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Abstract: 

Low-temperature electrochemical cells reducing iron oxides to metal in alkaline electro-

lytes can support fully electrified steelmaking processes. Previous studies on these cells have pri-

marily focused on high-surface-area hematite, Fe2O3, reactants whereas attempts to reduce sus-

pensions of magnetite, Fe3O4—one of the two feedstocks for existing ironmaking reactors—have 

generally been limited to low rates of reaction (<30 mA cm-2). Here, we control the crystalline 

domain size of Fe2O3 and Fe3O4 particles in 10 M NaOH electrolytes to study how the nanoscale 

morphology of oxides controls the rate of electrochemical ironmaking. Rotating-ring disk elec-

trode measurements of Fe2+, in-situ Raman spectroscopy of the electrode surface, and ex–situ elec-

tron microscopy were consistent with a hypothesized passivation process at Fe3O4 surfaces that 

may prevent the continuous formation of soluble intermediates. Sufficiently small (<100 nm di-

ameter) oxide particles yielded Fe partial current densities > 160 mA cm-2, a fivefold increase 

relative to previously reported rates for Fe3O4 suspensions and comparable to active Fe2O3. Elec-

tron microscopy revealed that electrodeposited films were composed of micron-scale crystalline 

Fe domains with a porous film of Fe3O4 nanoparticles and supports a model where Fe is grown 

primarily from soluble Fe2+ intermediates. Based on these insights, inactive blast-furnace-grade 

iron-oxides were transformed into high surface area nanoparticles (1.6 to 229.2 m2 g-1) via repre-

cipitation, leading to a ninefold enhancement in faradaic efficiency and an Fe partial current den-

sity of 120 mA cm-2. When integrated with chlor-iron cells producing reagents for reprecipitation, 

this approach could lead to a cost-competitive process for electrochemical ironmaking from indus-

trially relevant feedstocks. 

 

Keywords: magnetite, hematite, iron metal, TEM, nanoparticles 
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Introduction: 

Metallic iron (Fe) is a vital commodity for steel production and a critical component of 

proposed approaches to long-duration energy storage.1–6 Most Fe produced today is reduced in 

blast furnaces at >1400 °C with carbon monoxide (CO) serving as the chemical reductant, ulti-

mately producing 7% of global carbon emissions.7,8 Processed iron oxide ores from a wide variety 

of sources serve as precursors in the blast furnace but hematite (α-Fe2O3) and/or magnetite (Fe3O4) 

are most typical and a representative expression for reduction is:9,10 

    FexOy + yCO → xFe + yCO2    (1) 

In a blast furnace, molten Fe is the product and gangue impurities (Si, Ca, Mg, etc…) can be 

removed as a physically separated slag. The direct-reduced iron, DRI, process occurs at lower 

temperatures, may in principle operate with hydrogen or ammonia serving as reducing agents, and 

maintains both iron reactants and products in the solid state.11–13 When Fe is produced as a solid 

product, the purity requirements and phase of the iron oxide reactants are more stringent.14 A feed 

containing α-Fe2O3 ore is most often used for the DRI process; dense Fe3O4 ores exhibit slower 

reduction kinetics due to constraints on the diffusion of gas reactants.15  

Ironmaking can be directly electrified through the use of electrochemical cells. If these 

reduction processes are powered by zero-carbon electricity sources they could help eliminate car-

bon emissions associated with steelmaking. Iron can be grown from low-temperature, acidic elec-

trolytes after dissolution from iron ores or produced as a solid or liquid product from molten 

salts.16–19  An alternate approach involves the use of concentrated alkaline electrolytes which fa-

cilitate the direct reduction of solid iron oxides to iron metal at moderate temperatures < 120 °C.20–

22  The direct reduction pathway supports conversion at high rates (hundreds of mA cm–2) in the 
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absence of forced convection and does not require operation at high temperatures, both of which 

could support lower costs for cell construction. When isolated by a selective membrane, the reduc-

tion of iron oxides in alkaline electrolytes also leads to the coproduction of hydroxide as a co-

product (equations 2–3).23  However, the solid-to-solid conversions means that the phase and pu-

rity of the reactant iron oxide has a substantial impact on the reaction kinetics and product purity, 

with powdered α-Fe2O3 affording the most rapid and selective reduction to Fe:24 

2 Fe2O3 + 3 H2O + 6 e– → 4 Fe + 6 OH–    (2) 

Fe3O4 reactants have consistently yielded lower rates and selectivity for Fe metal formation22,25: 

Fe3O4 + 4 H2O + 8 e– → 3 Fe + 8 OH–(aq)   (3) 

Nevertheless, Fe3O4 comprises nearly one quarter of the world's iron ores,26 and can be more easily 

freed from gangue impurities through magnetic separation. Understanding and resolving the dif-

ferences in reactivity for these two oxides would expand the scope of one of the most-promising 

electrified reactions for ironmaking.  

The mechanism of iron oxide reduction has been discussed either as a solid-state reaction, 

or a dissolution-redeposition pathway.20,27,28 Recent rotating ring-disk electrode (RRDE) and cor-

related microscopy results suggest that morphology influences the dominant pathway for α-Fe2O3 

reduction in aqueous medium.29 Porous α-Fe2O3 particles produce a greater fraction of soluble 

ferrous intermediates than dense α-Fe2O3, and these intermediates prove to support facile Fe 

growth.24  

Previous studies have reported the presence of magnetite in partially reduced hematite 

films, suggesting that it may act as a reaction intermediate in concentrated alkaline electrolytes.30 

Magnetite is also observed during the solid-state reduction of hematite under hydrogen gas31 and 
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ex-situ Mossbauer was used to show the presence of magnetite in the electrochemically reduced 

pellet of α-Fe2O3.20 However, Fe3O4 can also be formed during the spontaneous oxidation of Fe 

metal and the cubic structure of iron oxide layers observed in XRD and TEM analysis could also 

be attributed to a γ-Fe2O3 phase, leaving the identity and role of oxides observed only ex-situ in 

question.32,33 We hypothesized that the observed difference in the kinetics between α-Fe2O3 and 

Fe3O4 is primarily due to the transport environment at the metal/metal oxide interface, and that 

this fact has been overlooked due to the wide range of particle sizes and/or poorly defined inter-

faces used in most studies on direct alkaline reduction of iron oxides. 

In this study, we address these experimental gaps by preparing a set of high-purity and 

morphologically similar α-Fe2O3 and Fe3O4 samples to investigate how morphology affects the 

kinetics of iron oxide reduction. We first synthesized Fe3O4 nanoparticles and used these as a feed-

stock for homologous α-Fe2O3 via thermal oxidation. The mechanism during conversion of both 

α-Fe2O3 and Fe3O4 was probed with thin-film cyclic voltammetry (CV) and RRDE where the dis-

solution products from the disk could be measured directly on a ring electrode. Scan-rate-depend-

ent voltammetry was used to study the kinetics of the oxide reduction process. The results were 

translated to a model electrowinning environment using batch-cell electrolysis which identified 

active phases for Fe production at high rates. Based on these findings, we designed a new repre-

cipitation method to convert blast furnace powders (BET surface area = 3.5 m2 g-1) to high-surface-

area Fe3O4 particles of gravimetric surface area of 229.2 m2 g-1, which yielded |jFe| of 119 mA cm–

2, among the highest reported rates of Fe production from an iron ore. A technoeconomic analysis 

based on this process was conducted to identify geographic regions where reprecipitation and elec-

trowinning can be used to produce cost-competitive iron metal for steelmaking. 
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Results: 

Role of soluble Fe2+ on the reduction kinetics 

High purity α-Fe2O3 particles (pc-Fe2O3, Fig. S1-S2) were synthesized using a previously 

reported sol-gel method (Supporting Information)34 with a subset of particles annealed at 1000 

°C under N2 atmosphere to obtain a dense α-Fe2O3 phase (an-Fe2O3, Fig. S1, S3). The annealing 

process preserved the nominal particle size (0.8–1.3 µm) but reduced the surface area measured 

by gas sorption from 29.4 m2 g-1 as prepared to 1.3 m2 g-1 after annealing, which is comparable to 

typical iron ores (Table S1). These particles were compared to a blast-furnace-grade iron oxide 

powder (bf-Fe3O4) which consisted of polydisperse particles ranging from 200 nm to 50 µm and 

which yielded a BET surface area of 1.6 m2 g-1 (Fig. S4). XRD measurements showed that these 

particles were predominately Fe3O4 (Fig. S5) and energy-dispersive X-ray (EDX) analysis indi-

cated the presence Ca, Al, Mg, and Si impurities in >12% of the total Fe content (Table S2).  
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Figure 1 compares the electrochemical response of thin films of iron oxide with different 

phases and morphologies compared against the faradaic efficiency towards Fe metal (hFe) during 

a controlled current electrolysis at –200 mA cm–2. Thin films of pc-Fe2O3 at a glassy-carbon disk 

yielded cathodic currents > 2 A g–1 at E = –1.0 V (Fig. 1a), with currents of –10 A g-1 at E = –1.15 

V. This was accompanied by a gradual onset of the ring current corresponding to one-electron Fe2+ 

oxidation (Fig. 1b). In contrast, an-Fe2O3 and bf-Fe3O4 films were unreactive at E > –1.1 V, and 

only an-Fe2O3 yielded a sharp ring-current peak, which was previously correlated with the particle 

fracture under the compressive stress during metal formation.29 The faradaic efficiency towards 

Figure 1: Electrochemical comparison of different phases and morphology of iron-oxide. Thin-film 
RRDE of α-Fe2O3 and bf-Fe3O4. (a) LSV at the disk at 5 mV/s. (b) Ring current (-0.3 V vs Hg/HgO) Cross-
sectional optical images of Fe film produced from (c) pc-Fe2O3, (d) an-Fe2O3 and (e) bf-Fe3O4. (f) Faradaic 
efficiency for Fe metal during iron-oxide electrolysis at –200 mA cm-2 for 20 min at 82 °C in 30% w/w 
NaOH. Porous iron-oxide particles show higher 𝜂!"!" and hFe. 
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soluble Fe2+ (𝜂!"!") detected at the ring was calculated as 𝜂!"!" = ##
#$$%

 , where Nc is the collection 

efficiency (36 ± 4%), estimated using a Ru2+/3+ couple (as RuCl3) in 30% w/w NaOH (Fig. S6). 

The maximum 𝜂!"!"  for pc-Fe2O3 was 36%, compared to 3% and 0% for an-Fe2O3 and bf-Fe3O4 

respectively (Fig. 1b).  

Bulk reduction of suspended iron oxide powders at –200 mA cm-2 in 30% w/w NaOH at 

82 °C enabled comparisons of the reactivity of iron oxide phases at an active metal surface relevant 

to iron electrowinning. Optical images of as-grown Fe films were used to compare the thickness 

of films after equivalent amounts of charge had been passed (Fig. 1c-e), and the gravimetric fara-

daic efficiency was calculated assuming a 3 e– reduction for Fe2O3 and a 2.67 e– reduction for 

Fe3O4. Electrolysis of pc-Fe2O3 yielded a greater hFe (92%) and thickness (136 µm) compared to 

an-Fe2O3 (hFe = 28%, 42 µm) and bf-Fe3O4 (hFe = 7.5%, 28 µm) (Fig. 1g), and both of these figures 

of merit were positively correlated with 𝜂!"!" measured in rotating-ring-disk experiments.  

Comparisons of homologous Fe2O3 and Fe3O4 particles 

The set of morphologically well-defined nanoparticles of Fe3O4 (np-Fe3O4) and Fe2O3 (np-

Fe2O3) synthesized here allowed for a direct investigation of how the crystalline phase of dense 

oxide particles influences the conversion behavior in alkaline electrolytes. The np-Fe3O4 particles 

were precipitated from Fe(NO3)2 solutions to yield high-purity nanoparticles of Fe3O4, less than 

200 nm in diameter (Supporting Information).35 A subset of these particles were annealed at 650 

°C for 10 h under air to obtain a homologous set of a-Fe2O3 particles (np-Fe2O3, insets of Fig. 

2c,d). These particles were characterized by XRD and Raman spectroscopy, which indicated that 

the particles could be described as phase-pure a-Fe2O3 particles which maintained the original 

shape and size of the precipitated Fe3O4 (Fig. 2a,b). TEM and HRTEM images of both np-Fe3O4 
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and np-Fe2O3 showed that the particles were crystalline and lacked amorphous regions (Fig S7-

S8). The surface of np-Fe3O4 showed atomic fringes along the <311> zone axis, while the bulk 

showed a single-crystalline diffraction pattern (Fig. S7c,d). Similarly, the surface of np-Fe2O3 ex-

hibited well-defined atomic fringes (assigned to the <012> direction) and the diffraction pattern 

Figure 2: Material and electrochemical characterization of iron-oxide nanoparticles. (a) XRD of np-
Fe3O4 and np-Fe2O3. (b) Raman spectra of np-Fe3O4 and np-Fe2O3. (c,d) Scan-rate dependent CVs of (c) 
np-Fe3O4 and (d) np-Fe2O3. A constant mass loading of 43 μg cm-2 was drop-cast on the GC electrode, 
which served as the working electrode in 30% w/w NaOH at 90 °C. Inset images in (c,d) represent the 
bright field TEM images of np-Fe3O4 and np-Fe2O3. Scan-rate normalized peak current density at 25 mV/s 
and 5 mV/s for np-Fe3O4 and np-Fe2O3. Dashed lines represent the formal potential of Fe3+/2+ and Fe2+/0 
couple. Morphologically similar Fe3O4 and Fe2O3 yield different scan-rate dependent current responses. 
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collected at the center of the particle showed that individual particles were highly crystalline (Fig. 

S8b,c). 

Scan-rate-dependent thin-film voltammetry was used to examine the multi-electron reduc-

tion process of different phases of iron oxides, with all data collected on the first scan of a freshly 

drop cast iron oxide film. This ensured that the reactant oxide morphology was well defined during 

measurements of the irreversible conversion to Fe metal. Figure 2 shows the scan-rate-dependent 

voltammetry of np-Fe3O4 and np-Fe2O3 under equivalent reduction conditions. At slow scan rates, 

5 mV s–1, np-Fe3O4 films yielded three reduction waves at –0.92 V, –1.1 V and –1.15 V  (Fig. S9), 

which indicate separate surface transformations,  whereas only two reduction waves were observed 

at 25 mV s–1, –1.0 V and –1.19 V. The cathodic peak at potentials where Fe0 formation can occur 

increased nearly ten-fold from –13 A g–1 to –120 A g-1 (Fig. 2c). Further increases to the scan rate 

caused the peak current to increase from 550 A g-1 at –1.3 V to 3,500 A g-1 at –1.28 V and the total 

charge passed to increase from 0.68 mC at 5 mV s–1 to 2.0 mC at 500 mV s–1 (Fig. S10a, Fig. 

S11a). Assuming the integrated charge at 0.8 V> E > –1.23 V could be assigned to the overall 

Fe3O4 to Fe reaction (Eq. 3), these charges were equivalent to a 6.3% and 19% reduction of the Fe 

atoms within the film, at 5 and 500 mV s–1, respectively. Clearly, the electrochemical reduction of 

Fe3O4 particles was inhibited during slow conversion to Fe and accelerated during fast potential 

sweeps. 

In contrast to np-Fe3O4, np-Fe2O3 films yielded two reduction waves at 5 mV s–1. (Fig. 2d) 

The onset of the first wave occurred at –0.85 V, and a second reduction wave yielded a peak at –

1.1 V with a gravimetric current density of 60 A g-1. Both waves were clearly resolved at 25 mV 

s–1, with a peak current density of –181 A g-1 occurring at –1.15 V (Fig. 2d). At faster scan rates 

(100 and 500 mV s–1), peaks were no longer resolved but the current onset remained consistent ( 
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Fig. S10b). In contrast to np-Fe3O4, which exhibited an increased extent of reduction with increas-

ing scan rate, np-Fe2O3 showed more typical signs of a kinetically limited reduction process where 

the total charge passed was inversely proportional to the scan rate (Fig. S11b). For np-Fe2O3, 2.65 

mC of charge was passed at 5 mV s-1, enough to reduce ~25% of the film, whereas 1.29 mC ca-

thodic charge was passed at 500 mV s-1. This highlighted the unique behavior of Fe3O4 particles 

during conversion in alkaline electrolytes, as compared to other metal oxide particles of similar 

diameter and surface area.  

Thin-film RRDE of homologous iron-oxides 

A glassy-carbon ring electrode was selective for Fe2+ oxidation at –0.3 V vs Hg/HgO and 

facilitated direct measurements of soluble Fe2+ which are involved in the conversion mechanisms. 

Figure 3a,d show the thin-film voltammetry response of np-Fe3O4 and np-Fe2O3 at 1000 rpm, in 

30% w/w NaOH at 90 °C, at various scan rates. Cathodic current at the disk at ED > -1.3 V was 

attributed to formation of Fe2+ in the solid or aqueous phase whereas anodic currents were assigned 

to oxidation of aqueous Fe2+. The peak currents from np-Fe2O3 towards Fe3+/2+ and Fe2+/0 increased 

with increasing scan rate and was three times that observed for np-Fe3O4 (Fig. 3a, d). Figure 3b,e 

show the ring current behavior during iron-oxide reduction. Both the onset of cathodic current and 

the onset of Fe2+ production from np-Fe3O4 films shifted towards negative E with increasing scan 

rates, which was not observed for np-Fe2O3 films, consistent with slower reduction kinetics for np-

Fe3O4 (Fig. 3a-b, d-e). Interestingly, both np-Fe3O4 and np-Fe2O3 films yielded only a single re-

duction wave with no resolved peak at 100 mV s-1 (Fig. S12). Consistent with the thin-film re-

sponse of np-Fe3O4 and np-Fe2O3, the cathodic charge passed during np-Fe3O4 reduction increased 

with increasing scan rates, while cathodic charge for np-Fe2O3 decreased with increasing scan rate 

(Fig. S12). The maximum value 𝜂!"!" obtained from np-Fe3O4 films increased from 40% to 80% 
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when the scan rate was increased from 5 mV/s to 10 mV/s. In contrast, the ring current from np-

Fe2O3 films was independent of scan rate for 5 to 25 mV/s, with a similar onset to the disk current  

Figure 3: Thin-film rotating-ring-disk of iron-oxide nanoparticles. RRDE of thin film (a,b,c) np-
Fe3O4 and (d,e,f) np-Fe2O3  (mass loading: 43 µg cm–2) in 30% w/w NaOH at 90 °C. (a,d) Disk current 
and (b,e) ring current (E = –0.3 V) during negative potential sweep. (c,f) The fraction of soluble Fe2+ 
(𝜂!"!") formation. The rotation rate was 1000 rpm. The reductive dissolution behavior is different for 
Fe2O3 and Fe3O4.  
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 followed by a plateau and then decline to zero current at potentials sufficiently negative to form 

Fe metal. Moreover, the maximum value of 𝜂!"!"for np-Fe2O3 increases from 62% at 5 mV/s to 

almost 100% at 10 and 25 mV/s. At a scan rate of 100 mV/s, the ring current peak was dimin-

ished, qualitatively consistent with the behavior of np-Fe3O4 (Fig. S12).  

The phase of the reactant iron oxide had a significant impact on the potential-dependence 

of soluble Fe2+ collection. The onset of Fe2+ collection at the ring shifted to more negative E with 

increasing scan rates for np-Fe3O4, but this onset was independent of the scan-rate for np-Fe2O3 

(Fig. 3b, e). For both oxides, Fe2+ was no longer detected at values of E where Fe metal formation  

is expected to occur at the disk. The ring-current response of np-Fe3O4 was also sensitive to the  

cell temperature and NaOH concentration (Fig. S13). The ring-current onset shifted towards pos-

itive E with increasing temperature, shifting from E = –0.98 V at 80 °C to E = –0.94 V at 110 °C, 

and this was accompanied by an increase in the current plateau at E > –1.2 V to ~0.5 A g–1, com-

pared to ~0 at 80 °C (Fig. S13b). Fe3O4 films reduced in 50% w/w NaOH yielded a greater quantity 

of aq. Fe2+ and a decrease in the Fe2+ collection current prior to the formation of Fe metal was no 

longer observed (Fig. S14). Increasing both the temperature to 110 °C and [NaOH] to 50% w/w 

led to a threefold increase in the amount of total aq. Fe2+ collected from Fe3O4 films (Fig. S15).  

 Measurement of soluble Fe2+ generated during the oxidation of Fe revealed differences in 

the morphology of Fe metal formed from Fe3O4 and Fe2O3. Linear sweep voltammogram (LSV) 

of both np-Fe3O4 and np-Fe2O3 yielded an anodic peak at –0.9 V, with three times as much charge 

passed during oxidation in case of np-Fe3O4, compared to np-Fe2O3 (Fig. S16). The current at the 

ring, which was again biased at –0.3 V, showed a positive current, indicating that aq. Fe2+ was 

formed at E < –0.8 V, and the absence of current for E > –0.8 V, was more consistent with the 

formation of insoluble Fe2+/3+ compounds fully oxidized aq. Fe3+. During the anodic sweep of np-
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Fe3O4, 237 µC of charge was passed at the disk, while the ring only accounted for 10.4 µC, which 

signifies an 𝜂!"!" of merely 12% (considering 36% collection efficiency). On the other hand, 73 

µC and 6.6 µC charges were passed on the disk and ring, respectively, for np-Fe2O3 resulting in an 

𝜂!"!" of 25%. 

In-situ Raman spectroscopy of iron oxides  

Figure 4 shows in-situ Raman spectra collected on np-Fe3O4 and np-Fe2O3 during conver-

sion in 30% w/w NaOH at 60 °C under controlled potentials performed to identify insoluble inter-

mediate oxides. In-situ Raman experiments were collected in immersion mode with an objective 

protected by a 13 μm thin PTFE film (Fig. 4a and Fig. S17) adjacent to iron oxide nanoparticles 

deposited on an Au working electrode. Prior to electrochemical reduction, np-Fe3O4  films biased 

at –0.8 V produced a prominent peak at 671 cm-1 that was be assigned to Fe3O4. The spectra were 

essentially unchanged at increasingly negative potentials, up to –1.1 V, aside from a slight decrease 

in intensity. At –1.15 V, the peak at 671 cm-1 was replaced by two new peaks at 538 cm-1 and 815 

cm-1 (Fig. 4b, Fig. S18). When the bias was reversed, from –1.2 V to –0.3 V, these new peaks were 

diminished and the peak at 670 cm-1, corresponding to Fe3O4, returned as the most prominent 

Raman peak (Fig. S19). 

Films of np-Fe2O3 in  60 °C and 30% w/w NaOH and biased at E = –0.8 V yielded a trio 

of Raman peaks from 200 to 450 cm-1 which were consistent with phase-pure ⍺-Fe2O3 (Fig. 4c). 

During a controlled set of potential steps to –1.3 V the peaks gradually disappeared, and no new 

phases were detectable in the Raman spectra, in contrast to the behavior observed for np-Fe3O4 

films. During electrochemical reduction, a grayish precipitate formed on the Au surface, and this 

was accompanied by the production of gas bubbles assumed to be H2. Following the production 
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of Fe metal, the working electrode was returned to a more oxidizing potential (–0.8 V) and a peak 

at 670 cm–1 was observed which was assigned to Fe3O4 (Fig. S20). 

Next, ex-situ TEM characterization was performed on np-Fe3O4, drop cast on a Au TEM 

grid and reduced at –1.1 V at 90 °C and 30% w/w NaOH. An amorphous layer of ~3–4 nm was 

observed around the partially reduced particle. The bulk of the particle appeared to be crystalline 

and had a d-spacing of 2.93 Å, which is consistent with the (220) facet of Fe3O4 (Fig. S21). 

Ex-situ SEM and TEM analysis of Fe films 

prepared from different iron oxides  

Figure 5a-d show scanning electron 

microscopy (SEM) images of iron metal films 

produced from iron oxide nanoparticles in 30% 

w/w NaOH at 82 °C at a constant current den-

sity of −200 mA cm–2 for 1 h. A porous layer of 

nanoscale iron oxide particles formed on the 

growing Fe film (Fig. 5a,c), with thicker layers 

observed at the surface of Fe films grown from 

Fe3O4 as compared to Fe2O3. The gravimetric 

hFe was corrected for residual oxides using 

EPMA and was similar for both oxides; 80% 

for np-Fe3O4 and 75% for np-Fe2O3. Fe films 

produced from np-Fe3O4 exhibited larger crys-

talline domains of Fe metal (5 µm or greater) 

which were joined to form extended branches 

Figure 4: In-situ Raman of iron oxides. (a) Image 
of the immersion mode in-situ electrochemical Ra-
man cell, with excitation provided by a 633 nm laser. 
In-situ Raman spectra of (b) np-Fe3O4 (c) np-Fe2O3 at 
different potentials. The experiments were performed 
at an elevated temperature of  60 °C. Dashed red lines 
in (b) are provided as guidelines and are at 538 cm-1, 
671 cm-1 and 815 cm-1. A new feature was observed 
for Fe3O4 at negative potentials, but not for Fe2O3. 
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30 µm or more (Fig. 5c, Fig. S22), whereas films growth from np-Fe2O3 generally exhibited 

smaller crystalline domains and more disordered branching (Fig. 5a, Fig. S23).      

The internal morphology of porous Fe films was investigated with cross sections prepared 

using a focused ion beam (FIB) and monitored with SEM. These images revealed that Fe films 

prepared from np-Fe3O4 possessed larger grains and had less porosity compared to films prepared 

from np-Fe2O3 (Fig. 5b,d). The average grain size observed via FIB-SEM for np-Fe2O3 was < 3 

µm, compared to > 10 µm for np-Fe3O4. Figure 5e-h show scanning transmission electron micros-

copy (TEM) images of Fe metal grown from np-Fe3O4 and np-Fe2O3 on an Au TEM grid, after 

reducing the iron oxides in 30% w/w NaOH at 90 °C at E = –1.3 V vs Hg/HgO. Both np-Fe3O4 

and np-Fe2O3 were completely reduced to iron metal films based on selected area diffraction pat-

tern (SAED) (Fig. S24, S25) and EDX analysis (Fig. 5f,h). Incipient Fe films exhibited similar 

Figure 5: SEM and TEM characterization of Fe films. Secondary electron SEM images of iron films 
grown on Cu at −200 mA cm−2 for 1 h in 30% w/w NaOH at 82 °C from (a,b) np-Fe2O3, (c,d) np-Fe3O4 . 
Cross-sectional SEM image of the Fe-film prepared from (b) np-Fe2O3 and  (d) np-Fe3O4 using a plasma 
FIB. (e, g) Fe films grown at −1.3 V vs Hg/HgO at 90 °C from (e) np-Fe2O3 or (g) np-Fe3O4. TEM-EDX 
mapping (f, h) of the dotted squares from e and g. Unreacted and partially reacted Fe2O3 and Fe3O4 particles 
are visible as lighter contrast regions on crystalline Fe in SEM images. The arrows in the inset optical 
images of (b, d, e, g) indicate the growth direction of the iron metal. The inset scale bars (a, c) represent 
300 nm. 
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grain sizes of Fe metal (<100 nm), regardless of the reactant oxide (Fig. 5e, g). These grains were 

inconsistent with the micrometer size grains observed in the growth region of films produced dur-

ing extended electrolysis (20–60 minutes). In some instances, Fe dendrites could be seen growing 

in the direction of intact np-Fe3O4 particles, consistent with a growth mechanism fed by soluble 

intermediates rather than a direct solid-state reduction mechanism. 

Activating inactive Fe3O4 particles  

To demonstrate the potential impact of nanoscale iron oxide conversions on large-scale 

ironmaking process, we developed a gram-scale reprecipitation-electrowinning method based on 

acids and bases with existing supplies >107 t/y to convert bf-Fe3O4 into nanoscale Fe3O4 precursors 

(Figure 6a, Supporting Information). Dissolution of bf-Fe3O4 was accomplished in HCl(aq) and 

the Fe2+/Fe3+ mixture was reprecipitated with the addition of NaOH(aq) followed by filtration to 

yield an iron-oxide sample (prec-Fe3O4) with a specific surface area (BET: 229 m² g⁻¹) that was  

~100x that of the original bf-Fe3O4 powder. The XRD pattern of the precipitate was consistent with 

a phase-pure Fe3O4 sample with nanoscale crystallinity (Fig. S26) and TEM analysis showed that 

the particles were less than 10 nm in diameter (Fig. 6b). Furthermore, the precipitate was relatively 

free of impurities except for Ca (0.2 at.%), as detectable via EDX, unlike the particles before re-

precipitation (Table S2).  
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Figure 6: Reprecipitation of bf-Fe3O4 to synthesize prec-Fe3O4. (a) Simplified flow sheet for activating 
low surface area iron ores using chemical co-products from the chlor-iron process. (b) TEM image of the 
prec-Fe3O4. (c) CV of prec-Fe3O4 at multiple scan rates with a constant mass loading of 43 µg cm-2 in 30% 
w/w NaOH at 90 °C. (d) FIB-SEM cross-section of a metallic Fe film formed during bulk electrolysis. (e) 
Bar graph representing partial current density (|jFe|) of different iron oxide samples reduced at –200 mA cm-

2 for 1 h. (f) Stability of NaOH current efficiency under exposure to soluble ore impurities in an accelerated 
stress test (90 °C and 500 mA/cm2) (g) Technoeconomic analysis of the reprecipitation and electrowinning 
process. Assumed iron oxide synthesis efficiency (0.80), total current density (200 mA cm–2), Faradaic ef-
ficiency (0.75), electricity cost ($61/MWh), Fe ore cost ($109.4/ton), and HCl cost ($183/ton) were used 
calculate the base-case. Reprecipitation of bf-Fe3O4 increased the rate of iron production. 
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Cyclic voltammetry of prec-Fe3O4 was qualitatively consistent with np-Fe3O4, rather than 

bf-Fe3O4. The onset of reduction current occurred at E > –0.7 V, and a prominent reduction peak 

occurred at E = –1.05 V. Another reduction wave that featured at E = –1.25 V did not yield a peak 

(Fig. 6c). Films of prec-Fe3O4 yielded the greatest gravimetric current density in the faradaic 

region assigned to Fe3+/2+, but the onset to Fe2+/0 current occurred at a more-negative potential 

compared to the other particles. Additionally, the thin-film RRDE of prec-Fe3O4 also yielded sim-

ilar results (Fig. S27). A peak current was observed for prec-Fe3O4 at E = –1.02 V, whereas bf-

Fe3O4 did not. A simultaneous current at the ring depicted a significant amount of aq. Fe2+ formed 

for prec-Fe3O4 and bf-Fe3O4 depicted no faradaic current in this region. prec-Fe3O4 exhibited an-

other reduction wave onset at E = –1.2 V for Fe2+/0 reduction, compared to bf-Fe3O4 which showed 

an onset at E = –1.25 V. 

Impurities including Si and Ca were detected in bf-Fe3O4 at concentrations reaching up to 

10% relative to the total Fe content. Subsequent reprecipitation of bf-Fe3O4 reduced the impurity 

level to 6%. To evaluate the influence of these impurities on electrochemical behavior, cyclic 

voltammetry of np-Fe3O4 was conducted in the presence of SiO32– and Ca2+ and a progressive 

suppression of reductive currents was observed with increasing concentrations of both elements 

(Fig. S28–S29). While the presence of SiO32– had negligible effect on the current response at 

potentials more positive than −1.15 V, even trace additions resulted in an approximately 50% 

attenuation of the peak current density at E = −1.2 V. In contrast, the introduction of 1 mM Ca2+ 

led to a sixfold reduction in peak current density at the same potential, indicating a more 

pronounced inhibitory effect relative to SiO32–. 

Bulk electrolysis of bf-Fe3O4 derived powders produced metallic Fe films at substantially 

greater hFe than direct electrolysis of the original particles. A cell biased at –200 mA cm-2, yielded 
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a |jFe| of 119 mA cm-2 (hFe = 59.5%). Electron probe microanalysis (EPMA) of the Fe film indicated 

less than 0.07% w/w for Si and 0.008% w/w Al impurities in the Fe film, indicating that either 

reprecipitation, filtration, and/or electrochemical reduction removed these impurities. A FIB-SEM 

cross-section of Fe film showed the size of the grain size to be < 10 μm (Fig. 6d) and EDX of the 

cross-section revealed the presence of 1% Ca in the film (Table S2). Further processing (ball-

milling) to reduce the particle size of bf-Fe3O4 (bm-Fe3O4), yielded only a moderate increase to 

(hFe = 15%) (Supporting information).  

Quantifying production of NaOH for precipitation 

The cost of NaOH is generally too expensive ($500/tNaOH) to support a reprecipitation pro-

cess for ironmaking, but OH– is a product of direct oxide reduction in alkaline electrolytes. We 

demonstrated the coproduction of NaOH and Fe using a recirculating chlor-iron cell, with a DSA 

electrode (De Nora Tech) evolving Cl2 from 30% w/w NaCl and a bilayer N966 membrane 

(Chemours) designed for chlor-alkali cells separating the catholyte from the anolyte. Membranes 

were tested under a typical Na+ flux for their design specification. Changes to [NaOH] in the cath-

olyte were measured both by changes in density and titrations and used as to estimate the current 

efficiency towards NaOH (ηNaOH) over time. Compared to ηNaOH in stock 30% w/w NaOH, the 

ηNaOH in the presence of 25% w/w bf-Fe3O4 was lower but remained >85% for 1 h of continuous 

production (Fig. S30). 

A 48 h accelerated stress test was performed in a recirculating cell to study the effect of 

quartz (SiO2) as a simulated gangue impurity which could accumulate in the catholyte. Fe was not 

present in the catholyte for extended testing to eliminate the need for periodic collection of metal. 

In the presence of 0.1% w/w SiO2 in the catholyte, the ηNaOH decreased from 94% at 3 h to 85% at 
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24 h. Then a greater reduction in ηNaOH was observed over the next 24 h, where it decreased to 

61%. Impurities commonly found in iron ores could impact the production of NaOH and this mo-

tivates studies on the interaction of these species with ion-conducting membranes. 

Technoeconomic analysis of Fe metal production from Fe3O4 

A technoeconomic analysis of the reprecipitation-electrowinning method (Fig. 6a) 

integrated with a chlor-iron process capable of producing both Fe and NaOH(aq) from iron oxides 

and NaCl(aq). We explored how the quantity and cost of HCl used for Fe3O4 dissolution influence 

the overall economics of the ironmaking process (Fig. 6f). Cost estimates for the stack and balance-

of-plant (BOP) were derived from published data on chlor-alkali and metal-electrowinning pro-

cesses and are summarized in the Supporting Information (Tables S3-S4).24,36,37 The levelized cost 

of iron, XFe, was calculated based on estimated capital costs for  and operating costs and an annual 

revenue for co-sale of Cl2 at $250/t (Equation 4, Supporting Information) 

𝑋%& = ∑ ''&()%'!
(+,-)(

(/ /∑ ' 0
(+,-)(

(/    (4) 

where, Ci represents the area specific cost of the raw materials and manufacturing, y is the model 

year, r is the discount rate (0.08), P is the tonnes of iron product, and 𝑅12!is the revenue generated 

from co-sale of Cl2. Assuming co-sale of Cl2 and levelizing the cost of Fe against the remaining 

project costs leads to a XFe which is highly sensitive to the assumed chlorine price. We have used 

$250/t as a conservative estimate for the U.S. base case (prices in North America have remained 

>$500/t since 2024) and hold this fixed for all other modeling cases to highlight the impact of 

other modeling parameters. 

 The cost and amount of HCl used for the reprecipitation dominate the overall cost of Fe 

electrowinning (Figure 6f). By comparison, the effects of improved synthesis efficiency, reduced 
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Fe ore costs, and/or reduced electricity consumption are marginal in their impact on the total cost 

of production of Fe. The levelized cost of 1.0 t of Fe was estimated to be $851/tFe considering a 

moderate cost for acid ($183/tHCl) with 0.50 mol excess the stoichiometric amount of HCl required 

to dissolve Fe3O4 (Equation 7). In China, where HCl costs are as low as ($13/tHCl), the levelized 

cost of Fe could be as low as $491/tFe, which is competitive with regional prices for iron produced 

in direct reduced iron (DRI) furnaces. However, in regions with high costs of HCl and electricity 

such as Brazil, the XFe is much greater ($1,231, Table 1).38 The indirect carbon emissions resulting 

from electric power supplied to the cell are sensitive to the energy efficiency of the process and 

the electricity mix. We estimate indirect emissions from 0.20–3.06 tCO2/tFe with the lowest carbon 

intensity occurring in Norway. 

Table 1: Variation in levelized cost of Fe (XFe) for a few representative pricing scenarios with varying costs 
associated for HCl(aq) and industrial power.39–42 Electrical costs ($/MWh) were estimated based on reported 
industrial electricity prices in the specified states and countries in 2024 and costs of HCl were representative 
based on trends in prices over 2020–2024. References provided in the Supplementary Information. 

 

The capital cost of the electrowinning stack was estimated assuming area-specific cell costs 

consistent with chlor-alkali stacks and jtot consistent with the experiments performed here (200 mA 

cm-2). Further increases in the operating current density has a minor impact on XFe, but reducing 

|jFe| to levels consistent with electrowinning of dissolved Cu or Zn (< 75 mA cm–2) could increase 

Country (Region) PHCl ($/t) Ppower ($/MWh) XFe ($/tFe) tCO2/tFe 

Norway (Europe) 152 37 632 0.20 

China (N.E. Asia) 15 71 491 3.06 

Brazil (S. America) 230 130 1,231 0.54 

United States (Texas) 183 61 851 2.23 

United States (Washington) 183 66 881 0.67 
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the XFe considerably. We assumed a hFe which is closer to the hFe observed for np-Fe3O4 (0.80) 

than that observed for prec-Fe3O4 (0.60). This assumption rests on continued improvement of this 

early-stage process and models where hFe remains at 0.60 lead to XFe = $1063/tFe, an increase of 

~$200/tFe compared to the base case. Substantial Faradaic efficiency improvements (0.95) are re-

quired to further reduce XFe <$700 (Fig. 6f).  

Discussion: 

Relationship between nanoscale particles, soluble Fe2+, and the faradaic efficiency (hFe ) 

Thin-film voltammetry of iron oxide particles revealed that the rate of soluble Fe2+ 

production is a potential descriptor for the activity of iron oxides for bulk Fe production in alkaline 

electrolytes.  Films prepared from pc-Fe2O3 yielded both the greatest 𝜂#$!" and hFe, followed by 

an-Fe2O3 and bf-Fe3O4, and this trend was reflected in the thickness of Fe film prepared during 

electrowinning (Fig. 1c-e). Although an-Fe2O3 showed a sharp peak in the ring current, indicating 

some formation of soluble Fe2+, the maximum 𝜂!"!" was small (3%) compared to pc-Fe2O3 (36%) 

and bf-Fe3O4 did not show any sign of soluble Fe2+ (Fig. 1b). Collectively, these results suggest 

that particles exhibiting a high gravimetric surface area can support rapid formation of soluble Fe2+ 

species and that these intermediates are a precursor to high specific current densities towards iron 

metal in alkaline electrolytes. These results correlated strongly with the hFe in the batch cell, sug-

gesting that the kinetic competition between H2 evolution and Fe growth may be controlled by the 

rate of Fe2+ generation at the surface. However, other factors such as adsorbed impurities, evolving 

electronic conductivity of the porous Fe films, adsorbed gas bubbles, and transport within porous 

deposits will also play a role in determining hFe. 
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Morphology plays a similarly important role during high-temperature reduction of iron ox-

ide pellets by H2 and NH3 gas, where the gas phase transport of reactant H2 and product H2O is 

necessary.11,12,43 However, soluble Fe2+ intermediates can participate in reprecipitation reactions 

with iron oxides and intermediates present in the reactive layer, prior to collection at growing Fe 

metal domains, posing unique challenges for low temperature, aqueous reduction.  

Effect of metal oxide phase on the mechanism of iron-oxide reduction  

Despite its purported role as a reaction intermediate, several studies have reported Fe3O4 

to be less active than α-Fe2O3 during electrochemical reduction in concentrated alkali.44,45 While 

aggregates of α-Fe2O3 nanoparticles (BET surface area 13 m2 g-1) support absolute partial current 

densities towards Fe metal (|jFe|) in excess of 500 mA cm-2, commercial Fe3O4 suspensions lead to 

lesser |jFe| values (<30 mA cm–2).46,47 Only sintered Fe3O4 films, with micron-scale porosity (45.5% 

pore volume) have exhibited  |jFe| > 100 mA cm-2, hinting at the importance of reactant morphol-

ogy.48 Morphology has a substantial influence on the reaction mechanism of hematite reduc-

tion,24,29 and here, well-defined particles of α-Fe2O3 and Fe3O4 were prepared to study the intrinsic 

differences between iron-oxide phases undergoing conversion at low temperatures. α-Fe2O3 was 

synthesized directly from Fe3O4 nanoparticles (np-Fe2O3) to ensure that differences in particle size 

did not contribute to differences in reactivity. This np-Fe2O3 behaved similarly to high-surface-

area hematite aggregates, pc-Fe2O3 (Fig. 1a, 2a, 3d), whereas the electrochemical behavior of np-

Fe3O4 was altogether different from either np-Fe2O3 or pc-Fe2O3 (Fig. 2a,b), suggesting that the 

phase of the reactant oxide influences the collection of soluble intermediates. Moreover, scan-rate 

dependent CVs revealed an unexpected increase in the extent of reaction for np-Fe3O4 with in-

creasing scan-rates, while np-Fe2O3 yielded a scan-rate dependence consistent with a kinetically 

limited reductive dissolution process (Fig. S11). At 500 mV/s, more cathodic charge is passed 
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during np-Fe3O4 (2.0 mC, 18.5%) reduction compared to np-Fe2O3 (1.29 mC, 11.9%). Similar 

trends were observed during reduction under forced convection at an RRDE (Fig. 3). Morpholog-

ically similar Fe2O3 and Fe3O4 show different electrochemical reduction behaviors. 

The lesser rate of soluble Fe2+ collection from thin films of np-Fe3O4 could result from a 

few physical differences between Fe3O4 and α-Fe2O3 particles: (1) reduced kinetics towards re-

ductive dissolution for Fe3O4 compared to α-Fe2O3 due to a lesser fraction of surface Fe3+ sites, 

(2) inhibited O2- or OH- transport to the reacting surface layer, leading to passivation, or (3) chem-

ical reactions at the Fe3O4 surface which do not occur at the Fe2O3 surface. The first and second 

possibilities are inconsistent with the increase in cathodic charge with increasing scan rate, sug-

gesting that a potential-independent chemical reaction could be related to lower rates of Fe2+ for-

mation. This reaction could be driven by soluble Fe2+ generated at particle interface or kinetically 

limited phase transition caused by an excess of Fe- or O-vacancies at the reduced Fe3O4 surface.  

In-situ Raman spectroscopy identified metal-oxide phases formed during conversion of np-

Fe3O4 films under potentiostatic control in NaOH(aq) at 60 °C. The Raman peaks assigned to 

Fe3O4 vanished at -1.15 V, similar to the potentials where Fe2+ collection was diminished at the 

RRDE, and these peaks were replaced by two new peaks at 538 cm-1 and 815 cm-1. We speculate 

that these peaks should be assigned to a new (hydr)oxide layer on Fe3O4 during conversion of 

magnetite in NaOH (Fig. 4b, Fig. S18). These features were observed only under cathodic bias at 

–1.2 V, where metallic iron is formed from both np-Fe3O4 and np-Fe2O3, consistent with electro-

chemical passivity (Fig. 2c, 3a). A thorough review of the Raman peaks measured in air for com-

mon iron oxides and oxy/hydroxides failed to yield matching peaks at 538 cm-1 and 815 cm-1 

(Table S5-S6). The lower energy peak could be compared against hematite and goethite (α-

FeOOH) which exhibit peaks assigned to Fe–O stretching at 498 cm-1 and 550 cm-1, 
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respectively.49,50 Hematite also exhibits a peak assigned to two-magnon scattering, which occurs 

only in antiferromagnetic materials, at 820 cm-1, but other characteristic peaks associated with the 

material were absent.49 Both peaks were only observed under cathodic bias and a peak at 670 cm-

1, attributable to Fe3O4, re-emerged within minutes of the potential returning to E > –1.0 V. Ex-situ 

TEM characterization of Fe3O4 upon reducing at –1.1 V, depicted an amorphous layer of ~3-4 nm 

around the particle, consistent with the hypothesis of a passivating layer (Fig. S21). Moreover, the 

interior of the particle was still crystalline Fe3O4, suggesting that this layer could inhibit further 

conversion of the particle. Previous studies in neutral aqueous environments have also observed 

surface passivation of Fe3O4 in the presence of soluble Fe2+ species, where this process occurs via 

Fe atom exchange.51,52 RRDE studies at varied temperature and [NaOH], where either increasing 

the temperature to 110 °C or the [NaOH] to 50% w/w increased the rate of Fe2+ collection (Fig. 

S13-S15), indicate that modified cell conditions can assist in activating iron oxides with slow 

dissolution kinetics. Limits to the operating temperature and [NaOH] are primarily imposed by the 

cation exchange membrane, with reprecipitation becoming uneconomical when NaOH is not a co-

product of the ironmaking process. Because the layer identified in Raman and ex-situ TEM was 

not matched to a specific phase or composition, conclusive evidence supporting a passivation 

mechanism is lacking.  Further in-situ characterization is necessary to determine if passivation is 

indeed the cause of anomalously low reactivity of Fe3O4 particles towards Fe2+ production. 

Similar Raman features were not observed in spectra of np-Fe2O3 during reduction (Fig. 

4c), which is correlated with trends in the ring current during reduction of np-Fe2O3 (Fig. 3e). 

However, Fe films produced from np-Fe2O3 and then oxidized at –0.3 V did yield a Raman peak 

at 671 cm-1, indicating that previously reported Fe3O4 phases may result from oxidation of high-

surface-area Fe rather than serving as an intermediate phase during Fe2O3 reduction. As with Fe3O4 
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intermediates, careful consideration of the environmental history of Fe films is required when in-

terpreting XRD and TEM data.29,32,53 Formation of fully oxidized phases such as γ-Fe2O3 could be 

driven by chemical reactions with O2, which is expected to be facile due to the similar cubic struc-

ture of both the phases.  

Metallic Fe film formation from np-Fe3O4 and np-Fe2O3 at –200 mA cm⁻² produced com-

parable Fe deposition efficiencies (hFe), with a hFe approaching 80% both samples. The maximum 

𝜂#$!" values of 80% for np-Fe3O4 and 100% for np-Fe2O3 were obtained at a scan rate of 10 mV s-

1 (Fig. 3c, f). Although the reduction peak current in np-Fe3O4 was three times lower than np-Fe2O3 

(Fig. 2c, d and Fig. 3a, d), a clear correlation between 𝜂#$!"  and hFe was established. These find-

ings suggest that the CV peak height alone is insufficient to assess the activity of iron oxides to-

ward metallic Fe formation, instead, 𝜂#$!" serves as a more meaningful indicator. 

Fe films grown from np-Fe3O4 and np-Fe2O3 exhibit differences in micron-scale grain 

structure. Nucleation dominates the Fe deposition process during the early stage of film growth 

and STEM images of the Fe films deposited from np-Fe3O4 and np-Fe2O3 showed the presence of 

nanoscale Fe metal domains adjacent to unreacted oxide particles (Fig. 5). At later stages of film 

growth, micron-scale Fe grains produced from np-Fe3O4 were 2-3 times larger than those of np-

Fe2O3 (Fig. 5). Additionally, FIB-SEM images revealed that the Fe film prepared from np-Fe2O3 

were more porous (Fig. 5b, d) and Fe branches produced from np-Fe3O4 continue to grow to 
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crystals of 15-20 µm. Differences in the grain size and rate of nucleation could be related to dif-

ferences in the surface activity of soluble ferrous species resulting from the distinct oxide phases. 

Reprecipitation enables the production of Fe at high rates from previously inactive iron oxides  

Coupled thin-film RRDE and CV results suggest that iron oxides producing a higher 𝜂#$!" 

also exhibit higher hFe during batch-cell electrolysis (Fig. 3c,f, 6e). One possible explanation for 

why blast furnace powders (bf-Fe3O4) are less active than high-surface-area Fe2O3 powders during 

electrochemical ironmaking is that a lower rate of Fe2+ generation the lower specific surface area 

relative to recently precipitated Fe2O3 powders (Fig. 1b,f). Modifying the morphology of the bf-

Fe3O4 using a precipitation and filtration route tested this specific-surface-area hypothesis (Sup-

porting Information). Processed bf-Fe3O4 yielded prec-Fe3O4 with a high BET surface area 

(229.2 m2 g-1) and a small particle diameter < 10 nm (Fig. 6b) and these changes to the morphology 

led to increased gravimetric activity during thin film voltammetry and also increased hFe during 

electrolysis at –200 mA cm–2 (Fig. 6c, e). These results indicate that any intrinsic differences in 

dissolution between Fe2O3 and Fe3O4 may be surpassed by preparing high-surface-area powders. 

Batch cell electrolysis of impurity-free nanoparticles of Fe3O4 and Fe2O3 yielded an aver-

age hFe of 80% and |jFe| of 160 mA cm–2 (Fig. 6e), suggesting that nanoscale Fe3O4 and Fe2O3 

particles exhibit similar reactivity during alkaline electrowinning. Although prec-Fe3O4 yielded 

|jFe| of 119 mA cm–2, nine times higher than that obtained from bf-Fe3O4 (14 mA cm–2, Fig. 6e), 

trace Ca2+ or Si4+ impurities may have influenced the kinetics of iron reduction or water reduction. 

One of the highest |jFe| for magnetite reported to date (115.5 mA cm-2) was obtained from a Fe3O4 

pellet possessing large macropores and high specific surface area, which have some similarities to 

the reactive layers observed via SEM (Fig. 5d).48 Studies employing suspensions of Fe3O4 particles 
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have generally reported much lower |jFe| (e.g. < 30 mA cm-2), whereas the blast-furnace particles, 

which are impurity-rich and morphologically ill-defined Fe3O4 achieved higher |jFe| than even com-

mercially available Fe3O4, a result which we attribute mainly to the differences in tendency of the 

particles to form a porous, high-surface-area film on the growing metal surface.22,25,45 Similar ap-

proaches to dissolving taconite and Fe waste streams in HCl to yield FeCl2 have been used to 

prepare molten-salt electrolytes which can be reduced at 500 °C to obtain metallic Fe at η > 

85%.17,19  

The morphology of Fe films prepared from prec-Fe3O4 differed significantly from those 

produced from np-Fe3O4 and np-Fe2O3 as observed in the cross-sectional SEM images (Fig. 5a-d, 

Fig. 6c). This difference in morphology could result from either different impurities or differences 

in jFe. EDX of prec-Fe3O4 sample showed 0.2 at.% of Ca (Table S2), while the EDX of the Fe film 

exhibited 0.1 at.% of Si and 0.3 at.% of Ca (Table S2), which is consistent with adsorbates or thin 

film of precipitates. Precipitated Si and Ca (hydr)oxides at electrode surfaces have previously been 

shown to inhibit charge transfer reactions.54,55 Trace quantities of dissolved Si- and Ca-containing 

species can substantially affect the local deposition current (Fig. S28, S29). A reduced |jFe| is likely 

accompanied by greater |𝑗3!| and the generation of gas bubbles within the film also impacts the 

morphology. Increased surface area of Fe films produced during electrowinning have a complex 

relationship with jFe relative to the total current.23  

Gangue elements will be incorporated into electrodeposited Fe in different quantities and 

compounds compared to direct reduced iron. Small quantities of impurities can thus significantly 

alter the morphology of the Fe films produced via alkaline electrowinning, either by adsorbing or 

precipitating on the metal surface or modifying the rate of formation for soluble Fe2+ intermediates 

or the deposition rate. The amount of Si in the electrodeposited Fe film (0.3 at.%), was less than a 



 

 30 

typical Si content for DRI (3 at.%) but Ca was incorporated in a greater amount (2.7 at.%) com-

pared to DRI (0.66 at.%) (Table S2).56 These impurities can be removed with slag formed in elec-

tric arc furnaces, but a large quantity of Ca could require changes to melting procedures. Ampho-

teric impurities such as Si and Al that are soluble in strong base will be more readily separated 

from the iron product whereas insoluble Ca and Mg will require removal in downstream steps. 

Analysis of reprecipitation for ironmaking at scale 

A technoeconomic analysis of the reprecipitation process in chlor-iron plant reveals that 

the cost of chemicals (HCl) for extracting Fe from ores is the most significant factor on the final 

cost of Fe metal (Fig. 6f, Table S3-S4, Fig. S31-32). This means that if reprecipitation is accom-

plished with concentrated acids produced in a separate process, the approach will only be favorable 

in regions with excess acid production. Presently, the use of HCl as a reagent is most cost-effective 

in China but the electric power costs and carbon intensity are minimized when the process is con-

ducted on a grid similar to Norway (Table 1). Because purchase of NaOH is not expected to be 

economical, maintaining ηNaOH > ηFe is necessary to ensure that waste streams generated by the 

process remain pH neutral or mildly alkaline (Fig. S32). 

Because Cl2 is a co-product of NaOH production, which can be combined with the alkaline 

ironmaking step, a process to generate HCl directly from Cl2 could further reduce the levelized 

cost of Fe and lead to a fully integrated chlor-iron process for activating iron oxides towards elec-

trochemical ironmaking (Figure 6a). On-site utilization of Cl2 could minimize the energy required 

for storage, compression and transport of Cl2 but would increase the balance of plant costs due to 

additional reactors required for HCl generation. This method of processing ore is unproven and 

the assumptions underlying the chemical looping configuration will require substantial effort for 
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development. Economic viability depends on integration with regional chemical markets, includ-

ing inexpensive access to HCl and the productive use or sale of Cl2. 

Existing and alternate pathways for producing iron and steel 

 The integrated process for electrochemical ironmaking proposed here is distinct in both its 

challenges and advantages compared to existing processes. Iron ores can be reduced to metal using 

natural gas or carbon-free reductants (e.g. hydrogen, ammonia) in the direct reduced iron process 

(DRI). These methods are routinely practiced at the million ton per year (MMTa) scale and are 

much more mature than electrochemical ironmaking.11,13,43 The costs associated with an integrated 

DRI furnace and electric arc furnace was recently estimated at $582 per tonne of steel and while 

the overall process leads to 1.32 tonnes of CO2 per tonne of steel, 0.55 tonnes are associated with 

the DRI furnace.57 The latter emissions are what are targeted by an electrified ironmaking process. 

The DRI process is robust and requires relatively inexpensive maintenance and consumables (e.g. 

periodic replacement of reformer catalysts) estimated in the range of $1–10 x 106 per year,57 

whereas the 300,000 tonne chlor-iron system modeled here assumes a stack replacement ($3 x 108) 

every 6 years and more frequent required replacement of the anodes or membranes within the 

stacks could add additional maintenance costs in the range of $10 x 106. Since gangue impurities 

will likely impact maintenance costs, the design of membranes and anodes which are tolerant to 

the unique set of impurities introduced by an iron electrowinning environment is necessary to im-

prove the competitiveness of this approach. This is an unresolved challenge and longer durability 

experiments (>100 h) studying the impact of realistic gangue impurities during simultaneous iron-

making are needed to provide clarity on these costs. 

One alternative process which is at a significantly greater stage of technological readiness 

involves production of H2 and iron in separate steps, which benefits from similarity in design to 
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the existing DRI process. When H2 is generated electrochemically, this avoids the majority of di-

rect emissions, eliminates the reforming step, and offers longer expected lifetimes for electrochem-

ical stacks.58 However, this approach requires H2 costs < $1.7 kg-1 for cost parity with the incum-

bent systems powered by gas at $33.85 MWh–1 and if electrochemical steps are driven by inter-

mittent electricity, storage of H2 will likely be more expensive compared to storing iron.57,59 The 

total energy requirement and system cost will increase when using alternative fuels as H2 carriers, 

which must offset the additional costs by producing hydrogen in regions with more plentiful elec-

tricity. A fundamental challenge faced by direct reduction is the fact that gangue impurities are 

trapped within the iron product. Low-temperature direct reduction, when facilitated by dissolved 

intermediates, can extract Fe from gangue impurities and is thus more tolerant to a wider range of 

feedstocks. 

 Acidic electrowinning also relies on dissolved intermediates and can benefit from an even 

wider range of feedstocks. Selective oxygen evolving anodes in acidic electrolytes recover the H+ 

necessary for dissolution, thereby avoiding sensitivities to chemical costs of dissolution.16  Elec-

trolytic iron is an existing product used in specialty steelmaking today, when exceptional purity is 

required.60 The primary drawbacks of iron production from iron dissolved in aqueous electrolytes 

is that the areal productivity of the cells are expected to be lower in comparison to cells directly 

reducing iron oxide solids (Fig. 6g). Molten chloride and molten oxide electrolysis enable higher 

current densities than either approach to low temperature electrolysis; aluminum smelting relies 

on a molten salt electrolyte and many smelters produce >0.5 million tonnes per annum (MMTa) 

which is equivalent to ~1 MMTa Fe on a mole basis.18,19 We estimate that a 0.3 million MMTa 

plant (appropriate for supporting a 1 MMTa electric arc furnace fed primarily by scrap and similar 
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in Cl2/NaOH production to a large chlor-alkali plant) would require a tank house with 308 cells, 

with a footprint of 770 m2, and consume 215 MW of electricity (Supplementary Information). 

The avoided emissions resulting from electrochemical ironmaking processes depends 

largely on the indirect CO2 emissions associated with the high electricity demand, which is deter-

mined by the cell voltage, the oxidation state of the iron feedstock, and the carbon intensity of the 

grid. Direct reduction of Fe3O4 offers an 11% reduction in the energy required to produce Fe rela-

tive to iron(III) oxides such as Fe2O3. High cell voltages and/or low Faradaic efficiencies towards 

Fe would require direct integration with clean electricity to offer lower CO2 emissions than DRI 

furnaces. The grid mix in 2024 Norway was clean enough for a ~0.35 tCO2/tFe reduction in emis-

sions compared to a natural gas DRI furnace, but most other grids produced too much CO2 per 

MWh for the process to offer an emissions advantage. Continued expansion of wind, solar, and 

nuclear power capacity would lead to expanded regions where electrified ironmaking offers an 

emissions advantage over DRI furnaces.  

Conclusion: 

The electrochemical production of Fe from iron oxides at low temperatures is controlled 

by the nanoscale morphology of the precursor and its phase. The variation in electrochemical be-

havior of homologous a-Fe2O3 and Fe3O4 particles indicates that each iron oxide proceeds through 

a distinct reduction pathway, as also evidenced by the morphology of the Fe metal produced from 

different phases of iron oxide. Both Fe3O4 and a-Fe2O3 follow a reductive dissolution pathway in 

which soluble Fe2+ is produced during reduction prior to the formation of metallic Fe. In-situ elec-

trochemical measurements of Fe2+ and spectroscopy of the oxide surface support a hypothesis that 

Fe3O4 particles passivate during reduction; this behavior was not observed with similarly sized a-
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Fe2O3 particles. The rate of Fe2+ formation during thin-film voltammetry is generally correlated 

with the faradaic efficiency of Fe production in an electrowinning cell, and high-surface-area films 

of Fe3O4 and a-Fe2O3 yielded similar faradaic efficiency at –200 mA cm-2. Careful control of par-

ticle morphology can thus overcome intrinsic reactivity differences associated with the reactant 

iron oxide phase. Differences in reactivity between Fe3O4 and Fe2O3 do not appear to limit Fe 

metal formation from <100 nm particles converted at high rates, possibly because consumption of 

dissolved Fe2+ prevents passivation of nanoscale magnetite domains. Further in-situ characteriza-

tion is necessary to understand whether surface layers reported here for Fe3O4 are a cause or effect 

of lower rates of Fe2+ generation. 

An integrated reprecipitation-electrowinning process fed by Fe3O4-rich ores enabled Fe 

metal formation with a ninefold greater ηFe (59.5%) in comparison to the unprocessed powder and 

a jFe (–119 mA cm-2) among the highest reported values from a Fe3O4 reactant. When low-cost acid 

is available, this addresses a key pitfall of alkaline iron oxide electrowinning, namely that most 

experimental demonstrations have employed high-purity Fe2O3 powders which are uneconomical 

as reagents for commodity ironmaking. However, durable membranes and anodes in the presence 

of ore impurities remain unsolved technical challenges for chlor-iron cells. Ultimately, low-cost 

and low-carbon electricity combined with a chlor-iron process integrated with recovery of HCl 

from co-product Cl2 could enable scalable ironmaking with minimal carbon emissions. 

Experimental Methods:  

Materials: Deionized water (DI H2O) with a resistivity of ≥18.1 MΩ·cm was taken from a 

Millipore deionization system. Ferrous nitrate hexahydrate (Fe(NO3)2·6H₂O, 97%) and sodium 

hydroxide (NaOH, 50% w/w) were procured from Thermo Scientific and Fisher Chemical, respec-

tively. A blast-furnace-grade iron ore concentrate served as a representative iron feedstock. Nickel 
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wire (600 Ni, Malin Co.) was used as the counter electrode, and a Hg/HgO reference electrode 

(CH Instruments) was calibrated in 30 % w/w NaOH and measured to be 0.930 V vs. RHE at 90 

°C. Ball milling was performed in an Across International Planetary Ball Mill using alumina beads. 

Electrochemical measurements: A Biologic SP-200 potentiostat was used to collect elec-

trochemical data. A 50 mL polytetrafluoroethylene (PTFE) cell was used as the electrochemical 

reactor. NaOH electrolytes were prepared by diluting 50 % w/w NaOH stock solutions to 30 % 

w/w with DI H₂O and purged with N₂ for at least 30 min prior to experiments.  

Thin films of iron oxides were prepared by drop-casting 2–3 µL of a 1 mg mL–1 particle 

suspension in DI H2O onto glassy carbon working electrodes, followed by drying under an IR 

lamp. The suspensions were dispersed using horn sonication (SX Ultrasonics) and redispersed in 

a bath sonicator before casting. Electrodes for TEM were prepared by drop-casting 2 µL of the 

same suspension onto Au TEM grids (Ted Pella) and drying under an IR lamp. 

A glassy carbon ring-disk electrode was used for RRDE measurements, with a disk radius 

of 3 mm and inner/outer ring radii of 4 and 5 mm, respectively. The RRDE system was controlled 

by a BlueRev RC-10k (BioLogic). The mass loading of iron oxides was 43 µg cm–2, drop-cast onto 

the disk of the electrode. The disk was swept at 5 mV/s while keeping the ring fixed at the potential 

(–0.3 V vs Hg/HgO) to collect soluble Fe2+ produced at the disk during reduction.  

Bulk electrolysis of iron oxide powders was performed in a horizontal three-electrode cell 

setup with a polished Cu foil serving as the working electrode, Ni foils as the counter electrode 

and Hg/HgO as the reference electrode. A suspension of 25% w/w iron oxide was prepared by 

suspending 6 g of iron oxide in 15 mL of 30 w/w % NaOH. Bulk electrolyses were performed for 

20-60 min at –200 mA cm-2 with the cell temperature maintained at 82 °C. After electrolysis, the 
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Cu sheet was washed thoroughly with DI water and dried under an IR lamp. The gravimetric far-

adaic efficiency was calculated by measuring the weight of the Cu sheet before and after electrol-

ysis and was corrected for oxide content. Electron probe micro analyzer (EPMA) measurements 

were conducted on a CAMECA SX100 Electron Microprobe to quantify the amount of metallic 

Fe versus the adsorbed and unreacted form of Fe (Equation 5) 

      𝜂%& =
4%5)*6
7+8,-,9∗

× 100    (5) 

where, n is the number of electrons per Fe atom, F is the Faraday constant, mFe is the Fe-film mass, 

f is the mass fraction of Fe metal calculated using EPMA, MFe is the molar mass of Fe, jtot  is the 

applied current density and t* is the electrolysis time. 

 NaOH production in a chlor-iron environment was evaluated using a cation exchange mem-

brane (CEM, Nafion N966) positioned between identical geometric areas (2 cm × 7 cm) of a Ni 

mesh cathode and a RuOx/Ti anode in a zero-gap electrochemical cell operated with recirculating 

catholyte and anolyte streams. Before performance evaluation, the CEM was preconditioned for 1 

h under zero-current conditions using recirculated electrolyte solutions. A 3-L anolyte reservoir 

contained 30% w/w of NaCl, while the 3-L catholyte reservoir contained 30% w/w of NaOH with 

additional solids added in some experiments to simulate a chlor-iron environment. The simultane-

ous production of Fe and NaOH was evaluated over 1 h using a 25% w/w suspension of bf-Fe3O4 

whereas the long-term stability of the cell was evaluated with a suspension of 0.1% w/w of quartz 

(SiO2) solids to simulate accumulated gangue impurities. Long term stability was not evaluated 

along with Fe growth because the membrane test fixture was not optimized for Fe collection. The 

cell temperature was maintained at 90 °C using a silicone heating pad (Omega Engineering). Dur-

ing the stability test, catholyte samples were periodically collected, cooled to room temperature, 
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and the NaOH current efficiency (ηNaOH) was monitored by changes in density after removal of 

solids via centrifugation. 

Materials Characterization: Powder X-ray diffraction (XRD) patterns of the iron oxide 

powders were recorded on a Bruker D2 Phaser using a Cu Kα radiation source (λ = 1.54 Å), with 

a step size of 0.02° and a 2θ scan range of 15–70°. Raman spectra were acquired using a Renishaw 

Raman microscope equipped with a 633 nm red laser (0.1 mW) as the excitation source and aver-

aged over five acquisitions. Microstructural analysis was performed using a Thermo Scientific 

Apreo 2 scanning electron microscope (SEM) operated at 5–15 keV. Transmission electron mi-

croscopy (TEM) was conducted on a FEI Titan microscope operating at 80 kV. Optical images 

were collected from the Keyence optical microscope. 

In-situ Raman spectroscopy was performed in immersion mode in a custom electrochemi-

cal cell machined out of PTFE. A 50x objective was covered in a 13 μm PTFE film (American 

Durafilm, Inc.) and then was inserted into the electrolyte for collecting the Raman spectra. The 

cell was heated with a PID controller to 60 °C. Au wire (1 mm, Thermo Scientific) was used as 

the working electrode with Ni wire serving as the counter and Hg/HgO, calibrated in 30% w/w 

NaOH, as the reference electrode. A laser power of 5 mW cm-2 was used to excite the sample. 
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