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ABSTRACT
Rechargeable aqueous Fe-ion batteries using Fe anodes is very promising in stationary grid-scale energy storage but suffer
from hydrogen evolution (HER) and Fe corrosion. Herein, we present new insights on the design principle of crystallographic
orientation of themetallic Fe anode for long lifespan, sustainable Fe-ion batteries. Guided by a density functional theory simulation
on optimal surface energy and adsorption energy, we obtained highly [110] oriented Fe by annealing the commercial Fe foil
at 1000◦C in Ar/H2 atmosphere. The [110] oriented Fe foil with the maximum exposure of (110) plane shows the significantly
decreased lattice defect, residual stress, and grain boundary density. Consequently, side reactions including HER and by-product
formation were well suppressed with enhanced Fe-ion diffusion and charge transfer kinetics. Significantly, 8540 cycle-lifespan at
5.0 A g−1 with 99.3% capacity retention was achieved in the full battery, which is not only very prominent in aqueous Fe2+ ion
battery systems, but also surpasses most of aqueous Zn2+, Mg2+ ion batteries recently reported. Our findings demonstrate that
uniform epitaxial Fe2+ electrodeposition along the surface of preferred oriented Fe anode is an effective strategy to address the
troublesome HER and corrosion issues in the aqueous battery using low-cost, industrial Fe element.
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Introduction

he fast development on the effective utilization of clean
nergy sources (wind, solar, and geothermal energy) and arti-
icial intelligence technology greatly increase the requirement
f large-scale energy storage systems with high safety [1–3].
n this regard, the rechargeable aqueous batteries using indus-
rial element Fe as anode material and bivalent Fe2+ ion as
he charge carrier has attracted substantial interests and been
2026 Wiley-VCH GmbH
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emerging as a promising candidate for next-generation energy
storage [4–6]. Theoretically, rechargeable Fe metal batteries
(FMBs) show intriguing merits on a very high capacity of
≈ 960 mAh g−1 and very low cost due to the Fe metal is
the most abundant metal in the earth’s crust [7, 8]. Further,
early reports show Fe element is less prone to dendritic growth
compared to Li, Na, K and Zn, thereby eliminating the risk
of short circuits during the long-term charge/discharge cycling
[9].
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owever, the development and practical applications of FMBs
re still limited by the difficulties on the thermodynamically
avored hydrogen evolution side reaction (HER) and serious
orrosion of Fe metal, which respectively give rise to poor
ifespan and the formation of dead Fe at anode side [10, 11].
ecent progress shows that several strategies including electrolyte
ptimization or three-dimensional architectural construction of
he Fe anode (such as Fe foam) can effectively suppress the
ER and Fe metal corrosion [7, 12–14]. Despite these efforts,
he complete elimination of HER and Fe corrosion in aqueous
MBs still faces great challenges. In general, HER and corro-
ion of metal in the electrochemical process of rechargeable
atteries are highly dependent on the electrodeposition behavior
f the charge carries [15–17]. To regulate this electrodeposition
ehavior, crystallographic orientation engineering has recently
merged as a highly effective strategy. Previous studies on
arious metal anodes, such as aluminum, zinc, and magne-
ium, have demonstrated that tailoring the dominant crystal
acets can effectively modulate surface energy [18–20]. Specif-
cally, closely packed crystallographic planes usually exhibit
nhanced thermodynamic stability and higher activation barriers
or side reactions, thereby guiding uniform metal electrode-
osition and extending cycling lifespan. Despite these proven
uccesses in other metal systems, a deep understanding of the
eversible Fe2+ plating/stripping process on Fe metal anode is
till lacking. Up to date, there is still no fundamental stud-
es on the epitaxial Fe2+ electrodeposition to build the design
rinciples on crystallographic orientation for a long lifespan
MBs.

erein, we present new insights on the design principle of
he crystallographic orientation of metallic Fe anode for long
ifespan, sustainable FMBs. Density functional theory (DFT)
alculation reveals that the (110) plane of BCC Fe crystal exhibits
he lowest surface energy (0.152 eV Å−2) and the most positive
ibbs free energy of hydrogen adsorption (∆GH: 0.605 eV) in
ll low-index lattice planes, leading to the minimum electro-
hemical activity for HER and side reactions. Furthermore, the
110) plane exhibits the highest adsorption energy (∆Gads) of
e atom and the steepest decline slope with the increase of
urface occupancy of adsorbed Fe atoms, which is beneficial for
niform nucleation to eliminate the dendrite growth and the
ead Fe formation. Guided by this theoretical calculation, we
btained highly [110] oriented Fe by annealing the commercial
e foil at 1000◦C in Ar/H2 atmosphere. The [110] oriented
e foil with the maximum exposure of (110) plane shows the
inimized lattice defect and residual stress, and remarkably
ecreased grain boundary density. Consequently, side reactions
ncluding HER and by-product formation was well suppressed
ith enhanced Fe-ion diffusion and charge transfer kinetics. Sig-
ificantly, the (110)-Fe//PANI (polyaniline) full batteries achieved
n ultralong 8540 cycle-lifespan at 5.0 A g−1 with 99.3% capac-
ty retention, which is very prominent in the most aqueous
nergy storage systems including rechargeable Fe2+, Zn2+, and
g2+ ion batteries. The advances on long-term cyclability, high
afety and very low cost using industrial Fe element, enable
ery promising application potential on large-scale grid energy
torage.
of 12
2 Results and Discussion

2.1 Theoretical Exploration by DFT Calculation

In general, the crystal planewith a lower surface energy promotes
uniform deposition of metallic cations (Zn2+, Mg2+, Al3+) to
reduce HER activity and corrosion reactions [18–20]. Inspired by
this recognition, we conducted DFT calculations on the surface
energy of low-index (110), (200), (211), and (111) lattice planes for
body-center cubic (BCC) Fe first. The calculation results revealed
that the (110) crystal plane exhibits a much lower surface energy
of 0.152 eV Å−2 than that of 0.155, 0.161, and 0.169 eV Å−2 for
(200), (211), and (111) planes, respectively (Figure 1a, Figures S1
and S2). Previous study validates that the smaller surface energy
crystal plane results in lower electrochemical activity for HER
and side reaction [21]. To further assess the HER activity, a key
factor, the Gibbs free energy of hydrogen adsorption (∆GH), was
calculated. The result identifies a degressive tendency on ∆GH
as follows: ∆GH (110) (0.605 eV) > ∆GH (111) (0.467 eV) > ∆GH (211)
(0.397 eV)>∆GH (200) (0.257 eV) (as shown in Figure 1b,c). Amore
positive value of ∆GH indicates weaker adsorption of hydrogen
on the crystal facets, thereby impeding the proton/electron
transfer process involved in HER and suppressing side
reactions [22, 23].

The adsorption energy (∆Gads) of Fe atoms on the distinct crystal
plane is another important parameter to determine the metallic
morphology after Fe2+ plating [24, 25]. As revealed by DFT
simulation in Figure 1d,e, as the deposition time rises, the ∆Gads
value on the (110) plane gradually decreases with the increase
of surface occupancy of adsorbed Fe atoms. In general, a larger
∆Gads value means a relatively small interaction between the
adsorbed Fe and the Fe foil surface. Note that the initial ∆Gads
value at 1/20 Fe occupancy for (110) plane is much larger than
that of (200), (211), and (111) plane. Thus, the as-adsorbed Fe
atoms diffuse easily across the (110) plane at the initial nucleation
stage, which is beneficial for uniform nucleation to eliminate
the localized aggregation of Fe atoms and subsequent dendrite
growth. Furthermore, the as-calculated declined tendency of
∆Gads value suggests a transition from relatively weak adsorption
to stronger bonding of the as-adsorbed Fe atoms. DFT results
reveal that the decreased range of ∆Gads value from 1/20 to 1.0
Fe occupancy is the most remarkable in (110) plane compared
with the other low-index planes. Consequently, the as-grown Fe
atoms along the (110) plane are more firmly anchored to the
Fe metal surface [26, 27], which is very desirable to suppress
the dead Fe formation caused by the detachment of Fe crystal
nucleus.

2.2 Highly [110] Oriented Fe Foil

Guided by aforementioned theoretical DFT simulation, we make
sure that the maximum exposure of (110) plane can effectively
limit HER activity and eliminate the dead Fe formation. Then, we
sought to realize a highly [110] oriented Fe foil from commercial
Fe. It is known that BCC Fe foil undergoes a phase transi-
tion to face-centered cubic (FCC) structure when heated above
Advanced Materials, 2026
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FIGURE 1 Theoretical exploration by DFT calculation. (a) The increasing trend on the surface energy of (110), (200), (211), and (111) planes in BCC
Fe. (b) H atom adsorption configurations on (110), (200), (211), and (111) plane and (c) the corresponding∆GH value. (d) Fe atom adsorption on the (110),
(200), (211), and (111) planes and (e) the corresponding ∆Gads value of Fe atom as a function of surface occupancy.
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12◦C, while FCC Fe converts back to BCC Fe upon cooling [28].
uring this transformation, the highly [110] oriented Fe foil can
e achieved due to the minimized surface energy of (110) plane
Figure 2a) [29]. Herein, the commercial Fe foil before annealing,
he foil samples annealed at 900◦C and 1000◦C in Ar/H2 atmo-
phere is labeled as com-Fe, 900-Fe and (110)-Fe, respectively.
dvanced Materials, 2026
The preferred orientation after high-temperature treatment is
confirmed by the X-ray diffraction (XRD) patterns in Figure 2b.
Compared with the com-Fe and 900-Fe, the diffraction peak
(110) plane of (110)-Fe sample is much higher in intensity. The
large-area uniformity of this preferred orientation was further
confirmed by arbitrarily selecting three different positions in
3 of 12
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FIGURE 2 Characterization of [110] oriented Fe foil. (a) Schematic diagram of the annealing process for com-Fe foil electrode. (b) XRD patterns
and (c) calculated RTC of com-Fe, 900-Fe, and (110)-Fe, respectively. (d) Schematic diagram of the determination of residual stress by X-ray diffraction
and (e) the fitted residual stress curves of com-Fe, 900-Fe and (110)-Fe. (f) Surface energy of (110), (200), (211), and (111) planes comparing unstrained
(red) and strained (blue) configuration. (g) Grain size distributions of com-Fe, 900-Fe, and (110)-Fe. EBSD orientation map and (110) pole figure of
(h) com-Fe, (i) 900-Fe, and (j) (110)-Fe, respectively.

4 of 12 Advanced Materials, 2026
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he foil (Figure S3). Relative texture coefficient (RTC) of each
attice plane was then calculated using the following Equation (1)
30],

𝑅𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)∕𝐼0(ℎ𝑘𝑙)∑
𝐼(ℎ𝑘𝑙)∕𝐼0(ℎ𝑘𝑙)

× 100% (1)

here I(hkl) represents the intensity of (hkl) crystal planes
btained from the XRD results, and I0(hkl) is the intensity of (hkl)
lane from the JCPDS data. As shown in Figure 2c, RTC(110)
ncreased from initial 37.3% for com-Fe foil to 79.1% after 1000◦C
nnealing, indicating a higher proportion of exposed (110) planes
f this foil. This result provides evidence that a suitable annealing
emperature as high as 1000◦C in H2/Ar atmosphere is essential
or the formation of highly [110] orientation.

nother insight revealed by XRD characterization is the notice-
bly difference on residual stress (σ) of these Fe foils (Figure 2d),
hichusually accelerates the formation ofmetal corrosion during
he electrodeposition process [31]. The macroscopic residual
tress was determined by analyzing the diffraction spectra of the
amples under various tilt angles (ψ = 0◦, 9◦, 18◦, 36◦, and 45◦).
he residual stress (σφ) was derived by fitting a linear correlation
etween themeasured strain (ε(hkl)) and (sin2ψ) using the LEPTOS
oftware [32]:

𝜎𝜑 = 1(
1

2

)
𝑆(ℎ𝑘𝑙)

∙
𝜕𝜀(ℎ𝑘𝑙)

𝜕sin
2
𝜓

(2)

n this calculation, S(hkl) represents a material-specific constant
hat depends on the Poisson’s ratio (µ), elastic modulus (E),
nd crystallographic orientation (hkl). For Fe foil, the Poisson’s
atio and elastic modulus are 0.3 and 210 GPa, respectively.
he com-Fe foil residues a significant compressive stress of
71.66 MPa (Figure 2e), indicating the existence of substantial
attice distortions and dislocations inside. In contrast, the residual
tress in the foil samples after 900◦C and 1000◦C annealing
rastically decreased to −33.82 and −12.73 MPa, respectively,
hich should be attributed to the Fe atomic rearrangements
uring the heat treatment.We further compare the surface energy
f (100), (110), (111), and (211) planes in the BCC Fe crystal
y DFT calculation under unstrained and strained conditions,
espectively. As shown in Figure 2f, all of the surface energies for
arious planes decrease sharply with the removal of severe resid-
al stress, suggesting the enhanced structural stability after the
nnealing [31].

hemorphology evolution of the Fe foil during this annealingwas
ystematically investigated by optical microscope (OM), scanning
lectron microscopy (SEM) and electron backscatter diffraction
EBSD) mapping. OM images demonstrate the surfaces of Fe foil
ecome smoother with clear grain boundaries (Figure S4), and
he average grain size gradually grows from ∼20 µm in com-Fe
oil to ∼600 µm in (110)-Fe (Figure 2g). The formation of large-
ized grain is beneficial to reduce grain boundary density,which is
enerally regarded as an enhanced reactive source for intergran-
lar metal corrosion. EBSD characterization in Figure 2h–j also
onfirms the featured (110) texture after the high-temperature
nnealing [33]. Clearly, the com-Fe foil exhibits a large number
f elongated grains with an irregular, polygonal morphology due
dvanced Materials, 2026
to the significant lattice distortion and the presence of abundant
dislocations (Figure 2h). After annealing at 900◦C, the colorful
grains in EBSD image suggest the maintenance of the random
orientation, while the grain boundaries became defined and the
grains appeared more regular (Figure 2i). Remarkably, the highly
preferred orientation along [110] direction is evident from the
corresponding EBSD image and the pole figure of the (110)-Fe
sample annealed at 1000◦C (Figure 2j).

2.3 Superior Corrosion Inhibition

Owing to the merits on the minimized lattice defect, residual
stress and grain boundary density, we tried to achieve superior
Fe2+ electrodeposition using this highly [110] oriented Fe foil.
First, the contact angle measurements indicate that the (110)-Fe
foil exhibits a smaller contact angle (70.3◦) than that of com-
Fe foil (95.4◦) and 900-Fe (82.4◦) as shown in Figure S5. The
superior interfacial wettability would efficiently facilitate the
Fe2+ ion transfer across the anode/electrolyte interface [19]. The
chemical stability is further assessed by immersion these Fe foils
in 1.0 M FeSO4 aqueous electrolyte for 10 days. As shown in
Figure 3a, observations via SEM and digital imaging revealed that
light blue, flake-like by-products extensively covered the com-
Fe foil surface. In contrast, while surface analysis of the 900-Fe
sample showed no by-products, SEM images reveal significantly
pitting corrosion within the individual Fe grains (Figure 3b).
Strikingly, no flake-like by-products or pitting corrosion were
observed on the (110)-Fe surface, indicating that the by-product
and corrosion phenomenon are mostly eliminated in our (110)-Fe
sample (Figure 3c). XRDcharacterization reveals that the primary
corrosion products on com-Fe were Fe3(OH)6(SO4)0.5(H2O)4.2
(JCPDS NO. 97-009-8534), Fe(OH)(SO4)(H2O)3 (JCPDS NO. 97-
015-8909) and Fe(OH)(SO4)(H2O)5 (JCPDS NO. 97-015-8909)
(Figure S6), which is well consistent with SEM observation
(Figure 3a–c). These by-products are generally ionically and elec-
tronically insulating, which leads to a significant increase in the
charge-transfer resistance and interfacial impedance. As these by-
products accumulate, they create a heterogeneous interface that
not only triggers severe voltage polarization but also promotes
non-uniformdeposition. As shown in the in situOMobservations
in Figure 3d, significant generation of H2 bubbles and Fe corro-
sion was evident on com-Fe foil as the deposition time increased.
For the 900-Fe foil, rather rough and porous surface with the
presence of some dead Fe can be observed (Figure 3e). Conversely,
the (110)-Fe foil well maintained a smooth surface with a dense
structure, andno apparent Fe dendrites or corrosionwas observed
(Figure 3f). Liner scanning voltammetry (LSV) curves were
obtained in aqueous electrolyte containing 1.0 M Na2SO4 rather
than any ferrous salt (such as FeSO4) to avoid the effects of
Fe2+ ion deposition. The HER onset potential for (110)-Fe foil is
−1.31 V, which is more negative than that for 900-Fe (−1.28 V)
and com-Fe (−1.23 V), suggesting a much reduced HER activity
(Figure 3g) [33]. Tafel analysis in Figure 3h further clarifies a
noticeably lower corrosion current density (1.4 µA cm−2) of the
(110)-Fe compared to 900-Fe (2.0 µAcm−2) and com-Fe foil (7.4 µA
cm−2), demonstrating a substantially suppressed corrosion rate
and a reduced thermodynamic tendency on Fe metal corrosion
[31]. In order to quantitatively analyze the amount of hydrogen
gas generated during actual battery charge/discharge cycles, com-
Fe and (110)-Fe foils (6 × 8 cm) were assembled into pouch-type
5 of 12
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FIGURE 3 Corrosion inhibition and reversible plating/stripping. SEM and OM images of (a) com-Fe, (b) 900-Fe, and (c) (110)-Fe after immersed
in 1 M FeSO4 for 10 days. In situ OM cross-sectional views of (d) com-Fe, (e) 900-Fe, and (f) (110)-Fe at different electrodeposition times. (g) LSV
curves in 1 M Na2SO4 electrolytes and (h) Tafel plots in 1 M FeSO4 electrolytes for com-Fe, 900-Fe, and (110)-Fe. (i) Schematic diagram of a half-battery.
(j) The cycling performance of the symmetry cells at 0.5 mA cm−2/0.5 mAh cm−2 (the insets exhibit the close-up views at different cycling stages). (k) CE
measurement of the Fe//Ti asymmetric batteries at 1.0 mA cm−2 with 1 mAh cm−2. SEM images of (l) com-Fe, (m) 900-Fe and (n) (110)-Fe after plating
under the conditions of 1.0 mA cm−2/5.0 mAh cm−2.
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ymmetric cells and cycled at a current density of 3 mA cm−2 for
0 h. We performed gas chromatographic measurements of gas
enerated in symmetry pouch cells. The normalized hydrogen
oncentration (1% mol/mol, 1 mL) intensity shows that the
ydrogen concentration is more intense in the com-Fe than (110)-
e symmetry pouch cells, as shown in Figure S7. This test further
llustrates the vastly reduced HER by the design of the crystal
lane orientation.

oin cells with a Fe//Fe symmetric configuration were then
ssembled using these Fe foils as electrodes and aqueous 1.0 M
eSO4 solution as the electrolyte, respectively (Figure 3i). The
lectrochemical Impedance Spectroscopy (EIS) data indicate that
he Rct of (110)-Fe//(110)-Fe cell (∼16 kΩ) was substantially less
han that of the 900-Fe//900-Fe cell (∼24 kΩ) and com-Fe//com-
e cell (∼80 kΩ), suggesting that (110)-Fe anode facilitated charge
ransfer kinetics (Figure S8). For the symmetric Fe//Fe cell,
hronoamperometry (CA) curves (Figure S9) indicate that the
e2+ ions on the [110] oriented Fe surface undergoes rapid three-
imensional diffusion, whereas those on the com-Fe foil and
00-Fe anodes retain two-dimensional diffusion over an extended
uration. The favorable 3D diffusion can effectively suppress
he excessive local growth of Fe crystalline, thereby enabling
niform Fe2+ electrodeposition [17]. Generally, the overpotential
f Fe2+ deposition can be categorized into two types: nucleation
verpotential and growth overpotential [24]. Initially, the com-
e foil substrate delivers a low nucleation overpotential due to
he abundant nucleation sites offered by the surface dislocations.
eanwhile, its growth overpotential increases gradually during
ubsequent deposition (0.36 V, 0.5 mA cm−2) (Figure S9). In
ontrast, the (110)-Fe annealing displays progressively lower
ucleation and growth overpotentials (0.26 V, 0.5 mA cm−2),
uggesting the maximum exposure of (110) crystal plane is more
avorable for Fe nucleation and growth.

s shown in Figure 3j, the (110)-Fe//(110)-Fe cell exhibits excel-
ent long-term stability over 750 h at a current density of 0.5 mA
m−2 with a plating/stripping capacity of 0.5 mAh cm−2. This
rominent cyclability outperforms that of the com-Fe (100 h)
nd 900-Fe (130) h. Even at a higher current density of 1 mA
m−2, the symmetrical cells based on (110)-Fe electrodes still
aintain stable cycling over 420 h, far exceeding the 45 h for com-
e foil and 88 h for 900-Fe samples (Figure S11a). Impressively,
nder harsh conditions of 2.0 mA cm−2 with a capacity of 2.0
Ah cm−2, our (110)-Fe//(110)-Fe symmetrical cell still delivers
superior cyclability for 250 h compared to the com-Fe and 900-
e foils and also Fe foils annealed at 700◦C and 800◦C (Figures
11 and S12). Clearly, com-Fe and 900-Fe foils failed rapidly under
his condition due to the severe corrosion and remarkable side
eaction (Figure S11b). A sweep rate test (current density 0.1 to
.0 and back to 0.4mA cm−2) further confirmed the distinguished
ate performance of (110)-Fe electrode. As shown in Figure S13a,
110)-Fe electrode exhibited a stable deposition overpotential that
espond consistently to changes in current density. By contrast,
om-Fe and 900-Fe showed increased polarization and rapid
ailure with increasing current density at 1.0 mA cm−2, which
hould be attributed to the increased interface impedance caused
y some by-product’s formation. Notably, when depositing a
onstant specific capacity of 1.0 mAh cm−2, the (110)-Fe//(110)-
e cell achieves stable Fe2+ deposition/stripping even at an
ltra-high current density of 9.0 mA cm−2, far surpassing the
dvanced Materials, 2026
limits of com-Fe (2.0 mA cm−2) and 900-Fe (3.0 mA cm−2)
(Figure S13b).

Coulombic efficiency (CE) measured in an asymmetric Fe//Ti
configuration was another critical parameter for evaluating the
reversibility of Fe plating/stripping during long-term cycling [6].
The electroplating process was carried out in Fe//Ti cells at
a current density of 1.0 mA cm−2 (with a constant deposition
capacity of 1.0 mAh cm−2) and a stripping cut-off potential
of 0.5 V (Figure 3k; Figure S14). Our (110)-Fe//Ti asymmetric
batteries exhibit an initial CE of 78.73% with a low voltage
polarization (∼280 mV), which is much higher than that of com-
Fe foil (35.14%, ∼320 mV) and 900◦C Fe (52.27%, ∼300 mV)
(Figure S14). Even over 150 cycles duration, the average CE of
(110) Fe//Ti asymmetric cell remains 97.18%, indicating a very
stable Fe plating/stripping process. Conversely, com-Fe and 900-
Fe show much shorter cycling lives (∼75 cycles and ∼120 cycles,
respectively), lower average CE (83.88% and 88.15%, respectively),
and sharp CE fluctuations (Figure 3k).

We further validated this morphology evolution of the Fe anode
surface at different Fe2+ platting depth by SEM observation.
Notably, the com-Fe sample shows random deposition sites with
numerous dead irons formed during the initial deposition stage
(Figure S15), which is attributed to the intrinsic dislocations and
lattice defects inherent to the com-Fe. As the deposition capacity
raises, a large number of randomly stacked micrometer-sized
grainswith sharp corners aswell as detached Fewere observed on
the surface (Figure 3l). For the 900-Fe sample, uniform deposited
layer was observed at a deposition capacity of 1.0 mAh cm−2

(Figure S16). However, when the deposition capacity increased
up to 5 mAh cm−2 (Figure 3m), Fe2+ electrodeposition became
highly non-uniform, leading to the formation of numerous
irregular corners. Satisfactorily, our (110)-Fe sample exhibits very
uniform Fe2+ electrodeposition with a stepped morphology at
a deposition capacity of 1.0−5.0 mAh cm−2 (Figure 3n; Figure
S17). Laser scanning confocal microscopy (LSCM) images further
confirm this homogeneous and dense morphology after 50 h
cycling (Figure S18). Moreover, the XRD analysis on the (110)-
Fe anode after 50 h cycling confirm that even after repeated
deposition/stripping processes, the characteristic (110) diffraction
peak remains dominant (Figure S19). This indicates that the
(110) textured surface possesses excellent structural stability
and is resistant to crystal plane reconstruction or orientation
degradation under the tested electrochemical conditions.

2.4 Ultralong 8500-Cycled Lifespan

Finally, coin-cell and pouch-cell typed cells were respectively
assembled by selecting organic PANI as the cathode material
owing to its excellent structural stability (Figure 4a). No notice-
ably discrepancy on the shape of CV curves was observed in
the cells assembled by the com-Fe, 900-Fe, and our (110)-Fe
anode, respectively (Figure S20) [26]. However, the superior rate
capability was evident in our (110) Fe-based full cell owing to the
enhanced ion transport kinetics at the electrolyte/anode inter-
face. As shown in Figure 4b,c, the (110)-Fe//1.0 M FeSO4//PANI
cell delivers a discharge capacity of 100.8, 74.2, 60.7, 51.7, 45.2, and
39.3 mAh g−1 at a current density of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A
g−1, respectively. Upon the current density returning to 0.5 A g−1,
7 of 12
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FIGURE 4 Full-cell performance for Fe-ion battery. (a) Schematic diagram of a full-battery. (b) Charge/discharge curves of (110)-Fe//PANI full
batteries at different current densities. (c) rate performance of Fe//PANI full batteries. (d) Long cycling performances of (110)-Fe//PANI full batteries at
5.0 A g−1 and schematic diagram pouch cell. (e) Comparison of the current density and specific capacity in our work with other literature on aqueous
FMBs [7, 9, 34–36]. (f) Comparison of the cycle number and capacity retention in our work with other literature on aqueous Fe2+, Zn2+, and Mg2+ ion
batteries [7, 9, 15, 24, 30, 33–44].
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rea
he (110)-Fe//PANI battery recovers back to a discharge capacity
f 100.4 mAh g−1, which is significantly higher than those of the
om-Fe//1.0 M FeSO4//PANI (60.8 mAh g−1) and 900-Fe//1.0 M
eSO4//PANI (77.3 mAh g−1) cells. What is noteworthy is that
he (110)-Fe//PANI cell show higher specific capacity than 900-
e//PANI and com-Fe//PANI cells. The discrepancy in delivered
apacity for the same cathode arises from the different anode
inetics and interfacial stability. The optimization of the Fe anode
ffectively enhances surface reaction kinetics and suppresses
arasitic side reactions, allowingmore Fe2+ ions to be transported
o the PANI cathode. This enhanced ion accessibility enables a
ore thorough redox reaction within the same cathode material,
eading to a higher capacity utilization compared to the pristine
ystem. Then, more attention was focused on the long-term
ycling stability of the full cells. the (110)-Fe//PANI full cells
eliver an exceptional long-cycle stability of 2100 cycles with
capacity retention of 90.2% at a current density of 0.5 A g−1
Figure S21). In contrast, the com-Fe//PANI and 900-Fe//PANI
atteries fail at 450 and 770 cycles, respectively, due to the
of 12
significant side reactions and HER on the Fe anode surface.
We found that the com-Fe//PANI and 900-Fe//PANI batteries
shows almost no capacity at a high current density of 5 A g−1.
Conversely and strikingly, an ultralong cycling stability over 8500
cycles was achieved at 5 A g−1 (Figure 4d). The rate capability
comparison in this work and other literature of Fe-based aqueous
batteries reported recently is shown in Figure 4e. Clearly, the rate
performance of our battery at both low and high rates (1.0 and 5.0
A g−1) is noticeably superior to that of most FMBs [7, 9, 34–36].
Significantly, the as-achieved>8500 cycle-lifespanwith a capacity
retention of 99.3% is not only very prominent in aqueous Fe2+ ion
battery system, but also surpassesmost of the aqueous Zn2+, Mg2+
ion batteries recently reported (Figure 4f) [7, 9, 15, 24, 30, 33–44].

In the earlier study by L. Archer, similar epitaxial electrodeposi-
tion process during the reversible Zn2+ plating/stripping has been
discerned [45]. A lower thermodynamic free energy is achieved
with the maximum exposure of the close-packed (0002) plane in
hexagonal close-packed (HCP) Zn to achieve high reversibility.
Advanced Materials, 2026
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FIGURE 5 Lattice comparison between BCC, HCP, and FCC metals. Schematic illustrations of crystal structure for (a) BCC Fe, (b) HCP Zn, Mg,
and (c) FCC Al, Cu. (d) Schematic diagram of crystal nucleation and growth mode at [110] oriented Fe foil.
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rea
enefiting from the successful control of [110] crystallographic
rientation of Fe foil anode, it is rational that epitaxial growth of
e crystals takes place in the present system owing to the close
rientation similarity between the nucleus and the substrate.
ote that the perpendicular correlation between the lattice planes
f the {110} family in BCC Fe (Figure S22). When (110) plane is
xposed as the top surface of crystal nucleus during the initial
ucleation state, the Fe nucleus is easily grown along (110) plane.
ollowed by the crystal growth, the side facet of the as-grown
rystalline is (11̄0) planes, making sure the maximum exposure
f {110} plane families (Figure 5a). Such a case is completely
ifferent in the aqueous batteries constructed from other metallic
nodes, such as HCP (Zn, Mg) and FCC metals (Al, Cu). In
he typical HCP Zn crystal with close-packed ABABAB stacking,
101̄0) plane is perpendicular plane to the low thermodynamic
ree energy (0002) plane (Figure 5b). While in the FCC Al crystal
ith ABCABC stacking, the corresponding orthogonal plane
f low thermodynamic free energy (111) plane is (11̄0) plane
Figure 5c). Thus, the intrinsic orthogonal relationship of the
110} plane family in BCC Fe enables the maximum exposure
f low thermodynamic free energy plane for the epitaxially
rown crystalline (Figure 5c), which should be responsible for the
bserved 8500-cycle lifespan superior to that in aqueous energy
ystems using Zn or Mg anodes.

Conclusion

queous batteries using low-cost industrial Fe still suffers from
erious corrosion and HER for com-Fe foil, leading to accumu-
ation of dead Fe and very poor lifespan. In this study, uniform
pitaxial Fe2+ electrodeposition on the surface of preferred ori-
nted Fe anode has been demonstrated as an effective strategy
o address these challenges. Given the guidance by theoretical
FT calculation, the (110) plane of BCC Fe crystal exhibits the
dvanced Materials, 2026
lowest surface energy (0.152 eV Å−2) and the most positive Gibbs
free energy of hydrogen adsorption (∆GH: 0.605 eV) in all low-
index lattice planes, leading to the minimum electrochemical
activity for HER and side reactions. Furthermore, the (110)
plane exhibits the highest adsorption energy (∆Gads) of Fe atom
and the steepest decline slope with the increase of surface
occupancy of adsorbed Fe atoms, which is favorable for uniform
Fe nucleation to eliminate the dendrite growth and the dead
Fe formation. Experimentally, the side reactions including HER
and by-production formation was well suppressed in the cell
assembled using our [110] oriented Fe foil with much enhanced
Fe-ion diffusion and charge transfer kinetics. The as-assembled
(110)-Fe//PANI batteries achieved an ultralong cycle-lifespan of
8540 cycles at 5.0 A g−1 with 99.3% capacity retention. Such
a long cycling stability surpasses the most aqueous energy
storage systems including rechargeable Fe2+, Zn2+, and Mg2+
ion batteries. Our work presents new insights on the design
principle of crystallographic orientation of metallic Fe anode in
aqueous energy storage. The advances on long-term cyclability,
high safety and very low cost using industrial Fe element, enable
very promising application potential on large-scale grid energy
storage.

4 Experimental Section

4.1 Materials Synthesis

(110)-Fe foil was synthesized by a heat treatment method using
a tube furnace. Usually, the commercial iron foil (50 µm in
thickness, 99.95% in purity) was first immersed in 1% sulfuric acid
ethanol solution for 5min to remove the impurities on the surface.
After ultrasonic cleaning with deionized water and absolute
ethanol, the pretreated iron foil was placed in a quartz tube with
Ar/H2 atmosphere (5% H2 140 sccm) and then maintained at
9 of 12
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00◦C, 800◦C, 900◦C, and 1000◦C for 1 h to obtain the 700◦C Fe,
00◦C Fe, 900◦C Fe, and (110)-Fe. Finally, the iron foil is cooled to
oom temperature in the furnace.

ANI powder sample was prepared by chemical oxidative poly-
erization. First, 1 g aniline was dissolved in 100 mL of 1.0 M
Cl solution and placed in the incubator until the temperature
as 0◦C–5◦C. Finally, 0.1 g ammonium persulfate was added into
he above solution and stirred for 12 h. The obtained solution was
entrifuged and washed three times with deionized water. Then,
he sample was freeze-dried to obtain PANI powder.

.2 Materials Characterization

he crystal structure of the prepared samples was characterized
y a combined multifunctional horizontal x-ray diffractometer
XRD).Macroscopic residual stress characterizationwas recorded
sing a Bruker D8 X-ray diffractometer with monochromatized
u Kα radiation (wavelength = 1.5406 Å). Optical microscopy
OM) (Nikon Ti2-A) equipped with an in situ reaction device
as used to observe the evolution of Fe deposition. The electron
ackscatter diffraction (EBSD) orientation maps and pole figures
ere performed on a dual-beam focused ion beam-scanning elec-
ron microscopy (FIB-SEM, TESCAN, LYRA3 XMH) equipped
ith an Oxford Instruments EBSD system. The crystal structure
as drawn by the software of VESTA. A field-emission scanning
lectron microscope (FESEM, JEOL JEM 2100) was used to
haracterize the morphologies and microstructures of samples.
aser scanning confocal microscopy (LSCM, LSM700) was used
o analyze the morphology and roughness of the electrode
urface.

.3 Electrochemical Measurement

he commercial purity iron foil (Com-Fe), 900◦C Fe (900-Fe) and
110) Fe ((110)-Fe) foil was punched into 12 mm diameter discs
nd used as electrodes for the 2032-coin cells. For the PANI//Fe
ouch battery, the electrodes were cut to 6 × 8 cm. 1 M FeSO4
olution was used as the electrolyte for all charge–discharge
ests. Tafel measurement was conducted in Fe//Fe symmetric
atteries. LSV tests in 1 M Na2SO4 were carried out using
hree-electrode systems, with Fe plate, Pt plate, and Ag/AgCl
s working, counter, and reference electrode, respectively. To
repare the PANI cathodes, the as-synthesized PANI, acetylene
lack, and PVDFweremixed uniformly with amass ratio of 7: 2: 1
n NMP. Then the mixture was coated onto the stainless-steel foil
ith a mass loading about 2.1 mg cm−2. For the pouch cell, the
ass loading of PANI was about 35 mg cm−2. The galvanostatic
harge and discharge tests were performed on a LAND battery
esting system. The cyclic voltammetry (CV) curves, Tafel plots,
nd linear aweep voltammetry (LSV) were collected through an
lectrochemical working station (CHI760e).

.4 Theoretical Calculation

pin-polarized density functional theory (DFT) was performed
ith theViennaAb-initio Simulation Package (VASP). TheKohn-
ham orbitals were expanded with plane waves using a 500 eV
0 of 12
energy cut-off and the interaction between the valence electrons
and the cores was described with the plane augmented wave
(PAW) approach. The number of valence electrons considered in
the calculations are 1 (H) and 8 (Fe). The exchange-correlation
effects are described within the generalized gradient approxi-
mation according to Perdew, Burke and Ernzerhof (PBE). The
electronic self-consistency loop stops when the total energy
change between two subsequent steps is smaller than 1 × 10−5 eV.
Structures were optimized with the conjugate gradient method
and geometries were considered to be convergedwhen the largest
force on the atoms in the calculated system is smaller than
0.02 eV Å−1. Harmonic vibrational frequencies were computed
using the finite-difference approach. The surface atoms were
fixed during the vibrational analysis. The strained configurations
were subjected to -5% compressive biaxial strain within the (100)
crystallographic plane for the surface energy.

An equilibrium lattice constant of 2.83 Å is used for ferromagnetic
BCC Fe, obtained with a converged k-mesh of 20 × 20 × 20.
This is consistent with the works and also the experimental
lattice constant 2.86 Å. The local magnetic moment for BCC Fe is
calculated to be 2.216 µB, which is close to the experimental value
of 2.22 µB.

The surface energy (γ) is calculated by:

𝛾 = 1

2𝐴
(𝐸s𝑙𝑎𝑏 −𝑁𝐸𝑏𝑢𝑙𝑘)

where Eslab is the total energy of the surface slab,N is the number
of atoms in the surface slab, Ebulk is the bulk energy per atom and
A is the surface area.
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