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Traditional alkaline iron (Fe) batteries rely on the conversion reaction between Fe and Fe(OH), but suffer
from hydrogen generation upon Fe formation on charging. Fe?*/Fe** redox is a promising anode
reaction for alkaline Fe batteries, as it alleviates the formation of hydrogen gas during charging. However,
achieving complete Fe?*/Fe® redox with a one-electron transfer reaction is challenging due to the
formation of electrochemically inert FesO, materials. Here, we demonstrate that an alkaline sulfide-
containing electrolyte facilitates the reversible multi-ion transfer and transport pathways within (and
beyond) the Fe?*/Fe®* redox system, including Fe(OH),/FesQ,4 conversion, intercalation of hydrosulfide
into layered Fe(OH),, and hydrogen deposition, mediated by hydroxyl ions, hydrosulfide anions, and
protons, respectively. This multi-ionic charge storage mechanism delivers a compelling discharge
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Introduction

The intermittent nature of wind and solar renewable energy
necessitates the development of energy storage technologies
that can bridge the mismatch between energy generation and
demand.'? Long-duration energy storage (LDES) can address
the intermittency of renewable energy sources and ensure grid
resilience and stability, especially for critical infrastructure such
as data centres, hospitals, and campuses that require uninter-
rupted power. LDES requires scalable, reliable, and cost-effec-
tive stationary energy storage systems. Rechargeable non-
aqueous lithium-ion batteries (LIBs) have been extensively
deployed in portable electronics and electric vehicles.* However,
their implementation in LDES is limited by concerns over cost,
safety, and reliance on critical materials such as lithium, cobalt,
and graphite.>® In contrast, aqueous metal-ion batteries offer
a safer and more sustainable alternative by utilizing non-flam-
mable electrolytes and earth-abundant building materials.”®
Among potential candidates, Fe is the fourth most abundant
element in the Earth's crust. It stands out for its multiple
oxidation states, widespread availability, low cost, and
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environmental compatibility. Additionally, the United States
alone generates over 15 million tons of unrecycled scrap iron
annually, mainly in the form of Fe(OH); and FeOOH.**® Alkaline
iron-based battery systems, such as Fe-Ni, Fe-air, and Fe-S
batteries, present a promising opportunity to upcycle scrap iron
into high-value materials for LDES applications.**™*

The primary technical challenge of conventional alkaline iron
redox reactions has been the hydrogen evolution reaction (HER;
H,0 — H,) during charging since the invention of the Fe-Ni
alkaline battery in 1901, where the Fe/Fe(OH), couple served as
the primary anode reaction.’® According to the iron-water Pour-
baix diagram, the reduction potential for the HER is close to that
for the Fe(OH),/Fe reduction reaction. Our previous study
demonstrated that the formation of metallic Fe significantly
accelerates the HER," as Fe is a more active HER catalyst than
Fe(OH), with nearly two orders of magnitude higher HER
exchange current.” The parasitic HER consumes nearly the entire
electrical energy to reduce water instead of Fe(OH),, thereby
significantly lowering the coulombic efficiency.”” A potential
strategy to alleviate the HER involves replacing the Fe’/Fe>" redox
couple with Fe**/Fe**, which operates at a higher potential range
and, thus, is less prone to hydrogen generation. However, this
pathway typically involves the formation of a spinel-type Fe;O,
intermediate, a close-packed phase that is electrochemically
stable and has a high energy barrier for further redox trans-
formations. The accumulation of Fe;O, over repeated cycles
impairs the coulombic efficiency, requiring high overpotentials
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for its conversion to Fe(OH), during the charging process, thereby
reducing the overall energy efficiency of the iron redox."**

Another technical challenge of iron redox reactions is the
sluggish conversion of Fe** to Fe®" during the discharging.
Various strategies have been explored to improve the Fe*"/Fe®*
redox. For instance, the formation of anion-intercalated layered
double hydroxide (LDH) intermediate phases—commonly
referred to as “green rust” (GR), with the general formula
[Fe,_>"Fe,> (OH), [ A" )~ (A = SO,*7, CO5*", and Cl),
which facilitates the Fe**/Fe** conversion.?** According to the
Pourbaix diagram, these GR phases serve as intermediates
bridging the Fe(OH), and FeOOH phases. The intercalation of
anions during the Fe’* — Fe*" transition suppresses Fe;O,
accumulation, thereby enhancing the reversibility of the redox
cycle. Additionally, electrolyte engineering, such as the use of
additives like sodium silicate, has been demonstrated to selec-
tively modulate iron redox chemistry.* Sodium silicate can
strengthen the hydrogen-bonding network in the electrolyte,
thereby reducing the water activity and suppressing the hydrogen
evolution reaction (HER).> Furthermore, it interacts with iron
hydroxide surfaces to restrict water access to the electrode inter-
face, promoting the Fe(OH), — FeOOH conversion over unde-
sired side reactions. Despite these advances, key fundamental
questions remain unanswered: can the electrolyte environment
be further tailored to modulate electrode-electrolyte interactions
and activate the otherwise inert Fe;O, redox chemistry?

Sulfide salts have been identified as effective additives, either
incorporated into electrodes (e.g., Bi,S;3) or introduced directly
into the electrolyte (e.g., K,S or Na,S),*>***” mitigating the HER
in alkaline Fe batteries. Although the underlying mechanisms
remain under investigation, it has been proposed that $>~ ions
interact with metallic Fe to form an insoluble Fe-S interphase
on the electrode surface, which increases the overpotential for
the HER. In this work, we report, for the first time, that Na,S
additives play multifaceted roles in enhancing Fe redox chem-
istry, particularly in the Fe**/Fe*" redox regime. Specifically, we
find that during discharge the HS™ anions intercalate into the
interlayer region of Fe(OH), to form a green rust (GR) phase,
diverting from the Fe(OH),/Fe;0, redox pathway and enhancing
the overall Fe** — Fe** conversion, and vice vera during the
charge process, where GR is reduced to Fe(OH), via HS™ anion
de-intercalation. Moreover, we also found that Na,S additive
enables the deep charging process to enhance the Fe;0, —
Fe(OH), conversion and hydrogen deposition on the Fe(OH),
phase. The resulting multi-ionic transport mechanism, facili-
tated by HS™ anions, comprises Fe(OH),/Fe;O, conversion,
intercalation of hydrosulfide into layered Fe(OH),, and
hydrogen deposition, collectively contributing to the overall
discharge capacity of up to 330 mA h g™ ', exceeding the theo-
retical iron redox capacity solely relying on Fe®*/Fe** redox
(~299 mA h g™ '), along with excellent cycling stability.

Experimental section
Materials and equipment

The goethite (a-FeOOH) material was synthesized by dissolving
ferrous sulfate heptahydrate (FeSO,-7H,0, 2.085 g) and ferric
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sulfate hydrate (Fe,(SO,);-H,0, 0.66 g) in 50 mL of deionized
(DI) water until the solution turned clear brown. 0.6 g of NaOH
was dissolved in 50 mL of DI water and then added to the
solution, which was stirred for 24 hours under an air overflow.
The product was washed and dried overnight at 80 °C and
ground for material and electrochemical characterization
studies.

High-resolution transmission electron microscopy (TEM)
and High-Angle Annular Dark-Field (HAADF) imaging were
conducted at the Centre for Functional Nanomaterials in
Brookhaven National Laboratory (BNL) using an FEI Talos
F200X scanning transmission electron microscope.

Operando X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS) measurements were carried out at the 28-ID-
1 and 6-BM beamlines at the National Synchrotron Light
Source-II at BNL.

Electrochemical studies

Chronopotentiometry (CP) measurements were conducted in an
Arbin BT-G battery cycler (S/N: 177907) using a three-electrode
half-cell system. The three-electrode cell was a home-made
acrylic cell with an O-ring sealing assembled using the working
electrode, which was prepared by drop-casting the ink slurry
containing the active material on a 5% Teflon-coated Toray
carbon paper (Fuel Cell Earth) of an area of 1 cm™> to give an
active material loading of 1.4 mg cm™?, a platinum wire counter
electrode, and a silver/silver chloride reference electrode fil-
led with 3 M KCl solution. The ink slurry was prepared by
mixing 70% FeOOH and 30% carbon black in a mixture of
800 pL ethanol and 200 uL DI water at a concentration of 10 mg
mL ', and a 5 wt% Nafion 117 solution was used as the binder
at a concentration of 30 pL. mL ™" solvent. The electrolyte con-
sisted of sodium hydroxide, sodium sulfide, and 5000 ppm
sodium silicate (Na,SiO3). All electrolytes were degassed by
purging with argon gas for at least 2 hours before each
measurement.

The CP measurements during the operando experiments
were conducted using a CH Instruments 660D/E electro-
chemical workstation. 0.01 M NaOH/5000 ppm Na,SiO3/12 mM
Na,S was used as the electrolyte for XRD and XAS measure-
ments. The electrodes were prepared, and the cells were
assembled following the same procedure as mentioned above.
Operando XRD and XAS measurements were conducted at
a current density of 0.1 A g~ " and 0.2 A g~ ', respectively.

Galvanostatic intermittent titration technique (GITT)
measurements were conducted in an Arbin BT-G battery cycler
(S/N: 177907) using a three-electrode half-cell system. The
electrode was first stabilized at each potential step in CP
measurements. At each step, the switching current (0.1 A g™*)
was applied for 10 minutes, followed by a 20 minute relaxation.
The diffusion coefficient at each pulse current during CP testing
was calculated based on eqn (1), where 1 is the duration of the
current pulse (s); 7, is the number of moles; V,,, is the molar
volume of the electrode (cm® mol™%); S is the electrode and
electrolyte contact area (cm?); AE; is the steady-state voltage
change during the constant current pulse without the iR drop

This journal is © The Royal Society of Chemistry 2025
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(concentration polarization); AE, is the voltage for each current

pulse.
4 (Ve (4E)\’
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Electrochemical Impedance Spectroscopy (EIS) measure-
ments were conducted with a CH Instruments 660D/E electro-
chemical workstation in a three-electrode cell with a frequency
range of 0.1 MHz to 0.001 Hz. CP measurements were con-
ducted at 0.1 A g%, and EIS measurements were conducted at
various potentials. In the NaOH/Na,SiO3/Na,S electrolyte, the
selected potentials (with respect to Hg/HgO) for the EIS
measurements were —0.7 V (C1), —0.9 V (C2), and —1.1 V (C3)
during charging and —0.85 V (D1), —0.56 V (D2), and —0.2 V
(D3) during discharging. In the NaOH/Na,SiO; electrolyte, the
selected potentials were —0.9 V (C1) and —1.1 V (C2) during
charging and —0.56 V (D1) during discharging.

Operando X-ray diffraction (XRD) measurements. Operando
XRD was conducted at beamline 28-ID-1 at the National
Synchrotron Light Source II in Brookhaven National Laboratory.
The XRD images were simultaneously captured in a 2D area
detector during the CP measurement. The wavelength of the
synchrotron beam was 0.1665 A. The synchrotron instrument
parameters were calibrated using the CeO, standard. The pha-
ses from the XRD patterns were analysed using the Rietveld
refinement phase analysis method in GSAS-II software. The
patterns were plotted with respect to the Cu Ko radiation
wavelength (A = 1.5406 A) in this report.

Operando X-ray absorption spectroscopy (XAS) measure-
ments. Operando XAS measurements were done at the beamline
6-BM for Materials Measurement at the National Synchrotron
Light Source-II in Brookhaven National Laboratory. The XAS
measurements were carried out in transmission mode at the Fe
K-edge (7112 eV) simultaneously during the CP measurement.
The Fe metal foil and iron oxide powders (FeO, Fe;O, and
FeOOH) were used as references for X-ray energy calibration and
data alignment. Athena software from the Demeter package was
used for processing and analysis of XAS data.

Results and discussion
Electrochemical analysis of Fe redox

The starting electrode material, a-FeOOH, was synthesized via
a co-precipitation method by mixing ferric sulfate with NaOH,
followed by thermal treatment in air. X-ray diffraction (XRD)
confirmed the formation of the pure-phase «-FeOOH (Fig. S1).
Transmission electron microscopy (TEM) revealed highly crys-
talline particles with dimensions of approximately 10-100 nm
(Fig. S2). Notably, during the initial electrochemical formation
cycle, the a-FeOOH precursor was reduced to Fe;0,4. Consistent
with previous studies,”?**® the electrodes stabilized into
a reversible Fe**/Fe®" redox couple in the NaOH electrolyte over
subsequent charge—discharge cycles.

Fig. 1a shows the CP plots of Fe*'/Fe*" redox in 0.01 M
NaOH/5000 ppm sodium silicate electrolyte with and without
the 12 mM Na,S additive. The low-concentration sodium

This journal is © The Royal Society of Chemistry 2025
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silicate was used because it can strengthen the hydrogen-
bonding network in mild alkaline solutions, thereby reducing
water activity, and can also interact with the Fe(OH), surface to
minimize the HER.?® The charge (reduction) profiles in both
electrolytes show a similar two-stage behavior, where the first
plateau at ~—0.9 V relates to the Fe;0, — Fe(OH), conversion
(confirmed by operando XRD, discussed later), while the second
plateau near —1.1 V is primarily attributed to the HER with
minor contribution of continuous formation of Fe(OH),, as
shown in our previous study.'” However, the discharge profiles
in both electrolytes are markedly different. In NaOH/Na,SiO,/
Na,S electrolyte, CP exhibits three distinct voltage plateaus at
approximately —0.9 V, —0.6 V, and —0.3 V, also clearly reflected
in the dQ/dV (1st order derivative of electrical charge over
potential) plots (Fig. 1b). These multiple discharge plateaus
indicate complex and sequential charge storage mechanisms
associated with the Fe>* — Fe®" redox, leading to an exceptional
discharge capacity of 330 mA h g¢”* and exceeding the theoret-
ical capacity of Fe(OH), (299 mA h g™') based on a single-elec-
tron Fe*'/Fe** transfer. Comparable redox features were also
observed at current densities of 0.1, 0.2, and 0.5 A g~ * (Fig. S3).
As the current density increased, Fe(OH),/Fe;0,4 redox in NaOH/
Na,Si03/Na,S electrolytes showed capacity values ranging from
330to 281 and to 276 mA h g~ '. This indicates the robustness of
the Fe®'/Fe*" redox behaviors across different rates, assisted by
the Na,S electrolyte additive. The electrolyte used in this study
was 0.01 M NaOH with 12 mM Na,S, indicating that hydro-
sulfide ions (HS™) are the predominant species in the solution.
It is known that HS™ can be oxidized to polysulfides (Sx*~) and
sulfite (SO;>7) ions in alkaline solutions with pH values ranging
from 7 to 13 using different electrode materials, including Pt,
Au, and IrO,, at high anodic potentials.**** Therefore, the
observed high discharge capacity is unlikely due to the
electrochemical oxidation of hydrosulfide species within the
applied potential range.
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Fig. 1 (a) CP curves and (b) corresponding dQ/dV plots of Fe?*/Fe®*

redox obtained in NaOH/Na,SiO3 and NaOH/Na,SiOz/Na,S electro-
lytes at a current density of 0.1 A g~*. CP measurements of 300
charge—discharge cycles at 0.2 A g™ in (c) NaOH/Na,SiO5 and (d)
NaOH/Na,SiO3/NasS electrolytes.
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The long-term cycling performances of Fe**/Fe’ redox are
shown in Fig. 1c and d. In the NaOH/Na,SiO3/Na,S electrolyte
system, Fe*'/Fe*" redox shows excellent cycling performance
with a discharge capacity of 174 mA h g~ at a current density of
0.2 A g " and a capacity retention of 80.6% after 300 charge-
discharge cycles, much better than that in NaOH/Na,SiO;
electrolyte (118 mA h g~ ). The effect of Na,S concentration on
Fe redox was also investigated, as shown in Fig. S4. As the
concentration of Na,S increases, the discharge capacity initially
rises proportionally, indicating an enhanced discharge capacity.
However, with further increases in Na,S, the growth of
discharge capacity gradually diminishes, suggesting that low
concentrations of Na,S effectively improve Fe redox, where
additional increases in Na,S no longer contribute significantly
to changes in Fe redox.

Operando XRD and XAS analyses

To elucidate the unexpected high discharge capacity beyond the
theoretical Fe*'/Fe*" redox capacity in the NaOH/Na,SiO3/Na,S
electrolyte system and its underlying charge storage mecha-
nism, operando XRD was conducted under CP cycling at
a current density of 0.1 A g™ ' in a three-electrode half-cell. Fig. 2
shows the XRD contour map, corresponding unfolded CP
profiles, and the evolution of crystalline iron phases in molar
fractions (relative to the total number of Fe atoms), derived
from Rietveld refinement. The complete set of XRD patterns is
presented in Fig. S5.

We first examine the charging (reduction) process, during
which Fe;0, and Fe(OH), were the only crystalline phases
identified. As the applied potential decreased from —0.92 V
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(point a) to —1.08 V (point b), the phase fraction of Fe;0O,
remained constant. The conversion of Fe;O, to Fe(OH),
commenced at —1.08 V. Between —1.08 V and —1.14 V (point ¢),
Fe(OH), rapidly formed, with its phase fraction increasing from
0% to 62.7%. Unexpectedly, the potential then increased from
—1.14 V to —1.10 V and plateaued at —1.10 V (point d) for the
remainder of the charging process. Under constant cathodic
current, one would expect the external potential to continue
decreasing as the reduction process proceeds. This anomalous
increase in potential suggests the occurrence of the HER. It is
likely that upon reaching a critical accumulation of Fe(OH),
(e.g., 62.7% in this study), trace amount of metallic Fe forms on
the Fe(OH), surface, since —1.14 V exceeds the theoretical
reduction potential of the Fe(OH), — Fe® conversion (approxi-
mately —0.90 V vs. Hg/HgO). While the quantity of metallic Fe
may be too low to be detected by XRD, it may still be sufficient to
catalyze the HER. The observed shift in potential from —1.14 V
to —1.10 V can thus be interpreted as a transition to a regime
where the HER dominates the cathodic current. This is
consistent with the notion that metallic Fe, being a much more
active HER catalyst than Fe(OH),, lowers the overpotential
required to sustain the 0.1 A g~* cathodic current. Notably,
during the charging process, operando XRD and Rietveld
refinement did not detect FeS or FeS, formation, largely due to
the low concentration of the Na,S solution. However, it is still
possible that a thin layer of amorphous FeS or FeS, is formed on
the Fe(OH), surface to inhibit the HER, which warrants further
study.

In contrast to the charging process, the discharging process
reveals the presence of Fe;O,, Fe(OH),, and green rust (GR)
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Fig. 2 The molar fraction of phases, based on total Fe atoms, was calculated by Rietveld refinement. Contour plots were obtained from
operando XRD measurements acquired simultaneously with CP measurements in the NaOH/Na,SiOs/NasS electrolyte at a current density of 0.1
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crystalline phases, as identified by Rietveld refinement. During
the initial discharge stage from —1.04 V to —0.67 V (point e),
Fe(OH), remains largely unreacted. A distinct discharge plateau
centered at approximately —0.87 V corresponds to a capacity of
~60 mA h g™, This feature is likely associated with the oxida-
tion of deposited hydrogen, which will be discussed in more
detail along with operando XAS analysis in Fig. 3. As the
potential increases from —0.67 V (point e) to —0.37 V (point f),
Fe;0, forms progressively via the oxidation of Fe(OH),, even-
tually reaching a maximum phase fraction of 89%, suggesting
that Fe(OH), — Fe;0, conversion is the primary driver for the
Fe** — Fe’" redox. Uniquely, a new set of diffraction peaks
appear at 26 values of 8.1°, 16.2°, and 24.3° when the potential
reaches —0.37 V (point f). These peaks are, respectively, indexed
to the (001), (002), and (003) planes of hydrosulfide-intercalated
green rust (GR) with a nominal composition of
[Fe; > Fe,"(OH),]"[(HS ).]* ", formed via the intercalation of
HS™ anions between the Fe-O molecular layers of Fe(OH),. The
insertion of hydrosulfide ions is accompanied by partial
oxidation of Fe** to Fe*', contributing approximately 65 mA h
g~ ' to the total discharge capacity. Meanwhile, the Fe-O layered
framework remains intact, preserving structural integrity
during charge transfer. Unlike the conventional conversion
mechanism involving Fe(OH), — Fes;0,, this intercalation-
based redox reaction, Fe(OH), -
[Fe;_ > Fe,"(OH),*'[(HS).]* ", proceeds without a reconstruc-
tive phase transition. As a result, the potential-capacity profile
during this process exhibits a sloped curve rather than a well-
defined plateau, which is characteristic of intercalation
reactions.

A critical question arises regarding the observed one electron
transfer per Fe atom (corresponding to a capacity of ~300 mA h
27') in the NaOH/Na,SiO3/Na,S electrolyte, particularly since
XRD analyses indicate that the Fe** — Fe’" redox process yields
Fe;0, and GR as discharge products because combining both
would not exceed one electron transfer per Fe atom. To address
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Fig. 3 Operando XAS measurements in the NaOH/Na,SiOz/Na,S
electrolyte. (a) CP measurement conducted at 0.2 A g%, contour plots
showing the evolution of (b) a white-line shape and 1/2 g, in energy
space, (c) Fe—O and Fe—Fe bond distances in R-space and (d) evolu-
tion of Fe valence during the charging process.
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this discrepancy, synchrotron-based X-ray absorption spectros-
copy (XAS) was employed to probe the valence states of iron in
selected electrochemical states spanning from —0.95 V to —1.2
V (Fig. S6).

By fitting the energy position at half-absorption intensity
[3u(E)], we tracked the evolution of Fe valence across different
potentials. Fig. 3 shows a continuous decrease in the Fe
oxidation state from —0.95 V (point &') to —1.11 V (point »'),
which is consistent with the reduction of Fe;O, to Fe(OH),.
However, in contrast to the XAS data, XRD patterns during this
range show no observable change in the Fe;0, crystalline phase
fraction, which remains at 100%. This apparent discrepancy is
attributed to the fundamental differences in probing mecha-
nisms: XAS captures the average oxidation state of all iron
species, including both crystalline and amorphous phases,
whereas XRD exclusively detects Bragg reflections from long-
range ordered crystalline materials. The combined results imply
that the reduction of Fe;O, initially produces amorphous
Fe(OH),, which is invisible to XRD but contributes to the
valence change detected by XAS. Further evidence for amor-
phous phase formation is provided by the white-line contour
plots of the K-edge spectra (Fig. 3b), which exhibit a progressive
shift to lower energies, accompanied by a decline in the inten-
sity of Fe-O and Fe-Fe coordination features (Fig. 3c). While the
exact structural evolution remains uncertain, the emergence of
amorphous domains suggests that Fe-ion relocation is accom-
panied by lattice disordering. This amorphization may enhance
ionic diffusion pathways and facilitate the Fe;0, — Fe(OH),
conversion, thereby contributing to the observed high capacity.
Operando XRD/XAS and CP measurements collectively indicated
that the formation of amorphous and crystalline Fe(OH), is
highly potential-dependent, and CP results suggest that the
amorphous phase corresponds to approximately 48% of the
total Fe(OH),.

A similar discrepancy between XRD and XAS is observed in
the potential range between —1.16 V and —1.12 V (points ¢ —
d'), where XAS indicates a continued decrease in the average Fe
valence, while XRD reveals minimal changes in the crystalline
phase, which remains dominated by Fe(OH),. This divergence is
likely due to the deposition of hydrogen atoms in Fe(OH),. The
phenomenon of simultaneous proton reduction and hydrogen
atom deposition and insertion, without the formation of
molecular hydrogen gas, is considered a particularly promising
charge carrier due to its unique characteristics, as highlighted
in recent studies.®*** Support for this hypothesis comes from
the electrochemical behaviors of the Fe(OH), electrode during
the subsequent discharge (oxidation) cycle. A distinct potential
plateau appears at —0.87 V, corresponding to a discharge
capacity of 60 mA h g~ . This plateau is not associated with the
Fe(OH), — Fe3;0, conversion, which occurs at a higher poten-
tial (—0.60 V), and is therefore attributed to the deposited H
oxidation. The presence of deposited H atoms contributes an
additional charge storage mechanism beyond Fe**/Fe** redox,
explaining the observed capacity (330 mA h g~ ') exceeding the
theoretical value for a single-electron Fe>*/Fe®* redox process
(299 mA h g '). Notably, the hydrogen deposition/removal,
Fe(OH),/Fe;0, conversion, and hydrosulfide intercalation/
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deintercalation processes, each involving multiple ionic charge
carriers such as protons, hydroxide ions, and hydrosulfide
anions, exhibit pronounced potentiodynamic behaviors.
Therefore, their quantitative contributions to the overall charge-
storage process can be estimated from the discharge capacities
obtained from the CP measurements, which yield 88, 182, and
60 mA h g7, corresponding to approximately 26.7%, 55.1%,
and 18.2% of the total storage capacity, respectively. Collec-
tively, all three charge-storage mechanisms contribute to a total
capacity of 330 mA h g™ .

Ionic transport study

The ionic transport behaviors during Fe**/Fe’” redox in NaOH/
Na,SiO; and NaOH/Na,SiO3/Na,S electrolytes were determined
by galvanostatic intermittent titration technique (GITT)
measurements (Fig. S7), further supporting the reported multi-
ion storage mechanisms. GITT measurement during a current
pulse is schematically shown in Fig. 4a and b. When the current
reduction is switched on, a steep potential decrease appears (IR
drop, E, — E;). Subsequently, the steady decrease in potential
(E; — E,) indicates the development of concentration polari-
zation. After that, switching off the reduction current is
accompanied by a potential increase, along with the second IR
drop (E, — Ej3), followed by a relaxation transient with a slow
potential increase (E; — E,), related to the balancing of ion
concentrations to reach the next quasi-equilibrium state. The
diffusion coefficients during CP measurements were calculated
using eqn (1), as detailed in the Experimental section.
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Fig. 4 GITT measurements of Fe?*/Fe* redox. (a) The schematics of
GITT measurements and (b) one representable GITT segment obtained
experimentally. The GITT curve and the evolution of diffusion coeffi-
cients from (c) charging and (d) discharging processes in NaOH/
Na,SiOz and NaOH/Na,SiOs/NasS electrolytes.
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Fig. 4c shows the evolution of the diffusion coefficient
during the charging process in NaOH/Na,SiO; and NaOH/
Na,SiO3/Na,S electrolytes. In the Na,S-containing electrolyte,
the initial charging process from 0 to 100 mA h g~ exhibits fast
kinetics, with diffusion coefficients of the order of 107*° cm?
s~'. This suggests a de-intercalation of hydrosulfide ions from
the interlayer regions of the GR host electrode, accompanied by
facile charge transfer and minimal structural change. In the
sequential charging stage from 100 to 225 mA h g%, corre-
sponding to the GR — Fe;0, — Fe(OH), conversion process,
the diffusion coefficient shows a U-shaped curve, a sharp
decrease followed by a rapid increase with an overall decreased
diffusion coefficient, congruent with sluggish kinetics of the
conversion reaction involving phase transition of the electrode
material. The first decrease in the diffusion coefficient of the U-
shaped profile may be due to the creation of energy barriers
resulting from structural reorganization during the transition
from deintercalation to conversion. In contrast, the subsequent
increase in diffusion coefficient can be attributed to the stabi-
lization of the Fe(OH), phase, which facilitates improved
percolation for ionic transport. In the final charging stage from
225 to 400 mA h g%, corresponding to the Fe(OH), — Fe and
HER, showing a relatively constant diffusion coefficient in the
lowest value range from 10~ and 10~ "* em” s~'. While the
HER is a relatively fast charge transfer process, the low diffusion
coefficient suggests that the bubble accumulation on the elec-
trode surface significantly increases the ionic transport barrier.
The evolution of the diffusion coefficient in the NaOH/Na,SiO;
electrolyte is simpler than that in NaOH/Na,SiO;/Na,S electro-
lyte, where the initial slow decrease from 0 to 150 mA h g~ ' is
consistent with the Fe;O, — Fe(OH), conversion, and the
sequential sharp decrease from 150 to 350 mA h g~ ' might be
due to the H, formation.

Fig. 4d illustrates the evolution of the diffusion coefficient
during the discharging process, where the Fe*'/Fe** redox in
Na,S-containing electrolyte exhibits a complex trend similar to
that observed during the charging process. During the initial
discharge from 0 to 60 mA h g™ !, diffusion coefficients show
high values ranging from 107'° and 10™"* em?® s™*, congruent
with fast kinetics of oxidation of deposited H in an alkaline
solution. During the following discharging from 60 to 180 mA h
g~ ', a similar U-shaped trend appears, consistent with the
transition from the deposited H oxidation into Fe(OH), —
Fe;0, conversion process. The last discharge stage from 180 to
275 mA h g ' is accompanied by the decreasing diffusion
coefficient, which is related to the formation of the GR phase via
the insertion of hydrosulfide into Fe(OH),. Notably, this
hydrosulfide intercalation process shows much lower diffusion
coefficients (10> and 10~ ' cm® s~ ') than the deintercalation
process (~107'® em® s') in Fig. 4c, possibly because the
incoming hydrosulfide anion faces strengthened electrostatic
repulsion from previously intercalated anions, slowing down
the insertion process, reducing the apparent diffusion coeffi-
cient. It is worth noting that a low-alkalinity electrolyte (e.g.,
0.01 M NaOH) is used in this study to promote hydrosulfide
intercalation and deintercalation. Our previous studies showed
that a low-alkalinity solution favours anion intercalation in

This journal is © The Royal Society of Chemistry 2025
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Fe(OH), layered materials during discharge, forming an anion-
intercalated green rust phase and mitigating the Fe(OH),/Fe;0,
conversion reaction.”

To elucidate how the sulfide additive influences the charge-
transfer kinetics of the iron redox processes, electrochemical
impedance spectroscopy (EIS) was conducted at selected
charging (C1-C3) and discharging (D1-D3) potentials during
the CP measurements (Fig. 5). The charge-transfer resistance
(Ree) extracted from the Nyquist plots shows trends consistent
with those from the GITT analysis. In the NaOH electrolyte
containing sulfide, the R, values progressively decreased from
80.2 Q to 52.8 Q and 39.3 Q as the charging potential shifted
from C1 (—0.7 V) to C2 (—0.9 V) and C3 (—1.1 V), corresponding
to HS™ deintercalation, Fe;0,/Fe(OH), conversion, and the
onset of the HER, respectively. Conversely, during discharge,
the R, values increased from 36.2 Q to 60.4 Q and 94.7 Q as the
potential increased from D1 (—0.85 V) to D2 (—0.56 V) and D3
(—0.2 V), reflecting deposited-hydrogen removal, Fe(OH),/Fe;0,
conversion, and HS™ intercalation, respectively.

In contrast, significantly higher R, values were observed in
NaOH electrolyte without the sulfide additive for both charging
and discharging processes involving the Fe;O, redox couple,
indicating that sulfide promotes faster charge-transfer kinetics,
consistent with GITT results. Notably, in additive-free NaOH,
the HER became much more vigorous during charging, leading
to severe H, bubble accumulation on the electrode surface, and
preventing the acquisition of reliable EIS spectra at highly
negative potentials.

a-12 .4 b -1.2 0.4
NaOH/Na,SiO,/Na,s NaOH/Na,SiO,
—~ Charge ~ Charge
$-1.04 c3 -02g $-10 -02@
z T I c2 z
=) r °
T o T 2
£-08 c2 -003 £-08 c1 -002
= s 2 T
= T = =
£ c z 2 s
5-06 02 £ §-06 02 3
s £ 3
o o
-0.4 0.4 -0.4 0.4
0 100 200 300 400 0 100 200 300 400
Specific Capacity (mAh g') Specific Capacity (mAh g')
c-1.0 -02 d-10 - -02
51 NaOH/Na;SiOyNa,S NaOH/Na,SiO,
Py Discharge —_ Discharge
o-08 -00g5 0-08 Xy
-3 -3
< &< F3
% 14 % 14
~ D2 > — >
2 0.6 0.2 S e 0.6 s
= 52 ks
£-04 04 § £-04 §
g g g &
& D3 &
-0.2 0.6 -0.2
0 100 200 300 0 50 100 150
Specific Capacity (mAh g') Specific Capacity (mAh g')
e 50 - - 50
NaOH/Na,SiOy/Na,S, .. . f NaOH/Na,SiO,

o] M v
] c2
D1
0 l e 0
0 20 40 60 80 100 120 140 0
Z' (ohm)

20 40 60 80 100 120 140 160

Z' (ohm)
Fig. 5 CP measurements during (a and b) charging and (c and d) di-
scharging in (a, ¢ and e) NaOH/Na,SiOz/Na,S and (b, d and f) NaOH/
Na,SiO3 electrolytes. EIS measurements at selected potentials in (e)
NaOH/Na,SiOz/Na,S and (f) NaOH/Na,SiOs electrolytes.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

Conclusions

In this study, we reveal how sulfide-containing alkaline elec-
trolytes fundamentally alter the Fe*'/Fe’" redox system by
enabling multiple ion-transfer pathways. Using operando X-ray
diffraction and X-ray absorption spectroscopy, combined with
galvanostatic intermittent titration, we demonstrate three
complementary charge storage mechanisms: (i) Fe(OH),/Fe;0,
conversion, (ii) hydrosulfide intercalation into layered Fe(OH),,
and (iii) hydrogen deposition on Fe(OH), surfaces. These
hydroxide-, hydrosulfide-, and proton-mediated processes
collectively deliver a reversible capacity of up to 330 mA h g %,
exceeding the theoretical limit of single-electron Fe**/Fe**
redox. Our findings demonstrate that the resulting multi-ionic
mechanism provides faster kinetics, reduced polarization, and
significantly improved cycling stability compared to conven-
tional alkaline Fe systems. Significantly, this strategy relies on
low-concentration sulfide additives in dilute alkaline solutions,
ensuring compatibility with scalable and cost-effective electro-
Iyte formulations. By uncovering these intertwined redox path-
ways, this work establishes a new design principle for
revitalizing iron chemistry in aqueous batteries. Our ongoing
work includes full-cell configurations at high areal density and
more concentrated alkaline solutions to assess the rate perfor-
mance, cycling stability, and system-level applicability of the
iron redox chemistry. We believe our reported studies will lead
to a practical route to upgrade abundant iron resources—
including waste Fe oxides—into high-performance, sustainable
anodes for LDES applications.
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