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ABSTRACT: The successful implementation of redox flow battery (RFB)
technology requires the development of highly stable and soluble catholyte
and anolyte materials that could be used in aqueous media. In this work, we
investigated a highly soluble derivative of ferrocene1,1′-bis(sulfonate)-
ferrocene dianion disodium saltas a possible catholyte in an all-anionic
RFB design. Based on the results of cyclic voltammetry and charge/discharge
cycling experiments, we determined that this compound can be unstable and
prone to a nucleophilic attack by anions in certain supporting electrolytes.
However, it is stable in neutral pH solutions with weak nucleophilic anions
like nitrate. These findings are fundamental for the future development of
improved RFB materials.

KEYWORDS: anionic catholyte, water-soluble ferrocene, flow cell, cyclic voltammetry, charge/discharge

■ INTRODUCTION

During the past few decades, the development of renewable
energy sources has attracted much attention because of their
potential to reduce the carbon footprint of electricity
generation.1 However, these sources, such as solar and wind
energy, are intermittent and unpredictable; thus, an energy
storage technique is required.2,3 Lithium-ion batteries are good
candidates for energy storage because of their outstanding
performance.4 Recently, an alternate technique, the redox flow
battery (RFB) has become commercially viable, which not only
has low cost but also offers longer lifetimes and improved
safety.2,5,6 The energy and power of an RFB can be decoupled
in this technology by controlling the volume of electrolytes and
the size of the RFB stack.7 Thus, RFB devices are advantageous
for electrical energy storage and suitable for large-scale
applications. RFBs can be classified by the redox species
used in the electrolyte solution or the solvent system.2,8 For
the purpose of green energy storage, aqueous RFBs have
gained more attention than nonaqueous RFBs. A series of
molecular strategies ranging from transition-metal species to
organic compounds have been developed as the redox active
species for aqueous RFB applications.9−16 Yet, many of these
redox active materials exhibit drawbacks, such as cost and low
abundance materials for vanadium RFBs, self-discharging
issues because of the crossover of the free ligand (triethanol-
amine) for all-soluble all-iron RFBs, and corrosive electrolytes
for alkaline quinone RFBs.9,10,13

Because iron is an earth-abundant element, attention has
turned to the redox-active organometallic compound,
ferrocene. Because this compound exhibits very reversible

oxidation and reduction and its chemistry is well understood,
researchers have showed interest in applying ferrocene
derivatives to RFB development.12,17−19 Because of the limited
solubility of unmodified ferrocene in water, RFBs using
ferrocene initially focused on nonaqueous solvent systems.17,18

To meet the requirements of green chemistry, the develop-
ment of aqueous ferrocene-based RFBs with a high working
voltage has been initiated and received some success by
utilizing the hydrophilic ammonium functional group.12,19 On
account of the positively charged ferrocene units, viologen
derivatives have been typically paired as an anolyte.12,18,19

However, a well-known viologen derivative, N,N′-dimethyl-
4,4′-bipyridinium dichloride (paraquat), is known to be toxic
and may lead to significant health problems after long-term
exposure.20,21 RFBs are ideally operated at high concentrations
to reach high capacity; thus, large amounts of viologen
derivatives present in RFB tanks would present a potential
hazard.
To address these problems, we have focused on the

development of anionic ferrocenes as highly soluble and
reversible redox active materials. In this report, we present
aqueous RFB which consists of sulfate-modified ferrocene as
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the catholyte and anthraquinone-2,7-disulfonic acid disodium
salt (2,7-AQDS) as the anolyte. Both of these compounds are
highly soluble in water due to the presence of the sulfonate
functional groups. 1,1′-bis(sulfonate)ferrocene dianion diso-
dium salt (1,1′-FcDS) was found to be oxidized at a more
positive potential than (ferrocenylmethyl)trimethylammonium
cations because of the higher electron withdrawing strength of
the sulfonate functional group.22 Thus, RFB using 1,1′-FcDS as
the catholyte is expected to generate a larger working voltage.
Moreover, it opens up the possibility of adopting neutral or
negatively charged redox species as the anolyte such as, for
example, anthraquinones. Compared to highly toxic paraquat
(acute oral LD50 75 mg/kg in rats) used as the anolyte in
aqueous ferrocene-based RFB, anthraquinones are much safer,
and 2,7-AQDS has an acute oral LD50 (in rats) up to 4000 mg/
kg.23,24 Anthraquinones are widely used in food, pharmaceut-
ical, and paper industries, and their application to RFBs has
been explored extensively.11,13,25 To avoid the formation of
unstable free radicals during RFB operation, a slightly acidic
low-cost acetate buffer and 0.5 M H2SO4 were tested,
respectively, as a supporting electrolyte in this work.26 In
addition, ethylene glycol (EG) was added to improve the
solubility of both 1,1′-FcDS and 2,7-AQDS in aqueous
solutions, which was found to increase the solubility of 2,7-
AQDS.25 We observed that the properties and stability of the
RFBs were highly dependent on the identity of the supporting
electrolyte.

■ EXPERIMENTAL SECTION
Materials. The catholyte, 1,1′-FcDS, was prepared from bis

ferrocene sulfonic acid, which can be synthesized based on a
previously reported procedure.27 Basic iron(III) acetate was generated
by a previously published procedure.28 The anolyte, 2,7-AQDS, was
purchased from Pfaltz & Bauer Inc. All other chemicals were of ACS
grade and purchased from Sigma-Aldrich or Fisher Scientific and used
directly. Nanopure water was obtained from a Milli-Q Integral 5 water
purification system (Millipore, Bedford, MA).

X-ray Crystallographic Data Collection and Structure
Solution and Refinement. Single-crystal data for all structures
were collected on a Bruker CCD-based diffractometer with a dual
Cu/Mo ImuS microfocus optics (Cu Kα radiation, λ = 1.54178 Å or
Mo Kα radiation, λ = 0.71073). Crystals were mounted on a cryoloop
using Paratone oil and placed under a steam of nitrogen at 100 K
(Oxford Cryosystems). The data were corrected for absorption with
the SADABS program.29 The structures were refined using the Bruker
SHELXTL Software Package (Version 6.1) and solved using direct
methods until the final anisotropic full-matrix least squares refinement
of F2 converged. electronic supporting information (ESI) available:
CCDC 2009128-2009129 contains the supplementary crystallo-
graphic data for this paper (Table S1). These data can be obtained
free of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Cyclic Voltammetry Electrochemical Characterization. Elec-
trochemical measurements were conducted using a CHI 920d
potentiostat in a standard three-electrode configuration. A platinum
wire was used as an auxiliary electrode. The working electrode used in
voltammetry experiments was a glassy carbon disk with a diameter of
3 mm. A Ag|AgCl|KCl (2 M) reference electrode was used. The
supporting electrolyte was 1 M NaNO3, 2 M acetate buffer (molar
ratio between sodium acetate and acetic acid is 1:1, pH 4.53), or 0.5
M H2SO4. All solutions were purged with nitrogen or argon prior to
any electrochemical measurements.

Cyclic voltammograms (CVs) were collected at scan rates varying
from 20 to 65 mV/s for the measurement of the diffusion coefficients
(D) of 1,1′-FcDS and 2,7-AQDS using Randles−Sevcik equation. The
CVs were compared (at a scan rate of 65 mV/s) for the redox
potentials of 1,1′-FcDS and 2,7-AQDS to evaluate the open circuit
potential (OCP) under acidic conditions and 1 M NaNO3.

Flow Cell Tests. The flow cell (Figure 1) was constructed using a
PEM fuel cell hardware which accepts liquid at both electrodes, two
graphite felt electrodes (G100, AvCarb, USA) and a piece of cation
exchange membrane (Nafion 117). The surface area of the graphite
felt was 9 cm2. Nafion membrane and graphite felt electrodes were
immersed in the supporting electrolyte (1 M NaNO3, 2 M acetate
buffer or 0.5 M H2SO4) overnight before the charge−discharge tests.
Each electrode chamber was connected with an electrolyte reservoir
using Versilon 2001 (Saint-Gobain) tubing. Each reservoir contained
30 mL of the 0.03 M catholyte/anolyte and the supporting electrolyte.
A Masterflex L/S peristaltic pump (Cole-Parmer, USA) was used to

Figure 1. Schematic diagram of an “all-aqueous” RFB.
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circulate the electrolytes through a flow chamber at a rate of 40 mL/
min. Both reservoirs were purged with argon to remove oxygen and
then sealed in a glovebox filled with argon before cell cycling.
Constant current charge−discharge cycling tests were carried out at
293 K with an Arbin LBT21084 Battery Cycler in a two-electrode
configuration. The full cell was charged/discharged at current 25 mA
(2.8 mA/cm2) for 100 cycles.
Solubility Test. The solubility of 1,1′-FcDS in 1 M NaNO3 with

and without the addition of EG was measured using UV−visible
spectra. Saturated solutions were prepared for both conditions, and
supernatant was diluted 100 times (without EG) and 200 times (with
EG) for the UV−vis absorbance measurements. The correlation of the
peak absorbance (Figure S1C,D) and concentration was calculated
using a calibrated relationship of standard samples (Figure S1A,B).
Permeability Test. The permeability of 1,1′-FcDS across the

Nafion 117 membrane was evaluated using the flow cell setup. For the
solutions in electrolyte reservoirs, one (donating) side was filled with
30 mL of 0.03 M 1,1′-FcDS and 1 M NaNO3, another (receiving)
side was filled with 30 mL of 1 M NaNO3. A peristaltic pump was
used to circulate the electrolytes at a rate of 40 mL/min for 7 days,
during which samples were taken from the receiving side after 24, 120,
144, and 182 h. CVs were collected for the samples so that the
concentration of 1,1′-FcDS in each sample could be calculated using
the peak current values (by comparing to the CVs of 1,1′-FcDS with a
known concentration). The permeability was calculated using the
method reported by Kwabi et al.13

Synthesis. Synthesis of 1,1′-FcDS. Ferrocene bis sulfonic acid
(5.0 g, 14.5 mmol) was dissolved in 200 mL of ethanol and a solution
of concentrated NaOH was slowly added to the mixture and stirred
for 30 min. The resulting yellow precipitate was filtered and air dried
to yield a yellow solid. Crystals suitable for X-ray diffraction were
obtained by the slow evaporation of a dimethylformamide/water mix.
1,1′-FcDS. Yield: 5.4 g (96%). IR: 1366, 1163 cm−1 (νSO).

1H
NMR (300 MHz, DMSO-d6): 4.12 (s, 4H on C5H4), 4.33 (s, 4H on
C5H4).

13C{1H} NMR (125 MHz, DMSO-d6): δ = 96.9, 69.7, 68.5.
HRMS (ESI-TOF, negative mode) m/z: calcd for C10H8FeNaO6S2,
366.9015; found, 366.9060 [M − Na]−.

■ RESULTS AND DISCUSSION

Ferrocene derivatives have been widely utilized in materials
chemistry.30 Most of the ferrocene compounds have good
solubilities in organic solvents but not in water. Therefore,
previously they have often been applied in nonaqueous RFB
systems.17,18 Over the past several years, aqueous ferrocene-
based RFB systems have been explored using ferrocene
ammonium compounds, producing all-cationic RFBs employ-

ing anion exchange resins.12 We have explored the synthesis of
new ferrocene-based electroactive materials and have recently
presented work on all-ferrocene salts where large potential
differences are observed between the anolyte and catholyte.27

Unfortunately, those all-ferrocene salts are not practical for
RFBs that use ion exchange resins, as either the ferrocene
anion or ferrocene cation bind to the oppositely charged ion-
exchange resin, thus impeding function.
For the work presented here, we employed a water-soluble

ferrocene compound functionalized with SO3
− groups, 1,1′-

FcDS (Figure 2). This compound can be readily prepared from
commercially available reagents and exhibits high solubility in
water.27 Along with this species, we also employed the bis
sulfonate-modified anthraquinone 2,7-AQDS, which also
exhibits good water solubility and is commercially available.
Thus, this is an all-anionic approach to the RFB problem, using
sulfonates as stable functional groups to drive optimal aqueous
solubility. Sulfonate modification is frequently used in drug
design to impart water solubility, and this functional group can
also be readily applied to the RFB problem.
The synthesis of 1,1′-FcDS is accomplished via the

sulfonation of ferrocene, followed by neutralization of the
bis-sulfonic acid derivative to afford the sodium salt. We were
able to structurally characterize 1,1′-FcDS, along with the 2,7-
AQDS salt, using single-crystal X-ray methods. The structures
are shown in Figure 2 below their chemical diagrams. As can
be seen in the structures, each compound exhibits two
peripheral sulfonate groups. The presence of these anionic
functional groups is key to transforming the hydrophobic
precursors into highly water-soluble compounds.
We determined the solubility of 1,1′-FcDS in various

solvents using UV−vis measurements, and the results are
shown in Table 1 as well as Figure S1. In 1 M NaNO3, the
solubility is 0.3 M and theoretical capacity is 8 Ah/L [assuming
0.3 M 1,1′-FcDS as a catholyte; theoretical capacity = solubility
(M) × 96,485 (C/mol)/3,600 (C/Ah)]. Previously, it was
reported that the addition of EG enhanced the solubility of 2,7-
AQDS because of the interactions between the polar and
nonpolar groups of EG and 2,7-AQDS.25 Therefore, we
expected that EG could also increase the solubility of 1,1′-
FcDS because it has both a polar (sulfonyl) group and
nonpolar (phenyl) group. We found that by adding 0.5 M EG

Figure 2. Anolyte (2,7-AQDS): anthraquinone-2,7-disulfonic acid disodium salt (left). Catholyte (1,1′-FcDS):1,1′-bis(sulfonate)ferrocene
disodium salt (right). The corresponding crystal structures are shown at the bottom of the diagram with 35% thermal ellipsoids. Hydrogen atoms
have been omitted for clarity.
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in 1 M NaNO3 solution, the solubility of 1,1′-FcDS increases
to 0.6 M. In addition, the theoretical RFB capacity reaches 16.1
Ah/L.
Electrochemical Properties. CVs were collected to

characterize the electrochemical properties of 1,1′-FcDS and
2,7-AQDS. When the compounds were dissolved in 1 M
NaNO3, 1,1′-FcDS showed a half-wave potential, E1/2, equal to
0.65 V, and 2,7-AQDS showed an E1/2 = −0.45 V (Figure 3).
Therefore, based on these results, an OCP for the RFB
composed of 1,1′-FcDS as a catholyte and 2,7-AQDS as an
anolyte is expected to be ca. 1.1 V.
We further analyzed the CV data to determine the diffusion

coefficients of the redox species. Using the Randles−Sevcik
equation, the diffusion coefficient of 1,1′-FcDS was calculated
to be 1.46 × 10−6 cm2/s (without EG). With EG added, the
diffusion coefficient of 1,1′-FcDS decreased to 1.29 × 10−6

cm2/s (based on the CVs in Figure S8), presumably because of
the higher viscosity for EG (0.0161 Pa·s for pure EG) versus
water (0.0009 Pa·s). The obtained diffusion coefficient in
water was comparable with the value published for
(ferrocenylmethyl)trimethylammonium in aqueous RFB.12

The electrochemical data for 1,1′-FcDS are summarized in
Table 2. The electrochemical behavior of 2,7-AQDS was also
evaluated here under the same conditions for 1,1′-FcDS (Table
2). Apart from the neutral pH supporting electrolyte, 1 M
NaNO3, CVs were also collected in acidic supporting
electrolyte solutions: 2 M acetate buffer (pH 4.53) and 0.5
M H2SO4 (Figures S9 and S10).
It is known that anthraquinone derivatives (AQ) can form a

radical anion during electrochemical reduction in neutral and
alkaline electrolytes (eq 1)26

+ ↔− −AQ AQ 2AQ2 (1)

To avoid the degradation of 2,7-AQDS during reduction,
acidic supporting electrolytes were adapted and compared to
the behavior in 1 M NaNO3. The E1/2 of 2,7-AQDS shifts from
−0.458 V in 1 M NaNO3 to −0.234 V in 2 M acetate buffer.

This trend is consistent with the finding that AQ’s reduction
potential is pH dependent.26 According to the E1/2 values, a
0.9−1.1 V OCP is expected for the 1,1′-FcDS/2,7-AQDS RFB
at various pH conditions.

Flow Cell Tests under Different pH Conditions. The
1,1′-FcDS/2,7-AQDS RFB performance at neutral pH, 1 M
NaNO3 was evaluated first. The 100-time cycling was
performed at 25 mA (Figure S11), and the initial ten
charge/discharge cycles are shown in Figure 4A. The trends
of the coulombic efficiency (CE), voltage efficiency (VE), and
energy efficiency (EE) of the 1,1′-FcDS/2,7-AQDS RFB are
shown in the Figure 4C. The EE stays at 60% and the CE is
stable above 99%. However, a large loss in capacity (from
0.008 to 0.002 Ah) is observed (Figure 4B). Presumably, the
degradation of the capacity results from 2,7-AQDS, which
partially decomposes under the basic/neutral conditions.26

To eliminate the formation of the AQ− radical, an acidic
supporting electrolyte using acetate buffer was tested for the
flow cell operation. Acetate buffer can also maintain the pH
4.53 of the electrolyte during charge/discharge processes. A
concentration of 2 M was chosen to match the ionic strength
of the buffer to 1 M NaNO3. The initial ten charge/discharge
cycles are shown in Figure S13A, while 100 cycles are included
in Figure S12. From the charge/discharge data, the cell voltage
decreases to ∼0.5 V. This working voltage is much lower than
expected; an OCP of ∼0.9 V is expected if calculated using
E1/2, as listed in Table 2. A possible reason is the formation of a
new species during the charge/discharge process, due to the
decomposition of 1,1′-FcDS; this is discussed at the end of the
Results and Discussions section. The first supporting evidence
is the decrease of the diffusion coefficient (D) for 1,1′-FcDS in
acetate buffer (Table 2). There is no report in the literature
showing an increase in viscosity of acetate buffer solutions;
therefore, the viscosity change from 1 M NaNO3 to 2 M

Table 1. Solubility and Capacity Data of 1,1′-FcDS and 2,7-
AQDS

compound (supporting electrolyte) solubility (M) capacity (Ah/L)

1,1′-FcDS (1 M NaNO3) 0.3 8.0
1,1′-FcDS (1 M NaNO3, 0.5 M EG) 0.6 16.1
2,7-AQDS (1 M KCl)a 0.3 16.1
2,7-AQDS (1 M KCl, 0.5 M EG)a 0.8 42.9

aFrom ref 25.

Figure 3. CVs of 2 mM 2,7-AQDS (A) or 2 mM 1,1′-FcDS (B) in aqueous solution containing 1 M NaNO3 as a supporting electrolyte. Working
electrode: 3 mm dia. Glassy carbon, reference electrode: Ag|AgCl|KCl (2 M), counter electrode: platinum wire. From the inner curve to outer one,
the scan rate varies from 20 to 65 mV/s.

Table 2. Estimated Electrochemical Data for 1,1′-FcDS and
2,7-AQDS

compound
(supporting electrolyte)

E1/2 (V) versus
(Ag|AgCl) D (cm2/s)

1,1′-FcDS (1 M NaNO3) 0.652 1.46 × 10−6

1,1′-FcDS
(1 M NaNO3, 0.5 M EG)

0.651 1.29 × 10−6

1,1′-FcDS (2 M acetate buffer) 0.642 3.90 × 10−7

1,1′-FcDS (0.5 M H2SO4) 0.628 2.09 × 10−6

2,7-AQDS (1 M NaNO3) −0.458 5.13 × 10−7

2,7-AQDS (2 M acetate buffer) −0.234 4.18 × 10−7

2,7-AQDS (0.5 M H2SO4) −0.025 3.38 × 10−8
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acetate buffer should be negligible. Thus, the change of D is
probably an indication for the irreversible electrochemical
process involving 1,1′-FcDS and the formation of a new
species, iron(III) acetate (discussed below). It has been
reported that electrochemical oxidation product Fc+ can
undergo a nucleophilic attack and destroy the Fe redox
centers.31 With those unusual behaviors observed in the
acetate buffer, EE decreased by 10% compared to the RFB
using 1 M NaNO3 (Figure S13C). In terms of capacity, the
decay under the basic/neutral condition was not observed; it is
stabilized around 0.0075 Ah (Figure S13B). It seems the acidic

environment created by the acetate buffer improves the
capacity by stabilizing the 2,7-AQDS. However, the potential
interaction of acetate ions with 1,1′-FcDS may lead to
additional problems such as the mentioned formation of
iron(III) acetate.
Sulfuric acid as a supporting electrolyte was utilized in the

flow-cell test as well. The initial ten charge/discharge cycles are
shown in Figure 5A. CE, VE, and EE versus cycle number are
shown in Figure 5C. The CE is stable above 99%. This
indicates that the cross-over rate of 1,1′-FcDS and 2,7-AQDS
is very low. For the negatively charged 1,1′-FcDS and 2,7-

Figure 4. 1,1′-FcDS/2,7-AQDS RFB using 1 M NaNO3 as the supporting electrolyte (0.5 M EG added). (A) Ten charge and discharge cycles (#2
to #11 cycles) at constant current 25 mA (2.8 mA/cm2); (B) capacity versus cycle number; and (C) CE, EE and VE vs cycle number.

Figure 5. 1,1′-FcDS/2,7-AQDS RFB using 0.5 M H2SO4 as a supporting electrolyte. (A) Ten charge and discharge cycles (#2 to #11 cycles) at
constant current 25 mA (2.8 mA/cm2); (B) capacity versus cycling number; and (C) CE, EE, and VE vs cycling number.
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AQDS, when redox reactions take place, it is difficult to
penetrate a Nafion membrane, which is a cation-exchange
membrane. This leads to a low cross-over rate and high CE.
However, the cell voltage of the RFB is sacrificed because low
pH causes reduction potential of 2,7-AQDS shift to a higher
value (Table 2). Yet, EE stays at 80%, which is a high EE value
for a ferrocene-based aqueous RFB. The decay of capacity
(Figure 5B) is observed during the first 20 cycles and capacity
stays around 0.008 Ah thereafter. This capacity fading situation
is improved compared to the flow cell under basic/neutral
conditions (Figure 4B). Thus, the acidic environment stabilizes
the active species during the charge/discharge electrochemical
reactions and avoids the severe decrease of the RFB capacity.
Decomposition of the Electrolyte during Cell Cycling.

In order to determine what chemical process is taking place in
the RFB cell in the cycling experiments, we first characterized
the 1,1′-FcDS solution in acetate buffer after a typical series of
100 charge/discharge cycles. We isolated a red crystalline
material which we determined was basic iron(III) acetate. This
compound has a highly stable trimeric cluster structure
comprised six peripheral bridging acetate units binding the
triiron core and a central μ-oxo atom.32 The cluster is
monocationic and quite stable in aqueous solution. Addition-
ally, we investigated the UV−visible spectra of the solutions of
1,1′-FcDS in acetate buffer and in H2SO4 upon completion of
the cell cycling process. The spectra revealed mixtures of 1,1′-
FcDS and either iron acetate or Fe(III) ions for the acetate
buffer and H2SO4 conditions, respectively (see Supporting
Information, Figures S6 and S7).
We also recorded a series of CVs for the catholyte and

anolyte species after the 100 charge/discharge cycles had been
completed; the results are shown in Figure 6. While the data in
neutral 1 M NaNO3 (Figure 6A) did not show the presence of

a new redox species, under acidic conditions the CVs indicated
the transformation of the catholyte as indicated by the
appearance of additional peaks at more negative potentials
(Figure 6B,C). Because in the acetate buffer electrolyte the
formation of iron(III) acetate had been confirmed by X-ray
crystallography, we decided to record a CV for this compound
and compared it to the CV for the catholyte solution after the
cycling. The comparison of peak potentials confirmed a good
agreement, as shown in Figure 6B. This fact further confirms
our initial argument regarding the decomposition of 1,1′-FcDS
because of the nucleophilic attack by the acetate ions.
Interestingly, we were also able to confirm the nature of the
additional peaks for the catholyte, as shown in Figure 6C (0.5
M H2SO4). Based on the results, as shown in Figure 6B, we
suspected that the nucleophilic attack by the sulfate ions could
be responsible for the decomposition of the catholyte; a
recorded CV for iron(III) sulfate confirmed this (dashed line
in Figure 6C).

Solution Cross-over Rate Measurements. To inves-
tigate the performance of used the Nafion117 membrane and
the reason for large capacity fade for our RFB systems, we
surveyed the membrane by characterizing the permeability of
1,1′-FcDS (see Experimental Section for the details of the
procedure). The membrane shows excellent performance with
a low permeability of 1.67 × 10−9 cm2/s (Figure S15), which is
lower than the permeability of the Nafion117 membrane for
vanadium ions.3333 These results confirm that the cross-over of
1,1′-FcDS is not the main reason for large capacity loss.

■ CONCLUSIONS

Ferrocene-based catholyte materials are gaining increased
popularity; however, little is done to understand the

Figure 6. CVs of the catholyte (1,1′-FcDS) and anolyte (2,7-AQDS) after 100 cycles of charge/discharge. (A) Using 1 M NaNO3 as a supporting
electrolyte, scan rate: 30 mV/s; (B) using 2 M acetate buffer as a supporting electrolyte, dashed curve: CVs of iron(III) acetate in 2 M acetate
buffer, scan rate: 30 mV/s; and (C) using 0.5 M H2SO4 as supporting electrolyte, dashed curve: CVs of iron(III) sulfate in 0.5 M H2SO4, scan rate:
25 mV/s. In all experiments, working electrode: 3 mm dia. Glassy carbon, reference electrode: Ag|AgCl|KCl (2 M), counter electrode: platinum
wire.
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fundamentals of their operation under various conditions. This
paper investigates the behavior of one of such materials, 1,1′-
FcDS for potential RFB applications under neutral and acidic
conditions. The derivative of anthraquinone, 2,7-AQDS served
as the anolyte in all cases. Both compounds are highly soluble
because of their ionic nature, leading to the potential
fabrication of a device with high energy density. Additionally,
these materials are aqueous soluble, which from a green
chemistry perspective which is more preferable than organic
media.
The choice of all-anionic catholyte and anolyte was deemed

advantageous in that it would eliminate adsorption of the redox
species onto a cation-exchange Nafion membrane. Basic
electrochemical characterization (cyclic voltammetry) was
performed in three environments: neutral (1 M NaNO3) and
acidic (2 M acetate buffer pH 4.53 and 0.5 M H2SO4)
conditions, as well as with addition of EG, and the solubilities
of the catholyte and anolyte were measured.
By recording charge−discharge curves in neutral solutions

containing EG, we observed substantial capacity fading, which
we attributed to irreversible electrochemical behavior on the
anolyte side (formation of a radical anion). Trying to remedy
this issue, we performed the flow experiments in 2 M acetate
buffer solution (pH 4.53). To our surprise, we still observed
the decrease in capacity, but now the reason was in the
catholyte. Even though ferrocene derivatives are widely
regarded as highly reversible electrochemical systems, they
are prone to chemical transformations in RFB applications, in
this case, to a nucleophilic attack by acetate and sulfate ions,
while stable in the presence of nitrate. These findings are
fundamental to the development of RFB materials, and our
future work will address the uncovered instability of ferrocene
derivatives, as well as finding alternative anolyte candidates.
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