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Background: 
 

Molten oxide electrolysis (MOE) is an extreme form of molten salt electrolysis, a 
technology that has been producing tonnage metal for over 100 years -- aluminum, magnesium, 
lithium, sodium, and the rare-earth metals are all produced in this manner.  What sets molten 
oxide electrolysis apart from all molten salt electrolytic technologies is its use of carbon-free 
anodes which, in turn, facilitates the production of oxygen gas at the anode.  Molten oxide 
electrolysis is totally carbon-free and, hence, produces no CO, no CO2 -- only O2.  Accordingly, 
MOE offers powerful environmental advantages over conventional technology.  Even in 
recognition of the use of carbon in the generation of electricity, MOE ranks lowest among 
breakthrough technologies in terms of CO2 emissions per unit metal product.  

The present investigation is directed at assessing the technical feasibility of the process 
at the bench scale while determining optimum values of process operating parameters.  Most 
importantly an inert anode will be identified and its ability to sustain oxygen evolution will be 
demonstrated.  What is highly innovative in the proposed research is that for the first time the 
search for an inert anode material will be directed by first-principles calculations that will 
computationally screen vast arrays of materials calling out the most promising compositions for 
laboratory verification.  By so reducing the level of empiricism it is hoped that the development 
time can be greatly compressed while the universe of materials options can be broadened.  

 
Project Objective(s): 
   
(1) the identification of appropriate electrolyte chemistries 
(2) the selection of candidate anode and cathode materials compatible with electrolytes named 

above 
(3) performance data from laboratory-scale cells producing oxygen and metal. 
 
 In sum, the proposed investigation will deliver a working prototype cell that can use iron 

oxide to produce metallurgical-grade iron along with oxygen by-product. This will set the 
stage for scale-up studies in Phase II. 

 
 
Project Deliverable(s): 
 
The final deliverable of Phase I will be a fully functional laboratory-scale electrolysis cell that 
produces iron to specification along with by-product oxygen. 
 
Executive Summary: 
 

The effect of optical basicity of the electrolyte on the anodic process of oxygen evolution 
was investigated to optimize the physical chemistry of the supporting electrolyte for iron winning. 
At the same time, basic electrochemistry was extended to Fe-Cr and Fe-Ni alloy in line with the 
prospective electrolytic production of stainless steel by MOE. 
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1. Electrochemical reduction behavior of iron cation in ferrite melt around 1600oC 
 

We investigated the reduction behavior of iron cations in a surrogate melt at lower 
temperature (~850oC). Solid iron powder in the low temperature melt and liquid iron droplets 
were successfully prepared in a ferrite melt at 1575oC, respectively. We first conducted some 
fundamental electrochemical research of iron cation reduction at the “white heat” temperature. 
Since the reaction is rapid at high temperature, and since it is difficult to precisely control the 
electrode surface area in the high temperature melt due to the high surface tension of the 
silicate liquid, the current passing through the cell exceeded the original laboratory 
electrochemical workstation, a Solartron Model 1286 potentiostat. A new electrochemical 
workstation, a PAR M2273 with a Kepco BOP 20-20M booster, allows cyclic voltammetry (CV) 
scans to be measured at currents up to 20A.  

 CV measurements were taken in the ferrite melt at 1575oC. The working electrode was 
a molybdenum rod (0.125 inch diameter, 1.1~1.8 cm2 area depending on the depth immersed 
into the melt), and the counter electrode was another molybdenum rod (0.18 inch diameter).  A 
molybdenum crucible containing the electrolyte acted as a pseudo-reference electrode. The 
supporting electrolyte is CaO-MgO-SiO2 (S1) with 5 wt% FeO or Fe2O3 added for subsequent 
measurements of the iron system. The above mentioned instrument was used in conjunction 
with PowerCV data acquisition software to take the measurements in a flowing argon 
environment. 

The cyclic voltammogram (also CV) of the supporting electrolyte containing 5wt% FeO is 
shown in Figure 1. The reduction potential of iron is roughly -0.2 V vs. Mo/MoO3 as seen in the 
cathodic wave in Figure 1. This agrees well with -0.18V according to the thermodynamic 
calculation. During the anodic (positive) return sweep there is evidence of the complementary 
oxidation peak which represents the electrochemical dissolution of metallic iron formed 
previously on the cathodic sweep. At yet higher anodic potential, there is a second wave which 
is attributed to the stripping of the molybdenum substrate. The reduction of iron is marked by a 
monotonic rise in current instead of a peak. This is evidence of very fast mass transport which is 
noteworthy at such high values of current density (1.0 A/cm2) and scan rate 50 mV/s. These 
data indicate highly facile kinetics for iron electrowinning and electron transfer controlled 
process. The reduction rate of iron can be further improved by increasing the polarization 
potential. Figure 2 shows a wide potential region CV with the negative end prolonged to -1.5V. 
As it can be seen, another inflexion appears at around -1.2V, which is close to the 
decomposition potential of SiO2, -0.9V vs. Mo/MoO3, suggesting the decomposition of silicate 
anion in the melt. A wide potential region exists to accelerate the iron reduction without 
decomposition of the supporting electrolyte by increasing the cathodic polarization potential. 

Similar results have been found in melts containing Fe2O3. Figure 3 is the CV of the 
supporting electrolyte with 5 wt% Fe2O3. It indicates a clear reduction current of Fe3+ during the 
negative sweep in the potential region from -0.05V to -0.8V.  It also shows an oxidation current 
of stripping the thin layer of liquid iron on the electrode during the positive sweep in the potential 
region from -0.2V to 0.1V. CVs at different potential scan rates are shown in Figure 4, and 
similar cathodic reduction curves, especially in the high polarization potential regions, were 
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obtained. An oxidation current peak in the potential region less than 0.0V appears with slower 
potential scan (10mV/s), which is definitely related to the stripping of the deposited iron. 

 
Figure 1: Cyclic voltammogram of Mo electrode in CaO-MgO-SiO2 with 5wt%FeO at 1575oC 
(scan rate: 50mV/s) 
 

 
Figure 2: CV of Mo electrode in CaO-MgO-SiO2-5wt%FeO at 1575oC (scan rate: 50mV/s) 
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Figure 3: CV of Mo electrode in CaO-MgO-SiO2-5wt% Fe2O3 at 1575oC (scan rate: 50mV/s) 

 
 

 
Figure 4: CVs of Mo electrode in CaO-MgO-SiO2-5wt% Fe2O3 at 1575oC at different scan rates 
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2. Possibility of molybdenum rod as an inert anode (substrate) 
 

Developing an inert anode is a key aspect of producing “green iron” without greenhouse 
gases emission. In general, the inert anode can be a metal or alloy, conductive ceramic, or 
composite. There are only several metals that can withstand the operating temperature on the 
order of 1600oC: the noble metals such as Pt, Ir, and Rh, and the refractory metals such as Mo, 
W and so on. Considering the availability, price, and the laboratory observation of a 
molybdenum rod serving as a counter electrode, it was evaluated as a possible inert anode 
material in the ferrite melt at high temperature. Perhaps, molybdenum can serve as a substrate 
for an alloy film or ceramic coating composite inert anode.   

 Figure 5 shows a typical CV at the positive potential region in a MgO-CaO-SiO2-Fe2O3 
molten oxide slag at 1575oC using a Mo rod (0.125 inch diameter) working electrode, Mo rod 
(0.18 inch diameter) counter electrode, and a Mo crucible doubling as a pseudo-reference 
electrode. During the positive sweep, a monotonically increasing current in the potential region 
of 0-0.9V should be related to the active dissolution of Mo, while around 1.0 V, an oxidation 
peak appears, after which, the current decreases and reaches a steady value ~0.7A/cm2. This 
“passivation” behavior should be related to a protective oxide layer forming on the Mo surface. 
This thin layer is not a barrier for the electron transfer as a very high average current density of 
~0.7A/cm2 is still obtained. The fluctuation of the current suggests oxygen bubbles forming, 
coalescing, and leaving the electrode surface. During the negative potential sweep, the thin film 
remains stable until around 0.6V, which is the oxygen evolution potential in the melt. This CV 
behavior suggests that a protective electronic conductive thin film may form in-situ on the 
molybdenum surface in the ferrite melt. Thus, Mo may be used as an inert anode or as a good 
substrate for an inert anode material. 
 

 
Figure 5:CVs of Mo electrode in CaO-MgO-SiO2-5wt%Fe2O3 at 1575oC (scan rate=50mV/s) 
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A picture of a Mo rod before and after being used as an anode in a ferrite melt at 1575oC 
for about 3h is shown in Figure 6e. The Mo is almost inconsumable just losing its original 
brightness. Figure 6a,b presents the SEM (JEOL JSM-5910) morphology of a Mo anode used 
in CaO-MgO-SiO2-5wt%FeO for 3 hours at a current density of ~2 Acm-2. EDS analysis (Figure 
6f) shows the main composition of the surface layer is Mo and an oxide compound of calcium, 
magnesium, silicon, aluminum, and iron. The content of oxygen is less than the stoichiometric 
value of the relative oxide compound Figure 6c,d shows the morphology of the Mo anode used 
in CaO-MgO-SiO2-5wt%Fe2O3 for more than 3 hours at a current density of ~2 to ~5 Acm-2. It 
can be seen that the Mo substrate is coated by a leather-like oxide layer. EDS analysis (Figure 
6g) also reveals the main composition of the surface layer is Mo and an oxide compound of 
calcium, magnesium, silicon, aluminum, and iron. Although the details of this conductive oxide 
compound layer remain unclear at this stage, the CV of Mo in the ferrite melt and the 
morphology of the post-experimental Mo anode suggest molybdenum is quite stable in the melt 
by forming an electronic conductive complex oxide layer. Thus, it may be beneficial to develop a 
cheap ideal inert anode by using a Mo substrate. 

 
Figure 6:Morphology and EDS analysis of a Mo anode after serving in ferrite melt at 1575oC for 
more than 3 hours. 

(a) and (b) in CaO-MgO-SiO2-FeO melt 
(c) and (d) in CaO-MgO-SiO2-Fe2O3 melt 
(e) photograph of a Mo rod before and after being used as an anode 
(f) EDS analysis of (a)  
(g) EDS analysis of (c)  
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3. Electrolysis in a carbon-free cell at high temperature 
 

Using a molybdenum rod anode, a carbon-free electrolysis cell was constructed to 
demonstrate the electrowinning of molten iron. Constant-current electrolysis was utilized in a 
melt with composition 22 wt%CaO-20.5 wt%MgO-57.5 wt%SiO2 supporting electrolyte to which 
FeO or Fe2O3 was added at a concentration of 5 wt%. The electrolysis cell consisted of a 
crucible of molybdenum into which were immersed a cathode consisting of a molybdenum rod, 
contact area with melt ~1.5 - 2 cm2, and an anode consisting of a molybdenum rod, contact area 
with melt ~2 cm2. All of this was contained in a closed-one-end alumina tube, 100 mm in 
diameter, and placed in the bore of a vertical tube furnace fitted with LaCrO3 heating elements. 
There was no thermocouple in contact with the melt, but the temperature as measured by the 
control thermocouple of the furnace was 1625ºC. Based upon previous furnace calibrations we 
estimate the temperature in the melt to be ~1575ºC. The atmosphere of the cell was flooded 
with argon gas. A DC current of 2.5-10 A was passed through the cell during the electrolysis for 
2-4 hours. At the end of the experiment, the cathode and anode were removed from the melt 
and the cell was allowed to cool to room temperature. To reuse the molybdenum crucible, the 
fused oxide slag was drilled out from the crucible, and iron product was identified by sweeping a 
magnet over the powder. The selected prodect was then inspected by scanning electron 
microscopy (JEOL JSM-5910) and EDS analysis. Figure 7a encompasses a region containing 
both iron product and fused oxide, depicted as the dark regions and bright regions, respectively. 
EDS (Figure 7b) reveals the main composition is iron, but some fused oxide impurity exists. 
Figure 7c shows the morphology of a dark region, and its EDS is shown in Figure 7d. It can be 
seen the purity of iron in this part exceeds 95% by weight with no carbon detected.  

 
Figure 7:SEM images and EDS analyses of the electrolysis product from CaO - MgO - SiO2 - 
Fe2O3 melt with a Mo anode and Mo cathode at 1575oC. 
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Another carbon-free electrolysis experiment was conducted by changing the melt 
composition to JSC-1, a NASA Mars soil stimulant. The cathode was a platinum sheet, the 
furnace had graphite heating elements, and the operating temperature was 1600oC. In this 
situation, platinum acted as a host of electrodeposited iron. After passing a constant current of 
2A for 2 hours, the cathode platinum sheet was removed. It was analyzed by SEM and EDS, the 
results of which are shown in Figure 8.  It is seen that a Pt-Fe alloy was obtained during the 
electrolysis. These results demonstrated  that a  carbon free cell can be used to produce iron 
without emission of greenhouse gases.  

 
Figure 8: SEM and EDS images of the electrolysis product from JSC-1 melt with a Mo rod 
anode and a platinum sheet cathode at 1600oC. 
 
4. Electrochemical investigation of iridium as a candidate of inert anode in SiO2-CaO-
MgO-FeO melt around 1600oC 
 

Developing an inert anode is a key aspect of producing “green iron” without greenhouse 
gases emission.  In general, the inert anode can be an elemental metal, alloy, conductive 
ceramic, or cermet.  There are only several metals that can withstand the operating temperature 

Element       Series    unn. C  norm. C  Atom. C 
                               [wt.-%]     [wt.-%]    [at.-%] 
------------------------------------------------ 
Iron         K-series      11.64      14.00       36.25 
Platinum     L-series    71.51    86.00      63.75 
------------------------------------------------ 
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on the order of 1600oC: the noble metals such as Pt, Ir, and Rh, and the refractory metals such 
as Mo, W and so on.  In previous work, molybdenum rod was used as a non-carbon anode to 
confirm iron production by direct electrolysis of molten oxide electrolyte at high temperature.  
However, Mo will dissolve somewhat in the high temperature melt, molybdenum oxide (MoO3) is 
very volatile, and Mo rod becomes very brittle after several hours of operation.  Iridium is the 
only pure metal which has satisfactory mechanical strength at temperatures beyond 1600oC. 
Some fundamental electrochemical behavior was investigated. 

Figure 9a shows a typical CV at the positive potential region in a SiO2-CaO-MgO-FeO 

molten oxide slag at 1575oC using an Ir plate (4.6×2.97×1mm) working electrode, Mo rod (0.18 
inch diameter) counter electrode, and a Mo crucible doubling as a pseudo-reference electrode.  
During the positive sweep, there first exists a current plateau (~60mA/cm2) over a potential 
region of 0.35-0.7V, then a continuously increasing and fluctuating current in the potential region 
higher than 0.9V.  The fluctuation of the current suggests oxygen bubbles forming, coalescing, 
and leaving the electrode surface.  The current plateau (0.35-0.7V) suggests the reaction which 
takes place on the electrode is controlled by a mass transport process, instead of the active 
dissolution of Ir that would be controlled by an electron transfer process.  This is quite different 
from a Mo electrode in the same melt composition (Figure 9b).  These results demonstrate that 
iridium has much higher stability in the high temperature melt than molybdenum.  This should be 
related to an in-situ oxide layer forming on the Ir electrode.  The oxide layer exhibited good 
electronic conductivity as a continuously increasing oxygen evolution current was observed in 
the positive potential region. To confirm this, a steady-state polarization curve with a very slow 
potential scan rate (0.2mV/s) was measured and is shown in Figure 10 in the potential region of 
0 to 0.5V.  It can be seen that a stable current is obtained before 0.38V.  The current 
(~35mA/cm2) is smaller than the current on the CV curve in Figure 9a, demonstrating a thicker 
film was obtained with a slower scan rate. 

 
Figure 9: Cyclic voltammograms at 1575oC of (a) Ir electrode in SiO2-CaO-MgO with 10wt%FeO 
(scan rate = 10mV/s); (b) Mo electrode in SiO2-CaO-MgO-5wt%Fe2O3 (scan rate = 50mV/s) 
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Figure 10: Anodic polarization curve of Ir electrode (area: 0.385cm2) in SiO2-CaO-MgO-10wt% 
FeO melt at 1575°C (scan rate = 0.2mV/s) 
 

Figure 11a shows the first cycle of the CV of an Ir electrode sweeping to a negative 
potential region.  With this electrode, an oxide layer was previously formed on the electrode 
surface by a potential dynamic scan to 2V with a potential scan rate of 1mV/s.  During the 
negative sweep, there exist some specific potential regions: a very small anodic current is 
observed over potential region from 0.8V to 0.3V; a reduction current begins around 0.3V due to 
the reduction of iridium cations contained in the oxide layer; and an inflection appears at ~-0.2V, 
after which the reduction current increases very quickly, related to the deposition of iron on the 
iridium electrode.  During the positive potential scan, a stripping current of iron is observed 
when the electrode potential becomes more positive than 0.05V.  Figure 11b shows the second 
cycle of the CV.  It can be seen that stripping of iron continues in the positive potential region 
during the negative sweeping.  The potential difference between the onset potential of iron 
deposition (~-0.2V) and that of oxygen evolution (~+0.6V) is about 0.8V, very close to the 
decomposition voltage of FeO at 1575oC which is calculated from the Gibbs free energy to be 
~0.76V. 
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Figure 11: (a) The first cycle and (b) second cycle of cyclic voltammograms of Ir electrode in 
SiO2-CaO-MgO-10wt%FeO at 1575oC at a wide potential region (blue line) and narrow potential 
region (black line) (scan rate: 10mV/s) 
 
5. Electrolysis with Ir anode in a carbon-free electrolysis cell 
 

Using an iridium anode, a molybdenum cathode, and a molybdenum crucible, a carbon-
free electrolysis cell was constructed to demonstrate the electrowinning of molten iron.  
Constant-current electrolysis was utilized in a melt consisting of SiO2-CaO-MgO-FeO in weight 
percents of 51.8-19.8-18.4-10.0.  The electrolysis cell consisted of a crucible of molybdenum 
into which were immersed a cathode consisting of a molybdenum rod and an anode consisting 
of an iridium plate, total contact area with melt ~2.8 cm2.  The anode was a iridium plate (50×4.6
×1mm) mounted to a molybdenum rod (3.18mm) which was sealed into an alumina tube above 
the molten oxide to protect the Mo junction from oxidation.  The electrodes and Mo crucible 
were contained in a closed-one-end alumina tube, 100 mm in diameter, and placed in the bore 
of a vertical tube furnace fitted with LaCrO3 heating elements.  There was no thermocouple in 
contact with the melt, but the temperature as measured by the control thermocouple of the 
furnace was 1625ºC.  Based upon previous furnace calibrations, the temperature in the melt 
can be estimated as ~1575ºC.  The atmosphere of the cell was argon which was continuously 
streamed into the alumina tube at pressures 1 to 2 psi above ambient pressure.  A DC current 
of 2 A was passed through the cell during the electrolysis.  At the end of the experiment, the 
cathode and anode were removed from the melt.  Then the cell was allowed to cool to room 
temperature and was disassembled. 

Figure 12 shows the typical curve of anodic potential changing with time during the 
constant current electrolysis.  The anodic potential started at 1.4V and then increased with time, 
reaching a relatively stable potential of around 3.2V, demonstrating that the overpotential 
increased as the oxide layer grew on the surface of the electrode.  The cell voltage remained 
about 0.4-0.5V higher than the anodic potential, suggesting the overpotential is mainly from 
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anode side.  These results demonstrate that iridium is stable enough to survive contact with the 
electrolyte, and the oxide layer that forms on the surface is electronically conductive.  However, 
the resistance is somewhat high and enhances the anodic overpotential.  Work in the following 
quarter will continue this research and focus on increasing the electronic conductivity of the 
surface film as well as its stability by changing the metal anode composition and so on. 

 
Figure 12: Anodic potential variation with time during constant current electrolysis with an Ir 
anode (area: 2.84cm2) and a Mo cathode at 2A in CaO-MgO-SiO2-10wt% FeO  melt at 1575oC 
 

Because of the failure of the junction at the end stage of electrolysis, the iridium plate fell 
into the melt.  After the whole system cooled down, the molybdenum crucible was removed and 
cut into two pieces.  Figure 13a,b shows the cross section photo and SEM image of the Mo 
crucible with melt, respectively.  A three layer structure was found with solidified slag, solidified 
metal, and the Mo crucible base from top to bottom.  The liquid metal layer should be related to 
the iron produced by electrolysis.   A binary alloy of Mo-Ir would have been solid at 1575°C as 
shown in its phase diagram (Figure 14a), and an iron-rich binary alloy of Fe-Ir would have been 
liquid at this temperature (Figure 14b).  EDX analysis was used to evaluate the composition of 
the metal as Fe, Ir, Mo and some Si as shown in Figure 15.  This confirms that iron is produced 
by electrolysis of a molten oxide melt using a totally carbon free electrolysis cell. 

 
Figure 13: (a) Digital photo and (b) SEM image of the cell after electrolysis 
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Figure 14: Phase diagrams of (a) Mo-Ir  and (b) Fe-Ir  

 
 

                                      
 

 
Figure 15: EDX analysis for the electrolysis product (liquid metal in Figure 13) 
 
 
 
 
 
 

Element       Series    unn. C  norm. C  Atom. C
[wt.-%]  [wt.-%]  [at.-%]

------------------------------------------------
Silicon      K-series     1.19     1.30     4.19
Iron         K-series    29.02    31.72    51.25

Molybdenum   L-series    25.49    27.86    26.20
Iridium      L-series    35.79    39.12    18.36

------------------------------------------------
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Another carbon-free electrolysis experiment with an iridium plate (50×4.6×1mm, ~17.8g) 
anode was conducted by changing the melt composition to JSC-1a, a NASA lunar soil simulant.  
The cathode was either a molybdenum rod or a pool of liquid silver connected via a 
molybdenum wire, the furnace had graphite heating elements, and the operating temperature 
was 1350-1400oC.  After passing a constant current of 1-1.5A for 9 hours, the iridium anode was 
removed from the melt.  Figure 16 contains pictures of the anode before and after electrolysis.  
The Ir electrode appeared unchanged after 9 hours of service in this high temperature melt, and 
the weight loss was around 200 mg.  Furthermore, the anode was pliable unlike other refractory 
metals such as Mo and Ti that become very brittle after serving in high temperature.  The 
malleability of iridium after this experiment is indicative of its high temperature mechanical 
properties. 
 

 
Figure 16:Photos of Ir anode: (a,b) both sides of anode with a thin layer of slag after removing 
from electrolyte at high temperature; (c) the used anode can be easily bended, suggesting 
excellent mechanical properties at high temperature; (d,e) both sides of the Ir anode after 
mechanically removing the slag; (f) original Ir anode 
 
6. Anodic process and optimization of electrolyte 
 

 Keeping in line with the components of the electrolyte in previous work, a range of 
mixtures containing calcium oxide, magnesium oxide, aluminum oxide, and silicon oxide were 
analyzed.  One of the main foci of this research has been to study the effect of basicity on the 
oxygen evolution reaction. 

50mm 
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Molten alkaline-earth aluminosilicates are the most readily identifiable solvent 
electrolytes suitable for the electrolysis of iron ore.  First and foremost, alkaline-earth metals and 
aluminum all are less noble than iron. The Nernst equation converts the standard free energy of 
formation of the oxide to the standard potential of an electrochemical reaction resulting in the 
decomposition of the oxide.  Assuming that the change in chemical potential on solvation is 
small compared to the standard free energy of formation, any metal oxides lying below iron 
oxide on the Ellingham diagram (Figure 17) will not be electrochemically decomposed as long 
as sufficient iron is available for reduction.  Any metal oxides above iron oxide will deposit at the 
cathode.  While they would aid in lowering the melting temperature of the electrolyte and 
enhancing the ionic conductivity, potassium oxide and sodium oxide cannot serve as fluxing 
agents in this system. 
 
 

 
Figure 17: Ellingham diagram at 1 atm PO2 illustrating compounds suitable for use as 
components of the supporting electrolyte. 
 

Secondly, alkaline-earth aluminosilicates possess low volatility.  Thirdly, they are 
inexpensive, and relatively pure chemicals are available in bulk.  Additionally, they are usually 
less aggressive toward refractories than alkali metal oxides.  An experiment with lithium oxide 
failed as it deposited along the walls and cap of the furnace tube and destroyed the alumina 
crucible.  Lastly, research by steelmakers, glassmakers, ceramists, and geologists has led to a 
wealth of information concerning phase diagrams, solubility of different phases, densities, 
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surface tension values, etc.  Unfortunately, because of their stability and semi-ionic/covalent 
nature, alkaline-earth aluminosilicates have exceedingly high liquidus points, high viscosities, 
and low ionic conductivities. 

A range of melts from acidic to basic was considered.  The basicity scale of interest is 
the optical basicity.  Of all scales considered, the optical basicity presented a simple and 
consistent departure for comparisons.  Its main feature is that it gives the residual charge on all 
oxygen species with a higher optical basicity indicating oxygen less bound to tetrahedrally 
coordinated cations.  When the basicity is increased by adding more network modifiers, the 
silicate network is depolymerized into smaller units.  Adopting Masson’s model for molten 
silicates, free oxide ion is its own entity for highly depolymerized melts or it exists for short 
durations as it is exchanged between bridging and non-bridging sites.  This latter idea has been 
illustrated with NMR.  Regardless of how accurately the models depict the behavior of oxygen, it 
is expected that a more basic melt should exhibit a larger oxygen evolution current at the same 
applied potential. 

The importance of measurements linking current density and basicity lies with the 
productivity and power efficiency of the electrolysis cell.  Barring a rate limiting adsorption, 
dimerization, or desorption step in the reaction of the oxide ions from the electrolyte to the 
evolution of oxygen gas from the anode, increasing the concentration of reactant should 
enhance the current density at a fixed potential.  Or, from the standpoint of energy conservation, 
a lower applied voltage in a more basic melt will yield the same productivity as a less basic melt 
at a higher voltage. 

Optical basicity values for individual metal oxides are presented in Table 1.  To calculate 
the optical basicity of a mixture, the mole fraction of each metal oxide is multiplied by its optical 
basicity and oxygen content per cation.  This sum is the numerator.  The denominator is the 
sum of the mole fractions of each metal oxide multiplied the oxygen content per cation.  As an 
example, consider a 50:50 CaO:SiO2 metasilicate melt. 
 
The numerator is 50×1.0×1 + 50×0.48×2 = 98. 
The denominator is 50×1 + 50×2 = 150. 
The theoretical optical basicity equals 0.653. 
 

Compositions for the electrolyte were established on the basis of several criteria.  From 
an array of phase diagrams, eutectic compositions for FeO-CaO-MgO-Al2O3-SiO2 (as well as 
Li2O) were identified.  Since alumina crucible dissolution is of concern in our experimental setup, 
the electrolyte needed to possess a high enough alumina concentration.  In addition to 
preventing damage to the furnace, the uptake of alumina from the crucible would lower the 
optical basicity value of the electrolyte.  The optical basicity values listed for the electrolytes are 
calculated pre-firing.  It is assumed that volatilization of the powders has a trivial effect as there 
is almost no powder observed on the furnace tube or cap.  Lastly, a wide range of basicity 
values was desired.  For the five melts studied, Table 2 lists the composition and optical 
basicity.  SCAMA1, SCAMB1, and SCAMB2 are eutectics from quaternary phase diagrams.  
S1A is related to a ternary eutectic for CaO-MgO-SiO2.  SCAMB3 roughly bisects SCAMB1 and 
SCAMB2. 
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Table 1. Optical basicity of each metal oxide component 
metal oxide optical basicity 

FeO ~1.0 
CaO 1.00 
MgO 0.78 
Al2O3 0.60 
SiO2 0.48 

 
Table 2. Optical basicity of melts analyzed.  Composition in mole percent. 

Name Melting Point(°C) CaO MgO Al2O3 SiO2 Optical Basicity 
SCAMA1 1222 11.053 13.989 11.054 63.905 0.550 

S1A ~1320 18.654 24.184 11.658 45.503 0.606 
SCAMB2 1234 33.994 11.991 10.011 44.004 0.635 
SCAMB3 ~1400 38.870 14.629 10.894 35.607 0.668 
SCAMB1 1420 43.690 17.235 11.768 27.307 0.705 

 
 
Experimental Details: 
 

Powders of lime, magnesia, alumina, and silica were stored at 100°C with desiccant to 
prevent adsorption of water and agglomeration.  200 g batches were dry milled with no milling 
media in 500 mL Nalgene jars for roughly 24 h to thoroughly mix.  The dry, mixed powders were 
poured into an alumina crucible that would contain the molten aluminosilicate at 1575°C in a 
vertical crucible furnace with molybdenum disilicide elements.  The electrolyte was blanketed by 
flowing argon introduced via a mullite tube positioned in the hot zone of the furnace.  The 
furnace was ramped at 85°C/hr, and the mixture was allowed to equilibrate for roughly 1 h prior 
to electrochemical measurements.  Since a baffle or reflective shield was not able to be used 
within the furnace, the setpoint temperature was 1675°C.  A Type B thermocouple measured 
the temperature profile and was approximately 100°C less in the area of the electrolyte. 

The reference electrode is a 36 in × 0.125 in dia. Mo rod shrouded in a 33 in mullite 
tube.  The last 2.0 in of the Mo are left bare for contact with the melt; 1.0 in remains bare for 
interfacing with the potentiostat (PAR Model 2273).  The counter electrode is identically 
prepared.  The working electrodes use 30 in mullite tubes.  A 0.368 mm diameter Pt wire is 
connected to a segment of 0.5 mm diameter wire.  The 0.5 mm diameter wire extends 1.0 in 
beyond the mullite for contact with the molten electrolyte.  The junction is simply a wound 
connection that is crimped with needle-nose pliers.  At room temperature, the junction is 
mechanically rigid.  At elevated temperatures, interdiffusion of the platinum group elements 
yields a permanent bond.  Three working electrodes were used in each experiment: Ir, Rh, and 
Pt.  Cyclic voltammetry with 70% iR compensation was used for all electrochemical 
measurements.  Higher compensation values resulted in instability of the system. 

A specially designed furnace cap was machined.  The seal at the alumina furnace tube 
is not 100% perfect, but the molybdenum revealed almost no oxidation.  The principal design 
feature involved Swagelok Ulta-Torr® fittings which were bored through to accommodate the ¼” 
mullite tubes.  One end was threaded to mate to the cap (¼” NPT).  The exposed end was able 
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to be loosened or tightened which enabled the electrodes to be easily and consistently adjusted.    
This was an important feature for the working electrodes.  Since the experiment is performed 
blind with respect to the electrolyte, a methodology to obtain the immersion depth was 
necessary to accurately calculate the current density.  Gauging the depth of immersion into the 
electrolyte proved difficult.  To obtain the depths of immersion and thus make fair comparisons 
for current density, electrochemical measurements were taken at three depths of immersion: the 
initial depth and two other depths with a known change in height versus the initial depth of 
immersion.  Thus the initial height was interpolated under the assumption that current is directly 
proportional to surface area.  To further check the validity of this method, plots of current vs. 
surface area were fitted with a trendline forced through the origin as there should be no current 
at zero contact area.  This approach also dismissed errors due to wetting for small depths of 
immersion of the working electrode in the electrolyte. 
 
Results and Discussion: 
 

The current density as a function of optical basicity is plotted in Figure 18.  The data 
points were taken from cyclic voltammograms with scan rates of 20 mV/s at 2.0 V vs. Mo/MoOx 
(~1.2V vs. the onset for oxidation current due to oxygen ions).  The most apparent features are 
the following: 

• basicity has a strong influence on the current density 
• relative chemical stability of Ir>Rh>Pt. 

Upon further inspection, the trend appears linearly correlated for each working electrode, and 
the proportionality of the current density at two basicity values is similar regardless of the anode 
material.  This is the first time data has ever been presented relating these concepts. 

 
Figure 18: Current density as a function of optical basicity.  All values at 2.0 V vs. Mo/MoOx, 20 
mV/s scan rate, 1575°C. 
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More work must be performed with regard to the electrochemical reaction to relate the 
current with the concentration of free oxide ion.  Tafel slopes may reveal more about the 
reaction mechanism.  Furthermore, the reaction asymmetry values from the Tafel slopes may 
yield information about the relationship of current with concentration.  The closest comparison 
made thus far was related to XPS data from a PbO-SiO2 binary system.  Suginohara attempted 
to measure the proportion of oxygen as “free ion”, non-bridging oxygen, and bridging oxygen.  
The original data were plotted against mole percent SiO2.  Figure 19 is an adaptation of 
Suginohara’s data and is replotted against the optical basicity.  The optical basicity of pure PbO 
is 1.15. 

Since a comparison of the charge on oxygen is being made which indicates its 
proportion as a free ionic species, arguably two melts of the same optical basicity at the same 
temperature should yield the same current density.  The data presented in Figure 19 reveal that 
the proportion of free oxide does in fact increase with increasing basicity.  Additionally, the free 
oxide concentration is 3 times greater at optical basicity of 0.7 than 0.6 in the PbO-SiO2 system.  
Not surprisingly, the current density for any of the anode materials in question is 3 times greater 
at 0.7 than 0.6 in the CaO-MgO-Al2O3-SiO2 melts.  At an optical basicity of 0.65 when compared 
with 0.6, the ratios are 2:1 for both current density and proportion of free oxide ion. 
 

 
Figure 19: System PbO-SiO2; the proportions of oxygen as free, non-bridging, and bridging are 
plotted vs. optical basicity. 

 
The conclusions at this point in time are that in the range of interest for electrolytes 

suitable for iron electrowinning, the current density is directly proportional to the free oxide ion 
concentration.  Assuming that the anodes were perfectly smooth, Ir has the highest k0 value, 
which is the inherent rate constant for a reaction.  Furthermore, it appears as though 
consideration of the adsorption of oxygen ions, dimerization of oxygen to a molecular O2 
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species, desorption of molecular oxygen from the anode surface, and coalescence of molecular 
oxygen beyond a critical radius for buoyancy is irrelevant in this range of basicity values.  
Otherwise, the trend in current density vs. optical basicity would have reached a plateau as one 
of these other mechanisms became rate limiting. 

Higher basicity values are not possible unless alkali metal oxides are included to large 
extent.  To elaborate on the idea that the current density is directly proportional to the 
concentration of free oxide, other melts may be pursued; however, since they will contain 
sodium oxide or potassium oxide, they will not be useful for iron electrowinning.  In this 
experimental design, lithium oxide proved too aggressive.  Depending on the rate limiting step 
of the oxygen evolution reaction, there may be a basicity beyond which no gain is made.  In the 
range of interest for the system CaO-MgO-Al2O3-SiO2 with FeO, higher optical basicity values 
are irrelevant because values beyond 0.75 are unobtainable unless the operating temperature 
of the electrolytic cell is increased well beyond 1600°C. 

It is worth mentioning that at this time, the trends in current density and optical basicity 
have only been considered for the electrolyte with no iron oxide.  However, there has been 
some work performed in the past  with a much larger Ir anode in an iron-rich melt (Figure 20).  
These data are from a melt of 10 wt% FeO in S1A.  When the weight percents are translated 
into mole percents, the optical basicity is 0.628.  From the trendline for Ir (Figure 18), the 
calculated current density at 2.0 V is 0.35 A/cm2.  The steady state polarization curve gives an 
identical value for current density.  From a 0.5 mm diameter wire to a large plate of iridium in an 
electrolysis condition, the values for current density are identical.  Thus, as iron oxide is added, 
the observed relationship between current density and optical basicity is identical to that found 
in blank (iron-free) electrolytes.  Additionally, the trendline is applicable to scaling the anodes to 
much larger dimensions. 
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Figure 20: Steady-state polarization curve on an iridium anode (2.52 cm2 plate) in S1A + 10 wt% 
FeO. 
 
7. Electrochemical investigation of cathodic reduction of binary oxides of FeO and NiO or 
Cr2O3 in molten CaO-MgO-SiO2-Al2O3 (S1A) supporting electrolyte 
 

To investigate the possibility of preparing stainless steel by molten oxide electrolysis 
(MOE), the electrochemical behavior of mixtures of FeO / NiO and FeO / Cr2O3 has been 
investigated by cyclic voltammetry using a platinum working electrode, molybdenum rod counter 
electrode and reference electrode at ~1550oC. Figure 21 shows cyclic voltammograms recorded 
in S1A + 6wt% FeO + 4wt% Cr2O3 at different potential ranges with a potential scan rate of 
50 mV/s. For the curve obtained between -0.8 to 0.6 V, there is a reduction current starting from 
-0.2 V that is related to the onset of iron cation reduction, while a sharp increasing current 
starting from ~ -0.5 V should be related to the onset of chromium cation reduction; during the 
backward scan, there is a big oxidation peak for the electrochemical stripping of the cathodic 
deposits. This is very clear upon comparison with the CV curve obtained over the potential 
range of 0-2 V in which there is no oxidation current in the potential range 0 – 0.6 V, an 
increasing current after 0.6 V is related to the oxidation of oxygen anions. It was further 
confirmed by steady-state cathodic polarization of a tungsten working electrode with a potential 
scan rate of 1 mV/s as shown in Figure 22. The inflexion in current is related to the onset 
reduction potential of a less noble metal as shown in the figure, which is in accordance with the 
thermodynamic calculation (Table 3). These results suggest that the reduction of both chromium 
cation and iron cation can take place in molten S1A, demonstrating the possibility of preparation 
of Fe-Cr alloy by molten oxide electrolysis. 
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Figure 21: Cyclic voltammetry of Pt wire working electrode in molten S1A + 6 wt% FeO + 4 wt% 
Cr2O3 at 1550°C (scan rate: 50mV/s) 
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Figure 22: Steady state polarization curve of W electrode in S1A + 4wt% Cr2O3 + 6wt% FeO at 
1550°C (scan rate: 1mV/s) 
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Figure 23 shows typical CVs of platinum wire working electrode in S1A + 9 wt% FeO + 1 
wt% NiO with a potential scan rate of 10 mV/s. The onset reduction of nickel cation is around 
0.15 V vs. Mo/MoOx as shown in the curve, while the more rapidly increasing current starts at -
0.2 V demonstrates the codeposition of nickel and iron. Using a Mo rod cathode, an Ir plate 
anode and a Mo rod reference, potentiostatic electrolysis was performed by controlling the 
electrode potential at -0.4V- -0.55V for 5.5 h. After cooling down of the whole system, the 
crucible was broken by a hammer, it was found that there existed a metal ball beneath the Mo 
cathode (Figure 24), the morphology and the composition analysis results are shown in Figure 
25 and Figure 26. The obtained metal has too much Mo and less iron than expected. Further 
work is necessary to clarify the nature of this disparity.  

 
Figure 23: Cyclic voltammogram of Pt working electrode in molten S1A + 9 wt% FeO + 1 wt% 
NiO at 1550°C (scan rate: 10 mV/s) 
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Figure 24:Cross section of the frozen slag that showing the Mo cathode and the metallic ball 
product after 5 ½ h electrolysis in S1A + 9 wt% FeO + 1 wt% NiO at 1550°C 

 
 

 
Figure 25: SEM image of the obtained product in Figure 24. 
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Figure 26: EDS spectrum of the obtained product in Figure 24. 
 
8. Electrochemical production of inert iridium-coated anodes for improved cost-
effectiveness. 

Because iridium is so expensive and scarce it is difficult to expect an industrial process 
to be developed which produces tonnage metal and relies upon a solid iridium inert anode.  In 
order to explore the opportunities for employing an inert iridium oxidizing electrode 
economically, effort was expended to produce iridium-coated electrodes.  Electrolytic deposition 
of iridium from aqueous solutions on lower cost electrode materials was the first path.  Three 
different substrates were used (molybdenum, niobium and glassy carbon). The electrolytic 
product was only 2 to 15% iridium, the surface covering was inhomogeneous and had poor 
adherence.  Based on this poor outcome the decision was made to explore the deposition of an 
interlayer which forms coherent interfaces between both the chosen substrates and the 
electrodeposited iridium. 
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Figure 27: SEM images and EDAX results from the deposition of iridium on platinum solution 
made from mixing IrCl4 with 0.5M HCl in DI water. 
 

In order to examine the option of using a interlayer for coherent electrodeposition of 
iridium it is important to find a metal which will match the properties of iridium well.  The first 
obvious choice is platinum due to the chemical relationship between the two on the periodic 
table.  Figure 27 shows the results of electrodeposition of iridium from an acidic solution on 
platinum.  The surface was rather nice and shows that the platinum-iridium layers can produce 
smooth deposits. The next step was to deposit platinum on a substrate (glassy carbon) followed 
by deposition of iridium on the platinum coated substrate.  The result of the electrodeposition is 
shown in Figure 28.  The first electrodeposited surface was not flat but it did exceed 90 wt% 
coverage of platinum. The iridium electrodeposition resulted in that same surface character and 
greater than 90wt% coverage. 
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Figure 28: SEM images and EDAX results from the sequential deposition of platinum and then 
iridium on glassy carbon (platinum solution - 1.3mM chloroplatinic acid with 0.5M sulfuric acid; 
iridium solution - IrCl4 with 0.5M HCl in DI water). 
 
Conclusions 
 

The project focused on the electrochemistry of ferrite based molten oxide solutions.  A 
lab scale electrolysis cell provided the ability to identify an inert anode material (iridium) and 
initial investigation showed the opportunity for synthesis of iridium coated anodes (critical due to 
the high cost of this metal).  The first principles work was largely deferred in this project, but 
some work was done to identify the candidate anode materials. Evidence of reduction peaks for 
iron, nickel and chromium were detected in separate molten oxide baths. 
 

The work has shown that iridium can be plated from a simple aqueous solution, but 
requires a multi-step process involving the use of a platinum interlayer.  Alternative substrates 
may work better (e.g. porous graphite instead of glassy carbon) and a plasma coating process 
may be more effective and easier than the electrodeposition route.  Finally, it makes sense to 
explore both iridium coated inert anodes and alternative inert anode materials due to the 
economic considerations of tonnage metal production and scarcity. 
 
9. Plans for further work.  
 

 
In order to investigate the ability to scale up this process, the key design parameter will 

be the scale at which this process can operate at self heated dimensions (without an external 
heating source and with a protective skull, i.e. in the same configuration as the Hall-Heroult 
cell).  This will require investigation of oxide electrolyte mixtures with higher conductivity (to 
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lower voltage losses across the bath – important for final process economics as well as power 
supply sourcing).  Larger diameter cells will allow better investigation of the scaling laws and the 
influence of aspect ratio changes in an electrolysis arrangement. Once electrolyte mixtures have 
been identified and a larger diameter system constructed; investigation of the performance of 
iridium and alternate inert anodes would be appropriate.  There may be an interaction between 
the electrolyte choices and the best inert anode which could provide an opportunity for 
stabilization of different anodes with different electrolytes. This work will be somewhat more 
extensive than the present work due to the infrastructure requirements of larger furnaces 
operating at such high temperatures.  However, this is still within the reach of a university 
setting as long as the current draw is below 10kA. 
 


