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ABSTRACT: Organic molecules have been regarded as promising alternatives in
aqueous redox flow batteries, with the aim of reducing reliance on mineral resources.
Enhancing the solubility and stability of organic species is essential and requires
strategic functional group refinement and molecular structure optimization.
However, there are relatively few solubilization strategies of naturally water-
solubilizing groups in ARFBs. Sugars, i.e., carbohydrates, ubiquitous in nature and |,
indispensable as nutrients, possess an exceptional hydrophilic property and offer a
sustainable pathway for molecular functionalization. Herein, we present a thioglucose
functionalization strategy to synthesize highly soluble ferrocene derivatives via
convenient thioetherification reactions under mild conditions. Under the hydrophilic
effect of abundant highly polar hydroxyl moieties, the as-synthesized glycosyl-
functionalized thioalkylated ferrocene derivative, namely, Fc-(Thio-Glc),, exhibits
high water solubility (1.3 M in 1.0 M KClI solution) and favorable electrochemical
properties. Molecular dynamics simulations manifest the effects of hydrogen bond networks on the molecular configuration and
solvation behavior. Ex situ spectroscopic analyses confirmed the high reversibility and long-term operation stability of Fc(Thio-
Glc),. Consequently, the pH-neutral ARFBs assembled with the 0.5 M Fc(Thio-Glc), catholyte achieve a capacity retention of
99.995% per cycle or 99.82% per day. This study highlights the tremendous potential of a bioinspired molecular engineering strategy
in advancing safe, stable, and sustainable ARFBs toward large-scale energy storage applications.
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H INTRODUCTION

Among existing electrochemical energy storage technologies,
aqueous organic redox flow batteries (AORFBs) emerge as a
particularly appealing option for their environmental friend-

of saccharide moieties as solubilizing auxiliaries has remained
conspicuously absent from the extant literature.

Herein, we introduce a bioinspired glycosylation strategy
utilizing thioetherification reactions to graft glucose onto

liness and adaptability.' ™ To enhance the energy density of
AORFBs, numerous solubilization modification strategies for
organic active molecules have been developed.'’™"” Never-
theless, the present synthetic approaches generally involve
multistep reaction sequences and laborious postsynthetic
purification processes, exhibiting limited structural diversifica-
tion. Such limitations underscore the critical need to develop
innovative solubilizing moieties with enhanced aqueous
solubility and streamlined synthetic accessibility. Sugars, also
referred to as carbohydrates, are omnipresent and indispen-
sable nutrients in organisms. Carbohydrates are a renewable
natural resource derived widely from grains, tubers, and fruits,
allowing for a sustainable supply through cultivation and
harvest. Furthermore, carbohydrates, particularly monosac-
charides and disaccharides, possess exceptional hydrophilicity
stemming from their polyhydroxyl structure. Notably, their
solubilizing feature extends across diverse pH environments,
making them an attractive candidate as a molecular
functionalization reagent. However, to date, the exploitation
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redox-active molecules under mild conditions, yielding a highly
soluble glycosyl ferrocene (Fc) derivative, 1,1’-bis(f-p-
glucopyranosylthiomethyl)ferrocene (Fc(Thio-Glc),). The
resulting Fc(Thio-Glc), compound exhibited a redox potential
of 028 V (vs Ag/AgCl) at neutral pH. Molecular dynamics
(MD) simulations were conducted to elaborate a thorough
analysis of the changes in the number of hydrogen bonds
among components in the Fc(Thio-Glc), system. The
multitudinous highly polar hydroxyl moieties in Fc(Thio-
Glc), spontaneously form hydrogen bond networks with water
molecules, and the cyclic architecture of monosaccharide side
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Figure 1. (a) Synthesis routes of Fc(Thio-Glc), and R-Vi utilized in this work. (b) CV curves of 4.0 mM Fc(Thio-Glc),, R-Vi, and Fc-DMa in 1.0
M KCl solution at a scan rate of 100 mV s™". (c) Schematic diagram of the AORFBs based on the Fc(Thio-Glc), catholyte and R-Vi anolyte.

groups maximizes the exposure of polar functionalities,
creating all-around hydrophilic domains that facilitate the
formation of stable hydration shells with water molecules.
Therefore, Fc(Thio-Glc), demonstrates high water solubility
(1.3 M in 1.0 M KClI solution) and good electrochemical
performances. Comprehensive spectroscopic analyses verified
the excellent reversibility and stability of Fc(Thio-Glc), during
long-term cycling. When paired with a bis(3-sulfonatopropyl)-
2,2',6,6'-tetramethyl-4,4’-bipyridine (R-Vi) based anolyte, the
as-fabricated AORFBs, with a 0.5 M Fc(Thio-Glc), catholyte,
exhibited a minimal capacity fade rate of 0.005% per cycle or
0.18% per day over 400 cycles. This study underscores the
immense potential of bioinspired molecular engineering
strategies in propelling the development of safe, stable, and
sustainable ARFBs, paving the way for their application in
large-scale energy storage systems.

B RESULTS AND DISCUSSION

Fc derivatives have emerged as promising catholytes in
AOREFBs, demonstrating notable advantages including a well-
suited redox potential, exceptional stability, and favorable
molecular tunability through various chemical modifica-
tions.'®7%% Nevertheless, most existing functionalization
methods are time-consuming and require complex synthesis
steps with low yields. Natural carbohydrates are a class of
highly water-soluble molecules with multiple hydrophilic
hydroxyl groups. Inspired by natural sugar compounds, we
designed a thioglucose functionalization strategy to synthesize
highly soluble Fc derivatives via convenient thioetherification
reactions under mild conditions. Figure la illustrates the
synthesis routes of Fc(Thio-Glc), and R-Vi to be employed as
cathodic and anodic active molecules, respectively. The
treatment of 1,1’-ferrocenedimethanol (Fc-DMa) and 2-
(acetoxymethyl)-6-mercaptotetrahydro-2H-pyran-3,4,S-triyl
triacetate (Thioglu(Ac),) with trifluoroacetic acid at room
temperature for 2 h resulted in the grafting of two thiol-

acetylglucose side groups. Subsequent deprotection of acetyl
groups in NaOMe solution at room temperature for 2 h
afforded the final product Fc(Thio-Glc), with an overall yield
of 88%. R-Vi was prepared via the N-alkylation reaction of
2,2/,6,6'-tetramethyl-4,4'-bipyridine (Bipy(Me),) and 1,3-
propane sultone (Pro-Sul). In contrast to conventional
synthesis routes, the synthesis approach proposed in this
study stands out for its utilization of nature-inspired sugar
precursors, low-boiling point organic solvents, short comple-
tion time, and mild reaction conditions, hence avoiding the
subsequent complicated purification and impurity removal
steps. The high purities of Fc(Thio-Glc), and R-Vi final
products were confirmed by 'H and *C nuclear magnetic
resonance (NMR) characterizations and high-resolution
electrospray ionization mass spectrometry (HRESIMS), as
shown in Figures S1—S6.

The redox potentials of Fc(Thio-Glc), and R-Vi were
measured to be 0.28 and —0.76 V (vs Ag/AgCl), respectively,
leading to a theoretical cell voltage of 1.04 V (Figure 1b). The
redox potential of Fc-DMa in 1.0 M KCI solution was 0.27 V
(vs Ag/AgCl), which is slightly lower than that of Fc(Thio-
glc),. The structural configuration of AORFBs based on the
Fc(Thio-Glc), catholyte and R-Vi anolyte is shown in Figure
1c. Based on UV—vis absorbance measurements, the maximum
solubilities of Fc(Thio-Glc), and Fc-DMa in 1.0 M KCI
solutions were determined to be 1.3 and 0.035 M (Figure S7),
respectively, indicating the effectiveness of the glycosylation
strategy on water solubilization. The viscosity of Fc(Thio-
Glc), with different concentrations in water and 1.0 M KCI
solution is shown in Figure S8. At concentrations of 0.5 and
1.3 M, the viscosity values of Fc(Thio-Glc), were 1.35 and
1.85 mPa's in 1.0 M KCI solution, respectively. The
groundbreaking utilization of carbohydrates as solubilizing
groups for organic active species in AORFBs opens up a realm
that has thus far remained unreported.
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Figure 2. (3, b) Conformation diagrams for the MD simulation system of Fc(Thio-Glc), molecules interacting with water molecules at initial and
final states. (c) The number of hydrogen bonds over time for Mol-Water and Mol-Mol in the entire system (Mol represents Fc(Thio-Glc),). (d)
Molecular orbitals and energy gaps of Fc-DMa, Fc"'(Thio-Glc),, and Fc™(Thio-Glc),. (e) Optimized structures and electrostatic potentials of Fc-

DMa, Ec!'(Thio-Glc),, and Fc™'(Thio-Glc),.

As reported in the prior literature, bipyridinium derivatives
typically undergo two-electron reduction, manifesting two
distinct redox peaks in CV curves. The experimental data for
the R-Vi anolyte reveal that two redox peaks are indeed located
at —0.76 and —1.08 V (vs Ag/AgCl) (Figure S9). However,
the second reduction step of the R-Vi anolyte exhibits an
irreversible behavior. To resolve this issue, we implemented a
precise voltage control strategy during charge/discharge
processes, ensuring that R-Vi participates exclusively in a
single-electron redox reaction. In addition, the potential gap
between Fc(Thio-Glc), and R-Vi was theoretically predicted to
be approximately 1.15 V by using the DFT methods, which
matched well with the experimental value of 1.04 V (Table S1
and Figure 1b).

Molecular dynamics (MD) simulations provided crucial
mechanistic insights into the hydrogen bonding networks in
the entire system generated by Fc(Thio-Glc),.** The
investigation revealed significant alterations in the quantity
and nature of hydrogen bonds of Fc(Thio-Glc), molecules that
interacted with water molecules, as illustrated in Figure 2a,b.
Specifically, Figure 2¢ reveals an augmentation in the number
of hydrogen bonds within the Mol-Mol interactions (Mol
represents Fc(Thio-Glc),), primarily OH--OH and S--OH
bonds, whereas hydrogen bonds between Fc(Thio-Glc), and
water molecules (Mol-Water) decreased. The standard
deviations of the hydrogen bond number for Mol-Mol and
Mol-Water were 0.00265 and 0.00977, respectively. These
findings indicate a pronounced aggregation between Fc(Thio-
Glc), molecules and a concurrent reduction in the interfacial
contact area between Fc(Thio-Glc), and water molecules. In

addition, two unique bond angles were observed, one forming
between Fc(Thio-Glc), and water molecules and another
within Fc(Thio-Glc), molecules themselves (Figure S10a).
According to Figure S10b, the Fc(Thio-Glc), molecule was
encapsulated within a solvated shell comprising multiple water
molecules with an intermolecular distance of 1.78 A. Within a
single Fc(Thio-Glc), molecule, the intermolecular distance
between the two glucose chains was approximately 1.62 A.
Conversely, the distance between glucose chains belonging to
two distinct Fc(Thio-Glc), molecules was approximately 2.62
A. These findings highlight the structural stability and
solubility contributions of hydrogen bonding networks within
the Fc(Thio-Glc), based aqueous electrolyte.

Figure 2d shows a comparison of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels for Fc-DMa, Fc"(Thio-Glc),,
and Fc™(Thio-Glc),. The results revealed that Ec"(Thio-Glc),
possesses a narrower energy gap than that of Fc-DMa after
grafting two carbohydrate side groups. When losing one
electron, Fc™(Thio-Glc), exhibited the smallest energy gap
between the LUMO and SOMO-a/SOMO-f level. Generally,
a lower LUMO energy level of organic species indicates a
higher potential for reduction.”*”*° The LUMO energy level of
Fc"(Thio-Glc), (—0.137 eV) was slightly lower than that of
Fc-DMa (—0.157 eV), indicating a higher potential of
F!(Thio-Glc), (028 V) than Fc-DMa (027 V). These
calculation results are in accordance with the CV results in
Figure 1b. DFT simulations were further carried out to obtain
the optimized structures and electrostatic potential (ESP)
levels for Fc-DMa, Fc"(Thio-Glc),, and Fc™(Thio-Glc),
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molecules. As illustrated in Figure 2e, Fc(Thio-Glc), exhibited a 16 b 100

a more negative ESP compared to Fc-DMa, which is attributed R-Vi |l Fe(Thio-Glc), T3 T
to the incorporation of highly polar hydroxyl groups. The £ pR— o
grafted carbohydrate side groups boost polarizability, thereby > 2| ReVill Fe(Thio-Glo), g9 % g
encouraging hydration and the formation of hydrogen bonds. ‘ g Coulombic efficency 100140 ©
This interplay enhances the spacing between water molecules 0.4 —20 —80 unit: mAcm? 8 E;ecf;'r:z:::;ty T W
and in turn facilitates the dissolution of Fc(Thio-Glc),. e 3535455 d

The redox reaction kinetics of Fc(Thio-Glc), were Capacity (Ah L) Cycle number (n)

investigated by linear sweep voltammetry (LSV), as shown in C 4 o0

Figures S11. All three experiments were conducted in 1.0 M
KCl solution with a 1.0 mM concentration of the active
species. The diffusion coefficient (D) was obtained from the
Levich plot of the limiting diffusion currents and the square
roots of the rotation rates (Levich equation). As the rotation
rates increased from 200 to 2000 rpm at a scan rate of 25 mV
s™' (Figure Slla—c), the D value of Fc(Thio-Glc), was
calculated to be 4.43 X 107° cm?® s™! based on three tests
(Figure S11d—f). By fitting the Butler—Volmer equation to
Levich plots (Tafel equation) (Figure S11g—i), the electron-
transfer rate constant (k,) was calculated to be 5.30 X 1073 cm
s~ based on three tests (Figure S11j—1). The corresponding
standard deviations for D and k, were 0.18 and 0.04,
respectively. (Figure S1lm—n). The D and k, values of
Fc(Thio-Glc), exhibited a similar order of magnitude among
other catholyte species.”> **">7*%*’7*° A5 the scan rate
increased from 25 to 5000 mV s~ !, both the oxidation and
reduction peak currents had a linear relationship with the
square root of the scan rate (v'/?), indicating a reversible and
diffusion-controlled redox process (Figure S12a).*'™ The
slope ratios of cathodic and anodic scans were calculated to be
close to 1, indicating that the oxidized and reduced Fc(Thio-
Glc), molecules had similar diffusion coefficients (Figure
S12b). Moreover, the CV curves of Fc(Thio-Glc), exhibited a
complete overlap and revealed no additional peaks after 50
cycles (Figure S12c), demonstrating its remarkable electro-
chemical reversibility with the absence of side reactions.

The working performances of AORFBs coupled by the
Fc(Thio-Glc), catholyte and excess R-Vi anolyte at a low
concentration of 0.1 M are shown in Figure 3. The electrolytes
consisted of 5.0 mL of 0.1 M Fc(Thio-Glc), catholyte and 7.5
mL of 0.2 M R-Vi anolyte in 1.0 M KClI solutions. A pretreated
Nafion-212 membrane was employed as the separator between
catholyte and anolyte. Electrochemical impedance spectrosco-
py (EIS) analysis revealed that the impedance of the Nafion
separator in 1.0 M KCl solution was 0.57 Q cm? (Figure S13a),
while the permeability of Fc(Thio-Glc), solution through this
separator was as low as 5.38 X 107'° cm? s™' (Figure S13b).
We also conducted an extra permeation experiment based on
0.5 M Fc(Thio-Glc), and 0.5 M R-Vi in 1.0 M KCI solutions.
The UV-—vis crossover curve of the R-Vi solution was
displayed to confirm the permeation change when the two
solutions were stored together for 10 days (Figure S14).
However, the absorption peaks of Fc(Thio-Glc), and R-Vi at
4210 am @0d Ao oy @s well as at Ayq; o and Ayg0 oy are very
close. Due to the overlap of the absorption peaks, it was
difficult to determine the exact permeability of Fc(Thio-Glc),
in this experiment. The R-VillFc¢(Thio-Glc), AORFB demon-
strated an open-circuit voltage (OCV) exceeding 1.0 V, aligned
with the above CV measurements. At 20 and 50 mA cm ™2, the
AORFB delivered discharge capacities of 2.5 and 2.3 Ah L™/,
respectively (Figure 3a,b). Upon galvanostatic cycling at 40
mA cm™> between 1.2 and 0.6 V, the R-VillFc(Thio-Glc),
AORFB exhibited a discharge capacity of 2.4 Ah L™" during the
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Figure 3. Working performances of Fc(Thio-Glc), based AORFBs at
a low concentration. The catholyte was 5.0 mL of 0.1 M Fc(Thio-
Glc), in 1.0 M KCl solution, and the anolyte was 7.5 mL of 0.2 M R-
Vi in 1.0 M KCl solution. (a) Typical galvanostatic charge/discharge
curves of R-VillFc(Thio-Glc), AORFB at various current densities of
10, 20, 40, 50, 80, and 100 mA cm™> between 1.2 and 0.6 V. (b)
Discharge capacities, Coulombic efliciencies, and energy efficiencies
of R-VillFc(Thio-Glc), AORFB at different current densities. (c)
Long-term cycling performances of the R-VillFc(Thio-Glc), AORFB
under galvanostatic mode for the initial 800 cycles and then
galvanostatic-potentiostatic mode for the later 800 cycles.

initial 800 cycles with no apparent capacity decay, which is
90.0% of its theoretical capacity (2.68 Ah L") (Figure 3c).
The Coulombic efficiencies remained consistently close to
100%, and the energy efficiencies reached above 75% during
the cycling processes. Subsequently, galvanostatic-potentio-
static cycling was also performed upon the same battery for the
later 800 cycles. The AORFB was charged to 1.2 V at a current
density of 40 mA cm ™ with the potential holding at 1.2 V until
the current density dropped to S mA cm™ and then was
discharged to 0.6 V at a current density of 40 mA cm™> with
the potential holding at 0.6 V until the current density dropped
to S mA cm ™2 As the cycling continued, the charge/discharge
plateaus remained unaltered, and the battery exhibited a low
capacity fade rate of 0.0023% cycle™ for the subsequent 800
cycles. Figure S15a shows the OCVs of R-VillFc(Thio-Glc),
AOREFB at different states of charge (SOCs). The OCVs at
50% SOC were measured to be 1.0 V for Fc(Thio-Glc), and
reached 1.12 V at 100% SOC. The polarization curves of R-Vill
Fc(Thio-Glc), AORFBs were measured by LSV at different
concentrations (Figure S15b). The power densities of R-Vill
Fc(Thio-Glc), AORFBs with 0.2 and 0.5 M Fc(Thio-Glc),
catholytes reached 70 and 90 mW cm™ at 100% SOC,
respectively.

The long-term cycling test of R-VillFc(Thio-Glc), AORFBs
with 0.5 and 0.2 M Fc(Thio-Glc), catholyte is shown in Figure
4a and Figure S16. The catholyte was 5.0 mL of 0.2 or 0.5 M
Fc(Thio-Glc), in 1.0 M KClI solution, and the anolyte was 7.5
mL of 0.4 or 1.0 M R-Vi in 1.0 M KCI solution. At a current
density of 40 mA cm™> between 1.2 and 0.6 V, the R-Vill
Fc(Thio-Glc), AORFB based on 0.2 M Fc(Thio-Glc),
delivered a discharge capacity of 4.95 Ah L' (ie, 92.3%
utilization of theoretical capacity, 5.36 Ah L™") and maintained
a low capacity fade rate of 0.004% cycle™ after 700 cycles. At
different current densities of 20, 40, 50, 60, 80, and 100 mA
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Figure 4. Electrochemical behaviors of the Fc(Thio-Glc), catholyte.
(a) Galvanostatic cycling performances of R-VillFc(Thio-Glc),
AORFBs with 0.5 M Fc(Thio-Glc), catholyte operated at 40 mA
cm~? between 1.2 and 0.6 V. The inset shows the charge/discharge
curves at different cycles. (b, c) No-D 'H NMR and "*C NMR spectra
of the Fc(Thio-Glc), catholyte after fully charged and discharged in
the 1st and the S50th cycles, respectively. The peaks in the
cyclopentene unit of Fc(Thio-Glc), are marked with “*” (Fc-H),
and those in the glucose unit of Fc(Thio-Glc), are marked with “A”
(GL-H). (d) The water peak regions magnified from the dashed box
in (b). (e) No-D "H NMR spectra of the water peaks in Fc(Thio-
Glc), catholytes with various concentrations (0.025—0.2 M).

cm?, the discharge capacities of the R-VillFc(Thio-Glc),
AORFB based on 0.5 M Fc(Thio-Glc), were 13.2, 12.1,
11.9, 11.6, 10.3, and 8.4 Ah L™, and the corresponding energy
efficiency values were 89.8%, 81.5%, 80.4%, 78.8%, 70.3%, and
65.8%, respectively (Figure S17). Upon galvanostatic cycling at
40 mA cm™%, the R-VillFc(Thio-Glc), AORFB based on the
0.5 M Fc(Thio-Glc), catholyte delivered a discharge capacity
of 11.92 Ah L™! (i, 89.0% of theoretical capacity, 13.4 Ah
L™") with a capacity fade rate of 0.005% cycle™" (i.e., 0.18%
day™') after 400 cycles (i.e, 12.1 days). During the entire
cycling process, the Coulombic efficiency maintained a near-
perfect 100%, while the energy efficiency surpassed 70%. The
comprehensive electrochemical performance of R-VillFc(Thio-
Glc), AORFB was compared with those of other Fc derivative
based AORFB systems (Tables S2 and §3).'°72%!572028730
Although the synthesis cost of Fc(Thio-Glc), is slightly
elevated, experimental validation demonstrated that the Fc
derivative functionalized with carbohydrates exhibit a highly
improved aqueous solubility. This study represents a pioneer-
ing exploration of carbohydrate-based solubilizing groups in
AORFBs. In theory, the water solubility of carbohydrates
demonstrates remarkable pH robustness, functioning effec-
tively across acidic, neutral, and alkaline conditions simulta-

neously. In view of the efficient synthesis, obvious aqueous
solubility enhancement of Fc(Thio-Glc), and sustainable
characteristics of nature-inspired carbohydrates, subsequent
research could employ alternative synthetic strategies to
integrate carbohydrate moieties with more cost-effective
redox-active molecules such as anthraquinone or phenazine
derivatives, thereby expanding the applicability of this
approach.

To further elucidate the electrochemical behaviors of the
Fc(Thio-Glc), catholyte, No-D 'H and C NMR analyses
were employed to monitor the structural stability of Fc(Thio-
Glc), during cycling.”*** Unlike conventional NMR, No-D
NMR spectra are unaffected by deuterated solvents, allowing
them to accurately reflect the intrinsic signals of Fc(Thio-Glc),
accurately. To ensure a fully charged state, the battery was
charged to 1.2 V and maintained at that potential for 5 min.
Upon charging, the signals of protons in cyclopentene (“*”, Fc-
H) and glucose ring (A, GL-H) broadened and shifted toward
higher chemical shifts; upon discharging, these peaks
sharpened and reverted toward their initial positions (Figure
4b). For example, the Fc-H peaks at 4.0 and 4.4 ppm shifted to
4.5 and 4.9 ppm (AS = 0.4 ppm) after charging to 1.2 V and
restored to 4.0 and 4.4 ppm (A5 = —0.4 ppm) after
discharging to 0.6 V. In the No-D *C NMR spectra (Figure
4c), the carbon peaks of Fc(Thio-Glc), almost have a similar
variation trend upon charge/discharge processes. Water
solvent resonance shifts mirrored these trends, reflecting the
changes in the magnetic susceptibility of the electrolyte (Figure
4d). After SO galvanostatic cycles, the proton peaks of water
shifted back to their initial positions, confirming the high redox
reversibility of Fc(Thio-Glc),. Furthermore, the No-D 'H
NMR spectra of Fc(Thio-Glc), catholytes with different
concentrations (0.025—0.2 M) were also analyzed (Figure
4e). The chemical shifts of water proton peaks can reflect the
quantity of hydrogen bonds in the Fc(Thio-Glc), system.
When the concentration increased from 0.025 to 0.2 M, the
water proton peaks apparently shifted downfield from 4.47 to
4.66 ppm, which is attributed to the increase of hydrogen bond
formation. The above No-D 'H NMR data reveal the hydrogen
bond interactions between Fc(Thio-Glc), with water mole-
cules, further confirming the formation of hydrogen bond
networks in the Fc(Thio-Glc), catholyte system.

To elucidate the structural stability and potential perform-
ance attenuation mechanism of Fc(Thio-Glc), during cycling,
we analyzed the '"H NMR spectra of the Fc(Thio-Glc),
catholyte and R-Vi anolyte stored at high temperature or
after 400 galvanostatic cycles. The R-Vi anolyte and Fc(Thio-
Glc), catholyte were left to stand at 60 °C for 20 days and
characterized by '"H NMR spectroscopy (Figure S18). The
elevated temperature stability test of them revealed unchanged
spectra, indicatin§ their stable molecular structures at high
tempe1‘atures.36_3 For the Fc(Thio-Glc), catholyte after long-
term cycling, some newly proton peaks emerged at 3.0—4.5
ppm (marked as “*”), suggesting a small portion of solubilizing
group detachment from the Fc core and the dimers of
cyclopentadiene (Figure Sa and Figure S19a). According to
previous studies, Fc derivatives may react with water to form
new coordination complexes, whereas two cyclopentadienyl
ligands spontaneously assemble into irreversible dimers
(Figure S19b).”° This degradation mechanism involves a
nucleophilic attack on the Fc metallic center, initiating
dissociation via ligand exchange, reduction by cyclopentadiene
ions, and dimerization or polymerization of cyclopentadienyl
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Figure S. Long-term stability mechanism studies of high-concen-
tration Fc(Thio-Glc), based AORFBs. (a, b) Ex situ "H NMR spectra
of the Fc(Thio-Glc), catholyte and R-Vi anolyte before and after 400
galvanostatic cycles, respectively. The peaks marked with “*”
represent the degraded impurities in the Fc(Thio-Glc), catholyte.
(¢, d) CV curves of the Fc(Thio-Glc), catholyte and R-Vi anolyte
before and after 400 galvanostatic cycles, respectively.

radicals. The HRESIMS analysis also confirmed the formation
of a trace amount of single-side functionalized Fc-Thio-Glc
byproduct and dimerization radicals (Figure S20). These
results indicated that the observed degradation of Fc
derivatives is electrochemically induced. Meanwhile, the 'H
NMR spectra of the R-Vi anolyte remained almost unchanged
(Figure Sb). Postcycle CV curves of the Fc(Thio-Glc),
catholyte and R-Vi anolyte after cycling were also collected
(Figure Sc). Conversely, a prominent oxidation/reduction
peak at 0.28 V emerged in the CV curve of the R-Vi anolyte
after cycling (Figure Sd), corroborating the slight crossover of
Fc(Thio-Glc), molecules during cycling.*}’9 These results
indicate that no discernible impurity that affects the battery
performance appeared from the R-Vi anolyte. Although the
side-chain hydrolysis and dimerization increase during cycling,
it has a tiny influence on the integrity of the Fc core, and the
abundant hydrogen bond interactions of glucose groups
immobilize more water molecules within the solvation shell
of Fc(Thio-Glc),, effectively suppressing the degradation of
the Fc core. Consequently, Fc(Thio-Glc), exhibits better
stability compared to most existing Fc derivatives.

B CONCLUSIONS

In summary, this study introduced a glycosylation-based
solubilization strategy, culminating in the creation of a
polyhydric glycosyl ferrocene derivative, Fc(Thio-Glc),, via a
convenient thioetherification reaction. The incorporation of
multiple hydrophilic hydroxyl groups bestowed Fc(Thio-Glc),
with an unprecedented aqueous solubility of 1.3 M in 1.0 M
KCl solution. MD simulations verified the formation and
favorable effects of hydrogen bond networks between Fc(Thio-
Glc), and water molecules on the molecular configuration and
solvation behavior. The pH-neutral AORFBs based on a high-
concentration Fc(Thio-Glc), catholyte achieved exceptional
capacity retention and cycling stability, corresponding to a
lower capacity fade rate of 0.005% per cycle or 0.18% per day
over 400 cycles. A series of spectroscopic analyses elucidated

the redox reversibility and long-term stability mechanisms of
the Fc(Thio-Glc), catholyte and R-Vi anolyte. This pioneering
glycosylation modification exemplifies the vast potential of
leveraging nature-inspired molecular designs to enhance the
solubility and functionality of redox-active organic species. By
bridging the principles of green chemistry with advanced
energy storage systems, this work paves the way to develop
high-performance AORFBs and reimagines the role of natural
derivatives in sustainable energy solutions.
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