density at 10 mA cm-2 were 32, 41, and 117 mV, respectively. Heat 

treatment of Ru/r-TiO2 catalyst at 573 K in inert Ar atmosphere, which may increase the 

crystallinity and conductivity of TiO2, can further slight improve the HER activity (Fig. S6). 

Moreover, we found Ru/TiO2 also exhibited higher HER activity than commercial Pt/C and 

Ru/C, indicating a positive impact from the TiO2 support. Typically, the alkaline HER process 

involves the initial water adsorption and dissociation to yield adsorbed H* and OH* (Volmer 

step). An optimal electrocatalyst requires a balance between facilitating water dissociation and 

preventing ‘poisoning’ with OH* [17, 18]. Previously, Markovic’s group found that the 

introduction of Ni(OH)2 nanoclusters on Pt can greatly boost alkaline HER activity and proposed 

the critical role of water dissociation [17]. Therefore, the improvement of alkaline HER activity 

in Ru/TiO2 observed here may also be caused by TiO2 for the enhancement of water dissociation. 

Due to the existence of TiO2 in both Ru/r-TiO2 and Ru/TiO2 electrocatalysts, so that the different 

HER activity between them could not be attributed to the promotion of water dissociation by 

TiO2 solely. 
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To better understand the electrocatalytic mechanism of Ru/r-TiO2, the Tafel slope (Fig. 3d) 

was investigated. Tafel slope of Ru/r-TiO2 (49 mV dec-1) was significantly lower than those of 

the control samples, e.g., Pt/C (54 mV dec-1), Ru/TiO2 (60 mV dec-1), Ru/TiO2-O (80 mV dec-1), 

Ru/r-TiO2-HTO (95 mV dec-1), and Ru/C (84 mV dec-1), which confirms the more favorable 

HER kinetics on Ru/r-TiO2. At the higher current density (> 80 mA cm-2), the Tafel slope of 

Ru/r-TiO2 increased to 123 mV dec-1 (Fig. S7). As for HER via Volmer-Heyrovsky mechanism, 

the theoretical Tafel slopes are 40 and 120 mV dec-1 at low and high current density, respectively 

[49]. Therefore, the HER on Ru/r-TiO2 is via the Volmer-Heyrovsky mechanism and the 

Heyrovsky step is the rate determine step [49]. To further reveal the electrocatalytic kinetics, the 

electrochemical impendence measurement was implemented. The Nyquist plots of those 

electrocatalysts at the overpotential of 50 mV are shown in Fig. S8. The Nyquist plots show just 

one semicircle, which indicates a single time constant for all results. The smaller semi-circular 

diameter in the electrochemical impedance spectrum of Ru/r-TiO2 indicates its faster charge 

transfer, which leads to the improvement of HER performance. The extremely low activity of 

Ru/r-TiO2-HTO, even inferior to Ru/C, is unanticipated. This sample was prepared by high-

temperature (700 K) oxidation treatment of Ru/r-TiO2 in air, and the binding energy of Ru 3d5/2 

(i.e., Ru-2 species in Fig. 2b) was 280.71 eV, considerably higher than that of metallic Ru 

(280.00 eV), as shown in Fig. 2 and Table S2. Thus, this unfavorable change of the electronic 

structure may lead to the poor HER activity of the Ru/r-TiO2-HTO. 

To evaluate the intrinsic activity of electrocatalyst, TOF was measured. The numbers of 

active sites were evaluated by underpotential deposition (UPD) of Cu on Ru (Fig. S9) [50, 51]. 

The TOF values at the overpotential of 25, 50, and 100 mV were summarized and compared in 

Fig. 3e. The TOF values of Ru/r-TiO2 at the overpotential of 25, 50, and 100 mV are 1.08, 2.98, 
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and 8.74 s-1, respectively, which are considerably higher than the Pt/C (0.52 s-1 @25 mV, and 

1.57 s-1 @50 mV) in this study, and those of other reported electrocatalysts (Table S4), such as 

Pt/C(1.7 s-1 @100 mV) [52], Ru@C2N (0.76 s-1 @25mV) [39], RuCoP (7.26 s-1 @100mV) [48], 

and Ru/C3N4/C (4.2 s-1 @100 mV) [52]. Furthermore, the TOF of Ru/r-TiO2 is about 3.5 times 

larger than that of Ru/TiO2 (0.30 s-1 @25mV). The stability of Ru/r-TiO2 was further tested 

according to the previously reported methods [53, 54]. After 1000 potential cycles, there is 

essentially no change in the polarization curves (Fig. 3f). At a fixed overpotential of 0.015 V, the 

Ru/r-TiO2 just exhibited slight degradation of HER activity over 10 h (inset of Fig. 3f), 

indicating a good stability of Ru/r-TiO2. To investigate the structure change, we measured the 

XPS and EPR of Ru/r-TiO2 after HER test. The Ru 3d spectrum showed no change in binding 

energy, and Ti 2p was slight shifted to low binding energy (Fig. S10). EPR shows more obvious 

change than the XPS. As shown in Fig. S11, there are two EPS signals. One comes from surface 

Ti3+ with oxygen vacancies as the initial Ru/r-TiO2, but the band intensity is weakened 

considerably. The other one is at g = 2.0021, assigned to the hole trapped on the bulk rutile TiO2 

[46, 47], and it might be caused by the electroreduction of TiO2 during the HER process. The 

above structure change, especially the attenuation of surface Ti3+ with oxygen vacancies, may 

result in the degradation of HER performance of Ru/r-TiO2. 

2.3 DFT calculations for mechanism of enhanced HER on Ru/r-TiO2. 

To elucidate the impact of the Ru nanoparticles supported on partially reduced TiO2 to 

boost the alkaline HER, we carried out DFT calculations. On basis of XRD and HRTEM results, 

thin layer Ru(0001) and rutile TiO2(110) with and without surface oxygen vacancy were 

employed as models for Ru(0001)/r-TiO2 and Ru(0001)/TiO2, respectively. For the structure of 

Ru(0001)/TiO2, the five-layered Ru(0001) was located on the three-layered pristine TiO2(110) 
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surface (Fig. S12). For simulating the reduced TiO2(110) surface, two rows of bridge oxygen 

atoms were removed, as shown in Fig. S12. It can be seen that the 0.67 ML surface bridge 

oxygen atoms were removed, leaving 0.33 ML bridge oxygen atoms. The dashed orange cycles 

indicate the position of the removed two rows of bridge oxygen atoms with the direct binding 

between Ti atoms and Ru clusters. The calculated ZPE and TS for intermediates was listed in 

Table S5. The oxygen defect formation energy of the reduced TiO2 surface was 3.88 eV, which 

was defined: Ed = E(def) + E(H2O) - E(surf) - E(H2), where E(def) and E(surf) are the total 

energies of reduced TiO2 and pristine TiO2, E(H2O) and E(H2) are the free energies of H2 and 

H2O in gas phase at 300 K. The adhesion energy of the Ru cluster was calculated to be -5.16 eV 

on pristine TiO2(110) and -8.79 eV on reduced TiO2(110), indicating that the Ru cluster on the 

reduced surface is more thermodynamically stable [55]. The water effect was not considered in 

this study, however we found it may be negligible in energetics for the Volmer step (Fig. S13). 

As shown in Fig. 4a, for the Ru(0001)/TiO2, electron (-2.42 q) transfer from Ru cluster to 

the pristine TiO2(110) was found, resulting in the positively charged Ru cluster. By contrast, for 

the Ru(0001)/r-TiO2, the opposite electron (-0.31 q) transfer from the partially reduced 

TiO2(110) to the Ru cluster occurred, leading to the negatively charged Ru. These data are in 

good agreement with the experimental results (Fig. 2).  

In alkaline medium, HER generally possesses Volmer-Heyrovsky or Volmer-Tafel two 

steps: 

Volmer step: H2O + * + e- → H* + OH- 

Heyrovsky step: H2O + H* + e- → H2 + M + OH- 

Tafel step: 2H* → H2 
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The initial Volmer step is water dissociation to yield H* and OH*, and followed by 

Heyrovsky or Tafel step to generate H2 [56]. The free energy profiles for HER, i.e., from water 

to H2, on Ru(0001)/ TiO2 and Ru(0001)/r-TiO2, as well as the benchmarks of pristine Ru(0001) 

and Pt(111), are shown in Fig. 4b. The identified key intermediates and transition states on 

Ru(0001)/r-TiO2 and Ru(0001)/TiO2 are presented in Fig. 4c. We first discussed the kinetics of 

water dissociation in alkaline media. The energy barriers of O-H bond breaking of water on the 

pristine Pt(111) and Ru(0001) surfaces were calculated to be 0.81 and 0.66 eV, respectively, 

which suggested that water dissociation on pure Pt or Ru was quite slow. However, on the 

Ru(0001)/TiO2 and Ru(0001)/r-TiO2 interfaces, the water molecule could readily adsorb onto the 

Ti sites of TiO2(110) or r-TiO2(110) surfaces and then transfer the H* to the supported Ru 

clusters, as shown in Fig. 4b and 4c, with a tiny barrier of 0.02 eV at the Ru(0001)/TiO2 interface 

and a very small barrier of 0.15 eV at the Ru(0001)/r-TiO2 interface, strongly indicating that the 

water dissociation kinetics was much facilitated by TiO2 or r-TiO2. This promotion effect by 

TiO2 is consistent with 3d M(Ni, Co, Fe, and Mn) hydr(oxy)oxide on Pt as reported previously 

[17, 18].  

An excellent alkaline HER electrocatalyst needs a balance between water dissociation and 

OH* desorption;31 too strong adsorption of OH* can poison the surface. The Tafel slopes of 

Ru/r-TiO2 and Ru/TiO2 are 49 and 60 mV dec-1, respectively, which suggests that HER is via the 

Volmer-Heyrovsky mechanism. The H* adsorption of Ru(0001)/r-TiO2 surface (-0.43 eV) is 

marginally stronger than that of Ru(0001)/TiO2 surface (-0.36 eV), as shown in Fig. 4c. Such a 

slight difference in the H* adsorption energy can be negligible. In the view of energetics, the 

adsorption energy of H* is negative. The desorption of two H* by Tafel mechanism is not 

thermodynamically feasible than that by Heyrovsky mechanism. 
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Very interestingly, the OH* desorption has a great difference between Ru(0001)/TiO2 and 

Ru(0001)/r-TiO2 interface. The change in free energy of OH* desorption on Ru(0001)/TiO2 is 

0.73 eV, which is much higher than that on the Ru(0001)/r-TiO2 interface (0.11 eV). This 

implies that the OH* can strongly adsorbed on Ru(0001)/TiO2 interface and deactivate the Ti 

sites for further water dissociation. In contrast, the remarkably weakened OH* adsorption at 

Ru(0001)/r-TiO2 can facilitate the OH* desorption to free up the Ti sites for continuing turning 

over water to H* and finally H2, which might attribute to the existence of oxygen vacancies on 

Ru(0001)/r-TiO2 interface. 

To figure out the relationship between OH* adsorption and oxygen vacancies at Ru(0001)/r-

TiO2 interface, the adsorption structure of OH* was analyzed. As shown in Fig. 4d and 4e, the 

OH* structure at Ru(0001)/r-TiO2 with oxygen vacancies is quite different from that at the 

Ru(0001)/TiO2 interface without oxygen vacancies. As for OH* adsorbed at the Ru(0001)/r-TiO2 

interface, the distance Ru and O is 3.17 Å (Fig. 4d), which is far beyond Ru-O single bond. That 

is, OH* only binds with Ti site. While the OH* is quite close to Ru sites at the Ru(0001)/TiO2 

interface, and the Ru-O distance is 2.20 Å (Fig. 4e), which is in the range of Ru-O single bond 

[57, 58]. That is, OH* binds with both Ti and Ru sites. The desorption of OH* from 

Ru(0001)/TiO2 interface needs to overcome additional bond strength of Ru-O, thus increasing 

the desorption energy barrier. The existence of oxygen vacancies at Ru(0001)/r-TiO2 interface 

may significantly change the local electronic structure to mediate the interaction between TiO2 

and Ru, thus facilitating the OH* desorption from Ti sites. In addition, the negatively charged Ru 

site generated from electronic interaction between Ru and TiO2 with oxygen vacancies may repel 

the OH* and weaken its adsorption. 
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The above DFT calculations indicate that although pristine TiO2 can promote the water 

dissociation to H* and OH*, too strong adsorption of OH* bound with both Ru and Ti sites at the 

Ru(0001)/TiO2 interface, is unfavorable for HER due to the difficulty in OH* desorption. On the 

TiO2 with surface oxygen vacancies, OH* is only bound with Ti site and can be desorbed easily. 

The combination of promoting water dissociation with weakening OH* adsorption results in the 

excellent HER electrocatalytic activity of Ru/r-TiO2. 

 

4. Conclusions 

In summary, a facile approach to fabricate Ru nanoparticles anchored on partially reduced 

rutile TiO2 has been developed, by employing a freshly prepared strong reductive Ti(III) oxide as 

the support to deposit Ru nanocatalyst. The as-prepared Ru/r-TiO2 nanocomposite catalyst 

exhibited a superior performance towards hydrogen evolution reaction (HER) in alkaline media, 

with only a small overpotential of 15 mV required to deliver a benchmark current density of 10 

mA cm-2, as well as an exceptionally high turnover frequency of 8.74 s-1 at an overpotential of 

100 mV, which is much better than that of control samples without Ti(III) oxide as a support 

source and also commercial Pt/C. DFT calculations indicate that the excellent HER performance 

of Ru/r-TiO2 in the alkaline medium can be attributed that r-TiO2 can promote the water 

dissociation kinetics to yield H* and OH*, and the existence of oxygen vacancies on the r-TiO2 

will weaken OH* adsorption, and promote its desorption to free up Ti sites for continuing water 

dissociation and hydrogen production. Quantitative correlation of the surface oxygen vacancies 

with OH* adsorption energy and HER catalytic activity is needed in future studies. 
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Figure Captions  

Fig. 1. (a) Schematic illustration of the synthesis of Ru/r-TiO2 and Ru/TiO2 catalysts. (b) XRD of 
Ru/r-TiO2. (c) TEM image of Ru/r-TiO2. The inset shows the size distribution of Ru 
nanoparticles. (d) Elemental mapping of Ru/r-TiO2.. 

 
Fig. 2. (a) Ru 3d XPS of Ru/r-TiO2, Ru/TiO2, Ru/TiO2-O, and Ru/r-TiO2-HTO electrocatalysts. 
(b) Peak deconvolution of Ru 3d XPS of Ru/r-TiO2, Ru/TiO2, and metallic Ru black. (c) Ti 2p 
XPS of Ru/r-TiO2 and Ru/TiO2. (d) Electron paramagnetic resonance (EPR) spectra of Ru/r-TiO2 
and Ru/TiO2.. 

 
Fig. 3. (a) HER polarization curves of Ru/r-TiO2, Ru/TiO2, Pt/C, Ru/C, Ti(III) oxide, TiO2 and 
GC electrocatalysts in H2-saturated 1.0 M KOH solution. (b) Overpotentials at 10, 20, and 100 
mA cm-2 for Ru/r-TiO2, Ru/TiO2, Pt/C, and Ru/C electrocatalysts. (c) HER polarization curves of 
Ru/r-TiO2, Ru/TiO2, Ru/TiO2-O and Ru/r-TiO2-HTO electrocatalysts in H2-saturated 1.0 M 
KOH solution. (d) Tafel plots obtained from the polarization curves in (a) and (c). (e) TOF 
values of Ru/r-TiO2 and Ru/TiO2. (f) Stability test of Ru/r-TiO2 by 1000 potential cycles 
between -50 and 10 mV at 5 mV s-1. The inset is stability test at a constant potential of 0.015 V 
for 10 h. Electrode rotating speed: 1600 rpm; H2 flow rate: 80 sccm. 

 
Fig. 4. (a) Charge density differences for Ru(0001)/TiO2 (up) and Ru(0001)/r-TiO2 (down) 
interfaces. The yellow region represents charge accumulation, and the light blue region indicates 
charge depletion at the isosurface value of 0.01 e Bohr-3. (b) Free energy profiles for HER from 
aqueous water to H2 on different surfaces. (c) Optimized structures of the intermediates and 
transition states at Ru(0001)/TiO2 (up) and Ru(0001)/r-TiO2 (down) interfaces. (d, e) The 
enlarged view of OH* adsorption on Ru(0001)/r-TiO2 (d) and Ru(0001)/TiO2 (e) interfaces. 
Green: Ru; grey: Ti; red: O; white: H. 
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Figures 

 

Fig. 1. (a) Schematic illustration of the synthesis of Ru/r-TiO2 and Ru/TiO2 catalysts. (b) XRD of 
Ru/r-TiO2. (c) TEM image of Ru/r-TiO2. The inset shows the size distribution of Ru 
nanoparticles. (d) Elemental mapping of Ru/r-TiO2. 
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Fig. 2. (a) Ru 3d XPS of Ru/r-TiO2, Ru/TiO2, Ru/TiO2-O, and Ru/r-TiO2-HTO electrocatalysts. 
(b) Peak deconvolution of Ru 3d XPS of Ru/r-TiO2, Ru/TiO2, and metallic Ru black. (c) Ti 2p 
XPS of Ru/r-TiO2 and Ru/TiO2. (d) Electron paramagnetic resonance (EPR) spectra of Ru/r-TiO2 
and Ru/TiO2. 
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Fig. 3. (a) HER polarization curves of Ru/r-TiO2, Ru/TiO2, Pt/C, Ru/C, Ti(III) oxide, TiO2 and 
GC electrocatalysts in H2-saturated 1.0 M KOH solution. (b) Overpotentials at 10, 20, and 100 
mA cm-2 for Ru/r-TiO2, Ru/TiO2, Pt/C, and Ru/C electrocatalysts. (c) HER polarization curves of 
Ru/r-TiO2, Ru/TiO2, Ru/TiO2-O and Ru/r-TiO2-HTO electrocatalysts in H2-saturated 1.0 M 
KOH solution. (d) Tafel plots obtained from the polarization curves in (a) and (c). (e) TOF 
values of Ru/r-TiO2 and Ru/TiO2. (f) Stability test of Ru/r-TiO2 by 1000 potential cycles 
between -50 and 10 mV at 5 mV s-1. The inset is stability test at a constant potential of 0.015 V 
for 10 h. Electrode rotating speed: 1600 rpm; H2 flow rate: 80 sccm. 
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Fig. 4. (a) Charge density differences for Ru(0001)/TiO2 (up) and Ru(0001)/r-TiO2 (down) 
interfaces. The yellow region represents charge accumulation, and the light blue region indicates 
charge depletion at the isosurface value of 0.01 e Bohr-3. (b) Free energy profiles for HER from 
aqueous water to H2 on different surfaces. (c) Optimized structures of the intermediates and 
transition states at Ru(0001)/TiO2 (up) and Ru(0001)/r-TiO2 (down) interfaces. (d, e) The 
enlarged view of OH* adsorption on Ru(0001)/r-TiO2 (d) and Ru(0001)/TiO2 (e) interfaces. 
Green: Ru; grey: Ti; red: O; white: H. 
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