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ABSTRACT  

Iron hydroxides are desirable alkaline battery electrodes for low cost and environmental 

beneficence. However, hydrogen evolution on charging and Fe3O4 formation on discharging cause 

low storage capacity and poor cycling life. We report that green rust (GR) (Fe2+
4Fe3+

2 (HO−)12SO4), 

formed via sulfate insertion, promotes Fe(OH)2/FeOOH conversion and shows a discharge 

capacity of ~ 211 mAh g-1 in half-cells and coulombic efficiency of 93% after 300 cycles in full-

cells. Theoretical calculations show that Fe(OH)2/FeOOH conversion is facilitated by intercalated 

sulfate anions. Classical molecular dynamics simulations reveal that electrolyte alkalinity strongly 

impacts the energetics of sulfate solvation, and low alkalinity ensures fast transport of sulfate ions. 

Anion-insertion-assisted Fe(OH)2/FeOOH conversion, also achieved with Cl- ion, paves a pathway 

towards efficient utilization of Fe-based electrodes for sustainable applications. 

Developing grid-scale battery systems is essential to store electrical energy generated from 

intermittent renewable sources.1 Aqueous batteries using earth-abundant materials and charge 

carriers beyond Li-ions are low-cost and safe alternatives to their non-aqueous counterparts for 

grid storage.2 As the fourth most abundant element in the earth's crust, iron (Fe) potentially satisfies 

nearly all criteria for a green battery, such as various oxidation states, geographic accessibility, low 

cost, and environmental benefits.3  Iron has acted as an anode material in Ni/Fe alkaline batteries4,5 

but faces challenges in modern energy supply systems due to low charging efficiency and poor 

discharge capability.6 The discharge (oxidation) of iron anode proceeds primarily to Fe(OH)2 (Eq. 

1) and continuous oxidation of Fe(OH)2 hardly forms Fe(OH)3 (Eq. 2) but forms Fe3O4 (Eq. 3, 

Figure S1) which impedes the redox process and causes cyclability loss.7,8 When an iron anode is 

charged, reducing Fe(OH)2 to Fe is inevitably accompanied by parasitic hydrogen evolution 

reaction (HER) (Figure S1a)9–11 (Eqs. 1 and 4) with decreased charging efficiency (Figure S2).12 

Employing Fe(OH)2/FeOOH redox could avoid the HER and improve the charging efficiency 

while mitigating Fe3O4 formation on discharging has not been reported with spectroscopic 

evidence. This work focuses on unlocking Fe(OH)2/FeOOH conversion with anion-insertion. 

When paired with a cocktail electrolyte containing 0.01 M NaOH and 0.2 M Na2SO4, Fe(OH)2 

first formed a Green Rust (GR) phase on discharging (Figure S1b) via intercalation of SO4
2- into 

Fe(OH)2, and finally formed FeOOH. Density functional theory (DFT) calculations and classical 

molecular dynamics (CMD) simulations suggested that sulfate and low-alkalinity electrolytes play 



essential roles in Fe(OH)2/FeOOH conversion, where sulfates in low alkalinity electrolytes diffuse 

faster than in high-alkalinity electrolytes and the GR phase with sulfate residing in the interlayer 

of [FeO6] frameworks promoted FeOOH formation. 

Fe(OH)2 + 2e- → Fe + 2OH-                           E0= -1.017V      Eq.1 

Fe(OH)3 + e- → Fe(OH)2 + OH-                      E0= -0.700V      Eq.2 

Fe3O4 + 4H2O + 2e- → 3Fe(0H)2 + 2OH-        E0= -1.164V      Eq.3 

2H2O + 2e- → H2 + 2OH-                                E0= -0.968V     Eq.4 

 

Figure 1. (a) CP and (b) their corresponding dQ/dV curve of FeOOH at a current density of 0.2 A 

g-1 conducted in a three-electrode half-cell using a 0.01M NaOH solution with and without 0.2 M 

Na2SO4 additive. 

 

FeOOH (JCPDS No.44-1415) particulates were synthesized by reacting ferrous chloride 

with an ammonium hydroxide solution (Figure S3).13  Figure 1 showed chronopotentiometry (CP) 

and dQ/dV plot of FeOOH in a three-electrode half-cell using a 0.01M NaOH solution, with and 

without 0.2 M Na2SO4 additive. The FeOOH showed a higher discharge capacity (211 mAh g-1) 

in the cocktail electrolytes than in the NaOH electrolyte (119 mAh g-1). The capacity contribution 

of conducting carbon was measured and can be neglected (Figure S4). During discharging, one 



plateau (~ 0.60 V) appears in both electrolytes and a new plateau emerged at -0.46 V only in the 

cocktail electrolytes, accounting for the net discharge capacity of ~ 90 mAh g-1. Similar redox 

behaviors were observed in cyclic voltammetry (CV) measurements (Figure S5). 

Figure 2a shows in situ XRD patterns in cocktail electrolytes, the unfolded CV curves, and 

phase analysis from the Rietveld refinement (see waterfall XRD patterns and detailed peak 

assignment in Figure S6a-d).14,15 Results show that FeOOH was reduced entirely into brucite-type 

Fe(OH)2 (JCPDS 13-0089) at -1.2 V.16  As potential increased to -0.48 V, nearly 40% Fe(OH)2 

formed Fe3O4 (JCPDS 19-0629) (Eq. 3 in reverse). As the potential continued to increase, new 

peaks appeared at 2θ degrees of 0.86°, 1.73°, and 2.61°, attributing to basal planes with a 

correlation d(00l) = 11.06Å/l (l = 1, 2, 3) of GR materials [Fe2+
4Fe3+

2 (HO−)12]
2+[(SO4

2−)·6H2O]2- 

(Supplementary Table 1),17–19 from intercalating SO4
2− into interlayers of Fe(OH)2 (Eq. 5) . As 

the potential continuously increased to -0.35 V, Fe(OH)2 diminished, and the GR phase reached a 

maximum molar ratio of 41% (based on Fe atoms). When the potential increased continuously, 

another new set of peaks appeared at 2θ degrees of 3.73°, 4.24°, and 5.61°, assigned to ( 1 0 0), ( 

1 0 ±1), and ( 1 0±2) reflections of δ-FeOOH (JCPDS 13-87).20 The FeOOH forms at the expense 

of the GR, suggesting that the removal of SO4
2- from interlayers and protons from [FeO6] octahedra 

accounts for the conversion from GR to FeOOH phases (Eq. 6). Notably, the maximum molar 

fractions of GR and FeOOH are ~ 41 % and ~ 19%, respectively, suggesting that nearly 46% of 

the GR was converted into FeOOH. Simultaneously, the rest of the GR (54%) formed Fe3O4 (Eq. 

7). In contrast, Fe(OH)2 formed Fe3O4 in NaOH electrolyte (Figure 2b, Eq. 1) and there is no 

evidence of FeOOH formation (Figure S6e). Notably, X-ray photoelectron spectroscopy (XPS) 

measurements (Figure S7) show that discharged electrode has a higher Fe3+/Fe2+ ratio in cocktail 

electrolyte than NaOH electrolyte (2.38 vs. 2.08). It suggests a FeOOH molar fraction of 27.5%, 

close to the value obtained from XRD phase analysis (19%). 

6Fe(OH)2 + SO4
2- → Fe2+

4Fe3+
2(OH-)12SO4 + 2e-                      Eq. 5 

Fe2+
4Fe3+

2(OH-)12SO4 + 6OH-→ 6FeOOH+SO4
2-+6H2O+4e-   Eq.6                                      

Fe2+
4Fe3+

2(OH-)12SO4+4OH-→2Fe3O4+SO4
2-+4H2O + 2e-      Eq.7 



 

Figure 2. In situ XRD of FeOOH in NaOH electrolyte (a) with and (b) without Na2SO4 and (c) 

atomic structures of identified phases.    

 

GR-assisted Fe(OH)2/FeOOH conversion showed superior discharge capacity (211 mAh 

g-1 in the 1st cycle) and capacity retention (93.4%) (Figure 3). Fe(OH)2/Fe3O4 redox at -0.60 V 

deteriorated rapidly, while capacities from Fe(OH)2/GR/FeOOH pathway at -0.48V even increased 

upon cycling. The excellent stability of GR-assisted Fe(OH)2/FeOOH conversion is also 

manifested in long-term cycling in asymmetric full-cells, showing capacities of 68 mAh g-1 and 

63 mAh g-1 at the 1st and 300th cycles in the NaOH/Na2SO4 electrolytes at a current density of 0.2 

A g-1 with an average coulombic efficiencies of 93% and good rate capabilities (Figures S8-S11). 

FeOOH→Fe(OH)2 charging process proceeded from 0.2 V to -1.1 V in half-cells and 

wasn't accompanied by HER. However, when a more negative voltage was applied (-1.2V), the in 



situ XRD showed the formation of a metallic Fe phase, along with significant HER activities 

(Figure S12).  These results suggest metallic Fe might be catalytically more active towards HER 

than Fe(OH)2, confirmed by DFT calculations (Figure S13).   Similarly, no HER was observed in 

the full-cell measurements when the measurements were conducted under a voltage window 

between 0.1 V and 1.5 V.  However, when the upper voltage limit increased from 1.5 V to 1.6 and 

1.7 V,  HER contribution to the overall charge transfer significantly increased, causing decreased 

coulombic efficiency and deteriorated capacity retention (Figure S14). Notably, full cells using 

NaOH/Na2SO4 cocktail electrolytes appear to be more resistant to HER than the NaOH electrolyte, 

possibly due to the decreased water activity upon the addition of Na2SO4 salt.   

 

Figure 3. The first seven discharge curves and distribution of capacity of FeOOH in (a, b) 0.01 M 

NaOH/0.2 M Na2SO4 and (c,d ) 0.01M NaOH at 0.2 A g-1. 

 

The electrolyte alkalinity plays a critical role in Fe(OH)2/FeOOH conversion (Figure S15). 

CVs show Fe(OH)2/GR/FeOOH features at 0.01 M NaOH with various Na2SO4 concentrations but 

becomes negligible in 0.1M NaOH. This result suggests that high alkalinity solutions favor Fe3O4 

formation.21–23 CMD simulations provide atomic-scale insights into the role of electrolyte 



alkalinity on the SO4
2- transport through structural water. Figures 4a-c show the atomic 

coordination number around SO4
2-, Z(r), as a function of separation distance, r, by integrating the 

radial distribution functions over the last 1 ns of CMD trajectories equilibrated under ambient 

conditions. Similar to previous reports in neutral water,24–26 we found that sulfates prefer to 

coordinate with 12 water molecules in the first solvation shell, wherein the closest pairs of sulfur 

(of sulfate) and oxygen (of water) atoms are within 4.55 Å of each other (Figure S16). The atomic 

coordination in the first solvation shell in 0.01 M NaOH remains nearly identical to that found in 

neutral water (Figure 4a, S16). Upon further addition of NaOH, a few OH- anions begin to appear 

in the first solvation shell, averaging ~0.11 and ~0.33 OH- neighbors at 1 M and 2 M NaOH, 

respectively (Figure 4b, c). More importantly, the average number of Na+ ions in the first solvation 

shell progressively increases from ~0.5 in 0.01 M NaOH to ~2 in 2 M NaOH (Figure 4a-c, S17). 

The increasing presence of Na+ near SO4
2- enhances thermodynamic stability of solvation clusters 

at the high alkalinity, as indicated by increasing interaction energy between sulfate and the 

molecules present in the solvation shell (0.01 M: -166.23 kcal/mol; 2 M: -282.82 kcal/mol) (Figure 

4d). To explore how the energetics of the solvation cluster affect its lifetime, we analyzed the 

dynamics of electrostatic/van der Waals connectivity between sulfates and water molecules in the 

solvation shell using the bond correlation function, CS-W(t) (Details in Materials and Methods in 

SI), similar to established hydrogen bond analysis in aqueous systems.27 The lifetime of sulfate-

water connectivity, , is defined such that C(S-W)(τ)=1/e.28 Figure 4e shows that the lifetime of 

sulfate-water connectivity within a solvation shell is directly correlated with the stability of the 

solvation cluster, with an appreciably higher lifetime observed at high NaOH concentrations that 

feature more stable solvation clusters (2 M:  ~ 24.4 ps; 0.01 M:  ~15.2 ps). The higher lifetime 

of SO4
2--water connectivity under high-alkalinity conditions impedes solvation-desolvation events 

critical for sulfate transport through the structural water. Indeed, Figure 4f shows that sulfate 

diffusivity through the water in 2 M NaOH is nearly half the value observed in 0.01 M NaOH. 

Similarly, we also found that the lifetime of hydrogen bonds in water decreases with increasing 

OH- concentrations (Figure S18), yielding much slower water transport at high alkalinity (2 M 

NaOH: 1.75  10-5 cm2 s-1; 0.01 M NaOH: 2.83  10-5 cm2 s-1). Such immobilization of water and 

sulfate in highly alkaline conditions would severely inhibit the kinetics of sulfate-assisted 

Fe(OH)2/FeOOH conversion (Eq. 6) and consequently promote direct Fe(OH)2/Fe3O4 conversion. 



This finding is consistent with X-ray experiments, suggesting that low-alkalinity is necessary to 

drive Fe(OH)2/GR/FeOOH redox.  

 

Figure 4. Classical molecular dynamics simulations reveal the role of electrolytes’ alkalinity on 

sulfate transport. (a-c) Z(r) of Na+ (green), O (from OH-, blue), and O (from water, red) around 

sulfate in 0.2 M Na2SO4 at different NaOH concentrations. The dotted line denotes the first 

solvation shell at 4.55 Å. The atomic configuration of the solvation shells around SO4
2- is shown 

as an inset, where Na, S, O, and H atoms are in green, yellow, red, and aqua, respectively. (d) The 

average interaction energy between sulfate, water, and NaOH molecules in the first solvation shell. 

(e) Temporal evolution of bond-correlation function CS-W(t) tracks the association dynamics 

between sulfate-water pairs within a solvation shell. The grey dotted line refers to CS-W = 1/e. The 

red, blue, and green dotted lines indicate the lifetime of sulfate-water association in the solvation 

shells. (f) Diffusivity of water (red) and sulfate anions (blue) at different NaOH concentrations. 

 

Our DFT calculations examined Fe(OH)2 oxidation with a water molecule, hydroxyl, and 

sulfate ions (Figure S19). We assumed H extraction from Fe(OH)2 to be a critical step during 

oxidization to FeOOH and accordingly modeled this step. H removal from the Fe-O framework is 



highly endothermic (2.85 eV) in the presence of water, suggesting Fe(OH)2 oxidation in the neutral 

electrolyte is sluggish. H removal is the least endothermic (0.62 eV) with hydroxyl anion present, 

suggesting high alkalinity favors rapid oxidation of Fe(OH)2 and would form Fe3O4 experimentally 

(Figure 2). In contrast, Fe(OH)2 oxidation with sulfate ions (1.67 eV) suggested a modest H 

removal process by theory and demonstrated FeOOH formation experimentally.   

In conclusion, we have demonstrated stable Fe(OH)2/FeOOH redox chemistry. We have 

shown that the intercalation reaction between sulfate and Fe(OH)2 is encouraged in an electrolyte 

with low alkalinity. The resulting GR phase facilitates the formation of δ-FeOOH. The reported 

Fe(OH)2/GR/FeOOH redox in a low alkalinity solution applies to other anion systems such as Cl‒

, as shown in Figure S20. This redox chemistry involving sulfate-insertion processes revitalizes 

Fe-based anode materials in alkaline batteries for grid-scale storage. 
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