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Abstract: Here we report a symmetric all-quinone aqueous battery based entirely on Earth-

abundant elements that uses a naturally-occurring dye as the redox-active material in both positive 

and negative electrodes. We demonstrated a symmetric all-quinone cell with 1.04 V of open circuit 

voltage, 163 mAh/g of capacity, and 100 cycles at 10C with 100% of depth of discharge. The use 

of the same quinone in a symmetric setup expands the repertoire of inexpensive redox active 

materials for aqueous rechargeable batteries, and the simple cell design will enable optimizations 

toward safe, cheap, lightweight, and flexible electronics in future. 
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Lithium-ion batteries continue to dominate portable electronics and electric vehicles 

markets for its high energy density/specific energy.1 However, combustible electrolytes and 

expensive cathodes pose safety and cost concerns to consumers.2 Further cost reduction is expected 

to be limited after decades of development.3 Next generation energy storage devices call for safe, 

cheap, resource-abundant and flexible batteries.2, 4 Rechargeable batteries with cost-effective 

redox active materials and aqueous electrolytes can potentially meet these requirements.5 

Currently, the lead-acid battery (LAB) has the largest market share among aqueous batteries and 

continues to be attractive for its wide availability and competitive price.6 However, in addition to 

the obvious environmental concerns of lead,7 the LAB has fundamental chemistry challenges 

during cycling. Sulfuric acid electrolyte participates in the redox chemistry, and sulfation, a build-

up of lead sulfate crystals on electrodes over cycling, incurs mechanical stress and penalizes cycle 

life significantly.8 Therefore the LAB can be cycled only with a shallow depth of discharge (DoD), 

and a tradeoff between effective energy density and cycle life is inevitable. Nickel-metal hydride 

aqueous batteries suffer from similar volume expansion problems and some use expensive rare-

earth metals in the anode.9 Emerging aqueous rechargeable lithium/sodium-ion batteries utilize 

electrode materials (particularly the cathodes) similar to those used in non-aqueous 
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lithium/sodium-ion batteries, but they have less than half of the voltage (< 1.5 V) of their non-

aqueous counterparts.10 penalizing their economics. 

Organic electrode materials, which consist of earth-abundant elements such as C, H, and 

O and are synthesized at a much lower temperature (< 200 oC) than their inorganic counterparts 

(> 500 oC),4 are becoming promising candidates for the next generation of sustainable energy 

storage devices.11 Quinones are a class of organic molecules that are ubiquitous in nature and 

known to participate in a fast, two-electron redox process via a proton-coupled electron transfer 

(PCET) mechanism.12 Quinones have been explored in the context of non-aqueous solid batteries13 

and  aqueous flow batteries.14 More recently, Liang et al. investigated quinones as anodes in 

aqueous solid batteries.15 However, cathodes remained inorganic, e.g. lead dioxide, lithium 

magnesium oxide/lithium cobalt oxide, nickel oxyhydroxide, etc. We here report the use of a single 

quinone molecule as both negative and positive electrode material in a symmetric cell. The concept 

of a symmetric cell system has been proposed in various battery systems for its simplicity in design, 

and has been demonstrated in both non-aqueous flow battery16 and solid-electrode battery 

communities.17, 18 The redox-active materials in symmetric cells could be organics,17 inorganics,18 

or organometallic complexes.19 In order to build a symmetric cell, the redox-active material must 

have at least three stable oxidation states. For example, inorganic metal complexes have multiple 

oxidation states.18 Organic molecules often delocalize charges in  extended -electron systems 

such as porphyrins,20 or have bipolar functional groups,17 but these functional groups are usually 

incompatible with aqueous systems.  

Motivated by recent success in the development of anthraquinone-based negative 

electrolyte materials for high performance aqueous flow batteries,14, 21-23 we explore the third 

oxidation state of a fused anthraquinone, alizarin, in a single-compound battery. Alizarin, 

historically used as a natural dye, exists in abundance in plants of the madder genus and was the 

first natural dye to be synthesized at industrial scale.24 When two quinone motifs fuse together 

(Figure 1a), three oxidation states exist in one single anthraquinone molecule. During charging, 

the center para-quinone motif can be reduced into para-hydroquinone on the negative side to form 

fused-hydroquinone, and the right ortho-hydroquinone motif can be oxidized into ortho-quinone 

on the negative side to form fused-quinone. Conversely, during discharging, the fused-

hydroquinone and fused-quinone would comproportionate back to alizarin. Therefore, compared 

to LABs, these PCET processes in a solid battery may lead to a relatively smaller volume change 

of redox active materials and induce less mechanical stress in electrodes as a result of minimal 

changes in molecular structure.  
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Figure 1. PCET working mechanism and corresponding cyclic voltammetry (CV) curves. (a) 

alizarin (center) accepting two electrons and two protons to become fully reduced (left), or 

donating two electrons and two protons to become fully oxidized (right) in redox reactions. (b) 

CVs of alizarin sulfonate (R = SO3
–) dissolved in solution and physisorbed on carbon paper 

electrode in 1 M H2SO4, scan rate: 10 mV/s. Positive current is oxidative. The scanning range is 

−0.25 V to 1.75 V vs SHE for alizarin sulfonate dissolved in solution; −0.05 V to 1.20 V vs SHE 

for alizarin sulfonate physisorbed on electrode. (c) Full cell CV curve from the symmetric full cell 

on flexible carbon cloth.  

 

To investigate the redox activity of the system, a cyclic voltammetry (CV) study of a 

soluble alizarin, alizarin sulfonate, was undertaken. As expected, the low-potential redox couple 

showed excellent redox activity near 0 V vs standard hydrogen electrode (SHE); however, no 

reduction signal was observed for the high-potential redox couple, which exhibited an abnormally 

high oxidation peak (Figure 1b). Such behavior was not specific to alizarin, but was also observed 

for other fused quinones, including quinizarin and other fused quinone derivatives. In previous 

work, Carretero-González et al. discovered that a reversible CV at high potential can be obtained 

on a working electrode with microcavities filled with alizarin and carbon particles,25 but it was 

unclear what caused the difference in the observed redox behavior.  

To probe whether the oxidation product is unstable, we chemically synthesized the 

oxidized alizarin in its tetra-one form (fused-quinone), and found it to be stable in aqueous solution 

(Figure S1, S2). In alizarin sulfonate, only at high CV scan rates (> 5 V/s) did the high-potential 

reduction peak appear and become more symmetric with its oxidation peak, indicating that the 

oxidized form appears only to be stabilized in the solid state (as an adsorbate or insoluble solid) 

(Figure S2, S3). It was hypothesized that the alizarin undergoes two separate one-electron 
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processes during oxidation, and in solution the intermediate radical may diffuse away and cause 

subsequent degradation before it is oxidized to the stable tetra-one form (Scheme S1).26 Therefore, 

we reasoned that improved electrochemical reversibility at high potential is feasible if the electron-

transfer kinetics of the oxidation process can be enhanced by maintaining intimate contact between 

the molecules and the conducting material. Indeed, when alizarin sulfonate was pre-adsorbed onto 

carbon paper (Scheme S2), and used directly as the working electrode, a reversible redox process 

was observed for the high potential part of the molecule even at the slow CV scan rate of 10 mV/s 

(Figure 1b). We attribute the improved kinetics and stability to the ability to rapidly complete the 

two-electron transfer between the carbon electrode and adsorbed alizarin sulfonate. The adsorbed 

alizarin sulfonate displayed two sets of reversible and symmetrical redox peaks.  

The difference in potentials provides opportunity to build a 1 V battery within the 1.23 V 

thermodynamic water stability window. Solubilizing groups, which are usually attached on 

quinones for solubility improvement in flow batteries, were found to be irrelevant to the observed 

behavior, and unfunctionalized, insoluble alizarin displayed the same behavior when adsorbed on 

carbon paper (Figure S4). As a proof-of-concept of symmetric quinone redox couple, a pseudo-

capacitor was assembled using two sheets of high surface area flexible carbon cloth (Spectracarb™ 

2225 Type 900 Activated Carbon Fabric) with adsorbed alizarin on both terminals. The full cell 

voltage was 1.04 V at 50% SOC (Figure 1c). This flexible symmetric aqueous quinone pseudo-

capacitor was successfully subjected to 200 consecutive deep charge-discharge cycles (Figure S5). 

 
Figure 2. Electrochemical characterization of alizarin-based electrode. (a) The CV curve of ball-

milled composite in 1 M H2SO4. The ball-milled alizarin/ketjen black/graphite composite (mass 
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ratio: w/w/w=3:6:1) was first suspended in acetone with a concentration of 10 mg/mL then drop 

casted on glassy carbon working electrode. Scan rate: 100 mV/s. (b) Schematics of alizarin-based 

three-electrode full cell. (c) Voltage profiles of alizarin as positive (red) and negative (blue) 

materials, respectively. (d) The full cell voltage (1.0 V) of alizarin-based balanced cell. The 

specific capacity is based on the total quantity of alizarin active material on both electrodes. The 

theoretical capacity of alizarin is 223.3 mAh/g. 

 

Encouraged by the performance of the alizarin-based flexible pseudo-capacitor, for which 

the physio-adsorbed redox active material was limited to only a few mono-layers on the carbon 

surface, we sought to increase the loading of active material to achieve a practically useful energy 

density. Therefore, commercial alizarin powder was ball-milled with Ketjenblack (Figure S6) to 

mimic in a battery electrode the intimate contact between redox-active material and electron 

conducting material apparent in the pseudo-capacitor. The mixture exhibited the expected redox 

activity in CV (Figure 2a). We assembled a three-electrode symmetric cell using nominally 

identical pellets of the composite as both positive and negative electrode, separated by a 

hydrophilic porous separator (Celgard coated PP 3401). An Ag/AgCl reference electrode was 

immersed in the 1 M sulfuric acid electrolyte near the separator (Figure 2b). This setup allowed us 

to monitor the performance of both electrodes simultaneously and independently. Figure 2c shows 

the charge-discharge voltage profiles of both electrodes at a C-rate of 10 C (10 mA/cm2) with a 

clear voltage plateau of 1 V for high potential and 0 V for low potential; these are in excellent 

agreement with the CV measurement. The full cell voltage profile of this symmetric cell was 

plotted in Figure 2d. It shows an average voltage of 1 V and accessed a specific capacity of 81.5 

mAh/g, which is based on total quantity of alizarin on both electrodes, and is 73.0% of the 

theoretical value. 

 
Figure 3. Symmetric alizarin cell performance. (a) The rate performance of the symmetric alizarin 

cell at 10, 20, 50, and 100C. 1C = 223.3 mA/g. The specific capacity is based on the total quantity 

of alizarin active material on both electrodes. (b) Cycling stability of the alizarin cell at 10C. The 

negative electrode is the capacity-limiting side. The positive electrode is the non-capacity-limiting 

side. 

 

The electrochemical performance of the symmetric alizarin cell was further evaluated. 

Figure 3a showed the specific capacities and voltage profiles at different current rates. When the 

total quantity of alizarin active material on both electrodes was considered, the discharge capacities 
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were 81.5, 60.5, 51.5, and 42.5 mAh/g, and the mid-point discharge voltages are 1.00, 0.95, 0.87, 

and 0.74 V when the cell was cycled at 10, 20, 50, and 100C, respectively. The overpotential 

increases and the capacity decreases with increasing current density. Figure 3b shows the results 

of cycling of the alizarin-based symmetric full cell at 10C; the negative side is capacity-limiting. 

This unoptimized cell retained 47% of its initial capacity after 100 cycles of full charge and 

discharge, and the Coulombic efficiency stabilized at 95%.  

To gain insight into the capacity loss of the full cell, cycling performance of each terminal 

was evaluated independently with respect to the reference electrode. We found that the positive 

terminal capacity decayed at a much higher rate than the anode capacity when cycled at 10C 

(Figure S7). The 1H NMR spectra of cycled alizarin from the negative terminal remained 

unchanged, whereas decomposition was observed in alizarin samples from positive terminal after 

200 cycles (Figure S8, S9). In addition to the possible radical decomposition as discussed above, 

the highly electron-deficient oxidized alizarin is subject to decomposition via Michael addition, as 

observed in other high potential quinones.27, 28 

 
Figure. 4 Alternative symmetric quinone. (a) Structures of alizarin and 2,3-dimethyl-quinizarin 

(2,3-CH3-quinizarin). (b) CV of 2,3-CH3-quinizarin compared to alizarin. Scan rate: 100 mV/s. 

2,3-CH3-quinizarin (red) has a broader voltage window compared to alizarin (black). (c) The full 

cell voltage of 2,3-CH3-quinizarin symmetric cell compared to alizarin symmetric cell.  

 

The use of organic material permits the modification of molecular structure to fine tune the desired 

properties. A preliminary study into the synthesis of other fused quinone derivatives suggests that 

it is possible to increase the cell voltage and decrease the molecular decomposition rate. For 

instance, Figure 4a showed the structure of another modified fused quinone, 2,3-dimethyl-

quinizarin (2,3-CH3-quinizarin). The molecule was specifically designed to prevent the attack from 

Michael addition by nucleophiles on the electrophilic C-H positions on the oxidized fused-quinone 

form. The methyl group is hypothesized to protect the nucleophilic decomposition through steric 
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hindrance. To confirm the presumed stability enhancement, we chemically synthesized oxidized 

2,3-dimethyl-quinizarin and its unprotected precursor, oxidized quinizarin. The oxidized quinones 

were stirred with 1 M sulfuric acid overnight and analyzed by 1H NMR (Figure S10, S11). As 

expected, hydroxide addition onto the unprotected quinizarin was observed; whereas the protected 

2,3-CH3-quinizarin remained unchanged with only a trace amount of self-discharged 2,3-CH3-

quinizarin due to its highly oxidative nature, confirming the protective nature of the two methyl 

groups.  When compared to alizarin, 2,3-dimethyl-quinizarin has an extended potential window 

(1.16 V) (Figure 4b). The reduction potential for the negative part decreased by 50 mV and that of 

the positive part increased by 70 mV, resulting in 120 mV higher full cell voltage than alizarin 

(Figure 4c). Furthermore, we examined the high potential cycled 2,3-CH3-quinizarin electrode by 
1H NMR, confirming that most species are oxidized 2,3-CH3-quinizarin (Figure S12, S13). It is 

also possible to pair different quinones in an asymmetric setup. The (-) alizarin | 1 M H2SO4 | 2,3-

CH3-quinizarin (+) showed a much-improved life time that retained 55% of capacity after 500 

cycles (Figure S14). Whereas the methylation of quinizarin increases the cycle life by blocking the 

Michael addition, the remaining sources of capacity fade are not clear at this early stage, in which 

the microstructure of the composite and the macrostructure of the cell and its operation have not 

been optimized. Varying the strength of adsorption by tailoring the chemical properties of the 

carbon or the quinone may change the rates of semiquinone production and decomposition. The 

current situation may be analogous to that of 2,6-dihydroxy-anthraquinone which decomposed at 

a rate of ~5%/day when it was first introduced;29 subsequent chemical modifications21, 23 and 

operating condition modifications30 have reduced the fade rate by orders of magnitude. 

 In summary, we report a symmetric quinone−acid cell with 1.04 V of voltage and 

163 mAh/g of specific capacity at 10C (See Table S1 for comparison with other aqueous batteries). 

The alizarin-based symmetric quinone-acid cell retains 45% of its capacity after 100 cycles with 

100% of DoD. Our metal-free SQAB is potentially environmentally benign. The natural 

abundance and cheap commercial source promise its low cost when produced at large scale. We 

demonstrated with 2,3-dimethyl quinizarin that other fused quinone derivatives can also be used 

for symmetric quinone−acid batteries. The new chemistry and simple cell design provide a new 

platform for future optimization that can enable substantial cost-reduction and rapid engineering 

development. Further optimization of fused quinones with improved reduction potential and 

stability, and cell engineering of electrode composition and morphology can further improve the 

performance of the battery. 

 

Supporting Information 

Materials and methods; Synthesis of oxidized alizarin; Electrochemistry of physisorbed 

alizarin; Electrode material preparation; Synthesis of quinizarin and derivatives and corresponding 

electrochemistry; and Tabulated comparison of aqueous batteries. 
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