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Development of a rotating ring-disc electrode for high
temperature studies in cryolite-based melts
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A compact rotating ring-disc electrode incorporating a molybdenum disc, gold ring and boron nitride
insulator has been designed, constructed and evaluated in molten cryolite-based electrolytes at tem-
peratures up to 1000 °C and rotation rates between 0 and 2000 rpm. The electrode design is extremely
versatile-and relatively maintenance free, with no visible evidence of melt leakage at the ring-insulator
and disc-insulator interfaces. The operating performance of the gold-molybdenum rotating ring-disc
electrode was evaluated from collection efficiency measurements based on the dissolution of the disc
surface and subsequent detection of soluble species transported to the ring. The observed collection
efficiency was less than the theoretical value determined from the geometry of the electrode, primarily
because of noncoplanarity of the electrode surface at the working temperature. The results confirm
that the electrode should be useful for mechanistic studies in high temperature molten fluoride electro-

lytes.

1. Introduction

Electrochemical studies in molten salt electrolytes
have predominantly been carried out at stationary
metal or graphite electrodes using techniques such as
chronopotentiometry, cyclic voltammetry, pulse vol-
tammetry, coulometry, and to a lesser extent, rotat-
ing disc voltammetry [1, 2]. Although these
techniques allow various aspects of an electrochemi-
cal process to be characterized, they are only of lim-
ited value in the case where the overall
electrochemical reaction mechanism proceeds via the
formation of a chemical intermediate. The rotating
ring-disc electrode (RRDE) is an extremely powerful
and well established technique for studying complex
chemical and electrochemical reactions in aqueous
and nonaqueous solvents at ambient temperatures
[3-6]. In view of the significant advantages available
with the RRDE technique, it is perhaps surprising
that relatively few applications have been reported
in high temperature molten salt electrolytes.

A critical feature in the design of an RRDE for use
in high temperature fluoride electrolytes is finding a
suitable combination of electrode and insulator mate-
rials with the necessary thermal, electrochemical and
corrosion properties. A limited range of electrode
materials, such as tungsten, gold, platinum, nickel
and various forms of carbon, has been successfully
employed in cryolite and sodium fluoride melts [7—
10]. The selection of a suitable insulator material is
more restricted, with boron nitride being the only
established material available for this type of applica-
tion. Although the rotating disc electrode (RDE) has
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been previously used for studies in cryolite melts [11-
14], applications involving the RRDE have been lim-
ited to lower temperature molten salt electrolytes up
to 450°C [15-17]. The development of an RRDE
that could be used at higher temperatures may pro-
vide a powerful tool for the detection of short-lived
intermediate species involved, for example, in the alu-
minium electrodeposition process in molten cryolite
[18, 19].

In the present work, construction and performance
details of a compact gold—molybdenum RRDE are
described. The operation of the RRDE was evaluated
in different melt compositions in terms of parameters
such as thermal stability, sensitivity, reproducibility
and mechanical performance. Preliminary studies
have shown that the RRDE should be useful for elu-
cidating details about the electrochemical behaviour
of chemical species in cryolite-based electrolytes at
temperatures up to 1000°C and rotation rates
between 0 and 2000 rpm.

2. Experimental details

2.1. Design and construction of the rotating ring-disc
electrode

The design and general construction of a high tem-
perature RRDE are shown in Fig. 1. Molybdenum
(99.95%, Metallwerk Plansee GmbH) was used as
the disc material because of its superior machining
properties relative to tungsten. High purity gold
(99.9%, Johnson Matthey (Aust.) Ltd.) was used as
the ring material because of its stability and ability
to induce electrode reactions at high temperatures.
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Fig. 1. A schematic diagram of the rotating ring-disc electrode: (a)
internal Inconel shaft/rotator connection, (b) glass-filled Teflon
bush, (c) outer Inconel tube, (d) boron nitride support, (¢) stainless
steel screws, (f) gold tube, (g) boron nitride gap insulator, (h) molyb-
denum rod, (i) outer boron nitride insulating sheath and (j) slotted
end-piece.

The insulating gap material consisted of either hot
pressed boron nitride (Union Carbide Corporation,
HBR Grade) or pyrolytic boron nitride (Advanced
Ceramics Corp., PBN Coating on Graphite). Boron
nitride was selected because of its thermal stability,
chemical resistance to cryolite, machining properties
and low coefficient of thermal expansion
(2.0 x 107%°C™! at 1200°C (HBR) [20] and 2.6x
107%°C~! at 1100°C (PBN) [21]) compared to other
ceramic materials.

The fabrication process involved firstly press-fitting
a 25mm long solid boron nitride rod (nominal dia-
meter 11 mm) into a pre-fabricated gold tube (nomin-
ally 11mm id.x13mm o.d.x25mm long). The
boron nitride was then progressively drilled to give a
counter-bored finish with an internal diameter
stepped from 8 to 10mm (working end). A stepped
molybdenum rod of 8—10 mm diameter was machined
with a slotted end-piece at the larger diameter end.
The rod was then threaded at the smaller diameter
end and inserted into the boron nitride-sleeved gold
tube to form a liquid-tight seal. The entire assembly
was then screwed onto an Inconel 600 shaft
(13.5mm diameter x 60cm long), the end of which
had been machined to suit the electrode rotator; this
provided the electrical contact to the molybdenum
disc. Inconel was chosen because of its resistance to

fluoride vapour as well as its thermal strength at
high temperatures. An outer Inconel tube (16 mm
id.x 19mm o.d.x55cm long) was then pressed
into position over a glass-filled Teflon bush located
near the top of the Inconel shaft, and a boron nitride
support was inserted near the ring-disc assembly to
ensure separation of the inner shaft and outer Inconel
tube. It was possible to use glass-filled Teflon with its
excellent electrical insulation, mechanical and
machining properties because heat resistance was
not critical. Two small stainless steel screws were
inserted directly through the outer Inconel tube and
boron nitride support into the gold tube to provide
electrical contact to the gold ring. These screws were
machined flush to allow a thread to be cut on the
outer Inconel tube so that an outer boron nitride insu-
lating sheath could be screwed over the entire ring-
disc assembly. The electrode face was machined flush
removing the slotted end-piece, ensuring that the ring
and disc were coplanar, and finished with grade P800
emery paper using alcohol as the lubricant. Electrical
contacts were made via carbon brushes spring-loaded
onto the inner Inconel shaft and outer Inconel tube.

The dimensions of the Au—Mo RRDE were: disc
radius (r;) =0.50cm, ring inner radius (r;) =
0.55cm, ring outer radius {r;) = 0.65cm, disc area:
0.79cm?, and ring area: 0.38 cm®. The theoretical
collection efficiency of an RRDE with these dimen-
sions is 30.92% [6]. Gold—gold and gold—-graphite
RRDEs with similar dimensions to the above elec-
trode have also been constructed for related studies.
A photograph of typical Au-Mo RRDEs is shown
in Fig. 2.

2.2. Electrochemical instrumentation and laboratory
cell

A bipotentiostat (Pine Instrument Company, Model
AFRDE4) was used to independently control the
potential of the ring and disc electrodes. An electrode
rotator (Pine Instrument Company, Model
AFASRE) was used to control the rotation of the
RRDE. Current—voltage traces were recorded on a
YEW Type 3086 x—y recorder (Yokogawa Hokushin
Electric, Japan). Preliminary studies on electrode
materials were performed using a Model 273 potentio-
stat/galvanostat with Model 270 -electrochemical
analysis software (EG&G PAR Corp., USA).

The electrochemical cell was constructed from
graphite (Morganite, CS Grade) with dimensions
90mm id. x 110mm o.d. x 140mm long and sup-
ported within an Inconel 600 furnace tube. The
RRDE was inserted into the cell through a water-
cooled seal on the head of the furnace tube. The fur-
nace (A. J. Wilcock Scientific & Engineering Equip-
ment, Australia, model 5V-4T) was equipped with a
temperature controller (Eurotherm series 70) and pro-
grammer (Eurotherm type 125). The cell temperature
was raised at 1°C per minute and allowed to equili-
brate for at least one hour after reaching its working
temperature. The melt temperature was measured



458

R. S. STOJANOVIC ET AL.

Fig. 2. A photograph of typical high temperature Au—-Mo RRDEs: (a) r; =0.4cm, r, = 0.44cm, r3 = 0.58cm and (b) r; = 0.4cm,

ry = 0.44cm, r3 = 0.495cm.

with a type K chromel-alumel thermocouple. A con-
tinuous stream of argon was passed through the
furnace tube and over the electrochemical cell to mini-
mise oxidation of the graphite cell components.

Electrochemical measurements were performed
using either a Au RDE or a Au—-Mo RRDE as the
working electrode(s), the graphite cell as the counter
electrode and an aluminium/cryolite reference elec-
trode similar in design to that described by Burgman
et al. [22]. Synthetic cryolite (Na3zAlFg) and alumina
(courtesy Comalco Research Centre, Melbourne,
Australia), aluminium fluoride (99.9% CERAC
Inc.), and calcium fluoride (99.9% Aldrich Chemical
Co. Inc.) were dried under vacuum at 120 °C for 4h
and subsequently stored wunder vacuum until
required. The various melt components (~ 450 g)
were premixed prior to being introduced into the gra-
phite cell. All other chemicals were usually of analyti-
cal grade purity, and were added to the melt as either
the oxide or fluoride salt, in the form of a preweighed
pellet which had been dried and stored in a desiccator
prior to use. Electrochemical measurements were
made at bath ratios (BR, defined as the mass ratio
of NaF/AlF;) between 1.5 and 1.0, and at working
temperatures of between 10—15°C above the liquidus
temperature of the melt.

3. Results and discussion
3.1. Rotating disc voltammetry in cryolite-based melts
Cyclic voltammetry was used to assess and character-

ize the behaviour of electrode materials such as
molybdenum, gold, nickel, graphite and glassy car-

bon for use in the construction of an RRDE. These
studies identified molybdenum as being the most sui-
table disc substrate for cathodic measurements invol-
ving the deposition of aluminium metal from cryolite
because of its high melting point and the ability
to form a stable aluminium film. The solubility of
molybdenum in aluminium is very low at 1000°C
[23] and so minimal interference with the aluminium
deposition process occurs at more negative electrode
potentials. As expected, graphite and glassy carbon
were both well suited to studies involving anode gas
evolution at positive electrode potentials, the former
material being chosen because of its superior machin-
ing properties. Furthermore, gold appeared to be a
potentially useful ring substrate because of low resi-
dual background current and an ability to induce
electrochemical reactions over a range of working
potentials.

In view of the paucity of information available on
the voltammetry of electroactive species in cryolite-
based melts, there was a need to find a suitable redox
system that could be used to assess the performance of
the Au RDE. Cyclic voltammograms for reduction of
Mn®" and Fe?" using a gold wire electrode have pre-
viously been reported in cryolite at 1015°C [13, 24].
Figure 3 shows a cyclic voltammogram at a station-
ary Au RDE for reduction of 0.1 v Mn?" (MnF,) to
Mn in a bath consisting of 80 wt % cryolite, 10wt %
alumina and 10wt % aluminium fluoride at 960 °C
(BR = 1.14). At high electrode currents the voltam-
mograms were recorded using iR compensation to
allow accurate potential measurements. Under fast
scan rate conditions (> 1000 mV s71), well defined
peaks were observed on both the forward and reverse
scans, consistent with behaviour expected for an
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Fig. 3. A cyclic voltammogram at a stationary Au RDE (area:
0.20cm?) for reduction of 0.1 M Mn?* in a bath of 80wt % cryo-
lite, 10 wt % alumina and 10wt % aluminium fluoride at 960 °C
(BR = 1.14?, iR compensation: 0.5 and potential scan rate:
1000mVs™.

electrochemically reversible diffusion controlled pro-
cess. Additionally, the values for the reduction peak
current and oxidation peak current were similar in
magnitude, suggesting that the system is also chemi-
cally reversible without any apparent complications
from surface-related phenomena. The data confirm
that the Mn?*/Mn system should be useful for RDE
measurements in cryolite-based melts.

The operating performance of the Au RDE was
evaluated by determining the diffusion coefficient for
Mn*" in pure cryolite at 1014 °C from the slope of a
plot of the mass transport limited faradaic current
against the square root of the rotational velocity,
according to the Levich equation [25],

ij = 0.62nFADY3, /6,12 C (1)
diL 1/1/6 302
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where j; is the limiting current (A), i is the limiting
current density (Acm™2), 4 is the electrode area
(cm?), w is the rotation rate (rads™!), v is the kine-
matic viscosity of molten cryolite at 1015°C
(0.011cm?s™), C is the bulk concentration
(1.04 x 10~*molcm™), D is the diffusion coefficient
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Fig. 4. Levich plot of limiting current density (i) as a function
of rotation rate (w'/?) for reduction of 0.1M Mn?" at a Au
RDE (area: 0.20 cm?) in pure cryolite at 1014°C.
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Fig. 5. Typical disc current—disc potential and ring current-disc
potential curves obtained at a stationary Au—-Mo RRDE
(r, =0.5¢m, r, = 0.55cm, ry = 0.65cm, disc area: 0.79 cm?, and
ring area: 0.38 cm?) in a bath of 76.7wt % cryolite, 3wt % alu-
mina, 15.3wt % aluminium fluoride and 5wt % calcium fluoride
at 948°C (BR = 1.0). Ring potential: 1.0V and potential scan
rate: 50mVs L.

(cm?s™"), n is the number of electrons transferred
(n=2), and F is the Faraday constant. Figure 4
shows the variation of limiting current density with
rotation rate (w'/?) for reduction of 0.1 M Mn?" at a
Au RDE in pure cryolite at 1014°C. Although a
linear response is observed at high rotation rates,
natural convection causes i;, to be significantly greater
than values predicted by theory at low rotation rates.
This phenomenon limits the applicability of the
Levich equation at these temperatures to rotation
rates of above approximately 400rpm. A Ileast
squares analysis of the linear portion of the plot of
i, against w'/? yielded a slope of 0.0187 Acm 2-
rad /2 s1/2; this value was independent of potential
scan rate. Under these conditions a value of
1.89 x 1073 cm?s™! was obtained for the diffusion
coefficient of Mn*" in molten cryolite, which is
slightly lower than values previously reported
(3 x 10 cm?s™! and 4 x 107 cm?s™! [13, 24]).

3.2. Rotating ring-disc voltammetry in cryolite-based
melts

A gold ring and a molybdenum disc were chosen as a
potentially useful combination for the application of
the ring-disc technique in high temperature cryolite-
based melts. Molybdenum exhibits a relatively low
background current over a wide potential range,
while specific interactions at the gold ring limit its
effective working range to between 0.7 and 1.6V
versus an aluminium reference electrode. Figure 5
shows typical voltammograms obtained at a station-
ary Au—Mo RRDE in a bath consisting of 76.7 wt
% cryolite, 3wt % alumina, 15.3wt % aluminium
fluoride and 5wt % calcium fluoride at 948 °C
(BR = 1.0), as a result of scanning the disc potential
while maintaining the ring potential at 1.0 V. The
disc current—disc potential curve on the forward
potential scan is characterized by a series of small
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waves prior to the onset of the aluminium deposition
reaction which are attributed to the formation of a
number of Mo—Al alloys [23]. A series of waves was
observed during the reverse potential scan which are
presumably related to aluminium being stripped
from the various alloy phases. The peak heights for
the various anodic processes on the reverse scan
were examined as a function of deposition time and
reversing potential. The peak height for all processes
increased with an increase in holding time at a fixed
deposition potential. Similarly, an increase in peak
height was observed as the reversing potential was
made more negative. Both these observations sup-
port the above conclusion of alloy formation. In con-
trast, the corresponding ring current—disc potential
curve exhibits a relatively stable background prior
to the onset of an anodic wave, at a potential coincid-
ing with the aluminium electrodeposition process at
the disc. These results suggest that the Au-Mo
RRDE may be a useful tool for elucidating details
about electrochemical reaction mechanisms in
cryolite-based melts.

An RRDE is usually calibrated by determining its
collection efficiency (N), defined as the fraction of spe-
cies produced at the disc electrode which is capable of
reacting at the ring electrode [3]. Theoretical and
experimental values for N can be readily compared
provided a suitable redox system is available, ideally
a system where both the oxidised and reduced forms
of the electroactive species are soluble. The oxidation
of ferrocene (bis-cyclopentadienyl iron) and reduction
of ferricyanide are often used as model systems in
organic and aqueous solvents, but no useful redox sys-
tem has been established for work in cryolite-based
melts. The voltammetric behaviour of chemical spe-
cies such as FeF;, MnO,, CrF;, V,0;5, Ta,05 and
Nb,O5 was examined in various cryolite-based melts
using a Au—Au RRDE at rotation rates between 0
and 2000rpm. Unfortunately, no redox couple
suitable for use as a model system could be found in
the potential range available at the gold ring. It
should be stressed, however, that these results do
not necessarily imply that the redox systems investi-
gated are not electrochemically active in molten salt
electrolytes.

An alternative approach, based on measurements
involving the dissolution of the molybdenum disc sur-
face and subsequent detection of soluble species at the
ring, was used to determine the N of the Au—Mo
RRDE. Figure 6(a) shows a typical voltammogram
obtained at a stationary Au—Mo RRDE in a bath con-
sisting of 80 wt % cryolite, 10 wt % alumina and 10 wt
% aluminium fluoride at 960°C (BR =1.14), as a
result of scanning the disc potential in the positive
direction while maintaining the ring potential at
0.8 V. The disc current—disc potential curve is charac-
terized by a large single anodic wave resulting from
direct oxidation of the molybdenum disc surface,
and a corresponding cathodic wave resulting from
the reduction of products formed at the disc surface.
The height of both the oxidation and reduction waves
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Fig. 6. Typical disc current—disc potential and ring current-disc
potential curves obtained at a Au-Mo RRDE (r; =0.5cm,

r, =0.55cm, r; =0.65cm, disc area: 0.79cm?, and ring area:

0.38cm?) in a bath of 80wt % cryolite, 10wt % alumina and
10wt % aluminium fluoride at 960°C (BR = 1.14). (a) Stationat;y
electrode, ring potential: 0.8V and potential scan rate: 50mVs™.
(b) Rotation rate: 1500 rpm, ring potential: 0.8 V and potential scan
rate: 50mVs!.

was dependent on the reversing potential applied at
the disc during the forward potential scan. Under
these conditions, no response was observed at the
gold ring, indicating that the reaction products
formed at the surface of the molybdenum disc were
not being transported to the ring.

Figure 6(b) shows current—voltage curves obtained
at the Au—Mo RRDE at a rotation rate of 1500 rpm.
A significant increase in wave height is observed at the
molybdenum disc during the forward potential scan,
while the cathodic wave observed previously on the
reverse potential scan at the stationary molybdenum
disc is no longer visible. Importantly, a single well
defined cathodic wave is now observed at the gold
ring, as shown by the ring current—disc potential
curve. Under convective mass transport control, the
soluble species formed at the molybdenum disc is
transported to, and subsequently detected at, the
gold ring. From the available data, it is possible to cal-
culate a value for N from the ratio of the ring elec-
trode current (ig) to disc electrode current (ip),
according to the following equation,

N = iRnD

(3)

where np and ni are the number of electrons trans-
ferred on the disc and ring, respectively [4].

The collection efficiency of the Au—~Mo RRDE at a
rotation rate of 1500 rpm, assuming np and ng are
equal, was calculated to be 19.7%, compared to the
theoretical value of 30.92% determined from the geo-
metry of the electrode [6]. The difference between the
observed and theoretical collection efficiencies may be
attributed to different values for np and ng, or to the
presence of a surface controlled reaction at the disc
causing erroneous values to be obtained for the
mass transport controlled faradaic current.

IpMR
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Experimentally measured values of N were found to
be slightly dependent on the rotation rate of the elec-
trode, which is consistent with behaviour expected for
a more complex mechanism than one involving only
convective diffusion. Additionally, N can vary signifi-
cantly with rotation rate depending upon the degree
of noncoplanarity that exists between the ring and
disc [6]. Tt is possible to determine the contribution

of a surface controlled process to the total
faradaic current from the general expression [6],
1 1 1
= — 4
l Lsurf Bwl/ 2 ( )

where i is the total current density, iy is the surface
controlled current density and Bw'/? (=) is the
mass-transport controlled current density, provided
a plot of 1/i against 1 /wl/ 2 is linear. The present
data does not fit Equation 4, which implies that addi-
tional factors are operating.

It has been well documented [26] that a noncopla-
nar ring—disc configuration can lead to discrepancies
in measured N values. One would expect a degree of
noncoplanarity to exist when the ring—disc assembly
is operating at temperatures around 1000 °C, given
the differences between the thermal expansion coeffi-
cients of the electrode and insulator materials. A
detailed examination of the Au—Mo RRDE assem-
bly, after removal from the melt, has revealed ring-
disc plane misalignments of up to 0.4 mm. Assuming
such a misalignment exists at the working tempera-
ture, then using an estimate based on the data of
[26] for an RRDE with r; = 1.5mm, 7, = 2.5mm,
r3 = 4.5mm, one could expect N to decrease by
around 25%. The difference between the observed
and the theoretical N values for the Au-Mo RRDE
was of a similar order, suggesting that noncoplanar-
ity is the most likely cause of non-ideal behaviour in
high temperature melts.

4. Conclusions

A Au-Mo RRDE has been developed for high tem-
perature electrochemical studies in cryolite-based
melts. The electrode allows electrochemical measure-
ments to be made in various melt compositions for
experimental times of up to 3h, at temperatures of
around 100°C and at rotation rates between 0 and
2000rpm. A detailed examination of the electrode
after disassembly revealed no visible melt leakage at
the ring-insulator and disc-insulator interfaces. The
operating performance of the RRDE was evaluated
directly from measurements involving the dissolution
of the disc surface and detection of soluble species
transported to the ring. The Au—-Mo RRDE dis-
played a collection efficiency less than the expected
theoretical value determined from the geometry of
the electrode. This behaviour was primarily attribu-
ted to noncoplanarity of the electrode surface as a

result of the different expansion rates of the various
materials at the working temperature of 960 °C.
This work suggests that the RRDE should be a highly
sensitive and specific technique for mechanistic or
related studies in cryolite-based melts. The advan-
tages offered by the RRDE should extend the
scope of electrochemical investigations in high tem-
perature molten salt electrolytes, complementing
the more established techniques that are currently
available.
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