 
[bookmark: _GoBack]Improving the stability and discharge capacity of nanostructured Fe2O3/C anodes for iron-air batteries and investigation of 1-octhanethiol as an electrolyte additive 
 
R.D. McKerracher a =, H.A. Figueredo-Rodriguez a =, C. Alegre b, c, A.S. Aricòb, V. Bagliob, C. 
Ponce de Leόn a * 
 
a. Electrochemical Engineering Laboratory, Energy Technology Research Group, Engineering Sciences and the Environment, University of Southampton, Southampton, SO17 1BJ, UK. 
b. Istituto di Tecnologie Avanzate per l’Energia, Nicola Giordano, CNR-ITAE,  
Salita Santa Lucia sopra Contesse, 5, 98126, Messina (Italy) 
c. Laboratorio de Investigación en Fluidodinámica y Tecnologías de la Combustión, LIFTEC, CSIC-Univ. of Zaragoza, María de Luna 10, 50018 – Zaragoza (Spain) * Author for correspondence; R.D.McKerracher@soton.ac.uk 
 
Abstract 
Iron-based aqueous batteries, such as the iron-air and nickel-iron chemistries, are limited by passivation and hydrogen evolution at the iron anode, especially at high current densities. In this paper, strategies to minimise these issues are investigated with iron electrodes composed of 20-50 nm Fe2O3 nanoparticles produced by the Adams and Oxalate methods. The strategies include ball milling the Fe2O3 with Ketjenblack carbon to improve conductivity, addition of bismuth sulphide to the electrode and 1-octanethiol to the electrolyte, and addition of potassium carbonate as a pore-forming agent. The ratio of Fe/C in the electrode and the 1-octanethiol additive have the greatest impact on the electrode capacity. The Fe/C ratio should be below 2.0 to ensure conductivity of the discharged electrode. The presence of 1-octanethiol can protect the electrodes from passivation during discharge; at very high 2C discharge rates adding 1-octanethiol increases the electrode specific capacity from 17 to 171 mAh/gFe. The synthesis method and use of pore former do not have a significant effect on the capacity. In all electrodes, the Fe2O3 nanoparticles are in the same crystalline phase after cycling and do not undergo significant crystal growth and passivation, demonstrating the stability and suitability of these materials for iron-based batteries.  
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1. Introduction 
Alkaline iron-based rechargeable batteries such as the iron-air or iron-nickel-oxide systems are appealing due to the low cost, relative abundancy, recyclability and eco-friendliness of their components [1–4]. Iron is the fourth most abundant element in the earth’s crust, and has the lowest carbon footprint of all metals to produce. [5] 
Iron has various oxidation states, two of which can be used to develop an aqueous alkaline battery whilst staying within to the potential window of a strong aqueous alkaline electrolyte solution ([-0.95, 0.28] V vs. Hg/HgO at pH 14). Therefore, during its operation, two discharge plateaus can be observed at the iron anode: one at -1.00 V vs. Hg/HgO, corresponding to the oxidation of metallic Fe to Fe(OH)2 (Eq. 1) and a second plateau at -0.88 V vs. Hg/HgO corresponding to a further oxidation of the hydroxide to Fe3O4 (Eq. 2):  
𝐹𝑒 + 2𝑂𝐻− ↔ 𝐹𝑒(𝑂𝐻)2 + 2𝑒−                                   𝐸0 = −1.00 V 𝑣𝑠. 𝐻𝑔/𝐻𝑔𝑂       (1) 
	3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻− ↔ 𝐹𝑒3𝑂4 + 4𝐻2𝑂 + 2𝑒−         𝐸0 = −0.88 V 𝑣𝑠. 𝐻𝑔/𝐻𝑔𝑂 	   (2) 
It is important to be aware that reaction (2) does not always proceed exactly as written here; any iron(III) oxides can be formed by discharging iron electrodes, including Fe3O4, Fe2O3 and FeOOH [6]. Considering reactions (1) and (2), the predicted specific capacity of the iron-air battery (IAB) could reach up to 1273 mAh/gFe (960 mAh/gFe of the first discharge reaction, equation (1) and an additional 313 mAh/gFe from the second reaction, equation (2). Although this is very promising, developing a practical battery from this chemistry has proven a formidable challenge, as has been highlighted by the initial research carried out during the 70s [1]. In recent publications we have reported advances related to the use of different bifunctional catalysts at the air cathode [7–10]. Following this, we turn our attention towards improving the performance of the iron anode.  
 
The main challenges related to the iron electrode performance in alkaline batteries are: (1) low coulombic efficiency during charge-discharge cycling, (2) passivation of the iron electrode at high cycling rates, and (3) slight self-discharge of the iron electrode over long periods [1,3,9,11–13]. The low coulombic efficiency and passivation of the iron electrode have been attributed to: (i) the close proximity of the hydrogen evolution (-0.95 vs. Hg/HgO) and reduction of iron hydroxide (-1.00 V vs. Hg/HgO) potentials, and (ii) the potential drop associated with the low electrical conductivity of some of the iron oxides formed during the discharge processes [1,9,14,15].  
An additional challenge is the self-discharge of the battery as a consequence of the iron corrosion reaction over time: 
𝐹𝑒 + 2𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2 + 𝐻2          (3) 
Accordingly, the iron electrode will slowly lose some capacity over long periods. Without any preventative measures, this may cause up to 1-2% capacity loss per day [3]. It has been reported that the presence of small amounts of bismuth oxide or sulphide may help to reduce the hydrogen evolution reaction (HER) rate and also diminish the capacity losses due to the selfdischarge of the iron electrode [16,17]. According to [16], the following reaction takes place in the presence of bismuth oxide.  
𝐵𝑖2𝑂3 + 3𝐻2𝑂 + 3𝐹𝑒 → 2𝐵𝑖 + 3𝐹𝑒(𝑂𝐻)2           (4) 
Since the potential for the reduction of bismuth oxide (-0.56 V vs. Hg/HgO) is more positive than the potential of the reduction of iron hydroxide to iron (Eq. 1), then during the charge, the electro-reduction of bismuth and iron will occur simultaneously, and the presence of elemental bismuth will increase the H2 over-potential. [16] The elemental bismuth could be produced from either Bi2O3 (as in reaction 4 above) or Bi2S3 via a similar reaction pathway; experimental results suggest the two materials act in a similar way [16,18] 
It has also been discovered that the presence of sulphides at the electrode-electrolyte interface can diminish the passivation of the iron electrode by improving conductivity (FeS is more conductive than iron oxides). These additives include iron sulphide and bismuth sulphide in the solid electrode and sodium sulphide and alkanethiols in the electrolyte [18,19]. Additionally, alkanethiols are found to inhibit hydrogen evolution by forming a hydrophobic layer that reduces the rate at which water can access the electrode. [20] 
An important macroscopic design consideration for iron electrodes is the significant volume change expected during their operation, as can be seen from  
Table 1 [1,4]. This is particularly evident during the first discharge plateau caused by the oxidation of Fe to iron hydroxide, Fe(OH)2  (Eq. 1). Since there will be a 272% volume increase when oxidising from metallic iron to iron hydroxide, and a further increase to a 329% greater volume when oxidising to  Fe2O3, it is important to make the iron electrode porous enough to avoid blockage of the cavities upon discharging that could prevent the electrolyte reaching the iron electrode active material [4].  
One strategy suggested to overcome this problem is to add a sacrificial material that will dissolve in the electrolyte, such as potassium carbonate (K2CO3) [4]. The extra pores created on the dissolution of this material will help to avoid passivation caused by the volume change of the iron active material when cycling. 
Additional techniques used to improve the performance of iron electrodes have involved nanostructuring a high surface area Fe/C composite material with an even distribution of the iron active material around the carbon particles to enhance reactivity and conductivity [21– 23,24,27]. Also, high-energy ball milling can be used to modify grain size or chemical state of the iron active material [24–26].  
In summary, the use of pore forming agents, bismuth and sulphur containing additives, and intimate mixing of the iron with a conductive carbon substrate have all been used to improve the performance of iron electrodes. In previously published work, we reported a study into the suitability of five iron-containing materials, carbonyl iron, FeS, Fe2O3 Fe3O4 and FeOOH for use as active materials in iron electrodes, with K2CO3 added as a pore forming agent and 4-7 wt % Bi2Si3 added to enhance conductivity and inhibit hydrogen evolution. The materials were mixed either manually or via ball milling. The results [6] suggested that better initial distribution of the iron materials over the conductive carbon support could significantly enhance the performance of the electrode over multiple cycles, and counteract the high rate of passivation observed in particular for Fe2O3.  
In this paper, we study the electrochemical performance of electrodes containing Fe2O3 nanoparticles that have been synthetized by the Adams and Oxalate methods, to establish whether the synthesis method can have any effect on the electrochemical behaviour, particularly, in the mean discharge capacity of Fe2O3/C hot pressed iron electrodes. The effect of the Fe to carbon ratio was studied for the samples produced using the Adams method. The effect of an additive (1-octanethiol) to the electrolyte was also investigated, to establish the effect of simultaneously using sulphides in both the electrode and the electrolyte, which has not been reported before. 
 
 
2. Experimental  
2.1. Materials and Methods 
2.1.1. Synthesis of Fe2O3/C composite by the Adams method (A) 
Fe2O3 (A) nanoparticles were synthetized by a molten-salt fusion method [27,28] where the iron precursor FeCl2 was dispersed in iso-propanol under magnetic stirring, followed by addition of the necessary amount of NaNO3. The mixture was left to evaporate for several hours and the resulting powder was calcined in air at 500 ºC for 1 h. The fused salt-oxide obtained after calcination in air was washed with distilled water to remove the remaining salts, filtered and dried in an oven at 80 °C for 12 h. The iron oxide obtained was then mixed in a planetary ball-milling apparatus for 4 h at 100 rpm with a corresponding amount of carbon (Ketjenblack, from Azkonobel)  (see Table 2) in the presence of ethanol to favour the mixing of the solid ingredients. In order to suppress hydrogen evolution, 4 wt % Bi2S3 was also added to the Fe2O3/C composite during ball milling. 
 
2.1.2. Synthesis of Fe2O3/C by the oxalate method (O) 
Fe2O3 (O) nanoparticles were synthetized by an organic colloidal preparation that consisted in the formation of colloidal particles by the use of oxalic acid. The iron precursor, iron nitrate, was dissolved in a solution containing the oxalic acid at pH ≈ 6.5 and at 80 °C. Subsequently H2O2 was added to decompose the complex and form a precipitate that was collected by filtration, dried and subsequently calcined in air at 600 °C for 1 h in a ventilated furnace to obtain Fe2O3. This iron oxide was subsequently blended in the planetary ball-mill with Ketjenblack and Bi2S3 in the desired proportions (Table 2) for 4 h at 100 rpm in the presence of ethanol.  
Therefore, four different active powders containing Fe2O3 + carbon black+ Bi2S3 were synthetized and are summarized in Table 2. The main variables are the carbon to iron ratio, the synthesis method (including two different calcination temperatures). In all cases, 4 wt. % of Bi2S3 was added into the powders.  
 
 
 
2.2. 	 Formation of iron electrodes by hot-pressing  
Using the powders listed in table 2, hot-pressed iron electrodes were produced by mixing them with PTFE (60 wt. % aqueous dispersion, Sigma Aldrich) corresponding to 10 wt. % of the mass of the active paste as a binder, along with enough distilled water, to form a thick spreadable paste (active material to distilled water in a proportion ca. 1:4). In all cases, the resulting paste was hot-pressed at 140 ºC and 625 kPa between two stainless steel meshes (The Mesh Company, 500 mesh, 0.025 mm wire diameter, SS316 grade) for 10 minutes (MTI hydraulic hot press). Afterwards, the resulting electrode was treated at 285 ºC in a furnace for 10-15 minutes in order for the binder to melt and bind the Fe/C particles together.  
The exact percentages, including the PTFE binder used for each electrode paste, are presented in Table 3. Two further electrodes, Fe/C-250A-K and E7 Fe/C-250A-KO, were also tested, the former with 10 wt % K2CO3 added to the paste, [29] and the later with 1-octanethiol also added to the electrolyte. 
 
2.3. Electrochemical characterisation 
The iron electrodes were tested in a three-electrode 3D printed cell using a nickel metal plate counter electrode, and a Hg|HgO (1M KOH) reference electrode (+0.115 V vs. SHE), in a concentrated alkaline solution 6 mol dm-3 KOH, as shown in Figure S1 (see supplementary information. The only exception was E-250A-KO where 0.1 mol dm-3 of 1-octanethiol (Sigma Aldrich >98.5%) was added into the electrolyte. 
All the electrodes were galvanostatically cycled at the C/5 rate with a -0.55 V vs. Hg/HgO cutoff potential applied during discharge, and the discharge capacity for each cycle was measured. After cycling the electrodes E-465A, E-250A, E105A and E465O for one week at the C/5 rate, additional studies were carried out to compare the electrode E-465 with the additives E-250AK and E-250A-KO to clarify the effect of pore forming agents and 1-octanethiol as an electrolyte additive. Firstly, the five initial cycles at the C/5 rate were compared with a voltage cut-off at -0.55 V vs. Hg/HgO. Then, the electrodes were subjected to galvanostatic chargedischarge for 5 further cycles at various discharge rates C/10, C/5, C/2, C and 2C, with constant charging at the C/5 rate. Finally, polarisation curves were performed during 10 minutes, equivalent to a ca. 250 mA/min.gFe scan rate, on fully charged electrodes (overcharged up to 2546 mAh/gFe). This was repeated 3 times for both electrodes.  
3. Results and Discussion 
 
3.1. Characterisation of the synthetic iron materials 
 
The synthetic iron materials produced via the Adams and Oxalate methods were analysed prior to their incorporation in the iron electrode using XRD and electron microscopy to confirm particle size and formation of the Fe2O3 phase (see supplementary information Figures S2, S3 and S4a). Histograms produced via TEM gave a particle size of 20-100 nm for the Adams method (with a maximum centred at 60 nm) and 10-50 nm for the oxalate method (with the maximum centred at 20 nm).The XRD results (Figure S4a) confirmed the crystalline phase as α-Fe2O3 (hematite) in both samples, and gave crystallite sizes of 35-36 and 27-28 nm for the Adams and Oxalate methods respectively, via line broadening analysis. It is therefore likely that what appears as single particles on the TEM may be two or three crystallites joined together. The average particle size determined by TEM of the Oxalate Fe2O3 is approximately half of the sample produced by the Adams method, with the oxalate method particles showing more particles with an elongated rather than spherical morphology. The different ligand employed in each synthesis is most likely responsible for the differences in particle size and morphology. 
 
3.2. Influence of the iron to carbon ratio 
One of the main problems associated with the performance of the iron electrode in alkaline batteries is the passivation of the iron electrode [4,17,29, 30]. Iron oxides, formed during discharging, possess a low conductivity, in particular Fe2O3 (hematite). Nevertheless, Fe2O3 is still an attractive option when compared with other iron oxides as it can be synthesised with relatively small particle sizes < 50 nm, and unlike Fe3O4 it is not necessary to carefully control the oxygen content during synthesis. The small nanoparticles provide a large electrochemical surface area, but this may also accelerate unwanted side-reactions such as the passivation process leading to continuous growth of larger non-conducting crystallites of Fe2O3 and FeOOH materials [6].  
One method to overcome the low conductivity is by mixing the Fe2O3 particles with a conductive support material such as carbon black [22,31]. Following this approach, the question arises of how much the ratio of Fe/C (Ketjenblack) affects the performance of the Fe2O3/C electrodes. 
Three electrodes E-465A, E-250A, E105A with different Fe/C ratios by weight of 0.7, 2.0 and 5.7, respectively, were galvanostatically cycled at the C/5 rate (255 mA/gFe).  In Figure 1a, a representative charge cycle for electrode E-250A is presented: this galvanostatic chargedischarge cycle was repeated for at least 20 cycles for each electrode over a period of at least one week. The figure demonstrates a clear two-stage charging and discharging processes, with the oxidation states of iron changing from Fe to Fe3+ on discharge. The discharge plateaus occur at -0.97 and -0.75 V vs. Hg/HgO respectively, which gives an overpotential of -30 mV for the oxidation of Fe0 to Fe2+, and an overpotential of -130 mV for the oxidation of Fe2+ to Fe3+ with respect to the standard potentials (see Figure S5 for cyclic voltammetry of electrode E-465A showing the peaks corresponding to the charging and discharging plateaus. Charging is associated with reduction of the iron and discharging is associated with iron oxidation.). The overpotential for the first discharge plateau may be much lower because the conductivity of the starting material, metallic iron should be significantly higher that than of its oxides (Fe2O3 has conductivity of the order of magnitude 10-7 S/cm compared to ca. 109 S/cm for iron as a metal [32]). 
In Figure 1b, the profiles of cycles recorded for each of the electrodes E-465A, E-250A, E105A are presented (E-250A at cycle 4, the other two at cycle 3). For E-465A the highest capacity cycle observed was 910 mAh/gFe, for E-250A the highest capacity was 905 mAh/gFe, and for E-105A it was 600 mAh/gFe. It is clear that the maximum capacity per gram of iron increases with a higher carbon content of the sample. Also, the overpotential recorded for the charging plateaus increases in the same pattern; E-465A containing 46.5% carbon undergoes the first charging plateau at -0.92 V vs. Hg/HgO whereas E-105A containing only 10.5% carbon undergoes the same plateau at -1.05 V vs. Hg/HgO. The discharging plateau slope for E-105A is also greater, which suggests that the iron available to react is depleted more rapidly.  
In order to demonstrate the consistency of the electrode performance over multiple cycles, Figure 2a shows histograms of the discharge capacity for the electrodes E-465A, E-250A, E105A. The discharge capacity of the first discharge plateau (cut-off voltage, Vco = -0.75 V vs. Hg/HgO) is shown in indigo-blue, and the capacity associated with the second plateau (voltage from -0.75 V up to Vco = -0.55 V vs. Hg/HgO) is shown in orange. The total capacity is the value corresponding to the top of both the stacked bars. 
The corresponding descriptive statistics of electrodes E-465A, E-250A, E105A are shown in Figure 2b. From these statistics, it is evident that the maximum discharge capacity per gram of iron was achieved with E-465A (915 mAh/gFe) but the highest mean discharge capacity (MDC) was achieved by E-250A (650 mAh/gFe). However, the difference in capacity between these samples is small. We can infer that changing the Fe/C ratio within the range 0.7 to 2.0 has little effect on electrode performance, whereas increasing the ratio further to 5.7 had a detrimental effect. It is desirable to have as high a Fe/C ratio as possible without compromising capacity, because a smaller fraction of low-density carbon is added (this will affect the final thickness and volume of the electrode, for example E-465A had a thickness of 0.7 mm, compared to around 0.4 mm for the other electrodes). So it would be recommended to use the electrode E250A with Fe/C = 2.0 in an iron-air battery.    
 
3.3. Influence of the synthesis method 
Experiments were carried out to compare Fe2O3 dispersed over Ketjenblack by the two different synthesis methods: E-465A prepared by the Adams method, and electrode E-465O prepared by the oxalate method. Note that the proportion of iron to carbon in this set of experiments was held at 0.7, ensuring a high electrical conductivity.  
After continuous galvanostatic charge-discharge at the C/5 rate (255 mA/gFe.), the charge discharge profiles of the maximum capacity cycle (cycle 3 for E465A and cycle 8 for E465O) are shown in Figure 3. The capacities of the electrodes produced by the two methods are very similar, but the potentials at the electrode E-465A produced by the Adams method are slightly less negative, for both the charging and discharging plateaus. This is most likely due to the smaller average crystallite size for the particles produced by the Oxalate method (27 nm versus 35 nm crystallite size for the Adams method); they would present a higher surface area to the electrolyte and therefore slightly lower the onset potential for discharging (oxidation) at E465O compared to E-465A.    
In Figure 4, histograms showing the capacity of each cycle were produced in the same way to Figure 2. When comparing the histograms, it can be seen that the performance of both E-465A and E-465O reached similar discharge capacity values, but there is a larger variation from cycle to cycle observed in E-465A, i.e. from the 7th to the 8th cycle there is variation as high as 400 mAh/gFe... However, this variation seems to occur mostly during cycles 6-11, and after this, the two electrodes follow a very similar pattern in terms of their discharge capacity.  
The electrodes E-465A and E-465O are further described by statistics (Figure 4b). The mean discharge capacities (MDC) of E-465A and E-465O are 650 mAh/gFe and 725 mAh/gFe respectively. Although the MDC is higher for E-465O, the absolute maximum capacity was achieved by E-465A (915 mAh/gFe) followed closely by electrode E-465O with 900 mAh/gFe. From these results it seems that formulations prepared by the Adams 500 and the oxalate method have very similar performances, the only difference being a dip in capacity around cycles 6-11 for the Adams method electrode. However, since the electrode performance recovered afterwards this may not have been due to the electrode material, it may have been caused by hydrogen gas bubbles trapped within the internal structure of the electrode that then escape later, a phenomenon we have observed before with similar electrodes [6,33]. To investigate further what happened during cycling, SEM and XRD were performed on the electrodes both before and after the cycling treatment. On the SEM images (Figure S2 supplemental information), bright particles of Fe2O3 around 50 nm in size can be seen, along with darker smaller particles of Ketjenblack carbon ≤ 20 nm in size. There was little appreciable difference in particle size in any of the samples after 1 week of cycling; the particles appear more agglomerated in the SEM images produced after cycling, and in E-250A a small number of sheet-like particles of around 200 nm width were observed in the sample. Other than this, there is no evidence of particle ripening and growth, which is a leading cause of iron electrode passivation [9].  
 
The XRD results (Figure S4) show how the Fe2O3 phase material in the electrodes changes at different stages of charge. After cycling for one week, the electrode E-465O was stopped in the fully discharged state, E-250A was partly charged (to 50 % SOC), and E-465A was fully charged. It appears that almost all of the material is converted to metallic iron on charge, with negligible Fe2O3 peaks visible. Partly charged electrodes show an intermediate state with both species present, and for the fully discharged electrode the metallic iron peak has disappeared. It appears that the crystalline phase present in the discharged electrodes is no longer α-Fe2O3 (hematite) as in the original iron materials. There is some evidence to suggest that the cycled electrode contains some γ-Fe2O3 (maghemite), but with only two strong peaks visible in the XRD patterns is it difficult to distinguish from Fe3O4 (magnetite) [34].   
 
  
From the SEM and XRD data we can conclude that after at least one week of cycling, the electrode materials are still in the Fe2O3 phase with some changes to crystallinity, and have not undergone significant crystal growth and passivation. This is in contrast to previous results obtained for Fe2O3 nanoparticles, which were used as purchased rather than synthesised via a chemical method [6]. In the previous paper, the Fe2O3 ball milled with carbon underwent a conversion to the FeOOH phase and formed large, needle-like agglomerates that were no longer well mixed with the carbon. In this work, the materials did not show this change. Although the electrode capacity decreased by up to 40 % during the week of cycling for all of the electrodes except E-105A, the electrode with the highest Fe/C ratio, it does not show the extreme decrease to less than 10 % of the original capacity, which was observed for the electrodes in the previous publication [6].  
 
 
3.4. Influence of pore former 
It has been reported that the addition of small quantities, ca. 5-10%, of potassium carbonate as a pore former can improve the performance of iron electrodes. [13] To test this statement, an electrode E-250A-K was produced that contained 10% w/w of K2CO3 as a pore forming agent but was otherwise identical to the electrode E-250A. Both electrodes were galvanostatically cycled, and their respective charge-discharge profiles for the first five formation cycles were compared as can be seen in Figure 5.  
The inclusion or absence of pore former does not appear to make much difference to the electrode performance. The hot-pressed iron electrodes must have been porous enough from the beginning to allow the electrolyte to permeate the iron structure easily. Besides, these iron electrodes were relatively thin, (ca. 1 mm), which could be the reason why the presence of the pore former does not have a strong effect, since OH- ions can quickly permeate to the centre of the electrode in any case. However, it seems that K2CO3 may have slightly improved the discharge potential, which is 20 - 50mV more negative, so a very small effect caused by the pore former can be observed.  
 
3.5. Influence of 1-octanethiol as electrolyte additive 
It appears that, although the electrodes in this work show improved performance compared with those previously produced using Fe2O3 [6], they still undergo some variability in their capacity between cycles, and coulombic efficiency ≤ 75 %. It has been reported that straightchain alkanethiols, particularly those with chain length C6 to C12, are effective as electrolyte additives in improving charging efficiency by decreasing the rate of parasitic hydrogen evolution [20,35]. In these experiments, we decided to use 1-octanethiol, because from the previous results a C8 chain length appears to represent a “sweet spot”, between the alkyl chain being long enough to inhibit hydrogen evolution at the electrode surface, but not so long as to dramatically increase the charge-transfer resistance [20].  
So far, all the electrodes had been cycled at the C/5 rate, but it is also useful to know if they can be discharged at higher current densities, because for example in off-grid renewable energy storage sometimes power needs to be added back into the grid very quickly. With this in mind, two electrodes E-250-K and E-250-KO with and without 0.1 mol dm-3 1-octanethiol as an electrolyte additive were charged at the C/5 rate and then discharged at various rates [C/10, C/5, C/2, C and 2C].  
Without 1-octanethiol added to the electrolyte, the discharge capacities at the slowest rates (C/10 and C/5 rate) are very large (Figure 6), with specific capacities greater than 650 mAh/gFe. At the C/2 discharge rate, the capacity is at least 225 mAh/gFe. However, at the 1C rate, the capacity is 113 mAh/gFe and at 2C the capacity falls to almost zero. 
The experimental setup was repeated adding 1-octanethiol to the electrolyte; it is clear that, at low discharge rates, the use of 1-octanethiol reduces the capacity of the electrode. For example, at the C/10 rate the capacity decreased to just 450 mAh/gFe compared to 900 mAh/gFe for the experiment without additive. On the other hand, the performance at higher current densities improved greatly, to 420 mAh/gFe at the 1C rate (Figure 6), almost four times the electrode capacity without the octanethiol. Even at 2C the E-250A-KO electrode capacity is still 171 mAh/gFe. Similar work carried out with di-thiol additives 3,6-dioxa-1,8-octanedithiol and 1,2ethanedithiol demonstrated that thiol additives in the electrolyte had a de-passivating effect on commercial iron electrodes which allowed them to be cycled at higher current densities [35]. Without the presence of thiol additives, the commercial electrode almost completely passivated above the C/2 rate, similar to what was observed here. The authors suggested from their results that adding thiols to the electrolyte produced a similar effect to adding Bi2S3 to the electrode materials. However, since both of our electrodes already contain Bi2S3, we note that 1octanethiol has an effect in improving capacity at high discharge rates that is beyond the effect produced by Bi2S3. 
A significant difference between the two curves is that for the electrode cycled with 0.1 mol dm-3 1-octanethiol, the first discharge plateau almost completely disappears, and the discharge capacity is dominated by the second discharge plateau. A reason for this could be that alkanethiols form a compact self-assembled monolayer on the iron electrode surface [20], which could be both preventing some of the Fe2+ species from fully reducing to iron, and also could delay the arrival of OH- ions to the surface of the electrode. Both effects would supress the first discharge plateau. Why this does not also happen to the second plateau is yet unclear; the iron electrode discharge reactions are very complex [1] and may proceed via a variety of different reaction pathways. 
To further the characterisation of the electrodes with and without 1-octanethiol, three polarisation curves were obtained for each electrode. A potentiodynamic procedure was set up for a fully charged electrode to increase the current density from 0 to 2500 mAh/gFe over the space of 10 minutes. The polarisation curves for E-250-K and E-250-KO are presented in Figure 7. The curves confirm the results from Figure 6 that the presence of 1-octanethiol improves the discharge performance of the electrodes. At a discharge current density of 2000 mA/gFe the average potential at the E-250-K electrode without octanethiol was -0.57 V vs. Hg/HgO, whereas for the electrode E-250-KO with octanethiol the potential was -0.67 V vs. Hg/HgO at the same current density. The presence of octanethiol decreases the discharge rate of the electrodes at high current densities. It is likely that this is due to two factors: presence of Sn- species at the surface of iron electrodes has been shown to decrease the amount of passivation during discharge by improving conductivity [11], and the presence of the alkane chain of the thiol may have decreased the rate of hydrogen evolution during charging by limiting the approach of water molecules, allowing a more efficient charging. This is evidenced by the initial potential of the electrode E-250-KO being around 100 mV more negative than for the electrode E-250-K (Figure 7).  
 
In conclusion, the inclusion of 0.1 mol dm-3 1-octanethiol in the electrolyte has enabled the electrodes to be discharged at higher current densities. A similar result of the enhancing effect of sulphides has been noted previously with 0.01 mol dm-3 K2S added to the electrolyte of 
Fe2O3/C millimetre-sized disk electrodes. [24] Those electrodes held most of their capacity at current densities equivalent to almost 900 mA/gFe. Cyclic voltammetry showed in this case that the presence of S2- species lowered the potential at which hydrogen evolution occurs, allowing for improved efficiency of electrode charging. This is also borne out by the results of this study, which was carried out with thicker, large electrodes containing more than ten times the amount of iron. However, the capacity of the first discharging plateau did not disappear with the K2S additive [24]. It appears that K2S and 1-octanethiol may have different effects during cycling at high current densities and a future comparative study would be useful. 
 
3.6. Comparison with electrodes in the literature 
There have been several previous attempts to make iron electrodes with a high capacity composed of Fe2O3. The mean and maximum discharge capacity results of two successful previous attempts are presented in Figure 8. The first electrode (labelled as LR1) was composed of Fe2O3 loaded on carbon nanofibres [31] and the second (labelled as LR2) was composed of Fe2O3 nanoparticles loaded on graphite [22]. In table 4, additional details such as the current rate or discharge current density are included for selected electrodes from this study, and compared with previous literature results including our previous work with electrodes made from commercial Fe2O3 powders. 
   
The best performing electrodes, E-465A, E-250A and E-465O mean discharge capacities significantly outperform the 215 mAh/gFe reported in [22] and are also higher than the 579 mAh/gFe reported in [31] , and at double the current density. In references [22] and [31] the Fe/C ratio was 0.125, which was small compared to our ratios of 0.7 and 2.0, so the electrodes in this study represent a higher mass loading of iron per unit volume, which will decrease the final volume of the battery system and thus increase the energy density. The best performing electrode was E-465O with a MDC of 730 mAh/gFe and the maximum value achieved was with the E-465A electrode with a discharge capacity of 927 mAh/gFe on the 3rd discharge cycle.  Importantly, the electrodes also vastly outperformed E4, an electrode made in previous work with commercial Fe2O3 powder, [6] (see Table 4) verifying that the Adams and Oxalate methods are superior methods to synthesise Fe2O3 for iron electrodes. 
 
 
 
4. Conclusions and future work 
 
This study compares the performance of different hot-pressed iron-carbon electrodes made from an iron (III) oxide mixture, Fe2O3/C, with 4 wt% bismuth sulphide added to inhibit hydrogen evolution. The effects of the iron to carbon ratio, the synthesis method of iron oxide (Adams or Oxalate), the use of pore-forming agent K2CO3, and addition of 1-octanethiol as a hydrogen evolution and passivation inhibitor were examined. 
The results showed that Fe2O3/C electrodes with a medium-low iron to carbon ratio (0.7 or 2.0) provided equally good discharge capacity of around 650 mAh/gFe. The Fe/C ratio of 2.0 would be preferable for the battery design, since having a larger percentage of high density iron versus low density carbon decreases the overall volume occupied by the electrode (also meaning an increase in thickness of the electrode).  Increasing the ratio to Fe/C = 5.7 decreased the capacity of the electrode, probably due to the lower amount of conductive carbon added. 
The chemical synthesis method (Adams or Oxalate) was not shown to have a large effect on the final discharge capacity of the electrode. The as-synthesised particles were in the same size range in both methods and were equally well mixed with the carbon support material. XRD showed the reversibility of cycling, with the iron materials returned to iron oxides upon discharge in both cases, with little evidence of particle size increase. Such stability was not demonstrated in previous work with commercial Fe2O3, so the chemical synthesis of this material via the Adams and Oxalate methods clearly confers an advantage. The oxalate method produced the electrode with a slightly higher MDC of 730 mA h gr-1Fe. 
The effect of the K2CO3 pore former was negligible (a very modest increase in capacity of 10 mAh/gFe was observed between E-250A and E-250K). The electrodes were only 1 mm thick, so the OH- could penetrate quickly into the core of the electrode even without the pore former. For scale-up of the electrode, use of a pore former may still be important. 
Addition of 1-octanetiol to the electrolyte had a benefit on the electrode performance at high current densities, increasing the discharge capacity at the 1C rate almost fourfold, and more than tenfold at the 2C rate (171 mAh/gFe). Such impressive capacities at high discharge rates make octanethiol worthy of consideration as an electrolyte additive for iron-based batteries. Further studies should be done to determine how the addition of 1-octanethiol to the electrolyte would affect the other components of the battery, especially the cathode. A long-term investigation over many cycles would be useful, as well as studies on how the 1-octanethiol additive can affect the other components of the battery such as the cathode. 
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Figure Captions 
Figure 1. (a) Typical charge-discharge cycle of Fe2O3/C iron electrode E-250A at the C/5 rate, (b) examples of capacity profiles for charge and discharge of the electrodes with different Fe/C ratios: for E-465A Fe/C=0.7, E-250A Fe/C = 2.0, and E-105A Fe/C =5.7. 
Figure 2. (a) Discharge capacity of electrodes E-465A, E-250A and E-105A. These electrodes only differ in the proportion of iron to carbon, being Fe/C = 0.7, 2.0 and 5.7, respectively, (b) descriptive statistics of the discharge capacity of hot pressed Fe2O3/C electrodes at the C/5 rate (mA/gFe). Left: Fe/C = 0.7    Center: Fe/C 2.0    Right: Fe/C = 5.7. 
Figure 3. Maximum capacity charge-discharge cycles of Fe2O3/C electrodes performed at the C/5 rate (255 mA/gFe.) synthetized by the Adams method (E-465A)  the Oxalate method  (E-465O). 
Figure 4. (a) Discharge capacity of Fe2O3/C electrodes at the C/5 rate (255 mA/gFe) synthetized by the Adams method (E-465A) and the Oxalate method  (E-465O), (b) descriptive statistics of the discharge capacity at the C/5 rate of electrodes E-465A, and E-465O prepared by the Adams and Oxalate methods respectively (Fe/C = 0.7 for both electrodes). 
Figure 5. Formation cycles for electrodes without (E-250A) and with (E-250A-K) the addition of potassium carbonate as pore former.  
Figure 6. Performance of electrodes E250-K and E-250-KO at various C rates (. i=1C = 1273 mA/gFe) 
Figure 7. Polarisation curves without (E-250-K) and with (E-250-KO) addition of 0.1 mol dm3 1-octanethiol into the electrolyte.  
Figure 8. Mean and maximum discharge capacities observed in each electrode, compared with previous literature results LR1 [31], LR2 [22] and E4 [6]. 
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Table Captions 
 
Table 1. Progressive volume change of iron electrode during discharge. (Vo volume of 1 mol of Fe)[1,4] 
Table 2. Synthesis details for iron electrode powders (% refers to weight percentage). The electrodes were numbered after the wt % of carbon that they contain.  
Table 3. Formulation details for the iron electrodes. The percentages given are percentages by weight (wt%). The electrodes were numbered after the wt% of carbon that they contain.  
Table 4. Data for the best-performing electrodes E-465A, E-250 A and E-465O compared with literature results 
 
Tables 
 
 
	  
	Molar Mass (g/mol) 
	Density    (g/cm3) 
	Volume (cm3) 
	Volume Change from Fe (%) 

	Fe 
	56 
	7.87 
	7.12 
	0% 

	Fe(OH)2 
	90 
	3.4 
	26.47 
	+272% 

	Fe2O3 
	160 
	5.24 
	30.53 
	+329% 


 
Table 1 
 
	Powder 	Electrodes 
	Fe/C-465A 	E-465A 	49.5% 	4.0% Fe
2
O
3
 
Ketjenblack
 
Bi
2
S
3
 
46.5
%
 

	Fe/C-250A 
	E-250A 
	71.0% 
	25.0% 
	4.0% 

	Fe/C-105A 
	E-105A 
	85.5% 
	10.5% 
	4.0% 

	Fe/C-465O 
 
	E-465O 
	49.5% 
Table 2 
	46.5% 
	4.0% 


 
	Electrode 
	Synthesis method 
	Fe/C ratio 
	Fe (mg) 
	Fe2O3 (mg) 
	Carbon black ( mg) 
	Bi2S3  (mg) 
	PTFE  
(mg) 
	K
2
CO
3
 

	octanethiol
 


	E-465A 
	Adams 
	0.7 
	85 
	122 (45%) 
	114 (42%) 
	10 (4%) 
	25 (9%) 
	 
	 

	E-250A 
	Adams 
	2.0 
	85 
	121 (64%) 
	43 (23%) 
	7 (4%) 
	17 (9%) 
	 
	 

	E-250A-K 
	Adams 
	2.0 
	100 
	141 (64%) 
	51 (23%) 
	8 (4%) 
	21 (9%) 
	yes 
	 

	E-250A-KO 
	Adams 
	2.0 
	100 
	143(64%) 
	50 (23%) 
	8 (4%) 
	21 (9%) 
	yes 
	yes 

	E-105A 
	Adams 
	5.7 
	85 
	143 (78%) 
	15 (10%) 
	6 (4%) 
	14 (9%) 
	 
	 

	E-465O 
	Oxalate 
	0.7 
	85 
	122 (45%) 
	114 (42%) 
	10 (4%) 
	25 (9%) 
	 
	 


 
Table 3 
 
	Electrode 
	No. cycles 
	Mean discharge capacity  (mAh/gFe) 
	Max. discharge capacity (mAh/gFe) 
	Discharge rate 
	Discharge current density, J  (mA/cm2) 

	E-465A 
	28 
	646 
	927 
	C/5 
	4 

	E-250A 
	28 
	651 
	906 
	C/5 
	4 

	E-465O 
	28 
	730 
	896 
	C/5 
	4 

	LR1  [31] 
	50 
	579 
	836 
	not given 
	2 

	LR2 [22] 
	29 
	215 
	510 
	not given 
	0.2 

	E4 [6] 
	23 
	131 
	377 
	C/5 
	6 


 
Table 4 
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1 
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