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ABSTRACT: In this study, we explored the extent to which
hydrotropes can be used to increase the aqueous solubilities of
redox-active compounds previously used in flow batteries. We
measured how five hydrotropes influenced the solubilities of five
redox-active compounds already soluble in aqueous electrolytes
(≥0.5 M). The solubilities of the compounds varied as a function
of hydrotrope type and concentration, with larger solubility
changes observed at higher hydrotrope concentrations. 4-OH-
TEMPO underwent the largest solubility increase (1.18 ± 0.04 to
1.99 ± 0.12 M) in 20 weight percent sodium xylene sulfonate. The
presence of a hydrotrope in solution decreased the diffusion
coefficients of 4-OH-TEMPO and 4,5-dihydroxy-1,3-benzenedisul-
fonate, which was likely due to the increased solution viscosity as opposed to a specific hydrotrope−solute interaction because the
hydrotropes did not alter their molecules’ hydraulic radii. The standard rate constants and formal potentials of both 4-OH-TEMPO
and 4,5-dihydroxy-1,3-benzenedisulfonate remained largely unchanged in the presence of a hydrotrope. The results suggest that
using hydrotropes may be a feasible strategy for increasing the solubilities of redox-active compounds in aqueous flow batteries
without substantially altering their electrochemical properties.

■ INTRODUCTION

Redox flow batteries are a promising approach for balancing
temporal differences between electrical supplies and demands
created by electricity production from intermittent renewable
resources (e.g., solar and wind).1−4 Redox flow batteries store
and produce energy using electrolytes containing soluble
redox-active compounds that are reversibly oxidized and
reduced at electrode surfaces.5,6 The main goal in developing
redox flow batteries is minimizing their costs, with the U.S.
Department of Energy having set a capital cost target of USD
$150 per kWh by 2023.7 First-generation redox flow batteries
used vanadium redox couples, which provided sufficiently high
aqueous solubilities and cell voltages but were expensive due to
the high price of vanadium.8 To decrease costs, researchers
began using organic redox-active compounds as opposed to
metal-based compounds.9−12 However, the energy densities of
organic-based aqueous redox flow batteries have been limited
by low solubilities of organic compounds in aqueous
electrolytes.1,12−14

To date, the main approach to increase the energy densities
of organic-based aqueous redox flow batteries has been to alter
the functional groups on organic compounds to tune their
solubilities, reduction potentials, and/or the number of
electrons transferred.14−18 For example, substituting and
repositioning the functional groups on quinone compound

shifted its reduction potentials by up to 1.17 V19 and increased
its solubility by over an order of magnitude.6,14,20 Similarly,
replacing methyl groups on methyl viologen with more
hydrophilic ammonium functional groups increased the
number of usable electron-transfer steps from 1 to 2.18,21

Although such molecular engineering techniques show
promising energy density improvements, they require organic
syntheses with multiple steps, which can be time consuming
and difficult to scale up.
An alternative, less studied approach to increase redox flow

battery energy densities is to amend the aqueous electrolyte
with a hydrotrope.15,16 Hydrotropes are amphiphilic organic
compounds most commonly used to increase the solubilities of
sparingly soluble organic molecules.22−28 Hydrotropes differ
from surfactants in that they do not form micelles,22,26 but the
mechanisms by which they promote solubilization remain a
topic of debate in literature.24,26,27 Two recent flow battery
studies used high concentrations of hydrotropes to successfully
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increase the aqueous solubilities of organic redox-active
compounds. The addition of 3.0 M hydrotrope nicotinamide
(vitamin B3) increased the aqueous solubility of flavin
mononucleotide from 0.1 to 1.5 M in 1.0 M KOH.16 In
another study, the addition of 4.0 M hydrotrope urea increased
the solubility of hydroquinone (benzene-1,4-diol) from 0.5 to
1.5 M in deionized water.15 In these studies, hydrotropes did
not change the formal reduction potential values of the
compounds. In the case of hydroquinone, urea did not
significantly alter its diffusion coefficient, and it slightly
decreased its standard rate constant.15 These results indicate
that hydrotropes may be an effective way to increase the
solubilities of organic redox-active compounds in aqueous
electrolytes when their initial solubilities are relatively low
(≤0.5 M). What remains unclear is whether hydrotropes can
also increase the solubilities of highly soluble redox-active
compounds (>0.5 M) and, if so, how hydrotropes alter the
electrochemical properties of the compounds.
The goal of this study was to identify promising

combinations of hydrotropes and redox-active organic
compounds that would increase the compounds’ solubilities
and to determine if their electrochemical properties would
change. We surveyed five redox-active organic compounds
previously used in aqueous redox flow battery studies: methyl

viologen (MeV),11 4-OH-TEMPO,11 anthraquinone-2,7-disul-
fonate (AQDS),13,29,30 4,5-dihydroxy-1,3-benzenedisulfonate
(BDS),29,30 and riboflavin-5′-monophosphate (FMN)16 (Fig-
ure 1A) in the presence of five different hydrotropes: sodium
xylenesulfonate (NaXS),22 sodium para-toluenesulfonate
(NapTS),22 proline,22 urea,15,28 and tert-butanol (TBA)31

(Figure 1B). We selected the five organic compounds because
they have shown promising electrochemical performance in the
past flow battery study when used with different electrolyte
conditions.11,13,16,29,30 We chose the five hydrotropes because
they were structurally diverse, they did not contain redox-
active functional groups, and they were previously shown to
increase the solubilities of hydrophobic organic compounds in
past studies.15,22,28,31

We examined that the organic molecules’ solubility changes
in the presence of different concentrations of hydrotropes,
ranging from 0 to 20 weight percent (wt %). Note that
hydrotrope concentrations are conventionally expressed in
units of weight percent in the literature.22 For the hydrotrope−
compound combinations that yielded the highest solubility
increases, we used experimental electrochemical tests to
determine how hydrotropes influenced the compounds’ formal

reduction potential (E0′), diffusivity of the electrochemically
active species (D), and the standard rate constant (k0). We

Figure 1. (A) Five redox-active organic compounds and (B) five hydrotropes used in this study.
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used a cyclic voltammetry fitting algorithm to model our

experimental data and determined values for E0′, D, k0, and the
transfer coefficient (α). We also conducted the linear sweep
voltammetry and electrochemical impedance spectroscopy
using a rotational disk electrode setup to experimentally
confirm the diffusion coefficient and standard rate constant
values determined from cyclic voltammetry fitting algorithm.

■ RESULTS AND DISCUSSION

Influence of Hydrotropes on Aqueous Solubilities.
The aqueous solubilities of the five redox-active compounds
varied as a function of hydrotrope type and concentration, with
larger solubility changes observed at higher hydrotrope
concentrations (Figure 2). The aqueous solubilities of the
redox-active compounds in the absence of a hydrotrope were
similar to previously measured values, except for FMN, which
was substantially more soluble in our study (1.3 M) than was
previously reported (0.1 M) (Table S1).11,16,29,32 Note the
background electrolytes used in our experiments differed
depending on the redox-active compound, as published redox
flow battery studies employing the compounds were operated
at different pH values (4-OH-TEMPO and MeV: 1 M KCl, pH
≈ 7; AQDS and BDS: 1 M H2SO4, pH ≈ 0; FMN: 1 M KOH,
pH ≈ 14).11,14,16,29 The solubility changes induced by a
hydrotrope differed for each redox-active compound. For
example, sodium xylenesulfonate (NaXS) significantly in-
creased the solubility of 4-OH-TEMPO from 1.18 ± 0.04 M
(0 wt %) to 1.99 ± 0.12 M (20 wt %), but NaXS significantly
lowered the solubilities of AQDS from 0.83 ± 0.03 M (0 wt %)
to 0.39 ± 0.06 M (20 wt %) and BDS from 0.52 ± 0.01 M (0
wt %) to 0.03 ± 0.05 M (20 wt %). In contrast, proline,
another hydrotrope, exhibited the opposite trend; it increased
the solubilities of BDS from 0.52 ± 0.01 M (0 wt %) to 0.88 ±
0.02 M (20 wt %) and of AQDS from 0.83 ± 0.03 M (0 wt %)
to 1.05 ± 0.23 M (15 wt %), and it decreased the solubility of
4-OH-TEMPO (Figure 2A,D,E). Unlike the other redox-active

compounds, MeV did not undergo substantial solubility
changes in the presence of the hydrotropes (Figure 2B),
which may be due to it having a higher aqueous solubility
(2.69 ± 0.01 M) than the other compounds. Note we express
the concentration of the hydrotrope using wt % due to the use
of this convention in the hydrotrope literature.22 A figure
containing hydrotrope concentrations expressed in terms of
molarity is in the SI (Figure S1).
The magnitude and direction of hydrotrope-induced

solubility changes varied as a function of both the redox-
active compound and the hydrotrope, which is consistent with
observations made for sparingly soluble organic compounds
solubilized by hydrotropes.27,33−37 The lack of a universal
trend is likely a consequence of multiple factors. First,
hydrotropes are known to interact with and solubilize organic
compounds via specific molecular interactions, such as π−π
interactions, with the strength of the specific attractive (or
repulsive) forces depending on the chemical structures of the
hydrotrope and compound.24,33 Second, the electrolyte
composition and solution pH values likely influenced hydro-
trope−compound interactions. We used different pH values for
different redox-active compounds, which could affect the
hydrogen bonding and alter the structures of hydrotropes that
undergo acid−base reactions [NaXS pKA (for 3,4-dimethyl-
benzenesulfonate): 10.36;38 proline pKA,1: 2.0, pKA,2: 10.6;

39].
Third, the solubilities of AQDS and BDS may have been
decreased in the presence of NaXS or NapTS because both of
these organic compounds are known to precipitate as sodium
salts at low pH values.29

We observed that the largest solubility increases for (a) 4-
OH-TEMPO in the presence of the hydrotropes NaXS,
NapTS, and urea and (b) BDS in the presence of the
hydrotrope proline (Figure 2). Consequently, we focused on
these compound−hydrotrope combinations in our subsequent
experiments to understand how hydrotropes that increase the
solubilities of redox-active organic compounds influence the

Figure 2. Aqueous solubilities of redox-active compounds as a function of hydrotrope concentration and type. The following acronyms are used in
the figure; MeV: methyl viologen, FMN: riboflavin-5′-monophosphate, AQDS: anthraquinone-2,7-disulfonate, BDS: 4,5-dihydroxy-1,3-
benzenedisulfonate, NaXS: sodium xylenesulfonate, NapTS: sodium para-toluenesulfonate, and TBA: tert-butanol. Error bars represent the
standard deviation for measurements made from triplicate reactors. Supporting electrolyte compositions: 1 M KCl (4-OH-TEMPO and MeV), 1 M
KOH (FMN), and 1 M H2SO4 (AQDS and BDS).
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compounds’ formal reduction potential values, diffusion
coefficients, and interfacial electron-transfer kinetics.
Influence of Hydrotropes on 4-OH-TEMPO Electro-

chemical Parameters. We used cyclic voltammetry to
examine how the presence of NaXS, NapTS, and urea

influenced E0′, D, and k0 of 4-OH-TEMPO (Figure 3A),

which undergoes a single reversible electron-transfer reaction
at circumneutral pH values to form an oxidized radical species

(E0′ = 0.59 V vs Ag/AgCl,11 Figure 3B). The presence of the

hydrotrope did not influence E0′ values (no hydrotrope: 0.59 ±
0.00 V vs Ag/AgCl, 20 wt % NaXS: 0.59 ± 0.01 V, 20 wt %
NapTS: 0.59 ± 0.00 V, 20 wt % urea: 0.59 ± 0.00 V),
indicating that hydrotropes did not preferentially alter
solvation energies (ΔGsolv

0 ) of the reduced or oxidized forms
of 4-OH-TEMPO.40 In control experiments lacking 4-OH-
TEMPO, we confirmed that hydrotropes did not undergo any
electron-transfer reactions over the same potential window
(Figure S2). All four CVs were reversible at a scan rate of 10
mV/s. We calculated peak separation values, and they were
close to the theoretical value for a reversible one-electron
redox reaction at neutral pH (peak separation: no hydrotrope:
60 mV, 20 wt % NaXS: 62 mV, 20 wt % NapTS: 61 mV, 20 wt
% urea: 63 mV), indicating that the standard reaction rate
constant (k0) was sufficiently large relative to the diffusivities of
both reduced and oxidized form of 4-OH-TEMPO (Dred and
Dox) to achieve reversible electron-transfer kinetics in the
presence and absence of hydrotropes.41 We found that peak
currents were lower in the presence of a hydrotrope relative to
the control condition lacking a hydrotrope (Figure 3A), which
indicated that hydrotropes decreased the diffusivity of both 4-
OH-TEMPO and the oxidized 4-OH-TEMPO species.
We collected CVs for each solution at several scan rates

(0.001, 0.01, 0.05, 0.1, 0.5, and 1 V/s) to quantify the D and k0

values of 4-OH-TEMPO in the presence and absence of a
hydrotrope. We background subtracted the capacitive current
from voltammograms using data collected for otherwise
identical solutions lacking the redox-active compound and
fitted the CVs of all scan rates simultaneously to a finite-
element model described in the experimental section (Figure
4). We confirmed the accuracies of the values determined from
the CVs for a subset of the conditions by performing linear
sweep voltammetry measurements (LSV) using a rotating disk
electrode cell and electrochemical impedance spectroscopy
(EIS). The main advantage of performing cyclic voltammetry

Figure 3. (A) Cyclic voltammograms of 1 mM 4-OH-TEMPO in 1 M
KCl, 20 wt % urea, 20 wt % NapTS, and 20 wt % NaXS at v = 10 mV/
s. The aqueous portions of hydrotrope solutions contained 1 M KCl.
(B) Half-reaction of 4-OH-TEMPO.

Figure 4. CV experimental results (solid lines) and simulation fits (dashed lines) for 1 mM 4-OH-TEMPO in (A) 1 M KCl, (B) 20 wt % urea in 1
M KCl, (C) 20 wt % NapTS in 1 M KCl, and (D) 20 wt % NaXS in 1 M KCl. The best-fit simulation parameters are provided in Table S2.
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experiments over rotating disk electrode experiments was that
CV measurements could be made with far smaller sample
volumes.
We confirmed that the diffusion coefficient for 4-OH-

TEMPO (Dred) was moderately larger in the absence of a
hydrotrope (7.00 ± 0.24 × 10−6 cm2/s) than in cases in which
20 wt % hydrotrope was present (NaXS: 3.33 ± 0.04 × 10−6

cm2/s, NapTS: 4.27 ± 0.14 × 10−6 cm2/s, urea: 5.90 ± 0.07 ×
10−6 cm2/s) from CV fitting results (Table 1). We observed
the same trend of Dred values decreasing in the presence of a
hydrotrope in the LSV data, although the absolute Dred values
were all calculated to be slightly higher (no hydrotrope: 10.53
× 10−6 cm2/s, NaXS: 6.63 × 10−6 cm2/s, NapTS: 8.53 × 10−6

cm2/s, Table 1). The Dred values measured in the absence of a
hydrotrope (CV: 7.00 ± 0.24 × 10−6 cm2/s, LSV: 10.53 × 10−6

cm2/s) both agree well with previously reported values in
aqueous solutions (7.7 × 10−6,42 11.5 × 10−6,43 29.5 × 10−6

cm2/s11). The diffusion coefficients for the oxidized 4-OH-
TEMPO radical (Dox) were calculated to be slightly smaller or
approximately the same as the Dred values for each of the
solutions tested (Table 1). There were not any significant

differences between the E0′ or the transfer coefficient (α)
values fitted from the CVs in the absence or presence of a
hydrotrope (Table S2).
The observation that the presence of a hydrotrope decreased

Dred values was likely a consequence of hydrotropes increasing
the solution viscosity, as opposed to the hydrotrope actively
altering the mobility of 4-OH-TEMPO. According to the
Stokes−Einstein equation, which describes the movement of
spherical particles, diffusion coefficients are inversely propor-
tional to the solution viscosity

D
k T

r6
b

πμ
=

(1)

where kb is the Boltzmann constant, T is the thermodynamic
temperature, μ is the dynamic viscosity of the solution, and r is
the molecular radius. We measured the viscosities of each
solution in the absence of a hydrotrope (9.1 × 10−4 Pa·s) and
in the presence of 20 wt % NaXS (1.8 × 10−3 Pa·s) or NapTS:
(1.9 × 10−3 Pa·s). Using these values, we calculated the
hydraulic radius of 4-OH-TEMPO based on Dred from the CV
data, μ, and T (298K) for the three solutions. The calculated
hydraulic radii of 4-OH-TEMPO were similar for all of the
solutions (no hydrotrope: 3.3 Å, NaXS: 3.7 Å, NapTS: 2.7 Å),
indicating that the hydrotrope did not actively alter the
hydrated radius of 4-OH-TEMPO via molecular interactions.
We quantified k0 values for 4-OH-TEMPO in each of the

solutions by fitting the CV data collected with a glassy carbon
electrode (Table 1). The data generally showed that the
presence of a hydrotrope slightly increased the k0 values,

although the differences were near the experimental errors. For
a subset of the experimental conditions, we also quantified k0

values using the LSV data (Figures S3 and S4)44 and EIS
measurements (Figure S5). The k0 values agreed well among
the techniques, with the CV values being slightly larger than
those obtained with the other two techniques (Table 1). The
k0 value measured in the absence of a hydrotrope (CV value:
0.35 ± 0.14 cm/s) was approximately an order of magnitude
higher than a previously reported value measured in an
aqueous electrolyte using a glassy carbon working electrode
(0.0157 cm/s).43 The reason for the discrepancy among the
values measured here and the value reported in the previous
study remains unclear.
No previous studies have examined how hydrotropes

influence k0 values, but insights can be gained from comparing
the observations reported here and the previous studies
examining the effects that surfactants have on k0 values. In
contrast to our observations, surfactants can have a large
impact on k0 values, with changes scaling up to 2 orders of
magnitude in either direction.45 In the case of the surfactants,
the direction and scale of the effect appear to depend both on
the nature and strength of electrostatic and hydrophobic
interactions between the surfactant and solute.45−48 The lack
of a substantial change in k0 values observed here suggests that
4-OH-TEMPO does not strongly interact with the hydrotropes
studied, consistent with the hydrotropes having a minimal

impact D or E0′ values.
Influence of Hydrotrope on BDS. We characterized the

electrochemical properties of BDS (Figure 5A) in the presence
of the hydrotrope proline to determine if the trends observed
for 4-OH-TEMPO also applied to another hydrotrope redox-
active compound combination. BDS coupled with hydrotrope
proline yielded the largest solubility increase in BDS (Figure
2E). The compound BDS is known to undergo a two-electron-
transfer reaction in acidic solutions (Figure 5B).29,49 The cyclic
voltammograms collected in the presence and absence of

proline demonstrated that proline did not alter E0′ (0.71 ±
0.01 V vs Ag/AgCl for both solutions, Figure 5B), indicating
that proline did not preferentially alter the solvation energies
(ΔGsolv

0 ) of the reduced or oxidized forms of BDS.40 In a
control CV experiment lacking the redox-active compound
BDS, we confirmed that proline itself did not undergo any

electron-transfer reaction (Figure S2). Note the E0′ value
measured here in 1 M H2SO4 (0.70 V vs Ag/AgCl) was slightly

higher than a previously reported E0′ value (0.64 V vs Ag/
AgCl) measured in 1 M H2SO4.

29,49 The CVs collected at a
scan rate of 10 mV/s showed a quasi-reversible current
response with large peak separations (peak separation: no
hydrotrope: 251 mV, proline: 257 mV), indicating that k0 was

Table 1. Calculated Dred, Dox, and k0 Values for 4-OH-TEMPO Collected from CV, LSV, and EIS Experimentsa

Dred [cm
2/s] Dox [cm

2/s] k0 [cm/s]

electrolyte CV LSV CV LSV CV LSV EIS

1 M KCl 7.00 ± 0.24 × 10−6 10.53 × 10−6 6.82 ± 0.32 × 10−6 6.03 × 10−6 0.35 ± 0.14 0.09 ± 0.07 0.08 ± 0.00
20 wt % NaXS 3.33 ± 0.04 × 10−6 6.63 × 10−6 3.50 ± 0.11 × 10−6 3.76 × 10−6 0.48 ± 0.19 0.12 ± 0.11 0.29 ± 0.11
20 wt % NapTS 4.27 ± 0.14 × 10−6 8.53 × 10−6 4.92 ± 0.15 × 10−6 4.40 × 10−6 0.95 ± 0.07 0.32 ± 0.33 0.12 ± 0.01
20 wt % urea 5.90 ± 0.07 × 10−6 5.55 ± 0.12 × 10−6 0.78 ± 0.16

aThe CV experiments were conducted with an initial 4-OH-TEMPO concentration of 1 mM. The LSV and EIS experiments were conducted with
1 mM 4-OH-TEMPO and 1 mM-oxidized 4-OH-TEMPO radical. The solutions contained 1 M KCl, 20 wt % NaXS in 1 M KCl, 20 wt % NapTS
in 1 M KCl, or 20 wt % urea in 1 M KCl.
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not sufficiently large relative to Dox and Dred values to achieve
fully reversible electron-transfer kinetics.41 The high-peak
separation value aligned with a literature reported value at
the same scan rate (280 mV).49 The decreases in the peak
current heights in the presence of a hydrotrope also suggested
that the hydrotrope decreased both Dox and Dred values.
We used the same approach as for 4-OH-TEMPO, in which

we simultaneously fit cyclic voltammograms collected at
several scan rates to determine D values for BDS in the
presence and absence of proline (Figure 6). The diffusion
coefficient for BDS (Dred) in the absence of a hydrotrope (3.85
± 0.21 × 10−6 cm2/s) was larger than the value in 15 wt %
proline (1.97 ± 0.04 × 10−6 cm2/s) (Table 2). The LSV data
corroborated this trend, although Dred values were approx-
imately twice as large when calculated from LSV data (no
hydrotrope: Dred,LSV: 4.88 × 10−6 cm2/s, proline: Dred,LSV: 2.33
× 10−6 cm2/s) (Table 2). In addition, we observed in the CV
simulation results that in both solutions, Dox was smaller than
Dred. The difference between BDS’s Dred and Dox was reflected
on the voltammograms’ peak currents in each scan direction,
where the peak current in the oxidation side was higher than

the value of the peak current in the reduction side (Figure 5A).
When fitting CV curves, we tested if a chemical degradation
reaction of oxidized BDS caused the lower peak current during
reduction relative to the oxidation peak, but adding a chemical
reaction to the model did not improve the quality of the fit or
the fitted electrochemical parameters (Figure S6, Table S3).
The Dred values we measured in 1 M H2SO4 (Dred, CV: 3.85 ±
0.21 × 10−6 cm2/s, Dred, LSV: 4.88 × 10−6 cm2/s) were both
comparable to previously reported values in 1 M H2SO4 (5.1 ×
10−6,49 3.8 × 10−6 cm2/s13). We did not observe a significant

difference between the E0′ and α value from the fitting results
with and without the presence of a hydrotrope (Table S3). We
confirmed that the reason D decreased in the presence of the
hydrotrope was most likely a consequence of proline increasing
the solution viscosity, as the radii of BDS in both solutions
calculated with eq 1 were approximately equal (no hydrotrope:
5.8 Å, proline: 6.6 Å).
We quantified k0 values for BDS using the CV and LSV data

(Table 2, Figures S7 and S8). The CV data yielded the similar
k0 values in the presence and the absence of proline (no
hydrotrope: 1.73 ± 0.10 × 10−5 cm/s, 15 wt % proline: 2.06 ±
0.07 × 10−5 cm/s; Table 2), while from our LSV experiment,
BDS’s k0 was found to decrease from 20.4 ± 8.5 × 10−5 cm/s
in the absence of a hydrotrope to 9.8 ± 3.6 × 10−5 cm/s in 15
wt % proline. The reaction rate constant value reported for
quinone compounds in 1 M H2SO4 was in the range of 10−3−
10−4 cm/s,13,29 which was close to our calculated heteroge-
neous rate constant (kh) value of BDS in the absence of a
hydrotrope from the LSV data (1.52 ± 0.46 × 10−4 cm/s).
Collectively, the data indicated that proline slightly decreased
k0 on a glassy carbon electrode.

Implications for Flow Batteries. The solubility experi-
ments indicated that hydrotropes can increase the solubilities
of redox-active compounds relevant to aqueous redox flow
batteries. There was not a general trend in how each
hydrotrope influenced the solubilities of the redox-active
compounds, as each compound−hydrotrope combination
yielded different degree of solubility change, consistent with
past studies examining the solubilization of organic compounds
using hydrotropes.27,33−37 We successfully demonstrated that
the hydrotrope NaXS could increase the solubility of 4-OH-
TEMPO by 69%, indicating that the theoretical energy storage
density of the aqueous redox flow battery using 4-OH-TEMPO
as the electroactive species could be significantly improved.
Our electrochemical data indicated that for 4-OH-TEMPO
and BDS, the hydrotropes tested had only a minor impact on
their electrochemical properties. For both 4-OH-TEMPO and
BDS, the addition of a hydrotrope slightly decreased both Dox
and Dred values, which was likely caused by the hydrotropes

Figure 5. (A) Cyclic voltammetry of 1 mM 4,5-dihydroxy-1,3-
benzenedisulfonate (BDS) in 1 M H2SO4 and 1 M H2SO4 with 15 wt
% proline. v = 10 mV/s. (B) Half-reaction of BDS.

Figure 6. CV simulation and experiment result of 1 mM BDS in (A) 1 M H2SO4 and (B) 15 wt % proline in 1 M H2SO4.
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increasing solution viscosities. With respect to k0, 4-OH-
TEMPO’s value slightly increased in the presence of
hydrotropes, while the BDS’s value slightly decreased.
Compared to molecular modification techniques, amending
the solution with hydrotropes had less of an effect on a redox-
active compound solubility,50 but it offered an alternative
means for achieving solubility changes without substantially
altering the reactivities of the compound. On a practical level,
the presence of a hydrotrope will increase the solution
viscosity, which would increase pumping costs in a flow
battery.

■ EXPERIMENTAL SECTION
Chemicals. All of the chemicals used were used without

further purification. The five redox-active organic molecules
studied were 4-OH-TEMPO free radical (>98%, Alfa Aesar),
methyl viologen (98%, Acros Organics), riboflavin-5′-mono-
phosphate (>93%, Tokyo Chemical Industry Co.), anthraqui-
none-2,7-disulfonate (>97%, Tokyo Chemical Industry Co.),
and 4,5-dihydroxy-1,3-benzenedisulfonate (97%, Sigma-Al-
drich). The five hydrotropes used were proline (99%, Alfa
Aesar), sodium xylenesulfonate (NaXS) (<9.0% sodium
sulfate, Sigma-Aldrich), sodium para-toluenesulfonate
(NapTS) (99%, Spectrum), urea (GR for analysis, Sigma-
Aldrich), and tert-butanol (TBA) (≥99.0%, Sigma-Aldrich).

We electrochemically oxidized 4-OH-TEMPO radical (E0′ =
0.59 V vs Ag/AgCl) to 4-OH-TEMPO+ for use in electro-
chemical tests with a custom-made glassy carbon bulk
electrolysis cell by applying a potential of 0.75 V vs Ag/AgCl
(MF-2056, BASi) for 5−10 h, depending on the solution
concentration. The conversion of 4-OH-TEMPO radical to 4-
OH-TEMPO+ was monitored by stopping the electrochemical
oxidation reaction once per hour and measuring the open-
circuit potential. It was stopped when the open-circuit
potential reached 0.72 V vs Ag/AgCl, which indicated that
99% of the 4-OH-TEMPO radical in the solution had been
converted to 4-OH-TEMPO+ according to the Nernst
equation

E E
RT
nF

Qln0= −
(2)

where E is the cell potential, E0 is the formal reduction
potential, R is the universal gas constant, n is the number of
electrons transferred, F is the Faraday constant, T is the
temperature, and Q is the reaction quotient (in this case:

4 OH TEMPO
4 OH TEMPO

− −
− − +).

Solubility Measurements. All experiments were con-
ducted with deionized water having a resistivity >18 MΩ·cm.
The solubility experiments were all performed in triplicate,
with reported errors representing the standard deviations
among them. The hydrotropic solvents were made gravimetri-
cally by combining the hydrotrope salt or liquid with 1 M KCl,
1 M H2SO4, or 1 M KOH, depending on the organic
compounds used. The maximum hydrotrope weight percent-

age was limited to 20 wt % because in the preliminary
experiments, we observed phase separations when using higher
hydrotrope concentrations and 1 M KCl. All hydrotrope
solutions were equilibrated at least 24 h prior to the solubility
experiments. After equilibration, an excess of a redox-active
compound was added, allowed the solutions to equilibrate for
at least 24 h, and then measured the concentration. The
solubility tests on AQDS were not performed with the
hydrotrope urea or TBA because we ran out of 97% purity
AQDS compounds, and it was no longer commercially
available.
The solubilities of each organic compound in each solution

were measured using UV−vis spectroscopy (PerkimElmer
Lambda35 UV−vis Spectrophotometer; UV-1800, Shimadzu
USA MFG INC.). The PerkimElmer Lambda35 UV−vis was
used for experiments with NaXS, NapTS, and proline, and the
UV-1800 instrument was used for experiments with urea and
TBA. The reason for the switch between instruments was that
the Lambda35 stopped working over the course of the
experiments. For all solubility measurements, a small volume
(∼10 μL) from the top layer of each saturated solution without
any visible undissolved suspended solids presented was taken,
then got diluted 10 000-fold with DI water prior to
measurements to decrease the absorbance to a value within
our standard curves. For a subset of the solutions, the initial
sample was filtered through a 0.2 μm PTFE syringe filter prior
to the dilution step to rule out the possibility that the samples
contained suspended particulate material. Filtering the samples
had a negligible effect on the measured solubility values. The
dilution step decreased the hydrotrope concentration in our
measured solutions, which was important because some
hydrotropes had overlapping absorbances with some of the
redox-active compounds. No hydrotrope peaks were present in
the UV−vis spectra in control measurements lacking the
redox-active compounds. The wavelengths used to record peak
absorbances for each compound were as follows: MeV: 258
nm, 4-OH-TEMPO: 243 nm, AQDS: 328 nm, BDS: 291 nm,
and FMN: 446 nm. The molar attenuation coefficient for each
compound was calculated from our standard curves using the
Beer−Lambert Law (MeV: 1.35 ± 0.17 × 103 m2/mol, 4-OH-
TEMPO: 2.45 ± 0.10 × 102 m2/mol, AQDS: 6.04 ± 0.21 ×
102 m2/mol, BDS: 3.50 ± 0.33 × 102 m2/mol, and FMN: 7.30
± 0.85 × 102 m2/mol).51 The calibration curves for each
compound are provided in the Supporting Information (Figure
S9).

Cyclic Voltammetry. Cyclic voltammetry experiments
were conducted using a CH Instruments potentiostat (model
630E) in a three-electrode cell containing a glassy carbon
working electrode (BASi MF-2012, 3 mm diameter, area =
0.0707 cm2), an Ag/AgCl reference electrode in 3 M KCl
(BASi MF-2056), and a platinum wire counter electrode.
Before each experiment, the working electrode was polished
with 0.05 μm of alumina particles on the microcloth pad and
then rinsed with DI water and methanol. For 4-OH-TEMPO,
the pH of all electrolytes containing a hydrotrope was

Table 2. CV Simulation Fitting Results of 1 mM BDS in 1 M H2SO4 and 15 wt % Proline Solutionsa

Dred [cm
2/s] Dox [cm

2/s] k0 [cm/s]

electrolyte CV LSV CV LSV CV LSV

1 M H2SO4 3.85 ± 0.21 × 10−6 4.88 × 10−6 3.67 ± 0.86 × 10−6 1.73 ± 0.10 × 10−5 20.42 ± 8.53 × 10−5

15 wt % proline 1.97 ± 0.04 × 10−6 2.33 × 10−6 2.94 ± 0.15 × 10−6 2.06 ± 0.07 × 10−5 9.84 ± 3.63 × 10−5

aLSV fitting results of 2 mM BDS in 1 M H2SO4 and 15 wt % proline solutions in 1 M H2SO4.
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readjusted to pH = 7.0 using 1 M HCl solution. For BDS, the
pH of the electrolytes containing a hydrotrope was readjusted
to ∼0 using 2.5 M H2SO4. For each organic compound, the
triplicate CVs were collected in scan rates of 0.001, 0.01, 0.05,
0.1, 0.5, and 1 V/s. For each scan rate, three cycles of CV data
were collected. The CV data without the redox-active organic
compound in otherwise identical electrolytes using the same
scan rates were also collected to subtract out the background
capacitive current from data.
A finite-element model describing the reactions during cyclic

voltammetry was created using the method described in Bard
and Faulkner.41 1D finite-element analysis was used with
uniform space (Δx) and time (Δt) discretization to solve the
concentrations of the oxidized (co) and reduced (cr) species as
functions of time and distance from the electrode. The
concentrations followed Fick’s second law of diffusion in one
dimension

c x t
t

D
c x t

x
d ( , )

d
d ( , )

d
m

m
m

2

2=
(3)

where Dm is the diffusion coefficient of species m. For the
boundary condition farthest from the electrode, xn,max, we held
the concentration constant at the starting bulk concentration;
we modeled a sufficiently large distance from the electrode
(>0.5 cm) such that this boundary condition had no impact on
the simulated voltammograms. For the electrode boundary
condition, x0, the electrochemical reactions at the electrode
surface were modeled as first-order reactions. The rate
constants for the forward (reduction) reaction and backward
(oxidation) reaction, kf and kb, respectively, were defined as in
the Butler−Volmer equation

k t k E t E nF( ) exp( ( ( ) ) )f
0 0α= − − ′

(4)

k t k E t E nF( ) exp( (1 )( ( ) ) )b
0 0α= − − ′

(5)

where k0 is the electrochemical rate constant (cm/s), α is the
unitless charge-transfer coefficient, n is the number of electrons

transferred, E(t) is the electrode potential at time t, E0′ is the
formal reduction potential, and F is Faraday’s constant. We
solved Fick’s first law of diffusion to obtain the flux of species
m at the surface, Jm(t)

J t D
c x x t

x
( )

d ( , )
dm m

m 0= −
=

(6)

Given the flux of the oxidized species at the electrode, the
current due to the electrochemical reaction ı (̂t) was defined by
Faraday’s law of electrolysis

t
A

nFJ t
( )

( )o
ı ̂

= −
(7)

The CV simulation was written as a function with the
following inputs: the diffusion coefficients of the oxidized and

reduced species (Do, Dr), E
0′, k0, α, uniformly spaced E(t), scan

rate (ν), and total concentration. It was assumed that for a
voltammogram that started with an increasing electrode
potential, the starting concentration of the reduced species
for all space was equal to the total concentration. The
simulation then solved the set of differential equations to
return the current density (mA/cm2) for three consecutive
cycles. The third cyclic voltammogram was compared to the
experimentally collected third scan of the cyclic voltammogram

after background subtracting the capacitive current that was
experimentally measured under identical conditions.
The simulation was regressed through repeated cycles to

find the values of Do, Dr, E
0′, k0, and α whose simulation

current, i(̂t), best fit the background-subtracted experimental
current, i(t), data. The data were fitted for all scan rates
simultaneously using a single objective function. The best-fit

values for Do, Dr, E
0′, k0, and α were those that minimized the

weighted sum of a squares error function, WSSE

i t i t w tWSSE ( ( ) ( )) ( )
j

j j j
dataset

2∑= ̂ − *
∈ (8)

where the weight, w, at time tj was defined as the following
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In eq 9, X tmax( ( ))k
k jν ν=

refers to the maximum value of variable

X among the set of time points tk that have the same scan rate
as the point tj. For example, if tj was obtained from a CV with a
scan rate 0.05 V/s, i tmax( ( ) )k

k j

| |
ν ν=

would be the maximum

absolute value of the current from that CV. Conceptually, this
weighting function is the product of (a) the inverse of the
absolute value of maximum current obtained for that scan rate
and (b) the normalized second derivative of current with
respect to voltage at that time point. Part a of the weighting
factor accounts for the increase in the current magnitudes with
the scan rate, preventing it from overprioritizing the quality of
fit to higher scan rates, where the same percent error yields a
larger sum of squares error. Part b of the weighting factor
prioritizes the quality of fit to the peaks in the voltammogram,
which are the most characteristic features in a CV with a
Faradaic reaction. The second derivative at a given time index j
is approximated by fitting the 15 points around it in the same
scan direction {j − 7, j − 6, ..., j + 7} to a parabola and taking
the second derivative of the parabola. The WSSE objective
function was minimized using a genetic algorithm (GA package
v.3.2 in R v.4.0.3).52,53 Convergence was defined as 20
generations where the minimum value is unchanged or after a
maximum of 80 generations.
The uncertainties of fitting parameters were approximated

using a jack-knifing method that treated each scan rate as an
independent sample. Instead of regressing the simulation to
the entire data set, we regressed it to the partial data set, where
one scan rate was removed. This was repeated for all possible
partial data sets in which only one scan rate was removed,
producing a set of fitting parameters. The standard deviation of
this set of fitting parameters was treated as an estimate for the
standard error of the best fit.54

For BDS, the simulation was adjusted to include a term for
the decomposition of the oxidized species to determine if
including degradation improved the model’s quality of fit. The
degradation was modeled as a first-order reaction

c x t t c x t t
k

t
c x t( , ) ( , ) ( , )n n no o

d
o* + Δ = + Δ −

Δ (10)

where co*(x,t) is the modified value of the concentration in the
absence of a reaction, co(x,t), to include the spontaneous
reaction. In these trials, including this term did not significantly
improve the quality of the fits and did not significantly change
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the values for Do, Dr, E
0′, k0, α, so we did not include it in the

reported best-fit parameters.
Electrochemical Impedance Spectroscopy and Linear

Sweep Voltammetry. Electrochemical impedance spectros-
copy (EIS) and linear sweep voltammetry (LSV) experiments
were conducted with Gamry potentiostat (REF 600P) in a
three-electrode cell: a glassy carbon rotation disk electrode (5
mm diameter Teflon-encased glassy carbon disk, Pine Research
Instrument), a Ag/AgCl reference electrode (MF-2056, BASi),
and a platinum wire counter electrode. Before each experi-
ment, the electrode was polished using the same protocol as
described for cyclic voltammetry experiments. For EIS and
LSV experiments with 4-OH-TEMPO, the solutions used were
1 mM radical 4-OH-TEMPO and 1 mM 4-OH-TEMPO+

dissolved in 1 M KCl, 20 wt % NaXS, or 20 wt % NapTS. The
known concentrations of both 4-OH-TEMPO species
facilitated the calculation of exchange current density

R
RT
nFjct

0

=
(11)

where Rct is the charge-transfer resistance in Ω and j0 is the
exchange current density in A/cm2 (electrode area: 0.196
cm2). The EIS experiment for 4-OH-TEMPO was conducted
in an open-circuit potential, with a rotation rate of 2500 rpm,
an amplitude of 10 mV, and frequencies between 0.5 and
100 000 Hz. The Nyquist plot was fitted using Electrochemical
Impedance Spectroscopy Software from Gamry to quantify Rct,
which was then used to calculate j0 according to eq 11. Then, j0
was used to calculate the electrochemical rate constant (k0)
assuming that α was 0.5 (note that the α values from our CV
simulation results were close to 0.5; Tables S3 and S4)

j Fk C C( )0
0

ox
1

red= α α−
(12)

The LSV experiments for 4-OH-TEMPO were carried out at
a scan rate of 10 mV/s, and the electrode was rotated at 1500,
1750, 2000, 2250, and 2500 rotations per minute (rpm). The
cutoff voltages were set to 0.3 and 0.9 V vs Ag/AgCl. The
oxidizing and reducing limiting currents were measured at 0.88
and 0.30 V, respectively. The kinetically dominated currents
were selected at overpotentials than 0.05 V. Both the limiting
current and the kinetically dominated current were fitted
against reciprocal of the square root of rotation rate (rad/s)
according to the Koutecky−Levich equation44

I nF r D C nF r k C
1 1

0.62
1

2 2/3 1/6 1/2 2
hπ ν ω π

= +− (13)

where D is the diffusion coefficient, ν is the kinematic viscosity,
C is the bulk concentration, ω is the rotation rate, η is the
overpotential, and kh is the heterogeneous rate constant for
electron transfer, defined as

k k
F

RT
exph

0 α η= [ − ]
(14)

The first half of eq 13 describes the mass transfer dominated
limiting currents, and the second half describes the kinetically
dominated (cathodic and anodic) currents. The current was
fitted using eq 13 to yield a linear plot, with the slope of

nF r D C
1

0.62 2 2/3 1/6π ν− and intercept of
nF r k C

1
2

hπ
, where r was 0.25 mm.

By fitting limiting currents and kinetically dominated currents
against the reciprocal of the square root of the rotation rate, D

and kh values of both radical 4-OH-TEMPO and 4-OH-
TEMPO+ were calculated from the slope and intercept values.
For BDS, LSV experiments were conducted using solutions

containing 2 mM BDS in 1 M H2SO4 and 15 wt % proline.
The rotation rates applied for BDS’s LSV experiments were
500, 750, 1000, 1250, and 1500 rpm. Because the solution
started with only the reduced species, we only recorded
oxidizing limiting currents at 1.15 V and kinetically dominated
anodic currents at overpotential <0.05 V. The diffusion
coefficient of reduced BDS species was calculated using eq
13 using the same approach as described above for 4-OH-
TEMPO.

Viscosity Measurements. The viscosities of 1 M KCl, 20
wt % NaXS, and 20 wt % NapTS were measured using a
rotational rheometer (RFS3) with concentric cylinder
geometry with a shear rate from 10 to 100/s (Table S4).
The viscosities of 1 M H2SO4 and 15 wt % proline were
measured using a Ubbelohde glass viscometer (CUC-50
CANNON-Ubbelohde calibrated) (Table S4).
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