
Iron Electrodes Based on Sulfur-Modified Iron Oxides with Enhanced
Stability for Iron−Air Batteries
Nicolás Villanueva, Cinthia Alegre,* Javier Rubin, Horacio A. Figueredo-Rodríguez,
Rachel D. McKerracher, Carlos Ponce de León, and María Jesuś Lázaro*
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ABSTRACT: Iron−air systems are a very promising technology with the potential to become one of the cheapest and safest energy
storage solutions of the future. However, iron anodes still face some challenges like passivation, resulting in loss of capacity, due to
the formation of nonconductive species during cycling as well as the hydrogen evolution reaction, a parasitic reaction interfering with
the charging of the electrode. In the present work these two issues are addressed: Sulfur-modified mesoporous iron oxides are
obtained and used as hot-pressed negative electrodes for alkaline iron−air batteries. Iron electrodes present average capacity values
between 400 and 500 mA h g Fe

−1 for ∼100 h of operation, the S-modified iron oxides being the most stable ones. An exponential
deactivation model fitting the discharge capacity of the different electrodes compared to the number of cycles was proposed.
According to the model, the best of the electrodes loses less than 0.5% of its capacity per cycle. Furthermore, doubling the charge
and discharge rates allows increasing both the discharge capacity and the Coulumbic efficiency, though at the expense of stability.
This manuscript proves that the proper distribution of sulfur on the surface of the iron oxide is fundamental to suppress the HER
and passivation, enhancing the stability of the electrode. These properties were further corroborated in long test-runs which
comprised more than 400 h of charging and discharging.
KEYWORDS: electrodes, hydrogen evolution, iron−air batteries, passivation, stability, sulfur-modified

1. BACKGROUND
In order to limit the rise of the global temperature below 1.5
°C, the Intergovernmental Panel on Climate Change (IPCC)
estimates that greenhouse gas (GHG) emissions must be cut
down to 25−30 Gton of CO2e per year by 2030.1 As the
transport sector accounts for 29% of the total world energy
consumption2 and 72% of this sector’s emissions are related to
road transport,3 the transition from oil-based mobility to
electromobility will have a high importance and impact in the
following years. Lithium-ion batteries are the most used power
storage devices for electric vehicles, but there are still concerns
related to their specific energy (commercial Li-ion batteries
reach up to 248 Wh kg−1), cost (>$150 USD (kW h)−1), and
safety issues such as thermal runaway,4 causing fires and
explosions.5,6 Besides, given that lithium ion batteries need
some scarce elements and the global supply chains are put
under a lot of pressure, batteries made with iron are becoming
more attractive.

Metal−air batteries (MABs) are an alternative promising
system due to their high theoretical energy densities (from

1000 to 11 000 W h kg−1). MABs consist of a negative
electrode, a metal that oxidizes during discharge, an electrolyte,
and a positive electrode, in which ambient oxygen is reduced.
Since air/oxygen is not stored within the cell, MABs present a
high theoretical gravimetric energy density and a light weight.7

Several metals can be used as anodes, such as lithium, sodium,
magnesium, potassium, aluminum, zinc, and iron. This will
determine the type of electrolyte to be used: nonaqueous for
Li, Na, Mg, and Al and aqueous for Zn and Fe. Among all
MABs, iron−air batteries (IABs) have several advantages. The
Fe−air battery is a space-saving technology due to the high
theoretical volumetric energy density of iron of 9700 kW h m−3

(versus 270−670 kW h m−3 of Li-ion batteries) and iron
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reacting directly with an aqueous electrolyte, not intercalating
in a material like lithium cations. Although IABs have the
lowest open circuit voltage and theoretical gravimetric specific
energy of all the aforementioned systems of 1.28 V and 1080
W h kgFe

−1, respectively,7 IABs have the potential to become
one of the cheapest and safest energy storage solutions of the
future. Iron is one of the most abundant elements in the
Earth’s crust (4th position),8 is economic, is safe to handle,
and is easy to refine. Besides, IABs can be electrically recharged
(unlike Al−air), do not form dendrites during operation (as
Zn−air), and operate with an aqueous electrolyte, usually
KOH, which is cheaper than organic electrolytes and more
environmentally friendly.9,10 However, IABs still face some
challenges that need to be tackled before IABs are technically
and commercially viable. Challenges on the air electrode are
widely known and common to other metal−air systems. On
the other hand, the negative electrode of IAB presents the
following problems: (a) the parasitic hydrogen evolution
reaction (HER) during the charge, which reduces the
Coulombic efficiency of the system, (b) the electrode
passivation due to the formation of electrically nonconductive
compounds (such as iron(II) hydroxide and goethite) during
discharge, and (c) the molar volume change of iron discharge
products related to metallic iron.

Most approaches aimed at inhibiting or reducing the rate of
the HER are based on certain additives in the electrolyte like
alkanethiols11,12 or sulfide salts such as K2S or Na2S

13 that
have been proved to effectively suppress HER. Other
approaches including sulfides (FeS, Bi2S3, Na2S, or K2S)14−18

in the iron electrode composition have shown good perform-
ances at relatively low additive concentrations (<10% wt), and
it has also been established that sulfide species can also prevent
passivation. However, these approaches incorporate the sulfide
additives either by ball-milling (in which additives and active
electrode species are merely physically mixed) or in the
electrolyte (adding complexity to the design of the cell and
contaminating the air electrode, as recently established12). In
addition certain additives like those based on bismuth are not
desirable since bismuth is a critical raw material.19 New
methods of incorporating H2-inhibiting elements are then
necessary. During the charging cycle of iron−air batteries (or
in general in aqueous electrochemical devices dealing with
HER), hydrogen is formed on the surface of the iron particles;
therefore it is highly desirable to obtain an iron electroactive
material with a proper distribution of the H2-inhibiting
elements.

Recently, Shangguan et al.20 showed that adding sublimated
sulfur to an Fe3O4 oxide in a ball mill also helps to prevent
passivation by giving a supply of sulfide ions to the electrolyte
and by forming pores in the electrode when dissolving. In line
with this work, we propose the use of sulfur-modified iron
oxides as electroactive material for iron−air batteries. Sulfur-
doped or S-modified iron oxides based on hematite have been
widely used as Fenton catalysts, since hematite is easily doped
with heteroatoms. In the present work, we show a facile
method to obtain highly pure sulfur-modified iron oxides as
electroactive material for the negative electrode of an iron−air
battery. The synthesis method employed herein ensures that
sulfur gets introduced in the iron oxide structure, reaching an
intimate and optimized distribution of sulfur on the electro-
active materials,21 with the aim of increasing the HER-
suppressing effect and inhibiting passivation. Besides, the
synthesis is optimized to obtain mesoporous iron oxides able

to cope with the change of volume of the electrodes during
cycling, 272% molar volume increase from Fe to Fe(OH)2.

22

The novelty of the present research lies in the combination of
properties within one material able to tackle the three main
drawbacks of iron electrodes: HER, passivation, and volume
changes. These features are correlated to the discharge capacity
of the iron anodes, and in fact, a model relating the discharge
capacity and the number of cycles for each electrode is also
presented. Operation variables such as charge and discharge
rate are also investigated to elucidate the conditions that could
maximize the performance of the system.

2. MATERIALS AND METHODS
2.1. Materials Synthesis. Porous sulfur-modified iron oxides

were synthesized following the method presented by Du et al.23

Oxalic acid dihydrate (C2H2O4·2H2O, 0.04 mol) was dissolved in 100
mL of deionized (DI) water and heated up to 50 °C under vigorous
stirring. Another solution containing 0.04 mol of iron(II) sulfate
heptahydrate (FeSO4·7H2O) and 0.02 mol of sodium thiosulfate
(Na2S2O3) in 100 mL of DI water at room temperature was prepared
and added drop by drop to the first solution, maintaining the
temperature at 50 °C. A yellow precipitate formed that after cooling
down was filtered, washed with abundant DI water, and dried
overnight at 75 °C. Iron oxides obtained from oxalic acid were named
as S-Fe2O3-OXL. Iron oxides without sulfur (named as Fe2O3-OXL)
were also synthesized for the sake of comparison, following the same
procedure previously described without the addition of sodium
thiosulfate. Another iron oxide using sodium hydroxide (NaOH)
instead of oxalate as precipitating agent (named as S-Fe2O3-SHX) was
also prepared. In this case, 0.04 mol of iron(II) sulfate heptahydrate
(FeSO4·7H2O) and 0.02 mol of sodium thiosulfate (Na2S2O3) were
dissolved in 100 mL of DI water at room temperature. Subsequently,
80 mL of NaOH 1.0 mol/L was added under vigorous stirring, drop-
by-drop. The black precipitate that formed was filtered and washed
with DI water and dried overnight at 75 °C. All the samples were
calcined in air at 350 °C for 1 h. Subsequently, the so obtained iron
oxides were mixed with Vulcan XC-72R carbon black (1:1 mass ratio)
in a planetary ball mill at 100 rpm for 2 h, using ethanol 96% vol as
dispersing agent. Afterward, samples were dried in an oven at 75 °C.
Carbon is needed in iron electrodes to provide electrical conductivity
and to maximize the utilization of the iron material. A commercial
iron oxide (III) nanopowder (<50 nm, Sigma-Aldrich, named as
Fe2O3-COM) was also studied and mixed with Vulcan for the sake of
comparison.

2.2. Materials Characterization. The textural properties of the
iron oxides were investigated through nitrogen physisorption at 76 K
in a Micromeritics ASAP 2020. The specific surface area was
determined by the Brunauer−Emmet−Teller (BET) equation,
whereas the single-point and the Barrett−Joyner−Halenda (BJH)
methods were used to calculate the pore volume and the average pore
size, respectively. An ESCA Plus Omicron spectrometer (Scienta
Omicron) with a Mg (1253.6 eV) anode setup was employed to
perform X-ray photoelectron spectroscopy (XPS) studies. C 1s, O 1s,
S 2p, and Fe 2p orbital signals were obtained with a step of 0.1 eV
step, a dwell time of 0.5 s, and 20 eV pass energy. The quantification
of orbital signals and data analysis were curated using CasaXPS
software (Casa Software Ltd., CasaXPS version 2.3.18). The baseline
for the different peaks was estimated through a Shirley background
subtraction, and the signals were fitted with 70% Gaussian/30%
Lorentzian peaks. The carbon and sulfur content of the samples was
determined by elemental analysis (EA) in a Thermo Flash 1112
analyzer (Thermoscientific Waltham). A Bruker AXS D8 Advance
diffractometer (Bruker) with a θ−θ configuration and a Ru2500
diffractometer (RIGAKU) with rotating anode and θ−2θ config-
uration, both using Cu Kα radiation, were employed to investigate the
crystalline structure of the iron oxides using X-ray diffraction (XRD).
The crystallite size of the different phases was calculated applying
Scherrer’s equation to the iron oxide peaks. The iron amount was
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determined by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) using a Jobin Ybon 2000 spectrometer. The sample
was previously fused using sodium peroxide. Each sample was
measured twice, the average value being presented. The morphology
of the iron oxides was investigated with a scanning electron
microscope (SEM), model Hitachi S-3400N. Combining SEM with
energy dispersive X-ray spectroscopy (SEM-EDX) allowed us to
determine the dispersion of iron and sulfur in the composites. The
equipment used was an EDX Röntec XFlash analyzer of Si(Li). FTIR
analysis were performed in a Vertex 70 spectrophotometer (Bruker).
The analyses were performed in the middle infrared region (from
4000 to 400 cm−1) recording 32 scans at 4 cm−1 spectral resolution.
KBr-matrix pellets were made to carry out transmittance analysis. To
prepare the pellets, 2 mg of sample was mixed with 200 mg of dry KBr
(>99% FTIR grade, Sigma-Aldrich), milled in an agate mortar, and
pressed. Mössbauer spectroscopy (MS) data were acquired at room
temperature using a constant acceleration spectrometer with sym-
metrical waveform and a 25 mCi 57Co/Rh source. The spectrometer
was calibrated at room temperature with α-Fe foil, and isomer shift
values are given with respect to α-Fe.

2.3. Electrode Preparation. Iron electrodes were prepared by
hot-pressing the obtained Fe2O3/C composites. A paste, prepared
with 100 mg of the Fe2O3/C composite, 14 mg of PTFE (60% wt
PTFE dispersion in water), and some drops of DI water, was placed
within two stainless-steel meshes (2.5 cm × 7.5 cm) and hot-pressed
at 25 kN and 140 °C for 90 s. The iron percentage in the electrodes
ranged between 28 and 35% wt, depending on the composition of
each oxide.

2.4. Electrochemical Setup and Cycling Procedures. The
electrodes were tested in a conventional three-electrode cell, using a
6.0 M KOH solution as electrolyte (prepared from highly pure KOH,
Alfa-Aesar-99.98% (metals basis), 85% min), a Ni sheet as counter
electrode, and a Hg|HgO reference electrode, as in previous
works.15,24 To minimize the electrolyte overpotential, the working
electrode and the counter electrode were placed in a holder where
they faced each other separated by 0.5 cm (Figure S1). The electrodes
were submitted to repeated galvanostatic charge and discharge cycles
at a charge rate of 0.4 C and a discharge rate of 0.2 C, according to the
theoretical capacity of the electrodes. The current (I) for each
electrode and C-rate was calculated from eq 1, assuming 1273 mA h
gFe

−1 as the theoretical capacity of iron (two discharge steps
considered):

I m g C1273
mAh

g
( rate) hFe

1
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

= [ ]· · [ ]
(1)

3. RESULTS AND DISCUSSION
3.1. Physical−Chemical Characterization. 3.1.1. Chem-

ical Composition. The elemental analysis (EA) of the iron
oxides (prior to the ball-milling mixing with Vulcan) (Table 1)
shows that the sulfur content is 4.6 wt % for the S-Fe2O3-OXL
and 6.6 wt % for the S-Fe2O3-SHX according to the EA
analysis, and 6.9 atom % for S-Fe2O3-OXL and 4.8 atom % S-
Fe2O3-SHX according to the XPS, meaning that S-Fe2O3-OXL
has a S-enriched surface. The amount of sulfur in the
composite is around 2.3 and 3.3 wt % in S-Fe2O3-OXL/C
and S-Fe2O3-SHX/C, respectively. In the literature, the
amount of sulfur used as an additive in the negative electrode
ranges between 0.2 wt % as bismuth sulfide15,25,26 and 2 wt %
as iron sulfide.14,27 Deng et al.21 determined by DFT
calculations that hematite iron oxides synthesized from ferrous
sulfate and sodium thiosulfate mixtures (as in the present
work) can be doped with sulfur, as is the case of our iron
oxides, by two mechanisms: either interstitial or with sulfur
replacing O atom in the crystalline structure of hematite. The
amount of iron was also calculated by both XPS and ICP to
estimate the ratio of S/Fe (also shown in Table 1). The weight
% of iron is similar for both materials, around 50 wt %,
equivalent to around 25 atom %. This means that S-Fe2O3-
OXL presents a S/Fe ratio of 0.14 with respect to the S-Fe2O3-
SHX with a S/Fe ratio of 0.23.

High-resolution XPS spectra of the Fe 2p orbital reveals that
iron is mostly present as iron(III) oxide (Figure 1a), even
though other forms of iron oxides or hydroxides might be
present. The deconvolution of the iron spectrum curve of S-
Fe2O3-OXL shows three Fe 2p3/2 peaks, at 710.9, 712.6, and
718.9 eV, which are ascribed to iron sulfate or sulfide, iron(III)
oxide, and the classic satellite peak of Fe2O3 2p3/2,
respectively;23,28 in samples without sulfur, only peaks related

Table 1. Chemical Composition of the Sulfur-Modified Iron Oxides Determined by Elemental Analyses (EA), ICP, and XPS

elemental analysis,
sulfur ICP, iron XPS, atom %

material wt % atom % wt % atom % S/Fe atomic ratio (calculated from EA and ICP measurements) iron sulfur

S-Fe2O3-OXL 4.6 4.0 56 27.8 0.14 21.9 6.9
S-Fe2O3-SHX 6.6 5.5 51 24.2 0.23 18.0 4.8

Figure 1. High-resolution XPS spectra of (a) Fe 2p orbital and (b) S 2p orbital in S-Fe2O3-OXL.
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to Fe2O3 can be seen (Figure S2). Due to the proximity of the
characteristic binding energies of iron sulfate and iron sulfide
(FeS) in the high-resolution iron XPS spectrum,29 it is hard to
distinguish among these two species. The observation and
analysis of the sulfur orbital help to elucidate this ambiguity
(Figure 1b). The main 2p3/2 peak is observed at 168.7 eV,
which should correspond to sulfate.28,30,31 The absence of
peaks at lower binding energies (see Figure S2e) (mackinawite
and pyrite show sulfur peaks at around 162 eV 32) allows us to
dismiss the presence of sulfides. Using oxalate as precipitating
agent during the synthesis entails a more acidic pH
(approximately 4−5) that eventually favors the adsorption of
sulfate groups on the surface.33

3.1.2. Crystallographic Structure: Mössbauer Spectrosco-
py and X-ray Diffraction. The phases present in the samples
were determined by XRD (Figure S3), FTIR (Figure S4), and
Mossbauer spectroscopy (Figure 2). The room temperature

Mössbauer spectra of the oxides obtained by precipitation with
oxalic acid (named as OXL) or sodium hydroxide (named as
SHX) are shown in Figure 2 along with the spectra of the
corresponding sulfur modified samples. The spectrum of
Fe2O3-OXL was fitted with two sextets, while for the sulfur

modified sample S-Fe2O3-SHX a doublet was added (Table
S1). The sextets are straightforwardly (columns marked with
S1 and S2 in Table S1 in Supporting Information) assigned to
hematite and maghemite, respectively, according to their
hyperfine parameters, while the intensity at the center of the S-
Fe2O3-OXL spectrum, modeled as small doublet of very broad
peaks, can be assigned to a paramagnetic Fe3+ compound
because of its isomer shift value. In contrast, the samples
prepared with NaOH do not display neat sextets but broad
peaks which are asymmetric toward the center of the spectrum.
This is an indication of a distribution of particle size including
very small particles with superparamagnetic behavior at room
temperature, which can also be observed in the XRD patterns
(Figure S3). In this case, the spectra were fitted with a
distribution of sextets and a broad central doublet to account
for the iron oxides and their superparamagnetic behavior of
very small particles, while the distribution of sextets and two
doublets was used in the spectrum of the sulfur modified
sample. In S-Fe2O3-OXL the isomer shift and quadrupole
splitting values of the doublets are consistent with Fe2(SO4)3·
5H2O;34 however, the relative areas of the doublets do not
match those of pure Fe2(SO4)3·5H2O,34 with an extra intensity
in the inner (lowest quadrupole splitting) doublet, which may
be assigned to the superparamagnetic contribution of iron
oxides. Using the spectral area of the outer (largest quadrupole
splitting) doublet as pure Fe2(SO4)3·5H2O, we can estimate a
sulfur to iron atomic ratio of 15.53

2
≈ 23%, in good agreement

with the results of AE and ICP of 22.7% (Table 1).
The relative areas of the hematite and maghemite sextets in

the samples prepared with oxalic acid show that maghemite
formation is promoted when sodium thiosulfate is used to
introduce sulfur, and Fe3+ sulfates still unidentified are formed
at the expense of the hematite yield. The process is similar in
the samples prepared with NaOH, as it can be observed by the
decrease in the contribution of the largest hyperfine field values
(Figure 2, inset) associated with hematite, but in this case the
production of a Fe3+ sulfate, identified as Fe2(SO4)3·5H2O, is
much higher.

The synthesis method has a clear effect on the crystal
structure: the oxides obtained by precipitation with oxalic acid
(OXL) consist of mixtures of well crystallized hematite and
maghemite, whereas the one obtained by precipitation with
sodium hydroxide (SHX) shows broad reflections, especially
those that can be assigned to hematite; e.g., note reflection (1 0
4) at 2θ ≈ 33° (Figure S3 in Supporting Information). Table 2
shows the approximate proportion of each phase in our iron
oxides determined by MS and Rietveld profile fits using the
FullProf code,35 and average crystal size was obtained by
Scherrer’s equation. The fits included the refinement of the
occupancy of one of the octahedral sites in maghemite;36 in
both cases the refined occupancy indicated close to
stoichiometric maghemite. The profile of the diffractogram of

Figure 2. Mössbauer spectra of samples Fe2O3-OXL, S-Fe2O3-OXL,
Fe2O3-SHX, and S-Fe2O3-SHX. For the SHX samples, the distribution
of hyperfine field values is shown in the inset (dotted line, Fe2O3-
SHX; full line, S-Fe2O3-SHX).

Table 2. Crystalline Phases and Average Crystal Size of the Different Iron Oxides

crystal phase, % average crystallite size, nm from sextet areas in MS, %

material hematite maghemite hematite maghemite hematite maghemite

Fe2O3-COM 100 20
Fe2O3-OXL 79 21 17 17 76.1 23.9
S-Fe2O3-OXL 65 35 14 19 56.4 43.6
S-Fe2O3-SHX 8 4
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Figure 3. continued
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S-Fe2O3-SHX could not be fitted properly; hence no phase
proportion is provided from these data and the crystallite size
can only be estimated as 4−8 nm from the average width of
some reflections.

According to previous studies, maghemite transition to
hematite starts at around 320 °C for pure iron oxides and
around 450 °C and at low rates for iron oxides with
impurities,37 which is a sign that impurities (such as sulfur,
in this case) stabilize maghemite and, hence, promote its
formation. Also, previous works show that hematite is obtained
when calcining hydrated iron oxalates in air at around 400
°C.38 In the present study, sulfur seems to promote the
formation of maghemite upon iron oxalate calcination, as can
be inferred from the fact that S-Fe2O3-OXL has a lower
fraction of hematite than Fe2O3-OXL, as was also observed by
MS. In addition, it has been reported that hematite is obtained
from hydrothermal treatment of FeSO4 with bases.39

The average crystal sizes (calculated from Scherrer’s
formula) are between 4 and 20 nm (Table 2). Fe2O3-COM,
Fe2O3-OXL, and S-Fe2O3-OXL, have similar average crystal
size, whereas for S-Fe2O3-SHX crystal size is considerably
lower. The small size of particles and large area are also
important to provide good contact between the carbon and the
metal oxide phase, which is crucial to reduce the ohmic
overpotential. Like what is observed in XPS, no sulfide crystal
phases are observed in XRD. However, some peaks are
appreciated which could correspond to sulfate phases (green
marks in Figure S3). This is another evidence suggesting that

there is no sulfide in the samples and that all the sulfur is in the
form of sulfate groups.

Figure S4a,b in the Supporting Information shows the FTIR
spectra for the different iron oxides, evidencing notorious
differences between samples. FTIR results confirm XRD
identification of phases (Figure S4). Besides, for the sulfur
modified sample obtained from oxalic acid, the FTIR analysis
reveals the presence of adsorbed sulfate groups, which is in
concordance with the greater amount of sulfur observed in the
surface of this sample by XPS. Gotic et al.33 also described the
presence of adsorbed sulfates on iron oxides obtained at acidic
pH values, as is the case for S-Fe2O3-OXL.
3.1.3. Textural Properties. All the iron oxides show a type-

IV adsorption−desorption isotherm (see Figure S5 in the
Supporting Information), characteristic of mesoporous materi-
als, and surface areas between 30 and 55 m2/g (see Table S2),
with porosity values around 50% and large mesopores (∼15
nm) that may help accommodate the volume changes of the
electrodes upon cycling.
3.1.4. Morphology. Figure 3 shows the SEM micrographs at

different magnifications. Both Fe2O3-OXL (Figure 3a and
Figure 3b) and S-Fe2O3-OXL (Figure 3d and Figure 3e)
consist of agglomerates of parallelepipeds of around 5 μm of
average transversal length made of iron oxide crystallites.
These structures show irregularities (Figure 3a−f), cracks, and
fissures, which are formed during the thermal decomposition
of oxalate ions.23 Iron oxide S-Fe2O3-SHX has a completely
different morphology. At low magnifications (Figure 3g) it

Figure 3. Micrographs at low (left) and high (right) magnification and EDX mapping for (a−c) Fe2O3-OXL, (d−f) S-Fe2O3-OXL, (g−i) S-Fe2O3-
SHX, (j−l) Fe2O3-COM.
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looks like a compact irregular material, while zooming in
Figure 3h lets us appreciate a mixture of ball-like and needle-
like shape of the particles. The mesoporosity observed for this
material is a consequence of the spaces between these small
structures. The SEM image of Fe2O3-COM, Figure 3j, shows it
has a blackberry-like morphology, consisting of aggregates of
thousands of smaller particles. The STEM image (Figure 3k)
shows that this material is composed of nanometric regular
polyhedron particles. According to the manufacturer, the
maximum diameter of these particles is 50 nm. Indeed, it can
be observed that the size of the Fe2O3 particles ranges from
approximately 10 to 50 nm.

EDX mapping was performed to evaluate the distribution of
both iron and sulfur on the obtained materials. Fe2O3-OXL
(Figure 3c) and Fe2O3-COM (Figure 3l) present a
homogeneous distribution of iron, without any trace of sulfur,
whereas S-Fe2O3-OXL (Figure 3f) and S-Fe2O3-SHX (Figure
3i) present a proper distribution of both iron and sulfur. This
means that the sulfur present in the sulfur-modified materials
comes from the thiosulfate added in the synthesis and not from
the iron(II) sulfate employed as iron precursor. As can be seen
in Figure 3f and Figure 3i, sulfur is well dispersed over the iron
particles, suggesting a homogeneous mixture between iron
oxide and sulfate phases or sulfur species adsorbed over the
entire iron oxide surface. Additionally, STEM-EDS analyses
were carried out to corroborate that sulfur was present along
all of the iron particles. Indeed, as seen in Figure S6, there is
presence of sulfur in every iron crystallite, in both S-Fe2O3-
OXL and S-Fe2O3-SHX.

3.2. Electrochemical Characterization. 3.2.1. Discharge
Capacities. The four materials were characterized in a three-
electrode cell to determine their discharge capacities and test
their stability. The charge−discharge potentiometric curves are
shown in Figure 4. A total of 20 cycles (between 70 and 100 h)
were performed. Figure 4 indicates the differences in stability
for the assessed electrodes, the sulfur-modified iron oxides (S-
Fe2O3-OXL/C and S-Fe2O3-SHX/C) being the most stable
ones, which will be deeply discussed in the following section.

During the discharge, a first plateau can be observed at
−0.94 V vs Hg|HgO, corresponding to the oxidation of
metallic iron to iron(II) hydroxide. As metallic iron, an
excellent electrical conductor is oxidized to Fe(OH)2, which is
an insulator, the resistance of the system increases, and so the
potential reaches more negative values. Studies have shown
that the oxidation of metallic iron to iron(II) hydroxide occurs
through a dissolved intermediate, HFeO2

−, which then
precipitates as crystallite particles, increasing the surface
roughness.40−43 When all the crystallization sites are covered
(at low overpotential), an insulating layer is formed. When all
the remaining iron atoms are covered by the insulating layer,
the overpotential increases and the inner atoms oxidize at
potentials where the second discharge step also occurs. The
second discharge plateau can be divided into two smaller
plateaus, suggesting the second discharge step is composed by
two reactions: the oxidation of iron(II) hydroxide to
magnetite, and then the oxidation of magnetite to iron(III)
oxyhydroxide, as can be inferred from the post-mortem XRD
analysis (Figure S7).

Figure 4. Charge−discharge cycles of the electrodes manufactured with (a) Fe2O3-OXL/C, (b) S- Fe2O3-OXL/C, (c) S- Fe2O3-SHX/C, and (d)
Fe2O3-COM/C. Charge rate, 0.4 C; discharge rate, 0.2 C.
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Figure 5 shows the maximum discharge capacity (black bar)
reached by the different iron anodes tested during 20 cycles,

along with the maximum discharge capacity obtained at the
first plateau (after the first oxidation reaction, from Fe to
Fe(OH)2,) at approximately −0.75 V vs Hg|HgO (blue bar).
This value is of interest for the practical application of these
electrodes, as the first discharge plateau provides more energy

due to its higher electrochemical potential. Figure 5 also
presents the average discharge capacity (medium value
considering the 20 charge−discharge cycles) and the discharge
capacity at the 15th cycle (red bar); these data will be
important in the next section. The electrode with the highest
capacity, the one prepared with commercial iron(III) oxide
nanoparticles, reaches a maximum discharge capacity of 881
mA h gFe

−1, which is almost 70% of the theoretical capacity
(considering both discharge steps), that however is not
sustained with time (capacity decays to 40 mA h gFe

−1 in the
15th cycle). On the other hand, the two composites based on
sulfur-modified iron oxides show a maximum capacity ranging
from 450 to 500 mA h gFe

−1 (superior to current lithium ion-
batteries) and a higher stability, retaining most of their
maximum capacity. Iron oxides obtained with either oxalic acid
(OXL) or sodium hydroxide (SHX) present capacity values at
the first plateau from 250 to 420 mA h gFe

−1, in comparison to
the commercial composite reaching as high as 400 mA h gFe

−1,
but it is not sustained during cycling. In terms of Coulombic
efficiencies, the best value is achieved by Fe2O3-COM/C, with
almost 70% as a maximum, whereas Fe2O3-OXL/C shows a
sustained 50%.

It is interesting to note that the maximum capacity of the
electrodes is not correlated to the surface area or the crystal
size of the iron oxides, which is a consequence of the described
dissolution−precipitation reaction mechanism; the dissolution
of HFeO2

− exposes new iron atoms that are then oxidized, as
was explained above. In fact, Fe2O3-COM/C has the highest
maximum discharge capacity and the second-to-lowest surface

Figure 5. Discharge capacity values for each material: max = best
discharge capacity of all cycles, 15th cycle = discharge capacity at 15th
cycle; max first step = maximum discharge capacity at −0.75 V vs Hg|
HgO. Charge rate: 0.4 C. Discharge rate: 0.2 C.

Figure 6. Discharge capacity values for each cycle for the electrodes manufactured with composites (a) Fe2O3-OXL/C, (b) S-Fe2O3-OXL/C, (c) S-
Fe2O3-SHX/C, and (d) Fe2O3-COM/C. Charge rate: 0.4 C. Discharge rate: 0.2 C. Black line corresponds to the model adjusting the capacity
fading with the cycles.
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area of all the samples (Table S2), showing similar crystal sizes
when compared to iron oxides obtained from oxalate
precipitation (Table 2). The crystalline phases also do not
behave as reported by Lee et al.,44 with S-Fe2O3-OXL/C
showing a much more stable performance than Fe2O3-OXL/C,
even though they are composed of 44% and 24% maghemite,
respectively (Table 2). In fact, in the cited article, maghemite
electrodes do not reach capacities higher than 80 mA h gFe

−1,
while in the present work the 100% maghemite electrode
achieves more than 10 times that amount, although for only
three cycles.
3.2.2. Stability of the Electrodes. Another information

obtained from the charge−discharge cycles was the mid-term
stability in operation, i.e., how fast the discharge capacity was
lost during repeated cycling. Figure 6 shows that as the
electrode charges and discharges, the discharge capacity
increases for the first cycles, which is known as the formation
period. In carbonyl−iron electrodes, the formation period can
last from 20 up to 200 cycles,22,24,26,45 while in nanometric iron
oxide electrodes it can take only a few cycles or even none,24,46

as is the case of our electrodes. The authors attribute this to
the combination of sufficient surface area and small particle
size of our iron oxides. After the formation period, the
discharge capacity slowly decreases but not at the same rate for
all materials. Both Fe2O3-OXL/C (Figure 6a) and Fe2O3-
COM/C (Figure 6d), the latter with the highest maximum
discharge capacity, quickly deactivate and lose capacity upon
cycling. On the other hand, sulfur-modified iron oxides,
namely, S-Fe2O3-OXL/C (Figure 6b) and S-Fe2O3-SHX/C
(Figure 6c), present a very stable behavior upon cycling, barely
losing discharge capacity with time. To elucidate the
mechanism of deactivation and compare the different iron−
carbon composites, a mathematical model was developed and
adjusted to the capacity of the composites over the cycles. A
full description can be found in the Supporting Information.
The black line corresponds to the model adjusting the capacity
fading with the cycles, which will be discussed ahead.

The mechanism by which the iron electrodes deactivate is
still under discussion. Most authors propose that deactivation
is due to the passivation of the electrode, i.e., the repetitive
formation and dissolution of an insulating layer of Fe(OH)2
over the iron atoms.47−49 When this layer reaches certain
thickness, due to the inefficiency of the dissolution (charge
process), the resistance increases and subsequently so does the
overpotential, up to the limit where it is practically impossible
to reduce the iron(II) hydroxide to iron at reasonable working
potentials. Another hypothesis for the loss of capacity of iron
electrodes regards the plugging of the pores47 (which also
causes an ohmic loss of potential) and the loss of electroactive
material. The plugging effect is significant mainly because of
the increase in molar volume during the discharge, as the
oxidation products of iron are much less dense than metallic
iron. The volume change of iron after discharging can be
clearly observed by SEM in Figure S8, showing an increase of
the size of the iron oxide particles upon cycling. The
hypothesis of material loss during the cycling was studied by
Kitamura et al.50 and by Figueredo-Rodriǵuez et al.,16 who
observed a structural change in the iron particles after 20 cycles
and also some damage due to gas evolution. During our
experiments, we were able to see that material dropped from
the electrode into the electrolyte and settled at the bottom of
the cell. This effect was stronger in the electrodes
manufactured with nonmodified iron oxide and could be

caused by mechanical stress applied by hydrogen bubbles
formed within the electrode, which indicates the importance of
a proper distribution of the inhibiting HER elements within
the structure of the electrode

To elucidate the mechanism of deactivation and compare
the different iron−carbon composites, a mathematical model
was developed and adjusted to the capacity of the composites
over the cycles. A full description can be found in the
Supporting Information. The assumptions made for this
model, described in eq 2, were the following: (i) the electrodes
take a few cycles to activate, in which their capacity increases,
and after that, (ii) the capacity decreases exponentially down
to zero after infinite cycles.

Q Q fi
n i= · (2)

where Q is the discharge capacity of the electrode at a cycle n, i
is the number of the first cycle after activation, Qi is the
discharge capacity of the electrode in that cycle, and f is a
factor that indicates how ideally the electrode works or how
fast it deactivates. In an electrode that does not lose capacity at
all, f would be equal to 1 ( f = 1). The electrode manufactured
with Fe2O3-OXL/C (Figure 6a) needs four cycles to activate,
while S- Fe2O3-OXL/C (Figure 6b) needs three. After that, the
discharge capacity of Fe2O3-OXL/C (Figure 6a) rapidly
decreases, almost monotonically, except for the 9, 11, and 14
cycles, where a sharp but not sustained increase in the capacity
is observed. The most plausible explanation for this
phenomenon is that hydrogen bubbles delaminate the
electrode and break the material, creating new pores and
exposing new active surface. Nevertheless, those pores are
quickly plugged again by inactive material. In this case, we
believe that both passivation and plugging of the pores take
place at the same time, which would sustain the previous
explanation. The f factor calculated for this electrode is 0.829.

The electrode manufactured with the S-Fe2O3-OXL/C
composite shows a very steady behavior (Figure 6b). From
cycle 4 and on, the discharge capacity slowly decreases at a
pace less than 0.5%/cycle ( f = 0.995). Comparing the
properties of Fe2O3-OXL/C and S-Fe2O3-OXL/C, the two
oxides used for these composites present close values of surface
area, porosity, pore size, and crystal size. The only differences
are the absence or presence of sulfur and the ratio of
maghemite to hematite. Nevertheless, the Fe2O3-COM/C
composite is exclusively formed by maghemite and has a very
poor performance in terms of stability (Figure 6d), so the most
plausible explanation is that sulfur is indeed preventing
passivation in S-Fe2O3-OXL/C.

For the two other composites (S-Fe2O3-SHX/C, Figure 6c
and Fe2O3-COM/C, Figure 6d), the proposed model does not
fit the data as well as it does with the oxalate-based iron oxide
composites. S-Fe2O3-SHX/C (Figure 6c) shows a different
behavior. During the first 20 cycles, the tendency is that its
capacity increases, indicating that the material is still not fully
activated. This behavior will be deeply discussed in the next
section. However, both S-Fe2O3-SHX/C and S-Fe2O3-OXL/C,
present a more stable performance than the electrodes that did
not contain sulfur.

For the Fe2O3-COM/C electrode (Figure 6d), the first three
cycles have an exceptionally high discharge capacity, which
immediately decays to less than half in the following cycles. As
seen in Table S2, the oxide in which this composite is based
has the lowest surface area and porosity of all, which makes it
prone to pore plugging. As the cycling advances, the electrode
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loses capacity especially in the first discharge plateau. This is a
signal that iron hydroxide is not reducing to metallic iron,
which supports the hypothesis of passivation by insulating
layer.

According to several studies,14,51,52 sulfur prevents passiva-
tion of iron electrodes when present as iron sulfide or bismuth
sulfide. Some new studies have shown that adding elemental
sulfur to the electrodes can have a strong impact in preventing
passivation. As Shangguan et al. showed by XRD analysis,20

sublimated sulfur can reduce to S2−, which dissolves into the
electrolyte and then is adsorbed by iron particles, forming FeS
and other nonstoichiometric iron sulfides. In this case, the
post-mortem XRD analysis was inconclusive (see Figure S7 in
the Supporting Information), but XPS shows that, indeed,
sulfate present in the fresh sulfur-modified iron oxides reduces
to species that, according to the binding energies, could be S or

S2− (Figure 7). Equations 3−5 show the path that sulfur can
follow in alkaline media to reduce from sulfate to sulfide:

E

SO H O 2e SO 2OH ;

0.93 V vs SHE
4

2
2 3

2

0

+ + +

= (3)

E

SO 3H O 4e S 6OH ;

0.66 V vs SHE
3

2
2

0

0

+ + +

= (4)

ES 2e S ; 0.48 V vs SHE0 2 0+ = (5)

The reduction from sulfate to sulfite (eq 3) takes place at a
more negative potential than the reduction of iron(II)
hydroxide. Nevertheless, −0.93 V vs SHE is equivalent to
−1.03 V vs Hg|HgO, so the standard potential for this reaction
is less negative than the potentials at which the system is
working. Once the sulfate is reduced to sulfite, it should rapidly
reduce to sulfur and then sulfide, as the standard equilibrium
potentials for these reactions (eqs 4 and 5) are much less
negative than those at the working electrode. This explains why
no sulfite peaks are observed in Figure 7 being highly probable
that the peak at 163.9 eV corresponds to sulfide. As has been
demonstrated in previous literature,53,54 sulfide ions react with
iron(II) hydroxide to form the much more conductive iron(II)
sulfide and other conductive iron sulfide species.

More evidence for the passivation preventing effect of sulfur
can be found in the fresh and post-mortem electrode SEM

images and EDX analyses (Figure S9). It can be seen that the
iron crystal agglomerates grow after 20 cycles, and this effect is
more evident in electrode Fe2O3-COM/C than in S-Fe2O3-
OXL/C, consistent with the higher maximum discharge
capacity of the first electrode over the latter. Especially
interesting are the EDX analyses of the electrodes before and
after cycling. Before cycling, it can be seen that the electrode
Fe2O3-COM/C has a high amount of oxygen in the iron
particle, which means the iron is oxidized. After 20 cycles, the
amount of oxygen detected by EDX is considerably lower,
which is a signal that only a small amount of the iron was able
to oxidize. This is consistent with the electrode being
passivated by a layer of iron(II) hydroxide over the metallic
particles which does not allow the bulk of them to react. In
electrode S-Fe2O3-OXL/C, the height of the oxygen peak in
the EDX scan relative to the iron peak is almost the same in
the fresh electrode and in the electrode cycled 20 times,
showing that the passivation of iron in this electrode is much
slower.

Electrodes based on sulfur-modified iron oxides were
subjected to extended cycling (60 cycles, approximately
200−280 h). Further details on these experiments can be
found in the Supporting Information.

Operation variables were also investigated to elucidate the
conditions that could maximize the performance of the system.
Electrodes manufactured with S-Fe2O3-OXL/C were cycled at
higher C-rates (i.e., higher charging and discharging currents).
The detailed information can be found in the Supporting
Information.

4. CONCLUSIONS
We prepared mesoporous sulfur-modified iron oxides, which
were mixed with commercial carbon (Vulcan XC-72R) to form
Fe/C composites and tested as negative electrodes for iron−air
batteries. Unlike most previous negative iron electrodes, the
sulfur was directly produced as a composite material with the
iron rather than being added by simple physical mixing. The
synthesis of the iron oxide was facile, and it could be prepared
in a scalable manner at low cost. The following paragraphs will
summarize the significant findings that were observed.

The discharge capacities of the iron electrodes ranged from
400 to 850 mA h gFe

−1; although the iron electrodes with sulfur
modification had lower capacities than those without, the cycle
stability was vastly improved by the addition of sulfur. The
positive effect of sulfur outstrips any the effect of any other
feature such as phase composition or particle size.

The oxalate-precipitated sulfur-modified iron oxide (S-
Fe2O3-OXL) proved to be a superior material for long-term
cycling. The exponential decay in the discharge capacity was
much lower such that it was able to maintain 95% of its initial
capacity after 20 cycles (∼100 h) at 0.4 C (charge) to 0.2 C
(discharge) rates. It even maintained 65% discharge capacity
after 500 h of operation. In comparison, the same material
prepared without sulfur almost completely deactivated after 20
cycles and commercial iron(III) oxide nanopowder deactivated
after 15 cycles.

The synthesis method allowed uniform distribution of sulfur
on the surface of the iron oxide. The high degree of physical
contact between the iron and sulfur phases improves the
electrochemical stability of the electrode by enhancing the
suppression of hydrogen evolution and passivation (as
demonstrated by the improved Coulombic efficiency).

Figure 7. XPS post-mortem spectrum of the composite S-Fe2O3-
OXL/C in the sulfur 2p orbital region.
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The mechanism by which prevention of passivation occurs is
reduction of sulfate species into sulfide under the operating
conditions, which then decreases the potential for hydrogen
evolution at the electrode surface area.

Finally, we demonstrated control of the charge and
discharge rates to enhance different properties. Lower charge
and discharge rates resulted in the operation of the electrodes
being more stable (less than 0.5% capacity loss per cycle), and
by increasing the rates, we could increase the Coulombic
efficiency of the process from 35% up to 65%.

The results obtained from this research present a useful tool
for manufacture and operation of iron electrodes in an iron−air
battery. In order to achieve the highest Coulombic efficiency, a
charging rate of 0.8 C and a charge time of 50 min are
recommended. A lower charge rate, 0.4 C, is recommended to
extend the useful life of the electrode.
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Hyperfine Interact. 1992, 73 (3), 371−375.
(35) Rodriguez-Carvajal, J.FULLPROF: A Program for Rietveld

Refinement and Pattern Matching Analysis. In Satellite Meeting on
Powder Diffraction of the XV Congress of the IUCr (Vol. 127); IUCr,
1990.
(36) Vandenberghe, R. E.; Barrero, C. A.; Da Costa, G. M.; Van San,
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