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Abstract

Electrochemical reduction of low-conductive hematite-based ceramics represents a novel approach
for iron recovery and waste valorisation. The process itself allows a flexible switching between
hydrogen generation and iron reduction, important for the intermittent renewable-energy-powered
electrolytic process. The present study focuses on the direct electrochemical reduction of aluminium-
containing hematite in strong alkaline media. Within this scope, the reduction mechanisms of porous
and dense cathodes, with 60%, 37% and 3% of open porosity, were investigated using different types
of electrodes configuration: nickel-foil and Ag-modified nickel-foil supported configuration (cathodes
facing or against the counter electrode), and nickel-mesh supported configuration. The efficiency of
the iron reduction was compared for different electrode concepts. The results highlight the
importance of electrolyte access to the interface between the metallic current collector and ceramic
cathode for attaining reasonable electroreduction currents. Both excessively porous and dense
ceramic cathodes are hardly suitable for such reduction process, showing a necessity to find a
compromise between mechanical strength of the electrode and its open porosity, essential for the

electrolyte access.
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1. Introduction

Iron oxides are available as natural raw materials and are also present in Fe-rich industrial wastes,
such as red mud from the alumina refining industry. In the latter case, hematite is combined with
other components, such as alumina, silica, calcium and magnesium oxides, requiring further
separation from unwanted components and contaminants [1]. Metallurgical industry uses raw iron
oxides for steel production and iron-based alloys by reduction in blast furnaces with carbothermal
reducing agents resulting in massive CO, emissions. Thus, green alternatives to the traditional
methods are gaining interest, such as electrochemical deposition of iron in acidic media [2,3], molten
oxide electrolysis [4,5] and even iron pyroelectrolysis [6,7]. While some of these approaches require
the use of high temperature, acidic conditions lead to looping between iron valences (Fe** and Fe3*)
and low process efficiencies [8,9].

Direct electrochemical reduction of iron oxides has been gaining attention [8—15] as a process
allowing in situ reduction of the bulk ceramics at the cathode, under strong alkaline media. Despite
400 °C was used in the first attempts of hematite electroreduction to metallic iron [10], currently it is
possible to apply lower temperatures (90 - 110 °C) using both bulk hematite or hematite particles in
concentrated suspensions [14—-17]. Such electrochemical reduction pathway also represents a new
alternative for zero-valent iron (ZVI, Fe® production, which has been frequently used for
environmental treatments based on the flexible interplay between the redox states [18]. However,
existing challenges include insufficient current efficiency of this process at relatively low temperatures
and inherent electrically insulating nature of iron oxides in these conditions, especially for hematite.
Recent works focused on the studies of bulk electroreduction mechanisms of hematite to metalliciron
and on general improvement of the relevant cathode electrochemical issues, in order to decrease
hydrogen evolution and, consequently, increase current efficiencies. Conductive materials such as
molybdenum [19], nickel [12,15] grids/wires/foils enfolded the cathode or were glued to it with
conductive paste, to trigger the reduction of hematite. Porous structures of the bulk electrodes seem

to enable the entrance of the electrolyte and, thus to facilitate the diffusion of electrochemically active



species. This fact was observed by Zou and his co-workers [15] when testing different sintering
temperatures (700 - 1300 °C) for previously pressed Fe,0; pellets. The higher residual porosity
attained in the sample sintered at 1100 °C showed a pronounced impact on the reduction rate
compared to the samples sintered at a higher temperature and possessing a lower residual porosity.
However, lower sintering temperatures also lead to poor mechanical strength of the ceramics,
showing the relevance of a balance between optimum sintering conditions for porosity, phase
composition, and mechanical strength. Thus, an appropriate electrode design is especially important
for facilitating the reduction of low-conductive ceramics, like hematite. A recent method for ceramics
processing by the emulsification of ceramic powder suspensions [20—24] allows highly porous cellular
microstructures, with interesting features for electrode applications. This approach was recently used
for the first time for hematite [17] and hematite-based materials containing aluminium [25], and it
was also used as precursors for cathodes in the present work. lvanova et al. [17] obtained up to 64%
of open porosity in hematite ceramics by applying various processing conditions. Three pellets with
different open porosities levels (9%, 44%, and 64%) were tested as cathodes for electrochemical
reduction at different experimental temperatures (25 °C and 90 °C) and different electrolyte
concentrations (1 and 10 M of NaOH). The highest electrochemical activity towards iron reduction was
observed for the ceramics possessing 64% of open porosity at 90 °C and in 10 M of NaOH proving that,
besides the microstructural design of the electrode, the temperature and the basicity of the alkaline
media have a significant impact on the efficiency of the process. However, a total conversion to
metallic iron was not yet attained, and the faradaic efficiency was around 39%.

The possible presence of other components may impose even more limitations on the
electrochemical bulk reduction of iron oxides. For example, aluminium may be present in noticeable
amounts in both natural iron oxide ore and, especially, in industrial wastes like red mud.
Straightforward studies of electrochemical reduction of the red mud are not expected to be conclusive
enough regarding the relevant mechanisms of the process due to the inherent complex chemical and

phase composition of the bauxite residue. In the present work, Al-substituted hematite (Fe; gAly>0s)



was tested as a model cathode material to assess the possible impacts provided by the aluminium
presence. However, the particular novelty of this work is related to the assessment of different
cathode concepts for the direct electrochemical iron reduction in alkaline medium, including various
microstructural designs, supported configuration and preferred orientation towards counter

electrode.

2. Experimental procedure

Hematite-based ceramics with designed porosity and containing a controlled addition of Al,Os,
Fe,sAly,05, were prepared by the emulsification of Fe,03-Al,05; powder mixture with liquid paraffin,
using a procedure similar to that described in a previous work [25]. For the sake of comparison, dense
pellets of the same composition were prepared by uniaxial pressing at 22 MPa. All samples were fired
or sintered at 1100 °C and 1300 °C in air atmosphere (heating/cooling rates of 3 °C/min and 5 °C/min,
dwell of 2 h). Open porosity of each sample was estimated by Archimedes method [21,25,26]. The
fired ceramic samples retained a single phase solid solution, within the detection limits of XRD. Still,
this is likely to be retained in a metastable condition, as found on extrapolating the boundaries of the
single-phase region of the relevant phase diagram [27] to room temperatures.

Before electrochemical reduction tests, the samples were polished until a thickness between 1.5 —
3.0 mm and a geometrical area of around 0.7 cm?, washed with distilled water and ethanol and dried
in the oven. Silver paste (Agar Scientific) was used to glue Ni supports (foil and mesh, acting as a
current collector) to the samples and provide reliable electrical contact. The area of Ni supports, which
is not in the contact with the sample and exposed to the electrolyte was painted with lacquer (Lacomit
Varnish, Agar Scientific) to avoid electrochemical contribution to the cathodic processes. After drying,
the samples were soaked in the electrolyte (NaOH, 10 M) for 30 min to ensure a complete infiltration
of the electrolyte inside of the porous cavities. Different electrode configurations with the prepared
samples were tested. Table 1 presents those configurations and respective images of the electrodes.

The Fe;3Aly,05; ceramics have a pellet form, with a lighter area corresponding to that covered with



silver. In “front” orientation the pellet was turned to the counter electrode by the open surface side,
without Ag paste and/or lacquer; the “rear” orientation corresponds to 180° reversed configuration.
It is important to note that Ag-modified designation is related to the pellet having one full face
completely painted by Ag paste. In all cases, Ag paste is always locally glued to the Ni support to ensure
electrical contact. NF (nickel foil) and NM (nickel mesh) configurations are shown in Table 1, with the
cathode support covered with Teflon tape for isolation purposes. In the case of NMAg-R, the nickel
mesh was used as a support and current collector, in order to ensure a better distribution of the
current through the entire electrode surface as compared to NF configuration. The wires of the mesh
without the contact with the ceramics were covered with lacquer. One face and the lateral sides of
ceramics were also isolated with lacquer, and the only face of the ceramic electrode, covered with Ag
paste, was exposed to the electrolyte.

[Here Table 1]

Electrochemical reduction studies were performed at 90 °C, with an Autolab potentiostat (PGSTAT
20) connected to the electrochemical cell in a Teflon reactor. A Pt wire was used as a counter electrode
(CE) and Hg|HgO|NaOH (1 M) (+0.098 V versus saturated hydrogen electrode) as a reference
electrode connected by a Luggin capillary to the electrolyte as previously described in [9,17]. Cyclic
voltammetry (CV) was performed starting from the open circuit potential (E,.) with a scanning rate of
10 mV/s. The current density values were calculated from the geometric area of each electrode.
Amperometry curves were performed in potentiostatic mode at -1.075 V, unless indicated otherwise.
Electrochemical impedance spectra (EIS) were registered in a frequency from 1 Hz to 1MHz, 50 mV of
amplitude and 50 points per decade.

In order to perform a post-mortem analysis after electroreduction, the cathodes were washed with
distilled water to remove the excess of NaOH and afterward preserved in ethanol. The morphology of
the cathodes was studied by scanning electron microscopy (SEM) with a Hitachi S-4100 microscope,
with chemical analysis by Energy-dispersive X-ray spectroscopy (EDS), model Bruker Quantax 400. The

phase composition was assessed by X-ray diffraction with a PANalytical XPert PRO diffractometer



(CuKa radiation, 26 = 10-80°) with a graphite monochromator. Phase content was calculated using

Rietveld refinement procedure in Panalytical HighScore Plus 4.7 (PDF-4) software.

3. Results and discussion

3.1. Electrochemical behaviour of Fe; gAly,03 electrode: general aspects

Cyclic voltammetry curves (CV) obtained for Fe, gAl, ,05 cathodes with 60% of open porosity in NF-F
configuration are shown in Fig. 1. This configuration is rather typical for the electroreduction studies
in bulk ceramics [9,17], and gives some general guidelines regarding the electrochemical processes
taking place at the cathode. Before electroreduction (Fig. 1A), a well-defined cathodic peak C; was
detected at -0.97 V, while a poorly defined shoulder C, is superimposed on the hydrogen evolution
region (E <-1.10 V). Higher cathodic polarizations than C, are associated with hydrogen evolution due
to the water dissociation (2H?0 + 2e " —H; +20H *). On the other hand, an anodic peak A, can be found
at -0.65 V. A similar behaviour was observed in the voltammogram of Ivanova et al. [17], for Fe,0;
reduction with 64% of open porosity, in similar conditions (10 M of NaOH at 90 °C). One can assign
the reduction of Fe; gAly,05 (Fe,0;) to Fe;0, and consequent reduction to Fe (Il) to the peak C; (C; = -
1.00 V in [17]) and reduction of Fe (Il) to Fe® to C,. Since there is no clear evidence from previous
studies on the direct electroreduction of Fe;0, to Fe® (Fe304 +8H " +8e ~—3Fe’ +4H,0), as mentioned
by Monteiro and co-workers [9], it seems plausible that a two-step reduction of Fe;05(Fe sAlg203)—
Fes0s—Fe’ " takes place at potentials around C;. One also assumes ready segregation of alumina from
the metastable solid solution (Fe;gAlg203) upon its partial reduction. Assuming this reduction
mechanism, Fe;0, dissolution in a strong alkaline medium (e.g. NaOH) can lead to the formation of

iron hydroxides precursors (equations 1, 2, 3) [9]:
Fe304 +4H20 + OH™ +2e —3Fe(OH)3 (1)

Fe30s + Hy0 + OH ™ +2e —3HFeO> (2)



Fe304 +4H20 + 2e " —>3Fe(OH)2 +20H" (3)

It should be noticed that no C, shoulder was identified in the same CV spectrum in the work [17]. Since
the CV scan from Fig.1A was obtained before the electroreduction of iron, the low definition of C,
shoulder is related to the poor amount of Fe® reduced at that stage. At the reverse potential, the

anodic peak A; is possibly related to the following oxidation of Fe (ll) species (equations 4 and 5)

[9,17,28]:
Fe(OH)2 +OH —FeOOH + H,O + e~ (4)
3Fe(OH)2 +20H —Fe304 + 4H,0 + 2e” (5)

One can observe a significant increase in current density and only one cathodic peak at around -
1.16 V (C,), while also two anodic peaks at -0.82 V (A,) and -0.56 V (A;), when comparing the previous
results with the voltammogram after reduction (Fig. 1B). An increase in the current density suggests a
higher active surface area of the electrode [9], likely due to the presence of metallic Fe®. After the
electroreduction, C; peak disappears from the voltammogram, thus confirming the processes
previously attributed to the peaks C; and C,. The two anodic peaks are probably associated with the
oxidation of Fe® to Fe (ll) (A,) and the oxidation of Fe (Il) to FeOOH and/or Fe;0,(A,).

A cathodic and anodic peak can be found at potentials around 0.20 V (C’) and 0.30 V (A’),
respectively, in Fig. 1A. This behaviour can be associated with minor oxidation of the Ni foil used as
cathode support in the electrochemical cell, to form Ni(OH), and NiOOH, as observed at similar
potentials by Skowronski and co-workers, in 6 M of KOH solution [29].

[Here Fig. 1]

The results of EIS studies performed for the same porous (60%) Fe;sAly,0; electrode before
electroreduction and after 2.5 h and 5 h of the reduction are shown in Fig. 2. The low-frequency semi-
circle, corresponding to the mixed diffusion-controlled region, almost merges with high-frequency
semi-circle, indicating the charge transfer processes, making difficult to extract the latter contribution.
Therefore, the low-frequency part of the Nyquist plots was not considered for further analysis. The

equivalent circuit used for EIS investigation is showed in the same figure, where the following



components are indicated: reference electrode (RE), resistance of solution/electrolyte (R;), charge
transfer resistance (R,), double-layer capacitance (CPE,) and working electrode (WE).

[Here Fig. 2]

Table 2 shows the corresponding fitting parameters, where true capacitance values, CPE; (a=1),
were calculated attending to equation (6):

C = ((Rix CPE1)(Rix CPE1)")/R (6)

[Here Table 2]

Despite the low values of R, this parameter seems to decrease with time indicating some ohmic
contribution between RE and WE before reduction. The charge transfer resistance R; dramatically
decreases upon the reduction, likely due to the formation of a percolating network of the highly-
conductive Fe® particles and, possibly Fe;0,. These results are in a good agreement with those
obtained in [9]. CPE; (a=1) values showed a significant increase from 0 to 5 h, which may indicate an
expansion of the surface area of the WE due to the reduction to Fe®, again in a good agreement with

the same study.

3.2. Nickel-foil supported configuration

The CV curves shown in the Fig. 1A suggest that the iron reduction can be accomplished roughly in
the cathodic potential range from -1.00 to -1.10 V, without risks of significant contribution from
hydrogen evolution. Amperometry curves (currents vs. time) depicted in Fig. 3 were obtained for three
different cathodic potentials (-1.00 V, -1.05 V and -1.10 V) during Fe; 3Aly,0; reduction, in order to
find a better estimation of another suitable potential for the cathodic reduction. Potential
optimization also seems to be an important step to take into account when considering industrial
needs, such as energy costs, suitable equipment for the range of potentials needed and time required
for the electrochemical processes.

At lowest E =-1.00V, the current density did not exceed the absolute value of -0.2 mA/cm? during

2.5 h, showing a weak tendency to increase. Thus, this cathodic potential was too low to promote



massive iron reduction and formation of more conductive phases than hematite [8,12,15,17]. By
increasing the cathodic potential to E = -1.05 V, a slightly higher current density was observed (~-1.0
mA/cm?) at around 2.5 h of the reduction. At E =-1.10 V, a similar shape of the amperometry curve
was observed. However, the current density increased considerably up to = -24 mA/cm?, which was
the potential selected for the studies of iron oxide reduction in the Ni-foil supported configuration
(NF).

[Here Fig. 3]

A comparative study of different NF configurations was thus undertaken at E_, = -1.10 V (Fig. 4),
corresponding denominations are described in Table 1. In general, the amperometry curves have a
similar shape. A short-time decrease of the current density is observed during the initial stage of
reduction, which can be attributed to the formation of an electric double layer at the cathode-
electrolyte interface [30]. The decrease and increase of current densities around the same short
period of time was observed in other studies [15,17], which may be associated with the entrance of
the electrolyte inside of the electrode, where an interface between the current collector|solid
insulator pellet|electrolyte (three phase interlines mechanism - 3PIs) starts to be formed [31,32].
Once the interface is formed near Ni current collector, the hematite-based Fe; gAly,05 phase starts to
be reduced forming more conductive phases, Fe;0, and Fe®, leading to an extension of the effective
electrode area and increase of the cathodic current; this may explain the increase in nominal current
density I/A,, which is based on the initial electrode area A,. In addition, volume changes on reducing
hematite to metallic Fe® yield additional porosity, which also promotes further infiltration of the
electrolyte inside the ceramic cathode. This minimizes ohmic losses by suppressing constrictions and
also results in further increase of the current density (Fig. 4). In this case, the electrochemical reaction
is self-sustained as long as the iron reduction takes place.

The NF-F configuration shows significant reproducibility, with current densities around -20 mA/cm?
after 2.5 h of the reduction. On the contrary, NF-R configuration shows poor reproducibility: significant

differences were found with the increase of the current density over time, where -13 mA/cm? (NF-R1)



and -37 mA/cm? (NF-R2) were obtained. However, the current densities in both NF-F tests are
comparable with NF-R1. On the other hand, NF-R2 demonstrates a higher current density. Since the
reduction starts at the interface between the current collector and Fe;gAly,05; cathode, the
configuration where the current collector is facing the counter electrode (NF-R) is expected to have a
lower ohmic resistance and better current distribution after the initial reduction. The latter facilitates
the electrochemical reduction, but can also result in losses of the mechanical integrity of the ceramic
cathode. In particular, if few large pores with the access to the electrolyte are present at the interface
between the current collector and Fe; gAly,03 ceramics, this could result in very fast development of
the reduction front, especially in the case of NF-R configuration. This might be responsible for high
currents observed in the case of NF-R2 test.

[Here Fig. 4]

The above discussion of the cathodic processes during the electroreduction of Fe, Al O; is further
confirmed by the results of XRD and microstructural studies. Fig. 5 shows post-mortem studies of the
NF-R electrode reduced at -1.10 V after 5 h. Ceramic cathodes can suffer significant physical stresses
possibly due to pressure induced by hydrogen evolution, causing electrode delamination (Fig. 5), as
the applied potential becomes cathodic relative to hydrogen evolution. In accordance with the XRD
results (Fig. 5), Fe304 (Fd3m) and Fe® (/m3m) are found near the current collector (x). Indeed, SEM
study reveals that large Fe® crystals (octahedron particles, d = 3-12 um) are present in the sample
analysed near Ni foil and are incorporated in finer microstructures, probably, composed of Fe;0,. The
initial cellular structure is not retained after reduction, suggesting that the reduction mechanism
involves diffusion and re-deposition of the iron species from the electrolyte. Note also that the
reduced regions only retain residual Al-rich spots. This confirms that electrolysis in alkaline conditions
offers prospects for direct electrowinning of Fe® from Fe,,Al,O; solid solution, without previous
separation and with relatively low residual contamination with alumina.

When analysing a sample in the bulk away from the Ni current collector, Fig.5 (*), one can observe

very few Fe® crystals and greater evidence of cellular cavities, resembling the initial microstructure. At
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the same time, on the opposite side of the current collector (o), Fe® phase was not detected by XRD,
and thus Fe,0;-type phase is likely the dominant compound, indicating the absence of reduction.

The results highlight not only the fact that the reduction starts at the interface between Ni and the
ceramic electrode, but also that the combination of poor mechanical strength of the pellet and high
cathodic potentials applied might be an issue for the electrode integrity. These guidelines are essential
for cathode design and were taken into account in another configuration, namely, Ag-modified
concept described in the next section, 3.3.

[Here Fig. 5]

3.3. Ag-modified nickel-foil supported configuration

This Ag-modified Ni-foil supported (NFAg) configuration is expected to be advantageous regarding
the improvement of the contact area between the current collector and the electrode. Moreover, less
porous, but mechanically stronger ceramic electrodes were used for testing this concept. Besides this,
a lower cathodic potential was used in the reduction of the electrodes with Ag-modified configuration
to further suppress the hydrogen evolution. The applied cathodic potential E., = -1.075 V was an
intermediate value between conditions when current density was too low (at E=-1.05 Vin Fig. 3) and
conditions when hydrogen evolution may add difficulties (E = -1.10 V in Fig. 5). The present
configuration was tested for Fe;gAly,0;3 electrodes reduction, previously fired at 1300 °C, and
retaining an intermediate value of porosity (37% of open porosity) in order to improve the mechanical
strength. Amperometry curves are shown in Fig. 6, the cathodes were tested in NFAg-R (Fig. 6A) and
NFAg-F (Fig. 6B) configurations. When using NFAg-R configuration, similar shape of the curves is
observed when compared to the NF-R configuration. Since the face of the electrode with Ni-foil was
completely painted with Ag paste and facing the counter electrode, more active surface for the
electroreduction is available, leading to initial oscillations and higher currents over time. At 2.5 h, an
increase of over 60% of the current density was observed for NFAg-R. One can distinguish three
different periods on the current vs time dependencies during 5 h of the electroreduction. Namely, the
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first period (until = 2 h) dominated by electrolyte entrance in the electrode pores and the formation
of 3PIs; in the second period (= 2 — 4 h), a maximum cathodic current is achieved (= -75 mA/cm? and
-85 mA/cm?), possibly due to almost complete reduction to Fe® in the locations with direct access to
the electrolyte; and the third period (> 4 h), where a decrease of the current is noticeable and can be
attributed to gradual exhaustion of precursor oxide in the ceramics bulk. Similar behaviour was
observed in [15]. In fact, almost complete reduction of the NFAg-R electrodes was proved by XRD
analysis (Fig. 6C), with a Faradaic efficiency close to 100%.

The front configuration NFAg-F is expected to provide better current distribution and more uniform
reduction since the process starts at the interface between the current collector (Ni foil and Ag paste)
and electrolyte. However, current oscillations occur on reaching nominal current densities of =~ 80
mA/cm?, (Fig. 6B), apparently as a result of less-homogeneous reduction, accumulation of stresses and
partial disintegration of the electrode (Fig. 6C). Thus, Faradaic efficiency was not estimated for NFAg-
F case due to the loss of a significant part of the ceramic electrode during the electrochemical tests.

[Here Fig. 6]

Fig. 7 shows the microstructural evolution of the Fe; Al ,0; electrode in NFAg-R configuration. The
electroreduction results in significant microstructural reorganization (Fig. 7B) as compared to freshly
sintered ceramics (Fig. 7A). After 5h of electroreduction, one can observe only Fe® crystals (Fig. 7B),
which is in agreement with the XRD studies (Fig. 6C). In fact, NFAg-R configuration allowed higher
uniformity of electroreduction, as previously mentioned. Except for few bigger crystals (= 12 um), the
major part of FeC is represented by smaller crystals (2 - 5 um), also confirming a better homogeneity
of the reduction in NFAg-R.

[Here Fig. 7]

Dense ceramic electrodes (=~ 3% of open porosity) of the same composition were also assessed in
NFAg configuration to confirm the role of porosity on electrolyte access to the reaction sites. The
results of amperometry studies are shown in Fig. 8. In general, significantly lower current densities are

achieved when using dense Fe; 3Aly,0; electrodes; this highlights the fact that, if using low-conductive
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ceramics as a cathode, electrochemical reaction must occur at triple contacts, thus requiring access of
the electrolyte to the interface between the ceramics and current collector; this determines the rate
of the electrochemical reduction. Results in Fig. 8 also suggest that the NFAg-R configurations appear
to outperform the NFAg-F configurations in terms of the current density. However, this is mainly found
after major oscillations observed for NFAg-R2, likely originating from some pores and occasional
defects, which may facilitate the electrolyte assess to the interface with the current collector. Once
electroreduction is started in such discontinuities, this may add porosity in the reduced layer,
activating new electrochemical sites and setting higher currents. Still, reproducibility of
electroreduction of highly dense samples is poor in both “front” and “rear” configurations (Fig.8),
possibly because faster electroreduction depends mainly on discontinuous residual porosity or other
microstructural heterogeneities, as shown in Fig.9B, and also revealed by the diffused front between
a fully reduced zone and a partially reduced front (Fig.9C).

[Here Fig. 8]

The XRD data and microstructural studies further confirm that the iron reduction takes place even
in the case of the dense samples. Fig. 9 shows SEM micrographs of the initial Fe;3Aly;,0; dense
ceramics (Fig 9A), post-mortem analysis results (Fig. 9B,C) and corresponding XRD pattern (Fig. 9D).
Microstructural changes after the reduction are clearly visible and, again, are localized at the interface
between the current collector (Ag paste) and ceramics. In these places, the formation of Fe® crystals
similar to those shown in Fig. 5 for NF-R configuration takes place (Fig. 9B). Better visualization of the
reduction front is given on the cross-section SEM micrograph, showing a transition from rather porous
reduced part to the dense non-reduced ceramics microstructure.

[Here Fig. 9]

3.4. Nickel-mesh supported configuration

Additional insight into the reduction mechanism in dense samples was obtained using a Ni-mesh
supported electrode (NMAg-R), where the only surface of the ceramic electrode, exposed to the

13



electrolyte, was the one covered with Ag paste, in contact with Ni mesh. Within this concept, the
electrolyte access was further minimized and restricted to the boundaries between Ni mesh wires,
ceramics and Ag paste. The observed current densities are even lower than for NFAg configuration
(Fig. 10A). As an example, around 3-times longer experiments were needed to achieve the currents
comparable to those for NFAg (Fig. 8). Nevertheless, the amperometry curve shape suggests that the
reduction still takes place in this configuration. When comparing the current density achieved in NFAg-
F, one can suggest that the electrolyte diffusion through the lateral sides may significantly facilitate
the process. This fact is highlighted by notably higher currents in the case of NFAg-R configuration.
The microstructural results showed in Fig. 10B confirm the presence of reduction at the interface
between the Ni-mesh current collector and the electrode (left part of Fig.10B), while the opposite side
located 1.5 mm further apart from the Ni-mesh shows no sign of reduction (right side of Fig.10B). The
reduction takes place at the whole surface, probably extending through a partially reduced layer with
a typical thickness of about 20 um, as revealed by differences in fracture cleavage at the surface layer
marked by the yellow dash line in Fig.10B. On integrating the current density one would expect
reduced layers with a typical thickness of about 50 um, suggesting relatively low Faradaic efficiencies.

[Here Fig. 10]

4. Conclusions

Microstructural aspects of the ceramic electrodes and their configuration in the electrochemical
cell were investigated and proved to play an important role for the electroreduction of the hematite-
based Fe;gAly,0;5 in strong alkaline media (10 M of NaOH, at 90 °C). Various ceramic electrode
concepts were tested, including front and rear orientation towards counter electrode, deliberate
exposing/blocking the access of the electrolyte and different ceramics porosity. The highlights of the

present work consist of:
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(1) the electrochemical tests of the dense and porous low-conductive electrodes, with 3%, 37%
and 60% of open porosity, proved that the reduction is triggered at the interface between the
current collector|Fe; gAly,05 ceramics|electrolyte;

(2) the reduction of dense pellets was restricted to the area near Ni current collector, while the
gradual self-propagation of the reduction front leads to nearly 100% Faradaic efficiency for
the electrodes possessing 37% of open porosity;

(3) the parasitic contribution of the cathodic hydrogen evolution resulted in the collapse of
ceramic electrodes with high open porosity (60%);

(4) electrowinning of dense samples was strongly affected by the electrolyte access through the
lateral sides of the ceramic cathode or residual porosity at the propagation front.

Therefore, the novel methodology of direct electroreduction of Al-substituted hematite materials was
proved to be successful for a complete reduction to Fe® or zero-valent iron with medium open

porosities.
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Figures and Tables

Table 1
Name Configuration  Ag-modified Sample Sample type (porosity and  Scheme
orientation processing conditions)
towards CE?
NF-F Ni-foil No; Pellet Front Porous:
supported borders and 66%, Tfiring” = 1100 °C
one face 37%, Ttiring = 1300 °C
painted with
lacquer
NF-R Ni-foil No; Pellet Rear Porous:
supported borders and 66%, Tiring = 1100 °C
one face 37%, Ttiring = 1300 °C
painted with
lacquer
NFAg-F Ni-foil Yes Front Porous:
supported 37%, Tiring = 1300 °C
Dense:
3%, Tane® = 1300 °C
NFAg-R Ni-foil Yes Rear Porous:
supported 37%, Tfiring = 1300 °C
Dense:
3%, Tsint = 1300 °C
NMAg-R Ni-mesh Yes Rear Dense:
supported 3%, Tsint = 1300 °C

CE™ - counter electrode; Tging” — firing temperature of the porous pellet; Ty, — sintering temperature of the dense pellet.
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Table 2

Time R (Qcm?) Ry (Qcm?) CPE; (a=1), uF/cm?
t=0h 15.58 103.71 1.10x 101
t=2.5h 0.85 1.36 1.11x103
t=5h 0.55 0.69 5.60 x 102
Fig. 3.
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Fig. 10.
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Captions of Tables and Figures

Table 1 — Electrode configurations studied.

Table 2 — Results of fitting of the EIS data: the parameters of the equivalent circuit.
Fig. 1. CV curves recorded with a scan rate of 10 mV/s for porous Fe; gAly,05 (60% of open porosity)
electrodes in 10 M NaOH at 90 °C in NF-F configuration before (A) and after (B) reduction at cathodic

potential E.;,=-1.10 V.

Fig. 2. Nyquist plots for non-reduced 60%-porous Fe; gAly,0; sample (t = 0 h) and the same sample
reduced duringt=2.5hand t=5 h at E.;;, =-1.10 V (NF-F electrode configuration) at 90 °C in 10 M

NaOH.

Fig. 3. Current vs. time curves at various cathodic potentials (-1.00 V, -1.05 V and -1.10 V) for 2.5 h
(60% of open porosity).
Fig. 4. Current-time transients recorded for NF-F and NF-R configurations at E.,;, = -1.10 V for 2.5 h
(60% of open porosity).
Fig. 5. Post-mortem studies of the NF-R electrode (60% of open porosity, Ec.y = -1.10 V, 5 h of

reduction).
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Fig. 6. Reduction of Fe; 3Aly,0; electrode (37% of open porosity, 5 h), previously fired at 1300 °C, with
Ecatn = -1.075 V in different orientations towards CE: (A) NFAg-R and (B) NFAg-F; (C) XRD analysis of
NFAg-R test; (D) pellet collapse during NFAg-F test.

Fig. 7. Microstructural evolution after electroreduction of the electrode in NFAg-R configuration: (A)
before reduction (37% of open porosity); (B) after 5 h of reduction (bulk of the electrode).

Fig. 8. Current-time transients obtained for dense Fe; gAly,0; samples (3% of open porosity), Ecain = -
1.075V, in NFAg-R and NFAg-F electrode configuration.

Fig. 9. SEM microstructures of dense Fe;gAly,0; electrode in NFAg-R configuration (A) before
reduction (3% of open porosity); and after reduction (E., =-1.075 V): (B) under the Ag layer near the
Ni current collector; (C) cross-section starting from the current collector left to the ceramics bulk
(right) (D) XRD pattern obtained for the whole ceramic electrode converted to powder.

Fig. 10. (A) Current vs. time curves obtained for NMAg-R configuration at E = -1.075 V, using a dense
electrode (3% of open porosity); (B) SEM images of the microstructural alteration in the cross-section
of the electrode: at the surface beneath the Ag paste in the contact with Ni-mesh and electrolyte (left

part) and structure without reduction (right part).
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