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S.1. Experimental details 

 

Figure S1. a) Schematic view of the holder employed for the electrochemical tests, b) Image of the 
holder containing the working electrode and counter electrode. 
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A scheme and an actual photograph of the electrodes system and cell is shown in Figure S1. 

The reference and counter electrodes are held only 5 mm apart to reduce the electrical 

resistance in the electrolyte and the overpotential related to it. The reference electrode is 

connected through a capillary, contacting close to the working electrode.  

S.2. Additional physical-chemical characterization 

 

 
Figure S2. High-resolution XPS spectra of Fe2p in a) Fe2O3-COM and b) Fe2O3-OXL. High-

resolution XPS spectra of (c) Fe2p and (d) S2p in S-Fe2O3-SHX. e) High-resolution XPS spectra 
of S2p in S-Fe2O3-OXL with a wider B.E. range. 
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Table S1. Mössbauer hyperfine parameters for samples Fe2O3-OXL, S-Fe2O3-OXL, Fe2O3-SHX 
and S-Fe2O3-SHX. 

 Fe2O3-OXL S-Fe2O3-OXL Fe2O3-SHX S-Fe2O3-SHX 

 S1 S2 S1 S2 D S1 D S D1 D2 

Bhf (T) 51.62(1) 49.54(2) 51.66(1) 49.60(2) – 45.1
(b)

 – 43.3
(b)

 – – 

 (mm/s) 0.374(1) 0.325(2) 0.372(1) 0.318(1) 0.382(5) 0.33
(b)

 0.29(2) 0.346
(b)

 0.377(5) 0.369(1) 

2/QS (mm/s)
(a)

 –0.208(1) 0
(c)

 –0.208(1) 0
(c)

 0.760(8)  0.60(3) –0.204(2) 1.144(3) 0.72(2) 

FWHM  (mm/s) 0.250(2) 0.474(7) 0.231(2) 0.504(5) 0.71(1)  0.83(8)  0.311(5) 0.50(1) 

Area (%) 76.1(1) 23.9(1) 52.6(1) 40.7(1) 6.7(1) 96.9(3) 3.1(5) 71.2(1) 15.5(1) 13.3(1) 

Isomer shifts relative to -Fe. 

(a) 2 for sextets, QS for doublets. 

(b) Weighted average values. Median values of Bhf: 49.1 T for Fe2O3-SHX, 46.9 T for S-Fe2O3-SHX. 

(c) Fixed values. 

 

 
Figure S3. Experimental diffraction patterns (dots), fitted patterns (thick lines) and difference 
patterns (thin lines). Vertical lines show calculated reflection positions for maghemite (upper) 

and hematite (lower). Regions excluded from the fits carried out to determine the relative 
maghemite and hematite mass fractions are shown in green. 
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Figure S4a and S4b shows FTIR spectra for the different iron oxides, evidencing clear 

differences between samples. All the iron oxides, present absorption peaks observed at 3429 

and 1630 cm−1 that are assigned to the stretching mode of hydroxyl group of water molecules. 

Figures S4c to S4f show the region from 1600 to 400 cm-1 for all the individual samples. 

Typical modes of maghemite are present in the FTIR spectra for the commercial sample, 

Fe2O3-COM (Figure S4c), composed of pure maghemite (γ-Fe2O3), as also determined by 

XRD. Klotz et al. mentioned well defined spectrum with peaks at 560, 587, 636, 690, 724 

cm−1, because of the vacancies in octahedral sides of γ-Fe2O3, also visible in our Fe2O3-COM 

sample, what corroborates its crystallographic structure 1. On the other hand, S-Fe2O3-SHX 

shows two characteristic bands at 889 cm-1 and 796 cm-1 assigned to Fe-O-H bending 

vibrations as well as typical bands associated to hematite, in the range within 662-526 cm-1 

and 494-437 cm-1 as referred by 2. On the other hand, Fe2O3-OXL and S-Fe2O3-OXL show a 

mixed FTIR spectra with bands typical from both hematite (bands at 637, 538 and 462 cm-1) 

and maghemite (bands at 694 and 480 cm-1) (in accordance to XRD). Besides S-Fe2O3-OXL 

shows four bands at 1227, 1139, 1074 and 1000 cm-1 that could be assigned to adsorbed 

sulfates groups. Gotic et al. also described the presence of adsorbed sulphates on iron oxides 

obtained at acidic pH values, as is the case for S-Fe2O3-OXL 3,4. 
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Figure S4. FTIR spectra for the different iron oxides synthesized: (a) Comparison between 
Fe2O3-COM vs. S-Fe2O3-SHX; (b) Comparison between Fe2O3-OXL vs. S-Fe2O3-OXL; (c) 
Fe2O3-COM  (d) S-Fe2O3-SHX (e) Fe2O3-OXL (f) S-Fe2O3-OXL 

 

 

Table S2 shows the quantitative results obtained from the fitting of N2-

adsorption/desorption isotherms (Figure S5a), along with the average porosity of the 

obtained samples, calculated from the ratio between the pore volume and the density (being 

the density considered for iron oxide: 5.26 g cm-3)5. Iron oxides obtained present a porosity 

around 50 %, which will be useful to hold the change of volume of the iron products during 

discharge. Commercial iron oxide presents the lowest pore volume and porosity of all the 

oxides. In Fe2O3-COM, the pores exist due to the small particle size, which creates small 

voids between the particles, as can be ascribed from the TEM image shown in Figure 3k (in 

the main manuscript). The regular shape of its particles allows the particles to stack better, 

and fewer voids are left in between, as can be seen in the mentioned image (Figure 3k). 
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In the case of Fe2O3-OXL and S-Fe2O3-OXL, the mesoporosity is consequence of the pores 

open in the bulk of the material by the decomposition of the organic salt. As a result, Fe2O3-

OXL and S-Fe2O3-OXL have an almost identical surface area, around 55 m2 g-1 which is the 

double of S-Fe2O3–SHX and around 33% larger than the surface area of the commercia l 

sample, Fe2O3-COM (Table S2). Iron oxides obtained from oxalic acid present an average 

pore size around 14 nm, a similar value to the one of the commercial iron oxide. Whereas S-

Fe2O3-SHX (obtained by precipitation with NaOH) presents the largest average pore size, ca. 

24 nm. The use of NaOH in the synthesis might act as pore generator, favoring a larger pore 

size 6. In any case, large mesopores may help accommodating the volume changes of the 

electrodes upon cycling. Figure S5b shows the pore size distribution of the iron oxides.  

 

 

Table S2. Textural properties of the iron oxides 

Sample 
BET surface 

area / m2 g-1 

Pore volume / 

cm3 g-1 

BJH pore 

size / nm 
Porosity 

Fe2O3-COM 38.9 0.13 13.3 40 % 

Fe2O3-OXL 55.5 0.24 14.6 55 % 

S-Fe2O3-OXL 55.8 0.20 14.9 51 % 

S-Fe2O3-SHX 28.3 0.19 23.8 50 % 
 

Figure S5a shows the nitrogen physisorption isotherms for the four different iron oxides. 

The two oxides synthesized via precipitation with oxalic acid have a larger total pore volume 

(as can be ascribed from the maximum adsorbed quantity) and a larger surface area (seen 

from the slope at relative pressure 0.05 – 0.3) than the two other oxides. In addition, Fe2O3-

OXL and S-Fe2O3-OXL (Figure S5b) have pores around 10 nm and 40-45 nm wide (Fe2O3-

OXL has three times more 10 nm pore volume than S- Fe2O3-OXL), while S-Fe2O3-SHX and 

Fe2O3-COM only have 35 – 40 nm pores. 
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Figure S5. a) Nitrogen adsorption-desorption isotherms at 77K over the four synthesized iron 

oxides. b) Pore size distribution of the iron oxides 

 

STEM-EDS analyses confirmed that sulfur is present along all of the iron particles (Figure 

S6). 

Figure S6. STEM images and EDS analysis of different iron crystallites in composites S-Fe2O3-
OXL/C (a, b, c, and d) and S-Fe2O3-SHX/C (e, f, g and h) 
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Post-mortem XRD of the S-Fe2O3-OXL/C electrode after the first charge step, first discharge 

step and second discharge step are shown in Figure S7. It was not possible to see any sulfur 

phases. Only the sample examined after the second discharge step shows clear presence of 

goethite, but it was not possible to quantify the phases, as most of the peaks of Fe3O4 and 

Fe(OH)2 overlap or are very close. 

 
Figure S7. X-ray diffraction spectra of S-Fe2O3-OXL/C electrodes after the first charge plateau 

(top), first discharge plateau (middle) and second discharge plateau (bottom) 
 

 

Figure S8. SEM images (16000x magnification back-scattered electrons) of electrode Fe2O3-
COM/C before (a) and after (b) discharging.  
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Figure S9. SEM images and EDX analyses for the electrode Fe2O3-COM/C: a) fresh electrode and 

b) after 20 cycles; SEM images and EDX analyses for the electrode S-Fe2O3-OXL/C: c) fresh 
electrode and d) after 20 cycles. Insets are the areas where EDX was measured 
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S.3. Extended cycling 

As stated in the main text, S-Fe2O3-SHX/C (Figure S10b) increases its capacity during the 

first 20 cycles, indicating that the material is still not fully activated. According to nitrogen 

physisorption (Table S2), this oxide has the lowest surface area of all the materials, which 

means it needs more cycles to increase its area by successive expansions and contractions in 

order to expose more iron atoms to the electrolyte. After the first 20 cycles, the capacity of 

the electrode becomes erratic There is a clear tendency to deactivation, but some spikes with 

high discharge capacity values can be seen (cycles 24, 30, 36, 40, 43). The model estimates 

a 7 % loss of capacity per cycle, which means a faster deactivation for S-Fe2O3-SHX/C than 

for S-Fe2O3-OXL/C (Figure S10a). Even though S-Fe2O3-SHX has a higher percentage of 

Sulfur in the bulk (as obtained by elemental analysis), it has less surface Sulfur than S-Fe2O3-

OXL (Table 1), meaning less sulfate that can reduce to sulfide and help to prevent 

passivation. Shangguan et al. 7 reached a similar conclusion. Their materials had 5-10 % wt. 

Sulfur and, and they also reported that the stability and the performance of the electrodes 

increased with the amount of Sulfur. Another factor for the worse stability of S-Fe2O3-SHX 

when compared to S-Fe2O3-OXL is the different crystal size. Being much smaller in the 

former, this means also a higher tendency to passivation, since small particles are more prone 

to passivation phenomena than large ones. This manuscript adds another conclusion: it is the 

amount of Sulfur on the surface, and not necessary in the bulk of the iron oxide the most 

important property that enhances the stability of the electrode, along with a proper crystal 

size. 

 

Figure S10. Extended cycling of a) S-Fe2O3-OXL; b) S-Fe2O3-SHX 
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To prove the deactivation model adjusted to the first 20 cycles and test the long-term 

performance of the synthesized materials, a 100-charge-discharge cycles (400 hours) was 

performed using the most stable material, S-Fe2O3-OXL/C. As Figure S11 shows, the model 

predicts accurately the behavior of the electrode for ca. 70 cycles. From cycle 73 to cycle 74 

(green rectangle in Figure S11), the capacity decreases circa 14% and never recovers, so the 

model overestimates the discharge capacity from that moment on. The capacity loss after 100 

cycles (350 hours) predicted by the model for this electrode was 39%, while the loss 

experimentally determined was 49%, still, the model gives an excellent estimation of the 

behavior of the electrode for 70 cycles. The difference in the expected and experimenta l 

values can be attributed to the slight loss of Sulfur along cycling. The amount of Sulfur in 

the fresh electrode measured by Elemental Analysis was 1.37 wt. %, and upon cycling it 

slightly decreased to 1.29 wt. %. 

 

Figure S11. Discharge capacity of the electrode manufactured with Fe2O3-OXL-S/C along 

100 cycles. Charge rate: 0.4C, discharge rate: 0.2C. 

Similar trends can be observed in literature. Tan et al.8 synthesized iron particles embedded 

in graphitic networks and found out that, after a 30-cycle formation period, the capacity 

decreases. In that study, the authors attribute the capacity loss to the consumption of sulfide 

ions, as they use Na2S 0.01 M as additive in the electrolyte. In fact, they show that the 

electrodes can recover their capacity by adding again Na2S to the electrolyte, but other studies 

have shown that electrolyte additives can poison the positive electrode of iron-air batteries 9. 

Other studies show even more look-alike trends. In the paper by Ito et al.10, carbon nanofibers 

loaded with Fe3O4 nanoparticles achieved a maximum of ca. 800 mAh gFe
-1 at fifth cycle, 

decreasing their capacity slowly to approx. 650 mAh gFe
-1 at 30th cycle, which is roughly a 
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0.75% capacity loss per cycle. A different but still related deactivation behavior is presented 

by Manohar et al.11, whose carbonyl iron and bismuth sulfide electrodes showed a remarkable 

almost 100% charging efficiency for the first 14 cycles, but dropped to 95% in the 15th cycle 

and did not recover its previous value later on. It must be mentioned that this last study used 

a discharge rate of 0.05 C, while in the present study it is four times higher. 

 

An electrode manufactured with S-Fe2O3-OXL/C was charged at 0.8 C rate and discharged 

at 0.4 C rate for 34 cycles (Figure S12a); and another identical electrode was charged at 1.6 

C rate and discharged at 0.8 C rate for 20 cycles (Figure S12b). The increase in the charge 

and discharge C-rates resulted in a high increase in the discharge capacity, especially when 

charging at 0.8C and discharging at 0.4C (Figure S12a). In these conditions, the electrode 

manufactured with S-Fe2O3-OXL/C reached a total of almost 800 mAh gFe
-1 of discharge 

capacity. The highest discharge capacity value we have found in literature is 900 mAh gFe
-1 

12, but the performance of the electrodes manufactured in this study is more stable than in the 

cited article. Especially promising is the maximum of almost 500 mA h gFe
-1 in the first 

discharge plateau. In the case of the electrode cycled at a charge rate of 0.8C and discharge 

rate of 0.4C (Figure S12a), after 17 cycles, a cut-off was applied at 50 minutes of charge for 

the subsequent cycles. This turned into a slight decrease in discharge capacity, but an 

important increase in coulombic efficiency (green circle), from 49 % to 62 %, which is a 27 

% increase with respect to the efficiency obtained before the charging-time shortening. 

However, this increase in efficiency comes with a 15 % decrease in the maximum capacity 

(green circle in Figure S12a).  

A higher C-rate (Figure S12b), namely 1.6 C rate for charging and 0.8 C for discharging, 

does not increase the capacity of the electrode as much as the intermediate C-rate. Another 

effect of the increase in the charge and discharge rate is a reduction in the stability factor 𝑓 

for the electrode and a bell-shape curve for maximum discharge capacities (Figure S12c). 

The loss of stability with higher charge and discharge rates was expected and may be due to 

the formation of goethite with rapid oxidation of iron (II) hydroxide, according to literature 

13. The increase in discharge capacity can seem surprising, but it is a phenomenon that has 

been previously studied. According to Kitamura et al. 14, this effect in Fe2O3/carbon 

electrodes is explained by the difference of the potentials at which the HER and Fe(OH)2 
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reduction reach their diffusional limit, being that potential less negative for hydrogen 

evolution that for iron (II) hydroxide reduction. Additionally, as Weinrich et al. showed with 

carbonyl iron electrodes 15, a higher charge current can have a positive impact in the 

formation of the electrodes, as it promotes a higher surface area. However, when the 

discharge rate is too high, the capacity starts going down. Manohar et al. 11 observed this 

effect in bismuth-sulfide-doped carbonyl iron electrodes and also found a linear negative 

correlation between the discharge rate and the discharge capacity. 

 

Figure S12. Effect of the charge and discharge C-rate on the electrochemical behavior of 
electrodes manufactured wit S-Fe2O3-OXL/C. a) Charge-discharge cycles of S-Fe2O3-OXL 
at 0.8C rate for charging and 0.4C rate for discharging; b) Charge-discharge cycles of S-

Fe2O3-OXL at 1.6C rate for charging and 0.8C rate for discharging; c) dependance of 
maximum capacity and f factor with charge and discharge rates. 

 

The increase in the C-rate also turned into an increase in the charge-discharge potential gap 

(Δ𝐸) between the charge and discharge plateaus. In Figure S13c,  Δ𝐸1 (black bar) is the 
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potential difference between the 1st charge plateau and the 2nd discharge plateau, i.e. the 

potential difference between the oxidation of iron (II) hydroxide to goethite or magnetite and 

the reduction of these species to iron (II) hydroxide. Δ𝐸2 (red bar in Figure S13c) is the 

potential difference between the 2nd charge plateau (reduction of iron (II) hydroxide to 

metallic iron) and the 1st discharge plateau, which corresponds to the oxidation of metallic 

iron. From this information, we can deduct that, at low discharge rates (0.2 C - 0.8 C), charge 

transfer controls the system.  

The Butler-Volmer equation (1) indicates that the current increases exponentially with the 

overpotential, i.e. the overpotential increases logarithmically with the current, and this would 

explain why increasing the charge-discharge rates from 0.4 C (charge) – 0.2 C (discharge) to 

0.8 C (charge) – 0.4 C (discharge) turns into a small increase in the charge-discharge potential 

gap. 

𝑖 = 𝑖0 [exp(−
𝛼𝑧𝐹η

𝑅𝑇
)− exp(

(1 − 𝛼)𝑧𝐹η

𝑅𝑇
)] 

(1) 

On the other hand, when electrochemical reactions are controlled by mass transport or mixed 

regime, it is necessary a high increase in overpotential to obtain an increase in current, which 

is what happens when the rates are increased from 0.8 C (charge) – 0.4 C (discharge) to 1.6 

C (charge) – 0.8 C (discharge). 

In addition, the potential difference between the second charge plateau and the HER was 

calculated (Δ𝐸𝐻𝐸𝑅 , Figure S13d). The reduction of iron hydroxide and the hydrogen 

evolution occur simultaneously when the charge and discharge rate are 0.4 C and 0.2 C, 

respectively. When the C-rate is increased twice fold, the second charge plateau separates 

some millivolts (around 20) from the HER plateau. By increasing furthermore, the charge 

rate, this effect magnifies. This could allow us to control HER by varying the charge rate (it 

would not even be necessary to modify the discharge rate, just the charge rate). 
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Figure S13. a) 17 first charge and discharge cycles for the S-Fe2O3-OXL/C electrode at 0.8C rate 

for charging and 0.4C rate for discharging. b) Zoom view of the area marked with the rectangle in 

(a); (c) Average potential gaps for the first and second charge-discharge steps (d) Average potential 
gap between the second charge plateau and the HER plateau 

 

The increase in coulombic efficiency is a signal that, indeed, most of the HER occurs after 

the second charge plateau, as seen in the zoomed part of the graph in Figure S13b, while 

almost none of it occurs in the first charge plateau. However, part of the HER takes place 

together with the charge, and not after it, as can be deducted from the fact that the discharge 

capacity falls when the charge time is reduced (if the HER took place after the charge, 

reducing the charge time would not affect the charge and, by consequence, the discharge). 

As expected, the reduction in discharge capacity affects principally the first discharge step 

(which is related to the second charge step) in the 18th cycle, while the second step retains its 

capacity. Nonetheless, in the next cycles, the capacity of the first step increases and the one 
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of the second step slightly decreases, so the ratio of charge between the first and the second 

discharge steps goes back to 2:1, just like in the beginning of the experiment. The reason for 

this to happen is that, when the cut-off is applied, the less exposed iron (II) hydroxide 

molecules cannot be reduced to iron, so less iron atoms can oxidize to iron (II) hydroxide in 

the next discharge.  
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