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Electrochemical Behavior of Boron in LiF-NaF-KF- Melts
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ABSTRACT.

The electrochemical reduction of B(III) to 8(0) in KBF4-LiF-NaF-KF melts has been studied by voltammetric and
chronopotentiometric methods. Glassy carbon, Pt, and Ag were used as working electrode materials. Only in the case of
Ag was the reduction not complicated by interaction between boron and the electrode material. On a silver electrode 8(111)
was reduced to B(0) in a single irreversible step in the KBF4 concentration range up to 5.7 X 10 mole percent (mb). The
cathodic half-wave potential was —1.34 V vs. an Ag/AgC1 reference electrode at 700°C. The diffusion coefficient of BF at
700°C was determined to be 2.06 X i0' cm2 s'. Further increase of the KBF4 concentration above 5.7 x 10-2 mb leads
to a change in the reduction process. An ohmic resistance control becomes the limiting factor of the boron electroreduc-
tion process. The "apparent surface resistance" changes from 3,0 to 21.6 11 cm2 as the temperature decreases from 700 to
550°C, respectively. Furthermore at KBF4 concentrations higher than 5.7 X 10-2 mb a second reduction peak and a cor-
responding anodic peak appeared on the voltammograms. These peaks were attributed to formation of alkali metal
borides.

Infrodudion
Due to various unique physical and chemical properties,

refractory metal borides have attracted increasing atten-
tion by researchers recently."7 Molten salts provide some
possibilities for implementing a technology for refractory
metal boride deposition either by using chemical reaction
with the substrate' or electrolysis. Two approaches of the
latter method are available: (1) boron electrochemical
deposition on a refractory metal substrate followed by dif-
fusion into the metal phase2 or (ii) a direct electrochemical
synthesis. The electrochemical synthesis has the advan-
tage compared to the galvanodiffusion method, that the
solid-state diffusion, which is often a rate-determining

Electrochemical Society Active Member.

step, is avoided. Further, it allows production not only of
coatings but also powders. Most investigations3"7 on the
electrochemical synthesis of refractory metal borides are
concerned with development of coating technologies.
Therefore more knowledge about the mechanism of the
electrochemical deposition of boron and refractory metals
is needed.

Unlike the electrochemistry of the refractory metals,
the electrochemical behavior of boron is not clear. Investi-
gations concerning the mechanism of the cathodic reduc-
tion of boron ions"4'6'8'20 do not give a comprehensive
idea of the mechanism and the kinetics of the boron elec-
trodeposition. It was shown"° for platinum electrodes that
the reduction process B(III) — B(0) proceeds reversibly in
fluoride melts. However this reaction was shown by sever-
al authors to be irreversible at glassy carbon elec-
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trodes."2° These authors as well as others'8"9 suggested
that the process of boron(III) reduction in chloride-fluo-
ride and fluoride melts proceeded in one step without the
participation of intermediates, whereas in two other pub-
lications21'22 B(ll) ions are assumed to be formed according
to the reaction B + 2B'° - 3B2*. However no attempt was
made to study the anodic dissolution of boron.

One fundamental problem in many electrochemical
investigations of boron chemistry is the choice of indicator
electrode material. In the literature one can find references
to the use of a various materials for this purpose: iron,4
copper and graphite,6 platinum,9" tungsten,'2 and glassy
carbon."4"° Platinum and glassy carbon have often been
used but these materials are likely to form compounds
with boron, for example the B-C system formation of B4C,
B,,C,, and B,C are known to take place.'3 Clearly, a mate-
rial that is inert with respect to boron is the most suitable
substance for the investigation of the electrochemical
behavior of boron. Certainly this material should also have
a wide "electrochemical window." Further, it is difficult to
compare the results obtained in different papers because
of the various reference electrodes used.

Finally the purity of the solvent and other chemicals
used to prepare the melts can also play an important role.
In particular oxide contaminations are important in this
connection since oxide ions react with B(III) forming oxo-
fluoro-complexes of different kinds. The sources of oxide
contamination are numerous: the solvent melts, the added
complex fluorides, the inert gases when they are not prop-
erly purified, and oxide-containing materials of the cell
elements.

Information on the purity of the electrolyte is of great
significance since the presence of oxide ions in halide
melts alters the mechanism of the electrode processes. This
problem has been discussed recently.24'2' Mamantov and
co-workers26 have proposed a reinvestigation of the old
experimental data with regard to this factor.

Therefore we decided to investigate the electrochemical
behavior of KBF4 dissolved in LiF-NaF-KF (46.5, 11.5,
42.0 mol%) eutectic melts (Flinak) with a carefull control
of the oxide contents. Identification of the electrochemical
reations was made by comparing the experimental data
obtained with the different electrode materials.

Experimental
Linear voltammetry was used as the main experimental

technique. For investigation of the interaction between
deposited boron and the working electrode material,
reverse chronopotentiometry was also used.

Equipment.—Electrochemical investigations were con-
ducted with potentiostat P150-1.1, programmer PR-8,
and recording potentiometer PDA-1 plus a Schiumberger
potentiostat Model 1286 with a Hewlett Packard X-Y
recorder. The three-electrode electrochemical cell applied
in the experiments as well as the other experimental pro-
cedures has been described previously.24 The glassy carbon
vessel used to contain the melt also served as counter-
electrode (CE).

Chemicals.—KBF4 (pure grade from Aldrich) was
recrystallized according to Cantor et al." Then, in a glove
box with an argon atmosphere, it was pressed into pellets
and stored in hermetically sealed polyethylene containers.
Na,O was prepared by heating Na,O, (analytical grade
from Merck) in an alumina crucible under vacuum at
600°C for 12 h. Analysis by titration with hydrochloric
acid gave 98 weight percent (w/o).

The Flinak solvent was prepared from analytical grade
Lii?, NaF and KF, that were purified either by recrystal-
lization from the melt (with cooling rate 3°C/h'8) or by
zone refining. As a result of such treatment, the alkali
metal fluorides contained at least one order of magnitude
less oxide ions than in the case of prolonged evacuation
followed by electrolysis with graphite electrodes. The
alkali fluorides were kept in hermetically sealed contain-
ers. Careful preparation of the salts was performed to pre-

vent formation of boron oxofluoro-complexes in the melts.
The oxide ion concentration in our experiments was deter-
mined by a linear voltammetry method with a glassy car-
bon working electrode that has been described previously.29

Reference etectrode.—It is traditionally difficult to find
an acceptable reference electrode for fluoride melts. An
obvious choice would be a reference electrode with a
diaphragm made of an insoluble fluoride, however
Brookes et al.4 mentioned that a Ni/Ni' reference elec-
trode with a diaphragm of a lanthanum fluoride single
crystal did not work satisfactorily in a Flinak-KBF4 melt
at temperatures higher than 5 50°C.

Some materials applied for the reference electrodes may
react with the melt and in this way give rise to formation
of undesired electrochemically active species. For instance
electrode designs involving diaphragms made of oxide-
containing materials,'0 such as applied by Taranenko at
at." and Kushkhov et at." are not sufficiently protected
from the electrolyte. These authors" used a silver ref er-
ence electrode immersed in a sealed quartz tube without a
protecting graphite shell, when studying NaC1-KCI-KBF4
melts with sodium fluoride additions.

Wendt at al.6 applied a platinum quasi-reference elec-
trode (QRE) in an eutectic melt of lithium, potassium, and
sodium fluorides but the potentials were referred to the
sodium equilibrium potential determined using a copper
"dynamic reference electrode" (based on the oxidation of
the copper working electrode). In our opinion, this method
is questionable because the potential at which the anodic
dissolution of copper is initiated depends both on temper-
ature and polarization rate.

In the same work, in studies of chioride-fluoroborate
melts, a "dynamic chlorine reference electrode" (not sepa-
rated from the electrolyte by a diaphragm) was used. This
was a somewhat unfortunate choice, because even minor
amounts of fluoride ions, according to Nekraso'v" leads to
a change in the electrode function of such a dynamic ref-
erence electrode, for example freon evolution on graphite
with a marked depolarization preceding the oxidation of
chloride ions on it. Moreover, the presence of such a strong
oxidizing agent as Cl2 in the electrolyte may affect com-
plex formation and redox equilibria.

A comparison of the experimental data is complicated
(if possible at all) because of the variety and nonreliabili-
ty of the reference electrodes.

Thus the problem of proper reference electrodes for flu-
oride and chloride-fluoride melts remains open. The use of
QREs, with all their simplicity and convenience in opera-
tion, may be regarded only as a temporary solution
because they provide a random electrode potential that
may be changed both with changes in the melt composi-
tion (e.g., KBF4 or Na,O introduction) and temperature. In
any case such data cannot be considered a reliable basis
for exact thermodynamical calculations.

In our study we applied platinum, silver, and glassy car-
bon (GC) as QRE5. The potentials of all the studied mate-
rials had close values and good reproducibility in melts
with constant composition. However, in some experiments,
the more reliable Ag/AgCl (2 w/o in equimolar NaC1-KC1)
reference electrode (Ag/AgCI-RE) was also used.'4 The
potential of this electrode remained constant for several
days. The melt is only in direct contact with glassy carbon
and a graphite diaphragm. Molten mixtures of AgCl-
NaCI-KC1 was used as an electrolyte for the reference
electrode. This reference electrode seems to be one of the
most reliable. The design should give little risk of oxide
contamination of the electrolyte. However we must point
out the existence of a diffusion potential due to the use of
a chloride-based reference electrode, but since the ionic
surroundings do not change much during our experiments
it is reasonable to assume that the diffusion potential will
be almost constant. However, the design of this reference
electrode has some weak points. For example, an alumina
tube in the hot zone above the melt24 may in longer exper-
iments serve as a source of melt contamination due to cor-
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rosion caused by vapors from the electrolyte. Therefore we
usually did not use the Ag/AgCI reference electrode for
such experiments. The difference of potentials between
GC-QRE and Ag/AgC1-RE at 700°C was 0.55 to 0.56 V.

Working electrode.—The working electrodes made of
boron, glassy carbon, silver, or platinum rods (diam 0.29 to
1.50 mm) were immersed 10 to 15 mm into the melt with
the aid of a micrometer screw.

Results and Discussion
Figure? shows typical voltammograms of solvent elec-

trolyte (Flinak) obtained with glassy carbon and silver
working electrodes. They are characterized by very weak
waves caused by oxidation of residual oxide ions. With a
glassy carbon working electrode, these waves are located
in the potential region 0.3 to 0.6 V vs. Ag/AgCl-RE
(Fig. la) or between 0.85 and 1.15 V vs. GC-QRE (Fig. ib).

The oxide ion concentration in the background elec-
trolyte could be calculated on the basis of linear voltam-
metry data by methods described by Polyakova et al.32 In
a previous article29 we showed that in the Flinak-K3TaF7-
Na30 melt the concentration dependence of the anodic
peak current corresponding to oxidation of oxide ions was
linear. Thus such a plot was used to obtain the residual
concentration of oxide ions in the Flinak solvent melts.
This procedure is not completely correct, since one must
assume that the slopes of the plot of the anodic peak cur-
rent vs. the oxide concentration (I8°-C0, plots) in the
Flinak-Na20 and Flinak-K3TaF7-. Na30 melts are equal.

To obtain more precise data, a titration of the Flinak
melt with Na20 was performed. As is seen from the I-C02
plot (Fig. 2) the background melt contains 1.5 X l0 mb
oxide ions. Usually in our experiments values in the range
(1-3) X i0 mb were found for different solvent melts.
Alkali metal reduction at glassy carbon (Fig. ld) proceeds
with depolarization compared to the situation with a sil-
ver working electrode (Fig.lc). This is probably due to
intercalation of the alkali metal into the glassy carbon.

Unfortunately, in numerous publications4'6'8"4 dealing
with boron electrochemistry, the voltammograms of the
solvent melt are either not given at all'1o"2'4 or given at
low current sensitivity6'1' which makes the evaluation of

Fig. 2. Anodic current density of 02 oxidation peaks as a func-
tion of 02- concentration in Flinak-Na20 melt, T = 600°C, scan rate
0.1 Vs'1.

theoxide ions concentration in the starting electrolyte dif-
ficult. No proper information can be derived from a
voltammogram obtained at a metal working electrode, for
instance, at copper6 since this metal dissolves at more neg-
ative potentials than the potential at which the oxide ions
are oxidized, However, in the work of Wendt et al.8 the sol-
vent melt was prepared from dried analytical grade alkali
metal fluorides. From other investigations performed in
our laboratories we know that the use of such chemicals
may typically give an oxide impurity level up to 1.0 mb.

Analysis of published data and our own preliminary
experiments have shown the importance of a correct selec-
tion of working electrode materials to study the electro-
chemical behavior of boron. Makyta et al.9 investigated the
behavior of platinum, tungsten, silver glassy carbon, and
tantalum as working electrodes. They considered platinum
as being the most reliable material. They also observed the
appearance of a peak in the voltammograms caused by
interaction between platinum and boron being deposited
in accordance with the phase diagram of the B-Pt system.33

Wendt et al.,6 who used graphite and copper working
electrodes, explained the appearance of additional anodic
peaks by dissolution of boron carbides and copper-boron
alloys formed under cathodic polarization of these elec-
trodes in boron containing melts. Taranenko et at,'2
claimed that they did not observe formation of boron car-
bides on glassy carbon electrodes. However according to
Kuzma and Chaban23 formation of B4C, B,3C2, and B,C
took place in the B-C system. There are a lot of experi-
mental data on iron boride formation on an iron cathode,
for instance, FeB and Fe2B have been detected.4

According to Kuzma and Chaban2' and Polyakov et at.,34
silver does not react with boron and has a wide "electro-
chemical window." In addition we have conducted exper-
iments that should permit a reliable evaluation of the
interaction of the electrode material with the substances
deposited during the process of cathodic polarization.
Besides silver; the behavior of platinum and glassy carbon
as indicator electrodes was studied. This made it possible
to compare our results with previously published data.

In our case we applied a constant current for a fixed
period of time (T,). Subsequently the potential decay was
followed at zero current (open-circuit potential decay).
The appearance of steps on the potential decay curve indi-
cated the presence of intermetallics in the deposits being
dissolved, A slow potential decay (instead of an expected
potential drop) is characteristic of solid solutions.35

(.4
a

E

Na20 added, mb

ImA

-S.
/,--.I,
(b) (a)

2.0 1.0 0 -1.0

E (V)

-2.0

Fig. 1. Linear sweep voltammograms of Flinak background melt,
oxide ion concentration C02- 2.4 x 1 0' mb. T = 700°C, scan
rate 0.1 V s'. Ag/A9CI reference electrode: (a, d) glassy carbon
(GC) working electrode, A = 0.22 cm2 (different current scales),
(c) Ag working electrode, A 0.47 cm2. GC-QRE: (b) GC work-
ing electrode, A = 0.22cm2, The small dents in the voltammograms
indicate the starting points (with zero current).
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Fig. 3. Open-circuit potential decay Flinak-KBF4 melt, T = 600°C,
GC-QRE. (a) Ag electrode, j,, 1.64 mAcm2,; = 7s. (b) Ptelec-
trode, j, = 33.3 mA cm2,; 2 s. (c) GC electrode, 2.38 mA
cm2, 'r, = 15 s, C, = 15.9 x 10-2 mb.

Figure 3 presents the anodic potential-time decays for
the three electrodes obtained in a Flinak-KBF4 melt at
600°C. Each of the curves is characterized by a plateau
associated with boron dissolution. The most pronounced is
found at the silver electrode in the potential region —0.65
to —0.70 V (vs. a glassy carbon QRE). If the potentials were
measured vs. a boron electrode (monofilament 0 0.29
mm, Goodfellow), these plateaus corresponded to zero
potential. When the dissolution of the boron deposit is
completed, the silver electrode potential drops quickly
approaching the stationary potential value of silver in this
melt asymptotically. Such shape of the curves corresponds
to a comparatively narrow region of solid solution which
fits the data of Crespo et al.3 In contrast to silver, plat-
inum, and glassy carbon, besides solid solutions, form
chemical compounds with boron. On E-t curves (Fig. 3b, c)
plateaus due to dissolution of these compounds are seen. If
we take into account, that the melt temperature in our
experiments is only 600°C, we can assume that the inter-
action between elementary boron (produced by reduction
of BF.) and platinum, glassy carbon and other electrode
materials will be more pronounced at 700°C (a usual work-
ing temperature).

A voltammetric study of the same melt with platinum
and glassy carbon electrodes has confirmed the conclu-
sions made on the basis of chronopotentiometric data.
When a platinum electrode is used (Fig. 4c), two cathodic
peaks occur in the voltammograms. The first corresponds
to formation of PtB. The potential of this reaction was
independent on the scan rate. The anodic section of the
first peak crossed the current axis at zero current without
bending. This is characteristic of reversible processes and
in agreement with the data of Matiasovsky et at.8 and
Makyta et at." (also obtained with the use of a platinum
working electrode). The shape of the anodic curve (over-
potential value) is different from the shape of the boron
dissolution anode curve at a silver electrode (Fig. 4a). The
reasons for such a striking contrast are discussed.

The second cathodic peak with a potential close to the
boron discharge potential on silver (± 10 mV) corresponds
to the B(III) —° B(0) reduction on a platinum boride sub-
strate. The difference between the first and the second
cathodic peak potential is associated with depolarization
due to alloy formation. This difference is 0.49 V. Poorly
reproducible distortions of the voltammograms are
observed in boron reduction on glassy carbon electrodes
(Fig. 4b), particularly when the temperature increases.

In Flinak-KBF4 melts in which boron is present as BF
complexes,37 the shape of the voltammogram obtained
with a silver working electrode depends on the KBF4 con-
centration, the temperature and the potential scan rate. At
concentrations below 5.7 X io mb one cathodic peak is
observed (Fig. 5a) at —1.46 V vs. Ag/AgCl-RE. An anodic

0.4 0 -0.4 -0.8 -1.2

E(V) vs. Ag/Ag-RE

Fig. 4. Cyclic voltammograms of Flinak-KBF4, T = 700°C, scan
rate 0.1 V s', Ag/AgCl reference electrode. (a) Ag electrode, A8,,

0.47 cm2, C,, = 5.7 X 1O mb. (b) GC electrode, A = 0.2f
cm2, C = 14.2 X I 0 mb. (c} Pt electrode, A,, = 0.05 cm2, C
= 12.0 X 102 mb.

-a4-0.6-08-10-12-14

, I I I I

Fig. 5. Cyclic voltommograms of Flinok-KSF4 (2.6 x 10-2 mb)
melt, 7 = 700°C, Ag electrode, A 0.47 cm2. Scan rate (V s'):
(a) 0.1; (b) 0.005. (1) log (L — 1)/I vs. E.
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peak corresponding to dissolution of the deposited sub-
stance (proceeding under an overpotential of 0.87 V) is
also observed. The cathodic half-wave potential on the
quasi-steady-state curve (Fig. Sb) vs. Ag/AgCl is —1.34 V.
The cathodic deposit obtained on the silver electrode at
the same potential is elementary boron, according to x-ray
and spectral analysis.

Diagnostics of the one stage B(III) —* B(0) reduction
process was conducted by well-known criteria39 as
described. From the experimental data (Table I) a plot of
the peak current (') vs. the square root of the scan rate
(v"2) can be obtained. Such a plot gives a linear depen-
dence. The peak potential depends linearly on the loga-
rithm of the sweep rate, that is a tenfold increase of v1'2
brings about a 60 mV shift of the cathode peak. The theo-
retical value of this shift for an irreversible process is
1.15 RT/cinF.39 Based on n = 3 and assuming cc = 0.5 we
obtain the calculated value 59 mV which is in agreement
with the experiment, and confirms the assumption of irre-
versibility of boron reduction in the melt.

The peak current obtained in the potassium fluorobo-
rate concentration region (1.2 to 5.7) >C io mb increases
linearly with concentration, whereas the peak potential
does not depend on it. This also confirms the irreversible
character of the cathode process accompanying solid-
phase deposition on the electrode.

Reversibility of the process can be easily and reliably
determined by using equations linking the peak width of
the voltammograms with the number of electrons partici-
pating in the act of charge-transfer. Thus for a reversible
reduction with the formation of a product soluble in the
melt or in the electrode material, Eq. 1 is valid39

— = 2.2 RT/nF [1]

In reversible reduction with formation of insoluble sub-
stance Eq. 2 applies43

— = 0.77 RT/nF [2]

Generally, for irreversible cathodic processes, i.e., both for
soluble and insoluble products, this difference of poten-
tials becomes4142

E12 — = 1.857 RT/anF [3]

The first of these equations is universal and may be
applied to both cathode and anode processes. Equations 2
and 3 are true only for reduction processes whose anodic
curve parameters depend on the quantity of substance
deposited in the cathodic part of the cycle.

In the equations given above, E12 is the half-peak poten-
tial, E9 is the peak potential, cc is the transfer coefficient,
and a is the number of electrons participating in charge-
transfer. In our experiments, the difference between peak-
and half-peak potential at 700°C in the scan rate range
0.05 to 1.0 V s' was 96 mV. The cathodic reduction pro-
ceeded with reduced solid substance formation, therefore
in the calculations only Eq. 2 and 3 were used. According
to Eq. 2, n = 0.67 whereas an, determined from Eq. 3

Table I. Current and potential data for boron deposition on a silver
electrode at 700°C and KBF4 concentration 2.6 x 10_2 rn/a in

molten Flinak, A = 0.47 cm2.

(mV s')
'PC

(mA)
F3, °
(V)

E1,,,2°
(V)

F3,3
(V)

cn
(Eq. 3)

50
100
200
250
400
500

1000

3.0
4.2
5.9
6.7
8.5
9.3

12.9

—1.445
—1.461
—1.482
—1.487
—1.497
—1.505
—1.521

—1.350
—1.365
—1.387
—1.391
—1.400
—1.409
—1.421

—0.895
—0.910
—0.930
—0.940
—0.950
—0.955
—0.970

1.64
1.62
1.64
1.62
1.60
1.62
1.56

a and F C/S are vs. Ag/AgC1 reference electrode.
is vs. bC-QRE.

yields the value 1.62 (Table I). Taking into account that the
process B(III) + 3e - B(0) is a one-stage process, we deter-
mined a = 0.54. The equations mentioned above allow us
to classify the boron reduction process under our experi-
mental conditions as irreversible, and to calculate the
value of the diffusion coefficient of its fluoride complexes
from Eq. 4 accoding to Delahay38

I, = 0.496 nFCAD"2(ccnFV/RT)112 [4]

Using the density value 1.99 g cm3 for Flinak-melt at
700°C, calculated on the basis of the work by Blander
et a!.43 the diffusion coefficient of the boron fluorocom-
plexes at 700°C is 2.06 X i0 cm2 s'.

For stationary voltammograms (Fig. Sb), Frumkin plot
appears to be linear: F — log (I,, — 1)/I which is character-
istic for an irreversible process.44 The slope of this plot, 2.3
RT/anF, allowed us to calculate a = 0.67. This value of a
is somewhat larger than the value determined by linear
voltammetry, but this is expected because the polaro-
graphic reversibility depends on the sweep rate.45

When the KBF4 concentration is increased (beyond 5.7 X
i0 mb) the shape of the voltammogram changes (Fig. 6).
The addition of fluoroborate causes both the growth of the
earlier observed peak (Fig. 6a) and the appearance of a
new one at more negative potentials (Fig. 6b). The changes
became noticeable 1 to 2 mm after the addition and sta-
blization was obtained after 30 to 40 mm. During this
period the first peak becomes less distinguished, predom-
inating the second peak (Fig. 6c). The two peaks practical-
ly merge in one, with a height which is larger than expect-

-1.0 -1.4

E(V) vs. Ag/Age-RE

-1.8

Fig. 6. Variation of voltammogram shape vs. KBF4 concentration,
T = 700°C, scan rate 0.1 V r', A = 0.47 cm2. (a) C4 = 5.7 x
102 m/o. (b) c = 12.1 x 10 m/o (2 mm after addition). (c)

= 12.1 X 10_2 m/o (30 mm after addition).

J

(c)

(b)

(a)

4mA

- 0.6
I I I I I I - ________________
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ed in comparison with the previous addition. At higher
KBF4 concentrations, the first wave seemed not to change.
Only the second peak grows. Two peaks are also observed
in the anodic section of the voltammetric curve (Fig. 7).
However, when the concentration of KBF4 is larger than
5.7 x 10-2 mb, reproducibility of the anodic curve is
unsatisfactory. Besides embrittleness, growth of the work-
ing electrode area can be observed after polarization, par-
ticularly at low sweep rates when the reverse potential
reached potentials of the second limiting current plateau.

The dark deposit, produced by potentiostatic electroly-
sis at potentials corresponding to the second cathodic
wave could not be identified by x-ray analysis.

In the course of the entire experiment we controlled the
oxide ion content in the melt, to be sure that the second
peak is not associated with discharge of boron oxofluoro
complexes. The total 02 concentration in the melt charac-
terized by the voltammogram on Fig. 6a is equal to 2.4 X
i0 mb; the 0/B molar ratio 0.042. When the KBF4
content achieves the value of 12 x 102 mb (Fig. 6b, c) the
0/B molar ratio decreases to 0.02. Therefore the effect of
the oxygen content in the melt on the shape of voltammo-
grams observed is negligible. It is impossible to calculate
the number of electrons participating in this electrode
process. The very steep slope of the ascending voltamrno-
gram section in the mixed kinetics region points either to
a multielectron (10 or more electrons) discharge or to a
complication in the mechanism of the electrode process.

However we can assume a coreduction of boron and
alkali metal ions at these potentials. It is known that even
during electrorefining when the applied cathodic current
densities are lower than during electrowinning the content
of alkali metal in boron may reach values as high as 3 to 4
w/o.46 The appearance of new anodic peaks in the poten-
tial region between alkali metal and boron dissolution
(Fig. 7), may then be explained by the presence of alkali
metal-boron compounds in the deposit. This conclusion
fully coincides with the data of Kellner,47 who studied BF3
reduction in the LiF-KF melt at a copper working elec-
trode. Using chemical analysis he established that increase
in the cathodic current density results in a significant
reduction of the boron content in the cathodic deposit. At
the same time, spectral analysis showed that in these sam-
ples potassium was present as a major impurity.47 The
author did not give any rigorous interpretation of his only
voltammogram, but he concluded that it was likely that a
small amount of potassium *as deposited along with the
boron at all potentials, while increasing amounts were
deposited at more negative potentials.

Reduction of the polarization rate and temperature
leads to a better separation of the first and second peaks.

C
E
-4

-80

-40

0

40

80

E(V) vs. GC-QRE

Fig. 7. Cyclic voltammogram of Flinak-KBF4 fl2.1 x 10-2 mb)
melt, T = 700°C, scan rate 0.1 V s, A¼ = 047 cm2.

Therefore in the subsequent experiments we used the scan
rate range 0.05 to 5.0 mV s- at 700°C, and used higher
rates at lower temperatures. Figure 8 shows typical
steady-state voltammograms of Flinak-KBF4 melts at 700
and 550°C. Their shape can be explained by the formation
of a highly resistive layer on the electrode surface as
described below. To obtain reproducible curves similar to
those of Fig. 8, the working electrode must be activated by
polarization at potentials close to the silver dissolution
potential preliminary to the recording of the voltammo-
grams. The reproducibility becomes better after switching
off polarization at more positive potentials than the sec-
ond wave potentials. High reproducibility was featured by
multisweep voltammograms limited by the first peak
potential in the cathodic region.

As is seen in Fig. 9 the sweep rate increase causes the
broadening of the cathodic peaks, but the separation of
the first peak and the rising branch of the second peak at
600°C remains satisfactory. When the temperature is
increased, the first and second peaks overlap even at low
polarization rates. Reduction peak broadening mainly
occurs due to the ohmic control of the boron deposition
process. This conclusion is in agreement with the linear
plots of peak current and peak potential against the
square root of the polarization rate (Fig. 10 a, b) this
agrees with the theory of a surface film formation under

£

-2

0

2

-0.4

0

0.4
-03 -0.4 -0.5 -0.6 -0.7

ELY) vs GC-QRE
-08 -c19

Fig. 8. Stationary voltammograms of Flinak-KBF4 melt. Scan rate
1.0 mV s, A = 0.61 cm2. CF4 = 15.9 x 102 mi T (°C): (a)
700, (b) 550.

'C
£

EIV) vs. cc-ORE

Fig. 9. Effect of scan rate on cathodic peak broadening in Flinak-
KBF4 ('15.9 x 10 mb) melt, T = 600°C, A = 0.61 cm2. Scan rate
(mV s'): (a) 0.5, (I,) 1.0, (c) 2.5, (d) 5.0, and (e) 10.0.

,I'I,II,

as 0 -0.5 -1.0
-0.7 -0.8 -o.g
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ohmic resistance control.41° Coefficients of equations cor-
responding to these dependences

= a + b v112

'p =

are given in Table II.
The "apparent surface resistance" of the electrolyte in

the pores of the boron film covering the electrode was
obtained from the slope of the lines in coordinates j, —

(Fig. 11). It can also be calculated from Eq. 750

= (E — a)/10 = b/c

Fig, 11. Peak current density vs. peak potential from the cyclic
voltammograms of a Flinak-K8F4 melt, C = 15.9 x 10 mb
(calculations are mode on the basis of Fig. lOa, b). (x} 700°C, (01
650°C, (+) 600°C, () 550°C.

Figure 11 demonstrates the dependence of the apparent
surface resistance on temperature. In the range of 550 to
700°C it changes from 21.6 to 3.3 fi cm2.

The nucleation potentials were obtained from linear
extrapolation of the leading edges of the cathodic and
anodic peaks to zero current22 (Fig. 12). The cathodic and
anodic nucleation overpotentials were calculated as the
difference between the equilibrium potential and the
nucleation potentials. The boron equilibrium potential was
defined either by using a boron rod electrode (Fig. 12a) or
from the voltammetric data obtained by applying a very
narrow potential scan range5' (Fig. 13). As is seen from
Fig. 12a and Fig. 13 the values of the boron rod electrode
equilibrium potential and the equilibrium for the boron
coatings are very close.

The experimental data including nucleation potentials
and nucleation overpotentials are given in Table III.

Conclusion

The mechanism of the electrochemical reduction of BF
ions in Flinak depends on the concentration. At concen-
trations lower than 5,7 X 10-2 m/o, B(III) is reduced to B(0)
in a single irreversible step. At higher concentrations an
ohmic resistance control obscures the kinetics of the
cathodic process. The apparent surface resistance of the
boron film being formed decreases when the temperature
increases in agreement with the electrical properties of
boron.
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Table II. Variation of peak potenlialo and peak currents' with v"2 (KBF4 concenfration 15.9 X 1 O2 mb).

T (°C) a (V) b (V) c (A h/2 V")

700 —0.794 5.3 x 1O —0360 2.1 x 10 75.599 1.4 x 102
5.8 X 10'650 —0.826 2 x iO —0.411 2.6 x i0 6 1O600 —0.857 2 x 10' —0.413 1 X 10-6 25.522

1O550
-

—0.887 5 X iO —0.412 1 x 10-1

a + 5l2,
S0= 112
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Fig.10. Sweep rate effect on (a) peak current and (b) peak poten-
tial of the 8F reduction process. C = 15.9 X 10-2 mb, A =
0.81 cm2.
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Fig.12. Cyclic voltammograms of a FIinakKRF4 (14.2 X
02 mb) melt obtained on a boron electrode, scan rate 5.0 mY
s, A5 = 0.36 cm2, T (°C) (a, bi 700, (c) 600.

-0.3

-0.2 -

0-
E''

0,1
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Table IlL Equilibrium potentials, nucleation potentials, and

overpotentiats for B3"JB redox couple in Flinak-KBF4 melt
(4.2 X 10 mb); T 700*C.

Cathodic
nucleation
potential

(mV)

W —1080±5 —1295±5 —1180±5 100 115

Ag' —1105 5 —1318 5
At —556 5 —768 5

Potentials v.. Ag/AgCI reference electrode.' Potentials vs. GC-QBE.
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Investigation of Alkali Carbonate Transport Toward the
Catalyst in Internal Reforming MCFCs
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ABSTRACT

A nickel catalyst to be used for internal steam reforming in a molten carbonate fuel cell (MCFC) must be resistant to
the alkali components (Li and K species) of the electrolyte; these components can reach the catalyst from the anode by
either transport via the vapor phase or by means of surface creep along the walls. In a series of experiments for deter-
mining the rates of transport, it was found that the amount of alkali transported by creep along a metallic wall (Au or Ni)
was much smaller than that transported via the vapor phase. The vapor transport occurred by the formation of the alka-
li hydroxides. The vapor pressure of LIOH was found to be eight times larger than that calculated from thermodynamic
data. All the Al-containing materials tested strongly took up alkali from the gas phase. The catalysts Ni/MgO and Ni/Si02
sintered strongly during exposure to gaseous LiOH and KOH.

Infroduction
The molten carbonate fuel cell (MCFC), operating at

923 K can be fed directly with natural gas instead of
hydrogen, if it is coupled with a catalytic steam-reforming
system. The highest efficiency is obtained if the catalyst is
positioned in the anode compartment of the fuel cell (i.e.,
internal reforming, IR-MCFC). The electrolyte is com-
posed of a porous LiAlO2 tile filled with a molten eutectic
mixture of Li2CO2 and K2C03 [62 mole percent (mb)
Li2CO3, 38 mb K2C03)1.'

The poisoning of the steam-reforming catalyst by alkali
from the electrolyte has been investigated at the Institute
of Gas Technology2 and by several other authors. The
rates of deactivation of reforming catalysts in the presence
of alkali, reported in 1iterature,25 vary widely according to
the experimental conditions. The transport mechanism of
alkali carbonates under MCFC conditions therefore needs

a Present address: Laboratory for Chemical Technology,
Eindhoven University of Technology, 5600 MB Eindhoven, The
Netherlands.b Present address: ECN, Materials Science, Petten, The
Netherlands.

closer attention; however, literature concerning this subject
is very scarce. From thermobalance experiments, Ong and
Claar6 concluded that loss of Li2CO3 and K2C03 in H20/C02
mixtures occurs mainly as a result of the formation and
vaporization of the corresponding alkali hydroxides.

This paper reports the results of experiments in which
the rate of transport of alkali via the vapor phase as well
as that by surface creep have been measured. It also de-
scribes the effect of alkali on the steam-reforming behav-
ior of a number of catalysts.

The two ways in which movement of alkali toward the
catalyst in the IR-MCFC can take place are illustrated in
Fig. 1. At the operation temperature of 923 K, the molten
carbonate, present in the pores of the anode, can either
evaporate as alkali hydroxide and diffuse through the
vapor phase toward the catalyst, or it can creep along the
metal wall of the anode compartment toward the catalyst.
These alkali compounds can then be taken up at various
surfaces by adsorption or absorption and can also possibly
take part in chemical reactions with the catalyst material.

For an easier interpretation of the experimental results
obtained, the following two aspects are discussed in detail:
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