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Towards decarbonizing the carbothermic reduction of iron and steelmaking, which produces around 5%
of global CO, emissions, we herein propose a low-temperature electrolysis (100 °C) with 3D electrically—
ionically conductive colloidal Fe,Os electrodes as a novel and sustainable alternative. With the designed
electrodes that offer a 3D conductive network to facilitate the electrochemical reduction of Fe,O3 at such
a low temperature, high-purity Fe powder (>95%) can be produced with high current efficiency (>95%)
and no direct CO, emission. In addition to Fe, we also demonstrate the production of metal and alloy
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powders such as Cu, Ag, and an FeNi alloy using the proposed method. A techno-economic assessment
of the process is performed to evaluate industrial feasibility as well as CO, emission analysis. Altogether,
this alternative process is green, environmentally friendly, and energy efficient, showing great potential for
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Introduction

Currently, iron (Fe) is manufactured by carbothermic
reduction in which iron oxide ores (Fe,O;) are reduced by
carbon coke at a high temperature of >2000 °C in a blast
furnace using the blast furnace/basic oxygen furnace route
(BF-BOF) and the electric arc furnace route (EAF)." In accord-
ance with the reduction reaction shown in eqn (1), liquid
crude Fe is produced while CO, is also emitted as a by-
product. Moreover, the use of fossil fuels to generate such a
high-temperature environment, coke production, and other
energy-intensive processes related to iron and steelmaking
further contribute to carbon emissions.> As reported in the
Energy Agency and EDGAR 4.3 databases, approximately 2 tons
of CO, are emitted per ton of crude Fe produced, accounting
for 5% of global CO, emissions,® which are considered some
of the most difficult emissions to eliminate. With the goal of
net-zero carbon emissions from iron and steelmaking, radical
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revolutionizing the conventional process that has had a significant environmental impact for decades.

and transformational technologies for cleaner Fe production
are therefore urgently required. In recent years, several alterna-
tives have been extensively utilized to produce Fe with limited
direct carbon emissions such as molten oxide electrolysis
(MOE),*** hydrogen flash smelting (HFS),"*"” and low-temp-
erature electrolysis (LTE).>"®">® Among these, the LTE method
has attracted much attention due to its intriguing advantages.
For example, LTE is conducted at a significantly lower temp-
erature (~100 °C) compared to the carbothermic reduction
(>2000 °C), MOE (>500 °C), and HFS processes (>1000 °C).
Unlike the MOE process, it does not require a stable anode for
such a high-temperature operation and avoids the use of H, as
a reducing agent, which is cost-prohibitive for the commercia-
lization of the HFS process. These benefits endow the LTE
process with less energy-consumptive, simpler, and less expen-
sive iron manufacturing, which has great potential for
industrialization.

In fact, LTE for iron production towards zero CO, emission
has been examined for many years.>'”'® Generally, different
Fe,0; electrodes such as Fe,0; ores, Fe,0; pellets, or Fe,O3 par-
ticles suspended in a highly concentrated alkaline solution elec-
trolyte (50 wt% NaOH) are reduced to metallic Fe by applying
electricity to the electrochemical cells. The targeted Fe product
is produced at the cathode; meanwhile, O, gas is solely gener-
ated at the anode without any CO, emission. The typical catho-
dic and anodic reactions are shown in eqn (2) and (3).

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/greenchem
http://orcid.org/0000-0002-1119-1880
http://orcid.org/0000-0003-0633-7264
http://orcid.org/0000-0003-1060-2956
https://doi.org/10.1039/d4gc00698d
https://doi.org/10.1039/d4gc00698d
https://doi.org/10.1039/d4gc00698d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc00698d&domain=pdf&date_stamp=2024-08-07
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc00698d
https://rsc.66557.net/en/journals/journal/GC
https://rsc.66557.net/en/journals/journal/GC?issueid=GC026016

Open Access Article. Published on 05 July 2024. Downloaded on 7/14/2025 5:05:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

Carbothermic reduction reaction at 2000 °C:

2Fe;, 03 4+ 3C — 4Fe + 3CO, (1)
Electrolysis reaction at ~100 °C:
Cathode:
Fe,0; + 3H,0 + 6e~ — 2Fe + 60H" (2)
Anode:
60H™ — 3/20, 4 3H,0 + 6e~ (3)

Nevertheless, there are some challenges associated with the
LTE designs that prevent them from being adopted on a large
scale. Firstly, Fe,O; intrinsically possesses low electrical con-
ductivity, and thus, charge transfer during the electroreduction
and the electrochemical reaction rate are limited, resulting in
low energy efficiency. Moreover, palletization and high-temp-
erature sintering steps lead to excessive energy usage and com-
plexity in large-scale production. Secondly, in a system of
Fe,O; particles suspended in an alkaline electrolyte, Fe,O; par-
ticles need to diffuse to the cathode substrate surface to be
involved in the electrochemical reaction. As a result, the con-
ductive areas are limited by the substrate; meanwhile, the slug-
gish diffusion of Fe,O; impedes the fast reaction rate.

Herein, we report a novel and sustainable method of Fe pro-
duction via low-temperature electrolysis of electrically-ionically
conductive Fe,0s/carbon (C) colloidal electrodes with porous Ni
foam substrates. The proposed LTE process is depicted in
Fig. 1a in which the flowable Fe,05/C colloids are electrolyzed at
a low temperature of 100 °C with a constant cell voltage of —1.7
V in a 50 wt% NaOH electrolyte solution. The final product is
high-purity Fe powder while only O, gas is generated as a by-
product, which is collectible. In our LTE design, the colloidal
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electrodes contain Fe,03/C composite powders suspended in a
highly concentrated NaOH solution, which is different from the
reported Fe,O; suspension systems. Here, C acts as an electri-
cally conductive network improving the electrical conductivity
of Fe, 03, while the NaOH solution serves as an ionic conductive
network facilitating ion diffusion during the electrochemical
reaction. Thus, a 3D conductive percolation network is formed,
as shown in Fig. 1b. Fig. 1c depicts the reduction mechanism of
suspensions of Fe,O; particles in NaOH solution with and
without the C conductive network. In the conventional Fe,O3
suspension (with no C), Fe,O; particles need to diffuse to the
surface of the Ni foam current collector to be reduced. Due to
their sluggish diffusivity in NaOH and intrinsically poor electri-
cal conductivity, most Fe,O; particles are reduced to Fe;O, with
some Fe depositing on Ni foam surfaces. In contrast, in the
designed Fe,O; suspension with C, Fe,O; particles can be
directly reduced to Fe without diffusion owing to the formation
of the C conductive network. Furthermore, C on Fe,O; particles
also serves as a conductive medium, so Fe,O; particles do not
directly come into contact with the Ni foam surface, alleviating
the deposition of Fe powder on the electrode surface. This
unique function in turn improves production yield and facili-
tates product collection. More importantly, as the colloidal elec-
trode is flowable, it can potentially be used in a flow electrolysis
design that allows continuous production and facilitates
product collection and separation steps. Altogether, utilizing the
LTE of Fe,O; colloidal electrodes can resolve the aforemen-
tioned limitations of the LTE process. In addition, it is worth
mentioning that the electrolysis design can also be applied to
produce other metal and alloy powders such as Cu, Ag, and an
FeNi alloy and shows great potential for use as an alternative
method of metal/alloy powder production.
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(a) Schematic illustration of the low-temperature electrolysis of Fe,O3z colloidal electrodes. (b) Illustration of an electronically and ionically

conductive network of Fe,Os colloidal electrodes. (c) Illustration showing the electrochemical reduction of Fe,Osz colloidal electrodes with and

without C networks on a Ni foam substrate.
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Results and discussion

Formation of Fe,0;/C colloidal electrodes

Prior to the electrochemical reduction process, Fe,O; col-
loidal electrodes were prepared as described in the experi-
mental details in the ESL{ Fig. 2a and b show the mor-
phologies of Fe,O;/C aggregates with particle sizes ranging
from 1 pm to >10 pm, revealed by scanning electron
microscopy (SEM). The corresponding elemental mappings
of the aggregates obtained from energy dispersive X-ray spec-
troscopy (EDS) in Fig. 2c show a uniform distribution of C
powders on Fe,O; particles confirming the successful for-
mation of Fe,0;/C aggregates. It is worth noting that the
structure is necessary for the reduction reaction since the
formation of the Fe,O;/C network sufficiently provides elec-
trically conductive pathways to the colloidal electrodes,
which helps increase the electrical conductivity of Fe,O;. The
BET surface areas of Fe,O; and Fe,O;/C aggregates are
reported in Table S1.f C nanopowders provide extra reactive
surface areas, facilitating the reduction reaction. In addition
to the electrically conductive network provided by C powders,
the added NaOH solution imparts ionic conductivity to the
colloidal electrode. Hence, a 3D conductive Fe,O; percolation
network was fabricated. Moreover, organic and inorganic
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additives were added to the colloids to aid in suppressing H,
evolution and promoting the reduction reaction, according to
our previous findings.>***” It should be noted that the
Fe,03/C colloids still maintain good flowability, as reflected
by the trivial change in viscosity compared to the colloid
with no carbon added, as can be seen from the viscosity test
in Fig. 2d. The slight decrease in the viscosity of the colloid
with C results from larger sizes of aggregates compared to
Fe,O3; nanopowders, indicating that the colloidal electrode
design can be applied in a flow electrolysis system, facilitat-
ing continuous production and ease of product collection. In
addition, the electrical conductivity of the Fe,03/C slurry was
greatly improved due to the formation of the conductive
carbon network, as can also be seen in Fig. 2e. The testing
details are described in the ESI and Fig. S1.

Electrolysis of Fe,03/C colloidal electrodes

In the electrochemical reduction of the Fe,O; colloidal elec-
trode, a negative voltage of 1.7 V was applied to the two-elec-
trode electrolysis cell, and the reaction was prolonged until
reaching the theoretical capacity calculated based on Faraday’s
law, as shown in eqn (S1) in the ESL}

In the electrolysis experiments, we used porous Ni foam
sheets as a cathode substrate and an anode electrode. We
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(a and b) SEM images of Fe,O3/C micro-aggregates formed by ball milling at different magnifications. (c) EDS mappings of the prepared

aggregates. (d) Viscosity test and (e) electrical conductivity of Fe,O3 colloidal electrodes with and without C.
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demonstrated that the utilization of 3D porous Ni foam as a
substrate can improve the electrolysis efficiency and Fe purity
over using 2D Ti foil as a cathode substrate and Pt foil as an
anode, as reported in our previous works.>*® This is because
the 3D porous structure of Ni foam can sufficiently distribute
charge for reducing Fe,O; to Fe effectively, resulting in a
higher current and a shorter reaction time than those of 2D
conductive areas of Ti foil, as can be seen in Fig. S2a.f A
cartoon showing the different functions of Ti foil and Ni foam
as substrates is illustrated in Fig. S2b.f More importantly, Ni
foam is much cheaper than both Ti foil and noble-metallic Pt
foil and is more feasible for large-scale and industrial
production.

Fig. 3a shows the relationship between the reduction
current and reaction time of Fe,O; colloidal electrodes with
and without C. Of note, the current produced from bare Ni
foam is relatively small compared to that from Ni foam with
the colloids (Fig. S2ct), contributing to negligible current. At a
glance, there are main reduction kinetics observed during the
electrolysis reaction that can be used to predict the Fe,O;
reduction mechanisms as follows.” In the first 5 min of the
reaction, there is a rapid electrochemical reaction at the Fe,03/
electrolyte interface resulting in the production of a high
current, similarly observed in both colloidal electrodes. During
20 min of the reaction, in the colloid without C, Fe,O; par-
ticles are gradually reduced to Fe;O, and Fe. Then, after
20 min, the current plateau can be observed implying the slug-
gish reduction of Fe;O, accompanied by H, evolution until the
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end of the reaction. In contrast, after 5 min of the reaction in
the colloidal electrode with C, there is a continuous increase
in the current until 36 min of the reaction implying that Fe,0O;
is continuously reduced to Fe throughout the reaction period.
In the final 4 min of the reaction, the current decreases,
indicative of the end of the reaction. It is noticeable that the
current produced by the electrolysis of the Fe,O5/C colloid is
higher than that of the colloid without C for the entire reaction
period. In addition, the reaction time is shorter, which takes
around 40 min to complete the reaction corresponding to 1x
the theoretical capacity applied, while the colloid with no C
takes 55 min. This enhancement benefits from the designed
colloidal electrode that provides electrically conductive path-
ways for rapid charge transfer between Fe,O; particles and Ni
foam substrate surfaces during the electrochemical reduction.
The X-ray powder diffraction (XRD) patterns shown in Fig. 3b
reveal the resulting products obtained from electrolyzing the
colloidal electrodes with and without C. For the conventional
Fe,O; electrode, the majority of the electrolyzed product is
Fe;0, with a small amount of Fe. According to peak intensity
analysis, the purity of Fe is only 6% while that of Fe;0, is 94%.
Calculated based on the capacity applied and the purity of pro-
duced Fe, the electrolysis efficiency of the electrode without C
is around 16%. It was reported that Fe;0, is the intermediate
phase of Fe,0; reduction according to eqn (4) and (5).%° This
intermediate phase is sluggish for the electrochemical reaction
to be further reduced to Fe.> Hence, it is difficult to reduce all
Fe,O; to Fe in the conventional colloid that has poor electrical
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(a) Electrolysis current vs. reaction time plot and (b) XRD patterns of the electrolyzed product for Fe,Os colloidal electrodes with and

without C. (c) SEM image of electrolyzed Fe after magnetic separation. (d) Cross-sectional FIB-SEM image and (e) EDS mappings of electrolyzed Fe

particles.
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conductivity, bringing about low purity of Fe and low current
efficiency in this process.

3Fe,0; + 2H" + 2e~ — 2Fe;0,4 + H,0 (4)

Fe;04 + 8H' + 8¢~ — 3Fe + 4H,0 (5)

In sharp contrast to the conventional suspension, the elec-
trolyzed product of Fe,O;/C colloidal electrodes shows almost
no Fe;O, phases according to the XRD pattern shown in
Fig. 3b. Over 95% of Fe can be obtained with an insignificant
amount of Fe;O4. This small amount of impurity may come
from unreacted Fe;O, remaining on the wall of the sample
holder made of polypropylene (a non-conductive material),
which lacks the coverage of the conductive properties. Of note,
the high-purity Fe powder can be reproduced, as shown in
Fig. S3.1 According to such a high purity of Fe, the calculated
current efficiency is 95.6% which is higher than those of other
electrolysis methods reported in Table S2,T to the best of our
knowledge. The high purity of Fe and high current efficiency
stem from the effectiveness of the LTE process with a 3D con-
ductive colloidal electrode design. Compared to those reported
LTE and MOE processes, our approach provides comparable or
even higher current efficiency and allows bypassing the use of
energy-consuming steps, high temperature, and complicated
processes leading to more energy and cost savings.

It is worth noting that the presence of the Fe;O, intermedi-
ate phase suggests that the electroreduction mechanism of
most Fe,O; suspended particles involves the solid-state
reduction of Fe,O; particles to Fe;0, and then Fe.?®?*2%*¢ In
addition, it was found that there are some Fe particles de-
posited on the Ni foam surface, as shown in Fig. S4a and b.f
The deposited Fe particles show a dendritic morphology.
Owing to the absence of C layers on Fe,O; particles, the elec-
trodeposited Fe is more obvious in the conventional Fe,O; col-
loidal electrodes. Conversely, C powders, forming a conductive
layer on Fe,O; particles, promote the solid-state reduction of
Fe,0; particles, resulting in less deposited Fe on the Ni foam
surface. Hence, the formation of Fe in the colloidal electrode
design involves dominant solid-state Fe,O; electrolysis. It is
also worth mentioning that, in the practical production of Fe,
the deposited Fe on Ni foam can be problematic as it can lead
to Fe mass loss. Possible solutions to prevent the deposition
and quantification of Fe deposition on Ni foam as well as com-
ments on the issues are provided in Table S3.f Hence, it is
suggested that technological advancements in preventing Fe
deposition on such a metal porous substrate as well as Fe
product separation from the substrate are also needed to
improve this technology. Moreover, concerning the reusability
of Ni foam, it is shown that Ni foam can be reused without any
effects on the resistance or purity of Fe, as seen in Fig. S5a
and b.T

Characterization of electrolyzed Fe powders

After the electrolysis, the electrolyzed Fe was subjected to a
magnetic separation step to further enhance the purity and
dispose of C remnants, as described in the ESI.f XRD, SEM/
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EDS, and focused ion beam scanning electron microscopy
(FIB-SEM) for cross-sectional images were also utilized to
further characterize the electrolyzed Fe powder before and
after separation. Fig. S6at shows the SEM/EDS mappings of
electrolyzed Fe before separation. It can be observed that the
Fe particles were covered by C powder and the signal of C from
EDS mapping is relatively high. After the magnetic separation,
the amount of C was greatly reduced, as reflected by the low
signal of C in the EDS mappings (Fig. S6bft), indicating the
effective magnetic separation method. The high purity of the
obtained Fe powders is also confirmed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) (Table S47F).
The XRD result of separated carbon is shown in Fig. Sé6c,t indi-
cating the mixture of nanosized carbon powder and unreacted
Fe,0; and Fe;0,. It should be noted that the carbon powder
can possibly be reused after an appropriate separation process,
and those iron oxides can also be reduced in further electroly-
sis reactions. A photograph of separated C powder and Fe
powder is also shown in Fig. S6d.f In accordance with the
SEM image in Fig. 3c, the Fe particles separated from C
powder are of spherical-like nanosizes with an average particle
size of around 200 nm. To further investigate the elemental
compositions inside the electrolyzed Fe particles, cross-sec-
tional FIB-SEM with line-scanning elemental mapping was
accomplished. Fig. 3d illustrates the cross-sectional SEM
image of the electrolyzed Fe particles of approximately
200 nm. The cut Fe particles are shown by yellow-dashed areas
while the area marked with a red dashed line is a protective
layer used in the FIB-SEM process. EDS mapping was con-
ducted to reveal the elemental compositions inside the bulk Fe
particles. As shown in Fig. 3e and Fig. S7a,} the signal of Fe is
strong throughout the bulk particle with a negligible O signal,
confirming that Fe,O; is reduced to Fe completely. It should
be noted that C, Pt, Ga, and Si signals are from the back-
ground and the protective layer. Moreover, no S and Na signals
that are from the Na,S additive and NaOH electrolyte can be
detected inside the bulk Fe particle. The EDS mapping is con-
sistent with the line-scanning elemental mapping shown in
Fig. S7bt in which the high Fe signal is consistent throughout
the whole particle. These confirm the successful reduction of
Fe,O; to Fe through the proposed LTE of the colloidal
electrode.

In addition to nano-sized Fe, we also demonstrated that the
method can be applied with a micro-sized Fe,O; precursor.
The LTE of micro-sized Fe,O; provides high-purity Fe powder
(>90%) with high current efficiency (>90%) (Fig. S87).
Interestingly, the morphology of Fe from the micro-sized Fe,0;
source is different from electrolyzed Fe produced by using
nano-sized Fe,O; as a precursor. Prism-like Fe particles were
obtained, as revealed in Fig. S8c.t The morphology is similar
to a needle-like or dendritic crystal of Fe grown on a Ni grid, as
reported by Lopes et al.>® This suggests that using different
sizes of Fe,O; can produce Fe powders with different mor-
phologies. However, the purity of electrolyzed Fe from micro-
sized Fe,Oj; is slightly lower than that obtained using nano-
sized Fe,O; sources. This is due to the difference in the par-

This journal is © The Royal Society of Chemistry 2024
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ticle sizes of Fe,O; and nano-C powder leading to non-homo-
geneous mixing, as can be observed from the phase separation
in the Fe,03/C suspension shown in Fig. S9a. In contrast, in
Fig. S9b,T the mixture is more homogeneous for the nanosized
Fe,0;/C slurry due to their similar particle sizes. It should be
noted that the morphology of Fe can alter its physical and
chemical properties resulting in the utilization of Fe in a wide
range of applications. Therefore, this illustrates that our LTE
process can produce Fe with different morphologies by modify-
ing the size of the Fe,O; inputs, which is an alternative way to
produce nano-Fe or micro-Fe.

Other metal/alloy powder production

Impressively, in addition to Fe powder production, the pro-
posed LTE with the colloidal electrode design can also be
applied to produce other metal/alloy powders such as Ag, Cu,
and FeNi alloy powders, as shown in Fig. 4a-c and Fig. S10.}
The experimental details of each are described in the ESI
According to the XRD pattern and SEM image of electrolyzed
Ag shown in Fig. 4a, Ag can be produced without any detect-
able impurity signals by electrolyzing AgO/NaOH colloidal
electrodes without the addition of C. The ease of electrolyzing
AgO stems from the excellent electrical conductivity of Ag,
hence facilitating such an electrochemical reduction process.
CuO reduction was also conducted using the LTE method.
The preparation of CuO/C aggregates and colloidal electrodes
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was identical to iron production. The XRD pattern in Fig. 4b
shows that 87% Cu can be obtained through the electrolysis
process. It was found that the electrochemical reduction
involves the reduction of CuO to the Cu,O intermediate phase
and then Cu. This was similarly observed in CuO reduction in
KCl media.>**° In addition to single metal powders, bi-
metallic FeNi alloy powders can be produced by the electroly-
sis of NiFe,0, for the first time. Due to the higher electron
transfer involved in the reduction reaction, the concentration
of the NaOH electrolyte was increased to 65 wt% and the opti-
mized theoretical capacity required is 4 times. As shown in
the XRD pattern (Fig. 4c), roughly 78% of FeNi alloy phases
can be obtained from the LTE process. Interestingly, the FeNi
alloy produced from this LTE method possesses two different
phases, BCC-FeNi (Fe-rich phase) and FCC-FeNi (Fe-rich
phase). These two phases of FeNi were also observed in the
reduction of NiFe,0O, involving H, reduction at >1000 °C.***?
The SEM image in Fig. 4c shows that cubic-like FeNi particles
are produced. Moreover, based on thermodynamic analysis,
not only for the production of Fe, Ag, Cu, and the FeNi alloy,
but the LTE process can also be applied to produce the
elements highlighted in green in Fig. 4d as well as other
metal alloy powders. In order to obtain higher purity and
current efficiency, nonetheless, electrode fabrications and
electrolysis conditions of these metals and alloys need to be
optimized.
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Fig. 4 XRD patterns and SEM images of electrolyzed products using the proposed electrolysis process: (a) Ag, (b) Cu, and (c) FeNi alloy. (d) Possible
elements that can be produced by low-temperature electrolysis, based on thermodynamics analysis.
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IV. Waste recycling
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Fig. 5 Schematic illustration showing the flow diagram of iron production via the LTE method.

Techno-economic, energy and CO, emission analyses

Inspired by the successful production of Fe via LTE on the lab-
oratory scale, the process shows promising potential to be
scaled up. Also, we propose a design of closed-loop production
of the LTE process. The diagram illustrating the designed elec-
trolysis process is shown in Fig. 5. Overall, the flow process of
proposed Fe production consists of four major parts: (I) col-
loidal mixing, (II) electrolysis system, (III) magnetic separation
of electrolyzed iron, and (IV) waste recycling and reuse. In the
first part, iron ore powders, C powders, NaOH, water and addi-
tives are fed into the colloid mixing tank followed by feeding
the colloidal mixture to the electrochemical cell. The electro-
chemical reduction of the colloidal mixture takes place in the
second part. The O, by-product in the scaled process is fed out
of the process, which can be stored for further utilization.
After the electrolysis reaction, the products comprising electro-
lyzed Fe powders, C powders, NaOH solution and unreacted
oxides are fed out from the electrochemical cell for magnetic
separation in the third part, where Fe powders will be separ-
ated from other components through a magnetic separator.
Thereafter, in the final part, bowl centrifuges are used to sep-
arate NaOH solution and unreacted powders. NaOH solution
and C powders will be recycled and unreacted remnants will
be fed out.

To evaluate the economic value of the process, we per-
formed a techno-economic assessment of the LTE process of
Fe production. The economic modelling of Fe production via
the LTE process developed by Shahabuddin et al. was adopted
to estimate the costs of the process in this work.>* We adopt
the study’s process scale of 100 000 tons per year of iron oxide

9182 | Green Chem., 2024, 26, 9176-9185

to best leverage economies of scale. The base case scenario
used in the analysis is based on the current experimental
results in this work, provided in Table S5.f The product cost
breakdown is shown in Fig. 6a, and the details are summar-
ized in Table S6.1 Considering variable operating costs (VOC),
it appears that the cost of iron oxide ore makes up the largest
portion of all the costs accounting for 48% as the expenditure
of high-Fe,0;-content feedstock has a significant cost in com-
parison with lower value waste feeds. Meanwhile, the price of
electricity also occupies a large proportion, which accounts for
31%. This suggests that the cost of the Fe product produced by
the electricity-based process is highly dependent on the costs
of iron oxide ore and electricity. As the price of iron ore varies
with the Fe,O; content of the sources, it is the most sensitive
parameter to determine the cost of Fe. On one hand, using a
high-Fe,0s;-content feedstock provides high quality Fe powder
in spite of its high cost. On the other hand, there may be a
tradeoff between the feedstock cost and purity of Fe powders,
if using low-Fe,O; content ores. In addition, the effects of elec-
trochemically active/inactive impurities on colloid compo-
sitions and electrochemical reduction are supposed to be con-
sidered for low-grade ore feedstocks. This suggests that, alter-
natively, utilizing secondary sources that contain a high Fe,0;
content such as Cu tailings or red mud can be a promising
remedy to lower the cost of feedstock. Electricity prices can
potentially be lowered by managing the operating hours. Other
variable costs such as additives, NaOH and C black contribute
to only 7% of the product cost since these components can be
recycled in the closed-loop process. However, the efficacy of
the recycling process may influence the cost of these
compositions. Hence, technological advancements in C and

This journal is © The Royal Society of Chemistry 2024
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NaOH recycling are still needed to achieve the highest efficacy
since there is not yet a commercially available carbon recycling
process. An appropriate product storage system such as an
inert N, gas or airtight system is supposed to be considered for
such large-scale production to prevent fine Fe powder from
undesired exposure. In addition, fixed operating costs (FOC)
composed of insurance, maintenance, and labor/overhead
account for 15% of the production cost.

The respective minimum iron selling price (MISP) or the
levelized cost is calculated to be 621.93 $ per ton, based on the
base case scenario. The price produced by this LTE is compar-
able to that of hydrogen-based steel production, ranging from
582.18 $ per ton to 722 $ per ton.>**> Seemingly, the price of
Fe powder produced via this process is higher than the market
prices of bulk pig iron, which are in the range of $500 to
$600.>* Although the price of electrolyzed Fe powder is higher
than that of the bulk iron produced by conventional pathways,
high purity Fe powder with predictable particle sizes and mor-
phologies could be suitable for markets of additive manufac-
turing and powder metallurgy.??-

In terms of energy utilization, the proposed LTE process
has an energy loss through cell leads of only 0.104 kW h per
kg of Fe produced, which can be determined via the
Wiedemann-Franz law using eqn (510) in the ESL} The LTE
has 9-times lower energy loss through cell leads compared to
the high-temperature MOE process, which is also an alternative
to iron production with no direct CO,.** In addition, the LTE
does not require a startup heating process like the MOE
process. The energy requirement in this developed process is
calculated to be 3.19 kW h per kg of Fe produced, which is
lower than that of our previously reported LTE of red mud
sources (4.76 kW h per kg of Fe produced) and 4.16 kW h per kg
of Fe produced for the MOE.*® It should be noted that the
energy requirement of the process in this work is based on uti-
lizing higher Fe,O; contents, higher electrolysis efficiency, and
higher separation performance, resulting in less energy con-
sumption, compared to the LTE of red mud colloidal electrodes.

CO, emission analysis of this technology is also performed
by comparison with other current steelmaking technologies
such as Fe production using a blast furnace (BF), direct
reduction of iron (DRI) using natural gas or H, gas, molten

This journal is © The Royal Society of Chemistry 2024

The PPA's electricity
composition

The US's electricity
composition

(a) Cost breakdown with MISP. (b) CO, emission of the proposed LTE process compared to other technologies.

oxide electrolysis (MOE) and H, reduction (HYBRIT). The ana-
lysis is performed by analyzing the emissions associated with
material production and electricity sources (Tables S7 and
S87). The base case scenarios for this analysis are based on a
constant operation hour with two different electricity con-
ditions: the reported US’s electricity mix and power purchasing
agreement (PPA). The US’s electricity source is composed of
39.8% natural gas, 19.5% coal, 18.2% nuclear, 10.2% wind,
6.3% hydroelectric, 3.4% solar, 1.3% biomass, 0.9% petroleum,
and 0.4% geothermal sources.>” The PPA’s electricity is based
on 100% electricity from renewable sources that are 50% wind
and 50% solar.>® The estimated CO, emissions from BF and
DRI are around 1.16 and 0.85 kg CO, per kg PFe,
respectively.”*?%3° According to Fig. 6b, considering the utiliz-
ation of a conventional electricity mixture, the electricity-depen-
dent processes (the proposed process, MOE and HYBRIT) emit a
slightly larger amount of CO, compared to the blast furnace and
DRI processes. It is worth noting that, however, further purifi-
cation of pig iron and utilization of fossil fuels in the blast
furnace can emit additional CO,, which may result in a higher
emission rate in the conventional process. When using the
PPA’s electricity, all the alternatives see a significant reduction
in CO, emission, which is relatively lower than those of the BF
and DRI processes. The proposed LTE technology shows the
least CO, emission, 0.16 kg CO, per kg Fe. It should be noted
that the emissions from MOE and HYBRIT are estimated using
only direct CO, emission and electricity usage in the two pro-
cesses, while CO, emissions from other productions such as
molten salts and hydrogen sources are not included. Hence, the
emissions from the two alternatives could possibly be higher.
This analysis suggests that the proposed LTE for Fe production
combined with utilizing clean electricity is more environmen-
tally friendly compared to other processes.

Conclusions

In summary, we have demonstrated that the LTE process with
a 3D electrically-ionically conductive electrode design can be
successfully used to produce high-purity Fe powder (>95%)
with high current efficiency (>95%) at a low temperature of
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100 °C with no carbon emissions. The utilization of C conduc-
tive networks and 3D porous conductive Ni foam as a substrate
in this novel LTE process can facilitate the fast reaction rate by
increasing the reactive areas and evenly distributing charges
on the substrate for the Fe,O; reduction process. It was also
found that the morphology and particle sizes of electrolyzed Fe
rely on the sizes of the initial Fe,O3 precursors. The economic
analysis of the process reveals that the price of the Fe product
highly depends on the costs of Fe,O; feedstock and electricity.
The calculated MISP is 621.93 $ per ton which is comparable
to the prices of steels produced by the hydrogen-based
method. Moreover, CO, emission analysis reveals that the
process of utilizing clean electricity from renewable sources
emits only 0.16 kg CO, per kg Fe produced, which is much
lower than the emissions from the conventional and alterna-
tive processes. In addition to Fe, we also demonstrated that
this LTE can be used to produce high-purity Ag, Cu, and FeNi
alloy powders from their oxides. Altogether, this cleaner and
more energy-saving LTE process is a promising technology for
metal and alloy production that can potentially be used to
replace the conventional process.
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