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Abstract

The reversible electrodeposition of iron metal in aqueous electrolytes is a promising strategy for
enabling cost-effective, large-scale aqueous rechargeable batteries. However, its practical
viability is hindered by parasitic side reactions, particularly the hydrogen evolution reaction
(HER), which lowers Coulombic efficiency, and by the instability of deposited iron, leading to
corrosion, capacity loss, and reduced cycle life. This study investigates the impact of three
distinct ferrous-based electrolytes—sulfate (FeSO,), chloride (FeCl;), and trifluoromethane
sulfonate (Fe(OTf),)—on the reversible deposition behavior and passivation dynamics of iron
metal anodes. Surface analysis reveals that electrolyte composition critically influences
passivation layer formation, directly affecting stability and efficiency. FeSO, and Fe(OTf),
generate compact, iron-oxide/hydroxide-rich films that suppress hydrogen evolution, resist
corrosion, and deliver high Coulombic efficiencies during cycling. Notably, Fe(OTf), is
especially effective at stabilizing the electrodeposited iron metal during long-term storage,
exhibiting minimal self-discharge behavior. Conversely, FeCl, leads to inadequate passivation,
resulting in lower efficiency of electrodeposition and rapid loss of plated iron due to self-
discharge. While increasing current density and electrolyte concentration can reduce water
activity and improve deposition efficiency through kinetic regulation, we show that a stable,
hydrated solid-electrolyte interphase is crucial for long-term corrosion protection and the

durability of iron anodes in aqueous batteries.
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As the global demand for renewable energy solutions continues to rise, the development of
advanced energy storage technologies that are both economically viable and environmentally
sustainable becomes essential' . Among these technologies, aqueous batteries have been
acknowledged for their potential in large-scale energy storage due to their high safety, low cost,
high power density, and environmental friendliness.>® These advantages have led to growing
interest in aqueous batteries with metal anodes such as zinc, aluminum, and magnesium, which
offer promising electrochemical properties and abundant availability, making them ideal for
sustainable energy storage.”® One of the most widely studied aqueous systems involves Zn metal
anode, owing to its relatively low redox potential (-0.76 vs SHE) and abundant resource
availability.!®!! While having a more positive working potential (-0.44 vs SHE), iron metal anodes
provide a slightly higher capacity (960 mAh/g versus zinc's 820 mAh/g) and are significantly more
cost-effective.'? This cost advantage is primarily because iron is orders of magnitude more
abundant in Earth's crust compared to zinc (5.6% iron vs. 0.007% zinc), which makes it an

exceptionally suitable candidate for large-scale energy storage applications.

The performance of iron-based batteries in aqueous environments is significantly affected by
several key factors. In acidic electrolyte solutions, the hydrogen evolution reaction (HER)
competes with iron deposition, as HER is thermodynamically more favorable under these
conditions, often leading to inefficiencies in battery operation.!3"'> Furthermore, iron's inherent
susceptibility to corrosion in aqueous environments accelerates the degradation of battery
components, contributing to material loss and structural damage.!® These challenges result in
diminished Coulombic efficiency (CE) and a reduced operational lifespan of the iron-based

battery.

To address these challenges, ongoing research has explored the integration of various additives
into the iron anode formulation to enhance overall battery performance. The incorporation of citric
and ascorbic acids into FeCl, electrolytes, for example, has been shown to improve iron deposition
by forming complexes with metallic ions, resulting in smoother layers and enhanced cycling
stability.!”-!8 Additionally, employing high concentrations of electrolyte solutions has been shown
to effectively reduce the HER rate. Hawthorne et al. demonstrated that increasing the
concentration of chlorides in FeCl, with NaCl as a supporting electrolyte significantly improved
the Coulombic efficiency.!” Similarly, Liu et al. showed that iron metal anodes utilizing high
concentrations of Mg or Ca-based electrolyte solutions exhibited markedly improved cycling
stability, primarily due to suppressed water reduction.?’ Recent work by Greenburg et al.
demonstrated that PEG!-water mixtures significantly improve Fe electrodeposition efficiency by

reducing undesirable HER due to the high PEG concentration at the electrode interface.?!
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Despite these promising strategies, questions remain regarding the long-term cycling stability o

active metals such as iron in water-containing electrolytes and the potential for self-discharge—
both of which are critical for large-scale energy storage applications.’> While the kinetic
suppression of the hydrogen evolution reaction (HER) in either high-concentration solutions or
water—organic mixtures effectively improves short-term plating efficiency, iron may still
gradually react with water molecules, raising concerns about its durability over extended cycling.?
Notably, findings from zinc-based aqueous batteries emphasize the critical role of electrolyte
composition in governing the formation of electrode surface layers that sustain long-term cycling
stability and mitigate self-discharge, suggesting that a similar influence may extend to iron-based
systems.?*28 Accordingly, this study seeks to clarify how variations in iron-based electrolyte
solutions affect the stability and surface chemistry of electrodeposited iron, thereby impacting its

efficiency and durability.

Herein, we examine the performance of iron electrodeposition and stripping on Cu foil using three
distinct electrolytes: ferrous sulfate (FeSO,), ferrous chloride (FeCl,), and ferrous
trifluoromethanesulfonate (Fe(OTf),). Utilizing a range of electrochemical and spectroscopic
characterization techniques, we assess how each electrolyte influences the HER, corrosion
behavior, and the overall efficiency and longevity of the electrodeposition process. We establish
a definitive correlation between the choice of electrolyte and the formation of hydroxy/oxide
passivation layers, pivotal for the stability and performance of reversible iron electrodeposition.
Notably, our findings suggest that electrolytes based on FeSO, and Fe(OTf), are particularly
effective in promoting the formation of uniform passivation layers, thereby significantly

enhancing the stability and durability of the cells.

Results and Discussion

To elucidate the impact of electrolyte composition on the reversible electrodeposition of iron, we
investigated iron deposition and stripping in half-cell configurations using 1 M solutions of
FeSO,, FeCl,, or Fe(OTf),. Galvanostatic charge-discharge (GCD) measurements were
conducted within asymmetric cells utilizing copper foil as the working electrode, iron as the
counter electrode, and glass fiber as the separator. Given the variability in individual cell
performance, we rigorously validated our findings. Each electrolyte system underwent testing with
at least three identical cells. The data presented here reflect the averaged cycle life values from

these tests.

/D5TA03206G
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Figure 1. (a) Voltage profiles of long-term Fe metal deposition/stripping cycling containing
different electrolytes in a Cul||Fe cell at 1 mA/cm? for 50 min.(b) Comparison of the average cycle
number prior to short circuit for different electrolytes. The deposition/stripping voltage profile of
(c) the I*" and (d) the 10" cycle. (e) The average Coulombic efficiency of Fe deposition/stripping
with different electrolytes.

The voltage profiles over time, shown in Figure 1a, highlight significant differences in the cycling
durability of cells with the three different electrolyte systems. The FeCl, electrolyte shows a more
rapid decline in stability, leading to short circuits after approximately 55 + 3 cycles (Figure 1b).
In contrast, the FeSO, and Fe(OTY), electrolytes demonstrate much more stable voltage profiles
throughout the extended cycling period, maintaining performance for about 80 + 8 cycles before
exhibiting signs of voltage fluctuation, which may indicate the formation of soft short circuits.
Similar trends were observed in symmetric Fel[Fe cells (Figure S1), where FeSO,- and Fe(OTf),-
based electrolytes demonstrated superior average cycle life at both 1 and 2.5 mA cm™ compared

to FeCl,, further supporting their enhanced cycling stability.

Figures 1c and 1d present the voltage profiles for the first and tenth cycles of iron
electrodeposition using the three electrolyte solutions. In the first cycle, all three electrolytes
exhibit stable voltage plateaus between —0.2 and -0.3 V vs. Fe/Fe?" during reduction, which can
be associated with the Fe electrodeposition accompanied by an overpotential. The Fe(OTf),
electrolyte shows slightly higher overpotentials compared to FeSO, and FeCl,. A large hysteresis
is observed between the deposition and stripping processes for all electrolyte solutions, with
Fe(OTY), displaying the largest difference between the reduction and oxidation plateaus. By the
tenth cycle, the electrodeposition overpotential for FeCl, has significantly decreased. The profile

of Fe(OTf), remains stable throughout cycling, while FeSO, shows a slight increase in

4
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overpotential, with both profiles ultimately exhibiting similar behavior at the tenth cygle, withs: 2 onre

higher overpotentials during deposition and stripping processes compared to FeCl,. Additionally,

by the tenth cycle, a significant difference in efficiency is evident, as indicated by the longer

A W ON

stripping process for FeSO,- and Fe(OTf),-based cells.

The reduced overpotential in FeCl, may indicate that the deposited iron developed a more
extensive surface area, possibly becoming more porous or rougher over time. This increased
surface area would lower the effective current density, thereby reducing the overpotential. In

contrast, the more consistent voltage response observed for FeSO, and Fe(OTf), implies that no

O 00 N o U

significant changes in the deposition process occurred with cycling. The larger overpotential
10  associated with these electrolytes suggests higher resistance within the deposited layer, requiring
11 a higher potential to drive both deposition and dissolution during stripping. The higher resistance
12 observed in FeSO,4 and Fe(OTf),-based cells potentially suggests the formation of a passivation
13 layer during the electrodeposition process, which may contribute to their enhanced stability
14  compared to FeCl,. To further assess the robustness of these systems under more demanding
15  conditions, additional cycling experiments were performed at 70 °C (Figure S3). As expected, all
16  electrolyte systems showed accelerated degradation at elevated temperature, however, the trend

17 of enhanced stability in FeSO, and Fe(OTf), relative to FeCl, was preserved.

18  The average coulombic efficiency (CE) during cycling for the three electrolyte systems is depicted
19  in Figure 1le. Initially, all three electrolytes exhibit an increase in CE as the deposition and
20  stripping processes stabilize, a trend that can be ascribed to the stabilization of surface films on
21 the Cu substrate. After this stabilization period, FeSO, and Fe(OTf), consistently exhibit
22 substantially higher CE compared to FeCl,. Specifically, both FeSO, and Fe(OTf), achieve a CE

Published on 06 August 2025. Downloaded by Y unnan University on 8/24/2025 10:56:01 AM.

23 ofupto 95+ 5% after 15 cycles, maintaining this high efficiency throughout the subsequent cycles
24 until cell failure. In contrast, FeCl, reaches a maximum CE of only 85 + 2% after 30-40 cycles,

25  indicating a less efficient performance over time.
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Figure 2. SEM images and EDS analysis (c, f and i) obtained after the first deposition of Fe on
Cu foil in cells containing 1M (a-c) FeSO,, (d-f) FeCl, and (g-i) Fe(OTf); electrolyte solutuions.

Following the electrochemical analysis, the morphology of the iron deposits, collected from cells
after the first electrodeposition process, was examined using scanning electron microscopy
(SEM), as shown in Figure 2(a-h). The morphology varied significantly with electrolyte
composition. In Fe(OTf),-based cells, iron formed large, faceted crystals arranged in a compact
and uniform layer. FeSO,4 produced smaller but densely packed grains that also provided complete
substrate coverage. In contrast, FeCl, resulted in a rough and irregular deposit composed of small,
dispersed particles with visible voids and exposed copper, indicating poor coverage. These
differences suggest variations in nucleation and growth kinetics between the electrolytes. While
crystal size alone does not correlate directly with electrochemical performance, as both FeSO,
and FeCl, produce small grains but differ markedly in stability, the non-uniformity and incomplete
coverage in FeCl, deposits likely contribute to its reduced cycling performance. Such
morphological inhomogeneities may arise from less controlled deposition dynamics or enhanced
corrosion, both of which can promote early short-circuiting and capacity loss.?*! Energy-
dispersive X-ray spectroscopy (EDS) supports these observations, showing that the deposits from
FeCl; have an atomic iron percentage of only 84.6 + 2 %, with a visible copper presence of 9.7 +
0.2 % (Figures 2c). EDS mapping for FeSO, and Fe(OTf), indicates that these layers are
predominantly iron, with atomic percentages of 96.6 + 1.5% and 95.1 £ 3.4% respectively, and no
detectable copper, indicating complete substrate coverage (Figure 2f and h). The uniform
coverage achieved with sulfate and triflate-based electrolyte solutions may correlate with

enhanced cycling stability and efficiency in these cells.

6


https://doi.org/10.1039/d5ta03206g

Page 7 of 22 Journal of Materials Chemistry A

To further assess the composition of the deposited crystals, we analyzed the X-ray diffragtions’ i o00s
(XRD) patterns of electrodes obtained after the first electrodeposition process from cells
containing different electrolyte solutions. As seen in Figure 3a the patterns reveal distinct peaks
at angles of 45°, 65° and 82°, corresponding to the (110), (200) and (211) crystal planes,
respectively, confirming the successful deposition of crystalline iron from all tested electrolytes.
Notably, the XRD analysis shows no evidence of crystalline side products, which are typically
observed during the deposition of metals such as Zn, Mg, and Al in aqueous solutions.’>>3* For

instance, the deposition of Zn from analogous salts in mildly acidic conditions often leads to the

O 00 N o uu b W N B

formation of crystalline hydroxy sulfates and chlorides. In zinc metal formation, such side

[EEN
o

products are believed to compromise the efficiency of reversible deposition?”-?%35, However, this

[any
[y

issue does not appear to affect iron metal deposition, suggesting that different mechanisms govern

[EEN
N

the performance of iron deposition. Additionally, the consistent absence of side products, even

IR
w

after ten deposition cycles (Figure S3), confirms that the formation of such side products does not

=
D

occur with continuous cycling.

15  To elucidate the surface chemistry of iron deposits, we analyzed the Fe 2ps,, and O 1s XPS spectra
16  from iron electrodeposited on Cu foil using three different electrolytes (Figure 3c and d). The Fe
17  2ps, spectra from films deposited from FeCly-based electrolytes exhibit a significant peak for
18  metallic iron at 706.9 eV. At higher binding energies, a broad peak corresponding to iron
19  compounds with higher oxidation states of Fe*?> and Fe*? is observed. Previously reported fitting
20  parameters were used to deconvolute the complex multiple-splitting structure of these
21 compounds.’*37 The results indicate the presence of oxide species such as Fe,O; and Fe;O,,
22 constituting approximately 17 and 43% of the total iron signal, respectively. Considering XPS's

23 penetration depth of a few nanometres (7-10 nm), the substantial presence of a metallic iron signal,

Published on 06 August 2025. Downloaded by Y unnan University on 8/24/2025 10:56:01 AM.

24 constituting approximately 30% of the total iron signal, indicates that the oxide layers are very
25  thin and potentially non-uniform across the iron surface. Using oxide thickness calculations3$3°
26  modified with a weighted average oxide scheme**#! and using the above oxide percentages gave
27  an average mixed oxide thickness of 2.1 nm. This observation aligns well with previous findings
28 by Nagayama and Cohen, who noted that passivated iron is typically covered with a thin film of

29  Fe,0; and Fe;0,, ranging in thickness from 1-3 nm.*

30 The Fe 2p;, XPS spectra from the sulfate-based electrolyte reveal the presence of metallic iron at
31  approximately 706.7 eV, alongside a broad peak indicative of Fe*? and Fe™ oxidation states.
32 Deconvolution of this peak identifies oxy-hydroxide FeOOH as the most prevalent species within
33  the passivation layer, contributing approximately 40 % of the total signal. Additionally, Fe;O, and
34  Fe,O; account for approximately 29 and 20% of the total signal, respectively. Notably, the

35  intensity of the metallic iron peak is diminished compared to that observed in samples from the
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chloride-based electrolyte, suggesting the formation of a thicker (calculated to be 4.8 am) ands’ o= Onre

more homogeneous passivation layer under sulfate conditions. This reduction in metallic iron
signal intensity is even more pronounced in samples from the triflate-based electrolyte, where the
metallic iron peak is substantially reduced, indicating extensive coverage by oxidized species (~8
nm). Moreover, the content of oxy-hydroxide FeOOH is notably higher relative to oxide species,
underscoring its significant role in passivation.*4¢ The formation of these oxide and oxy-
hydroxide layers in the presence of sulfate, and more so with triflate, suggests they effectively act

as protective barriers on the iron metal surface, enhancing corrosion resistance.

Further insights into the oxide and hydroxide species present on the iron surface are gleaned from
oxygen XPS spectra analysis. Two principal O 1s peaks are consistently observed across all
samples: one at 529.9 ¢V indicative of lattice oxides and another at approximately 531.5 eV,
representing hydroxides and/or defect oxides. Notably, the relative intensities of the lattice and
defect/hydroxide peaks vary significantly among the samples, highlighting differences in surface
chemistry. In the chloride-based samples, the oxide peak is more pronounced, suggesting a
predominance of iron oxides with a relatively lower hydration state on the surface. This is

consistent with the deconvolution of the Fe 2p;,, spectra.

As we transition to the sulfate-based samples, the intensity of the peaks corresponding to
hydroxides in the O 1s spectra becomes more pronounced, indicating a shift towards more
hydrated species. In the triflate-based samples, the hydroxide peak surpasses the oxide peak in
intensity, signaling a substantially higher degree of hydration within the passivation layer. This
observation aligns with the deconvolution of the Fe 2p;,, spectra which suggests greater amounts
of FeOOH on the sulfate and triflate-based sample surfaces. This increasing hydroxide content
correlates with the formation of thicker and more uniform passivation layers, enhancing the
protective properties of the barrier layer against corrosion. Additional components for organic,
sulfate, and triflate species were included where appropriate in the O 1s spectra. Their presence is
supported by peaks observed in the S 2p and F 1s XPS spectra, as detailed in the supporting
information (Figure S4). While there is significant overlap between sulfate, triflate, defect oxides,
hydroxides, and organic oxygen species originating from adventitious carbon, the relative size of
the triflate, sulfate, and organic components was guided by stoichiometry (details reported
elsewhere).#”*® These species may also contribute to the robustness of the passivation layer,

further enhancing corrosion resistance and cell cycling stability.*
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Figure 3. (a) XRD patterns after the first deposition of Fe on Cu foil at 1 mA/cm? for 50 min
Raman (b) and XPS of Fe 2p;,, (c) and O Is (d) and spectra after the first deposition of Fe on Cu
electrode from different aqueous electrolyte solutions. Please note that the XPS spectra were

charge-corrected according to adventitious carbon (284.8 eV). °*3! V. The corresponding C 1s

spectra for each electrolyte system are provided in the Supporting Information (Figure S4).

Raman spectroscopy was employed to provide additional insights into the specific species present
on the electroplated iron surface. Figure 3b displays the Raman spectra of Fe metal
electrodeposited on Cu foil from the three examined electrolyte solutions. Characteristic peaks
corresponding to iron-based oxide and hydroxide compounds are identified for the iron deposited
from the sulfate and triflate electrolyte solutions. Both samples exhibit a peak in the range of 240—
244 cm™! and a second peak in the range of 303—305 cm™, which can be attributed to FeEOOH.>>33
Additional peaks, observed at = 374 cm™ for the triflate solution and at ~ 415 cm™ for the sulfate-

based sample, can be attributed to Fe,0;, Fe;O,, as well as different phases of FeOOH.>*5

In contrast to the sharp and well-defined Raman spectra of the sulfate- and triflate-based samples,

the Raman spectrum of the iron deposited from the chloride-based solution lacks significant peaks

9
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associated with oxidized species, indicating a much lower content of oxidized surface spegies, WeSs s o0es

note that while Raman measurements do not clearly reveal oxide species in the FeCl, sample, XPS
detects the presence of Fe,O3 and FezO,. This difference may arise from the lower sensitivity of
Raman spectroscopy to thin or non-uniform surface layers, especially when the oxide content is
low and the signal is further suppressed by the underlying metallic iron. Although the absence of
Raman peaks does not definitively rule out the presence of iron oxides, it may reflect the limited
extent and lower quality of the passivation layer formed in the chloride-based electrolyte. This
interpretation is consistent with the overall spectroscopic trends observed across all samples,
though we acknowledge it cannot be confirmed solely from the Raman measurements.
Nevertheless, the Raman spectra from the sulfate- and triflate-based samples clearly confirm the

presence of FeOOH as a dominant component in the passivation layer.

While the formation of hydroxy-based species in aqueous Zn-based systems often leads to
increased resistance and degraded performance, the decomposition of aqueous electrolyte
solutions in Fe-based systems can instead result in beneficial interfacial layers. Corrosion studies
suggest that the dense aggregation of rust particles can effectively passivate metal surfaces against
further corrosion by forming cohesive and tightly adherent films.** Specifically, for iron, this
protective mechanism is effectively achieved through layers of both crystalline and amorphous
oxyhydroxide (FeOOH) species, which are known for their superior corrosion resistance.*3-46
Consequently, the presence of thicker and richer FeEOOH layers in samples utilizing sulfate and
triflate-based electrolytes likely contributes to their enhanced cycling performance, as compared

to those using chloride-based solutions.

To gain insights into the formation of the passivation layers during the electrodeposition process
we employed Electrochemical Impedance Spectroscopy (EIS). The Nyquist plots shown in Figure
4 illustrate the impedance behavior of iron electrodeposited from the three different electrolytes
after 1, 10, and 30 cycles. After the first deposition processes, each system exhibited a single
semicircle in the Nyquist plots, indicative of charge transfer resistance (Rct) at the
metal/electrolyte interface, a marker of initial passivation effectiveness.’®’ Notably, the FeCl,-
based samples exhibited the smallest semicircle, indicating the lowest charge transfer resistance
and suggesting a less effective initial passivation layer. In stark contrast, samples containing
FeSO, and Fe(OTf), electrolytes displayed progressively larger semicircles, denoting increased
resistance to charge transfer. This behavior supports the formation of more robust passivation
layers that likely contribute to enhanced stability and durability of the electrodeposited iron,

mitigating early degradation and improving overall electrochemical performance.

As the electrodeposition progresses to the tenth cycle, distinct behaviors emerge among the

electrolytes (Figure 4b). In the case of FeCl,, the semicircle observed in the Nyquist plot

10
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decreases in size, indicative of reduced charge transfer resistance. This reduction in chargg transfets’ 2 o0 e
resistance, which aligns well with the decreased voltage hysteresis shown in Figure 1d, suggests
the facilitation of more rapid electrochemical reactions at the metal/electrolyte interface in the
FeCl, system. This behavior may originate from poor interfacial stability of the Fe in the presence
of ClI-, making it more susceptible to corrosion reactions upon cycles. Conversely, the FeSO, and
Fe(OTY), systems exhibit an increase in the size of their capacitive semicircles, suggesting the

formation of increasingly effective passivation layers. A high-frequency semicircle is observed by

the tenth cycle, becoming more pronounced by the thirtieth (Figure 4c, inset), indicating the

O 00 N oo U B W N

development of a stable passivation layer at the iron-electrolyte interface

10  In EIS spectrum of passivated/coated metals, when more than one semicircle is observed, the low-
11 frequency semicircle typically reflects charge transfer resistance (R.) processes related to
12 corrosion reactions at the metal-electrolyte interface, as previously discussed.’® We note that the
13 response attributed to R, may also be affected by variations in the true surface area of the
14  electrodeposited iron. Differences in morphology, roughness, and non-uniformity, as observed in
15  the SEM images (Figure 2), could contribute to the apparent R, values measured across the
16  different electrolyte systems. Furthermore, enhanced corrosion, as suspected in the FeCl, system,
17  may further increase the surface area of the deposit over time, which could manifest as a reduced
18 charge transfer resistance. Nonetheless, the overall increase R, for FeSO, and Fe(OTf), compared
19  to FeCl,, together with the emergence of a distinct high frequency semicircle attributed to
20  passivation layer resistance, aligns with the formation of more stable interphases. This
21  interpretation is further supported by Raman and XPS analyses, confirming the development of

22 protective layers that suppress side reactions and enhance cycling stability.

Published on 06 August 2025. Downloaded by Y unnan University on 8/24/2025 10:56:01 AM.

23 To evaluate the long-term stability and corrosion resistance of electrodeposited iron, a standing
24 corrosion test was conducted. This test quantifies the self-discharge behavior of the plated iron in
25  various electrolyte solutions, providing insights into the effectiveness of the passivation layers in
26  mitigating corrosion. As depicted in Figure 4d, the protocol begins with 20 stabilization cycles to
27  ensure consistent iron deposition onto the substrate. After this initial phase, the cell undergoes a
28  series of rest periods at specified intervals. Following each interval, the remaining iron is stripped
29  (Q,) and compared to the iron stripped after the initial stabilization (Q;) to determine the capacity
30 retention during storage. The test sequence concludes with 5 additional stabilization cycles before

31  introducing a longer rest period.

32  Figure 4e displays the capacity retention of electrodeposited iron from three different
33 electrolytes—FeCl,, FeSO,, and Fe(OTf),—over rest periods of 12, 24, and 48 hours. FeCl,-
34  based cells exhibit the highest self-discharge among the tested electrolytes. After 12 hours,
35  capacity retention drops to 80.5 £ 2 %, decreases to 75 £+ 4 % at 24 hours, and further declines to

11
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60 £ 6 % by 48 hours. The observed decrease in capacity retention with longer rest periods s 2000

expected, as the plated iron is exposed to the solution for longer durations, leading to greater
corrosion. Notably, FeCl, cells exhibit a particularly pronounced initial drop, losing nearly 20 %
of the plated iron within the first 12 hours. Following this sharp decline, the degradation rate slows
but remains significant, displaying a more linear decrease over the subsequent hours.
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Figure 4. Nyquist plots for Cul||Fe cell with different electrolyte solutions after 1 (a), 10 (b) and
30 Fe deposition cycles (d) The voltage profiles of Fe metal deposition/stripping cycling
containing 1 M FeCl, followed a rest prior to stripping. (e) standing corrosion test for different
electrolytes.

In contrast, FeSO,-based cells demonstrate much more moderate changes in capacity retention
over time. With retentions of 98.6=1%, 95+1%, and 86+3% after the respective durations, these
results suggest that the iron deposits from FeSO, are more stable and less prone to spontaneous
self-discharge. Furthermore, the FeSO,-based cells show a consistent linear decline, which is
smaller than that of FeCl,, with no initial large capacity loss. This substantially lower corrosion
rate can be attributed to the formation of a protective oxy-hydroxide layer that inhibits further iron

dissolution.

Cells containing Fe(OTf), exhibit the highest corrosion resistance, with almost no loss of charge
observed after all rest periods. This behavior further supports the formation of a dense and thick
protective layer on the iron surface, consistent with the homogeneous passivation layer observed

in XPS analysis. This robust layer effectively shields the underlying iron from corrosion while

12
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still permitting ion transfer between the electrolyte and the deposition sites as can be seen from it o0

cycling behavior. These findings highlight the high corrosion resistance of the protective layers

formed in FeSO, and Fe(OTfY), electrolytes, with the denser and more uniform layer in Fe(OTf),

A W N R

providing the greatest long-term stability during extended rest periods.

The differences in passivation effectiveness among triflate, sulfate, and chloride ions can be
attributed to differences in the solubility of iron species (both Fe?* and Fe**). Chloride ions, which
form the most soluble complexes with iron, lead to a higher dissolution rate of the passive film,

thereby reducing its stability.>®° It has been proposed that chlorides specifically dissolve the outer

O 00 N O U

iron oxide (Fe,Os3) layer on iron-based layers, corroborating our spectroscopic findings.®® In
10  contrast, triflate ions form less soluble iron complexes, promoting a more stable and pronounced
11  passivation layer, while sulfate ions exhibit intermediate solubility behavior. Additionally, the
12 interaction of these anions with the iron matrix during passive film formation significantly alters
13 its thickness, composition, and microstructure—key factors in determining the stability of the
14  passive layer. Chloride anions, known for actively disrupting passivation processes, compete with
15  hydroxide ions for binding sites on the metal surface, enhancing corrosion by disrupting the iron
16  surface passivity.2%01:62 Conversely, triflate and sulfate anions contribute to the formation of a
17  substantial oxide layer, indicating less interference in the buildup and suggesting a less aggressive

18  impact on the iron surface.

) (b) FeSO,
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20 Figure 5. The average CE Values of Fe deposition/stripping on Cu in various electrolytes at
21 different concentrations (a-c) and currents (d-f)

22 Given that the hydrogen evolution reaction (HER) competes with iron deposition, it has been
23 proposed that increasing both electrolyte concentration and current density can improve

24 coulombic efficiency (CE) by suppressing these undesired reactions.?? These strategies have been
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widely demonstrated in aqueous zinc-metal systems, where higher concentrations of chlqride salts;/ 27\ =50

effectively reduce HER activity.5>%* Moreover, it has been shown that higher deposition current
densities lead to improved CE by preferentially favoring iron deposition due to its relatively faster
kinetics compared to HER.3>% Figure 5 illustrates the average CE of various iron-based
electrolyte solutions under different current densities and electrolyte concentration conditions.For
FeCl,-based cells, CE increases with higher current densities, reaching 94% =+ 1% at
2.5 mA/cm? in 1 M solutions (Figure 5d). This improvement is attributed to the accelerated iron
deposition process at higher current densities, which further outpaces the slower kinetics of
hydrogen evolution reactions (HER), thereby enhancing deposition efficiency. Additionally,
increasing the FeCl, concentration to 1.5 M (Figure 5a) further improved CE to 92% =+ 1%. The
higher salt concentration likely reduces water activity in the electrolyte, thereby minimizing

competing reactions with water.

In contrast, the FeSO, and Fe(OTf), systems do not exhibit significant changes in CE with
increased concentration or current density, maintaining a stable efficiency of approximately 96%
(Figure 5). This lack of variation may be attributed to the formation of stable passivation layers,
which effectively suppress contact between the deposited iron and water, thereby minimizing the
influence of HER. However, despite the high and consistent CE, some inefficiencies remain.
These are likely due to the consumption of iron during the formation of the passivation layers or
the production of disconnected iron particles during plating, which do not contribute to the overall
deposition process. Further investigation is needed to fully understand these mechanisms and their

contributions to the observed efficiency limitations.

While the FeCl, system shows improved efficiency with higher concentration and current density,
this does not translate to enhanced overall stability. Increasing the FeCl, concentration to 1.5 M
exacerbates the self-discharge rate, with capacity retention dropping to 41+5% after 24 hours,
compared to 75+4% with 1 M FeCl, (Figure 4e). This demonstrates that while higher
concentrations improve cycling efficiency by suppressing side reactions during deposition, they
fail to mitigate the underlying thermodynamic instability that drives self-discharge. The absence
of effective passivation in FeCl,-based cells leaves the plated iron highly susceptible to continuous
dissolution. Additionally, the well-documented role of higher chloride concentrations in
accelerating metal corrosion further compounds the instability of these systems, emphasizing the

challenges of achieving long-term stability in a FeCl, electrolyte.

These findings underscore the critical importance of balancing both kinetic and thermodynamic
stability in aqueous battery systems. Our study demonstrates that real passivation of metal anodes
in aqueous solutions can be achieved, forming a solid-electrolyte interphase (SEI) that suppresses

electron transport between the electrode and the electrolyte while enabling efficient ionic

14
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1 transport. This unique property allows electrochemical reactions to proceed efficiently, while’ i onte
2 protecting the underlying metal from dissolution. While kinetic enhancements, such as increased

3 current density and electrolyte concentration, can temporarily improve efficiency by suppressing

4  side reactions, they fail to address the fundamental thermodynamic challenges necessary for long-

5 term stability. Building on this foundation, broader investigations into electrolyte selection,

6 including diverse iron salt chemistries, may reveal further opportunities to enhance the stability

7  and reversibility of aqueous iron-based systems.

8

9 Conclusions

10  This study highlights the critical role of electrolyte composition and operating conditions in
11 determining the performance and stability of iron metal anodes in aqueous rechargeable batteries.
12 Our findings demonstrate that the choice of electrolyte significantly influences the formation of
13 the passivation layer on the electrodeposited iron surface, which in turn impacts the anode’s

14  efficiency, reversibility, and durability.

15  FeCl,-based cells fail to form substantial passivation layers, leaving the plated iron highly exposed
16  to the electrolyte. This increased exposure enhances susceptibility to hydrogen evolution reactions
17  (HER) and accelerates corrosion. Together, these factors reduce Coulombic efficiency (CE) and
18  severely limit the long-term stability of the cell, rendering FeCl, less suitable for applications

19  requiring durability and reliable cycling performance.

20  Cells containing FeSO, and Fe(OTf), solutions demonstrate significant advantages over FeCl,,

Published on 06 August 2025. Downloaded by Y unnan University on 8/24/2025 10:56:01 AM.

21  asthey promote the formation of stable and uniform passivation layers that significantly enhance
22 CE and improve the long-term cycling stability of iron deposits. These electrolytes exhibit superior
23 resistance to corrosion and substantially improved self-discharge behavior, effectively addressing
24 two critical challenges in aqueous systems. Notably, Fe(OTf), stands out for its ability to form a
25  complete and dense passivation layer on the iron metal surface, effectively inhibiting corrosion of
26  the deposit even after 48 hours. These findings highlight the critical role of a hydrated solid-
27  electrolyte interphase (SEI) in enabling truly rechargeable and stable aqueous metal-based
28  batteries. Optimizing the protective properties of such passivation layers could potentially lead to

29  the Coulombic efficiencies required for long-term cycling stability in battery applications.
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