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Electrochemical and UV-VIS measurements demonstrate that the pH value of a 4-hydroxy-2,2,6,6-
tetramethyl-1-pipperidinyloxyl (TEMPOL) electrolyte significantly impacts its redox reversibility. The
diffusion coefficient and kinetic rate constant of TEMPOL in neutral aqueous solution are determined and
shown to be comparable to those of vanadium ions used for industrially utilized redox flow batteries
(RFBs). RFBs that incorporate a TEMPOL catholyte and Zn-based anolyte have an average voltage of 1.46 V
and an energy efficiency of 80.4% during the initial cycle, when subject to a constant current of
10 mA cm 2. We demonstrate several factors that significantly influence the concentration and capacity
retention of TEMPOL upon cycling; namely, pH and atmospheric gases dissolved in electrolyte. We
expand upon the known reactions of TEMPOL in aqueous electrolyte and propose several concepts to
improve its electrochemical performance in a RFB. Controlling these factors will be the key to enable the
successful implementation of this relatively inexpensive and environmentally friendly battery.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction for converting energy, and pumps for circulating each electrolyte

(catholyte and anolyte). This unique energy storage system enables

Redox flow batteries (RFBs) have attracted much attention for
use in large-scale energy storage applications, such as in smart
grids, because of their many advantages, including their flexible
and modular design, as well as fast response time [1—4]. Typical
RFBs comprise two electrolyte tanks for storing energy, a cell unit
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the use of many kinds of materials, ranging from inorganic com-
pounds such as vanadium [5], chromium [6], iron [7], bromine [8],
and iodine [9,10], to organic compounds like quinone [11] and
polysulfide [12]. These RFBs can be subdivided into two types: ones
aimed at achieving high-energy density, and others designed for
low cost and safety. The former type of batteries, including Li/I [10]
and Li/polysulfide [12], are based on high voltages, which result
from the low redox potential of Li metal. A myriad of problems
involving lithium metal dendrites have yet to be solved, however,
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making the long-term stability of these systems challenging [13].
The latter group of batteries, such as anthraquinone-2,7-disulfonic
acid/bromine [11], 2,6-dihydroxyanthraquinone/ferrocyanide [14],
and zinc/iodine (Zn/I) [9] are suitable for grid-scale energy storage
due to their inherently robust and safe systems. Although some of
these aqueous batteries have issues, including the use of toxic
bromine, strong alkaline electrolyte, and the formation of Zn den-
drites, their cost effective materials and nonflammable electrolytes
are definite benefits for grid-scale energy storage.

Recently, an inexpensive cathode material referred to as 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) has been explored for use in
organic-based electrolytes [15,16]. Its performance when coupled
with Li-ion anode is reasonably impressive, with a high energy
density of 126 W h L~! [15]. Interestingly, functionalizing the 4-
position of TEMPO with a hydroxyl group results in relatively
high solubility in water. The functionalized compound, referred to
as TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl), can
be dissolved at concentration as high as 3.6 M. In addition, it bears
the same sterically protected radical center associated with the
delocalized unpaired electron of the N—O bond found in TEMPO
[17—19]. For these reasons, TEMPOL may be a promising candidate
for use as catholyte in an aqueous redox flow battery of high energy
density. Previously, TEMPOL had been studied as catalyst [20],
fluorescent probe [21], and electrode modifier in dye-sensitized
solar cells [17]. Very recently, its feasibility for use as an electro-
lyte active material in RFBs has also been explored [22]. The TEM-
POL/methylviologen system exhibited slight capacity decay over
the course of 100 cycles, especially at high TEMPOL concentrations,
but initial performance results were promising. Because the ca-
pacity fading mechanism is still unclear, this paper aims to eluci-
date aspects of the degradation that may arise from aqueous
TEMPOL catholyte. The full range of optimized conditions, such as
electrolyte pH and supporting electrolyte, have not yet been re-
ported. The existence of side reactions in aqueous TEMPOL elec-
trolyte has also not yet been thoroughly explored.

Nitroxyl radical compounds are known to have complex side
reactions in H,O, besides the ideal and reversible redox reaction
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observed in TEMPO [23,24]. As shown in Fig. 1, we hypothesize that
TEMPOL mirrors the redox reaction of TEMPO both chemically and
electrochemically; both the redox and known disproportionation
reactions based on TEMPO are shown. Based on these mechanisms
we propose that side reactions occur and are influenced by the pH
of TEMPOL electrolyte. The effect of pH on the reversibility, diffu-
sion coefficient, and kinetic rate constant of TEMPOL were exam-
ined in this study.

We report upon a new aqueous RFB using TEMPOL catholyte and
zinc-based anolyte. These aqueous electrolytes can be used without
any toxic or corrosive compounds under neutral conditions, and
they are also inexpensive. The redox reactions of TEMPOL and the
overall reaction of TEMPOL/Zn are shown in (1) and (2).

(1)
(2)

TEMPOL = TEMPOL"* + e~ Ejp = 0.61 V vs. Ag/AgCl
2 TEMPOL + Zn?* = 2 TEMPOL* + ZnE = 159 V

The effects of both the supporting electrolyte and the separator
on battery performance were analyzed. The supporting electrolytes
were chosen among NaCl, Na;SO4, and NaClO4 — all inexpensive,
earth-abundant and relatively safe materials. In addition to Nafion,
a hydrocarbon-type anion-exchange membrane (AEM) was tested
as a separator. This separator is potentially less expensive than
Nafion, a perfluorinated cation-exchange membrane (CEM) that
has been commonly used in RFBs because of its high chemical
stability [25].

2. Experimental
2.1. Materials

All chemicals, except Nafion, were used as received without any
further purification. 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPOL), sodium sulfate, sulfuric acid, zinc acetate dihy-
drate, and Nafion 212 were purchased from Sigma-Aldrich. Sodium
perchlorate was purchased from EMD Millipore, and sodium
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Fig. 1. (a) The ideal redox reaction of TEMPOL, (b) the disproportionation reaction of TEMPOL with H*, and (c) the chemical reduction of TEMPOL* with OH".
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chloride from Lab Chem. The pH of each solution was adjusted
using sulfuric acid, sodium hydroxide, and pH 4, pH 7, and pH 10
buffer solutions. The pH value of each electrolyte was measured
with an Oakton pH meter (pH-2700). Nafion212 (thickness:
50.8 um) and SELEMION DSV (Asahi Glass, counter ion: Cl~, thick-
ness: 95 um) were used as a CEM and AEM, respectively.

2.2. Full cell performance

The flow cell tests were carried out using an Arbin BT-2000
battery tester (Arbin Instruments) at 298 K. A lab-made flow cell
was assembled with two graphite end plates, two Cu current col-
lectors, two graphite felts (GEN ATOMIC-001, Midland materials
research) and an exchange membrane as separator. Zinc foil was set
on one graphite end plate as anode. Each 50 mL of catholyte and
anolyte was flowed at a rate of 20 mL min~! through a peristaltic
pump. The active areas of the electrode and the separator were
36 cm?. The graphite end plates did not have any flow channel.
Nafion 212 was used after a treatment for exchanging H* with Na™.
This exchange procedure was carried out in 1 M NaOH at 80 °C for
6 h, followed by washing with deionized water several times, as
according to previous literature [26].

Cycling of batteries was conducted at a constant current of
10 mA cm~2 (360 mA) between 1.0 V and 2.0 V. The electrochemical
performances of batteries were evaluated according to three main
criteria: (1) coulombic efficiency (CE), the ratio of the average
discharge capacity to the average charge capacity; (2) voltaic effi-
ciency (VE), the ratio of the average discharge voltage to the
average charge voltage; and (3) energetic efficiency (EE), the
average discharge energy to the average charge energy. Open cir-
cuit voltage (OCV) was measured after the initial charge process.

Two TEMPOL/Zn compositions were primarily explored: the first
was 0.1 M TEMPOL in 1.0 M NaClO4 aqueous catholyte and 0.3 M Zn
acetate in 0.6 M NaCl aqueous anolyte; the second was 1.0 M
TEMPOL in 3.0 M NaClO4 catholyte and 1.0 M Zn acetate in 2.0 M
NaCl anolyte. NaCl and Na,;SO4 were also explored as supporting
electrolytes for the catholyte.

To explore cycling at various SOC, testing was also conducted at
a current density of 10 mA cm™2, with fixed charge times. Those
times were 2.3 min (SOC: 10%, capacity: 13.4 mAh, 0.134Ah L") for
RFBs using 0.1 M TEMPOL or 22.3 min (SOC: 10%, capacity:
134 mAh, 1.34 A h L) for RFBs using 1.0 M TEMPOL. Each used
50 mL of catholyte and anolyte.

2.3. Voltammetry

Cyclic voltammetry (CV) and RDE experiments were conducted
using an Arbin BT-2000 battery tester (Arbin Instrument) as well as
a BASi RDE-2 with a BASi Ag/AgCl aqueous reference electrode (RE-
5B, MF-2079, 3 M Nadl filling solution), platinum wire auxiliary
counter electrode (MW-1033, 0.5 mm diameter), and glassy carbon
working electrode (MF-2066, 3 mm diameter). The glassy carbon
electrode was polished with 0.07 mm Alumina (CF-1050) and
washed with deionized water. CV was conducted at various sweep
rates between 0 V and 1.0 V vs. Ag/AgCl in 3 M NaCl aqueous
electrolyte. CV and RDE were measured after deaerating the elec-
trolyte with Ny gas.

The half-wave potential Eq 2 was calculated as the average of the
cathodic and anodic peak potentials. The formal redox potential E”
was replaced by the half-wave potential on the assumption that the
diffusion coefficients of TEMPOL and TEMPOL" were identical. The
peak separation was calculated from the potential difference be-
tween the cathodic and anodic peaks, at a sweep rate of 10 mV s,
The anodic maximum current (I,,) was plotted versus the square
root of the sweep rate, and the diffusion coefficient was calculated

from the resulting fitted line according to the Randles-Sevcik
equation [27]:

Ipa = 2.686 x 10° x n*?Acv!/2D12, (5)

where n is the number of electrons gained in the reduction, A is the
surface area of the working electrode (0.071 cm?), D is the diffusion
coefficient in cm? s, ¢ is molar concentration in mol cm 3, and v is
sweep rate in Vs,

For RDE experiments, the current was measured from 0.4 V to
1.0 V vs. Ag/AgCl at a 5 mV s~ ! sweep rate, during which time the
electrode was rotated at 200—3000 rpm. The limiting currents
measured at 1.0 V were plotted versus the rotation rate (w). The
slope was fit to the Levich equation [28]:

i = 0.620 nFACD?3v 1164112, (6)

where i is the limiting current, F is the Faraday constant
(96485 C mol~1), » is the kinetic viscosity in cm? s/, and w is the
rotating angular velocity in rad s'. The current measured at each
potential was plotted versus the square root of the electrode rota-
tion rate. The resulting fitted line was expressed by the Koutecky-

Levich equation [28]:
1/i = 1/ix + 1/0.620 nFAcD?3v~ 116,112, (7)

where iy is the heterogeneous rate constant. logqo(ix), as calculated
from the vertical-axis intercepts at each potential, was plotted
versus the over potential (1), which was calculated from the dif-
ference between the measured potential and E? for the TEMPOL/
TEMPOL" couple. The fitted line was expressed by the Tafel equa-
tion [28]:

logio(i) = log1o(io) + anFn/RT, (8)

where ip is the exchange current in amp, « is the transfer coefficient,
R is the universal gas constant (8.314 ] K~! mol~!), and T is tem-
perature (298 K). The exchange current ip was determined from the
vertical-intercept, and the kinetic rate constant ko (cm s~!) was
calculated using the equation:

Ko = ip/nFcA, (9)

where the concentrations of TEMPOL and TEMPOL" are meant to be
the same.

2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed
using a Solartron 1287 system coupled with a Solartron 1260 fre-
quency response analyzer. The full-cells of TEMPOL/Zn were
analyzed using EIS after electrolytes were pumped in and stopped.
The EIS was measured over a frequency range of 500 kHz to 0.1 Hz
with an applied ac voltage of 10 mV. The bulk electrolyte resistance
was measured at the high-frequency intercept of the real axis.

2.5. UV-VIS spectroscopy

UV-VIS spectra were measured using a UV-VIS spectrometer
UV-1800 (Shimadzu Scientific Instrument) with a slit width of
1.0 nm, and quartz spectrophotometer cell (Aldrich, 10 mm of op-
tical path length). The spectrum was measured at a wavelength
range of 300—800 nm at a sampling interval of 0.5 nm.
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3. Results and discussion
3.1. Electrochemistry of TEMPOL

3.1.1. Effect of pH

Kinetic studies of aqueous TEMPOL solutions containing acidic,
neutral, and basic supporting electrolytes were examined using CV
and RDE. Fig. 2 shows the CV curves of TEMPOL electrolytes with
pHs ranging from 1.1 to 12.6, in the presence of 1 M NaClO4 as a
neutral supporting electrolyte. More regarding the choice of sup-
porting electrolyte is discussed later. CV was measured from a
starting voltage of 0 V vs. Ag/AgCl. As seen in Fig. 2, the pH value
strongly affected the shape of the CV curves. An ideal CV curve
exhibiting a single reversible peak was obtained when the elec-
trolyte pH was 4.2 or 6.7. The half-wave potential of the TEMPOL/
TEMPOL™" redox couple at near neutral conditions was 0.61 V vs. Ag/
AgCl (0.83 V SHE). The peak separation was 73 mV at a sweep rate
of 10 mV s~!, which was close to the theoretical value of 57 mV
expected of a one-electron reaction.

When using a strongly acidic electrolyte of pH 1.1, a large
negative current was observed at the beginning of the CV mea-
surements (0 V vs. Ag/AgCl). The overall CV curve was also shifted
down towards negative current. This shift may be explained by the
fact that TEMPOL can react with H™ to chemically form the
oxoammonium cation (TEMPOL") through disproportionation in
acid, as shown in Fig. 1b [23,24]. In other words, TEMPOL" may be
chemically formed in an acidic environment before any electro-
chemical charging occurs. The initial presence of TEMPOL" results
in its immediate reduction. It should be noted that even at a weakly
acidic condition (pH of 4.2) the slight negative current can be seen
at 0 V vs. Ag/AgCl. The presence of TEMPOL and TEMPOL" can be
distinguished by a difference in their absorptivities. We therefore
performed UV-VIS spectroscopy to lend support to our hypothesis.
Fig. 3 displays the UV-VIS spectra of 0.1 M TEMPOL in 1 M NaClO4
aqueous solution at pHs of 1.1, 6.7, and 12.6. It can be seen that
electrolyte pH strongly altered the UV-VIS spectra. A single ab-
sorption peak is observed at 425 nm for catholytes with pHs of 6.7
and 12.6. In a strongly acidic environment (pH 1.1), an additional
absorption peak appeared at 477 nm. These peak positions are
nearly identical to those of TEMPO and TEMPO™, despite those
materials’ lack of 4-hydroxy functional groups [22]. We therefore
assign the peaks at 425 and 477 nm to TEMPOL, and TEMPOL",
respectively. Furthermore, these results suggest that TEMPOL" can
form in acidic conditions, without imposing a charging current or
bias. The molar extinction coefficient of TEMPOL was calculated to
be 12.9 L mol~! cm™! from the absorptions of aqueous solutions

(a)
1
05 | A\
< [
£ [
g 0 4 —
5 (2) (3)
o
r (4‘)\
05 |
:ﬁm —pH 1.1 —pH4.2
B
0.0 0.2 0.4 0.6 0.8 1.0

Potential [V vs. Ag/AgCl]

129

40
35 425 nm: TEMPOL
I
3.0 | —
- | 477 nm: TEMPOL*
< |
m 25 | 1
® | |
220 | —
3 L — pH 1.1
515 AN —
2 — pH6.7
210 P —
05 — pH12.6
00
300 400 500 600 700 800

Wavelength [nm]

Fig. 3. UV-VIS spectra of 0.1 M TEMPOL in 1 M NaClO4 aqueous solutions, at pHs of 1.1,
6.7, and 12.6.

containing various concentrations of TEMPOL (as shown in Fig. S1
in the Supplementary data).

In contrast to the aforementioned acid-induced shift towards
negative current, the CV curve of a strongly basic TEMPOL elec-
trolyte (pH of 12.6) exhibited only positive current. This may be
explained by the fact that at a high OH~ concentration, TEMPOL™
can be chemically converted back to TEMPOL as shown in Fig. 1c. As
a result, the overall redox reaction of TEMPOL is irreversible in a
strongly basic electrolyte. The positive current shift in the CV curve
was observed even in a weakly basic electrolyte (pH of 9.6), indi-
cating that TEMPOL should be used in near-neutral aqueous elec-
trolyte to avoid side reactions, particularly the disproportionation
and chemical reduction mechanisms described in Fig. 1b and c.

3.1.2. Kinetic rate constant

To expand upon the kinetics and in particular the diffusion of
TEMPOL in aqueous electrolyte, we analyzed the dependence of the
peak current on CV scan rate. Fig. 4a shows the CVs of 0.1 M
TEMPOL in a 1 M NaClOy4 electrolyte (pH 6.7) at scan rates ranging
from 10 to 200 mV s~ L The inset of Fig. 4a displays the dependence
of the anodic peak current (Ip,) on scan rate. The resulting trend line
has good linearization and passes through the origin, demon-
strating that the redox reaction of TEMPOL was controlled by
diffusion. Using the slope of the trend line in the inset of Fig. 4a and
the Randles-Sevcik equation (Eq. (5)), the diffusion rate of TEMPOL

was calculated to be 2.2 x 10°% cm? s~ To compare, the diffusion
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Fig. 2. CVs of 0.1 M TEMPOL in 1 M NaClOy catholytes with various pHs, ranging from 1.1 to 12.6, at a scan rate of 25 mV s~' vs. Ag/AgCl. (a) pH 1.1 and 4.2. (b) pH 6.7, 9.6, and 12.6.
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inset shows the anodic peak current (Ip,) vs. the square

root of sweep rate; (b) RDE measurements at rotating electrode speeds from 200 to 3000 rpm; inset shows the limiting current (i) vs. the square root of the rotation velocity (Levich-

plot); (c) Koutecky-Levich plot and Tafel plot in the inset.

rates of other popular flow battery alternatives, such as V>* and
Fe3*, are 1.5 x 107 % and 6.0 x 10°% cm? s~!, respectively [2].

To complement CV, the diffusion coefficient and kinetic rate
constant were investigated using RDE. Fig. 4b shows the limiting
diffusion current at various rotating angular velocities of the RDE.
The inset of Fig. 4b displays the dependence of the limiting current
on rotating velocity using 0.1 M TEMPOL in a 1 M NaClOy4 electro-
lyte. The fact that the linear trend line crosses the origin means that
there was no observed chemical reaction that preceded or followed
the redox reaction of TEMPOL/TEMPOL™" under neutral conditions,
in the time frame used within the experiment. The diffusion coef-
ficient of TEMPOL was determined to be 1.3 x 10~% cm? s~! using
the Levich equation (Eq. (6)).

Fig. 4c shows a Koutecky-Levich plot, which provides the het-
erogeneous rate constant iy at each potential (Eq. (7)). ix represents
the current in the absence of any mass-transport effects. These
values were used to create the Tafel plot shown in the inset of
Fig. 4c, which in turn was used to determine the exchange current
density (Eq. (8)) — ip = 2.34 x 1072 A cm™2 — at the equilibrium
potential. The transfer coefficient for the oxidation of TEMPOL was
also calculated from this plot to be o = 0.54. This value is close to
the value of 0.5, obtained for a reaction in which the energy barriers
for oxidation and reduction are symmetric [28]. From Eq. (9), the
kinetic rate constant of TEMPOL at the equilibrium potential was
found to be kg = 2.4 x 1073 cm? s~ !, which is comparable to those of
polymer bearing TEMPO/TEMPO™ (4.5 x 10~% cm s~ 1) [16], V3+/V2+

(5.3 x 1074 cm s71) [29], VO?>*/VO3 (2.8 x 1078 cm s71) [29], redox
couples of 9,10-anthraquinone-2,7-disulphonic acid (7.3 x 1073 -
cm s~1) [9], and Fe?*[Fe** (2 x 10~ cm s~ ') [30]. According to
Matsuda’s equation, the kinetic rate constant of TEMPOL can be
classified as a quasi-reversible reaction [31]. More detail regarding
this classification can be found in the Supporting Information.

3.2. Full-cell performance of TEMPOL/Zn RFBs

3.2.1. Separator and supporting electrolyte

Full-cell testing of TEMPOL/Zn RFB with 0.1 M TEMPOL was
conducted using a constant current of 10 mA cm~2 between 1.0 V
and 2.0 V. The separator used was either a CEM (Nafion) or an AEM
(SELEMION), and the supporting electrolyte was either 1 M NaClO4
or 1 M NaCl. Nafion was used after a treatment that exchanged H™
with Na™, to avoid acidification of the TEMPOL electrolyte. The
initial charge-discharge profiles of RFBs using various combinations
of these materials are shown in Fig. 5a and Fig. 5b. When using a
CEM separator, a distinct inflection point in the discharge curve was
observed, which resulted in the lower voltage plateau around 1.3 V
(Fig. 5a). It has been reported that vanadium ions show affinity with
the SO3 groups in Nafion membranes [32,33]. For vanadium RFBs, it
is recommended to use anion exchange membranes so that the
interaction between the vanadium ions and separator can be sup-
pressed [34]. For TEMPOL-based RFBs, the two-stage discharge
curve may likewise be caused by the chemical reaction of TEMPOL*
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AEM,; (c) discharge capacities over 50 cycles.

with the CEM. Unreacted TEMPOL"™ may discharge at the typical
voltage of 1.5 V, while TEMPOL" reacted with SO3 groups of the
CEM may discharge at the lower 1.3 V.

Table 1 summarizes the initial full-cell performance of TEMPOL/
Zn RFBs at 10 mA cm 2. The TEMPOL/Zn RFB with CEM and NaClO4
showed the highest initial efficiencies (CE of 93.4%, VE of 86.1%, and
EE of 80.4%) and an average discharge voltage of 1.46 V. The com-
bination of CEM and NaClO4 likely performed well because the
water-solubility of NaClOg4 is higher than NaCl and typically sup-
presses the precipitation of solutes, such as those formed from
TEMPOL, due to the weaker basicity of Cl0*~ than Cl~ and SO% .
Indeed, at high TEMPOL concentrations, precipitates regularly form
over time when using NaCl supporting electrolyte and do not when
using NaClOg4 (i. e.1 M TEMPOL and 3 M supporting electrolyte). The
performance of NaClO4 with an AEM is worse because NaClO4

Table 1

oxidizes AEMs. When using an AEM, therefore, NaCl supporting
electrolyte is required. The fact that the AEM was thicker than the
CEM may explain why RFBs with an AEM and NaCl showed lower
efficiencies than those with CEM and NaClOg4. To validate this hy-
pothesis, bulk electrolyte resistances were measured using elec-
trochemical impedance spectroscopy (EIS). Table 1 compares the
bulk electrolyte resistances of RFBs using either a CEM or AEM and
NaCl or NaClO4 supporting electrolytes, while Fig. S2 illustrates
their Nyquist plots. The use of an AEM showed bulk resistances two
times as large as a CEM, indicating that the AEM led to lower ionic
conductivities.

Fig. 5¢ displays the cycling discharge capacities of TEMPOL/Zn
RFBs with the various combinations of separators and supporting
electrolytes. While the identity of supporting electrolyte showed no
clear effect in CV measurements (Fig. S3), it strongly affected the

The initial full-cell performances of TEMPOL/Zn RFBs at a current density of 10 mA cm~2 and bulk electrolyte resistances Ry,. The concentrations of TEMPOL and the supporting

electrolyte were 0.1 M and 1.0 M, respectively.

Separator Supporting electrolyte OCV after charge [V] Average discharge voltage [V] CE [%] VE [%] EE [%] Ry [Q]
CEM NaClO4 1.73 1.46 93.4 86.1 80.4 0.18
CEM Nacl 1.73 142 86.1 79.9 68.8 0.19
AEM NaClO4 1.62 1.29 73.4 67.1 493 0.39
AEM NaCl 1.74 1.49 88.3 83.9 74.0 0.39
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cycling performances of the RFBs. Among the various combinations
of membrane and supporting electrolyte, the use of a CEM with
NaClO4 supporting electrolyte showed the highest capacity reten-
tion, at 51% after 50 cycles. Fig. 6a and Fig. 6b highlight the voltage
curves and efficiencies of the TEMPOL/Zn RFB with CEM and NaClO4
over 50 cycles. Based upon the charge and discharge curves, the
capacity from the low voltage plateau decreases at a dispropor-
tionately higher rate. This may suggest that the TEMPOL" that
reacted with the CEM is not stable. While the RFB with AEM and
NaCl demonstrated a more stable discharge profile, as shown in Fig
6¢ and Fig. 6d, its overall capacity retention was slightly lower
(45%). The overall concentration of TEMPOL after 50 cycles with a
CEM and NaClO4 was calculated to be 58 mM and 52 mM from UV-
VIS and CV measurements, respectively (Fig. S4). These TEMPOL
concentration retentions (58% and 52%) are close to the electro-
chemical capacity retention (51%). No TEMPOL or TEMPOL" was
observed in the UV-VIS spectrum of the anolyte after 50 cycles,
indicating that TEMPOL did not cross over from the catholyte to the
anolyte in either the CEM or AEM. Zn?* ion could also not be
detected from the CVs of catholyte after cycling, indicating that the
crossover of Zn®* ions is negligible. After 50 cycles the pH of the
catholyte also decreased from 6.7 to 4.0. This pH change may have
been caused by the consumption of OH™ ions in the reaction of
TEMPOL™, as shown in Fig. 1c. This can lead to two issues: 1) the
hydroxyl radical formed in this process may further react to
decompose TEMPOL; 2) following the decrease in pH, TEMPOL can
undergo the disproportionation reaction shown in Fig. 1b. In
addition, TEMPOL may also undergo redox with H™ to form 1,4-
dihydroxy-2,2,6,6-tetramethylpiperidine through the reactions
shown in Fig. S5. In both cases, the reactions of TEMPOL with H"
and hydroxyl radical can lead to a decrease in the concentration of
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TEMPOL. The less than 100% Coulombic efficiency (98%) may be
explained by the chemical reduction of TEMPOL" with OH™.

3.2.2. Bubbling of electrolyte
Dissolved CO in aqueous electrolyte may affect pH, as shown in
Eq. (10) and Eq. (11), by releasing H™ into the electrolyte.

CO, + Hp0 = HY + HCO3 pKy; = 6.35 (10)
HCO3 = H* + CO3~ pKap = 10.33 (11)

In addition, dissolved O, may act as an oxidizing agent to
remove an electron from TEMPOL, which would affect battery
performance. To mitigate this and possibly other effects associated
with exposure to air [16,22], the effect of air removal from elec-
trolytes was examined. Fig. 5¢ shows the cycling discharge capac-
ities of TEMPOL/Zn RFBs with CEM/NaClO4 and AEM/NaCl when
subject to N»-bubbling. Fig. S6a and b show that the voltage profiles
did not appreciably differ from the non-bubbled condition; how-
ever, its overall capacity retention after 50 cycles was improved
from that of the non-bubbled system. While the mitigation of
dissolved gases, such as CO, and O, improved retention, it did not
entirely eliminate capacity fading. The catholyte pH still decreased
from 6.7 to 4.3, and the TEMPOL concentration also decreased to
68 mM after 50 cycles. Though slight improvements in concen-
tration retention and pH resulted from elimination of air, because
those two factors still decreased significantly, we propose that the
aforementioned side reactions of TEMPOL and TEMPOL™ results in
the primary degradation mechanisms.
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Fig. 6. Electrochemical performances of RFBs using a CEM (a,b) and an AEM (c,d). Electrolytes consist of 0.1 M TEMPOL ((a, b) 1 M NaClOy, (c, d) 1 M NaCl) catholyte and 0.3 M Zn
acetate (0.6 M NaCl) anolyte. (a,c) represent discharge capacities and efficiencies over 50 cycles; (b,d) represent their voltage curves at the 1st, 10th, 20th, 30, 40™, and 50" cycles.
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3.2.3. TEMPOL concentration and degradation rate

A high concentration of TEMPOL is predicted to accelerate a pH
change upon cycling because high TEMPOL concentrations increase
the reaction rate between TEMPOL* and OH". The reaction rate of
TEMPOL" with OH™ is proportional to their concentrations, as
shown by Eq. (12).

d[OH"]/dt = —k [TEMPOL"][OH"] (12)

The charge-discharge profiles of the high-TEMPOL-
concentration RFB with 1 M TEMPOL are shown in Fig. 7a. At
concentrations higher than 1.5 M TEMPOL (in 3 M NaClO4), we
observed precipitation to occur. The full-cell included 3 M NaClO4
supporting catholyte, a CEM, and 1 M Zn acetate/2 M NaCl sup-
porting anolyte. The initial CE, VE, and EE of the RFBs were 83.3%,
81.1%, and 67.5%, respectively, at 10 mA cm 2. The measured ca-
pacity and energy densities were 80 A h L~! and 9.6 W h L.
However, the capacity retention after only 5 cycles was down to
near 0%, as shown in Fig. 7b. The catholyte pH also decreased from
6.6 to 3.3 after the 5 cycles. The high concentration of TEMPOL*
may have caused greater consumption of OH™, leading to an
accelerated decrease in catholyte pH. The low Coulombic efficiency,
which was less than 90%, may be explained by the chemical
degradation of active material caused by the side reaction of
TEMPOL" with OH™ ions. The reaction rate or equilibrium state of
TEMPOL" with H" may have also been affected by the TEMPOL
concentration. The above suggests that a TEMPOL-based aqueous
system may have an inherent problem associated with side reac-
tion related to H" and OH™.

In an attempt to mitigate the side reactions promoted when
using high TEMPOL concentrations, cycling was conducted be-
tween 0% and 10% SOC. The cycling life of a variety of conventional
batteries and RFBs have been extended in this practical manner
[35,36]. Fig. 8a shows the discharge capacities and efficiencies of a
TEMPOL/Zn RFB using 0.1 M TEMPOL, an AEM, and NaCl supporting
electrolyte over 800 cycles, without bubbling. The figure demon-
strates that stable discharge capacities, CEs, VEs, and EEs can be
obtained over this duration. A TEMPOL/CEM/Zn RBF with 1.0 M
TEMPOL catholyte was also cycled at 10% SOC (Fig. 8b). At the
higher concentration, no capacity decay was observed over 100
cycles, even though voltage efficiencies deteriorated gradually. The
voltage curves of RFBs using 0.1 M TEMPOL and 1 M TEMPOL,
shown in Fig. S7, demonstrate that the polarization between charge
and discharge increased upon cycling, but the profiles did not
change appreciably. Notably, the charge overpotentials at high
TEMPOL concentrations (Fig. S7b) became significantly greater than
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Fig. 8. (a) Discharge capacity, CE, VE, and EE over 800 cycles of a RFB using 0.1 M
TEMPOL (1 M NaCl) catholyte, 0.3 M zinc acetate (1 M NaCl) anolyte, and an AEM at
10 mA cm~2. (b) Discharge capacity, CE, VE, and EE over 100 cycles of a RFB using 1 M
TEMPOL (3 M NaClO4) catholyte, 1 M zinc acetate (2 M NaCl) anolyte, and a CEM at
10 mA cm 2. Charge capacities were fixed to 0.134 A h L™ and 1.34 A h L™, corre-
sponding to 10% SOC, for RFBs using 0.1 M and 1.0 M TEMPOL, respectively.

discharge overpotentials. In addition, catholyte pHs after 100 cycles
decreased from 6.6 to 4.5 when using 1 M TEMPOL catholyte. The
drop in pH can improve the electrochemical reduction of TEMPOL™
(as shown in Fig. 2a), which explains the increasing Coulombic
efficiency over time. The reduced form of TEMPOL" in acidic con-
ditions is not reversible, however, as described by the side reactions
above (Fig. 1 and Fig. S5). The increasing charge overpotentials may
therefore result from the large concentration gradient between
TEMPOL and the non-oxidizable side reaction products formed.
While cycling at low TEMPOL concentrations and limited SOC was
shown to dramatically improve cycle life, the fundamental issue of
side reaction with OH™ and H* was still evident. Addressing how to
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Fig. 7. Electrochemical performance of a RFB using 1 M TEMPOL (3 M NaClOy) catholyte, 1 M Zn-acetate (2 M NaCl) anolyte, and a CEM at constant current of 10 mA cm~2: (a) 1st

cycle voltage profiles and (b) discharge capacity, CE, VE, and EE over 5 cycles.
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circumvent this problem will be crucial for the further development
of this material in RFBs.

4. Conclusions

This work provides much deeper insight to understand the side
reactions concerning TEMPOL, in order to develop aqueous RFBs
based on nitroxyl radical compounds. We have demonstrated the
significant effect of pH on the electrochemical reversibility of
TEMPOL/TEMPOL™. CV showed that TEMPOL could be chemically
charged by reaction with H" in an acidic electrolyte. It also showed
that TEMPOL" could be chemically discharged by reaction with
OH™ in a strongly basic electrolyte. RDE experiments showed that
the redox reaction of TEMPOL in near-neutral conditions could be
classified as a quasi-reversible reaction, and the kinetic rate con-
stant of TEMPOL/TEMPOL* was greater than V3*/V2+ (2.4 x 10> vs.
53 x 104 cms™1).

The capacity fade of TEMPOL-based RFBs corresponded to a
decrease in TEMPOL concentration. In more detail: the catholyte pH
decreased from neutral to weakly acidic during cycling, and the
reversibility of TEMPOL deteriorated because of its side reactions in
acid. The following two steps can explain this loss of TEMPOL: (1)
OH™ ions reacted with TEMPOL" as a side reaction during cycling,
and the consumption of OH™ ions made the catholyte acidic; (2)
TEMPOL was consumed by reaction with H* to be converted to
other compounds, such as 1,4-dihydroxy-2,2,6,6-tetramethylpi-
peridine. Dissolved CO, as a buffer and O, as an oxidant also
affected the cycling performance of TEMPOL/Zn RFBs; the total
capacity and retention over 50 cycles were greater when air was
eliminated from the cell. Although RFBs using 1 M TEMPOL showed
a relatively high energy density of 9.6 W h L™, the capacity decay
was accelerated by high TEMPOL concentrations. Although further
improvement is still necessary to make TEMPOL-based RFBs suit-
able for practical applications, this study demonstrates its feasi-
bility with Zn-based anolytes and provides valuable insight into its
deleterious side reactions.
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