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Abstract

The library of redox-active organics that are potential candidates for electrochem-

ical energy storage in flow batteries is exceedingly vast, necessitating high-throughput

characterization of molecular lifetimes. Demonstrated extremely stable chemistries re-

quire accurate yet rapid cell cycling tests, a demand often frustrated by time-denominated

capacity fade mechanisms. We have developed a high-throughput setup for elevated

temperature cycling of redox flow batteries, providing a new dimension in character-

ization parameter space to explore. We utilize it to evaluate capacity fade rates of

aqueous redox-active organic molecules, as functions of temperature. We demonstrate

Arrhenius-like behaviour in the temporal capacity fade rates of multiple flow battery

electrolytes, permitting extrapolation to lower operating temperatures. Collectively,
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these results highlight the importance of accelerated decomposition protocols to expe-

dite the screening process of candidate molecules for long lifetime flow batteries.

Introduction

Redox flow batteries (RFBs) comprise multiple classes of novel, as well as commercially

demonstrated, energy storage electrolyte chemistries. By employing redox-active species

dissolved in electrolytes pumped from external tanks into electrochemical stacks, RFBs

allow for full decoupling of energy and power.1 Currently, there is a growing interest in

next-generation chemistries that could leapfrog incumbent vanadium-based electrolytes by

harnessing Earth-abundant elements that are not limited by mining constraints, or hindered

by uneconomic extraction.2 One promising class of chemistries includes redox-active organic

molecules (RAOMs) dissolved in aqueous supporting electrolytes, taking advantage of the

cheapest and most abundant solvent on Earth. A multitude of redox-active molecular cores

continue to be explored, with essentially infinite RAOM candidate permutations theoretically

capable of being derived via synthetic chemistry.3

At long discharge durations, where RFBs are most primed for penetration into the elec-

trical grid,4 the cost per kWh of aqueous organic (AORFB) systems is dominated by the

cost of the electrolyte—itself dominated by the cost of the RAOM, in comparison to the

water and supporting salt.5–9 While there has been much focus on increasing the energy

density of RFB systems via synthetic tuning of chemistries to increase solubility10–14 and

cell voltage,15–18 academic pursuits typically do not examine the RFB system as a whole—the

improvement of one figure of merit may come at the expense of another. Much of the concern

regarding the lower volumetric energy density of RFBs, in comparison to Li-ion batteries, is

somewhat unfounded for stationary energy storage systems i.e., concern for areal footprint of

RFB systems may be overstated.19 One expected trade-off is increased solubility contribut-

ing to increased electrolyte viscosity, thus leading to increased pumping requirements and
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mass-transport limitations.20,21 Additionally, significant reductions in RAOM costs are still

required before the cost of larger tanks (due to lower active species concentrations) becomes

a considerable contribution to the total system cost.8,22 RAOM cost is not only an upfront

capital expense for electrolyte material, but also can include the net present value (NPV) of

the future costs of electrolyte replacement if the redox-active is not infinitely stable.7,23 This

NPV increases with the temporal capacity fade rate of the RAOM, and thus the lifetime

of molecules can dictate the overall cost of an electrolyte for decadal long duration energy

storage projects. Accurate measurement of capacity fade rates is paramount to NPV cost

analysis, but minimizing the required time it takes to obtain such measurements is equally

important when screening vast amounts of potential AORFB candidates.

Even when employing high-precision coulometry to cycle lab-scale RFBs, it appears that

extremely stable aqueous RAOMs already approach the limits of precision for quantifying

temporal capacity fade rates in lab-scale flow systems.24 Rather than developing higher-

precision instrumentation for the detection of very slow molecular degradation, or methods

in which to decrease flow cell noise that are unlikely to translate to real-world scaled electro-

chemical systems, the goal of the work reported herein is to increase capacity fade rates to

the level where quantification with standard battery cyclers is straightforward and capacity

fade rate evaluation is expedited. Promoting rapid degradation can also enable in operando

spectroscopic analysis of capacity fade mechanisms.25–29

The use of temperature to accelerate lifetime testing is most promising in regard to

increasing capacity fade rates, and has seen extensive use in the field of Li-ion batteries

where Arrhenius-like relationships have often been observed e.g., in capacity fade,30–39 cell

impedance,31,32,40,41 and SEI growth.30,32,33,35 However, the use of temperature to affect ca-

pacity fade in AORFBs is rather underdeveloped in the literature. Borchers et al.42 cycled

an aqueous polymeric RFB at 60◦C, but the use of constant current cycling—which results

in uncontrolled state of charge (SOC) restriction24,43—prevented any quantitative deter-

mination of the thermal stability of the redox-active species in an RFB. Rohland et al.44
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improved upon the elevated temperature cell by using a volumetrically unbalanced compo-

sitionally symmetric cell,43 with a defined capacity limiting side (CLS) and non-capacity

limiting side (NCLS), to cycle an aqueous anthraquinone derivative using constant current

constant voltage cycling, at 60◦C. However, by heating only one electrolyte reservoir of the

RFB, they may have inadvertently installed a voltage difference between both reservoirs due

to the temperature dependence of the reduction potential of a redox couple. This would

introduce a cycling asymmetry to the cell open circuit voltage (OCV), but also affect kinetic

and mass transport overpotentials on both sides of the cell disproportionately. This might

decrease the equilibrium overpotential on the CLS to the point that its full capacity is not

accessed during a potentiostatic hold. It may also introduce a temperature gradient effect on

species crossover. Symmetric cells with only one heated reservoir were used to cycle aqueous

TEMPO-based RAOMS, however no statistical difference in temporal capacity fade rates at

room temperature vs 40◦C was observed.45,46 Quinn & Ripley et al.47 investigated the effect

of elevated temperature on the physicochemical and electrochemical properties, and RFB

performance, of nonaqueous RAOMs up to 70◦C. Many of the temperature effects explored

in ref. 47 are expected to apply to aqueous RAOMs as well—namely, increased temperature

leading to increased ionic conductivity and decreased viscosity of the electrolyte, resulting in

decreases in cell area-specific resistance (ASR) and mass transport limitations. The reduc-

tion of these overpotentials at elevated temperatures has enabled increased power densities

for many RFB electrolytes.47–50 The thermal stability of a ferrocene co-polymer in a hybrid

RFB has also been explored, with limited definitive results on the effect of temperature on

RAOM stability.51 However, the effect of temperature on capacity fade rates in AORFBs

has not yet been quantitatively demonstrated.

We have previously reported the development of a high-throughput setup for the cy-

cling of redox flow batteries, which allows for the benchmarking of capacity fade rates and

variations in cycling behaviour of nominally identical flow cells.24 As shown herein, augmen-

tation of this system with elevated temperature cell cycling capabilities allows for increased
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testing throughput of AORFBs. We demonstrate accelerated lifetime testing of multiple pre-

viously published aqueous RAOMs via elevated temperature cycling of nominally identical

volumetrically unbalanced compositionally symmetric cells. Results from over 30 elevated

temperature symmetric cells are reported.

Experimental

Electrolyte preparation

Reagents used to prepare posolyte and negolyte solutions were purchased from Sigma-Aldrich

and used with no further purification: potassium hydroxide, potassium ferrocyanide tri-

hydrate. 2,6-dihydroxyanthraquinone (2,6-DHAQ49) was purchased from Carbosynth (ID

FD40589, >96% purity, 240.21 g mol−1). (((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis

(oxy))bis(propane-3,1-diyl))bis(phosphonic acid) (2,6-DPPEAQ,52 ID D5765, >90% purity,

484.33 g mol−1) and 4,4’-((9,10-anthraquinone-2,6-diyl)dioxy)dibutyrate (2,6-DBEAQ,53 ID

D5764, >95% purity, 412.39 g mol−1) were purchased from TCI America. 1,8-dihydroxy-

2,7-dicarboxymethyl-9,10-anthraquinone (1,8-DCDHAQ, 356.28 g mol−1) was synthesized as

reported in Ref. 54. Throughout the manuscript we refer to these chemicals as KOH, fer-

rocyanide, DHAQ, DPPEAQ, DBEAQ, and DCDHAQ, respectively. All electrolytes were

prepared inside a N2-filled glovebox (Vacuum Atmospheres Company) with <5 ppm of oxy-

gen, using deoxygenated deionized water that had already equilibrated with the glovebox

atmosphere over multiple months. Negolytes were prepared in 0.1 M concentrations of the

redox-active species, with a final solution pH of 14. The set of cells for each experiment

contained a respective anthraquinone negolyte chemistry at 50% SOC prepared in a single

batch i.e., a large volume of negolyte was initially charged (reduced) in a single full cell

against a ferrocyanide posolyte at pH 14, and then mixed with an equal volume of the initial

discharged (oxidized) negolyte to form a 50% SOC electrolyte. The large volume of elec-

trolyte was then divided across all cells in a given set to make a 5.0 mL CLS and a 10.0 mL
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NCLS for each cell.

Cell assembly

All volumetrically unbalanced compositionally symmetric flow cell cycling tests were carried

out with cell hardware from Fuel Cell Technologies Inc. (Albuquerque, NM), assembled into

a zero-gap flow cell configuration, as described in a previous report.49 Pyrosealed POCO

graphite flow plates (9 in2) with interdigitated flow patterns were used for both electrodes.

Each electrode comprised a 5 cm2 geometric surface area covered by a stack of two sheets

of Sigracet GDL 39AA porous carbon paper (Fuel Cell Store) that had been pretreated by

baking in air at 400◦C for 24 h. The outer portion of the space between the electrodes was

gasketed using Viton (PVDF) sheets (15 mils) with the area over the electrodes cut out. For

all cell tests, a sheet of Nafion 117 (Ion Power Inc.) served as the ion-selective membrane

between the carbon electrodes. All membranes were presoaked in 1 M KOH for two days to

ion exchange the counter ions from protons to potassium ions. The torque applied during

cell assembly was 60 lb-in (6.78 N·m) on each of eight 3/8”-24 bolts, thus the load applied

per bolt was approximately 800 lbs. Electrolytes were fed into the cells through fluorinated

ethylene propylene (FEP) tubing (each ∼10 inches long) at a rate of 60 mL min−1, controlled

by KNF diaphragm liquid pumps (FF 12 DCB-4).

Elevated temperature cell setup

Cells were cycled in a glovebox configured for high-throughput RFB testing, previously

described in Ref. 24. A Novonix battery cycler equipped with a DC-offset unit was used for

all cell cycling. The temperature of the glovebox atmosphere was recorded with an Arduino

Uno Rev3 microcontroller equipped with DHT22 temperature sensors. An Arduino-based

board controlled individual cell temperatures via PID loop of a pair of cartridge heaters

per cell (4877k133, McMaster-Carr), inserted into cell end-plates, with feedback input from

a K-type thermocouple (39095K96, McMaster-Carr). This setup is controlled via Python
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GUI, adding real-time temperature control ex situ from the glovebox, complementing the

previously described high-throughput system. A temperature-controlled cell is shown in

Fig. S1.

Electrochemical cycling protocols

CLS and NCLS electrolytes were pumped through cells held at the respective temperature for

roughly three hours before electrochemical cycling commenced. This ensured proper wetting

and equilibration of cell components, as well as providing ample time for stabilization of

the glovebox atmosphere temperature which increases somewhat when cells are heated. The

CLS of each cell was first reduced (charged), thus the first charge half-cycle capacity is

roughly half of the total capacity (i.e., the CLS is reduced from 50% to 100% SOC) and

the first oxidation (discharge) half-cycle capacity is ideally the total capacity (i.e., the CLS

is oxidized from 100% to 0% SOC). All cells were driven with constant voltage cycling of

±0.2 V (square wave in voltage with amplitude 0.2 V) with current cutoffs of 1 mA cm−2

(geometric area). Electrochemical Impedance Spectroscopy (EIS) was performed with a

Gamry Interface 1010B located inside the glovebox, with four-point cell connections. EIS

was performed at open circuit voltage with a 10 mV amplitude AC potential at frequencies

ranging from 20 kHz to 10 Hz. The high-frequency intercept of the real axis of a Nyquist

plot is reported as the cell ohmic resistance. Pre-electrochemical-cycling heated cell EIS

measurements were obtained with both CLS and NCLS at 50% SOC.

Ex Situ Electrochemistry

Cyclic and linear sweep voltammetry of 5 mM solutions of anthraquinones in 1 M KOH

were performed in a three-electrode setup in a glass electrochemical cell with a water jacket

for temperature control (Pine, RRPG310). The counter electrode was a graphite rod (Elec-

tron Microscopy Sciences, 70230), the reference electrode was saturated mercury/mercurous

sulfate (CH Instruments, CHI151, 0.640 V vs SHE), and the working electrode was glassy
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carbon (Pine, AFE5T050GCPK) mounted to a rotating shaft with controllable speed (Pine,

AFMSRCE). The reference electrode was isolated using a salt bridge (Pine, AKTUBE1420),

so that the reference electrode remained at room temperature while the working and counter

electrodes were immersed in temperature-controlled electrolyte in the jacketed cell. The

temperature-controlled setup is shown in Fig. S19. Before temperature-controlled exper-

iments, the temperature of the jacketed electrochemical cell and the temperature of the

electrolyte contacting the reference electrode were both confirmed with a digital thermome-

ter. Electrodes were connected to a Gamry Reference 3000 potentiostat. All voltammetry

was performed at a sweep rate of 50 mV s−1. For each voltammetry experiment of an-

thraquinones reported here, blank correction was performed by subtracting the equivalent

voltammogram measured on the blank solution (1 M KOH) at the same temperature and

working electrode rotation rate. Cyclic voltammetry with porous electrodes (Sigracet GDL

39AA and Avcarb HCBA 1186) as the working electrode was preformed in a setup that

was otherwise the same as the experiments with anthraquinones and glassy carbon. All

voltammetry reported here was corrected for uncompensated resistance.

Results

Elevated temperature cell cycling

The high-throughput cell cycling setup allows for testing of multiple cells initiated with the

same starting batch of electrolyte. Temperature control now enables investigation of accel-

erated lifetime testing to facilitate enhanced screening of RAOMs. Four AORFB negolytes

demonstrating a range of temporal capacity fade rates were chosen for these experiments.

Room temperature stability of 0.1 M active species negolytes at pH 14, acquired via poten-

tiostatic cycling of volumetrically unbalanced compositionally symmetric cells, has been pre-

viously reported24 by our group: DHAQ, 4.6 ± 0.5% day−1; DPPEAQ, 0.07 ± 0.02% day−1;

DBEAQ, 0.03 ± 0.01% day−1. A pH 14 full cell with 0.2 M DCDHAQ as negolyte demon-
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strated a temporal capacity fade rate of 0.09% day−1 at room temperature.54 These four

negolytes exhibit capacity fade rates spanning two orders of magnitude, and thus provide

an appropriate starting point for exploration of the effects of elevated temperature cycling

of aqueous RAOMs.

We first examined the effect of temperature on cell cycling stability of eight nomi-

nally identical 0.1 M DCDHAQ pH 14 symmetric cells, cycled simultaneously in the high-

throughput system. Each cell was held at a different temperature. In Fig. 1a we plot

the temporal dependence of the discharge capacity normalized by the first discharge half-

cycle capacity of each respective cell. An increase in capacity fade rate with increasing

temperature is readily apparent. In Fig. S2 we include the non-normalized temporal- and

cycle-denominated discharge capacity, and coulombic efficiency (CE). In Fig. 1b we plot the

instantaneous capacity fade rate (slope of the natural log of discharge half-cycle capacity vs

time) of the cells shown in Fig. 1a, as a function of temperature. The fade rate of 0.097 ±

0.003% day−1 exhibited by the 30◦C cell is in close agreement with the previous literature

report at room temperature.54 The temporal capacity fade data in Fig. 1b was then trans-

formed to an Arrhenius plot, as seen in Fig. 1c. From the slope of this plot an activation

energy of 87 ± 5 kJ mol−1 was determined.

We emphasize that this value should be considered an apparent activation energy because

an electrochemical cell cycling experiment is not necessarily a unidirectional decomposition

reaction, such as the process of heating an oxidized (or reduced) electrolyte and measur-

ing degradation over time, sans electrochemistry, as has been done for previously reported

RAOMs.53 During charge/discharge cycling of an RAOM in an RFB, the duration that a

molecule spends in the reduced or oxidized state is a function of the user-selected electro-

chemical cycling protocol. The decay mechanism(s), and the associated reaction rate(s) and

order(s) that the given oxidation state(s) of the molecule can experience, along with the

temporal rate in which electrolyte SOC changes in an RFB, are coupled cycle- and/or time-

dependent processes. Zero-dimensional modelling of AORFBs55,56 has previously shown that

9

https://doi.org/10.26434/chemrxiv-2024-1td17 ORCID: https://orcid.org/0000-0003-2046-1480 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-1td17
https://orcid.org/0000-0003-2046-1480
https://creativecommons.org/licenses/by-nc/4.0/


temporal capacity fade rates of molecules that exhibit certain degradation mechanisms can

vary depending on the electrochemical cycling protocol used. Cycling-protocol-dependent

capacity fade rates have also recently been demonstrated experimentally.24 Therefore, the

activation energy measured from high-throughput elevated temperature cell cycling is likely

dependent on the specific electrolyte conditions and electrochemical cycling protocol used.

Nonetheless, the indication of an Arrhenius-like dependence of the instantaneous capacity

fade rate of DCDHAQ seen in Fig. 1c provides some amount of confidence in the ex-

trapolation of fade rates to lower operating temperatures. By cycling RAOMs at elevated

temperatures, degradation is accelerated and the required cycling time is decreased, enabling

high-throughput battery lifetime characterization of novel chemistries.

We next performed similar elevated temperature cycling of the more stable DPPEAQ

molecule.52 Eight nominally identical 0.1 M DPPEAQ pH 14 symmetric cells were cycled

potentiostatically (±0.2 V) in the high-throughput setup, with each cell held at a different

temperature. We plot the temporal dependence of normalized discharge capacity of each

DPPEAQ symmetric cell in Fig. 2a. Note that, due to the increased stability of DPPEAQ

compared to DCDHAQ, the ordinate range in Fig. 2a represents a maximum of 1% total

capacity loss, leading to the appearance of increased noise in capacity data when compared

to Fig. 1a. In Fig. 2b the instantaneous capacity fade rate of the DPPEAQ symmetric cells

is shown as a function of temperature. Two separate capacity fade regions are revealed, with

an apparent transition near 55◦C. The nearly constant temporal capacity fade rate exhibited

by cells held at 50◦C or below may indicate that a separate (or additional) degradation

mechanism is promoted at higher temperatures, leading to distinct regions of temperature-

dependent behaviour seen in the Arrhenius plot of Fig. 2c. It may alternatively indicate that

the differences in capacity fade rates at the lower temperatures are too slight to be detected

within the precision of the cycling experiment. An investigation of the (electro)chemical

decay mechanism(s) resulting in the observed capacity fade rate trends is beyond the scope

of this work.
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Figure 1: CV cycling (±0.2 V) of 0.1 M DCDHAQ pH 14 symmetric cells (5.0 mL CLS vs
10.0 mL NCLS) heated at various temperatures. (a) Semi-log plot of temporal discharge
capacity normalized by the first discharge capacity; (b) instantaneous capacity fade rates as
functions of temperature; and (c) Arrhenius plot with dashed line of best fit.
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Figure 2: CV cycling (±0.2 V) of 0.1 M DPPEAQ pH 14 symmetric cells (5.0 mL CLS vs
10.0 mL NCLS) heated at various temperatures. (a) Semi-log plot of temporal discharge
capacity normalized by the first discharge capacity; (b) instantaneous capacity fade rates as
functions of temperature; and (c) Arrhenius plot.
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Elevated temperature symmetric cell cycling was also performed for 0.1 M DBEAQ pH 14

electrolytes (Fig. S4) and 0.1 M DHAQ pH 14 electrolytes (Fig. S6), with determined Ar-

rhenius parameters for all negolyte chemistries reported in Table 1. For DHAQ electrolytes,

the maximum cell temperature tested was 50◦C due to the high temporal capacity fade rate

already exhibited at room temperature. Furthermore, above 30◦C DHAQ electrolytes dis-

played telltale signs of the hydrogen evolution reaction (HER) which complicated cell cycling

and warranted the use of higher current cutoffs (see further discussion in Fig. S7). Post

mortem 1H NMR analysis of oxidized electrolytes, taken after five days of electrochemical cy-

cling, was performed for aliquots from the CLS of elevated-temperature-cycled DBEAQ and

DHAQ symmetric cells. No new peaks attributable to degradation products were observed

in the 1H NMR spectra of DBEAQ electrolytes (see Figs. S8&S9), even though capac-

ity fade was measured coulometrically in Fig. S4. This result highlights the sensitivity of

coulometry compared to chemical analysis methods for rapid online detection of extremely

low capacity fade rates in AORFBs. In the case of cycled DHAQ electrolytes, multiple new

peaks can be seen in the 1H NMR spectra (see Figs. S10&S11) even for electrolytes held

at 30◦C, consistent with the body of work characterizing fast chemical and electrochemical

degradation of alkaline DHAQ electrolytes at room temperature.24,26–28,43,57 Finally, we note

that the existence of different activation energies and Arrhenius pre-factors for temporal

capacity fade, demonstrated by the RAOMs shown herein, implies that the selection of an

RAOM based on stability is a temperature-dependent decision. As an example, our cell cy-

cling results suggest that below 50◦C DPPEAQ may be more stable than DBEAQ, whereas

above that temperature, DBEAQ is more stable.

Temperature also affects overall cell ASR, which is often dominated by the ion-exchange

membrane contribution—especially in alkaline conditions when employing a cation-exchange

membrane. EIS measurements were performed on elevated temperature symmetric cells when

both the CLS and NCLS were at 50% SOC i.e., 0 V OCV. In Fig. 3a we plot the cell ohmic

ASR, determined from the high-frequency intercept of the real part of the impedance axis
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of a Nyquist plot, for the 0.1 M DPPEAQ pH 14 cells shown in Fig. 2. Nyquist plots from

which these data are derived are shown in Fig. S12. The Arrhenius-like dependence of cell

resistance contributions has been demonstrated in Li-ion batteries,31,32,40,41 fuel cells,58,59 and

flow batteries.60 AORFBs are no exception—an Arrhenius dependence of cell ohmic ASR is

seen in Fig. 3 for the 0.1 M DPPEAQ pH 14 cells, with fitted Arrhenius parameters reported

in Table 1. Corresponding elevated temperature cell ohmic ASR comparisons were obtained

for DCDHAQ (Fig. S13), DBEAQ (Fig. S14), and DHAQ (Fig. S15). All symmetric cells

in this work employ a Nafion 117 membrane at pH 14 KOH conditions and on average dis-

play an activation energy of conduction of −33 ±2 kJ mol−1 and Arrhenius pre-factor of

2×10-5 Ω cm2. The good agreement across negolyte chemistries suggests that at an active

species concentration of 0.1 M and pH 14 conditions, cell ASR is dominated by the Nafion

117 membrane rather than electrolyte conductivity. While the Arrhenius parameters shown

in Table 1 provide a way to quickly estimate cell ASR at a given temperature when utilizing

a cell at the same electrolyte and membrane conditions reported here, future work should ex-

plore the effects of electrolyte composition, membrane thickness, and membrane composition

on both the activation energy of conduction and the Arrhenius pre-factor. Electrolyte mass

fractions in hydrated membranes have been shown to affect how ion concentration dictates

membrane conductivity,61 and temperature provides a new dimension in which to explore

these effects and their relationship to RFB system metrics such as volumetric energy density

and areal power density.

As cell and electrolyte temperatures increase (resulting in decreased cell ohmic ASR),

potentiostatic cycle durations tend to decrease due to higher achievable cell currents. With

the cell temperature control employed in this work, we no longer see a distinct inverse corre-

lation between variations in glovebox atmosphere temperature and potentiostatic half-cycle

duration, previously observed for uncontrolled-temperature cells in Ref. 24. Discharge half-

cycle duration of select elevated temperature 0.1 M DPPEAQ pH 14 symmetric cells (from

Fig. 2) are shown in Fig. S16, demonstrating increased half-cycle durations at lower cell
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Table 1: Arrhenius parameters for temporal capacity fade and cell ohmic ASR determined
from elevated temperature symmetric cell cycling.

Molecule
Ef

a

(kJ mol−1)
a

f0
(% day−1)

b
ER

a

(kJ mol−1)
c

R0

(Ω cm2)
d

DCDHAQ
(Fig. 1)

87 ± 5 8.6× 1013 -33 ± 3 1.1× 10−5

DPPEAQ
(Fig. 2)

-31 ± 2 2.5× 10−52 ± 51e 8.3× 10−2

105 ± 260f 3.0× 1015

DBEAQ
(Fig. S4)

34 ± 9 2.1× 104 -32 ± 1 1.7× 10−5

DHAQ
(Fig. S6)

39 ± 4g 5.1× 107 -35 ± 4 4.6× 10−6

aActivation energy for temporal capacity fade; bArrhenius pre-factor of temporal capacity fade;
cActivation energy of conduction; dArrhenius pre-factor of conduction; eAt 50◦C and below; fAbove 50◦C;

gBased on two 30◦C cells and two 40◦C cells;
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Figure 3: Ohmic ASR of 0.1 M DPPEAQ pH 14 symmetric cells shown in Fig. 2, (a) as a
function of cell temperature; and (b) Arrhenius plot with dashed line of best fit. Regression
parameters are reported in Table 1.
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temperatures. Shorter half-cycles enabled by higher currents is visualized in Fig. S17 where

we plot the maximum absolute current density during charging and discharging half-cycles

for select 0.1 M DPPEAQ pH 14 symmetric cells of Fig. 2. We observe an increase in the

maximum absolute current density (of half-cycles) with temperature, as well as consistent

maximum absolute current density values for the duration of cycling. Surprisingly, a similar

analysis of the 0.1 M DHAQ pH 14 symmetric cells (cell data in Fig. S6) also shows con-

sistent maximum absolute current density values over the duration of cycling even though

significant apparent capacity fade has occurred, as seen in Fig. S18. After five days of

cycling, the 40◦C DPPEAQ cell of Fig. S17 displayed 0.2% total capacity loss whereas

the 40◦C DHAQ cell of Fig. S18 experienced 68% capacity loss, according to coulometry.

Yet both cells display consistent maximum absolute current densities for both charge and

discharge half-cycles throughout the duration of cycling. This is likely an indication of the

lack of mass transport limitations at the beginning of half-cycles.

As a final consideration, a logical next step for RAOM characterization via elevated

temperature cycling after performing symmetric cell tests would be to advance to full cells.

In alkaline conditions, long-term demonstrations of AORFBs have typically employed ferri-

/ferrocyanide posolytes.3,62 Unfortunately, when cycling full cells at 55◦C with pH 14 ferri-

/ferrocyanide posolytes, we have detected free cyanide and observed rust-colored precip-

itates in reservoirs, indicative of the previously reported thermal degradation of alkaline

ferricyanide electrolytes at elevated temperatures.63 Full cells with pH 14 ferri-/ferrocyanide

posolytes held at 35◦C displayed no such issues. Without chemical processing or rebal-

ancing methods, this may require temperature control in the electrochemical stacks of de-

ployed AORFB systems. Additionally, the effect of temperature on RAOM crossover through

the ion-exchange membrane—and the requirement for recovery strategies that may ensue—

cannot be neglected in full cells.61,64 Thermal stability of membranes (and other cell com-

ponents) must also be confirmed, if cells are to be run at elevated temperatures.
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Ex situ electrochemistry

We next explored the effect of temperature on the electrochemical half-reactions of interest,

via ex situ techniques such as cyclic voltammetry (CV) and rotating disk electrode (RDE).

CVs of 5 mM DPPEAQ pH 14 electrolytes at various temperatures are seen in Fig. 4.

Increased temperature results in a subtle negative shift of the potentials at peak oxidation

and reduction currents, and thus a negative shift of half-wave potentials (E1/2) is observed.

Under dilute solution conditions and assumption of similar diffusion coefficients for oxidized

and reduced species, E1/2 ≈ E◦′ , where E◦′ is the formal reduction potential. We obtain

E1/2, and thereby obtain E◦′ , values from the CVs at each temperature in Fig. 4 to calculate

the temperature derivative of the formal reduction potential (dE
◦′

dT
), often referred to as the

formal temperature coefficient. The determined temperature derivative for DPPEAQ is

−0.3 mV K−1, similar in magnitude to literature values for inorganic redox couples used in

aqueous RFBs.65–67
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Figure 4: Cyclic voltammograms of 5 mM DPPEAQ pH 14 at a sweep rate of 50 mV s−1.
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Elevated temperature CVs were also acquired for DCDHAQ (Fig. S20), DBEAQ (Fig. S21),

and DHAQ (Fig. S22). All anthraquinone negolytes investigated herein exhibit negative for-

mal reduction potential temperature derivatives, and thus negative standard formal entropy

changes of reduction,65,68,69 and are reported in Table S1. From an electrochemical system

design perspective, pairing a negolyte exhibiting a negative (positive) formal temperature

coefficient with a posolyte exhibiting a positive (negative) formal temperature coefficient

would provide an expanded cell voltage with increased (decreased) temperature. If both

formal temperature coefficients are of the same sign, there may be little to no change in cell

voltage with temperature. Judicious selection of negolyte and posolyte chemistries may also

be beneficial for non-isothermal cycling of RFBs i.e., charging and discharging the battery

at different temperatures. Lowering the charging voltage and raising the discharging voltage

via changes in OCV (through formal temperature coefficients), and possibly through changes

in overpotentials (which will decrease with temperature), could increase voltage efficiency.

Improved voltage efficiency under non-isothermal cycling conditions has been demonstrated

for vanadium-based RFBs,66 Li-ion batteries,70 and thermally regenerative electrochemical

cycles.67,71

Diffusion coefficients, electrochemical rate constants, and charge transfer coefficients were

determined by RDE for 5 mM anthraquinone negolytes at pH 14. Levich, Koutecký–Levich,

and Tafel analyses were performed for each negolyte at various temperatures, and are de-

scribed in the supporting information. A comparison of select rotation speed RDE voltammo-

grams of DPPEAQ, taken at four temperatures, is seen in Fig. 5a. Increased temperatures

result in increased absolute currents in the mass transport limited regime, indicative of an

increasing diffusion coefficient. The temperature dependence of diffusion is readily apparent

in the Arrhenius plot of Fig. 5b. A similar analysis is performed in Fig. 5c for electrochem-

ical rate constants obtained from Tafel analysis at multiple temperatures, and once again an

Arrhenius relationship is observed. These results demonstrate that increased temperature

can reduce overpotentials associated with mass transport and activation limitations by in-
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creasing RAOM diffusion coefficients and electrochemical rate constants, respectively. From

the Arrhenius analysis of Fig. 5b&c activation energies of diffusion and electrochemical rate

constant are calculated, reported in Table S2, along with Arrhenius pre-factors. We refer

the reader to comparisons of elevated temperature RDE for DCDHAQ (Fig. S27), DBEAQ

(Fig. S36), and DHAQ (Fig. S41).

The following general trends are noted: 1) DHAQ exhibits a larger diffusion coefficient

at all temperatures compared to other negolytes, which could be explained in part by the

lack of large functional groups attached to the anthraquinone core, compared to DCD-

HAQ/DPPEAQ/DBEAQ. Both size and charge effects can influence diffusion coefficients of

RAOMs,72 and the molecules studied herein vary in charge number when deprotonated in

strongly alkaline conditions e.g., -2 for DHAQ, -4 for DPPEAQ; 2) minimal change in charge

transfer coefficient with increased temperature is seen for all species; 3) each molecule ex-

hibits similar activation energies of diffusion and electrochemical rate constant, but orders

of magnitude differences are seen in the respective Arrhenius pre-factors. Further studies

in less-alkaline pH regimes where these RAOMs undergo proton-coupled electron transfer

could yield other useful information such as reorganization energies, double layer effects on

standard rate constants, and solvent effects.73–75

An additional consideration for elevated temperature cycling of RAOMs in aqueous RFBs

is the temperature-dependent electrochemical stability of water. Extended windows of ideal

polarizability (beyond thermodynamic water splitting limits) have been demonstrated for

many aqueous systems via kinetic stabilization by judicious selection of electrolyte/electrode

composition.17,76,77 To the best of our knowledge, however, elevated temperature aqueous sta-

bility windows on RFB porous electrode materials have not been previously demonstrated

in alkaline electrolytes, pertinent to the RAOMs studied in this work. We examined the

temperature-dependent aqueous stability window, employing commercial porous carbon elec-

trodes used in RFB systems. Linear sweep voltammetry was performed with glassy carbon,

carbon cloth, and carbon paper working electrodes in 1 M KOH supporting electrolyte,
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Figure 5: Comparison of RDE analysis of 5 mM DPPEAQ pH 14 with select linear sweep
voltammograms shown in (a). Arrhenius plots of (b) diffusion coefficients obtained from
the respective Levich analyses, and (c) electrochemical rate constants obtained from the
respective Tafel analyses, with dashed lines of best fit. See Figs. S28–S31 for comprehensive
data.
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shown in Fig. 6. Absolute faradaic currents, at a given onset potential, are seen to increase

with temperature on each electrode material, which we assume to be dominated by HER

and oxygen evolution reaction (OER) at more negative and more positive potentials, respec-

tively. This demonstrates that even at elevated temperatures, the aqueous stability window

within which candidate RAOMs could be selected for AORFB systems is much larger than

the (often concernedly mentioned) thermodynamic stability window, although all electrodes

demonstrate a decreased polarization window with increasing temperature. Gaseous prod-

ucts from parasitic HER and OER currents can still be managed in aqueous batteries via

gas-consumption devices17,78 but the safety of such systems at elevated temperatures must

be studied.79 As negolyte (posolyte) chemistries are developed with further negative (posi-

tive) reduction potentials, parasitic homo-/heterogeneous water-splitting may become more

pronounced.

As a result of the observed temperature-dependent reduction potentials, overpotentials,

and solvent stability, the question of what constitutes a valid comparison of nominally iden-

tical full cells—differing only in temperature—is also raised. Identical cells held at different

temperatures, even if charged and discharged at the same fixed voltages, will have different

OCV values and the distribution of cell overpotential shared between negolyte and posolyte

may vary. It is unclear how best to characterize AORFB full cells as a function of temper-

ature, but it likely involves the judicious selection of electrochemical cycling protocols to

enable like-for-like comparison.
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Figure 6: Linear sweep voltammograms of 1 M KOH blank electrolyte at a sweep rate
of 50 mV s−1, at various temperatures. The working electrode material was (a) glassy
carbon; (b) Avcarb HCBA 1186 carbon cloth; and (c) Sigracet GDL 39AA carbon paper.
Dashed vertical lines denote the thermodynamic water-splitting window at pH 14 and 25◦C.
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Conclusions

We demonstrate elevated temperature RFB cycling of aqueous RAOMs that exhibit an

Arrhenius-like dependence of temporal capacity fade rates (DCDHAQ, DBEAQ), enabling

high-throughput battery lifetime characterization of flow battery chemistries via accelerated

testing. However, the presence of multiple degradation mechanisms with differing Arrhenius

behaviour for a given RAOM may complicate lifetime prediction by simple extrapolation

(possibly seen with DPPEAQ). The investigation of the Arrhenius behaviour of DHAQ was

frustrated by HER. Differing temperature-dependent capacity fade rate behaviour amongst

RAOMs also demonstrates that a more stable chemistry at one temperature may not be the

most stable candidate at another.

In line with previous work, elevated temperature can increase RAOM diffusion coefficients

and electrochemical rate constants, and decrease cell ohmic ASR, all of which contribute

to lowering overpotential losses. Of the anthraquinone negolytes studied, all demonstrate

negative temperature derivatives of formal reduction potentials, thus indicating that a small

increase in cell voltage can be achieved at elevated temperature with an appropriately chosen

posolyte. Finally, diminution of the electrochemical kinetic stability window of the aqueous

solvent with temperature suggests that temperature selection for an AORFB system will

involve the optimization of RAOM and solvent stability, cell voltage, and overpotentials.
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