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ABSTRACT: Aqueous organic redox-flow batteries (AORFBs) are promising candidates
for low-cost grid-level energy storage. However, their wide-scale deployment is limited by
crossover of redox-active material through the separator membrane, which causes capacity
decay. Traditional membrane permeability measurements do not capture all contributions
to crossover in working batteries, including migration and changes in ion size and charge.
Here we present a new method for characterizing crossover in operating AORFBs using
online 1H NMR spectroscopy. By the introduction of a separate pump to decouple NMR
and battery flow rates, this method opens a route to quantitative time-resolved monitoring
of redox-flow batteries under real operating conditions. In this proof-of-concept study of a
2,6-dihydroxyanthraquinone (2,6-DHAQ)/ferrocyanide model system, we observed a
doubling of the 2,6-DHAQ crossover during battery charging, which we attribute to
migration effects. This new membrane testing methodology will advance our
understanding of crossover and accelerate the development of improved redox-flow
batteries.

Tackling the climate crisis requires huge increases in
renewable power generation from the wind and sun.1

Established technologies are too expensive to regulate their
intermittent energy output on a large scale;2,3 hence, research
into aqueous organic redox-flow batteries (AORFBs) has
recently intensified.4−7 An AORFB consists of two aqueous
electrolytes (anolyte and catholyte) separated by an ion-
selective membrane (Figure 1). The electrolytes are pumped
into the electrochemical cell, where they are charged or
discharged. Utilizing a modular design and organic redox-
active materials, these batteries have the potential to meet cost,
scalability, safety, and sustainability targets.6−9 However, the
lifetime of these batteries is limited by crossover-driven
capacity fade.8−10

“Crossover” describes the unwanted transport of redox-
active components through the membrane. This is generally
assessed using single-electrolyte diffusion-cell experiments,9−14

though the measured permeabilities do not always correlate
well with battery performance.9 In operating batteries, the
oxidation states (and hence charge density) of redox-active
species change and there are additional transport mechanisms
to consider when a charge is applied to a cell (e.g., migration
and electro-osmosis).15,16 Both the charge and size of the
redox-active species have been shown to be important
determiners of permeability rates through Nafion ion-exchange
membranes, with charge being the dominant factor.14

However, these effects have not yet been studied in the
battery environment, where there will likely be a trade-off
between increased membrane repulsion and increased
migration as a result of a higher effective charge. To further

advance membrane design, it is important that all the
contributions to crossover in operating AORFBs are fully
understood and measured.10,11,15 Though migration is a well-
known phenomenon, its contribution to crossover has only
been estimated based on electrochemical and theoretical
studies.13,15−17 Here we report the first direct in situ
measurements of the crossover in a fully operating AORFB.

Here, to investigate the impact of battery operation on
crossover, we develop a new three-pump configuration for
online solution-state 1H NMR spectroscopy (Figure 1). In
previous in situ spectroscopic redox-flow battery studies,18−22 a
two-pump configuration was used, meaning that the flow rate
supplying the NMR and redox-flow battery were kept the
same. The flow rate needed for quantitative NMR is an order
of magnitude lower than the flow rate needed for a functional
redox-flow battery. The flow rate affects both battery
electrochemistry and crossover rates, so it is important to
study the battery under real operating conditions.11 Here, a
third pump is therefore used to decouple the NMR and
AORFB flow, enabling quantitative 1H NMR detection
without compromising the battery operating conditions (see
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Methods S1−S9 and Figures S1−S2 in the Supporting
Information).

For this study we focus on the 2,6-dihydroxyanthraquinone
(2,6-DHAQ)/ferrocyanide battery7 (Scheme 1 and Figure 1)
equipped with a Nafion membrane, as it is often used as a
benchmark model system.18,19,21,23,24 We find that battery
operation has a significant impact on the 2,6-DHAQ crossover.
In particular, we observe that the 2,6-DHAQ crossover rate
increases with the current applied during constant-current
charging steps, revealing that battery operation is an important
factor to consider in any crossover-mitigation strategies.

The suitability of our online NMR method was first
demonstrated by measuring the background crossover of 2,6-

DHAQ in a redox-flow battery without any applied voltage.
Throughout the experiment, 1H NMR spectra of the catholyte
are continuously collected via a flow NMR tube; each
spectrum collected represents an average of the system over
5 min. Sample flow can lead to signal suppression at higher
flow rates,25 so care was taken to ensure that all the NMR
spectra were quantitative for 2,6-DHAQ (see Tables S1−S4,
Figures S3−S4 and Methods S4−S6 in the Supporting
Information). The crossover of 2,6-DHAQ was detected by
the appearance of the three characteristic aromatic proton
resonances in the catholyte spectra, which increase in intensity
over time (Figure 2a). Interestingly, the chemical shifts of
these peaks also decrease over time, which can be explained by

changes in intermolecular interactions between 2,6-DHAQ2−

ions at higher concentrations26 and changes in bulk magnet-
ism, due to ferricyanide crossover.22,27 By quantifying the
signal intensity for 2,6-DHAQ2− proton A (HA), we observed
that the concentration of 2,6-DHAQ in the catholyte linearly
increases over the duration of the experiment (Figure 2b, cell
1). The rate of increase in 2,6-DHAQ concentration was used
to estimate a permeability (see Methods S9 and Equation S1).
Our measured 2,6-DHAQ permeability for cell 1, (4.41 ±
0.01) × 10−10 cm2 s−1, is within the range reported in the
literature.9,12 However, we note that the previously reported
permeability values vary significantly, highlighting another
challenge with using this metric to assist with membrane
testing and design. Our findings demonstrate that online NMR
spectroscopy can be used as an alternative in situ method for
measuring real background permeabilities in redox-flow
batteries.

Encouraged by these initial results, we then applied this
technique to an operating battery (Figure 2b). Two identical
cells (cells 2 and 3) were prepared and cycled between 0.6 and
1.5 V at three different currents (50, 25, and 10 mA), with rest
periods in between. To identify any temporal effects, the order
in which each current was applied was varied between cells 2
and 3 (see Figures S5 and S6). We note that both reduced and
oxidized 2,6-DHAQ are now present in the anolyte side;
nevertheless, due to the relative redox potentials, 2,6-DHAQ is
only present in its oxidized form when it is detected by NMR
on the catholyte side (see Figures S7−S8 and Methods S6).
Initially, the 2,6-DHAQ buildup profile looks similar for each
cell (Figure 2b); however, once battery charge is initiated after
a 12 h rest period, a marked increase in crossover rate is
observed in the operating cells (cells 2 and 3). The crossover
rates in cells 2 and 3 are no longer constant and now vary
depending on the charging protocol used for each cell,
demonstrating that the electrochemistry of the system plays an
important role in 2,6-DHAQ crossover.

Having observed operation-dependent 2,6-DHAQ crossover
rates, we then examined how this related to each step of the
battery charging protocol. In Figure 3a,b, the amount of 2,6-
DHAQ in the catholyte is plotted along with the state-of-
charge of the cell (i.e., the level of charge of the battery relative
to its capacity). Accurately determining the state-of-charge of a

Figure 1. Online NMR setup for measuring crossover in the 2,6-DHAQ/ferrocyanide redox-flow battery system with online NMR analysis.
Crossover through the ion-selective membrane is schematically depicted for 2,6-DHAQ2− molecules (represented as blue spheres) and catholyte
[Fe(CN)6]4− (represented as yellow spheres).

Scheme 1. Half-Reactions for the (i) Anolyte and (ii)
Catholyte
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redox-flow battery is an ongoing challenge in the field. Here we
have measured this from the change in water (HOD) 1H
chemical shift, which changes as a function of ferricyanide
concentration and therefore state-of-charge (see Figure S9 and
Methods S7) and has previously been shown to be a reliable
method.22 Using this approach, we found that both cell 2 and
cell 3 reached >92% of their theoretical capacity (116 mA h) in
the first 50 mA charge, highlighting the good performance of
the battery.

Importantly, the periods of enhanced 2,6-DHAQ crossover
correspond to the charging steps where the state-of-charge is
increasing (Figure 3a,b). These increases in crossover rate are
most likely explained by additional transport driven by 2,6-
DHAQ migration: During charging, electrons are supplied to
the anolyte side of the cell, and in return, K+ ions migrate into
the anolyte side to balance the charge. However, the charge
balance can also be achieved by the movement of negative ions
into the catholyte side. In the 2,6-DHAQ/ferrocyanide battery,
such a mechanism would manifest as the 2,6-DHAQ crossover
rates being positively correlated to charging current. Previous
electrochemical and theoretical studies estimate that crossover
is increased by this effect, though this has not yet been

measured directly, and the contribution to crossover was
predicted to be small at currents below 100 mA cm−2.13,16

To explore the relationship between charging current and
2,6-DHAQ crossover, the crossover rate was measured (moles
of 2,6-DHAQ per area of membrane per hour)9 for each
charging current used (Figure 4a). Note that as we now have a
polarized system, Fick’s law of diffusion is no longer
appropriate, and crossover rates are therefore used instead of
permeabilities (see Methods S9 and Equation S2). This
analysis revealed that the increases in 2,6-DHAQ crossover
rate during constant-current charge were exacerbated at higher
currents (Figure 4a), supporting the conclusion that this effect
is driven by the migration of 2,6-DHAQ ions. Though we note
that there is some cell-to-cell variability, the magnitude of this
effect is significant relative to the calculated errors (Methods
S9). Importantly, unlike the predictions from previous
theoretical studies,13,16 the increase in crossover is significant;
migration appears to double the rate of crossover during the 50
mA constant-current charge. This shows that battery operation
has a non-negligible impact on crossover even at low currents.
Optimization of the charging protocols could also be
considered as a route to mitigating crossover.

Figure 2. Crossover measurements in redox-flow batteries. (a) Selected 1H NMR spectra (9.4 T) from the catholyte side of a resting AORFB cell
(cell 1), where there is electrolyte flow but no charging. (b) Plot showing the concentration of 2,6-DHAQ in the catholyte side during crossover
experiments performed on a resting cell (cell 1) and two operating cells (cells 2 and 3) cycled using the protocols detailed in Figures S5−S6 and
Methods S2. The dashed line indicates the point in time at which charging was initiated in cells 2 and 3.

Figure 3. Correlating the 2,6-DHAQ crossover with battery charging. (a) Concentration of 2,6-DHAQ in the operating 2,6-DHAQ/ferrocyanide
cell during the initial rest and first charge-rest-discharge cycle (cell 2) correlated to the battery state-of-charge and annotated with the charging
mode. (b) Full 2,6-DHAQ crossover data set for cell 2.
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When choosing the optimal charging current, there is a
trade-off to consider between the crossover rate and the time
period per charge. The time taken for a 10 mA charge is
approximately five times longer than that for a 50 mA charge.
Therefore, although crossover rates are lowest when a low
current is used, the time period over which crossover rates are
elevated is longer. To determine which charging current is
optimal for mitigating crossover, the total amount of 2,6-
DHAQ crossover was calculated for each charging period
(Figure 4b and Methods S9). Here the background (i.e.,
diffusional) crossover is assumed to be constant and is
estimated from the average background crossover measured at
the start of the experiment before battery charging. When the
total amount to crossover is compared to the background
crossover during one charge period, it appears that the
crossover enhancement increases with a decreasing current.
Therefore, over the current range examined, the highest
current was found to be optimal for mitigating the 2,6-DHAQ
crossover during a constant-current charge.

The same crossover rate analysis was also performed for the
periods of cell rest and constant-current discharge. Surpris-
ingly, the crossover rates during the rest periods at a higher
state-of-charge were slightly elevated compared to those
measured at a lower state-of-charge (see Figure S10). As
Nafion is a negatively charged cation-exchange membrane, it
was expected that there would be more charge repulsion (i.e.,
Donnan exclusion)14 and hence lower crossover for 2,6-
DHAQ4− compared to 2,6-DHAQ2−. Our results do not
support this assumption, possibly indicating that the effective
size and/or charge of 2,6-DHAQ4− is smaller than that of 2,6-
DHAQ2−. This hypothesis could be tested further by
performing diffusion-ordered NMR spectroscopy (DOSY)
and electrophoretic NMR spectroscopy to the anolyte side of
the battery when held at the same state-of-charge.28,29

Interestingly, however, this trend is lost toward the end of
the experiment for cell 2. We believe that this may be the result
of quinone−ferricyanide interactions, which lead to 2,6-DHAQ
precipitation from the catholyte at a high state-of-charge.
Further studies of these processes are beyond the scope of this
work and are the subject of an ongoing study in our lab.

When the crossover rates at rest are compared to those
during constant-current discharge of the battery, no significant
difference is observed (Figure S11). Migration is expected to

operate in the opposite direction during discharge as the
polarity of the cell is reversed. However, owing to the
significantly lower concentration of 2,6-DHAQ in the catholyte
([2,6-DHAQ] < 2 mM), this effect is overshadowed by the
diffusional flux of 2,6-DHAQ into the catholyte from the
anolyte side ([2,6-DHAQ] ≈ 100 mM). We therefore
conclude that for this system the constant-current charging
step is the most influential on 2,6-DHAQ crossover.

Concluding, here we have developed a new online NMR
spectroscopy approach for studying electrolyte crossover in
operating redox-flow batteries. We found that 2,6-DHAQ
crossover rates through Nafion depended on the charging
current and that they are doubled during a 50 mA constant-
current charge compared to when the cell is at rest. This
demonstrates that the transport mechanisms governing
crossover vary throughout battery charging cycles and are
not adequately captured by simple diffusional permeability
studies that do not take electrochemistry into account.
Considering that the charging currents used in industry
(∼100 mA cm−2) are over an order of magnitude higher
than those used here (2−10 mA cm−2), the impact of this
additional transport on the total crossover rate in commercial
redox-flow batteries is likely large. Though we have focused on
anolyte crossover here, this method is equally applicable to
studying the crossover of novel organic catholytes. Impor-
tantly, our experiments were all performed using a
commercially available flow NMR tube and widespread
standard solution-state NMR equipment. No longer bound
by the equipment requirements of previous in situ NMR
configurations,18,19,21 this form of rigorous RFB analysis could
be performed routinely in most laboratories. Determining key
parameters for each contribution to crossover transport will
facilitate the development of better transport models and
accelerate membrane design.
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Figure 4. Correlating 2,6-DHAQ crossover with battery charging metrics. (a) 2,6-DHAQ crossover rates correlated to charging current. (b) Total
amount of 2,6-DHAQ crossover per constant-current charge, plotted as a function of time per charge and annotated with the charging current used.
The gray shaded area shows the calculated contribution from background crossover over time, where the black solid line represents the average
between cells 2 and 3, and the dark gray shaded area represents the variation in background crossover between cells (see Methods S9).
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Saheb, Y.; Sánchez Rodríguez, R.; Ürge-Vorsatz, D.; Xiao, C.; Yassaa,
N.; Alegría, A.; Armour, K.; Bednar-Friedl, B.; Blok, K.; Cissé, G.;
Dentener, F.; Eriksen, S.; Fischer, E.; Garner, G.; Guivarch, C.;
Haasnoot, M.; Hansen, G.; Hauser, M.; Hawkins, E.; Hermans, T.;
Kopp, R.; Leprince-Ringuet, N.; Lewis, J.; Ley, D.; Ludden, C.;
Niamir, L.; Nicholls, Z.; Some, S.; Szopa, S.; Trewin, B.; Van Der
Wijst, K.-I.; Winter, G.; Witting, M.; Birt, A.; Ha, M.; Romero, J.;
Kim, J.; Haites, E. F.; Jung, Y.; Stavins, R.; Birt, A.; Ha, M.; Orendain,

D. J. A.; Ignon, L.; Park, S.; Park, Y.; Reisinger, A.; Cammaramo, D.;
Fischlin, A.; Fuglestvedt, J. S.; Hansen, G.; Ludden, C.; Masson-
Delmotte, V.; Matthews, J. B. R.; Mintenbeck, K.; Pirani, A.;
Poloczanska, E.; Leprince-Ringuet, N.; Péan, C. IPCC, 2023: Climate
Change 2023: Synthesis Report. Contribution of Working Groups I,
II and III to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change [Core Writing Team, H. Lee and J. Romero
(Eds.)]. IPCC, Geneva, Switzerland, First Intergovernmental Panel on
Climate Change (IPCC), 2023. DOI: 10.59327/IPCC/AR6-
9789291691647.

(2) Rugolo, J.; Aziz, M. J. Electricity Storage for Intermittent
Renewable Sources. Energy Environ. Sci. 2012, 5 (5), 7151.

(3) Dunn, B.; Kamath, H.; Tarascon, J.-M. Electrical Energy Storage
for the Grid: A Battery of Choices. Science 2011, 334 (6058), 928−
935.

(4) Kwabi, D. G.; Ji, Y.; Aziz, M. J. Electrolyte Lifetime in Aqueous
Organic Redox Flow Batteries: A Critical Review. Chem. Rev. 2020,
120 (14), 6467−6489.

(5) Huang, S.; Zhang, H.; Salla, M.; Zhuang, J.; Zhi, Y.; Wang, X.;
Wang, Q. Molecular Engineering of Dihydroxyanthraquinone-Based
Electrolytes for High-Capacity Aqueous Organic Redox Flow
Batteries. Nat. Commun. 2022, 13 (1), 4746.

(6) Singh, V.; Kim, S.; Kang, J.; Byon, H. R. Aqueous Organic Redox
Flow Batteries. Nano Res. 2019, 12 (9), 1988−2001.

(7) Lin, K.; Chen, Q.; Gerhardt, M. R.; Tong, L.; Kim, S. B.;
Eisenach, L.; Valle, A. W.; Hardee, D.; Gordon, R. G.; Aziz, M. J.;
Marshak, M. P. Alkaline Quinone Flow Battery. Science 2015, 349
(6255), 1529−1532.

(8) Brushett, F. R.; Aziz, M. J.; Rodby, K. E. On Lifetime and Cost of
Redox-Active Organics for Aqueous Flow Batteries. ACS Energy Lett.
2020, 5 (3), 879−884.

(9) Tan, R.; Wang, A.; Malpass-Evans, R.; Williams, R.; Zhao, E. W.;
Liu, T.; Ye, C.; Zhou, X.; Darwich, B. P.; Fan, Z.; Turcani, L.; Jackson,
E.; Chen, L.; Chong, S. Y.; Li, T.; Jelfs, K. E.; Cooper, A. I.; Brandon,
N. P.; Grey, C. P.; McKeown, N. B.; Song, Q. Hydrophilic
Microporous Membranes for Selective Ion Separation and Flow-
Battery Energy Storage. Nat. Mater. 2020, 19 (2), 195−202.

(10) Machado, C. A.; Brown, G. O.; Yang, R.; Hopkins, T. E.; Pribyl,
J. G.; Epps, T. H. Redox Flow Battery Membranes: Improving Battery
Performance by Leveraging Structure−Property Relationships. ACS
Energy Lett. 2021, 6, 158−176.

(11) Yao, Y.; Lei, J.; Shi, Y.; Ai, F.; Lu, Y.-C. Assessment Methods
and Performance Metrics for Redox Flow Batteries. Nat. Energy 2021,
6, 582.

(12) Kwabi, D. G.; Lin, K.; Ji, Y.; Kerr, E. F.; Goulet, M.-A.; De
Porcellinis, D.; Tabor, D. P.; Pollack, D. A.; Aspuru-Guzik, A.;
Gordon, R. G.; Aziz, M. J. Alkaline Quinone Flow Battery with Long
Lifetime at pH 12. Joule 2018, 2 (9), 1894−1906.

(13) Small, L. J.; Pratt, H. D.; Anderson, T. M. Crossover in
Membranes for Aqueous Soluble Organic Redox Flow Batteries. J.
Electrochem. Soc. 2019, 166 (12), A2536−A2542.

(14) George, T. Y.; Kerr, E. F.; Haya, N. O.; Alfaraidi, A. M.;
Gordon, R. G.; Aziz, M. J. Size and Charge Effects on Crossover of
Flow Battery Reactants Evaluated by Quinone Permeabilities
Through Nafion. J. Electrochem. Soc. 2023, 170, 040509.

(15) Darling, R.; Gallagher, K.; Xie, W.; Su, L.; Brushett, F.
Transport Property Requirements for Flow Battery Separators. J.
Electrochem. Soc. 2016, 163 (1), A5029−A5040.

(16) Darling, R. M.; Weber, A. Z.; Tucker, M. C.; Perry, M. L. The
Influence of Electric Field on Crossover in Redox-Flow Batteries. J.
Electrochem. Soc. 2016, 163 (1), A5014−A5022.

(17) Oh, K.; Won, S.; Ju, H. A Comparative Study of Species
Migration and Diffusion Mechanisms in All-Vanadium Redox Flow
Batteries. Electrochim. Acta 2015, 181, 238−247.

(18) Zhao, E. W.; Liu, T.; Jónsson, E.; Lee, J.; Temprano, I.; Jethwa,
R. B.; Wang, A.; Smith, H.; Carretero-González, J.; Song, Q.; Grey, C.
P. In Situ NMR Metrology Reveals Reaction Mechanisms in Redox
Flow Batteries. Nature 2020, 579 (7798), 224−228.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c03482
J. Phys. Chem. Lett. 2024, 15, 1515−1520

1519

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c03482/suppl_file/jz3c03482_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c03482/suppl_file/jz3c03482_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+C.+Forse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9592-9821
mailto:afc50@cam.ac.uk
mailto:afc50@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emma+J.+Latchem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5391-1623
https://orcid.org/0000-0001-5391-1623
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Kress"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+A.+A.+Klusener"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+Vasant+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03482?ref=pdf
https://doi.org/10.59327/IPCC/AR6-9789291691647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.59327/IPCC/AR6-9789291691647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2ee02542f
https://doi.org/10.1039/c2ee02542f
https://doi.org/10.1126/science.1212741
https://doi.org/10.1126/science.1212741
https://doi.org/10.1021/acs.chemrev.9b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-32424-8
https://doi.org/10.1038/s41467-022-32424-8
https://doi.org/10.1038/s41467-022-32424-8
https://doi.org/10.1007/s12274-019-2355-2
https://doi.org/10.1007/s12274-019-2355-2
https://doi.org/10.1126/science.aab3033
https://doi.org/10.1021/acsenergylett.0c00140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-019-0536-8
https://doi.org/10.1038/s41563-019-0536-8
https://doi.org/10.1038/s41563-019-0536-8
https://doi.org/10.1021/acsenergylett.0c02205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-020-00772-8
https://doi.org/10.1038/s41560-020-00772-8
https://doi.org/10.1016/j.joule.2018.07.005
https://doi.org/10.1016/j.joule.2018.07.005
https://doi.org/10.1149/2.0681912jes
https://doi.org/10.1149/2.0681912jes
https://doi.org/10.1149/1945-7111/accb6b
https://doi.org/10.1149/1945-7111/accb6b
https://doi.org/10.1149/1945-7111/accb6b
https://doi.org/10.1149/2.0051601jes
https://doi.org/10.1149/2.0031601jes
https://doi.org/10.1149/2.0031601jes
https://doi.org/10.1016/j.electacta.2015.03.012
https://doi.org/10.1016/j.electacta.2015.03.012
https://doi.org/10.1016/j.electacta.2015.03.012
https://doi.org/10.1038/s41586-020-2081-7
https://doi.org/10.1038/s41586-020-2081-7
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(19) Zhao, E. W.; Jónsson, E.; Jethwa, R. B.; Hey, D.; Lyu, D.;
Brookfield, A.; Klusener, P. A. A.; Collison, D.; Grey, C. P. Coupled In
Situ NMR and EPR Studies Reveal the Electron Transfer Rate and
Electrolyte Decomposition in Redox Flow Batteries. J. Am. Chem. Soc.
2021, 143 (4), 1885−1895.

(20) Wang, E.; Zhao, E. W.; Grey, C. P. New Magnetic Resonance
and Computational Methods to Study Crossover Reactions in Li-Air
and Redox Flow Batteries Using TEMPO. J. Phys. Chem. C 2021, 125
(50), 27520−27533.

(21) Jing, Y.; Zhao, E. W.; Goulet, M.-A.; Bahari, M.; Fell, E. M.; Jin,
S.; Davoodi, A.; Jónsson, E.; Wu, M.; Grey, C. P.; Gordon, R. G.;
Aziz, M. J. In Situ Electrochemical Recomposition of Decomposed
Redox-Active Species in Aqueous Organic Flow Batteries. Nat. Chem.
2022, 14 (10), 1103−1109.

(22) Zhao, E. W.; Shellard, E. J. K.; Klusener, P. A. A.; Grey, C. P. In
Situ Bulk Magnetization Measurements Reveal the State of Charge of
Redox Flow Batteries. Chem. Commun. 2022, 58 (9), 1342−1345.

(23) Wu, B.; Aspers, R. L.E.G.; Kentgens, A. P.M.; Zhao, E. W.
Operando Benchtop NMR Reveals Reaction Intermediates and
Crossover in Redox Flow Batteries. J. Magn. Reson. 2023, 351,
No. 107448.

(24) Xia, L.; Huo, W.; Zhang, H.; Xu, K.; Qing, Y.; Chu, F.; Zou, C.;
Liu, H.; Tan, Z. Enhancing the Cycling Stability of Anthraquinone-
Based Redox Flow Batteries by Using Thermally Oxidized Carbon
Felt. ACS Appl. Energy Mater. 2022, 5 (2), 1984−1991.

(25) Hall, A. M. R.; Chouler, J. C.; Codina, A.; Gierth, P. T.; Lowe,
J. P.; Hintermair, U. Practical Aspects of Real-Time Reaction
Monitoring Using Multi-Nuclear High Resolution FlowNMR Spec-
troscopy. Catal. Sci. Technol. 2016, 6 (24), 8406−8417.

(26) Carney, T. J.; Collins, S. J.; Moore, J. S.; Brushett, F. R.
Concentration-Dependent Dimerization of Anthraquinone Disulfonic
Acid and Its Impact on Charge Storage. Chem. Mater. 2017, 29 (11),
4801−4810.

(27) Evans, D. F. 400. The Determination of the Paramagnetic
Susceptibility of Substances in Solution by Nuclear Magnetic
Resonance. J. Chem. Soc. Resumed 1959, 2003.

(28) Giesecke, M.; Mériguet, G.; Hallberg, F.; Fang, Y.; Stilbs, P.;
Furó, I. Ion Association in Aqueous and Non-Aqueous Solutions
Probed by Diffusion and Electrophoretic NMR. Phys. Chem. Chem.
Phys. 2015, 17 (5), 3402−3408.

(29) Ackermann, F.; Schönhoff, M. Chelating Additives Reversing
the Lithium Migration Direction in Ionic Liquid Electrolytes. J. Phys.
Chem. C 2021, 125 (1), 266−274.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c03482
J. Phys. Chem. Lett. 2024, 15, 1515−1520

1520

https://doi.org/10.1021/jacs.0c10650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-022-00967-4
https://doi.org/10.1038/s41557-022-00967-4
https://doi.org/10.1039/D1CC01895G
https://doi.org/10.1039/D1CC01895G
https://doi.org/10.1039/D1CC01895G
https://doi.org/10.1016/j.jmr.2023.107448
https://doi.org/10.1016/j.jmr.2023.107448
https://doi.org/10.1021/acsaem.1c03507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c03507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c03507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CY01754A
https://doi.org/10.1039/C6CY01754A
https://doi.org/10.1039/C6CY01754A
https://doi.org/10.1021/acs.chemmater.7b00616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/jr9590002003
https://doi.org/10.1039/jr9590002003
https://doi.org/10.1039/jr9590002003
https://doi.org/10.1039/C4CP04446K
https://doi.org/10.1039/C4CP04446K
https://doi.org/10.1021/acs.jpcc.0c09828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c09828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

