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Abstract 

Defect engineering provides a promising approach for optimizing the trade-off between 

support structures and active nanoparticles in heterojunction nanostructures, 

manifesting efficient synergy in advanced catalysis. Herein, high-density of distorted 

lattices and defects are successfully formed in bronze TiO2 through caging alkali-metal 

Na cations in open voids (Na-TiO2(B)), which could efficiently cohere nanoparticulate 

electrocatalysts toward alkaline hydrogen evolution reaction (HER). The RuMo 

bimetallic nanoparticles could directionally anchor on Na-TiO2(B) with a certain angle 
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of ~22° due to elimination of lattice mismatch, thus promoting uniform dispersion and 

small sizing of supported nanoparticles. Moreover, caging Na ions could significantly 

enhance the hydrophilia of the substrate in RuMo/Na-TiO2(B), leading to the 

strengthening synergy of water dissociation and hydrogen desorption. As expected, this 

Na-caged nanocomposite catalyst rich with structural perturbations manifests a factor 

of 6.4 times turnover frequency (TOF) increase compared to Pt/C. The study provides 

a new paradigm for designing stable nano-heterojunction catalysts with lattice-distorted 

substrate via caging cations toward advanced electrocatalytic transformations. 

 

1. Introduction 

The heterojunction nanostructures are considered to promote the advancement of 

highly active electrocatalysts due to their unique physicochemical properties[1]. The 

well-defined functions in composites lead to better catalytic activity compared to the 

simple summary of individual components due to the increased active sites and 

improved intrinsic activity[2]. However, the trade-off produced by the interaction of 

surface structure and catalytic activity in heterojunction nanostructures requires to be 

optimized[3]. Defect engineering has emerged as an efficient method to coordinate the 

physicochemical properties of each component in heterojunction nanostructures and 

expert a positive impact on electrocatalysis[4]. The defects including vacancy, edge 

dislocation, grain boundary and spatial lattice disorder can act as the atomic interface 

with unsaturated coordination and electronic delocalization to moderate the binding 

energy of chemical reactants, thereby enhancing the catalytic activity[5]. For example, 

the grain boundaries and surface strain in Pt/Al2O3 composite catalysts exhibited a 

concerted effect in oxygen dissociation and C–H activation, resulting in at least a two-

fold enhancement in catalytic activity[6]. Therefore, rational fabrication of 

heterojunction nanostructure with defect engineering is attractive to develop high 

performance electrocatalysts. 

Alkali-metal ions adsorption on the defined surface of composites is a facile 

method to produce the defects and enhance catalytic activity[7]. The localized defects 

with alkali-metal ions can serve as electronic or textural promoters of catalysts by 



electronic interaction, site-blocking effect or surface reconstruction[8]. Though the 

alkali-metal decorated substrate was confirmed to control morphology and enhance 

stability of loaded nanoparticles[9], their own catalytic ability was generally ignored, 

which may facilitate the concerted effect on the multi-step catalytic reactions. And 

alkali-metal ions tend to be enriched on the surface of substrate in the form of hydrated 

ions[7a, 10], which can hardly activate the bulk structure to smooth the electrocatalysis 

with synergistic effect. 

Herein, the bronze TiO2 nanobelts with caged Na cations (Na-TiO2(B)) have been 

prepared for constructing nanosized heterojunctions by cohering small-size RuMo 

nanoparticles, possessing the synergistic active sites for boosting alkaline HER (Figure 

1). TiO2(B) with bridge-oxygen linked octahedra provides open voids and parallel 

channels for caging Na+ (Figure 1a), which leads to the structural perturbation and 

lattice distortion of nanobelts. The caged Na+ also benefits the water adsorption and 

bubble removal of the substrate as the water contact angle sharply decreases to 10.6˚ 

(Figure 1c). And the defects serve as active sites for directionally anchored RuMo 

nanoparticle with a uniform size distribution of 2.1 ± 0.4 nm, much smaller than that 

on the substrate without caged Na+ (3.0 ± 0.9 nm) (Figure 1d). Therefore, the catalyst 

exhibits a low Tafel slope of 19.2 mV dec-1 and high turnover frequency (TOF) of 0.71 

H2 s-1 (at an overpotential of 40 mV, Figure 1e), which is 6.4 times than that of 

commercial Pt/C. The concerted effect is proposed by the comparison of alkaline and 

acid HER activity: Na+ modified substrate facilitates the water adsorption and H–OH 

bond cleavage, while RuMo alloy is responsible for the hydrogen desorption. 



 
Figure 1. (a) Structural illustrations of bronze TiO2 with caged Na cations (Na-TiO2(B)). 

The open voids in TiO2(B) provide connected channels for caging Na cations. (b) 

Schematic drawing of RuMo alloy nanoparticles strongly cohered on Na-TiO2(B) with 

distorted lattices (RuMo/Na-TiO2(B)) toward efficient HER. (c) Comparison of water 

contact angle values between Na-TiO2(B) and TiO2(B), and (d) RuMo particle size 

distribution between RuMo/Na-TiO2(B) and RuMo/TiO2(B). (e) Comparison of TOF 

values for RuMo/Na-TiO2(B), RuMo/TiO2(B) and commercial Pt/C at an overpotential 

of 40 mV toward alkaline HER. 

 

2. Results and Discussion 

2.1 Structural characterization of RuMo/Na-TiO2(B) 

RuMo/Na-TiO2(B) with nanobelt-like morphology was synthesized by liquid 

phase reduction of ruthenium and molybdenum salts in a suspension of H2Ti3O7 

nanobelts with the assistance of sodium borohydride, followed by annealing in H2/Ar 

(10% H2) atmosphere. In the meantime, Na+ from sodium borohydride could exchange 

with partial H+ of H2Ti3O7, inducing structural perturbation of the Ti–O cages in Na-



TiO2(B) after dehydration. The X-ray diffraction (XRD) patterns show the monoclinic 

structure of TiO2(B)[11] (Figure 2a). In RuMo/Na-TiO2(B), most of diffraction peaks 

corresponding to TiO2(B) weakened, which are attributed to structural defects and 

lattice distortion. And the perturbation degree increases with the caged Na+ content 

(Figure S1). The electron paramagnetic resonances (EPR) spectra were collected to 

evaluate the oxygen vacancy (OV) in the samples, and the symmetric Lorentzian lines 

with a g value of 2.004 was obtained (Figure 2b) 
[12]. The caged metal cations could 

facilitate the generation of OV as the EPR intensity increased from TiO2(B) to Na-

TiO2(B) and to RuMo/Na-TiO2(B). It is also consistent with the result of O1s X-ray 

photoelectron spectroscopy (XPS) spectra. The increased content of peak at 532.3 eV 

suggests the generation of OV (Figure S2)[13]. The presence of OV was also confirmed 

by the extended X-ray absorption fine structure (EXAFS). Figure 2c exhibits two kinds 

of the Ti–O scattering paths at 1.10 Å for Ti–O (1) and 1.53 Å for Ti–O (2), 

corresponding to the bond lengths of 1.44 and 1.97 Å (Table S1), respectively. 

Compared to pristine Na-free TiO2(B) with low density of OV, the intensity of Ti–O (2) 

for RuMo/Na-TiO2(B) decreases, suggesting the existence of high-density OV. The 

increased OV contents could promotes high electron concentration and improve the 

electric conductivity in the one-dimensional Na-TiO2(B) nanobelts, favoring the fast 

electron transfer during electrocatalysis[14]. This is further proved by the conductivity 

measurements by the four-probe method. The results show that the conductivity of Na-

TiO2(B) with high lattice distortion is 2.07 μS cm-1, two orders of magnitude higher 

than that of pristine Na-free TiO2(B) (Figure S3). 

The scanning electron microscopy images indicate the maintenance of nanobelt 

morphology after ion exchange, particles anchoring and pyrolysis (Figures S4-S6). The 

transmission electron microscopy (TEM) image for RuMo/Na-TiO2(B) in Figure 2d 

displays the homogeneous distribution of RuMo nanoparticles (~2.1 ± 0.4 nm). High 

resolution TEM (HRTEM) image in Figure 2e shows the lattice fringe of 2.06 nm for 

the nanoparticle, corresponding to the Ru (101) lattice plane. Besides, numerous lattice 

distortions are found in the substrate including line defects, point defects and 

amorphous structure (Figures 2e-g and Figure S7). The elongated diffraction dots in 



selected area electron diffraction (SAED) verify the defective structure in Na-

TiO2(B)[15]. However, TiO2(B) nanobelts without caged Na+ possess better crystallinity 

and less defects than Na-TiO2(B) (Figure S9). As the substrate, the loaded nanoparticles 

on TiO2(B) are not uniform and agglomerate obviously (Figure S10), indicating the 

structure defects induced by caged Na+ play as the nucleation sites to reduce the surface 

free energy of nanoparticles, thus promoting the uniform distribution[7a, 9a].  

 

 

Figure 2. (a) XRD patterns of TiO2(B) and RuMo/TiO2(B). (b) EPR spectra of TiO2(B), 

Na-TiO2(B), and RuMo/Na-TiO2(B). (c) Fourier transformed EXAFS of the Ti K-edge 

in R-space of pristine TiO2(B) and RuMo/Na-TiO2(B). (d) TEM image of RuMo/Na-

TiO2(B) (inset: the RuMo particle size distribution diagram). (e) HRTEM image of 

RuMo/Na-TiO2(B), demonstrating numerous structural perturbations indicated by 

yellow arrows. The inset shows SAED pattern. (f, g) The enlarged parts in (e), showing 



the edge dislocations (f) and screw dislocations (g). (h) HAADF-STEM image of 

RuMo/Na-TiO2(B). (i, j) The enlarged parts in (h), indicating that Ru (101) grew along 

the (020) face of Na-TiO2(B) with a certain angle of ~22°. (k) STEM-EELS mapping 

of RuMo/Na-TiO2(B). 

 

And high-angle annular dark-field imaging scanning transmission electron 

microscopy (HAADF-STEM) image demonstrates the Ru (101) grew along the TiO2(B) 

(020) faces with a certain angle of ~22° due to the elimination of lattice mismatch 

(Figure 2h-j and Figure S11). Such directional bonding not only enhances the stability 

of nanoparticles, but also facilitates electron transfer in the heterojunction 

nanostructure[16]. The electron energy loss spectroscopy (EELS) mapping and energy 

dispersive X-ray (EDX) mapping at the atomic level further confirm the uniformly 

distributed Na+ and uniform dispersion of RuMo alloys in the TiO2(B) substrate (Figure 

2k and Figure S12). Inductively coupled plasma optical emission spectrometer (ICP-

OES) experiment confirms the mass contents of Ru, Mo and Na are 2.23, 0.17 and 

3.32%, respectively. 

 

2.2 Electronic structure analyses of RuMo/Na-TiO2(B) 

Subsequently, the localized electronic states of Ti, Ru and Mo in RuMo/Na-TiO2(B) 

were investigated. As shown in the XPS spectra (Figure 3a), the Ti 2p in both 

RuMo/TiO2(B) and RuMo/Na-TiO2(B) exhibit a negative core level shift of 0.37 eV 

compared to that of TiO2(B), indicating the strong interaction between RuMo alloy and 

TiO2 support[16a]. The existence of Na–Ti–O signal was also proved by the Raman 

spectra (Figure S13)[17]. Moreover, the X-ray absorption near edge structure (XANES) 

spectra of Ti K-edge confirm caged Na+ has little influence on the electronic structure 

of Ti (Figure 3b), which is consistent with the XPS result. In the pre-edge region of the 

Ti K-edge (inset of Figure 3b), Na-TiO2(B) has a slightly higher intensity, suggesting 

the d-state of Ti in Na-TiO2(B) is less filled, which could be caused by the presence of 

more OV (Figure S14). 



 
Figure 3. (a) XPS spectra of the Ti 2p of TiO2(B), RuMo/TiO2(B), and RuMo/Na-

TiO2(B). (b) XANES of the Ti K-edge of RuMo/TiO2(B) and RuMo/Na-TiO2(B). (c) 

XANES of the Ru K-edge of Ru/TiO2(B), Ru/Na-TiO2(B), RuMo/Na-TiO2(B) and 

other references. (d) XANES of the Mo K-edge of Mo/Na-TiO2(B), RuMo/TiO2(B), 

RuMo/Na-TiO2(B) and other references. (e) Fourier transformed EXAFS of the Ru K-

edge in R-space for RuMo/TiO2(B), RuMo/Na-TiO2(B) and corresponding fitting 

curves. (f) Fitted Ru−Ru and Ru−O coordination number from EXAFS for 

RuMo/TiO2(B) and RuMo/Na-TiO2(B).  

 

The electronic structure of RuMo alloy was also investigated. The adsorption edge 



of RuMo/Na-TiO2(B) sits between the one of metal and metal oxides, suggesting the 

Ru and Mo in these materials are in the slightly oxidized states. This may be ascribed 

to the under-coordinated edge and corner atoms in the nanoparticle and the support 

effect from Na-TiO2(B). Compared to Ru/Na-TiO2(B), the adsorption edge of Ru K-

edge for RuMo/Na-TiO2(B) slightly shifts to the higher energy (Figure 3c). Meanwhile, 

the adsorption edge of Mo K-edge for RuMo/Na-TiO2(B) shifts to the lower energy 

compared to Mo/Na-TiO2(B) (Figure 3d). Above results suggest the electron transfer 

from Ru to Mo in the nanoparticle. The downshift of the p-band center could promote 

the optimization of hydrogen intermediate adsorption of Ru during alkaline HER[18]. 

The EXAFS of the Ru K-edge in R-space exhibits a shell at 2.33 Å (Figure 3e), 

corresponding to the Ru–Ru scattering path in RuMo/TiO2(B) and RuMo/Na-TiO2(B). 

The fitted Ru–Ru coordination number (CN) in RuMo/Na-TiO2(B) is 1.6, lower than 

the 2.2 of RuMo/TiO2(B). RuMo/Na-TiO2(B) also shows a larger Ru–O CN of 3.3 than 

that of RuMo/TiO2(B) (Figure 3f and Table S2), suggesting the defective substrate can 

stabilize the nanoparticle with the smaller size. As for the Mo K-edge in R-space, 

RuMo/Na-TiO2(B) shows the Mo–Ru shell at 2.27 Å while Mo–Mo interaction is 

absent in Mo/Na-TiO2(B) (Figure S15b). According to the fitting results, only Mo–O 

bonds exist in Mo/Na-TiO2(B) (Figure S17 and Table S3), indicating that there is no 

Mo particle in the Mo/Na-TiO2(B). It is also confirmed by TEM observation (Figure 

S18). These results suggest Mo can only be reduced together with Ru. Such 

phenomenon was always reported in the electroplate to form Co/Ni-W alloys by co-

deposition[19].  

 

2.3 Electrocatalytic HER performance 

The HER activity of RuMo/Na-TiO2(B) was evaluated by the linear sweep 

voltammetry scans in alkaline electrolyte. It exhibits low overpotentials of 12 and 27 

mV at the current density of 10 and 50 mA cm-2 (Figure 4a), respectively, superior to 

Pt/C with overpotentials of 29 mV (at 10 mA cm-2) and 83 mV (at 50 mA cm-2). Such 

low overpotentials indicate RuMo/Na-TiO2(B) is a promising catalyst with high activity 

and low cost to replace Pt/C for HER. Besides, Mo/Na-TiO2(B) shows the poor activity, 



which means that Ru is the key active site (Figure S19a). The electrochemical 

performance of Ru/Na-TiO2(B) is inferior to RuMo/Na-TiO2(B), demonstrating the 

weakened hydrogen adsorption ability in RuMo alloy. It could be confirmed by the H2-

TPD experiments, showing the hydrogen desorption temperature at 148.4 ˚C for Ru 

and 118.8 ˚C for RuMo alloy (Figure S19b). The optimized hydrogen adsorption ability 

could favor the HER process. And the Tafel slope of RuMo/Na-TiO2(B) is only 19.2 

mV dec-1 (Figure 4b), much lower than those of Pt/C (31.9 mV dec-1) and RuMo/TiO2(B) 

(38.1 mV dec-1), confirming the fast HER kinetics of RuMo/Na-TiO2(B). To investigate 

the intrinsic hydrogen-evolving activity, TOF was calculated for comparison (Figure 

S20). The TOFs of RuMo/Na-TiO2(B) are 3.9 times (at 20 mV overpotential) and 6.4 

times (at 40 mV overpotential) of those of Pt/C, suggesting the high activity. Therefore, 

RuMo/Na-TiO2(B) exhibits superior HER performance compared with other recently 

reported Ru-based catalysts (Figure 4d). Besides, the change of activity and structure 

of RuMo/Na-TiO2(B) could be negligible after durable measurement, indicating the 

high stability (Figure 4e). 



 
Figure 4. (a) Polarization curves of RuMo/Na-TiO2(B), RuMo/TiO2(B) and 

commercial Pt/C. (b) The corresponding Tafel plots from the curves in (a). (c) 

Comparison of TOF values for RuMo/Na-TiO2(B), RuMo/TiO2(B) and Pt/C. (d) 

Comparison of HER performance of RuMo/Na-TiO2(B) with the state-of-the-art Ru-

based HER electrocatalysts in alkaline solutions. (e) Stability measurement at the 

current density of 10 mA cm-2 for RuMo/Na-TiO2(B). The inset shows the TEM-EDX 

mapping after stability measurement. Scale bar: 20 nm. (f) Schematic drawing for 

alkaline HER process on RuMo/Na-TiO2(B).  

 

To explore the HER mechanism on the RuMo/Na-TiO2(B), the activity in an acidic 



electrolyte was also performed. The overpotential and Tafel slope show obvious 

increase in acid solution, which are opposite to Pt/C (Figure S21). Compared to the 

acidic HER, the alkaline HER involves the additional water dissociation step of the H–

OH bond cleaving (Volmer step). Therefore, the alkaline activity depends on the 

abilities of the water dissociation and hydrogen adsorption. With the decoration of  

caged Na+, the water contact angles for Na-TiO2(B) decreases to only 10.6° (Figure 

S22), indicating the strong water adsorption ability[20]. Such nanostructure in a OH--

rich electrolyte was confirmed to accelerate the water dissociation and provide a large 

amount of H+ within the electric double layer, resulting in an acid-like micro-

environment[21]. Thus, the alkaline HER on RuMo/Na-TiO2(B) may obey the following 

steps: (i) The Na-TiO2(B) substrate favors the water adsorption; (ii) The H–OH of water 

is cleaved at the boundary between lattice-distorted substrate and RuMo nanoparticle; 

(iii) OH- desorption from the substrate is followed by adsorption of another water 

molecule and the resulting H+ transfers on the surface of Ru forming the adsorbed H; 

(iv) The adsorbed H combines together to release hydrogen molecule (Figure 4f). 

 

3. Conclusion 

In conclusion, we prepared the heterojunction nanostructure of RuMo 

nanoparticles anchored on the bronze titanium dioxide (TiO2(B) nanobelts with high 

density of lattice distortion and structural perturbations, showing high alkaline 

hydrogen evolution activity. The caged Na+ not only induces structure defects into the 

nanobelts to stabilize and confine the metal nanoparticles, but also enhance the 

hydrophilia of the substrate to facilitate the water adsorption and dissociation. In 

alkaline solution, RuMo/Na-TiO2(B) showed a low overpotential of 12 mV (at 10 mA 

cm-2) and a small Tafel slope of 19.2 mV dec-1, superior to the commercial Pt/C catalyst. 

And the combination of Na-TiO2(B) nanobelt and RuMo nanoparticle facilitated the 

concerted effect in the multi-step HER. This work provides deep understanding of 

caged alkali cations-induced lattice distortion to anchor active nanoparticles for 

synergistically boosting the multi-step catalytic reactions. 
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