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Highlights 

 
• We have fabricated cathode based on TiOx nanotubes decorated by RuOx 

nanowhiskers 

• Surface morphology of cathode is tailored to facilitate gas bubble detachment 

• A pre-dominant type of hydrogen bubble release is resolved using wavelet 

analysis 

• The best HER efficiency is up to 64% associated with small bubble 

detachment 
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Abstract 

 
Here we report an approach to design composite cathode based on TiOx nanotubes decorated 

with RuOx nanowhiskers for efficient hydrogen evolution. We tailor catalytic activity of the 

cathodes by adjustment of morphology of TiOx nanotubular support layer along with 

variation of RuOx loaded mass and assess its performance using electrochemical methods 

and wavelet analysis. 

The highest energy efficiency of hydrogen evolution is observed in 1 M H2SO4 electrolyte to 

be ca. 64% at -10 mA/cm2 for cathodes of the most developed area, i.e. smaller diameter of 

tubes, with enhanced RuOx loading. The efficiency is favored by detachment of small 

hydrogen bubbles what is revealed by wavelet analysis and is expressed in pure noise at 

wavelet spectrum. At increased current density, -50 or - 

100 mA/cm2, better efficiency of composite cathodes is supported by titania nanotubes of 

larger diameter due to an easier release of large hydrogen bubbles manifested in less periodic 

events appeared in the frequency region of 5-12 s at the spectra. 

We have shown that efficiency of the catalysts is determined by a pre-dominant type of 

hydrogen bubble release at different operation regimes depending on specific surface and a 

loaded mass of ruthenia. 

 

 

 
Keywords: titania nanotubes; ruthenia; composite cathode; water electrolysis; hydrogen 

evolution reaction; wavelet analysis 
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1. Introduction 

 
World’s increasing energy consumption accelerates the development and the tailoring of 

synthesis methods of energy storage chemicals in which the energy is usually preserved in a 

form of chemical bonds [1]. A major promising energy storage chemical is molecular 

hydrogen, clean and benign energy source, characterized by large gravimetrical storage 

capacity and simplicity of production just by electrolysis of aqueous solutions [2]. 

Efficiency of hydrogen generation process is mainly attributed to electrode materials which 

support low hydrogen evolution (HER) overpotentials. Although, the most efficient catalyst 

for HER is platinum (Pt) [3,4], it is suggested to be scarce, expensive and to be prone to 

poisoning by electrolyte impurities, e.g. due to underpotential deposition that leads to 

decrease in the efficiency over time [5–7]. Recent progress in this field is facilitated by 

application of non-noble metal materials and composites [8,9]. A method to simultaneously 

decrease the costs and improve catalyst stability is to employ transition metal oxides and 

hydroxides, such as Ni/NiO [10,11], some of which still might degrade in acidic 

environments [12]. Important findings are associated with the use of phosphides (cobalt 

phosphide, Fe0.5Co0.5P, RuPx@ nitrogen- and phosphorous-codoped carbon nanospheres) 

both in acidic and in alkaline solutions [13–16], sulfates [17,18] and other materials 

demonstrating Tafel slope up to 30 mV/dec and good durability. Alternatively, the noble 

metal materials like ruthenium and ruthenium oxide are stable, both applied for water 

splitting and rather cost-effective when compared to Pt [19–21]. Ruthenium oxide has been 

evaluated to efficiently catalyze HER and oxygen evolution reaction (OER) competitively 

studied along with IrO2 materials [22–24]. In early works, compact ruthenium oxide layer 

shows Tafel slope of 40-60 mV/dec in acidic media and high exchange current density (0.6- 

5)·10- 4 A/cm2 which is only slightly lower than that for Pt [7,25,26] In alkaline solution 

RuO2 layers with 
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loading 0.5- 2 mg/cm2 show Tafel slope in a similar range; in near neutral salt solution HER 

overvoltage is higher [27]. Edison et al. have shown that Tafel slope of carbon encapsulated 

RuO2 nanorodes at stainless steel to be ca. 99.4 mV/dec in 

0.5 M H2SO4 solution [28]. 

Catalyst efficiency is also reliant on specific area to be in contact with electrolyte and, thus, 

is often approached by the use of materials with dimensions at nanoscale [29–32]. 

Electrocatalytic activity of ruthenia is considered to be influenced by the surface area which 

may be modified by varying, for instance, the oxide loading, its hydration or the crystallinity 

[33,34]. The H2 evolution rate is proportional to the real surface area of the oxide film 

[27,33] what has facilitated employment of ruthenia-based nanomaterials like nanofibers 

[35], nanowires [36], nanorods [37– 39], etc. Though, the oxide has been shown to be easily 

blocked by hydrogen bubbles, which screen its surface and deteriorate the performance 

[19,40,41]. 

Catalyst morphology should favor bubbles to detach from the surface and mitigate their 

growth after nucleation not to induce extra stresses in material [42]. This is supported by 

improvement of electrocatalytic activity for the chlorine evolution reaction in chlor-alkali 

process when more hydrophilic surface is utilized to promote detachment of hydrophobic gas 

bubbles when they are still small [43]. It is worth noting that commonly used carbon based 

supports are hydrophobic and hence, not optimal for bubble detachment, though, when 

converted to be more hydrophilic might also be oxidized more readily and show weak 

stability [44,45]. Moreover, the catalyst must be designed to prevent expulsion of electrolyte, 

e.g. in distributed systems due to a gas adsorption within small pores, which is equivalent to 

a decrease in real surface area what enhances cathodic potential and is suggested to 

contribute to the non-linear Tafel behavior [33]. Thus, having a developed surface just at 

current collector interface without complex porous (distributed) structure becomes more 

advantageous for long-term performance. 
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These requirements can be achieved by a precise control of surface morphology at nanoscale, 

e.g., using substrates made of titania nanotubes (NTs), those dimensions can be easily tuned 

[46–49] whereas incorporation of active material into Ti or TiO2 is acknowledged to 

facilitate electrocatalytic activity, extend lifetime and enhances stability of ruthenia [50–52]. 

Recent report has already found titania nanotube to serve as a platform for ruthenia and 

iridium dioxide catalysts for OER reaction exhibiting an onset potential of 0.84 V vs. 

standard hydrogen electrode with faradaic efficiency of 99% at 2 V [53]. Therefore, 

modification of nanotubes by microquantity of RuO2 nanoparticles using its precursor should 

beneficially support confinement of ruthenia at TiO2 nanotube walls and in voids up to 

TiO2/Ti interface what allows to create a composite with developed area immobilized on a 

current- collector surface [54]. However, the evaluation of efficiency depending on specific 

surface and loading of active material remains a challenging task and requires systematic 

studies including analysis of characteristics of gas bubble detachment. 

Here, we synthesize a novel composite cathode material, TiOx nanotubes decorated with 

RuOx nanowhiskers, emphasizing precise tailoring of its surface morphology to favor gas 

bubble detachment for improved HER performance. For the first time, we have tested 

wavelet analysis for assessment of features of hydrogen bubble growth and detachment in 

order to evaluate its influence on overall catalyst activity. 
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2. Experimental 

 

2.1 Formation of TiOx nanotubes 

 
Titania NTs were prepared by electrochemical anodization of Ti at constant voltage 

according to known protocols [55]. Prior to anodization surface of Ti commercial discs 

(>99.5% Ti, Alfa Aesar, Germany), 15 mm diameter, were mechanically wet- polished with 

SiC paper (stepwise applied from grid 200 and up to the grid 4000) at 400-500 min-1 using 

Struers DAP-U (Struers Ins., Denmark) grinder. Then, the disk surface was chemically 

etched at room temperature for 5-10 seconds to obtain a mirror polish. The composition of 

etching solution is shown in Table S1 [56]. To be further anodized the polished samples were 

pressed in custom-made holder where they were electrically connected via a gold spring and 

vertically positioned at 5-10 mm distance from a glassy carbon electrode disc which was 

utilized as a cathode. 

The anodization was conducted at constant voltage 10, 20 or 30 V for 60 min at room 

temperature for 1 hour using power source Keithley 2410 (Keithley Instruments  Inc.,  USA)   

from  electrolyte   consisted  of  glycerol  (Sigma-Aldrich, 

≥99.5%) and deionized water (18.2 MΩ·cm) in mass ratio 3:1 with addition of 0.7- 

0.8 wt-% ammonium fluoride NH4F (Sigma-Aldrich, 98.0%). 

After preparation, TiOx NTs@Ti were cleaned in ethanol, deionized water and annealed in 

automated vacuum oven PEO-601 (ATV Technologie GmbH, Germany) in air at 450 oC for 

150 min to stabilize the titania in anatase phase (see also Supporting information) [54]. Basic 

geometric parameters of obtained NTs are listed in Table 1 what suggest that increase of the 

voltage yields increase of inner diameter, wall thickness of NTs while their density 

decreases. The height of nanotubular layer was ca. 1 μm [54]. 
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Table 1. Basic geometric parameters of obtained TiOx NTs  
 

Tubes number per unit 

area, 

 

 

 

 

 

 

 

 

 

 
 

2.2 Modification of TiOx nanotubes with RuOx 

 
To prepare a composite cathode we immersed TiOx NTs@Ti in 0.030 M RuCl3 solution for 15 

min, which was prepared by dissolution RuCl3·xH2O (Alfa Aesar, 38% Ru, Johnson Matthey 

Comp., USA) in deionized  water.  Afterwards,  samples’ surface was dried in air and 

subjected to heat treatment in an oven in air atmosphere   at 650 °C for 20 min to form 

ruthenia [57,58]. The oxidation can be described by the following reaction: 

2RuCl3 + 2O2 → 2RuO2 + 3Cl2.                       .(1) 

 
The applied temperature settings were found in preliminary experiments not to induce extra 

stresses due to volume expansion caused by oxide formation (not presented here). At a final 

stage the samples were cooled down to room temperature, cleaned in deionized water and 

dried in air. We varied a number of cycles of RuOx synthesis from 1 up to 5. 

Anodic voltage, 

V 

Average inner diameter, 

nm 

Average wall thickness 

value, nm 
cm-2 

10 34.40.7 9.20.4 26.0·109 

20 68.91.2 11.20.4 6.6·109 

30 108.33.4 12.80.7 4.0·109 
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2.3 Material characterization 

 
Oxidation of ruthenium chloride was first tested by simultaneous thermal analysis (STA), 

which was a combination of differential temperature analysis (DTA) with thermogravimetric 

capabilities (TGA) coupled with the mass-spectrometer at NETZSCH STA 449 F3 Jupiter® 

unit. We transferred RuCl3 solution in Al2O3 crucibles and let it dry in a desiccator at 60 °C 

for 3-4 h. The samples were studied in range starting from room temperature to 650 °C with 

20 min isothermal segment at the 650 °C in synthetic air. Heating rate was set to be 50 

°C/min. This experiment simulated optimum conditions of ruthenia/titania cathode 

preparation. To further examine stabilization of ruthenia phase we carried our STA 

measurements up to 1100 °C at the rate of 10 °C/min whose results we presented in 

Supporting information. 

We characterized surface morphology of RuOx/TiOx NTs by scanning electron microscopy 

(SEM) using FEI Quanta 200 (FEI Comp., USA). During the SEM observations we tilted 

RuOx-modified samples to 40° to better evaluate its morphology. Studies of the obtained 

ruthenia were conducted using transmission electron microscopy (TEM), FEI Tecnai G2F20 

S-Twin TMP (Eindhoven, The Netherlands), under accelerating voltage of 200 kV. The 

same unit was applied for electron diffraction to analyze crystal structure of obtained 

ruthenia and titania (NTs separated from Ti substrate) [54]. We applied fast Fourier 

transform (FFT) and 

@SingeCrystal 3 software for identification of phase and preferential direction of growth. 

Material’s chemical composition studies were carried out by X-ray photoelectron 

spectroscopy (XPS) using electron spectrometer PHI VersaProbe II 5000 microprobe 

spectrometer (Al Kα source,1486.7 eV) with spot a diameter of 100 µm, analyzer pass 

energy equal 93.90 eV (survey spectrum) and 23.5 eV (other spectra). 
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The survey spectrum and Ru3d, O1s and Ti2p core levels spectra were recorded and then 

refined by several scanning. We used @CasaXPS software package for deconvolution of 

multicomponent spectra; peaks were approximated by a Lorentz- Gauss function. 

2.4 Electrocatalytic measurements and noise analysis 

 
Electrochemical measurements were performed using BioLogic SP-150 (Bio-Logic Sci. Ins., 

France) potentiostat-galvanostat or Novocontrol alpha A.N. system (Novocontrol 

Technologies GmbH & Co. KG, Germany). The measurements were carried out in custom-

made three-electrode cell with TiOx nanotubes modified by RuOx serving as a working 

electrode, graphite rod as a counter electrode and Ag/AgClsat. as a reference electrode. All 

potentials are recalculated and are quoted versus reversible hydrogen electrode (RHE), E(vs 

RHE) = E(vs Ag/AgClsat.) + E0(Ag/AgClsat.) + 0.0592·pH, where (E0(Ag/AgClsat.) = 0.197 V 

[8]. We avoided to use N2 purging and use of iR compensation since real applications are not 

to include it, though, are focused on efficiency gain. Cyclic voltammetry was recorded for all 

samples with the scan rate 25 mV/s in range from 50 mV to -700 mV in 1 M H2SO4. (Cyclic 

voltammetry studies were also performed in 0.1 M NaOH and 0.1 M Na2SO4 electrolytes). 

Galvanostatic experiments were conducted in two-electrode configuration at current densities 

of -10, -50 and -100 mA/cm2. Hydrogen generation time was set to be 10 min; the evolving 

gas was collected using a reverted micro- burette method. We performed at least five parallel 

measurements at room temperature to investigate reproducibility of the results. Durability 

test was performed at -10 mA/cm2 for 100 h. 

Calculations of energy consumption E (kJ/mol) for generation of 1 mol H2 were carried out 

according to the equation: 
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𝐸 =
∫ 𝑈𝑑𝑡∙𝐼

𝑛(H2)
,       (2) 

 

where U is the cell voltage (V), t denotes a time (s), I is a current applied to electrodes (A), 

n(H2) is an amount of collected hydrogen (mol), calculated from the volume of generated H2 

and corrected to normal conditions [59]. 

The energy efficiency ɳ (%) for hydrogen evolution: 

 
 
 

𝜂 =
283.3

𝐸
∙ 100%,      (3) 

 

where 283.3 kJ/mol is standard molar formation enthalpy of liquid water, E is energy 

consumption, kJ/mol. 

The potential noise was analyzed by means of wavelet analysis. The continuous wavelet 

transform of the potential noise was performed by gaus4 wavelet (the fourth derivative of 

Gaussian function) [60] using @Matlab software. 

 

 
 

3. Results and discussion 

 
3.1 Structure and composition of RuOx/TiOx NTs composite cathode 

 
Prior to fabrication of the composite, we have analyzed thermal behavior of RuCl3·xH2O. To 

evaluate the material changes induced by the treatment we have simulated optimum 

treatment conditions by STA whose results are presented in Figure 1a. Thermogravimetry is 

characterized by two main regions which are manifested by pronounced mass change. The 

first one is due to water removal, starting at about 90 °C. The second region corresponds well 
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to oxidative decomposition of RuCl3 with onset at 370 °C. These results are supported by 

mass-spectrometric ion intensity data which  show  water  (M/Z  =  18)  and  chlorine  (M/Z = 

35), appearance in the studied temperature interval due to the oxidative decomposition of the 

material. Ion current suggests that water is being removed in the temperature interval starting 

from 80 °C up to 400°C. Chlorine liberation is observed at 350 °C and is being  almost  

finished  when the temperature  reaches  650 °C. Presence of few peaks hints on occurring 

overlapping reactions of its liberation [58]. The DSC curve follows the TGA curve and 

corresponds to the observed changes. The mass is retained at ca. 57% when temperature 

reaches 650 °C what corroborates well with appearance of RuO2. 

Increase of annealing temperature does not yield major mass changes. When heated up to 

1100 °C with 10 °C/min, the mass is stabilized at about 57% already at temperature of 450 

°C steadily decreasing to about 54% at 880 °C (See Supporting information). These results 

support that a prominent change to be reached even by the rather quick heating. An observed 

mass loss corresponds well to ruthenia when oxidation of RuCl3·xH2O to RuO2 is 

considered. 

Ruthenia, which is obtained by the thermal treatment of RuCl3·xH2O in STA experiment, has 

been subjected to TEM studies. TEM observations conducted just after the treatment  show  

true  nanoparticles  and  nanowhiskers  of  ruthenia (Figure 1b,c). The whiskers prevail and 

are characterized by length of ca. 100 – 150 nm with the width of ca. 10-30 nm. The 

whiskers are crystallized in tetragonal phase,  space  group  P 42/  m  n  m  with  cell  

parameters  equal   a=  4.4931  Å,   c= 3.1064 Å and are preferentially oriented in [ ] 

direction as supported by FFT analysis of the HR-TEM image (Figure 1c, inset) [61]. 

Increasing of annealing temperature results in the increase of the particle size (in the 

synthetic air atmosphere, see Supporting information). 
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Figure 1. Characterization of RuOx formation and its structure. STA and mass spectrometry 

results of RuCl3·xH2O annealing in synthetic  air  at  50  °C/min  to 650 °C (a). TEM 

overview of RuOx nanowhiskers (b) and a single whisker (c), inset: FFT analysis results of a 

single whisker. Color online. 

 

 
Pristine titania NTs obtained at 20 V are presented in Figure 2a and suggest NTs to be 

highly-ordered and densely-packed forming quite homogeneous layer. However, there are 

voids between the tubes what have been already shown in [54]. Modification of TiOx NTs 

using RuCl3·xH2O leads to formation of an oxide RuOx film at its surface what is 

accompanied by appearance of the oxide at the tubes surface and in the intertube space 

(filling of voids) (Figure 2b,c). Though, oxide formation does not influence the layer 

structural integrity (as the thermal treatment parameters have been optimized in pre-

experiments). Insets in the Figure 2a and in the Figure 2b show the appearance of samples 

before and after modification by RuOx. 
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Figure 2. Morphology and chemical composition of the obtained cathode material, 20 V TiOx 

NTs modified by RuOx, 5 cycles: SEM images of TiOx NTs (a) and RuOx/TiOx NTs (b,c) 

samples. XPS core level spectra of Ru (d), O (e) and Ti (f). (* in Figure 2d is for “unscreened 

final state”). Color online. 

 
 
Chemical composition of the obtained composites has been examined by  XPS whose data 

have enabled us to evaluate peaks related to Ru, O, Ti and C elements presented on the 

sample’s surface. Survey spectrum is given in Supporting information file. Figure 2d 

demonstrates the fitting results of Ru3d-C1s region of binding energies. We have decided not 

to clean the surface from adventitious carbon and to apply curve fitting procedure to extract 

to Ru3d peak features from overlapping region with carbon C1s. Since Ar+ ions sputtering of 

d-metals oxides leads to partial reduction of the metal due to higher removal ratio of oxygen. 

Due to specific electronic structure Ruthenium oxides have strong unscreened final states 
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near the main asymmetric components of Ru3d peak at 282.4 (Ru 3d5/2) and 286.6 (Ru 3d3/2) 

eV [62–64]. The oxide peaks are at 280.6 and 284.8 eV correspondingly for RuO2 3d5/2 and 

RuO2 3d3/2. Adventitious carbon has been split into three states (284.8 eV for C-C bonds; 

286.1 eV for C-O bonds; 289.3 eV for C=O bonds) to get the best fitted model (red curve) of 

the spectra. O1s core level spectrum deconvolution (Figure 2e) indicates Ru-O and Ti-O 

bonds with O 1s peak at 529.4 and 530.05 eV, correspondingly [65,66]. Peak at 531.3 eV 

supports the presence of C-O groups due to contamination of the surface. Ti 2p3/2 is 

positioned at 458.9 eV hinting on TiO2 and is known to overlap with Ru 2p3/2 at 461.9 and 

484.15 eV (Figure 2f). Other peaks and satellites are referred to Ti: Ti-loss (1) at 472.45 eV, 

Ti- loss (2) at 477.6 eV and Ti 2p1/2 at 464.6 eV. 

Based on the relative intensity of the Ru 3d5/2, Ti 2p3/2 and O 1s peaks we have estimated 

atomic ratio of elements in a TiOx NTs matrix layer depending on tubes diameter (voltage) 

and number of modification cycles. These results are summarized in Table 2. XPS analysis 

of these samples has showed that the maximum Ru concentration is obtained after five cycles 

of modification of sample with nanotubular layer obtained at 20 V. The range of 

concentrations varies from 1.1 to 

3.5 at.%. Increasing the number of cycles from 1 to 5 favors some increase in the Ru 

concentration from about 2.7 to 3.5 at.%. The less Ru content has been found in the sample 

prepared at 30 V. An origin of a greater signal from titania in the latter case might be greater 

tubes’ diameter what favors most of the signal to stem from the tubes’ mouth. Therefore, we 

expect to realize ruthenia nanostructures confinement within titania nanotubes and voids. 
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Table 2. Atomic concentration of O, Ti, Ru calculated from XPS data. The number of 

applied RuOx deposition cycles is given in brackets after the applied voltage. 

 10 V (5) 20 V (1) 20 V (3) 20 V (5) 30 V (5) Reference 

O, at.% 67.4 69.6 61.7 60.1 67.4 66.1 

Ti, at.% 30.5 27.7 35.0 36.4 31.5 33.9 

Ru, at.% 2.1 2.7 3.4 3.5 1.1 - 

 
 
3.2 Electrocatalytic properties of RuOx/TiOx NTs 

 
Electrochemical performance has been assessed by recording cyclic voltammetry curve 

(Figure 3a,b) at a scan rate 25 mV/s. In case of pristine tubes, HER is characterized by high 

overpotential with onset value close to -540 mV. RuOx introduction changes HER onset 

potential drastically to be equal ca. -230 mV at -0.5 mA/cm2 for samples obtained with 5 

cycles of ruthenia deposition. Moreover, there is a significant increase in current density 

when compared the pristine tubes which are prepared at anodization voltage of 20 V. 

Increase of RuOx content is also manifested in increase of current density. The subsequent 

modification by 3 and 5 cycles demonstrates current density improvement up to 3 times (at -

500 mV) when compared to a single cycle of modification by RuOx. Tube diameter variation 

(samples obtained at 10, 20 and 30 V and modified by 5 cycles of RuOx deposition) does not 

show significant improvement in the catalytic performance of these samples (Figure 3b) 

which should be due to a full coverage of the samples’ surface. We have calculated a Tafel 

slope to be about 131, 123 and 110 mV/dec at potentials of ca. -230 mV for samples which 

are prepared with nanotubes made at 10, 20 and 30 V and using 5 cycles of ruthenia 

deposition respectively (considering low iR drop in 1 M H2SO4 electrolyte). The obtained 

values might suggest Volmer-Heyrovsky pathway of HER [44]; the slope values are in good 

agreement with the data obtained by Edison et al. for carbon encapsulated RuO2 nanorodes 

at stainless steel in 0.5 M 



 

H2SO4 solution [28]. For the cathodes with smaller loading of ruthenia Tafel slope appears to 

be higher. We have also tested the cathodes in 0.1 NaOH and in 0.1 Na2SO4 electrolytes, 

however, their activity is less expressed, probably due to lower concentration of hydronium 

ions (these results are presented in Supporting information file). 

  



 

 

 

Figure 3. Characterization of catalytic activity of obtained composites. Cyclic voltammetry 

curves recorded in 1 M H2SO4 at scan rate 25 mV/s for TiOx NTs modified by different 

number of deposition cycles of RuOx (a) and TiOx NTs obtained at different anodizing 

voltage modified by 5 deposition cycles of RuOx (b) compared with the TiOx NTs obtained 

at 20 V. Cell voltage recorded in galvanostatic mode at -10 (c), -50 (d), -100 mA/cm2 (e) in 1 

M H2SO4 for TiOx NTs obtained at different anodizing voltage and modified by different 

number of cycles of RuOx deposition and corresponding energy efficiency of hydrogen 

generation (f, g, h). Color online. 



 

 
Tests of efficiency of hydrogen generation have been performed in a galvanostatic mode at -

10, -50 and -100 mA/cm2 for 10 min. We have collected hydrogen in order to measure its 

volume and have recorded cell voltage to evaluate the process efficiency. Cell voltage 

changes agree well with the applied current density change and a number of RuOx deposition 

cycles: increase of current density yields increase of the cell voltage; increase of amount of 

cycles favors decrease of the cell voltage (Figure 3c,d,e). The cell voltage values remain to 

be quite stationary over the recorded time period. 

Energy efficiency of HER at different current densities calculated according to eq. 

(3) is depicted in Figure 3f,g,h depending on tube inner diameter and number of RuOx 

deposition cycles. For the same number of cycles, the efficiency is reduced with increase of 

current density. Oppositely, increase in the number of cycles of ruthenisation which is shown 

for the samples with tubes obtained at 20 V facilitates the HER whose efficiency 

correspondingly changes from about 58 to 63% at -10 mA/cm2 for 1 to 5 cycles. Similar 

trends are observed at greater current densities. The efficiency of HER on unmodified TiOx 

NTs is about 36%. 

Moreover, at current density -10 mA/cm2 the sample obtained at 10 V with 5 cycle of RuOx 

deposition shows the maximum efficiency of ca. 64% while the samples obtained at 30 V 

(with 5 cycles of RuOx deposition) is characterized by lower efficiency of 56% when 

compared the other samples with the same amount of cycles at this current density.  This is 

due to  decrease of surface area and, probably,  better attachment of hydrogen bubbles inside 

the tube interspace (which is greater pronounced in the case of sample prepared at 30 V). 

However, at higher current densities cathodes with tubes of greater diameter show better 

energy efficiency which is expressed in change from 46% to 49% correspondingly for 

cathodes with tubes obtained at 10 V and at 30 V (5 cycles of RuOx deposition) tested at 100 

mA/cm2 and about 50% for the 20 V sample. 

Thus, the most efficient release of hydrogen at -100 mA/cm2 occurred on the cathode with 

tubes of greater diameter, 68.9±1.2 and 108.3±3.4 nm, which are modified with 5 cycles of 

deposition of RuOx whereas the most efficient release at – 10 mA/cm2 is observed for sample 

with minimal diameter, 34.4±0.7 nm, i.e. greater specific surface. To investigate material 



 

durability, we have tested the most efficient cathode at current density -10 mA/cm2 for 100 

hours. The test results are depicted in the Figure 4. After 10 hours of electrolytic cell 

operation, the recorded potential increases to ca. -400 mV and then is stabilized at -150 mV 

after 50 hours what suggests some improvement of performance during the test. The 

morphology of the cathode surface after durability test is represented by nanotubular TiOx 

layer which is decorated by agglomerated particles (Figure 4, inset). The observed 

agglomeration might be associated with the improvement of activity. 

 
 

Figure 4. Chronopotentiometric durability test of cathode material, 20 V TiOx NTs modified 

by RuOx, 5 cycles, performed in 1 M H2SO4 for 100 h at current density - 10 mA/cm2. Inset: 

SEM image of the cathode after the test. 

 

3.3 Noise analysis 

 
To further evaluate the obtained data, we have applied wavelet analysis to recorded potential 

transients. The wavelet power spectrum (WPS) visualizes the periodic components of 1-12 s 

(see Figure 5). The chosen range of periods is determined by the overall length of the time 

series (100 s) and the cone of influence of the wavelet transform (solid black line in the 

Figure 5). In the case of 20 V TiOx NTs modified with RuOx, 1 cycle, at -10 mA/cm2 we 

could observe the pure noise of lower power in the spectrum which corresponds to the 

detachment of small bubbles (Figure 5a-c). Under increased current density, especially in the 

case of -50 or -100 mA/cm2, we see certain periodic events whose periods are in the region 



 

of 4-8 s for - 50 mA/cm2 and greater than 8 s for -100 mA/cm2. Significant increase in the 

magnitude of wavelet spectra is facilitated by the yield of current density. Increase of period 

corroborates well and marks the increase in the size of bubbles due to gas adsorption which 

should be also accompanied by their coalescence. Thus, less efficient samples are 

characterized by periodic events with periods of 8-12 s what should be due to detachment of 

bubbles those size is reasonably large. This might hint on the fact that bubbles do not detach 

after nucleation, though, continue their growth adsorbing gas from the surface and the 

solution supported by increased growth speed at greater rate of hydrogen generation. 

  



 

Figure 5. Time recording of the potential fluctuations induced by HER in three- electrode 

configuration in 1 M H2SO4 at different current density on TiOx NTs obtained at 10, 20 and 

30 V anodizing voltage and modified by different number of cycles of RuOx deposition and 

its corresponding wavelet power spectrum: 20 V, 1 cycle RuOx at (a) -10 mA/cm2, (b) -50 

mA/cm2, (c) -100 mA/cm2; TiOx/RuOx cathodes measured at 100 mA/cm2 (d) 20 V, 3 cycles, 

(e) 20 V, 5 cycles, (f) 10 V, 5 cycles, (g) 30 V, 5 cycles. The black lines represent the cone 

of influence of wavelet transform, i.e. the region, where the wavelet transform is affected by 

edge effects. Color online. 



 

 
Thus, these results suggest that tuning of morphology might favor a specific mode (regime) 

of bubble growth or detachment matching the particular current density. 

A series with different number of RuOx deposition cycles are characterized, first, by decrease 

an amplitude of the spikes, and, second, show a decrease of big jumps of lower frequency for 

the TiOx NTs obtained at 20 V as number of cycles grows (Figure 5c,d,e) what explicitly 

manifested at -100 mA/cm2. These data correlates well with the calculated efficiency of HER 

for these samples. 

Moreover, an increase of the current density reverts the efficiency trend. The efficiency 

improves at -50 and at - 100 mA/cm2 for composites based on TiOx NTs with a greater 

diameter (see Figure 5f,e,g). Although, periodic events of low frequency are observed and 

remain for all samples, in case of greater tubes’ diameter their magnitude is decreased. These 

results coincide well with a change of electrolysis regime for cathode composite RuOx/TiOx 

when at low current densities amount of catalytically active sites plays a major role and 

kinetic control dominates whereas at high current densities mass transfer should prevail. 

 
4. Conclusions 

We have demonstrated the approach to fabricate composite cathode based on TiOx nanotubes 

decorated with RuOx nanowhiskers with high efficiency towards HER. The efficiency 

improves by increasing the amount of loaded RuOx and for the most developed area is ca. 

64%, when the current density of -10 mA/cm2 is applied. This is favored by easer 

detachment of small bubbles without significant growth and coalescence. At higher current 

densities we have observed appearance of periodic events in the region of 5-12 s what stem 

from detachment of large hydrogen bubbles after their growth and coalescence. In these 

conditions, composite cathodes based on the tubes with greater diameter demonstrate better 

efficiency due to an easier release of large hydrogen bubbles (after their growth and 

coalescence) with less periodic events observed in this frequency region. 

Thus, using wavelet analysis, we have managed to resolve a type of pre-dominant hydrogen 

bubble release which, as we have shown, determines efficiency of the catalysts at different 



 

operation/kinetic regimes depending on specific surface and a loaded mass of ruthenia. 

 

 

The authors declare no competing financial interest. 

 

 

 
Acknowledgments 

 

 
The authors acknowledge Andrey Starkov (Skolkovo Institute of Science and Technology, 

Moscow) for his help in manuscript preparation. F.F and M.V. thank Russ. Ministry of 

Education and Science for a partial support by Grants No. 16.1119.2017/4.6; 

16.12782.2018/12.2. 

 

 

 
References 

[1] Tymoczko J, Calle-Vallejo F, Schuhmann W, Bandarenka AS. Making the hydrogen 

evolution reaction in polymer electrolyte membrane electrolysers even faster. Nat Commun 

2016;7:10990. doi:10.1038/ncomms10990. 

[2] Crabtree GW, Dresselhaus MS. The Hydrogen Fuel Alternative. MRS 

Bull2008;33:421–8. doi:10.1557/mrs2008.84. 

[3] Grigoriev SA, Mamat MS, Dzhus KA, Walker GS, Millet P. Platinum and palladium 

nano-particles supported by graphitic nano-fibers as catalysts for PEM water electrolysis. Int 

J Hydrogen Energy 2011;36:4143–7. doi:10.1016/J.IJHYDENE.2010.07.013. 

[4] Li YH, Liu PF, Pan LF, Wang HF, Yang ZZ, Zheng LR, et al. Local atomic structure 

modulations activate metal oxide as electrocatalyst for hydrogen evolution in acidic water. 

Nat Commun 2015;6:8064. doi:10.1038/ncomms9064. 

[5] Pletcher D, Li X. Prospects for alkaline zero gap water electrolysers for hydrogen 

production. Int J Hydrogen Energy 2011;36:15089–104. 

doi: 10.1016/j.ijhydene.2011.08.080. 

[6] Nidola A, Schira R. Poisoning mechanisms and structural analyses on metallic 

contaminated cathode catalysts in chlor‐ alkali membrane cell technology. J Electrochem Soc 

1986;133:1653–6. doi:10.1149/1.2108984. 

[7] Kötz ER, Stucki S. Ruthenium dioxide as a hydrogen-evolving cathode. J Appl 

Electrochem 1987;17:1190–7. doi:10.1007/BF01023602. 



 

[8] Wang J, Xu F, Jin H, Chen Y, Wang Y. Non-noble metal-based carbon composites in 

hydrogen evolution reaction: fundamentals to applications. Adv Mater 2017;29:1605838. 

doi:10.1002/adma.201605838. 

[9] Shang X, Dong B, Chai YM, Liu CG. In-situ electrochemical activation designed 

hybrid electrocatalysts for water electrolysis. Sci Bull 2018;63:853–76. doi: 

10.1016/j.scib.2018.05.014. 

[10] Millet P, Durand R, Pineri M. Preparation of new solid polymer electrolyte composites 

for water electrolysis. Int J Hydrogen Energy 1990;15:245–53. doi:10.1016/0360-

3199(90)90043-X. 

[11] Esposito D V., Hunt ST, Kimmel YC, Chen JG. A New class of  electrocatalysts for 

hydrogen production from water electrolysis: metal monolayers supported on low-cost 

transition metal carbides. J Am Chem Soc 2012;134:3025– 33. doi:10.1021/ja208656v. 

[12] Cheng J, Zhang H, Ma H, Zhong H, Zou Y. Study of carbon-supported IrO2 and RuO2 

for use in the hydrogen evolution reaction in a solid polymer electrolyte electrolyzer. 

Electrochim Acta 2010;55:1855–61. doi:10.1016/j.electacta.2009.10.081. 

[13] Tian J, Liu Q, Asiri AM, Sun X. Self-Supported nanoporous cobalt phosphide 

nanowire arrays: an efficient 3D hydrogen-evolving cathode over the wide range of pH 0–14. 

J Am Chem Soc 2014;136:7587–90. doi:10.1021/ja503372r. 

[14] Tang C, Gan L, Zhang R, Lu W, Jiang X, Asiri AM, et al. Ternary FexCo1–xP nanowire 

array as a robust hydrogen evolution reaction electrocatalyst with Pt-like activity: 

experimental and theoretical insight. Nano Lett 2016;16:6617–21. 

doi:10.1021/acs.nanolett.6b03332. 

[15] Chi JQ, Gao WK, Lin JH, Dong B, Yan KL, Qin JF, et al. Hydrogen evolution activity 

of ruthenium phosphides encapsulated in nitrogen- and phosphorous- codoped hollow carbon 

nanospheres. ChemSusChem 2018;11:743–52. doi:10.1002/cssc.201702010. 

[16] Ji Y, Yang L, Ren X, Cui G, Xiong X, Sun X. Nanoporous CoP3 nanowire array: acid 

etching preparation and application as a highly active electrocatalyst for the hydrogen 

evolution reaction in alkaline solution. ACS Sustain Chem Eng 2018;6:11186–9. 

doi:10.1021/acssuschemeng.8b01714. 

[17] Shang X, Chi JQ, Lu SS, Dong B, Li X, Liu YR, et al. Novel CoxSy/WS2 nanosheets 

supported on carbon cloth as efficient electrocatalyst for hydrogen evolution reaction. Int J 

Hydrogen Energy 2017;42:4165–73. 
doi: 10.1016/j.ijhydene.2016.10.109. 

[18] Hu WH, Shang X, Xue J, Dong B, Chi JQ, Han GQ, et al. Activating MoS2/CNs by 

tuning (001) plane as efficient electrocatalysts for hydrogen evolution reaction. Int J 

Hydrogen Energy 2017;42:2088–95. 
doi: 10.1016/j.ijhydene.2016.10.145. 



 

[19] Cherevko S, Geiger S, Kasian O, Kulyk N, Grote J-P, Savan A, et al. Oxygen and 

hydrogen evolution reactions on Ru, RuO2, Ir, and IrO2 thin film electrodes in acidic and 

alkaline electrolytes: A comparative study on activity and stability. Catal Today 

2016;262:170–80. doi:10.1016/j.cattod.2015.08.014. 

[20] Over H. Surface chemistry of ruthenium dioxide in heterogeneous catalysis and 

electrocatalysis: from fundamental to applied research. Chem Rev 2012;112:3356– 426. 

doi:10.1021/cr200247n. 

[21] Galizzioli D, Tantardini F, Trasatti S. Ruthenium dioxide: a new electrode material. I. 

Behaviour in acid solutions of inert electrolytes. J Appl Electrochem 1974;4:57–67. 

doi:10.1007/BF00615906. 

[22] Galizzioli D, Tantardini F, Trasatti S. Ruthenium dioxide: a new electrode material. II. 

Non-stoichiometry and energetics of electrode reactions in acid solutions. J Appl 

Electrochem 1975;5:203–14. doi:10.1007/BF01637270. 

[23] Liu B, Wang C, Chen Y, Ma B, Zhang J. Crystallization behavior-dependent 

electrocatalytic activity and stability of Ti/IrO2RuO2SiO2 anodes for oxygen evolution 

reaction. Int J Hydrogen Energy 2019;44:511–22. 

doi: 10.1016/j.ijhydene.2018.11.068. 

[24] Jeon HS, Permana ADC, Kim J, Min BK. Water splitting for hydrogen production 

using a high surface area RuO2 electrocatalyst synthesized in supercritical water. Int J 

Hydrogen Energy 2013;38:6092–6. 

doi: 10.1016/j.ijhydene.2012.12.136. 

[25] Anantharaj S, Chatterjee S, Swaathini KC, Amarnath TS, Subhashini E, Pattanayak 

DK, et al. Stainless steel scrubber: a cost efficient catalytic electrode for full water splitting 

in alkaline medium. ACS Sustain Chem Eng 2017;6:2498-2509. 

doi:10.1021/acssuschemeng.7b03964. 

[26] Trasatti S. Hydrogen evolution on oxide electrodes. In: Wellington TC, editor. Mod. 

chlor-alkali technol. Vol. 5, Dordrecht: Springer Netherlands; 1992, p. 281– 94. 

doi:10.1007/978-94-011-2880-3_24. 

[27] Cornell A, Simonsson D. Ruthenium dioxide as cathode material for hydrogen 

evolution in hydroxide and chlorate solutions. J Electrochem Soc 1993;140:3123-9. 

doi:10.1149/1.2220996. 

[28] Edison TNJI, Atchudan R, Lee YR. Facile synthesis of carbon encapsulated RuO2 

nanorods for supercapacitor and electrocatalytic hydrogen evolution reaction. Int J Hydrogen 

Energy 2019;44:2323–9. 
doi: 10.1016/j.ijhydene.2018.02.018. 

[29] Mahmood J, Li F, Jung SM, Okyay MS, Ahmad I, Kim SJ, et al. An efficient and pH-

universal ruthenium-based catalyst for the hydrogen evolution reaction. Nat Nanotechnol 

2017;12:441. doi:10.1038/nnano.2016.304. 



 

[30] Weng Z, Liu W, Yin L-C, Fang R, Li M, Altman EI, et al. Metal/oxide interface 

nanostructures generated by surface segregation for electrocatalysis. Nano Lett 

2015;15:7704–10. doi:10.1021/acs.nanolett.5b03709. 

[31] Tavakkoli M, Kallio T, Reynaud O, Nasibulin AG, Johans C, Sainio J, et al. Single-

shell carbon-encapsulated iron nanoparticles: synthesis and high electrocatalytic activity for 

hydrogen evolution reaction. Angew Chemie - Int Ed 2015;54:4535–8. 

doi:10.1002/anie.201411450. 

[32] Wang Z, Ren X, Luo Y, Wang L, Cui G, Xie F, et al. An ultrafine platinum– cobalt 

alloy decorated cobalt nanowire array with superb activity toward alkaline hydrogen 

evolution. Nanoscale 2018;10:12302–7. doi:10.1039/C8NR02071J. 

[33] Burke LD, Naser NS. Metastability and electrocatalytic activity of ruthenium dioxide 

cathodes used in water electrolysis cells. J Appl Electrochem 2005;35:931– 8. 

doi:10.1007/s10800-005-5290-8. 

[34] Lee J, Shah SAS, Yoo PJ, Lim B. Hydrous RuO2 nanoparticles as highly active 

electrocatalysts for hydrogen evolution reaction. Chem Phys Lett 2017;673:89–92. 

doi:10.1016/j.cplett.2017.02.029. 

[35] Cho Y-B, Yu A, Lee C, Kim MH, Lee Y. Fundamental study of facile and stable 

hydrogen evolution reaction at electrospun Ir and Ru mixed oxide nanofibers. ACS Appl 

Mater Interfaces 2018;10:541–9. doi:10.1021/acsami.7b14399. 

[36] Bhowmik T, Kundu MK, Barman S. Growth of One-Dimensional RuO2 nanowires on 

g-Carbon nitride: an active and stable bifunctional electrocatalyst for hydrogen and oxygen 

evolution reactions at all pH values. ACS Appl Mater Interfaces 2016;8:28678–88. 

doi:10.1021/acsami.6b10436. 

[37] Ahmed J, Mao Y. Ultrafine iridium oxide nanorods synthesized by molten salt method 

toward electrocatalytic oxygen and hydrogen evolution reactions. Electrochim Acta 

2016;212:686–93. doi:10.1016/J.ELECTACTA.2016.06.122. 

[38] Cross M, Varhue W, Valdez T. Structure and electro-catalytic properties of electrode 

materials consisting of Pt nanorod decorated/RuO2 nanorod coated substrates. Int J Hydrogen 

Energy 2012;37:13256–62. 
doi: 10.1016/j.ijhydene.2012.07.005. 

[39] Cross M, Varhue W, Pelletier K, Stewart M. RuO2 nanorod coated cathode for the 

electrolysis of water. Int J Hydrogen Energy 2012;37:2166–72. doi: 

10.1016/j.ijhydene.2011.10.075. 

[40] Benzaïd A, Huet F, Jérôme M, Wenger F, Gabrielli C, Galland J. Electrochemical 

noise analysis of cathodically polarised AISI 4140 steel. I. Characterisation of hydrogen 

evolution on vertical unstressed electrodes. Electrochim Acta 2002;47:4315–23. 

doi:10.1016/S0013-4686(02)00439-5. 

[41] Gabrielli C, Huet F, Keddam M. Characterization of electrolytic bubble evolution by 



 

spectral analysis. Application to a corroding electrode. J Appl Electrochem 1985;15:503–8. 

doi:10.1007/BF01059291. 

[42] Zhang L, Xiong K, Chen S, Li L, Deng Z, Wei Z. In situ growth of ruthenium oxide-

nickel oxide nanorod arrays on nickel foam as a binder-free integrated  cathode for hydrogen 

evolution. J Power Sources 2015;274:114–20. doi:10.1016/j.jpowsour.2014.10.038. 

[43] Chen R, Trieu V, Natter H, Kintrup J, Bulan A, Hempelmann R. Wavelet 

analysis of chlorine bubble evolution on electrodes with different surface morphologies.

 Electrochem Commun 2012;22:16–20. 

doi:10.1016/j.elecom.2012.05.021. 

[44] Tuomi S, Pakkanen OJ, Borghei M, Kronberg R, Sainio J, Kauppinen EI, et al. 

Experimental and computational investigation of hydrogen evolution reaction mechanism on 

nitrogen functionalized carbon nanotubes. ChemCatChem n.d.;10:3872–82. 

doi:10.1002/cctc.201800479. 

[45] Nasibulin AG, Kaskela A, Mustonen K, Anisimov AS, Ruiz V, Kivistö S, et al. 

Multifunctional free-standing single-walled carbon nanotube films. ACS Nano 2011;5:3214–

21. doi:10.1021/nn200338r. 

[46] Mor GK, Varghese OK, Paulose M, Grimes CA. Transparent highly ordered tio2 

nanotube arrays via anodization of titanium thin films. Adv Funct Mater 2005;15:1291–6. 

doi:10.1002/adfm.200500096. 

[47] Gong D, Grimes CA, Varghese OK, Hu W, Singh RS, Chen Z, et al. Titanium oxide 

nanotube arrays prepared by anodic oxidation. J Mater Res 2001;16:3331–4. 

doi:10.1557/JMR.2001.0457. 

[48] Roy P, Berger S, Schmuki P. TiO2 Nanotubes: synthesis and applications. Angew 

Chemie Int Ed 2011;50:2904–39. doi:10.1002/anie.201001374. 

[49] Pang YL, Lim S, Ong HC, Chong WT. A critical review on the recent progress of 

synthesizing techniques and fabrication of TiO2-based nanotubes photocatalysts. Appl Catal 

A Gen 2014;481:127–42. doi:10.1016/j.apcata.2014.05.007. 

[50] Shin S, Kim K, Choi J. Fabrication of ruthenium-doped TiO2 electrodes by one-step 

anodization for electrolysis applications. Electrochem Commun 2013;36:88–91. 

doi:10.1016/j.elecom.2013.09.016. 

[51] Yi Z, Kangning C, Wei W, Wang J, Lee S. Effect of IrO2 loading on RuO2- IrO2-TiO2 

anodes: A study of microstructure and working life for the chlorine evolution reaction. 

Ceram Int 2007;33:1087–91. doi:10.1016/j.ceramint.2006.03.025. 

[52] Shibli SMA, Dilimon VS. Development of TiO2-supported nano-RuO2- incorporated 

catalytic nickel coating for hydrogen evolution reaction. Int  J Hydrogen Energy 

2008;33:1104–11. 
doi: 10.1016/j.ijhydene.2007.12.038. 



 

[53] Yoo H, Oh K, Lee YR, Row KH, Lee G, Choi J. Simultaneous co-doping of RuO2 and 

IrO2 into anodic TiO2 nanotubes: A binary catalyst for electrochemical water splitting. Int J 

Hydrogen Energy 2017;42:6657–64. 

doi:10.1016/j.ijhydene.2016.12.018. 

[54] Fedorov F, Vasilkov M, Lashkov A, Varezhnikov A, Fuchs D, Kübel C, et al. Toward 

new gas-analytical multisensor chips based on titanium oxide nanotube array. Sci Rep 

2017;7:9732. doi:10.1038/s41598-017-10495-8. 

[55] Macak JM, Tsuchiya H, Ghicov a., Yasuda K, Hahn R, Bauer S, et al. TiO2 nanotubes: 

Self-organized electrochemical formation, properties and applications. Curr Opin Solid State 

Mater Sci 2007;11:3–18. doi:10.1016/j.cossms.2007.08.004. 

[56] Vasilkov MY, Fedorov FS, Ushakov NM, Suzdaltsev SY. Field electron emission 

from titanium dioxide nanotubes. Tech Phys Lett 2015;41:29–31. 

doi:10.1134/S1063785015010149. 

[57] Makgae ME, Theron CC, Przybylowicz WJ, Crouch AM. Preparation and surface 

characterization of Ti/SnO2–RuO2–IrO2 thin films as electrode material for the oxidation of 

phenol. Mater Chem Phys 2005;92:559–64. doi:10.1016/j.matchemphys.2005.02.022. 

[58] Kristóf J, Szilágyi T, Horváth E, Frost RL. Investigation of RuO2/Ta2O5 thin film 

evolution by thermogravimetry combined with mass spectrometry. Thin Solid Films 

2005;485:90–4. doi:10.1016/j.tsf.2005.03.037. 

[59] Perovic IM, Acimovic DD, Tasić GS, Karic SD, Lausevic PZ, Marčeta Kaninski MP, 

et al. Efficient hydrogen production using ternary Ni–Cu–Mo ionic activator. Int J Hydrogen 

Energy 2015;40:6270–5. doi:10.1016/j.ijhydene.2015.03.003. 

[60] Torrence C, Compo GP. A Practical Guide to Wavelet Analysis. Bull Am Meteorol 

Soc 1998;79:61–78. 
doi:10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2. 

[61] Haines J, Léger JM, Schulte O, Hull S. Neutron Diffraction Study of the Ambient-

Pressure, Rutile-Type and the High-Pressure, CaCl2-Type phases of ruthenium dioxide. Acta 

Crystallogr Sect B 1997;53:880–4. doi:10.1107/S0108768197008094. 

[62] Moulder JF, Stickle WF, Sobol PE, Bomben KD. Handbook of X-ray photoelectron 

spectroscopy. Physical Electronics, Inc.; 1995. 

[63] Shen JY, Adnot A, Kaliaguine S. An ESCA study of the interaction of oxygen with the 

surface of ruthenium. Appl Surf Sci 1991;51:47–60. doi:10.1016/0169- 4332(91)90061-N. 

[64] Morgan DJ. Resolving ruthenium: XPS studies of common ruthenium 

materials. Surf Interface Anal 2015;47:1072–9. doi:10.1002/sia.5852. 

[65] Mc Evoy AJ, Gissler W. ESCA spectra and electronic properties of some ruthenium 

compounds. Phys Status Solidi 1982;69:K91–6. doi:10.1002/pssa.2210690165. 



 

[66] Noda H, Oikawa K, Ogata T, Matsuki K, Kamada H. Preparation of titanium(IV) 

oxides and its characterization. Nippon Kagaku Kaishi 1986;1986:1084–90. 

doi:10.1246/nikkashi.1986.1084. 

  



 

 

Supporting Information 

to paper entitled 

Tailoring electrochemical efficiency of hydrogen evolution by fine tuning of TiOx/RuOx 

composite cathode architecture 

by 

Fedor S. Fedorov,1* Mikhail Y. Vasilkov,2,3 Maxim Panov,1 Dmitry Rupasov,1 Alexander 

Rashkovskiy,4 Nikolay M. Ushakov,3 Jaeho Lee,5 Rolf Hempelmann,5,6 Tanja Kallio,7 Albert G. 

Nasibulin1,7 

 

1Skolkovo Institute of Science and Technology, 3 Nobel St, 121205, Moscow, Russian Federation 

2Yuri Gagarin State Technical University, 410054 Saratov, 77 Polytechnicheskaya St, Russian Federation 

3Saratov Branch of Kotelnikov Institute of Radioengineering and Electronics of RAS, 410019 Saratov, 38 

Zelenaya St, Russian Federation 

4Systems of Microscopy and Analysis, 121353 Moscow, 100 Novaya St, Russian Federation 

5Korea Institute of Science and Technology Europe, 1 Campus E7, 66123 Saarbrücken, Germany 

6Saarland University, 3 Campus Dudweiler Zeile, 66125 Saarbrücken, Germany 

7Aalto University, Puumiehenkuja, 00076 Aalto, Finland 

 

 

 
*Corresponding author:  

E-mail: f.fedorov@skoltech.ru 

Laboratory of Nanomaterials, Skolkovo Institute of Science and Technology,  

3 Nobel Str., 121205, Moscow, Russian Federation 

  



 

Composition of etching solution applied for Ti polishing 

 

Composition of etching solution for Ti polishing is presented in Table S1. 

Table S1. Composition of etching solution. 

Chemicals 
Concentration, 

wt.-% 

Contents in etching solution, 

wt.-% 

Nitric acid HNO3 

(reagent, Merck, Germany) 
65 30 

Hydrofluoric acid HF 

(technical, Sigma-Aldrich, USA) 
40-45 28 

Sulfuric acid H2SO4 

(ACS, Emsure, Germany) 
98 40 

Acetic acid CH3COOH 

(reagent, VWR Chemicals, Germany) 
100 2 

 



 

SAED of titania nanotubes before and after annealing at 450 °C 

 

The NTs are crystallized in anatase phase with d-values equal 1.41, 1.66, 1.89, 2.48 and 3.46 Å 

what corresponds to [220], [211], [200], [103] and [101] crystal planes (ICSD 9852). 

 

Figure S1. Selected area electron diffraction for TiOx NTs before (a) and after (b) annealing at 

450 °C. 

  



 

Simultaneous Thermal Analysis 

 

Increase of annealing temperature does not yield major mass changes. When heated with 10 

°C/min, the mass is stabilized at about 57% already at temperature 450 °C steadily decreasing to 

about 54% at 880 °C. The results suggest major mass changes to start at about 100 °C and 350 

°C. 

 

Figure S2. Thermogravimetry results of RuCl3·xH2O annealing in synthetic air at 10 °C/min to 

1100 °C 

  



 

TEM studies of RuOx obtained at optimized conditions 

 

TEM and SAED results for RuOx obtained by heating to 650 °C with a rate of 50 °C/min 

annealing for 20 min. 

    

Figure S3. Survey view of RuOx particles obtained by annealing at 650 °C for 20 min with 

SAED ring pattern. 

  



 

TEM studies of RuOx heated to 1100 °C 

 

Annealing to 1100 °C facilitates formation of cubic-like particles whose dimensions vary from 

200 nm to 1.5 µm. FFT and SAED patterns suggest it to be the same phase as in the case of 

annealing at 650 °C, precisely, tetragonal phase, space group P 42/ m n m with cell parameters 

equal a= 4.4931 Å, c= 3.1064 Å. 

     

       

Figure S4. Survey view of RuOx particles obtained by annealing to 1100 °C, 10 °C/min, HR-

TEM image and corresponding FFT pattern and SAED results. 

  



 

XPS data 

 

The analysis of survey XPS spectra show presence of C, O, Ti and Ru elements. It also shows 

that RuOx film presents on the surface of all investigated samples. It is important to note, that 

practically all intensive lines of Ru overlap with other core-level lines. Ru4p core-level is close 

to Ti3s, and Ru3p3 overlaps with Ti2p doublet. Moreover, Ru3d doublet surrounds C1s peak 

that appears from adventitious carbon. So, to perform quantitative analysis of elements 

concentrations for RuOx on TiOx it is necessary to perform detailed decomposition by curve 

fitting procedure for three regions at binding energies corresponding to the following particular 

spectra: O1s (near 530 eV), C1s-Ru3d (near 284 eV) and Ti2p-Ru3p (near 465 eV). 

 

Figure S5. Survey XPS spectra for TiOx NTs obtained at 20 V anodizing voltage and TiOx NTs 

obtained at 10, 20 and 30 V modified by different number of cycles of RuOx deposition (1-5). 



 

 

Figure S6. Ru3d and C1s XPS spectra obtained from a - TiOx (20 V), b- RuOx (5 cycles) /TiOx 

(10 V); c- RuOx (1 cycle) /TiOx (20 V); d- RuOx (3 cycles) /TiOx (20 V); e- RuOx (5 cycles) 

/TiOx (20 V); f- RuOx (5 cycles) /TiOx (30 V). 

 

 

Figure S7. O1s XPS spectra a - TiOx (20 V), b- RuOx (5 cycles) /TiOx (10 V); c- RuOx (1 cycle) 

/TiOx (20 V); d- RuOx (3 cycles) /TiOx (20 V); e- RuOx (5 cycles) /TiOx (20 V); f- RuOx (5 

cycles) /TiOx (30 V). 



 

 
Figure S8. Ti2p-Ru3p XPS spectra a - TiOx (20 V), b- RuOx (5 cycles) /TiOx (10 V); c- RuOx (1 

cycle) /TiOx (20 V); d- RuOx (3 cycles) /TiOx (20 V); e- RuOx (5 cycles) /TiOx (20 V); f- RuOx 

(5 cycles) /TiOx (30 V). 

  



 

Electrochemical performance in alkaline and near-neutral electrolytes 

 

We have studied the performance of the cathodes in 0.1 M Na2SO4 and in 0.1 M NaOH to 

check an influence of electrolyte pH. 

 

 
Figure S8. Cyclic voltammetry curves: recorded at scan rate 25 mV/s for TiOx NTs modified by 

different number of deposition cycles of RuOx and TiOx NTs obtained at different anodizing 

voltage modified by 5 deposition cycles of RuOx compared with the TiOx NTs obtained at 20 V 

in 0.1 M Na2SO4 (a,b) and in 0.1 NaOH (c,d). 

 

The curves obtained in near-neutral electrolyte show onset potential of hydrogen evolution 

reaction to change from -430 to 480 mV at -0.5 mA/cm2 for most of the samples. For the 

cathode which is based on titania nanotubes anodized at 20 V with 1 cycle of RuOx deposition 

the onset potential equals -745 mV what is comparable with the onset potential of the cathode 

based on pristine TiOx nanotubes (-770 mV). Calculated Tafel slope is rather great in this case 

exceeding 200 mV/dec. 



 

The onset potential in alkaline electrolytes varies from -265 to -15 mV at -0.5 mA/cm2 which is 

much greater comparing with cathodes without deposited ruthenia (- 413 mV). Still, the 

calculated Tafel slope is in the range from 170 to 250 mV/dec. 

 

  



 

Results of wavelet analysis  

 

Time recording of the potential fluctuations induced by HER in three-electrode configuration in 

1 M H2SO4 at different current density on TiOx NTs obtained at 10, 20 and 30 V anodizing 

voltage and modified by different number of cycles of RuOx deposition and its corresponding 

wavelet power spectrum. 

 

Figure S10. Potential transient and corresponding wavelet power spectra for TiOx NTs obtained 

at 20 V, 1 cycle RuOx at -10 mA/cm2, -50 mA/cm2, and - 100  mA/cm2. The black lines 

represent the cone of influence of wavelet transform, i.e. the region, where the wavelet 

transform is affected by edge effects. 

 



 

 

Figure S11. Potential transient and corresponding wavelet power spectra for TiOx NTs obtained 

at 20 V, 3 cycles RuOx at -10 mA/cm2, -50 mA/cm2, and – 100 mA/cm2. The black lines 

represent the cone of influence of wavelet transform, i.e. the region, where the wavelet 

transform is affected by edge effects. 

 

 

Figure S12. Potential transient and corresponding wavelet power spectra for TiOx NTs obtained 

at 20 V, 5 cycles RuOx at -10 mA/cm2, -50 mA/cm2, and – 100 mA/cm2. The black lines 

represent the cone of influence of wavelet transform, i.e. the region, where the wavelet 

transform is affected by edge effects. 



 

 

Figure S13. Potential transient and corresponding wavelet power spectra for TiOx NTs obtained 

at 10 V, 5 cycles RuOx at -10 mA/cm2, -50 mA/cm2, and – 100 mA/cm2. The black lines 

represent the cone of influence of wavelet transform, i.e. the region, where the wavelet 

transform is affected by edge effects. 

 

 

Figure S14. Potential transient and corresponding wavelet power spectra for TiOx NTs obtained 

at 30 V, 5 cycles RuOx at -10 mA/cm2, -50 mA/cm2, and – 100 mA/cm2. The black lines 

represent the cone of influence of wavelet transform, i.e. the region, where the wavelet 

transform is affected by edge effects. 

 


