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Magnesia-stabilised zirconia solid electrolyte assisted
electrochemical investigation of iron ions in the SiO,-
Ca0-MgO0-Al,0; molten slag at 1723 K

Yunming Gao,*** Chuanghuang Yang,?® Canlei Zhang,® Qingwei Qin®® and George Z. Chen®*

Production of metallic iron through molten oxide electrolysis using inert electrodes is an alternative route for fast
ironmaking without CO, emissions. The fact that many inorganic oxides melt at ultrahigh temperatures (>1500 K)
challenges conventional electro-analytical techniques used in aqueous, organic and molten salt electrolytes. However, in
order to design a feasible and effective electrolytic process, it is necessary to best understand the electrochemical
properties of iron ions in molten oxide electrolytes. In this work, a magnesia-stabilised zirconia (MSZ) tube with a closed
end was used to construct an integrated three-electrode cell with the “MSZ | Pt | Oz (air)” assembly functioning as the
solid electrolyte, the reference electrode and also the counter electrode. Electrochemical reduction of iron ions was
systematically investigated on an iridium (Ir) wire working electrode in the SiO,-CaO-MgO-Al.O3 molten slag at 1723 K by
cyclic voltammetry (CV), square wave voltammetry (SWV), chronopotentiometry (CP) and potentiostatic electrolysis (PE).
The results show that the electroreduction of the Fe?* ion to Fe on the Ir electrode in the molten slag follows a single two-
electron transfer step, and the rate of the process is diffusion controlled. The peak current on the obtained CVs is
proportional to the concentration of the Fe?* ion in the molten slag and the square root of scan rate. The diffusion
coefficient of Fe?* ions in the molten slag containing 5 wt% FeO at 1723 K was derived to be (3.43 + 0.06)x10% cm? s from
CP analysis. However, a couple of following processes, i.e. alloy formation on the Ir electrode surface and interdiffusion
were found to affect the kinetics of iron deposition. An ECC mechanism is proposed to account for the CV observations.
The findings from this work confirm that zirconia-based solid electrolytes can play an important role in electrochemical

fundamental research in high temperature molten slag electrolytes.

1. Introduction

Amongst all metallic materials used by human beings, iron and steel
are the most important base materials with maximum quantities of
usage and the widest range of application. Currently, iron is
produced almost exclusively through reduction of iron ores by
carbon (coke) in the blast furnace. Iron cannot be converted into
steel until excessive impurities contained in iron, such as carbon,
silicon, manganese, sulphur and phosphorus, are removed.
Consequently, the smelting process for the production of iron and
steel becomes longer, resulting in a series of problems, such as high-
energy consumption, low efficient utilisation and environment
pollution. Specifically, it is estimated that the carbothermic reduction
process that is dominant in the current industry for the production of
iron and steel contributes to about 5% of the total global
anthropogenic CO2 emissions. Hence, the current steelmaking
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industry faces difficult environmental challenges. For this reason, the
ultra-low CO:2 steelmaking (ULCOS) program has been set up in
Europe with the aim to develop four breakthrough technologies that
are expected to drastically reduce greenhouse gas emissions.?
Electrolytic production, as one of the four technologies, has drawn
increasing attention along with the development of renewable
electricity in recent years. Coupled with an inert anode, it can obtain
carbon-free iron, shorten the smelting process, and also eliminate the
CO:2 emissions. Electrolytic production of iron can be carried out in
molten salts and has proven to be promising in laboratory.>? In
particular, molten oxide electrolysis (MOE) developed by Sadoway
and co-workers,3* which can directly produce carbon-free liquid iron
along with the oxygen gas, is expected to be an alternative compact
process that exhibits exceptionally high productivity in comparison
with other electrowinning techniques.®’ It is even considered for
producing oxygen from lunar or Martian regolith in space
exploration. °

Generally, iron oxide dissolved in a molten slag is in the forms
of iron cations (Fe®* and Fe?*) and oxygen anion (O%). During MOE,
the iron ions are reduced on the cathode and metallic iron or a
ferroalloy is obtained, while O% is oxidised on the anode to emit the
oxygen gas which is beneficial to the natural conversion of CO2 back
to carbon or hydrocarbons. In order to design an effective,
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commercially feasible and green electrolytic process, it is necessary
and crucial to best understand the chemical and electrochemical
behaviour of iron ions in molten slag at high temperatures.

Generally, most inorganic oxides that are needed for MOE can
only melt at ultrahigh temperatures (>1500 K). For example, the
melting points of the commonly used SiO2, Al203, CaO and MgO
are 1986, 2345, 2886, and 3125 K, respectively. Mixing these oxides
to an appropriate composition can have a certain effect in reducing
the melting temperature which however often remains higher than
1500 K. This fact challenges investigation of electrochemical
behaviour of active species in conventional three-electrode cells for
aqueous, organic or molten salt electrolytes. This is because
ultrahigh temperatures not only compromise the material stability of
the electrodes (especially reference electrode) and the cells, but also
enhance interferences from non-oxide impurities, leading to, for
example, intrinsic electronic conductivity through the molten
electrolyte.’® Moreover, in order to prevent interactions between
species produced from reactions on the anode and cathode, it is
necessary to use a separation membrane that is conducting to
selected ions (of the electrolyte components) but nothing else.
Unfortunately, it is also very difficult to choose such membrane
materials for service at ultrahigh temperatures. These ultrahigh
temperatures not only lead to difficulties for electrochemical
analyses (the higher the temperature, the more difficult the
operation), but may also cause an unfavourable impact on the
reproducibility and reliability of the experimental results.

To our knowledge, with the aid of traditional three-electrode
cells, a few studies have been conducted on electrochemical
behaviour of iron ions at high temperatures.'-?> Most of these were
performed in various molten salts at temperatures lower than 1273
K115 Furthermore, the research findings were sometime
inconsistent under different test conditions. For instance, the
reduction of Fe?*to Fe was considered to be a reversible process by
Duan et al*! and Chryssoulakis et al,'? quasi-reversible by Castrillejo
et al,® but irreversible by Lugovskoy et al'* and Donath et al.’®
Although some investigations were performed in molten slags
(mainly glass melts), most of these were limited to the Fe3*/Fe®*
redox couple by a single electrochemical technique, and evaded the
Fe?*/Fe redox couple.6-22 Specifically, the reduction of Fe?* to Fe in
glass melts at 1473 K was only reported as an irreversible process by
Strycker et al,}” but they did not give further information on the
reduction of ferrous ions. Wang et al* pioneered a voltammetric
study of iron deposition in a Mo crucible using Mo rods as the
working, reference and counter electrodes in the molten slag of SiO2
(49 wt%), CaO (25 wt%), and MgO (26 wt%) at 1848 K. They have
observed current peaks of the Fe?*/Fe couple on cyclic
voltammograms (CVs). This finding is unprecedented and calls for
further analyses of the electrode reaction mechanism in ultrahigh
temperature molten slags. It is obviously necessary to establish a
feasible experimental protocol for systematic electrochemical
analyses of iron ions at ultrahigh temperatures.

The recent investigation by Wang et al* indicates that the SiO2-
CaO-MgO-Al:03 slag is a potential medium for electrolytic
extraction of liquid iron. In this work, we aim to demonstrate a
unique integrated three-electrode cell for fundamental investigation
of the electrochemical properties of iron ions in a mixed SiO2-CaO-
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MgO-Al203 molten slag at 1723 K. For this purpose, a zirconia
based solid oxide electrolyte has been selected as the material for
making both the oxygen-ion conducting membrane and cell
container. It is well known that zirconia doped with magnesia (MgO)
or yttria (Y20s3) has highly selective oxygen ionic conductivity, low
electronic conductivity and strong corrosion resistance in high
temperature media. These zirconia-based solid electrolytes have
been widely used not only in metallurgical industry, but also
fundamental research,??-3¢ including determination of activity?*2*and
diffusion coefficient®>? of oxygen in metal melt, determination of
activity of FeO in molten slag,?”? electrolytic refining of metal
melt,2%30 and extraction of metal from dissolved oxide in molten salt
or molten slag.3"-3 In this work, a magnesia-stabilised zirconia
(MSZ) solid electrolyte tube was used to accommodate the SiO2-
CaO-MgO-Al203 molten slag containing FeO. Electrochemical
behaviour of iron ions in the molten slag at 1723 K was investigated
by combining with a variety of electrochemical means, including
CV, square wave voltammetry (SWV), chronopotentiometry (CP),
and potentiostatic electrolysis (PE).

This work is a part of a systematic research programme focused
on green electrolytic process associated with steelmaking. It is
expected to provide a theoretical basis for electrolytic extraction of
iron from molten slag without emission of CO2. The MSZ tube has
been employed for multiple purposes in this work. It serves as the
container of the molten slag, oxide ion conducting membrane to
physically separate the working electrode (WE) and the counter
electrode (CE). It also provides a basal body integrating a CE with a
stable “MSZ | Pt | Oz (air)” reference electrode (RE) (in fact an “O%
|O2” RE). Therefore, this work also aims to demonstrate that
zirconia-based solid electrolytes can play an important role in
electrochemical fundamental research on molten slag electrolytes at
ultrahigh temperatures. At present, a few researchers are trying to
develop a new non-metallic anode for MOE.3? In this line, this work
offers a research direction to the development of the potential
zirconia based inert anodes.

2. Experimental
2.1. Preparation of synthetic slags

The mother slag for the experiments was prepared from CaCQOs,
SiO2, Al20z and MgO (analytical reagent (AR) grade in purity) that
were uniformly mixed in the base composition of 47 wt% SiO2, 28
wt% CaO, 16 wt% MgO, and 9 wt% Al20s3. The mixture was then
calcined at 1223 K for 6 h in a muffle furnace. At room temperature,
the CaO reagent stored for a long time may deteriorate due to damp,
and the CaO activity becomes poor. Here pure CaO with a good
reaction activity can be obtained by the decomposition of CaCOs at
high temperature. The practice of replacing CaO with CaCOzs can be
found in metallurgical experiments.’837-40, FeO in the form of the
ferrous oxalate (AR) powder was directly added into the mother
slag.??2 The above mixed powders were poured into an alumina
crucible with high purity of 99.5 wt% Al20s. The crucible was
positioned in a vertical tube furnace with the MoSi: heating elements.
The chamber of the furnace was flushed with argon that was purified
successively in a two-stage treatment of copper wires and
magnesium chips at 853 K. The furnace was programmed to heat to
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1623 K, and held at this temperature for 1 h to melt the slag. In order
to obtain a homogeneous melt, the slag was agitated with a thin

alumina rod for 5 min. once every 15 min. at the holding temperature.

Subsequently, the crucible containing the slag melt was removed
rapidly from the furnace chamber and then quenched in a large
amount of water. The practice of quenching slag melt containing
iron oxide in water can be found in literature.*%-%> Although the
alumina crucible might crack in the water, the slag almost remained
intact after solidification. The slag could be taken out from the water
and separated from the crucible. After drying, the quenched slag was
ground in an agate mill, collected and stored in a drying desiccator
before further uses.

2.2. Construction of the integrated cell

The integrated three-electrode cell was fabricated from of an MSZ
tube with a closed end as schematically illustrated in Fig. 1. The
MSZ tube was 7.3 mm in inner diameter, 10.0 mm in outer diameter
and 79.0 mm in length, and contained 2.18 wt% MgO (supplied by
University of Science & Technology Beijing, China). Platinum (Pt)
paste (supplied by Sino-Platinum Metals Co., Ltd, China) was
uniformly painted on two adjacent small areas of the outer surface of
the MSZ tube near the closed end to form two porous Pt electrodes.
The Pt painted MSZ tube was dried in air, and then placed in the
muffle furnace to sinter in air for 30 min at 1173 K. Afterwards, the
two porous Pt electrodes coated on the MSZ tube were subjected to
conductivity and scratch tests, and it was found that resistance
between any two points in each Pt coated area was less than 0.2 Q.
The manual scratch tests confirmed the Pt coatings to be uniform
with strong adhesion on to the outer surface of the MSZ tube. The Pt
coating near the closed bottom was used as the “MSZ | Pt | Oz (air)”
RE (1.57 cm? in area), the other as the CE (1.26 cm? in area). The
leads of the RE and CE were Pt wires (0.5 mm in diameter).
Approximately 1.5 g slag prepared as described above was loaded
inside the MSZ tube for each test.

A crucial part of this study was to select a sufficiently inert WE
suitable for electro-deposition of Fe in molten slags. Nearly all solid
metal electrodes can alloy with iron at a high enough temperature
(e.g. 1723 K). Generally Mo and metals of the Pt family (including
Pt, Ir) are often used for making the WE, but these metals can easily
alloy with Fe at higher temperatures. Mo is also susceptible to
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Fig. 1 Schematic illustration of the MSZ based integrated three
electrode cell for electrochemical analyses in molten slags at
ultrahigh temperatures (1723 K in this work).
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oxidation, even by iron oxide in molten slag. Obviously Mo is not
suitable for use in this work. Pure Fe has a melting point (1811 K)
that is close to the molten slag temperature (1723 K). Therefore, a
thin Fe wire would be too soft at our working temperature to enable
reliable insertion of the wire into the viscous molten slag without
deformation of the wire. Use of a thicker Fe wire introduces
inevitably a larger electrode surface area, leading to very large
currents (> 1 A) from the reduction and the re-oxidation. This in turn
would not only cause a non-negligible change of the concentration of
iron oxide in the molten slag, but also increase deviation from the
applied IR (I: current; R: resistance) drop compensation, leading to
experimental results with poor stability and reproducibility. More
adversely, iron oxides can easily form on the Fe surface under our
experimental conditions, and hence interfere with the analysis of the
iron ions in the molten slag. Therefore, pure Fe was not selected in
this work.

Pt possesses higher oxidation resistance and better chemical
stability, but a thin Pt wire, although better than the Fe thin wire,
also becomes too soft to retain its shape at higher temperatures,
which is unfavourable for the insertion operation. Thus, Pt was not
selected in this work, either.

Ir is similar to Pt in many aspects, whilst thermodynamic
calculations show that Ir oxides (e.g. IrO2), if formed, can
decompose spontaneously at higher temperatures, and will not affect
the use of Ir as a metal electrode. Gmitter*® made a detailed
discussion on stability of Ir oxides in his thesis where Ir wire was
used as the working electrode in the positive potential range. It was
believed that the formed IrO2 decomposed rapidly into Ir and oxygen
and did not dissolve in the molten electrolyte. Wang® work* in
laboratory demonstrated that Ir could serve as an oxygen-evolving
inert anode in molten oxide electrolysis. However, it should be noted
that oxidation of Ir in the molten slag proceeds only in the positive
potential range. This can also be inferred from the following CV
curve of blank slag with scan in the negative direction where no
oxidation peak of Ir is observed in this work. Since the present work
deals mainly with the reduction of iron ions in the negative potential
range, no oxidation of Ir is actually involved in this work. Most
importantly, Ir possesses higher melting point (2719 K) and
mechanical strength (528 GPa) than Pt (2041 K, 168 GPa), and is
more favourable for the insertion operation in this work. Therefore,
Ir was considered the more suitable WE material in this work. One
end of the Ir wire (0.5 mm in diameter, 30 mm in length, purity at
99.95 wt%) was inserted into the molten slag and the other end was
connected to a Pt wire (0.5 mm in diameter) served as the current
lead. All Pt wires as the electrode leads were protected within thin
alumina tubes.

2.3. Experimental methods

The integrated three-electrode cell as shown in Fig. 1 was used for
all electrochemical measurements which were controlled by a
CHI1140A electrochemical workstation (supplied by Shanghai CH
Instruments Co., Ltd, China) coupled with the software and a
computer for data collection and storage. For easy operation, the
open end of MSZ tube was connected to an alumina tube with a
high-temperature cement. The cell unit was positioned in the
constant temperature zone of the vertical tube furnace. The dried
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argon purified in the manner mentioned above was introduced into
the furnace chamber and the MSZ tube at a flow rate of 400 and 20
mL min-, respectively. It should be emphasized that the inside
diameter of the furnace tube is relatively thin with only 30 mm and
the gas is introduced into the furnace chamber from bottom to top,
which are helpful to the rapid replacement of gas. A Pt-Rh (6 wt%) |
Pt-Rh (30 wt%) thermocouple (Type B) was employed to determine
the experimental temperature. The furnace was programmed to heat
to 1723 K at a rate of 5 K min™! and held the temperature constant
for at least 30 min. While holding the temperature, the Ir WE was
slowly inserted into the molten slag carefully to avoid any contact
with the inner wall of the MSZ tube. The exact contact point
between the electrode and the surface of molten slag was determined
by observing the sudden change on the open-circuit potential (OCP)
vs time curve recorded in real-time. Fig. 2 shows a typical OCP —
time curve in the course of immersing the Ir wire into the molten
slag containing 3 wt% FeO. Note that all potentials in this work were
reported with reference to the “MSZ | Pt | Oz (air)” RE.

In order to ensure the comparability of the results (especially in
current density) of each test, taking into account the control accuracy
of insertion depth of the WE, it is necessary to select first the
insertion depth which has the least influence on the current density
as the uniform depth of all subsequent tests. In this way, the
influence of the possible deviation of insertion depth of the electrode
on the current density can be reduced. Fig. 3a presented CVs
recorded for molten slag containing 5 wt% FeO at different
immersion depths of the Ir wire WE into the molten slag in
preliminary experiments. It showed that the current changed
constantly with the immersion depth; however, the corresponding
current density (j) changed little after the immersion depth reached 9
mm, as shown in Fig. 3b. Thus it was determined that in each
experiment the immersion depth of the WE into the molten slag was
9 mm (corresponding to a contacting area of 0.1413 cm? with the
molten slag), so as to avoid the influence of the difference of
immersion depth of the WE on electrochemical signal. Finally, the
Ar atmosphere in the furnace chamber was switched to dry air with a
flow rate at 400 mL min to constitute the RE with stable oxygen
partial pressure outside the MSZ tube. A quick response of the OCP
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Fig. 2 A typical OCP — time curve recorded in the course of
immersing the Ir wire WE into the molten slag containing 3
wt% FeO and then switching from Ar to dry air in the furnace
chamber. The OCP was measured against the “MSZ | Pt | O,
(air)” RE after switching from Ar to air.

was observed during the switch, as shown in Fig. 2. Under the air
condition, the OCP became stable after a few minutes when it was
considered to be suitable for electrochemical experiments.

CV, SWV, CP and PE were employed in the experiment.
Positive feedback for 100 % IR drop compensation was applied in
CV and SWVs, but not in CP because the workstation did not
support the same. In this work, the OCP — time curve was repeatedly
measured to determine the stable OCP prior to next measurement,
unless otherwise stated. It was found that the differences between all
measured stable OCP were within 20 mV which was considered as
evidence of the cell being in the same quasi-stable state prior to each
measurement.

In addition, the molten slags containing 3 wt% FeO were
electrolyzed for 2 h at constant potentials of -0.40, -1.00, -1.30 V,
respectively. The structural features and the morphology of the
residues were characterised by scanning electron microscope (SEM)
(Nova 400 Nano) and the energy dispersive X-ray spectrometer

o002} ®
0.000 -
E pa02l Depth of the electrode
< 5 mm
—~ -0.004 | 6 mm
=)
7 mm
0006 L 8 mm
9 mm
10 mm
-0.008 L ; : ' :
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
EIV

Fig. 3 (a) Cyclic voltammograms recorded in the molten slag containing 5 wt% FeO at different immersion depths of the Ir wire

WE under dry air; (b) The corresponding current density (j) at different immersion depths of the Ir wire WE. RE: MSZ | Pt | O,

(air). Temperature: 1723 K. Scan rate: 0.2 V s,
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(EDS) (INCAIE 350 Penta FET X-3). Here, the Ir wire is selected as
the cathode and the main purpose is to maintain a consistency with
the Ir wire used as the WE for the investigation of Fe?* reduction
behaviour so as to verify the reduced product in CV tests. Obviously,
instead of Ir, Fe or steel will be the more affordable choice in the
real industrial electrolysis.

2.4. Methods of calculation

For reference in the analyses of electrochemical test results,
the theoretical decomposition potential of oxide components, as well
as the composition of gas-liquid-solid equilibrium in the system was
calculated using the Factsage thermodynamic software,**4> assuming
an oxygen partial pressure of 21 kPa (the same oxygen partial
pressure of the air reference state in the experiment), and a unity
activity of the metal product (M) from corresponding reduction
process. The decomposition reaction of oxide (MxOy) in the molten
slag can be described by the following reaction.

MxOy =x M +y/2 O2 Q)
In particular,
Fe203=2 FeO + % Oz )

Because the RE used in this work is the O%|O2 couple in nature,
the decomposition potential of the oxide is in value equal to the
onset reduction potential of corresponding active ions in an ideal
case.

3. Results and discussion
3.1. Basic considerations

Determination of potential scan range. In order to determine
suitable scan potential range, CV technique was first employed. Fig.
4 shows the CVs recorded in the molten slag with different FeO
concentrations at typical scan rate of 0.2 Vs, In the absence of FeO,
the CV (Blank slag in Fig. 4) exhibits minimum currents close to
zero with minor change in the potential range of 0 to -1.20 V. This is
evidence of no electrochemical reaction occurs, indicating negligible

A
0 =
.‘ %
0.0 ------------------------
i G,
G1k | )
< C
~ =, 015
~ '
C,
02F <-0.10
0 FeO (Blank) ||
3 wt% FeO
03} |5 wt%FeO 0.0% 7 5 5 s
10 wt% FeO Wi% FeO
1 1 1 1 1 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E/N

Fig. 4 CVs recorded in the molten slag with different FeO
concentrations. Inset: The correlation between the cathodic
peak current (/p) and the FeO concentration (wt% FeO).
Temperature: 1723 K. Scan rate: 0.2 V s'1. RE: MSZ | Pt | O,
(air).

This journal is © The Royal Society of Chemistry 2017

redox active impurities and good electrochemical stability of both
the blank slag and the WE in this potential range. When the negative
scan runs beyond -1.20 V, a cathodic peak (C1) appears at -1.30 V
and the corresponding anodic peak (A1) is observed at -1.15 V upon
reversing the scan. The theoretical calculations from Factsage
thermodynamics software indicate that SiO2 is the easiest to reduce
in the blank slag. Thus, Ci/A1 can be attributed to the Si*/Si
redox couple. According to the Ir-Si phase diagram,*® the reduced
silicon and the Ir are likely to form an alloy with a lower melting
point, which leads to the potential interference to reduction of iron
ions and the damage of the Ir electrode. Therefore, it is necessary to
ensure that the potential scan is limited in a range to avoid the
reduction of Si** but allows the full reduction of Fe?* as shown in
Fig. 4.

In comparison with the CV of the blank slag, addition of FeO
leads to a vague current peak Cs between 0 and -0.7 V in Fig. 4.
When the scan runs into the range of -0.7 to -1.1 V, a new and
obvious pair of peaks (C2/Az) appears. After the deduction of the
effect of background current, the current of peak C: linearly depends
on the FeO concentration and the straight line passes through the
origin*” as shown in the inset of Fig. 4. Consequently, the C2/A can
be associated to the Fe?*/Fe couple, and the scan potential range may
tentatively be set between 0 and -1.1 V.

In addition, it can be observed that the current becomes larger
with increasing the FeO concentration to 10 wt%. Here the larger
current means that not only the current of the reduction peak Cz but
also the background current increases. Too large a peak current is
generally accompanied by a large charging current*, and will also
lead to inaccurate IR drop compensation and possibly a change in the
morphology of the reduction product.This is not helpful to the
analysis of electrochemical behaviour in the molten slag. Therefore,
the molten slag containing 10 wt% FeO is not considered in this
work. A detailed discussion on the main electrochemical
characteristics of peak Cz for the molten slag containing 5 wt% FeO
will be carried out later in Section 3.2.

Confirmation of the reduction peak and the product
morphology. Iron oxides mainly include Fe20s and FeO. However
Fe20z is highly unstable at higher temperatures and can be
decomposed into FeO and Oz under certain conditions according to
reaction (2). In a real industrial electrolysis for iron production, iron
ore will be used as the raw material. It is well known that iron ore is
predominantly ferric in nature. However for a molten slag containing
iron oxide at higher temperatures, whether the original iron oxide is
Fe203 or FeO, an equilibrium between Fe?* and Fe3*, and physically
dissolved oxygen may be formed and represented by reaction (2')
b8|0W:17'20'49

2Fe3*+0*=2Fe*+1/2 02 2"
Therefore, in this work, when the potential is scanned from 0 to
-0.7 V in the negative direction, there may also be the reductions of
the dissolved oxygen and/or Fe3* ions in the molten slag although
FeO is directly added into the slag in the form of ferrous oxalate.
Thus, ill-defined peak Cs can be attributed to the reduction of the
dissolved oxygen or Fe3* ions. This is one reason why the slag with
addition of FeO has a larger current compared with the blank slag
between 0 and -0.7 V in Fig. 4. Another reason could be an increase
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in the background current. Here the background current mainly
refers to charging current of the double layer since the redox of
active impurities is negligible. It is well known that the total
charging current of the double layer can be generated by the
changing electrode potential and the melt composition variation. In
Fig. 4, the charging current of the double layer from the change of
the electrode potential always exists and remains constant at the
same scan rate. Meanwhile, the charging current from the change of
the double layer capacitance increases due to the increase of FeO
concentration in the molten slag. Prange et al*® found that the Fe
electrode capacitance increased approximately linearly with the
square root of the Fe?* concentration in the CaF2-FeO melt.
Consequently the total charging current increases with the increase
of FeO concentration in this work. Therefore, not only the current of
the reduction peaks (Cz and Cz) but also the total charging current
increases with the increase in FeO concentration in the slag.
Previous investigations'®2°%° on the redox equilibrium between Fe?*
and Fe®* in molten slag have indicated that the Fe?*/Fe3* molar ratio
varies with the temperature, composition (particularly basicity) and
oxygen partial pressure of the molten slag. It should be noted that the
concentrations of Fe3* and the dissolved oxygen in the molten slag
are very small under Ar with a very low partial pressure of
oxygen.5153 This results in a small current for the reduction peak Cs.
In addition, it is known that the CV has a limited detection limit and
larger error margins due to several factors, including charging
current of the double layer mentioned above and the electronic
current through the cell. It is reported that the molten slag containing
FeO has an increased electronic conductivity.’® These factors can
make it difficult to observe the reduction peak Cs with small current.
This is one reason why the observed peak Cs is not well-defined as
shown in Fig. 4. Since the reduction potential for Fe®* is close to that
for the dissolved oxygen, it is difficult to use only CV to resolve
these electrode processes in the molten slag.®

In order to judge whether there was the reduction of the
dissolved oxygen and/or Fe®* ions between 0 and -0.7 V, SWV was
used in conjunction with PE. An attempt to change artificially the
concentration of dissolved oxygen and/or Fe3* in the molten slag was
made by PE. SWVs of the molten slag containing 5 wt% FeO were
measured and contrasted before and after PE. According to
thermodynamic  calculations,** the theoretical decomposition
potentials of Fe203 and IrO2 in the molten slag are -0.39 V and 0.11
V at 1723 K, respectively. Therefore, the applied constant potentials
for electrolysis were set at -0.30 V and 0.10 V, respectively. It was
reported> that the potential of the O2/O% couple is more positive
than that of Fe3*/Fe?* in glass melts. Thus, it is reasonable to expect
that PE at -0.30 V may remove the dissolved oxygen from the
molten slag regardless of the reduction of Fe®* ions, while PE at 0.10
V may cause the oxidation of Fe?* to Fe3* in the molten slag, but
neither the Ir electrode is oxidised nor is oxygen molecule formed.
Thus, after the molten slag was in sequence electrolysed for 1.0 h at
-0.30 V and 0.10 V, respectively, the amount of dissolved oxygen in
the molten slag would most likely fall and of the Fe®* ions rise.
Subsequently measured SWVs were shown in Fig. 5.

In comparison with CVs in Fig. 4, a common reduction peak C2
appears at -0.90 V in Fig. 5. Besides, a more prominent and narrower
reduction peak Cs arises at -0.10 V either before or after the PE, in
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Fig. 5 SWVs recorded in the molten slag containing 5 wt%
FeO at 1723 K, (a, blue line) 25 Hz, before PE; (b, red line) 20
Hz, after PE for 1 h at -0.3 V and 0.1 V, respectively. Inset:
the magnified portion of peaks C3 and C4. RE: MSZ | Pt | O,
(air).

contrast to the broad peak Cs between 0 and -0.70 V on the CV in
Fig. 4. A new reduction peak Cs arises at -0.40 V on the SWV after
the PE. The potential of peak C: is close to the theoretical
decomposition potential of FeO (-0.80 V). Thus, peak C2 can be
attributed to the reaction: Fe?* + 2e — Fe. Some fluctuations can be
observed on the magnified peak Cs in the inset of Fig. 5, indicating
gas involved in electrode reaction. This is related to the reduction of
the dissolved oxygen: 1/20; + 2e — O%. Both Nagata'® and
Gmitter* also reported that the reduction of the dissolved oxygen in
the molten slag containing iron oxide could be observed during
negative scan. The potential of peak Ca is close to the theoretical
decomposition potential of Fe203 (-0.39 V) and it can be attributed
to the reaction, Fe3* + ¢ — Fe?*. The detected Fe3* ions come from
PE at 0.10 V which causes the oxidation of Fe?* to Fe® in the
molten slag. It is worth noting that the theoretical difference in
decomposition potential between FeO and Fe2Os is about -0.80 V - (-
0.39 V) = -0.41 V relative to the same O%*|O2 RE. The value can be
used for the purpose of comparison with the difference between peak
potentials. It was found that the difference in peak potential between
Czand C4is-0.90 V - (-0.40 V) = -0.50 V, but that between C2 and
C3is-0.90 V - (-0.10 V) = -0.80 V in Fig. 5. The former is much
closer to the theoretical difference in decomposition potential (-0.41
V) between FeO and Fe20s than the latter, which further confirms
the ownership of the above peaks. Note that the potential in SWV is
stepped positively and negatively in alternation, which helps to
cancel capacitive charging current. This is the reason why SWV has
a better sensitivity and higher resolution than CV.

Despite of the PE, the peak Cs still appears, indicating it is
difficult to electrolytically remove the dissolved oxygen completely
from the molten slag. This may be related to the viscosity of slag. No
visible reduction of Fe®* (peak Cs) is observed on the SWV of the
original molten slag before the PE. Contrastively, the peak Cs arises
after the PE, and the peak current is much smaller than that of the
peak C2 on the SWV of the molten slag. This indicates the amount of
the Fe3* ions in the original molten slag is very small under this
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condition of experiment. However, Russel et al**-?! reported that the
reduction peak of Fe3* to Fe?* could be observed on the SWV of a
glass melt. This was different from the result obtained in this work.
It may be attributed to different atmosphere, melt composition and
original iron oxide addition. It should be noted that oxidation of Fe?*
in the molten slag was not further defined in the positive potential
range because the present work dealt mainly with the reduction of
iron ions in the negative potential range.

In order to verify the reduced product in the electrochemical
measurement, the molten slags containing 3 wt% FeO were
electrolyzed using the Ir wire WE as the cathode for 2 h at constant
potentials of -0.40, -1.00, -1.30 V, respectively. Figs. 6 and 7 are
respective SEM images and related EDS analyses of the Ir electrode.
It can be seen in Fig. 6 that at -0.40 V, no notable change shows at
the surface of the Ir electrode. However, when the potential increases
to -1.00 V and -1.30 V in the negative direction, a visible loose layer
appears at the surface of the Ir electrode. The EDS analyses of the Ir
electrode surface as shown in Fig. 7 indicate that when the potential
is -0.40 V, no new substance is detectable at the Ir electrode surface.
When the potential shifts to -1.00 V, the loose layer at the electrode
is identified as a Fe-Ir alloy, indicating deposition of metallic iron in
this case. However, there was no evidence for the presence of pure
iron at the surface of the electrode. It should also be noted that no
dendrite was found. In contrast, iron dendrite could be formed when
the iron rod was used as the cathode in a similar previous study.® It
is reasonable to deduce that the formation of the loose layer as the
Fe-Ir alloy is the result of interdiffusion of the deposited Fe and Ir.
At -1.30 V, the loose layer at the electrode is a Si-Fe-Ir alloy,
indicating co-deposition of iron and silicon. These findings
correspond to the results of the reduction peaks appearing in CV and
SWV as mentioned above. Therefore, one can judge that the peaks
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C: and C: are due to the reduction reactions of Si** + 4e — Si and
Fe?* + 2e — Fe, respectively, and that the electrochemical reduction
of Fe?* to Fe occurs in a single two-electron step on the Ir electrode
in the molten slag.

In addition, since the loose layer indicates an increase in the area
of the electrode contacting molten slag, it can be considered to be a
source of capacitance that may explain the increase in the
background current in transient electrochemical test. However, the
amount of deposited Fe is very small and the time for interdiffusion
of Fe and Ir atoms is very short in CV. It can be considered that the
increase of the background current (charging current) would be very
limited due to a very small increase of the electrode area in this work.

According to the Fe-Ir phase diagram,%® Fe and Ir can form
continuous solid solution alloy at 1723 K. The above SEM images
and EDS analyses verify that the reduction product (Fe) of the PE
does form the alloy with the Ir electrode. Besides, the morphology of
reduction product during the transient process can also be
determined by reversal CP.%657 Fig. 8 is a current reversal CP curve
of the molten slag containing 5 wt% FeO. Three potential plateaus
(or shoulders) can be observed. The transition time (z) associated
with the plateau can be determined by the way stated in the
literature.%® It is inferred that the plateau with 71 corresponds to Fe®*
reduction, the plateau with 2 to Fe oxidation, and the plateau with z3
to Ir oxidation at more positive potential. In the case of both reactant
and product being soluble in solution electrolyte, the ratio of the
transition time for oxidation to reduction was reported to be 1/3. The
ratio would be unity for the reduction leading to an insoluble deposit
on the electrode.?-%° Here the ratio 72/71 is found to be about 1/5.9,
indicating the reduction product (Fe) forms a solid solution alloy
with the Ir substrate. Further, the smaller z/z1 ratio may be caused by
relatively slow oxidation of Fe from the alloy electrode.%® No

(b) Slag

Ir electrode

30pm

lloy I electrode] (c)

Fig. 6 SEM images of cross (a) and longitudinal (b and c) sections of the Ir electrode recovered from the slag containing 3
wt% FeO after PE for 2 hat -0.40V (a), -1.00 V (b) and -1.30 V (c). RE: MSZ | Pt | O3 (air).
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Fig. 7 EDS analyses of spots 1 (a), 2 (b), 3 (c) indicated in Fig. 6.
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Fig. 8 Reversal CP curve recorded in the molten slag

containing 5 wt% FeO at 1723 K. The cathodic and anodic

currents are -0.08 and 0.08 A, respectively. RE: MSZ | Pt | O,
reduction plateau of Fe®* to Fe?* or Oz to O is found in Fig. 8,
indicating that the effect of Fe3* ions or the dissolved oxygen on the
reduction of Fe?* ions in the molten slag is insignificant.

Corrosion of MSZ by molten slag. In this work, the key part
of the electrolytic cell is the MSZ solid electrolyte tube. It is
understandable that the stability of the zirconia based solid
electrolyte in the molten slag is a basic necessity to obtain reliable
analysis results. According to the literature,* calculation with
Factsage thermodynamic software suggests that solubility of
zirconia in the molten slag containing 5 wt% FeO is only 1.3 wt% at
1723 K under the applied experimental conditions of this work. Note
that, this is the result of equilibrium calculation at high temperature
for a long time, while the electrochemical transient test lasts usually
for a short time. It is reasonable to deduce that the interaction
between the MSZ and the molten slag is far from the equilibrium and
the amount of zirconia dissolved into the molten slag is very small in
this work. Fig. 9 is a typical SEM image showing the cross section at
the interface between the MSZ and the slag after an electrochemical
test. It is observed that large grains (cubic ZrO>) still remain in the
MSZ (in Fig. 9 small grains denote the monoclinic phase and large
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grains the cubic phase, which was confirmed by SEM and EDS in
our previous work33), and the interface region of the MSZ touching
the slag also shows good integrity without any sign of new phase
formation or corrosion. Besides, the calculation from the Factsage
thermodynamic software shows that the decomposition potential of
MSZ is about 2.0 V at 1723 K. So the MSZ cannot be electrolyzed
under the conditions of the temperature and the applied potential.
Thus it can be concluded that the MSZ tube has sufficiently high
stability in the molten slag and the corrosion effect can be neglected.
It is feasible to construct the integrated cell using the MSZ tube in
this work.

Analyses of electrochemical characteristics of the cell.
According to ionic theory, the FeO exists in the forms of Fe?* and
O?% in the molten oxide slag which can be considered as an ionic
conductor with various cationic carriers such as Ca?*, Mg?*, Fe?* and
so on.®° Thus, the transference number of O% is small in the molten
slag and the transport of O% is mainly through diffusion. In the MSZ
membrane, however, the transference number is close to unity and
the O* movement is mainly through electromigration. Under the
condition of the experiment described herein, the current flowing
through the cell (or the MSZ membrane) can be considered to be
mainly consisting of a pure O% current (as well as a certain non-
faradic charging current).

To enable an electrochemical process in the molten oxide slag
with or without FeO, electric neutrality must be maintained in the
molten slag. Assuming the absence of oxygen accumulation in the
slag, the diffusion flux of O% in the molten slag must be equal to the
electromigration flux of O% in the MSZ membrane at all times. In
the case of scanning in the cathodic direction, electroactive species
(ions and/or simple species of elements such as iron, silicon, etc) in
the molten slag is apt to reduction or oxidation and produces the
corresponding redox peaks. The electromigration flux of O (current
of oxygen ions) in the MSZ membrane does not increase/decrease
with applied potential at all times. Rather, it changes with the
reactions of electroactive species. Moreover, the area of the counter
electrode (1.26 cm?) is far larger than that of the working electrode
(0.1413 cm?) in this work. Thus, it can be deemed that the
electromigration of O% in the MSZ membrane will not become the
controlling step in the overall reduction process of electroactive
species on the Ir electrode. In turn, the electrochemical
characteristics of the electroactive species in the molten slag can be
reflected by the CVs, SWVs and reversal CP as shown in Figs. 4, 5
and 8, respectively. In addition, by using the zirconia membrane
with high oxygen ionic conductivity and low electronic conductivity,
the interference of the non-oxide impurities and intrinsic electronic
conductivity of the molten slag can be reduced or even eliminated,
and that the interactions between the species (particularly oxygen
gas) in different electrode solutions can also be prevented. It is well
known that the “MSZ | Pt | Oz (air)” RE has quick response and
shows good reversibility, stability and reproducibility.3*3¢ The RE in
this work can also reflect these characteristics, as shown in Figs. 2
and 9. The obtained regular results indicate that the potential
corrosion of MSZ by the molten slag is insignificant to the
electrochemical tests. These advantages ensure reliable recording of
CV, SWV and CP with high quality in this work.
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3.2. Reduction behaviour of Fe?* ions in the molten slag

It is well known that the decisive step in Fe deposition from the
molten slag is the reduction of Fe?* ions to Fe. Under the conditions
of our experiments, as mentioned earlier, Fe?* is directly added into
the slag in the form of ferrous oxalate, the effect of Fe®* on the
reduction of Fe?* ions in the molten slag is found to be insignificant
although Fe®" can be formed in a small amount by the equilibrium
between Fe?*, Fe®* and dissolved oxygen in the molten slag.
Therefore, the electroreduction of Fe?* to Fe is the focus of
investigation in this work. On the basis of the above analyses, a
detailed investigation of the electrochemical reduction of Fe?* ions
in the molten slag containing 5 wt% FeO was performed at 1723 K
by combining different electrochemical techniques including CV,
SWYV and CP.

Cyclic voltammetry (CV). Fig. 10 presents CVs recorded at
different scan rates in the molten slag containing 5 wt% FeO at 1723
K. These CVs are similar in shape to those in Fig. 4, and dominated
by peak C2 and its anodic counterpart peak Az. Fig. 10 shows clearly
that peak C2 becomes more negative in potential with increasing the
scan rate (v). Considering that IR compensation was applied when
recording these CVs, the peak potential shift suggests that the
reduction of Fe?* ions on the Ir electrode may involve some kinetic
complication. On the other hand, the observation of peak Az as the
anodic counterpart of peak C: is evidence that the reduction of Fe?*
produces a product that can be reoxidised. To facilitate the
subsequent calculation, the peak current (Ip), the peak potential (Ep),
the half peak potential (Epr2) for C2 drawn from Fig. 10 are shown in
Table 1. The unique shape of CVs in general and the potential shift
of the peak Cz in particular are worth further discussion later on.

The peak current (lp) can be obtained by deducting the
background current from the observed peak current in Fig. 10.
Plotting 1p against V2 in the inset produces a perfect straight line,
indicating the reduction of Fe?* ions in the molten slag is diffusion
controlled. It can be observed that the fitted straight line in the inset
of Fig. 10 does not pass through the origin with a small but positive
intercept in the range of applied scan rates. The cause for this non-
ideality should not be due to adsorption of the Fe?* ion on the
electrode because it is believed that such adsorption should give an
intercept on the y-axis first.*%415 Two other probable reasons can be
considered. Firstly it may be related to the peak potential shift. The
straight line in the inset of Fig. 10 is indication of the diffusion rate
being much smaller than the charge transfer rate. These two steps
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Fig. 10 CVs of molten slag containing 5 wt% FeO with
different scan rates (0.06, 0.08, 0.10, 0.12, 0.15, 0.18, 0.20,
0.30, 0.40 V s1) at 1723 K. Inset: the correlation between
cathodic peak current (/,) and square root of scan rate (v¥2).
RE: MSZ | Pt | O (air).

differ in that the former is independent of the potential after the peak
potential, whilst the latter increases with negatively shifting the
potential (or increasing the overpotential). In an ideal case, the peak
potential remains the same at different scan rates, so does the charge
transfer rate at the peak potential. However, if the peak potential
shifts negatively as shown in Fig. 10, the charge transfer rate also
increases with increasing the scan rate. This in turn allows a greater
diffusion rate and hence a higher current at the peak potential than
that in the idea case. Because this effect becomes more significant at
higher scan rates, which means the right hand side of the straight line
in the inset of Fig. 10 is up-raised from the ideal case. Thus, the
extrapolation of the straight line to the left hand side goes below the
origin point. It should be noted that the observed peak potential shift
may be attributed to several fundamental phenomena such as the
following solid solution reaction and the uncompensated electrolyte
resistance. This is discussed later in this Section. In addition, the
FeO concentration with 5 wt% in the molten slag is on the high side.
This may be another reason why the fitted straight line did not pass
through the origin with a positive intercept on the x-axis first.
Hajasovay®! also observed the phenomenon with an intercept on the
x-axis first when the concentration of electroactive species became
high in his work.

Table 1 Results of CV for molten slag containing 5 wt% FeO at 1723 K at different scan rates

Scanrate / Vst ¥/ A E,/V Epp/V n value from Eq.(3) nvalue from Eq.(4)  angvalue from Eq.(5)
0.06 -0.0413 -0.883 -0.812 4.6 1.6 3.9
0.08 -0.0489 -0.891 -0.821 4.7 1.6 3.9
0.10 -0.0559 -0.900 -0.828 4.5 1.6 3.8
0.12 -0.0615 -0.906 -0.832 4.4 1.5 3.7
0.15 -0.0686 -0.924 -0.842 4.0 1.4 3.4
0.18 -0.0758 -0.926 -0.846 4.1 1.4 3.4
0.20 -0.0807 -0.935 -0.852 3.9 1.4 3.3
0.30 -0.0998 -0.951 -0.861 3.6 1.3 3.1
0.40 -0.1162 -0.953 -0.864 3.7 1.3 3.1

Remark*: The background current has been deducted from the observed peak current in Fig. 10.
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The shape of the reduction peak Cz presents a relatively steep
rise and slow decay and it is more pronounced than its re-oxidation
counterpart, peak Az. These features are indicative of part of the
reduction product of peak Cz has been not accessible for oxidation at
the applied CV time scale. The Fe-Ir phase diagram® shows that no
intermetallic compound exists and that there is continuous solid
solution alloy in this system at high temperatures. Thus it is believed
that the iron produced by the reduction of Fe?* ions in the molten
slag dissolves into the Ir electrode and forms a continuous solid
solution or alloy. This understanding is in accordance with the
earlier reversal CP, SEM images and related EDS analyses of the Ir
electrode after PE. The corresponding re-oxidation peak Az is broad,
which also supports the alloy formation between Fe and Ir during the
reduction of the Fe?* ions. Apparently, the activity of the deposited
iron in the alloy is lower than that of pure iron, leading to a positive
shift for the reduction potential of Fe2* compared with that of Fe?* to
pure iron at a given scan rate, which is confirmed by the fact that the
onset potential (about -0.70 V) of Fe?* reduction in Fig. 10 is more
positive than the decomposition potential (-0.80 V) of the oxide
based on the theoretical calculations from Factsage thermodynamics
software.

It can be observed that there is a negative shift in the potential of
the peak Cz with increasing the scan rate. This seems to indicate that
the electron transfer process is not fully reversible. However, this
lower reversibility of iron deposition on the Ir electrode at such a
high temperature of 1723 K is quite surprising, because it is expected
that the elevated temperature should facilitate surpassing the
activation barriers, thus promoting the metal deposition on a solid
electrode to be diffusion controlled. As a matter of fact, the presence
of re-oxidation peak A: in Fig. 10, together with the reverse
transition time in Fig. 8, is an indication that the electron transfer
process is at least quasi-reversible. On the other hand, it is well
known that for a typical quasi-reversible process, the potential of
reduction peak usually shifts negatively with increasing the scan rate,
while the peak potential of oxidative counterpart shifts positively.
However, in this work, it is observed that the potential of the
corresponding anodic peak A: remains almost constant (indicating
re-oxidation of reduction product with a constant activity)
irrespective of scan rate. This is inconsistent with typical quasi-
reversible characteristics and also seems to indicate the influence of
overpotential on the deposition regardless of fast anodic reaction.
This phenomenon warrants further discussion.

It should be noted that no cross-over of the current after potential
reversal can be seen in Fig. 10, indicating the required nucleation
overpotential is negligible and the nucleation does not control the
process. It is then possible that the negligible nucleation
overpotential results from the formation of an alloy between the
deposited iron and the Ir electrode.

As mentioned above, the reduction of Fe?* ions occurs with the
formation of the surface alloy. Due to the very small amount of
deposited iron during the reduction of Fe?* ions of forward scan, the
deposited iron could completely dissolve in a non-saturated state in
the abundant Ir substrate. Thus, the activity of deposited iron in the
surface alloy is generally smaller than unity (corresponding to the
activity of pure solid iron). Nevertheless, the iron activity is larger
near the surface than inside the electrode, which results in
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interdiffusion between the iron atoms from the Ir substrate surface to
inside and the iridium atoms in the reverse direction in solid state.
Interdiffusion will result in a successive formation of Fe—Ir alloy
with a decrease in iron activity. Outwardly the reduction product
looks unstable due to interdiffusion. The reduction peak with the
formation of the alloy and the interdiffusion process, which is
positive of the reversible value obtained in the unperturbed case,
shifts in a negative direction (i.e. toward the reversible curve) with
increasing scan rate.®? A higher scan rate indicates the time is short
for the initial deposited iron to diffuse into the Ir electrode during the
reduction. When the scan rate is high enough, it is likely that there is
no time for the deposited iron to diffuse from the surface into the Ir
electrode. In other words, the rate of the following interdiffusion is
much smaller than that of the charge transfer. In this case the
reduction product seems to become stable. Consequently, the
difference between reduction and re-oxidation peak potentials would
become smaller, which is confirmed by the fact that the three peak
potentials observed at the highest scan rates are closer to each other
in Fig.10 or Table 1. It can be expected that the reduction of Fe?* to
Fe becomes seemingly a reversible process at sufficiently high scan
rates. This improved reversibility at higher scan rates is
contradictory to a normal reversible electrode reaction. It is known
that in CV, many processes are reversible with a constant peak
potential at lower scan rates, but may become less reversible at
higher scan rates.®® The so-called reversibility is considered to be
abnormal and does not have any significant meaning for an electrode
reaction (which will be reflected in the calculation of the number of
exchanged electrons later). It can therefore be inferred that the above
contradictory in turn supports the effect of the formation of the
surface alloy and the following interdiffusion process on a negative
shift for the potential of the peak Co. In other words, alloy formation
only complicates the electrode process rather than improves really
the reversibility at high scan rates. A detailed discussion on alloy
formation will be carried out later.

Furthermore, the higher the scan rate, the larger the current,
which can also lead to a distinct potential control error, i.e. the IR
drop due to the uncompensated resistance. This may be another
reason why there is a negative shift in the potential of peak C2 with
increasing the scan rate. Generally there is a certain resistance
between the working and the reference electrodes in the cell, which
may affect the true potential of the working electrode, especially in
the case of a large current.5 Thus it is necessary to make a
compensation for the IR drop during testing. However suitable
degrees of compensation reported in literatures do not agree with
each other.*5%64 In this work, the cell was non-conventional and the
structure of the molten silicate slag containing iron oxide is also very
complex.% Thus, a change in the concentration of electroactive
species caused by the electrode reaction may have a certain effect on
the structure and properties (especially local electrical conductivity
and viscosity) of the slag electrolyte in the vicinity of the Ir
electrode. The resistance between the working and the reference
electrodes, including the resistances of molten slag, is likely not a
constant during the electrochemical test. Hence, in theory an
appropriate degree of compensation should vary with the progress of
the reduction reaction. However, it is very difficult to attain on-line
in this work due to the uncertainty of determination of the
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compensation  resistance. The so-called 100% degree of
compensation based on a fixed resistance (about 3 ~ 5 ohms in this
work) prior to CV measurement cannot be pronounced as an
optimum. Some uncompensated resistance or overcompensation of
the IR drop always exists during an actual complete measurement.
Fig. 11 shows CVs recorded at different compensation degrees for
the IR drop at the scan rate of 0.2 V s™L. It can be observed that the
potential of peak C: is constantly shifted towards more positive
potentials, whilst that of peak A2 moved more negatively with
increasing the compensation degree from zero (no compensation) to
110%, and no oscillation and deformation on the CV appeared until
the compensation degree exceeds 110% (as shown in the inset of
Fig. 11). Moreover, the peaks of both C1 and A1 even arise with the
shift of the peak potential at the compensation degree of 110%.
Whilst further investigation is ongoing on the equivalent circuit of
the cell to achieve the optimal degree of compensation, it is believed
that the compensation degree also has something to do with the scan
rate. It can be considered that the compensation is relatively more at
lower scan rates and less at higher scan rates under the experimental
conditions, which may also result in a slight counterclockwise
rotation of the fitted straight line of I, against v with a positive
intercept on the x-axis first in this work. In addition, as mentioned
earlier, the potential of the re-oxidation peak Az did not shift with
increasing the scan rate, a possible explanation is that the
compensation for the IR drop has become less important due to a
smaller reversed current in Fig.10.

As we know, the number of exchanged electrons is an important
parameter in the analysis of an electrode process. In a general way,
the number of exchanged electrons can be evaluated based on peak
potential value from the following general electrochemical formulas
which are applicable for a reversible reduction process with soluble-
soluble and soluble-insoluble species®®% and for irreversible
process,5270 respectively.
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Fig. 11 CVs recorded in molten slag containing 5 wt% FeO with
the same scan rate at different /R compensation degrees of 0 ~
110%. Inset: CV recorded at /R compensation degree of 120%.
Temperature: 1723 K. Scan rate: 0.2 V s1. RE: MSZ | Pt | O3
(air).
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where Ep is the peak potential on a CV (V); Epz the half peak
potential on a CV (V); n the number of exchanged electrons; F the
Faraday constant (F = 96500 C mol), R the molar gas constant (R =
8.314 J mol* K1); T the temperature (K); o the electron transfer
coefficient and n, the number of electrons transferred in the rate
determining step. In order to verify the applicability of these
formulas in this work, all of them were attempted to calculate the
number of electrons since the reversibility of the electron transfer
reaction could not be confirmed. It should be noted that the n value
corresponding to the reduction peak Cz has been identified to be 2 as
analysed earlier. However, it is found that the n values obtained are
between 3.6 and 4.6 from Eq. (3), between 1.6 and 1.3 from Eq. (4),
and the values of an. are between 3.9 to 3.1 from Eq. (5). These
values are also shown in the above Table 1. At various scan rates,
the n values are not consistent with the corresponding reduction
reaction, and the values of an. do not have any significant meaning
for an electrode reaction with two-electron transfer since the o value
is less than unity. The calculation results show that the correct
number of exchanged electrons cannot be obtained based on the peak
potential value and all the Egs. (3) ~ (5) are not really applicable in
this work. Obviously, although the formation of the surface alloy and
the solid solution reaction are not directly measured by an
electrochemical method, they interfere with the observed behaviour
and have an effect on the characteristic potentials including the peak
potential, leading to invalidation of these general formulas.

Taken together, in this work, the observed potential shift can be
attributed to several fundamental phenomena such as the successive
formation of surface alloy, the following solid solution reaction
involving interdiffusion between Fe and Ir, and the uncompensated
electrolyte resistance. These phenomena can distort the
electrochemical response and induce the Ep or Epe to stray beyond
the expected values corresponding to reversible electron transfer
reaction. It is biased to determine the reversibility of the electron
transfer reaction only from the phenomenon that the potential of
peak C: shifts negatively with increasing the scan rate.

Here, we focus on further analyses of the effects of surface
alloying and interdiffusion on the potential. It is know that the
successive variation of the activity of deposited iron in the surface
alloy inevitably affects the potential during the reduction of Fe?*
ions. The iron activity at the surface of the Ir electrode is closely
related to the composition of the alloy. However, at present it is very
difficult to obtain the quantitative changes of alloy phase
composition as a function of parameters during the reduction of Fe?*
ions of the forward scan. Nevertheless, it is clear that the
composition of the alloy layer on the surface of the Ir electrode
depends on three successive fundamental phenomena: electron
transfer reaction, surface alloying and intermetallic diffusion. They
can be expressed as follows, respectively:

Fe?* + 2e — Fe (6)
Fe + Ir — Fe-Ir (surface alloy) (7)
Fe-Ir (surface alloy) — Fe-Ir (alloy layer) (8)
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The first is a heterogeneous electron transfer reaction which can
be controlled by the imposed potential. The second is a non-
electrochemical alloying process on the electrode surface in which
the reduced iron dissolves in the Ir active lattice. The third is also a
non-electrochemical solid solution process but due to interdiffusion.
Driven by the concentration difference (strictly speaking, chemical
potential difference), the last step occurs anyway, and leads to a
thermodynamically stable state in the alloy layer, decreasing the
activity of deposited iron on the electrode surface. It can be
concluded that interdiffusion between Fe and Ir results in the
formation of a thin layer of alloy under given conditions. Among the
above three steps, the latter two can be regarded as the following
coupled process of the former.

When the rate of the first step is far larger than that of the second

step, the effect of the latter on the electrode process can be neglected.

The apparent electrode process can be described as reaction (6) and
the reduced product is treated as pure iron prior to re-oxidation. This
is the simplest case and the traditional theories on simple reversible,
quasi-reversible and irreversible reactions can be applied for analysis
of the mechanism of electrode process. Obviously this is not the case
as analysed earlier. When the rate of the first step is far smaller than
that of the second step, the electrode process also depends on the
reaction (6). However the reduced product exists in the form of alloy
due to quick following reaction (7). Thus the apparent electrode
process can be described with reaction (9) as follows:

Fe?* + Ir + 2e — Fe-Ir (surface alloy) 9

The overall reaction scheme for the reduction of Fe?* ions in the
molten slag including the above two successive fundamental
phenomena may be viewed as the so-called EC process (Here, “E”
represents electron transfer reaction (6) and “C” the following
surface alloying reaction (7)). Although “C” is a non-
electrochemical step, it affects the activity of the product from “E”,
and hence still has an effect on “E”. As mentioned earlier, this is one
reason why the onset potential (about -0.7 V) of Fe?* reduction in
Fig. 10 is more positive than that of Fe?* to pure iron. It is also
possible that the Ir electrode surface loses its local homogeneity due
to the deposited iron dissolved heterogeneously in the active Ir
lattice. In this case the general electrochemical formulas on
reversible or irreversible processes cannot simply be applied for
analysis of the mechanism of the electrode process. Similar results
have been observed by other researchers in molten slats.567!
Unfortunately, this problem is rarely discussed.

The above CVs and reversal CP have shown that the reduction
product exists in the continuous solid solution or alloy. Thus,
another following interdiffusion process (8) will also go on. The
mechanism of electrode process can be further expressed as ECC.
Since the layer of the Fe-Ir alloy is successively thickened from the
surface to the interior of the Ir electrode, the interdiffusion (8) is
considered to be an irreversible process prior to re-oxidation at
different scan rates. It is very difficult to give an accurate
quantitative analysis because the ECC mechanism is more complex
under the conditions of this work. However, the CV does show some
important qualitative features of the system.

For examples, as mentioned earlier, the obtained peak current
on CVs is proportional to the concentration of Fe?* ions in the
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molten slag and the square root of scan rate under the conditions of
experimentation. Furthermore, in addition to changing the
characteristic potential, the following processes are responsible for a
smaller re-oxidation current of peak Az than the reduction current of
peak Cz as shown by the CVs in Figs. 4 and 10 at the same scan rates.
It is well known that the ratio of the anodic to cathodic peak currents
should be equal to unity for a reversible reaction with stable
reduction product regardless of the scan rate. However, in this work
the following interdiffusion process removed part of the reduction
product from the electrode surface, which results in a smaller re-
oxidation current® although exact determination of the re-oxidation
peak current is rather difficult, because of uncertainty regarding the
choice of the current baseline. The presence of the following
interdiffusion process can also be confirmed by the fact that the ratio
T2/t1 in Fig. 8 is 1/5.9 rather than general 1/3 based on a reduction
product dissolved in the molten electrolyte. It should be mentioned
that the rate of diffusion of Fe in the solid Ir phase is not comparable
to the rate of diffusion of Fe?* ions in the molten slag phase.
Consequently, the occurrence of the following interdiffusion process
should, at most, reduce the anodic peak current but should never
remove it.

Square wave voltammetry (SWV). A further investigation was
made using the SWV technique. SWVs from the molten slag
containing 5 wt% FeO is shown in Fig. 12. It can be observed that
the peak C: exhibits a basically symmetrical signal, which may be
attributed to negligible nucleation overpotential due to the formation
of alloy phase. The potential of peak C: is basically in the same
range as that in Fig. 10 and hardly shifts with increasing the
frequency (f), while that of peak Cs shifts evidently to more negative
potentials. By plotting peak current (lp) against f 2 for the peak Cz in
Fig. 12, a favourable linear relation is obtained as shown in inset of
Fig. 12. However, this linear relation does not necessarily mean the
reduction of Fe?* to be reversible because the number of exchanged
electrons as calculated®6:57:5%47.73 from the following Eq. (10) ranged
between 4 and 6 based on the peak Cz in Fig. 12, which is also

0.00 Oxygen bubbling—___
-0.03
r Frequency (f)
-0.06 20Hz <016+
L 22 Hz
< 009 Plebs 012}
~ 27Hz <
~ L
~
-0.12 wfu 0081
015 A
44 4.6 4.8 5.0 5.2
[ 112 12
018} , , D)
0.8 0.4 0.0 0.4 0.8
E/V

Fig. 12 SWV curves for molten slag containing 5 wt% FeO with
different frequency values of 20, 22, 25, 27 Hz at 1723 K.
Inset: the correlation between the current (/;) of cathodic
peak C; and square root of the frequency (f/2). RE: MSZ | Pt |
0 (air).
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inconsistent with the corresponding reaction. It is believed the cause
of this phenomenon is the same as for the above inapplicable
equations due to surface alloying and interdiffusion. Chryssoulakis
et al? attributed it to partial solubility of iron in platinum electrode
in their work.

W, =3.52RT / (nF)
where Wy is the half-peak width (V).

It is also notable in Fig. 12 that the measured current prior to
peak Cs is slightly disturbed by oxygen bubbling at a more anodic
potential. Disturbance amplitude decreases with the scan from
anodic to cathodic potential, indicating the amount of oxygen
molecules in the molten slag decreased. This is a more visible
indication that the peak Cs is associated to the reduction of oxygen
molecules to free oxygen ions. However, the peak Cs does not
appear on the CVs recorded in the blank slag. It was reported*®"
that the solubility of oxygen gas in a molten slag may increase by
addition of the so-called network modifier oxide. The FeO can be
considered as a network modifier oxide, and the solubility of oxygen
gas in molten slag containing FeO is expected to be larger than that
in the blank slag. It is thus understandable that the peak Cs appears
on the SWVs of FeO containing molten slags but not on the CV of
the blank slag. No visible reduction peak of Fe3* is observed, which
is consistent with the earlier view of neglecting Fe3* ions.

(10)

Chronopotentiometry (CP). CP was also employed to
investigate the Fe?* reduction process. Fig. 13 presents CP curves
recorded on the Ir electrode in the molten slag containing 5 wt%
FeO. Two potential plateaus are observed, of which the first one
appears at about -1.0 ~ -1.2 V, indicating the Fe?* reduction, and
then it transits to the Si** reduction at more negative potentials. No
sign for reduction of Fe®* or Oz is observed on the CP curves, which
is consistent with the earlier observation (as shown in Fig. 8).
Comparing with CVs or SWVs, the potentials of the plateaus for
Fe?* and Si** reduction on the CP curves shift negatively with
increasing the cathodic current. This is because the IR drop
compensation is applied between working and reference electrodes

0.3 Current /
L -0.06A N i
-0.065 A )
o6l -007A Lot O—0—0C—5—o
: -0.075 A T
-0.08 A el
i -0.9 - 0,060 0.065 0.070 0.075 0.080
= T I/A

42

15

0.0 1.0 20 3.0 4.0 5.0

t/s

Fig. 13 CP curves recorded at different cathodic currents in
the slag containing 5 wt% FeO at 1723 K. Inset: the
correlation between cathodic current / and IT¥/2 (t: transition
time) for the first plateau. RE: MSZ | Pt | O3 (air).

This journal is © The Royal Society of Chemistry 2017

for recording CV or SWV, whilst no IR drop compensation is
applied for recording CP.

The inset of Fig. 13 is | — 742 plot for the first plateau. It shows
that the /72 value on CP curves is basically unchanged with the
variation of I. This indicates that the currents are high enough to
place the reactions of Fe?* ions reduction on the Ir electrode from the
molten slag in a diffusion controlled region.5”747> Then, the
diffusion coefficient of the Fe* ions can be derived from Sand's
Equation™, i.e. Eq. (11), as follow:

_ 2 1/2 -2
| =1/ 27"nFADY’C,z 1)

where | is applied cathodic current (A); t transition time (s); A the
area of working electrode (A = 0.1413 cm?), Co the molarity of the
electroactive Fe?* ion (it can be calculated to be 1.81x10° mol cm™
from the density of molten slag obtained in the literature’™). D the
diffusion coefficient of the Fe?* ion (cm?s™?). It should be noted that
the application of Sand’s Equation is not dependent on the
reversibility of reaction.””

The diffusion coefficient value of Fe?* is derived to be D =
(3.43£0.06) x 106 cm? s from Eq. (11). To our knowledge, the
limited literature data on diffusion coefficient values of Fe?* ions are
1.3x10% cm? s in a molten slag of 39.44 wt% CaO, 39.44 wt%
Si02,19.71 wt% Al20s, and 1.41 wt% FeO at 1573 K,® 8.07x10°
cm?stin 29.79 wt% CaO, 31.91 wt% SiO2 and 38.30 wt% FeO at
1723 K, and (2.1 ~ 5.0)x10® cm?s* in 43 wt% CaO, 35wt % SiO:
and 22 wt% Al2Osz at 1773 K, respectively. Taking into account the
differences in slag composition, temperature and measurement
method, the diffusion coefficient value obtained in this work is in a
good agreement with those reported values in the above literatures,
indicating the reasonablity of the Eq. (11) for investigating Fe?*/Fe
couple in this work.

4. Conclusions

A unique integrated three-electrode cell with the “MSZ | Pt | O2
(air)” RE was constructed using an MgO-stabilised zirconia based
solid electrolyte tube, electrochemical behaviour of iron ions was
systematically investigated on an Ir WE in SiO2-CaO-MgO-Al.03
molten slag at a high temperature of 1723 K. The test results show
that the electromigration of O% ions in the MSZ tube does not
become the controlling step in the overall reduction process of
electroactive species on the electrode and it is feasible to investigate
electrochemical behaviour of iron ions in the molten slag with the
aid of the integrated cell.

By combining different electrochemical techniques (i.e. CV,
SWV, CP and PE), it is concluded that the electrochemical reduction
of Fe?* to Fe on the Ir electrode in the molten slag follows a single
two-electron transfer step, and the rate of the process is diffusion
controlled. The obtained peak current in CVs is proportional to the
concentration of Fe?* ions in the molten slag and the square root of
scan rate. However, several following coupled processes such as the
formation of surface alloy and interdiffusion process can affect the
kinetics of the deposition process. The ECC mechanism was
proposed to explain the CV observations. The diffusion coefficient
value of Fe?* ions in the molten slag containing 5 wt% FeO at 1723
K have been derived based on CP curves. Meanwhile, iron alloys
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can be produced from the molten slag containing FeO, although the
ultimate aim of this research is the production of pure iron which in
real industrial electrolysis may not necessarily use the integrated
cell.
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