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Abstract: 

Redoxmers are organic active molecules storing energy in redox flow batteries (RFBs). 

Liquid redoxmers represent an extreme scenario where maximum concentration may be 

achieved by minimizing supporting solvents, thus maximizing energy density of RFBs. Herein, 

a series of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-based high potential (catholyte) 

liquid redoxmers, TEMPO-EG1, TEMPO-EG2, and TEMPO-EG3, were developed by 

incorporating polyethylene glycol (PEG) chains. Such modifications not only afford dramatic 

physical changes from solid to liquid and full miscibility in acetonitrile, but also impact the 

redox behavior. DFT calculation indicate that the incorporated PEG chains impact the charge 

distribution, which may account for the electrochemical changes. Importantly, compared to our 

previous liquid catholytes, the new redoxmers exhibit lower viscosity, which is desired for 

enhancing high concentration cycling performance. By using a hybrid flow cell, TEMPO-EG1 

demonstrated more than 70% capacity retention over 100 cycles at 0.1 M and 66% capacity 

retention at 0.5 M, affording excellent cyclability at various concentrations. The study 

exemplifies how molecular engineering tuned the rheological properties of redoxemers, such 
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as viscosity, to improve high concentration cycling of RFBs, which may represent a promising 

avenue to a high energy density and low-cost flow battery system.

Introduction: 

With soaring demand of carbon free electricity in our ever-growing society, sustainable 

energy resources, such as wind and solar, have become the fastest growing approach to 

electricity production. 1-4 However, their intermittent nature often leads to mismatches of supply 

and demand, posing challenges for grid-scale integration.5-6 Incorporating stationary energy 

storage into the grid is a promising solution to this issue as it enables the time domain, and 

smooths out the discrepancy of such mismatches. Given the large scale required for stationary 

storage, redox flow battery (RFB) technology is an emerging candidate due to its low cost and 

independence from critical materials in its supply chain. Different from traditional batteries, 

active materials are contained in the liquid electrolyte solutions, circulating through the positive 

and negative electrode compartments of the cell for energy conversion. The flowable nature of 

RFBs enables several features that are attractive for stationary energy storage, such as 

independent scaled power and energy, ease of scale-up and low-cost optimization.7-9 

Depending on the solvents used, RFBs can be divided into two distinct categories of 

aqueous and nonaqueous based chemistries. While aqueous RFBs have shown stable 

performance and pre-commercial scale demonstrations, the intrinsic limitation from water 

electrolysis constrains the cell voltages and decreases energy density, resulting in increased 

system level cost, which hinders further market penetration. Nonaqueous RFBs (NRFBs) use 

organic solvents and provide an alternative solution due to a wider electrochemical window (>2 

V) and a promise of enhanced energy density. The much improved electrochemcial window 

stimulated significant material developments, and some examples include inorganic materials 

(sulfur and iodine species),10-11 redox-active polymers,12-13 and organometallic compounds 14-15 

as well as hybrid designs such as semi-solid16-17 and redox-targeting flow batteries18-19. Among 

these materials, redox-active organic molecules (redoxmers) draw significant attention as they 

can be feasibly modified with tuneable properties at a low cost, making them ideal for 

constructing high energy density NRFBs.20-23 

Besides tuning redox potentials to increase cell voltage, increasing solubility of 

redoxmers is an important approach for increasing energy density of NRFBs as effective 

redoxmer concentration determines how much electricity can be stored.24 The ultimate goal is 

to achieve the maximum solubility without compromising viscosity and conductivity. Creating 

an intramolecular dipole moment is a proven approach for designing soluble redoxmers since 
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polar molecules are typically more soluble in polar electrolytes (like dissolves like). Our earlier 

studies indicate decreasing the molecular symmetry led to increased dipole moment, which 

improved solubility, but often at a price of decreasing stability due to uneven distribution of 

spin and charge density in a charged molecule.25-27 This trade-off can be managed with carefully 

introduced polar solubilizing groups, which increases solubility via creating local polarity 

without interfering with the balanced redox core structures. For instance, ANL-8 (Figure 1) was 

designed based on a stable redox core of 2,5-di-tert-butyl-1,4-dimethoxybenzene (DDB) with 

non-symmetric introduction of a short polyethylene glycol (PEG) chain. While DDB has 

limited solubility in organic solvents, ANL-8 is a borderline room temperature liquid that is 

fully miscible with acetonitrile (CH3CN).28 This dramatic change not only increases solubility 

but also enables the possibility of approaching theoretical capacity by using neat liquid 

redoxmers as supporting solvents or co-solvents. Several attempts have been conducted towards 

this extreme scenario.23 However, when concentrated redoxmers are cycled in RFB cells, the 

increased viscosity becomes a major obstacle that leads to deteriorated cycling performance. 

For instance, when coupled with 2,1,3-benzothiadiazole, ANL-8 delivered excellent cycling 

performance at 0.1 M but showed poor material utilization at 0.5 M and 1.0 M due to 

polarization in the cell that was caused by high viscosity.23 Limiting the viscosity over increased 

concentrations is a key challenge for high-concentration cycling and redoxmer design,29-30 and 

developing redoxmers with intrinsically low viscosity is paramount to mitigate such issues.  

Herein, a series of redoxmers, TEMPO-EG1, TEMPO-EG2, and TEMPO-EG3, have 

been designed by introducing PEG chains of different lengths into a nitroxyl radical (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) shown in Figure 1.  As expected, the introduced PEG 

chains significantly impact the physical properties of the synthesized redoxmers. All three 

redoxmers become liquid at room temperature and are miscible with CH3CN. Importantly, these 

new liquid redoxmers exhibit much lower viscosity compared to ANL-8 and deliver excellent 

cycling performance in flow cells. 
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Figure 1. Structures and images of liquid redoxmers: (a) The chemical structures of liquid 

redoxmers, (b) the digital images of home-made liquid redoxmers with low viscosity

Figure 2.  (a) Cyclic voltammograms of 10 mM TEMPO-based redoxmers in CH3CN 

containing 0.5 M LiTFSI as the supporting electrolyte. The scan rate was 100 mV s-1, and the 

current was normalized to facilitate comparison. (b) The oxidation potentials and diffusion 

coefficients of these four redoxmers.

Results and discussion:

The TEMPO-based redoxmers were synthesized using a simple Williamson ether coupling 

reaction of 4-hydroxy-TEMPO and the corresponding tosylated ether chain of desired PEG 

length. Details can be found in the experimental section of the Supporting Information. The 
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design of incorporating PEG chains followed our previous liquid redoxmer design of the ANL-8 

series, and this simple modification indeed turned solid TEMPO into liquids as shown in Figure 

1, which are also miscible with CH3CN. As shown in Figure 2, all TEMPO-based redoxmers 

are electrochemically reversible in a supporting electrolyte of 0.5 M lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in CH3CN, and the redox potentials slightly 

increase with the incorporated chains. For instance, compared to the halfwave potential (E1/2) 

of TEMPO at 0.33 V vs. Ag/Ag+, the E1/2 of TEMPO-EG1 positively shifts by ~60 mV to 0.39 

V vs. Ag/Ag+. As the PEG chain grows, the increase continues but slows down to 0.40 V for 

TEMPO-EG2. For TEMPO-EG3, the potential does not change further. Such changes are not 

observed in the ANL-8 series where the redox potentials stay the same with or without 

incorporated PEG chains.28 We speculate that the difference may stem from the perturbation of 

the PEG chains to the electronic energy of TEMPO. 

Diffusion coefficients were also determined (for diffusion measurement procedure, see 

the Supporting Information). As shown in Figure 2b, as the molecular size increases, the 

diffusivity decreases from 17.3 × 10-6 cm2 s-1 for TEMPO to 11.9 × 10-6 cm2 s-1 for TEMPO-

EG1 to 10.2 × 10-6 cm2 s-1  and 9.8 × 10-6 cm2 s-1  for TEMPO-EG2 and -EG3, respectively (see 

Table S1) The decrease in the diffusivity is not inversely proportional to the increase in the 

chain length, implying folded conformation for the chains. Indeed, it is well known that 

polyether chains strongly coordinate Li+ cations in electrolyte through their oxygen atoms.

For liquid redoxmers, a critical property is viscosity, which is directly associated with 

high capacity cycling. Viscosity measurements were performed using a microfluidic viscometer 

m-VROC (RheoSense, Inc.).29 The fluid sample is pushed by a syringe pump into a rectangular 

microchannel with pressure measuring chip, where the viscosity is calculated by measuring 

flow rate and pressure drop. Figure 3 shows the dynamic viscosity of the liquid redoxmers for 

shear rates over one order of magnitude. All redoxmers exhibit Newtonian behavior as their 

viscosities do not significantly change with shear rate. The viscosity values can be obtained 
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from a Newtonian fit. TEMPO-EG1 and -EG2 show nearly identical viscosities, 10.2 and 10.9 

mPa.s respectively, while TEMPO-EG3 approximately double at 21.3 mPa.s. While the 

prolonged PEG chain dramatically increases the viscosity, TEMPO-EG1 and TEMPO-EG2 

show much lower viscosity compared to ANL-8 (23.4 mPa • s),28 which is highly desired for 

improving cycling performance of RFBs. 

 

Figure 3. Viscosity of neat liquid TEMPO redoxmers vs. shear rate.

Density functional computations of solvated molecules were conducted to explore the 

effect of chemical modifications on property changes. Figure 3, Figure S5, and Table 1 

summarize the selected computed results such as frontier orbitals, E1/2, and charge on certain 

atoms. Based on the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) profiles, the incorporation of PEG chains does not dramatically 

change the electron density distribution, which explains the preserved electrochemical 

reversibility. However, the modification decreased HOMO energies in the radical, which 

accounts for the increased redox potentials. The computed half-wave potentials E1/2 are 

consistent with the experimental trends (Table 1, Table S2 and Table S3). The charge 

distribution in the molecules (Figure S5) indicates that addition of the ether chain decreases the 

charge on the nitrogen atom and increases the charge on the oxygen atom in the nitroxyl group. 

Such changes lead to increased redox potentials as removing an electron from the nitrogen atom 
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becomes less favorable thermodynamically. Qualitatively this effect can be understood as the 

increased strain in the chair-like 6-atom ring of TEMPO as the bulky group substitutes the 

equatorial hydrogen in the ring. The resulting strain makes it more difficult for the molecule to 

accommodate the nitroxyl group in either state of charge, resulting in a higher oxidation 

potential.

Figure 4. The HOMO and LUMO isosurfaces for TEMPO-based redoxmers.

Table 1. The computed HOMO energies, oxidation potential (Eox) and atomic polar tensor 

(APT) charges on the nitrogen atom in TEMPO-based redoxmers. 

TEMPO TEMPO-EG1 TEMPO-EG2 TEMPO-EG3

HOMO (eV) -7.431 -8.439 -8.440 -8.443

Eox  (V, Ag/Ag+) 0.163 0.232 0.243 0.247

Charge on N (e) -0.13 -0.12 -0.11 -0.12

Symmetric cycling using a customized H-cell was used to evaluate the electrochemical cycling 

stability of redoxmers. TEMPO-EG1 was chosen for this test due to its combination of fast 

diffusivity, lowest molecular weight, high oxidation potential, and low viscosity. Figure 5a 
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shows the capacity retention profile of a symmetric H-cell containing 5 mM TEMPO-EG1 in 

0.5 M LiTFSI in CH3CN. Details of the cycling condition can be found in supporting 

information. At a cycling current of 5 mA, TEMPO-EG1 delivered an excellent capacity 

retention of 84% over 100 cycles. Cyclic voltammograms of the working chamber electrolyte 

obtained before and after cycling are shown in Figure 5b. While reduced peak current is 

observed, no shifts of the redox signals are seen, suggesting minimal side reactions and 

excellent stability of TEMPO-EG1. The reduced peak current may be related to possible 

crossover of redoxmers in the H-cell setup. As the redoxmer mass transfer may fluctuate in the 

static H cells over the cycling courses, the coulombic efficiency value may fluctuate as well, 

which may lead to values higher than 100% as observed in Figure 5a.    

Figure 5. (a) Capacity retention profile for cycling of 5 mM TEMPO-EG1 in 0.5 M 

LiTFSI/CH3CN at 5 mA; (b) CVs of the working chamber solution before and after cycling at 

100 mV/s. 

Next, a hybrid flow cell was adapted to characterize the cycling performance of TEMPO-EG1 

at higher concentrations.  In a hybrid flow cell, a lithium-graphite hybrid anode is coupled with 

the liquid catholyte (details can be found in the Supporting Information). This configuration 

allows full utilization of the high redox potentials of catholyte redoxmers and mitigates 

crossover issues, could lead to a high energy density and a low system-level cost.31 To 

accommodate Li metal, a carbonate-based electrolyte of 0.5 M LiTFSI in a 4:1:5 (by weight) 
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mixture of ethylene carbonate (EC), propylene carbonate (PC), and ethyl methyl carbonate 

(EMC) is was used. Fluoroethylene carbonate (FEC) is added in 15 wt% to the electrolytes to 

improve interfacial stability. This additive is known to form robust passivation layers on the 

lithium-graphite, lithium metal, and lithiated silica electrodes in lithium-ion batteries. 32

As shown in Figure S3, TEMPO-based redoxmers exhibit reversible redox behavior in this 

electrolyte, and a positive shift of 60 mV (from ~3.54 V for TEMPO to 3.60 V for TEMPO-

EG3 vs. Li/Li+) was observed as the chain length increased. In this electrolyte, too, the redoxmer 

became less diffusive as the chain length increased (Figure S4).  

Figures 6a, 6b and 6c summarize the performance of the hybrid flow cell containing 0.1 M 

TEMPO-EG1 and cycled at different constant current densities. As shown in the voltage-

capacity profiles (Figure 6a), TEMPO-EG1 has a smooth charging plateau at ~3.7-3.8 V and a 

discharging plateau at ~3.4-3.2 V at 4 mA cm-2, consistent with the redox potential observed in 

the CV measurements. As the current density increased, the gaps between charging and 

discharging plateaus became larger due to the increased overpotential. As a result, the discharge 

capacities decreased. This change is also seen in the efficiency profiles shown in Figure 6b. 

Among other changes, the Coulombic efficiency (CE) also slightly increased, while the voltage 

efficiency (VE) and energy efficiency (EE) both decreased. The CE at 4 mA cm-2 was 98.1%, 

and it gradually increased to 99.5% at 12 mA cm-2, indicating low self-discharge and stable 

solid electrolyte interphase. On the other hand, VE and EE efficiencies decreased from 92.2% 

and 90.4% at 4 mA cm-2 to 75.1% and 74.7% at 12 mA cm-2, respectively, indicating greater 

electrode overpotentials at higher current density.33-34 

Given these tradeoffs, the current density of 8 mA cm-2 was chosen for long term cycle stability 

testing. Figure 6c shows the capacity retention and efficiency profiles over 100 cycles. For the 

first 50 cycles, the capacity fade remained steady with only 6.3% capacity loss from 9.5 mAh 

to 8.9 mAh. However, the capacity loss accelerated for the next 50 cycles with 22.1% decrease 
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to 6.8 mAh. While CE remained above 99% during this test, VE and EE decreased from 82.8% 

and 81.8% in the first cycle to 75% and 75% in the 100th cycle, respectively. 

Figure 6. Cycling performance of the hybrid flow cell containing 0.1 M TEMPO-EG1 in the 

carbonate-based electrolyte. (a) Voltage-capacity profiles and (b) comparison of Coulombic 

efficiency (CE), voltage efficiency (VE), and energy efficiency (EE) over different current 

densities; (c) capacity retention and efficiency profiles over 100 cycles at the constant current 

density of 8 mA cm-2.

Figure S6 shows the voltage-capacity profiles over 100 cycles. Initially, the discharge profiles 

consisted of two plateaus, one at ~3.4-3.2 V and another at ~3.2-3.0 V. As the cycling continued, 

the two plateaus merged into one. Such behavior may be due to a gradual transition from Li 

intercalation into graphite to Li plating on the polarized anode. As both Li metal and lithiated 

graphite are used in the anode, both processes can occur in concert (given the proximity of the 
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corresponding potentials), which accounts for the two discharging plateaus at the early stage of 

cycling. As cycling continues, more Li plating occurs, and the plateaus effectively merge into 

one. This interpretation is supported by a post-mortem examination of the cycled anode. Figure 

S7 shows the images of the harvested anode after 100 cycles, which indicate excessive Li metal 

deposition on the surface, suggesting that Li plating was the major reaction during late-stage 

cycling. When this anode was replaced with a fresh electrode, the stable cycling resumed 

(Figure S8). Minimal Li deposition was observed after 30 cycles, implying that no excessive Li 

deposition had occurred, which otherwise may contribute to the capacity decay.
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Figure 7. Capacity retention and efficiency profiles of the hybrid cell containing 0.5 M 

TEMPO-EG1 in the carbonate-based electrolyte cycled at a current density of 8 mA cm-2 over 

50 cycles. 

Given the improved viscosity, a higher concentration of 0.5 M TEMPO-EG1 was used in a 

hybrid flow cell cycled at the current density of 8 mA cm-2 (Figure 7).  The electrode surface 

area was increased to 9 cm2 to match the increased capacity. While the first three cycles 

indicated rapid capacity loss from 47 mAh to 37 mAh, the capacity retention from the 3rd to 

50th cycle is good (39 mAh to 31 mAh), making the overall capacity retention 66%. For 

efficiencies, except for the first 3 cycles, CE maintained above 97%, while VE and EE were in 

the range of 80-70% and 76-67%, respectively, with a gradual decrease over time. While the 
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initial decrease of capacity should still be related to SEI-like reactions on anode, the following 

stabilized cycling performance indicates TEMPO-EG1 can deliver stable cycling even at a 

higher concentration. 

Conclusion: 

In this paper, a new series of catholyte redoxmers, TEMPO-EG1, EG-2, and EG-3, has 

been developed by introducing polar PEG chains into TEMPOs. Those midfications afford 

dramatic physical changes of the redoxmers from solid to liquid and full misibility with organic 

solvents such as CH3CN. Importantly, TEMPO-EG1 and -EG2 exhibit much improved 

viscosity at ~10 mPa • s, which is 50+% lower compared to the previous liquid redoxmer 

molecule, ANL-8. In addtion, while the introduced PEG chains are not directly connected to 

the nitroxyl, such modifications strain TEMPO ring and affect the charge distribution, leading 

to redox potential increases. Due to the combination of fast diffusivity, high oxidation potential, 

and low viscosity, TEMPO-EG1 was extensively characterized for cycling stability using 

symmetric H-cell and hybrid flow cell designs and demonstrated stable cycling performance in 

both settings. In the symmetric H-cell, TEMPO-EG1 delivers a capacity retention of 83.8% 

over 100 cycles. When cycled in a hybrid flow cell, TEMPO-EG1 demonstrated more than 70% 

capacity retention over 100 cycles with an averaged Coulombic efficiency of 99%. The 

improved fluidity also enables improved cycling at higher concentration as TEMPO-EG1 

delivers an overall capacity retention of 66% when cycled at 0.5 M. This study exemplifies 

using molecular engineering to tune the rheological properties of redoxemers, including 

viscosity, to improve high concentration cycling of NRFBs. By taking advantages of high 

capacity of liquid catholyte redoxmers and high cell voltage of hybrid cell configuration,  a high 

energy density could be achieved, which may represent an alternative avenue to a low system-

level cost.

.
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