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Iron(II) complexes with 1,10-phenanthroline (phen) and
2,2’;6’,2“-terpyridine (terpy) ligands bearing different functional
groups (methyl, 4-pyridyl, chloro, carboxylic acid) were eval-
uated for aqueous flow battery applications, detecting oxida-
tion processes followed by coupled chemical reactions. Redox
potentials of these compounds were sufficiently high for
suitable positive electrolytes (0.88–1.29 V vs. SHE). Randles-
Ševčík equation and finite element modelling with COMSOL
Multiphysics were utilized in evaluating the diffusion coefficient
and the apparent rates of the electron transfer and coupled
chemical reactions for the compounds studied by cyclic
voltammetry. The systems experience weak adsorption of
reactants at glassy carbon, leading to difficulties in determining

the latter kinetic parameters. Flow battery tests indicate
sufficient flow battery performance with dimethyl functional-
ized phenanthroline complex [Fe(II)(DMe-phen)3]

2+ with 0.06%
per cycle (2.78% per day) capacity decay. However, [Fe(II)(DMe-
phen)3]

2+, as well as [Fe(II)(phen)3]
2+, experience the discharge

at two different thermodynamic conditions, suggesting dimer
discharge as the source of the lower voltage plateau. The
energy efficiency of [Fe(II)(DMe-phen)3]

2+ battery was improved
by cycling at higher cut-off voltage for 10 cycles, after which
the lost capacity was recovered with lower cut-off voltage in
one cycle. [Fe(II)(terpy)2]

2+ had too many side reactions at lower
potentials to be suitable for flow battery applications.

Introduction

In the midst of the global energy crisis, the fossil fuels need to
be replaced by renewable ones. The intermittency of sun and
wind energy can be addressed by integrating energy storages
to the power plants to even up the high peaks of demand with
the low production. Modern efforts on flow battery technology
(FB) were initiated at 1974,[1] and these days FBs provide a good
option for the stationary energy storage. Their power and
capacity are easily scaled with the area and the number of
electrochemical cells and the volume of the storage tanks. FBs
can have a long cycle-lifetime and they can be sustainable with
the right material selection. The state-of-the-art flow battery at
the moment is vanadium flow battery (VFB), developed since
the 1980s.[2] VFB uses toxic sulfuric acid solutions of vanadium
redox couples in different oxidation states, which are limitedly

available and therefore unpredictably priced.[3] Expanding the
material selection beyond vanadium opens up more environ-
mentally friendly and possibly more cost-effective options that
are much needed.

Recently, there has been much interest in testing organic
molecules and different metal complexes as electroactive
materials for positive and negative FB electrolytes,[4–6] among
which iron complexes[7–10] can provide relatively high redox
potentials through suitable ligand design. At the moment, the
best performing iron-based positive redox couple, [Fe(II)(CN)6]

4� ,
was developed already in 1970s,[11] with the highest capacity
retention rate (100%[12]) in controlled conditions accomplished
among iron metal complexes. However, it has a rather low
redox potential of 0.358 V vs. SHE[13] leading to low cell voltage.
A promising approach to enhance the cell voltage of iron-based
batteries is to investigate the electronic effects of organic ligand
structures on the redox potential of the iron center. Ligands
shifting the latter parameter toward positive values are relevant
because they allow increasing the cell voltage and improving
the battery output power. High cell voltages can be reached
with 2,2’-bipyridine (bpy) Fe(II) complexes; [Fe(II)(bpy)3]

2+ at
1.080 V vs. SHE and its derivation of 4,4’-placed carboxylate at
1.175 V vs. SHE.[13–15] We are interested in finding a candidate
among organic ligands to improve the performance of Fe(II)
metal ion electroactive material for aqueous flow batteries.

The problem with [Fe(II)(bpy)3]
2+ is that it undergoes

dimerization in the oxidized state.[16] This can be described with
an EC mechanism,[17] where an electrochemical reaction (E) is
followed by a chemical reaction (C). For [Fe(II)(bpy)3]

2+ this
means that the oxidation of the Fe(II) center to Fe(III) is followed
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by a dimerization of the Fe(III) species. The decomposition
mechanism of [Fe(II)(bpy)3]

2+/[Fe(III)(bpy)3]
3+ has been pro-

posed by Gao et al. to include many steps.[18] The dimerization
releases ligands that could bind back to Fe(II) upon reduction of
the charged state. However, the ligands can be protonated and
oxidized, resulting in loss of the complexing form of the ligand
and decreasing the reversibility of the dimerization process.
Additionally, formation of mono- and bis-ligand Fe(II) com-
plexes has been observed.[18] Furthermore, dimerization leads to
lower energy efficiency, as the reduction potential of the dimer
is significantly lower than that of the monomer, resulting in a
battery that is charged at ca. 1 V and discharged at 0.5 V, when
cycled vs. 0.15 M anthraquinone disulfonic acid (AQDS) in 1 M
KCl.[19] This problem can be alleviated by preventing dimeriza-
tion via replacement of one bpy ligand with two cyanides,
although with slightly decreased cell voltage.[14] However, the
synthesis releases toxic cyanide gas, making it a less appealing
option for large scale synthesis for commercial use. Another
option is to change the structure of the ligand by finding
another functional group for bpy, such as CH2OH,[18] or change
the ligand design more drastically. In this paper, we have
chosen the latter approach, and studied bpy-derived ligands to
see if we could avoid or hinder the dimerization process of the
oxidized species.

Material selection in this paper included iron(II) complexes
with the 1,10-phenanthroline (phen) and 2,2’;6’,2“-terpyridine
(terpy) ligands bearing different functional groups. Since these
are bulkier ligands than bpy, they provide steric hinderance to
the iron center. We investigated, whether dimerization or other
side reactions could be avoided with these bulkier ligands.
[Fe(II)(phen)3]

2+ and [Fe(II)(terpy)2]
2+ are known for their high

redox potentials of 1.06 V vs. SHE for both in 0.5 M H2SO4,
[20]

respectively, and are open for derivations to tailor the redox
potentials and solubilities to become suitable for flow battery
applications. The redox potential can be easily modulated via
modifications in the ligand structure; adding electron-donating
or electron-withdrawing functional groups to the ligand
structure allows the tuning of the redox potential, making these
rather versatile structures to study as ligands. Therefore, these
organic ligands with the abundant Fe element have potential to
be a competitive material for developing cost-effective FBs.

The studied iron(II) complexes with phen and terpy ligands
are shown in Figures 1 and 2, respectively. These configurations

mostly lead to positively charged iron(II) complexes, unless the
charges of the functional groups, such as COOH, change the
overall charge of the complex to neutral or negative charge.
Used functional groups are methyl (Me), 4-pyridyl (4py),
carboxylic acid (COOH) and chloro (Cl). “D” indicates disubsti-
tuted and “T” tetrasubstituted functional groups in the names
of the complexes. The structures of the iron(II) complexes in
question were characterized with NMR and UV-Vis spectroscopy
(SI). Their electrochemical behavior was studied by cyclic
voltammetry (CV). CV analysis was conducted with Randles-
Ševčík equation. Simulations of the cyclic voltammograms via
COMSOL Multiphysics software were performed to obtain
information about the kinetics of the electron transfer process
of each studied complex and the chemical reaction coupled to
the oxidation process. The most promising complexes were
studied in a lab-scale flow battery to determine the cycling
stability, where [Fe(II)(DMe-phen)3]

2+ performed the best with a
capacity decay of 0.06% per cycle (2.78% per day).

1 R1, R2¼H

2 R1¼CH3, R2¼H

3 R1¼R2¼CH3

4 R1¼Cl, R2¼H

5 R1, R2¼H

6 R1¼COOH, R2¼H

7 R1¼R2¼COOH

8 R1¼Cl, R2¼H,

9 R1 ¼ 4-pyridyl, R2¼H

Materials and Methods

Synthetic Procedure and Characterization

Ligand (3 eq for 1,10-phenanthroline or 2 eq for 2,2’;6’,2“-terpyr-
idine derivatives) was dissolved into 40–45 mL of anhydrous
methanol in a 100 mL beaker with a small stirring bar. The solutionFigure 1. Structures of the studied [Fe(II)(phen)3]

2+ with functional groups of
R1 and R2.

Figure 2. Structures of the studied [Fe(II)(terpy)2]
2+ with functional groups of

R1 and R2.

Wiley VCH Donnerstag, 30.01.2025

2599 / 391273 [S. 2/11] 1

ChemElectroChem 2025, e202400574 (2 of 10) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400574

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400574 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [31/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



was heated up to 60–65 °C and anhydrous ferrous chloride (FeCl2,
1 eq) was added. Upon formation of Fe(II) complexes, color of the
solution changed to deep red for Fe(II) with phen and to dark
purple for Fe(II) with terpy derivatives, corresponding to the color
of the final product as solid. The mixture was heated at 60–65 °C for
additional 10 minutes. Afterwards, the reaction mixture was trans-
ferred to one-necked round bottom flask (100 mL) using funnel and
the residue was washed with minimum amount of anhydrous
methanol. The solution was slowly evaporated under reduced
pressure to give the desired Fe-complexes. All phenanthroline and
terpyridine derivatives and anhydrous ferrous chloride were
obtained with over 97% grade from Fluorochem, UK. Anhydrous
methanol was purchased from Acros Organics, Spain. More
information about the synthesis is in the SI. N-alkylated azonia-
fluorenone (5-oxo-2-(3-(trimethylammonio)propyl)-5H-indeno[1,2-
c]pyridin-2-ium bromide, AZON3) was prepared as described in our
earlier work at University of Jyväskylä.[21]

The compounds were characterized with NMR (1H and 13C). UV-Vis
spectra of the synthesis products and battery electrolytes were
recorded with Specord 200 plus (analytik jena) spectrophotometer.
The spectra are given in the Supplementary information (SI).

Cyclic Voltammetry (CV) and Battery Studies

CV measurements were performed in a 3-electrode cell using glassy
carbon as a working electrode (3 mm diameter, BASi), Ag/AgCl as a
reference electrode (3 M KCl, BASi) and platinum wire as a counter
electrode by using Gamry Reference [600]+ potentiostat. Iron
complex concentration was varied between 1, 2.5 and 5 mM in
0.1 M NaCl. Resistance of the solutions between the working and
reference electrode was evaluated with potentiostatic impedance
measurement at high frequency. Leakless Ag/AgCl reference
electrode, Pt wire counter electrode and glassy carbon working
electrodes (2- and 3-mm diameter, BASi) were utilized in the CV
measurements performed in the storage tank during battery cycling
by using PalmSens4 potentiostat.

Battery studies were performed with a LANHE Battery Testing
System G340A battery cycler. Lab-scale flow battery consisted of
graphite current collectors, carbon felt electrodes (thickness
4.6 mm, thermally activated, SGL) and Selemion DSVN anion-
exchange membrane. Area of the cell was 5 cm2. The iron
complexes were studied as a posolyte in 0.1 M NaCl in an
asymmetric flow cell versus 3-substituted N-alkylated azoniafluor-
enone (5-oxo-2-(3-(trimethylammonio)propyl)-5H-indeno[1,2-
c]pyridin-2-ium bromide, AZON3),[21] whose stability between pH 7
and 11 has been determined by flow battery experiments.[21] The
concentration of the posolytes during battery studies was 5 mM
(15 ml) [Fe(II)(phen)3]

2+, [Fe(II)(DMe-phen)3]
2+ and [Fe(II)(terpy)2]

2+

in 0.1 M NaCl. The negolyte (AZON3) was in excess (5 mM, 30 ml).
pHs of negolyte and posolyte were adjusted to 7 prior to the
battery cycling. Charge-discharge cycling was performed with
constant current (CC) unless mentioned otherwise.

CV Analysis and Finite Element Method Simulation and
Considered Decomposition Mechanisms

COMSOL Multiphysics software was used to build a model of the
electron transfer process of the cyclic voltammogram, similar to our
earlier work with iron bipyridines.[15] This model is explained in
detail in SI. As experimental CVs of compounds show smaller
reduction currents than expected, the mechanism can be consid-
ered as electrochemical oxidation followed by chemical reaction, or
EC mechanism. This mechanism was implemented in the model,
considering both first- and second-order chemical reactions, and

simulations were utilized to evaluate the diffusion coefficients DO as
well as the different rate constants. Charge transfer coefficient
alpha was approximated to 0.5[17] as symmetric energy barrier was
expected. The diffusion coefficients were re-evaluated in the CV
analysis with the Randles-Ševčík equation based on the oxidation
peak currents. This CV analysis is also presented in SI.

The assumed decomposition mechanism includes the steps
presented below in Equations (i)–(vii), as these are expected steps
for a structurally similar compound, [Fe(II)(bpy)3]

2+, suggested by
Gao et al.[18] [Fe(II)(phen)3]

2+ is expected to behave similarly. L
represents a bidentate ligand. [Fe(II)(terpy)2]

2+ is assumed to have
ligand dissociation and dimerization in a similar manner, consider-
ing the tridentate nature of the ligand, hence enabling up to 3 free
coordination sites at the iron center during ligand dissociation and
dimerization. This can lead to more possibilities with both water
molecule and chloride being able to act as ligands (aqueous 0.1 M
NaCl as electrolyte) leading to further variation in the presented
molecules in terms of the dimer ligand design.

Electron transfer reaction (i):

Fe IIð ÞL3

� �2þ ! 
k0

Fe IIIð ÞL3

� �3þ
þ e� (i)

Side reaction for Fe(II) species is ligand dissociation (ii), releasing
protonated ligands.

Fe IIð ÞL3

� �2þ
þ Hþ þ 2 Cl� ! Fe IIð ÞL2

� �
Cl2 þ H Lð Þþ !

Fe IIð ÞL1ðOH2Þ2
� �

Cl2 þ H Lð Þþ
(ii)

Side reactions for Fe(III) include dimerization (iii-iv) and self-
discharge of Fe(III) species to Fe(II) accompanied by oxidation of
the free protonated ligand (vi). Dimer can be reduced back
electrochemically (v). Dimerization can occur with water or chloride
ions as ligands in the dimer, here one option is presented with
water molecules as in ref [19].[19] Chloride ions could also be
presented as ligands as in ref [18],[18] changing the charge of the
dimer to +2 and releasing chloride ions when dimer is reduced. m

marks the bridging molecule (oxygen in this case) between the
Fe(III) centers.

Fe IIIð ÞL3

� �3þ
þ H2O! Fe IIIð ÞL3 OHð Þ

� �2þ
þ Hþ þ Cl� !

Fe IIIð ÞL2Cl OHð Þ
� �þ1

þ HLþ
(iii)

2 Fe IIIð ÞL2Cl OHð Þ
� �þ1

þ H2O !

m � O � ½Fe IIIð ÞL2 H2Oð Þ�4þ2 þ Cl�
(iv)

m � O � ½Fe IIIð ÞL2 H2Oð Þ�4þ2 þ 2 HLþ þ 2 e� !

2 Fe IIð ÞL3

� �þ2
þ 2 H2O

(v)

2 Fe IIIð ÞL3

� �3þ
þ HLþ þ H2O !

2 Fe IIð ÞL3

� �2þ
þ HðL � OÞþ þ 2 Hþ

(vi)

The ligand can be protonated as presented below:

Lþ Hþ ! HLþ (vii)
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Fitting of the simulated data to the experimental data was
performed by evaluating k0 value based on the peak placement in
the potential axis. After this, the DO value was obtained by
matching the oxidation current of the modelled CV to fit the
experimental values as the concentration and number of electrons
(1) were known. Finally, the kc value (chemical reaction rate) was
used to fit the simulated CV to the experimental reduction peak
current. This was considered as an apparent first order reaction (kc1)
for ligand dissociation as well as apparent second order reaction (
kc2), considered due to dimerization reactions of the iron bipyr-
idines. Due to different sensitivities of the values, several scan rates
were simulated (10, 25, 50, 100, 250, 500, 1000 mV/s). All obtained
values per scan rate are given in SI.

Results and Discussion

Redox Potentials

Cyclic voltammograms of 1 mM iron(II) complexes in 0.1 M NaCl
are presented in Figure 3, showing redox activity at positive
potentials. As expected, the electron-withdrawing groups (Cl,
COOH, 4py) move the redox potentials to more positive values

compared with the non-substituted iron(II) complex, whereas
the electron-donating substituents (Me) move the redox
potential to less positive values. The electron density at the
proximity of the Fe(II) center becomes more negative and it is
more energetically favorable to oxidize Fe(II) at lower potentials,
when electrons are donated by substituents. If the substituents
are of electron-withdrawing nature, the oxidation of Fe(II)
becomes harder and occurs at higher potentials. Taking the
average potential of the oxidation and reduction peaks of the
CVs tested at 1 mM sample in 0.1 M NaCl, half-wave potential
values E1/2 were obtained and compiled in Table 1. These data
exhibited systems of suitable redox potentials for developing
flow battery posolytes (0.88 to 1.29 V vs. SHE), with the most
positive values located close to the potential at which the
oxygen evolution reaction is inevitable. For some of the studied
compounds, the redox potentials were also found in literature:
[Fe(II)(phen)3]

2+ 1.06 V vs. SHE, [Fe(II)(DMe-phen)3]
2+ 0.93 V vs.

SHE and [Fe(II)(terpy)2]
2+ 1.06 V vs. SHE in 0.5 M H2SO4 [20].

These are corresponding to the obtained redox potentials in
this work. pHs of the solutions are mostly between 5 and 7.
COOH-groups cause the pH of the solutions to drop to 3.

CV Analysis

Concentration-dependent CV experiments were performed by
using solutions 1, 2.5 and 5 mM of [Fe(II)(phen)3]

2+, [Fe(II)(DMe-
phen)3]

2+ and [Fe(II)(terpy)2]
2+. None of the other compounds

were found to be soluble enough at 1 mM concentration,
except for [Fe(II)(DCl-phen)3]

2+. However, [Fe(II)(DCl-phen)3]
2+,

along with [Fe(II)(Cl-terpy)2]
2+ and [Fe(II)(4py-terpy)2]

2+, had an
additional oxidation process overlapping the oxidation of the
redox pair, hence excluding them from the concentration-
dependent studies. The CVs of [Fe(II)(DCl-phen)3]

2+, [Fe(II)(Cl-
terpy)2]

2+ and [Fe(II)(4py-terpy)2]
2+, show that there is an

additional reduction peak at lower potentials related to this
additional oxidation current. More detailed placement of the
reduction peaks and corresponding CVs are given in SI, S3.

Concentration-dependent studies of [Fe(II)(phen)3]
2+, [Fe-

(II)(DMe-phen)3]
2+ and [Fe(II)(terpy)2]

2+ show that the reduced
species do not significantly adsorb on glassy carbon, but their

Figure 3. Cyclic voltammograms of the studied iron(II) complexes with phen
(blue) and terpy (red) ligands in 0.1 M NaCl. WE glassy carbon (diameter
3 mm), scan rate 100 mV/s, current normalized. Curves are named by their
ligand derivation, D meaning di-substituted and T tetra-substituted.

Table 1. Obtained redox potentials from the CVs.

Compound E1/2

[V vs. Ag/AgCl)
E1/2

[V vs. SHE]

1 [Fe(II)(phen)3]
2+ 0.91 1.12

2 [Fe(II)(DMe-phen)3]
2+ 0.72 0.92

3 [Fe(II)(TMe-phen)3]
2+ 0.67 0.88

4 [Fe(II)(DCl-phen)3]
2+ 1.09 1.29

5 [Fe(II)(terpy)2]
2+ 0.93 1.13

6 [Fe(II)(COOH-terpy)2]
2+ 0.97 1.17

7 [Fe(II)(3COOH-terpy)2]
2+ 1.04 1.25

8 [Fe(II)(Cl-terpy)2]
2+ 0.99 1.19

9 [Fe(II)(4py-terpy)2]
2+ 0.98 1.19
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oxidized species show weak adsorption, similar to what
happens with certain ferrocene derivatives.[22] In the latter case,
the CV wave for the oxidation process of the material
apparently follows the Randles-Ševčík trends established for
diffusion-controlled systems. However, the forward peak current
grew much faster than the reverse peak current, when
increasing the scan rate. An alternative wave of evidencing
these mixed mechanisms is by changing the concentration of
electroactive material C* [23]. For [Fe(II)(phen)3]

2+, [Fe(II)(DMe-
phen)3]

2+ and [Fe(II)(terpy)2]
2+ systems studied, the oxidation

peak current grew much faster than the reduction peak current
when decreasing C* concentration, as exemplified in Figure 4
with the responses obtained for [Fe(II)(phen)3]

2+. In other words,
the normalized currents of the latter peak follow the trends
established by Randles-Ševčík, but not the oxidation ones. In
this type of mixed mechanisms, diffusion-controlled processes
can be favored at high concentrations of C*. Therefore, to
continue the analysis, we examined our systems increasing the
concentration of C*, from 1 mM to 5 mM, demonstrating
marginal contributions of adsorption interactions in the CV
waves by changing the scan rate. This occurs because the
surface of the electrode tends to become nearly saturated with
increasing C* and the total adsorbed material becomes
constant.[23] These figures of concentration dependent analysis
are given in SI (S5).

Simulations with COMSOL and Randles-Ševčík Analysis

[Fe(II)(phen)3]
2+, [Fe(II)(DMe-phen)3]

2+ and [Fe(II)(terpy)2]
2+ were

studied via simulations with finite element model via COMSOL
Multiphysics software. Randles-Ševčík (R-S) analysis was utilized
to compare the diffusion coefficients DO. Even though Randles-
Ševčík equation is valid for reversible system, with no contribu-
tion from Ohmic drop, double layer capacitance etc., it can be
used for qualitative evaluation of quasi-reversible systems.
COMSOL simulations, however, included the effects of quasi-
reversible kinetics and the Ohmic drop, allowing more accurate

evaluation of the electrochemical parameters. The compounds
in question were chosen because of their high enough
solubility (5 mM) to ensure that the adsorption process margin-
ally affects the differences between the oxidation and reduction
peak currents. Under this condition, it can be assumed that the
system is diffusion-controlled. All the related graphs and values
are in SI, S5 and S6.

Diffusion Coefficients

Table 2 shows the agreement of the evaluated diffusion
coefficients DC from COMSOL and DR� S from Randles-Ševčík
equation. The diffusion coefficients of the compounds correlate
inversely with the size of the complex, where the lowest DO was
obtained for the biggest compound and vice versa. Regardless
their larger size compared to [Fe(II)(bpy)3]

2+, the obtained DO

values are correlating rather well with the one determined for
[Fe(II)(bpy)3]

2+ (2.89×10� 6 cm2/s in 0.1 M NaCl) with the same
COMSOL model in our previous work.[15]

Chemical Reaction Rates

Chemical reaction rates for the 1st order reaction (ligand
dissociation) and for the 2nd order reaction (dimerization) were
obtained with COMSOL Multiphysics Software. Both were
obtained, due to not knowing which one of the decomposition
mechanisms (ligand dissociation or dimerization) would be the
rate-limiting step. Unfortunately, the analysis was inconclusive,
with rate constants increasing with increasing scan rate. As the
rate should be independent of the scan rate, some of the
underlying reactions presented earlier, such as overlapping
oxidation of the ligand, affect the experimental values. Model-
ling of all underlying reactions is complicated by the lack of
kinetic information for each process, as well as by changes in
the local pH since ligand oxidation is pH dependent. The model
and the obtained results are provided in the SI (S4, S6).

Figure 4. CVs for different concentrations of [Fe(II)(phen)3]
2+ to demonstrate

the adsorption of the oxidized species. Scan rate 100 mV/s, currents divided
with the concentration.

Table 2. COMSOL results as average values of the different scan rates
(10 mV/s–1 V/s) for DC and DR� S from Randles-Ševčík equation. Percentual
standard deviations of DO values in between scan rates compared to the
average value, are presented in the brackets after each DC value. Detailed
information found in the SI.

Compound 106 DC

[cm2/s]
106 DR� S

[cm2/s]

1 [Fe(II)(phen)3]
2+ 3.38 (8.4%) 3.32

2 [Fe(II)(DMe-phen)3]
2+ 2.66 (6.5%) 2.62

5 [Fe(II)(terpy)2]
2+ 3.80 (8.2%) 3.68
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Flow Battery Testing

[Fe(II)(phen)3]2+

[Fe(II)(phen)3]
2+ was cycled as the posolyte at low concentration

of 5 mM with cut-offs 0.2 V and 1.2 V to access 80% of the
theoretical capacity (2 mAh). The battery exhibits large capacity
decay during the first 30 cycles, losing 66% of the total
accessed capacity, after which the capacity stabilizes at
0.5 mAh. Similarly to iron(II) bipyridine complex, the charging of
the complex is achieved initially as one plateau, and the
discharge occurs in 2–3 plateaus (Figure 5a) leading to poor
energy efficiency due to the voltage drop during discharge.
However, after 20 cycles, we can detect another charge plateau
at lower potential (Figure 5a) than the original charge plateau.
This plateau increases in capacity during cycling. From Figure 5a
it is clear, that the side reaction product, which we are
discharging at lower potentials, is the reason for the capacity
decay we see in Figure 5b; the discharged capacity of the lower
potential plateau decreases drastically, while the upper dis-
charge plateau has much lesser decay in relation to their
original values. Coulombic efficiency (CE) rises to 97.5% when

the lower potential discharge plateau decreases, indicating that
the side reaction product discharged at lower plateau is not
completely reversible, or irreversible oxidation of ligand takes
place upon charge. We cannot see the same magnitude of
decay for the higher potential discharge plateau, which
indicates that the Fe(III) species that do not undergo the side
reaction, are more stable and present higher cycling stability.

Charging in one plateau and discharging in two plateaus at
different potentials is similar behavior as with [Fe(II)(bpy)3]

2+,
where dimerization has been proven to happen between its
oxidized species, [Fe(III)(bpy)3]

3+. In flow battery applications,
the resulted dimer is discharged back to monomers at a lower
discharge plateau.[16] As phen is a derivation of bpy, it can be
assumed that the iron complexes of both these ligands have
similar behavior. Therefore, dimerization interactions can also
be considered for describing the reaction route of the charged
species [Fe(III)(phen)3]

3+, based on similar structure and similar
behavior during flow battery cycling than with [Fe(II)(bpy)3]

2+,
especially when [Fe(III)(phen)3]

3+ has been mentioned to yield
μ-O-dimer.[24]

[Fe(II)(bpy)3]
2+ decomposition routes would release protons

initiated by dimerization.[18] We detect a pH drop in the
[Fe(II)(phen)3]

2+ electrolyte from 7 to 3 during battery cycling,
which is below the pKa value (4.84) of phenH+ [25] and hence
below the buffering range of the ligands, indicating proton
release. Based on [Fe(II)(bpy)3]

2+ decomposition route,[18] dime-
rization (eq iii-iv) and ligand oxidation (eq vi) can release
protons, which can be used for ligand dissociation (eq ii) and
free ligand protonation, which can lead to oxidation of the
protonated ligand and further proton release (eq vi). Decom-
position route through the ligand oxidation can be considered
as a cause to low CE. The pH decrease on the posolyte side
cannot be stabilized even with the negolyte pH increasing
during cycling from 7 to 10, as characteristic to the negolyte.

[Fe(II)(DMe-phen)3]
2+

[Fe(II)(DMe-phen)3]
2+ was cycled at 5 mM concentration with

constant current (CC) first by using cut-off voltages of 0.6 V and
1.05 V for 10 cycles, observing one single plateau at 1 V;
however, this led to a rapid capacity decay (3.8% per cycle
corresponding to 240% per day!) losing 30% of the capacity in
8 cycles (S7.2.). Lowering the discharge cut-off gave us an
increase in capacity by accessing another discharge plateau at
lower cell voltage of 0.35 V (Figure 6a) accessing 65% of the
theoretical capacity of 2 mAh. This species had been produced
in the first 10 charge cycles, as indicated by its large plateau
size in comparison with to the following cycles. The behavior of
two discharge plateaus is corresponding to the [Fe(II)(phen)3]

2+

battery, as well as the pH decreasing during battery cycling.
Therefore, similar decomposition mechanism is suggested to
occur (eq ii–vii). The lower discharge plateau is possibly
originating from the dimer discharge, however, methyl groups
in the ligand might be hindering the dimerization process due
to lesser size of the plateau at lower voltage compared to the
[Fe(II)(phen)3]

2+ battery. Additionally, accessing the lower

Figure 5. 5 mM [Fe(II)(phen)3]
2+ battery, current density 1 mAcm� 2, expected

capacity 2 mAh, capacity utilization 80%. a. capacity-voltage curves of
different cycles, b. capacity decay and CE.
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discharge cut-off led to an increase in stability, resulting in a
capacity decay of 0.06% per cycle (2.78% per day) (Figure 6b),
being more stable than the [Fe(II)(phen)3]

2+ battery. Capacity
decay originates from the posolyte, which was ensured by
removing ca. 2 ml of the charged posolyte (pH 3.5), after which
the capacity decay remained the same as prior the posolyte
removal. Coulombic efficiency (CE) when cycling between 0.1–
1.05 V, was 99.5%.

The lower discharge potential is not beneficial in flow
battery applications, therefore the iron complex was cycled
between 0.6 and 1.05 V for 10 cycles, after which one cycle with
cut-off for discharge was set to 0 V, to see if the monomer
could be recovered. This protocol allows higher energy
efficiency by improving the voltage efficiency, while still
recovering the capacity using lower discharge cut-off when
required. The results are presented in Figure 7. We can see that
the capacity decay, when using a cut-off voltage of 0 V, is
0.65% per cycle (5.36% per day), whereas using higher cut-off
of 0.6 V the capacity decay is 2.56% per cycle (200% per day!)
with clear instability of the compound with these cycling cut-
offs. The considerably higher capacity decay arises from not
accessing the second discharge plateau at lower voltage.

After cycling the battery with constant current (CC) (Fig-
ure 7), a combination of constant current and constant voltage
(CCCV) steps (S7.2.) was tested. When using a CCCV protocol,
we can access, as expected, larger capacity utilization. However,
this protocol leads to longer cycling times, mainly extending
the duration on the extreme state of charge, hence increasing
the amount of side products. The capacity decay seems similar
with the CC cycling, however, there is a new charge plateau
developed at lower voltage (S7.2.) with CCCV. Considering this,
CC might be a more suitable protocol for this compound to
hinder the amount of the side reactions. However, total
optimization of this design is not possible, due to not being
able to avoid the side reactions within the operational require-
ments. If we could charge and discharge the battery faster than
the chemical reactions occur, we could optimize this battery,
however, fast discharge is not in any way practical in an energy
storage application.

[Fe(II)(terpy)2]
2+

Initially, the battery (5 mM) was cycled using cut-off voltages of
1.22 V and 0.85 V with a constant current of 1 mAcm� 2

(Figure 8a), detecting 1 plateau for the charging and discharg-
ing process. This led to a rather rapid capacity decay (2.3% per
cycle or 156% per day), which means that the capacity would
have been lost in less than one day if cycling with these
conditions were continued (S7.3.). The cutoff for discharge was
lowered first to 0.4 V and later to 0 V. As a result, the discharged
capacity increased exhibiting three additional discharge pla-
teaus, which are all located at similar potentials (Figure 8a), and
accessing 62% of the theoretical capacity (2 mAh). The capacity
decay (0.16% per cycle, 10.1% per day) with the relatively low
CE (98.5%) suggest that electrons are lost to side reactions
(Figure 8b). In addition, the rising trend of the CE indicates that
the lower concentration of the monomers in the solution, due
to decomposition, slows down the side reactions, leading
towards equilibrium.

Figure 6. 5 mM [Fe(II)(DMe-phen)3]
2+ battery, current density 1 mAcm� 2 and

expected capacity 2 mAh. a. charge-discharge plateaus with altering cut-offs
of 0.6 V and 0.1 V for discharge, and for charge 1.05 V, b. discharged capacity
and CE vs. cycle number with cut-offs 0.1–1.05 V.

Figure 7. Capacity of the [Fe(II)(DMe-phen)3]
2+ battery when 10 cycles are

cycled at 0.6–1.05 V and 1 cycle in between to recover the capacity with a
lower discharge cut-off of 0 V.
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The discharge plateaus at lower voltage and the pH drop to
4 during battery cycling (while negolyte pH increased to 8.7),
indicate possible decomposition via dimerization and ligand
dissociation with proton release. The process most likely differs
from the suggested decomposition mechanism (eq ii–vii) due to
tridentate nature of the ligand. The decomposition mechanism
is hard to disclose with the information we have, since the
mixture of the species is challenging to study due to not being
able to fully differentiate between discharge plateaus at lower
potentials.

To observe if the side reactions can be reduced due to
sluggish kinetics, cycling current density was increased from 1
to 2 mAcm� 2. The first observation is that the charge plateau at
lower potential is lost when the current density is increased
(Figure 9a). Furthermore, CE increases from 98.6 to 99.5% with
the increased current density, confirming that the side reactions
can be hindered via higher current density cycling with no
detectable capacity decay (Figure 9b). However, the higher
cycling rate allows accessing a much lower capacity utilization.
Then, the cut-off was increased from 1.22 to 1.25 V, leading to
an increase in capacity as expected, and to a capacity decay of

0.11% per cycle (17.4% per day) while CE was 99.3% (Fig-
ure 9b). We attribute this capacity decay, after increasing the
cut-off voltage, to the assessment of higher capacity utilization,
which results in higher concentrations of charged species and
faster side reactions.

With all this, we can say, that [Fe(II)(terpy)2]
2+ is not suitable

for flow battery applications as it is. Functional groups, such as
methyl, could be suggested to make the complex bulkier and
possibly hinder the side reactions by shielding the Fe(III) center
upon oxidation, as seen for [Fe(II)(DMe-phen)3]

2+ battery.
However, [Fe(II)(terpy)2]

2+ did perform better than [Fe-
(II)(phen)3]

2+, showing therefore possible potential in future
modification of the side groups in the structure. The studied
derivations of [Fe(II)(terpy)2]

2+ were not soluble enough nor
free of side reactions based on the CV studies to be tested in a
flow battery.

Comparing all of the obtained capacity decay rates with the
best-performing iron complexes in the literature, we can see
that our proposed complexes are not competitive. The best
battery results were demonstrated by [Fe(II)(DMe-phen)3]

2+

with a capacity decay of 0.06% per cycle (2.78% per day), while
[Fe(II)(terpy)2]

2+ and [Fe(II)(phen)3]
2+ were more unstable. The

Figure 8. 5 mM [Fe(II)(terpy)2]
2+ battery, expected capacity 2 mAh, capacity

utilization 62%. a. Capacity-voltage curves for 1 mAcm� 2 current density
with cut-offs of 0.85 V and 0.4 V for discharge, and for charge 1.22 V, b.
discharged capacity and CE vs. cycle number with cut-offs 0 and 1.22 V,
current density 1 mAcm� 2.

Figure 9. [Fe(II)(terpy)2]
2+ battery a. Capacity-voltage curves with different

current densities and charge cut-offs, capacity normalized, b. Coulombic
efficiency and capacity vs. cycle number with charge cut-off 1.22 V and
charge cut-off 1.25 V, current density in both 2 mAcm� 2.
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capacity decay of the previously mentioned symmetry-breaking
iron complex Na4[Fe(II)(Dcbpy)2(CN)2], consisting of cyano and
di-4,4'-carboxylate-bpy ligands, is 0.0016% per cycle (0.22% per
day) [14] even at higher concentration of the iron complex
(0.1 M). In the other work, tris(4,4’-bis(hydroxymethyl)-2,2’-
bipyridine) iron dichloride vs. bis (3-trimethylammonio) propyl
viologen tetrachloride experienced a capacity decay of 0.16%
per day at approximately 0.5 M concentration.[18] Furthermore,
energy efficiencies of the mentioned iron complexes of the
literature, are inarguably better than of complexes presented in
this work, due to discharge as one plateau instead of as
multiple. Even though the cycling conditions and operational
parameters and therefore the capacity decay values are not
exactly comparable, they do give an idea of where the studied
complexes lie in terms of capacity decay.

Flow Battery Electrolyte Characterization

The characterization of charged and discharged [Fe(II)(phen)3]
2+

and [Fe(II)(terpy)2]
2+ electrolytes was conducted using cyclic

voltammetry and UV-Vis measurements. The charged species
were electrogenerated in a flow cell following the conditions of
the presented flow battery experiments. Further information is
available on SI, S8.

The decomposition mechanism within studied compounds
is suggested to be dimer formation as a source of the lower
discharge plateaus seen during battery cycling. The CVs of the
posolytes in the discharge mode after battery cycling (SI, S7) do
not evidence the presence of dimers, because utilization of the
lower discharge cut-off voltage led to discharge of the dimer
and following formation of monomers. Therefore, the CVs were
taken also at charged state on first battery cycle from the
storage tank of [Fe(II)(phen)3]

2+ and [Fe(II)(terpy)2]
2+. Graphs are

found in SI, S8. They show reduction peaks at 0.12 and 0.15 V
vs. Ag/AgCl ([Fe(II)(phen)3]

2+ and [Fe(II)(terpy)2]
2+, respectively,

ca. 700 mV lower than the iron redox pair). This corresponds to
the difference between the two discharge plateaus seen in
battery data (ca 600–700 mV). Similarly, [Fe(II)(bpy)3]

2+ upon
oxidation forms dimers, which are seen at a reduction peak at
significantly lower potentials than the monomer reduction.[19]

The UV-Vis spectra of [Fe(II)(phen)3]
2+ and [Fe(II)(terpy)2]

2+

electrolytes measured in charged and discharged states suggest
changes in the structure upon charge (SI, S8). The broad
absorbance peak at 500 nm, characteristic to [Fe(II)(phen)3]

2+,
disappears upon charge, but without the formation of the blue
[Fe(III)(phen)3]

3+ at 600–700 nm range. This has been noted in
literature with the necessary reversible reduction in regener-
ation of [Fe(II)(phen)3]

2+,[24] along with the preferred formation
of m-O-dimer over [Fe(III)(phen)3]

3+.[26] Additionally, the de-
creased intensity of the absorbance peak of the charged
solution at 266 nm, is corresponding to the absorbance peak
differences between [Fe(II)(bpy)3]

2+ and its m-O-dimer,[19] with
the slight decrease of the wavelength of the absorbance peak
at 226 nm. Therefore, the changes in the UV-Vis spectra, with
the dominant dimer discharge plateau in battery cycling and
the forming reduction peak at CV studies after charge, suggest

dimer formation for [Fe(II)(phen)3]
2+ upon oxidation. Further-

more, the observed brown-yellow color of the posolyte upon
charge (instead of blue), is characteristic to the dimeric
species[24] and supports this assumption.

In the case of [Fe(II)(terpy)2]
2+, it also loses half of the

intensity of the broad absorbance peak located at 550 nm in
the UV-Vis spectrum upon charge. Intensity differences can be
related to the 1 :1 ratio of monomer-dimer discharged capacity
during battery studies. Additionally, the absorbance peak at
319 nm decreases in intensity upon charging [Fe(II)(terpy)2]

2+,
therefore exhibiting similar behavior than [Fe(II)(bpy)3]

2+ and its
m-O-dimer. Battery studies, reduction peak formation in CV
upon charge and changes in the UV-Vis spectra can be
associated to dimerization. However, the battery studies show a
mixture of redox events, leading to a conclusion that the
dimerization process is most likely more complicated than for
[Fe(II)(phen)3]

2+ and [Fe(II)(bpy)3]
2+. This can be attributed to

more coordination sites available upon ligand dissociation prior
dimerization.

Conclusions

Derivations of phen and terpy were studied as ligand
candidates for Fe(II) complexes. The obtained redox potentials
(0.88 V–1.29 V vs. SHE) of the studied complexes are sufficiently
high for developing positive flow battery electrolytes. However,
the solubility of the complexes was limited in most cases, and
the cyclic voltammetry also revealed some additional oxidations
overlapping with the Fe oxidation for [Fe(II)(DCl-phen)3]

2+,
[Fe(II)(Cl-terpy)2]

2+ and [Fe(II)(4py-terpy)2]
2+. Furthermore, at

low concentration of analyte C* (1 mM and 2.5 mM), CV also
revealed weakly adsorption of reactants at the working
electrode for [Fe(II)(phen)3]

2+, [Fe(II)(DMe-phen)3]
2+ and [Fe-

(II)(terpy)2]
2+. Additionally, diffusion-controlled systems were

evidenced at 5 mM of C*. The simulations of CVs obtained at
the latter concentration for [Fe(II)(phen)3]

2+, [Fe(II)(DMe-
phen)3]

2+ and [Fe(II)(terpy)2]
2+ revealed diffusion coefficient

values DO of 3.38x10� 6, 2.66x10� 6 and 3.80x10� 6 cm2/s, respec-
tively. To correctly evaluate the kinetics of the coupled chemical
reaction, the diffusion-controlled models used for simulations
should also consider the contribution of the weakly adsorption
of reactants.

Energy efficiency during the battery studies was affected by
a voltage drop; part of the discharge occurred at lower
potential due to side reactions occurring to Fe(III) species.
[Fe(III)(phen)3]

3+ and [Fe(III)(DMe-phen)3]
3+ experienced the

discharge in 2 plateaus and [Fe(III)(terpy)2]
3+ in 3–4 overlapping

plateaus. For [Fe(II)(DMe-phen)3]
2+ the discharge plateau at

lower potential was significantly smaller than for the others,
leading to lowest capacity decay among the studied com-
pounds: 0.06% per cycle (2.78% per day) with 99.5% CE.
Decomposition mechanism due to pH drop, additional dis-
charge plateaus at lower potentials, posolyte CVs during
charged state and changes in UV-Vis spectra indicate dimeriza-
tion for Fe(III) species. The steric hinderance of the studied
ligands and functional groups was not enough to keep the
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Fe(III) center safe from side reactions. Therefore, the perform-
ance of these batteries as they are, is not adequate for practical
flow batteries in terms of voltage drop via molecular stability.
Further functional group design and work with different
strategies are needed to decrease the side reactions and make
these compounds adequate for flow battery applications.
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Iron(II) complexes with 1,10-phenan-
throline (phen) and 2,2’;6’,2“-terpyri-
dine (terpy) ligands with different sub-
stituents were evaluated for aqueous
flow battery applications. Electro-
chemical characterization revealed
suitable redox potentials (0.88–1.29 V

vs. SHE) for positive electrolytes,
however, flow battery studies
revealed a voltage drop during
discharge for the studied compounds,
possibly originating from dimerization
of the charged Fe(III) species.
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