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Iron-air batteries are re-emerging as cost-effective and sustainable candidates for long-duration energy storage.
The anode performance is often improved by maximising surface area via morphological changes or introducing
chemical additives. Here we investigate the inherent role of the anode’s microstructure in the electrochemical
activity. We isolate the effect of grain size, and thus grain boundary density, on the electrochemical behavior of
high-purity iron anodes by eliminating confounding factors such as porosity, dopants, and additives. A strong
inverse correlation between grain size and electrochemical performance is observed, with ultrafine-grained
anodes (ca. 1 um) exhibiting up to 50-fold higher current densities than coarse-grained counterparts (ca. 2500
um). Kinetic analysis revealed a strong transition of fluxes from an interfacial-controlled toward a diffusion-
controlled regime upon reduction of grain sizes. Post-cycling characterization shows that the reaction remains
spatially confined due to oxide formation, limiting the electrochemically accessible fraction of the electrode.
Grain refinement enhances transport pathways, enabling deeper reaction penetration and increasing the acces-
sible fraction of iron. These findings establish grain size as a governing microstructural parameter controlling

transport, reaction accessibility, and utilization in iron-air systems.

1. Introduction

Grid-scale energy storage solutions are an attractive strategy to
overcome the high intermittency of sustainable energy. Long-duration
energy storage (10-100 h) is necessary to balance the discrepancy be-
tween the energy demand and renewable energy generation [1,2].
Currently, vanadium redox flow batteries (VRFB) dominate grid-scale
storage because of their excellent durability, exceeding 10,000-20,000
charge-discharge cycles. However, their broader deployment is con-
strained by the volatile pricing and geographically concentrated supply
of vanadium. Currently, over 60% of global production of vanadium
originates from China and the remainder primarily from Russia, South
Africa, and Brazil [3]. Additionally, VRFBs suffer from low energy
density of 15-25 Wh/L and 10-35 Wh/kg, substantially lower than
competing technologies [4-6]. Zinc-air batteries offer notable safety and
cost advantages for stationary applications. However, they often suffer
from limited cycle life, typically around 150 cycles for solid-state de-
signs and up to 600 h for optimized systems at low depth-of-discharge. In
addition, electrode degradation remains a significant challenge,
restricting long-term performance and commercial reliability [7-9].

* Corresponding authors.

Recently, iron-air batteries have re-emerged as a promising candidate
for large-scale energy storage, leveraging the abundance of iron (5.6% of
Earth's crust by mass, the fourth most abundant element). Moreover, it
offers unparalleled environmental sustainability due to the high level of
recyclability of iron [10]. Additionally, they deliver a competitive
theoretical energy density exceeding 1200 Wh/kg. In contrast,
lithium-based alternatives suffer from supply chain issues and safety
hazards [11-15]. System studies and techno-economic analyses indicate
that discharge durations of 10 to 100 h (for multi-day applications)
require a specific energy of about 50 to 75 Whekg ™! [16-18]. Given
these requirements, iron-air concepts have been identified as promising
candidates for low cost, multi day storage [19,20].

The exact redox reaction is still under debate, with reports discussing
the formation of Fe(OH)2, which can further oxidize to FeOOH or Fe
(OH)3 or Fe304 followed by y-FepOs [21-23]. This is most-likely due to
the localized variation of pH and sensitivity of the reaction products
towards the pH [24]. Nevertheless, currently the iron-air battery
research primarily explores improving anode performance via maxi-
mizing the surface-to-volume ratio. This is commonly achieved by using
iron-based nanoparticles and highly porous architectures. These
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structures enhance electrochemical activity and cyclability by short-
ening diffusion pathways [11,25,26]. In parallel to morphological ap-
proaches, chemical modification has also been explored by
incorporating additives (as dopants or electrolyte additive) such as FeS,
FeSy, BiySs, BipOs3, NasS, KyS. The additives impede the parasitic
hydrogen evolution reaction (HER) and promote the overall anode
longevity by preventing passivation [27-30], which occurs when iron
forms an insulating, irreversible Fe3O4 or y-FeoOj3 layer that isolates the
underlying bulk metal from the electrolyte [23].

While such structural architecting and chemical modification ap-
proaches have yielded significant advances for iron-air technology, they
do not isolate the intrinsic role of iron microstructure, leaving a critical
gap in the understanding of iron-air anode behavior. Generally, micro-
structure can directly impact electrochemical behavior. For example,
grain boundaries can serve as fast diffusion pathways for ionic transport,
thus influencing the spatial distribution of charge transfer reactions and
current density [31-35].

To understand these microstructural contributions better, Fig. la
illustrates the hydroxide-ion based transport that governs the iron-air
battery operation. The inset figure highlights that grain boundaries
can act as preferential high-mobility transport pathways for the forma-
tion and dissolution of intermediate Fe hydroxide and Fe oxide phases.
In this representation, the accessibility of the bulk iron is determined not
only by the intrinsic chemistry but also by the microstructure of the
metal. Fig. 1b—d show a simplified scaling model to quantify how iron
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anode utilization and inactive cell mass affect the practical energy
density and cost of iron-air batteries, (explained in detail in supple-
mentary note 1). Fig. 1b illustrates the linear dependence of system
energy density with the anode utilization across a representative range
of iron mass fractions (f) in the total battery. The mass fraction, f is
defined as the mass of iron divided by the total battery mass. f ranges
from 0.10 to 0.15 for fully submerged configurations, it corresponds to
0.18 for more compact solid-state high loading designs, and extends up
to 0.20 as an upper bound estimate used in theoretical system-level
analyses [13,22]. It is clear from the figure (see red arrow) that even a
modest increase in utilization shifts the system from subthreshold per-
formance into the regime above a practical target of roughly 50 Whekg ™
[17,18]. A similar trend is observed in the cost projections shown in
Fig. 1c, where the specific cost decreases strongly with increasing uti-
lization and remains well below the widely accepted ~$100 kWh™!
system-level cost threshold for economically viable long-duration en-
ergy storage [36]. When energy density and cost are considered simul-
taneously, as shown in Fig. 1d, a performance window emerges,
highlighted in green, in which iron-air batteries become competitive at
grid scale. The motivation presented clearly indicates that entry into this
regime is governed by anode utilization. Enhancing utilization thus
becomes a central objective, prompting strategies that go beyond elec-
trode structuring and porosity to include targeted modifications of the
iron microstructure as an alternative approach.

This study aims to understand the effect of iron anode’s
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Fig. 1. a) Schematic illustration of the electrochemical reactions in an aqueous iron-air battery, emphasizing the role of grain boundaries as potential channels that
facilitate the interconversion between Fe, Fe(OH)2, and Fes04/FeOOH species. b) Calculated dependence of overall energy density on anode utilization for different
Fe mass fractions within the cell, indicating that only high utilization levels enable Fe-air systems to surpass the practical 50 Wh kg™ threshold required for large-
scale energy storage. c) Specific cost projection as a function of Fe utilization, highlighting the steep decrease in cost with improved utilization and the resulting
flexibility for additional expenses associated with microstructural optimization. d) Comparative plot of system-level energy density versus full-cell cost, demon-
strating that with sufficient Fe utilization, both cost and energy density targets can be simultaneously achieved, positioning Fe-air technology as a competitive long-

duration energy storage solution.
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microstructure, particularly grain size, on the electrochemical activity.
Particular attention is paid to eliminate the effect of factors like porosity,
tortuosity, dopants, and additives. Thus, planar polished electrodes with
various grain sizes were investigated. The study demonstrates a strong
inverse relationship between grain size and electrochemical perfor-
mance. The electrodes with a grain size of ca. 1 um show redox peaks
exceeding 8.8 mAecm 2, which is about 2.5 times higher compared with
20 pm grain-sized electrodes. Moreover, a shift in the diffusive current
contribution from about 16% to nearly 60% upon such grain size
reduction. This increase in diffusive current contribution is rationalized
by ca. 20 times increase in the apparent diffusion coefficient upon a
grain-size reduction from ca. 20 pm to 1 pm. The study therefore con-
firms that grain boundary density will directly influence the kinetics of
phase conversion and will govern the accessible reaction depth or anode
utilization in the iron-air system.

2. Results and discussion
2.1. Effect of microstructure on redox-activity

To investigate the intrinsic influence of grain size on iron redox
behavior, a three-electrode configuration was employed, as shown in
Fig. 2a (see also Experimental section). Pt mesh counter electrode and a
reversible hydrogen electrode (RHE) were used as counter (CE) and
reference electrode (RE), respectively. Fe plates (>99.99%) served as
working electrodes and were annealed to obtain the target grain sizes,
followed by identical grinding and polishing procedures for all micro-
structural states, as described in the Experimental Section and shown in
Fig. S1. The Fe samples were installed in an electrode holder with a fixed
6 mm circular aperture, ensuring the same geometric electrode area
across the samples. Moreover, careful macroscopic surface preparation
ensured no surface morphological differences among the samples with
different grain sizes, i.e., no differences in porosity, chemical composi-
tion, and surface roughness. These measures allowed the observed
electrochemical differences to be attributed primarily to differences in
grain size and grain boundary density.

The microstructures prepared for this study are shown in Fig. 2b—d.
Grain sizes were tuned through controlled heat treatments to produce
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three distinct states: a quasi-single-crystal (ca. 2500 um grain size), a
coarse-grained sample (ca. 20 um grain size), and a fine-grained sample
(ca. 1 pm grain size). The grain-size analysis via Electron backscatter
diffraction (EBSD) mapping is shown in Fig. S2. These samples are
referred to as Fe2500, Fe20, and Fe01, respectively, hereafter. More-
over, EBSD further confirmed a crystalline structure of body-centered
cubic (BCC) Fe.

The electrochemical performance of the samples was determined
using cyclic voltammetry (CV). Fig. 2e—g show the representative cyclic
voltammograms collected during the first cycle at 100 mV/s in 6 M KOH.
Surprisingly, the Fe2500 sample exhibits almost no discernible redox
response, with peak currents of mere ca. 0.17 mAecm 2 as shown in the
inset in Fig. 2e. Fe20 shows moderate activity, with oxidation and
reduction peaks reaching ca. 3.54 mAecm 2. In contrast, the fine-
grained sample displayed the expected well-defined, high-intensity
peaks exceeding ca. 8.84 mAecm 2. The associated reactions or the
changes in the oxidation states of Fe are highlighted in Fig. 2f and g

2.2. Phase transformations during redox cycles

The post-mortem characterization of the FeOl electrodes after 100
cycles is shown in Fig. 3 (additional SEM images can be found in Fig. S4).
Fig. 3a and b show the scanning electron microscope (SEM) image of
overall reaction zone and a magnified region (marked by a red magni-
fying glass in Fig. 3a), respectively. The circular reaction zone appears
darker than the unreacted zone in Fig. 3a. A closer inspection in Fig. 3b
shows the appearance of small nodules or circular particles with size
ranging between ca. 200-500 nm in diameter. The transmission electron
microscopy (TEM) image of such particles is shown in the inset in
Fig. 3c. The corresponding azimuthally averaged selected area diffrac-
tion pattern (SAED) confirms the presence of spinel-like crystal structure
(Fd3m) (see also Fig. S3 in supplementary information for raw data).
This is either magnetite (Fe304) or maghemite (y-FexOs or Fey 6704), as
the diffraction patterns for both only differ from an insignificant shift in
reflections. The existence of the y-Fe,O3 phase in the context of iron-air
anode passivation has been confirmed in prior works using Raman
spectroscopy [23,37], so the nodules are either purely y-Fe;Os or
most-likely a mixture of Fe3O4 and its cation-deficient counterpart i.e.,
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Fig. 2. Direct effect of grain size of Fe on electrochemical reduction/oxidation activity. a) Schematic illustration of the three-electrode electrochemical cell,
comprised of a polyether ether ketone (PEEK) electrode holder with a 6 mm circular window, Pt-mesh counter electrode and an RHE reference electrode, all housed
in an in-house made Teflon vessel equipped with holes for each electrode. b-d) Electron backscatter diffraction (EBSD) grain maps of Fe2500 (2.5 mm), coarse-
grained Fe20 (20 pm), and fine-grained Fe0O1 (1 pm) iron samples. e-g) Cyclic voltammograms of all three samples at 100 mV/s in 6 M KOH, demonstrating pro-
gressive enhancement of redox activity with decreasing grain size. The inset in e) shows magnified view highlighting the negligible electrochemical activity of the

Fe2500 sample.
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Fig. 3. Post mortem structural and compositional characterization of the Fe01 iron electrode after electrochemical cycling. (a) Top view secondary electron (SE) SEM
image showing the electrode surface, where the circular region inside the aperture corresponds to the electrochemically cycled reaction area, while the surrounding
surface remains uncycled. (b) Higher magnification SE SEM image of the cycled region, revealing a dense coverage of nanoparticles formed during cycling. (c)
Transmission electron microscopy (TEM) analysis of the particles, including an azimuthally averaged selected area electron diffraction pattern obtained from the
cycled surface and a calculated reference pattern for magnetite (Fe304), demonstrates agreement and confirms the polycrystalline magnetite nature of the particles.
The inset shows a bright-field TEM micrograph of representative particles. (d) Cross-sectional SE SEM image of the same electrode prepared by focused ion beam
milling, showing the bulk iron substrate, an overlying layer of magnetite particles, and a protective platinum layer deposited prior to ion milling. (e,f) Energy
dispersive X-ray spectroscopy elemental maps of iron and oxygen, respectively, confirming the spatial separation between the metallic iron bulk and the oxygen rich

oxide layer formed during cycling.

Y-F6203 or F82.6704

To determine the distribution of the spinel phase on the electrode’s
surface layer, a cross-section of the cycled electrode was taken in Fig. 3d
The corresponding energy dispersive X-ray spectroscopy (EDX) taken
from the cross-section are shown in Fig. 3e and 3f. The results suggest
that (i) the complete electrode does not participate in the Fe redox re-
action and (ii) the redox reaction is not fully reversible, as the residual
spinel exists even though the sample was recovered under open-circuit
voltage (OCV) condition of a pure Fe electrode.

To further probe the electrochemical consequences of this surface
transformation, the cyclic voltammograms of the FeO1l electrode before
and after extended cycling were compared, as shown in Fig. S5. After
100 cycles, the oxidation current was substantially suppressed and the
redox features became broader, indicating a progressive loss of elec-
trochemically accessible iron during cycling. This trend is consistent
with the double-layer capacitance analysis performed using non-
faradaic CVs for pristine and cycled samples, as shown in Fig. S6. The
extracted capacitances were Cqypristine=1.69 mFecm ™2  and Ca,
cycled=0.51 mFecm 2, reflecting a decrease of 70.25% in double layer
capacitance. This can be directly linked to the spinel-type oxide parti-
cles, which mask active Fe species from the electrode/electrolyte in-
terfaces and reduce the electrochemically active area, hence reducing
the total capacitance upon cycling.

The suppressed oxidation current after 100 cycles, together with the
decrease in double-layer capacitance, indicates that the oxide layer not
only remains as a passive reaction product but also limits subsequent
redox reactions at the anode interface. Beyond serving as a marker of
incomplete reversibility, this oxide layer introduces an additional
transport barrier that limits ionic and electronic accessibility to the
underlying iron. As a result, the progression of the reaction front into the
bulk is restricted, leading to a reduced electrochemically accessible

fraction of the electrode.

As shown in Fig. S4, the surface morphology after 100 electro-
chemical cycles varies markedly with grain size. Under these cycling
conditions, the planar electrodes remain macroscopically intact, but
their surfaces undergo microstructure-dependent passivation. Fe2500
shows no readily visible surface oxide formation under the applied SEM
imaging conditions and is morphologically least altered, but it also ex-
hibits weak electrochemical response. Fe20 exhibits finer and less
geometrically uniform oxide features, whereas FeOl shows denser
coverage of more geometrically developed nodular oxide particles.
These observations indicate that repeated redox cycling produces a
trade-off between surface stability and electrochemical activity: the
morphologically least altered surface is not necessarily the most active,
while the enhanced activity of finer-grained iron is accompanied by
stronger surface oxide formation.

2.3. Kinetic implications of grain boundary density

This raises the question of whether the enhanced activity in FeO1 is
governed by surface-controlled processes or by transport limitations.
Improved transport would enable deeper reaction penetration and in-
crease the electrochemically accessible fraction of the material.

From the above results, it is evident that the reaction kinetics are
governed by the microstructure. To quantitatively rationalize these ef-
fects and to further distinguish between surface- and diffusion-
controlled contribution, scan-rate dependent CV was performed on
samples Fe20 and FeOl. Fig. 4a clearly shows that across scan rates from
5 to 100 mV/s, the FeOl (solid lines) material consistently exhibits
higher current densities and sharper redox features compared with Fe20
(dashed line). Dunn’s analysis was performed to distinguish the capac-
itive contributions (surface charge storage or pseudocapacitive) from
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Fig. 4. Impact of grain boundary density on capacitive and diffusive charge
storage. a) Cyclic voltammograms of coarse-grained (20 pm) and fine-grained
(1 pm) iron samples collected in 6 M KOH at scan rates from 5 to 100 mV/s,
demonstrating enhanced electrochemical activity with decreasing grain size
across all scan rates. b) Dunn analysis, showing linear fits of peak current versus
scan rate for the last oxidation and first reduction processes (Fe**/Fe** inter-
conversion). ¢) Absolute capacitive and diffusion-controlled current contribu-
tions at 100 mV s for Fe20 and Fe01, showing that grain refinement increases
both the diffusion-controlled fraction and the total current response. d) Sche-
matic illustration of the mechanistic importance of grain boundaries (GB),
comparing two samples with contrasting GB densities and their effect on
charge storage.

diffusive ones [38,39]. The total contribution of the current density can
be described as:

i =at €))]

Where a and b are adjustable parameters, having contributions from
diffusion, surface concentration, diffusion depth, etc. [40,41]. At the
extreme ends, the value of b=0.5 and b=1.0 corresponds to a
diffusion-controlled regime and the surface-controlled reaction (or
capacitive behavior), respectively.

The Fe20 sample exhibits a higher slope, indicating a larger capac-
itive contribution in the coarse-grained material. The relative contri-
butions of capacitive and diffusion-controlled processes are summarized
in Fig. 4c. The FeOl sample exhibits a significantly higher diffusion-
controlled contribution during the Fe(II) to Fe(IIl) transition, reaching
59.5%, compared with only 16.3% for Fe20 under identical conditions.
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This demonstrates a clear shift toward diffusion-governed electro-
chemical behavior with decreasing grain size.

Importantly, this shift is accompanied by a substantial increase in the
absolute current response. When expressed in absolute terms at a
representative scan rate of 100 mV s}, both the capacitive and diffusion-
controlled contributions increase significantly with decreasing grain
size. The same qualitative trend is observed across the full scan-rate
range; 100 mV s is shown here as a representative condition where
the redox features are clearly resolved and direct comparison between
microstructures is straightforward.

These results indicate that grain refinement does not merely alter the
dominant charge storage mechanism, but also increases the total elec-
trochemically active response. The higher diffusion-controlled current
observed in Fe01 therefore reflects not only enhanced transport kinetics,
but also a larger electrochemically accessible fraction of iron.

2.4. Diffusion coefficient evaluation

The increased diffusion-controlled contributions observed for the
fine-grained FeOl sample indicate that transport processes play a
dominant role in governing the electrochemical response. Since the
diffusion-controlled current directly reflects the rate of species transport
within the electrode, it provides a quantitative basis for evaluating the
underlying transport properties. To further quantify these effects, the
apparent diffusion coefficients (microstructurally averaged) were
extracted from the diffusion-controlled peak currents using the Randles-
Sevcik relation (see Experimental section) [42] and are displayed in
Table 1. These values fall within the range reported for solid-state and
defect-mediated transport in Fe hydroxides and oxyhydroxides at room
temperature, typically between 1072 and 107'7 cm?es~!, depending on
structure, hydration, and microstructural state [43,44]. A nearly twenty
times difference in diffusivity between the FeOl and Fe20 reflects the
significant role of grain boundaries as fast transport pathways that in-
creases the accessibility of redox sites.

3. Perspectives and practical implications for battery design

While the apparent diffusion coefficients were extracted from CV,
their implications extend far beyond the timescale of a voltammetric
sweep. In an operational iron-air system, the rate at which the Fe con-
version front can advance into the particle governs how much of the iron
is participating during cycling. The diffusion coefficients calculated in
this work provide a quantitative measure of this progression. Even
though the absolute timescale of voltammetry does not match that of a
practical battery or energy storage device, the relative differences in
apparent diffusivity between microstructures translate directly into
differences in achievable reaction depth during sustained cycling.

For the fine-grained Fe0l sample, the higher apparent diffusivity
values indicate that the redox reaction proceeds at a rate capable of
accessing regions far from the particle surface over a typical discharge
period. In a multi-hour or multi-day discharge profile characteristic of
long-duration iron-air systems, this increased ion mobility allows the
reaction to penetrate more deeply into each particle and engage a larger
fraction of the stored iron. As a result, more of the active mass partici-
pates in the Fe-based conversion reaction. This directly improves the
electrochemically accessible fraction and, consequently, the effective
utilization of the active material and reduces the amount of unused
material. Lastly, it should be pointed out that while both Fe01 and Fe20
did show the formation of the irreversible nodules (most-likely of Fe304
or Fey 6704), these were not apparent in the Fe2500 (see SI S4). This may
point to the effect of GB density on the nucleation of such phases. The
nucleation, texture, and strain also most likely contribute to the kinetics
of the redox reaction; these are currently beyond the scope of the present
work and will be focused on in the future.

The current findings unravel the critical role of grain boundaries in
controlling ion transport in iron-air redox processes. In microstructures
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Table 1
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Kinetic parameters extracted from scan rate dependent cyclic voltammetry for fine grained and coarse-grained iron samples. Values of K1, K2, and the resulting
apparent diffusion coefficients show the pronounced increase in diffusion-controlled contributions for the 1 pm finer microstructure.

Reduction Oxidation
Grain Size [um] mA mA cm? mA mA cm?
1 |— 2 — 1| 2 Dapp |——
mV/s JmvJs s mvV/s Jmv/s s
1 —0.00489 —0.02554 1.30x107 1 0.00406 0.03466 2.40x1071*
20 —0.00469 —0.00816 1.33x1071° 0.00481 0.0077 1.20x1071°

with low grain boundary density, the reaction is confined to isolated
surface sites and relies on relatively long-distance transport of O species,
which is known to be slow in alkaline environments [45]. In micro-
structures with high boundary density, a connected network of fast
diffusion paths is introduced, which facilitates rapid movement of ions
and electrons and accelerates the progression of the redox front. This
mechanism is schematically illustrated in Fig. 4d A finer grain structure
therefore not only increases the number of kinetically active sites but
also improves the ability of the electrode to accommodate
diffusion-controlled processes. At the same time, grain refinement in-
troduces an important design trade-off. Although smaller grains improve
current density and reaction accessibility, the increased grain-boundary
density may also promote oxide nucleation and accelerate degradation
during repeated cycling. Therefore, simply decreasing grain size is un-
likely to provide a universal long-term improvement. Instead, grain size
should be treated as one of the vital components of an integrated elec-
trode design strategy, which should also include porosity, tortuosity,
mass loading, and additives. All these parameters balance the (i) reac-
tion accessibility (or total diffusion length); (ii) transport kinetics
(enhanced via GB transport); and (iii) passivation control in iron-air
anodes (by having either a very high surface area or the addition of
additives to limit the formation or make them electrochemically active).

4. Conclusion

This work establishes that the electrochemical activity of iron anodes
in alkaline iron-air systems is strongly governed by the microstructure. A
decrease in grain size results in pronounced enhancements in redox
activity. Fine-grained iron exhibits substantially higher current den-
sities, increased grain-boundary-mediated charge transfer, and mark-
edly larger diffusion-controlled contributions compared with coarse-
grained and quasi-single-crystal counterparts. Post-cycling character-
ization reveals the formation of spinel-type oxide phases at the electrode
surface, which correlates with a significant reduction in double-layer
capacitance and indicates partial loss of electrochemically accessible
surface area during cycling. Despite this phase transformation at the
surface, fine-grained iron maintains superior transport kinetics, re-
flected in apparent diffusion coefficients nearly an order of magnitude
higher than those of coarser microstructures.

For practical iron-air anode design, these findings suggest that grain
size should be optimized together with electrode thickness and archi-
tecture. In thick or high-mass-loading electrodes, particles with finer
internal grain structures may help reduce the fraction of inactive iron
buried in the bulk by providing faster transport pathways along the
grain boundary and hence allowing the reaction front to penetrate more
deeply into the anode material. While porosity and tortuosity govern
electrolyte access at the electrode scale, the internal grain-boundary
network promotes redox activity within individual particles. Collec-
tively, these results establish a multiscale design principle for iron-air
anodes, in which electrode architecture governs electrolyte access,
while grain-boundary engineering governs redox accessibility within the
active material, providing complementary levers for maximizing iron
utilization.

5. Experimental section
5.1. Materials and sample preparation

High purity iron foils (Sigma Aldrich, >99.99%, 0.25 mm thickness)
were sectioned into 14 mm x 14 mm rectangular specimens. Grain size
was tuned by vacuum annealing under ca. 10~ mbar at 650 °C for 1 h
for Fe01, 750 °C for 4 h for Fe20, and 1100 °C for 8 h for Fe2500. After
heat treatment, all samples were subjected to the same surface prepa-
ration procedure: mechanical grinding with SiC papers from P1200 to
P4000 grit, followed by polishing with 3 um and 1 pm diamond sus-
pensions, and final chemical mechanical polishing with colloidal silica
(OPS). The final OPS step was used to remove residual near-surface
deformation and obtain mirror-like surfaces suitable for EBSD analysis
and subsequent electrochemical experiments. EBSD orientation maps
and grain size distributions were collected before electrochemical
testing to confirm the resulting microstructures.

5.2. Electrolyte preparation

The electrolyte was 6 M KOH, prepared by dissolving reagent grade
KOH pellets (Sigma Aldrich) in deionized water. A 6 M solution corre-
sponds to approximately 33.6% KOH by weight. Solutions were pre-
pared and cooled to room temperature before use.

5.3. Microstructure characterization

Microstructures were examined using a Zeiss Merlin scanning elec-
tron microscope. Electron backscatter diffraction was performed in the
same instrument equipped with an EDAX EBSD detector and operated
using APEX software. Data processing and grain size analysis were
conducted in EDAX OIM software (Version 9). Measurements were
performed on OPS polished surfaces prior to electrochemical testing.
Orientation maps confirmed fewer than ten boundaries within typical
scan areas for the quasi-single-crystal, Fe2500 sample, equiaxed grains
of about 20 um in the Fe20 sample, and a dense network of approxi-
mately 1 um grains in the fine-grained sample, FeOl.

The cross-sectional milling and the EDX measurement on the cycled
samples were conducted on an FEI Helios Plasma dual beam scanning
electron microscopy/focused ion beam (FIB) system with Xe ion source,
equipped with and an EDAX EDX detector. TEM samples were prepared
by ultrasonication and subsequent drop-cast on copper grids. TEM im-
ages and selected area diffraction patterns were recorded on a JEOL
JEM-2100PLUS.

5.4. Electrochemical measurements

Electrochemical measurements were conducted in a three-electrode
configuration using a custom Teflon cell. The working electrode was
mounted in a PEEK holder with a circular aperture of 6 mm diameter
(Redox.me), giving a geometric area of 0.283 cm?. A platinum mesh
served as the counter electrode, and a commercial reversible hydrogen
electrode (HydroFlex RHE, Gaskatel) served as the reference electrode.
The electrodes were positioned at identical distances inside a custom
Teflon vessel for all the measurements. All measurements were
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performed using a VSP-300 potentiostat operated with EC Lab software

(BioLogic). Electrode spacing and immersion depth were kept constant
across experiments.

5.5. Kinetic analysis

For a reversible one-electron process at 25 °C, the peak current is
given by the classical expression in Eq (2).

(2)

FuD\ />
i, = 0.4463nFAc<"R”T )

Where i, is the peak current, n is the electron transfer number, F is the
Faraday constant, A is the electrode area, C is the concentration of redox
active sites, v is the scan rate, D is the diffusion coefficient, R is the gas
constant, and T is the temperature. Combining the factors of nF inside
and outside the square root and collecting the thermodynamic constants
gives the standard room temperature form, expressed in Eq (3) as:

i, = 2.69 x 10°n*2ACD'/?)!/? 3

Evaluating the apparent diffusivity in the system can be rationalized
by isolating the diffusion coefficient, as shown in Eq (4).

2
Depp = ld—iﬁcg “4)
2.69 x 105n2AC\/v

Here, n = 1 as the Fe(Il) to Fe(III) transition proceeds through a one-
electron mechanism in concentrated alkaline media [46]. A= 0.283cm?
as the geometric electrode area determined from the circular aperture in
the electrode holder. The concentration term was defined using the
oxygen site density in o-FeOOH, which represents a structurally
well-defined and widely used reference phase for iron oxyhydroxide
redox chemistry [47-49]. Based on crystallographic data [49], the ox-
ygen site concentration is C = 0.09299 mol O em 3.

The diffusion-controlled peak current was isolated using the mixed
control expression shown in Eq (5), which is applied at the redox peak
potential [38].

i(E,v) = ky (E)v + ko (E)1*/? (5)

Where k; and k, are the respective capacitive and diffusive contri-
bution factors. Rearranging the terms as shown in Eq (6) allows for a

straightforward extraction of both factors by regression of i /v'/? against
v'/2 through the slope and intercept.
i(E,v)

Az ki (E)V' + ka(E) (6)

The resulting coefficients were then used to obtain the diffusion-
controlled current, izy, required in Eq (4), and are displayed in Table 1.
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