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The cost of tantalum (Ta), and thus of Ta capacitors, is undesirably high owing to the limited availability of its ores and the energyintensive production. Reported herein is the economically viable electrochemical synthesis of Ta-Nb alloys as a potential
replacement for Ta in capacitors. Ta-xNb (x = 20, 50, 80) alloys were prepared directly by electro-deoxidation of Ta2O5-Nb2O5
mixed oxide disks in CaCl2 melt at 900 °C and the results were compared with those for the pure metals. The alloys and metals thus
made were in the form of powders and consisted solely of the body-centered cubic phase. The overall compositions of the alloys
were close to the target values. EDX and XPS analyses revealed that the particles underwent surface oxidation during the postelectrolytic washing process, thereby forming the required dielectric coating around the metallic cores. Cyclic voltammetry in an
aqueous electrolytic cell demonstrated that all powders behaved as typical capacitor materials. TG/DSC studies on Ta and Ta-50Nb
in air showed that oxidation commenced at 531 °C and 363 °C, respectively, with Ta-50Nb exhibiting an inversion in the
temperature coefﬁcient of the oxidation reaction at 650 °C. In overall, the method presented here for producing commercially
relevant Ta-Nb alloys is both facile and scalable.
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Ta and Nb belong to the refractory class of metals. These metals and
their alloys possess extraordinary thermal and chemical stability, even
to highly reactive concentrated acids.1–3 Ta-Nb alloys also exhibit lowtemperature superconductivity4 and excellent biocompatibility.5 Ta
readily forms a thin protective ﬁlm of surface oxide when in contact
with the ambient atmosphere,6 and Ta powder is widely employed for
the production of electrolytic capacitors because the dielectric properties of this ﬁlm around the metallic core endow it with high speciﬁc
capacitance.7 Commercial Ta capacitors typically comprise an anode
of vacuum-sintered Ta, a dielectric layer of Ta2O5 on the Ta surface,
and a cathode. They are classiﬁed into solid, wet and polymer types,
depending on whether the cathode is MnO2, a conducting liquid or
a conducting polymer. The widespread usage of Ta capacitors is
consequent of their exceptional volumetric and gravimetric efﬁciencies
(expressed as CV/cm3 and CV/g, where C and V are capacitance
and applied voltage), their excellent stability over a wide range of
frequencies and temperatures, and their long-term reliability.8 More
than 60% of all Ta produced is presently utilized for the manufacture of
capacitors9 for the automotive, aviation, military, electronics, computer,
telecommunication, and medical sectors.8
Ta is known for its high and notoriously ﬂuctuating price, which
is caused by the limited availability of Ta ores, their occurrence in
politically unstable regions, and the complex and expensive extraction and processing,9,10 all of which directly affects the capacitor
industry. Many alternative metals, including Al, Zr and Hf, have
been researched for use as more viable capacitor materials but, other
than Al that has gained some market share, none of them stood as a
competitor to Ta.7 Ta’s sister element Nb is comparatively cheaper
and its ores are more abundant.10 Pure Nb metal powder has been
trialed in the manufacture of capacitors but yielded comparatively
lower working voltages and volumetric efﬁciencies as well as higher
direct current leakage.8 However, replacing a portion of the Ta
with Nb without unacceptably compromising overall performance is
considered feasible and would lower the cost of electrolytic
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capacitors.8 Nunes et al.11 and Awasthi et al.12 attempted the
synthesis of Ta-Nb alloys via the co-reduction of the oxides by,
respectively, Al and Si. However, like most other metallothermic
reduction methods, this required excess amounts of reductant, gave
low yields, and led to oxide inclusions. Furthermore, subsequent
melting to homogenize the alloys provided a bulky and highly dense
microstructure and necessitated hydriding-dehydriding as an additional process step to attain powders.13
Molten salt processes have traditionally played a key role in
the production of several alkali and alkaline earth metals as well
as Al. Notable progress, especially with respect to the winning of
transition metals, has been achieved in recent years through the
advent of the FFC process and the OS process. In the former
process, an oxide cathode is reduced to the parent metal or alloy
by polarization in a CaCl2-based melt, such that oxide ions are
expelled electrochemically from the cathode into the electrolyte
without the electrolyte undergoing decomposition.14–18 In the
latter process, an oxide cathode is reduced by polarization in a
CaCl2-based melt, such that Ca metal from the electrolyte
is deposited onto the oxide whereupon this is reduced
chemically.19,20 Both processes have been employed using
CaCl2- and also LiCl-based melts for the preparation of Ta21–24
and Nb.25–33 Alternatively, the production of Ta in molten salt
was attempted through the simple addition of Ca metal to a
chloride melt,34 although this disadvantageously necessitated the
handling of elemental Ca at elevated temperature. More recently,
a new molten-salt process, derived from the FFC process and
relying on the electro-reduction of an oxide cathode by Mg in a
MgCl2-based melt, has rendered possible the preparation of
particularly ﬁne Ta powder with an average particle size of only
50 nm.35 It is further noted that our Group has reported a
preliminary study into the production of Ta-54.5Nb alloy using
a eutectic CaCl2-NaCl melt36 but this work has since not been
pursued further.
This article communicates in detail the synthesis and characterization of Ta-xNb alloys (x = 20, 50, 80 mass%) in CaCl2 melt at
900 °C and compares the key results with those of the preparation of
Ta and Nb under the same conditions. Cyclic voltammetry in an
aqueous electrolytic cell was employed to assess the electrochemical
characteristics of the metallic powders made, and thermokinetic
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studies were performed to examine their oxidation behaviors and
thus their possible operating temperatures in a device.
Experimental
Preparation and electrochemical processing of the sintered
oxides.—The as-received Ta2O5 and Nb2O5 powders, as speciﬁed in
Table S1 (Supplementary Information (SI) is available online at
stacks.iop.org/JES/167/022504/mmedia) were weighed in the required proportions for the targeted alloy compositions of Ta-20Nb,
Ta-50Nb and Ta-80Nb, with the numbers indicating the mass
percentages of Nb in the ﬁnal Ta-Nb alloys. Each oxide mixture
had 1 mass% of polyvinyl alcohol and 0.5 mass% of polyethylene
glycol added to it as binder/plasticizer, and the mixture was ballmilled in isopropanol for 12 h. The wet mass was then transferred
into a mortar and subjected to three process cycles of drying in an
oven at 80 °C, cooling in air, and re-grinding with a pestle in
isopropanol; which was ﬁnally followed by drying in air. Portions of
1 to 5 g of dried powder were uniaxially pressed at an applied load of
1.5 t into a mixed oxide disk of diameter 25 mm. All disks were
sintered at 1100 °C in air for 3 h. The individual oxides of Ta2O5 and
Nb2O5, used for comparison, were made into pure oxide disks
applying the same procedure.
About 500 g of anhydrous CaCl2 salt, prepared from CaCl2·2H2O
(98+%, Sigma Aldrich) via thermal and vacuum drying,37 was ﬁlled
into an alumina crucible. This was placed inside an Inconel hightemperature reactor that was sealed leak-tight with a steel lid that
had feedthroughs for the various cell components. The reactor
assembly was heated to the operating temperature of 900 °C at a
rate of 5 °C min−1 under a constant ﬂow of argon. The salt melt was
pre-electrolyzed to remove any redox-active impurities using a Ni
coil cathode and a graphite rod anode, both attached to stainless steel
rods as current collectors. A potential of 2.8 V was applied for
several hours until a small stable background current was attained.
For the electro-deoxidation experiments, the Ni cathode was
replaced with an oxide disk prepared as described above. The disk
was tied with Ta wire and connected to a stainless steel current
collector. Also added was a Ni/NiO reference electrode to monitor
the individual potentials of the cathode and the anode.33 A potential
of 3.1 V was applied between the oxide cathode and the graphite
anode for 3 to 25 h. After that the electrodes were lifted above the
melt and the reactor was cooled. The processed products were
recovered by washing with distilled water, 0.1 M aqueous HCl, and
again distilled water, until free from salt, and then dried in vacuum at
ambient temperature.
The oxide disk precursors and the processed products were
analyzed for phase composition, morphology and chemical composition, by means of X-ray diffraction (XRD) (Philips PW 1830),
using Cu Kα radiation, and scanning electron microscopy (SEM)
(FEI Nova NanoSEM 450), using secondary and back-scattered
electrons, in combination with energy-dispersive X-ray spectroscopy
(EDX) (Bruker X Flash 6I100). Open porosities of the sintered
oxides were determined using the Archimedes method in distilled
water. Residual oxygen contents of the processed products were
measured in triplicate using the inert gas fusion method (ELTRA
ONH 2000) and averaged. Some products were analyzed further by
X-ray photoelectron spectroscopy (XPS) (K-alpha, Thermo VG).
Electrochemical and oxidation studies of the metallic products.—The Ta-Nb alloys as well as the Ta and Nb metals, all made
as described above, were subjected to electrochemical characterization
in aqueous solution by cyclic voltammetry. Working electrodes were
prepared by making a slurry with mortar and pestle that contained 60
mass% of the active metallic material in powder form, 30 mass% of
carbon black, and 10 mass% of polyvinylidene ﬂuoride (PVDF)
dissolved in N-methylpyrrolidone (NMP). The slurry was applied as a
thin uniform coating on a Ti foil and dried in an oven at 100 °C for 12 h.
The Ti foil was weighed before and after coating to evaluate the mass of
active material. Measurements were conducted in a three-terminal cell,

consisting of a working electrode of the above type, Ag/AgCl and Pt foil
as the reference and counter electrodes, and 1.0 M Na2SO4 aqueous
solution as the electrolyte. Scans were recorded within a potential
window of 0.0–0.8 V vs the reference at a rate of 20 mV s−1 at room
temperature using a potentiostat (IviumStat, Ivium Technologies).
The effect of temperature on selected samples in air was
investigated by means of a simultaneous thermogravimetric and
differential scanning calorimetric analyzer (STA) (Netzsch STA
409 EP). About 30 mg of material was employed in each experiment,
and the temperature was ramped from 25 °C–1000 °C at a rate of
20 °C min−1 in air.
Results and discussion
Characterization of the sintered oxides.—The XRD analysis of
the sintered oxide precursor disks is compiled in Figs. 1a–1e. The
patterns show the peaks of pure Ta2O5 and Nb2O5, and thus indicate
that there was no reaction between them towards any ternary Ta-NbO compounds. The precursor for Ta-20Nb did not have any Nb2O5
peaks, suggesting that there is appreciable solubility of Nb2O5 in
Ta2O5. The precursors for Ta-50Nb and Ta-80Nb clearly showed
Ta2O5 and Nb2O5 peaks, the latter case indicating that the solubility
of Ta2O5 in Nb2O5 is lower than in the reciprocal case.
SEM images of the cross-sections of the sintered oxide precursor
disks are displayed in Figs. 1f–1j. Pure Ta2O5 consisted of rather
spherical particles in the size range of 200 nm to around 1 μm, while
pure Nb2O5 had more irregularly shaped and somewhat larger
particles in the size range of 1–5 μm. The mixed oxide precursors
had particle sizes that were in between those of pure Ta2O5 and pure
Nb2O5 and increased with rising Nb2O5 content in the Ta2O5, with
visually distinguishable round and jagged particles present in all
cases (Fig. S1). It was noticed that in the case of the precursor for
Ta-20Nb, although particle size had increased, the shape of most of
the particles still resembled that in Ta2O5, in line with the notion of
high solubility of Nb2O5 in Ta2O5 as suggested by the X-ray
analysis. It is moreover discernible from the microstructures that
all the samples contained a signiﬁcant number of pores, which is
helpful for enhancing molten salt penetration.
The EDX analysis of the cross-section of the sintered oxide
precursor for Ta-50Nb is presented in Fig. 1k–1o. It is observed that
the distribution of Ta and Nb was largely random with slight local
variations in some regions. However, for precursors with lower
contents of Ta2O5, a small but noticeable extent of Ta2O5 segregation into regions of several tens of micrometers in size could be seen
on back-scattered SEM images (Figs. S2, S3).
The open porosities of the sintered oxide precursors were in the
range of 41%–55% (Table S2, Fig. S4). The general tendencies were
that both the open porosity and the density of the oxides decreased
with increasing Nb2O5 content, with some deviation for the
precursor for Ta-20Nb. Ta2O5 has a higher melting temperature than
Nb2O5 (Table S1) and will therefore densify less during sintering
and that will also have an effect on the mixed oxides. The observed
deviation may be a result of the assumed signiﬁcant chemical
solubility of Nb2O5 in Ta2O5.
Electrochemical processing of the sintered oxides.—The current
vs time curves recorded during the electro-deoxidation of the
sintered Ta2O5-Nb2O5 mixed oxide disks, as well as those of the
pure oxide disks of Ta2O5 and Nb2O5, are presented in Fig. 2a, and
the corresponding cathodic potential vs time curves are shown in
Fig. 2b. The processed products were found to be gray colored
powders, in contrast to the oxide precursors that were white colored
disks, as seen from Figs. 2c–2m, indicating the successful conversion of oxidic into metallic materials.
The variation of the current with time showed similar features for
all oxide samples. The high initial currents on the order of 2.5–3.5 A
indicated that the oxides had signiﬁcant porosity, providing a high
active surface area in the beginning, and good electronic conduction.
The currents during the ﬁrst 2 h are presented in the inset of Fig. 2a.

Journal of The Electrochemical Society, 2020 167 022504

Figure 1. X-ray patterns of metal oxide (MO) disks of (a) Ta2O5, (b) precursor for Ta-20Nb, (c) precursor for Ta-50Nb, (d) precursor for Ta-80Nb, and (e)
Nb2O5, all sintered at 1100 °C in air for 3 h. SEM images of the cross-sections of the same disks of (f) Ta2O5, (g) precursor for Ta-20Nb, (h) precursor for Ta50Nb, (i) precursor for Ta-80Nb, and (j) Nb2O5. (k) Low-magniﬁcation SEM image of precursor for Ta-50Nb, with (l) survey EDX elemental map, and
individual EDX elemental maps for (m) Ta, (n) Nb, and (o) O.

They increased in the order of Ta < Ta-20Nb < Ta-50Nb < Ta80Nb < Nb. Ta2O5 is thermodynamically more stable than Nb2O5
(Table S3) and thus requires more energy for undergoing dissociation. As the applied voltage was the same in all cases, there was thus
a higher overpotential available for the reaction of Nb2O5 that could
drive a comparatively higher current. After the initial period,
currents decayed and then stabilized during the remainder of the
runs at relatively low values around 400–800 mA.
The cathodic potentials corresponding to the high currents during
the ﬁrst 2 h were within the range of 0.75–0.40 V vs Ca/Ca2+, after
that they assumed smaller but still positive values. The relatively
high positive potentials in the beginning were indicative of the
occurrence of less energy-demanding reactions, such as the formation of M-Ca-O compounds (M = Ta and Nb) and Ta- and Nbsuboxides that had been seen previously in the individual electrodeoxidations of Ta2O5 and Nb2O5. The potentials became less
positive when more energy-demanding reactions set in, driving the
release of Ta and Nb from the various intermediates. Importantly,
the cathodic potentials never went into the negative, proving that no
calcium deposition occurred at any stage of the process. Current
efﬁciencies were in the range of 18%–42%, and decreased with
increasing process duration as is common for this method, with the
current loss being mainly due to the intrinsic electronic conductivity
of the polarized melt.18
Characterization of the metallic products.— XRD analysis.—
The XRD analysis of the processed products is compiled in Figs. 3a–3e.

The patterns of the pure metal powders of Ta and Nb as well as those
of the alloy powders of Ta-20Nb, Ta-50Nb and Ta-80Nb were all
practically identical, showing a single-phase body-centered cubic
structure. The absence of any additional peaks indicated that the
materials were devoid of any Ca-Ta-Nb-O or other impurity phases. It
is noted that all XRD data reported in the literature for Ta and Nb
prepared in CaCl2 melt showed the cubic structure. In contrast, Ta made
in LiCl melt was either tetragonal or a mix of cubic and tetragonal,22
whereas Nb made in LiCl was again cubic.31
SEM/EDX and residual oxygen analysis.—SEM images of the
processed products are displayed in Figs. 3f–3j. The Ta and Nb
metal powders were of uniform nodular morphology with loosely
interconnected particles, with the particle size of the Ta in the size
range of 100–800 nm and the Nb in the somewhat larger size range
of 200 nm to several micrometers. The smaller particle size of Ta
was consequent of a lower degree of in situ sintering compared with
that of Nb due to their vastly different melting points (Table S1). The
Ta-20Nb alloy powder also had a uniform nodular morphology with
particles of similar size as in the Ta powder, whereas the Ta-50Nb
and the Ta-80Nb alloy powders had bimodal morphologies, with
smaller nodular and bigger spherical particles (Fig. S5).
The EDX analysis of the synthesized Ta-50Nb alloy powder is
presented in Figs. 3k–3o. This shows that all particles contained Ta
and Nb and that the particles of smaller size were enriched with Ta
and those of bigger size with Nb (Fig. S6). The elemental
compositions of all materials prepared, as estimated by EDX area
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Figure 2. (a) Current vs time curves and (b) cathodic potential vs time curves, recorded during the electro-deoxidation of pure and mixed oxide precursor disks,
each of 5.0 g in mass and 25 mm in diameter, employed as the cathode against a graphite anode in CaCl2 melt at 900 °C and 3.1 V for 25 h. Photographs of oxide
precursor disks for (c) Ta, (d) Ta-20Nb, (e) Ta-50Nb, (f) Ta-80Nb, and (g) Nb; (h) the typical conﬁguration of cathode before electro-deoxidation; and (i-m) the
respective metal or alloy powders after electro-deoxidation.

scans, are summarized in Table I. Importantly, the EDX analysis
gave oxygen contents of about 3% in each case. The presence of
oxygen was indeed expected, because the freshly prepared metallic
materials of high speciﬁc surface area will invariably undergo
surface reactions in the washing steps with water and diluted HCl
to form thin oxide ﬁlms. Similar to the present study, Wu et al.30
reported that the EDX analysis of Nb made in CaCl2 melt gave an
oxygen content of 3.27%. TEM analysis of Ta and Nb made in
molten salts revealed that the surface oxide ﬁlms were around
2–5 nm thick in the case of Ta21 and 4–6 nm in the case of Nb.30
Inert gas fusion analysis yielded a residual oxygen content of
1.3% for the Ta-50Nb alloy powder and thus a signiﬁcantly lower
value compared with the EDX analysis. The difference is understandable because EDX predominantly measures the surface oxygen
content whereas inert gas fusion measures the total oxygen content.
In line with this, Yan and Fray reported a total residual oxygen
content for Nb made in CaCl2 melt of about 1%26 and Wu et al. of
1.5%.30
XPS analysis.—The XPS survey spectrum of the Ta-50Nb alloy
powder is shown in Fig. 4a. It comprises exclusively the peaks for

Ta, Nb and O. The high-resolution spectra for Ta (Ta4f), Nb (Nb3d)
and O (O1s) are shown in Figs. 4b–4d. For Ta, the peaks at 26.1 and
27.9 eV correspond to the 4f7/2 and 4f5/2 levels of Ta2O5 and those at
21.0 and 22.8 eV to the 4f7/2 and 4f5/2 levels of Ta metal.38–40 For
Nb, the high-intensity peaks at 207.1 and 209.9 eV stem from the
3d5/2 and 3d3/2 levels of Nb2O5 and the low-intensity peaks at 201.7
and 204.8 eV from the 3d5/2 and 3d3/2 levels of Nb metal.38,39 For
Table I. Chemical composition of the metal and alloy powders
synthesized by electro-deoxidation of pure and mixed oxide precursor disks in CaCl2 melt at 900 °C and 3.1 V for 25 h.
Composition (mass%)
Metal/alloy product
Ta
Ta-20Nb
Ta-50Nb
Ta-80Nb
Nb

Ta

Nb

O

96.8
81.0
54.1
36.6
—

—
15.5
42.9
60.2
96.8

3.2
3.5
3.1
3.2
3.2
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Figure 3. X-ray patterns of product powders of (a) Ta, (b) Ta-20Nb, (c) Ta-50Nb, (d) Ta-80Nb, and (e) Nb, all obtained by electro-deoxidation. SEM images of
the products of (f) Ta, (g) Ta-20Nb, (h) Ta-50Nb, (i) Ta-80Nb, and (j) Nb. (k) SEM image of another region of Ta-50Nb, with (l) survey EDX elemental map,
and individual EDX elemental maps for (m) Ta, (n) Nb, and (o) O.

oxygen, the hump peaking at around 530.3 eV can be attributed to
the 1s level of O2− ions, and the broad shoulder at slightly higher
energy to the 1s level in adsorbed H2O.38 Overall, the results
demonstrate that Ta and Nb occur in their highest, pentavalent,
oxidation states in the oxide ﬁlm on top of the alloy bulk, with no
detectable amounts in any intermediate oxidation state.
It is straightforward to assume that the highly reactive nature of
the electrochemically synthesized Ta-Nb alloy powders has thus
enabled the following sequences of surface reactions when in contact
with water.
Ta + H2 O  TaO (at the surface) + H2

[1]

TaO + H2 O  TaO 2 (at the surface) + H2

[2]

2TaO 2 + H2 O  Ta2O5 (at the surface) + H2

[3]

Nb + H2 O  NbO (at the surface) + H2

[4]

NbO + H2 O  NbO 2 (at the surface) + H2

[5]

2NbO 2 + H2 O  Nb 2 O5 (at the surface) + H2

[6 ]

Electrochemical characterization of the metallic products.—
The cyclic voltammograms recorded to assess the electrochemical

behavior of the synthesized Ta-Nb alloy powders as well as the Ta
and Nb metal powders in aqueous solution are seen in Fig. 5. Ta
provided a rectangular response as is typical of capacitor materials.
The shape of the curves did not change signiﬁcantly when the Ta
was replaced successively with Nb, indicating that the Ta-Nb alloy
powders and the pure Nb powder also acted as capacitors. There is
no direct correlation between the composition of the working
electrodes and the magnitude of the currents, so it may be assumed
that the small differences between the individual curves resulted
from some ﬂuctuations in the preparation and testing of the
electrodes. The quest for a facile method for the making of Ta-Nb
powders for use in capacitors8 has thus been solved, but it will of
course need to be tested by the relevant industries what the
maximum level of Nb is that can ﬁnally be tolerated in commercial
devices.
Oxidation studies of Ta and Ta-50Nb alloy.—The STA curves
obtained for Ta and Ta-50Nb powders in air are displayed in
Figs. 6a, 6b. For both materials a slow but noticeable increase in
mass started at around 300 °C. In the case of Ta a steep mass
increase was then observed from 531 °C–562 °C, leading to a net
gain of 20 mass%, and in the case of Ta-50Nb such increase was
seen from 363 °C–422 °C, causing a gain of 28 mass%. For Ta the
mass continued to increase linearly up to 700 °C, followed by a
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Figure 4. X-ray photoelectron spectroscopic analysis of Ta-50Nb alloy, with (a) XPS survey spectrum, and XPS high-resolution spectra for (b) Ta, (c) Nb, and
(d) O.

very small rise up to 1000 °C. For Ta-50Nb however the mass
increased only up to 650 °C, but then dropped back and rose only
marginally beyond that.

Figure 5. Electrochemical analysis by cyclic voltammetry of Ta, Ta-Nb
alloys, and Nb in 1 M Na2SO4 aqueous solution, with Ag/AgCl as the
reference and platinum as the counter electrodes, at a scan rate of 20 mV s−1
at 25 °C.

The initial sluggish mass gains in the TGA curves were indicative
of slow diffusion of oxygen through the oxide barrier at the surface
of the particles towards the bulk where a solid solution of oxygen in
the metal is formed.41 It was reported that this can lead to oxygen
supersaturation and embrittlement.42 The subsequent steep mass
gains were then due to oxidation reactions, as indicated by the highly
exothermic nature of the corresponding sections of the DSC scans.
The oxidation temperature of Ta-50Nb was lower than that of Ta.
This is attributed to the presence of Nb in the former, which is
known to have a higher oxidation tendency than Ta.43 It has further
been reported that the spallation of the surface oxide layer occurs
more rapidly on Nb than on Ta,43 so this may also have contributed
to the earlier start of oxidation for Ta-50Nb.
The abrupt mass loss in the TGA curve for Ta-50Nb observed at
650 °C is a peculiar phenomenon associated with the inversion of the
temperature coefﬁcient of the oxidation reaction. It is known from the
oxidation of pure Nb,42,44–46 where the mass during oxidation
increases up to 635 °C and then drops with further rise in temperature
owing to changes in the nature of the oxide ﬁlm. Such inversion was
also reported for Nb-V alloy,46 but has not been reported for Ta.
After the STA experiments, the originally metallic gray powders
had turned white and had gained in mass. Quantitatively, the
oxidation of Ta metal to its pentavalent oxide was found to be
complete, whereas this was indeed not the case for the Ta-50Nb
alloy. In a typical run with the latter, the mass had increased from its
initial value of 30.6 mg to a ﬁnal value of only 38.6 mg while total
oxidation would have led to 40.6 mg.
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In overall, the molten salt electro-deoxidation method is a facile
and straightforward, and known to be scalable, way of producing TaNb alloys for electrolytic capacitors. Several aspects ought to be
considered in the further development of this research. One target
would be the optimization of the surface oxide layer. If the oxygen
content needs to be lowered, this may be accomplished by using less
reactive solvents, such as ethanol, in the washing step after
reduction; while if the oxygen content needs to be increased, this
may be achieved in a controlled manner by anodization. Another
objective could be to operate in a carbon-free electrochemical cell.
This may be ensured through the utilization of non-carbon anodes,
such as doped SnO2 or CaTixRu1-xO3, as presently researched.18
Finally, even smaller product particle sizes should be attainable by
using ﬁner oxide powders as the starting materials, ideally in
combination with lower temperatures in the electro-deoxidation so
as to minimize in situ sintering even further.
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Figure 6. Simultaneous thermogravimetric and differential scanning calorimetric analysis (STA) of (a) Ta and (b) Ta-50Nb alloy, when heated from
ambient temperature to 1000 °C in air at 20 °C min−1. Inset in (b) shows
photographs of Ta-50Nb before and after STA.

Conclusions
The study has demonstrated that Ta-xNb alloys (x = 20, 50, 80)
can be readily prepared from the corresponding mixed oxides by
electro-deoxidation in CaCl2 melt. XRD analysis of the oxides
showed that co-sintering of Ta2O5 and Nb2O5 did not lead to the
formation of any compounds while the absence of peaks for Nb2O5
in the mixed oxide for Ta-20Nb indicated appreciable solubility of
Nb2O5 in Ta2O5. The Ta-Nb alloys synthesized, as well as the pure
Ta and Nb metals prepared analogously, were all in the form of
powders. XRD analysis of the products conﬁrmed that the materials
were phase pure and had the expected body-centered cubic structure.
SEM analysis showed that particle size increased with increasing Nb
content, from a few hundred nanometers for pure Ta and Ta-20Nb to
several micrometers for pure Nb. Ta-50Nb and Ta-80Nb had
particles of two different size ranges, the smaller ones enriched
with Ta and the bigger ones enriched with Nb.
Both EDX and inert gas fusion studies of the products revealed
the presence of a small percentage of residual oxygen. XPS studies
further identiﬁed the presence of a thin surface oxide ﬁlm around the
particles. Surface oxidation occurred during washing with water
subsequent to electro-deoxidation, and is thus the key step in the
formation of the dielectric ﬁlm around the metallic core. Cyclic
voltammetry conﬁrmed that the Ta, Ta-Nb and Nb powders all
exhibited capacitive performance. STA studies in air identiﬁed the
highest operating temperature of the materials as approximately
300 °C, whereafter signiﬁcant oxidation set in. STA further revealed
an inversion in the temperature coefﬁcient of the oxidation for Ta50Nb at 650 °C.
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