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Low temperature electrochemical reduction of iron(III) oxide to iron in a strongly alkaline solu-
tion has been systematically investigated in this article. The facile electrochemical process was
carried outin 50 to 70 wt pctaqueous NaOH solutionat 383 K (110 °C)and 1.7 V. The preformed
spherical Fe,Oj; pellets with porous structures were used directly as precursors for the electrolytic
production of iron. The influences of the experimental parameters on the electroreduction process
and the characteristics of the iron products as well as the reaction mechanisms were investigated.
The results show that the precursor’s pre-sintering process and the concentration of NaOH
aqueous electrolyte have significant influences on the electroreduction process. The electrore-
duction-generated spherical metallic iron layer comprising dendritic iron crystals is first formed on
the surface of Fe,Oj3 pellet precursor and then extends gradually into the pellet’s interior along the
radial direction. The electroreduction process is confirmed to be a typical shrinking-core reaction
process. The direct solid state electroreduction mechanism and the dissolution-electrodeposition
mechanism coexist in the electrochemical process. The experimental observations suggest that the
dissolution-electrodeposition mechanism appears to be the dominant mechanism under the
experimental conditions employed in this study. This facile process may open a new green electricity-
based route for the production of dendritic iron crystals from iron(III) oxide in alkaline media.
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I. INTRODUCTION

THE carbothermal reduction of iron is one of the
founding technological pillars of human civilization.!"-?
Nowadays or even in the future, iron metal/iron-based
alloys will still represent as the most widely used
structural materials.®™* Currently, iron metal is com-
monly produced through the CO, intensive reduction of
iron oxides by carbon-coke in blast furnace. The current
carbothermic-based process faces difficult environmen-
tal challenges, with large amount of CO, emitted during
the production of steel every year. Therefore, in recent
years, the environmentally friendly processes, such as
the electrochemical processes have been widely investi-
gated as potential green routes for the production of
iron and iron-base alloys.>'”) The ultra-low CO, steel-
making (ULCOS) program was set up in Europe with
the aim of developing new technologies to reduce
greenhouse gases emissions in iron production.t!>'®!
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Electrolytic production of iron is expected to be capable
of sustaining a reasonably low-carbon emission as
demonstrated in aqueous solutions and molten
salts. 719181 Although electrochemical extraction of
aluminum has achieved great success due to the elec-
trodeposition process occurs. However, it still remains a
challenge to extend the electrodeposition process to
iron-based materials production since it requires dis-
solved raw materials and liquid metallic product.”
Molten oxide electrolysis (MOE) is an electrometallur-
gical technique that enables the direct electrolytic
production of liquid iron from iron oxides.”*! However,
high temperature [>1811 K (1538 °C)] is needed inevi-
tably to ensure the metallic iron products maintain in
liquid form. Although the electrolytic production of iron
powder at low temperature also has its limitations, e.g.,
iron powder products require melting process for further
manufacturing and can possibly encounter oxidation
issues. However, searching for new route for low-
temperature electrolytic production of iron metal is still
extremely needed due to its environmental friendliness.

The direct electrochemical reduction of metal oxides to
metals/alloys in molten salts has been extensively studied
for many years due to its low energy consumption.?* 3%
Moreover, the gaseous reduction of iron oxides to metal
iron by hydrogen gas has also been recognized as an
environmental friendly way.*>3® However, high cost of
hydrogen production is still a challenge for iron and steel
industry.?*>% On the contrary, the inherent advantage
of the electrochemical process is its environmental
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compatibility since the electron is a ‘“clean/green”
reagent.’” 1 Li et al ' and Haarberg et al.*” successively
obtained pure iron metal from iron(I1l) oxide by the direct
electroreduction/electrodeposition routes in molten salts at
temperature >1073 K (800 °C). Cox and Fray!'>!¥
pioneered their work on the iron production from Fe(I1I)
oxide by electrochemical reduction at a lower temperature
of about 803 K (530 °C) in molten NaOH. Allanore et al.'®!
proved that hematite particles could be electrochemically
reduced to iron in 50 wt pct aqueous NaOH solution at
383 K (110 °C). Yuan e al'* investigated the electrowin-
ning of iron deposits from iron oxides in 50 wt pct aqueous
NaOH solution at 387 K (114 °C) with a rotating cathode.
He et al"® electrochemically reduced magnetite films to
iron films and investigated the influence of the texture of the
magnetite film precursor on the iron film product. These
previous work generally suggested that iron oxides could be
electrochemically reduced to iron in molten salts/alkaline
solutions. However, the detailed macro- and microstruc-
tures variations and their corresponding reaction mechan-
isms during the electroreduction process, especially the
detailed reaction pathway in alkaline electrolytes at low
temperature, still need more investigation.

This study provides the compelling evidence of elec-
troreduction of spherical Fe,O5 pellets to iron crystalsin a
strongly alkaline solution. The influences of the operation
parameters on the electroreduction process and the
characteristic of the products were investigated. The
connections between the experimental parameters and
the corresponding morphology transformations at both
macro- and microscales were studied. In addition, the
typical shrinking-core reaction process and its correspond-
ing reaction mechanisms were determined and discussed.

II. EXPERIMENTAL

Figure 1 schematically illustrates the experimental
setup used in this study. A polytetrafluoroethylene
(PTFE) container (250 mL) was fabricated and used as
the electrolytic cell. About 120 to 150 mL of aqueous
NaOH solution, which was freshly prepared with distilled
water, was introduced into the electrolytic cell and served
as the electrolyte for the experiment. The aqueous NaOH
solutions with different concentrations were prepared by
dissolving stoichiometric solid NaOH (AR, Aladdin) in
distilled water. Approximately 60 mg Fe,O; powder
(AR, Sinopharm Chemical Reagent Co., Ltd; particle
size is approximately 1 to 5 um) was isostatically pressed
under 20 MPa into a spherical pellet with a diameter of
approximately 3.6 mm. The pressed pellets were sintered
at973 K to 1573 K (700 °Cto 1300 °C)in air for 2 hours.
The pre-sintering process could provide a sufficient
mechanical strength for Fe,O3 pellet precursor. In addi-
tion, the sintered pellet typically possesses porous struc-
ture, which 1is Dbeneficial to the subsequent
electroreduction process. The sintered Fe,O5 pellet was
wrapped with porous nickel foil and then attached to an
electrode wire to form a cathode. The porous nickel foil
used in this experiment has uniform structure (porosity:
~95 pet; pore per inch: 110; area density: 380 g/m?; pore
size: 0.2 to 0.4 mm), which thus can be used as the
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Fig. I—Schematic illustration of the electroreduction of spherical
Fe,O5 pellet in aqueous NaOH solution.

extended electronic conductor to provide reasonably
uniform electric contact area to the surface of Fe,O3 pel-
let. A round platinum wire attached to an electrode wire
was served as the anode in the electrolytic cell. The
assembled electrolytic cell was placed in a heating mantle.
The heating mantle was employed to maintain the
temperature of the electrolytic cell at a constant value
during the whole electrochemical reduction process. In
addition, in order to ensure the concentration of aqueous
NaOH solution keeps at a reasonably stable level during
the electroreduction process, an apparatus for condens-
ing water vapor was also used in the experiment.
Moreover, in the  dissolution-electrodeposition
experiment, a cylindrical polished copper rod with a
diameter of approximately 6 mm (S = 0.28 cm?) was
used as the deposition substrate to replace the Fe,O3 pel-
let cathode used in the electroreduction experiment.
Fe,05/NaFeO, particles were directly dissolved in aque-
ous NaOH solution to form the Fe,O3/NaFeO,-saturat-
ed NaOH electrolytes. The copper rod substrate and the
round platinum wire were served as the cathode and
anode in the electrodeposition cell, respectively.
Systematic experiments were carried out in 50 to
70 wt pct aqueous NaOH solution at 383 K (110 °C)
and 1.7 V. The applied potential 1.7 V was experimen-
tally confirmed to be suitable for the electroreduction of
Fe,O5 precursor to iron, and NaOH aqueous electrolyte
could keep stable during the electrochemical process.
After the temperature reached 383 K (110 °C), the
electroreduction experiment was performed at a con-
stant potential of 1.7 V between the Fe,O5 cathode and
the platinum anode for appropriate duration. A Bio-
Logic HCP-803 electrochemical workstation was used
to record the current-time curve during the electrore-
duction process. Following the electroreduction process,
the cathode pellet was taken out, washed with distilled
water and absolute alcohol, and then dried rapidly. In
order to investigate the reaction process in detail, the
partially electroreduced Fe,O5 pellets were taken peri-
odically during the electroreduction process. The macro-
and microstructures of the samples were characterized
by using an optical microscope (KEYENCE VHX-
1000C) and a scanning electron microscope (JEOL
JSM-6700F). The cross sections of the electrolyzed
pellets were prepared by wet grinding the cross sections
of the pellets embedded in epoxy using various grades of
silicon carbide paper. The cross sections of the samples
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were examined using scanning electron microscopy
(SEM). The local elemental composition of the products
was determined by an energy dispersive X-ray spec-
trometer (EDS) (Oxford INCA EDS system) attached to
the SEM. The phase composition of the samples was
analyzed by X-ray diffraction (XRD) using a Rigaku
D/Max-2550 diffractometer. The X-ray photoelectron
spectroscopy (XPS) analysis was performed on a PHI-
5000C ESCA system (Perkin-Elmer). The concentration
of the dissolved iron species in the Fe;Oy-saturated
50 wt pct aqueous NaOH solution was determined by
inductively coupled plasma spectroscopy (ICP, Perkin
Elmer PE400).

III. RESULTS AND DISCUSSION

A. Influence of the Precursor’s Pre-sintering Process
on the Electroreduction Process

In order to obtain a sufficient mechanical strength for
the subsequent electroreduction process, the pressed
Fe,05 pellets were pre-sintered in air. Figure 2(a) shows
the photos of the pressed initial pellet and the pellets
sintered at different temperatures in air for 2 h. It is
obvious that the spherical Fe,Oj3 pellets shrink gradual-
ly (from diameter of 3.6 to 2.8 mm) with the increase of
the precursor’s sintering temperature to 1573 K
(1300 °C). As a result, the volume and porosity of
Fe,O5 pellets change from approximately 24 mm?® and
45 pet (initial pellet) to 12 mm® and 15 pct [after being
sintered at 1573 K (1300 °C)] during the pre-sintering
process, respectively, as shown in Figure 2(b). More-
over, the appearance (color) of the sintered pellets also
changes gradually, especially, the pellets sintered at
1473 K and 1573 K (1200 °C and 1300 °C) exhibit gray
black appearance (Figure 2(a)). A typical SEM image of
the sintered Fe,Oj pellet is inserted in Figure 2(b),
which clearly shows that the sintered Fe,Oj precursor
possesses porous structure. Actually, an appropriate
porosity of precursor is very important for the elec-
troreduction process.*!*?! The electroreduction-gener-
ated oxygen ions can diffuse through the electrolyte in
the various pores of the pellet precursor before entering
the bulk electrolyte. The porous oxide precursor also
benefits the formation of porous metal product.*!!

When the sintering temperature is higher than 1373 K
(1100 °C), the phase composition of Fe,Oj3 pellets pre-
cursors transforms gradually during the pre-sintering
process, as shown in Figure. 3. As evidenced from
Figures 3(a) and (b), it is obvious that Fe,O; phase
partially converts into amorphous iron suboxides when
the sintering temperatures are 1473 K and 1573 K
(1200 °C and 1300 °C). In contrast, Fe,O3 phase can
keep stable when the sintering temperature is lower than
1373 K (1100 °C), as shown in Figure 3(a). The pellets
sintered at 1473 K (1200 °C) and 1573 K (1300 °C) were
further characterized using XPS, as shown in Figures
3(c) and (d). The previous work®! has intensively
investigated Fe’" and Fe’" ions in oxide materials
using XPS. Based on the previous work!** and the XPS
spectra presented in Figures 3(c) and (d), it is obvious
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Fig. 2—(a) Photos of the Fe,O; pellets sintered at different tem-
peratures in air for 2 h, (b) variations of the volume and porosity of
Fe,03 pellets during the pre-sintering process. The inset in (b) is a
typical SEM image of the porous structure of the sintered Fe,O3
pellet.

that the pellets of iron oxides precursors sintered at
1473 K and 1573 K (1200 °C and 1300 °C) contain
Fe>O5 and Fe;O4 phases, which may be responsible for
the different appearances of the sintered pellets (Figure
2(a)). Higher sintering temperature means higher energy
cost, therefore, the pressed pellets should be sintered at
the appropriate/optimum temperature to guarantee
sufficient mechanical strength and appropriate porosity
for electroreduction operations.

Figure 4 shows the optical microscopic images, SEM
images and the corresponding elemental (Fe and O)
maps of the cross sections of the partially electrolyzed
Fe,05 pellets. These pellets precursors were sintered at
different temperatures firstly, and then electroreduced in
60 wt pct aqueous NaOH solution at 383 K (110 °C)
and 1.7 V for 2.5 hours. As evidenced from the figure,
the pre-sintering process has significant influence on the
electroreduction process. The pellets sintered at higher
temperature are more compact than that sintered at
lower temperature. The elemental maps clearly show
that the oxygen component contained in the precursor
has been removed gradually. Relatively uniform sphe-
rical porous iron metal layers are generated at the
exterior of the iron oxides pellets. The reaction process
typically extends from the exterior of the pellet into the
pellet’s interior along the radial direction. Comparing
Figures 4(a) through (f), it can be observed clearly that
the electroreduction degree of the pellet sintered at
1373 K (1100 °C) (Figure 4(d)) is more in-depth than
that of the pellet sintered under other temperatures. It
should be noted that the pellet sintered at
973 K (700 °C) was broken into pieces during the
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Fig. 3—(a) XRD patterns of the Fe,O3 pellets sintered at different temperatures in air for 2 h, (b) details of the XRD pattern of the Fe,O5 pellet
sintered at 1473 K (1200 °C) in air for 2 h, (¢) and (d) XPS spectra of Fe 2p (¢) and Fe 3p (d) for the Fe,Oj3 pellet sintered at 1473 K (1200 °C)

in air for 2 h.

electroreduction process, which means the pellet sintered
at 973 K (700 °C) is not suitable for the electroreduction
process. Therefore, the appropriate sintering tem-
perature range for Fe,O3 pellet precursor is experimen-
tally proven to be 1073 K to 1373 K (800 °C to
1100 °C). However, 1373 K (1100 °C) is demonstrated
to be the optimum temperature for the pre-sintering
process based on the present morphology observation
(Figure 4).

The current—time curves of the electroreduction of the
iron oxides pellets sintered at different temperatures are
shown in Figure 5. The electroreduction processes were
carried out in 60 wt pct aqueous NaOH solution at
383 K (110 °C) and 1.7 V for 2.5 hours. It can be seen
from the figure that the current—time curves exhibit
different features. However, the current—time curves
recorded during the electroreduction of the Fe,Os pel-
lets sintered at 1073 K, 1173 K, and 1273 K (800 °C,
900 °C, and 1000 °C) show relatively similar variation
trends, which can be roughly divided into two periods.
In the first period, the currents increase from ap-
proximately 10 to 20 mA to around 30 to 40 mA with
the increase of electroreduction time from 0 to 1 hours.
Then, the currents converge to about 30 mA with
further increasing electroreduction time to 2.5 hours
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(second period). The increase of current in the first
period (from 0 to ~1 hours) may be mainly attributed to
the three-phase interlines (3PIs)***! expand along the
surface of the Fe,O3 pellet. The decrease of current in
the second period (from ~1 to 2.5 hours) may be caused
by the relatively low electronic conductivity of the
reduction-generated iron layer and the relatively slow
mass transfer from the interior of pellet precursor to the
bulk aqueous NaOH solution.***) The second current
increase during the intermediate stage (~1.5 to
2.5 hours) for 1273 K (1000 °C) case in Figure 5 may
be caused by various factors, such as the catalytic effects
of the reaction intermediates. Moreover, the reduction-
generated iron particles can grow and interconnect
together gradually to increase the electronic conduc-
tivity of the iron layer, which may also contribute
to create the second current increase during the inter-
mediate process. The current—time curves recorded
from the electroreduction of the Fe,O; pellets sintered
at 1373 K, 1473 K, and 1573 K (1100 °C, 1200 °C,
and 1300 °C) show another distinct variation feature. In
the initial period (from 0 to ~1 hours), the currents
also increase with increasing electroreduction time.
However, the currents almost maintain at a relatively
stable value (30 to 40 mA) in the second period (from ~1
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Fig. 4—(a) through (f) Optical microscopic images, SEM images and
the corresponding elemental (Fe and O) maps of the cross sections
of the partially electroreduced Fe,Oj5 pellets, their corresponding pre-
cursors (FeyOjs pellets) were sintered in air for 2h at 1073 K
(800 °C) (a), 1173 K (900 °C) (b), 1273 K (1000 °C) (c), 1373 K
(1100 °C) (d), 1473 K (1200 °C) (e), 1573 K (1300 °C) (f), respective-
ly, and the electroreduction processes were carried out in 60 wt pct
aqueous NaOH solution at 383 K (110 °C) and 1.7 V for 2.5 h.

to 2.5 hours). Especially, the current-time curve ob-
tained from the electroreduction of the Fe,O5 pellet
sintered 1373 K (1100 °C) exhibits large and stable
value (around 40 mA) during the period of 0.5 to
2.5 hours. Higher current value means higher reaction
rate during the electroreduction process, it can thus be
concluded that the Fe,O; pellet sintered at 1373 K
(1100 °C) can contribute to obtain a stable and fast
electroreduction process based on the current observa-
tion (Figure 5), which is consistent with the results
presented in Figure 4. The porosity of the Fe,O3 pellet
precursor sintered at 1373 K (1100 °C) in this work is
measured to be approximately 15 pct (Figure 2(b)),
which has been experimentally proven to be the
optimum porosity for the electroreduction process,
and it may also be partially responsible for the large
current observation presented in Figure 5. However, the
final porosity of the precursor depends on various
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Fig. 5—Current-time curves of the electroreduction of Fe,Oj5 pellets
(sintered at the indicated temperatures in air for 2 h) in 60 wt pct
aqueous NaOH solution at 383 K (110 °C) and 1.7 V for 2.5 h.
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Fig. 6—Average fractional reduction, average current efficiency and
average reduction depth of the electroreduction of Fe,O; pellets [sin-
tered at 1073 K to 1573 K (800 °C to 1300 °C) in air for 2 h] in
60 wt pct aqueous NaOH solution at 383 K (110 °C) and 1.7 V for
2.5 h.

parameters, such as the type/structure of the oxide
precursor and the sintering condition. In addition, the
connectivity of the pores can influence the accessibility
of the electrolyte and the migration of the ionic species.
The fluid flow motion in the bulk electrolyte created by
the gas evolution at the anode may also at least partially
influence the mobility of the ionic species during
electroreduction process.

The average fractional reduction, average current
efficiency, and average reduction depth during electrore-
duction process are roughly evaluated/calculated and
shown in Figure 6. The unreacted core is assumed to be
a spherical core and thus the average reduction depth
can be measured from Figure 4 based on the unreacted-
core-shrinking approximation.*®*”) The average frac-
tional reduction (y,q) is roughly calculated based on
the unreacted Fe,Oj; core volume (Vi) and the
reacted Fe,O3; volume (Vinigal — Veore) through the equa-
tiOH, i'e'a Yafr = [(Vinitial - Vcore)/Vinitial]- The average
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current efficiency is also roughly evaluated from
Figure 5 based on Faraday’s law and the calculated average
fractional reduction. The electroreduction process gen-
erally shows good reproducibility. However, the average
fractional reduction and average current efficiency can
be influenced by various factors, such as the porosity of
the sintered Fe,Os pellet and the concentration of
NaOH aqueous electrolyte. Therefore, slight deviations
of the calculated average fractional reduction/average
current efficiency may be inevitably generated. These
evaluations/calculations can only be used as preliminary
estimates for the electroreduction process. It can be seen
that the average fractional reduction, average current
efficiency and average reduction depth are interrelated,
which increase with the increase of the precursor’s
sintering temperature [<1373 K (1100 °C)]. Maximum
values of the average fractional reduction and average
reduction depth appear when the precursor’s sintering
temperature is 1373 K (1100 °C), and the average
current efficiency reaches its maximum when the pre-
cursor’s sintering temperature is 1473 K (1200 °C).
These results further demonstrate that the optimum
sintering temperature for Fe,Oj precursor is around
1373 K (1100 °C). The average fractional reduction,
average current efficiency and average reduction depth
decrease with the precursor’s sintering temperature
further increases to 1473 K and 1573 K (1200 °C and
1300 °C). These interesting variations may be attributed
to the different porosities and phase compositions
(Figures 2 and 3) of the pellets precursors sintered at
different temperatures.

B. Influence of the Concentration of NaOH Aqueous
Electrolyte on the Electroreduction Process

The concentration of NaOH aqueous electrolyte also
has important effect on the electroreduction process. In
order to investigate the electroreduction processes in
different concentrations of aqueous NaOH solution,
experiments were also carried out in 50 to 70 wt pct
aqueous NaOH solution. The optical microscopic im-
ages, SEM images, and the corresponding elemental (Fe
and O) maps of the cross sections of the Fe,O3 pellets
partially electroreduced in 50 to 70 wt pct aqueous
NaOH solution are shown in Figure 7. The Fe,O5 pel-
lets sintered at 1373 K (1100 °C) in air for 2 hours were
used as the precursors for the electroreduction ex-
periments in different concentrations of NaOH aqueous
electrolyte. As evidenced from the figure, it is obvious
that the concentration of NaOH aqueous electrolyte has
a significant influence on the electroreduction process.
The reaction degrees (average reduction depths) ob-
served in Figure 7 clearly show that 60 wt pct aqueous
NaOH solution is more suitable for the electroreduction
process than the other concentrations of aqueous NaOH
solution. In addition, there seems to be three different
phases in Figure 7(a). The reduction-generated Fe phase
and the unreacted Fe,O5; phase can be clearly identified,
therefore, the third phase may be attributed to the
intermediate products, such as Fe;04."'® These obser-
vations further confirm that the concentration of NaOH
aqueous electrolyte can influence the reaction process.
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The current-time curves recorded during the elec-
troreduction processes carried out in different concen-
trations of aqueous NaOH solution are shown in
Figure 8(a). The current—time curves show homologous
variation trends, which are different from the current—
time curves shown in Figure 5. This observation
further demonstrates that the precursor’s sintering
temperature and the concentration of NaOH aqueous
electrolyte have critical influences on the electroreduc-
tion process. However, it secems that the electroreduc-
tion process (corresponding to the variation feature of
current, Figure 5) is generally affected by the pre-
sintering process of precursor, and the reaction rate
[corresponding to the current value, Figure 8(a)] is
mainly influenced by the concentration of aqueous
NaOH solution. The current generated during the
electroreduction process increases with increasing the
concentration of aqueous NaOH solution from 50 to
60 wt pct, as shown in Figures 8(a) and (b). A
maximum value of current appears when the concen-
tration of aqueous NaOH solution is 60 wt pct
(Figure 8(b)). Then, the current decreases with further
increasing the concentration of aqueous NaOH solu-
tion to 70 wt pct. It should be noted that the electro-
chemical windows of aqueous NaOH solution with
different concentrations are almost the same (ap-
proximately 1.75 V in this experiment). The viscosity
of aqueous NaOH solution generally increases with
increasing the OH™ concentration. Therefore, the
different current values (Figure 8) may be partially
attributed to the different viscosities of NaOH aqueous
electrolyte. Higher OH™ concentration may contribute
to form a surface barrier layer around the Fe,Oj3 pel-
let/particle and thus influences the mobility of the ionic
species. In addition, the different solubilities of iron
oxides (including sub-oxides) in different concentra-
tions of aqueous NaOH solution may also be partially
responsible for the different current values.'*'! The
current—time curves also show that 60 wt pct aqueous
NaOH solution is the optimum electrolyte for the
electroreduction process in this work. It is worth
noting that almost all of the current-time curves
(Figures 5 and 8(a)) increase sharply at approximately
0.5 hours. Actually, this observation can be generally
explained by the 3PIs reaction mechanism.”***! How-
ever, the catalytic effects of the reaction intermediates
and the improvement in the accessibility of NaOH
aqueous electrolyte to the reaction area may also be
partially responsible for the sudden increase of current.
Moreover, the current—time curves (Figures 5 and 8(a))
show different initial current values, which are mainly
attributed to the different volumes (surface areas/
reaction areas) of the Fe,O5 pellets sintered at different
temperatures (as shown in Figure 2) and the different
concentrations/viscosities of aqueous NaOH solution.
Especially, the current-time curve for 70 wt pct aque-
ous NaOH solution (Figure 8(a)) shows the initial
current value is approximately 0 mA, which is different
from the others. This observation may indicate that the
electroreduction reactions are relatively difficult and
the side reactions in the system are suppressed at this
concentration.
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Fig. 7—(a) through (e) Optical microscopic images, SEM images and
the corresponding elemental (Fe and O) maps of the cross sections
of the partially electroreduced Fe,Oj5 pellets, their corresponding pre-
cursors (Fe,O; pellets) were sintered at 1373 K (1100 °C) in air for
2 h and the electroreduction processes were carried out in 50 wt pct
(a), 55 wt pct (b), 60 wt pct (¢), 65 wt pct (d), 70 wt pct (e) aqueous
NaOH solutions at 383 K (110 °C) and 1.7 V for 2.5 h.

The average fractional reduction, average current
efficiency and average reduction depth of the electrore-
duction process in different concentrations of aqueous
NaOH solution are also roughly evaluated/calculated
based on Figures 7 and 8(a), as illustrated in Figure 9.
The average fractional reduction and average reduction
depth also show coincident variation trends, which
increase with increasing the concentration of aqueous
NaOH solution from 50 to 60 wt pct, and then decrease
with the further increase of the concentration of
aqueous NaOH solution to 70 wt pct. In contrast, the
average current efficiency keeps at a relatively stable
level of approximately 60 pct in 50 to 65 wt pct aqueous
NaOH solution. The average current efficiency increases
to about 80 pct when the concentration of aqueous
NaOH solution is 70 wt pct. The loss of current
efficiency for the electroreduction process may be
attributed, at least partially, to the side reaction (such
as the hydrogen evolution reaction, ie., 2H,O + 2
e — H, + 20H )" and the inhibition of the dis-

solved iron species.['*13]
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Fig. 8—(a) Current-time curves of the electroreduction of Fe,O3 pel-
lets [sintered at 1373 K (1100 °C) in air for 2 h] in different concen-
trations of aqueous NaOH solution at 383 K (110 °C) and 1.7 V for
2.5 h, (b) typical current values recorded at 2.5 h after the applica-
tion of 1.7 V potential in different concentrations of aqueous NaOH
(Cnaon) solution at 383 K (110 °C).

C. Influence of the Electroreduction Time
on the Electroreduction Process

Figures 4 and 7 exhibit that the electroreduction of
Fe,O; pellet generally proceeds from the surface of the
pellet to the pellet’s interior. In order to investigate the
reaction progress in detail, systematically experiments
were performed by using the Fe,Oj; pellets sintered at
1373 K (1100 °C) in air for 2 hours as precursors in
60 wt pct aqueous NaOH solution at 383 K (110 °C)
and 1.7 V for different durations. The partially elec-
troreduced pellets were taken periodically during the
electroreduction process and characterized, as shown in
Figure 10. The typical shrinking-core reaction process is
clearly observed through Figures 10(a) through (i). The
unreacted Fe,O3 core is surrounded by a spherical shell
of porous metallized iron crystals. A spherical
Fe,03 pellet with diameter of approximately 3.2 mm
and weight around 60 mg can be directly electroreduced
to iron in 60 wt pct aqueous NaOH electrolyte at 383 K
(110 °C) and 1.7 V within 4 hours.
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Fig. 9—Average fractional reduction, average current efficiency and
average reduction depth of the electroreduction of Fe,Oj3 pellets [sin-
tered at 1373 K (1100 °C) in air for 2 h] in different concentrations
of aqueous NaOH (Cnaon) solution at 383 K (110 °C) and 1.7 V for
2.5 h.

The typical current-time curve of the electroreduction
of Fe,O; pellet in 60 wt pct aqueous NaOH solution at
383 K (110 °C) and 1.7 V for 4.5 hours is shown in
Figure 11. The current-time curve can be divided into
three periods, as labeled in the figure. In the first period
(from 0 to ~1 hours), the current increases gradually and
then a sudden increase of current occurs at around
0.5 hours, the two current increase stages may mainly
correspond to the external surface of Fe,O; pellet pre-
cursor becomes accessible to NaOH aqueous electrolyte
and the 3PIs reaction area expands rapidly along the
surface of the pellet, respectively. Then, the reaction rate
reaches its maximum when the whole surface of the pellet
is metalized (second period). With the unreacted core
(Fe>0O5) shrinking gradually, the reaction area decreases,
therefore, the current decreases gradually until the whole
pellet is completely electroreduced (third period). The
current—time curve clearly shows that the electroreduc-
tion process can be finished within approximately 4 hours
when the current drops to a stable level, then the current
keeps at the stable level during ~4 to 4.5 hours, which is
mainly attributed to the residual current.

Based on Figure 10, the unreacted Fe,O; (core)
volume and the average reduction depth (electroreduc-
tion-generated metallic layer) are still roughly evaluat-
ed/calculated and plotted in Figure 12. The unreacted
Fe>O5 core shrinks gradually with electroreduction
time, the variation of the volume of Fe,O5 core (y) with
electroreduction time (x) can be expressed as the
equation, y = 0.6655x% — 6.1894x + 14.2385, by data
fitting. In addition, the average reduction depth mea-
sured from Figure 10 can be classified to three parts, as
labeled in Figure 12. During the surface electroreduc-
tion process, the average reduction depth increases
slowly. In contrast, the average reduction depth increas-
es relatively quickly during the body (core) electrore-
duction process. When Fe,O; pellet is completely
electroreduced, the pellet shrinks slightly from diameter
of 3.0 mm (Figure 2(a)) to approximately 2.9 mm
(Figure 12).

METALLURGICAL AND MATERIALS TRANSACTIONS B

Optical microscopic SEM

(a) 1100 °C, 60 wt%, 0.5 h

(h) 1100 °C, 60 wt%, 4 h

(i) 1100 °C, 60 wt%, 4.5 h

Fig. 10—(a) through (i) Optical microscopic images, SEM images
and the corresponding elemental (Fe and O) maps of the cross sec-
tions of the partially/completely electroreduced Fe,O; pellets, their
corresponding precursors (Fe,O; pellets) were sintered at 1373 K
(1100 °C) in air for 2 h and the electroreduction processes were car-
ried out in 60 wt pct aqueous NaOH solution at 383 K (110 °C) and
1.7V for 0.5h (a), 1h (b), 1.5h (¢), 2h (d), 2.5h (e), 3h (f), 3.5h
(g), 4 h (h) and 4.5 h (i).
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Fig. 11—Typical current-time curve of the electroreduction of
Fe,O; pellet [sintered at 1373 K (1100 °C) in air for 2h] in
60 wt pct aqueous NaOH solution at 383 K (110 °C) and 1.7 V for
4.5 h. The inset is the schematic illustration of the variation of
Fe, O3 pellet during the electroreduction process.
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duction of Fe,O; pellet in 60 wt pct aqueous NaOH solution at
383 K (110 °C) and 1.7 V for 4.5 h, the solid line is obtained by
data fitting.
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D. Typical Shrinking-core Reaction Process
and Reaction Mechanisms

1. Typical shrinking-core reaction process

Figure 13 detailedly displays the SEM images of the
cross sections of the partially electroreduced pellets
taken periodically from the electroreduction process. It
can be seen from Figure 13(a) that the initial reaction
firstly occurs at the contact point of Fe,O;5 pellet/porous
nickel electronic conductor. Then, the electroreduction-
generated metallic iron further acts as new extended
electronic conductor and thus the subsequent electrore-
duction process can proceed continuously. Metallic iron
layer comprising dendritic iron crystals is first formed on
the surface of Fe,Oj3 pellet precursor and then extends
gradually into the pellet’s interior along the radial
direction (Figures 13(b) through (e)). The XRD pattern
inserted in Figure 13(e) reveals that Fe,O; pellet pre-
cursor has been completely electroreduced to iron.
Figure 13(f) is the schematic illustration of the variation
of Fe,O5 pellet during the electroreduction process,
which illustrates the initial reaction point and the typical
shrinking-core process.

2. Solid state electroreduction mechanism

Figure 14 further shows a typical back scattered
electron (BSE) image of the reaction interface and its
corresponding schematic illustration, the reaction area is
determined to be composed of three parts/phases, i.e.,
Fe,O3, Fe;O4 and Fe. This observation is consistent
with the previous work.['® Fe;0, is usually generated as
the intermediate product during the electroreduction
of Fe,0;, e.g., Fe,O; + Fe(OH); — Fe;04 + H,O +
OH ' (AG® 3531 110 ¢y < —36.49 kJ/mol).*¥>2 Tn
addition, a few small powdery electroreduction-gener-
ated iron grains are found in the reaction interface (the
inset in Figure 14(a)), which suggests that the solid state
electroreduction mechanism (Reactions [1] and [2]), i.e.,
Fe,O3 — Fes04 — Fe, is likely to present in the elec-
troreduction process. The electroreduction-generated

s —Fe

o o e,
—>: : —® :  Dentritic™\o/:
3 3 = Fecrystals -
Fe/(‘" - ‘.'0. - 3

v
L s .
Trrawuns®

Fig. 13—(a) through (¢) SEM images of the cross sections of the partially electroreduced Fe,O; pellets [sintered at 1373 K (1100 °C) in air for
2 h] taken periodically during the electroreduction process carried out in 60 wt pct aqueous NaOH solution at 383 K (110 °C) and 1.7 V, the
inset in (e) is the XRD pattern of the obtained iron, (f) schematic illustration of the typical shrinking-core reaction process.
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Fig. 14—(a) Typical BSE image of the partially electroreduced Fe,O; pellet showing the reaction interface, (b) the corresponding schematic illus-

tration of the reaction interface.

oxygen ion could then react with H,O to form OH™, i.e.,
0%~ + H,O — 20H ."® Therefore, the overall reaction
is expressed by Reaction [3].l"! The theoretical decom-
position potentials (E°) for Reactions [1] through [3]
have been calculated from the reported thermodynamic
data.[#52

3Fe;03 4 2e~ — 2Fe304 + 0% (E%3g3 k110¢) = 0.96 V)
(1]

Fe304 + 8¢~ — 3Fe + 407 (E33k[110°c) = 1.28V)
2]

Fe,05 + 3H,0 + 6~ — 2Fe
+ 60H™ (E”353x (110 °:c) =~ 0.78 V) 3]

3. Dissolution-electrodeposition mechanism

It is obvious that the electroreduction-generated
metallic Fe shows a completely different morphology
(dendritic crystals), as shown in Figures 13(d) and 14(a).
Individual iron crystals are formed and grow den-
dritically toward the core of the pellet. The difference
between the morphologies of the electroreduction-gen-
erated dendritic iron crystals and the initial Fe,O3 pow-
der suggests that the dissolution of Fe,Oz; may occur
during the electroreduction process.'* Actually, com-
paring to the typical current-time curves of the elec-
trodeoxidation of solid oxides in molten salts,[®-?#27-28:331
the current-time curves shown in Figures 5, 8(a), and
11 display a small difference. The currents generated
during the electrodeoxidation of solid oxides in molten
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salts generally increase to their maximum values and
then decrease immediately.’*) However, the currents
generated during the electroreduction of iron(III) oxide
in this experiment typically maintain at their maximum
values for about 2 hours (Figure 11). This observation
implies that the reaction routes of the electrodeoxidation
of solid oxides in molten salts and the electroreduction
of iron(III) oxide in alkaline solutions may be different
(at least to some extent).

Actually, a trace amount of iron(Ill) oxide can
dissolve in NaOH aqueous electrolyte in the form
Fe(OH)y l'*135%55) the corresponding dissolution reac-
tion is Fe,05 + 3H,0 + 20H~ — 2Fe(OH); "> Simul-
taneously, the intermediate product Fe;O4 can also be
dissolved in aqueous NaOH solution by the electro-
assisted dissolution Reaction [4].'®'®! Actually, Na-
FeO, can be generated as the intermediate product
during the electroreduction process by Reaction [5], and
then part of NaFeO, can convert into Fe(OH)s follow-
ing the dissolution Reaction [6]. The concentrations of
the dissolved iron species (which are mainly believed to
be Fe(OH); and/or Fe(OH);)!'" ' in the Fe,Os-,
Fe;O4- and NaFeO,-saturated 50 wt pct aqueous
NaOH solutions at 383 K (110 OC% were determined to
be around 2 to 3 x 107° M35 314 % 107 M and
>1.28 x 107 M, respectively. It was also suggested
that the solubilities of iron species in aqueous NaOH
solution generally increase with increasing temperature
and NaOH concentration.!*> Therefore, in order to
evaluate the possible electrodeposition routes during the
electroreduction process, experiments were conducted to
quantify the electrodeposition routes from the aqueous
NaOH solutions saturated with Fe,Os; and NaFeO,,
respectively. The microstructures of the iron particles
electrodeposited in Fe,O3- and NaFeO»-saturated
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Fig. 15—(a) SEM image and (b) optical microscopic image of the iron particles electrodeposited on copper rod substrate in 60 wt pct aqueous
NaOH solutions saturated with NaFeO, (a) and Fe,O3 (b) at 383 K (110 °C) and 1.7 V for 4 h, respectively, (c¢) schematic illustration of the dis-

solution-electrodeposition route.

60 wt pct aqueous NaOH solutions at 383 K (110 °C)
and 1.7 V for 4 hours are shown in Figure 15. Interest-
ingly, the dissolution-electrodeposition-generated iron
particles are exactly similar with the electroreduction-
generated iron particles (Figures 13 and 14). This
observation further confirms that the dissolution-elec-
trodeposition mechanism!'*'*! is the dominated reaction
mechanism during the electroreduction process. The
dissolved iron species (mainly in the form Fe(OH)y)
would electrodeposit on the copper rod substrate
through the electrodeposition Reactions [7] and [8],["”
as shown in Figure 15(c). In addition, Reaction [9] may
also coexist in the electrodeposition process based on the
thermodynamic analysis. The standard Gibbs free ener-
gy changes (AG°) or the theoretical decomposition
potentials (E°) for Reactions [4] through [9] have been
calculated based on the reported thermodynamic
data.[** 2 More details about the reaction mechanisms
of the electrodeposition of iron from Fe,O3 and
NaFeO, precursors in aqueous NaOH solution can be
found in our recent work.®® Therefore, during the
electroreduction process in this experiment, Fe,O; pre-
cursor and the electroreduction-generated Fe;O4 and/or
NaFeO, intermediates surrounded by aqueous NaOH
solution would dissolve in the nearby electrolyte simul-
tanecously, and then redeposit on the preformed iron to
form dendritic crystals in the reaction front area
immediately (as schematically shown in Figure 14(b)).
Therefore, the direct solid state electroreduction
mechanism and the dissolution-electrodeposition
mechanism are confirmed to coexist in the reaction area
(Figure 14(b)). The dissolution-electrodeposition pro-
cess may also be partially responsible for the maximum
current duration period as shown in Figure 11. The
dendritic iron crystals can grow up to approximately 100
to 200 um in length (Figures 13(d) and 14(a)). Actually,
the morphology of the electroreduction-generated
iron can be controlled by varying the operation
conditions.”]
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Dissolution reactions:

Fe;04 +4H,0 + OH™ + 2¢™ —

- 4
3F€(OH)3 (EO383K[11()oc] =~ 1.06 V) [ ]
Fe; 03 + 2NaOH — 2NaFeO, 5]

+ HZO (AG§83 K[l 10 oc] == —20 11 kJ/mOl)
FeO; + 2H20 — FC(OH);(AGES?’ K[l IOOC] [6]

< —0.22kJ/mol)
Electrodeposition reactions:

Fe(OH), +¢~ — Fe(OH); +OH™ 7]

(E°3g3k110°c] =~ 0.75V)

FC(OH);+ 2¢” — Fe+ 3OH_(EO383K[11()oc] =~0.73 V)
8]

FeO; +2H,0 +3e™ — Fe

- _ ]
+4OH (EO383K[1100(:] == 065 V)

IV. CONCLUSIONS

Direct electroreduction of spherical Fe,O3 pellets to
Fe crystals in aqueous NaOH solution has been inves-
tigated in this work. The influences of the experimental
parameters such as the precursor’s sintering tem-
perature, the concentration of aqueous NaOH solution
and electroreduction time on the electroreduction pro-
cess are studied and discussed. The detailed macro- and
microstructures variations during the electroreduction
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process are examined and compared. The optimum
operation conditions for the electroreduction process are
determined based on the experimental results. In addi-
tion, the reaction mechanisms involved in the electrore-
duction process are discussed. It is found that the
porosity of the pellet precursor and the concentration
of aqueous NaOH solution have significant influences on
the reduction rate and current efficiency. The electrore-
duction typically proceeds through the shrinking-core
reaction process, which may have implications for
understanding the electroreduction of other oxide com-
pounds in molten salts/alkaline solutions. The electrore-
duction-generated iron particle generally grows in the
form of dendritic crystal. The reaction mechanisms are
dominated by the dissolution-electrodeposition route,
however, the direct solid state electroreduction route also
presents in the electrochemical process. The laboratory-
scale experiments show that the low temperature elec-
troreduction process can be used to facilely produce
dendritic iron crystals directly from iron(III) oxide.
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