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Abstract: In the development of non-noble metal electrocatalysts, tantalum oxide (TaOx)-

based materials possess promising potentials due to the high corrosion resistance. In the 

stoichiometric and bulk form, however, the oxide is extremely inactive. Here, we explored 

the effects of electrochemical reduction treatment on the physical and electrochemical 

properties of TaOx. The oxide is electrochemically deposited on a glassy carbon electrode. 

The treatment employs a cyclic voltammetry technique in sulfuric acid solution and requires 

no heat treatment. The X-ray photoelectron spectroscopy (XPS) measurements demonstrated 

that the stoichiometric Ta2O5 is reduced generating the oxides with predominant oxidation 

state of 4+. Remarkably, the electrochemically reduced TaOx showed a high activity in 

hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR). These findings 

suggest that the electrochemically reductive treatment is an effective way to activate the TaOx 

for the electrocatalytic reactions which could be originated from the suboxide species, i.e., 

Ta4+. 
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1. Introduction 

Recently, tantalum (Ta)-based materials have gained considerably much attention in 

green technologies. This is because they have been demonstrated as an active catalyst for 

photocatalysis of water splitting and catalysis of hydrocarbon reactions.1−3 More importantly, 

they are also known as electrocatalysts for oxygen reduction reaction (ORR) and hydrogen 

evolution reaction (HER).4−12 Along with their robustness in acidic environments, they would 

be promising alternatives to noble metals which are known to be most active for many 

electrocatalytic reactions. 

Several hypotheses are proposed for origins of the electrocatalytic activities on the Ta-

based materials. For example, Ota and co-workers have proposed the importance of oxygen 

vacancies in tantalum oxynitride (TaCxOyNz).
4,12 Meanwhile, Weil et al.5,13 and Domen et 

al.6–8,14 have suggested that particle size is very crucial in determining ORR activity on 

tantalum oxide (TaOx) in which the size of less than 4.6 nm gives a high performance. 

Despite different ideas on the origins of electroactivity, there is a consensus that the suboxide 

species, e.g., Ta4+ possesses a significant contribution in the electrocatalysis.4−8,10,12–14 In fact, 

a suboxide species, particularly with low number of electrons filled in its d orbital, e.g., d1, is 

generally associated with the presence of oxygen vacancy and nonstoichiometric species and 

often possesses metallic conductivity.15 The species can also act as active sites in a catalytic 

reaction.15−17 One of the examples can be referred to a well-known titanium oxide (TiOx) in 

which a Ti3+ is regarded as an active site for O2-adsorption.16,18 In addition, the presence of 

suboxide species is also essential for obtaining HER activity on some metal oxides.19−21 

 To produce the active species of Ta, some techniques have been demonstrated to be 

successful ways. The most common one is a heating treatment which usually requires a high 

temperature of calcination (up to > 1000 oC) under atmospheres of N2, NH3 and/or H2.
4,9,22 

Recently, Rossi and co-workers have reported that an electrochemical anodization in 
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hydrofluoric acid containing solution followed by heating treatment under air atmosphere 

(800 to 1000 oC) is successfully applied to produce the active species of Ta4+ for catalytic 

oxidation of CO.23 An electrochemical technique was also successfully demonstrated by our 

group in which TaOx was treated electro-reductively in sulfuric acid solution.10,24
 Although 

the electro-oxidative treatment via anodic polarization has been routinely used to activate 

metal oxides, few researchers have utilized the electro-reductive one via cathodic 

polarization.19−21,25,26 In fact, to the best of our knowledge, no other researchers have 

attempted the latter technique to activate TaOx in aqueous solution.   

In the present study, we examined the electrochemical activation of the electrodeposited 

TaOx as electrocatalysts for HER and ORR using the electro-reductive treatment via cathodic 

polarization. We will demonstrate some remarkable results on morphological changes and 

chemical states which were observed after the electrochemical reduction treatment as well as 

the high activity in HER and ORR. The effect of electrolyte anions was investigated, 

revealing that the anions were chemically adsorbed onto the TaOx affecting its chemical 

states. Furthermore, the durability of the reduced TaOx was also studied by exposing it to 

oxidative and reductive potential regions. 

 

2. Experimental 

2.1. Fabrication of TaOx/GC 

The TaOx/GC electrode was fabricated by simple electrochemical deposition procedure of 

TaOx on a glassy carbon (GC) electrode which generally followed that of previous 

reports.27,28 All steps in the procedure were carried out at room temperature (set at 25 oC). 

Briefly, a GC electrode (d = 3 mm) was mechanically polished in emery paper No. 600 

and 2000, consecutively. Then, it was successively polished using aqueous alumina powder 
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with size of 1 µm down to 60 nm with the help of polishing microcloth followed by water 

rinsing with ultrasonication for 10 min. The clean, mirror-like surface electrode was then 

dried by a commercially available hair drier and was immediately connected into the 

electrochemical cell containing Ta solution. This solution was prepared by dissolving 0.179 g 

of TaCl5 (Alfa Aesar) and then 1.064 g of LiClO4 (Wako Pure Chemicals) in 10 mL of 

propylene carbonate (PC, Kanto Chemicals) solution inside a glove box under Ar gas 

atmosphere.  

Then, the electrodeposition was carried out in a standard three-compartment 

electrochemical cell.  Immediately after the bath solution was prepared, it was poured into the 

cell, and an Ag wire (d = 1mm) and a graphite plate (4 cm2) were used as quasi-reference and 

counter electrodes, respectively. To reduce a possible contamination of water from air 

atmosphere, the top of the cell was tightly closed by rubber caps. Then, the bath solution was 

gently bubbled by Ar gas for 15 min to remove possibly dissolved oxygen.  Shortly after that, 

a cyclic voltammetry (CV) was performed by operating ALS/CHI Electrochemical Analyzer 

(Model 760 Ds) which was controlled by a personal computer. The potential scan was 

conducted between 0.3 and −2.0 V vs. Ag wire with scan rate of 20 mV s−1 for 2 cycles. Just 

after the deposition, the electrode was immersed respectively in acetone, ethanol and finally 

water for 1 min each to remove the remaining solution. The as-prepared electrode was then 

denoted as TaOx/GC.  

The amount of TaOx deposited on the GC electrode (WTa in µg cm−2) was calculated using 

eq 1 below: 

���(μg	cm

�) =

(����
������)�	

��
�10�                    (1) 

where Qdep and Qblank (in C mol−1) are the total charges of CV response of GC electrode in 

LiClO4 containing PC solutions in the presence and the absence of TaCl5, respectively, M = 

181 g mol−1 is the atomic weight of Ta, z = 5 is the number of exchanged electron and F = 
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96485 C mol−1 is the faradaic constant. Thus, this deposition method gave 31.3±0.8 µg
Ta

 

cm−2 loading of Ta on the GC surface. However, to obtain clear differences of SEM images 

before and after the electrochemical treatment, which were hardly seen in the previous works 

10,24 using this low amount, the TaOx was deposited by applying five instead of two cycles of 

the CV deposition. Consequently, the loading amount became 64.4±1.9 µg
Ta

cm−2. Although 

this higher loading caused the lowering in electrocatalytic activities probably due to the lower 

conductivity, a similar trend of electrochemical behaviors was observed. 

 

2.2. Electrochemical measurements 

The electrochemical reduction treatment was also carried out by operating the same 

ALS/CHI Electrochemical Analyzer as in the Ta electrodeposition. To enhance conductivity 

of electrolyte that is believed to be more effective for the electrochemical treatment, a 2.0 M 

H2SO4 solution was used as electrolyte. The solution was prepared by diluting the 

concentrated stock one (Wako pure chemicals).  

Briefly, the as-prepared TaOx/GC electrode was transferred into another three-

compartment electrochemical cell in which an Ag|AgCl|KCl(sat) and a GC plate (4 cm2) were 

served as reference and counter electrodes, respectively. All the potentials quoted here, 

except noted, were converted to a reversible hydrogen electrode (RHE). A CV technique was 

then used for the electrochemical reduction treatment in which the potential range was 

repeated between 0.0 and −0.7 V with scan rate of 20 mV s−1 for 30 up to 1000 cycles. After 

the electrochemical treatment, the treated TaOx/GC electrode was taken out from the cell and 

subjected for various characterizations. For a control experiment, the same procedure was 

also applied for the bare GC electrode. 

 

2.3. Surface characterizations 
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Various measurements were performed to characterize the surface properties of electrode. 

To take the surface pictures for observing a color change, we used a commercially available 

digital camera and an optical microscope of VN-8010M (KEYENCE) with magnification of 

×1250. The images of surface morphology were collected using a field emission scanning 

electron microscope of S4700 (HITACHI). Meanwhile, the fine details of image were 

acquired from transmission electron microscopy (TEM) measurements by operating a 

transmission electron microscope of JEM-2010F (JEOL) with accelerated voltage of 200 kV. 

For the case of TEM samples, carbon-coated molybdenum grids (d = 3mm) were used as the 

substrate because the pure carbon one was deformed in a PC solvent.  

To examine chemical species on the electrode surface, X-ray photoelectron spectroscopy 

(XPS) measurements were carried out by operating an ESCA 3400 electron spectrometer 

(SHIMADZU). For these purposes, the analyzed area of electrode sample was 0.283 cm2.  

The measurements were conducted by using unmonochromatized X-ray source (Mg Kα (hυ= 

1253.6 eV) anode, emission current: 20 mA and acceleration voltage: 10 kV) under an ultra-

high vacuum (1 x 10−6 Pa) condition. An argon ion (Ar+) bombardment was performed to 

investigate the depth profile of TaOx by which 1.5 keV Ar+ ions generated from 5x10−4 Pa Ar 

atmosphere were sputtered onto the electrode surface. This etching rate is calculated to be 

equivalent to 4 Å min−1.29 To compensate the electrostatic charging, which is usually 

generated during XPS measurements, the obtained spectra were manually corrected to an 

internal reference spectra of C 1s at binding energy of 284.5 eV. Then, the corrected spectra 

were carefully deconvoluted using XPSPEAK 4.1 software. Particularly for the peaks of Ta 

species, a ratio of the area of Ta 4f5/2 and Ta 4f7/2 was fixed to be 1.23 with their binding 

energy gap of 1.87 eV. Meanwhile, a full width at half maximum value (FWHM) of the 

peaks was set at binding energy width of 1.4±0.5 eV. These parameters were acquired from 

the peaks of Ta2O5 species which were collected from three samples of the as-prepared 
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TaOx/GC electrode.  

 

3. Results and discussion 

3.1. Optical surface images  

We observed the color change of the surface before and after the electrochemical 

reduction treatment of the TaOx/GC electrode (Fig. 1). The as-prepared TaOx/GC electrode 

showed as a shiny black surface similarly to the bare GC disk electrode. After the treatment 

of 1000 cycles, the color of the surface became dark blue which could be seen only under 

light exposure and at dry condition (Fig. 1a). The change of surface color has been also 

known for the case of WOx in which it turns from transparent in the oxidized state to deep 

blue in the reduced one.30,31 

To obtain the enlarged, colorful images of the surface, we then performed optical 

microscopy measurements as shown in Figs. 1b, c and d. For this purpose, we used a GC 

plate electrode instead of the disk one to fit the sample holder.  

Before the TaOx deposition (Fig. 1b), the GC plate appeared as an inhomogeneous 

surface where some pores, which were seen as dark areas, still remained even after polishing 

with the same procedure for the bare GC disk electrode. After the deposition of TaOx, no 

apparent changes in the surface color and morphology were observed (Fig. 1c) due to the 

very low amount of the TaOx deposits and low magnification. Meanwhile, after the 

electrochemical treatment (Fig. 1d) the electrode surface became colored with alternate 

arrangement of blue and green. From these observations, we believe that the color change 

could be associated with a so-called structural color reflecting the change of TaOx 

morphology as we will discuss them in the next sections.32 

 

3.2. SEM and TEM characterizations 
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Electrochemical treatment commonly causes morphological changes of electrode surface. 

In particular, applying oxidative current produces a surface roughening 23,33,34. But, 

sometimes, the reverse effect (i.e., smoothing effect) is observed when the reductive current 

is applied. For example, Co-oxide film appears as fine particles with size of about 10 nm 

after exposing them to reductive treatment while anodic one results in the formation of 

cracks.35 The change of morphology can also be seen in the present case as demonstrated in 

the SEM and TEM images (Figs. 2 and 3). 

Before the treatment, (Figs. 2a and c), the TaOx species were seen as irregularly shaped 

particles with a wide range of size between 10 nm and 1 µm, and they were interconnected to 

form a framework with the estimated thickness as high as 1 µm.  After applying the electro-

reductive treatment (Figs. 2b and d), the surface morphology of the TaOx species was 

dramatically changed, i.e., the surface structure of the individual particles could not be 

distinguished. It seemed to become a very fine structure forming a smooth, homogenously 

compact layer with the thickness of ~25 nm which was thinner than that of the as-prepared 

TaOx. 

The internal morphology of the deposits was then examined using TEM images (Figs. 3a-

f). Before the electrochemical treatment (Figs. 3a and c), the TaOx deposits were seen to be 

agglomerated and consequently, to form a thick layered structure, being consistent with the 

SEM images (Fig. 2a). After the electrochemical treatment (Figs. 3b and d), they apparently 

become a thinner layer as indicated from its transparency, and some particles of TaOx with 

size between 100 and 200 nm were also observed. The TaOx particles might be integrated to 

form a thinner layer during the electrochemical treatment, while some of the TaOx species 

might still remain as particles. 

In the high-resolution images (Figs. 3e and f), a focus was taken on one TaOx particle for 

observing its detailed structure.  Before the treatment (Fig. 3e), the TaOx particle was seen to 
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be amorphous indicated by no apparent lattice fringe, which is consistent with the previous 

work.27 After the electrochemical reduction treatment (Fig. 3f), the TaOx particle seemed to 

become thinner with some black-dotted spots. According to the EDX data (Fig. 3g) there are 

some sulfur-containing species adsorbed onto the TaOx. 

 

3.3. XPS analyses 

Another effect that can be expected by the electrochemical reduction of TaOx/GC 

electrode is the change of chemical species. The most probable change that is possibly 

observed is the lowering of oxidation state of Ta from +5 of Ta2O5. The other possibility 

would be the presence of some new elements which may be introduced during the reduction 

processes of the electrodeposition of Ta and the electro-reductive treatment. To make these 

possibilities clear, we utilized XPS analyses as summarized in Figs. 4 and 5.  

At first, a survey scan was performed in the range of binding energy of 0 to 1000 eV as 

shown in Fig. 4a. For the sake of clarity, we show only up to 600 eV where the peaks of all 

possible metal contaminants, e.g., noble metals, can be observed.20,27 Noticeably, there 

appeared no peaks of such contaminants but two interesting observations were obtained; (1) 

the appearance of a new peak at binding energy of 170 eV assigned as S containing species 

and (2) an enhanced intensity of O response. The former confirms the EDX measurement 

(Fig. 3g) and is in a good agreement with the previous report for the case of TaCxOyNz during 

ORR electrocatalysis in sulfuric acid solution.36 

To address the presence of S containing species further, we examined the S species by 

focusing the measurement on S 2p spectra as shown in Fig. 4b. Before the CV treatment, no 

peaks corresponding to S containing species were expectedly observed at the TaOx/GC 

electrode. After 30 cycles of the CV treatment, two peaks at binding energies of 169.1 and 

160.4 eV assigned as SO4
2− and S/S2

2−, respectively, appeared.37 However, no further changes 
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in both intensity and position were observed after 1000 cycles. These results imply that the 

sulfate anions were chemisorbed on the TaOx during the electro-reductive treatment followed 

by its electro-reduction process producing the S/S2
2− species. 

Meanwhile, when the same electrochemical treatment was performed for the bare GC 

electrode (Fig. S1), no significantly intense peaks of S containing species were seen. This 

concludes that the sulfate anions would be adsorbed not on the GC but specifically on the 

TaOx. 

In consequence of the adsorption of sulfate, we can suggest that it is strongly related to 

the enhanced O intensity. Rationally, the four oxygen bonds in the adsorbed sulfate could 

cause addition of oxygen-containing species on the surface. Thus, this can be reflected in the 

enhanced intensity of O spectrum as illustrated in Fig. 4c. For example, after 30 cycles of the 

CV treatment, the intensity of this spectrum increased by about 2.5 times with a shift of  

binding energy towards higher value by about 1.7 eV. Further increase of the CV treatment 

up to 1000 cycles unchanged its intensity, but only a slight shift of its binding energy towards 

lower value was observed. This shift could be ascribed to the change of oxidation state of Ta 

as discussed later.  

Meanwhile, the C 1s spectrum (Fig. 4d), which is used as an internal reference, showed 

no significant differences before and after the reduction treatment. Only a little decrease of its 

intensity (10%) in respect to the initial value was measured at the electrode after 1000 cycles 

of the CV treatment. This might be caused by the formation of a compact layer of TaOx that 

hinders the penetration of electron beam into the base.38  

For the case of Ta2O5, it was expected to be reduced by applying the reductive CV 

treatment generating its reduced species, e.g, Ta4+ as in the case of heating treatment.23 For 

the sake of clearer observation of XPS spectra, we chose Ta 4f spectrum instead of Ta 5d one 

because the former possesses more intense response. We summarized the results in Fig. 5a 
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and Table 1. 

In the as-prepared TaOx/GC electrode, a couple of peaks located at binding energies of 

28.7±0.1 and 26.8±0.1 eV were observed (bottom). These peaks are attributed to the 

responses of Ta 4f5/2 and Ta 4f7/2, respectively, belonging to the most stable Ta2O5 species. 

These values are in a good agreement with those early reported by Mathieu and Landolt39 

(28.6±0.2 and 26.8±0.2 eV) and are close to those reported by Ota et al.36 (28.3 and 26.5 eV). 

On the other hand, Diaz et al.40 have reported the relatively lower ones, i.e., 27.9 and 26.0 eV.  

These slight differences may be due to the differences in preparation methods, deposition 

substrates and/or the internal references used in XPS measurements. 

After 30 cycles of the CV treatment (mid), the Ta2O5 peaks unexpectedly shifted towards 

higher binding energies by 0.4 eV. This shift was also followed by the appearance of a 

significant portion (25.4%) of reduced TaOx species at binding energies at 28.3 and 26.4 eV 

which can be assigned as Ta4+. A further reduction treatment by increasing the number of 

cycles, i.e., 1000 cycles (top), increased the peak intensity corresponding to the Ta4+ which 

became a dominant species (74.6%). At this stage, the other reduced species located at 

binding energies of 26.1 and 24.2 eV was also observed and assigned as Ta3+ species.  

However, a longer time reduction up to 6000 cycles demonstrated that the Ta4+ was still 

the dominant species, i.e., ~75%, without significant increase of the Ta3+ fraction.10 This 

finding implies that the present reduction technique was able to reduce the Ta5+ to produce 

Ta4+ species and less amount of Ta3+ species but no species with oxidation states lower than 

3+. 

One issue of the above results was the positive shift of binding energy by 0.4 eV. This 

might be caused by the adsorbed sulfate on the TaOx which is also reported by Ota et al.36 

They monitored a high-energy shift of the Ta2O5 by 0.3 eV during ORR which is ascribed to 
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the formation of Ta-SO4. The same phenomenon was also reported for other metal oxides due 

to their intrinsic properties.41−43  

However, in the present case the sulfate layer seemed to almost completely cover the 

TaOx surface. This was strongly indicated from the absence of Ta5+ species with binding 

energies similar to those in the as-prepared TaOx/GC electrode. To probe this issue, we 

attempted to etch the sulfate species using Ar+ bombardment for 1 min (Fig. 5b). As a result, 

all peaks of the reduced TaOx moved towards the lower values, and consequently, their 

binding energies became similar to those of the as-prepared TaOx/GC electrode. For example, 

after the Ar+ etching the peaks of Ta2O5 were 28.7 and 26.8 eV which moved negatively from 

30.1 and 27.2 eV (before the Ar+ etching). 

Meanwhile, the binding energies of Ta4+ became 25.7 and 23.8 eV. These values are by 

0.6 eV higher than those reported by Rossi et al..23 This large difference might be caused by 

the fact that our values for the Ta2O5 are by 0.4 eV higher than their ones. On the other hand, 

Ota et al. have assigned the Ta 4f peaks with binding energies of 25.9 and 27.9 eV or 0.4 eV 

lower than those of Ta2O5 as the Ta species near to oxygen vacancy defects.36 Thus, our 

finding on the formation of Ta suboxide species is consistent with those of previous works in 

which heat treatments are utilized. 

Furthermore, the Ar+ bombardment could also successfully uncover the real intensity of 

Ta 4f spectra of the reduced TaOx/GC electrode which was measured as high as 2.4 times 

relative to that of the TaOx/GC electrode before Ar+ bombardment. More importantly, the 

etching treatment caused no significant change in the composition of Ta. This can be noticed 

at the TaOx/GC after 30 cycles of CV treatment (mid) in which the Ta4+ fraction was 25.6% 

comparable to that before Ar+ etching (25.4%).  

In contrast, the Ar+ bombardment onto the as-prepared TaOx/GC electrode (bottom) 

obviously caused severe surface erosion on the TaOx resulting in 74% loss of its intensity. 

Page 12 of 33Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



13 
 

This also resulted in uncovering the composition of the core layer which consists of the 

oxides with oxidation states of Ta4+, Ta3+ and Ta2+. The erosion of layer also occurred on the 

adsorbed sulfate which was lost by approximately 82% (Fig. S2). Thus, this large destruction 

of sulfate layer might easily allow the electron penetration during XPS measurement 

uncovering the real responses of under-layered TaOx. 

 

3.4. Electrochemical characterizations 

Some metal oxides, e.g., WO3, IrO2, RuO2, have been shown as active electrocatalysts 

for HER.19−21,44−46 Interestingly, pretreatment of electrode by applying cathodic polarization 

is necessary to attain the highest HER activity as demonstrated in the very early report by 

Blouin and Guay.20 They mentioned that after cathodic polarization for up to 10 h, the HER 

activity on IrO2 and RuO2 increases by as high as 100 times compared with that before the 

activation.  

Similarly, the present treated TaOx electrode also exhibited a HER activity, i.e., it was 

significantly increased as the cycle number of reductive CV was increased as shown in Fig. 

6a. This figure was constructed by recording the potentials at which a cathodic current 

reached 1 mA cm−2. Apparently, the potential shifted to the lower value from −0.59±0.10 V 

at the first cycle to −0.39±0.04 V and −0.19±0.05 V after the 30th and 1000th cycles, 

respectively. 

On the other hand, in the case of bare GC electrode (Fig. S3), although the increased 

cathodic currents with increasing the cycle number of reductive CV were also observed 

presumably due to the reduction of graphitic oxides, their intensities were too low compared 

with those at the TaOx/GC. This is very reasonable because a bare GC electrode is not active 

electrocatalyst for HER.  

For comparison with previous works, the HER activity was further evaluated by using 
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linear sweep voltammetry (LSV) at a low scan rate of 5 mV s−1 in 0.5 M H2SO4 (Fig. 6b).  

The overpotentials to reach 0.1 mA cm−2 were 0.25±0.04 and 0.15±0.04 V for the TaOx/GC 

electrode at 30 and 1000 cycles of the CV treatment, respectively. Clearly, the treated 

TaOx/GC is significantly superior in HER activity to the TaxCyNz (~0.25 V).9 In comparison 

with other metal oxides, the activity of the treated TaOx also exceeds that of the WOx 

synthesized by hydrothermal method, which requires over 0.40 V of overpotential to reach 

the same cathodic current 44, but is inferior to that of the WOx activity prepared by a 

microwave-assisted hydrothermal method, which is comparable to that of Pt.46 The reduced 

TaOx is also a little inferior to the conductive oxides of noble metals, such as RuO2 and 

IrO2.
19–21 

Some metal oxides, e.g., WO3, RuO2 and IrO2, are also shown to be active not only for 

reducing proton in acidic solution but also for water reduction in alkaline solution.19,45−48 

Accordingly, we also tested the HER activity of the reduced TaOx/GC in 0.1 M KOH 

solution.  As can be concluded from the inset of Fig. 6b, no HER activity was noticed at the 

same potential range as in the acidic solution. This indicates that the reduced TaOx was 

unlikely able to reduce water in alkaline solution. 

 Beside HER activity, TaOx is also known as an active electrocatalyst for ORR which 

can be found in refs. 4−8,24. From the references, we summarize that the onset potentials can 

be observed at potential range between 0.80 and 1.00 V depending on the preparation method. 

To obtain a steady voltammogram, before the examination of ORR, the electrodes were 

potentially scanned between 0.05 and 1.30 V at scan rate of 50 mV s−1 for 10 cycles in O2-

saturated 0.1 M H2SO4 solution. The onset potentials of ORR on the reduced TaOx/GC and 

the bare GC electrodes were then measured as summarized in Fig. 7.  

We found that the onset potential of the reduced TaOx was 0.81±0.07 V and much more 

positive (by 0.74 V) than that of the bare GC electrode treated by the same method. This 
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value is close to that of the references4−8 and consistent with our previous result in which the 

TaOx was electrochemically reduced using a constant-potential polarization.24 Here it is 

noticed that the limiting current at the reduced TaOx was insignificantly increased compared 

to that at the bare GC electrode, implying an incomplete 4-electron reduction process at this 

TaOx which was confirmed by rotating ring-disk electrode voltammetric measurements.24 

We should mention here that the ORR activity of the reduced TaOx/GC electrode was 

obtained only on the electrode which was treated, as mentioned above, for at least 1000 

cycles. For the case of TaOx/GC electrode treated by 30 cycles, it did not show ORR activity 

at the potential region between 0.80 and 1.00 V but was still similar to that of the bare GC 

electrode. It seemed that the electrode suffered from oxidation at potential above 1.0 V during 

the potential scanning conducted before the measurements of ORR. This might be caused by 

the unstably small fraction (~25%) of the suboxide species generated by only 30 cycles of the 

electrochemical treatment (Fig. 5). 

Next, the stability of the reduced TaOx was investigated by potential cycling. It is 

important to study its feasibility for practical application where electrocatalysts particularly 

for ORR would be exposed up to potential of 1.5 V.49 In the previous report, a considerably 

good stability of TaOx has been achieved after 1000 cycles of CV test at potentials between 

0.6 and 1.23 V.6  

To create a severer condition that could greatly accelerate the dissolution and 

detachment of the deposits, the potential region of potential cycling test was extended −0.20 

~ 1.23 V. The negative potential of −0.20 V was set to easily monitor the HER activity 

without stopping the experiment (Fig. 8).  For this purpose, the reduced TaOx, which was 

produced by 1000 cycles of the CV treatment, was used as the sample. 

At the initial stage, the HER activity became clear after the first 50 cycles in a good 

agreement with the previous report for the case of ORR.6  Then, it gradually decreased as 
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seen from the fact that the cathodic currents decreased from 14.3 to 9.3 mA cm−2 (after 350 

cycles). We found that the decreased current was caused by some bubbles attached on the 

electrode surface. Thus, we rigorously removed them without stopping the experiment and as 

expected, the current was again increased to reach even higher current intensity of 17.1 mA 

cm−2.  

Starting from the stage, although we often removed the bubbles when they were formed 

and seemed to block the surface, the current was still continuously decreased. Finally, it 

reached 8.6 mA cm−2 or 33% loss in respect to the steady initial current, i.e., after the first 10 

cycles. The potential cycling might bring about the oxidation of the reduced TaOx into the 

stoichiometric phase, i.e., Ta2O5 and presumably, detachment of the deposits. However, the 

reduced TaOx could be still considered as a stable electrocatalyst since it its durability 

surpassed that of other non-noble metal HER electrocatalysts.37,50 Thus, we believe that the 

reduced TaOx would be applicable at least for hydrogen production since this severe 

condition would barely occur in the real situation. 

An intriguing phenomenon observed during the durability test is a dramatic enhancement 

of HER at the first 10 cycles as shown in the inset of Fig. 8. This was reproducible for all 

cases of the TaOx/GC which was treated by at least 1000 cycles and was consistent with what 

we found for the TaOx reduced at a constant potential (0.6 V) for 10 h.24 A similar 

observation has been also reported on RuO2 and even on pure Ti electrodes during cathodic 

and anodic scans, which is suggested to be due to H-chemisorption.20,45 The oxidation 

treatment also desorbed the adsorbed sulfate and sulfide layers that might result in generating 

more active sites of the reduced TaOx (Fig. S4).  

 

3.5. Origins of the electrocatalysis 

Three significant effects of the electrochemical reduction treatment that may contribute 
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to the electrocatalytic activities were observed in the present results. Firstly, as expected, the 

XPS data show strong evidences for the formation of Ta4+ species. We thus believe that this 

species may play an important role in the ORR and HER acting as the active sites. This is 

because a suboxide species possesses a lower work function than in the fully stoichiometric 

one.15–17 Thus, the lowering effect may facilitate the adsorption of O2 and H+ on the TaOx, 

and along with its capability of electron and proton transfers, the electrocatalytic reactions 

could be enhanced.51,52 

Secondly, the morphological change of deposits, which was transformed from irregularly 

shaped deposits to a homogenous layer, might result in increasing the number of active sites. 

This is supported from the fact that the intensity of Ta 4f spectra increased by 2.4 times (Fig. 

5) after the electro-reductive treatment. Furthermore, the thinner thickness produced after the 

treatment could also further reduce the electrical resistance of the oxide.53,54 

Thirdly, we also observed the formation of sulfide compounds adsorbed on the TaOx. 

Some metal sulfides are known as active HER electrocatalysts in acidic solution 37,55–57. 

However, the activity of the metal sulfides is lost by oxidation at potential higher than 0.6 V 

due to the oxidation of the sulfides resulting in their dissolution into electrolyte as sulfate.37 

This is in contrast to what we found for the reduced TaOx in which the HER activity was not 

greatly lost even by oxidation at potential of 1.23 V, albeit the adsorbed sulfides and sulfate 

were almost completely removed from the TaOx surface (Fig. S4). Thus, it seems that the 

sulfide formation on the reduced TaOx would not participate in the HER activity.  

There is also a concern of contribution from unknown impurities that might be 

introduced during the electrodeposition and reduction treatment. However, as discussed 

above, based on the XPS measurements, the control experiment of bare GC electrode and the 

examination of HER activity in alkaline solution we could strongly evidence that no 

impurities, particularly noble metals participated in the electrocatalysis. 
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4. Conclusions 

The effects of electrochemical reduction treatment on the composition and 

electrochemical properties of TaOx were examined. The morphology of the TaOx apparently 

changed, i.e., the irregularly shaped deposits became a layer. The Ta2O5 layer on the 

TaOx/GC electrode was obviously reduced to form its reduced species mainly as TaO2 with 

ratio of as high as ~75% with a small fraction of the oxide with oxidation state of 3+. The 

anions in electrolyte, namely as sulfate, were adsorbed on the TaOx during the treatment 

affecting its chemical states in which it became more oxidized state. In the XPS 

measurements, the chemisorbed sulfate also caused lowering of the intensity of Ta 4f spectra. 

Thus, an Ar+ bombardment for 1 min was likely necessary to obtain the real responses. The 

treated TaOx showed high electrocatalytic activities for ORR and HER with considerably 

good durability. These findings suggest that electrochemical reduction technique is an 

effective way to uncover the hidden potential of TaOx which was thought to be inactive in 

their bulk, stoichiometric form. 
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Table 1. Binding energies of Ta 4f5/2 obtained at TaOx/GC electrode before and after the 
electrochemical treatment for 30 and 1000 cycles. The Ar+ etching was performed for 1 min. 
 

Condition of 
TaOx/GC electrodes 

Binding energy (±0.1eV) 

Ta5+ Ta4+ Ta3+ Ta2+ 

Before 
After 
Ar+ 

etching 
Before 

After 
Ar+ 

etching 
Before 

After 
Ar+ 

etching 
Before 

After 
Ar+ 

etching 

As-prepared 28.7 28.9 – 27.9 – 26.2 – 25.2 

After 30 cycles 29.0 28.6 28.3 28.0 – – – – 

After 1000 cycles 29.1 28.8 28.4 27.9 – 26.1 – – 
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Figures caption 

 

Figure 1. Optical surface images obtained at (a) the TaOx/GC electrodes before and after the 

electrochemical reduction treatment for 1000 cycles, (b) bare GC plate, (c) TaOx 

on the GC plate, and (d) the treated TaOx on GC plate for 30 cycles. 

Figure 2. SEM images of the TaOx/GC (a and c) as-prepared and (b and d) after the 

electrochemical reduction treatment for 30 cycles. 

Figure 3. TEM images of the TaOx/GC (a, c and e) as-prepared and (b, d and f) after the 

electrochemical reduction treatment for 30 cycles. (g) EDX spectrum obtained for 

the region of (f) showing some sulfur (S)-containing species. The red arrows point 

out black-dotted regions which might be associated with the presence of S-

containing species. 

Figure 4. XPS spectra of (a) survey scan, (b) high resolution of S 2p, (c) O 1s and (d) C 1s 

obtained at the TaOx/GC as-repared and after the electrochemical reduction 

treatment for 30 and 1000 cycles. 

Figure 5. Ta 4f XPS spectra obtained at the TaOx/GC as-prepared and after the 

electrochemical reduction treatment for 30 and 1000 cycles (a) before and (b) 

after Ar+ etching for 1 min. 

Figure 6. (a) A plot of potential at current of −1 mA cm−2 versus number of potential cycling 

obtained at the TaOx/GC electrode during the electrochemical reduction treatment 

in 2 M H2SO4 solution at scan rate of 20 mV s−1. (b) Linear sweep 

voltammograms (LSVs) obtained at the TaOx/GC in 0.5 M H2SO4 solution at scan 

rate of 5 mV s−1 in which all electrodes were previously treated by the 

electrochemical reduction treatment for up to 1000 cycles. 

Figure 7. LSVs obtained at the TaOx/GC and bare GC electrodes in O2-saturated 0.1 M 

H2SO4 solution at scan rate 10 mV s−1 in which the two electrodes were 
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previously treated by the electrochemical reduction treatment for 1000 cycles. The 

inset figure shows the magnified curves to determine the onset potential. 

Figure 8. A plot of current at potential of −200 mV versus number of potential cycling during 

the durability test obtained at the reduced TaOx/GC electrode which was previously 

treated by the electrochemical reduction treatment for 1000 cycles. The test was 

performed by potential scanning between −0.2 and 1.23 V in N2-saturated 0.5 M 

H2SO4 solution. The inset figure shows the magnified graph at the first 100 cycles 

showing a dramatic enhancement of HER for the first 10 cycles. 
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Figures 

 

 

 

 

Figure 1. Awaludin et al. 
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Figure 2. Awaludin et al. 
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Figure 3. Awaludin et al. 
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Figure 4. Awaludin et al. 
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Figure 5. Awaludin et al. 
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Figure 6. Awaludin et al. 
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Figure 7. Awaludin et al. 
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Figure 8. Awaludin et al. 
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