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Abstract

Alkaline iron (Fe) batteries are attractive due to the high abundance, low cost, and multiple
valent states of Fe but show limited columbic efficiency and storage capacity when forming
electrochemically inert Fe3O4 on discharging and parasitic H> on charging. Herein, sodium
silicate is found to promote Fe(OH)>/FeOOH against Fe(OH),/Fe3O4 conversions.
Electrochemical experiments, operando X-ray characterization, and atomistic simulations
reveal that improved Fe(OH)2/FeOOH conversion originates from (i) strong interaction
between sodium silicate and iron oxide and (i1) silicate-induced strengthening of hydrogen-
bond networks in electrolytes that inhibits water transport. Furthermore, the silicate additive
suppresses hydrogen evolution by impairing energetics of water dissociation and hydroxyl de-
sorption on iron surfaces. This new silicate-assisted redox chemistry mitigates H> and Fe3;O4
formation, improving storage capacity (199 mAh g™! in half-cells) and coulombic efficiency
(94% after 400 full-cell cycles), paving a path to realizing green battery systems built from

earth-abundant materials.
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1. Introduction

The high energy density and exceptional cycle life of lithium-ion batteries (LIBs)
based on intercalation chemistry have enabled rapid advances in the commercialization of
electric vehicles and portable electronics ['). However, flammable electrolytes and increasing
costs of critical materials have raised concerns for large-scale implementation of LIBs in
stationary storage [>31. Aqueous metal-ion batteries (MIBs) using aqueous electrolytes, earth-
abundant materials, and metal-air and metal-sulfur chemistries show great promise in grid
storage by alleviating manufacturing costs and safety concerns 7. Among various MIBs,
alkaline iron (Fe) batteries are attractive due to several merits of Fe materials, such as the
multiple electrons transfer redox, high abundance in the earth’s crust, low toxicity, and good
geographic accessibility ¥, Moreover, alkaline Fe batteries have two unique features superior
to other battery systems. Firstly, Fe is biodegradable, less toxic, and more environmentally
friendly than other metals, and thus, alkaline Fe batteries may have a smaller environmental
footprint throughout their lifecycle, making them perfect for large-scale grid storage.
Secondly, the redox forms of iron materials, including Fe(OH),, Fe304, Fe2O3, and FeOOH,
have very low solubility in water. Thus, dendrite formation, one of the most severe issues that
need to be addressed in most battery systems (including alkaline Zn batteries), is much less
probable in alkaline Fe battery systems [ 1°. However, the Fe redox exhibits poor coulombic
efficiency and limited storage capacity, mainly due to Fe3O4 and H> formation during the
discharge and charge processes [ 2] Some successes have been reported in mitigating the
hydrogen evolution reaction (HER) during the Fe(OH)2—>Fe charge process by forming FeS
interphase on the electrode surface [!> 4], However, the chemical instability of FeS interphase
during discharging raises concerns over its long-term effects on HER inhibition.

Recently, authors reported that anion-insertion facilitated Fe(OH)./FeOOH conversion
via forming anions (e.g., SO4* or CI’) intercalated Fe(OH), [1> 1¢]

(GR), [Fe*"1xFe*'x (HO )21 (A" wn)X", where anions (A™) are intercalated between the Fe-O

, also called green rust

interlayers. Thus, Fe?"/Fe*" conversion could proceed under GR layered structure without
forming a close-packed Fe3O4 phase. The anion-insertion-assisted Fe(OH),/FeOOH redox
leads to a more efficient discharge pathway in Fe redox. However, Fe3O4 remained the major
discharge product since the sluggish anion transport limited the formation of the GR phase
upon discharge. Moreover, this anion-insertion redox chemistry cannot enable a more
efficient Fe charging chemistry, where parasitic hydrogen evolution impairs the coulombic

efficiency and impedes the realization of the full potential of alkaline Fe batteries.



Optimizing the electrode and electrolyte interplay to tailor the redox chemistry has
been essential in battery research. Some strategies, including electrolyte additives, artificial
coating, and solid electrolyte interphase (SEI), have been successfully adopted to improve the

s 17191 Controlling electrolyte

electrochemical behaviors during the charge transfer proces
additives is probably the most scalable approach due to the simple preparation process and
ease of scale. Successful examples include Water-in-Salt Electrolytes (WiSE) to improve the

(20.21  WiSE is prepared by

stability of aqueous electrolytes for expanded voltage windows
dissolving high concentrations of salts (usually higher than 20 M) in aqueous electrolytes. It
reduces water activity (e.g., fewer “free water” molecules in the electrolyte since most water
molecules are solvated with salt ions) and helps form fluorinated SEIs to prevent Li from
reacting with water. Recently, hybrid solvents were reported as a promising design for Li-ion
and Zn-ion aqueous batteries, where a portion of the water was substituted by alcohols, such
as polyethylene glycol (PEG) 2> 231, The additives function as molecular crowding agents
(MCAs) to confine water molecules via hydrogen bonding to decrease the water activity, a
different working mechanism from WiSE. Unfortunately, the polyol nature of PEGs makes
them electrochemically reactive during the cathodic reaction. Besides alcohol, sulfolane is a
new type of highly stable MCA in aqueous Li-ion and Zn-ion batteries, offering an expanded
electrochemically stable voltage window for water and forming fully hydrated cations for

24-26

enhanced transport ?*26]. However, the polar aprotic nature of sulfolane challenges the

formation of stable electrolytes with alkaline battery systems.

While WiSE and MCA successfully alter the water activity and solvation behavior of
cations, there is no report on how electrolyte additives tune the Fe redox chemistry in alkaline
electrolytes, where hydroxyl anions play essential roles in the redox behaviors and alkali
cations (e.g., Na*, K¥) seldom participate in the charge-transfer process. Moreover, remedying
the effects of WiSE and MCA requires large quantities, which might impede large-scale
implementation due to the high cost of concentrated additives. Therefore, developing new
approaches to suppress HER at charging and promote FeEOOH formation at discharging are
ongoing challenges to realize Fe alkaline batteries for low-cost and long-duration electricity
storage applications !> 2?71, Sodium silicate (Na2SiOs) is highly stable and soluble in neutral
and alkaline solutions, which was first patented in the 1960s to passivate metal surfaces,
preventing iron, steel, copper, and brass from corrosion when combined with zinc sulfate 2%
21 Inspired by this phenomenon in corrosion research, we design and demonstrate that

highly diluted Na»SiOs in the parts per million (ppm) level can be an effective MCA in

alkaline solutions to reduce water activity in alkaline Fe batteries. Intriguingly, Na,;SiO3 has
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two folds effectiveness on Fe-redox: (i) on charging (reduction process), it interacts with
water by strengthening hydrogen bond (HB) networks to suppress Fe(OH),—>Fe conversion
and block H>O->H; evolution on Fe surface; (ii) its passivation effect on Fe(OH),>Fe
conversion allows a lower reduction potential on charging to improve Fe(OH), formation,
which, in turn, benefits Fe(OH)>,>FeOOH conversion on discharging with nearly six times

of improved discharge capacity compared to the electrolyte without Na,SiO; additives.
2. Results

2.1. Hydrogen bonding and water transport in hybrid electrolytes by reactive molecular

dynamics simulation
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Figure 1. Reactive molecular dynamics simulations. (a-c) Atomic coordination number, Z(r), of O
from water (red), O from silicate species, namely SiO;%, H,Si04“*", and Si(OH)4 (blue), as well as
Na* (green) around water in 0.01 M NaOH solution with various concentrations of Na,SiOs. The
dotted line denotes the first solvation shell at 3.25 A. The atomic configuration of the representative
first solvation shell around water is shown as an inset, where Na, Si, O, and H atoms are in green,
yellow, red, and aqua, respectively. (d) The average energy of interactions (Eso) between water and the
molecules in the first solvation shell. (¢) Hydrogen bond correlation function C(#) in electrolytes at
different Na,SiO; concentrations. The grey dotted line refers to C=1/e and indicates the lifetime of the
hydrogen bond network in water. (f) Diffusivity of water at different Na>SiO3 concentrations.

Reactive molecular dynamics (RMD) simulations elucidate the effect of silicate
additives on strengthening the hydrogen bonding (HB) network and limiting water transport
in Na;Si03/NaOH solutions relative to NaOH solution (Figure 1). Similar to previous works
on silicate/water systems [**), RMD simulations indicate that most SiOs>~ anions combine
with OH™ and H" ions from water/NaOH to form Si(OH)s molecules, especially at low
silicate concentrations (Figure S1). Interestingly, in addition to Si(OH)4, we also observe a

significant amount of H,SiO4“*) species (x = 1- 4), as well as preserved SiO3% in the
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electrolyte, regardless of the Na,SiO3 concentration (Figure S1). For instance, at ~0.6 M
NaxSi03, ~67% of the silicate anions form Si(OH)4, while the remaining exist as H3SiO4~
(~25%), H2Si04>~ (~6%), HSi04>~ (~1%), and preserved SiOs> (~1%) species (Figure S1).
The relative fraction of H,SiO4“* and intact SiO3%>" species rises steadily with increase in
NaxSi0; concentration, at the expense of Si(OH)4; yielding a more uniform distribution of
Si(OH)4 (~26%), H3Si04™ (~40%), H2Si04% (~20%), HSiO4>~ (~6%), and preserved SiO3*
(~8%) species at 4.9 M NaxSiOs (Figure S1).

We evaluated the atomic coordination number around water, Z(r), as a function of
separation distance, 7, obtained by integrating the radial distribution functions over the last 1
ns of RMD trajectories of 0.01 M NaOH aqueous solution with varying amounts of Na;Si03
(0 — 4.9 M) equilibrated under ambient conditions (Figures 1a-c). In the absence of Na>SiO3
(i.e., 0.01 M NaOH aqueous solution), each water molecule prefers to coordinate with ~4
other water molecules in its first solvation shell via hydrogen bonds, nearly identical to that
observed in pure liquid water (Figure 1a) %, Upon the addition of Na>SiOs, silicate species
(i.e., SiO3%, H,Si04“*", and Si(OH)4), and Na' cations begin to appear in the first solvation
shell, averaging ~0.5 silicate species and ~0.5 Na" neighbors at 2.5 M Na;SiOs, respectively
(Figure 1b). The average number of Na" and silicate species in the first solvation shell
increases progressively with Na>SiO3 concentration, averaging ~one silicate species and one
Na' neighbor at 4.9 M Na,SiO3 (Figure 1¢). Notably, the number of water molecules in the
first solvation shell remains nearly constant (~4) at all Na;SiO3 concentrations (Figures 1a-c).
The increased presence of Na* and silicate species near water enhances the energetic stability
of the solvation clusters at the higher Na>SiO3 concentrations, indicated by increasing (more
negative) solvation energy from -15 to -30 kcal/mol when Na;Si03 concentrations increased

from 0 to 4.9 M (Figure 1d).

To assess the effect of the energetics of the solvation cluster on the dynamics of the
HB network, we evaluated the HB correlation function, C(¢), using a well-established method
(Details in Methods section) !l. The lifetime of the HB network in water, 7, is defined such
that C(7) = 1/e B%. As expected, the HB lifetime in electrolytes without Na,SiOs additive is
~5 ps, similar to pure liquid water. In electrolytes containing Na;SiO3, the lifetime of the HB
network is directly correlated with the stability of the solvation cluster, with an appreciably
higher lifetime observed at high Na>Si03 concentrations that feature more stable solvation
clusters (4.9 M: 7~30 ps; 0.6 M: 7~6 ps). The dynamics of rearrangement of the HB network

— critical for molecular transport of water — is significantly impeded in electrolytes containing
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NaxSi0;s. Indeed, the calculated diffusivity of water in hybrid electrolytes containing Na,SiO3
is significantly lower (up to 1 order of magnitude in 4.9 M Na»SiO3) than in NaOH
electrolytes (Figure 1f), suggesting the capability of Na>SiO3 as an MCA in an alkaline

electrochemical system.

2.2. Electrochemistry of Fe?*/Fe3* conversion in NaOH/Na:SiO3 hybrid electrolytes
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Figure 2. Electrochemical investigations. (a) CP curves of iron oxides at the current density of 0.1 A
¢! from 0.2 V to -1.05 V and (b) corresponding dQ/dV curves. Both plots highlight the additional
redox features attributed to HER in the NaOH electrolyte and other discharge features in the hybrid
electrolyte.

Iron oxides were selected as representative anode materials to investigate Fe redox
electrochemistry in NaOH/Na>Si103 hybrid electrolytes. Scanning electron microscopy image
shows iron oxide materials have a morphology of a combination of nanoparticles (average
diameter of ~50 nm) and nanorods (average width of ~40 nm and length of ~150 nm)
(Figure S2). Figure S3a shows synchrotron X-ray diffraction (XRD) of iron oxides
containing goethite (a-FeOOH, JCPDS: 00-100-8767) and magnetite (Fe3O4, JCPDS: 00-900-
2673) with a molar fraction of 75.5% and 24.5% (based on total Fe atoms) from the Rietveld
refinement. X-ray photoelectron spectroscopy (XPS) Fe-2p spectra show a binding energy
gap of 13.6 eV between Fe 2pi1,2 and 2p3p2, confirming mixed Fe** and Fe*" valence states of

materials (Figure S3b) 13233,

Figure 2a shows chronopotentiometry (CP) curves of iron oxides measured in NaOH
(0.01 M) and NaOH/Na>SiO3 (0.01 M/150 ppm) hybrid electrolytes at the current density of
0.1 A g''between 0.2 V and -1.05 V (vs. Hg/HgO) in a half-cell. Figure 2b depicts the 1%
order derivative of capacity to voltage (dQ/dV), calculated from the CP curves. In the NaOH
electrolyte, iron oxides show a single charging plateau at -0.91 V and a discharging plateau at
-0.65 V, exhibiting a discharge capacity of 33 mAh g!. In the hybrid electrolyte, discharge
capacity increased to 199 mAh g’!, six times higher than the NaOH electrolyte. Unlike the
single discharge and charge plateau in NaOH (attributed to Fe(OH)2/Fe;O4 conversion

evidenced by operando XRD), CPs in hybrid electrolytes show an additional charging plateau
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at ~-0.51 V and a discharging plateau at ~ -0.48 V (attributed to Fe(OH)./FeOOH
conversion). This new redox feature is also observed in the dQ/dV curve and accounts for an
additional discharge capacity of ~ 65 mAh g, strongly suggesting the improved Fe?'/Fe*
conversion. The unique plateau in the NaOH electrolyte at -1.05 V (Figures 2a-b) is
attributed to HER (see more discussion in Figure 7). Figure S4 shows the first six cycles of
CP curves in both electrolytes, their capacity ratios, and dQ/dV, highlighting other redox
conversions. The contribution of Fe(OH)2/FeOOH conversion to overall capacity improved
in the hybrid electrolyte, suggesting encouraging FeOOH formation and discouraging Fe3O4

formation improved the cycle stability of the iron oxide redox system.
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Figure 3. XAS studies of valence states of the discharged materials. (a) XAS analysis of fully
discharged iron oxides (0.2 V) at Fe K-edge in NaOH and hybrid electrolytes compared with the Fe3O4
and FeOOH standards. (b) Zoom-in XAS spectra showing the energy shift at 2uE with the inset of the
linear fit of Fe valence states. (¢) Fourier Transform of EXAFS exhibiting the Fe-O and Fe-Fe bonds.

X-ray absorption spectroscopy (XAS) analysis supports enhanced Fe?*/Fe**
conversion in hybrid electrolytes. Figure 3a shows Fe K-edge spectra from the samples
obtained from NaOH and hybrid electrolytes, along with Fe;O4 (1/3 of Fe*" and 2/3 of Fe*")
and FeOOH (Fe*") standards. At the fully discharged state (0.2 V vs. Hg/HgO), iron oxides
from hybrid electrolytes show high-energy shifted absorption energy at the half-edge step
[2l(E)] compared to the sample in NaOH. From a linear fit of '2u(E) energy positions
between Fe**" and Fe*" spectra from standards in Figure 3b, the valences of Fe at fully
discharged (0.2V) states were determined to be +2.79 and +2.92 in NaOH and hybrid
electrolytes, respectively. The Fourier Transform of EXAFS in R-space (Figure 3c¢) agrees
well with energy-space XAS data. FEOOH standard shows higher Fe-O atomic pair intensity
at ~1.44 A and lower Fe-Fe intensity at ~ 2.67 A than the Fe;O4 standard, owing to its higher
valence state (namely, more O atoms than Fe atoms surround each Fe atom). Accordingly,
discharged iron oxides from hybrid electrolytes show a more robust Fe-O pair and weaker Fe-
Fe intensity than that obtained from the NaOH electrolyte, corroborating improved Fe?*/Fe**

conversion.
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Figure 4. XPS studies of Fe spectra. (a) XPS Fe 2pi..3 spectra of as-made iron oxides. Valence
analysis of Fe by multiplet splitting of Fe 2ps, in (b) NaOH and (c) hybrid electrolytes of the discharged
materials.

XPS analysis confirms an improved Fe?*/Fe** conversion in the hybrid electrolyte.
Figure 4a exhibits the XPS Fe-2p spectra at discharged iron oxides (0.2 V). The Fe 2p1,2 and
2p3.2 from hybrid electrolytes shifted to higher binding energy than the NaOH solution,
supporting a more oxidized Fe valence state. The quantitative analysis from Fe 2p3» multiplet
splitting is shown in Figures 4b-c ** 331 showing a higher Fe**/Fe?" ratio in the hybrid
electrolytes than in NaOH electrolytes (3.90 vs. 3.06) (Table S1) [*¢1. The molar fraction of
FeOOH in hybrid electrolytes was calculated to be 65.5%, agreeing with the FeOOH phase
fraction of 68% from operando XRD. Notably, the charge products of Fe redox, such as
Fe(OH); or Fe, are susceptible to immediate oxidation once contacting with air during the ex

situ characterizations. Thus, the reported XAS and XPS mainly characterize the discharge

products.
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Figure 5. Full cell electrochemical measurements of iron oxides. Charge-discharge profiles in (a)
hybrid and (b) NaOH electrolytes at the current density of 0.2 A g''. (c) Step-rate test comparison
between the NaOH electrolyte and hybrid electrolyte depicts better capacity retention in the presence
OfNazsiO3.

The long-term cycling of Fe(OH)>/FeOOH redox was studied in a two-electrode full-
cell comprised of the iron oxide anode and the overloaded active carbon cathode. When the
cathode capacity is much higher due to an overload of active materials, the overall storage
capacity of the two-electrode full cells is nearly equivalent to the anode capacity. Iron oxides
in hybrid electrolytes show a higher first-cycle discharge capacity (71.2 mAh.g!) than NaOH

electrolyte (57.1 mAh.g!) and higher capacity retention (76.4% vs. 25.2%) after 400 cycles at
8



a current density of 0.2 A g'! (Figures 5a-b). Consistent with the half-cell measurements, the
dQ/dV curves (Figures S5a-b) in the hybrid electrolyte depicted an additional redox peak at
0.5 V, compared to that in NaOH electrolyte, attributed to Fe(OH),=>FeOOH conversion. The
rate performance was evaluated using step-rate tests from 0.1 to 1 A g’! (Figure 5c¢). Hybrid
electrolyte delivers better capacity retention than NaOH electrolyte (83.9% vs. 62.9%). Full
cells operated in hybrid electrolytes demonstrated an excellent coulombic efficiency of 94%
after 400 charge/discharge cycles (Figure S5¢). Notably, the full-cell discharge capacity is
lower than that of a three-electrode half-cell measurement. This could be due to the high
loading of active materials (1.4 mg versus 40 pg) and low electrolyte volume (0.5 mL versus
25 mL) compared to that in half cells, which might impede the complete redox reaction as

seen in half-cells.

2.3. Unraveling impact of Na2SiOs3 on Fe redox by operando XRD

Structural evidence of improved Fe(OH),/FeOOH conversion in NaOH/Na;SiO3
hybrid electrolytes was provided by operando XRD studies simultaneously obtained during
cyclic voltammetry (CV) cycling between -1.3 V and 0.2 V (vs. Hg/HgO) at a sweep rate of
0.3 mV/s in an operando three-electrode half-cell. Unlike the CP tests in Figure 2, where 40
ng of materials was drop-casted on the Teflon-shrouded glassy carbon electrode, the
operando cell used 10 mg of materials deposited on the current collector for the synchrotron
XRD analysis. The waterfall plot of operando XRD patterns during CV cycling is shown in
Figure S6.
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Figure 6. Operando XRD studies depict potentiodynamic evolution. The molar fraction of phases
calculated by Rietveld refinement of iron oxides, and contour plots obtained from operando XRD
measurements conducted in (a) hybrid and (b) NaOH electrolytes simultaneously with CV cycling
from -1.3 V to 0.2 V at the sweep rate of 0.3 mV.s!.

Figure 6 shows the contour plots of the XRD pattern of iron oxides in hybrid and
NaOH electrolytes, unfolded CV curves, and quantitative Rietveld refinement of
potentiodynamic evolution of crystalline phases in molar fractions (based on total Fe atoms).
At a fully charged (reduced) state, iron oxides were reduced into Fe(OH), (JCPDS 13-0089)
with the signature peaks of (001), (011), and (102), following the reactions described in
Equations 1 and 2. As the potential increased to -0.59 V, ~ 9.6 % of Fe(OH), was discharged
(oxidized) to Fe3sO4 (JCPDS 19-0629) with emerging (311), (220), and (400) diffraction
peaks, following the inverted Equation 2. When the potential continuously increases to -0.54
V, a new set of diffraction peaks appears, exclusively indexed to (111), (002), and (102) of
FeOOH (JCPDS 13-87), following the reversed Equation 1 or reversed Equation 3. The
FeOOH phase reached a molar fraction of 68% at 0.03 V, much higher than the Fe;O4 molar
fraction converted from Fe(OH)2 (9.6%), suggesting that Fe(OH),>FeOOH pathway
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accounts for FEOOH formation instead of Fe304>FeOOH pathway (Figure S7). In the
consecutive charging (reduction) process, the FEOOH phase disappeared when the potential
decreased from 0.2 V to -1.3 V, and Fe(OH), formed at the fully charged state. Notably, in the
2nd segment of discharging, nearly identical Fe(OH),—>Fe304 and Fe(OH),>FeOOH

conversions repeatedly occurred, suggesting good reversibility of observed redox reactions in

the hybrid electrolyte.

FeOOH +H,0 + e~ —» Fe(OH), + OH™ E=-0.582V Equation 1
Fe;0, + 4H,0 + 2e™ - 3Fe(OH), +20H~ E = —-0.876V Equation 2
3 FeOOH +e™ —» Fe304 + H,0 + OH™ E=0V Equation 3
Fe(OH), + 2e™ »Fe +20H~ E =-1.017V Equation 4

Note: all the electrode potential values are referred to Hg/HgO at pH = 12 37381,

Figure 6b shows the operando XRD of iron oxides measured in NaOH solution
(without Na,Si03 additives), exhibiting two significant structural differences from hybrid
electrolytes: Firstly, Fe(OH),/Fe3O4 became the dominant redox process since the fully
discharged materials show 58.5% Fe304 and only 41.5% FeOOH. Inefficient Fe?'/Fe**
conversion without Na;Si03 additives corroborates the electrochemical tests where iron
oxides show poor discharge capacity in NaOH electrolytes. Secondly, Fe(OH),/FeOOH
redox, though it exists in NaOH electrolytes, shows inferior reversibility to that in the hybrid
electrolytes. As shown in Figure S7, Fe(OH), molar fractions significantly decreased in the
first two-cycle of CV in NaOH electrolyte (59.2% vs. 39.8%), and so did FeOOH molar
fraction (41.5% vs. 25.9%). In stark contrast, hybrid electrolytes offer nearly reversible
Fe(OH)>/FeOOH redox, where Fe(OH). (76.2% vs. 70.7%) and FeOOH (68% vs. 67.9%)

molar fractions remain similar between 1 and 2" cycles.

2.4. Understanding the Inhibitive Effect of Silicate on HER during Charging by

integrating DFT Calculations, Electrochemical Measurements, and XPS

To gain fundamental insights into the effect of Na>Si0; additive on the

thermodynamics of HER, we turn to density functional theory (DFT) calculations using the

39,401 where the

well-established computational hydrogen electrode (CHE) model (Figure 7) |
chemical potential of H'/e™ pairs are defined as half of that of the isolated H> molecule.
Previous studies have demonstrated that HER under alkaline conditions consists of four

elementary steps (Figure 7a) 41 41;
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(i) * + H,0 > H,0°
(i) H,0* - H* + HO*
(iii) H* + HO* + e~ » H* + OH~

(water adsorption),
(water dissociation),
(hydroxyl ion desorption),

(ivyH* + OH™ » %HZ + OH™ (hydrogen production)
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Figure 7. Energetics of hydrogen evolution reaction studied using density functional theory
calculations. Schematic illustration of the four elementary steps ((i)-(iv)) involved in HER in an
alkaline medium on (a) bare Fe (110) surface, and (b) Fe (110) surface containing an adsorbed silicate.
Energy landscape for HER in (a, b) was evaluated using DFT calculations. In panels (c,d) the reaction
energies for each of the elementary steps (panel (a)) are indicated.

The reaction energies for each of these steps, AEy, o, AEg, AEyo., and AEy,

respectively, can be evaluated using total energy DFT calculations (see Methods for details).
Note that in the steps (i)-(iv), * refers to the adsorption site on the surface of Fe or Fe(OH)s.
First, our DFT-derived energy landscape elucidates that while the adsorption of water on

Fe(OH): is mildly exothermic (AEy, o~ —0.12 eV), the water dissociation (AE4~1.7 €V) and

OH~ desorption (AEgo.~2.7 €V) steps are highly endothermic; making HER highly unlikely
on Fe(OH); for the applied potentials employed in this study. In fact, water dissociation and
hydroxyl desorption on Fe(OH); are nearly 10 times more endothermic than that on Fe (110)
surface (Figures 7c-d, Figure S8); which is indicative of a strong thermodynamic preference
for HER to occur on Fe rather on Fe(OH), surface. This finding is consistent with our CV and
operando XRD experiments (Figure 8a and Figure S9), which show clear evidence for
concurrent HER current and Fe formation according to Equation 4, including (i) emergence

of diffraction peaks from (110), (200), and (211) planes of metallic Fe (a-Fe, JCPDS 06-
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0696) (~2.7%) at the voltage of -1.17 V during the cathodic scan, and (ii) simultaneous rapid

increase in cathodic current with decreasing potential — a tell-tale sign of HER.

Since HER is more likely to occur on Fe than on Fe(OH),, we employed DFT
calculations to elucidate the effects of silicate additives on HER activity of Fe (110) surface,
the most stable surface facet of Fe. RMD simulations indicate that the silicate additives exist
in the form of SiOs>", H,Si04**", and Si(OH)s species in the electrolyte, regardless of the
concentration of Na;SiOs. Importantly, at low silicate concentrations, although Si(OH)4 is the
dominant species, significant amounts of H,SiO4**~and SiOs still persist (Figure S1).
Among these species, we find that the adsorption of Si(OH)4 on Fe(110) is slightly
endothermic, with a binding energy of ~0.11 eV (Figure S10), and is, therefore, unlikely to
impact HER activity. However, all the other silicate species adsorb more strongly on Fe(110)
relative to water, showing nearly 6 — 8 times more negative adsorption energy (HSiO4*": —
2.74 eV; H2Si04>: —3.22 eV; H3Si047: —3.31 eV; and  SiO3%>: —4 eV) than water (—0.48 eV).
Such strong binding of the Si03% / H,Si04“*) species on Fe(110) is facilitated by a higher
charge transfer during their adsorption, as compared to water. For instance, adsorption of
isolated SiO3>~ and water on Fe(110) results in charge transfer of ~0.22e, and ~0.19e¢,
respectively (Figure S11); this also manifests in a shorter bond between O of SiO3> and Fe
(1.74 A) than for water (Fe-Oy: 2.08 A) (Figure S11). Evidently, the presence of Na>SiOs
additive in the hybrid electrolyte would thwart water binding on Fe by limiting access to
adsorption sites. Nevertheless, at a low Na;SiO; concentration (e.g., 150 ppm, used in this

study), a significant fraction of sites on Fe(110) would still be available for adsorbing water.

We evaluated the impact of the adsorbed SiO3%"/ H,SiO4**~ species on the energetics
of the elementary steps involved in HER on Fe(110). Interestingly, we find that the presence
of SiO3%" (the most strongly binding species) in the vicinity of adsorbing water on Fe (110)
facilitates a stronger binding of water (AEy, o~ —0.6 €V) as compared to that on bare Fe(110)
(AEg, 0~ —0.48 €V) due to strong HB interactions between the adsorbed species, i.e., SiOs*
and H>O (Figures 7b-d). Importantly, these HB interactions also make water dissociation
(AE4~0.24 eV) and OH™ desorption (AEg .~ 0.24 eV) significantly more uphill, than that on
bare Fe (110) (Figures 7c,d). Similarly, the presence of a proximal H>SiO4*~ on Fe(110)
surface enhances binding of incoming water (AEy, o~ —0.82 eV); the HB interactions between
adsorbed H»Si04> and water renders both water dissociation (AE4~0.37 eV), and hydroxyl
desorption (AEyq.~ 3.58 eV) steps highly endothermic (Figure S12). The other H,SiO4“*)-
species (i.e., HSi04>~, H3Si04") do not show sufficient HB interactions with water to impact
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water adsorption and dissociation steps. Nevertheless, the HB interactions between adsorbed
HO*, H*, and HSiO4> /H3SiO4™ species make the hydroxyl adsorption steps extremely uphill
(AEgo. values for HSiO4>: 3.75 eV; H3SiO4: 3.49 eV) as shown by Figure S13 and Figure
S14. Clearly, the rate-limiting elementary step (i.e., the step with the most positive reaction
energy) for HER in the presence of adsorbed SiO3% / H,Si04%*) species is significantly more
endothermic than that on bare Fe(110). This, in turn, increases the necessary overpotential to
drive HER on silicate-covered Fe(110); demonstrating that silicate additives in the hybrid
electrolyte would mitigate HER. Indeed, our electrochemical experiments suggest that the
hybrid electrolyte requires a lower reduction potential (namely, a larger activation barrier) for
HER than the NaOH electrolyte (AV = 0.116V), as illustrated in Figure 8a, which
corroborates that the Na2Si03 additives suppress parasitic HER. A lower TAFEL slope for
HER in NaOH electrolyte than hybrid electrolyte (142.6 mV.dec™! vs. 296.1 mV.dec™!) further
indicated a faster HER kinetics without the Na>Si03 additive (Figure S15).

4% b1.0 -
-......AV =0.116 V 0.3 —e— Diffusivity 250
24 X . —e— Fe in Hybrid electrolyte — 2081 —s— Charge
o L9 L e | —e— i ke z Y " -
é(} —'_).”'i‘ oo, ! Fe in NaOH electrolyte 0.0 $ E . —=— Discharge | 200 O)
6 1 | . 2E06 ° z
315 ‘ +-0.3% © v 150 E
3 g 50E
et Q 5 >
= 072 Nog4 S
o [~ 100 @
[] o £ Q
E ~1.05 5 e, ]
& —— CV in Hybrid electrolyte O =02 \ "~ 50
—— CV in NaOH electrolyte ~1.3 R '\___
‘ , ‘ 0.0 L——rrre : ; : =l 0
-1.2 -1.0 -0.8 -0.6 10° 10" 102 10* 10* 10° 10°
Potential (V, vs. Hg/HgO) Concentration (ppm)

Figure 8. Influences of silicate on iron oxide during charge and discharge processes. (a) The
current density from CV measurement and metallic Fe molar fractions from simultaneous operando
XRD in hybrid and NaOH electrolytes. (b) Normalized diffusivities and discharge capacities of iron
oxides in 0.01 M NaOH with various Na,SiO; concentrations ranging from 0 ppm to 1,500,000 ppm.

The strong interaction between iron oxide and SiO3 anions was supported
experimentally by XPS measurements. Si-2p (Figure 9a) and Si-2s (Figure 9b) spectra of
fully discharged iron oxides (0.2 V) in hybrid electrolytes (0.01 M NaOH/1500 ppm NaxSiO3)
shifted to a lower binding energy than the Na;SiO; standard, suggesting a decreased electron
density of Si site upon Na,SiOs/iron oxide interaction. Similar trends can also be found in Si-
2p and Si-2s spectra from iron oxide materials at different voltages (-0.5 V and 0.2 V) using
different silicate concentrations (500 ppm and 1500 ppm) (Figures S16a-d). Figure 9¢ and
Figure S16e-f present the O 1s spectra of iron oxides cycled in the hybrid and NaOH
electrolytes, where two subpeaks at 531 eV and 534 eV are attributed to the Fe-O-Fe or Fe-O-

OH oxygen atoms (lattice oxygen) and oxygen atoms from adsorbed hydroxyl ions,
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respectively. Iron oxides in hybrid electrolytes had a weaker interaction with hydroxyl ions,
indicating that the strong silicate-iron oxide interaction alleviates the hydroxyl ions (from
water) absorption, which agrees well with our DFT calculations (Figure S17). This also
agrees with previous experimental studies on sodium iron silicate glasses, showing adsorbed

oxygenous species decreased with concentrated silicate due to enhanced Si-O-Fe bonding 31,

V]
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o
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b NaOH electrolyte
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Figure 9. XPS studies of Si and O spectra of discharged materials. (a) Si 2p and Fe 3s and (b) Si 2s
spectra of fully discharged iron oxides (0.2 V) in NaOH and hybrid electrolytes compared with the
Na»SiO; standard, indicating the Fe-O-Si interaction through the negative binding energy shift. (c) O
1s spectra of fully discharged iron oxides (0.2V) in both electrolytes.

DFT calculations indicate that SiOs>/ H,SiO4**" species present in the hybrid
electrolyte exhibit a strong thermodynamic preference to adsorb on the surface of Fe(OH)., as
compared to hydroxyl ions (Figure S17). This is evidenced by the significantly more
exothermic binding energies for SiO3> (~ —3.09 eV), H2Si04*" (~ —1.68 eV), and H3Si04™ (~
—1.59 eV) on Fe(OH); (001) than that for hydroxyl ions (~—1.29 eV); the binding energy for
HSiO4 (~—1.24 eV) is on-par with that for hydroxyl ions. Such a strong preference for
adsorption of SiO3%7/ H,SiO4+**" species over OH™ shields the interaction between Fe(OH),
and hydroxyl ions by limiting the adsorption sites. This, in turn, would severely impair the
kinetics of Fe(OH), conversion reactions, especially those that require multiple OH™ ions,

such as Fe(OH); to Fe3;04 (Equation 2).

Figure 8b shows the influence of Na>Si03 concentrations on the diffusivity, charge,
and discharge capacities. In the hybrid electrolytes with various Na;SiO3 concentrations
ranging from 0 ppm to 1,500,000 ppm (or 1.5 M), the diffusion coefficient of hydroxyl ions,
measured using the current pulse relaxation method 4, decreased 51.6 times from 0 ppm to
1.5 M; with iron oxides in 150 ppm Na;SiO3 delivering the highest discharge and charge
capacities. When more concentrated Na,SiO3 was used, strongly blocking from water and
hydroxyl made iron oxides inactive toward redox reaction. The blocking effect of silicate on

the ion transport is also qualitatively supported by RMD calculation (Figure 1), showing that
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including Na" ions in the solvation shell of water with increasing Na,SiOs concentrations
abates the diffusivity of water molecules and hydroxyl ions. Notably, our previous results
suggested that the Fe(OH),/FeOOH conversion was favored when water transport was limited in
a weak alkaline solution, while Fe(OH)»/Fe3O4 conversion was favored in a strong alkaline
solution where water transport was fast. Thus, the inhibitive effects of silicate on water
transport and, thus, the Fe3O4 formation reported in this study are congruent with previous
results. We acknowledge that while silicate decreased water activity and stabilized the iron
oxide surface necessary for selective Fe(OH), = FeOOH conversion, over-concentrated
NaxSi0s inevitably shields the iron oxide from charge carriers and blocks the redox activities

(Figure 8b and Figure S14).

3. Discussion

The Fe’/Fe’*" three-electron transfer is attractive in Fe alkaline batteries. However, our
studies question the overall benefits of Fe’/Fe*" redox for two reasons: (i) the formation of
metallic Fe on charging catalyzed the HER, impairing the coulombic efficiency and
significantly impeding the complete reduction of Fe;O4 or FeOOH to Fe(OH)y; (i1) the low
Fe(OH), conversion on charging, in turn, resulted in a low discharge capacity since FeOOH
formation is through Fe(OH),=>FeOOH pathway instead of Fe3042>FeOOH pathway. Our
work demonstrates silicate additives could alleviate above concerns in Fe alkaline redox
chemistries, and we found out strong interaction between silicate and iron oxide has three-
pronged effects on improving the Fe(OH), formation on charging, FeOOH formation on

discharging, and overall Fe?"/Fe** redox stability.

Firstly, silicate/iron oxide interaction benefits a more complete charging of iron
oxides. Figure 8a and Figure S7 show that once Fe forms (even with a molar fraction as low
as 1.0 %), the overall charging current is mainly attributed to HER, which impairs the
coulombic efficiency and impedes the continuous reduction of remaining iron oxides to
Fe(OH).. The Na;SiO3; immobilizes water by rearranging the HB network in the electrolytes
and shields iron oxide from water, resulting in a high overpotential for Fe formation.
Mitigating Fe formation allows an improved Fe3O4—>Fe(OH). conversion, supported by
operando XRD showing higher Fe(OH): fractions in hybrid electrolytes (76.2% and 70.7% in
15t and 3" segments) than NaOH electrolyte (59.2% and 39.8% in 1% and 3™ segments), as
shown in Table 1. In addition, DFT calculations, electrochemical measurements, and XPS
indicate that the strong iron/silicate interactions also suppress HER (Figures 4,7,8).
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Secondly, strong silicate/iron oxide interaction benefits the discharging performance.
Without Na;SiOs, incomplete reduction of Fe3O4=>Fe(OH)2 on charging takes a toll on the
discharge process since FeOOH formation follows the Fe(OH),=>FeOOH pathway instead of
the Fe304>FeOOH pathway. In hybrid electrolytes, a high fraction of Fe(OH), formation
(76.2%) on charging benefits the high fraction of FEOOH formation (68%) on the consecutive

discharging cycle, along with a much-improved discharge capacity (Table 1).

Thirdly, silicate/iron oxide interaction stabilizes Fe?"/Fe*" redox, reflected by the
phase ratio retention in the first two cycles of operando XRD measurements (Figure 6 and
Figure S6). Specifically, retention of Fe(OH)> (and FeEOOH) molar fractions in NaOH
electrolyte at charged (and discharged) states are 67% (and 62%). In stark contrast, hybrid
electrolytes offer much-improved phase ratio retention for Fe(OH)2 (93%) and FeOOH
(100%).

4. Conclusion

In summary, we demonstrated that silicate additives, a new type of MCA effective in
ppm-level concentrations, increased hydrogen bonding strength and decreased water transport
in the electrolyte, strongly interacted with the iron oxide surface, and thus mitigated the H»
and Fe3O4 formation on charge and discharge, respectively. Such interactions alleviate
metallic Fe formation on charging and deleterious HER and allow the more complete
formation of Fe(OH), (up to 76.2% of Fe**->Fe** conversion), disclosed by multiple physical
and electrochemical characterization techniques. The high Fe’**>Fe?" conversion on
charging, in turn, benefits the discharge process by favoring Fe(OH), - FeOOH conversion.
With the Na;SiO; additive, the storage capacity of the iron oxide anode was six times higher
than that in a conventional NaOH electrolyte. The Fe(OH)> anode showed excellent cycle
stability in full cells. Our work shed light on utilizing silicate to expedite the development of a
low-cost and safe aqueous energy storage system when combined with other materials and

electrolyte advances.

5. Materials and Methods
Material synthesis: The following chemicals were used as purchased for the synthesis:
Ferrous sulfate heptahydrate (FeSO4.7H>0, 2.085 g) (Alfa Aesar) and Ferric sulfate
(Fe2(S04)3.xH20, 0.66 g) were dissolved in 50 mL of degassed deionized (DI) water at 350
rpm till it was a clear brown solution. 0.6 g of NaOH (Alfa Aesar) dissolved in 50 mL of
degassed DI water was added to the mixture of iron salts. The solution was stirred for 24
hours at 850 rpm with Argon flow overhead throughout the synthesis. The obtained product
17



was centrifuged, washed, dried overnight passing Argon gas, grounded with agate mortar and
pestle, and stored in an inert gas-filled desiccator for material and electrochemical

characterizations.

Material characterization: SEM image was obtained from Tescan Lyra3 GMU FIB-SEM at
the University Instrumentation Center (UIC), University of New Hampshire. The powder
sample was sprinkled on the top of the carbon-painted stub and sputtered with 12 nm of Au-
Pd alloy before the analysis for better imaging.

Half-cell electrochemical studies: CP measurements were conducted in CH Instruments
660D/E electrochemical workstation. A three-electrode half-cell system was designed using a
glassy carbon rotating-disk working electrode coated with the active material, a counter
platinum wire electrode, and a mercury/mercury oxide reference electrode filled with 1M
NaOH solution. The ink was prepared by mixing the 7:3 ratio of the synthesized sample and
carbon black with a concentration of 1 mg/mL. Then, 40 pg of active material was loaded on
the working electrode and 20 pL of 1% Nafion 117 (Sigma Aldrich) was coated and vacuum
dried on the top of the electrode material as a binder to prevent material dissolution into the

electrolyte.

A 25 mL plastic flask containing 0.01 M NaOH and x parts per million (ppm) of sodium
silicate (Sigma Aldrich) was used to conduct the C.P. measurements, and the electrolyte was
bubbled with Argon gas before the half-cell measurements to degas the dissolved oxygen. The
CP data was collected within the potential window of -1.05 V to 0.2 V (vs. Hg/HgO) for 7
cycles with an applied current density of 0.1 A/g. Since the first cycle is dedicated to the
activation of the electrode material, data from the second cycle is taken into consideration.
The diffusivity measurements were conducted using the same three-electrode system as
described above. After attaining open circuit potential (OCP) following the first charging
cycle, a short negative current pulse of 0.25 A/g is applied for 25 seconds to charge the
working electrode. It is then allowed for relaxation, and the rate of decay of the resulting

transient voltage is collected for 800 s.

Full-cell cycling: Asymmetric two-electrode full cells were assembled in ECC-Aqu
electrochemical cells (EL-Cell) for CP measurements. The ink for the anode mixture was
prepared by adding 70% of synthesized iron oxides, 30% carbon black, 8.68 pL of 10%
diluted Styrene-Butadiene Rubber (SBR) (MTI) in 0.8 mL of EtOH and 0.2 mL of DI H>O.
200 mg Carbon black Vulcan XC-72R, and 86.84 puL S.B.R. was mixed in 16 mL of EtOH for
the cathode. Toray carbon papers (40% Teflon) were cut into 18 mm diameter discs with 0.4
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mm thickness. 20 mg of the cathodic mixture and 2 mg of the anodic mixture were drop-
casted on the carbon paper discs and dried in ambient conditions. Five pieces of Whatman
filter paper 1 (pore size 11 um) were also cut in the same diameter and used as separators. All
the full-cell CP measurements were carried out at room temperature at 0.2 A g! at the

potential range of 0.1 V to 1.5 V for 400 cycles using the Arbin BT-G battery cycler.

X-ray scattering measurements: Operando X-ray scattering measurements were done at the
28-ID-1 beamline at the National Synchrotron Light Source — II in Brookhaven National
Laboratory with a synchrotron beam wavelength of A = 0.1665 A. The working electrodes
were 10 mg of the mixture (7:3 ratio of iron oxides: carbon black) was drop-casted over the
5% Teflon-coated Toray carbon paper (Fuel Cell Earth). Then, cyclic voltammetry was
conducted from 0.2 V to -1.3 V (vs. Hg/HgO) by assembling a homemade electrochemical
cell. Simultaneously, the XRD images were captured in a 2D area detector every minute

during the cycling.

X-ray absorption spectroscopy: XAS measurements were done at beamline 6-BM Beamline
for Materials Measurement at the National Synchrotron Light Source-II, Brookhaven National
Laboratory. The samples with 2 mg loading were cycled with CV in corresponding
electrolytes and held at the oxidation potential of 0.2 V (vs. Hg/HgO) for 15 minutes and
dried under a vacuum before placing them for data collection. The XAS measurements were
carried out in transmission mode at the Fe K-edge (7112 eV). Fe metal foil and iron oxide
powders (Fe3O4, and FeOOH) were used as references for X-ray energy calibration and data
alignment. The imaginary part of the complex y(R) was calculated from EXAFS by taking the
Fourier Transform of weighted k? y(k). Athena software from the Demeter package was used

to perform XAS data processing and analysis.

X-ray photoelectron spectroscopy: XPS measurements were carried out in Kratos Axis Supra
XPS using Al Ka monochromatic source at the UIC, University of New Hampshire. The
samples after discharged with CP at various potentials in various Na>SiO3 concentrations, the
electrodes were fixed on the sample holder using copper tape and studied in a vacuum of the
order of 10" Torr. Obtained spectra were processed using the CasaXPS software package. All
the Fe-2p peaks were calibrated using the adventitious carbon peak at the binding energy of

284.8 eV of the C 1s line.

Reactive molecular dynamics simulations: All the reactive molecular dynamics (RMD)

simulations were performed using the well-established open-source simulation package

(LAMMPS) 5471 To model the electrolyte, we employed a computational supercell (120 A
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x120 A x 120 A) containing 15,000 water molecules and 3 NaOH molecules, corresponding
to 0.01 M aqueous solution of NaOH. Periodic boundary conditions were employed in all
directions. We added the required number of SiO3 ions along with Na" counter ions at random
locations within the computational supercell to build initial configurations at desired Na2SiO3
concentrations (that range from 0 M to 4.9 M). All atomic interactions in the system were
described using a reactive force field (ReaxFF), with parameters developed by Hahn et al. for
NaSiOy/water system 8], This set of ReaxFF parameters has been found to accurately
describe the solvation behavior of Na* and SiO3% ions with water, ionic transport, dissociation
behavior of NaOH in water, as well as reactivity and leaching of silicate glasses in an aqueous

environment (4541,

First, we equilibrated all the initial configurations at various Na>SiO3 concentrations within an
isobaric-isothermal ensemble (NPT) under ambient conditions for 0.5 ns. The equilibrated
density at the end of NPT runs was 1 — 1.15 g/cc, in excellent agreement with our
experiments. Note, the density increases slightly with an increase in Na2Si03 concentration (0
M: 0 g/ml; 4.9 M: 1.15 g/ml). Thereafter, we performed production runs within the canonical

ensemble (NV'T) for 1.5 ns under ambient conditions.

The diffusivity of water molecules was calculated from the time evolved mean square
displacements using the Einstein relationship, averaged over the last 1ns of the RMD.
trajectories. To determine the average solvation energy E,o at a given Na>SiO3 concentration,
we first extracted solvation clusters around all water molecules (i.e. configuration of first
solvation shells along with their atomic charges) in 100 representative snapshots from the last
1 ns of RMD trajectory. Next, the interaction energy between water and the molecules within
each solvation cluster (called solvation energy) was evaluated using static calculations in the
framework of ReaxFF to obtain the average E,. Hydrogen bond (HB) analysis was
performed by using a well-established configurational criterion, wherein two water molecules
are considered to be connected by H.B. only if (a) the oxygen atoms of the water molecules
lie within 3.5 A of each other, and (b) the O—H ... O angle is less than 30° 5%, A binary
function /4(¢) is employed to determine whether a given pair of water molecules are connected
via H.B. at time ¢. The value of 4 is unity for hydrogen-bonded pairs and is zero otherwise.
The dynamics of the H.B. network are characterized by the correlation function: C(t) =
(h(0)h(t))/(h(0)R(0)), where the angle brackets denote the average over all distinct pairs of

water molecules and initial timeframes. 2% 30-31],
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Density functional theory calculations: All the first principles calculations were performed
within the framework of Hubbard-corrected density functional theory (DFT+U) using the
projected augmented plane wave method as implemented in Vienna Ab initio Simulation
Package (VASP) 52331, The exchange correlations were described using the Perdew-Burke-
Ernzerhof (P.B.E.) functionals within the generalized gradient approximation algorithm using
the pseudopotentials provided by VASP: Na_pv (valence: 2p° 3s'), Fe pv (3p° 3d° 4s%), Si
(3s? 3p?), H (valence: Is'), O (valence: 2s* 2p*) ¥, Hubbard correction (U =15.3 eV and J =
0.0 eV) was employed to treat electron localization on Fe atoms using a rotationally-invariant
form of DFT + U formulated by Liechtenstein et al [*>1. The computational supercell consisted
of a (001) slab of Fe(OH), with 2 X 4 X 1 unit cells, and oriented such that the surface normal
points along the crystallographic [001] direction. Periodic boundary conditions are employed
along all directions; a vacuum of 23 A is employed along the surface normal to avoid spurious
interactions between periodic images. The plane wave energy cutoff was set at 520 eV and a 2
X 1 X 1 I'-centered Monkhorst-Pack k-grid to sample the Brillouin zone. Gaussian smearing
with a width of 0.05 eV was employed. All the atomic coordinates were optimized using a
conjugate gradient method until the atomic forces are less than 0.005 eV/A. The long-range
van der Waals interactions were accounted using the DFT-D3 method of Grimme with a zero-
damping function implemented in VASP B¢, To determine the adsorption energies of O.H."
and SiOs>, we first relaxed the configuration of the pristine slab. Thereafter, we introduced
0.H.”/ SiOs* near the surface of (001) Fe(OH); slab, while Na* ions were added far away
from the surface to achieve charge balance. Several adsorption configurations were
investigated to identify the most energetically stable one (i.e., the most negative binding
energy). For any given adsorption energy configuration, the binding energy of the ion is
evaluated as E;, = E 35 — Eijpn — Esiap, Where E,, 1s the total energy of the slab with the
adsorbed ion, while E;,,, and E;,; are the energy of the isolated ion, and pristine slab,

respectively.
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The authors report that the silicate-added hybrid electrolyte strongly interacts with iron oxide
during charge to control the competing hydrogen evolution, thus improving conversion. In
discharge, one electron transfer to Fe(OH)2/FeOOH conversion is achieved by mitigating
electrochemically inactive Fe3O4 formation. Such innovation provides a path for designing
effective aqueous electrolytes for enabling sustainable energy storage applications by

repurposing iron rust.
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