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Water-soluble 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) derivatives have been frequently utilized as
catholytes for aqueous redox flow batteries to achieve cost-effective renewable energy storage.
However, fundamental knowledge of TEMPO derivatives is still largely underdeveloped. Herein,
a comprehensive study on the properties of TEMPO derivatives has been conducted in aqueous
electrolytes. The results confirm that the redox potential, diffusion coefficient, electron transfer rate
constant and solubility are clearly influenced by functional groups of TEMPO derivatives and supporting
electrolytes. The charge—discharge cycling performance is evaluated using a symmetric redox flow
battery configuration. The capacity decay for TEMPO-based catholytes is mainly derived from the
crossover of the oxidized state. The presented study not only advances an in-depth understanding of
TEMPO-based RFB applications, but also highlights the challenge of crossover of redox-active TEMPO
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Introduction

Redox flow batteries (RFBs) have demonstrated a reliable ability
to provide large scale electrical energy storage, owing to charge-
storing redox species existing in the liquid form and complete
decoupling of power and energy density.*> To achieve wide-
spread implementation of RFBs, it is necessary to develop cost-
efficient, highly stable and safe electro-active materials.>*®
Recently, organic and organometallic redox-active molecules
whose structure can be effectively tuned have been explored for
RFB systems."**** For example, many derivatives of viologen,
anthraquinone and phenazine were employed as anolytes for
aqueous and nonaqueous RFBs because of their negative
equilibrium potential and high redox reversibility.»>** Redox-
reversible nitroxyl radicals (e.g. 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) and its derivatives”*'’) and ferrocene deriva-
tives (e.g. (ferrocenylmethyl)trimethylammonium chloride
(FeNClI) and N'-ferrocenylmethyl-N*,N*,N>, N* N*-
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derivative molecules applied in aqueous RFBs.

pentamethylpropane-1,2-diaminium dibromide,
were used as high potential catholytes.

As catholyte candidate materials of aqueous RFBs, TEMPO
derivatives are especially attractive due to their considerable
positive redox potential, rapid charge transfer kinetics, high
water-solubility (high storage capacity) and excellent structural
stability.”**3"** However, the properties of TEMPO derivatives
have not yet been systematically studied, not only due to
structural diversity of TEMPO derivatives, but also because their
electrochemical and physicochemical properties are highly
dependent on structural differences. In this paper, we have first
examined systematically the effects of different substituent
groups of TEMPO derivatives and supporting electrolytes on
electrochemical properties and solubilities. Employing
a symmetric RFB configuration, the charge-discharge cycling
performance was evaluated. The mechanism of performance
degradation is revealed by post-cycling investigations.

(FeN,Bry)™)

Experimental

Chemicals

4-Hydroxy-TEMPO (4HT), 4-0x0o-TEMPO (40T), 4-amino-TEMPO
(4AT), 4-cyano-TEMPO (4CyT) and 4-carboxy-TEMPO (4CaT)
were purchased from Tokyo Chemical Industry (TCI) and used
directly, whose chemical structures were presented in Scheme
1. All other reagents such as inorganic acids, bases and salts
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Scheme 1 Chemical structures of five TEMPO derivatives.

were purchased from Sinopharm Chemical Reagent Co. Ltd.
Deionized water (Milli-Q, 18.2 MQ) was used for all
experiments.

Solubility studies

The solubility of TEMPO derivatives was determined by UV-vis
absorption spectra. Before the solubility test, excess sample
was equilibrated for 48 h in pure water or 0.5 M aqueous elec-
trolyte solution at room temperature. After the obtained satu-
rated solution was diluted to the desired concentration, the
concentration was evaluated on UV-vis (Shimadzu UV mini
1240) spectrophotometer.

Electrochemical studies

All electrochemical studies were conducted on an Interface 1000
electrochemical working station (Gamry) with a conventional
three-electrode cell at room temperature. The glassy carbon
rotating-disk electrode (RDE, 5 mm diameter), Pt foil and
saturated calomel electrode (SCE) were used as the working
electrode, counter electrode and reference electrode, respec-
tively. The potential was reported relative to the standard
hydrogen electrode (SHE). The TEMPO derivative (1 mM) was
dissolved in a 0.5 M aqueous electrolyte, served as the electro-
lyte solution. Prior to measurements, the electrolyte solution
was purged with nitrogen gas for at least 20 min to remove any
dissolved oxygen. During the electrochemical tests, nitrogen gas
was purged continuously over the surface of electrolyte
solutions.

The Pourbaix diagram (E° versus pH) was constructed using
the TEMPO derivative (1 mM) dissolved in aqueous electrolyte
solutions of different pH. The concentration of the supporting
electrolyte is 0.5 M for each electrolyte solution. The pH of
solution was adjusted with dilute KOH or HCI solution and
measured with a PHS-3C pH meter (Shanghai Instrument
Electric Science Instrument Ltd.).

Symmetric RFB tests

Symmetric RFB tests were carried out on an Interface 1000
electrochemical working station (Gamry) using a commercial
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flow cell (Fuel Cell Technologies) that was comprised of
aluminium end plates, current collectors, graphite flow field
plates and two stacked (x2) carbon paper electrodes (Toray
TGPH060) with an active area of 5 cm’. Cationic exchange
membrane (N112, 50 pm thick, DuPont) and anion exchange
membrane (A201, 25 pm thick, Tokuyama) pre-treated by
immersion in 2 M KCI solution for 2 h at 60 °C, were utilized as
a separator for the symmetric RFB test, respectively. Both ano-
Iyte and catholyte were circulated between the flow cell and
reservoir at a flow rate of 60 mL min~' through a peristaltic
pump (BT-600EA, Chongqing Jiecheng). 0.2 M 4HT (or 4AT) +2 M
KClI electrolyte (10 mL) and 0.2 M [4HT]'Cl™ (or [4AT]"Cl ") (the
oxidation state) + 2 M KCI electrolyte (10 mL) were used as
anolyte and catholyte, respectively. The [4HT]'Cl™~ (or [4AT]"CI7)
catholyte was obtained by electrochemically reduced 4HT (or
4AT) in a 4HT (or 4AT)-ferricyanide RFB. The specific capacity
was calculated based on all the anolyte and catholyte. Nitrogen
gas was purged continuously over the surface of electrolytes to
remove oxygen during battery cycling.

Results and discussion
Electrochemical properties and solubility

The functional substituent groups play a key role on tuning the
electrochemical properties and water solubility of redox-active
organic molecules.”*® Thus, the structure-activity relation-
ship for TEMPO derivatives was first examined by cyclic vol-
tammograms (CVs). Fig. 1 presents CVs of five redox-active
TEMPO derivatives, all of which display well-defined redox
peaks, representing the one-electron transfer reactions. The
formal potential (E°) is found to be 0.812 V for 4HT (-OH),
0.910 V for 40T (=0), 0.895 V for 4AT (-NH,), 0.881 V for 4CyT
(-CN), and 0.776 V for 4CaT (-COOH), respectively. The redox
potentials are strongly influenced by electron-donating or
electron-withdrawing substituents for electro-active organic
molecules. The presence of electron-donating groups lowers the
redox potential while the presence of electron-withdrawing
groups may improve the redox potential.'”* Therefore, it is
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[&]
<
E 00
= —— 4HT (-OH)
—— 40T (=0)
——4AT (-NH)
0.1}k ——4CyT (-CN)
—— 4CaT (-COOH)
05 06 12 13

07 08 09 10 1.1
Potential (V vs. SHE)
Fig. 1 CV curves of five TEMPO derivatives (1 mM) in 0.5 M KCl sup-
porting electrolyte (pH = 7) at a scan rate of 25 mV s~* at 25 °C. Before
CV measurements, the pH values of the electrolyte solutions were

adjusted to 7 for 4AT and 4CaT by using 0.01 M HCl and KOH solution,
respectively, because 4AT is weakly alkaline and 4CaT is weakly acidic.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The effect of pH on equilibrium potential (E°) of five TEMPO
derivatives in 0.5 M KCl supporting electrolyte at 25 °C.

plausible that The E° values for 4AT and 4CyT are observed to be
much higher than that of 4HT because of electron-withdrawing
characteristics of =0 and -CN groups. However, although
-NH, is a typical electron-donating group, 4AT shows a rela-
tively high redox potential, which is due to the fact that amino
groups of 4AT can react with hydrogen ions in aqueous solution
to form electron-withdrawing -NH;" cations.?® Then, the effect
of pH on the formal potential for TEMPO derivatives was
studied by CV measurements (Fig. 2). Except for that of CaT, the
E° values of the other four TEMPO derivatives are all pH-
independent in the pH range of 1.0-10.0. The equilibrium
potential of CaT in the pH range of 1.0-5.0 is pH-dependent
with a E°-pH slope of approximately 10 mV pH™'. When the
pH is greater than 5.0, the CaT exhibits a pH-independent
feature, similar to the other TEMPO derivatives.

The electron transfer rate constant and diffusion coefficient
for redox-active materials are two fundamental properties
which have impacts on charge/mass transfer and further effi-
ciency and power of RFBs. Koutecky-Levich analyses of RDE
voltammetry data were applied to determine the electron
transfer rate constants (k°) of five redox-active TEMPO deriva-
tives. The rotation speed increased from 200 to 900 rpm to gain
different mass transport-limited currents (Fig. S11). The
Koutecky-Levich plots whose intercepts represent the recip-
rocal of the kinetic current (i) exhibit good linearity at different
overpotentials. And then, based on the relationship between
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overpotential and log(iy), ° can be calculated using the slope of
the overpotential versus log(i) plot. The diffusion coefficients
for oxidized state (Do) and reduced state (Dg) were measured by
cyclic voltammetry (CV) at variable scan rate (Fig. S27) and then
calculated from the Randles-Sevcik equation. The k° and D
values of five TEMPO derivatives are summarized in Table 1.
The 4HT, 4AT and 4CyT show similar electron transfer
constants in KCI electrolyte within a range from 4.01 x 10> to
4.45 x 10° cm s~ ', which is obviously slower than that of 40T
(1.05 x 1072 ecm s~ '), but higher than that of 4CaT (2.25 x
107 ecm s~ ). The significant difference in electron transfer
rates for TEMPO derivatives may be attributed to different
inductive substituent constants of functional groups at 4-posi-
tion and accessibility of the nitroxide group.** Considering the
inductive substituent constants are not easy to measure, we
have investigated the effect of redox potentials on the reaction
rate constants for five TEMPO derivatives since the redox reac-
tion of organic molecules is governed by the charge state of
electroactive units."”*® It can be seen that the standard poten-
tials roughly correlate with logarithms of the rate constants
(Fig. S31), indicating that a low electron density on alicyclic ring
of nitroxyl radicals probably accelerate the charge transfer of
redox reaction. In addition, the D values for 4HT, 40T, 4AT,
4CyT and 4CaT in aqueous KCI electrolyte are 3.14 x 10~°, 4.61
x 107° 3.77 x 1075, 6.23 x 10°° and 2.64 x 107° em? s},
respectively. The 4CyT shows a fastest diffusion among five
derivatives.

The electrochemical stability of TEMPO derivatives was
further studied. As presented in Fig. S4,1 the 4HT, 40T and 4AT
exhibit high electrochemical stability while the stability of the
4CyT and 4CaT is slightly worse after 100 CV cycles. The subtle
difference in electrochemical stability is likely to originate from
different chemical stability of nitroxyl radicals and/or the cor-
responding oxoammonium cations.

As shown in Table 1 and Fig. S5, the 4AT shows a highest
concentration in pure water among five TEMPO derivatives,
which reaches ca. 5.79 M, followed by 2.11 M of the 4HT and
1.22 M of the 40T. However, the 4CyT and 4CaT display poor
solubility in water, demonstrating that they are not suitable as
electroactive catholytes for aqueous redox flow battery applica-
tions. Theoretical capacity for TEMPO derivatives were calcu-
lated based on their solubilities in 0.5 M KCl solution. It can be

Table 1 Solubility, theoretical capacity, equilibrium potential and electrochemical kinetic parameters of different TEMPO derivatives in KCl

agueous solutions at room temperature

Solubility in pure Solubility in
Sample water (M) 0.5 M KCl (M) Crheo” (AR L) E” (V) D (em?s™1) £ (em s7Y)
4HT 2.11 1.25 33.5 0.812 3.14 x 10°° 4.45 x 1073
40T 1.22 0.79 21.2 0.910 4.61 x 10°° 1.05 x 10~2
4AT 5.79 4.80 128.6 0.895 3.77 x 107° 4.01 x 1073
4CyT 2.6 x 107> NA NA 0.881 6.23 x 10°° 4.29 x 107°
4CaT 2.1 x 1072 NA NA 0.776 2.64 x 107 2.25 x 1073

“ Theoretical capacity (Crneo) Were calculated based solubility of materials in 0.5 M KCl solution. ? Equilibrium potential (E°) was obtained from CV
measurements in 0.5 M KCl solution. ¢ Diffusion coefficient (D) that is an average value of Do and Dyg. ¢ Electron transfer constant (k°) was measured

from RDE measurements in 0.5 M KCI solution.

This journal is © The Royal Society of Chemistry 2020
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Fig.3 CVsof 1mM4HT (a), 40T (b) and 4AT (c) in different supporting
electrolytes (0.5 M) at a scan rate of 25 mV s~%, respectively.

seen that the theoretical capacity of 4AT is about 128.6 Ah L™,
much higher than those of 4HT and 40T (33.5 and 21.2 Ah L™,
respectively). These experimental data clearly indicate that
electrochemical property and solubility are greatly influenced
by functional groups of TEMPO derivatives.

Effects of supporting electrolytes

The effects of supporting electrolytes were evaluated for three
TEMPO derivatives with high water solubility (that is, 4HT, 40T
and 4AT). The CV curves in different supporting electrolytes
were shown in Fig. 3. Although the supporting electrolyte has
little effect on the peak potential of three peak current. For
example, the 4HT shows significantly higher peak current in
LiCl, KCI and NaNO; solution than in NaCl and Na,SO, solu-
tion. The 40T exhibits the largest peak current in NaCl solution,
followed by in KCl solution. In addition, the peak current of 4AT
in Na,SO, solution is obviously lower than in the other four
electrolyte solutions.

The electron transfer constants of 4HT, 40T and 4AT in
different supporting electrolytes were shown in Fig. 4a. In LiCl,
NaCl and Na,SO, solution, the 4HT shows the fastest electro-
chemical kinetics among three samples which are 1.16 x 1072,
1.33 x 10 ? and 1.24 x 10~ % cm s~ ', respectively. However, in
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Fig. 4 Effect of supporting electrolytes (0.5 M) on electron transfer
constant (k°) and diffusion coefficient (D).
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Table 2 Solubility of TEMPO derivatives in different supporting elec-
trolyte solutions (0.5 M) at room temperature

Sample LiCl NaCl KCl NaNO; Na,SO,
4HT 0.69 M 1.26 M 1.25 M 1.38 M 0.33 M
40T 0.83 M 0.89 M 0.79 M 0.87 M 0.78 M
4AT 3.92 M 5.23 M 4.80 M 5.06 M 2.98 M

KCI and NaNO; solution the 40T displays faster redox reaction
mechanism compared with the 4HT and 4AT. In addition, the
rate constants of 4-OT in different electrolytes are close to each
other, indicating that the redox kinetics of 4-OT is almost
independent of the electrolyte ions. The diffusion coefficients in
different aqueous supporting electrolytes were shown in Fig. 4b.
The 4HT and 4AT possess relatively faster diffusion in LiCl and
NaNO; solution than in other supporting electrolyte solutions.
Different from them, the 40T exhibits a fastest diffusion rate in
NaCl solution. The solubilities of 4HT, 40T and 4AT in different
electrolyte solutions are determined using UV-vis absorption
spectra, which are shown in Table 2 and Figs. S6-S8.7 All three
TEMPO derivatives have lower solubility in supporting electro-
Iyte solution than their solubility in pure water because of the
salting out effect, which means reduced theoretical capacity of
the flow batteries. For instance, the 40T exhibits solubility of
0.83 M in LiCl, 0.89 M in NacCl, 0.79 M in KCI, 0.87 M in NaNO;
and 0.78 M in Na,SO,, respectively. The 4AT has solubility of
3.92 M in LiCl, 5.23 M in NaCl, 4.80 M in KCl, 5.06 M in NaNO;
and 2.98 M in Na,SO,, respectively. The solubilities of 4-OT and
4-AT in NaCl aqueous solution are higher than those in LiCl and
KCl. This means that the salting out effect of sodium ion is
relatively weak. Similarly, compared with NO;~ and SO,>~, ClI~
shows a weaker salting out effect on 4-OT and 4-AT. Therefore,
NaCl is probably a best choice for TEMPO-based catholytes
among five supporting electrolytes.

Symmetric RFB performance

To verify the availability of TEMPO derivatives for aqueous
RFBs, two symmetric RFBs utilized 4HT and 4AT, respectively,

Power/Loading

Cl Cr
Charge i , Charge
R-TEMPO ———= [R-TEMPO]" |l [R-TEMPO]" ———= R-TEMPO
Discharge Discharge

Anolyte

Fig. 5 Schematic diagram of the symmetric TEMPO derivative redox
flow battery.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Representative charge—discharge profiles of the symmetric
4HT (a) and 4AT (b) RFBs at different current densities. Cycling
capacities and efficiencies of the symmetric 4HT (c) and 4AT (d) RFBs
over 200 cycles at 100 mA cm~2. The concentration of TEMPO-based
radicals is 0.2 M and an anion exchange membrane (AEM, A201) is used
as the separator.

were fabricated and examined. As show in Fig. 5, a TEMPO
derivative (the reduced state) and its oxidized state are
employed in the symmetric RFB configuration as anolyte and
catholyte, respectively.”>** The rate performance is examined
from 20 to 100 mA cm™>. The capacities of the symmetric 4HT
and 4AT RFBs at 20 mA em™ > are observed to be 43.5 and 34.8
mA h, 81.2% and 64.9% of the theoretical capacity (53.6 mA h),
respectively. The increase of the current density leads to
decreased capacity outputs, which is attributed to the increased
ohmic loss as indicated by the charge-discharge voltage profiles
at different current densities (Fig. 6a and c). During the charge-
discharge cycling, the coulombic efficiency for two symmetric
RFBs is nearly 100%. After 200 cycles, the discharge capacity of
4HT decreased from 4.88 to 2.13 Ah L' and that of 4AT
decreased from 3.94 to 0.91 Ah L™ " with a significant capacity
loss for each cycle (Fig. 6b and d).

To clarify the possible degradation mechanism, ultraviolet
spectra of the anolyte (reduced state) and catholyte (oxidation
state) before and after 200 charge-discharge cycles were

~—— Catholyte after 200 cycles
—— Anolyte after 200 cycles.

: —— Anolyte after 200 cycles ‘
e — .

200 220 240 260) 280 300 320 340 360 200 220 240 260] 280 300 320 340 360
: ——Catholyte

a H —— Catholyte after 200 cycles b

Abs

—— Catholyte

—— Anaolyte —— Anolyte

/\/ aHT 2 6 4AT

200 220 240 260 280 300 320 340 360 200 220 240 260 280 300 320 340 360
Wavelength (nm) Wavelength (nm)

Abs

Fig. 7 Ultraviolet spectra of the anolyte and catholyte of the
symmetric 4HT (a) and 4AT (b) RFBs, in 2 M KCl solution before and
after 200 charge—discharge cycles.
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measured. As shown in Fig. 7, for the symmetric 4HT and 4AT
RFBs, the fresh anolyte shows an absorption peak at ca. 242 nm
while the fresh catholyte has the absorption peak at about
266 nm. After 200 cycles, the absorption peak position of the
anolyte shifts from around 242 to 266 nm whereas the absorp-
tion peak of the catholyte is observed to be still at ~266 nm,
clearly indicating that the permeability of the oxidation state
(oxoammonium cation) is the main cause of performance
degradation of two symmetric RFBs. Furthermore, we investi-
gated the effect of different types of ion exchange membranes
on the battery performance and the permeability of the oxida-
tion state. Compared with those with cation exchange
membrane (N112), the symmetric RFBs with anion exchange
membrane (A201) exhibit obviously higher practical remaining
capacity after 200 charge-discharge cycles (Fig. S971). It can be
deduced that the anion exchange membrane possesses higher
resistance to permeation since performance degradation is
mainly due to the penetration of oxoammonium cation in the
catholyte into the anolyte. The presented research reveals
unambiguously that the crossover of oxoammonium cation is
a major challenge for redox-active TEMPO derivatives applied in
aqueous RFBs. In addition, it should also be noted that
uncharged TEMPO derivatives can easily pass through
membranes. Some researchers designed to introduce ionic
groups (e.g. sulfonate® or quaternary ammonium>**) to the
molecular structure of TEMPO derivatives and utilized the
electrostatic exclusion between redox-active species and ion
exchange membranes to reduce the penetration across
membranes. However, other groups constructed soluble poly-
mers containing redox-active units'*'*** to lower this crossover.
Therefore, in the future more attention needs to be paid to the
compatibility between different redox-active organic molecules
and membrane materials, and the development of high-
performance membrane materials that can limit effectively
the crossover of redox-active species.

Conclusions

In summary, we have examined the potential, redox kinetics,
electrochemical stability and solubility of TEMPO derivatives in
aqueous supporting electrolytes. The redox potential, diffusion
coefficient, electron transfer rate constant and solubility are
clearly influenced by functional groups of TEMPO derivatives
and supporting electrolytes. Although their excellent electro-
chemical stability, the 4-HO-TEMPO and 4-H,N-TEMPO exhibit
considerable performance degradation in the symmetric RFB
configuration due to the permeability of oxoammonium
cations.
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