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Charge-transport kinetics of redox-active polymers is essential in designing electrochemical devices. We
formulate the homogeneous and heterogeneous charge-transfer processes of the redox-active
polymers dissolved in electrolytes. The critical electrochemical parameters, the apparent diffusion
coefficient of charge transport (D,,,) and standard electrochemical reaction constant (k°), are
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are validated with previously reported compounds and newly synthesized hydrophilic
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Introduction

Redox-active polymers, offering reversible oxidation/reduction
reactions as macromolecules, have been widely examined as
essential components of organic electrochemical devices, such
as rechargeable batteries, sensors, chromic devices, and actua-
tors." In the last years, the urgent demand for sustainable
technology highlighted polymers, especially as the active
materials of secondary batteries.””® Their ecologically friendly,
molecularly designable, and processable advantages are
believed to support future energy systems by compensating for
drawbacks of inorganic materials.'

Redox-flow battery is one of the promising applications of
organic redox-active materials.*® The batteries contain two
tanks containing active materials, flow pumps, and electro-
chemical cells. Their scalable configuration is favored to store
large electricity facilely. The devices can compensate for the
fluctuating power generation of renewable energies, such as
solar panels and wind farms.* Although vanadium-based
batteries are commercialized, the cost of vanadium and
unsafe sulfuric acid solution as electrolytes are inherent
problems.*

Versatile  redox-active  species, including  2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), phenazine, viologen,
anthraquinone, and imide compounds, have been proposed as
organic active materials.* Their robust redox reactions have
been observed even with brine as the safe electrolyte.*® Some
prototype cells exhibited an excellent cyclability over 1000,
offering the promising potential for practical applications.*®
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Organic flow batteries are often designed using small redox-
active molecules (molecular weight of around 10%) because of
their synthetic easiness and fast diffusion in electrolytes.’
Although even commercialized flow cells use small molecules
(vanadium complexes),’® they can easily permeate through
separators (crossover reaction).*® After reaching the opposite
side, oxidized (or reduced) redox-active molecules will be
reduced (oxidized) by reacting with charged anolytes (or cath-
olytes) or at current collectors. The subsequent processes
induce self-discharging and irreversible capacity loss.*® The
issue is usually avoided by electrostatic repulsion: charged
groups are attached to molecules and separators.” However, the
effect is not always perfect because the electrical charges of ions
are shielded by solvents.”***

Polymer design of active materials can be a fundamental
solution to crossover.* If the molecular weights are sufficiently
large, their hydrodynamic radii will be larger than the free
volume of electrolyte membranes or even the pore sizes of
porous separators.* Ultimately, crosslinked polymer particles
were also examined to fix the large polymer shape.>**

A drawback of polymer-based active materials is their
slower electrochemical kinetics. The standard electrochemical
reaction rate constant k° and apparent diffusion coefficient for
charge transport D, are several orders more minor than the
corresponding monomeric species. The typical values of k° =
1072 to 10 ° em s~ " and Dypp = 1077 to 10 °
reported with polymers, which are much smaller than mole-

cules (X = 107" to 107> cm s~ and D,,, 107° to 10~ ° cm?
Sfl)‘4—s,9,14

cm? s7! were

app

Regardless of the history of electrochemistry and polymer
chemistry, the reason for the decrease has been unclear. The
larger hydrodynamic radii may reduce Dgpp,***'**¢ but the
relation to actual physical diffusion behavior has been ambig-
uous. Further, no rational explanation was available for the
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decrease in &% it was partially clarified with limited polymer
systems of gels,"” but not sufficiently with dissolved polymers.
For the rational design of electrochemical cells, those responses
must be quantified.

In this study, we formulated the electrochemical charge-
transfer kinetics of dissolved redox-active polymers, focusing
on the physical mobility of the active materials. The two kinetic
parameters were regularly proportional to the physical diffusion
coefficient of macromolecular chains. The model was valid with
experimental literature data and newly synthesized polymers
regardless of molecular structures. Finally, a prototype cell was
fabricated using redox-active polyelectrolytes and an anion-
exchange separator membrane. The benefit of the polymer-
based active materials was demonstrated by suppressing unfa-
vorable permeation reactions by electrostatic repulsions
between the polymers (crossover of less than 1% after 10 days,
Fig. 1).

Deriving apparent diffusion coefficient (D,;) from physical
diffusion

There are two essential electrochemical parameters in kinetics:
apparent diffusion coefficient of charge-transfer D,p, and
standard electrochemical reaction rate constant k°>' The
coefficient Dy, represents how fast the charge is transported in
the solution under Fick's law."” Another parameter, reaction
rate constant, £°, is related to the electrode reaction rates, where
the Butler-Volmer equation dominates the potential-current
relationship.™

Charge flux by redox-active materials, including monomeric
and polymeric species, consists of two contributions, normal
physical diffusion (Dppys) and electron self-exchange reactions
(Det).***” Based on the self-exchange reactions, electrons “hop”
among the redox-active sites, inducing diffusion-like charge flux
(Fig. 2a).3%"

In the case of small molecules, simple relation holds among
the diffusion coefficient (eqn (1), Fig. 2b).>****18
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1 2
Dapp = Dphys + Dy = Dphys + gkex,app Cbulk(3 [1)

The second line clarifies the contribution of the electron self-
exchange reaction, using the terms of its rate constant keyapp,
molecular concentration Cpyi,, and hopping distance 6.'*"

The simple formula may not be appropriate for the polymer
systems dissolved (and dispersed) in solutions. The main
reason is the heterogeneous distribution of redox-active moie-
ties, densely introduced in polymer chains.® Instead of diffusion
coefficient, charge flux J can be discussed, considering the
translational diffusion of polymer chains Jpynys and local (intra-
and inter-chain) electron hopping /., (eqn (2), Fig. 2¢).

Japp = Jphys +Jo = _mDphys,chainVCchain + _DetVClocal (2)

m: number of average redox-active sites in a single chain,
Dphys,chaint Physical diffusion coefficient of polymer chains, Cenain:
concentration of polymer chains, Cj.cai: local concentration of
redox sites, and V: gradient for the diffusion direction axes.

The electron transfer (/) is achieved via intra- and inter-chain
electron hopping,” where those contributions can be much
minor to physical diffusion (see ESIt for further discussion).
Ignorance of the electron hopping from eqn (2) yields a more
straightforward relationship between the diffusion coefficients,
Dppys and D,pp. If a polymer chain has m redox-active sites, the
total concentration of redox-active species (Cp,1i) becomes equal
to mCepain- The total flux matches with an imaginary system,
where small molecules dissolved in solution diffuse under the
diffusion coefficient of Dy chain (€qn (3), Fig. 2d).

Japp = Jphys = _MDphys,chainVCchain = _Dphys,chainvcbulk (3)

In short, the diffusion of redox-active polymers may be
approximated as homogeneously dissolved small molecules
having the same diffusion coefficient (eqn (4))****
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Fig. 1 Configuration of the rechargeable cell examined in this study.
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Fig. 2 Scheme of charge transfer. (a) Electron self-exchange reaction by redox-active species, such as TEMPO. (b) Charge diffusion by small
molecules. (c) Charge diffusion by polymers. (d) Approximation of a redox-active polymeric chain as small molecules. (e) Scheme of charge diffusion
by two particles. Their average diffusion coefficient is 5.5, which never matches the value derived from average radii: 10/(average radii) = 10/5.5 =1.8.

(4)

Dapp = Dphys,chain = Dphys

Effects of hydrodynamic radii distribution for charge
transport

The essential parameter for charge diffusion is the physical
diffusion coefficient of molecules Dppys (eqn (4)). The coefficient
is related to the Stokes-Einstein equation, applicable to wide
molecular species, such as monomers, oligomers, polymers,
and particles (eqn (5)).>** The equation is generally valid for
various electrolyte conditions, including concentrated systems,
because the contributions of solvent viscosity, temperature, and
extension of macromolecular chains are considered.>**
kgT ¢

Doy = —— =
phy 6tnr r

(5)

kg: Boltzmann constant, 7: temperature, n: viscosity of the
solvent, r: hydrodynamic radius, and c: constant.

In contrast to monomeric species, polymers have a distribution
of molecular weights, which provides the distribution of hydro-
dynamic radii during DLS. Commonly, the average molecular
radius 7,, estimated by dynamic light scattering (DLS), is used to
calculate Dppys chain-"*"""'***">* The technique has been employed to
determine the physical diffusion of both dissolved and gel
systems."”” According to the Stokes-Einstein equation, the
average diffusion coefficient can also be calculated by integrating
its different radius (r) contributions and probability p(r) (eqn (6)).

1 d Zln‘
[ Dpgscnan(Mp()dr Jpp)dr 2

Dovgsctan = =0 e~ Tpdr ~om

= crn—‘l(ic Ty = czzrn};>
1741

(6)
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n;: number of moles of each polymer species and r;: radii of that
species.

The calculation means that the number average of the
inverse radius (r, 1) could be more precise than the number-
averaged hydrodynamic radius (7). 1/, does not strictly
match the number average of the inverse radius (r,1). inducing
the slight estimation error of Dphys chain (Fig. 2€, see ESIT for
details).

Derivation of electrode reaction rate constant (k°)

Another essential process, heterogeneous charge transfer
between the active materials and the current collector, can also
be formulated by a kinetic model. Our previous study on non-
conjugated redox-active polymers proposed a diffusion-
cooperated model for the standard electrode reaction rate
constant k° (eqn (7)).”

Wy (2
oL P\ kT

— 4471 Dy, = 471D, (at T = 298 K)

0
k = K¢l

(7)

Kkep: electron transmission coefficient (~1), mean free distance
(~0.3 nm), A: reorganization energy (~0.98 eV), Dy physical
diffusion coefficient [cm® s~']."7

The model was valid for versatile organic active materials in
different phases (e.g., gels and solutions). On the other hand,
only limited cases were examined with dissolved species in
electrolytes.”” This work will validate the model using our
experimental results and literature values.

Even for £°, the essential term in the equation is Dppys. The
collision frequency of the redox sites to the current collector
dominates the electrode reaction. Other parameters, such as
reorganization energy, are different among redox-active species,
but their effects were not so significant as Dppy."” Eqn (4), (6)
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and (7) will be checked with experimental results in the next
section.

E())(perimental examination of D,,, and
k

We synthesized two redox-active polymers as potential candi-
dates for flow batteries (Fig. 1). As the cathode, a hydrophilic
random copolymer of TEMPO-substituted methacrylate and
zwitterionic [2-(methacryloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide (P(TMA--SBMA))*® was synthesized. A
compact viologen-substituted methacrylate monomer was
polymerized via radical polymerization to obtain a new anode-
active material (PVMA, Fig. S1 and S27). The polymers were
designed as polyelectrolytes for higher solubility in aqueous
electrolytes (ca. 0.5 mol L™" in water for the anode) to prevent
crossover reactions through ionic membranes.

The basic properties of the polymers were examined by static
(and dynamic) light scattering (SLS, DLS), cyclic voltammetry,
and rotating disk electrode (RDE)* measurements (Fig. 3af).
SLS revealed the absolute molecular weights of 9.0 x 10* g
mol ™" for P(TMA--SBMA) and 1.1 x 10" g mol™" for PVMA.
Their hydrodynamic radii were estimated by DLS (Fig. 3a and c).
The number-average radii 7, were estimated to be 8 and 2.5 nm
for the cathode and anode polymers, respectively.

a)
20
18 |
16 |

b)

-
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=
1S
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Dphys,chain calculated from eqn (6) was 1.0 x 10"%and 2.3 x
107% cm® s7' for P(TMA--SBMA) and PVMA, respectively. The
values slightly differed from the estimation from the conven-
tional equation (= ¢/7,), 0.56 x 10 ® and 2.0 x 10 ® cm® s *
(an example Excel sheet for the calculations available as ESIT).
The current approach's estimated diffusion coefficient for the
cathode was about twice that of the conventional one. Such
strict treatment of the kinetic polymer parameters would be
appreciated for accurate parameter evaluation.

Electrochemical measurements were conducted using
a 0.3 M NaCl aqueous solution. During cyclic voltammetry,
reversible redox reactions of TEMPO and viologen were detected
at 0.64 and —0.54 V vs. Ag/AgCl for the cathode and anode,
respectively (Fig. 3b and e). The polymers responded even at
a high scan rate of 500 mV s~ * by their fast redox. Plateaus were
detected during RDE, indicating the negligible effects of unfa-
vorable side reactions such as polymer adsorption on electrode
surfaces.®

Electrochemical parameters were estimated from cyclic vol-
tammetry and RDE (Table 1). The linear relationship between
the peak current and square of scan rate enabled the estimation
of D,,, by Randles-Sevcik equation (Fig. $31).>” Koutecky-Lev-
ich equation also estimated D,p,, and k° from the RDE results
(Fig. S4T). We note that the RDE method contains some esti-
mation errors for compounds with large k° *® (see ESI{ for
further discussion).
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20 mV/s
6T 50 mV/s
4 100 mV/s
200 mV/s
2 r 500 mV/s
0 \ . , ,
-7 -6 -5 0.3 0.6 0.9 0.4 0.5 0.6 0.7 0.8 0.9
LOg Dyhys,chain [cM?/5] Potential (V vs. Ag/AgCI) Potential (V vs. Ag/AgCI)
d)ZS ) f)
20 f
s | _ - 12ua
]
3
g10 r ;g 2312 50 rpm
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Fig. 3 a) Distribution of physical diffusion coefficient of P(TMA-r-SBMA) in water, estimated by DLS. (b) Cyclic voltammograms of 2 mM polymer
in 0.3 M NaCl aqueous solution with different scan rates. (c) Hydrodynamic voltammograms of 1 mM polymer in the electrolyte, scanned at

10 mV s~ L. The electrode disk was rotated at 50, 100, 200, 400, 600,

hydrodynamic voltammograms of PVMA aqueous solution, measured

550 | RSC Adv, 2023, 13, 547-557

1000, 2000, and 3000 rpm. (d) DLS, (e) cyclic voltammograms, and (f)
under the same conditions.
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Slightly larger D, was obtained by cyclic voltammetry than
RDE (e.g., 7.8 x 1077 and 3.6 x 1077 cm® s~ ', respectively, for
the cathode). Non-faradaic capacitive current is suspected to
increase the apparent current during cyclic voltammetry. As the
control for the polymers, small redox-active molecules, 4-
hydroxy TEMPO (TEMPOL) and ethylviologen, were also exam-
ined (Fig. S6 and S77).

Comparison of experimental values with theoretical ones

The experimental constants were compared with values
derived from equations. Theoretical D,p, and k, were esti-
mated from eqn (4), (6) and (7). For polymeric species, the
number average of inverse radius (r,~') was employed to
calculate Dpphys chain- Molecular radii of small molecules were
estimated from their van der Waals volume®* and sphere-
shaped approximation.

Good agreements were observed between the experimental
and estimated values (Fig. 4). For instance, the predicted log
Dypp of P(TMA-7-SBMA), —6.0, was almost comparable to the
actual value from RDE, —6.4 (Table 1, entry 2). The estimated
electrode constant logk® of —2.8 matched the experimental
value, —2.9 (entry 2). The equations were also valid for mono-
meric species. In the case of TEMPOL, the estimated log D,y
and log k° were —5.1 and —1.5, while the actual values were —5.1
and —1.6, respectively (entry 18).

Our model was also valid with various redox-active
compounds, including previously reported monomeric, oligo-
meric and polymeric compounds with different molecular
designs (Table 1, Fig. 4 and S8%). The experimental relationship
of Dapp ¢ Dphys'*° was observed between the diffusion coeffi-
cients, corresponding to eqn (4) (Dapp = Dphys)- The trend was

app

Table 1 Experimental and predicted electrochemical parameters
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comparable to the experimental results with monomeric
species.® Similarly, the experimental trend of k° o D,,,"” was
observed with TEMPO- and viologen-based compounds, which
almost matched the prediction of k° = 4471D,,,, (eqn (7)).

The prediction of the standard electrode reaction rate
constant by eqn (7) was unsuccessful with several redox-active
compounds of cyclopropenium, nitrobenzene, and methox-
yphenol (Fig. 4b). One apparent reason was that the formula of
K® = 4471D,,, (eqn (7)) supposed only the fast redox systems
with relatively small reorganization energy A, corresponding to
large £° (e.g., 10" to 10 2 cm s~ ! for TEMPO and viologen). On
the other hand, the three redox units had smaller rate constants
as monomeric species (kX° = 107> ecm s~ !),*® which was out of
scope of the prediction.

Further, we observed an unexpected nonlinear trend with
cyclopropenium species having different molecular weights
(monomer species and oligomers, Fig. 4b, blue plots). The
reorganization energy A in eqn (7) should be almost identical
with the cyclopropeniums, and thus a trend of k° « D,,," was
expected. Nevertheless, the experimental relationship between
k° and D,,, was not linear, indicating that eqn (7) was not valid
for these molecular species.

Here, a semi-empirical formula was introduced to explain 4°
of the slower redox-active species, which could not be explained

by eqn (7) (eqn (8))-

S S .
kgmp. kl(w)nonomcr kgiffﬁlimil

Kemp.: empirical prediction of k°, kmonomer: rate constant for the
monomeric specie, and k3¢ 1imic: Tate constant for the diffusion-
dominating process.

Entry Type Compound Redox unit log Dppys” log Dypp” log £° (exp)” log k° (calc)® Ref.
1 Polymer P(TMA-r-SBMA)° TEMPO —6.0 -6.1 — 2.5 —
2 Polymer P(TMA--SBMA)* TEMPO —6.0 —6.4 —2.9¢ —2.8 —
3 Polymer PVMA® Viologen —5.6 -5.8 — 2.1 —
4 Polymer PVMA® Viologen —5.6 -6.3 —2.7¢ —2.6 —
5 Polymer ct TEMPO -7.2 -7.2 -3.3¢ -3.5 6

6 Polymer co Viologen —6.7 (—6.1) (—4.0)° —2.5 6

7 Polymer c3y/ TEMPO —6.0 —6.4 -3.0° 2.8 23
8 Polymer co TEMPO — -6.8 —3.0° —3.1 22
9 Polymer cs TEMPO — 6.7 —3.2¢ -3.1 28
10 Oligomer ce’ Nitrobenzene — —5.3 —2.9% -1.7 29
11 Oligomer c? TEMPO — —5.4 —1.48 -1.7 29
12 Oligomer cg Methoxyphenol — —5.5 —2.4% -1.9 29
13 Oligomer co Cyclopropenium — —6.3 —3.0" —2.6 20
14 Oligomer c10 Cyclopropenium — —6.0 —2.8" —2.3 20
15 Oligomer cit Cyclopropenium — —5.7 —2.6" —2.0 20
16 Monomer c12’ Cyclopropenium —5.2 —5.2 —2.7" -1.5 20
17 Monomer c13/ Viologen —5.2 —4.9 — —1.2 30
18 Monomer TEMPOL’ TEMPO —5.1 —5.1 —1.6° —-1.5 —a
19 Monomer Viologen® Viologen —5.2 —5.2 —1.5¢ -1.5 —4

“ Original unit of ecm? s™". Dpnys was estimated by DLS for polymeric species and by simulations for monomeric species. Dy, was evaluated by
electrochemical methods. If not available in the literature, viscosity was assumed to be 0.89 and 0.74 mPa s (ref. 31) for aqueous and
acetonitrile electrolytes. ? Original unit of cm s~'. The calculated value was estimated by eqn (7). ¢ Estimated by cyclic voltammetry. ¢ This
work. ¢ Estimated by RDE. Results for entry 6 would contain errors because RDE curves did not provide plateaus in the diffusion-limited
regions./ Structures are given in Fig. 8. ¢ Determined by voltammetry using microdisk electrodes. ” Estimated by Nicholson's method.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 547-557 | 551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07208d

Open Access Article. Published on 22 N’ wendzamhala 2022. Downloaded on 2025-11-04 18:07:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

« Viologen
» Cyclopropenium
« TEMPO

—— Theoretical

——————— Fit

e Cyclopropenium
TEMPO

+ Viologen

¢ Nitrobenzene

s Methoxyphenol

—— Theoretical

Fit (TEMPO/viologen)

—— Empirical (others)

435 68 —61 -54 -47
Log Dpp [cm?/s]

-4.0

Fig. 4 Relationships between (a) Dapp and Dynys, (b) k° amd D,pp. Red
lines show theoretical predictions from eqgn (4) and (7). From experi-
mental data, linear fittings were done. Do, % Dpnys-°® was obtained
for the physical diffusion coefficients. For Kk®, the relationship of k° «
Dapp”®” was observed when only TEMPO and viologen were fitted. For
the other redox sites with slower redox kinetics, an empirical law of
egn (8) was introduced to explain the trend.

The equation assumed that the electrode reaction was
a serial step of diffusion and electron transfer, in the same way
as an electron self-exchange reaction.” The first term of
£ onomer corresponded to the electron transfer constant with
fast diffusion (i.e., monomeric species). The second term of
ki imic Was the constant for the diffusion-dominating
processes, represented by eqn (7).

When we conveniently supposed the terms of kyonomer =
1072 ecm s~ and At imic = 4471Dgpp, the experimental trends
for the three redox-active species were explained successfully
(Fig. 4b, blue line). We emphasize that the equation and terms
of Kronomer and kdigr 1imie Were determined heuristically. For
more strict treatment, the reorganization energy in eqn (7) must
be changed for the values of each redox species. Although the
formulation was not strict, the match to the experimental data
indicated the necessity to separate electron transfer and diffu-
sion terms to predict the rate constant. The details should be
revealed in future research on the electrochemistry of
macromolecules.

Potential factors for errors in determining and predicting the
rate constants must also be discussed. The experimental Dy,
and &° are known to contain measurement errors and to vary by
a factor of >10 by different measurement methods, such as
cyclic voltammetry, chronoamperometry, rotating disk elec-
trode, microelectrode, and impedance (see ESIt for the esti-
mation error by RDE).””** Estimation of Dphy also contains
significant errors. DLS is available for macromolecules to esti-

mate the exact Dypys. On the other hand, monomeric and
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oligomeric species are too small to detect by DSL, and compu-
tational methods should be introduced instead.

The simplification of the model will also induce prediction
errors. For instance, the models did not consider inter-/intra-
chain interaction, electron hopping, counter ion dynamics,
solvent effects, and differences in reorganization ener-
gies.*'73* Aggregation of macromolecules during measure-
ments or other unexpected interactions could be other
possible reasons whereas, further discussion is difficult from
the reported data.®

Our diffusion theory affords some guidelines for designing
active materials. The general agreement of Dy, and k° with the
theoretical prediction meant the diffusion of redox-active
species was essential for charge transport. Thus, increasing
Dyppys is critical to enhancing the kinetics of redox-active mole-
cules. The apparent diffusion coefficient D,, is essential to
obtain a larger experimental capacity.**'*?® Further, k° should
be large enough to reduce overvoltages under large C-rates,
according to the Butler-Volmer equation.”

Polymer structures are beneficial for avoiding crossover
reactions, but larger molecular weights induce smaller Dppys.
The use of star-shaped, hyperbranched, or bottlebrush archi-
tecture® should improve Dy, Their dense and hard molecular
design would decrease relative hydrodynamic radius and fric-
tion against solvents. The concept was preliminarily examined
in our bottlebrush polymers,*® whereas a more extensive study is
needed in future research.

Here, the kinetic parameters, proportional to Dy, depend
on viscosity and temperature according to the Stokes-Einstein
equation (eqn (5)). Viscosity is also affected by the concentra-
tion of active materials. Most papers, including this work, focus
on evaluating the variables under low concentrations (e.g., 1
mM). Measurements under concentrated conditions of actual
flow systems are needed to evaluate the exact electrochemistry
of devices.***2%3¢

Charge/discharge properties of synthesized polymers

Finally, we examined P(TMA-r-SBMA) and PVMA as active
materials of prototype batteries. An H-type cell was introduced
as a simple configuration (Fig. 5a). An anion-exchange
membrane of a robust perfluoroalkylene polymer with
pendant ammonium groups®” was selected as the separator
(Fig. 1). The polymer was developed for fuel cells with alkaline
electrolytes, but was found to give promising properties with
brine electrolytes. The observed conductivity (9.7 mS cm™") was
larger than a conventional polystyrene-based, anion-exchange
membrane (SELEMION, 4.2 mS cm ') and Nafion (6.0
mS cm ™, Fig. $91). The membrane also offered a high Young's
modulus of >20 MPa s, enabling the use as a thin film (30 pm).*”

The permeation rate of active materials was estimated by
filling an aqueous polymer solution on one side and pristine
water on the counter (Fig. 5b and c). After ten days, about 1% of
P(TMA--SBMA) and 0.1% of PVMA moved into the counter side.
The amounts were much smaller than TEMPOL (90%) and
ethylviologen (0.7%), as control experiments. The smaller ratio
with PVMA (0.1%) than P(TMA--SBMA) (1%) suggested the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) Configuration of the H-type cell. (b) Permeation of the catholyte materials in water (2 mM) to pristine water through the anion-

exchange membrane. (c) Results for the anolyte materials. (d) Charge/discharge curves for the H-type cell with the redox-active polymers and
different separators (anion-exchange membrane®” or Nafion). Formal catholyte and anolyte capacities were 200 and 300 mA h L2, respectively.
The cell was operated at 0.5C. (e) Discharging capacity and coulombic efficiency at each cycle. (f) IR-spectra of the membranes after the battery

test.

effect of electrostatic repulsion between the polycation sepa-
rator and anode-active material to avoid crossover.

The diffusion coefficients for permeation were estimated
using a steady-state diffusion model (Fig. S10-S121). We
described formal derivations for the model (see ESIf). The
diffusion coefficients were estimated to be 6 x 10> (P(TMA-7-
SBMA)), 3 x 10~ (TEMPOL), <1 x 10~ ** (PVMA), and 7 x 10"
em® s (ethylviologen). Much smaller values were obtained
with the cationic species than neutral TEMPOL because of the
electrostatic repulsion against the polycation separator. The
polymeric strategy was also essential to avoid permeation by
their larger hydrodynamic radii.

A charge/discharge test was conducted by introducing
P(TMA--SBMA) and PVMA as the catholyte and anolyte,
respectively (Fig. 5d). The cell operated at 1.1 V, corresponding
to the standard voltage of 1.18 V. The experimental charging
capacity was 142 mA h L™" against the theoretical value of 200
mA h L' (70%) at a rate of 0.5C. High coulombic efficiency of
99% was obtained owing to the reversible redox reactions of the
active materials. Such near-ideal responses can be partially
explained by the sufficiently large D,,, and &° of the polymers
(see Experimental section and ESIf for further discussion).***°

The cell maintained 74% of the initial capacity after 30
charge/discharge cycles (Fig. 5d and e). We conducted charge/
discharge measurements with three-electrode systems to
analyze the reasons for the capacity decay (Fig. S13 and S14t). In

© 2023 The Author(s). Published by the Royal Society of Chemistry

the three-electrode systems, the capacity of the working side
was not limited by the counter, which enabled more accessible
analyses of capacity change. The discharge capacity after 30
cycles was as high as 96% of the initial value. The result indi-
cated that electrode-active materials themselves were not
degraded significantly. The total time for charging/discharging
reactions was around (1/0.5C) x 2 x 30 times = 120 hours.
During the period, the crossover was successfully suppressed
with the synthesized polymers, while a large amount of 4-
hydroxy TEMPO should have diffused to the opposite side
(Fig. 5b and c).

Some reasons explain the capacity decay, such as leakage
current by brine electrolysis, self-discharging by oxygen or other
impurities, and side reactions. In principle, the reactions
should be technically avoidable by optimizing cell conditions.
We note that TEMPO and viologen derivatives can exhibit
promising cyclability (>100-1000) in flow batteries.*® Main
differences between this prototype cell and previous reports are,
(a) smaller active material concentration (ca. 0.1 Ah L™ for this
work and 10 A h L™ for previous reports®®) and (b) whether the
system is flowed®® or not (this work). The smaller concentration
of active materials leads to larger contributions of side reactions
by impurity oxygen and water splitting. Flowing electrolytes is
also essential to induce charge/discharge reactions more effec-
tively. Mass synthesis of polymers is our future topic of study to
examine the materials in the complete form of flow cells.
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As a control experiment, we introduced a cation-exchange
membrane (Nafion) as a conventional separator (Fig. 5d and
e). Cation-exchange membranes are typically used for negatively
charged active materials but are sometimes applied even to
positively charged compounds, such as viologens.® The initial
capacity (143 mA h L™') was almost identical to the anion-
exchange membrane. However, the capacity gradually
decreased to 26 mA h L' after 30 cycles with Nafion. The
decrease was caused by the absorption of PVMA on Nafion
(Fig. 5f and S15%). No spectral change was detected with the
anion-exchange membrane before/after the charge/discharge
measurement. In contrast, characteristic viologen peaks were
detected at around 1500 and 3000 cm ™" in the case of Nafion. A
macromolecular complex of Nafion and PVMA should have
been formed in the film, and unfavorable absorption caused the
decreased anolyte capacity.

Conclusion

We formulated charge-transfer kinetics of polymerized redox-
active species in solutions. The diffusion-based kinetic model
proposed two essential predictions. First, the apparent diffu-
sion coefficient of charge transfer (D,pp) will match the physical
diffusion coefficient of the active materials in solutions (Dppys).
Second, the standard electrode reaction constant (k) will be
proportional to D,p, with a coefficient of ca. 4500 for the fast
redox-responsible species such as TEMPO and viologen. Modi-
fication of the model was needed to explain k° for molecules
with slower electron transfer. The benefit of the polymer design
was demonstrated by introducing polyelectrolyte-type, active
materials. The electrostatic repulsion between the ionic poly-
mers and an anion-exchange membrane avoided crossover
reactions, giving good capacity retention of 74% after 30 charge/
discharge cycles. Our next challenge is formulating polymer
kinetics under highly concentrated conditions, considering the
real flow battery systems with porous current collectors under
flowed conditions.’

Experimental section

Materials

NaOH and NH,PFs were purchased from Fujifilm Wako
Chemicals Co. HCI and Na,WO,-2H,O were obtained from
Kanto Chemical Co. 2,2,6,6-Tetramethyl-4-piperidyl methacry-
late, 3-[[2-(methacryloyloxy)ethyl]dimethylammonio]propane-1-
sulfonate, thioglycolic acid, 4,4"-azobis(4-cyanovaleric acid),
hydrogen peroxide, ethylviologen dibromide, 4,4™-bipyridyl,
indomethane, 2-bromoethanol, methacryloyl chloride, triethyl-
amine, hydroquinone and tetrabuthylammonium chloride were
purchased from Tokyo Chemical Industry Co. Other chemicals
were obtained from the above companies. All compounds were
used as received. The anion-exchange membrane was obtained
from Takahata precision Co. The membrane originally had
methanesulfonate anions. Chloride polymers were obtained
after immersing them in 1 M NaCl aqueous solution at 80 °C for
2 days. For control experiments, Nafion perfluorinated
membrane (product number: 676470, thickness 0.002 inch) was
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purchased from Sigma-Aldrich Co., and SELEMION (anion-
exchange membrane, product name: AMVN, chloride anions)
was obtained from AGC Engineering Co. Nafion was immersed
in 0.1 M NaOH aqueous solution overnight for neutralization.

Synthesis of P(TMA-r-SBMA) (Scheme S1t)

Piperidine precursor. The cathode polymer was synthesized
according to a report with modification.” 2,2,6,6-Tetramethyl-4-
piperidyl methacrylate (2.0 g, 8.9 mmol) was dispersed in
6.7 mL water. Then, 37% HCI aqueous solution was added to
adjust pH (1-1.5) so that the piperidine monomer could be
dissolved. Into the solution, 3-[[2-(methacryloyloxy)ethyl]
dimethylammonio]propane-1-sulfonate (2.5 g, 8.9 mmol), thi-
oglycolic acid as the chain-transfer agent (123 mL, 1.8 mmol),
and azobis(4-cyanovaleric acid) (0.389 g, 1.11 mmol) as the
initiator were added. After removing oxygen by freeze-pump-
thaw, the mixture was stirred at 80 °C for three hours to proceed
with radical polymerization. Then, 20% sodium hydroxide
aqueous solution was added to adjust pH (8-8.5) and stirred
overnight at room temperature. The mixture was dropped into
ethanol (about five-volume equivalents) and mixed vigorously.
The precipitate was collected by centrifugation (10 000 rpm, 30
minutes). Then, ethanol/water mixture (80/20 in vol%) was
added to dissolve excessive salt, and centrifuged at 10 000 rpm
for 12 minutes (repeat this process twice). The piperidine
polymer was obtained after drying solvents. The polymerization
ratio x was estimated to be around 0.5 by "H-NMR.

'H NMR (500 MHz, D,0, 6): 5.19 (br, 1H, OCH), 4.56 (br, 2H,
OCHy,), 3.87 (br, 2H, OCH,CHy,), 3.67 (br, 2H, N'CH,CH,CH,-
SO;7), 3.29 (br, 6H, N*(CH,),), 3.02 (br, 2H, N'CH,CH,CH,-
SO;7), 2.33 (br, 2H, N'CH,CH,CH,SO; "~ and backbone), 2.33-
1.81 (br, 4H, OCHCH, and backbone), 1.52 (br, 12H, NC(CH3),),
1.19-0.98 (br, backbone).

Oxidation. The piperidine polymer (2 g) and sodium tung-
state dihydrate (98 mg, 0.3 mmol) were dissolved in 10 mL water
and heated at 50 °C. After adjusting pH (8-8.5) by sodium
hydroxide aqueous solution, the solution was stirred. Then,
30% H,0, aqueous solution was added four times at around 0,
2, 4, 20 hours later for oxidation (total: 3.9 mL, 34 mmol). The
mixture was mixed for 24 hours at 50 °C and 20 hours at room
temperature. A sodium hydroxide aqueous solution was added
to keep pH (around 9). After the reaction, sodium chloride was
added at a concentration of 0.2 mol L', and purified by
precipitation in the same way as the precursor polymer. The
obtained red polymer was soluble in water (45% yield). About
70% of the piperidine units were converted into radicals,
according to the spin measurement of SQUID.

Synthesis of PVMA (Scheme S27)

1-Methyl-4,4"-bipyridinium iodide. 4,4-Bipyridine (8.0 g, 50
mmol) was dissolved in 200 mL dichloromethane, and iodo-
methane (7.8 mL, 125 mmol) was added dropwise. The mixture
was stirred at room temperature for 24 hours. The yellow
residue was washed with dichloromethane and dried in vacuo
(93% yield).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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'H NMR (500 MHz, D,0, 6): 8.92 (d, 2H, J = 6 Hz, a-pyr-
idinium), 8.78 (d, 2H, J = 5 Hz, B-pyridinium), 8.40 (d, 2H, J =
6 Hz, a-pyridine), 7.92 (d, 2H, J = 5 Hz, B-pyridine), 4.46 (s, 3H,
CH,). *C NMR (500 MHz, D,0, §): 153.6, 150.0, 145.7, 142.7,
125.9, 122.5, 47.9. FAB-MS (m/z): 171.2 (calculated), 170.8
(found).

2-Bromoethyl methacrylate. 2-Bromoethanol (2.1 mL, 30
mmol), tetrahydrofuran (30 mL), and triethylamine (4.2 mL, 30
mmol) were mixed and stirred for one hour at room tempera-
ture. After cooling the solution to 0 °C, methacryloyl chloride
(3.5 mL, 36 mmol) was slowly dropped. The mixture was stirred
for five hours at room temperature. Pale yellow liquid was ob-
tained as the product, followed by extraction and washing with
ethyl acetate/water and evaporation (76% yield).

'H NMR (500 MHz, CDCl3, 6): 6.17 (s, 1H, allyl on the C=0
side), 5.62 (s, 1H, allyl on the CHj side), 4.46 (t, 2H, ] = 6, 6.5 Hz,
OCHS,), 3.56, (t, 2H, J = 5, 6 Hz, CH,Br), 1.97 (s, 3H, CH;). **C
NMR (500 MHz, D,0, 6): 166.9, 135.9, 126.4, 64.0, 28.8, 18.3.
FAB-MS (m/z): 191.98 (calculated), 192.2 (found).

Viologen monomer. 1-Methyl-4,4"-bipyridinium iodide (3.0 g,
10 mmol) and hydroquinone (0.22 g, 2 mmol) as the radical
inhibitor were dissolved in N,N-dimethylformamide (40 mL).
Then, 2-bromoethyl methacrylate (9.7 g, 50 mmol) was added
and stirred at 100 °C for 24 hours. The product was extracted
with diethyl ether and washed with water. A red solid was ob-
tained as the product after drying the solvents in vacuo (95%
yield, Fig. S17).

'H NMR (500 MHz, D,0, 6): 9.24 (d, 2H, ] = 7 Hz, a-bipyr-
idinium on the methacrylate side), 9.08 (d, 2H, J = 6.5 Hz, o-
bipyridinium on the CH; side), 8.61 (d, 2H, J = 6.5 Hz, B-
bipyridinium on the CHj; side), 8.55 (d, 2H, J = 6 Hz, B-bipyr-
idinium on the methacrylate side), 6.12 (s, 1H, allyl on the C=0
side), 5.76 (s, 1H, allyl on the CHj side), 5.13 (t, 2H, J = 5, 5 Hz,
OCH,), 4.53 (s, 3H, CH; of the bipyridinium), 1.88 (s, 3H, CH; of
the methacrylate). ">*C NMR (500 MHz, D,0, 6): 168.5, 151.0,
146.4, 146.1, 135.0, 127.9, 127.1, 126.8, 63.0, 60.6, 48.5, 17.3.
FAB-MS (m/z): 284.36 (calculated), 284.1 (found).

Polymerization. The viologen monomer (2.0 g, 4 mmol) and
azobis(4-cyanovaleric acid) (142 mg, 0.5 mmol) were dissolved
in 8 mL water. After removing oxygen by freeze-pump-thaw, the
mixture was stirred at 90 °C for one hour to proceed with radical
polymerization. The polymer was purified by precipitation into
ethanol (80% yield). Two-step ion-exchange reactions obtained
a final product with chloride ions. First, the polymer (1.57 g) was
dissolved in a small amount of water, and it was slowly dropped
into 10 mL water containing ammonium hexafluorophosphate
(2.0 g). The procedure yielded an orange precipitate polymer
with hydrophobic PF¢ anions. After separating the polymer by
centrifugation, it was dissolved in acetone. The solution was
slowly dropped into 50 mL acetone solution of tetrabuty-
lammonium chloride (3.3 g). The mixture was stirred for one
hour at room temperature. The final product was obtained as an
orange powder followed by washing with acetone, centrifuga-
tion, and drying in vacuo (66% yield, Fig. S21). The maximum
concentration of the polymer in water was around 0.9 mol L.

"H NMR (500 MHz, D,0, ¢): 9.30 (br, 2H, o-bipyridinium on
the methacrylate side), 9.10 (br, 2H o-bipyridinium on the CH;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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side), 8.72 (br, 2H, B-bipyridinium on the CH; side), 8.62 (br,
2H, B-bipyridinium on the methacrylate side), 5.15 (br, 2H,
OCH,), 4.53 (br, 3H, CHj; of the bipyridinium).

Measurements

Dissolved polymers in water were measured by SLS and DLS
with Malvern ZETASIZER NANO-ZS. IR measurements were
conducted using FT/IR-6100 (JASSO). UV-Vis spectra were
recorded by V-670 (JASSO).

Electrochemical measurements

Electrochemical measurements were conducted under
a nitrogen atmosphere. Electrochemical measurements were
performed by a conventional potentiostat (BAS ALS 660D). A
platinum coil as a counter electrode and an Ag/AgCl wire as
a reference were introduced for three-electrode measurements.
A glassy carbon disk electrode (diameter of 1.6 mm) was used as
working during cyclic voltammetry. A glassy carbon disk
(diameter of 3 mm) was used as working during RDE. 0.3 M
NacCl aqueous solution was introduced unless noted otherwise.

Battery test

Catholyte and anolyte were prepared by dissolving P(TMA--
SBMA) (200 mA h L") and PVMA (300 mA h L") in the brine
electrolyte, respectively. The liquids (3.5 mL) were separated by
an anion-exchange membrane® in an H-type cell. Stirring bars
were employed to mix the solution. Carbon felts (EC Frontier
Co.) were introduced as current collectors. The effective area of
the separator was 0.5 cm®.

Permeation test of active materials

An H-type cell was introduced for permeation tests, whose
configuration is shown in Fig. S11.7 On one side, 2 mM active
material in water was filled with a volume of 4 mL. On the
opposite side, pristine water was filled with the same amount.
The two vials were joined with an anion-exchange membrane
and fixed by screws. The effective area of the membrane A was
0.5 cm?, and its thickness d was 0.03 mm.

The integrated cell was stirred for several days to induce
permeation. Periodically, a small amount of the liquid on the
counter side was sampled. A UV-Vis spectrometer estimated the
concentration of active materials in the liquids (Fig. S107).
Calibration lines of TEMPOL and ethylviologen, displaying
characteristic absorption peaks of TEMPO (237 nm) and viol-
ogen (262 nm), were used to quantify the amount. After esti-
mating the concentrations, their time dependencies were fitted

by a theoretical equation of diffusion,
2D A
In(2C; — Gy) = 7$ Vt + In Cy, which was derived in the

ESIT (C;: concentration of the active material side, C, = 2 mM,
Dperm: diffusion coefficient, and ¢: time, Fig. S12%). In Fig. 5b
and c, the permeation ratio was defined as (estimated molar
concentration of the active material)/(1 mM) x 100 %.
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Ionic conductivity measurement

Ionic conductivities of the separators were estimated using an
impedance spectrometer, Solartron 1260 Impedance/Gain-
Phase Analyzer. The separators were immersed in 0.3 M NaCl
aqueous solution and sandwiched by stainless disks with
a diameter of 1 cm. Their impedance spectra were measured
using the analyzer.

Estimation of D,y for monomeric and oligomeric species

In Table 1 and Fig. 4, Dppys for monomeric species were esti-
mated using simulations. van der Waals volume (V) was calcu-
lated according to a previous report.*” Then, their radii were

4
estimated under the sphere-shaped assumption (V = thI‘3>.

Stokes-Einstein equation (eqn (5)) with yielded Dppys.

Fitting experimental parameters

In Fig. 4, experimental trends of kinetic parameters were fitted
by a linear model. An open-source library of scikit-learn (version
0.23.2) was introduced for the data analysis.*® A HuberRegressor
was employed to fit the data because of the robustness against
the outliers.*
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