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Abstract: To investigate the electrochemical reduction mechanism of Ta(V) in ethylene carbonate and aluminum 
chloride (EC−AlCl3) solvate ionic liquid, cyclic voltammetry experiments were conducted on a tungsten working 
electrode. Four reduction peaks were observed in the cyclic voltammogram of the EC−AlCl3−TaCl5 ionic liquid. The 
reduction peaks at −0.55, −0.72, and −1.12 V (vs Al) were related to the reduction of Ta(V) to tantalum metal by three 
stages including the formation of Ta(IV) and Ta(III) complex ions. The reduction of Ta(III) to tantalum metal was an 
irreversible diffusion-controlled reaction with a diffusion coefficient of 3.7×10−7 cm2/s at 323 K, and the diffusion 
activation energy was 77 kJ/mol. Moreover, the cathode products at 323 K were characterized by scanning electron 
microscopy, energy-dispersive spectroscopy, and X-ray photoelectron spectroscopy. The results showed that tantalum 
metal and tantalum oxides were obtained by potentiostatic electrodeposition at −0.8 V for 2 h. 
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1 Introduction 
 

Biomedical metallic materials are widely used 
in medical fields such as orthopedics, dentistry, and 
cardiovascular stent intervention. Tantalum is an 
ideal medical material with good corrosion 
resistance and biocompatibility [1], but its 
expensive price limits its wide application. To 
reduce the cost of tantalum metal, it is feasible and 
promising to prepare metallic tantalum coatings on 
the surface of a relatively inexpensive and easy 
processing alloy. 

The chemical vapor deposition (CVD) is an 

important method for surface coating preparation. 
YU et al [2] studied the effects of the hydrogen 
flow rate and deposition temperature on the surface 
quality of tantalum coatings prepared by CVD. In 
addition, tantalum coatings can be prepared by 
magnetron sputtering and arc ion plating [3−5]. 
MAENG et al [3] produced tantalum coatings with 
good corrosion resistance by cylindrical magnetron 
sputtering on the surface of AISI 4340 steel. 
CHENG et al [5] used the arc ion plating technique 
to prepare tantalum on the surface of a Ni−Ti alloy, 
and the corrosion current density in a 0.9% NaCl 
solution at 310 K was 0.75 μA/cm2. The tantalum 
coating prepared by the above methods can improve 
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the corrosion resistance and biocompatibility of 
conventional medical metal substrates, but it is 
difficult to accommodate the internal and dead 
angles of irregularly shaped matrix materials. 

Electrodeposition in room temperature ionic 
liquid is a new idea for preparing tantalum coatings 
on the surface of traditional biomedical metallic 
materials. ABEDIN et al [6,7] prepared tantalum 
coatings with a thickness of 300 nm on Pt and 
Au(111) substrates from a 1-butyl-1-methylpyrrole 
bistrifluoromethylsulfonimide ([BMP]Tf2N) ionic 
liquid containing 0.25 mol/L LiF and 0.5 mol/L 
TaF5 at 473 K. NAHRA et al [8] studied the 
electrochemical reduction of TaF5 in a 1-butyl- 
3-methyl pyrrolidinium bis(trifluoromethyl sulfonyl) 
imide ([BMP]TFSI) ionic liquid. The results 
showed that TaF5 was reduced to metallic tantalum 
at potentials from −0.9 to −2.0 V (vs Pt), and the 
reduction peaks appearing more negative than   
−2.0 V (vs Pt) were ascribed to the reduction     
of TaF6

− or TaF7
2− complex ions. Moreover, 

1-butyl-1-methylpyrrole bistrifluoromethylsulfon- 
amide ([BMP]TFSA) ionic liquid was considered to 
be suitable for tantalum electrodeposition due to its 
wide electrochemical window (5.6 V) [9]. When 
0.25 mol/L LiF is added to the [BMP]TFSA ionic 
liquid, a tantalum coating with a thickness of 1 μm 
can be deposited on the stainless steel substrate. 
BORISENKO et al [10] investigated the electro- 
chemical behavior of TaF5 in [BMP]TFSA. The 
results demonstrated that TaF5 was reduced to TaF3 
at −1.0 V (vs Pt), while TaF3 was reduced to TaF2, 
TaF1.5, Ta2F and metallic tantalum at potentials 
between −1.2 and −2.3 V (vs Pt). ISPAS et al [11] 
found that tantalum could not be deposited in 
[EMIm]TFSA ionic liquid, whereas the electro- 
deposition of tantalum in [BMP]TFSA ionic liquid 
was feasible at room temperature, and the applied 
potential ranged from −2.0 to −2.3 V (vs Pt). In 
addition, MAIS et al [12] synthesized Cu−Ta 
deposits from [BMP]TFSA−TaF5−LiF ionic liquid 
at −1.8 V (vs Pt) and 398 K. 

Studies were also carried out using TaCl5 as a 
starting material to electrodeposit tantalum coatings 
at low temperature. BARNARD et al [13] studied 
the mechanism of tantalum electrodeposition in 
1-methyl-3-ethylimidazolium chloride−aluminum 
chloride (MeEtImCl−AlCl3) ionic liquid at 313 K. 
The results indicated that TaCl5 combined with Cl− 
to form TaCl6

−, and the electrochemical reduction of 

TaCl5 proceeded by two steps, namely, Ta(V)→ 
Ta(III)→Ta. SATO et al [14] prepared an Al−Ta 
alloy with a maximum Ta content of 72% from 
NaCl−KCl−AlCl3 melts at 423 K. JO et al [15] 
produced nanoparticles of tantalum (~10 nm) on  
the surface of carbon black from acetonitrile     
at room temperature. XIE et al [16] reported    
that the electrodeposition of tantalum in a 
1-butyl-3-methylimidazolium hexafluorophosphate 
([BmIm]PF6) ionic liquid was a two-step reaction, 
namely, Ta(V)→Ta(III)→Ta. The products obtained 
by potentiostatic electrodeposition at −1.25 V (vs Pt) 
were mixtures of tantalum and tantalum subchloride. 
Although tantalum can be electrodeposited from  
the abovementioned ionic liquids, oxofluoride 
complexes of Ta(V) and subvalent metal halide 
clusters such as TaOCl4

− and 2
6 12Ta Cl   were found 

to prevent the continuous electrodeposition of 
tantalum. In addition, the above ionic liquids are 
relatively expensive, which greatly limits the 
commercial promotion and industrial production of 
tantalum coatings. 

Recently, our research group has developed a 
novel room temperature solvate ionic liquid 
consisting of ethylene carbonate and aluminum 
chloride (EC−AlCl3), which exhibits the advantages 
of low cost, high stability, and good solubility of 
metal chlorides. This system is suitable for electro- 
deposition of active materials such as Al, Li, and 
Al−Nd alloys under ambient conditions [17−19]. 
However, few studies have been devoted to the 
electrodeposition of tantalum in solvate ionic 
liquids. In this work, the feasibility and 
electrochemical mechanism of tantalum electro- 
deposition in the EC−AlCl3 solvate ionic liquid was 
thoroughly explored. 
 
2 Experimental 
 

Ethylene carbonate (EC, 98 wt.%), aluminum 
chloride (AlCl3, 99 wt.%), and tantalum chloride 
(TaCl5, 95 wt.%) were purchased from Shanghai 
Aladdin Bio-Chem Technology Company Limited, 
China. The preparation of the ionic liquid was 
carried out in a glove box (MB 200B, Braun, 
Germany) filled with argon gas (99.99%), wherein 
the contents of water and oxygen were less than  
0.1 μg/g. Firstly, certain amounts of EC and AlCl3 
(molar ratio 1:0.2) were ground into powders, 
respectively. Secondly, the AlCl3 powder was 
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slowly added to a beaker filled with EC powder, 
and a glass rod was used to stir continuously until 
the powders were evenly mixed. Then, a clear and 
transparent solution was obtained and placed on a 
magnetic heating plate. Finally, the EC−AlCl3− 
TaCl5 (molar ratio 1:0.2:0.003) solvate ionic liquid 
was prepared by adding TaCl5 powder into the 
EC−AlCl3 solution with magnetic stirring. 

The electrochemical experiments were 
conducted in a glove box using an electrochemical 
workstation (CHI660E, Shanghai Chenhua 
Instrument Company Limited). Two tungsten wires 
(99.95%) were used as the working electrode and 
counter electrode, while an aluminum wire (99.99%) 
was used as the reference electrode. Prior to 
electrochemical measurements, each electrode was 
polished with different sizes of sandpapers and 
washed with ethanol. 

The electrodeposition experiments were also 
performed in the glove box using an 
electrochemical workstation with a three-electrode 
system. The working electrode and counter 
electrode were tungsten sheets (99.95%), while the 
reference electrode was an aluminum wire. After 
the electrodeposition experiment, the working 
electrode was washed with acetonitrile, ethanol,  
and deionized water to remove the remaining 
electrolytes on the surface of the tungsten sheet. In 
addition, the surface morphology of the product 
was observed using scanning electron microscopy 
(SEM, EVO18, Carl Zeiss, Germany). Energy- 
dispersive spectrometer (EDS, X-Max−80, Oxford, 
UK), which was combined with the scanning 
electron microscopy system, was used to semi- 
quantitatively determine the elemental contents of 
the deposits. The chemical state of tantalum in the 
deposits was characterized by X-ray photoelectron 
spectroscopy (XPS, Axis Ultra DLD, Kratos, 
Japan). 
 
3 Results and discussion 
 
3.1 Cyclic voltammetry curves of EC−AlCl3 ionic 

liquid 
Cyclic voltammetry (CV) was carried out to 

study the electrochemical behavior of Al(III) ions in 
the EC−AlCl3 solvate ionic liquid. The CV curves 
of EC and the EC−AlCl3 solvate ionic liquid at  
323 K are shown in Fig. 1. There was no reduction 
or oxidation peak at potentials scanned from 1.5 to 

−2.0 V (vs Al) in the CV curve of the EC solutions, 
indicating that the electrolyte was electrochemically 
stable within this potential range. When AlCl3 was 
added to the EC solutions, the CV curve (as seen in 
the blue curve of Fig. 1), which recorded over a 
potential range from 1.5 to 0.4 V (vs Al) 
demonstrated an apparent reduction peak at 0.53 V 
(vs Al), and the corresponding oxidation peak was 
found at 0.63 V during the reverse sweep. When the 
CV curve (as seen in the red curve of Fig. 1) was 
measured over a potential range from 1.5 to −0.9 V 
(vs Al), it is interesting that two reduction peaks 
were detected at 0.53 and −0.75 V (vs Al); in the 
backward scan, two oxidation peaks were found at 
0.63 and 0.27 V (vs Al), respectively. Compared 
with the CV curve of the EC solution, two pairs of 
redox peaks in the CV curve of the EC−AlCl3 
solvate ionic liquid were believed to involve the 
redox reaction of Al(III) complex ions. 
 

 
Fig. 1 Cyclic voltammograms of EC and EC−AlCl3 

(molar ratio 1:0.2) solvate ionic liquid at 323 K and scan 

rate of 60 mV/s 

 
According to the findings of research 

conducted by ZHANG et al [17], the EC−AlCl3 
solvate ionic liquid primarily consists of the AlCl4

−    
anion, charge-neutral [Al3(EC)2] complexes, and 
[AlCl2(EC)4]

+ complex cation. Furthermore, it was 
suggested that metallic aluminum was formed by 
electrochemical reduction of the [AlCl2(EC)4]

+ 
complex cation, which can be represented by    
the equation 2[AlCl2(EC)4]

++3e→Al+AlCl4
−+8EC. 

However, two pairs of apparent reduction and 
oxidation peaks were found in the CV curve of the 
EC−AlCl3 solvate ionic liquid (molar ratio 1:0.2). 
Considering the studies of CARLIN et al [20],  
LEE et al [21], and JIANG et al [22], a pair of 
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minor peaks corresponding to the underpotential 
deposition (UPD) of aluminum can be found at a 
potential more positive than that of bulk  
aluminum deposition in the AlCl3−1-ethyl-3-methyl 
imidazolium chloride ([EMIm]Cl) ionic liquid. 

Therefore, the minor redox peaks A and A'  
(Fig. 1) were related to the UPD and anodic 
stripping of aluminum on the tungsten electrode. 
Similarly, the UPD of aluminum from AlCl3-based 
electrolytes was reported by ZHAO et al [23] in 
aluminum chloride−trimethyl phenylammonium 
chloride and by ZELL et al [24] in aluminum 
chloride−1-methyl-3-butylimidazolium chloride 
ionic liquid. 
 
3.2 Electrochemical behavior of Ta(V) in EC− 

AlCl3−TaCl5 ionic liquid 
To study the electrochemical reduction of  

Ta(V) complex ions in the EC−AlCl3−TaCl5 (molar 
ratio 1:0.2:0.003) solvate ionic liquid at 323 K, a 
cyclic voltammetry curve was recorded at a scan 
rate of 60 mV/s using a tungsten wire as the 
working electrode. As shown in Fig. 2, the CV 
curve of the EC−AlCl3−TaCl5 (molar ratio 
1:0.2:0.003) solvate ionic liquid was compared with 
that of EC and EC−AlCl3 (molar ratio 1:0.2) 
electrolytes. 
 

 
Fig. 2 Cyclic voltammograms of EC, EC−AlCl3   

(molar ratio 1:0.2), and EC−AlCl3−TaCl5 (molar ratio 

1:0.2:0.003) solvate ionic liquid at 323 K and scan rate 

of 60 mV/s 

 
It can be seen from Fig. 2 that there were no 

redox peaks in the CV curve of the EC system, 
indicating that the EC solution was very stable 
within the potential range from 1.5 to −2.0 V (vs 
Al). When AlCl3 was added into the EC solutions, 

apparent redox peaks were detected and assigned to 
the bulk deposition of aluminum. The current 
density of the aluminum reduction peak was 
approximately 1.05 mA/cm2, which was much 
smaller than that of the reduction peaks in      
the EC−AlCl3 ionic liquid containing TaCl5  
(~8.06 mA/cm2). The current signal of aluminum 
reduction disappeared in the CV curve of the 
EC−AlCl3−TaCl5 solvate ionic liquid due to the 
reaction of [AlCl2(EC)4]

+ cations with TaCl5     
to form [TaxClm(EC)n]

5x−m complex electroactive 
species [17,25]. Notably, four reduction peaks 
appeared at −0.20, −0.55, −0.72, and −1.12 V   
(vs Al). Obviously, these reduction peaks were 
believed to involve the redox reaction of Ta(V) 
complex ions. 

According to Refs. [7,12], TaF3 species are 
stable in TaF5-containing ionic liquids such as 
[BMP]TFSA−TaF5, and two reduction peaks were 
observed in the CV curve, indicating that the 
electrochemical reduction of Ta(V) was a two-step 
mechanism including the reduction of Ta(V) 
complex ions to Ta(III) species. In addition, four 
reduction peaks were observed by BABUSHKINA  
and SILVIA [26] in the CV curve of the 1-butyl- 
1-methylpyrrolidinium chloride (Pyr14Cl)−TaCl5 
ionic liquid. It was suggested that the first reduction 
peak was assigned to the reduction of oxochloride 
complexes of Ta(V) to tantalum oxides. The second 
reduction peak was attributed to the reduction of 
Ta(V) ([TaCl6]

−) to Ta(IV) ([TaCl6]
2−) complex ions, 

while the third and fourth reduction peaks were 
related to the reduction of Ta(IV) ([TaCl6]

2−) to 
Ta(III) ([TaCl6]

3−) complex ions and the further 
reduction of Ta(III) complex ions to metallic 
tantalum, respectively. Therefore, the reduction 
peak observed at −0.20 V (vs Al) in the CV curve of 
EC−AlCl3−TaCl5 (peak C in Fig. 2) was due to the 
reduction of Ta(V) chloride complexes, while the 
oxidation peak C' was assigned to the irreversible 
oxidation of Cl− anion with Cl2 evolution [16,26]. 
Furthermore, the reduction peaks at −0.55, −0.72, 
and −1.12 V may be attributed to the reduction of 
Ta(V) complex ions to metallic tantalum by a 
three-step process including the electrolytic 
formation of Ta(IV) and Ta(III) complex ions. In 
the reverse scan in Fig. 2, the oxidation peaks F', E', 
and D' can be ascribed to the oxidation of metallic 
tantalum to Ta(III), Ta(IV), and Ta(V) complex ions, 
respectively. 
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Figure 3 presents the cyclic voltammograms of 
the EC−AlCl3−TaCl5 solvate ionic liquid at 323 K 
and different scan rates. The scan rates were set as 
40, 60, 80, 100, 120, and 140 mV/s. According to 
the above discussion, the reduction peaks D and E 
in Fig. 3 corresponded to the reduction of Ta(V) to 
Ta(IV) and the subsequent reduction of Ta(IV) to 
Ta(III), respectively, while the reduction peak F 
was due to the reduction of Ta(III) to tantalum. As 
the scan rates increased from 40 to 140 mV/s, the 
potentials of the reduction peaks moved toward 
more negative values, while the potentials of the 
oxidation peaks moved toward more positive values. 
In addition, the current densities of the reduction 
peaks increased with increasing scan rates, 
indicating that the reduction of Ta(III) complex ions 
to metallic tantalum was an irreversible process 
controlled by diffusion [26]. 
 

 
Fig. 3 Cyclic voltammograms of EC−AlCl3−TaCl5 

(molar ratio 1:0.2:0.003) solvate ionic liquid at 323 K 

and different scan rates of 40, 60, 80, 100, 120, and  

140 mV/s 

 

For an irreversible electrode reaction, the 
transfer coefficient was linearly related to the 
differences between the reduction peak potentials 
and the reduction half-peak potentials, which can be 
presented as Eq. (1) [27]: 

 
|φp−φp/2| =1.857RT/(αnF)                   (1) 

 
where φp is the potential of the reduction peak (V), 
φp/2 is the potential of the reduction half-peak (V), R 
is the mole gas constant (8.314 J/(Kꞏmol)), T is the 
thermodynamic experimental temperature (323 K), 
α is the transfer coefficient, n is the number of 
electrons transferred during the reduction reaction, 
and F is the Faraday constant (96500 C/mol). 

According to Eq. (1) and data derived from 

reduction peak F (Ta(III)/Ta) in the cyclic 
voltammograms of the EC−AlCl3−TaCl5 solvate 
ionic liquid in Fig. 3 at different scan rates (Table 1), 
the average value of transfer coefficient α was 
calculated to be 0.2 at 323 K. Moreover, the 
diffusion coefficient (D) of the tantalum complex 
species during the electrochemical reduction 
process can be determined according to the 
Randles−Sevcik equation [27]: 

 
Jp=0.4958nFC0(αnF/RT)1/2D1/2v1/2                  (2) 

 
where Jp is the current density of the reduction peak 
(A/cm2), C0 is the bulk concentration of tantalum 
complex species (mol/mL), D is the diffusion 
coefficient of tantalum complex species (cm2/s), 
and v is the potential scan rate (V/s). 
 
Table 1 Data derived from reduction peak F (Ta(III)/Ta) 

in cyclic voltammograms of EC−AlCl3−TaCl5 (Fig. 3) at 

different scan rates 
φP/ 
V 

φp/2/ 
V 

|φp−φp/2|/
V 

α 
v1/2/ 

(V1/2ꞏs−1/2） 
Jp/ 

(mAꞏcm−2)
−1.07 −0.85 0.22 0.24 0.20 −7.30 

−1.12 −0.88 0.24 0.21 0.24 −8.10 

−1.15 −0.89 0.26 0.20 0.28 −8.60 

−1.17 −0.90 0.27 0.19 0.31 −9.10 

−1.19 −0.91 0.28 0.19 0.35 −9.60 

−1.20 −0.92 0.28 0.19 0.37 −10.10 

 
It can be demonstrated from the inset curves of 

Fig. 4 that there is a linear correlation between the 
current density of reduction peak F (Jp) and the 
square root of the scan rate (v1/2), suggesting that 
the reduction of Ta(III) complex ions to metallic 
tantalum was a diffusion-controlled process. 
Therefore, the values of Jp/v

1/2 at 323 K can be 
obtained from the slope of the inset curves of Fig. 4. 
Substituting these data into Eq. (2), the diffusion 
coefficient of tantalum complex species in the 
EC−AlCl3−TaCl5 (molar ratio 1:0.2:0.003) solvate 
ionic liquid at 323 K was determined to be  
3.7×10−7 cm2/s. 

Furthermore, cyclic voltammetry experiments 
of the EC−AlCl3−TaCl5 (molar ratio 1: 0.2: 0.003) 
solvate ionic liquid were carried out at different 
temperatures ranging from 303 to 333 K (as shown 
in Fig. 4). Based on the Randles−Sevcik equation, 
the diffusion coefficients of tantalum complex 
species at 303, 313, and 333 K were calculated   
to be 0.6×10−7, 1.5×10−7, and 9.7×10−7 cm2/s, 
respectively, which was mainly caused by the  
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Fig. 4 Cyclic voltammograms of EC−AlCl3−TaCl5 (molar ratio 1:0.2:0.003) solvate ionic liquid at different 

temperatures: (a) 303 K; (b) 313 K; (c) 323 K; (d) 333 K (Inset curves demonstrate relationship between current density 

of reduction peak F (Jp) and v1/2) 

 
decreased viscosity of the solvate ionic liquid with 
increasing experimental temperature [28]. 

According to the Arrhenius equation, the 
logarithm of the diffusion coefficient (ln D) of 
tantalum complex species in the EC−AlCl3−TaCl5 
(molar ratio 1: 0.2: 0.003) solvate ionic liquid was 
linearly related to the reciprocal of temperature 
(T−1), which can be presented as Eq. (3) [29]: 
 
ln D=ln D0−Ea/(RT)                      (3) 
 
where D is the diffusion coefficient (cm2/s), D0 is 
the frequency factor (cm2/s), and Ea is the diffusion 
activation energy (J/mol). The diffusion coefficient 
(ln D) of the tantalum complex species in the 
EC−AlCl3−TaCl5 solvate ionic liquid at 
temperatures of 303−333 K was calculated 
according to the Randles−Sevcik equation. 
Therefore, the value of the diffusion activation 
energy Ea can be obtained from the slope of Fig. 5. 
Substituting these data into Eq. (3), the diffusion 
activation energy of the tantalum complex species 
was determined to be 77 kJ/mol. 

 

 
Fig. 5 Natural logarithm of diffusion coefficient ln D of 
tantalum complex species in EC−AlCl3−TaCl5 (molar 
ratio 1:0.2:0.003) solvate ionic liquid as function of 
reciprocal of temperature 
 
3.3 Electrodeposition of Ta in EC−AlCl3−TaCl5 

ionic liquid 
According to the results from cyclic 

voltammetry (Fig. 2), the reduction peaks at −0.55 
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and −0.72 V (vs Al) corresponded to the reduction 
of Ta(V) to Ta(IV) and the subsequent reduction of 
Ta(IV) to Ta(III), respectively, while the reduction 
peak at −1.12 V (vs Al) was due to the reduction of 
Ta(III) to tantalum. To study the feasibility of 
tantalum electrodeposition in the EC−AlCl3−TaCl5 

electrolyte, experiments were carried out at various 
potentials stepped from −0.4 to −1.6 V (vs Al) for  
2 h. The SEM images and corresponding EDS 
spectra of the electrodeposits on the surface of 
tungsten sheets are shown in Figs. 6 and 7, 
respectively. 

 

 
Fig. 6 SEM images of electrodeposits obtained from EC−AlCl3−TaCl5 solvate ionic liquid on surface of tungsten sheets 

at 323 K for 2 h at different potentials: (a) −0.4 V; (b) −0.8 V; (c) −1.2 V; (d) −1.6 V 
 

 
Fig. 7 EDS spectra of electrodeposits obtained from EC−AlCl3−TaCl5 solvate ionic liquid at 323 K for 2 h (σ stands for 

standard deviation): (a) −0.4 V; (b) −0.8 V; (c) −1.2 V; (d) −1.6 V 
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When the applied cathode potential was   
−0.4 V (vs Al), the tungsten substrate (working 
electrode) showed signs of corrosion due to the 
acidic EC−AlCl3−TaCl5 solvate ionic liquid, and no 
metallic tantalum was deposited on the tungsten 
electrode (Fig. 7(a)). When the applied cathode 
potential was −1.2 V (vs Al), the tungsten substrate 
was seriously corroded (Fig. 7(c)). The EDS 
spectrum in Fig. 7(c) demonstrated that the main 
component of the product was tungsten, and no 
metallic tantalum was formed on the tungsten 
substrate. When the applied cathode potential 
reached −1.6 V (vs Al), it can be seen that the 
tungsten substrate was corroded more seriously, and 
the surface of the substrate was divided into a 
number of cracks (Fig. 7(d)). Moreover, EDS point 
analysis in Fig. 7(d) indicated that the deposits 
consisted of chloride, oxygen, tungsten, carbon, 
aluminum, zinc and a small quantity of tantalum. 
The existence of oxygen was possibly caused by 
ambient air oxidation after the electrodeposition 
experiment. Although signals of aluminum and 
tantalum were detected on the surface of the 
tungsten substrate, the mass fraction of chloride 
was 22.7%, indicating that the aluminum and 
tantalum were mainly derived from residual 
EC−AlCl3−TaCl5 electrolyte. 

When the applied cathode potential was   
−0.8 V (vs Al), small and irregularly shaped 
particles were formed on the surface of the tungsten 
substrate, but the coating was extremely sparse and 
nonuniformly distributed. It can be seen from the 
EDS spectrum (Fig. 7(b)) that the mass fraction of 
tantalum was as high as 38.7%, and the mass 
fraction of aluminum was 2.0%. In addition, the 
mass fraction of oxygen was determined to be 
18.6%, which may be due to the formation of 
tantalum oxide intermediates [30]. It is worth 
noting that the chloride mass fraction of the 
deposits was 6.8%, and the molar ratio of tantalum 
to chloride was calculated to be 1.1:1, indicating 
that the electrodeposits at −0.8 V (vs Al) were 
mixtures of metallic tantalum and tantalum 
complexes. 

Figures 8(a, b) show SEM, corresponding EDS 
mapping images of electrodeposits obtained from 
EC−AlCl3−TaCl5 solvate ionic liquid on tungsten 
substrates at 323 K and −0.8 V (vs Al), respectively. 
As shown in Fig. 8(b), elements O, Cl, W, and   
Ta were dispersed throughout the coating obtained 
by electrodeposition at −0.8 V (vs Al) and 323 K 
for 2 h. The XPS spectra of the electrodeposits are 
shown in Figs. 8(c) and (d). It is noted that no    
Cl could be detected in the XPS spectrum, and the 

 

 
Fig. 8 SEM (a) and corresponding EDS mapping (b) images of electrodeposits obtained from EC−AlCl3−TaCl5 solvate 

ionic liquid on tungsten substrates at 323 K and −0.8 V (vs Al) for 2 h, XPS spectrum of electrodeposits (c) and 

high-resolution XPS spectrum of Ta 4f and Ta 5p peaks (d) 
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peaks occurring around the binding energies of 532 
and 27 eV confirmed existence of the elements O 
and Ta. Furthermore, the binding energies 
corresponding to Ta 4f were between 22 and 30 eV, 
suggesting that tantalum was either metallic 
tantalum or tantalum bound to oxygen (probably 
Ta2O5, TaO2, and TaO). 

According to the findings of the research 
conducted by KERREC et al [30] and ISPAS     
et al [11], tantalum can be oxidized and form 
compounds with oxygen if the tantalum coating is 
exposed to air. The formation of tantalum oxide 
intermediates led to the passivation of the electrode, 
which prevented the diffusion of tantalum species 
[TaxClm(EC)n]

5x−m and the subsequent electrolytic 
formation of metallic tantalum. Thus, it is 
extremely difficult to prepare uniform and compact 
tantalum coatings by electrodeposition in EC− 
AlCl3−TaCl5 (molar ratio 1:0.2:0.003) solvate ionic 
liquid. To the best of our knowledge, the 
electrodeposition of tantalum in ionic liquid may 
achieve success via induced codeposition with 
transition metals such as copper, cobalt, and  
nickel [12,31,32]. 
 
4 Conclusions 
 

(1) Two reduction peaks appeared at 0.53  
and −0.75 V (vs Al) in the cyclic voltammogram of 
the EC−AlCl3 (molar ratio 1:0.2) ionic liquid, 
which correspond to the underpotential deposition 
of aluminum and the deposition of bulk aluminum, 
respectively. 

(2) Four reduction peaks were observed in the 
cyclic voltammogram of the EC−AlCl3−TaCl5 
(molar ratio 1:0.2:0.003) solvate ionic liquid. The 
reduction peaks at −0.55, −0.72, and −1.12 V (vs Al) 
were ascribed to the reduction of Ta(V) to Ta(IV), 
the subsequent reduction of Ta(IV) to Ta(III), and 
the further reduction of Ta(III) to tantalum metal, 
respectively. 

(3) The reduction of Ta(III) to tantalum metal 
is an irreversible reaction controlled by diffusion, 
and the diffusion coefficient increased from 
0.6×10−7 to 9.7×10−7 cm2/s as the temperature 
increased from 303 to 333 K. 

(4) Electrodeposition experiments showed that 
the deposits obtained on the surface of the tungsten 
substrate by electrodeposition at −0.8 V (vs Al) for 
2 h were tantalum and tantalum oxides. 
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钽在碳酸乙烯酯−氯化铝溶剂化离子液体中的电化学行为 
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摘  要：以钨丝为工作电极，通过循环伏安法研究碳酸乙烯酯−氯化铝(EC−AlCl3)溶剂化离子液体中 Ta(V)的电化

学还原机理。在 EC−AlCl3−TaCl5离子液体的循环伏安曲线中出现 4 个还原峰，其中−0.55、−0.72 和−1.12 V(vs Al)

处还原峰对应的反应为 Ta(V)络合离子三步还原为金属钽，包括 Ta(IV)和 Ta(III)络合离子的形成。络合离子   

Ta(III)被还原为金属钽的过程受扩散控制且不可逆，其在 323 K 下的扩散系数为 3.7×10−7 cm2/s，扩散活化能为   

77 kJ/mol。另外，对 323 K 下的阴极产物进行扫描电子显微镜、能量分散光谱和 X 射线光电子能谱分析。结果     

表明，在−0.8 V 下恒电位电沉积 2 h 的产物为金属钽和钽的氧化物。 

关键词：电化学行为；离子液体；循环伏安法；氯化铝；钽 
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