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Abstract

A series of four electrolytic reduction runs was performed in molten salt at bench scale to compare the performance
characteristics of monolithic platinum and iridium as oxygen-evolving anodes, while simultaneously reducing
uranium oxide to metal. In each run 25 g of uranium oxide particulate was loaded into a permeable steel basket,
which, in turn, was immersed in a pool of LiCI — 1 wt% Li,O at 650 °C. Both anodes, each 3 mm in diameter, were
suspended vertically in the salt pool, adjacent to the steel cathode basket. The anodes were connected in parallel to
separate direct current power supplies with the uranium oxide-loaded basket as the common cathode. A cell voltage
(3.1 V) was intermittently applied to the system with both power supplies operating concurrently, effecting the
reduction of uranium oxide to uranium metal at the cathode basket and the simultaneous oxidation of oxygen anions
in the salt to oxygen gas at each anode. Anode and cathode potentials and currents were recorded to compare the
performance of platinum vis-a-vis iridium. After completing the series of runs, both anodes were removed and
subjected to dimensional, chemical, and microscopic analyses. Even though the accumulated charges on each anode
over the series of four runs were similar, the platinum anode exhibited up to 29% reduction in cross-sectional area
compared to less than 3% for the iridium anode.
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1 Introduction

An electrolytic reduction process for the conversion of uranium oxide to uranium metal in a molten LiCI-Li,O
electrolyte was originally developed by researchers at Argonne National Laboratory [1]. In a typical operation of
this process, uranium oxide (UO,) particulate is loaded into a permeable steel basket and immersed in molten LiCl at
650 °C with a nominal 1 wt% Li,O content. An inert anode rod is suspended in the electrolyte adjacent to the
basket. A power supply is configured to the anode rod and a center cathode rod, embedded in the particulate loaded
basket. The power supply is operated at a sufficient cell potential (nominally 3.1 V) to electrochemically reduce the
uranium oxide to uranium metal, thereby liberating oxygen anions from the basket to the molten salt electrolyte.
Simultaneously, oxygen anions are oxidized to oxygen gas at the anode, where the gas bubbles rise through the salt
and are channeled out of the cell.

A primary application of the electrolytic reduction process is a head-end step in an integrated operation for the
recovery of uranium and group uranium/transuranium metals from used nuclear oxide fuels. Specifically, used
commercial nuclear oxide fuel, which is ~96% uranium oxide, is separated from its cladding and converted to metal
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in the prescribed electrolytic reduction process. Once reduced to metal, the used fuel is amenable to further
electrochemical treatment (i.e., electrorefining), from which purified uranium and group uranium/transuranium
metal products are recovered [2]. The integration of electrolytic reduction and electrorefining technology for
reprocessing used nuclear oxide fuels has been the subject matter of considerable research, performed at various
institutions over the last decade [3-10].

The electrolytic reduction process for uranium oxide and used nuclear oxide fuels has been developed utilizing
primarily monolithic platinum as an inert anode, because it has exhibited reasonable stability in a LiCI-Li,O-O, (g)
environment for relatively short duration exposures at bench scale. In recent years, efforts have focused on scaling
up the electrolytic reduction process to assess its potential commercial application. Thus, the viability of platinum
as an enduring inert anode in a large-scale process has come under increased scrutiny. Indeed, researchers have
identified the degradation of platinum during the electrolytic reduction of uranium oxide via the formation of lithium
platinate (Li,PtOs) and its subsequent disintegration [11-13]. Furthermore, the degradation of platinum is
compounded in this system, as fission products from used fuel accumulate in the electrolyte and interact with
platinum. Of particular concern are reactive fission products, such as iodine and tellurium, which accumulate as
anions in the molten electrolyte and compete with oxygen anions for oxidation at the platinum anode [9-10].
Consequently, developmental efforts have ensued to investigate other potential inert anode materials, which can
exhibit improved performance characteristics compared to platinum in the prescribed electrolytic reduction system.

Iridium, another platinum group metal, displays comparable thermodynamic stabilities to those shown by platinum
in a LiCl-Li,0-0O, (g) system at 650 ° [14]. Additionally, iridium is less susceptible than platinum to interaction
with lithium metal [15], which is formed during the electrolytic reduction process. However, to unequivocally
compare performance characteristics, both monolithic platinum and iridium were operated as oxygen evolving
anodes in the prescribed electrolytic reduction system. A series of uranium oxide reduction experiments was
performed with both anodes operating simultaneously, positioned side-by-side against a common cathode. The
anodes were subsequently subjected to a series of chemical and microscopic analyses to compare their performance
characteristics.

2 Experimental

2.1 Equipment

The electrolytic reduction experiments were performed in an argon atmosphere radiological glovebox, in which a
thermal well was located for molten salt operations. Equipment specific to the runs included four single-use cathode
assemblies, two reusable anode assemblies (one with a platinum-tipped anode and the other with an iridium tip), and
one Ni/NiO reference electrode, as shown in Fig. 1.

Fig. 1. Components used in the electrolytic reduction runs (from top to bottom): Ni/NiO reference electrode,
iridium anode with its corresponding shroud, cathode assembly, and platinum anode with its corresponding shroud.

Each cathode assembly consisted of a stainless steel basket that was electrically isolated from a cathode rod or
current collector. Each basket was fabricated by rolling and seam welding a prefabricated, multilayered, stainless
steel mesh laminate of varying porosities (Purolator, 10 to 40 pm porosities) into a 19-mm diameter by 76-mm tall
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cylinder. The bottom end of the cylinder was fitted with a solid end cap, and the upper end was fitted with an
extension tube of the same diameter. The extension tube was sheathed with an alumina tube to provide electrical
isolation from heat shields in the molten salt furnace. The upper end of the extension tube was fitted with a shaft
collar to suspend the baskets at a prescribed position in the molten salt. The lower end of the extension tube was
machined with openings to facilitate loading of the baskets with crushed uranium oxide particulate. Cathode rods
were assembled with a 6-mm diameter by 38-mm tall stainless steel rod that was threaded onto a 3-mm diameter
steel rod. A 6-mm diameter by 38-mm tall magnesia tube was placed concentric to the 3-mm diameter steel rod and
atop the 6-mm diameter stainless steel rod to span the salt-gas interface when suspended in the salt pool. The
cathode rods were positioned concentric to the cylindrical basket assemblies in such a way that each cathode rod
was suspended about 6 mm off the bottom of the basket. Ceramic spacers and a polymeric shoulder disc were fitted
onto the 3-mm diameter steel rod to electrically isolate the cathode rod from the basket assembly.

Each anode assembly consisted of a 100-mm long by 3-mm diameter monolithic platinum (99.8%, Alfa Aesar) or
iridium (99.8%, Alfa Aesar) rod, which was coupled to a 3-mm diameter copper rod. (Note: After the first of four
electrolytic reduction runs, the copper extension rods were replaced with 4-mm diameter nickel extension rods as a
precautionary measure, due to observed corrosion on the surface of each copper rod. The surface corrosion was
considered inconsequential to the performance of the respective platinum and iridium anodes.) Each anode rod was
suspended inside an 11-mm OD by 8-mm ID magnesia tube by a shaft collar that positioned the bottom of each
anode rod approximately 3 mm above the bottom opening of the magnesia tube.

The Ni/NiO reference electrode was comprised of a 1-mm diameter nickel wire in contact with 1 g of NiO powder
inside a one-end closed magnesia tube with a porous end plug. The magnesia tube was fitted with a shaft collar to
suspend the bottom end of the reference electrode in the molten salt.

2.2 Procedure

A 100-mm diameter by 110-mm tall magnesia crucible (Tateho Ozark Technical Ceramics) was loaded with 800 g
of anhydrous LiCl (99.9%, ultra-dry, Alfa Aesar) and 8 g of Li,0 (99.5%, Alfa Aesar) for the first electrolytic
reduction run. The crucible was placed inside the molten salt furnace well, and a vessel head with accompanying
heat shields were positioned above the crucible. The vessel head and heat shields were aligned with five operating
ports — one on center and four around the center — to access the molten salt electrolyte in the crucible. The Ni/NiO
reference electrode was placed in one of two rear ports, and an ungrounded thermocouple assembly was placed in
the other rear port. The platinum and iridium anode assemblies were placed in the front two ports, and a shield plug
was placed in the center port. The furnace was energized and controlled to melt and maintain the salt pool at 650 +
5°C.

A cathode basket assembly, containing 25 g of uranium oxide of a specified particle size range, was positioned in
the center port, suspending the loaded basket in the molten salt. Each anode was connected to the common cathode
rod in the uranium oxide loaded basket through a separate Kepco bipolar operational power supply (BOP 20-10M).
Each power supply was capable of +10 A and £20 VDC. The anode, cathode, reference electrode, and
thermocouple leads were connected to an instrumentation and control cabinet, which provided furnace controls and
electrochemical cell monitoring, i.e., anode and cathode currents and potentials relative to the Ni/NiO reference
electrode. A simplified schematic of the ungrounded electrolytic reduction cell is shown in Fig. 2.
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Fig. 2. Simplified diagram of the electrolytic reduction cell.

For a given run, both power supplies were simultaneously energized, stepped from an open circuit potential, and
controlled at a 3.1 V cell voltage for ~15% of the theoretical charge for the loaded mass of uranium oxide (i.c.,
35,700 C for 25 g UO,), based on the observed currents through the anodes. (Note: The controlled 3.1 V cell
voltage provided adequate overpotential to drive the decomposition of UO,, which has a decomposition potential of
2.40 V at 650 °C. [14]) After ~5360 C of applied charge (one power cycle), both power supplies were de-energized
for 30 minutes (one interrupt cycle) to facilitate oxygen ion diffusion from the basket to the bulk salt. Nine
additional power and interrupt cycles were then performed, using the same cell voltage settings and durations as
those established in the first cycles with the exception of one overnight period (i.e., extended interrupt cycle) per
run. After the tenth power cycle the basket was allowed to sit at open circuit potential for 90 minutes, after which it
was removed from the salt pool. A sample of the molten salt was taken, and the level of the salt pool was measured.
The sample was dissolved in water and titrated, revealing the lithium oxide concentration in the salt. Masses of LiCl
and Li,O feedstock were prepared and added to the salt pool to restore salt level to its original level and Li,O
concentration to 1 wt%. A new cathode assembly was loaded with UO, particles, and the prescribed electrolytic
reduction run sequence was repeated for three additional runs. The electrical leads to the platinum and iridium
anodes were switched for the fourth run to assess possible differences between the performances of the two power
supplies. A matrix of parameters for the series of four electrolytic reduction runs is presented in Table 1.



Table 1. Matrix of parameters for series of four electrolytic reduction runs.

Run Cathode Anode
UO; particulate UO; particulate Basket wall Power supply Power supply
mass size porosity unit 1 unit 2
1 250¢g 0.045 - 1.2 mm 38 um Pt Ir
2 250¢g 0.045 - 1.2 mm 40 pm Pt Ir
3 250¢g 0.045 - 1.2 mm 10 pm Pt Ir
4 250¢g <0.045 mm 10 pm Ir Pt

2.3 Evaluation and Characterization of Anodes

The diameters of the post-test platinum and iridium anodes rods were measured with a slide caliper. Surface
material from the rods was removed and examined by powder XRD (Panalytical Empyrean diffractometer, equipped
with a Cu Ka target at 45 kV and 40 mA. A PIXcel’” position-sensitive detector was used to collect the diffraction
patterns. Scan parameters were 10-90° 20 with a step of 0.013° 26 and a scan step time of 198.6 s. Panalytical
HighScore+ software was used to identify crystalline phases). Sections of the anode rods were examined under a
scanning electron microscope (SEM) for morphological features (Phenom Pro SEM — NanoScience Instruments —
with backscattered and energy dispersive detectors).

3 Results
3.1 Electrolytic Reduction

A response plot for the first electrolytic reduction run is shown in Fig. 3. The first power cycle in this run yielded
platinum and iridium currents near 0.7 and 1.0 A, respectively. Over the course of the run those currents gradually
approached each other, yielding 0.85 A each during the final power cycle. The first run was terminated after a total
of 54,200 C of total charge (or 152% of theoretical charge) was applied, with the platinum and iridium anodes
carrying 43.2% and 56.8% of the total charge, respectively.
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Fig. 3. Response plot for first electrolytic reduction run.

The second electrolytic reduction run proceeded in a similar fashion to that of the first run, yielding a response plot
with the platinum anode carrying 41.8% of the total applied charge versus 58.2% for iridium. The third and fourth
electrolytic reduction runs likewise produced similar response plots to the first two runs, with the exception that the
platinum and iridium currents exhibited more parity throughout their respective runs. Indeed, the swapping of
power supplies between the platinum and iridium anodes during the fourth run identified no perceptible difference in
anode current carrying capacities. A summary of the charges for the series of four electrolytic reduction runs is
provided in Table 2.

Table 2. Summary of charges for series of electrolytic reduction runs.

Total Applied Charge Anode Specific Charge
. (Pt and Ir)
Theoretical Pt Ir
Run Charge Actual Fraction of - .
. Fraction of Fraction of
© charge theoretical charge Charge Charge

(©) (%) (©) total charge (©) total charge

(%) (%)

1 35,700 54,200 152 23,400 43.2 30,800 56.8

2 35,700 58,600 164 24,500 41.8 34,100 58.2

3 35,700 59,000 165 31,200 52.9 27,800 47.1

4 35,700 53,700 150 28,700 53.4 25,000 46.6

Totals 142,800 225,500 158 107,800 47.8 117,700 52.2




3.2 Evaluation of Anodes

After the series of four electrolytic reduction runs, the platinum and iridium anodes were removed from the molten
salt furnace, allowed to cool to room temperature, and then soaked in deionized water to remove adhered salt. The
physical states of the cleaned anode rods are shown in Fig. 4. As observed in Fig. 4, the iridium anode rod surface
looked uniformly dark and smooth, and no thinning of the rod was visually apparent. The platinum anode rod
exhibited a yellow-green surface material in the region above the salt level, while the surface in contact with the salt
was rough and of a dull-gray color. The platinum anode rod looked somewhat thinner in the region below the salt
level.

Fig. 4. Iridium (top) and platinum (bottom) anode rods after water washing.

A slide caliper was used to measure the diameters of both platinum and iridium anode rods at 10 mm increments,
beginning from the bottom end of each rod. The results of these measurements are shown in Table 3. The calipers
were also used to measure from the bottom end of the platinum anode rod to the onset of the yellow-green surface
deposits, which was likely the salt-gas interface during the runs. The distance was 46 mm.

Table 3. Diameters over the lengths of platinum and iridium rods after series of four electrolytic reduction runs.

Distance from bottom end of each Diameter of anode rod (mm)
anode rod Pt Ir
(mm)
0 2.87 2.97
10 2.73 2.97
20 2.60 2.96
30 2.52 2.96
40 2.63 2.97
50 2.82 2.98
60 2.94 2.98
70 2.97 2.97
80 2.96 2.97

A straight edge was used to scrape material from the surface of the platinum anode rod, which consisted
predominantly of the yellow-green surface material on the upper portion of the rod. The same scraping was
attempted on the iridium anode rod, but very little material could be removed. The scraped materials from both
anode rods were examined by powder XRD. Electron discharge machining was then used to section the bottom 3
millimeters of each rod, which were subsequently mounted in epoxy, polished, and examined with a SEM.

Figs. 5 and 6 show the diffraction patterns of the platinum and iridium anode surface materials, respectively. Two
phases that were identified from the scraped platinum material matched metallic platinum and lithium platinate
(Li,PtO;). The phase identification of the iridium anode surface material was less conclusive, due to the very small
quantity of sample that could be collected. The XRD pattern revealed the presence of trace iridium metal along with
a second phase, which could not be conclusively established as lithium iridate or iridium oxide (Li,IrO;, IrO,). The



presence of trace platinum and iridium metal in the XRD patterns was believed to be due to the scraping of the
respective anode rods with a straight edge.
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Fig. 5. X-ray diffraction pattern from platinum rod surface material showing Li,PtO; and Pt metal.
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Fig. 6. Iridium rod surface material XRD pattern showing a pattern match to Ir metal but an uncertain match to

LiIrO; or IrO..



Images of the bottom sections (3 mm) of the platinum and iridium anode rods are shown in Figs. 7 and 8,
respectively. The images did not reveal the presence of any corrosion layers, even up to a magnification of 10,000x.
There could be two possibilities for the absence of a corrosion layer, particularly in the Pt sample, either the
corrosion layer was removed during the sample preparation, or, if present, it did not provide enough imaging
contrast to distinguish it from the bulk metal. Subsequent Energy Dispersion Spectroscopy (EDS) could not
distinguish a corrosion layer on either sample, because lithium cannot be detected by the EDS spectrometer and also
the adjacent epoxide from the mounted samples prevented an accurate observation of oxygen, conclusively from a
corrosion layer. However, the SEM images qualitatively identified a more roughened surface on the platinum anode
rod (Fig. 7 with increasing magnification) as opposed to the surface of the iridium anode rod (Fig. 8).

Fig. 7. Edge of platinum anode at low magnification (left) and high magnification (right).

Fig. 8. Edge of iridium anode at low magnification (left) and high magnification (right).



4 Discussion

This study was designed to compare the performance of monolithic platinum vis-a-vis iridium anodes under
identical operating conditions during the electrolytic reduction of uranium oxide with independent power supplies.
One possible discriminator in terms of performance was the current and charge carried by each anode. In the first
run, the initial current on a clean iridium anode was nearly 50% higher than that for a clean platinum anode, as
shown in Fig. 3, owing to a higher electrical conductivity of pure iridium than that of pure platinum. However, the
platinum and iridium anode currents gradually approached each other over the course of the first run, which is likely
due to compound formations and concomitant changes in conductivity at the salt-metal interface of each anode.
Indeed, the anode specific charges for the two anodes were comparable over the series of four runs with platinum
carrying 47.8% of the applied charge and iridium carrying 52.2%. Thus, the relative conductivities of platinum and
iridium were not a substantial discriminator between the two anode materials, particularly after an initial period of
surface conditioning.

Platinum forms an oxide layer of lithium platinate, Li,PtO;, when operating as an anode in the electrolytic reduction
system. The formation of lithium platinate in this system has been observed consistently by others [11-13]. Indeed,
lithium platinate was the major species on the platinum anode surface identified in this study via powder XRD.
Researchers have observed Li,PtO; formation at temperatures above 600 °C [16], exhibiting a yellow polycrystalline
growth [17], which is consistent with the yellow-green surface formation on the platinum anode at 650 °C in this
study. In contrast, Freund identified lithium iridate, Li,IrO;, formation above 700 °C [17], which had been
characterized as black crystals previously by others [18]. Several authors have reported the formation of three types
of lithium iridates (a-LiIrO;, B-Li,IrOs, and y-Li,IrOs). Kobayashi, et al, were the first to report the synthesis of a
polycrystalline a-Li,IrO; by heating mixtures of Li,CO; and IrO, to temperatures between 650 and 1050 °C [19].
Takayama, et al, have reported that a-Li,IrO; becomes irreversibly converted to B-Li,IrO; upon repetitive heating at
a temperature higher than 1000 °C [20]. According to Freund, et al [17], the formation of a-Li,IrO; takes place in
the temperature range of 750 — 1050 °C. Modic, et al, prepared y-Li,IrO; by a combination of calcination and
molten salt annealing of Li,CO; and IrO, mixture in molten LiOH at 700 °C to 800 °C [21]. From a conductivity
standpoint, it has been reported that while Li,PtO; is a semiconductor with an energy band gap of 2.3 eV, LiIrO;
exhibits metallic conductivity [18]. Although the present study identified an extremely thin black formation on the
surface of the iridium anode, the presence of Li,IrO; was inconclusive due to its insufficient formation and
obtainability on the iridium anode surface for subsequent analysis. Perhaps the lack of significant Li,IrO; formation
on the iridium anode was attributable to the lower operating temperature (650 °C) in this study compared to Li,IrOs
crystal growth by others at temperatures above 700 °C.

The most persuasive discriminator in this study was the mechanical stability of the anode materials and their
corresponding surface formations. The initial diameters of the platinum and iridium rods were 3 mm. However,
over the course of the four electrolytic reduction runs, the platinum exhibited a significantly higher material loss
compared to iridium (Table 3). This difference in anode material losses is accentuated in a radial profile plot, as
shown in Fig. 9. The loss of anode material, or necking, corresponded to a reduction in cross-sectional area as high
as 29% for the platinum rod compared to 3% for iridium.
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Fig. 9. Radial profiles of platinum and iridium anode rods following series of four electrolytic reduction runs.

Both platinum and iridium anode rods exhibited surface formations. However, the formation of Li,PtO; on the
platinum surface proved unstable, becoming progressively thinner from the bottom of the rod towards the salt-gas
interface. The progressive thinning of the platinum rod could be attributed to a Li,O concentration gradient that was
suspected in the column of salt inside the anode shroud. Specifically, the lithium oxide concentration at the bottom
of the anode shroud opening should have been near that in the bulk salt, while its concentration should have
gradually lowered moving up the column of salt within the shroud due to oxygen anion oxidation on the anode.
Jeong, et al., noted that platinum degradation was accelerated at low Li,O concentrations, particularly below 0.5
wt% [12], which is consistent with the thinning of the platinum anode rod in this study. The progressive thinning of
the platinum anode rod and consequent exposure of base platinum metal could explain the slightly higher charges
that were observed during the third and fourth runs (see Table 2). The iridium anode rod, on the other hand,
exhibited a stable surface formation, in spite of a similarly suspected Li,O concentration gradient in the column of
salt within its respective anode shroud.

5 Conclusions

This study provided compelling evidence that monolithic iridium exhibited superior performance characteristics vis-
a-vis platinum during the electrolytic reduction of uranium oxide in LiCl — 1 wt% Li,0 at 650 °C. Both platinum
and iridium anodes were effective at removing oxygen anions from the molten salt electrolyte. The platinum anode
carried 47.8% of the applied charge from a series of four electrolytic reduction runs, while the iridium anode carried
the balance of the charge. Both anode rods exhibited surface formations. The platinum anode rod formed a yellow-
green surface layer, which was characterized to be Li,PtO; via powder XRD. The iridium anode rod formed a
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smooth dark surface layer. The color of the iridium surface was consistent with Li,[rO;; however, its formation
could not be conclusively established, because of its insufficient buildup on the anode surface. The primary
discriminator in this comparative study was the stability of the anode surface layers. The platinum anode rod
degraded in this system via Li,PtO; formation and erosion, resulting in its thinning up to 29% of its original cross-
sectional area. The iridium anode rod appeared to form a relatively stable conductive surface layer under identical
conditions, and its thinning was no more than a 3% of the original cross-sectional area.
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