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ABSTRACT

The electrochemistry of tantalum(V) species in sodium fluorochloroaluminate melts (10 mole percent NaF) has been
investigated in the temperature range of 200 to 450°C using cyclic, normal pulse, and square wave voltammetries, exhaus-
tive electrolysis, Raman and electronic spectroscopies, and x-ray diffraction methods. The electrochemical behavior of
tantalum(V) is strongly dependent on temperature. Three main reduction waves are observed at a temperature of 300°C or
higher. The first and second reduction waves merge into one wave at temperatures below 300°C The first reduction wave
is associated with the reduction of tantalum(V) to tantalum(IV) species followed by a dimerization reaction which occurs
very slowly at lower temperatures. The second reduction wave is believed to be the reduction of the tantalum(IV) dimer,
Taf*, to a tantalum(III) species (probably Taf"). The tantalum(IIl) species decomposes resulting in the formation of the
cluster, Ta,Cl¥. The last reduction wave is assigned to the reduction of the trivalent tantalum species to a divalent tantalum
species, which is highly unstable and decomposes to form the tantalum cluster, Ta,Cl%, and metallic tantalum. The clusters

are slowly reduced to metallic tantalum.

The electrochemistry of tantalum is complicated by the
existence of various compounds with different oxidation
states, such as Ta®, Ta*, Ta*, Ta;>, Tal*, Ta’* in AlCl,-
NaCl melts.>® McCarley et al.*® reported that anhydrous
low-valent tantalum halides can be synthesized by the re-

duction of tantalum(V) halides with aluminum metal at

appropriate temperatures. The electrolytic reduction and
oxidation of tantalum and other refractory metal species in
molten halide salts,”® organic solvents," and room temper-
ature melts'® have received considerable attention, since
these metals generally have very high melting points and
high corrosion resistance.

We are interested in the electrochemistry and electro-
plating of refractory metals such as Nb, Ta, and W in alkali
chloroaluminate and fluorochloroaluminate melts.
von Barner et al.’ have recently reported electrochemical
and spectroscopic studies of tantalum species in AlCI;-
NaCl melts at 160-300°C. Tantalum(V) forms two different
species, TaCl; and TaCls, in basic (AlCl;/NaCl mole ratio
<1) and moderately acidic A1Cl,-NaCl melts.**® In addition,
TaOCl; is formed in basic melts in the presence of small
amounts of oxide ions.? The reduction of tantalum(V) in an
acidic AlCl,-NacCl [51-49 mole percent (m/o)] melt at 175°C
is believed to follow the sequence; Ta> + ¢~ = Ta*, 2 Ta* =
Tad*, Tad* + 2e” = Ta¥", 5 Ta" = Tai* + 4 Ta*. This reduction
leads to the formation of a tantalum cluster. Formation of
metallic tantalum was not observed in the electrolysis at
175°C in the sodium chloroaluminate melts.

McCurry'" investigated the electrochemical behavior of
tantalum(V) in AlCl,-NaCl melts saturated with NaCl,
noted AlCl;-NaCl,,, melts, as a function of the oxide con-
centration in these melts. These studies resulted in a
voltammetric method employing tantalum(V) as a probe to
determine small amounts of dissolved oxide impurities in
molten AlCL,-NaCl,,".

Several researchers®? have described spectroscopic
studies of the chlorobromoaluminate and chloroiodoalumi-
nate melts. The various mixed ions AICL X, . (X = Br, I)
were reported when AlCl; was mixed with AlBr; or All;.
Gilbert et al.™ investigated the Raman spectroscopy of
fluoride-containing chloroaluminate melts at 580-820°C. It
was observed that fluoride replaced chloride progressively,
depending on the molar ratio of NaF to NaAlCl,, to form
the species AICLF~, AICLF;, AICIF;, and AlF,.
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Sodium fluorochloroaluminate melts are interesting me-
dia because the electrochemistry and spectroscopy of sol-
utes can be examined over a large temperature range (from
ca. 200 to 800°C or higher). The attack of Pyrex and quartz
cells by these melts is much smaller than that by alkali
fluoride melts.* The cathodic limit of the fluorochlorealu-
minate melts occurs at more negative potentials than that
of sodium chloroaluminate melts at high temperatures (see
below). There is sufficient molten phase in the NaAlCl,-
NaF (90-10 m/o) system at temperatures well below its lig-
uidus temperature (395°C)*? for the electrochemical stud-
ies. In this paper, we describe the electrochemical studies of
tantalum(V) in oxide-free flucrochloroaluminate melts,.
NaAICL,-NaF (90-10 m/o0), at 200-450°C.

Experimental

Aluminum chloride (Fluka, >99.0%) was purified by sub-
liming it twice under vacuum in a sealed Pyrex tube.®
Sodium chloride (Mallinckrodt, reagent grade) was dried
under vacuum (<50 mTorr) at 450°C for at least 48 h. High
purity sodium fluoride (AESAR, puratronic, 99.995%)
and tantalum chloride (AESAR, puratronic, 99.99%) were
used without further purification. Carbon tetrachloride
(water, 0.001%) was purchased from Baxter Diagnostics,
Incorporated.

AlClL,-NaCl,,, melts were prepared from purified alu-
minum chloride and vacuum-dried sodium chloride. The
melts were saturated with NaCl at 175°C. Any remaining
base metal impurities in the melts were removed by adding
aluminum metal (AESAR, 99.999%) in the process of
preparing the melts.

It is very important to eliminate small amounts of oxide
species in the meits since the presence of the oxide species
will complicate the electrochemical behavior of Ta, Nb, and
W in these melts.”*** Recently, we reported the use of
phosgene, COCl,, to convert oxide species to the chloride
species in basic alkali chloroaluminate melts.** Very re-
cently, we have found that carbon tetrachloride can also
remove oxides effectively. The treatment with CCl, has sev-
eral advantages compared to the COCl,-treatment includ-
ing the ease of handling CClL,. The details of this new
method will be reported elsewhere.?

Sodium fluorochloroaluminate melts were prepared by
mixing CCl,-treated AICl;-NaCly,, salts with high purity
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sodium fluoride in a suitable ratio, followed by premelting
this mixture in a quartz tube.?

The electrochemical studies were performed in a Pyrex
cell using a glassy carbon plate as a counterelectrode, a
tungsten wire (0.5 mm in diam), platinum wire (0.5 mm in
diam) or a glassy carbon rod as a working electrode, and a
platinum wire directly immersed in the melts as a quasi-
reference electrode. The reference electrode was a silver
wire dipped in AlCl;-NaCl,,; melt containing 6.28 m/o AgCl
and placed in a thin Pyrex bulb. The silver electrode was
found to be very stable and reproducible even at high tem-
peratures, while an aluminum reference electrode was not
steady at high temperatures. The potential difference of the
Ag/Ag(T) reference vs. Al in AICl,-NaCl,,, at 175°C was
found to be 1.090 * 0.005 V. The platinum quasi-reference
electrode was used as the reference electrode for the elec-
trochemical measurements, since the resistance across the
Pyrex membrane was very high. The potential differences
between the platinum quasi-reference and the silver refer-
ence electrodes were measured using a high impedance
multimeter (Keithley 173A) before taking any voltam-
mograms. In this report, the potentials given are with re-
spect to the silver reference electrode.

The exhaustive electrolyses were performed using a large
surface area glassy carbon crucible as a working electrode.
An aluminum coil sealed in a glass tube and separated by a
beta-alumina diaphragm was used as a counterelectrode.
We found that a beta-alumina diaphragm was suitable for
the exhaustive electrolysis of a species with high vapor
pressure since it is a good sodium ion conductor and is
gas tight.

All handling of melts and solutes was done in a nitrogen
filled dry box (moisture level <2 ppm). Cells and ampuls
were torch sealed under vacuum (<50 mTorr).

An EG&G Princeton Applied Research (PAR) poten-
tiostat/galvanostat (Model 273) connected to an IBM com-
puter (PS/2 Model 70 386) utilizing the PAR M270 software
package was used to obtain cyclic, normal pulse, and
square wave voltammograms.

Raman spectroscopic measurements were performed as
described previously®"”" A furnace of the proper optical
design was constructed in-house and enabled the detection
of Raman signals at 90° to the excitation beam. Fairly high
power levels, typically 400 mW, were required because of
losses at the windows of the furnace. The monochromator
slits were set for a bandpass of 3 em™.

Ultraviolet-visible absorption spectra were recorded at
room temperature (25°C) in 10 mm path length quartz cells,
using a Hewlett Packard 8452A diode array spectropho-
tometer or a Varian Cary 219 spectrophotometer.

The chemical analyses were performed by Schwarzkopf
Microanalytical Laboratory, Incorporated.

Results

Characterization of the fluorochloroaluminate melts.—
In this study, we focused our attention on the electrochem-
ical behavior of tantalum(V) in sodium fluorochloroalumi-
nate melt, NaAlCl,-NaF (90-10 m/o). Sato et al.?
investigated the phase properties of fluoride-containing
sodium chloroaluminate systems using differential thermal
analysis. Their results indicated that the system NaAlCl,-
NaF (90-10 m/o) exhibited two-phase transition tempera-
tures, 395 and 152°C. Although some solid material precip-
itated from the solution at temperatures =200°C, the
amount of liquid phase was sufficiently large to permit the
use of this melt over a large temperature range.

Since it is important to know the composition of the lig-
uid and solid phases of the fluorochloro melts at tempera-
tures lower than the liquidus point, the liquid phase was
analyzed by Raman spectroscopy and chemical analysis,
and the solid phase was characterized by x-ray diffraction.
Figure 1 shows the Raman spectra of the liquid phase of
NaAlCl,-NaF (89.86-10.14 m/o) melt at several tempera-
tures. First, the sample was gradually heated to 550°C, at
which temperature it was completely molten, and then the
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Fig. 1. Typical Raman spectra of the liquid phase of NaAlCl,-NaF
(89.86-10.14 m/o} melt at different temperatures (550, 400, and
250°C). Excitation wavelength, 488.0 nm; excitation power,
400 mW; bandpass, 3 cm™'.

spectrum was acquired after 30 min of equilibration. Next,
the temperature of the sample was gradually lowered and
equilibrated at the lower level for at least 30 min prior to
data acquisition. The frequencies of the observed bands are
presented in Table I. The frequency of band 4 was obtained
by deconvolution of band 3 and band 4 using a nonlinear
least squares curve fitting technique. The deconvoluted
bands were integrated to determine their areas. Bands 1, 2,
and 3 were assigned to AICl; species and band 4 to the
fluorochloro species, AICI;F~.*! It is important to note that
the band for the fluorochloro species, AICI,F, is observed
at lower temperatures (even at 200°C). The ratio of
[AICL,F~/AICL] in the liquid phase was approximately
constant in the temperature range studied since the area
ratio of Sp.nq4/Spanas Was nearly independent of the temper-
ature. It appeared that only a relatively small amount of the
fluoride species precipitated at lower temperatures. This
conclusion was supported by the chemical analysis of the
liquid phases at 350 and 250°C, which contained 1.3 w/o
and 0.86 w/o F, respectively, [the theoretical F content is
1.06 w/o in the NaAlCl,-NaF (89.86-10.14 m/o) melt].

The results from Raman spectroscopy were in good
agreement with the x-ray diffraction studies of the precipi-
tate from the same melts at 250°C since the main compound
in the precipitate was identified as NaCl. From these re-
sults, it is reasonable to conclude that the sodium chloro-
aluminate melts containing 10.14 m/o NaF, at temperatures
below the liquidus point are fluorochloroaluminate melts
saturated with NaCl.

The voltammetric characteristics of the fluorochloroalu-
minate melt differed from AICl,-NaCl,,, melt at different
temperatures. Typical cyclic voltammograms at a tungsten
electrode at 450°C in these melts are shown in Fig. 2 and the
cathodic limits are listed in Table II. The cathodic limit

Table I. Raman speciral data for the liquid phase of the NaAICl,-NaF
(89.86-10.14 m/o) system.

t Band 1 Band 2 Band 3 Band 4  Spaina
C) (em™) (em™) (em™) (em™)  Spua
550 119.8 182.8 346.5 376.6 0.062
450 119.4 184.0 347.9 379.2 0.061
400 121.2 184.6 348.7 380.7 0.060
350 119.2 183.6 349.3 382.3 0.057
300 121.0 183.8 349.9 383.1 0.059
250 119.6 183.0 350.3 384.4 0.059
200 119.9 183.3 351.0 385.1 0.059

Sganae/ Spanas 1S the area ratio of band 4 over band 3. The areas were
obtained by integrating the deconvoluted band 3 and band 4, re-
spectively.
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Fi?. 2. Cyclic voltammograms at a tungsten electrode {0.175 cm?)
in AlCl;-NaCl,,, melt (-} and NaAICl,-NaF (90-10 m/o} melt { }
at 0.1 V/s and 450°C.

shifted to more positive values in both melts as the temper-
ature was increased. The cathodic limit of the melt contain-
ing NaF was more negative at high temperatures than that
of the melt without NaF added. This fact is important in
studying the electrochemical behavior of Ta species, since
the most negative reduction wave is very close to the ca-
thodic limit (see below). An additional advantage of the
fluorochloro melts over the saturated chloro melts is that
the fluorochloro melts contain enough C1™ ions to complex
the Ta®™ species as TaCly in the TaCl; concentration range
studied (<0.3 mol/kg).”

The anodic limit in the fluorochloro melt occurred at less
positive potentials than in the chloro melt at high tempera-
tures. This is believed to be due to the higher free Cl™ activ-
ity in the former melt.

The electrochemical behavior of a glassy carbon elec-
trode in this melt was identical to that of a tungsten
electrode, while the behavior of a Pt electrode was compli-
cated at high temperatures (>300°C) by the formation of
Al-Pt alloys.

Cyclic wvoltammetry—Several electrochemical tech-
niques, including cyclic voltammetry, normal pulse
voltammetry, square wave voltammetry, and exhaustive
electrolysis were used to study the electrochemical behav-
ior of tantalum species.

Figure 3 shows typical voltammograms of tantalum(V)
obtained in the AlCl;-NaCl,,, melt (Fig. 3a) and in the fluo-
rochloroaluminate melt, NaAlCl,-NaF(90-10 m/o) (Fig. 3b)
at 250°C. For convenience, the last cathodic wave is re-
ferred to as wave 3c since a new peak appears at high tem-
peratures at a potential between the first and the second
waves observed at low temperatures. It may be seen that
the electrochemical behavior of the tantalum(V) species in
the chloro melt is similar to that in the fluorochloro melt. It
is noted that the peak potentials of waves 1c and 3c in the

Table Il. Comparison of the cathodic limits of the AlCl,-NoCl,,, melt
{Elc) and NaAICl,-NaF (90-10 m/o) melt {Ef).

t(°0) Boe (V) Eir (V) Eor-Eoa
200 -1.214 -1.171 0.043
250 ~1.191 -1.196 -0.005
300 -1.130 ~1.192 —0.062
350 —1.090 —1.188 ~0.098
400 -1.069 -1.182 -0.113
450 -1.020 -1.130 -0.110

E;, the potentials at i, = 0, were determined by extrapolating the
AI(III) reduction current to zero. Scan rate 0.1 V/s.
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Fig. 3. Typical cyclic voliammograms of tantalum(V) at a tungsien
electrode {0.175 cm? ot 250°C, (a} in the AlCl;-NaCl,,, melt with 5.65
% 107% mol/kg TaCl; at 0.1 V/s; (b) in the NaAlCl,-NaF {90-10 m/o)
melt with 37.6 X 107> mol/kg TaCl; ot 0.5 V/s.

6

NaCl-saturated chloro melts are slightly more positive
than the corresponding waves in the fluorochloro melts at
the same TaCl; concentration. The cyclic voltammetric be-
havior seems to be more complicated in the chloro melts at
high TaCl; concentrations (>ca. 50 mM) because TaCl; and
TaCl; coexist in the chloro melt according to our recent
Raman studies of the melt with a higher TaCl; concentra-
tion. These results indicate that as the concentration of
TaCl; in the melt is increased the relative conecentiration of
TaCl; to TaCl; increases as the concentration of Cl™ de-
creases due to complexation with TaCl,. In the fluorochloro
melts, only TaCl; was observed in the TaCl; concentration
range studied, <0.3 mol/kg. Therefore, the electrochemistry
of tantalum(V) species in the fluorochloro melt (10 m/o
NaF) is the primary emphasis of this paper and the follow-
ing discussion deals with studies in the fluorochloro melt
unless otherwise specified.

Two main reduction waves were observed at lower tem-
peratures. The first one (1c) was well defined while the
second one (3¢} was poorly defined. The anodic behavior
was strongly dependent on the reversal potential. One oxi-
dation wave (la) was observed, which corresponded fo
wave 1c when the reversal potential was more positive than
that of the onset of wave 3c. Two new anodic waves (3a and
4a) were observed when the potential was reversed at po-
tentials corresponding to wave 3c. It is interesting to note
that the small anodic wave (3a) was associated with wave
3c while the anodic wave 4a appeared at a much more pos-
itive potential than that of wave la. Wave 4a had the ap-
pearance of an anodic stripping wave of an insoluble spe-
cies on the electrode surface.

The cyclic voltammetric behavior of the first redox cou-
ple (1c and 1a) of tantalum(V) at a tungsten electrode was
found to be a function of the scan rate and temperature
(200 and 250°C) as depicted in Fig. 4. As the scan rate was
increased and the temperature was decreased, a cathodic
shoulder (1¢') became more prominent. At lower scan rates
(<0.5 V/s at 250°C), the shoulder almost disappeared. As
shown in Table III, the cathodic peak potentials of wave lc
shifted to more negative values with an increase in the scan
rate, while the half-peak potentials were essentially inde-
pendent of the scan rate. It was noted that the ratio, I./v*?,
decreased as the scan rate increased.
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Fig. 4. The scan rate and temperature dependence of cyclic voltam-
mograms of tantalum(V) species for the first redox couple in the
fluorochloro melt with 34 X 107° mol/kg TaCl; {a) and {b) at 250°C,
() at 200°C. A tungsten electrode (0.175 cm?) was used. (a} 0.01,
0.05,0.1,0.2V/s; (b) 1,2, 5V/s; (c) 1 V/s.

-4,

The anodic behavior (1a and 1a’) also changed with the
scan rate. At high scan rates (>0.1 V/s), only one well-de-
fined wave (1a) was observed while two anodic waves (1a
and la’) appeared at 0.05 V/s. Wave 1a’ became the main
anodic wave at .01 V/s and 250°C. At a relatively low tem-~
perature (200°C), the reaction associated with wave la’
dominated the anodic behavior even at 1 V/s (Fig. 4c).

The cathodic shoulder (1¢’) was not observed at a higher
TaCl; concentration (75.4 X 107 mol/kg). Both the peak
potential and the half-peak potential of wave 1c tended to
shift to more positive values as the TaCl; concentration
was increased (Table IV). The slope of E,. or E,. vs. In (c)
was determined to be in the range of 19 to 25 mV, which
agreed with the expected value of 22.5 mV at 250°C for an
EC reaction.”®*

The overall cyclic voltammograms of tantalum(V) at a
tungsten electrode were influenced by the temperature.
Typical cyclic voltammograms of tantalum(V) species at
temperatures ranging from 300 to 450°C are shown in
Fig. 5.

Table ill. Cyclic voltammetric data for the first reduction wave
of tantalum(V) {34 x 10~ mol/kg) in the NaAICl,-NaF
(90-10 m/o) melt.

v(V/s) Epc(v) E(p/Z)c(V) L./v 7
0.01 —0.538 —0.453 10.43
0.05 —0.537 —0.446 8.96
0.10 —0.544 —0.441 8.54
0.20 —0.554 —0.441 8.11
0.50 —0.578 -0.440 7.83
1.00 —0.595 ~0.437 7.45
2.00 —0.631 —0.447 6.86
5.00 —0.667 —0.449 6.71
I, in mA.
'ﬁmgsten electrode area: 0.175 cm?

Temperature: 250°C.
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Table IV. The tantalum(V) concentration d(:ﬁendence of E,
and Ey for the first reduction wave in the flvorochloro
melt at 250°C and 0.1 V/s.

TaCl;

(X107* mol/kg) E,(V) Egme(V)
12.3 ~0.551 —0.406*
34.0 ~0.544 —0.441
37.6 —0.544 —0.445
79.5 —-0.527 —-0.432
138.8 -0.517 —0.427

2 In the case of the lowest TaCl; concentration, wave 1c is signif-
icantly affected by the shoulder (1c’).

Three main reduction waves (1c, 2¢, and 3c) were ob-
served when the temperature was 350°C or higher. A small
shoulder (3¢’) also appeared. A new wave (2¢) was observed
at high temperatures (Fig. 5) and it became more pro-
nounced as the temperature was increased. In other words,
the first reduction wave observed at lower temperatures
split into two waves at higher temperatures. The first wave
(1c) seemed to change only slightly while the last two waves
(2c and 3c) increased greatly as the temperature was
increased.

The oxidation waves coresponding to waves lc and 2c
wereill-defined at higher temperatures in the overall cyclic
voltammograms (Fig. 5) while waves 4a and 4a’ at positive
potentials (between ca. 0 and ca. 0.4 V) were very pro-
nounced. It was found that the anodic behavior was de-
pendent on the reversal potential and the delay time
(Fig. 6). When the cyclic voltammogram was reversed at a
potential corresponding to wave lc, only wave la was ob-
served. This indicated that the reduced species correspond-
ing to wave 1c was relatively stable at 450°C. A large anodic
wave (4a) appeared if the reversal potential was extended
to Wave 2¢ and a delay time was used (Fig. 6b). The corre-
sponding anodic waves (1a and 2a) almost vanished. When
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Fig. 5. The temperature dependence of the cyclic voltammograms
of fantalum{V) at a tungsten electrode {0.175 cm?) in the fluorochioro
melt with 37.6 x 10~ mol/kg TaCl; at {a) 300°C, {b} 350°C, {c)
400°C, and (d) 450°C. The scan rate was 0.5 V/s.
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Fig. 6. Effects of the delay time at the reversal potential on the cyclic
vollammograms of tantalum(V) (37.4 x 1072 mol/kg} at a tungsten
elecrode [0.175 cm?) at 450°C. The scan rate was
0.5d V/s. The delay times were {a) and (b): 0 s and 10 s; {c) O s
and 2.

the reversal potential was extended to the third cathodic
wave, the large anodic wave was composed of two waves
(4a and 4a’) (Fig. 6¢). A relatively small stripping wave (3a)
was found in the cyclic voltammogram with a short delay
time (2 s). During the electrolyses or electrodeposition us-
ing a small electrode, an insoluble black deposit was
formed at potentials corresponding to the second or third
wave. The black deposit was found to dissolve in ethanol
forming yellow or green solutions. The spectra of these so-
lutions are discussed below.

Normal pulse wvoltammetry—Typical normal pulse
voltammograms of Ta(V) at a tungsten electrode at differ-
ent temperatures are shown in Fig. 7. It was evident that
these voltammograms were strongly dependent upon tem-
perature. At lower temperatures (<300°C), two main ca-
thodic waves (waves 1 and 3) were observed. As the temper-
ature was increased to 350°C or higher, another wave (wave
2) was observed; this wave became more pronounced at 400
and 450°C. The third wave (wave 3) grew significantly with
temperature. This wave exhibited a maximum at a lower
temperature (<350°C) when a short pulse width (0.1 s) was
applied (Fig. 7). The maximum was diminished at a long
pulse width (>0.5 s). The second wave was steeper than the
first wave although the ratios of the second limiting cur-
rent over the first limiting current were close to unity at 350
to 450°C (Table V).

According to Flanagan et al.*® no visible anomaly is
present in the normal pulse voltammograms when only the
reduced species are adsorbed. For a CE or EC process, plots
of E vs. In [(I; — I)/I] have the same slope as that for a
simple redox reaction without a preceding or following
chemical reaction.” Therefore, we can use the plots of E vs.
In [(I; — I)/I] to evaluate the n-values of waves 1 and 2
although these two waves may involve a following or a
preceding chemical reaction.

The plots of E vs. In [(I; — I)/I] for wave 1 at both 200-
300°C and 400-450°C gave excellent linear curves. Typical
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results are summarized in Table V. It was found that the
slopes of these plots for wave 1 agreed well with the theo-
retical values of (RT/nF) for n = 1 in a wide temperature
range. A reasonable plot for wave 1 at 350°C .could not be
obtained since wave 2 is too close to wave 1. Linear rela-
tions of E vs. In [(I; — I)/I] for wave 2 were also found at 400
to 450°C. An n-value of ca. 2 was found while the limiting
current ratios of wave 2 over wave 1 were approximately 1
as mentioned above.

The plots of E vs. In [(I; — I)/I] for wave 3 were not linear.
The formation of a large amount of solid material on the
electrode surface was observed at these potentials. The lim-
iting current ratio of wave 3 over wave 1 was about three at
400-450°C, while it was approximately one at 350°C.

Square wave voltammetry—Ramaley and Krause®*®® de-
veloped the theory of square wave voltammetry for the
hanging mercury drop electrode; however, the treatment
was limited to small step heights (and consequently, slow
scan rates). Osteryoung and coworkers®* have made sig-
nificant contributions to the theory of the square wave
voltammetry including systems with coupled chemical re-
actions. Square wave voltammetry has previously been ap-
plied to studies of molten salt solutions.®

In the square wave voltammetry used in this work, the
currents are sampled at the end of both the forward and
reverse halves of the cycle. The net current is the difference
of the forward current and the reverse current. For a simple
reversible reaction, the net current-potential curve is bell
shaped and symmetrical about the half-wave potential,
and the peak height is proportional to concentration. The
shape of the net current voltammogram is relatively insen-
sitive to a variety of common complications in voltammet-
ric experiments. The theoretical relationships for a re-
versible reaction are as follows for a pulse height of E,, =
25 mV*®

Wy =3.91RT/nF (1]
Wit = 1L.95RT /nF [2]
where W, and W, represent the total peak width and the
front peak width at half height. These two equations may
be used to estimate the n-values of reversible electron-

transfer reactions preceded or followed by a chemical reac-
tion since the peak width is not significantly dependent on

3
kom
2
o ‘
Z
g0
e _—
0
@
0

(0) 3

o1 I S B
0.0 -02 -04 ~06 -08 -1.0 -12 -14

E (V) vs Ag/AgCl

Fig. 7. Normal pulse voltammograms of tantalum(V) species in the
NaAlCl,-NaF (90-10 m/o) melt at (a) 200, (b} 250, (c) 300, {d) 350,
{e) 400, and {f) 450°C. Tungsten electrode: 0.175 cm?; TaCl; concen-
tration: 37.6 X 1073 mol/lg(g: pulse width: 0.1 s; step fime: 0.5 s.
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Table V. Normal pulse voltammetric data for the reduction of tantalum{V) (37.6 X 107 mol/kg) in the fluorochloro melt.
pw/s SLy/mV Eqon SL,/mV Eqms

£ (°C) st/s n &7 n % L/, /1

200 0.1 45.5 —0.481 0.40
0.5 0.90

200 1.0 40.6 —-0.470 0.71
5.0 1.01

250 0.1 45.4 —0.488 0.53
0.5 0.99

250 1.0 41.9 —0.486 0.50
5.0 1.07

300 0.1 46.9 ~0.471 0.79
0.5 1.06

300 1.0 48.4 —0.505 1.19
5.0 1.02

350 1.0 83.5 —0.565 0.82
5.0 0.64

400 0.1 55.8 —-0.409 29.5 —-0.639 1.11 2.9
0.5 1.05 1.97

400 1.0 58.3 —0.416 31.4 —0.640 1.30 3.17
5.0 0.99 1.85

450 0.1 59.2 ~0.407 31.9 -0.649 1.30 3.33
0.5 1.05 1.95

pw: pulse width; st: step time; SL: the slope of E vs. In[(I; ~ I)/I]; n: number of electrons.

the characteristics of the coupled chemical reactions and is
close to the theoretical value for a simple reversible elec-
tron transfer reaction.although the peak potential shifts
negatively or positively.*’

Figure 8A shows typical net-current square wave
voltammograms of tantalum(V) at a tungsten electrode at
temperatures from 200 to 450°C. These voltammograms
were strongly dependent on temperature in agreement with
the cyclic and normal pulse voltammograms discussed
above. Only one well-defined wave (wave 1) appeared at
200°C. As the temperature was increased to 300°C or higher,
anew wave (wave 2) appeared, and this wave became much
better defined at temperatures higher than 350°C. This
wave shifted to a more negative potential with tempera-
ture. Although wave 3 was ill-defined at temperatures

1 (mA)

-1.2 -1.4

00 -02 -04 -06 -08 -10
E (V) vs Ag/AgCl

lower than 300°C, it became well-defined at higher temper-
atures.

The peak heights and peak widths of wave 1 can be di-
rectly determined from the experimental results. For the
case of wave 2, it is necessary to separate wave 2 from wave
1. Since the net-current voltammograms are bell-shaped
and symmetric, the “back side” curve of wave 1 may be
obtained by a symmetric extension. The “front side” of
wave 2 is obtained by subtracting the back side of wave 1
from the experimental curve at the corresponding poten-
tials. A typical result is shown in Fig. 8B. The peak height
and width of wave 2 can be determined from the resulting
wave.

The peak potentials and widths are presented in Table VI.
It is obvious that wave 3 shifted to more positive potentials,

1 (mA)

BL2

B.L1

4 | ! 1 il |
0.0 -02 -04 —-0.6 -08 -1.0 -1.2
E (V) vs Ag/AgCl

Fig. 8. (A) Net-current square wave voltammograms of fantalum(V) {37.6 x 10~* mol/kg} in the NaAICl,-NaF(90-10 m/o} melt at {a} 200,
{b} 250, (c] 300, {d) 350, (e) 400, and (f) 450°C. Tungsten electrode area: 0.175 cm?; step potential: 2 mV; J)ulse amplitude (E.,): 25 mV;

frequency: 10 Hz. (B} Typical separation of wave 1 and wave 2. This vollammogram was obtained at 450°C an

E..: 25 mV; B. L. represents the base lines.

100 Hz; step potential: 2 mV;
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Table V1. Net-current square wave voltammetric data for tantalum(V) {37.6 x 1072 mol/kg) in the fluorochloro melt.
t{°C) Frq/Hz Eqn(V} Wz (mV) 7y Egn(V} Wipana{mV) 7, Lol
200 100 —0.461 83.0 0.95
200 10 —0.452 70.0 1.13
250 100 —~0.453 84.0 1.04
250 10 ~(.452 68.0 1.29
300 100 —0.420 110 0.87
350 100 —0.443 97.0 1.08 —0.555
350 10 ~0.434 72.0 1.45 —0.578 54.0 1.94 1.18
400 100 —0.446 110 1.03 —0.628 56.0 2.02 0.86
400 10 —0.422 90.0 1.25 -0.610 57.0 1.98 1.13
450 100 —0.425 120 1.01 -0.631 59.0 2.06 0.89
450 10 ~0.426 120 1.01 -0.628 60.0 2.02 1.17
t(°C) Frq./Hz E [p)3(v) Wi/ (mV) Ny Ly
350 10 B.L.1 —1.058 58.0 1.80 2.47
B.L.2 —1.058 51.0 2.05 2,17
400 100 B.L.1 —1.080 79.0 1.43 2.32
B.L.2 —1.08 73.0 1.55 2.08
400 10 B.1.1 —1.040 75.0 1.51 2.19
B.L.2 -1.038 65.0 1.74 1.85
450 100 B.L.1 —-1.023 73.0 1.66 2.31
B.L.2 -1.023 62.0 1.96 1.84
450 10 B.L.1 —1.002 81.0 1.50 2.13
B.IL.2 -1.002 63.0 1.93 1.63

Egw =25 mV, AE =2 mV.

n-values were calculated from W,y = 1.95 RT/nF
W,,2s the front peak widths.

B. L.: Base line (see Fig. 8B).

while wave 2 moved in the opposite direction as the tem-
perature was increased. The position of wave 1 was
changed only slightly. The peak height ratios of wave 2 over
wave 1, I,/I,,, are close to one although they were slightly
higher than one at a low frequency (10 Hz). The ratio of
wave 3 to wave 1, I,/I,;, was found to be between 1.6 and
2.5; it decreased slightly with an increase in temperature.
The calculated n-values are given in Table VI. The n-value
for wave 1 was close to unity although errors may be pro-
duced due to the shoulder observed in the cyclic voltam-
mograms at a lower temperature (<300°C). The number of
electrons involved in wave 2 was found to be two and that
for wave 3 was between 1.5 and 2.05. These results are in
good agreement with those obtained from normal pulse
voltammograms (Table V).

Figure 9 shows typical square wave voltammograms for
the forward and reverse currents. Three anodic waves were
observed corresponding to the three cathodic reduction
waves even at a higher temperature while these anodic
waves were poorly defined in the cyclic voltammograms
(Fig. 5 and 6). This may be due to the fact that the time
between reduction and oxidation in square wave voltam-
metry was so short that only a small amount of the reduced
species was consumed by the following chemical reactions.
The chemical reaction following the electron charge trans-
fer in wave 2 became faster at a higher temperature (450°C)
as indicated by the fact that the anodic wave (wave 2a)
almost disappeared at low frequencies (compare Fig. 9c
and dj.

Ezxhaustive and controlled-potential electrolyses of
Ta(V).—1It is clear that the electrochemistry of Ta(V) in
these melts is complicated by coupled chemical reactions.
Exhaustive coulometry provides additional information on
the reduction process since the n-value for each reduction
wave can be determined. The electrolyses were conducted
both at a lower temperature (ca. 200°C) and a higher tem-
perature (450°C) at different potentials. Typical results are
summarized in Table VII.

For the first reduction wave at a lower {emperature (see
Fig. 3), the n-value was found to be approximately 2 when
the electrolysis was performed at —0.75 V and 210°C. This
result was quite surprising since the value of n = 1 was
found from normal pulse and square wave voltammograms
as mentioned above. The product dissolved in ethanol or
distilled water to give an essentially colorless solution.

Only a very weak band with an absorption maximum at ca.
330 nm was observed using UV-visible spectroscopy.

The electrolysis at —1.0 V and 205°C was carried out to
investigate the last reduction wave (see Fig. 3). The voltam-
metric changes were monitored by interrupting the elec-
trolysis and using a tungsten working electrode in this cell
to record the voltammograms [cyclic voltammograms (CV)
and square wave volitammograms (SWV)]. The cyclic
voltammograms before the exhaustive electrolysis were
identical to those shown in Fig. 3b. The electrolysis current
decreased markedly from 70 to 3.6 mA in the first 2 h. It was
also noticed that the first reduction wave at the tungsten
electrode decreased with time and disappeared after 1.8 h
of electrolysis. The n-value at this point was found to be
2.73 which was close to the n-value of 2.67 for reducing
Ta(V) to the Tai* cluster. The voltammograms showed a
significant change. Typical square wave voltammograms at
the tungsten electrode after 1.8 h are shown in Fig. 10a.
These voltammograms were very similar to those for a
Ta,Cli; cluster coating on a glassy carbon electrode in
AlC1;-NaCl,,, melt (Fig. 10b). At this point the electrolysis
current had decreased to 3.6 mA, and the electrolysis be-
came very slow. We also found that the current of the
square wave voltammograms at the tungsten electrode for
the tantalum cluster gradually decreased (Fig. 10c). The
final n-value was observed to be approximately five. When
the electrolysis was completed, the waves for the tantalum
cluster disappeared, and the melt became almost colorless.

At a higher temperature, 450°C, the n-values were found
to be 1, 5, and 5 for the first, second, and third reduction
waves, respectively, from the exhaustive electrolyses at
—0.5, —0.75, and —1.0 V vs. Ag/AgCl. The melt became
greenish and finally colorless in the case of the electrolyses
at —0.75 and —1.0 V; the glassy carbon electrodes
(crucibles) were coated by a shiny metallic film. This shiny
film was identified as metallic tantalum by means of
x-ray diffraction.

Additional information for the second reduction wave
was extracted from the square wave voltammogram of the
melt which had been exhaustively electrolyzed at —0.5 V.
The forward width was determined to be 60.2 mV, from
which the n-value of 2.02 was obtained. This result was in
excellent agreement with that given for this reduction
wave in Table VL.

Thick black deposits were formed on small Ni or Pt elec-
trodes by controlled-potential electrolyses in the potential
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Fig. 9. The forward and reverse current square wave voltammograms of tantalum(V) {37.6 X 1072 mol/kg) in the NaAICl,-NaF (90-10 m/o)
melt. Tungsten electrode: 0.175 cm? step potential: 2 mV; pulse amplitude (E..): 25 mV. (a) 350°C, 10 Hz; (b} 400°C, 10 Hz; (c} 450°C, 10 Hz;

{d) 450°C, 100 Hz.

region of the second and third cathodic waves at a temper-
ature of 450°C. The black deposit which was formed in the
third cathodic wave region at 200-450°C, was identified by
x-ray diffraction to contain a tantalum cluster (TazCl,,)
mixed with the melt. Green aqueous and ethanol solutions
were obtained by dissolving this black deposit in distilied
water in air and in ethanol under an inert nitrogen atmos-
phere. Both of these solutions gave the same UV-visible
spectrum. Several well-defined absorption maxima were
observed at 282, 330, 398, 470, 638, and 748 nm. These data
were in excellent agreement with Kahn and McCarley’s®
and our previous results® for TayClZ% in aqueous solution,
indicating that the black deposit formed at the potential
region of the third wave contained the TayCl% cluster.

Table VIl. Exhaustive electrolysis data for Ta{V} in the
NaAICl,-NaF {90-10 m/o) melt.

Temperature (°C) E(V) vs. Ag/AgCl n-value

210 —0.75 (wave 1¢) 2.05
205 —1.0 (wave 3c) 2.73,25.07°
450 —0.5 (wave lc) 0.98
450 —0.75 (wave 2¢) 4.95
450 -1.0 (wave 3¢) 4.98

* This n-value corresponds to the time when no reduction wave of
Ta(V) could be observed in the cyclic and square wave voltam-
mograms at a Pt electrode in the same cell.

®This n-value was the final value when no waves for the Ta,C1%
cluster from square wave voltammograms were observed.

A black deposit was also formed on small electrodes at
the potential region of the second reduction wave at 450°C.
When this black deposit was dissolved in ethanol under a
nitrogen atmosphere, a greenish yellow solution was pro-
duced. These spectra were quite different from that for a
Ta,C1%; solution. Several well-defined absorption maxima
were obtained at 238, 282, 348, 424, 640, 760, and 826 nm.
The main absorption bands were in very good agreement
with the results of McCarley et al.%® for Ta;C13; in ethanol:
235, 274, 344, 431, 735, and 826 nm. The small absorption
maximum of 640 nm may indicate that the greenish yellow
solution also contained a small concentration of Ta,Cl%.
Therefore, we may conclude that the black deposit formed
at the potentials of the second cathodic wave consisted pri-
marily of Ta,Cl3 cluster species.

Thin metallic tantalum deposits were also found using
ESCA on the surfaces of the small electrodes which were
obtained in the potential region of waves 2 and 3 after
dissolving the thick black deposits.

Discussion
Based on the results obtained in this work, it appears
that the electrochemical reduction of tantalum(V) in fluo-
rochloroaluminate melts is critically dependent on temper-
ature and is complicated by following chemical reactions.

Waves 1, 1c, and 2, 2c.— As seen above, the first and sec-
ond reduction waves, which are observed at a higher tem-
perature, merge into one reduction wave at lower tempera-
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tures. Therefore, we discuss these two waves in the same
section.

The first reduction wave of tantalum(V) was reasonably
well defined in the temperature range 200-450°C, regard-
less of the voltammetric method. The n-value involved in
this reduction wave was determined to be one for the
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Fig. 10. Square wave vollammograms of {a) the melt with initial
TaCl; {26.4 x 107° mol/kg) at a tungsten electrode after 1.81 h
exhaustive electrolysis at —1.0 V and 205°C; {b) Ta,Cl,, coating on a
glassy carbon disk elecirode (3 mm in diameter) in AlCl;-NaCi,,, at
205°C; (c) the melt in the same cell as used in {a) after 4.62, 19.37,
and 21.54 h of the exhaustive electrolysis. All of the voltammograms
were obtained at 100 Hz frequency, 25 mV pulse amplitude, and 2
mV step potential.

voltammetric time scale at 200-450°C from normal pulse
voltammetry (Table V) and square wave voltammetry
(Table VI}. Also, n = 1 was observed for a relatively long
time scale at a higher temperature (450°C) based on ex-
haustive electrolysis (Table VII). Therefore, we conclude
that the electron transfer reaction involved in this wave is
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the reduction of a Ta®* species (believed to be TaCl;) to a
Ta* species

Ta* + e~ = Ta* [3]

for short time scales at 200-450°C and for long time scales
at higher temperatures (>300°C).

The presence of a following chemical reaction is indi-
cated by the shift of the peak potential of wave 1c in the
positive direction with increasing tantalum(V) concentra-
tion. Additional evidence is provided by normal pulse
voltammetry. In the normal pulse voltammograms at tem-
peratures >350°C, the height ratios of wave 2 to wave 1 are
close to one (see Table V). However, the n-value for wave 2
is determined to be two from both normal pulse and square
wave voltammograms. The limiting current of a normal
pulse wave should be proportional to n and the reactant
concentration.”® The above results may indicate that the
concentration of the product is only about half that of the
reactant. Therefore, the following chemical reaction of Ta*
is probably the dimerization reaction of the product as
follows

2Ta* = Taf* [4]

which occurs slowly at <300°C.

At temperatures lower than 300°C, the differences of the
n-value, one in the voltammetric time scale, whiletwo in a
long time scale (exhaustive electrolysis, Table VII), also
support the existence of the following chemical reaction.

Wave 2 or 2c appeared only as the temperature was
increased to 300°C for square wave voltammetry and to
350°C for cyclic and normal pulse voltammetries. The
n-value from the slope of the linear relationship of E vs. In
[(Iy — I)/I1 was found to be two (Table V). Square wave
voltammetry also produced an n-value very close to two
(Table VI). Based on these results, it is reasonable to sug-
gest that the electron-transfer reaction in the second ca-
thodic wave is a two-electron reduction. A well-defined
corresponding oxidation wave (2a) was observed in the
square wave voltammograms (Fig. 9) while it was not ap-
parent in the cyclic voltammograms (Fig. 5 and 6). These
results indicated that the intermediate product (Ta%") was
only stable for a very short time. The trivalent tantalum
species was also previously observed to be unstable in the
AlICL-EMIC room temperature melt,” and acetonitrile.
This wave involved a following chemical reaction, since a
large anodic stripping wave (4a) appeared when a delay
time was applied at the reversal potential of the second
wave (Fig. 6). The presence of a preceding chemical reac-
tion (the dimerization of Ta*) for the second reduction
wave was indicated by the change in the peak height ratios
of wave 2 over wave 1 with frequency in the net-current
square wave voltammograms; the ratio was greater at
10 Hz than at 100 Hz. These results supported the above
assumption about the dimerization reaction of Ta*" (reac-
tion 4). TagCl% cluster species was found in the black de-
posit from the potential-controlled electrolysis at the po-
tentials of the second wave at 450°C using a small electrode.
According to these results, the reaction sequence is pro-
posed to be as follows

Tad + 2e” = Tad* [5]
9Tal" = 6Ta* (or 3Tal) + 2Tal™ [6]

The trivalent tantalum species (Ta") became less stable
as the temperature was increased as indicated by square
wave voltammetry (Fig. 9), i.e., the corresponding anodic
wave (2a) was less pronounced with an increase in the tem-
perature and at a lower frequency (10 Hz and 450°C).

The cluster species was slowly reduced to metallic tanta-
lum, since a five-electron transfer was observed (Table VII)
and a shiny metallic tantalum film was formed on the
glassy carbon crucible (with a large surface area) from ex-
haustive electrolysis.

At temperatures lower than 300°C the first and the sec-
ond reduction waves merged together when the tempera-
ture was decreased from 450 to 200°C in CV, NPV, and

SWYV studies. Thus, it is reasonable to propose that the first
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reduction wave observed at a temperature <300°C is an
ECEC process which consists of reactions 3, 4, 5 and 6. In
this process, reaction 3 is the main reaction while the occur-
rence of the remaining reactions is limited due to the slow
following reactions 4 and 6. This reaction sequence ex-
plains reasonably well the results both from CV, NPV and
SWV (short time scale) and the exhaustive electrolysis
(long time scale). A similar reduction process was previ-
ously proposed to explain the electrochemical behavior of
Ta(V) in acidic AlCl;-NaCl melts® at temperatures <200°C.
However, we also notice that the electrochemical behavior
of Ta(V) in AlCl,-NaCl,, and NaAICl,-NaF (90-10 m/o)

melts is different from that in acidic melts. By comparing

our present and previous results, two well-separated re-
duction waves are observed in acidic melts® while only one
reduction wave appears in basic melts at low temperatures.
As mentioned in the introduction, the electrochemical be-
havior of a tantalum chloride species can be examined only
after complete removal of the oxide impurities using COCl,
or CCl,.

A shoulder (wave 1c’) appeared in the cyclic voltam-
mograms at lower temperatures (200 and 250°C) and higher
scan rates (Fig. 3 and 4). This shoulder became less signifi-
cant at lower scan rates or as the tantalum(V) concentra-
tion or the ternperature was increased. This shoulder may
be assigned tentatively to the adsorption of the reduced
species according to the theoretical treatments,**

Wave 3, 3¢c.—Unlike the second reduction wave which
only appeared at temperatures >300 or 350°C, this wave
was observed in the whole temperature range studied al-
though the peak height was significantly enhanced as the
temperature was increased. The product of the cathodic
charge transfer reaction of this wave seemed to be highly
unstable since the corresponding oxidation wave (3a) was
very small in the cyclic and square wave voltammograms
(Fig. 5 and 9). Instead, a large anodic stripping wave com-
posed of waves 4a and 4a’ was observed at much more pos-
itive potentials (between 0 and 0.4 V). The n-value involved
in wave 3 or 3¢’ was approximately equal to two from
square wave voltammograms (Table VI). The electron
transfer reaction may be written as follows

Ta$* + 2¢” = Tal' [7]

The smaller and ill-defined voltammetric wave at a lower
temperature («300°C) resulted from the limited formation
of Taf* species by the slow following chemical reaction (re-
action 4).

The product of this step, the divalent tantalum species,
decomposes quickly to form the tantalum cluster Tag* (or
TagCli;) and metallic tantalum, as indicated by the UV-vis-
ible spectra of the black deposit dissolved in ethanol or
distilled water and the electron spectroscopy for chemical
analysis of the electrodeposited electrode surface. The re-
sults of exhaustive electrolysis (Fig. 10) also show the for-
mation of the cluster. The following chemical reaction is
proposed

TTaé* = 2Talé* + 2Ta° 18]

The exhaustive electrolysis results in the transfer of five
electrons (Table VII) and the formation of metallic tanta-
lum film. Figure 10c also shows further reduction of the
tantalum cluster. These results indicate that the Taj* clus-

ter is slowly reduced to metallic tantalum.

Waves 4a and 4a’.—From the discussion above, it is obvi-
ous that these two anodic stripping waves are associated
with the electrochemical oxidation of the tantalum clus-
ters, TayCl,; and TagCl,,, formed in the second and third
reduction waves (Fig. 5 and 6).
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