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e Analysis of the electrochemical behavior of radicals by a novel MPSM.
e Combined with in-situ Raman, an electrochemical kinetic model is developed.
e Concentration polarization-induced radical exchange are critical process.
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As a novel energy storage strategy, redox electrolytes are promising for the high-performance electrochemical
energy storage devices with high energy density and power density simultaneously. In comparison to redox
mediators in the form of ion-pair reactions, electrically neutral redox mediators with excellent stability exhibit
distinctive electrochemical behaviors, which have rarely been systematically explored. In this study, we utilized
a typical nitrogen-oxygen radical, 4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy (TEMPO-OH) as an example,
combining a novel quasi-steady electrochemical measurement and in-situ Raman spectrum to systematically
characterize the distribution, diffusion and reaction of radicals during electrochemical processes, finally establish
a model for the evolution of electrochemical kinetics. The diffusion of radicals is driven by concentration po-
larization, whereby a high radical concentration can effectively enhance the capacity and rate performance.
Nevertheless, the charge transfer process based on radical exchange and oxidation persists, gradually extending
outwards from the electrode/electrolyte interface. As a result, the radical diffusion path is prolonged, and
irreversible capacity loss occurs during long-term electrochemical processes, which is detrimental to the
enhancement of electrochemical performance. Our research facilitate the development of advanced electro-
chemical energy storage devices.

1. Introduction

The depletion of traditional fossil energy sources and the advent of
renewable energy sources strokes highly demands for energy storage
solutions [1-3]. Electrochemical energy storage is widely used in daily
life as a flexible and efficient energy storage method [4-6]. Traditional
electrochemical energy storage devices, such as lithium-ion batteries,
supercapacitors, are still limited by the trade-off effect between energy
density and power density [7,8]. These results are due to the sluggish
diffusion of inert ions within the electrode material, coupled with

structural alterations, which inevitably diminish the efficiency of charge
transfer. Additionally, the occurrence of electrochemical reactions only
at the electrode/electrolyte interface cause the inefficient utilization of
the electrode. Notably, the performance of electrochemical energy
storage devices depends not only on the electrode materials, but also on
the electrolyte [9-11]. The issue can be effectively addressed by the
introduction of redox mediators into the electrolyte, which serves to
extend the electrochemical reaction from the electrodes to the electro-
lyte and up to the entire electrochemical energy storage device [12-14].
Moreover, the increasing concentration of redox mediators not only
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improves the efficiency of charge transfer, but also increases the ca-
pacity for charge transfer. As a result, electrochemical energy storage
devices with excellent electrochemical properties can be achieved.

The typical redox mediators are two transformed ions including
Fe?t/Fe3* [15,16], Fe(CN)é~/Fe(CN)2™ [17-19],V**/Vv3* [20,21], etc.
In spite of ionic couples, there is an electrically neutral redox mediator
which has no electrostatic interaction with the electrode at the initial
stage of the reaction, exhibiting an excellent stability and low shuttle
effect during the electrochemical process. As a typical electrically
neutral redox mediator, the nitrogen-oxygen radical, 2,2,6,6-tetrame-
thylperidinooxy (TEMPO) and its derivatives, which have been exten-
sively investigated and applied in supercapacitors and organic redox
flow batteries [22-25]. It exhibits ambipolar properties, whereby
oxidation occurs at the positive electrode and reduction at the negative
electrode during the charging process, thus simplifying the construction
of the energy storage system [26-28]. Furthermore, the electron transfer
efficiency is considerably higher (in the order of 1072 cm s~ 1) than that
of other redox mediators [26,29,30], and the reaction potential is
approximately 0.8 V vs. SHE [31,32], which allows for the achievement
of higher energy and power densities. Nevertheless, related researches
mainly focus on the modification of TEMPO and the reaction mecha-
nisms at the interface between electrode and electrolyte [33-35]. The
relationship between the electrochemical performance and kinetic
mechanism, including the distribution and migration of radicals during
the electrochemical process, remains obscure. This presents a significant
challenge to the advancement of energy storage systems. Consequently,
the utilization of an appropriate characterization method to investigate
the kinetic mechanism is of paramount importance.

In this work, we have conducted a comprehensive investigation into
the electrically neutral redox electrolyte based electrochemical energy
storage devices on the model of a derivative of TEMPO, 4-hydroxy-
2,2,6,6-tetramethyl-piperidinooxy (TEMPO-OH). The electrochemical
responses of TEMPO-OH at varying concentrations are examined
through a quasi-steady electrochemical measurement (i.e., multi-
potential steps measurement, MPSM). In combination with the in-situ
Raman spectrum, the electrochemical kinetics in different potential
stages were inferred, allowing for the establishment of a comprehensive
electrochemical kinetic evolution. The findings demonstrate that the
charge transfer is predominantly influenced by the diffusion rate of
TEMPO molecules to the electrode surface, with the procedure primarily
governed by the concentration gradient. The impact of the electrostatic
interaction can be considered negligible. Furthermore, radical exchange
and reaction facilitate the transfer of charge, but this process gradually
extends from the electrode surface into the bulk of electrolyte, which is
detrimental to electrochemical performance. This work provides an in-
depth analysis of the electrochemical behavior of TEMPO radical
based electrolytes, and proposes new ideas for the design of advanced
electrochemical energy storage devices.

2. Experimental section
2.1. Pretreatment of the CC electrode

Carbon cloth (CC) sectioned into 1 cm*1.5 cm in size, after being
washed several times with ethanol and deionized (DI) water, the CC was
dried in a vacuum oven for 6 h. Then, CC was treated in air plasma for 2
min for enhancing its hydrophilicity.

2.2. Structural characterization

The morphology of the treated CC was collected on field-emission
scanning electron microscopy (FE-SEM, Thermo Scientific Apreo S).
Raman spectrum (inVia-Reflex, 532 nm YAG laser) was carried out to
examine the changes in the distribution of TEMPO-OH radical at the CC
surface during the electrochemical process. The electrolyte diluted to
0.2 mM before and after cycling, was analyzed using a UV-Vis
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spectrophotometer (Shimadzu UV-1900i).

2.3. Electrochemical measurements

The electrochemical behaviors of the CC in TEMPO-OH added elec-
trolyte were performed using a typical three-electrode configuration,
with the pretreated CC electrode as the working electrode, a saturated
calomel electrode (SCE) and a Pt foil as the reference and the counter
electrodes, respectively. The electrolyte was composed of 1 M NaCl and
TEMPO-OH with different concentration of 0 mM, 20 mM, 50 mM, 70
mM and 100 mM. Cyclic voltammetry (CV), galvanostatic charge-
discharge cycling (GCD) were performed within the potential window
of 0-1 V (vs. SCE) by using an electrochemical workstation (Chenhua
CHI660).

The areal capacity (Q4) of the CC was calculated based on the GCD
curves, and the equation is as follows:

IAt
Q="

Where I is the discharging current, At is the charging or discharging
time, and A is the area of the CC electrode.

To explore the electrochemical kinetics of TEMPO-OH radical with
different concentration at the surface of the CC electrode, the multi-
potential steps measurement (MPSM) was performed using the same
three-electrode configuration. Specifically, a series of potential steps
with an increment of 100 mV was applied to the working electrode from
0 Vto 1 V (vs. SCE). Then, the same potential steps decrement was
performed from 1 V to 0 V, each potential stage was maintained for 300
s. Finally, the relationship between the current response and time was
analyzed to gain insight into the electrochemical behavior of the redox
couple.

3. Results and discussion

As a derivative of TEMPO, the solubility of TEMPO-OH in aqueous
solutions is significantly enhanced by the introduction of a hydroxyl
group, which is of greater utility for energy storage. Furthermore,
TEMPO-OH is capable of undergoing oxidation to form TEMPO-OH™"
cations at high potentials and reduction to form TEMPO-OH" anions at
low potentials, as illustrated in Fig. 1a the introduction of other ions in
the electrolyte is necessary to facilitate the transfer between the elec-
trodes during the charge and discharge processes. This enables the
balancing of the electrically neutral state, which would otherwise result
in an unstable reaction. As shown in Fig. S1, the area of the CV curve
demonstrates a progressive increase with the number of cycles. This
phenomenon can be attributed to the incomplete reversibility of the
reaction, which results in an elevated concentration of TEMPO-OH" in
the electrolyte and enhanced ionic conductivity, thereby improving the
capacitance of the system. Besides, TEMPO-OH is susceptible to attack
by protons, which results in the reaction at low potentials being irre-
versible in a non-alkaline environment [36,37]. As shown in Fig. S2, The
oxidation peaks in the CV curves are negligible, and the discharge time
in the GCD curves is much shorter than the charging time, corresponding
to a very low coulombic efficiency. Consequently, TEMPO-OH is pre-
dominantly employed for reactions at the positive electrode with a
neutral supporting electrolyte (e.g., NaCl). We have thus investigated
the electrochemical behavior at varying concentrations of TEMPO-OH in
a 1 M NaCl solution, utilizing hydrophilic-treated carbon cloth (CC) as
the electrode. In general, when the concentration is below 10 mM, the
capacity contributed by radical species is very limited. Conversely, at
concentrations exceeding 100 mM, the system exhibits extremely low
coulombic efficiency, rendering both scenarios unsuitable for practical
applications. Thus the concentration range is chosen from 10 mM to 100
mM. For convenience in description, we named the systems of CC in 1 M
NacCl, 1 M NaCl+10 mM TEMPO-OH, 1 M NaCl+20 mM TEMPO-OH, 1



Z. Sun et al.

a Hintian
reductior
EMPO-OH
NL) ——TEMPOQ-0H-10
E 201 ~rempo-otizo
G ——TEMPO-OH-50 =
E ——TEMPO-OH-70 / \
E 10 TEMPO-OH-100
2
‘»
S 0
5] 7
g -10 \
= |
(@]
-20
00 02 04 06 08 10
Potential (V)
—+—TEMPO-OH-10
& 0.16 +—TEMPO-0H-20
E —+—TEMPO-OH-50
G . +—TEMPO-0H-70
é 0.12 - +—TEMPO-0OH-100
E
=
S 0.08 e
g ~—
© \‘\\
(6]
«© 0.04 -
o e
< T—. ————
0.00

0 10 20 30 40 50
Current density (mA cm™)

Journal of Power Sources 640 (2025) 236700

reduction

TEMPO-OH

o on O © oH

C
1.0 ——TEMPO-0H-10
~———TEMPOQO-0H-20
— TEMPO-OH-50
0.8 ——TEMPO-OH-70
- TEMPO-OH-100
< 06
]
g 04
S
o
0.2
0.0 |
-10 0 10 20 30 40 50 60 70 80
Time (s)
e 100 —
< 90
S ) -
< 80 /
Q /
£ 70 /
o
£ 60
(5]
é 50
—e—TEMPO-0H-10
% 40 —e—TEMPO-0H-20
—+—TEMPO-OH-50
8 30 ~+—TEMPO-0H-70
20 +—TEMPO-OH-100

0 10 20 30 40 50
Current density (mA cm?)

Fig. 1. (a) Schematic illustrating the redox reaction of TEMPO-OH; (b) Typical electrochemical performance of carbon-cloth (CC) based electrode in the redox
mediators (i.e., TEMPO-OH) added electrolyte with different concentrations: (b) CV curves at 5 mV s’l, (c) GCD curves at 15 mA cm’z, (d) rate capability derived
from the discharging curves at different current densities, and (e) coulombic efficiency at different current densities.

M NaCl+50 mM TEMPO-OH, 1 M NaCl+70 mM TEMPO-OH, and 1 M
NaCl+100 mM TEMPO-OH electrolytes as TEMPO-OH-0, TEM-
PO-OH-10, TEMPO-OH-20, TEMPO-OH-50, TEMPO-OH-70, and
TEMPO-OH-100. Fig. S3 illustrates the SEM images of CC, which are
composed of carbon fibres with a diameter of approximately 10 pym. This
diameter is considerably larger than that of ions and molecules. The
surface of CC does not impede the diffusion of ions and molecules, and
thus the entire system can be conceptualised as a planar model. The inert
electrolyte-based TEMPO-OH-0 exhibits the characteristics of a double
electric layer (EDL), as evidenced by a near-rectangular CV curve, a
linear GCD curve, and the presence of polarization at high potentials,
which can be attributed to the oxygen evolution reaction (Fig. S4).
After introducing TEMPO-OH radicals as redox mediators, the elec-
trochemical behaviors were significantly altered. As illustrated in
Fig. 1b, the CV curve of TEMPO-OH-10 exhibits an oxidation peak at
0.58 V and a reduction peak at 0.54 V, resulting in a markedly elevated
area compared to that of TEMPO-OH-0. This phenomenon signifies a
substantial enhancement in the capacity. Furthermore, the area of the
curves demonstrated a continued increase as the concentration of
TEMPO-OH increased, indicating that the capacity of the system can be
regulated by the concentration of the radical. In addition, the separation
between the oxidation and reduction peaks also increases with con-
centration, indicating that the reaction possesses higher overpotentials.
It is inconsistent with the results of GCD (Fig. 1¢), which correspond to a
faster kinetic process as the separation between the charging and dis-
charging potential platforms decreases with increasing concentration.

The discrepancies can be attributed to the fact that the measurement of
control voltages is subject to a more pronounced relaxation effect, which
will be discussed in more detail below. Furthermore, the current value in
the CV curves remains positive at high potentials during the discharge
process, indicating that the process cannot be maintained spontane-
ously. This is consistent with the apparent self-discharge observed in the
GCD. Moreover, different systems exhibit a similar potential at the
current value of 0, corresponding to the GCD curves in which the IR drop
remains constant with an increase in concentration, indicating high
stability. The CV curves of different systems with different sweep rates
and the GCD with different current densities are presented in Fig. S5,
indicating that a faster reaction rate leads to a larger overpotential as
well as an IR drop. It is noteworthy that in the GCD test, as the con-
centration of TEMPO-OH increases, the smaller current densities that
cannot be charged to the setting potential. As a consequence, the
calculated capacity ranges of different systems based on GCD exhibit a
disparity in range of current densities, as illustrated in Fig. 1d. As the
concentration of TEMPO-OH increased, the capacity of the systems
demonstrated a continuous growth. The corresponding capacity reten-
tion at current densities ranging from 15 mA cm-2 to 50 mA cm-2 was
calculated to be 61.86 % (TEMPO-OH-10), 62.95 % (TEMPO-OH-20),
66.15 % (TEMPO-OH-50), 67.61 % (TEMPO-OH 70), and 67.53 %
(TEMPO-OH-100), demonstrating that an increase in concentration can
enhance both capacity and rate performance simultaneously. It is
anticipated that this will facilitate the attainment of both elevated en-
ergy density and enhanced power density. In addition, it is worth noting
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that the rate performance diminishes slightly at high concentrations,
implying that there are some factors that can restrict the charge transfer
and need to be explored in more depth. Finally, Fig. 1e presents the
coulombic efficiencies of the various systems at different current den-
sities. It can be observed that all the systems exhibit low coulombic ef-
ficiencies at lower current densities, with efficiency improving as the
current density increases. Therefore, within the current density range of
15-50 mA cm™2, a concentration of 50-100 mM represents an ideal
range that balances high rate performance (>65 %) and coulombic ef-
ficiency (>78 %). Notably, the optimal concentration range is signifi-
cantly influenced by current density. At lower current densities,
excessive radical diffusion markedly reduces coulombic efficiency,
which becomes more pronounced at higher concentrations. Further-
more, The longer-term charge-discharge cycle data has been provided in
Fig. S6. During the initial stages of cycling tests, the incomplete
reversibility of the transition from TEMPO-OH to TEMPO-OH " leads to a
decrease in charge capacity and an increase in discharge capacity as the
cycle number rises, corresponding to a continuous improvement in
coulombic efficiency. Subsequently, the coulombic efficiency stabilizes
at ~83 %, indicating that TEMPO-OH is gradually consumed while
TEMPO-OH" diffuses into the bulk of electrolyte. Consequently, the
capacity of system gradually decays. After 1000 cycles, the electrolyte
transitions from orange to yellow (Fig. S7a), demonstrating the irre-
versible nature of the reactions. To further characterize changes in the
N-O radicals, we analyse the electrolyte before and after cycling using
UV-Vis spectrophotometry. As shown in Fig. S7b, the characteristic
absorption peak of the radicals in the post-reaction electrolyte exhibits a
significant red shift, indicating the conversion of TEMPO-OH to TEMPO-
OH™. This transformation is detrimental to the cycling performance of
the system. The underlying kinetic mechanism responsible for the
observed decline in coulombic efficiency must be subjected to a
comprehensive and systematic analysis, employing more appropriate
electrochemical measurement techniques.

In order to gain further insight into the electrochemical behavior of
radicals, a multi-potential steps measurement (MPSM) was conducted
on systems with varying concentrations of TEMPO-OH. Specifically, a
series of constant potentials with an interval of 0.1 V were applied
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within the potential window of 0-1 V, with each potential maintained
for 300 s to stabilize the current as much as possible. The kinetic in-
formation is then extracted based on the response of the current at
different potentials. In the case of TEMPO-OH-0 (Fig. 2a), which rep-
resents an inert electrolyte system, a high initial current (i;) is observed
at each potential step, returning to zero after an extremely short period
of time. The i; is found to be essentially the same at each potential, which
can be regarded as a typical EDL capacitance behavior. In the system
containing TEMPO-OH, both the charging and discharging processes can
be divided into three distinct stages. Firstly, during the charging process,
the current response at low potentials (0-0.4 V) is consistent with that of
TEMPO-OH-0, which suggests that a similar EDL capacitance behavior
arises from Cl~ adsorption. The initial current at medium potential
(0.4-0.7 V) is markedly elevated and requires a longer period of time
(steady time, i.e. t;) to reach a steady state, which corresponds to the
reaction of free radicals within the EDL. Meanwhile, the final current (if)
is positive and increases with rising concentration of TEMPO-OH. This
could provide a rationale for why the redox peak separation in the CV
curves increases with increasing concentration. The CV can be regarded
as an MPSM with an infinitesimally small step potential and an infinitely
brief duration. Consequently, the current is constantly increasing due to
the superposition of non-zero is of the preceding potential and the cur-
rent in the moment. It can be observed that as the concentration of
TEMPO-OH increases, the value of i rises, resulting in a more pro-
nounced superposition effect that leads to a greater separation of the
redox peaks. Up to the high potential (0.7-1 V), the i; reaches a steady
state in a very short t5, and the i is higher than zero, indicating that the
original TEMPO-OH in the EDL has reacted completely. The generated
TEMPO-OH" diffuses to the bulk of the electrolyte, and TEMPO-OH
diffuse toward the electrode/electrolyte interface and reacts, such
radical exchanges and reactions reach a dynamic equilibrium. Upon
switching to a discharge, after the reverse i; due to EDL reconstruction,
the system exhibits a swift transition back to its original positive current.
It indicates that the oxidation of TEMPO-OH still dominates. As the
potential is further decreased, it takes a longer time for the reverse
current to turn into a stable positive current, indicating that there is a
competition between TEMPO-OH oxidation and TEMPO-OH ' reduction.
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Fig. 2. Electrochemical behavior studies of CC in TEMPO-OH added electrolyte with different concentrations: (a) MPSM curves; (b) i, for different potential stages;
(c) i for different potential stages; (d) the relationship between i and TEMPO-OH concentration.
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The latter gradually dominates as the potential decreases until it reaches
0. Finally, at much lower potentials, there is still only a transient reverse
current due to the Na™ adsorption.

To further reflect the differences in currents at different concentra-
tions of TEMPO-OH, i, (i.e., ij-if) and if were extracted, where i, can be
employed to elucidate the rapid response at the electrode/electrolyte
interface. To simplify the description, the step from the initial to the
termination potential is noted as the initial potential, i.e., the iy at 0 V
represents the current during 0-0.1 V. As evidenced in Fig. 2b, at low
potentials, the i, exhibited a slight decline with increasing TEMPO-OH
concentration. This phenomenon may be attributed to the radicals
occupying a portion of the adsorption sites on the electrode surface (i.e.,
steric effect), thereby reducing the amount of CI™ adsorbed. At medium
potentials, the i, increased markedly with rising TEMPO-OH concen-
tration. This suggests that radicals undergo rapid oxidation, allowing the
corresponding reaction currents to be discerned in a brief time span. At
high potentials, the i, is largely similar to that observed at low potentials,
indicating that radicals at the interface have undergone complete
oxidation, and Cl~ adsorption is the primary process during early stages.
During the discharging process, the values of i, are similar but in
opposite directions under most of the potential to that during the
charging process. This indicates that the systems exhibit favorable
reversibility regardless of radical exchange and reaction. Nevertheless,
the i, as a consequence of radical exchange and reaction, cannot be
disregarded. The continuous capacity contribution can have a signifi-
cant impact on the coulombic efficiency. Fig. 2c¢ illustrates that a large
positive current is present throughout the discharging process.
Furthermore, the current remains essentially identical within the high-
potential range, indicating that the charge transfer in this case is pri-
marily dependent on the concentration of TEMPO-OH. At a certain po-
tential, the reduction of TEMPO-OH" is completed rapidly, while the
exchange and reaction of TEMPO-OH is highly stable and persists until
the potential is altered. Consequently, the longer the duration is con-
ducted, the slower the corresponding electrochemical test process (e.g.,
low scan rate in CV and small current density in GCD), the more pro-
nounced the oxidation of TEMPO-OH and the lower the corresponding
coulombic efficiency. Moreover, at the potential of a reaction, the i is
linearly correlated with the TEMPO-OH concentration, as illustrated in
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Fig. 2d. It means that the radical diffusion and reaction based on
TEMPO-OH concentration are the rate-determining step (RDS)
throughout the entire process. And a larger i¢ at high concentration
serves to offset the reverse current generated by the reduction of
TEMPO-OHT™, corresponding to a lower current density. Therefore, the it
exerts a significant detrimental impact on the coulombic efficiency of
redox electrolyte-based energy storage devices.

To further examine the charge transfer process of radicals, we have
analyzed the interrelationship between total charge (Q;) and concen-
tration at various stages, depicted in Fig. 3a. The Q is calculated by
integrating the MPSM curves at the determinate potentials. At low po-
tentials, the Q; is so small that it can be considered negligible. It is due to
the fact that only the ion adsorption, which is responsible for the for-
mation of the electrical double layer (EDL), contributes to the charge. In
the remaining curves, the charge is found to be linearly related to the
concentration, thereby confirming that the diffusion of radicals based on
concentration polarization represents the RDS for the entire electro-
chemical process. For the charging process, the maximum growth rate of
charge was observed at the medium potential of 0.5-0.6 V. The charge in
the process can be divided into two parts based on the following: i) the
unsteady charge (Q,,), which is contributed by the reaction of TEMPO-
OH within the electric double layer (EDL); ii) the drift charge (Qq),
which is contributed by the radical exchange and reaction, as illustrated
in Fig. S8. In contrast, the total charge in the discharge process was
lower at 0.7-0.6 V due to the competition between the reduction of
TEMPO-OH" as well as the radical exchange and reaction in the process,
and the Q; is calculated by subtracting Q, from Qq. At the high poten-
tials, the total charge is predominantly derived from the drift charge, as
ion adsorption contributes a relatively smaller number of charges.
Consequently, the relationship between charge and concentration is
essentially identical for both the charging and discharging processes. As
previously mentioned, the low coulombic efficiency of the redox
electrolyte-based energy storage device is primarily attributable to the
Qq contributed by the stabilised ir. Meanwhile, the charge contributed by
the ion adsorption at high and low potentials is insignificant, thereby
rendering the Q, contributed by the radical reaction within the EDL at
the medium potential the most favorable for the system. It is noteworthy
that the calculated sum of Q, at the medium potential is nearly identical
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Fig. 3. (a) The relationship between Q; and TEMPO-OH concentration at different potentials; (b) The relationship between the sum of Q, at 0.4-0.7 V and TEMPO-
OH concentration during charging process and discharging process; the relationship between Q; and time at (c) 0.5-0.6 V and (d) 0.6-0.5 V.
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between the charge and discharge processes (Fig. 3b) after subtraction of
the Qq, indicating that the reaction within the EDL is totally reversible. It
is similarly demonstrated that the drifting charge is disadvantageous for
the system, as evidenced not only in the coulombic efficiency but also in
the rate performance. Fig. 3c illustrates the relationship between the
total charge and time during the charging process within the potential
range of 0.5-0.6 V, where the ionic reaction within the bilayer is most
significant. In this case, the rate performance can be reflected by the
ratio of the total charge at different times. A longer time corresponds to a
sluggish electrochemical process. Therefore, the higher the total charge
can reach a stable value in a shorter time, the higher the corresponding
rate performance. However, due to the contribution of Qq to the system
when the potential is stabilised at 0.6V, which results in an increase in Q;
over time but fails to reach a steady value, it is not possible to achieve a
higher rate of performance. While during the discharging process
(Fig. 3d), as there is no Qq present at the potential of 0.5V, the Q; reaches
a stable value after a period of time. Furthermore, the higher the con-
centration of TEMPO-OH, the higher the growth rate observed in the
previous period, which corresponds to a higher rate performance. It can
thus be seen that the Qq generated by radical exchange and reaction in
the outer layer of the EDL not only leads to a low coulombic efficiency
but also has a detrimental effect on the rate performance. Furthermore,
it can be observed that as the concentration of the redox mediators in-
crease, the percentage of Qq also rises, which in turn restricts the charge
transfer at high concentrations, as shown in Fig. 1d. Consequently, a
comprehensive examination of the electrochemical behaviour of radi-
cals is essential.

In order to gain insight into the diffusion process of radicals during
the electrochemical process, an in-situ Raman spectrum was performed
in combination with MPSM of CC in 100 mM TEMPO-OH + 1 M NacCl.
Specifically, a Raman spectrum of the electrode/electrolyte interface
was conducted after the current stabilised at each potential, thus
allowing the distribution of radicals as well as the diffusion process at
dynamic equilibrium to be analyzed. The measurement potential win-
dow was set to 0-0.9 V to prevent the generation of gas bubbles resulting
from the oxygen evolution reaction at high potentials, which could
potentially impact the accuracy of the detection results. It is noteworthy
that no other Raman characteristic peaks for TEMPO-OH are present,
with the exception of the hydroxyl group. Consequently, the detection
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results may be influenced by the hydroxyl characteristic peak of water.
Nevertheless, the hydroxyl peak at 3420 cm ™! continues to demonstrate
a discernible trend during the practical experiment [38,39]. This may be
attributed to the pronounced diffusion tendency of a considerable
number of radicals within the electric double layer (EDL). As illustrated
in Fig. 4, the intensity of the characteristic peak at 3420 cm ' was
observed to gradually enhance during the charging process in the low
potential range (I), indicating that with the elevation of the potential,
the EDL continuously became thicker, and the corresponding radicals
migrated to the electrode surface along with Cl~ continuously. As the
potential continued to be increased (II), the HTMEPO at the electro-
de/electrolyte interface underwent a continuous transformation into
TEMPO-OH', which prompted the TEMPO-OH in the electrolyte bulk
phase to undergo a continuous diffusion process into the EDL, resulting
in a significant enhancement of the corresponding Raman peak signals.
Furthermore, there is a sustained increase in the intensity of the asso-
ciated peak at 3280 cm ™!, which could be attributed to the continuous
production of TEMPO-OH™. This suggests that the vibrational frequency
of the hydroxyl group may undergo alteration subsequent to the electron
loss. As the potential was further increased (III), the intensity of the
corresponding characteristic peaks declined. Meanwhile, the charac-
teristic peaks at lower wave numbers disappeared, suggesting that the
TEMPO-OH" within the EDL is continuously diffusing into the electro-
lyte bulk phase, and the overall concentration of the radicals was
reduced. While in the system switch to discharging process, the intensity
of the peaks remains relatively constant in the initial stages, suggesting
that only the adsorption of support electrolyte ions can be influenced,
rather than the distribution and diffusion of TEMPO-OH. As the poten-
tial is reduced to the stage where TEMPO-OH™ can be reduced (IV), the
intensity of the characteristic peaks continues to decline, indicating that
TEMPO-OH" continues to diffuse into the bulk of electrolyte after
reduction. Finally, as the TEMPO-OH™ within the EDL is depleted, the
only remaining capacity in the system comes from that contributed by
the EDL. At this point, TEMPO-OH diffuses into the EDL accompanied by
Na' adsorption, corresponding to a recovery of the intensity for the
characteristic peaks (V). In consideration of the entirety of the electro-
chemical process, given that the radicals are electrically neutral, their
diffusion driving force is primarily determined by the concentration
gradient and the collisions that occur during ion migration.

Intensity (a. u.)
4540

4000

3460

2920

2380

1840

1300

760.0

220.0

3000
Raman shift (cm™)

3500 4000

Fig. 4. Raman spectra with the corresponding potential based on MPSM with the potential step of 0.1 V and the potential window of 0-0.9 V.
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Consequently, the concentration of these radicals exerts a considerable
influence on the electrochemical performance.

Based on the characterization and analysis of MPSM as well as the in-
situ Raman spectrum, an electrochemical kinetic evolution model of the
radical redox electrolyte-based energy storage device has been estab-
lished, as illustrated in Fig. 5. During the charging process, the
adsorption of Cl™ initially occurs at low potential as a consequence of the
positively charged electrodes, resulting in the formation of the EDL,
comprising the Helmholtz layer and the diffusion layer. The Helmholtz
layer contains some physically adsorbed radicals, while the diffusion
layer consists mainly of CI~ with some dissociative radicals. As the po-
tential is slightly elevated, the concentration of ions within the EDL is
raised and the orientated migration of ions carries more radicals to
diffuse into the EDL. As the potential continues to rise, the radicals
adsorbed on the electrode surface undergo an oxidation reaction,
resulting in the formation of TEMPO-OH ™. Subsequently, these species
migrate into the diffusion layer under the influence of electrostatic
repulsion. While the TEMPO-OH in the diffusion layer migrates to the
surface of the electrode and reacts under the driving force from the
concentration gradient. The process repeats until the radicals in the EDL
are completely reacted out. After that, the radical exchange and reaction
will extend from the interior of the EDL to the boundary between the
EDL and the bulk of the electrolyte, thereby reaching a dynamic equi-
librium, i.e., causing a constant ir. Until higher potentials are reached,
the number of adsorbed ions and reacted radicals within the EDL is at
equilibrium. Therefore, radical exchange and reaction occur only be-
tween the EDL and the bulk of the electrolyte. Upon transitioning to a
discharging process, the TEMPO-OH™ is unable to undergo reduction at
elevated potentials in a potential-controlled measurement. As a result,
radical exchange and oxidation reactions persist following Cl~ desorp-
tion and Nat adsorption, thereby reconstructing the EDL with fewer
charge transfer. In contrast, in the current-controlled measurement, the
process cannot be maintained spontaneously and the system proceeds
directly to the medium potential stage, corresponding to a larger IR
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drop. At this stage, the reaction of radicals is reversible, with the ten-
dency of the reaction depending on the relative concentration of
TEMPO-OH/TEMPO-OH". As a result of the preceding reaction, the
radicals within the EDL are almost totally in the form of TEMPO-OH™.
These species are gradually reduced after the attraction of the electrode
carrying the negative charge, corresponding to the larger reverse Q.
The reacted radicals diffuse into the bulk of the electrolyte, resulting in a
reduction in the concentration of radicals within the EDL. Nevertheless,
following a period of reaction, the exchange and oxidation of radicals
will occur once more due to the higher concentration of TEMPO-OH in
the electrolyte. The process is weakened by a decrease in potential until
the TEMPO-OH™ within the EDL is reduced at low potential. Afterward,
the migration of TEMPO-OH into the EDL from the bulk of the electro-
lyte, accompanied by the adsorption of Na*. Therefore, the total con-
centration of radicals within the EDL is elevated, yet a redox reaction is
not feasible. For the whole electrochemical process, the exchange and
reaction of radicals between the EDL and the bulk of the electrolyte are
primarily dependent on the potential of the system rather than the trend
of the potential (i.e., charging or discharging). The continuous process
not only reduces the coulombic efficiency by diffusing a portion of
TEMPO-OH" into the bulk of the electrolyte, rendering it unable to
transfer charge during discharge, but it also causes the RDS of the entire
system to occur in the outer layer of the EDL. This prolongs the diffusion
paths of radicals consequently reduces the rate performance. This dis-
covery could even extend to metal batteries [10], offering novel insights
for optimizing metal ion deposition/stripping processes in anode sys-
tems. Accordingly, for static redox electrolyte-based energy storage
devices, the implementation of strategies designed to mitigate this
process is of significant importance for the enhancement of perfor-
mance, including electrode surface modification and the construction of
3D porosity to restrict radical migration.
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4. Conclusions

In conclusion, the comprehensive electrochemical behavior of an
electrically neutral redox electrolyte-based electrochemical energy
storage device is investigated using a newly developed quasi-steady
electrochemical measurement (MPSM) and an in-situ Raman spectrum.
Consequently, a kinetic evolution model has been formulated to
demonstrate that: 1) at the appropriate potential, there is a continuous
charge transfer based on the exchange and oxidation of radicals between
the EDL and the bulk of the electrolyte. The radical diffusion paths are
extended, and a portion of the reacted radicals diffuse into the electro-
lyte bulk during the process, thereby reducing the coulombic efficiency.
2) As the RDS of the entire process, the radical exchange and oxidation
occurring outside the EDL is primarily driven by concentration polari-
zation rather than electrostatic interactions. This process is disadvan-
tageous with regard to the enhancement of energy density and power
density, so some strategies are required to mitigate it. Under this guid-
ance, the electrochemical performance of redox electrolyte-based elec-
trochemical energy storage devices can be enhanced with the higher
coulombic efficiency. Our work provides a new viewpoint to insight the
intrinsic mechanisms underlying the architecture of advanced electro-
chemical energy storage devices.
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