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ABSTRACT Redox flow batteries (RFBs) represent a promising technology for grid-scale 

integration of renewable energy. Redox-active molecular pairs with large potential windows have 

been identified as key components for these systems. However, cross-contamination problems 

encountered by the use of distinct catholyte and anolyte species still limits the development of 

reliable organic RFBs. Herein, we report the first use of a helical carbenium ion, with three stable 

oxidation states, as an electrolyte for the development of symmetric cells. Cyclic voltammo-

amperometric studies were conducted in acetonitrile to assess the essential kinetic properties for 

flow battery performance and cycling stability of this molecule. The stability of the [4]helicenium 

ion was then evaluated by mono-electronic cycling and bi-electronic stress experiments, resulting 
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in 550 and 80 cycles respectively, with near-perfect capacity retention. This helical carbenium ion-

based electrolyte achieved a proof-of-principle 2.12 V open circuit potential as an all-organic 

symmetric RFB. 

Technological advances in renewable energy are progressively allowing our society to transition 

from fossil fuels to more sustainable energy sources.1 However, the development of efficient 

batteries, which store and redistribute the harvested energy in the grid, remains a key-challenge to 

be addressed.2–4 The well-known high-performance lithium-ion batteries5 have proven to be a 

suitable solution, yet temporary since its availability is quickly being surpassed by civilian power 

needs.6,7 In recent years, redox flow batteries (RFBs) have gained considerable attention to address 

the issues faced with large-scale storage of transient renewable energy.8–12 In RFBs, energy is 

stored in liquid electrolyte solutions which flow through an electrochemical cell during charge and 

discharge cycles. The “redox” term refers to the chemical reduction and oxidation reactions 

involved in the catholyte and anolyte that are converted to electrical power. Vanadium-based RFBs 

(VRFBs; Figure 1, purple box),10,13 as well as other metal-based electrolytes,14–17 possess high 

durability with an astounding cyclability of up to 20,000 cycles.18 However, the use of transition 

metal ions is associated with their high cost and toxicity.19,20 In recent years, very promising 

organic-metal hybrid systems have emerged,17,21,22 yet these system to not address the need to 

freeing oneself from metal containing sytems.23 Redox-active organic materials (ROMs), and their 

applications in full organic RFBs, have thus emerged as an attractive alternative for low-cost and 

large-scale batteries due to their sustainable, synthetically tunable, and potentially inexpensive raw 

materials.24–28 Their development is of considerable interest for the scientific and engineering 

communities.29–31 
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The redox potential of ROMs, and the resulting open circuit voltage (OCV) between the 

electrolytes, is one of the most important properties since it determines the RFB voltage, and 

affects the energy density and power density provided.28 Recently, attractive OCV potential 

windows from 1.9 to 3.2 V have been reported for non-aqueous fully organic RFBs (ORFBs) 

(Figure 1, red box).32–34 Most of these ORFBs are asymmetric, since they are assembled by two 

chemically different redox-active pairs. While this allows easy tunability of the OCV, crossover 

contamination between catholyte and anolyte at the interface of the cell results in a loss of 

unrecoverable capacity, affecting the efficiency and durability of the battery.26,28 As a result, the 

best systems to date, show maximum cyclability values of 150 charge-discharge cycles while 

retaining their capacity (Figure 1, red box).34 The use of a single ROM as both anolyte and 

catholyte, in a so-called symmetric system, is believed to be key to improve the performance of 

ORFBs. In addition to preventing cross contamination, symmetric ORFBs can access three 

different oxidation states of the electrolyte within the same compartment, allowing the polarity to 

be reversed upon one-electron cycles. To date, only few examples of symmetric ORFBs have been 

reported, (Figure 1, green box),35–38 and these either possess a high OCV with low cyclability 

(Figure 1, examples iv, vii), or a better reliability (max of 100 cycles) but a small OCV (Figure 

1, examples v, vi). Yet these reports provide the pioneering evidence that symmetric ORFBs can 

open new junctures and lead to promising energy applications.  
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Figure 1: Open circuit voltage (OCV) feature for common batteries and recent promising RFBs 

(Cyclability = initial capacity (Qinit) retention ≥ 90% after n cycles) with their electrolyte couples: 

(i),32 (ii),33 (iii),34 (iv),35 (v),36 (vi),37 (vii).38 

Recently, a family of helical carbenium ions, namely dimethoxyquinacridiniums (DMQA+), has 

received increasing interest due to their photophysical, electrochemical, and biological 

properties.39–42 Noticeably, the Laursen and Lacour groups reported the reversible electrochemical 

oxidation and reduction events of these stable carbenium ions.43,44 Similarly, our group recently  

reported the chemical reduction of a series of these cations leading to the isolation and 

characterization of the corresponding neutral radical analog (DMQA•).45 We also demonstrated 

that the helicene [nPr-DMQA][BF4] salt (C+, Figure 2a) is an efficient photocatalyst undergoing 

both chemical reduction and oxidation reactions via single-electron transfer.46 Yet, the use of these 

redox-active compounds has never been reported in electrochemical and energy storage 

applications. These helical carbenium ions are uniquely well-suited for RFB due to their rapid 

modular synthesis, electrochemical stability to wide voltage windows, and the accessibility of 

several oxidation states. Herein, we report the electrochemical study of C+ as both anolyte and 
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catholyte for the development of a symmetrical non-aqueous ORFB, with a remarkable OCV of 

more than 2.1V and retaining more than 90% of its initial capacity after 550 cycles. 

Previous reports showed that C+ can be electrochemically reduced by one electron to form the 

neutral radical C● and oxidized by one electron to form the radical dication C●++ (Figure 2a).43–45 

However, if these species are to be used for battery purposes, they must possess high stability 

during storage, charge, and discharge processes over extended periods of time in the solvent of 

choice.28 We previously reported that the electrochemical behavior of C+ in dichloromethane 

showed that the reduced and oxidized species were electrochemically reversible, but the stability 

of the reduced species (C●) was limited to a few minutes.45 Cyclic voltammetry (CV) experiments 

in DMF showed higher stability of the C● species, but poor reversibility was observed for the C●++ 

radical (Figure S1).1 Finally good reversibility and stability for both redox species of C+ was 

observed by CV in acetonitrile (Figure 2b and S2).44 Differential pulse voltammetry (DPV) 

showed that the redox events occurs at E1/2red = -1.14 V process and E1/2ox = + 0.98 V in acetonitrile 

(Figure S3).44 The measured OCV between these processes was found to be 2.12 V, which 

supports its potential application as a high-voltage and symmetric ORFB (Figure 2b).  

 

1 To facilitate comparison, all electrochemical measurements are presented in V vs the reference AgNO3/Ag couple 
(ERef). Through-out this paper, the numbers reported in parentheses indicate the standard deviation in the last reported 
digit. 
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Figure 2: a) Scheme of redox processes for C+. b) CV at scan rate of 100 mV s–1 and c) 

Independents CVs at various scan rate (10 to 500 mV s–1) of the electronic processes for a 1.2 mM 

solution of C+ in 0.1 M TBAPF6/acetonitrile (ACN). d) D and k0 were determined by studying CVs 

at different scan rates from 10 to 500 mV/s. 

The reversibility of the redox events of C+ was further investigated by acquisition of CVs at 

different scan rates (Figure 2c and S4). The measured intensity (ip) reported as a function of the 

square root of the scan rate exhibits a linear relation (Figure S5), indicating analyte diffusion from 

the electrodes and reversibility of the redox processes at each scan rate. Based on these plots, the 

essential electrochemical kinetics parameters for this ROM were also extracted (Figure 2d). Using 

the Randles–Sevcik equation (Equation S1), an experimental diffusion coefficient (D) of 9.4(9) × 

10-6 cm² s-1 and 9.9(9) × 10-6 cm² s-1 were determined for the C+/C● and C●++/C+ couples, 

respectively. These values are higher than other known anolytes,33,47,48 and about three times higher 

than recent catholytes studied, which is an advantage for our DMQA+.32–34,48,49 The electron transfer 

rate constants (k0) were determined using the improved Nicholson’s method (Equation S2-S3, 
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Table S4),50,51 where the k0 = 2.6(5) × 10-2 cm s-1 for C+/C● redox couple is almost similar to that 

of the C●++/C+ redox pair k0 = 2.0(4) × 10-2 cm s-1 and both are higher to recent electrolytes 

developed for RFB.32,34 The persistent oxidized and reduced species of C+, and their fast and close 

electronic kinetics, suggest that this electrolyte is suitable for ORFB application. 

We then investigated the use of this [4]helical carbocation as an electrolyte for a symmetric ORFB 

application. The saturation concentration of the C+ salt in pure acetonitrile was evaluated at 32.4 

± 0.1 mM by UV-Visible via a calibration curve (Figure S6-S7). The electrochemical stability of 

the electrolyte C+ was evaluated by bulk electrolysis charge/discharge cycling using a three-

electrode cell modelling a redox flow cell setup. Sanford et al. have shown that similar 

electrochemical cell designs with organic ROMs have been acceptable test beds for RFBs 

performance.32 Charge-discharge experiments were performed inside a nitrogen-filled glovebox 

with a setup inspired by Hansmann et al.35 using a custom-made H-cell with a porous glass frit to 

separate both compartments. The reference electrode (0.01 M AgNO3/Ag in 0.1 M TBAPF6/ACN 

solution) with two reticulated vitreous carbon (RVC) electrodes (Duocel®, 100 ppi) were added 

to complete our test cell (Figure S8-S9). Both sides of the cell were equally filled with a 1.2 mM 

solution of C+ (0.1 M TBAPF6/ACN) (Figure 3a, “Init.”). 
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Figure 3: a) Scheme showing the mono- electronic charge-discharge cycles in a symmetric H-cell. 

The color code is indicative of the electrolyte oxidation degree and corresponds to the colors 

observed by the operator. b) Zoom-in of Ewe along the 25th to 35th cycles of cycling and species 

formation in Eref compartment. c) Q of charge-discharge processes and coulombic efficiency 

monitoring over 800 cycles of mono-electronic exchange (for better readability, 1 dot every 10 

cycles). Inset shows CV analysis at 100mV/s of the respective contents of each side of the cell 

after 800 cycles. 

In the first instance, mono-electron transfer at 90% theoretical capacity (90% State Of Charge 

“SOC”) charge and discharge cycles (Figure 3a) were performed with a Constant Current 

following by a Constant Voltage galvanostatic charging (CCCV GCPL protocol) of |5| mA with 

potentials boundaries at -1.54 V and -0.64 V vs Eref. A complete cycle corresponds to a charge step 
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followed by a discharge step (Figure 3b). During the charge-discharge cycles a plateau at c.a. -1.1 

V in Ew voltage curves was noted and assigned to the electronic process of C+/C● redox couple 

(Figure S10). Extremely satisfactorily, the monitoring of this test cell in Figure 3c, shows that the 

coulombic efficiency (CE, green triangle) remains constant and close to 100% throughout the 

experiment. Furthermore, the capacity Q (red and blue squares) has proven to be excellent, with 

an initial Capacity (Qinit) retention >90% over 550 cycles (Figures 3c, S11 – S12). The decrease 

in the capacity of our battery started at the 461th cycle. Then the system lost 0.16% of capacity 

retention per cycle, reaching a value of Q = 0.081 mA.h at the 800th cycle when the battery was 

stopped (i.e. 58% of the Qinit). After the 800th cycle, a CV analysis at 100mV/s of the respective 

contents of each side of the cell was performed (Figure 3c Inset, and S13). It was found that the 

use of C+ as an "anolyte" is particularly robust and reliable with an appearance that can be 

superimposed on the initial CV. However, the CV of the "catholyte" compartment shows a loss of 

resolution of the phenomenon in oxidation. This is correlated with the appearance of a light deposit 

on the RVC electrode, suggesting that the solubility of the C●++ species is a limiting factor of this 

system. We assume that the loss of ROM by precipitation in the cathode compartment induces the 

loss of capacity noted in Figure 3c. Nevertheless, the remarkable values obtained underline the 

stability of our battery model, which was ran over 88.7h, as well as its ability to deliver the stored 

energy efficiently.  

In “classical” ORFB, the overall system is asymmetric, meaning one side of the cell containing 

the "anolyte" and the other containing the "catholyte" and must therefore always be polarized in 

the same way to work.10,32 However, the electronic properties of C+ allow us to overcome this 

limitation, since the system can be charged independently by transferring electrons into one or the 

other side of the cell. Therefore, it is possible to carry out bi-electronic cycling tests by polarizing 
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the battery in the opposite direction. This protocol consists of a highly stressful two-electron charge 

and discharge process on each side of the cell at 100% SOC. This meaning that the species C●++ 

and C● will be formed successively in each compartment over time (Figure 4a). These two-

electron cycling processes, labeled "stress-test", are likely to shorten the life of the battery and are 

not meant to describe the energy storage ability of our electrolyte under these conditions.35,52 The 

experiment will however provide insightful information about the sturdiness of the battery.  

 

Figure 4: a) Scheme showing the bi-electronic charge-discharge cycles in a symmetric H-cell as 

stress-test. The color code is indicative of the electrolyte oxidation degree and corresponds to the 

colors observed by the operator. b) Q of charge-discharge processes and coulombic efficiency 

monitoring over 85 cycles of bi-electronic exchange. 

A CCCV galvanostatic charging sequence with a |5| mA current, setting potentials boundaries at 

1.38 and -1.54 V vs. Eref, was then started from initial state of this symmetrical battery (Figure 
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4a). In the first step, the working electrode side of the cell was discharged of electrons at a cutoff 

potential of 1.38 V to full oxidation of C+ to C●++ (Figure 4a, purple arrow). Then a negative 5 

mA current was applied at -1.54 V (red arrow), and two electrons were sequentially exchanged 

taking C●++ to C●. Finally, the current was reversed to 1.38 V to discharge the electrons in the 

working electrode side of the cell back to C●++ (blue arrow). The continuous alternation of steps 

red and blue corresponded to a cycle. Interestingly, during the electron charge/discharge cycles 

two plateaus at c.a. -1.1 V and 0.9 V in Ew voltage curves were observed, in agreement with the 

processes recorded in the CV (Figure S16). During the experiment, the threshold value of -1.54V 

in discharge was reached, however the 1.38V threshold was slowly reached over the 81st cycle 

(Figure S17). Concurrently, this phenomenon can be compared to the CE of the battery. The 

efficiency was calculated based on the overall cell capacity, or Q for charge/discharge of Qtheo = 

0.317 mA.h (Figure 3b). As shown by the green trace, the CE was almost constant and close to 

100% until the 80th cycle, with a quasi-constant full capacity Q = Qtheo for two-electrons cycling. 

Then a drastic drop in Q discharge with an irrecoverable capacity loss of 84% between cycles 80 

and 83 was observed. This corresponded to a decrease in CE in the 82nd cycle and suggested the 

end of our system’s life, presumably due to electrolyte fatigue when it is in its C●++ form. Current 

efforts consist in improving the stability of the oxidation process over time, and rationalizing its 

decay to improve the properties of this [4]helical cation. 

In summary, we report a new high-potential organic electrolyte for nonaqueous RFBs. Through an 

in-depth study of the electronic characteristics of the selected carbenium ion, we have highlighted 

the reversibility of two redox processes with a large potential gap. The stability of the neutral 

radical (C•) and radical dication (C•++) forms of nPr-DMQA+ (C+) in acetonitrile was demonstrated. 

The analysis of fundamental electrochemical kinetic properties allowed us to evaluate the behavior 
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of this molecule within an H-cell, as an ORFB model. This work enabled the realization of the best 

performing high voltage non-aqueous all-organic symmetrical flow battery model to date. In 

single-electronic operating mode, the cell can reach more than 550 charge/discharge cycles with 

excellent Q retention and CE for a 2.12V OCV. Meanwhile, two-electron charge/discharge stress-

experiments showed the robustness and high reliability of this electrolyte beyond 15 h of 

continuous electrochemical stress, showing excellent CE and almost 100% capacity retention over 

80 cycles. This [4]helicenium core is a promising new class of electrolyte for the development of 

high-performance symmetrical ORFBs. 
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