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Abstract 
Fabrication, design and investigation of functional properties of composite materials based 
on titanium suboxides with low noble metal content for use in electrocatalysis has been 
investigated. The study particularly focuses on electrode coatings derived from titanium 
dioxide modified with platinum and palladium. The structural, electrocatalytic, and 
corrosion-resistant properties of these materials were systematically investigated. It was 
demonstrated that thermal treatment significantly enhances the catalytic efficiency of the 
coatings by reducing the oxygen evolution overpotential and improving the efficiency of 
hypochlorite synthesis. Optimal thermal treatment conditions (500 °C, 3 hours) were identi-
fied, resulting in increased stability of the anodes containing Pt and Pd layers, as evidenced 
by a service life of 176 hours. The study highlights the potential of these composites for 
applications in oxygen evolution reactions and hypochlorite synthesis, owing to their high 
stability, selectivity, and cost-effectiveness. 
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Introduction 

A key objective in electrocatalysis is to predict and control catalytic activity based on a theoretical 

understanding of reaction mechanisms. Developing effective catalysts requires studying electro-

chemical processes on anodic materials with diverse properties to reveal links between compo-

sition, selectivity, and synthesis conditions, especially when side reactions reduce product purity. 

Titanium dioxide (TiO₂) has attracted attention due to its unique properties: similar thermo-

dynamics of polymorphs, strong Ti–O bonds, and low redox potentials. These enable its application 

in sensors [1], electronics [2] and catalyst support [3]. Titanium suboxides, with developed surfaces 
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and non-stoichiometric structures, offer promising electrocatalytic potential due to various defects 

like oxygen vacancies and interstitial cations [4,5]. 

These materials can be synthesized via anodizing titanium in ethylene glycol with NH₄F and water, 

followed by electrochemical reduction [6,7]. A combined method involves platinum electrodeposition 

on titanium, followed by heat treatment in an oxidizing atmosphere, which allows for the formation 

of a composite differing from traditional Ti/Pt anodes in composition and activity [8,9]. 

Palladium and its oxides offer favourable electrochemical properties, with lower overpotentials 

for chloride oxidation and higher for oxygen evolution reaction [10]. Given their similar costs, Pt-Pd 

composites are promising for reducing noble metal usage while maintaining performance and 

corrosion resistance. 

The goal of this work is to obtain and evaluate the qualities of composites based on titanium 

suboxides with reduced noble metal content. Combining Pt and Pd on a titanium suboxide support 

and optimizing thermal treatment parameters (500 °C, 3 hours) is not entirely new but offers 

incremental innovation in terms of stability and electrocatalytic performance. 

The innovative aspect of this work is the significant reduction in the content of platinum group 

metals in the coating compared to traditionally used Ti/Pt electrodes. This makes it possible to 

propose competitive materials with a low content of precious metals for applications such as 

cathodic protection of metal structures or electroplating, where minimizing the oxidation of 

electrolyte components is critically important. These types of materials can also serve as an 

alternative to traditional PbO₂- and SnO₂-based electrodes for pollutant oxidation, particularly in 

solutions with low chloride ion content. 

Experimental  

Titanium foil was utilized (Titanium Plus Ltd, Ukraine); ammonium fluoride, ethylene glycol, and 

phosphoric acid were obtained from Fluka (Switzerland); perchloric acid was purchased from Expert 

Q® (Spain). Chemicals were commercial products of at least reagent-grade. 

Composite synthesis 

The electrodes were prepared on pre-treated titanium foil (titanium grade VT1-0). The electrode 

surface was 4 cm2. The procedure included several stages of pre-treatment of the titanium substra-

te [11]. The initial porous TiOx substrate was obtained by anodizing titanium foil in ethylene glycol 

with the addition of 0.3 wt.% ammonium fluoride and 2 vol.% water for 3 hours (1st anodization). 

This was followed by anodization in ethylene glycol with 5 wt.% H3PO4 (2nd anodization). Reduction 

was carried out electrochemically in 1 M HClO4 for 1 hour at a current density of 5 mA cm-², which 

led to charge redistribution in the lattice (a decrease in oxygen content) and an increase in the non-

stoichiometry of the structure. Afterward, a non-continuous layer of palladium from a phosphate 

palladium plating electrolyte or a non-continuous layer of platinum from a nitrite platinating 

electrolyte [12] or sequential layers of platinum and palladium were layered onto the oxide. The 

weight of precipitated metals, determined gravimetrically, was 0.5 mg of metal per cm², depending 

on the experimental goals. Thermal treatment was carried out in air using a high-temperature SNOL 

8.2/1100 TermoLab electric furnace at various temperatures and times.  

Morphology and structural characteristics 

The surface morphology was analysed on a Tescan Vega 3 LMU microscope, which is equipped 

with an Oxford Instruments Aztec ONE energy-dispersive X-Ray microanalyzer and an X-MaxN20 

detector using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
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techniques. The structural characteristics of the coatings were investigated through powder X-ray 

diffraction. The diffraction data were obtained using a STOE STADI P automated diffractometer with 

a linear PSD detector, operating in transmission mode with 2 / scanning. The setup included Cu 

Kα1 radiation, a curved germanium (1 1 1) monochromator, a 2  range from 6.000 to 102.945° with 

a step size of 0.015°, a PSD step of 0.480° and a scan duration of 50 s per step. 

Initial data processing and qualitative phase analysis of the X-ray diffraction patterns were carried 

out using the STOE WinXPOW and PowderCell software packages. The crystal structures of the 

phases were refined using the Rietveld method in the FullProf.2k program, employing a pseudo-

Voigt profile function and an isotropic model for atomic displacement parameters. In addition, 

microstructural parameters – namely, the average apparent crystallite size D (derived from the size 

of coherently diffracting domains) and the average maximum strain dmax – were determined through 

isotropic line broadening analysis using simplified integral breadth methods for the (200) reflection 

of face-cantered cubic cells of Pt and Pd. 

The chemical composition of the electrocatalytic coating surface was examined using X-ray photo-

electron spectroscopy (XPS) on a Quantera II instrument (Physical Electronics, USA), which features a 

monochromatic X-ray source (AlK radiation, 1486 eV, 15 kV, 25 W). The analysis of the XPS peaks was 

carried out using the Peak Analyzer tool in OriginPro software (https://www.originlab.com). The peaks 

were fitted using Gaussian profiles by the least-squares method.  

Semiconducting properties 

Quasi-stationary voltammetry and electrochemical impedance spectroscopy were employed to 

investigate the electrochemical properties of the obtained materials, using a GAMRY Potentiostat/ 

/Galvanostat/ZRA Reference 3000 instrument. Voltammetry and EIS measurements were carried 

out in a standard temperature-controlled three-electrode cell. The platinum wire was the counter 

electrode. All potentials were measured and reported relative to the Ag/AgCl/KCl (saturated) 

reference electrode. 

Thermal treatment of electrodes  

It is known that palladium dissolves quite easily under anodic polarization [13-15]. Therefore, to 

mitigate palladium dissolution, the electrodes underwent thermal treatment in an air atmosphere. 

After thermal treatment at 500 °C, the surface of the samples acquired a characteristic blue color. 

The electrodes were thermally treated for 3 hours, although the surface took on a similar 

appearance after the first 15 minutes of treatment (Figure 1). 

a 

 

b 

 
Figure 1. Surface of the TiOx-Pt-Pd electrode: (a) before and (b) after thermal treatment 
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Electrocatalytic activity 

The oxygen evolution reaction on the composite anodes was studied in 1 M HClO4. The catalytic 

activity of the obtained anodes (4 cm²) in sodium hypochlorite synthesis was assessed under 

electrolysis conditions in a 300 cm³ solution of 0.9 g L-1 NaCl in a diaphragm-free cell with a titanium 

cathode at 25 °C. The anodic current density was 20 mA cm-². The salt solution was stirred using a 

compact electric stirrer. The current efficiency (CE, %) of NaClO was calculated by Equation (1): 

NaClO
NaClO

NaClO

2 60
CE 100

FVC

M It


=  (1) 

where CNaClO / g L-1 is concentration of sodium hypochlorite in solution; t / min is the duration of elec-

trolysis; V / L is electrolyte volume; F = 26.8 A h, MNaClO = 74.5 g mol-1, and I/A is electrolysis current. 

Electrode lifetime assessment 

The durability of the materials was assessed using an accelerated stability testing method, which 

involved electrolysis in a 1 M HClO₄ solution at a current density of 500 mA cm-², with continuous 

monitoring of the electrode potential over time. A sharp increase in potential was taken as an 

indication of electrode failure. 

Results and discussion 

The possibility of using microparticles of platinum group metals as catalysts on a titanium dioxide 

support was studied in works [16-18]. Systems with metals of the platinum group (Ru, Rh, Pd, Os, Ir, 

Pt) were investigated in the context of their adsorption capabilities in [16]. The growth of TiO2 occurs 

through the movement of anions into vacant anion sites, as shown in the diagram (Figure 2). The 

rate of growth will depend on the number of defects in the crystalline lattice. 

 
Figure 2. Diagram of the formation of a TiO2 film with vacant anion sites in the crystalline lattice 

There are noticeable trends toward the epitaxial growth of solid coatings on TiO2 in the case of 

doping with noble metals. If the metal oxidizes upon contact with TiO2, the substrate is also reduced 

to TiO2−x. The environment significantly influences this process, especially the presence of oxygen, 

which can markedly alter the route of the reaction and the properties of the formed coatings [19,20]. 

There is a chemical engagement between the noble metal and TiO2, as shown in work [21]. The 

authors explained this phenomenon by the local deficiency of anions on the substrate surface and, 

consequently, the interplay of metal atoms with the reduced cations of the substrate. For TiO2, this 

effect directly correlates with the presence of Ti3+ ions on the surface and manifests as the migration 

of reduced titanium dioxide (TiO2−x) [22] onto the surface of metallic particles, the spread of TiOx 
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over the metal surface, and the movement of metal over the TiOx surface, involving interactions 

between the metal and Ti from TiO2 (primarily the Me-Ti3+ chemical bonding). 

It was also established that some titanium is reduced and migrates into platinum clusters, which is 

one aspect of the interaction [23]. Moreover, encapsulation of platinum was observed [17,18], which 

is also noted in our work during the coating growth [11]. It is now generally accepted among the 

scientists that the noble metal particles become encapsulated by a thin suboxide (TiOx) layer [24]. 

The formation of titanium suboxide contributes to the thermodynamic stability of the platinum 

coating on TiO2; platinum atoms are predominantly adsorbed on titanium cations in fivefold 

coordination [23], which act as nucleation centres for platinum clusters. The authors did not find 

chemical bonds between stoichiometric TiO2 and platinum; however, localized electron transfer 

occurs between Ti3+ and surface platinum atoms for pre-reduced TiO2. Similar results (adsorption of 

platinum atoms on titanium cations in fivefold coordination, absence of interaction of platinum with 

the "ideal" TiO2 surface, and charge transfer from Ti3+ to platinum) are reported in work [25]. 

Encapsulation of palladium particles at a temperature of 527 °C has also been reported [26]. 

Annealing in oxygen significantly affects materials containing palladium deposited on TiO2 [27]: 

palladium nanoparticles on substoichiometric TiO2 dissociatively adsorb oxygen at 400 °C, which 

"flows" onto the substrate, where onward reactions occur. The transferred oxygen re-oxidizes the 

surface, expelling embedded Tin+ ions trapped in the crystal lattice, and promoting the re-growth of 

TiO2 around and above the particles. This scheme was modelled in work [28] using a Monte Carlo 

model, and the results were confirmed by studies using scanning tunnelling microscopy. We assume 

that the growth of the coating in our work occurs similarly. 

The morphology of the obtained materials was investigated using the SEM technique. The 

morphology of the coating without noble metals has been described in detail previously [11,29]. 

Overall, the morphology of mesoporous TiO₂ coatings doped with precious metals is characterized 

by a porous structure with uniformly distributed metal nanoparticles and a nanograined pattern.  
Figure 3 presents SEM images of TiO2 composites with a content of 0.5 mg cm–² of Pt (Figure 3a), 

0.5 mg cm–² of Pd (Figure 3b), and 0.5 mg cm–² of Pt and 0.5 mg cm–² of Pd deposited sequentially 

(Figure 3c) after thermal treatment at 500 °C. 
a

 

b

 

c

 
Figure 3. SЕМ images of: (a) TiOх-Pt, (b) TiOх-Pd, (c) TiOх-Pt-Pd 

The coatings have a well-developed surface, and their porosity is maintained even after the 

deposition of metal layers. The coatings are characterized by the presence of agglomerates or 

clusters, which are typical for composite materials obtained by deposition methods. According to 

energy-dispersive microanalysis (EDS) data, nearly all carbon was eliminated from the TiO2 coating 
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following thermal treatment. A significant number of noble metals were found on the surface of the 

coatings (Figure 4). 

The results obtained from the determination of the number of deposited metals using EDS and 

X-ray microanalysis methods differ. It is important to note that the EDS method does not reflect the 

metal content in the coating bulk. Microanalysis provided indirect evidence that platinum on the 

surface of the coating showed up in the metallic form, while palladium is determined in the form of 

an oxide. However, these assumptions require further confirmation. 

a 

  
b 

  
c 

  
Figure 4. Element mapping according to EDS results: (a) TiOх-Pt, (b) TiOх-Pd, (c) TiOх-Pt-Pd 

Oxide coatings obtained by the electrochemical oxidation of titanium primarily exhibited an 

amorphous structure. Thermal treatment was carried out at temperatures above 300 °C to achieve 

the crystalline structure necessary for practical applications. X-ray diffraction patterns of the TiOx-

Pt, TiOx-Pd, and TiOx-Pt-Pd samples after thermal treatment at 500 °C are shown in Figure 5. 

The phase composition of the coating was determined by the characteristic diffraction peaks of 

anatase TiO2 observed at 2 = 25.2, 36.7, 37.5, 38.7, 47.8, 53.6, 55, 62.6, 68.8, 70.4 and 75.1°.  

25 m 

25 m 

25 m 
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a 

 
2 / ° 

b 

 
2 / ° 

c 

 
2 / ° 

Figure 5. Observed and calculated X-ray powder profiles for: (а) TiOх-Pt, (b) TiOх-Pd, (c) TiOх-Pt-Pd. 
Experimental data (circles) and calculated profile (solid line through the circles) are presented together with 

the calculated Bragg positions (vertical ticks) and difference curve (bottom solid line) 
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These peaks correspond to the (101), (103), (004), (112), (200), (105), (211), (204), (116), (220) 

and (215) crystallographic planes of the anatase phase; for metallic Ti at 2 = 34.95, 38.25, 40.05 

and 52.90°; for Pt at 2 = 39.8, 46.2 and 67.5°; for Pd at 2 = 40.1, 46.6 and 68.1°; and for PdO at 

2 = 33.56, 33.89 and 41.95° [30,31]. 

In the case of the Pt-loaded series, no additional peaks were observed, neither from other 

crystallographic forms of TiO2, nor from Pt nanoparticles. However, for the Pt-containing sample, a 

diffraction peak at 2 = 40.1° was detected, corresponding to the (111) plane of metallic platinum, 

confirming its presence in the sample [32]. Crystal structures of the phases were refined by the 

Rietveld method with the program FullProf.2k, applying a pseudo-Voigt profile function and 

isotropic approximation for the atomic displacement parameters. Phase composition of the investi-

gated samples, crystallographic data and microstructural parameters for the phases with face-

centered cubic (fcc) structure (structure type Cu, space group Fm–3m) are summarized in Table 1. 

Microstructural parameters (i.e. size of coherently diffracting domains accepted as average 

apparent crystallite size D, and average maximum strain (dmax)) were identified by isotropic line 

broadening analysis using simplified integral breadth methods for (200) reflection of face-centered 

cubic cells of Pt and Pd. Almost all refined structural, profile, and instrumental parameters enter the 

profile function formula nonlinearly. The methods for estimating nonlinear parameters represent 

an iterative process, where at each iteration the so-called increments (shifts) are determined using 

the least squares method. The new value of each refined parameter is calculated as the sum of its 

value from the previous iteration and its increment from the current iteration. At each iteration, a 

covariance matrix is calculated to determine the variances of the increments, which are also the 

variances of the refined parameters. 

Table 1. The phases and chemical composition of experimental materials, crystallographic data and micro-
structural parameters for phases with a face-centered cubic (fcc) structure. The square root of the variance 

(standard deviation) is shown in parentheses next to the parameter values  

Sample Phase contribution1, wt.% a / nm* Unit cell volume, nm3 D / nm dmax 

0.5 mg cm-2 Pt 
Pt 46.2(4) 

Ti 2 38.5(7) 
TiO2 ana3 15.3(5) 

0.392146(9) 0.060304(2) 27.1 0.0036 

0.5 mg cm-2 Pd 

Pd 22.8(4) 

Ti 43.2(6) 
TiO2 ana 12.9(4) 

PdO4 21.1(3) 

0.389124(13) 0.058920(3) 25.2 0.0038 

0.5 mg cm-2 Pt 
0.5 mg cm-2 Pd 

Pt 42.8(5) 
Pd 19.5(3) 

Ti 28.4(4) 
TiO2 ana 5.2(2) 

PdO 4.1(1) 

0.391689(14) 
0.389132(16) 

0.060093(4) 
0.058924(4) 

24.3 
23.1 

0.0040 
0.0042 

1The quantitative phase contribution refers to the sample's surface; 2Ti has a structure type like Mg, with a space group of P63/mmc;  
3TiO2 anatase has a space group of I41/amd; 4PdO room-temperature modification (pallandite) has a structure type like PtS, with a 
space group of P42/mmc; *lattice parameter 

 

The presence of Pt diffraction peaks in the diffraction pattern indicates the effective deposition 

of nanocrystalline Pt particles on the material's surface, likely organized into clusters large enough 

to produce characteristic diffraction signals of appreciable intensity. Notably, in the analysed series, 

no shifts in the TiO2 pattern peaks were observed upon Pt loading. This suggests that Pt is not 

incorporated into the TiO2 lattice but is deposited onto the surface of the oxide. Similar results were 

obtained in the work [33]. 
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Titanium dioxide without thermal treatment often exhibits an X-ray amorphous structure. This is 

because the material lacks an ordered crystalline structure that would yield characteristic diffraction 

peaks. Thermal treatment enables the production of materials with a crystalline structure. Similar 

results have been obtained previously [34]. 

During the thermal treatment of samples at 500 °C for 3 hours, a growth in the fraction of the 

crystal phase was observed. The main crystal phase is anatase of titanium dioxide. Metallic titanium 

is present on the surface in amounts less than 1 wt.%. In the samples, palladium is found in both 

metallic and oxide forms, while platinum is present in metallic form in all samples. 

Moreover, to elucidate the chemical composition and the surface electronic state of Pd, X-ray 

photoelectron spectroscopic (XPS) analyses were conducted. The total survey spectrum confirms 

the high purity of the catalysts and reveals the coexistence of Ti, Pt, and Pd in the samples. 

In the XPS spectra of the TiO2 surface coated with a layer of metals, distinct signals corresponding 

to Ti 2p, O 1s, Pt 4f, and Pd 3d are observed. The Ti 2p signal with binding energies of Ti 2p3/2 

(458.8 eV) and Ti 2p1/2 (464.4 eV), corresponding to titanium in the +4 oxidation state, is 

observed [35] (Figure 6a), which is consistent with literature results [36,37]. The absence of any shift 

in the energy of the Ti 2p peaks confirms that the incorporation of platinum is limited to surface 

modification, with no integration of Pt into the TiO2 lattice structure. 

  

  

Figure 6. Simulated XPS spectra of (а) Ti 2p, (b) Pt 4f, (c) Pd 3d, (d) O 1s core level structures  
in TiO2-Pt-Pd composites 

The O 1s peak (531 eV) contains two maxima at 529.9 and 531.4 eV (Figure 6d). Its binding energy 

is too high for metal oxide-hydroxide compounds and instead is characteristic of oxygen in adsorbed 

water molecules [35,38]. Most likely, the first peak corresponds to oxygen in the TiO2 compound, 

while the second corresponds to OH– ions that compensate for the excess charge of cation vacancies 

and the outer layers of water [39]. The oxygen peak at 529.9 eV indicates the predominance of 

strongly bound oxygen at the surface of the TiO2 crystalline lattice. The intensity of the inert oxygen-
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containing particle peak is significantly lower for the metal-coated samples compared to weakly bound 

species. The Pt 4f region spectrum was analysed and fitted with a doublet (Figure 6b), with a 

separation of 3.2 eV between the f7/2 and f5/2 peaks [33]. The mainline 4f7/2 peak was observed at a 

binding energy of 70.1 eV, indicating the presence of metallic platinum on the surface [40]. The 

palladium spectrum shows two maxima at 341.8 and 336.6 eV (Figure 6c), which are attributed to the 

spin-orbit splitting of Pd 3d5/2 and Pd 3d3/2 of Pd2+ [41]. These binding energy values differ from those 

(340.1 and 334.9 eV) for metallic Pd [42], which also indirectly indicates that palladium in the samples 

is in the form of PdO and is consistent with the results from X-ray diffraction and microanalysis. 

The photocatalytic performance of a semiconductor photocatalyst is significantly influenced by 

the alignment of its electronic energy levels, particularly the flat band potential. The energy band 

positions were determined using Mott–Schottky analysis. The Mott–Schottky plot depicts the 

relationship between the inverse square of the apparent capacitance (1/C²) and the applied 

potential within the depletion region of a semiconductor–electrolyte junction. This analysis provides 

critical insights into the semiconductor's electronic properties, such as carrier concentration and flat 

band potential, which are essential for understanding its photocatalytic behaviour, Equation (2): 

2

0
fb 20

H2C

e N kT
E E

C e


− =

= + −  (2) 

where CH is the Helmholtz layer capacitance in the semiconductor, e is the elementary charge,  is 

the dielectric constant of the semiconductor, 0 is the permittivity of free space, N is the carrier 

density, E is the applied potential, Efb is the flat band potential, k is the Boltzmann constant, and T is 

the absolute temperature. 

The flat band potential (Efb) is determined by extrapolating the linear region of the Mott-Schottky 

plot, while the slope is linked to the semiconductor's carrier density. The Mott-Schottky plots of the 

TiOx-based samples exhibited a positive slope, confirming their n-type semiconductor behaviour 

(Figure 7); thus, the Efb values relate to the conduction band potential.  

 

E / V vs. Ag/AgCl 

Figure 7. Mott–Schottky plots for: (1) TiOх-Pt, (2) TiOх-Pd, (3) TiOх-Pt-Pd, solution: 1 М HClO4,  
frequency: 1000 Hz 

The Efb values were found to be 0.03, -0.07 and -0.05 V for TiOx-Pt, TiOx-Pd, and TiOx-Pt-Pd, 

respectively. The electron densities for TiOx-Pt, TiOx-Pd, and TiOx-Pt-Pd were 2.99×10²², 6.23×10²¹, 

and 3.27×10²¹ cm⁻³, respectively (Table 2). The slope b in Table 2 is related to semiconductor 

material parameters such as band gap and electron mobility. 
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Doping of TiO2 with Pt and Pd resulted in a negative shift of the conduction band and an increase in 

the dopant density due to the electrocatalytic effect of platinum and improved electron transfer [43]. 

Table 2. Semiconductor properties of titanium suboxide-based composites 

Sample Slope × 10–8, F-2 cm4 V-1 Carriers’ density×10–21, cm–3 Еfb / V 

TiOх-Pt 1.18 29.9 0.032 

TiOх-Pd 5.67 6.23 -0.07 

TiOх-Pt-Pd 10.8 3.27 -0.05 
 

The obtained materials are highly doped n-type semiconductors [29,44].  

Electrodes containing Pt exhibit a higher flat band potential compared to those with Pd. This 

observed effect can be attributed to the fact that in electrodes with a high content of platinum, the 

amount on the surface does not change during thermal treatment. Thus, the reduction in the 

number of carriers leads to an increase in the impact of the semiconductor component, resulting in 

a steepening of the polarization curves for TiOx-Pt-Pd (see Figure 7). 

The electrocatalytic activity of the obtained materials was studied for the oxygen evolution 

reaction (OER). The complexity of the four-electron (OER arises from its multistep mechanism and 

the involvement of adsorbed oxygen species on the electrode surface. According to Trasatti [45 and 

references herein], Ferster was the first to suggest that oxygen evolves through the decomposition 

of unstable intermediate oxides. The transition of these intermediates into stable oxides or back to 

the metal with oxygen gas release defines the reaction kinetics. 

Numerous kinetic schemes have since been proposed [45], most starting with the formation of 

adsorbed OH or O species via water or OH⁻ discharge: 

H₂O ↔ OHads ↔ Oads (3) 

Subsequent transformations may include chemical or electrochemical desorption steps: 

2Oads ↔ O₂ (4) 

Oads + H₂O ↔ O₂ + 2H⁺ + 2e⁻ (5) 

2[Oads + MOₓ ↔ MOₓ₊₁] ↔ O₂ + 2MOₓ (6) 
(M – electrode material) 

The overpotential typically arises from the inhibition of one or more of these steps. At moderate 

current densities, the rate is likely limited by the formation of adsorbed oxygen species, explaining 

the observed Tafel slope of b ≈ 0.12 V dec-1. Under other conditions, later stages or a sequence of 

steps may become rate-determining [45]. Tafel plot "kinks" at higher overpotentials can result from: 

i) a mechanism shift, ii) a change in the rate-limiting step, or iii) varying surface coverage [45]. 

The oxygen evolution overpotential on the TiOx-Pt-Pd material was lower than that of the 

platinized electrode and significantly lower than the palladium-only electrode (Figure 8). The Tafel 

slope decreases as the noble metal content in the composite increases. For the oxide that contains 

0.5 mg cm⁻² of Pt and 0.5 mg cm⁻² of Pd (curve 3), it is 92 mV dec–1, while for electrodes with 0.5 

mg cm⁻² of Pt (curve 1) and 0.5 mg cm⁻² of Pd (curve 2), it is 111 and 55 mV dec–1, respectively. Such 

a minor deviation from the theoretical value for the TiOx-Pt-Pd sample can be understood by the 

inhomogeneity of the composite or the advanced surface of the coating. In the case of a significant 

deviation, more than twice for the TiOx-Pd sample, it may be explained by a change in the rate-

limiting step of the oxygen evolution reaction [45]. It is likely that in the case of palladium-modified 

coatings, the rate-limiting step is the so-called electrochemical desorption, indirectly evidenced by 

the area of the peak corresponding to labile oxygen-containing species in the O1s region of the X-

ray photoelectron spectrum. 
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E / V vs. Ag/AgCl 

Figure 8. Quasi-stationary polarization curves for oxygen evolution in 1 M HClO4 for: (1) TiOх-Pt, (2) TiOх-Pd,  
(3) TiOх-Pt-Pd. Inset: curves represented in semilogarithmic scale 

In Figure 9, the reproducible polarization curves for the TiOx-Pt-Pd anode and the thermally 

treated TiOx-Pt-Pd-500 °C in 1 M HClO4 are presented. The thermally treated anode exhibits a 

reduction in polarization of 150 mV. In each case, the E-log j curves demonstrate a linear relationship 

(Figure 9b). The Tafel slope for the untreated sample is 160 mV dec-1, while for the thermally treated 

electrode, it is 92 mV dec-1. 

Thus, during thermal treatment, there is a noticeable decrease in the slope of the Tafel equati-

on (b). This may suggest that the surface becomes more homogeneous, facilitating the desorption 

of oxygen or altering the mechanism, resulting in an increased rate of the first electron transfer [46].  

 
E / V vs. Ag/AgCl 

 
log (j / mA cm-2) 

Figure 9. (a) Quasi-stationary polarization curves for oxygen evolution in 1 M HClO4, (b) curves represented 
in semilogarithmic scale for TiOх-Pt-Pd: (1) untreated, (2) thermally treated at 500 °C during 3 h. Potential 

scan rate 5 mV s-1 

The role of temperature and processing time on the oxygen evolution reaction for a coating con-

taining sequentially deposited layers of platinum and palladium was also investigated (Figure 10). It is 

known that at temperatures above 600 °C, titanium nitrides [47] are formed, which is undesirable. 

Moreover, with an increase in temperature, the mechanical properties of titanium deteriorate [48]. 

Therefore, the temperature range was selected to obtain composite coatings with the desired phase 

composition.  

The obtained results show that at a temperature of 500 °C, the oxygen evolution overpotential 

is the lowest. This extreme dependence is most likely associated with the different growth rates of 

TiO2 depending on the temperature. As the temperature rises to 500 °C, the fraction of the 

crystalline phase increases. During thermal treatment, metals on the surface migrate more 

uniformly into the bulk during coating growth. This leads to a more even redistribution of current 

density and, as a result, a reduction in overpotential. 
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E / V vs. Ag/AgCl 

 
E / V vs. Ag/AgCl 

Figure 10. (a) Quasi-stationary polarization curves for oxygen evolution in 1 M HClO4 for TiOх-Pt-Pd 
thermally treated at the following temperatures: (1) 400; (2) 500; (3) 600 °С. (b) Curves for TiOх-Pt-Pd 

thermally treated at 500 °C during the following times: (1) 1; (2) 3; (3) 6 hours. Potential scan rate 5 mV s-1 

Further temperature increases above 600 °C may lead to the loss of titanium strength. The 

thermal treatment time also shows an extreme dependence. As seen from the graph, the 

dependence passes through a minimum, so the optimal thermal treatment time was chosen to be 

3 hours. 

It is known that coatings with a layer of metallic palladium, thermally treated at temperatures of 

500-530 °C, can be an effective anode for the synthesis of hypochlorous acid from low-concentration 

NaCl solutions [49,50]. We investigated the electrocatalytic activity of several materials, including 

those traditionally used in the synthesis of hypochlorous acid. Results are shown in Table 3. The 

thermally treated TiOx-Pt-Pd anode with a surface noble metal content of 0.5 mg cm-² demonstrated 

the highest catalytic properties and selectivity for the hypochlorite synthesis reaction among the 

studied samples. The CE for NaClO production at a current density of 40 mA cm² was 90 %. 

Table 3. Comparison of current efficiency (CE) of HClO synthesis from low-concentration Cl-containing 
solutions for various materials  

Material CE of HClO synthesis, % 

Ti/Pt 37 

SnO2-Sb 89 

Ti/IrOx 80 

Ti/RuOx-IrOx 70 

TiOх-Pt 89 

TiOх-Pd 86 

TiOх-Pt-Pd 90 
 

We also studied the corrosion resistance of the materials using an accelerated stability assessment 

method, which involved electrolysis in a 1 M HClO4 solution at a current density of 500 mA cm-² while 

recording the electrode potential over time. The electrode was considered failed if a sharp potential 

jump occurred. The lifetime of the coating with sequentially deposited layers of platinum and 

palladium was 176 hours, which exceeded the lifetime of the coating containing only platinum. The 

electrode coated only with a layer of palladium was unstable and degraded quickly. 

Unlike many nanoparticle-stabilized systems, which rely heavily on colloidal or sol-gel synthesis 

and often suffer from agglomeration or loss of activity over time, this work presents a structurally 

robust, porous, and thermally stable coating. Moreover, it demonstrates superior stability (176 h at 

500 mA cm⁻²) and exceptional selectivity in hypochlorite production (90 % efficiency), which are 

rarely achieved simultaneously in similar systems. The method also provides scalable and cost-
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effective fabrication pathways suitable for industrial applications, particularly in electrochemical 

oxidation and cathodic protection. 

Conclusion 

It has been established that titanium suboxide-based composites with low noble metal content 

have a developed porous surface, which remains intact even after the deposition of metal layers. 

The main allotrope form of TiOx in the studied composite materials is anatase, along with metallic 

titanium, platinum, palladium, and palladium oxide. Platinum is present in its metallic form, while 

palladium exists both as a metal and oxide, which is consistent with the results of X-ray photo-

electron spectroscopy and X-ray diffraction. Electrochemical studies using the Mott-Schottky 

method showed that the composites exhibit n-type conductivity with a high concentration of charge 

carriers. The oxygen evolution overpotential on the material containing platinum and palladium is 

lower than that of the platinized coating, and significantly lower than that of the electrode 

containing only palladium. In summary, the thermally treated TiOx-Pt-Pd anode exhibits superior 

catalytic performance and durability, with a NaClO production efficiency of 90 % and a lifetime 

exceeding 176 hours at 500 mA cm⁻². These findings suggest its potential for practical electro-

chemical applications. 
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