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In the TEMPTMA/MYV cell, electrochemical impedance spectroscopy studies and cell polarization are conducted to determine the pro-

portion of the ohmic resistance.

Public summary

m Comprehensive electrochemical impedance spectroscopy studies and cell polarization are conducted on a representative
TEMPTMA/MV cell assembled with a commercial AMVN membrane.

m The proportions of the ohmic resistance to the total cell resistance at various stages of charge ranging from 10% to 100%
are quantitatively analyzed.

m The determination of the major contributors to cell resistance provides insight into the development of high-power-
density aqueous organic redox flow batteries.
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Abstract: Aqueous organic redox flow batteries (AORFBs) exploit the reversible electrochemical reactions of water-
soluble organic redox-active species to store electricity and have emerged as promising electrochemical energy storage
technologies. To improve the battery performance related to the cell resistance, such as the power density and energy effi-
ciency, it is essential to understand the cell resistance and determine the major contributor. Here, we conduct comprehens-
ive electrochemical impedance spectroscopy (EIS) studies and cell polarization on a representative TEMPTMA/MV cell
assembled with a commercial AMVN membrane and probe the proportion of the ohmic resistance to the total cell resist-
ance at various stages of charge (SOCs) ranging from 10% to 100%. At 0 mA-cm™, the ohmic resistance is responsible for
60.3%—71.7% of the resistance of the entire cell, whereas at high current densities (for example, when the power density
reaches the maximum), the ohmic resistance still contributes 47.9%—61.4%. Our quantitative analysis highlights the dom-
inance of the ohmic resistance and anticipates that a membrane with lower resistivity may significantly increase the power
density.

Keywords: aqueous organic redox flow battery; ohmic resistance; electrochemical impedance spectroscopy; cell polariza-

tion; power density
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1 Introduction

With rapidly decreasing costs and fast-improving technology
maturity, the deployment of grid-integrated renewable sources
of energy, such as solar and wind power, has accelerated
greatly in recent years'~\. However, renewable sources of en-
ergy are intrinsically intermittent, impeding their widespread
application in large-scale power production'”. This conun-
drum may be solved by aqueous redox flow batteries', which
store electrical energy with low-cost and nonflammable elec-
trolytes in external tanks, thereby decoupling power and en-
ergy. The output power (kW) is controlled by the cell stacks,
whereas the energy capacity (kW-h) is set by the electrolyte
tanks™. This spatial decoupling can be leveraged to realize
discharge durations from hours to days and smooth fluctu-
ations in the renewable electricity supply™.

Aqueous organic redox flow batteries (AORFBs) not only
retain spatial decoupling but also exploit organic redox-
active species with fast redox kinetics, high solubility, and
easy scale production™”. In the past ten years, extensive re-
search efforts have been devoted to understanding the electro-
chemical behavior of organic redox-active species and their
chemical stability during prolonged cell cycling!'’, but only a
limited number of studies have discussed the underlying
sources of the power performance of AORFBs. Amini et al."™”
summarized the areal power densities reported for lab-scale
redox flow batteries and critically evaluated the major

0603-1

pathway employed for power optimization: increasing the
open circuit voltage (OCV) and reducing the area-
specific resistance (ASR) of the cell. Increasing the OCV
means widening the potential gap between the anolyte and
catholyte via rational molecular engineering. For instance,
Gao et al.'"! synthesized a pair of anionic organic molecules,
namely, (PPBPy)Br, (1,1’-bis(3-phosphonopropyl)-4,4°-(1,4-
phenylene) bispyridinium dibromide) and PSS-TEMPO (4-
(propoxy-3-sodium sulfonate)-2,2,6,6-tetramethyl piperidin-1-
yDoxyl), which have a potential gap as high as 1.61 V and
exhibited a record power density of 509 mW-cm™ among all
reported near-neutral AORFBs. Nevertheless, the OCV is
beyond the water electrolysis onset voltage (> 1.3 V), and
side reactions (i.e., hydrogen evolution or oxygen evolution
reactions) may severely occur. Reducing the cell ASR is
therefore crucial. Zuo et al.l'”! developed triazine framework
membranes to achieve near-frictionless ion transport. The
K4[Fe(CN)g] (potassium  ferrocyanide)/ DHAQ  (2,6-
dihydroxyanthraquinone) cell with an equilibrium cell poten-
tial of 1.2 V could deliver a peak power density of 415
mW-cm?, with a low-resistance SCTF-BP membrane (0.17
Q-cm?). To understand this improvement in the peak power
density, it is essential to understand the ratio of the ohmic
resistance to the cell resistance and the effect of the cell
resistance on the power performance.

For the typical AORFB polarization curve during
discharging (Fig. 1), the potential losses due to charge transfer
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Fig. 1. Typical AORFB polarization curve during discharging with dis-
sected contributions of ohmic, kinetic and mass-transfer losses.

(kinetic), ohmic, and concentration (mass-transfer) overpoten-
tials are reflected"”. The charge transfer and concentration
overpotentials are significantly nonlinear and dependent on
the current density. Nevertheless, the total cell resistance can
be derived from the voltage—current curve!”. Considering the
measurement of the ohmic resistance via electrochemical
impedance spectroscopy (EIS)!'"'* and the calculation of the
power density via Ohm’s law, the resistance and power
issues of AORFBs can be quantitatively analyzed.

Herein, we conducted comprehensive EIS studies and cell
polarization on a representative TEMPTMA (N,N,N-2,2.6,6-
heptamethylpiperidinyl ~ oxy-4-ammonium  chloride)/MV
(N,N’-dimethyl-4,4-bipyridinium dichloride) cell assembled
with a commercial AMVN membrane!**”. The proportion of
the ohmic resistance to the total cell resistance was probed at
various stages of charge (SOCs) ranging from 10% to 100%.
Specifically, the contributions of the ohmic resistance are
60.3%—71.7% at 0 mA-cm™? and 47.9%—61.4% at high cur-
rent densities. The derivation of the maximum power density
suggested that a lower ohmic resistance may significantly
increase the power density.

2 Materials and methods

2.1 Materials

N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium ch-
loride (TEMPTMA) and N,N’-dimethyl-4,4-bipyridinium di-
chloride (MV) were purchased from Suqian Time Energy
Storage Technology Co., Ltd. (Suqian, China). The AMVN
membrane was purchased from SCI Materials Hub. The com-
plete specification of the AMVN membrane is “FORBLUE™
Selemion AMVN”, which is a hydrocarbon-type anion ex-
change membrane developed and manufactured by the AGC
Group. The thickness of the AMVN membrane is 100 pm.
The chloridion transport number of the AMVN membrane is
greater than 0.95. All the materials were used as received
without further purification. Deionized (DI) water was
utilized throughout the experiment.

2.2 Flow cell assembly

The flow cell hardware was purchased from Sugian Time En-
ergy Storage Technology Co., Ltd. (Sugian, China). POCO
sealed flow frames were used on both sides. The active area
and depth of the flow frames were 7 cmx7 cm and 3 mm, re-
spectively. The electrode on each side consisted of a sheet of
carbon felt (baked at 400 °C for 24 h prior to use) with
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a7 cm x 7 cm geometric area. The cell was assembled with a
commercial AMVN membrane. After assembly, the cell was
transferred to a glovebox with an oxygen concentration of < 2
ppm. The electrolytes were pumped through the cell stack at a
flow volume rate of 140 mL-min"' via a Masterfles L/S
peristaltic pump (Cole-Parmer, Vernon Hills, IL).

2.3 EIS studies and cell polarizations

Cell polarization studies were performed on a Bio-Logic BCS-
815 electrochemical workstation at room temperature. The
polarization curves were obtained by charging the battery to a
certain SOC, followed by polarizing by linear sweep voltam-
metry ranging between 0.5 V and 1.6 V. Potentio-controlled
EIS in a frequency range from 1 Hz to 10 kHz was used
to measure the cell resistance. For the TEMPTMA/MV cell
(Fig. 2), the anolyte comprised 70 mL of 1.3 M MV, whereas
the catholyte comprised 50 mL of 1.3 M TEMPTMA.
The anolyte was 1.4 times €~ excess to ensure that the catholyte
was the capacity limiting side.

3 Results and discussion

To charge the TEMPTMA (0.79 V vs. AgCl/Ag)/MV (-0.63 V
vs. AgCl/Ag) cell stepwise with a 10% increase in the SOC, we
first measured the total capacity of the cell via potentiostatic
charge—discharge experiments with a cutoff current density
of 4 mA-cm™'!. The cell was charged to 6281 C at a constant
voltage of 1.6 V (Fig. 3a) and exhibited a discharge capacity
of 6198 C at 0.5 V (Fig. 3b), which is in accordance with its
theoretical capacity of 6260 C (65 mmol ¢°). The incremental
capacity was then set to 620 C, and the cell was charged to
various SOCs ranging from 10% to 100% (Fig. 3c¢).

With increasing SOC, the cell OCV gradually increases
(Fig. 4a). This trend is consistent with the Nernst equation.
The Nernst equation calculates the potential of an electro-
chemical cell as follows.

RT
E :EH_FXIHQ, (1)

where E., is the cell potential, E* is the cell potential under
standard conditions, R is the universal gas constant (8.314
J-mol"-K™), T is the temperature, n is the number of elec-
trons transferred in the reaction, F' is the Faraday constant
(96485 C-mol™), and Q is the reaction quotient.

As the SOC increases, the O of the discharge reaction
decreases, thereby increasing the cell potential E.,. That is,

— ——
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Fig. 2. Molecular structures of MV (the anolyte) and TEMPTMA (the
catholyte) and their redox reactions at the electrode.
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Fig. 3. (a) Charging and (b) discharging curves of the TEMPTMA/MYV cell at constant voltages of 1.6 V and 0.5 V, respectively. (c) Stepwise charging
curve of the TEMPTMA/MV cell at 1.6 V with a 10% increment in the state of charge (SOC).
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Fig. 4. (a) Open-circuit voltages (OCVs), (b) ohmic area-specific resistances (ASRs), and (c) electrochemical impedance spectroscopy (EIS) spectra of

the TEMPTMA/MYV cell at various SOCs.

the cell OCV increases as the SOC increases.

We conducted EIS studies to obtain the ohmic ASR values
of the TEMPTMA/MV cell (Fig. 4b). The ohmic ASR in-
cludes the membrane, electrolyte, and electrode ASRs and is
dictated by the intercept from the EIS spectrum on the dashed
line™. Fig. 4c shows the ohmic ASR of the cell at various
SOCs. With increasing SOC, the ohmic ASR first decreases
but then increases. The increase may be attributed to the in-
crease in the electrolyte viscosity because the singly reduced
bipyridinium species (monoradicals) tend to aggregate
through m—r stacking with a concentration-dependent average
number of 1-67+*1,

After the ohmic ASRs of the TEMPTMA/MV cell were
measured, the polarization curves at various SOCs were stud-
ied (Fig. 5a). Owing to the strong dependence of the concen-
tration polarization on the current density™, we first evalu-
ated the ratio of the ohmic resistance to the cell resistance at 0
mA-cm™? The derivatives of the polarization curves at 0
mA-cm™ indicate the total-cell ASRs (Fig. 5b). The trend of
the total cell ASR with the SOC is the same as that of the
ohmic ASR with the SOC. At various SOCs ranging from
10% to 100%, the ohmic resistance is responsible for 60.3%—
71.7% of the cell resistance (Fig. 5c).

At high current densities, the concentration polarization in-
creases, and the proportion of the ohmic resistance
decreases” . In addition, the concentration polarization be-
comes more pronounced toward the end of the charge and
discharge phases, i.e., at high SOCs during charging and low
SOCs during discharging™!. To calculate the cell resistance at
high current densities, power density data were extracted from
polarization curves, as shown in Fig. 5d. The power density is
affected by the cell resistance and current density!”:
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P=0CVXi—RyX#2, 2

where P and i represent the cell’s power density and current
density, respectively, and R, is the total cell ASR.

At the point of the maximum power density (P, ), the cur-
rent density is derived from taking the derivative of Eq. (2)
with respect to the current density:

dpP
— =0CV-=-2XR ,xi=0,

di ®)

._ocv
e 2 ><Rce]l ’

“4)

where i, denotes the current density at the point P,
Substituting Eq. (4) into Eq. (2), the relationship between
P... and R, is as follows:

ocv?

Pmax = .
4 X Rcell

)

Therefore, we obtained the total cell ASR values according to
Eq. (5) (Fig. 5¢) and the proportions of the ohmic ASR (Fig.
5f). When the concentration polarization becomes significant
at low SOCs during discharging and high current densities,
the ohmic resistance still contributes 47.9%—61.4% to the cell
resistance. More specifically, at 10% SOC and 121.7
mA-cm, the ohmic resistance accounts for 47.9%, whereas
at 100% SOC and 198.4 mA-cm?, the ohmic resistance is
responsible for 61.4%.

The OCV, P,,,, ohmic resistance, ohmic resistance propor-
tion, and corresponding current density are summarized in
Table 1. The ohmic resistance dominates the cell resistance at
various states of the cell. According to Eq. (5), if the ohmic
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Fig. 5. (a) Cell potential versus discharge current density, (b) polarization ASRs at 0 mA-cm?, (c) percentages of ohmic ASR at 0 mA-cm?, (d) power
density versus discharge current density, (e) polarization ASRs at the maximum power density, and (f) percentages of ohmic ASR at the maximum power

density of the TEMPTMA/MV cell at various SOCs.

Table 1. Comprehensive EIS studies and cell polarizations of the TEMPTMA/MYV cell assembled with a commercial AMVN membrane.

Percentage of ohmic

Percentage of ohmic Current density at

SOC (%)  OCV(V) P (mWrem?) — Ohmic ASR (Q-cn) resistance at 0 mA-cm™ (%)  resistance at P= Py, (%) P = Py, (mA-cm?)
10 1.183 78.62 2.130 60.3 479 121.7
20 1.219 94.35 1.970 67.5 50.0 142.9
30 1.241 104.21 1.912 69.3 51.7 155.5
40 1.259 112.31 1.879 71.7 533 166.1
50 1.275 119.68 1.861 71.6 54.8 165.9
60 1.290 126.72 1.848 71.4 56.3 177.9
70 1.306 133.83 1.839 71.3 57.7 183.6
80 1.323 139.37 1.856 68.5 59.1 188.0
90 1.342 144.20 1.880 66.7 60.2 193.7
100 1.368 148.52 1.933 63.2 61.4 198.4

resistance accounts for 60% of the cell resistance and is re-
duced by half, the maximum power density will be 1.4 times
the original value. A membrane with lower resistivity may
achieve this improvement after the electrolyte and electrode
resistances are optimized.

4 Conclusions

Promoting the power output of AORFBs can lower stack costs
to reach a target power density by reducing the area needed
for expensive electrode and membrane components. We high-
lighted the dominance of the ohmic resistance in the total cell
resistance at various states of the cell, as exemplified with the
representative TEMPTMA/MV cell assembled with a com-
mercial AMVN membrane. In this cell, the ohmic resistance is
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responsible for 60.3%—71.7% of the resistance of the entire cell
at 0 mA-cm, whereas the ohmic resistance still contributes
47.9%—-61.4% when the power density reaches the maximum.
The quantitative derivation of the maximum power density
suggested that a membrane with lower resistivity may achieve
an improvement in power performance. Our results provide
insight into the development of high-power-density AORFBs.
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