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            Abstract
As the fraction of electricity generation from intermittent renewable sources—such as solar or wind—grows, the ability to store large amounts of electrical energy is of increasing importance. Solid-electrode batteries maintain discharge at peak power for far too short a time to fully regulate wind or solar power output1,2. In contrast, flow batteries can independently scale the power (electrode area) and energy (arbitrarily large storage volume) components of the system by maintaining all of the electro-active species in fluid form3,4,5. Wide-scale utilization of flow batteries is, however, limited by the abundance and cost of these materials, particularly those using redox-active metals and precious-metal electrocatalysts6,7. Here we describe a class of energy storage materials that exploits the favourable chemical and electrochemical properties of a family of molecules known as quinones. The example we demonstrate is a metal-free flow battery based on the redox chemistry of 9,10-anthraquinone-2,7-disulphonic acid (AQDS). AQDS undergoes extremely rapid and reversible two-electron two-proton reduction on a glassy carbon electrode in sulphuric acid. An aqueous flow battery with inexpensive carbon electrodes, combining the quinone/hydroquinone couple with the Br2/Br− redox couple, yields a peak galvanic power density exceeding 0.6 W cm−2 at 1.3 A cm−2. Cycling of this quinone–bromide flow battery showed >99 per cent storage capacity retention per cycle. The organic anthraquinone species can be synthesized from inexpensive commodity chemicals8. This organic approach permits tuning of important properties such as the reduction potential and solubility by adding functional groups: for example, we demonstrate that the addition of two hydroxy groups to AQDS increases the open circuit potential of the cell by 11% and we describe a pathway for further increases in cell voltage. The use of π-aromatic redox-active organic molecules instead of redox-active metals represents a new and promising direction for realizing massive electrical energy storage at greatly reduced cost.
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                    Figure 1: Cell schematic and cell performance in galvanic and electrolytic modes.[image: ]


Figure 2: Cell cycling behaviour.[image: ]


Figure 3: Half-cell measurements and theory calculations.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Plot of potential versus current density at different rotation rates of the RDE.
The solution is 1 mM DHAQDS (1 mM in 1 M H2SO4), using a rotating disk electrode (RDE) of glassy carbon. Rotation rates are 200, 300, 400, 500, 700, 900, 1,200, 1,600, 2,000, 2,500 and 3,600 r.p.m.


Extended Data Figure 2 Levich and Koutecký–Levich plots obtained using the RDE.
a, Levich plot (limiting current versus square root of rotation rate ω) of 1 mM AQDS in 1 M H2SO4 (the fitted line has a slope of 4.53(2) µA s1/2 rad−1/2, giving D = 3.8(1) × 10−6 cm2 s−1). Data are an average of three runs; error bars indicate the standard deviation. b, As a but for DHAQDS in 1 M H2SO4 (slope of 3.94(6) µA s1/2 rad−1/2 gives D = 3.19(7) × 10−6 cm2 s−1). c, Koutecky–Levich plot (i−1 versus ω−1/2) of 1 mM DHAQDS in 1 M H2SO4. The current response, i, is shown for seven different AQDS reduction overpotentials η.


Extended Data Figure 3 Fit of Butler–Volmer equation.
Constructed using the current response in the absence of mass transport at low AQDS reduction overpotentials; iK is the current extrapolated from the zero-intercept of Fig. 3b and Extended Data Fig. 2c (infinite rotation rate). Data are an average of three runs; error bars indicate the standard deviation. a, AQDS: best-fit line has the equation y = 62(x + 4.32). This yields α = 0.474(2) and k0 = 7.2(5) × 10−3 cm s−1. b, DHAQDS: best-fit line is the function y = 68(x + 3.95). This yields α = 0.43(1) and k0 = 1.56(5) × 10−2 cm s−1.


Extended Data Figure 4 Pourbaix diagram (E0 vs pH) of AQDS.
Data are fitted to three solid lines indicating slopes of −59 mV pH−1, −30 mV pH−1 and 0 mV pH−1, corresponding to two-, one- and zero-proton processes, respectively. Dashed lines linearly extrapolate the one- and zero-proton processes to give E0 values of 18 mV (2e−/1H+) and −296 mV (2e−/0H+).


Extended Data Figure 5 1H NMR (500 MHz, D2O) spectra.
a, Spectrum of AQDS: chemical shift δ = 7.99 p.p.m. versus tetramethylsilane (TMS) (doublet (d), coupling constant J = 2 Hz, 1,8 C–H), 7.79 p.p.m. (doublet of doublets, J = 2 and 8 Hz, 4,5 C–H), 7.50 p.p.m. (d, J = 8 Hz, 3,6 C–H). b, The same sample, 20 h after addition of Br2. c, 1H NMR of AQDS treated with 2 M HBr and Br2 and heated to 100 °C for 48 h. The peaks are shifted due to presence of trace HBr, which shifted the residual solvent peak due to increased acidity. Coupling constants for each peak are identical to a.


Extended Data Figure 6 13C NMR (500 MHz, D2O) spectra.
a, AQDS, δ = 181.50 p.p.m. versus TMS (C 9), 181.30 p.p.m. (C 10), 148.51 p.p.m. (C 2,7), 133.16 p.p.m. (C 11), 132.40 p.p.m. (C 12), 130.86 p.p.m. (C 3,6), 128.59 p.p.m. (C 4,5), 124.72 p.p.m. (C 1,8). b, The same sample, 24 h after addition of Br2. c, 13C NMR of AQDS treated with 2 M HBr and Br2 and heated to 100 °C for 48 h.


Extended Data Figure 7 Calibration model for ΔHf and experimental E0.
This shows a linear relationship (red dashed line; R2 = 0.97) between calculated ΔHf (this work) and experimental E0 (from the literature) of six quinones in aqueous solutions: BQ, benzoquinone; NQ, naphthoquinone; AQ, anthraquinone; and PQ, phenanthraquinone.


Extended Data Figure 8 AQDS cyclic voltammograms.
Black curve, obtained for a 1 mM solution of AQDS in 1 M H2SO4 on a stationary glassy carbon working electrode. Red curve, obtained for a crude anthraquinone sulphonation solution containing a mixture of AQDS, 9,10-anthraquinone-2,6-disulphonic acid and 9,10-anthraquinone-2-sulphonic acid diluted to 1 mM total anthraquinone in 1 M H2SO4.


Extended Data Figure 9 Flow-battery cycling behaviour with HBr electrolyte on both sides.
Data collected by cycling the current at 0.2 A cm−2 at 40 °C using a 2 M HBr + 0.5 M Br2 solution on the positive side and a 2 M HBr + 0.1 M AQDS solution on the negative side; cell potential versus time performance is comparable to data in Fig. 2.


Extended Data Table 1 AQDS screened by theoretical calculationsFull size table
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Flexible flow batteries can store energy at peak times and for longer than conventional batteries.
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        Editorial Summary
Go with the flow batteries
Flow batteries differ from the conventional type in that the electro-active components of flow batteries are held in fluid form external to the battery itself, enabling such systems to store arbitrarily large amounts of energy. Flow batteries are therefore attractive as a potential means for regulating the output of intermittent sources of electricity such as wind or solar power. But an important limitation of most such systems is the abundance and cost of the electro-active materials. To overcome this limitation, Brian Huskinson and colleagues have developed an aqueous flow battery on the basis of inexpensive, non-metallic commodity chemicals, with the added advantage of enabling the tuning of key battery properties through chemical design.
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