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Abstract

The redox flow battery is a cost-effective solution for grid-scale energy storage. Its special
feature of separate reservoirs and electrodes makes it easy to adjust electrolyte volume and
electrode size, improving safety and scalability. In this work, we explore two organic anolytes,
chelidamic acid (CDA) and chelidonic acid (CDO), which share similar molecular weight but
differ in their heteroatoms: pyridone and pyrone. The half-cell potentials of CDA and CDO
anolytes enable them to exhibit theoretical cell voltages of 0.49 V and 0.48 V, respectively,
when coupled with K4[Fe!!(CN)g] catholyte. CDA demonstrated a stable discharge capacity
of 650 mAh/L over 17 days in a basic medium without any degradation. In contrast, CDO
gradually loses its capacity over successive cycles. The mechanism for the decomposition of
CDO was analysed through cyclic voltammetry, 'H-NMR, and FTIR spectroscopy techniques.
The analytical results revealed that there was a significant impact of tautomerization in CDA

and nucleophilic addition in CDO on the performance in ARFB.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00331d

Page 3 of 25 Energy Advances

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

1 Introduction DOL: 10.1039/DAYAOO331D
2 The global demand for energy increases significantly every decade due to the overpopulation
3 and economic growth. This is driven by the depletion of highly consumptive non-renewable
g 4  energy sources such as coal, oil, and gas. Numerous researchers are striving to provide
.g 5 sustainable energy solutions by expanding renewable sources like solar and wind. However,
ig; 6 the intermittent nature of these sources poses challenges in storing and transporting large
g 7  amounts of energy to end-users. In recent years, the redox flow battery has shown remarkable
E 8  growth surpassing the Li-ion battery, attracting researchers due to its environmentally friendly
g 9 nature, cost-effectiveness, and high endurance.!> 2 Moreover, the redox flow battery offer
Zi 10  scalability and adaptability through the flexibility to adjust volume and electrode area to
§ 11 precisely meet the requirements of consumers. Various types of redox systems have been
g 12 introduced, including all-vanadium, Zn/Br, and Fe/Cr. However, some inorganic materials face
é 13 challenges such as corrosive electrolytes, high costs, toxic materials, and low conductivity
E 14  solvents.? To overcome these hurdles, researchers have turned to aqueous organic redox-active
g 15  materials as they use highly conductive solvents like water. In addition, these materials are
% 16  low-cost, offer safety, and use less corrosive supporting electrolytes such as KOH. For instance,
g 17  quinone, extracted from coal and wood tar, has been successfully used as an anolyte active
% 18  material in Quino energy.* While various electrolytes like phenazine,' alloxazine,’ and flavin
% 19  %7have been explored, only a few meet the criteria for stability, solubility, capacity, and power
F 20  density. Enhancing material performance in commercial electrolytes has been accomplished
21 by two primary approaches. Firstly, structural chemistry is modified to improve potential,
22 solubility, and stability. Secondly, pH adjustments, electrochemical regeneration, and
g 23 modifications in the potential window are implemented to overcome degradation mechanisms
24 or side reactions of electrolytes, ensuring successive stability.? 6-

25 Bo Yang et al. identified a voltage drop of 150 mV in the anthraquinone-2,6-disulfonic acid-
26 4,5-dihydroxybenzene-1,3-disulfonic acid aqueous redox flow battery (ARFB) after the first
27  few cycles which was attributed to Michael addition reactions to form additional hydroxy
28  substitutions on the benzene.” In 2017, Sanford, et al, reported that low-potential pyridinium
29  anolyte degrades in a neutral solution (NaCl) due to catalytic proton reduction.® In 2023, Grey
30 et al. reported an FMN/K4[Fe!!(CN)g] ARFB where hydrolysis products of 4-(D-ribo-2,3,4-
31  trihydroxypentyl-5’-phosphate)-3-ox0-3,4-dihydroquinoxaline-2-carboxylate under basic
32 condition caused a change in the charge plateau without loss in the voltage.” Additionally, in

33 2022, the degradation of 2,6 dihydroxy androne (DHAQ) to DHA(L)?*~ (double charging

3
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plateau) was identified via in situ 'H-NMR, with subsequent electrochemical regengration BacK 5 2515
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to DHAQ?*.% Furthermore, the discovery of tautomerization in 2,3-dimethylquinoxaline-6-
carboxylic acid via Bayesian inference coupled with density functional theory (DFT) analysis

provides valuable insights for filtering and selecting appropriate electrolytes for ARFB.?

Chelidamic acid (dihydro-4-oxo-2, 6-pyridone-dicarboxylic acid) and chelidonic acid (4-oxo-
4H-pyran-2, 6-dicarboxylic acid) are renowned for their ability to form stable organic
complexes or dimeric with various metals including vanadium, copper, and calcium. '0-12
Furthermore, CDA has been utilized as an additive in the catholyte of vanadium-based ARFB.
13 Recent research in 2020 revealed that dipicolinic acid, similar structure with CDA, serves as
an effective ligand when paired with chromium in a neutral redox flow battery, demonstrating

a solubility of 0.7 M and consistent performance over 120 cycles.!'4

The present work investigates two redox-active materials, chelidamic acid (CDA) and
chelidonic acid (CDO), as anolytes in an aqueous redox flow battery under alkaline conditions.
Despite their comparable molecular weights, they were subtly differentiated by the presence of
distinct heteroatoms, specifically the structure of pyridone and pyrone. Both are fully
conjugated aromatic compounds with carbonyl groups in their six-membered rings. Compared
to pyridone, pyrone possess a higher electron withdrawing characteristic due to the presence of
oxygen hetero atom. Generally, structures containing carbonyl groups have great potential in
energy storage applications.* % 1> Compounds like CDA and CDO, which features two-electron
withdrawing group (-COOH), significantly impact solubility in aqueous media.> !¢ Previously,
these materials were optimized as composite anode materials for Li-ion energy storage devices,
showing remarkable capacities of 740.2 mAh/g (CDA) and 562.8 mAh/g (CDO) over 250
cycles without capacity degradation.!” Given their promising performance in Li-ion anode
materials, CDA and CDO were chosen as redox-active anolytes in ARFB. The impact of
heteroatoms in CDA and CDO was investigated by constructing ARFB with potassium
hexacyanoferrate (II) trihydrate. Additionally, our investigation reveals novel insights into
nucleophilic addition at o, B unsaturated carbon (CDO), as evidenced by FTIR and 'H-NMR
analysis. Furthermore, CDA demonstrates stable charge-discharge behaviour, underscoring the

impact of tautomerism in alkaline ARFB.

Experimental procedure
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1  Materials and Characterisation DOI- 10.1039/DAYAGO331D

2 Potassium hydroxide (KOH, molecular weight: 56.11 g/mol, purity: 85%), potassium

3 hexacyanoferrate (II) trihydrate (K4[Fe!! (CN)¢] 3H,0, molecular weight: 422.39 g/mol, purity:
g 4 98.5%), chelidamic acid hydrate (CDA, molecular weight: 183.12 g/mol, purity: > 97%), and
g 5  chelidonic acid (CDO, molecular weight: 184.10 g/mol, purity: 97%) were purchased from
g 6  Sigma Aldrich, Merck Limited, Taiwan. Deuterium Oxide (D,O, molecular weight: 20.027
g 7 g/mol, purity: 99.8% D) was purchased from Thermo Scientific Chemicals. The Sustainion X-
% 8 37 FA membrane was obtained from Dioxide Materials, a CO, recycling company. Carbon felt
% 9  (thickness — 6.5 mm) was purchased from clean energy technology. BioLogic VMP3
:% 10  multichannel Potentiostat was employed for electrochemical measurements, while SP-150¢
g 11 was used for ARFB testing. Bruker AVANCE III HD 600 MHz nuclear magnetic resonance
% 12 (NMR) spectrometer was utilized for 'H-NMR analysis. UV-visible analysis in the range of
g 13 190 to 800 nm was conducted using a V-670 JASCO spectrometer. FT/IR — 6700, JASCO
g 14 Fourier transform infrared spectroscopy (FTIR) was performed with powdered samples in the
g 15  range of 4000 — 400 cm™1. Pin flow energy storage devices were employed in this study.
% 16  Solubility test
% 17  CDA and CDO were added in 5 ml of 1 M KOH solution until saturation was achieved. The
é 18  solution was left overnight, and then filtration was used to eliminate insoluble residues. The
§ 19  soluble anolyte obtained was diluted to lower concentrations to compare it against known

20  concentration standards. This process helps to determine the maximum solubility of both CDA

21 and CDO.

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

(cc)

22 Electrochemical measurement

23 Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were measured by using three-
24 electrode system in a closed environment at 25 °C. A three-electrode system consisting of
25  glassy carbon (with an active surface area - 0.196 cm?) as a working electrode, a platinum wire
26 (99.99%) as a counter electrode, and an Ag/AgCl electrode soaked in a 3 M AgCl solution
27  serving as a reference electrode was employed to perform CV and LSV measurements. Before
28  each measurement, the glassy carbon electrode surface was polished using alumina suspension
29 and then sonicated for 3 minutes, followed by cleaning with ethanol. Electrochemical
30 characterizations were performed using a BioLogic VMP3 multichannel Potentiostat. A 5 mM

31 of CDO and CDA dissolved in 1 M KOH was employed, with a scan rate of 10 mV/s. LSV
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measurement was carried out by a rotating disc electrode (RDE) fixed with a Bine, rotafitig ;2515
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shaft. A 5 mM of CDO/CDA dissolved in 1 M KOH was tested at various rotation speeds from
300 — 2700 rpm, with a potential sweep value of 10 mV/s, from 0 to -0.6 V. LSV measurements
of 5 mM of K4[Fe!!(CN)¢] in 1 M KOH were carried out in the potential range from 0 to 0.6
V.

Redox flow battery tests

The anolyte and catholyte were prepared in a ratio of 1:2, due to the quasi-reversible nature of
CDO and CDA. A solution containing 50 mM of CDA or CDO with 100 mM of K4[Fe!!(CN)g
] dissolved in 1 M KOH was used. The flow of the electrolyte was controlled at 25 rpm using
a peristaltic pump via the flow-by method.!® To enhance the wettability of the carbon felt
(active surface area — 5 cm?), it was sintered for 12 hrs at a stable temperature of 400 °C in a
high-temperature furnace before assembling a battery. This process increased the
electrochemical surface area of the carbon felt, improving its contact with the electrolyte. An
imidazolium-functionalized styrene and vinyl benzyl chloride polymer membrane (X-37 FA
membrane) was used as an anion exchange membrane to separate the anolyte and catholyte.
The membrane was immersed in 1 M KOH to convert CI~ ions into OH™ ions, making it
suitable for use in an ARFB. After assembling the battery, a potentiostat SP-150e was used to

apply a constant current of 0.4 mA/cm? and monitor the performance of the ARFB.

Computational Method

Geometry optimizations and single point frequency calculations for all structures were
conducted in Orca 4.2.0 software package. The initial structures of chelidamic acid (CDA) and
chelidonic acid (CDO) was constructed using Avogadro software. Density functional theory
(DFT) calculations were performed using with B3LYP hybrid functional and 6-311++G(d,p)
basis set. Spin-unrestricted calculations are used to allow for any possible bond cleavage during
geometry optimization of the radical species. The solvent effect was included in the
calculations by employing the conductor-like polarizable continuum model (CPCM), using a
dielectric constant of 70, to implicitly account for solvent effects of 1 M KOH. The optimized

molecular geometries and HOMO-LUMO isosurfaces were visualized using Chemcraft.
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1  Result and discussion DOI: 10.1039/D4YA00331D

2 Electrochemical characterization

3 The cyclic voltammetry measurements were performed to determine the standard potential of
4  redox active material. Additionally, the reversibility was assessed by evaluating the ratio of

5 peak current between the anodic and cathodic. The value of ratio 1 indicates a reversible

Ipa e
6 electrochemical reaction (Ti = 1). In our study, the initial three cycles of CDO and CDA were

Ipa
7  analyzed, revealing a quasi-reversible (IL # 1) rate of electron transfer rate between the
pc

8 electrode and the redox material, as indicated by the unequal peak current values of I, and I,

9 in the negative potential range.!” The standard redox potential of CDA and CDO were
10  calculated from the anodic and cathodic peak potential ((Epq + Epc)/2), yielding values of —
11 0.21 and — 0.20 V vs Ag/AgCl, respectively (Fig.1). In both cases, the ketone served as the
12 active site for the electrochemical reduction, similar to quinone, and anthraquinone in Fig.2. 15
13 The reduction behavior of CDA (pyridone) is evident in compounds like benzo[g]quinoline-
14 4,5,10(1H)-trione, which contains a pyridone substructure. This reduction is observed when
15  the compound is dissolved in DMSO (dimethyl sulfoxide).?’ The reduction behavior of CDO
16  is demonstrated in the xanthone structure, where the carbonyl group (C=0) is reduced by

17  hydride (H-) transfer, resulting in the formation of a hydroxyl radical (C-OH). In this process,

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

18  the pyrone ring acts as the redox center. 2! When coupled with K4[Fe!!(CN)¢] as a redox-

19  active organo-metallic catholyte, CDA and CDO exhibited a theoretical potential window of

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

20 0.49 and 0.48 V, respectively.

(cc)

21 To demonstrate the reversibility of CDA and CDO, a long-term cyclability test was conducted
22 using cyclic voltammetry, as shown in Fig. S1. Over 100 cycles, CDA exhibited more stable
23 cyclic reversibility compared to CDO. In the case of CDA, the observed increase in reduction
24 current and the shift with the number of cycles may be attributed to the deposition of CDA on
25  the glassy carbon electrode surface, facilitated by the contact of the amine group.?? 23 This
26  organic molecule deposition increases capacitance, which in turn leads to a higher reduction
27  current as the number of cycles increases, a finding supported by previous research.?
28  Additionally, chelidamic acid forms polymeric or dimeric structures with metal ions and
29  hydrogen bonds with water, creating water clusters. This phenomenon, reported in previous

30 research, provides evidence for the rise in reduction current as the number of cycles increases.??
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In contrast, due to low conjugation, CDO undergoes irreversible within a few cycles, leaditig ;3515

to a decrease in current and a loss of reversibility as the number of cycles increases.

(a) 0.004 CDA (b) 0.004{ CDO
—1st cycle | 1st cycle 1
——2nd cycle : ——2nd cycle 1
0.002 - 3rd cycle i 0.0021 31 cycle ;
< ]
E 0.000 - E 0.000
§ -0.002 § -0.002
5 S
© .0.004 © .0.004 -
-0.006 - -0.006 -
-0.008 T T T T -0.008 v r r <
-0.9 0.6 -0.3 0.0 0.3 0.6 -0.9 -0.6 -0.3 0.0 0.3 0.6
Potential / V vs Ag/Agcl Potential / V vs Ag/Agcl

Fig. 1 Cyclic voltammetry of 5 mM of (a) CDA and (b) CDO at the scan rate of 10 mV/s in 1
M KOH supporting solution.

In LSV measurements (Fig. 3a-b, S2a), the limiting current value elucidates the transition of

active material from a stable state to a charged state.” This transition results in a limiting current

(i) that varies with the square root of the angular velocity (a)l/ 2), as explained by the Levich
equation (1)'°. The observed linear inverse relationship between the limiting current decreases
and the increase in rotation speed suggests that the electrochemical reduction was controlled
by diffusion. The kinetics of diffused redox-active species are crucial for the optimal
performance of redox flow batteries. Ensuring fast diffusion rates helps in achieving higher
current densities and lower overpotentials, leading to more efficient and effective energy
storage and delivery. The kinetic rate constant of the redox active materials was then calculated
by using the diffusion coefficient value obtained from the equation (1), with the slope value of
CDA, and CDO recorded as 1.7158 x 1076 and 1.916 x 1076 mA rad~! s~1, from the Koutecky
Levinch plot (Fig. 3e, S2b),

i;=0.625nFAD?3p!2y=1/6 (1)

Where n represents the number of electrons involved in the electrochemical reaction (in this
case, n =1), F denotes Faraday’s constant (96,485 C mol™1), A represents the surface area of
the electrode (0.196 cm?), D signifies the diffusion coefficient of the redox active material, v

denotes the kinetic viscosity of 1 M KOH (1.07 x 1072 c¢m? s™1) and C, represents the

concentration of the active material (0.005 x1073 mol ¢cm~3). Consequently, the diffusion
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1 coefficient (D) values for CDA and CDO were calculated as 5.09 x 1078, and 5,998, %4058 5505515
2 cm?s™1 To minimize error, the diffusion coefficient value of the known K4[Fe!!(CN)¢] was

3 determined from Fig. S2 and compared with previously published research papers.!3 26

g —021v

8

8

B

= HOOC COOH HoOC COOH

5

3 CDA CDA"

=

é o 0.20V o

g (b) ' :

Q +e

2 | e |

5 HOOC” ~0” “COOH HoOC” ~0” “COOH

= cbo cDO™~

b 4

5

§ 5  Fig. 2 Electrochemical redox mechanism of (a) CDA and (b) CDO.

B 6

(@)

(]

£ 1

; 7  In the Koutecky Levinch plot, the inverse limiting current value ( / i L) was plotted against the
g . . . . .

= 8  inverse square root of various overpotentials (—3 /2) showing a linear relationship (Fig. 3c-d,
2

% 9  S2c¢). The logarithm of the kinetic current (log i) value was extracted from the intercept of the
2

10  y-axis (where = 0) or it can be calculated from the equation (2). Additionally, the Tafel

wl/2

11 plot was plotted with various over potential against their corresponding log ij values (Fig. 3f,

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

12 S2d) and the antilogarithm of intercept (where the overpotential is zero) of the y-axis is equal

(cc)

13 to nFAkyCy, which is used to calculate the kinetic rate constant, !°27.28

1w I-lilo 2y - 2
— =t = — 7 1 —1
i i i ik 0.625nFAD3w2v 6 Cq ( )

15 ik = nFAkOCO (3)

16  From equation (3), the calculated kinetic rate constant (k) for CDA, and CDO were found to
17  be2.66 x 1074 and 2.26 x 10~4cm s’!, respectively (Table 1). The derived kinetic rate constant
18  of K4[Fe''(CN)g] (Fig. S2) align well with those reported in the literature, indicating a high
19  level of comparability.?? However, it is noteworthy that the kinetic rate constant of CDA and
20  CDO were larger than those of vanadium redox flow battery electrolytes such us V2*/V3* and

21 VO?/VO,", which were reported as 1.75% 1075 and 7.5 x 1074 c¢m s~1.30.31 Additionally, the
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CDA and CDO exhibited a maximum solubility of 0.55 M and 0.59 M in 1 M KOQE ‘48553515

determined by UV—visible spectra (Fig. S3).

Charge—discharge and Structural characterization

The ARFB of CDA/K4[Fe!!(CN)g] and CDO/K4[Fe''(CN)g] underwent charge-discharge
cycles over 10 cycles within the voltage range of 0 to 0.9 V (Fig. 4(a, b)). Notably, the charge-
discharge characteristics of both CDA and CDO displayed an unusual charge-discharge plateau,
indicating their dependence on structural characteristics. The discharge capacity of CDA/K 4|
Fe!'l(CN)¢] started at approximately 630 mAh/L in the first cycle, gradually increasing to
around 650 mAh/L and remaining stable for up to 17 days. Conversely, CDO/K 4[Fe!!(CN)¢]
displayed its discharge capacity approximately 880 mAh/L but linearly declined to 630 mAh/L
by the end of 21 days (Fig. 4c, d). This indicates that the pyridone heterocyclic compound in
CDA offers greater stability compared to the pyrone compound in CDO. Regarding the energy
efficiency (EE), coulombic efficiency (CE), and voltage efficiency (VE), CDA exhibited an
average values of 36 %, 87%, and 41%, respectively while CDO showed an average values of
19 %, 74 %, and 24 %, respectively (Fig. 4e, f).3?> These outcomes suggest the superior
performance of CDA compared to CDO. The performance of redox flow batteries at low
current density often results in lower coulombic efficiency (CE) due to uneven ion and electron
transfer, unlike the more efficient charge transfer observed at higher current densities.
Additionally, the voltage window during charge-discharge testing also impacts coulombic

efficiency.?3

In the first cycle of CDA/K4[Fe!'(CN)g] and CDO/K4[Fe''(CN)g], a single charge plateau
was observed alongside a corresponding discharge plateau. Interestingly, in this initial cycle,
the capacity of the charge plateau was three times higher than the discharge capacity, resulting
in a lower CE of approximately 20 % (Fig. 4c, d). The high Charge capacity in the first cycle
is related to the total electron withdrawal from the 0.1 M K4[Fe!/(CN)g]. However, the low
discharge capacity is linked to the limited reversible electron release process from CDA and
CDO. This discrepancy leads to low coulombic efficiency in the first cycle. However, from the
second cycle, the charging process exhibited two distinct plateaus, the first one at 0 V and the
next at approximately 0.7 V, while a single discharge plateau remained. Notably, these two

plateaus reversibly appeared from the second cycle to the tenth cycle in CDA, maintaining a

10


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00331d

Page 11 of 25

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

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

(cc)

1
2

o N O U

Energy Advances

icle Online

stable capacity. In contrast, in CDO, the voltage of the plateaus (~ 0.7 V) increases with ach 55

cycle, resulting in a decrease in both charge and discharge capacity.
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Fig. 3 Linear sweep voltammetry of 5 mM of (a) CDA and (b) CDO at 10 mV/s scan rate in 1
M KOH supporting electrolyte using RDE. levinch plot of (¢) CDA and (d) CDO derived from

(a, b). (e) levinch plot ® %2 against limiting current to calculate the D value of CDA and CDO.
(f) Tafel plot of CDA and CDO derived from (c, d).
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Table 1. shows the half-cell potential, diffusion coefficient, and kinetic rate constant of CDA,

and CDO.
Anolyte [ Half-cell potential (V) | Diffusion coefficient (cm?s™) | Kinetic rate constant (cm s™)
CDA -0.21 5.09 x 108 2.26 x 10+
CDO -0.20 5.998 x 108 2.66 x 104
1.
(a) ' (b) *
0.8 / 0.8

Voltage (V)
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Fig. 4 shows the ARFB results of (a, b) charge-discharge profile of CDA and CDO (c) time vs
specific capacity of CDA and CDO (d) discharge capacity (DC) and CE of CDA and CDO vs
number of cycles (e, f) cycle number vs CE, EE, and VE of CDA and CDO.
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X-37 FA membranes were subjected to FTIR analysis before and after 10 cycles of CDA/K41x503515
Fe'l(CN)g] and CDO/K 4[Fe!l(CN)g] to assess their stability, which could potentially impact

the voltage drop in the ARFB. The membrane primarily comprised tetra methyl imidazole

along with a copolymer of styrene and vinyl benzyl chloride (VBC). The presence of O-H
stretching at 3400 cm™! indicated the OH group of KOH or K4[Fe!!(CN)g], while the small
peak at 2040 cm’! denoted the C=N peak from the K4[Fe!!(CN)¢].>* 3! Additionally, peaks
observed at 2923, 2850, and 3021 cm™! represent the C-H (sp?) and =C-H (sp?) stretching of

tetramethyl imidazole, as depicted in Fig. S4. Peaks at 1647 and 1561 cm™! were attributed to

the C=N or N=C-N stretching vibration of the imidazole ring structure.’* The persistent

appearance of the stretching bands of imidazole C=N* and C-N" at 1495 and 1445 cm! (Fig.

3),% before and after 10 cycles suggests that the X-37 FA membrane was not associated with

the emerging new plateau in the second cycle.

(@)

Current / mA

(c)

Current / mA

0.06 -

0.04 4

0.024

0.00

-0.02 4

-0.04-

——CDA :
——K, [Fe"(CN)]
|
|
|
E=049V [,
o B
e
|
-0.21V
0.28V

-0.06

0.03

08 -06 -04 -02 00 02 04 06

Potential / V vs Ag/Agcl

0.02 4

0.014

0.00+

-0.01 4

-0.02

CDA & K, [Fe"(CN)J '

1st cycle

==2nd cycle
3nd cycle
== 5th cycle

——10th cycle
——15th cycle
——20th cycle
= 25th cycle i

T T T L T T
06 04 -02 00 02 04 06
Potential / V vs Ag/Agcl

(b) o.08

0.06 4

0.04 4

Current / mA

-0.02 -

-0.04 -

-0.06

(d)

0.08 4

0.06 4

Current/ mA

0.00 4

-0.02

0.02 4

0.00 -

——CDO
—— K,[Fell(CN)g]

08 06 04 02 00 02

Potential / V vs Agl/Agcl

0.4 06 0.8

0.04 -

0.02 -

CDO & K, [Fe"(CN)] ,

1st cycle
= 2nd cycle
3nd eyele

———dth cycle
——5th cycle
= 10th cycle

T T T T T
06 04 02 00 02 04

Potential / V vs Ag/Agcl

Fig. 5 Cyclic voltammetry of (a) 5 mM of CDA and K4[Fe!!(CN)¢] in 1 M KOH (b) CDO and
K4[Fe''(CN)g] in 1 M KOH (c) equally mixed electrolyte of 5 mM of CDA and K4[Fe!!(CN)g
] in 1 M KOH (d) CDO and K4[Fe!/(CN)] in 1 M KOH.
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To understand the difference in stability between CDA and CDO, cyclic voltammetry
measurements were conducted from -0.6 V to 0.6 V and compared with K,[Fe!!(CN)¢] (Fig.
5(a, b)). Notably, no peak appeared in the CDA within the positive potential range, whereas a
significant oxidation peak appeared at 0.37 V in CDO, closely aligned with the oxidation peak
of K4[Fe!!(CN)g]. This prompts curiosity about the compatibility of CDA and CDO anolytes
with K4[Fe!!(CN)g] in basic solution, especially when cross-over occurs in ARFB.
Consequently, an investigation was initiated to explore the cyclic voltammetry stability of the
anolyte when paired with an equal amount of catholyte.?” The cyclic voltammetry of equimolar
mixed CDA and K,[Fe!! (CN)¢] exhibited stable cyclic behavior over 25 cycles at a scan rate
of 5 mV/s (Fig. 5¢). However, employing the same approach with CDO revealed a quasi-
reversible K4[Fe!! (CN)g] cyclic behavior, accompanied by a reduction in current values with
an increasing number of cycles (Fig. 5d). This observation sheds light on the reason for the
notable loss of discharge capacity in CDO/K4[Fe!! (CN)g] systems. However, that doesn’t

explain the mechanism behind the unstable CDO in the basic medium.

In addition, to gain insight into the structural changes in CDA and CDO before and after
reaction, 'H-NMR spectroscopy was employed. As depicted in Fig. 6, the olefinic proton peaks
of CDA and CDO (in D,O solvent) were observed at 7.64 and 7.20 ppm (Fig. 6a, b).,
respectively. Upon dissolution of pristine CDA and CDO in a solution containing 40% NaOH
+ D,O0, their stability in basic conditions was varied. Interestingly, the absence of the proton
peak at 7.20 ppm was noted in CDO, while the proton peaks of CDA shifted to 6.58 ppm due
to the high molarity of 3 M NaOD.3¢ The observed shift of the proton signal belonging to CDA
indicates the occurrence of tautomerism in the basic medium (Fig. 6¢).3”7 Subsequent "H-NMR
data of CDO after 10 cycles of discharge showed no peaks around 7 ppm. However, it is
supported by the presence of proton peak at 2.22 ppm (Fig. 6f). The absence of a proton peak
in CDO suggests a nucleophilic addition reaction in the basic medium, which is supported by
the proton peaks at 2.64 and 1.64 ppm (Fig. 6d). However, CDA retained its proton peak at
7.06 ppm even after 10 cycles (Fig. 6e), indicating its stability in the basic medium over

multiple cycles.
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Fig. 6 'H-NMR spectra of (a) CDA in its pristine form (D,O solvent) (c) pristine CDA in the
solution of 40 % of NaOD + D,0 (e) CDA after 10 cycle (D,O solvent) (b) CDO in its pristine
form (D0 solvent) (d) pristine CDO in the solution of 40 % of NaOD + D,O (f) CDO after 10

cycle (D,0 solvent).
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compound. This process creates an equilibrium between the keto form, characterized by a
carbon-oxygen double bond (C=0), and the enol form, which features a carbon-oxygen single
bond (C-OH). In CDA (Fig. 7a), tautomerization involves the shifting of a proton between
amine nitrogen to carbonyl oxygen, leading to keto (C=0O) — enol (C—OH) tautomerization.
This process involves the conversion of dihydro-4-oxo-2, 6-pyridone-dicarboxylic acid (CDA)
into 4- hydroxy pyridone-2, 6-dicarboxylic acid (4-HPD).3”- 3% In the RFB environment,
particularly in an alkaline solution, nucleophiles like H,O and OH™ are predominant. In CDO
(Fig. 7b), a carbon-carbon double bond is located adjacent to an o, B-unsaturated ketone
(carbonyl ketone). The carbon atom directly attached to the carbonyl group is known as the a
carbon, followed by the 3 carbon. The electron-withdrawing nature of the carbonyl group make
this double bond is highly reactive towards nucleophiles (-OH) in an alkaline medium. The
nucleophiles directly add to the a carbon, forming a saturated ketone (carbonyl ketone) as
shown in Fig. 7b.3% 40 This process involves the conversion of 4-oxo-4H-pyran-2,6-
dicarboxylic acid (CDO) into tetrahydro-3,5-dihydroxy-4-oxo-2H-pyran-2,6-dicarboxylic acid
(TOHD). The structure of TOHD is further supported by the 'H-NMR spectra in Fig. 6d (CDO-
NaOD). In Fig. 7c, the presence of Tetrahydro-3,4,5-trioxo-2H-pyran-2,6-dicarboxylic acid
(THD) is evidenced by an oxidation peak at 0.37 V in the cyclic voltammetry (Fig. 5b). These
oxidation behaviours have been previously reported in quinoxaline derivatives in the alkaline
medium. 4! Furthermore, the presence of THD is confirmed by the 'H-NMR spectra of CDO
after 10 cycles of discharge, as shown in Fig. 6d. These finding helps to support the

tautomerization and nucleophilic addition reaction in CDA and CDO in Fig. 7.
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in CDO (C) electrochemical reaction in CDO after nucleophilic addition.

17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00331d

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

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

(cc)

10

11

12

13

14
15
16

Energy Advances

Page 18 of 25

View Article Online

120 4 ——— CDO Pristine
1 —— CDO after 3 Charge
/ \

O-Hstrech | =C-H =C-H :
4 3597 em™ 3113 em! 3052 cm’ c=0

-
105 4 O-H strech 1727 cm
3475 cm™

o

CEN
2041 cm'”

O-H strech 2985 cm™’' Cc=0

1 3498 cm™ 1749 cm’”’ B

90 4 2901 cm’ 1652 cm’’
1624 cm™'

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Transmittance (%)

w0
(4.}
1

Fig. 8 FTIR spectra of Pristine CDO and after 3 charges of CDO.

To further confirm the nucleophilic addition to CDO, FTIR spectra of pristine and after
three charge cycles of electrolyte samples were obtained. In pristine CDO (Fig. 8), the O-H
stretching was observed at 3597 and 3475 cm™1, corresponding to the -COOH group, while
the =C-H (sp?) modes of CDO were noted at 3113 and 3052 cm™!. The C=0O conjugated
functional group was located at 1727 cm ™%, indicating the -COOH, and the C=0 redox-active

site was found at 1647 cm™1,

After three charge cycles of CDO, a peak shift of the O-H stretch was observed at 1498 cm™1,
transition from =C-H (sp?) to -C-H (sp3).'”> 4 Additionally, the peak at 2040
cm™1 represents the C=N peak from K4[Fe!!(CN)g], which denotes cross-over in the battery.3!
The C=O0 stretching of ~-COOH shifts to 1749 cm™! due to the reduced conjugation in CDO.
Notably, the presence of two carbonyl peaks at 1652 and 1623 cm™1 provides evidence of two

hydroxyl groups or nucleophilic additions after the first cycle. This is further supported by the
absence of the proton peak in 40% NaOH + D,0 and after ten cycles, as observed in the 'H-
NMR of CDO, along with the presence of an oxidation peak in CV.*
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2 Fig. 9 Optimized structure and calculated energy levels of CDA, CDO and charged CDA",
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The nucleophilic addition at o, f — unsaturated carbon (concerning carboxylic acid) not only

explains the loss of discharge capacity but also accounts for the appearance of a new plateau

(cc)

in CDO after the first cycle in an alkaline medium. In contrast, the stability of CDA in the basic
medium is attributed to tautomerism. Simply, tautomerism in CDA refers to the transfer of a

proton from amine nitrogen to carbonyl oxygen. Due to this proton transfer in CDA,

O 00 N o v b

nucleophilic addition predominantly does not occur at the pyridone heteroatoms. As a result of
10  enaol-1 reduction, two stable charge plateaus appear over 10 cycles (17 days).!! Additionally,
11 the performance of a high concentration ARFB with 0.4 M CDA and CDO analysed using a
12 current density of 40 mA/cm?, is shown in Fig. S5 and S6. CDA demonstrates stable cyclic
13 performance over 230 cycles, significantly outperforming CDO at high current density, with
14  an average coulombic efficiency of 98%. This observation suggests that CDA exhibits better

15  performance in ARFB compared to CDO in a basic medium.
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To further support the finding on electrolyte stability and conductivity, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) value of CDA,
CDO, and their charged forms (CDA™ and CDO") were calculated using DFT analysis, as
shown in Fig. 9. The energy gaps of CDA, CDO, CDA™ and CDO™ are 4.64, 4.8, 1.53 and
1.73eV, respectively. According to frontier molecular orbital analysis, molecule with small
energy gap tend to exhibit greater electrolyte stability and higher conductivity. The smaller
energy gap in CDA and CDA™ anion compared to CDO and CDO™ suggest that CDA is more
stable than CDO. Additionally, the DFT analysis of the molecular charge distribution for CDA,
CDO, 4-HPD™, and THD", as shown in Fig S7, provides further insights into their molecular
reactivity. The analysis highlights regions of negative (blue) and positive (green) charges,
which indicate potential sites for nucleophilic and electrophilic reactions. In CDA, CDO, and
THD™, a significant negative charge is concentrated on the carbonyl group at the 4-position,
suggesting this as the primary site for reduction reactions. For 4-HPD™, the negative charge

concentration is located on the nitrogen atom, indicating the site of the reduction reaction. 4443

Table. 2 Performance comparison of organic electrolyte in aqueous redox flow battery

Electrolyte Current Average | D K, No of Reference
density CE (cm¥s) (cm/s) cycles

Anthrarufin / K4[Fe!! | 20 mA/cm? 88 % 1.87x10¢ | 2.63x10 | 20 cycles 15
(CN)e]
Anthraquinone 2- 8 mA/cm? - 3.71x10¢ | 2.2x10* 12 cycles 46
sulfonic acid/ BQDS (200 mA)
Benzoylpyridinuim 7.85 mA/em? | 95 % - - 10 cycles 8
salt/ K4[Fe”(CN)6]
CDA/ K4[Fe''(CN)g | 0.04 mA/ cm? | 87 % 5.09 x10°¢ [ 2.66 x10 | 10 cycles

] 40 mA/cm? | 98 % 230 cycles | Present
CDO/ K4[Fel'(CN)g | 0.04 mA/ cm? | 74 % 5.99 x108 | 2.26 x10* | 10 cycles | Work

] 40 mA/ cm? | 96 % 230 cycles
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The deterioration of CDO capacity at the beginning of the charge-discharge cycles i suppofteds;oss
by cyclic voltammetry and DFT analysis, as shown in Fig S8. The performance of CDA and
CDO is compared with previously published ARFB, as presented in Table. 2. To enhance the
efficiency of ARFB, future research should focus on improving the reduction potential,
resistance to side reactions and reversible characteristics of CDA and CDO by fine-tuning their

molecular structure. In particularly, a high conjugated structure is crucial, as it contributes life

N o o AW N P

span and better performance at high current density.
8  Conclusion

9 In this study, we explore the aqueous soluble anolytes of CDA and CDO, which share
10  comparably similar molecular weights but are different in heteroatoms pyridone and pyrone.
11 Although they initially display similar charge plateaus, their cyclic stability diverges from the
12 second cycle onward. To unravel their stability in the basic medium and when paired with K[
13 Fe!'l(CN)g]. We utilized CV, revealing stable behavior for CDA-K4[Fe!! (CN)g] but not for
14  CDO-K4[Fe!l(CN)g]. Their structural characteristics were further analyzed during charging
15  and discharging using '"H-NMR, FTIR spectroscopy and DFT analysis. The results indicate
16  nucleophilic addition in CDO, evidenced by the absence of proton peak in 'H-NMR and FTIR
17  analysis after three charges, which correlates with decreased discharge capacity in subsequent
18  cycles. Additionally, the redox stability of CDA and the deterioration of CDO are supported
19 by HOMO-LUMO energy levels and molecular charge distribution plots. In contrast, CDA

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

20  exhibits tautomerism in the basic medium, contributing to stable cycling over 17 days. These

Open Access Article. Published on 05 2024. Downloaded on 2024/9/10 16:18:44.

21 findings underscore the significant influence of heteroatoms on the stability of ARFB,

22 emphasizing the importance of active sites and heteroatoms in determining stability.
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