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ionic conductivity, good membrane perfor-
mance) and has been used in the largest-
scale flow batteries installed to date[1,4] 
using inorganic electrolytes, such as 
vanadium salts.[5] Compared to inorganic 
compounds, organic electrolytes hold the 
promise of near-limitless availability and 
(bio)degradability into benign products.[6,7] 
One class of redox-active organic com-
pounds that has attracted much research 
is quinones, which undergo 2e−/2H+ 
reduction over a wide range of potentials 
based on their ancillary substitution.[8–11] 
It is thus possible to select two quinones 
with different reduction potentials as the 
low- and high-potential mediators in a 
RFB (Scheme 1).[12]

Anthraquinone derivatives, such as anthraquinone-2,7-disul-
fonate (AQDS), have proven to be quite effective as low-poten-
tial (anodic) electrolytes, and they have been paired with both 
organic and inorganic high-potential (cathodic) electrolytes 
in aqueous RFBs.[10,13–19] The lower stability of high poten-
tial quinones has limited the utility of quinone-based catho-
lytes, as revealed by studies with the parent benzoquinone,[20] 
as well as benzoquinones bearing substitutents that increase 
their aqueous solubility[14–18] (inter alia, compounds 1–3 in 
Scheme  2). Benzoquinones are reactive electrophiles, and 
they are capable of undergoing Michael addition with various 
nucleophiles, including water, as well as oligomerization.[14,15,21] 
Recognition of this issue provided the basis for Narayanan 
and co-workers to develop the trisubstituted quinone 3, which 
exhibits considerably improved stability relative to previously 
reported derivatives 1 and 2 (Scheme 2).[14]

We recently reported the design of tetra-substituted qui-
nones containing four sulfonated thioether substituents, com-
pounds 4 and 5, which display substantially enhanced stability 
relative to quinones 1–3 in preliminary chemical stability 
tests.[22,23] Herein, we report related quinones (compounds 
6 and 7) and conduct stability tests of the entire series of qui-
nones in Scheme  2 to elucidate the factors that contribute to 
improved mediator stability. These solution-phase tests are 
complemented by flow battery testing of quinones 1–4. Collec-
tively, the results show that tetrasubstitution of the quinone, as 
in 4, greatly enhances quinone stability and that the thioether 
linkage is resistant to substitution over prolonged periods in 
aqueous acid at elevated temperature. An all-organic RFB with 
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1. Introduction

Redox flow batteries (RFBs) are attracting considerable interest 
due to their potential utility for grid-scale energy storage.[1,2] 
This type of battery typically features an electrolysis cell fed 
from two tanks containing soluble redox-active species, one low-
potential and one high-potential. Both oxidation states of both 
species must exhibit, among other properties, high stability and 
high solubility in a medium of high ionic conductivity.[3,4] An 
aqueous acidic medium offers many advantages (low cost, high 
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quinone 4 as the catholyte and AQDS as the anolyte demon-
strates current densities of 800 mA cm−2 and a power density of 
>100 mW cm−2 (180 mW cm−2 iR-corrected). The insights from 
this study showcase structural properties of high-potential qui-
nones that could lead to more effective performance and poten-
tial practical utility.

2. Results and Discussion

2.1. Synthesis of Thioether Hydroquinones

Hydroquinones 1 and 2 are commercially available as the 
sodium and potassium salts, respectively, and compounds 3, 4, 
5, and 8 were synthesized according to literature procedures 
(in some cases, with modifications; see Supporting Informa-
tion).[14,23,24] Hydroquinones 6 and 7 were synthesized by addi-
tion of sodium mercaptoethanesulfonate to benzoquinone. 
The tris-thioether compound 6 is an analogue of the major 
byproduct formed during the previously reported synthesis of 
4,[22] and it was produced by attempting the synthesis of 5 at 
elevated temperature (see Supporting Information). The yield 
of the byproduct was instead improved, allowing 6 to be iso-
lated for further studies. The mono-thioether compound 7 
was synthesized by simultaneous addition of benzoquinone 
and the thiol to the reaction so as to minimize the amount of 
reoxidation of the monosubstituted adduct (see Supporting 
Information).

2.2. CV Analysis and Quinone Stability Testing in Solution

Cyclic voltammograms (CVs) of the quinones depicted in 
Scheme 2 are shown in Figure 1 (see also, Table 1 and Figure 
S12, Supporting Information). As expected, direct attachment 
of an electron-withdrawing sulfonate group to the quinone ring 
raises the potential, although this effect is offset in compound 
3 by the two methyl groups that are also present. The potential 
difference between disulfonated compounds 1 and 8 is typical 

for similarly-substituted ortho- and para-benzoquinones. The 
CV data also show that thioether substituents are mildly elec-
tron-donating, leading to a small decrease in potential on fur-
ther substitution from 7 through 6 to 5.

The hydroquinones 1–8 were oxidized chemically to the cor-
responding quinones using a modification of Kochi’s previously 

Adv. Energy Mater. 2020, 10, 2000340

Scheme 1. All-quinone redox flow battery (in discharge mode). AQH2, 
AQ = reduced and oxidized forms of an anthraquinone with a low reduc-
tion potential; QH2, Q = reduced and oxidized forms of a high-potential 
quinone.

Scheme 2. Compounds investigated in this study as potential RFB 
cathode mediators.

Figure 1. Cyclic voltammograms of compounds 1–8, and AQDS. Reduc-
tion potentials of each compound are indicated by dots in the graph. 
Voltammograms were acquired at 5 mm concentration in 1 m H2SO4 at 
10 mV s−1 at an MWCNT-coated glassy carbon electrode (see Supporting 
Information for details).[25]
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reported NOx-based method (see Supporting Information for 
details).[22,26] With the isolated quinones in hand, we exam-
ined the stability of the quinone forms of 5, 6, and 7 using a 
1H NMR spectroscopic protocol, similar to that previously 
used with compounds 1–4.[22] Briefly, samples of each qui-
none were prepared in 0.5 m D2SO4 with 0.05 m CH3SO3H as 
an internal standard, and the fate of each quinone was moni-
tored by 1H NMR spectroscopy. A half-life for the [quinone] + 
[hydroquinone] mass balance was obtained for each compound 
(Figure  2a and Table  1; Figures S9–S11, Supporting Informa-
tion). No trace is shown for compound 1 since its quinone 
had fully decomposed by the first time point (15 min), and the 
oxidation product of 8 was observed to be unstable at room tem-
perature and was not investigated further (for characterization 
of the reaction product, see Supporting Information). The mass 
balance for compounds 2 and 3 do not decay to zero because 
some of their decomposition products are able to reduce the 
remaining quinone to the hydroquinone, which is stable under 
the test conditions (cf. Scheme S2, Supporting Information).[22]

The NMR data show that greater substitution is associ-
ated with greater stability, with a profound increase on going 
from tri- to tetrasubstituted (note the log scale time axis in 
Figure  2a). As noted above, the effect on quinone reduction 
potential of increasing number of thioether substituents is 
modest. The similar reduction potentials of compounds 3–7 are 
useful for assessing the effect of substitution on kinetic stability 
in the absence of large thermodynamic differences. Combining 
the new and previously-reported[22] solution half-life data on 
1–7 with reduction potentials obtained by cyclic voltammetry 
(vide supra) reveals a marked advantage for tetrasubstitution 
by thioethers, even over less-substituted quinones with sim-
ilar reduction potentials and substituent types (Figure  2b and 
Table 1).

2.3. Flow Battery Comparison

For a flow battery, high cathode reduction potentials and low 
anode reduction potentials are desirable, explaining the pre-
vious interest in compound 1.[10,17] Due to its adequate solubility, 
commercial availability in pure form, and acceptable reduction 
potential, we selected anthraquinone-2,7-disulfonate (AQDS) as 
the anode compound for flow battery studies.[27] Compound 4 
was selected for the cathode over compound 5 due to the lower 

cost of its precursor.[28] To compare the properties of different 
quinones in a full flow battery, a system was constructed with 
peristaltic pumps circulating anode and cathode fluids between 
separate flasks and a 5 cm2 membrane/electrode assembly held 
at 60  °C (Figure S17, Supporting Information). The cathode 
solution consisted of 4 mmol of the hydroquinone in question 
dissolved in 20 mL of 1 m H2SO4 (0.2 m quinone). The anode 
solution consisted of 13 mmol of anthraquinone-2,7-disulfonate 
and 2 mmol of anthrahydroquinone-2,7-disulfonate dissolved in 
75 mL of 1 m H2SO4 (see Supporting Information and below for 
details and discussion). This buffered excess of anode solution 
minimizes the effect of any changes thereto, such as anthrahy-
droquinone decomposition,[29] on the system as a whole. By 
selecting a concentration of 0.2 m of each redox-active species 
in 1 m H2SO4, it was possible to use the salt form of each com-
pound without ion-exchanging it prior to the experiment. This 
uniform set of conditions was designed to benchmark the sta-
bility of different mediators during charge–discharge cycling.
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Table 1. Quinone reduction potentials and half-lives.

Compound E1/2 [V vs NHE]a) t1/2 [h]b)

1 0.885 <0.05

2 0.744 1.5

3 0.652 37.5

4 0.605 5120

5 0.618 3860

6 0.607 322

7 0.635 6.1

8 0.796 n.d.c)

a)In 1 m H2SO4; b)In 0.5 m D2SO4, 60 °C; c)Not determined.

Figure 2. a) Time course experiments tracking the fate of the quinones 2–7 
in 0.5 m D2SO4 in D2O with 0.05 m CH3SO3H as an internal standard at 
60 °C. For discussion of the fitted lines, see Supporting Information. b) Half-
lives of quinones versus E° for quinones 1–8. Redox potentials were meas-
ured in 1 m H2SO4 at room temperature, while half lives were measured by 
1H NMR spectroscopy in 0.5 m D2SO4 in D2O with 0.05 m CH3SO3H as an 
internal standard at 60 °C. A t1/2 of <3 min was estimated for quinone 1.
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The cycling protocol began with charging the cell at 
50  mA  cm−2 until a cutoff potential was reached at 200  mV 
above the expected cell potential (based on CV data). Thus pre-
pared, the flow battery was held at open circuit before being 
discharged.[30] This hold period serves two purposes. First, 
it reflects the fact that many use cases for RFBs require their 
ability to hold charge. Second, the increased time spent in the 
charged state amplifies the differences in chemical stability 
between quinones, allowing for those differences to become 
apparent over fewer charge–discharge cycles. Similarly, per-
forming the tests at elevated temperatures accelerated the aging 
of the electrolytes.

Finally, the cell was discharged to 0 V at 50 mA cm−2 and the 
charge-hold-discharge process was repeated for 50 charge–dis-
charge cycles. From the plots of the charge–discharge curves, 
differences between compounds 1–4 are readily apparent 
(Figure  3). Compound 1 releases 3.8 e−  mol−1 on its initial 
charge. The origin of this stoichiometry is discussed further 
below, but the initial charging takes place at a cell poten-
tial commensurate with the difference in reduction potential 
between 1 and AQDS derived from CV measurements. In con-
trast, the discharge takes place at a significantly lower potential 

and consumes less than 2 e−  mol−1. Charging in subsequent 
cycles takes place at a potential much lower than expected 
for a 1/AQDS redox couple, with the appearance of a second 
potential plateau at even lower potential later in the cycling 
test. Compound 2 shows similar overcharging, albeit to a lesser 
degree than compound 1. Subsequent charging cycles with 2 
show the appearance of current at lower potentials, similar to 
that observed for 1 and presumably for similar reasons (see 
further discussion below). However, in neither case is a dis-
charge of over 2 e− mol−1 of quinone observed. Compounds 3 
and 4 do not show overcharging (i.e., charging is complete at 
2 e− mol−1) or the appearance of lower-potential plateaus during 
subsequent charging cycles. A loss of capacity on cycling is 
observed, with the rate of decrease after the first cycle in the 
order 2 > 1 > 3 >> 4.

These changes in cell performance on cycling are also 
apparent from plots of discharge capacity, charge efficiency, 
and energy efficiency for each cathodic mediator (Figure  4). 
The decline in discharge capacity on cycling for each of the qui-
nones reflects the changes that are apparent in the data pre-
sented in Figure 3 and deviate only slightly from what would be 
predicted based on the NMR solution stability tests. The slower  
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Figure 3. Charge–discharge curves for flow batteries constructed with different cathode species and AQDS at the anode. The theoretical capacity in 
each case is 771.9 C. Each cell was cycled for 50 charge-hold-discharge cycles, with vertical lines indicating the change in open-circuit potential during 
the hold period (blue = cycle 1, red = cycle 50).
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discharge capacity decline of 1 compared to 2 probably reflects 
the formation of decomposition products that retain redox-
activity, albeit at lower potential (vide infra). The charge effi-
ciency is the ratio of charge passed from discharging relative to 
charging steps. Values lower than 100% can arise from benign 
side reactions or irreversible reactions of the charged mediator 
(i.e., decomposition). In the latter context, even 90% charge 
efficiency represents a loss of 5% of the available mediator in 
that cycle if the decomposition process is a two-electron reac-
tion. Energy efficiency reflects not only charge efficiency (irre-
versible charging is always 0% efficient) but also the ratio 
between charging and discharging potentials. Thus, 4 displays 
good energy efficiency despite its low cell potential due to the 
small difference between charging and discharging potential 
and the excellent charge efficiency shown in Figure 4b.

Before and after the cycling tests, samples of the anode and 
cathode solutions were analyzed by NMR spectroscopy (Table 2). 
The decrease in mediator concentration correlated with the 
results from the quinone stability testing. For compounds 1 and 
2, the decrease in mediator concentration was more extreme 
than the loss of charge capacity, further indicating that some of 
the decomposition products retained redox activity. As described 
above, the anode redox species was maintained in excess and 
buffered to minimize its effects on the system during the flow 
battery tests. Since decomposition of quinones by Michael 

addition of water will usually produce a hydroquinone that can 
be oxidized at a lower potential than the starting material (e.g., 
Scheme S2, Supporting Information), it is essential to have ade-
quate amounts of an anthraquinone present at the anode. Oth-
erwise, the battery will be driven to a state where it cannot be 
charged since there is no anthraquinone to be reduced, and it 
cannot be discharged because all of the quinone has undergone 
Michael addition to form adducts in the hydroquinone oxidation 
state. The anthraquinone/anthrahydroquinone couple at the 
anode is further buffered with anthrahydroquinone at the start 
of the experiment in order to remove the effect of adventitious 
aerobic oxidation of the anthrahydroquinone.[31]

Following the cycling of compound 4 shown above, the same 
cell was charged to a nominal 20% state of charge (SOC) and 
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Figure 4. Plots of discharge capacity (a), charge efficiency (b), and energy efficiency (c) versus cycle number for each of the four cathode mediators.

Table 2. Mediator stability data from RFB tests.

Compound Loss in RFB discharge capacity [%]a) Remaining mediator [%]b)

1 48 3.5

2 52 12

3 40 49

4 2a)/0c) 98a)/102c)

a)After 50 cycles; b)Based on 1H NMR analysis of electrolyte following RFB tests; 
c)After 150 cycles total
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cycled for a further 100 cycles between 20% and 80% SOC  
(Figures S18 and S19, Supporting Information), otherwise fol-
lowing the same procedure. Another set of NMR samples 
was taken following the second period of cycling to further 
assess the stability of the system. No crossover of any redox-
active species was observed following these experiments  
(Figures S13–S16, Supporting Information).

In addition to the loss of capacity observed during flow bat-
tery cycling with some cathode quinones, there was also a shift 
in the cell potential, especially with compound 1. We attribute 
this shift to the formation of mono- and dihydroxyquinones 
with successively lower reduction potentials. Based on the 
charge-discharge curves and the extreme instability of oxidized 
1 as measured by NMR spectroscopy, it is likely that 1 is con-
verted nearly completely to a monohydroxyquinone during 
the first cycle, accounting for the drop in charging potential 
between cycles 1 and 2 and the consumption of ≈4 e-  mol−1 
during the initial charge (Figure S13, Supporting Information). 
This species is then more slowly converted to a dihydroxyqui-
none, accounting for the gradual appearance of an even lower 
charging potential.[32] An isomeric dihydroxyquinone was 
observed to result from oxidation of compound 8, lending fur-
ther support to this hypothesis (cf. Scheme S2 and Figure S7, 
Supporting Information). Similar changes in the identity of the 
redox-active species during cycling of compound 2 likely con-
tribute to the observed changes to its cell potential. In parallel 
to these hydroxylation reactions, there are other decomposition 
reactions that can lead to redox-inactive products and account 
for the loss of charge capacity with cycling.[21]

The changes in post-experiment concentrations of redox 
species generally mirror the loss of capacity observed during 
the experiment (cf. Table  2). The difference between the loss 
of material and loss of capacity for compounds 1–3 can be 
explained by the formation of hydroxylation products that 
retain redox activity, as discussed above.

Compound 4 has a solubility of ≈0.25 m in 1 m H2SO4 as 
the tetrasodium salt. This solubility limits the current density 
during charging and discharging due to mass-transfer effects. 
By ion-exchanging 4 to the H+ form, its solubility is improved to 
over 1 m in water.[33] Simultaneously, the need for an acidic sup-
porting electrolyte on the cathode side is removed.[4] Because 4 
dissolves as a tetra-anion and AQDS as a dianion, it was found 
to be necessary to add H2SO4 to the anode solution in order to 
approximately balance the ionic strength of the two solutions. 
The exact additive concentration and identity is a parameter 
than can be optimized independently of other parameters to 
produce optimal stability in a fully engineered system.

As a final test, we conducted a RFB experiment using higher 
concentrations of mediator 4, accessed via ion-exchange (see 
Supporting Information). Tests were performed on a larger 
scale with a 25 cm2 cell and 1 m solutions of the mediators with 
1 m H2SO4 added to the anode solution. The cell was charged to 
80% SOC and a power curve was measured with recharging at 
50 mA cm−2 between data points (Figure 5). Repeated measure-
ments showed that the performance was retained (Figure S22, 
Supporting Information).

The larger-scale tests on the ion-exchanged products demon-
strate the performance of a flow battery operating closer to tech-
nologically-relevant conditions, albeit still at the cell potential 

imposed by the 4–AQDS redox couple. At 1 m, the solution vis-
cosity remained low and could be flowed through a 25 cm2 elec-
trode at rates that supported currents up to 20 A. Under these 
conditions, a peak power density (iR-corrected) of 180 mW cm−2 
was obtained and the flow battery retained stable performance 
on repeated power curve measurements. The observed peak 
power densities are superior to those reported for other all-qui-
none redox flow batteries and are within an order of magnitude 
of the state-of-the-art for inorganic flow batteries.[14,34]

3. Conclusion

Highly soluble, fully-substituted quinones are capable of 
remarkable stability in aqueous acid. This stability translates 
into sustained flow battery performance under harsh condi-
tions. The polyanionic nature of 4 inhibits its crossover through 
proton-exchange membranes while enhancing the solubility 
of its acid form. Although the reduction potentials of tetrathi-
oether quinones such as 4 and 5 must be increased to become 
technologically relevant, this study has illustrated the impor-
tance of complete substitution of the quinone to achieve stable 
flow battery performance. That other fully substituted quinones 
can offer similar stability as well as high potential through 
careful choice of substituents is easily envisioned and experi-
ments to synthesize such quinones have been initiated.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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