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hybrid RFBs electrodeposit at least one 
active species, e.g., lithium, aluminum, 
or zinc, onto nonflowing electrodes. The 
metal deposition process usually occurs 
on the negative electrode side. Although 
many hybrid RFBs utilize nonaqueous 
electrolytes to attain high working poten-
tial, a zinc-based hybrid system can attain 
a relatively high working potential in a 
nonflammable, lower-cost aqueous elec-
trolyte. This is because the zinc/zincate 
redox couple, Zn/[Zn(OH)4]2−, in a pH 
14 alkaline solution has the advantage of 
a large negative redox potential of −1.23 V 
versus the standard hydrogen electrode 
(SHE). An example is the alkaline zinc–
ferricyanide hybrid RFB, which was first 

reported in the 1970s and is still under development.[3] How-
ever, the low solubility of the [Fe(CN)6]3−/[Fe(CN)6]4− couple 
at high pH limits the energy density and constrains practical 
implementation.[4] In addition, acidic zinc–bromine hybrid 
RFBs have been widely studied and are being commercialized; 
however, the toxicity and corrosivity of bromine limits wide-
spread deployment.[1]

Recently, redox-active organic and organometallic molecules 
have been widely studied for their promise of enabling the 
development of inexpensive flow batteries.[5–7] These mole-
cules exhibit structural diversity and broad tunability, permit-
ting the engineering of solubility, redox potential, kinetics, 
and stability. Many different types of molecules, including 
quinones,[8–12] phenazines,[13,14] viologens,[7,15–19] alloxazines,[20] 
and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl,[13,15,16,21,22] have 
demonstrated good electrochemical performance as redox-active 
materials in aqueous organic redox flow batteries (AORFBs). 
Most of these molecules exhibit low reduction potentials and 
consequently have been explored as negolyte (negative elec-
trolyte) materials. Some exceptions are tetrachloro-1,4 benzo-
quinone and 4,5-dihydroxybenzene-1,3-disulfonic acid, which 
have high positive reduction potentials of >0.8 V versus SHE 
in acidic solution.[9,11,23] Thus, by pairing high potential organic 
molecules such as these with the Zn/[Zn(OH)4]2− redox couple, 
a new type of hybrid RFB can be designed to achieve a high cell 
voltage.

However, it is difficult to pair an alkaline electrolyte and an 
acidic electrolyte within conventional single-membrane RFBs 
due to H+ or OH− crossover. Recently, ceramic membranes and 
bipolar polymer membranes have been introduced into single-
membrane pH-differential flow cells, but the high resistance of 
these membranes has severely limited the current density.[24,25] 

Water-soluble redox-active organic molecules have attracted extensive atten-
tion as electrical energy storage alternatives to redox-active metals that are 
low in abundance and high in cost. Here an aqueous zinc–organic hybrid 
redox flow battery (RFB) is reported with a positive electrolyte comprising a 
functionalized 1,4-hydroquinone bearing four (dimethylamino)methyl groups 
dissolved in sulfuric acid. By utilizing a three-electrolyte, two-membrane con-
figuration this acidic positive electrolyte is effectively paired with an alkaline 
negative electrolyte comprising a Zn/[Zn(OH)4]2− redox couple and a hybrid 
RFB is operated at a high operating voltage of 2.0 V. It is shown that the 
electrochemical reversibility and kinetics of the organic redox species can be 
enhanced by an electrocatalyst, leading to a cyclic voltammetry peak separa-
tion as low as 35 mV and enabling an enhanced rate capability.
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Aqueous Flow Batteries

1. Introduction

Redox flow batteries (RFBs) are among the most promising 
large-scale energy storage systems for the regulation of the 
intermittency and variability of power from renewable energy 
sources such as solar and wind.[1,2] True RFBs store the elec-
trical energy in external reservoirs of solution-state active 
materials in which all oxidation states are soluble. In contrast, 
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Cell resistance can be reduced considerably by introducing a 
two-membrane configuration employing an anion exchange 
membrane (AEM) and a cation exchange membrane (CEM) 
surrounding a middle electrolyte. This configuration enables a 
highly customizable, extended selection of redox couples that 
can operate at different pH values, thereby increasing the cell 
voltage.[26] For example, Gong et al. recently developed a zinc–
iron hybrid RFB with a two-membrane three-electrolyte design 
using a basic zinc redox couple and an acidic iron redox couple, 
exhibiting an open-circuit voltage (OCV) of 1.99 V and oper-
ating at a current density of 80 mA cm−2.[27]

Here we report the synthesis of a functionalized 1,4-hydroqui-
none (HQ) with four (dimethylamino)methyl (–CH2N(CH3)2) 
groups and its use as the active species in the posolyte (posi-
tive electrolyte) of a two-membrane, three-electrolyte acid–base 
hybrid RFB. This molecule, 2,3,5,6-tetrakis((dimethylamino)
methyl)hydroquinone (FQH2), exhibits a high solubility of 
1.4 M (2.76 M electrons) in H2SO4 and can be oxidized in a 

two-electron, two-proton reaction to a functionalized benzoqui-
none whose chemical structure with four dimethylamines has 
a frog-like shape (hereafter referred to as “frog quinone,” FQ; 
see Figure 1b). We pair a flowing half-cell of this organic-based 
posolyte with a Zn/[Zn(OH)4]2−-based negolyte, creating a full 
cell with an open-circuit voltage of 2.0 V at 50% state of charge 
(SOC). The theoretical volumetric capacity of the posolyte is 
74 Ah L−1 and its theoretical energy density when paired with 
this zinc-based negolyte is 136 Wh L−1, with respect to posolyte 
volume and 96 Wh L−1 with respect to posolyte and minimum 
required middle electrolyte volume (Section S1.7, Supporting 
Information). Further, we show that the kinetics and revers-
ibility of this functionalized quinone can be improved by a 
Ti4O7/Ketjenblack (KB) composite catalyst, leading to an accept-
able voltage efficiency (VE) at current densities beyond the pre-
sent limits of cells based on ceramic or bipolar membranes. 
This work can expand the options for the use of redox-active 
organic molecules in stationary storage.

Adv. Energy Mater. 2019, 1900694

Figure 1. Synthesis and electrochemical characteristics. a) Synthesis of 2,3,5,6-tetrakis((dimethylamino)methyl)hydroquinone (FQH2) by an electro-
philic substitution reaction. b) A two-electron, two-proton process of the FQ molecule. c) Cyclic voltammograms of 0.2 M [Zn(OH)4]2− and 0.1 M FQH2 
on carbon felt at a scan rate of 50 mV s−1 with potential windows from −1.6 to −0.4 V and from 0 to 1.7 V, respectively versus standard hydrogen elec-
trode (SHE). d) A schematic of the aqueous Zn–organic hybrid redox flow batteries with a double-membrane system, showing the charging process 
(CEM: cation exchange membrane, AEM: anion exchange membrane). e) A charge–discharge voltage profile of the 0.1 M FQH2 posolyte at a current 
density of 20 mA cm−2 with a voltage window from 1.4 to 2.6 V, where the volumetric capacity was calculated based on the volume of the posolyte. The 
inset shows cell open-circuit voltage versus state of charge, and all potentials were taken after cell voltage stabilized.
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2. Results and Discussion

The FQH2 posolyte is prepared in one step from HQ via the 
Mannich reaction (Figure 1a; see also Section S1.1, Supporting 
Information). Briefly, aqueous solutions of dimethylamine and 
CH2O were reacted with HQ, followed by the formation of 
iminium species. This reaction drives an electrophilic aromatic 
substitution, which is widely established and used for modi-
fying aromatic compounds.[28,29] The molecular weight of the 
final product 2,3,5,6-tetrakis((dimethylamino)methyl)hydroqui-
none was 338.24 g mol−1. The 1H NMR of FQH2 is presented 
in Figure S1 in the Supporting Information. The reaction yield 
was 68%.

Quinones with high reduction potentials are generally sus-
ceptible to Michael attack by water while in their oxidized 
states. This has been identified as a major decomposition 
pathway for many benzoquinones with unprotected carbons 
on the aryl ring.[11,30] However, this reaction is suppressed in 
FQ by replacing all C–H bonds with substituents. FQ is thus 
not susceptible to decomposition via this mechanism. Although 
the unsubstituted hydroquinone is insoluble in concentrated 
acidic solution, we were able to dissolve FQH2 powder in con-
centrated sulfuric acid to a concentration of 1.4 M (Figure S2, 
Supporting Information). The four protonated (dimethylamino)
methyl groups become positively charged and act as electron-
withdrawing groups, resulting in a relatively high reduction 
potential for a benzoquinone. The viscosity of the FQ posolyte 
remains below 10 mPa s for FQ concentrations up to 1 M 
(Figure S3, Supporting Information); this is in the range of typ-
ical aqueous electrolytes.

Figure 1b shows the two oxidation states of FQ/FQH2. From 
the Pourbaix diagram of FQ/FQH2 (Figure S4, Supporting 
Information), the slope of the redox potential versus pH plot 
is −59 mV pH−1, which is consistent with a two-electron, two-
proton process. There was insufficient solubility to extend the 
Pourbaix diagram to pH > 5.

The electrochemical behavior of the Zn/[Zn(OH)4]2− and 
FQ/FQH2 redox couples was characterized by cyclic voltam-
metry (CV), as shown in Figure 1c. The Zn/[Zn(OH)4]2− redox 
couple exhibited a redox potential (E) of −1.3 V versus SHE 
in an alkaline solution of pH 14.6 (4 M NaOH). In strong 
alkaline solutions (pH > 13) containing zinc, the soluble zin-
cate ion ([Zn(OH)4]2−) is the majority species; this is reduced 
to metallic zinc on the carbon felt electrode (Figure S5, Sup-
porting Information). We used porous carbon felt electrodes 
with a volume porosity of ≈95% to suppress the formation of 
zinc dendrites.[31,32] In an acidic solution with pH −0.4 (FQH2 
dissolved into 2.5 M H2SO4 to reach a quinone concentration 
of 0.1 M), the E of the FQH2 posolyte was 0.7 V versus SHE, 
which would yield a cell voltage of 2.0 V by pairing with the  
Zn/[Zn(OH)4]2− redox couple.

To effectively combine the acidic FQH2-based posolyte with 
the alkaline zincate-based negolyte, we designed an aqueous 
Zn–organic hybrid RFB as a two-membrane, three-electro-
lyte system (Figure 1d). Notably, a nonflowing NaCl middle 
electrolyte was placed between the alkaline negolyte and the 
acidic posolyte by separating them with the CEM and AEM, 
respectively; there was an 0.8 mm gap supported by a nylon 
mesh screen (opening size: 500 µm, wire diameter: 314 µm) 

between membranes. During the charging process, FQH2 was 
oxidized to FQ and chloride ions migrated from the middle 
electrolyte to the posolyte through the AEM. Simultaneously, 
[Zn(OH)4]2− anions were reduced to zinc metal on the carbon 
felt electrode, and sodium ions moved from the middle elec-
trolyte to the negolyte through the CEM. During discharging, 
the reverse of this charging process occurs in the battery. Cell 
testing was performed with a posolyte composed of FQH2 dis-
solved into 2.5 M sulfuric acid to reach a quinone concentration 
of 0.1 M and a negolyte composed of ZnO dissolved into 4 M 
NaOH to reach a [Zn(OH)4]2− concentration of 0.2 M. Nafion 
117 and Selemion DSV membranes were used as CEM and 
AEM, respectively, and 3 M sodium chloride served as the 
middle electrolyte, placed between the two membranes. The 
cell alternating current (AC) area-specific resistance (ASR) 
was about 4.4 Ω cm2 (Figure S6, Supporting Information). 
Figure 1e shows the charge–discharge voltage profile of the 
aqueous Zn–organic hybrid RFB during galvanostatic charging 
and discharging. The OCV was 2.0 V at 50% SOC, the dis-
charge voltage was initially at 1.84 V at a current density of 
20 mA cm−2, and the initial discharge capacity was 4.5 Ah L−1 
based on the posolyte volume.

A series of experiments was performed to investigate the 
cycling performance of the aqueous Zn–organic hybrid RFB. 
First, in order to separate the possible issues associated with 
the new organic posolyte from those of the flow cell itself, we 
optimized the double-membrane hybrid RFB with the same 
negolyte but with vanadium as the posolyte (see Section S1, 
Supporting Information). In the Zn–V hybrid RFB, the alkaline 
Zn/[Zn(OH)4]2− negolyte and the acidic VO2+/VO2

+ posolyte 
were used. This Zn–V RFB is expected to yield a cell voltage 
of 2.3 V, as indicated by the CV curves (Figure S7a, Supporting 
Information). The charge–discharge voltage profile (Figure S7b, 
Supporting Information) shows a typical galvanostatic process 
with a discharge capacity of 2.2 Ah L−1. Next, we cycled the 
Zn–V hybrid RFB at a current density of 20 mA cm−2. At this 
current density, the battery exhibited 99.95% capacity retention 
per cycle and 2.90% capacity fade per day (Figure S7c, Sup-
porting Information). The round-trip energy efficiency (EE) 
is the product of the Coulombic efficiency (CE) and round-
trip VE. The initial EE and VE values were 74.3% and 74.5% 
(Figure S7d, Supporting Information). Notably, the average 
Coulombic efficiency was 99.9% for 100 cycles, indicating 
negligible side reactions and a low rate of vanadium crossover 
during cycling. We found that a negolyte comprising 0.2 M ZnO 
dissolved into 4 M NaOH (yielding 0.2 M [Zn(OH)4]2− in 3.6 M 
NaOH) and a middle electrolyte comprising 3 M NaCl yields 
stable cycling behavior. It is noteworthy that several other zinc–
hybrid RFBs also demonstrate good performance using similar 
negolyte and middle electrolyte chemistries.[24,26,27] This result 
confirms the reliability of the double-membrane cell architec-
ture for evaluating the FQH2 posolyte.

In the aqueous Zn–organic hybrid RFB, test conditions were 
identical to those of the Zn–V hybrid RFB, except that the same 
molecular molarity results in a doubling of the posolyte volu-
metric capacity due to the two-electron nature of the quinone 
redox process. Figure 2a shows the cycling behavior of 0.1 M 
FQH2 at a current density of 20 mA cm−2 with voltage limits 
of 1.4 V on discharging and 2.6 V on charging. The initial 
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volumetric discharge capacity was 4.5 Ah L−1; the theoretical 
volumetric capacity is 5.36 Ah L−1. It showed stable cycling 
performance for 50 cycles, corresponding to 42 h with 99.92% 
capacity retention per cycle or 97.78% capacity retention per 
day. The initial Coulombic efficiency was 99.5%, indicating 
a high reversible capacity of the FQH2 posolyte. The average 
values of round-trip energy and voltage efficiency were 70.2% 
and 70.8%, respectively.

Although the FQ/FQH2 redox couple cycled stably, its redox 
kinetics appeared sluggish, with a large potential separation in 
CVs (Figure 1c); the slow kinetics are expected to decrease the 
voltage efficiency by creating large cell overpotentials. Thus, 
we introduced electrocatalysts into the FQH2 electrode. We 
utilized KB carbon nanoparticles, with an average diameter 
of 50 nm (Figure 3a). The KB has a specific surface area of  
around 1400 m2 g−1 and can provide a high density of redox 
active sites.[33,34] In addition, we explored the use of the 
Magnéli phase of titanium oxide with a formula of Ti4O7, which 
is considered a promising conductive oxide for electrochemical 
applications, as a catalyst support.[35] The electronic conduc-
tivity of Ti4O7 has been reported to be around 1000 S cm−1 at 
room temperature, and its corrosion resistance in acidic elec-
trolytes is also excellent.[36,37] We employed commercial Ti4O7 
particles (Magneli Materials W-94 micro fine grade powder) 
with an average feature size of 100 nm (Figure S8, Supporting 
Information); its crystal phase is presented in Figure S9 in the 
Supporting Information. To improve the catalytic behavior and 
electrical conductivity, KB nanoparticles were dispersed on the 
Ti4O7, forming an interconnected structure (Figure 3b).

The results of CV evaluation of the FQH2 posolyte on glassy 
carbon are reported in Figure S10 in the Supporting Infor-
mation. The catalytic activity of Ti4O7 without KB was low; 
however, KB without Ti4O7 led to improved reversibility, with 
the peak separation reduced to 70 mV. Moreover, the Ti4O7/
KB composite significantly enhanced the reversibility of the  

FQ/FQH2 redox couple, reducing the peak separation to 35 mV 
(Figure 3c). This result shows that the sluggish redox reac-
tion kinetics of the organic compound can be enhanced by the 
electrocatalyst. The mass transfer behavior of the Ti4O7/KB  
composite was studied by plotting the peak current density 
as a function of the square root of scan rate, according to the 
Randles–Sevcik equation (Figure 3d). The peak current den-
sity increased linearly with the square root of the scan rate 
over the range 40 to 100 mV s−1, with R2 close to 1 (Figure 3e), 
suggesting that a diffusion process controls the FQH2 redox  
reaction on Ti4O7/KB composite.

The rate capability of the aqueous Zn–organic hybrid RFB 
with Ti4O7/KB composite catalyst was investigated by varying 
the current density from 15 to 40 mA cm−2 during galvano-
static charging and discharging. A composite-catalyst layer 
was coated on the carbon felt electrode with a loading of 
≈6 mg cm−2 (Section S1.5 and Figure S11, Supporting Informa-
tion). The AC ASR of the cell was about 3.7 Ω cm2 (Figure S12, 
Supporting Information). The cell without the catalyst exhibited 
a larger overvoltage at all current densities and a more strongly 
decreasing discharge capacity with increasing current density 
than did the cell with the catalyst (Figure 4a,b). The effect of 
the composite catalyst on performance is most apparent in the 
dependence of the energy discharged per liter of posolyte on 
current density at high current density, as shown in Figure 4c. 
Figure 4d presents the dependence upon current density of VE 
and CE. The CE of cells with and without catalyst was always 
over 99.0%. However, the VE of the cell containing Ti4O7/KB 
composite catalyst was higher than that of the flow cell without 
catalyst at all current densities. Scanning electron micros-
copy (SEM) showed no obvious change to the catalyst/felt 
morphology before and after cycling (Figure S13, Supporting 
Information). We also carried out a high concentration FQ 
cycling test with FQH2 dissolved into 2.5 M sulfuric acid to reach 
a quinone concentration of 0.5 M, which showed a volumetric 
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Figure 2. Cycle performance and efficiency. a) Cycling test of a posolyte composed of FQH2 dissolved into 2.5 M sulfuric acid to reach a quinone con-
centration of 0.1 M and a negolyte composed of ZnO dissolved into 4 M NaOH to reach a [Zn(OH)4]2− concentration of 0.2 M, showing the volumetric 
capacity accessed. The inset shows a voltage versus time curve at a current density of 20 mA cm−2 with a voltage ranging from 1.4 to 2.6 V. b) The 
Coulombic, round-trip voltage efficiency and round-trip energy efficiency (CE, VE, and EE) for 50 cycles. All volumetric capacities were calculated based 
on the volume of each posolyte, and all tests were carried out without electrocatalysts.



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900694 (5 of 8)

capacity of 22 Ah L−1 and a power density of 153 mW cm−2 a 
current density of 130 mA cm−2 (Figure S14, Supporting Infor-
mation); these compare to values of 97.8 mW cm−2 at a cur-
rent density of 96.8 mA cm−2 for the 0.1 M FQ cell (Figure S21, 
Supporting Information).

Whenever one considers a cell with a pH differential across 
it, one must be concerned with pH leakage, i.e., proton and 
hydroxide crossover, as a degradation mechanism. Although 
the AEM and CEM are designed to selectively transport anions 
and cations respectively while excluding ions of the opposite 
charge, the selectivity is imperfect.[38] This results in a loss of 
Coulombic efficiency and the gradual pH decrease of the basic 
negolyte and the pH increase of the acidic posolyte, leading to 
a decrease in cell voltage. The trajectory of the pH of the ini-
tially neutral middle electrolyte depends on which of the two 
membranes has more rapid pH leakage. We measured the pH 
changes of the negolyte, middle electrolyte, and posolyte upon 
cycling (Figure S15, Supporting Information). The pH of the 
middle electrolyte decreased during cycling, which implies that 
proton leakage across the AEM overwhelms hydroxide leakage 
across the CEM. In Section S2 in the Supporting Information, 
we estimate the loss current from pH leakage from each electro-
lyte, resulting in a loss current of 4.64 mA cm−2. In principle the 
pH leakage can be reversed, at some energy cost, by plumbing 
the electrolytes exiting the cell into a pH restoring device com-
posed of a salt-splitting cell, which is an established technology 

for producing alkaline and acidic solutions from salt water.[39,40] 
In this way, the loss of pH differential and of Coulombic effi-
ciency of the cell from pH leakage can be restored at the cost of 
system round-trip energy efficiency and the capital cost of the pH 
restoring device. In the Supporting Information we estimate the 
thermodynamic minimum energy penalty incurred in running 
a pH restoring cell. Although the numerical values introduced 
are specific to the Zn–organic hybrid RFB whose performance is 
reported in Figure 2, the approach is applicable to all cells oper-
ating with a pH differential—except that it is unnecessary for 
those with ceramic membranes exhibiting negligible pH leakage.

We also observed a gradual decrease in the charge and 
discharge voltages upon cycling (Figure S16, Supporting Infor-
mation). To probe the cell voltage changes, the CV of each 
electrolyte on glassy carbon was recorded after 50 cycles. The 
Zn/[Zn(OH)4]2− redox potential showed a positive shift and 
the oxidation peak of the FQH2 posolyte was negatively shifted 
(Figure S17a,b, Supporting Information). We attribute both of 
these effects to drifts in the pH of the electrolytes. For instance, 
if the pH of the acidic FQH2 posolyte increases, the reduction 
potential of FQ decreases, as shown in the Pourbaix diagram of 
Figure S3 in the Supporting Information. Likewise, if the pH 
of the alkaline zincate-bearing negolyte decreases, the reduc-
tion potential of the electrode reaction [Zn(OH)4]2− + 2e− → 
Zn(s) + 4OH− should increase. Thus, the shift of redox potential 
in the CVs is evidence for pH leakage across the membranes. 

Adv. Energy Mater. 2019, 1900694

Figure 3. Electrocatalyst for improving FQH2 kinetics. Scanning electron microscopy (SEM) image of a) Ketjenblack (KB) carbon nanoparticles and 
b) Ti4O7/KB composite. c) Cyclic voltammetry curves (CVs) of the 10 × 10−3 M FQH2 on the pristine (black line) and Ti4O7/KB composite (red line) 
coated glassy carbon electrodes in 1 M H2SO4. d) CVs of the 10 × 10−3 M FQH2 on the Ti4O7/KB composite coated glassy carbon electrodes at different 
scan rates ranging from 40 to 100 mV s−1 and e) the Randles–Sevcik plot obtained from the CV data.
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In addition, the decrease in peak current in the negolyte CV 
might be the result of dissolved zinc-bearing redox species 
crossing the CEM from the negolyte to the middle electrolyte. 
The CVs of middle electrolyte were measured in both negative 
and positive potential windows. In the negative scan, the reduc-
tion peak of [Zn(OH)4]2− was observed, whereas no such peak 
was observed for the pristine middle electrolyte (Figure S17c, 
Supporting Information). This result is consistent with pre-
vious reports of the crossover of zincate ions through a Nafion 
117 membrane.[41] In contrast, the FQ/FQH2 redox peak was 
not observed in the cycled middle electrolyte (Figure S17d, 
Supporting Information), which is consistent with the low 
permeability of FQH2 through the AEM, which we measure 
to be 2.71 × 10−11 cm2 s−1 (Figure S18, Supporting Informa-
tion). Although the posolyte is the capacity-limiting side, 
meaning that an excessive amount of the negolyte was used, 
these results indicate that the origin of the capacity fade cannot 
be from the crossover of FQ or FQH2. 1H NMR analysis of the 
cycled posolyte (Figure S19, Supporting Information) indicates 

chemical decomposition occurs: there were additional peaks 
in 0.1 M FQH2 posolyte after 50 charge–discharge cycles, indi-
cating a decomposition product that has not been identified but 
is similar in structure to the starting material with uncharacter-
ized redox activity. Accordingly, we have identified three deg-
radation mechanisms of the aqueous Zn–organic hybrid RFB: 
pH leakage, zincate ion crossover and decomposition of the 
organic compound. Advances in membrane permselectivity will 
facilitate solutions to the first two problems and advances in 
understanding and enhancing organic stability will be required 
for solving the third problem.[42] Other technical challenges and 
opportunities with the zinc electrode have been the subject of 
extensive research.[43,44]

3. Conclusion

In conclusion, we have introduced the aqueous Zn–
organic hybrid RFB. The pH differential full cell with the 

Adv. Energy Mater. 2019, 1900694

Figure 4. Full cell charge–discharge voltage profiles with the posolyte composed of FQH2 dissolved into 2.5 M sulfuric acid to reach a quinone con-
centration of 0.1 M a) with the pristine carbon felt and b) with the Ti4O7/KB composite coated carbon felt at different current densities ranging from 
15 to 40 mA cm−2. Rate capability of the same cell showing c) energy discharged per liter of posolyte while increasing the current density every five 
cycles and d) voltage and Coulombic efficiencies at different current densities. In all flow cell tests, the catalyst was used only on the posolyte side. All 
negolytes were composed of ZnO dissolved into 4 M NaOH to reach a [Zn(OH)4]2− concentration of 0.2 M.
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double-membrane, three-electrolyte configuration affords a 
high cell voltage of 2.0 V at 50% SOC, which is comparable 
to those of other double-membrane flow batteries (Table S1, 
Supporting Information). The FQH2 compound, synthesized 
by functionalizing hydroquinone with four solubilizing and 
electron-withdrawing dimethylamine groups under acidic con-
ditions, exhibits a high solubility of 1.4 M (2.76 M electrons) in 
H2SO4. The FQ/FQH2 couple exhibits a relatively high redox 
potential, for aqueous-soluble organics, of 0.7 V versus SHE 
at pH −0.4. Upon pairing the FQ/FQH2 posolyte with the 
Zn/[Zn(OH)4]2− negolyte, the cell cycles with 99.78% capacity 
retention per day (99. 92% per cycle). We found that sluggish 
redox kinetics of FQH2 can be improved by using a Ti4O7/KB 
composite electrocatalyst, resulting in the improved rate capa-
bility. Further analysis revealed three degradation mechanisms 
that will have to be solved for a successful technology to evolve 
from it. In particular, we estimated that pH leakage could be 
mitigated by salt splitting and outlined the improvements in 
membrane properties that would be necessary to make this pro-
cess practical. The use of organic compounds in acid–alkaline 
hybrid flow cells provides new opportunities for the design of 
aqueous RFBs.
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�
����(OHFWURFKHPLFDO�FKDUDFWHUL]DWLRQ��
7KH�7L�2��.%�FRPSRVLWH�FDWDO\VW�ZDV�FRDWHG�RQ�WKH�FDUERQ�IHOW��;)��$��7R\RER��VXUIDFH��7KH�
FDWDO\VW�LQN�ZDV�SUHSDUHG�E\�PL[LQJ����PJ�.%��(&���-'��$N]R�1REHO�&KHPLFDOV��DQG����PJ�

C
r,n

�
ൌ ܾܿǡ݊���σ ܿ௕ǡ௞௡ିଵ

௞ୀଵ
௏ೖ
௏

�



ϰ�
�

7L�2��SRZGHUV��:����0DJQHOL�0DWHULDOV��LQ�WKH�PL[WXUH�RI����ȝ/�RI�WKH�ELQGHU�VROXWLRQ��1DILRQ��
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��,I�ZH� UXQ� WKH� EDWWHU\� DW� D� FXUUHQW� GHQVLW\� RI� ���P$� FPí��� WKH� GLVFKDUJH� SRZHU� GHQVLW\� LV� ���
P:�FPí�� IURP� WKH�SRZHU�GHQVLW\�FXUYH� UHSRUWHG� LQ�)LJXUH�6����+RZHYHU�� WKH�HQHUJ\�SXW� LQWR�
FKDUJLQJ�WKH�FHOO�LV�GHOLYHUHG�GXULQJ�RQO\�KDOI�RI�WKH�GXW\�F\FOH��ZKHUHDV�WKH�SRZHU�ORVV�IURP�S+�
OHDNDJH�FRQWLQXHV�WKURXJKRXW�WKH�HQWLUH�FKDUJH�GLVFKDUJH�F\FOH���7KXV��WKH�S+�UHVWRUDWLRQ�SURFHVV�
FRQVXPHV�D�PLQLPXP�RI�� ସǤ଴଼�୫୛�ୡ୫షమ

ሺସ଴�୫୛�ୡ୫షమሻȀଶ
ൎ��������RI�WKH�HQHUJ\�SXW�LQWR�FKDUJLQJ��7KH�URXQG�WULS�

((� RI� ������ �)LJXUH� �E�� LPSOLHV� WKDW� DQ� DGGLWLRQDO� ������ RI� WKH� FKDUJLQJ� HQHUJ\� LV� ORVW� LQ�
RSHUDWLQJ�WKH�K\EULG�5)%��,QFUHDVLQJ�WKH�RSHUDWLQJ�FXUUHQW�GHQVLW\�ZRXOG�GHFUHDVH�WKH�IUDFWLRQ�RI�
WKH�FKDUJLQJ�HQHUJ\�ORVW�WR�S+�UHVWRUDWLRQ�ZKLOH�LQFUHDVLQJ�WKH�IUDFWLRQ�ORVW�WR�LQWHUQDO�LPSHGDQFH��
WKLV�WUDGHRII�ZRXOG�OHDG�WR�DQ�RSWLPXP�FXUUHQW�GHQVLW\�IRU�PD[LPL]LQJ�HQHUJ\�HIILFLHQF\��:H�GLG�
QRW�H[SORUH�WKLV�RSWLPL]DWLRQ��8QGHU�WKH�FRQGLWLRQV�H[SORUHG��WKH�URXQG�WULS�HQHUJ\�HIILFLHQF\�RI�
WKH�K\EULG�5)%�DXJPHQWHG�ZLWK�WKH�S+�UHVWRULQJ�FHOO�LV�HVWLPDWHG�WR�EH�DURXQG������7KLV�HVWLPDWH�
LV�DSSUR[LPDWH�QRW�RQO\�EHFDXVH�LW�LV�EDVHG�RQ�WKH�WKHUPRG\QDPLF�PLQLPXP�UHTXLUHG�YROWDJH�EXW�
DOVR�EHFDXVH�LW�LV�EDVHG�RQ�WKH�DYHUDJH�S+�OHDNDJH�UDWH�REWDLQHG�IURP�D�VLQJOH�PHDVXUHPHQW�DIWHU�
PDQ\�FKDUJH�GLVFKDUJH�F\FOHV��ZKHUHDV�RQH�ZRXOG�DFWXDOO\�RSHUDWH�DQ�DXJPHQWHG�V\VWHP�LQ�D�ZD\�
VXFK�WKDW�WKH�S+�OHDNDJH�ZDV�RIIVHW�EHIRUH�LW�OHG�WR�ODUJH�S+�FKDQJHV��'HVSLWH�WKHVH�XQFHUWDLQWLHV��
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