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1. Introduction

Metal-air batteries (MABs) are promising energy stor-
age systems due to their predicted high theoretical energy 
densities (from 1000-11000 W h kg-1). MABs consist of a neg-
ative electrode, a metal that oxidizes during discharge, and 
a positive electrode, in which ambient oxygen is reduced. 
Several metals can be used as anodes: lithium, sodium, mag-
nesium, potassium, aluminium, zinc and iron. Amongst all 
MABs, iron-air batteries (IABs) have several advantages. The 
Fe-air secondary battery is a space saving technology due to 
the high theoretical volumetric energy density of iron of 
9700 kW h m-3 and the use of an aqueous electrolyte. Alt-
hough IABs have the lowest open circuit voltage and theo-
retical gravimetric specific energy of all the aforementioned 
systems – 1.28 V and 1080 W h kgFe

-1, respectively [1]–, IABs 
have the potential to become one of cheapest and safest en-
ergy storage solutions of the future. Iron is abundant, eco-
nomic, safe to handle and easy to refine and recycle.  

The two reactions that take place in the negative elec-
trode of these batteries (shown in the discharge direction) 
are the following ones: 

𝐹𝑒 + 2𝑂𝐻− ⇌ 𝐹𝑒(𝑂𝐻)2 + 2𝑒−   (1) 
3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻− ⇌  𝐹𝑒3𝑂4 + 4𝐻2𝑂 + 2𝑒−   (2) 

The standard potentials of these reactions are -0.878 V 
and -0.762 V vs. SHE, respectively. There are two main prob-
lems affecting the negative (iron) electrode of IABs. The first 
is the hydrogen evolution reaction (HER) that occurs during 
the charging cycle of the electrode at a potential of -0.828 V 
vs. SHE, competing with the reduction of iron (II) hydroxide 
to metallic iron. This causes the loss of energy during charg-
ing and diminishes the coulombic efficiency of the system. 
The second problem is the loss of capacity of the iron elec-
trode upon long-term cycling. The iron electrode deac-
tivates which each cycle, either by passivation due to the 
formation of non-reactive, non-conductive iron species or 
due to the loss of material. 

Sulphur additives, such as iron sulphide or bismuth 
suplhide in the electrode and sodium sulphide in the elec-
trolyte, have proven to slow-down the passivation of the 
iron electrode, allowing it to retain its capacity. In this work, 
we study the mechanism of deactivation of iron electrodes 
and propose an explanation of why sulphur additives can 
prevent it. 

2. Experimental

2.1 Synthesis of iron oxides and iron-sulphur/carbon compo-
sites 

Porous sulphur-modified iron oxides were synthesized 
via precipitation of iron (II) sulphate with tartaric acid and 
sodium hydroxide. Sodium thiosulphate was also added as a 
sulphur source. A sulphate tartrate salt was obtained, which 
was then calcined in air at 350 ºC or annealed in nitrogen at 
500 ºC. The sulphur-iron/carbon composites were obtained 
by mixing the iron oxides with Vulcan XC-72R in 1:1 mass ra-
tio in a planetary ball mill, at 100 rpm for 1 h in ethanol. The 
samples were named as shown in Table 1. For the sake of 
comparison, iron oxides without the addition of tartaric acid 
and/or sodium thiosulphate were also synthesized. The iron 
oxides were named S-Fe2O3-X-Y, where S stands for the 
presence of sulphur (in the oxides synthesized with sodium 
thiosulphate). X is the precipitating agentn used during 
synthesis: it can be either TAR in the oxides synthesized with 
tartaric acid or SHX in the oxides where the preicipitating 
agent was only sodium hydroxide. Y is the thermal 
treatment atmosphere. 

2.2 Physical-chemical characterization 

The sulphur-modified iron oxides were characterized by 
solid state techniques: X-Ray Diffraction (XRD), X-Ray Photo-
electron spectroscopy (XPS), nitrogen physisorption, Ele-
mental Analysis (AE), Inductive Coupled Plasma spectros-
copy (ICP), and Scanning and Transmission Electron Micros-
copy (SEM and TEM).  

2.3 Electrochemical characterizations 

Charge-discharge chronopotentiometry cycles and 
electrochemical impedance spectroscopies (EIS) were 
carried out to characterise the performance and behaviour 
of the composites as iron electrodes. A mesh working 
electrode was prepared by hot-pressing a paste of the 
composite and PTFE dispersion in a stainless steel mesh – 
0.05 mm wire diameter, 39.6% porosity. These tests were 
carried out in 6.0 M KOH electrolyte and using a Hg|HgO 
oxide reference electrode. The counter electrode was a 
nickel sheet.  

3. Results

3.1 Physical-chemical characterization 

The obtained sulphur-modified iron oxides show differ-
ent properties, which depend on the precipitating agent and 
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thermal treatment conditions. The size of the crystals, for 
instance, ranged between 7.6 and 16.3 nm for the oxides 
calcined in air, while it had values of 26.8 and 40.5 nm for 
the ones annealed in nitrogen. There is a clear sintering ef-
fect of high-temperature thermal treatment. The precipita-
tion with tartaric acid yielded mesoporous iron oxides with 
surface areas greater than 115 m2·g-1, double than the other 
4 materials.  The amount of sulphur in the sulphur-modified 
oxides ranged from 2.1 wt. % to 6.6 wt. % in the ones that 
were synthesized the addition of sodium thiosulphate. 

 

3.2 Electrochemical characterizations 

20 charge-discharge cycles at a charge rate of 0.4 C and 
discharge rate of 0.2 C (Fig. 1) were performed to investigate 
the deactivation of the electrodes. After a few cycles in 
which the capacity increases –period of activation–, the ca-
pacity of the electrodes starts slowly decreasing. As can be 
seen in Fig 1, the maximum discharge capacity of the elec-
trodes and their stability varies greatly among the differente 
materials. S-Fe2O3-SHX has the greatest discharge capacity, 
achieving a maximum of almost 700 mAh·gFe

-1, but loses 
about 30% after 20 cycles. On the other hand, S-Fe2O3-TAR-
air shows around half of the capacity of the aforementioned, 
but retains almost all of it upon cycling. 
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Fig. 1. Discharge capacity (mAh·gFe

-1) of the different composites 

along cycling, considering two discharge steps. 

4. Discussion 

In order to compare the capacity loss of each electrode, 
a first-order deactivation model was proposed: 

 

𝑄 = 𝑄𝑖 ∗ 𝑓𝑛−𝑖                                                                      (3) 
 
Where 𝑄 is the discharge capacity of the electrode at a 

cycle 𝑛, 𝑖 is the number of activation cycles, 𝑄𝑖  is the dis-
charge capacity of the electrode at the end of activation 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 one (𝑓 = 1). When ap-
plying equation 3 to all of the electrodes (Table 1), we find 
that the 𝑓 factors range between 0.930, for S-Fe2O3-SHX and 
0.998 for S-Fe2O3-TAR-air. This means that this electrode 
loses 0.2% of its capacity with each cycle.  

Table 1. Maximum capacity and stability factors of the electrodes. 

Sample 
Maximum discharge 

capacity (mAh·gFe
-1) 

𝒇 factor 

Fe2O3-TAR-air 623 0.989 

S- Fe2O3-TAR-air 359 0.998 

Fe2O3-TAR-N2 442 0.953 

S-Fe2O3-TAR-N2 443 0.962 

Fe2O3-SHX 511 0.975 

S-Fe2O3-SHX 688 0.930 

 
To further investigate how deactivation occurs, we ap-

plied EIS studies to the second charging step (equation 1) of 
electrodes S-Fe2O3-TAR-air and S-Fe2O3-TAR-N2 after 1 cycle 
and after 15 cycles (Fig. 2). The studies let us know that, af-
ter the mentioned 15 cycles, the charge transfer resistance 
in the first of these electrodes increases around 10%, while 
in the second one it increases more than 25%, suggesting 
that less material is available to react, and that the electrode 
is passivating at a faster pace. 

 

 
Fig. 2. Nyquist diagram and equivalent circuit for the second charge 

step (equation 1) of the electrode S-Fe2O3-TAR-N2 after 15 cycles. 
 

5. Conclusions 

There is a significant relationship between the synthesis 
method and thermal treatment of the iron oxides and the 
performance of the electrode manufactured with them. The 
addition of sulphur to the electrode seems to enhance the 
stability of the electrodes synthesized with tartaric acid. 
However, too much sulphur can be detrimental for the sta-
bility of the electrodes, as can be seen in the electrode S-
Fe2O3-SHX-air – the one with the highest amount of sulphur. 
Long-run tests must also be performed to prove the validity 
of these results. 
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