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ABSTRACT

A new 1,2,3-triazole functionalized ferrocene (1,2,3-TAFc) produced by Cu(I)-catalyzed click reaction was investigated as posi-

tive electrolyte for aqueous organic flow batteries (AOFBs). The molecule is highly soluble in 1M hydrochloric acid and displays

high electrochemical reversibility. 1,2,3-TAFc demonstrated good stability during cycling with a low capacity decay (0.011%/cyc,
3.0%/day) and high Coulombic efficiency (99.4%) over 280cycles when tested in a flow battery at low concentration. This low

capacity decay was attributed to the instability of ferrocene. These findings indicate that a stable and water-soluble catholyte for
AOFBs can be obtained with structural modifications of 1,2,3-TAFc.

1 | Introduction

Green transformation of our electricity production has become
even more essential in recent years due to the global energy cri-
sis and the increasing carbon footprint [1, 2]. The intermittent
nature of renewables makes grid-scale energy storage systems
necessary. Aqueous organic flow batteries (AOFBs) are a viable
option for safe and large-scale energy storage because AOFBs
can store the electrical energy produced from renewable sources
externally from the battery cell in storage tanks filled with
liquid electrolytes. Electricity is stored in redox active organic
molecules dissolved in aqueous electrolytes. Crucial parameters
such as high solubility, electrochemical potential, and stability
can be tuned by modification of the molecular structures [3-7].
Organic species used on the positive side of an optimal AOFB
should have high redox potentials while low redox potentials
are desirable for the species on the negative side. A variety of

derivatives such as quinone, viologens, flavin, alizarin, allox-
azine, and phenazine have successfully been reported for the
negative side [8-12]; however, the options for the positive side are
rather limited to ferrocyanide, some ferrocene (Fc), and 2,2,6,6
-tetramethylpiperidine-1-oxyl (TEMPO) derivatives [11, 13-15].

Fc is a redox active molecule displaying a standard potential of
ca. 0.4V versus standard hydrogen electrode (SHE) based on the
reversible Fe?*/Fe3* redox couple. However, unsubstituted Fc is
not a potential material for AOFBs as it is insoluble in water [16].
Water-soluble Fc derivatives have been obtained by modifying
the cyclopentadienyl (Cp) ring, mainly as a quaternary ammo-
nium or a sulfonate salt [11, 13, 17]. The identity and the effect
of cation on water solubility and electrochemical performance of
Fc sulfonate salts in AORFBs was investigated recently [18-20].
Although several hydrophilic Fc derivatives have been synthe-
sized and reported as candidates for AOFBs, all these materials
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had some limitations in terms of synthesis procedures such as
long reaction times and low total yields after a few reaction steps
(see Table S1).

Another limitation of Fc-based electrolytes is the capacity loss
during the long-term cycling evaluation, which is mainly caused
by the degradation of Fc units. Chen et al. investigated the in-
fluence of substituents on molecular stability and proposed a
decomposition mechanism that starts with the nucleophilic
attack of water to the metallic center [21]. Under neutral con-
ditions, the water molecule donates an electron to the LUMO
orbitals of the Fc, resulting in degradation. As nucleophilicity
of water mainly depends on the pH of the electrolyte solution,
controlling the pH of the solution is a key approach for ensuring
long-term stability.

These limitations underscore the necessity for developing Fc
derivatives with enhanced solubility, stability, and simpler syn-
thesis routes. To address these challenges, we present the design
and synthesis of a novel 1,4-disubstituted-1,2,3-triazole-derived
ferrocene (1,2,3-TAFc), which was produced through a straight-
forward Cu(I)-catalyzed click reaction. 1,2,3-TAFc was highly
soluble in 1M hydrochloric acid (HCI) solution so the electro-
chemical properties of 1,2,3-TAFc have been investigated in an
acidic supporting electrolyte. The chemical and electrochemical
characteristics of the 1,2,3-TAFc is demonstrated through nu-
clear magnetic resonance (NMR) and cyclic voltammetry (CV)
analyses for the confirmation of its structure, stability, and elec-
trochemical reversibility. Moreover, the stability of 1,2,3-TAFc
was studied in laboratory-scale flow batteries through galvanos-
tatic cycling tests.

2 | Results and Discussion
2.1 | Chemistry

We designed a neutral Fc derivative with an amino functional
group and a triazole ring. In acidic electrolyte solution, in situ
formed quaternary ammonium and triazolium salts resulted in
high water solubility. 1,2,3-TAFc was obtained using one-pot
Cu(I) catalyzed azide-alkyne cycloaddition reaction between
ethynylferrocene and alkyl azide (Figure 1). 1,2,3-TAFc was syn-
thesized with a modified procedure reported in the literature [22].
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FIGURE1 | One-potsynthesis and total yield of 1,2,3-TAFc.

sodium azide

CuS0,4.nH,0
e
sodium ascorbate F

The characterization of 1,2,3-TAFc was performed using UV-Vis
spectroscopy, Fourier transform infrared spectroscopy (FT-IR),
nuclear magnetic resonance spectroscopy (‘H NMR, 3C NMR,
and HSQC), and high-resolution mass spectrometry (HR-MS).
Figure S1 of ESI shows the 'H NMR spectrum of 1,2,3-TAFc with
five equivalent aromatic protons as a singlet at 4.07 ppm for the un-
substituted Cp ring. The substituted Cp ring protons were seen as
two triplets centered at 4.28 and 4.70 ppm, integrating for two pro-
tons each. The characteristic 1,2,3-triazole proton was observed at
7.54ppm (s, 1H) while the CH, protons were recorded at 4.39 and
3.22ppm (t, 2H) and NH,, protons appeared at 1.49 ppm as a broad
singlet. The heteronuclear single-quantum correlation experiment
(HSQC) of 1,2,3-TAFc was also performed to determine the cor-
related carbon signals.

Solubility is one of the key properties of redox active materials
used in AOFBs. Table 1 lists the solubility of the 1,2,3-TAFc in
common organic solvents and in 1M HCI solution. 1,2,3-TAFc
was easily dissolved in acidic electrolyte as it was converted to
its 1,2,3-triazolium chloride and alkyl ammonium chloride salt
in HCI solution. The molecule has a solubility of 1.1 M in HCI
solution and the best solubility in non-aqueous solutions are ob-
served in polar aprotic solvents such as N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) while it has a lower sol-
ubility in polar protic solvents such as alcohols. 1,2,3-TAFc is
slightly soluble in water.

TABLE1 | Solubility of 1,2,3-TAFc in different solvents.

Solvent Solubility
1M HCl solution 1.1M
DMF 0.20M
DMSO 0.15M
Methanol 7mM
Ethanol 5mM
Dichloromethane 5mM
Acetonitrile 2mM
Water 0.9mM
_HO Ng NH;*Br

not isolated
NH,
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N
\
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2.2 | Cyclic Voltammetry

Standard cyclic voltammetry (CV) experiments were per-
formed in 1M HCI supporting electrolyte at different scan
rates and Randles-Sev¢ik analysis for 25mM 1,2,3-TAFc in
1M HCIl are shown in Figure 2. These experiments allow mea-
suring the redox potentials and diffusion coefficients of the
molecules of interest and giving preliminary evaluation of the
stability and electrochemical kinetics of the species. For fur-
ther information on how to interpret the voltammetry data,
please refer to electrochemistry text books or tutorial reviews
[23]. The voltammograms in Figure 2a show a highly revers-
ible redox process occurring at a half-wave potential (E, ,) of
0.318V versus Ag/AgCl in 3M KClI, corresponding to 0.518V
versus SHE, with peak separation close to 60mV expected
for reversible system with one electron transferred. The half-
wave potential is the average of the peak potentials, if the
diffusion coefficient of the oxidized and reduced forms is not
different. Figure 2b illustrates a linear correlation between
the peak current and the square root of the scan rate following
the Randles-Sev¢ik equation. This indicates that the redox re-
action of 1,2,3-TAFc is diffusion-controlled. The diffusion co-
efficient of 1,2,3-TAFc, calculated using the Randles-Sevéik
equation (see calculation in the supporting information),
is 6.26 X 10~%cm?/s. This value is comparable with those re-
ported for other ferrocene-derived organometallic compounds
in neutral aqueous solutions as documented in the literature
[24, 25].

The CVresults for 1,2,3-TAFc at varying concentrations (2-25 mM)
are presented in Figure 3, with the corresponding data summa-
rized in Table 2. The results demonstrate that the redox peaks re-
main well-defined across all concentrations, indicating the high
reversibility of the redox couple. As expected from Randles-Sevcik
equation, the peak current increases linearly with concentration,
reflecting the greater availability of redox-active species.

The ratio of the anodic peak current (I, ) to the cathodic peak
current (I,) (Figure S2) is approximately 1.03, confirming
the electrochemical reversibility of 1,2,3-TAFc in an acidic
aqueous solution with a scan rate of 100 mV/s in 1M HCI [26].
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The peak current ratios provide insights into the reversibil-
ity of the redox process, with values remaining close to 1 at
all concentrations, indicating a reversible redox couple. The
slight deviations from unity are often attributed to challenges
in accurately performing the baseline correction, particularly
for the reduction peak.

Continuous cycling over 100cycles shows no degradation on
the time scale of the CV (Figure 4, Figure S3). These figures
offer valuable insights into the stability of 1,2,3-TAFc during
repeated cycling. At all concentrations, the peak currents re-
main relatively stable over 100 cycles, indicating good stability
and reversibility. However, a slight decrease in peak current is
observed at the 25mM concentration after 100 cycles, which
may be due to either degradation of the active material or the
accumulation of side reactions at higher concentrations. This
suggests that while 25mM provides a higher initial current,
its long-term stability could be compromised, highlighting
the need for further optimization of concentration to ensure
extended cycling performance.
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FIGURE 3 | CV results (V vs. Ag/AgCl) of 1,2,3-TAFc at 2, 10, and
25mM concentrations. The scan rate is 100mV/s and the supporting
solution is 1 M HCl aqueous solution (pH =0.4).
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FIGURE 2 | (a) Comparison of different sweep rates from 5 to 100mV/s, 25mM 1,2,3-TAFc in 1M HCI aqueous solution (pH=0.4) (V vs. Ag/
AgCl). (b) Randles-Sev¢ik analysis plots of the peak current versus the square root of the scan rates for 25mM 1,2,3-TAFc.
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TABLE 2 | Related data of Figure 3.

Concentration (mM) Cathodic peak (mA) Anodic peak (mA) Ipa/Tpc E , V) AEP (mV)
2 —0.0690 0.0760 1.101 0.304 66
10 —0.1572 0.1629 1.036 0.308 61
25 —0.4120 0.4266 1.035 0.318 63
(a) (b) (e}
0.15 0.225 0.60
o010 b 0.150 045
0.30
2 0.05 2 0.075 2
g/ E/ g‘ 0.15
g 0.00 E 0.000 E
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FIGURE4 | (a)2mM, (b) 10mM, and (c) 25mM 1,2,3-TAFc in 1M HCI aqueous solution (pH =0.4) CV comparisons at the 3rd, 25th, 50th, 75th,

and 100th cycles.
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FIGURE 5 | Performance of 3mM 1,2,3-TAFc battery in 1M
HCI+1M H,S0, electrolyte CC cycling protocol.

2.3 | Flow Battery Tests

Next, cycling tests in a lab-scale flow battery were conducted to
investigate the stability of 1,2,3-TAFc. Cycling of the cell was
performed with low concentration of 1,2,3-TAFc (3-10mM) dis-
solved in an acidic electrolyte (mixture of 1M HC1+1M H,SO,)
as the positive electrolyte paired with excess of vanadium
V3* species dissolved in in the same supporting electrolyte.
The CV comparisons of acidic electrolytes (HCI, H,SO,, and
HCI+H,SO,) are depicted in Figure S4. The cell setup process,
including internal images, is depicted in Figure S5.

We first assembled a battery with a 3mM concentration of 1,2,3-
TAFc and performed a constant current (CC) cycling. The cell
was cycled for 100 cycles with low stability (0.221% capacity decay
per cycle calculated over the 100 cycles). Additionally, sudden ca-
pacity decays around cycles 22 and 58 coupled with decrease in
the Coulombic efficiency (Figure 5) was observed. These sudden
capacity decays can be attributed to the adsorption of hydrogen
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FIGURE 6 | Performance of 3mM 1,2,3-TAFc battery in 1M
HCI+1M H,SO, electrolyte CC + CV cycling protocol.

atoms on the surface of the negative electrode, leading to a re-
duction in the active area and an increase in electrical resistance.
This assumption is supported by the observation of gas bubbles
on the negative electrode, as shown in Figure S5, indicating hy-
drogen gas evolution. The hydrogen evolution reaction not only
consumes electrons, thereby reducing Coulombic efficiency, but
also diminishes the activity of the vanadium couple on the neg-
ative electrode, contributing to the observed capacity deviations.

Next, we proceeded with cycling using a constant voltage (CV)
protocol. This approach allows us to access the full available
capacity while disregarding changes in internal resistance.
The CV cycling at 0.95V demonstrated higher stability of the
system with low-capacity decay (0.011% per cycle, 3.0% per
day) and higher Coulombic efficiency (99.4%) over 250 cycles
(Figure 6).

Considering that this protocol minimizes the changes on the
cell resistance, there is no noticeable cross-over of Fc to the
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positive side and the posolyte consists on the stable couple
V*3/V*2 that is even in excess amount, we can attribute the
measured capacity decay to 1,2,3-TAFc decomposition.

Finally, to investigate the increase on the cell resistance
during cycling, we assembled a new battery with similar con-
ditions and electrochemical impedance spectroscopy (EIS)
was used to measure the resistance of the system before and
after the test. The battery demonstrated the same behavior
than the previous one when cycled using the CC protocol,
with a high-capacity decay (0.201% per cycle) and decreasing
voltage efficiency; furthermore, a similar faster decay was
noticed around cycle 30. The impedance measurements, be-
fore and after the cycling, show that there is no change on the
ohmic component, however an increase on the charge transfer
resistance (Figure 7).

We attribute this to the adsorption of hydrogen atoms on the
surface of the negative electrode, which lead to a reduction
of the active area and an increase on the electrical resistance
[27]. This assumption is supported by the formation of bubbles
(Figure S6) on the negative electrolyte that suggests the evo-
lution of hydrogen gas. Hydrogen evolution can account for
the lower Coulombic efficiency of the cell, as some electrons
are consumed in this reaction. Additionally, it contributes to
diminishing the activity of the vanadium couple on the neg-
ative side.

3 | Experimental
3.1 | Chemistry

All reagents were obtained from commercial sources (Sigma-
Aldrich and Boston Chemicals) and were used without fur-
ther purification. Silica gel F254 (Merck 5554) precoated
plates were used for thin layer chromatography (TLC) using
UV light. 'H NMR, 3C NMR, and HSQC spectra were car-
ried out using a 600 MHz Bruker NMR spectrometer at am-
bient temperature. FT-IR spectrum was recorded on the
Nicolet-IS50 spectrometer. Absorbance of 2.107°M 1,2,3-TAFc
solution in methanol was measured with an Agilent-CARY60

UV-Vis spectrophotometer. The melting point of 1,2,3-TAFc
was recorded with an electrothermal digital melting points
apparatus. HR-MS analysis was performed on Agilent 6530
Q-TOF LC/MS.

3.1.1 | General Procedure for the Synthesis of 1,2,3-
TAFc

The solution of 2-bromoethylamine hydrochloride (408 mg,
2mmol) and sodium azide (390 mg, 6 mmol) in 3mL of water
was stirred at room temperature for 10min and then heated
to 80°C for 5h. The reaction progress was checked with thin
layer chromatography (TLC), the reaction mixture was cooled
to rt, and then 1.5mL t-butanol, ethynylferrocene (273 mg,
1.3mmol), CuSO,.5H,0 (33mg, 0.13mmol), and sodium
ascorbate (52mg, 0.26 mmol) were added. The reaction mix-
ture was allowed to stir at room temperature for 10h. After
the reaction was completed, 2M sodium hydroxide solution
(20mL) was added, and the mixture was extracted with chlo-
roform (4x15mL). The combined organic layers were dried
over anhydrous sodium sulfate, filtered and concentrated
under reduced pressure to yield a crude product, which was
purified with column chromatography using a 2:1 methanol:
chloroform solvent system.

Yield 73%, orange solid, mp 81°C-85°C. UV-Vis (Amax/nm, meth-
anol): 443. FT-IR, v, cm~': 3353, 3116, 2936, 1738, 1588, 1210, 1048,
816, 504, 482. 'H NMR (600MHz, CDCl,, 25°C, TMS), §, ppm:
7.54 (s, 1H), 4.70 (t, J=1.2Hz, 2H), 4.39 (t, J=3.8 Hz, 2H), 4.28 (t,
J=0.8Hz, 2H), 4.07 (s, 5H), 3.22 (t, J=4.0Hz, 2H), 1.49 (bs, 2H).
13C NMR (151 MHz, CDCl,, 25°C, TMS), §, ppm: 146.83, 119.61,
75.51, 69.64, 68.74, 66.74, 53.46, 42.11. LC-MS/Q-TOF (m/z) calcd
for C, H,,FeN, [M]*: 296.0724; found, 296.0735.

3.1.2 | Solubility Measurements of 1,2,3-TAFc

A fixed amount of the 1,2,3-TAFc was placed in a vial, and
the appropriate solvent was injected until the 1,2,3-TAFc was
completely dissolved. The maximal solubility was determined
from the total amount of completely dissolved 1,2,3-TAFc [26].
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FIGURE 7 | 10mM 1,2,3-TAFc battery in 1M HCI+1M H,SO, electrolyte using CC cycling protocol. (a) Battery performance. (b) EIS

measurements before and after cycling.
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3.2 | Cyclic Voltammetry (CV)

Electrochemical measurements were conducted using CH
Instrument CHI608E model (CH Instruments Inc., Austin, TX/
USA), Biologic SP-240 (BioLogic Sciences Inc., French), and
Gamry Reference 600+ (Gamry Instruments Inc., Warminster,
PA/USA) potentiostats in a three-electrode glass cell over a wide
range of electrode potentials (0V to +1V), scanning for poten-
tial positive electrode reactions at pHO0.4. A three-electrode
glass cell with an electrolyte capacity of 5mL was used; 1M HCl
solution was used as the supporting electrolyte. Glassy carbon
(diameter: 0.30cm) served as the working electrode. Silver-silver
chloride (Ag/AgCl, 3M KCl) and platinum wire were used as the
reference and counter electrodes, respectively. All electrochem-
ical measurements were performed under nitrogen atmosphere.

3.3 | Flow Battery Tests

In the cycling tests, a 5cm? flow battery cell fabricated at the me-
chanical workshop of University of Turku equipped with flat flow
fields was utilized. The cell consists of endplates (PVC), bipolar
plates (fabricated from carbon composite plates from Pinflow ES,
Czech Republic), and gaskets 3mm thick expanded PTFE, cut
from 24SH-ePTFE gasket sheets from TEADIT, Switzerland).
Activated PAN carbon felts (GFD 4.65 EA) from SIGRACELL
were employed. Proper membrane hydration was ensured by
using the selected anion exchange membrane, Selemion DSVN
from AGC Engineering, which had been soaked in deionized
water for a minimum of 1day before assembly. A peristaltic pump
(Chonry BT600M) was calibrated using Masterflex C-Flex tubing
from Cole-Parmer to provide a precise flow rate of 50mL/min.
The experiments were performed in a nitrogen-filled glovebox
(MBRAUN). Battery performance measurements were conducted
using a LANHE Battery tester 400 W. The electrolytes used in the
glovebox batteries were prepared with deionized water and sub-
jected to nitrogen purging and degassing before initiating the cy-
cling tests. The supporting electrolyte consisted on a mixture of
1M HCI+1M H,SO,. The dual electrolyte choice aimed to observe
the influence of HCI on 1,2,3-TAFc. To ensure that the positive
electrolyte was the limiting reactant, an excess of negative electro-
lyte was employed. Charging and discharging cutoffs were set at
0.9 and 0.6V, respectively, in line with our experimental objectives.

3.3.1 | Flow Battery Tests Including PEIS
Measurements

The flow-cell was assembled with a 10mM concentration of
1,2,3-TAFc using the same conditions and acidic electrolyte (1M
HCl+1M H,SO,). The cycling was performed for over 50cycles
using a CC protocol to verify the same performance and resis-
tance increase as in the previous cell. The resistance of the sys-
tem was measured using potential electrochemical impedance
spectroscopy (PEIS) with a Biologic SP-240 potentiostat.

4 | Conclusion

In summary, we have introduced a new type of Fc cathol-
yte candidate for AOFBs based on a 1,2,3-triazole moiety.

1,2,3-TAFc was prepared easily via click chemistry with a
one-pot, two steps reaction sequence with 73% overall yield.
This is the first time that a 1,2,3-triazolium and an alkyl am-
monium salt of Fc as a catholyte for AOFBs was investigated.
1,2,3-TAFc has 1.1 M solubility in 1M HCI solution. The CV
and flow battery experiments demonstrated the reversible and
stable nature of the material. 1,2,3-TAFc may be the first mem-
ber of a new Fc catholyte family as it can easily be converted
to its water-soluble 1,2,3-triazolium or quaternary ammonium
salts by simple alkylation reactions. 1- and 3-positions of the
triazole ring are also suitable for derivatization to obtain ionic
liquids of these species. The cycling battery tests show a high
stability of this molecule in acidic electrolyte with low capac-
ity decay (0.011%/cyc) and high Coulombic efficiency (99.4%).
These results, which show the simple preparation, high solu-
bility and stability of 1,2,3-TAFc, present this new molecule as
a promising catholyte candidate for AOFBs. Flow battery per-
formance and properties of ferrocene derivatives can be found
in Tables S1 and S2.
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