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Abstract 

In ordered to prepare high capacitance pseudo-capacitive oxides, it is important to design nanostructures 

with appreciable mesopores. Supramolecular templating has become a popular method to synthesize 

ordered mesoporous metals; however, the application of the same technique to synthesis of high surface 

area oxides is more demanding. We present here, the synthesis of ordered mesoporous ruthenium metal 

by lyotropic liquid crystal templating and its electrochemical conversion to ordered mesoporous 

ruthenium oxide by a simple, room temperature procedure. The bulk, unsupported metallic ordered 

mesoporous ruthenium exhibits high surface area of 110 m2 g-1, which is comparable to typical 

supported Ru nanoparticles. The oxide analogue gives a high specific capacitance of 376 F g-1, owing to 

the porous structure. These results demonstrate a possible facile and generic process to synthesize oxides 

with ordered nanostructures by utilization of the various phases that can be obtained with lyotropic 

liquid crystalline templates such as cubic, hexagonal, lamellar, etc.   
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Highlights 

► Lyotropic liquid crystal templating has been applied to the synthesis of ruthenium black with an 

ordered mesoporous structure.  

► The electrochemically active surface area of ordered metallic ruthenium black was 110 m2 g-1, 

comparable to state-of-the-art, supported ruthenium nanoparticles. 

► Ordered mesoporous ruthenium was electrochemically converted to its oxide analogue, with high 

specific capacitance. 

 

KEYWORDS: mesoporous materials, electrochemistry, lyotropic liquid crystal, supramolecular 

templating, electrochemical capacitor, ruthenium black  
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1. Introduction 

 Since the pioneering work by Attard and co-workers[1],[2], ordered mesoporous metals 

prepared by supramolecular assembly of surfactants as structure-directing agents have attracted interest 

in applications where solid/gas and solid/liquid interface plays an important role, in particular, catalysis 

and electrochemistry [3–11]. Precise control in the pore structure, such as pore size, wall thickness, and 

pore connection, of such ordered mesoporous materials should allow high rates of mass transport, an 

essential aspect for many applications. Well-ordered porous metals including Pt, Ni, etc. have so far 

been reported. The utilization of soft-templates allow fine-tuning of ordered pores with size in the 

mesoporous regime, the dimensions depending on the size of the organic template used and other 

synthetic parameters. A distinctive characteristic of the synthesis of ordered mesoporous metals in 

contrast to other ordered mesoporous materials such as oxides and carbon is that the reduction process is 

conducted under mild conditions, i.e. near-room temperature, which allows preservation of the ordered 

structure. This is clearly a different methodology compared to the synthesis of ordered mesoporous 

oxides and carbon, where post-heat treatment is typically applied to convert the polymeric precursor to a 

rigid structure. In the case of ordered mesoporous metals, the metal precursor is converted directly to 

crystalline nanoparticles by chemical or electrochemical methods, thereby forming a rigid framework 

that can withstand template removal. Direct deposition of oxides is not as straightforward as metals, as 

chemical oxidation or polarization to cathodic potentials lead to collapse of the mesoporous framework. 

Formation of nickel hydroxide surface layers on ordered mesoporous nickel (NiOOH/Ni) by 

electrochemical oxidation methods has been reported [12–17]. Such an approach should be useful in 

preparing oxides with a mesoporous framework without the need of post-heat treatment. 
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 In this study, we focused on the synthesis of ordered mesoporous Ru and its conversion to RuOx. 

Ruthenium nanoparticles find applications in many catalytic applications [18–22]. Commercially 

available high-surface area Ru black has typical average particle size of c.a. 10 nm and specific surface 

area of <50 m2 g-1. Takai et al. have briefly reported on the synthesis of mesoporous Ru black with 

surface area of 62 m2 g-1 via lyotropic crystal templating as the end member of the Pt-Ru alloy [23]. In 

addition to metallic Ru, high surface area ruthenium oxide is also an important material for various 

applications, including electrocatalysts for chlorine evolution [24], electrochemical capacitor electrodes 

[25–29], as well as fuel cell electrocatalysts [30–39]. The small particle size (1-2 nm) and the existence 

of appreciable pores are important requirements for the high capacitance [40–42]. The synthesis of high 

capacitance RuO2 (~700 F g-1) have been conducted mainly by sol-gel synthesis, leading to materials 

with random micropores [25,26]. Surfactant assisted synthesis of ordered mesoporous RuO2 have so far 

lead to material with substantially low capacitance values, i.e. 100 F g-1 [43],[44], which is likely due to 

particle ripening and pore collapse due to post heat treatment. Two studies have succeeded in the 

synthesis of high capacitance mesoporous RuO2, albeit with poorly or no ordered structures [45],[46]. 

Here we report the synthesis and detailed structural and electrochemical characterization of metallic Ru 

using a non-ionic surfactant as the structure directing agent. Furthermore, we demonstrate for the first 

time, the conversion of ordered mesoporous Ru to RuOx possessing a well-ordered mesoporous structure 

by electro-oxidation.  

 

2. Experimental 

 A non-ionic surfactant, Brij56 (C16H33(OCH2CH2)nOH, n~10) was added into aqueous 

RuCl3•nH2O in the desired ratios (Brij56 : RuCl3•nH2O : H2O = 3 : 8 : 8 in mass) to obtain a hexagonal 
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lyotropic liquid crystal with Run+ in the aqueous domain. Zn (sandy Zn; 1-4 mm) was then added in 

appropriate amounts and aged for 1 week at 15 °C to reduce ruthenium ions. The product was 

thoroughly washed with ethanol to remove the surfactant. Residual Zn was removed by acid treatment 

with 5 M H2SO4. The structure of the products was characterized by X-ray diffraction [XRD, Rigaku 

RINT-2550 with monochromated CuKα radiation], small-angle X-ray scattering [SAXS, Rigaku 

Nano-Viewer with monochromated CuKα radiation], transmission electron microscopy [HRTEM, JEOL 

JEM-2010] and high-resolution scanning electron microscopy [HRSEM, Hitachi S-5000].  

 A beaker-type electrochemical cell equipped with the working electrode, a platinum mesh 

counter electrode and a Ag/AgCl/KCl (sat.) reference electrode connected with a salt bridge was used. A 

Luggin capillary faced the working electrode at a distance of 2 mm. All electrode potentials throughout 

the paper will be referred to the reversible hydrogen electrode (RHE) scale. Ordered mesoporous Ru (20 

mg) was dispersed in ultrapure water (>18 MΩ cm) distilled water (10 mL) and 20 μL of the dispersion 

was casted onto a glassy carbon electrode (5 mm in diameter) with a micro-pipette. A 5 wt% Nafion 

solution (20 μL) was dropped onto the electrode to affix the powder onto the current collector and dried. 

Electro-oxidation of pre-adsorbed carbon monoxide (COad) was measured by COad stripping 

voltammetry in 0.5 M H2SO4 at a scan rate of 10 mV s-1. Gaseous CO was purged into the electrolyte for 

40 min to allow complete adsorption of CO onto the catalyst surface while maintaining a constant 

voltage of 50 mV. Excess CO in the electrolyte was then purged out by bubbling N2 gas for 40 min. The 

electrochemical surface area of Ru was calculated from the CO stripping voltammograms. The amount 

of COad was estimated by integration of the COad stripping peak, corrected for the electrical double-layer 

capacitance, assuming a monolayer of linearly adsorbed CO on the Ru surface and the Coulombic 

charge necessary for oxidation as 420 μC cm-2. Electrochemical oxidation was conducted by potential 

cycling between 0.2-1.2 V vs. RHE at 50 mV s-1 for 500 cycles. The pseduo-capacitance of the 
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electro-oxidized sample was calculated by averaging the anodic and cathodic charge. Comparative 

experiments with unsupported Ru black (kindly provided by N.E. Chemcat Co.) and carbon supported 

Ru (Ru/C; 30 mass% Ru on Vulcan Carbon prepared by an impregnation method [47]. 

 

3. Results and Discussion 

 The XRD patterns of the complex of surfactant (Brij 56) and Ru precursor (RuCl3•nH2O) can 

be indexed based on a hexagonal symmetry indicating the successful preparation of a hexagonal 

lyotropic liquid crystalline (LLC) phase (Fig. 1a). Successful reduction of ruthenium ions to metallic Ru 

with Zn is evidenced by the development of weak diffraction peaks which can be indexed as the (010), 

(002) and (011) planes of hcp Ru (Fig. 1b). Evidence of mesoscale ordering is still evident after removal 

of surfactant and residual Zn, though the low angle diffraction peaks are broadened. SAXS provided 

clear evidence of the preservation of the mesoscale ordering after reduction and surfactant removal with 

d=6.4 nm (Fig. 1c). Electron microscopy studies furnished direct imaging of ordered mesopores after the 

surfactant removal. Spherical particles of about 50 nm in diameter are observed by SEM (Fig. 2a). The 

surface of the particles is severely rough, suggesting a porous nanostructure. A TEM image is shown in 

Fig. 2b, which shows that each particle is constituted by hexagonally arranged arrays of pores with pore 

to pore distance of 5.7 nm. High resolution images shows that the walls are constituted by crystalline Ru 

particles with diameter of about 2-3 nm. It is also noted that the SEM image reveals that the ordered 

mesostructure is observed over a wide range in the micrometer scale (Fig. 2).    

 The mesoporous Ru obtained in this study seems to be slightly less homogeneous compared to 

reported mesoporous Pt analogue prepared by similar procedures, which is consistent with the study of 

ordered mesoporous PtRu alloys where the degree of ordering was found to decrease with the increase in 
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Ru content [23]. Although a straightforward comparison may be difficult based on the different 

synthetic conditions, the difference in nucleation energy of the metals may play an important factor. Pt is 

fairly stable in a nanoparticle form, whereas Ru is known to easily aggregate into larger particles [47].  

 The electrochemically active surface area of ordered mesoporous Ru metal was measured by 

the CO-stripping method (Fig. 3). Two control samples with similar geometry were also characterized; 

namely, Ru black with particle size of ~50 nm, and Ru nanoparticles with diamter of ~3 nm supported 

on carbon (Fig. S1). The feature of the voltammogram of ordered mesoporous Ru metal (Fig. 3a) closely 

matches that of Ru black (Fig. 3b) and Ru/C (Fig. 3c). The specific surface area of ordered mesoporous 

Ru metal is 110 m2 g-1; considerably larger than the value for Ru black (6 m2 g-1) and comparable to 

carbon supported Ru nanoparticles (100 m2 g-1). This large surface area is a consequence of the 

characteristic mesoporous structure. 

 Electrochemical oxidation of the ordered mesoporous Ru metal was conducted by sweeping the 

potential between 0.2-1.2 V vs. RHE at 25 °C for 500 cycles at 50 mV s-1 (Fig. 4). In the initial cycles, 

oxidation currents around 1.0-1.2 V and reduction current near 0.2-0.4 V and can be observed, with the 

oxidation-reduction currents decreasing with consecutive cycling. The anodic charge is larger than the 

cathodic charge, and is equalized after 100 cycles. These are attributed to surface oxidation and slow 

surface reduction [48]. The number of cycles necessary to obtain steady-state is similar to the case of 

Ru/C and Ru black (Fig. S2), suggesting that the kinetics of the electro-oxidation process of ordered 

mesoporous Ru is similar to Ru/C and Ru black. It should be noted that the capacitance of 

electro-oxidized Ru black at 2 mV s-1 was 17 F (g-Ru)-1 after 100 cycles and does not increase with 

consecutive cycling. Under the present conditions, only the surface and/or near surface layers may have 

been oxidized.  
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 The redox peaks in the hydrogen adsorption/desorption (0.05-0.2 V vs. RHE) and surface oxide 

reduction (0.3 V vs. RHE) peaks characteristic of metallic Ru (Fig. 3a) are no longer observed after 

electro-oxidation (Fig. 4). The voltammogram after electro-oxidation has the typical featureless shape of 

an ideally polarizable electrode with some contribution from surface redox processes at 0.7 V vs RHE. 

CO-stripping voltammetry was conducted on the electro-oxidized sample to confirm the irreversible 

oxidation of Ru to RuOx. No CO oxidation current could be detected after electro-oxidation, confirming 

the absence of metallic Ru on the surface. Oxidation of Ru was also supported by XPS, revealing a shift 

in the Ru3p and Ru3d peaks to higher binding energy (Fig. 5). Figure 6 shows a typical TEM image of 

the product after electro-oxidation. Clearly, the ordered mesoporous structure is preserved after 

electro-oxidation.  

 The specific capacitance of the ordered mesoporous RuOx was 376 F (g-RuO2)-1, closely 

matching the value of 350 F g-1 reported for RuOx obtained by electro-oxidation of a Ru film [49]. This 

is the highest reported value for RuOx material with a well-ordered mesoporous structure. The major 

difference with other methods that have employed templates is that the present procedure does not 

involve any heat treatment to remove the template. Such treatment would results in pore collapse, 

particle ripening, and loss of intra-particle water, in turn leading to smaller surface area and specific 

capacitance [43][44]. The specific capacitance is unfortunately smaller than reported values for 

RuO2•nH2O prepared by sol-gel synthesis [25,26], most likely due to the larger primary particle size of 

RuOx (2 to 3 nm in diameter) constituting the walls and possible incomplete oxidation. 

 

4. Conclusion 
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We have successfully prepared ruthenium oxide with a well-ordered mesoporous structure with specific 

capacitance of 376 F g-1. The use of lyotropic liquid crystals as soft templates was utilized to first 

prepare metallic ruthenium. Various characterization techniques clearly indicated that the obtained 

ruthenium black was composed of well-ordered mesopores in a hexagonal array with electrochemically 

active surface area of 110 m2 g-1. Subsequent electro-oxidation afforded the oxidized analogue; i.e. 

ordered mesoporous ruthenium oxide, applicable to supercapacitor applications. The present synthetic 

approach is anticipated to explicate a general process for the synthesis of oxides with ordered 

nanostructures.   
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Figure 1. (a,b) XRD and (c) SAXS patterns of (1) Run+-LLC mixture before reduction, (2) after Zn 

reduction of (1), and (3) after template and Zn removal of (2).  
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Figure 2. (a, c) TEM and (b) SEM images of mesoporous Ru.  
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Figure 3. CO-stripping voltammogram of (a) ordered mesoporous Ru metal, (b) Ru black, and (c) Ru/C. 
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Figure 4. Cyclic voltammograms of the first 500 cycles during the electro-oxidation process of ordered 

mesoporous Ru metal.  
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Figure 5. XPS Ru3p core-level of (a) RuO2 reference, (b) samples before electro-oxidation, and (c) 

samples after electro-oxidation.  (left) ordered mesoporous Ru, (center) Ru black, and (right) Ru/C.  
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Figure 6. TEM image of ordered mesoporous RuOx, the electro-oxidized product of ordered mesoporous 

Ru. 
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Figures Captions 

 

Figure 1. (a,b) XRD and (c) SAXS patterns of (1) Run+-LLC mixture before reduction, (2) after Zn 

reduction of (1), and (3) after template and Zn removal of (2).  

Figure 2. (a) TEM and (b) SEM images of mesoporous Ru.  

Figure 3. CO-stripping voltammogram of (a) ordered mesoporous Ru metal, (b) Ru black, and (c) Ru/C. 

Figure 4. Cyclic voltammograms of the first 500 cycles during the electro-oxidation process of ordered 

mesoporous Ru metal.  

Figure 5. XPS Ru3p core-level of (a) RuO2 reference, (b) samples before electro-oxidation, and (c) 

samples after electro-oxidation.  (left) ordered mesoporous Ru, (center) Ru black, and (right) 

Ru/C.  

Figure 6. TEM image of ordered mesoporous RuOx, the electro-oxidized product of ordered mesoporous 

Ru. 

 


