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The stability of reported organic materials for redox flow batteries (RFB) continues to improve. Consequently,

the relevance of analytical techniques to assess degradation rates also grows. To contribute to the

development of in operando thermal stability assessment techniques, we evaluated the commonly-

reported heating setups using the ferrocene-based FPMAm-co-METAC polymer (PFc) in a Zn-based hybrid

RFB with a size-exclusion membrane. In the first stage, the conditions for RFB cycling were selected and

evaluated. The amperometric SOC measurement technique revealed oxygen intolerance of the PFc. While

no polymer cross-over was detected, cross-over of its hydrolysis products occurred and facilitated the

capacity fade. Adjustment of membrane pore size and electrolyte composition helped to mitigate the

hydrolyzed products' cross-over. In the second stage, different heating setups for the thermal stability

evaluation of PFc were compared. Eventually, a thermostatic setup established the desired temperature

most accurately and homogeneously, while the popular oil/sand bath setup exhibited a deviation of 22 °C

down from the expected 60 °C. The PFc stability was further evaluated from ambient conditions (28 °C) to

60 °C. At temperatures above 50 °C a facilitated capacity fade was observed. The volumetrically

unbalanced, compositionally symmetric flow cell cycling has unraveled that the degradation was caused

by catholyte self-reduction and following half-cell imbalances. A mechanism involving the ferrocene

complex decomposition is proposed as the origin of the catholyte self-reduction. Finally, the properties

and thermal stability of the PFc material as well as the reliability of the studied heating setups are discussed.
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1 Introduction

The redox ow battery (RFB) technology is highly interesting for
the energy storage research.1–3 One of the actively studied
parameters is the stability of – in particular – organic RFB
electrolytes.4–6 Several inorganic systems already demonstrate
long cycle and calendar life. These are represented by all-
vanadium (VRFB), iron–chromium, and zinc–halogen (ZRFB)
batteries.7 In the case of VRFBs and ZRFBs, the high stability
with their other outstanding performance parameters led to
commercialization. In contrast to that, organic RFBs (ORFBs)
are still not yet massively commercialized, despite that they
offer several advantages over the inorganic systems including
tuned solubility and redox potential, faster redox kinetics on
carbon-based electrode materials, exploitation of environmen-
tally benign molecules, and in some cases using less corrosive,
pH neutral electrolytes.8 Still, one of the drawbacks of organic
materials is their lower stability compared to inorganic ones.4

To successfully implement organic materials-based RFBs, they
should reach decently high stabilities, i.e., low or extremely low
capacity fade rates (0.02–0.1 and #0.02% d−1, respectively).4

Some derivatives of viologen, anthraquinone, phenazine,
phenothiazine, and ferrocene were already reported to exhibit
the targeted degradation rates.4,9 However, the analytical tech-
niques, which are so far used to assess the temporal capacity
fade rate, are oen lacking accuracy and reproducibility
between the scientic groups.6,10,11 Reaching a sufficient level of
condence for RFB electrolyte stability assessment techniques
for organic molecules represents an essential prerequisite to
make the organic electroactive species more attractive for real
application. In particular, developing in operando techniques is
of outstanding interest, as that enables to test materials under
the most realistic conditions. In addition, the relevance of
developing stability assessment experiments at stressed condi-
tions, such as elevated temperatures, becomes of high concern.

Thermal stability assessment tests are frequently performed
with electrolytes for the vanadium-based ow batteries
(VRFBs).12 The conventional old-generation sulfuric acid vana-
dium battery anolyte is vulnerable to precipitation at tempera-
tures below 10 °C. At the same time the catholyte starts to form
deposits above 40 °C.13,14 Meanwhile, under real operation
conditions the electrolyte temperature in the electrochemical
ow reactor in an RFB may exceed 40 °C, in particular, if
a battery is installed in regions with hot climate.15 Similarly,
electrolyte temperatures in moderate climates may quickly
decrease below 10 °C. Consequently, a thorough research on
broadening the temperature stability range of the electrolyte for
VRFB is ongoing.12 In particular, new-generation vanadium
electrolytes can work at temperatures between approximately
−5 and 50 °C.12,16 The same interest is expected to appear for the
organic materials, when a question of commercialization seri-
ously arises. The degradation mechanisms of organic materials-
based electrolytes may be complex. The decomposition prod-
ucts may stay soluble in the electrolyte,17 they may exhaust into
the gas phase,18 precipitate,19 exit a half-cell by crossing through
the membrane.20 That renders capacity fade evaluations for
This journal is © The Royal Society of Chemistry 2024
organic materials more complex, and as a result, the analytical
techniques should become more comprehensive. In addition,
recent studies highlight the strong impact of temperature
uctuations on the measured capacity fade rates and, thus,
emphasize the demand for methodologic developments in this
area.10,11

With regard to the already published in operando thermal
stability studies of organic materials for RFBs, there are only
a few contributions reporting RFB anodic organic materials
with moderate (0.1–1.0% d−1), low (0.02–0.1% d−1), and
extremely low (#0.02% d−1) capacity fade rate (classication by
Kwabi et al.4) at 40 °C.21,22 In particular for cathodic organic
materials, there have been only a few species with moderate to
high capacity fade rate presented.18,23,24 Consequently, it is of
great interest to assess the thermal stability of the currently
developed stable RFB organic materials to indicate the prom-
ising species, and to better understand the mechanisms of the
molecules' decomposition.

The recently reported ferrocene-based FPMAm-co-METAC
polymer (PFc) was further investigated in a new system. Earlier
in our group, the PFc was reported to demonstrate a moderately
stable performance with a capacity fade rate of 0.2% d−1, while
being tested at ambient temperature vs. the bis(3-
trimethylammonium)propyl viologen (BTMAPV) in a RFB
setup with an ion-exchange membrane. It is worth noting that
aer increasing the setup temperature by keeping both elec-
trolyte tanks in a sand bath tempered to 60 °C, no further decay
was registered during an additional 100 cycles of the RFB
cycling.25 The counterintuitive increase in material stability
remained without a detailed investigation, thus, in the study at
hand we research the PFc in greater detail using zinc as an
anode material. Compared to the BTMAPV anolyte, zinc has
been researched in various RFB studies under high-temperature
conditions.26–33 In particular, there are several thermal stability
assessment studies in which the electrolyte in zinc ow
batteries is heated to 60 °C.26,27,31 In these investigations, no
degradation issues regarding the anode side are reported, and,
consequently, it is safe to assume that for our material combi-
nation the capacity fade at temperatures as high as 60 °C is not
limited by the degradation rate of the zinc-based anolyte but
rather depends on the stability of the PFc system. Additionally,
zinc is an abundant and relatively cheap electroactive material,
its reduction potential is one of the lowest among anolyte
species for water-based RFBs, it is sufficiently resistant to
reacting with oxygen, and its reduced (solid) state cannot cross
the membrane.34 Thus, testing PFc vs. zinc provides a possibility
to elevate battery voltage, compared to the previous PFc study,
to obtain a potentially air tolerant system (ferrocene and its
derivatives are oen also resistant to oxygen)35 and to switch
from ion-exchange membranes to the cheaper size-exclusion
type.

This contribution is structured as follows: rst, optimiza-
tions of the setup and experimental parameters are investi-
gated. This includes the estimation of the theoretical battery
voltage and the optimization of the charge–discharge regime
ensuring high material utilization, testing PFc oxygen sensi-
tivity, andmitigating capacity fade by variation of size-exclusion
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4807
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membrane and electrolyte composition. As a second step, we
compare the ability of different heating setups to establish
a desired electrolyte temperature accurately and homoge-
neously. The best performing setup is further used for the
stability evaluations at increased temperatures (i.e., 50 and 60 °
C). Full-cell cycling results are complemented by unbalanced,
compositionally symmetric ow cell cycling (UCSFCC) experi-
ments on each of the stages in the investigation, which helps to
unravel sophisticated mechanisms of capacity fade in the PFc-
based RFB. Finally the PFc upper thermal stability threshold
and the model to estimate the capacity fade rate in the range
from ambient temperature to the threshold are presented.
Additionally, the current state and ongoing developments
regarding in situ thermal stability assessments are summarised.

2 Experimental
2.1 Materials

All materials were ordered from TCI, ThermoFisher, VWR, Alfa
Aesar, Sigma Aldrich, and other suppliers and used as received.
The synthesis of the ferrocene-based FPMAm-co-METAC polymer
(PFc) was performed as detailed by Borchers et al.25 For the PFc
dialysis, applied to remove low molar mass chains, the polymer
was dissolved in water to prepare a concentrated solution, and
placed inside of Spectra/Por 6 1 kDa dialysis membrane tubes.
The tubes were closed and placed in a 5 L beaker, lled with
distilled water. The water was exchanged each day. The dialysis
was performed for at least three days with subsequent polymer
separation by freeze-drying. The size-exclusion-chromatography
(SEC) of the polymer before and aer the dialysis is shown in
Fig. S1 in the ESI.† The 1H nuclear magnetic resonance (1H NMR)
of the dialysed PFc is presented in Fig. S2.†

2.2 Potentiometric (redox) titration

The potentiometric titration using cerium(IV) solution was per-
formed with a GMH 3530 digital pH-/mV-/thermometer (Grei-
singer electronic GmbH, Germany) equipped with a GR 105
redox electrode (Greisinger electronic GmbH, Germany, refer-
ence electrode: Ag wire in 3 M aq. potassium chloride solution).
The titrant was a Ce(SO4)2 aqueous solution in 1 w/w%. H2SO4.
The titrate was a 1 w/w% H2SO4 water-based solution of 180 mg
of the PFc. Primarily to the titration, the titrant was calibrated
for the Ce4+ concentration with the help of the (NH4)2-
Fe(SO4)2$6H2O standard and, consequently, the Ce4+ concen-
tration was estimated to be 20.3 mM. The assessed steady-state
potentials for each volume of the added titrant were plotted vs.
the titrant volume and tted by an S-shape function to assess
the inection point as suggested in work by Rohland et al.23

2.3 Atomic absorption spectroscopy

Iron determination by ame atomic absorption spectroscopy (F-
AAS) was performed, using a ContrAA700 high-resolution
continuum ame atomic absorption spectrometer (Analytik
Jena GmbH, Germany). An air/acetylene ame was used to
measure the atomic absorption of Fe at 248 nm. Operational
parameters were set following the manufacturer's
4808 | J. Mater. Chem. A, 2024, 12, 4806–4825
recommendations. Certied single-element standard solutions
(Merck Certipur, NIST standard reference materials) were
applied for calibration. HCl, 1% (v/v), was employed to dilute
the samples and standards (TraceMetal Grade, Fisher Chem-
ical, Germany). Iron concentrations were calibrated between 0.8
and 2.4 mg L−1.36 The parameters for the calibration procedure
were determined according to the standards of DIN 32645.37
2.4 Full RFB testing

For the full RFB charge–discharge cycling, the applied ow cells
were custom-made ow-through cells as reported in earlier
studies.38 Graphite composite cathode and zinc anode current
collectors, GFA-6 felts (SGL, Germany), and either Spectra/Por 6
1 kDa or OS-NF-8800 0.6 kDa size exclusion membrane with an
active area of 5 cm2 were applied. Compared to Spectra/Por 6
membrane, being composed of regenerated cellulose, which is
fairly stable and can be operated only in near-neutral aqueous
conditions, the OS-NF-8800 is prepared from polypropylene
reinforcement and polyether sulphone selective layers and,
thus, has higher chemical stability and can perform on the
whole pH range of 0 to 14. Therefore, the OS-NF-8800 represents
a more selective and stable replacement for the purposes
described in Subsection 3.1.3. The membranes were prewetted
at least overnight in the corresponding electrolyte for all battery
experiments. All battery experiments and the data acquisition
were conducted in an argon-lled glovebox if no contrary
information was stated. The oxygen content during the experi-
ments was kept below 3 ppm. A 5-channel VSP potentiostat/
galvanostat (Bio-Logic, France) was used for data acquisition.
Two types of anolyte compositions were used for the measure-
ment: (1) 0.1 M ZnCl2, 0.8 M NH4Cl (pH 4.5–5); (2) 0.1 M ZnCl2,
0.8 M TMACl, 6 mM HCl (pH 4.5–5). The 0.1 M Zn2+ concen-
tration was chosen for this experiment and for the following
RFB tests because of possible interactions between zinc cations
and the polymer. Zinc cations are known to interact with some
quaternary ammonium groups and, thus, to form deposits in
solution.7 In our system, if zinc salt concentration is increased
above 0.1 M, the PFc becomes poorly soluble in the supporting
electrolyte. Still, even the 0.1 M ZnCl2 concentration represents
at least a 7.4 times capacity excess of the anolyte capacity
compared to catholyte (if same volumes are used in the both
half-cells) and, thus, even this concentration is sufficient for the
fullling of the purposes of this scientic contribution: (1) more
comprehensive investigation of PFc behavior in a RFB, (2)
development of in situ thermal stability setups and (3) assess-
ment of PFc thermal stability. The solutions have been prepared
by dissolving the corresponding amount of salt in deionized
water. The related two types of catholytes were obtained by
dissolving an additional 0.27 mM PFc (with regard to electron
equivalent concentration) in each of the two solution types. The
PFc concentration was calculated assuming the mole electron
equivalent mass as 1485 g per mole of electrons (see Subsection
3.1.1). In the full RFB tests from Section 3.1, equal anolyte and
catholyte volumes were applied (either 10 vs. 10 mL or 9 vs. 9
mL). In the full RFB tests from Section 3.2, 15 mL of anolyte
were tested vs. 10 mL of catholyte in order to keep sufficient
This journal is © The Royal Society of Chemistry 2024
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electrolyte volume at the negative half-cell, despite the occur-
rence of slight migration of water to the positive half-cell due to
osmosis. For the full battery tests, two different charge–
discharge cycling regimes were applied: (1) galvanostatic
charge–discharge at 80 mA (16 mA cm−2) current between 0.5
and 1.5 V cutoffs, followed by potentiostatic holding at the
cutoffs until the current decreased to #2.5 mA (higher current
regime); (2) galvanostatic charge–discharge at 10 mA (2 mA
cm−2) current between 0.5 and 1.5 V cutoffs, followed by
potentiostatic holding at the cutoffs until the current decreases
to #2.5 mA (lower current regime). Before each experiment, at
least half an hour-long open circuit voltage (OCV) period was
performed to provide system equilibration at all interfaces. To
compare the two membrane conductivities, potentiostatic
electrochemical impedance spectroscopy was performed at
10 mV amplitude with respect to the equilibrium potential.
Then, the charge–discharge cycling was performed.

2.5 Unbalanced, compositionally symmetric ow cell cycling

For the unbalanced, compositionally symmetric ow cell
cycling (UCSFCC), the same ow cell setup was used with
graphite composite current collectors applied in both half-cells.
The Spectra/Por 6 membrane was used for symmetric cycling in
Subsections 3.1.3 and 3.1.5, whereas the OS-NF-8800membrane
was applied in the Subsection 3.2.3. During UCSFCC experi-
ments, a two-fold excess of NCLS volume with regard to the CLS
was used (i.e., 9 vs. 18 or 10 vs. 20 mL), if not stated otherwise.
The applied symmetric 50% SOC electrolyte had the same
composition as catholytes for the full RFB cycling. The 50% SOC
was reached by charging the freshly prepared catholyte in a full
RFB vs. zinc half-cell with potentiostatic holding at 1.5 V until
the current decreased to #2.5 mA. Subsequently, the fully
charged catholyte was removed from the RFB and mixed with
the equal volume of the uncharged catholyte. For the UCSFCC,
a potentiostatic charge–discharge cycling at 0.3 V overvoltage in
either direction and with the 2.5 mA (0.5 mA cm−2) current
cutoff was applied. Besides those experiments where the system
required the time to heat up, no OCV periods preceded the
potentiostatic cycling. The experimental procedure was
adjusted to have a minimal time period between the 50% SOC
catholyte preparation, RFB setup heating, and the start of the
potentiostatic charge–discharge cycling to limit degradation
prior to the beginning of the measurement.

2.6 Cyclic voltammetry

Cyclic voltammetry wasmeasured in a 5mL electrochemical cell
(ALS Japan), applying a three-electrode setup: Working elec-
trode – 1.6 mm glassy-carbon disc electrode, Reference elec-
trode – Ag/AgCl (3 M NaCl) standard reference electrode,
Counter electrode – platinum wire. The working electrode was
polished on a diamond polishing pad (ALS Japan) with a SiO2 <
0.05 mm polishing (Schmitz Metallographie) suspension
primary to the measurement. The measurements have been
performed with 100 mV s−1 sweep rate. The solutions for the
cyclic voltammetry were prepared the same way as for the RFB
charge–discharge cycling tests. Aer the CVmeasurement of the
This journal is © The Royal Society of Chemistry 2024
1 mM PFc electrolyte, the reference electrode (RE) was removed
to measure its steady-state potential vs. another pristine Ag/
AgCl (3 M NaCl) used in our lab as a control standard, which
never was in contact with solutions other than aqueous NaCl
solutions. The steady-state potential was measured in the same
electrochemical cell in a 1 M NaCl solution using a two-
electrode setup and applying an OCV technique. A 40 mV dri
of the applied RE was observed in the negative direction from
the pristine RE. Therefore, to keep our results comparable, in all
CV experiments presented in this contribution, the recorded
potentials are shied by 40 mV in the negative direction (e.g., if
the recorded half-wave potential is 0.24 V vs. (our) Ag/AgCl RE,
we state it as 0.20 V vs. (standard) Ag/AgCl RE).
2.7 Validation of the amperometric SOC measurement
method

For validation of the temperature-insensitive, calibration-free
amperometric SOC measurement technique, a 0.1 M ZnCl2,
0.8 M NH4Cl, 27 mM PFc catholyte was charged vs. a zinc half-
cell with potentiostatic holding at 1.55 V until the current
decreased to #2.5 mA. The obtained maximum charged cath-
olyte was mixed with the uncharged fresh catholyte to obtain
solutions with 0%, 1%, 5%, 25%, 50%, 75%, 95%, and 99%
SOCs. The measurement was performed in a 5 mL electro-
chemical cell, applying a three-electrode setup: Working elec-
trode – 33 mm glassy-carbon disk microelectrode, Quasi-
reference electrode – silver wire with AgCl coating, obtained
by an anodization in 1 M NaCl solution, Counter electrode –

3 mm glassy-carbon disk electrode. Primary to each of the
measurements the working electrode (WE) was polished on
a diamond polishing pad with a SiO2 <0.05 mm polishing
suspension and then on a wetted alumina polishing pad (no
polishing suspension applied). Aer the measurement prepa-
ration, the electrochemical cell was kept steady until the WE
open circuit voltage stabilized. The obtained equilibrium
potential was later used to validate the SOC assessment via OCV
measurements. Subsequently, a CV was performed from−0.1 to
0.5 V with a 100 mV s−1 sweep rate to ensure, that the over-
potentials of −0.1 and 0.5 V, applied for each of the following
chronoamperometry techniques correspond to the diffusion-
limited area of the reaction (i.e., reduction peak/start of
plateau occurred at a higher potential, then the cathodic chro-
noamperometric step at −0.1 V and oxidation peak/beginning
of plateau happened at a lower potential, then the anodic
chronoamperometric step at 0.5 V). Subsequently, the one-
minute-long anodic chronoamperometric step at 0.5 V was
performed and, as follows, the one-minute cathodic chro-
noamperometric step at −0.1 V was applied. Before and aer
each chronoamperometric step, the electrolyte was mixed and
each potential holding technique was repeated three times. The
limiting cathodic and anodic currents from 5%, 25%, 50%,
75%, 95% SOCs were plotted against each other to assess the
DOxDRed

−1, as described in our previous publications on this
method.10,39 Here DOx and DRed correspond to diffusion coeffi-
cients of oxidized and reduced PFc species, respectively.
Subsequently, the SOC of the solutions was calculated as:
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4809
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SOC = (1 − (ia × ic
−1) × (DOx × DRed

−1))−1, (1)

where ia and ic correspond to anodic and cathodic limiting
currents, respectively. The calculated SOC was compared with
the prepared SOC to draw a conclusion on the accuracy of the
measurement in Subsection 3.1.2.

2.8 Validation of the SOC measurement by OCV assessment

For the validation of the SOC measurement by OCV assessment
method the equilibrium potentials, EEq, measured during the
validation of the amperometric technique were applied. As the
anodized silver wire was exploited as the quasi-RE during the
EEq assessment, its potential could dri inside each of the
measured solutions. Thus, the assessed EEq was shied by DE =

EPFc − E1/2, where EPFc is the PFc half-wave potential measured
during the CV of 1 mM PFc electrolyte vs. a standard Ag/AgCl in
3 M NaCl reference electrode and E1/2 is a half-wave potential,
measured during the validation of the amperometric technique
vs. the anodized silver wire RE. Since the half-wave potential is
independent on active material SOC, this approach helped to
correct the dri of the RE potential in the measurement data.
The shied EEq were plotted vs. the SOCs of the prepared
solutions and a t, based on simple one electron transfer Nernst
equation, was performed.40 Discussion of the accuracy and
applicability of the technique was performed in Subsection
3.2.3.

2.9 Oxygen sensitivity assessment

For the oxygen sensitivity assessment three samples of 0.1 M
ZnCl2, 0.8 M NH4Cl, and 27 mM PFc were prepared and kept in
closed RFB tanks. The tank sealing prevented water evaporation
but did not sufficiently suppress oxygen diffusion through
leads. The tanks were kept for one week at room temperature
(appr. 21.5 °C), then the same time periods at 40, 60 °C, and r.t.
once more. During storage at elevated temperatures, the tanks
were placed in a thermostat. Once a day, the tanks were
removed from the thermostat to measure the catholyte's SOC.
For that purpose, each sample was le for 30 minutes to cool
down (to ensure a constant temperature during each single SOC
measurement for maximum accuracy) prior to the ampero-
metric SOC measurement. For each sample, the following
sequence was performed: (1) WE and CE polishing, (2) CV
between −0.1 and 0.5 V potentials at 10 mV s−1 sweep rate, (3)
WE polishing, (4) chronoamperometry at 0.5 V, (5) electrolyte
mixing, and (6) chronoamperometry at −0.1 V. Three samples
per SOC were measured.

2.10 Cross-over assessment

The cross-over assessment by CV was carried out in the 5 mL
electrochemical cell, using the three-electrode setup: WE –

1.6 mm glassy-carbon disc electrode, RE – Ag/AgCl in 3 M NaCl
standard reference electrode, CE – platinum wire. The sweep
was performed between−0.1 and 0.6 V with the 100mV s−1 rate.
Cross-over assessments via UV-vis were carried out in the
wavelength range from 360 to 710 nm in a quartz cuvette
(optical path length of 10 mm) using a Lambda 750 UV-vis
4810 | J. Mater. Chem. A, 2024, 12, 4806–4825
spectrophotometer (PerkinElmer). Solely anolyte solutions of
the corresponding composition were applied for absorbance
baseline assessment and subsequent subtraction. For the cali-
bration of the UV-vis analysis with the uncharged PFc solutions,
the samples were prepared by dissolving 8.9 mM PFc in the
corresponding anolyte and by consecutive dilutions using the
anolyte as basis media. Primarily to calibration with the charged
PFc solutions, a full RFB with 27 mM PFc catholyte was charged
potentiostatically at 1.6 V with a 3 mA current cutoff. Subse-
quently, the obtained charged catholyte was consecutively
diluted to obtain the required sample concentrations.

2.11 EDX scanning

For the EDX measurements, a Sigma VP Field Emission Scan-
ning Electron Microscope (Carl-Zeiss AG, Germany) in combi-
nation with an Oxford EDX system was used. The samples were
xed in a sample holder in a top-view position for elemental
surface mapping and in an upright position to map the cross-
sectional area. Mapping was performed with an acceleration
voltage of 15 kV. Primarily for scanning, the post mortem RFB
membranes were kept in deionized water at least overnight.
Membrane cutting was carefully performed with a scalpel.

2.12 ESI-MS measurements

For the ESI-MS analysis, all samples were analysed using
a micrOTOF Q-II (Bruker Daltonics) mass spectrometer equip-
ped with an automatic syringe pump from KD Scientic for
sample injection. The ESI-Q-ToF mass spectrometer was oper-
ated at 4.5 kV, at a desolvation temperature of 180 °C, in the
positive (or negative) ion mode. Nitrogen was used as the
nebulizer and drying gas. All fractions were injected using
a constant ow rate (3 mL min−1) of sample solution. The
instrument was calibrated in the m/z range 50 to 3000 using
sodium formate (HCOONa) solution, prepared in accordance
with the Bruker instructions, as a calibration standard. All data
were processed using Bruker Data Analysis soware version 4.2.

2.13 Thermal stability assessment

Thermal stability tests were performed in four different heating
setups. For heating setups 1–3, a sand bath was used as
a heating element. The temperature probe (T-probe) from the
heating bath was used to measure the temperature. In setup 3,
a second T-probe from a by-standing heating plate was used to
obtain the temperature of the sand additionally to the temper-
ature, assessed in the RFB anolyte with the help of the rst T-
probe. Furthermore, in setup 3, magnet stirrers were placed in
the RFB tanks and mixing was switched on, and all the heating
setup, besides the peristaltic pump head, was covered with
a layer of a glass ber thermal isolating fabric. Setup 4 was
composed of a thermal-isolating box, a fan, a silicon heating
pad 400 W, a heat dissipator and a temperature controller with
a T-probe. The T-probe of the controller was placed near the
ow cell. The whole RFB setup, besides the pump, was placed
inside the thermally insulated box. The tubing around the
pump head was covered with a layer of the glass ber thermal
isolating fabric. The additional T-probe from the heating plate
This journal is © The Royal Society of Chemistry 2024
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(same as the probes applied during thermal assessments in
setups 1–3) was placed in the anolyte during the full RFB
cycling. During the symmetric cycling at the glovebox ambient
temperature, the T-probe of the heating plate was placed in the
NCLS overnight, and, as the assessed temperature stayed
constant at 28 °C, the probe was removed from the electrolyte to
avoid corrosion of the sensor. During the UCSFCC at 60 °C, to
prevent corrosion, the same T-probe was wrapped with a PTFE
temperature shrinking tube and a 3 mm diameter, 1 mm high
PTFE cylinder as a cap for encapsulation. Subsequently, the
probe was immersed in the NCLS tank daily to assess the actual
electrolyte temperature. During the thermal assessment exper-
iments in setup 4, the thermally insulated box atmosphere
temperature varied between 62 and 65 °C, and the anolyte or
NCLS temperature dried between 60 and 61 °C, staying at
60 °C most of the time.

2.14 Assessment of SOC in NCLS during the symmetric
cycling

For NCLS SOC assessment during the UCSFCC at 60 °C, the
OCV-based technique was applied. Aer the 50% SOC catholyte
was prepared and before the charge–discharge cycling started,
a 3 mL portion of the solution was taken to measure its SOC ex
situ. The measurement was performed in a two-electrode setup,
where the equilibrium potential of a 3 mm disk glassy carbon
working electrode vs. an Ag/AgCl (3 M NaCl) standard reference
electrode was measured. Subsequently, the analysed electrolyte
portion was returned to the prepared batch, mixed, and the
UCSFCC was performed as described before. Additionally,
a one-hour waiting period before the battery cycling was intro-
duced, in order to let the RFB setup heat up to the desired
temperature. When the discharge capacity of the symmetric cell
started to decrease gradually, the potentiostatic cycling was
paused at the end of charging (i.e., PFc in CLS being oxidized to
the maximum SOC allowed by the setup). Subsequently,
a portion of the NCLS electrolyte was taken for the SOC
assessment via OCV in the same way as at the start of the
experiment. Then, the analyzed electrolyte portion was returned
to the NCLS and the same procedure was repeated aer the end
of the battery discharge. A rebalancing procedure was applied in
case of a signicant SOC dri leading to a rollover, which would
have turned the NCLS into the CLS. A portion of a composi-
tionally identical catholyte from a previous experiment was
charged vs. zinc and added to the NCLS to increase its capacity
and average the SOC. Aer the rebalancing, the NCLS SOC was
measured once more at the full battery charged and discharged
states to validate the procedure. For the rebalancing, only
catholyte samples that initially had 0.1 M ZnCl2, 0.8 M TMACl,
6 mM HCl, 27 mM PFc composition, and that were kept frozen
at −20 °C were applied. Before placing the catholytes into the
glovebox, they were deoxygenated by bubbling argon for at least
40 minutes.

2.15 GC-MS measurements

For the gas chromatography-mass spectrometry (GC-MS) anal-
yses, 2 mL solutions and one empty “control” specimen were
This journal is © The Royal Society of Chemistry 2024
sampled through the septum from 4 mL HPLC vials. Samples
were measured on a GC-MS system from Thermo Fisher
Scientic GmbH (Bremen, Germany) consisting of a TRACE™
1300 GC with an S/SL injector installed and a Polaris Q ion trap
mass spectrometer. The scan range was set between 30 and
400m/z. The transfer line temperature was set to 300 °C, the ion
source temperature to 200 °C, and the damping gas ow was set
to 0.3 mL min−1 helium. Three micro scans were recorded at
a maximum ion time of 25 ms. Aer an initial 2 min at 40 °C,
the GC oven temperature was raised to 100 °C with 10 °C min−1

and then to 200 °C with 50 °C min−1. The injector was operated
in split mode at 270 °C with a ow rate of 10 mLmin−1, the split
ratio was 10 and the column ow was 1 mLmin−1. As a column,
a Zebron ZB-1MS 60 m from Phenomenex (Aschaffenburg,
Germany) was used, with 0.25 mm inner diameter and 1 mm
lm thickness.
2.16 Evaluation of PFc fade rates at different temperatures
using rst-order kinetic and Arrhenius models

The thermal stability assessment data was treated using the
rst-order reaction model:41

PFc / x × Deg (2)

dCPFc

dt
¼ ka � CPFc;

CPFc ¼ CPFc;0 � e�ka�t (3)

where Deg and x are the concentration of the PFc degradation
product and its stoichiometry coefficient. CPFc and CPFc,0 are PFc
concentrations during the RFB cycling and at the beginning of
the experiment, respectively, ka is the apparent fade rate
constant, and t is time of the full RFB test. For each of the
thermal stability assessments in full RFBs the CPFc from t
dependences were built and tted by the integrated form of the
rst-order kinetic equation (exponential function from eqn (3)).
The dataset for the t always started on day two (i.e., aer the
establishment of hydrolysis equilibrium) and ended before the
facilitated capacity fade period (i.e., before the interference of
half-cell imbalance). Thus, for datasets obtained at tempera-
tures from 28 to 50 °C the complete 2 to 14 d range was used,
but, for example, for dataset obtained at 52 °C only 2 to 4.4
d time period was used. The PFc concentrations were calculated
from each cycle's full RFB discharge capacity. As the next step,
the Arrhenius plot was built using the obtained apparent fade
rate constants and bulk electrolyte temperatures assessed in
each RFB setup. The data points were tted to a linear equation
assuming exponential dependency of the apparent rate
constants on the T−1:

ln(ka) = ln(A) − Ea × (RT)−1 (4)

where A is the pre-exponential factor, Ea is the reaction activa-
tion energy, R is the universal gas constant, and T is tempera-
ture. Only the data points measured at 28, 38, and 50 °C
temperatures were applied to build the linear curve, and thus, to
estimate the pre-exponential factor and the reaction activation
energy using eqn (4).
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4811
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3 Results and discussion
3.1 Primary investigation of PFc-Zn system

3.1.1. RFB charge–discharge regime and material utiliza-
tion. The counterintuitive increase in material stability
measured at elevated temperature conditions by Borchers et al.
could be related to the increased material utilization.25 At the
beginning of the full RFB tests, a 70% material utilization was
reached at ambient conditions. The subsequent increase of the
electrolyte temperature could cause a decrease in charging
overvoltages and enable higher material utilization. This may
have caused battery capacity growth and potentially masked the
actually occurring material degradation. Consequently, the PFc
capacity fade could be underestimated. Unfortunately, this
possibility was not considered in the previous scientic
contribution, therefore, in the study at hand we are aiming to
reach high material utilization and, thus, to ensure in avoid-
ance of the underestimation. For that the battery theoretical
and practical voltages, and electron equivalent molar mass of
PFc are measured as it is described later in this Subsection and
the RFB charge–discharge regime is adjusted accordingly.

A schematic representation of the ferrocene-based FPMAm-
co-METAC polymer applied in this study is depicted in Fig. 1.
From the cyclic voltammetry of 1 mM PFc in 0.1 M ZnCl2, 0.8 M
NH4Cl supporting electrolyte (Fig. 1), the polymer half-wave
redox potential is determined to be 0.20 V vs. the Ag/AgCl
reference electrode. The PFc concentration is calculated based
on the polymer electron equivalent molar mass of 1485 g per
mole of electrons. The evaluation of the molar equivalent
concentration is described later in this Subchapter. The
assessed PFc half-wave potential differs from the 0.52 V vs. Ag/
AgCl reported for the same polymer by Borchers et al. previ-
ously.25 Such deviation may be caused by the different electro-
lyte composition applied in our current work. However, we
Fig. 1 Cyclic voltammetry at 100 mV s−1 of zinc and PFc vs. Ag/AgCl
reference electrode as well as schematic representation of the poly-
mer structure. Electrolyte is 1 mM PFc, 0.1 M ZnCl2, 0.8 M NH4Cl
aqueous solution.

4812 | J. Mater. Chem. A, 2024, 12, 4806–4825
suppose that the main source for the deviation is related to RE
dri: In the publication by Borchers et al.25 the half-wave
potential of the BTMAPV was assessed as −0.23 V vs. Ag/AgCl,
though elsewhere in the literature, it is reported as −0.36 V
vs. SHE (ca. −0.57 V vs. Ag/AgCl in 3 M NaCl).4 This indicates
that in the previous work on the PFc, a RE with strong negative
potential dri was applied and unfortunately not recognized. In
our contribution, the potential of the applied Ag/AgCl was
primarily corrected as described in the Experimental part,
consequently, the 0.20 V vs. Ag/AgCl measured in this work are
not affected by the RE dri. The 0.20 V potential also makes
more sense, since it is in the range of the redox potentials re-
ported for ferrocene and its derivatives elsewhere in the litera-
ture, i.e., 0.1 to 0.4 V vs. Ag/AgCl in 3 M NaCl electrode.4,42 The
current shoulder aer the oxidation and before the reduction
peaks (Fig. 1) most probably originates from the polymer dis-
persity, from alternations in diffusion conditions caused by
polymer adsorption–desorption, and changes in the solution
viscosity at the electrode interface during the PFc redox process
occurrence.

The zinc half-wave potential was estimated as−1.16 V vs. the
Ag/AgCl electrode in the same setup. The observed redox
potential is in excellent agreement with the −1.16 V vs. Ag/AgCl,
previously reported for Zn-ammonia chloride electrolyte by
Winsberg et al.43 The theoretical RFB voltage corresponds to
1.36 V, thus, being in line with the voltages of state-of-the-art
aqueous organic RFB systems as MV/TEMPTMA, MV/FcNCl,
2,6-DBEAQ/K4Fe(CN)6, AQDS/HBr, and etc.4 In the following
full RFB tests, a practical RFB charge–discharge voltage of 1.24 V
was reached. The voltage was estimated as a cross-section of
charge and discharge curves in Voltage–Capacity plots
(Fig. S3†). Consequently, the 1.5 V battery voltage was chosen as
a cutoff for the RFB charging. The cutoff provides 260 mV
charging overvoltage, which is usually sufficient for complete
material charging in a potentiostatic regime during UCSFCC.44

Higher voltage was not applied in order to avoid hydrogen
evolution on the anode. The 0.5 V discharge cutoff was chosen
because it provides sufficient overvoltage for the full RFB
discharge and is not expected to cause the occurrence of any
parasitic processes. The charging was performed in mixed gal-
vanostatic–potentiostatic regime as described in the Experi-
mental part. The galvanostatic part was introduced to keep the
RFB current load low in order to avoid dendrite formation in the
zinc half-cell. The potentiostatic part enabled a maximum of
material utilization.

The mole fraction of ferrocene in the polymer was estimated
by cerimetric redox titration and atomic absorption spectros-
copy (AAS), yielding 14.1 ± 0.7% and 13.6 ± 1.8% respectively
(ESI Fig. S4 and S5†). The mole fraction values are means from
three measurements, with the error propagation calculated for
each corresponding analysis. From the seven full RFB tests
performed at room temperature in an argon-lled glovebox
(exemplary voltage–current curves of the charge–discharge
procedure are depicted in Fig. S6†), the average initial discharge
capacity of a 396.6 mg PFc in 10 mL electrolyte corresponds to
7.6 ± 0.3 mA h (mean and standard deviation). Subsequently,
based on battery testing the ferrocene mole fraction in the
This journal is © The Royal Society of Chemistry 2024
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polymer can be calculated as 16.0 ± 0.5% which is in good
agreement with the values determined by the potentiometric
titration and AAS. Moreover, since the value estimated from the
RFB cycling is slightly higher than the ex situ measured values,
it was concluded that with the chosen battery cycling regime it
is possible to access the full capacity of the material. Hence, we
can exclude that any non-accessed capacity would inuence the
capacity fade rates obtained during studies at elevated
temperatures, which could have been the case in our previous
contribution.25 Based on the measured mole fractions from all
the methods, an average value of 15 (n/n)% was assumed to be
the real value throughout this study. Accordingly, the electron
equivalent molar mass of the PFc is 1485 g per mole of
electrons.

3.1.2. Oxygen sensitivity. The composed RFB system was
expected to perform well in air, since both zinc and ferrocene
complexes are insensitive to oxygen.35,43 Nevertheless, the PFc's
oxygen sensitivity was assessed ex situ in order to decide on the
conditions of the following RFB tests. For that, the SOC of three
samples with 27 mM PFc, 0.1 M ZnCl2, 0.8 M NH4Cl electrolyte
were independently and regularly measured, while the solu-
tions were kept in air atmosphere. The temperature-insensitive,
calibration-free amperometric SOC measurement technique
was chosen to assess the catholyte SOC during this experi-
ment.39 The technique was already successfully applied to
solutions containing monomeric active molecules with
concentrations varying from 50 mM up to 1.3 M.39,45 Since the
techniques' applicability in polymer-based electrolytes has not
been demonstrated so far, it was rst validated for the PFc
electrolyte with a relatively low active material concentration of
27 mM (see Fig. S7 and S8 in the ESI†). As evident from Fig. S7,†
the amperometric technique reveals up to 3% positive SOC
deviation in the area of low SOCs, which decreases to negligible
deviation at 50% SOC. The technique demonstrates a negative
SOC deviation of up to 4% when the sample SOC increases. The
observed accuracy in the polymer-based electrolyte veries the
applicability of the method to PFc polymers and aligns with the
Fig. 2 (a) Oxygen sensitivity test performed outside the glovebox utilizing
for 4 mL catholyte samples (27 mM PFc, 0.1 M ZnCl2, 0.8 M NH4Cl). (b) C
glovebox. Continuous battery cycling of 10 mL 27 mM PFc, 0.1 M ZnCl2, 0
performed galvanostatically at 16 mA cm−2 current in a 0.5 to 1.5 V cut
voltages till an absolute current value below 0.5 mA cm−2 was reached.

This journal is © The Royal Society of Chemistry 2024
accuracy observed in experiments performed with 0.1 M ferri-/
ferrocyanide samples (RMSD: 2.5%).45

Aer the validation experiment, an uncharged PFc electro-
lyte sample was stored under ambient conditions and its SOC
was measured once per day. From Fig. 2a it can be clearly seen
that the SOC of the electrolyte increases over time, which
indicates oxidation of the ferrocene polymer by oxygen from the
air. At increased temperature, the oxidation rate also increases,
further pointing to facilitation of the ongoing self-charge reac-
tion. However, aer the temperature was returned to the stan-
dard laboratory condition (21.5 °C), the SOC reached
a saturation value of 28%. Therefore, the Zn-PFc RFB was ex-
pected to exhibit poorer stability under ambient conditions
than in an inert atmosphere.

The results of a 5.7 days-long cycling of two Zn-PFc RFBs
under both ambient conditions and in an argon-lled glovebox
conrmed this expectation. Fig. 2b shows that the RFB in the
glovebox exhibits signicantly better performance compared to
the RFB operated at ambient conditions both with regard to
capacity fade rate and coulombic efficiency. Furthermore, we
observed signicant water transfer between the half-cells
(Fig. S9†). At the end of the experiment, most of the water had
migrated to the anolyte side transforming the catholyte into
a gel with a volume of approximately 5 mL and increasing the
anolyte volume to 15 mL. This effect was not detected during
battery cycling in the glovebox (Fig. S10†). We attribute this
difference to the fact that additional zinc dissolution compen-
sating for the PFc self-discharge under ambient conditions
caused a stronger osmotic pressure between the half-cells.
Eventually, it was concluded that all the subsequent experi-
ments should be performed in an argon-lled glovebox.

3.1.3. Evaluation of PFc cross-over. The rst experiment in
the glovebox revealed a capacity fade rate of 4.8% d−1 on the
rst day and 1.3% d−1 on the h (Fig. 2b). The slowest capacity
fade rate obtained in the previous study on PFc by Borchers
et al.25 corresponds to approximately 0.2% d−1, representing
a more than six-fold slower degradation compared to our
the steady-state amperometric technique tomeasure electrolyte SOC
omparison of two RFB cycling experiments performed in air and in the
.8 M NH4Cl catholyte vs. 10 mL 0.1 M ZnCl2, 0.8 M NH4Cl anolyte was

off voltage range with subsequent potentiostatic holding at the cutoff

J. Mater. Chem. A, 2024, 12, 4806–4825 | 4813
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obtained value. To further investigate this difference, we per-
formed an additional UCSFCC experiment (Fig. S11†). During
the three-day lasting experiment, the capacity fade decreased
from 0.9% d−1 on the rst day to 0.3% d−1 on the last, which is
on par with the results reported by Borchers et al. earlier.25 Since
generally the symmetric cycling experiments signicantly
reduce the impact of cross-over, it was hypothesized that the
cross-contamination of the anolyte with the PFc is the reason
for the signicant difference in capacity fade rates between the
full RFB and the UCSFCC experiments. In order to evaluate
whether cross-over caused the deviation between the fade rates
in full RFB and UCSFCC, the 1 kDa MWCO Spectra/Por 6 was
replaced with the 0.6 kDa MWCO OS-NF-8800 size-exclusion
membrane. Subsequently, a change in the capacity fade
pattern should be observed when the membrane with lower
MWCO is used.

During the following full RFB tests using OS-NF-8800
membrane, zinc dendrite growth was evaluated (Fig. 3a and
b). Decreasing the currents of the galvanostatic part of the RFB
Fig. 3 (a) EDX images of the front side of the OS-NF-8800membrane (i.e
and which contacted the catholyte side during the RFB cycling) after RFB
with sulphur–oxygen–carbon marking, and with full recorded spectra fo
(b) EDX images of the cross-section of the OS-NF-8800 membrane (lef
right side corresponds to the polypropylene fiber reinforced layer and co
zinc–carbon atoms marked, with sulphur–oxygen–carbon marking, a
respectively (×200 magnification). (c) EDX images of the OS-NF-8800 c
oxygen–carbon marking and spectra for all atoms detected of the surfac
with sulphur–oxygen–carbon marking and spectra for all atoms detecte

4814 | J. Mater. Chem. A, 2024, 12, 4806–4825
charge–discharge regime enabled mitigation of the dendrite
growth (Fig. 3c). The more detailed discussion about the eval-
uation and mitigation of the zinc dendrite growth is presented
in the ESI, page S5 and in Fig. S12–S28.† Eventually, the new,
lower current cycling regime was adopted for all the following
full RFB tests. The lower current regime represents galvano-
static charge–discharge at 2 mA cm−2 current in a 0.5 to 1.5 V
voltage range with subsequent potentiostatic holding at the
cutoff voltages till the absolute current value decreases to #0.5
mA cm−2 (exemplary charge–discharge cycles are depicted in
Fig. S29†). In particular, to provide a better comparison of the
experimental results the full RFB cycling applying the 1 kDa
MWCO Spectra/Por 6 was also repeated using the new cycling
regime.

The battery performance from full RFBs and UCSFCC tests is
presented in Fig. 4a. The RFB applying the OS-NF-8800
membrane exhibits linear capacity fade rate behavior, i.e.,
similar capacity fades of 0.7% d−1 and 0.9% d−1 are obtained
for the experiment's rst and h days, respectively. For
., polyether sulfone layer, which determines the 0.6 kDa MWCO cutoff
cycling in higher current regime with only zinc–carbon atoms marked,
r all atoms detected on the surface, respectively (×100 magnification).
t side corresponds to polyether sulfone layer and contacted catholyte,
ntacted anolyte) after RFB cycling in higher current regime, with only

nd with full recorded spectra for all atoms detected on the surface
ross-section after RFB cycling in lower current regime with sulphur–
e, ×200 magnification, and EDX images of the OS-NF-8800 front side
d of the surface (×100 magnification).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Discharge capacities and coulombic efficiencies of two full
RFBs with OS-NF-8800 and Spectra/Por 6 membranes, respectively,
and of the symmetric RFB with Spectra/Por 6 membrane (10 mL of
0.1 M ZnCl2, 0.8 M NH4Cl, pH 4.5–5 anolyte vs. 10 mL of 0.1 M ZnCl2,
0.8 M NH4Cl, 27 mM PFc catholyte and lower current regime for the
full RFBs and 9 mL vs. 18 mL of 0.1 M ZnCl2, 0.8 M NH4Cl, 27 mM PFc
electrolyte and potentiostatic regime at±0.3 V till it decreased to#2.5
mA for the UCSFCC).

Fig. 5 Schematic representation of the potential hydrolysis–
condensation equilibrium of the methacrylic PFc block and its impact
in a symmetric flow cell and in a full RFB.
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comparison, the full RFB cycling with the 1 kDa MWCO
(Spectra/Por 6) membrane (red line in Fig. 4a) exhibits similar
capacity fade behavior to the previously observed in Fig. 2b in
the glovebox, i.e., the non-linear capacity fade pattern where the
capacity decay decreased from 3.7% d−1 during the rst day to
0.6% d−1 during the h. Therefore, the application of the new
membrane indeed caused other capacity fade patterns, con-
rming the statement that specically cross-over processes are
the reason for the difference in fade rates obtained from full
RFB and UCSFCC tests.

Nevertheless, the UV-vis absorption analysis of the RFB
anolyte did not reveal the presence of the PFc in negative half
cells in each of the experiments (UV-vis calibration curves for
charged and discharged PFc catholytes are presented in Fig. S30
and S31,† respectively, and the spectroscopy analysis of the post
mortem anolytes of full RFBs using Spectra/Por 6 and OS-NF-
8800 membranes are shown in Fig. S32 and S33,† respec-
tively). In Fig. S32 and S33† for comparison with the post mortem
anolytes' spectra, UV-vis spectra for freshly prepared 0.18 mM
PFc catholytes are depicted. The 0.18 mM PFc concentration
would correspond to a cross-over of 0.7% of PFc catholyte
concentration to anolyte. The anolyte's absorption spectrum
represents a nearly straight line compared to the 0.18 mM
samples (Fig. S32 and S33†). Additionally, cyclic voltammetry
was performed with the post mortem anolyte from the full RFB
tests using OS-NF-8800 membrane and also did not reveal
presence of the polymer (Fig. S34†).

The UV-vis and CV techniques may not detect PFc in the post
mortem RFB anolyte if it is precipitated or fully degraded aer
crossing the membrane. To rule out this possibility a full RFB
test with an intentionally PFc-contaminated anolyte was per-
formed. The details of the experiment are described in ESI, page
S6, Fig. S35 and S36.† Eventually the PFc stayed visible by both
This journal is © The Royal Society of Chemistry 2024
UV-vis and CV techniques even aer the 5.7 days long full RFB
test. Consequently, the techniques are sufficient to track the PFc
cross-over and the PFc transfer to the anolyte indeed does not
occur during the full RFB cycling. Nevertheless, in fact some
cross-over process causes the observed difference in capacity
fade rates in Fig. 4a. Therefore, a transfer of other species
induces the observed differences in the capacity fade rates.

3.1.4 Evaluation of other species' cross-over. Besides the
direct cross-over of the PFc, a cross-over of its decomposition
products can also inuence the capacity fade behavior. Thus,
PFc can undergo a reversible decomposition process where one
of the products leaves the catholyte via cross-over. The decom-
position equilibrium is not reached in such conditions, and
faster capacity fade rate is observed. The most obvious decom-
position reaction expected for the PFc is the hydrolysis of an
ester bond, attaching the tetraalkylammonium solubilizing
group to the polymer backbone. The weakly acidic (pH 4.5–5)
media of the applied electrolyte is supposed to activate this
process. The hydrolysis products are, therefore, (2-hydroxyethyl)
trimethylammonium chloride (TMA-EtOH) and the residual
polymer containing the same amount of ferrocene units, less
tetraalkylammonium solubilizing groups, and new carboxylic
acid units (the reaction is depicted in Fig. 5 in each of the RFB
half-cells containing PFc-based electrolyte). In the electrolyte
pH range of 4.5 to 5, the carboxylic acid unit can dissociate and
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4815
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form an anionic group. If the dissociation did not occur, the
polymer would gradually lose solubilizing tetraalkylammonium
cationic groups until it becomes poorly soluble and precipi-
tates. If the dissociation occurs, the PFc molecules – having
both cationic and anionic blocks – may interact, forming
a separate phase, and subsequently, precipitate.46,47

A portion of RFB anolyte from the full battery test with OS-
NF-8800 membrane was subjected to an electrospray ionisa-
tion mass spectrometry (ESI-MS) analysis in order to search for
the presence of the TMA-EtOH in the RFB anolyte (Fig. S37 and
S38†). According to the spectra of positively charged particles
(Fig. S38†), the solubilizing unit was present in the anolyte.
Consequently, the suspected decomposition reaction occurs
and, thus, may allow the TMA-EtOH cation to cross the OS-NF-
8800 membrane, which could explain the differences between
the capacity fade rates exhibited in Fig. 4a as rationalized in the
beginning of this Subsection. The removal of the TMA-EtOH
group from the polymer backbone is a reversible process.
Consequently, the TMA-EtOHmay reconnect to the backbone as
long as both the polymer chain and the cleaved group stay in the
solution. The scenarios for the TMA-EtOH cross-over and its
inuence on the PFc stability are depicted in the Fig. 5. In
a symmetric RFB, the proposed equilibrium reaction is reached
in both half-cells even if TMA-EtOH crosses the membrane. On
the other hand, in full RFBs the TMA-EtOH is likely to diffuse
from the catholyte to the anolyte through the size-exclusion
membrane due to the large concentration gradient for this
species. In other words, the decomposition product leaves the
reaction side and, thus, shis the reaction direction towards the
decomposition. Both applied size-exclusion membranes are
expected to be poorly selective for the TMA-EtOH since its molar
mass is small compared with the membranes' MWCOs.
However, the higher MWCO of the Spectra/Por 6 membrane is
likely to conduct the TMA-EtOH better, which can explain the
higher fade rates observed at the beginning of the experiment
with this membrane (Fig. 4a). Over time, the fade rate decreases
to lower values since the TMA-EtOH concentration accumulates
in the anolyte, and the concentration gradient over the
membrane decreases. TMA-EtOH is expected to be stable in the
PFc/Zn RFB chemical environment. Both alcohol and tetraal-
kylammonium additives are used as additives to zinc-based
batteries and provide signicantly elongated cycling times due
to staying inert and promoting homogeneous Zn electro-
plating.48,49 Therefore, the TMA-EtOH is not suspected to
decompose in the presence of zinc and, thus, to be consumed at
the zinc-half cell. Subsequently, the solubilizing unit accumu-
lates in the anolyte until the TMA-EtOH cross-over between both
half-cells occurs equally fast in both directions and, thus, rea-
ches a dynamic equilibrium. This process takes longer in the
RFB with the OS-NF-8800 membrane since its lower MWCO
slows down the TMA-EtOH cross-over. Consequently, the
capacity from the time dependency of RFBs with OS-NF-8800
generally appears to be more linear.

3.1.5. Mitigation of the TMA-EtOH transfer to the anolyte.
While a detailed mechanistic analysis was beyond the scope of
this study, a working hypothesis for future studies is proposed
in this Subsection: The hydrolysis and further cross-over of
4816 | J. Mater. Chem. A, 2024, 12, 4806–4825
TMA-EtOH molecules is suspected to be inuenced by zinc
cations. Zinc cations actively participate in several complexa-
tion reactions as a weak Lewis acid.50,51 Several combinations of
N– and HO– or also N– and HOOC– ligands with zinc solutions
cause aggregate formations.50,52 Concerning this fact, zinc may
form complexes with the carboxylic and alcohol groups origi-
nating from the PFc degradation, with water and with ammonia
occurring from an NH4Cl hydrolysis equilibrium. Particularly,
the formation of zinc ligands with HO– or HOOC– units may
enable the following effects:

� Keeping the TMA-EtOH cation (contains OH– group) close
to the hydrolyzed polymer group (contains HOOC– group) by
including both ligands for coordination of each single zinc
cation and, thus, facilitating backward reaction and shiing the
hydrolysis equilibrium in the direction of the reagents.

� Involving TMA-EtOH in complex formation, increasing its
hydrodynamic size in solution and, thus, preventing its cross-
over.

Both possibilities could have a positive inuence on the RFB
stability. Nevertheless, the water and ammonia molecules can
also be involved in the complex formation with zinc cations,
thus replacing TMA-EtOH and polymer HOOC– groups in the
zinc coordination sphere and decreasing the effect of the
positive inuences. Consequently, the NH4Cl-based supporting
electrolyte was replaced by tetramethylammonium (TMA)
chloride, which does not hydrolyse and does not exhibit Lewis
base behavior. As a result, less ligands competed for zinc
coordination in the catholyte, and the chances to either miti-
gate the hydrolysis or prevent the TMA-EtOH cross-over were
increased. Furthermore, a TMA cation-based salt was applied
for the supporting electrolyte replacement since it slows down
zinc dendrite formation48 and is relatively small, which still
keeps it possible to conduct current through the membranes.
Thus, it became possible to both maintain normal ow cell
performance and change zinc coordination in the electrolyte,
obtaining other capacity fade rate results from RFB tests.

The PFc demonstrated similar behavior on a CV in 1 mM
PFc, 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl, pH 4.5–5 electrolyte
(Fig. S39†). Consequently, RFBs utilizing the OS-NF-8800 and
the Spectra/Por 6 membranes were tested using the new sup-
porting electrolyte (i.e., 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl,
pH 4.5–5). The hydrochloric acid was used to keep the pH value
of the anolyte in the same range as for the NH4-based solution
in order to avoid zinc hydroxide formation and keep battery
testing conditions more comparable. Fig. 6a displays the results
for the full RFBs operated with 27 mM PFc in the catholyte. For
both membranes, the capacity fade rates were smaller than the
RFBs using NH4-based electrolyte at each corresponding time
period. Fig. S40 and S41† show that no cross-over was detected
by UV-vis and CV techniques for either of the full RFB tests.
Furthermore, the fade rate in the full RFBs approached 0.3%
d−1 at the last day of cycling, yielding a value that was previously
observed during the symmetric cycling with the NH4-based
electrolyte. To verify whether the decreased fade rate is caused
by mitigation of the hydrolysis or of the TMA-EtOH cross-over,
an additional UCSFFC experiment was performed. The newly
adopted anolyte and catholyte were applied while keeping all
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Discharge capacities and coulombic efficiencies of two full RFBs with OS-NF-8800 and Spectra/Por 6membranes, respectively, and of
the symmetric RFB with Spectra/Por 6 membrane (10 mL of 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl, pH 4.5–5 anolyte vs. 10 mL of 0.1 M ZnCl2,
0.8 M TMACl, 6 mM HCl 27 mM PFc catholyte and lower current regime for the full RFBs and 9 mL vs. 18 mL of 0.1 M ZnCl2, 0.8 M TMACl, 6 mM
HCl, 27 mM PFc electrolyte and potentiostatic regime at±0.3 V till it decreases to#2.5 mA for the UCSFCC). (b) Bar diagram of the capacity fade
rates obtained in the full RFB and UCSFCC tests.
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the other experimental conditions equal to the rst UCSFCC
test (Fig. 6a). The capacity fade rate in this experiment resem-
bles the results of the UCSFCC experiment with the NH4-based
electrolyte; thus, it signies that the hydrolysis is not mitigated
in the TMACl-based electrolyte. Consequently, the higher
stability observed in full RFB tests applying the TMACl-based
electrolytes is reached via suppression of the TMA-EtOH cross-
over.

3.1.6. Evaluation of pH changes over RFB tests. The
working potentials of the anolyte correspond to conditions
when hydrogen evolution is thermodynamically favourable.
Generally, reduction of hydrogen in aqueous electrolytes causes
hydroxide generation and increased pH. Such a process could
facilitate battery capacity fade when an alkaline pH is reached in
both the anolyte and the catholyte. Kinetics of hydrogen
reduction on both zinc and carbon felt electrodes is slow.
Nevertheless, it was important to ensure that any gas evolution
reaction did not signicantly alter the electrolyte pH. Most of
the following thermal stability tests were performed during 14
days-long periods. In the test performed at 50 °C temperature,
the electrolyte pH was measured before and aer the battery
cycling. The anolyte pH changed from 5 to 6, while the catholyte
pH shied from 5 to 4.5. Such pH value shis are expected since
the solution compositions of both RFB half-cells prevent
signicant alterations of their pH. Regarding the anolyte, when
the hydroxide ion concentration increases, zinc cations form
oxides and hydroxides which mitigate the further pH growth. At
the same time, in the catholyte, carboxylic acid groups are
generated during the hydrolysis. The carboxylic acids oen
buffer aqueous solutions in the pH range of 4 to 5, which
occurred in our case. Consequently, it is safe to state that the
hydrogen evolution did not inuence the electrolyte pH signif-
icantly in our study. Thus, any pH-related facilitation of capacity
fade is very unlikely in both the full and the symmetric RFB
tests.

Fig. 6b summarizes the capacity fade rates for the full and
the symmetric RFBs presented in Section 3.1. Based on the
This journal is © The Royal Society of Chemistry 2024
discussion provided in Subsections 3.1.3 and 3.1.4, the nal
approved cycling conditions for the further thermal stability
assessment are: (1) applying the OS-NF-8800 size-exclusion
membrane, (2) battery cycling in the lower current regime, (3)
applying 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl, pH 4.5–5 ano-
lyte and 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl, 27 mM PFc
catholyte. For the nally adopted RFB charge–discharge cycling
conditions, the corresponding practical battery voltage is 1.24 V
(Fig. S42†), and coulombic and energy efficiencies are 99.3 and
90.0% respectively (Fig. S43†).

Further stability assessments were carried out under
elevated temperatures to obtain a more detailed insight into
both the reliability of the common heating setups and the
thermal stability of PFc.
3.2 Thermal stability assessment

3.2.1. Accuracy in heating of bulk catholyte. To bring more
clarity to the choice of appropriate temperatures for thermal
stability assessment studies, a brief literature review was con-
ducted (see ESI, pages S7–S8 and Table S1†). In the ESI,† we
highlight the current state of the in operando temperature
studies in RFBs. Based on this literature survey, we propose
60 °C as a standard threshold for high-temperature stability
assessment and we state no low-temperature threshold due to
the insufficiency of currently existing scientic results.

In the previous work by Borchers et al.,25 the PFc stability was
assessed at room temperature and the desired 60 °C heating
setup, which corresponds well to the high-temperature
threshold we propose in this contribution. This experiment
was performed in our group by positioning the RFB tanks in
a sand bath tempered to 60 °C. As discussed and highlighted in
our recent review article,6 the impact of sensor placement and
heating setup type on the experimentally realized electrolyte
temperature is poorly investigated. Specically for the afore-
mentioned setup, the heating occurs only at the interface
between the electrolyte tanks and a sand/oil bath, neglecting the
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4817
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Fig. 7 Heating setups for RFB in operando thermal stability assessment compared in this study. The components of each setup are indicated by
text at the scheme. Green contour corresponds to a thermal insulation.
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impact of heat exchange with the environment via tubings, the
ow cell, and the pumps. To shed light on the accuracy of this
and other possible heating setups, we have performed the
thermal stability assessment in four different congurations
(Fig. 7, setups 1 to 4). The applied congurations were chosen
based on examples of heating setups previously reported in the
literature. A detailed discussion about the related literature and
reasons for our selection of the heating setups is provided in the
ESI, page S9.†

The heating setups used for the comparison are depicted
in Fig. 7. Each setup was adjusted to keep the catholyte
temperature at 60 °C. At the end of each full RFB thermal
stability tests, the catholyte temperature was measured by
immersing the temperature probe into the catholyte. The
probe was immersed only aer the experiments to avoid
corrosion and contamination of the catholyte half-cell. In the
rst setup, the temperature sensing probe of the sand bath
was located in the sand of the bath and tempered to the
desired 60 °C (Fig. 7). Astonishingly, the actual temperature
reached in the catholyte corresponded to 38 °C. This differ-
ence between the desired and realized temperature
4818 | J. Mater. Chem. A, 2024, 12, 4806–4825
presumably occurs because the RFB electrolyte is being
heated only in the RFB tanks. At the same time, the rest of the
uid circuit is effectively cooled because of the heat exchange
with the environment. Consequently, the capacity fade rates
reported by Borchers et al. in the previous publication from
our group correspond to an average bulk electrolyte temper-
ature of 38 °C instead of 60 °C.

Positioning the blank temperature probe directly inside the
catholyte causes corrosion of the (metal) probes. As a compro-
mise, the temperature probe was placed into a separate tank in
setup 2, which was lled with anolyte and not connected to the
RFB. In this case, the anolyte solution was considered non-
corrosive for the probe due to the anolyte's low standard
redox potential. The liquid in the “control” tank is pumped out
through a tube of the same length as in the RFB setup and then
directly back into the tank. In this way, the T probe does not
contact with the RFB at all, and heating conditions are better
suited to heat up to the desired 60 °C. The measured catholyte
temperature in this setup was 52 °C. The result highlights that
the ow cell contributes signicantly to the overall heat loss.
This journal is © The Royal Society of Chemistry 2024
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The T probe is positioned directly in the anolyte in the third
setup. The tubes, the ow cell, and the sand bath were covered
with a thermally insulating ber material to avoid larger heat
losses. Additionally, electrolyte mixing with a magnetic stirrer
was performed to provide better temperature distribution in the
tanks. Eventually, the desired 60 °C was reached for the cath-
olyte. However, to establish these conditions, the sand in the
bath was heated up to 100 °C.

Setup four corresponds to a thermostatic condition. It is
hardly possible to place an actual thermostat inside a glovebox.
Thus, a custom-made alternative was used in order to imitate
a thermostat. In the setup the temperature probe from the heat
bath is positioned inside the anolyte not for temperature
control, but for its monitoring. The whole RFB setup (besides
the pump) was placed inside the custom-made thermostat.
Eventually, the measured temperature in the anolyte and the
catholyte was 60 °C with this setup, while the surrounding gas
temperature in the custom-made thermostat uctuated
between 62 and 65 °C.

Thus, the presented experiments reveal that the T probe's
location in a setup strongly inuences the accuracy of the
established bulk electrolyte temperature. Only setups three and
four enable the attainment of the 60 °C in the bulk catholyte.

3.2.2. Inuence of homogeneity of the heating. The
discharge capacity from time graphs obtained during in oper-
ando thermal stability assessments for full PFc/Zn RFBs in the
different setups are depicted in Fig. 8a. It may be seen that both
at ambient temperature (28 °C) and at 38 °C the capacity fade
behavior is similar and approaches 0.2% d−1 aer six days.
Following the increase in the RFB electrolyte temperature, the
capacity fade is being facilitated. We prefer to emphasize that
a signicant difference was obtained between the results
observed in setups 2 and 4 at 50 and 52 °C and setups 3 and 4 at
60 °C. Although the bulk electrolyte temperature was similar in
each experiment, the capacity fade in setups 2 and 3 is signi-
cantly faster. This difference in the fade rates is attributed to the
Fig. 8 (a) Thermal stability assessment in full RFBs using 15 mL of 0.1 M Z
ZnCl2, 0.8 M TMACl, 6 mM HCl 27 mM PFc as catholyte applying the lowe
flow cells using 10 vs. 20 mL of 0.1 M ZnCl2, 0.8 M TMACl, 6 mM HCl 27
regime with ±0.3 V holding voltages and 0.5 mA cm−2 current cutoff. Du
added to the initial 20 mL in the NCLS.

This journal is © The Royal Society of Chemistry 2024
high-temperature gradient between the bulk electrolyte and its
surrounding media; consequently, higher temperatures are
reached at the electrolyte–glass interface. In setup 3 – despite
thermal insulation and additional mixing in the tanks –

a temperature gradient of 40 °C between the bulk electrolyte in
the tanks and the sand was required to heat the solutions to
60 °C (Fig. 7). Consequently, the temperature distribution was
clearly inhomogeneous and caused side reactions at the tank
walls. At the end of the experiments both in setup 2 and 3 a red
gel phase was formed on the walls of the RFB tanks (Fig. S44†).
In setup 2 signicantly less gel was formed and no gel was
detected in setup 1. Also, in setup 4 where a more uniform
temperature distribution is established, the gel phase did not
form neither at 50, nor at 60 °C. These observations indicate an
additional electrolyte decomposition process which facilitates
between 60 °C and 100 °C.

Consequently, the uniformity of temperature distribution
plays a vital role in the RFB thermal stability assessment, and it
is the most homogeneous in thermostat-type heating setups.
Thus, setup 4 is admitted to being the most suitable heating
conguration for the thermal stability assessment. We empha-
size the importance of this nding due to its signicant inu-
ence on the reliability of the assessed data and compatibility of
thermal stability assessment results across different studies.

3.2.3. PFc self-discharge. A sharp increase in capacity fade
aer an initial cycling phase of a few days occurs in all setups at
temperatures above 52 °C (Fig. 8a). The reason for the fade rate
is an additional PFc decomposition mechanism, which causes
its self-discharge. The existence and consequences of this self-
discharge were investigated in an additional UCSFCC experi-
ment (Fig. 8b). During the symmetric cycling at room temper-
ature, no rapid decrease in capacity fade occurs, while at 60 °C,
a signicant performance degradation takes place already aer
the rst 0.5 d and facilitates even more at the end of the second
day. The electrolyte SOC was measured ex situ by means of open
circuit voltage (OCV) measurements to check if the non-
nCl2, 0.8 M TMACl, 6 mM HCl, pH 4.5–5 as anolyte and 10 mL of 0.1 M
r current cycling regime. (b) Thermal stability assessment in symmetric
mM PFc electrolyte, applying potentiostatic charge–discharge cycling
ring symmetric cycling at 60 °C, additional volumes of electrolyte were
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capacity-limiting side (NCLS) can provide sufficient capacity for
the RFB cycling.

Before applying the OCV technique for SOC assessment, its
validation was performed. The catholyte OCV from SOC
dependency is presented in Fig. S45.† According to the t
quality, the SOC measurement by OCV is of moderate accuracy;
nevertheless, it is sufficient to detect signicant SOC imbal-
ances established during the UCSFCC experiment.

According to themeasurement of the SOC in the NCLS which
was performed on the days 0, 2, 6, and 10, the SOC range in the
NCLS dried to lower values during the symmetric cycling until
the NCLS could not supply enough positive charges effectively
becoming the capacity-limiting side (CLS) of the RFB (Fig. 8b).
Consequently, this SOC imbalance manifested in an apparent,
rapid capacity decrease of the symmetric RFB. Each time when
the NCLS capacity was rebalanced by adding additional
portions of fully charged catholyte, the accessible RFB capacity
increased to the values that preceded the observed fade rate
facilitations. This experiment conrmed that a self-discharge
occurs at increased temperatures in the PFc solution. Subse-
quently, gas chromatographic-mass spectrometry (GC-MS)
analysis was performed to analyse the gas above catholyte
samples aer keeping them at 60 °C overnight inside the glo-
vebox. Both in the spectra of freshly prepared (not used in an
RFB) and of cycled catholyte solutions, the pattern of cyclo-
pentadiene rings was detected (Fig. S46–S48†). This indicates
a decomposition of the ferrocene complex in the PFc polymer.
While it is out of the scope of this study to unravel the exact
mechanism, we are aware that a ferrocene decomposition,
according to Scheme 1, was already reported for nonaqueous
solutions.53,54 In acetone, nitromethane, and acetonitrile,
a charged ferrocene complex decomposes in the presence of
halogen anions (including chloride) forming two cyclo-
pentadienyl anions which, subsequently, reduce the
surrounding charged ferrocene molecules and form cyclo-
pentadienyl radicals. While this reaction was not yet described
for aqueous solutions, we believe the same or similar reaction
causes the observed self-discharge and the detected cyclo-
pentadiene in the gas phase above the electrolyte.

In addition, the PFc electrolyte self-reduction may occur via
carboxylic acid groups' oxidation, performed by the charged
ferrocene. The redox mediator activity of ferrocene during
oxidation of carboxylic anions in acetonitrile solvent is
comprehensively investigated by Hernández-Muñoz et al.55 The
oxidation reaction mechanism for a diphenylacetate anion is
depicted in ESI Scheme S1.† The particular anion was chosen
since – as in our contribution – the a-carbon atom in the
diphenylacetate structure (concerning the carboxylic group) has
Scheme 1 Schematic representation of the assumed ferrocene
decomposition reaction.

4820 | J. Mater. Chem. A, 2024, 12, 4806–4825
bulky substituents. According to the mechanism, two charged
ferrocene molecules oxidize one carboxylic anion group,
yielding two reduced ferrocenes, one carbon dioxide molecule,
and one diphenyl methyl carbocation. Furthermore, it was
proven that the occurring carbocations react with the solvent
and ferrocene, causing subsequent fragmentation of the ferro-
cene. Such a mechanism can potentially explain both the
observed PFc electrolyte self-reduction, and the presence of
cyclopentadiene rings in the GC-MS spectra. Nevertheless, CO2

should then be one of the reaction products, though it was not
detected during the GC-MS analysis. Consequently, we assume
the occurrence of the carboxylic acid oxidation process is less
likely, compared with the aforementioned direct decomposition
of the charged ferrocene moieties. Hence, the same or similar
reaction to the Scheme 1 is eventually assumed to cause the PFc
electrolyte self-reduction.

One of the by-products of ferrocene decomposition is iron(III)
chloride. The salt is also electrochemically active, thus, it is hard
to conclude the rate of ferrocene decomposition from the ow
cell capacity fade. Furthermore, other decomposition reactions
may take place instead of the proposed mechanism. Regardless
of the exact mechanism, the self-discharge intensively occurs
for the PFc electrolyte at elevated temperatures, and one of the
involved processes is the decomposition of the ferrocene
complex. Consequently, we relate the facilitation of capacity
fade observed for the full RFB cycling during longer-term
thermal stability assessment to the self-discharge of the cath-
olyte and to the subsequently caused half-cell imbalances.

3.2.4. PFc thermal stability assessment results. To identify
the PFc thermal stability range and to enable the estimation of
its capacity fade rate, the apparent rate constants of the PFc
degradation were obtained from each of the full RFB experi-
ments and then plotted in Arrhenius coordinates (Fig. 9a). The
rst-order kinetic reaction model was used for the evaluation of
the apparent fade rate constants and for the further assessment
of the pre-exponential factor and the reaction activation energy
(see eqn (2)–(4)).41 In reality the PFc decomposition mechanism
is supposedly more complicated than the rst-order kinetic
reaction, i.e., at least reversible hydrolysis and charge imbal-
ances that were unravelled earlier are involved in the observed
capacity fade. Still, if the periods with the interferences are not
involved during the tting of experimental data to the model
eqn (3), then the tting quality stays fairly good (R2 ranging
from 0.96 to 1.00). The tting plots are presented in the ESI
(Fig. S49–S53).† The data used for the ts always starts on day
two (to avoid the interference of hydrolysis) and ends before the
facilitated capacity fade (to avoid the interference of the half-cell
imbalances). Consequently, results from the full RFB test at 60 °
C using setup 3 were not treated because the interference of
either the hydrolysis or the imbalance was observed over the
complete experiment duration. It is important to note that the
applied evaluation approach does not necessarily correspond to
the chemical PFc decomposition mechanism alone. Neverthe-
less, the approach models the battery degradation reasonably
well. Thus, we use this method to model this degradation, and
the evaluated rate constant is to be understood as an apparent
parameter.
This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Arrhenius plot for the rate constants obtained from capacity fade of full RFBs using PFc. (Bulk catholyte temperature and setup number
is stated for each of the data points above or below; the rate constant obtained in setup 3 is not evaluated because of interference of either the
hydrolysis or the half-cell imbalance over the complete data range of the experiment; linear regression is done for 28 to 50 °C temperature
range). (b) Bar diagram of the capacity fade rates from the in situ RFB thermal stability assessment. (* 6 to 13 days period was used instead of the 6
to 14 days; ** only the data for fade rates in first 6 days are presented; *** 6 to 10 days period was used instead of the 6 to 14 days).

Table 1 The apparent fade rate constants, pre-exponential factor, and
activation energy of the PFc catholyte in the 28 to 60 °C temperature
range. The A and Ea were estimated based on rate constants obtained
only at 28, 38, and 50 °C

Nr Setup
Bulk T,
°C k, s−1 A, s−1 Ea, kJ mol−1

1 0 28 2.08 × 10−8 8.06 × 10−3 32.29
2 1 38 2.92 × 10−8

3 4 50 4.98 × 10−8

4 2 52 9.54 × 10−8

5 4 60 1.470 × 10−7

6 3 60 —
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On the Arrhenius plot (Fig. 9a), the apparent fade rate
constants obtained at temperatures from 28 to 50 °C form
a straight line. Based on these three data points a linear
regression was performed and the pre-exponential factor as well
as the activation energy were estimated (Table 1). The apparent
rate constant from experiment four (Table 1) is deviating
because of the too high temperature gradient at the tank walls.
Similarly, experiment six is deviating due to the gel phase
formed on the tank walls (Fig. S44†). In contrast to that, no
gelation was observed at any temperature using setup 4, where
heating is performed homogeneously across the complete
setup. Consequently, experiments four and ve (Table 1)
represent improper heating setups which had a signicant
inuence on the obtained fade rates. Experiment two (Table 1)
appeared to suit well into the linear regression. Most-likely, the
temperature at the tank walls in setup 1 was not sufficiently
high to cause the additional decomposition process. Thus,
despite the low heating homogeneity provided by the setup, it
did not inuence the capacity fade rates. Consequently, exper-
iment two can be used for the thermal stability evaluations. The
ka from experiment ve (Table 1) is measured in a suitable
heating setup. However, faster fade rate is observed due to
interference of the additional decomposition process at
This journal is © The Royal Society of Chemistry 2024
elevated temperatures. The facilitated capacity fade occurring in
experiment ve aer 5.6 d also indicates the interference of the
additional decomposition process.

Therefore, we conclude that experiments performed in
setups 0, 1, and 4 can be used for PFc thermal stability evalu-
ation in our particular system. At temperatures from 28 to 50 °C
the capacity fade rate exhibits linear behavior in Arrhenius
coordinates. Thus, the stability of the catholyte in the full RFB
can be estimated within 28 to 50 °C, using eqn (3) and (4) and
the pre-exponential factor with the activation energy (Table 1).
At 60 °C, the additional decomposition process starts to inter-
fere; thus, 50 °C is considered the upper temperature stability
threshold for the investigated PFc catholyte. Also, the model is
considered to work accurately only for the range 28 to 50 °C.

The in operando thermal stability assessment results are
summarized in Fig. 9b. Both at ambient temperature and 38 °C,
the PFc electrolyte fade rate approaches 0.2% d−1 during the full
RFB and symmetric cell tests, corresponding to moderate
stability in accordance with the classication recently offered by
Kwabi et al.4 At 50 °C, the fade rate stabilizes at 0.3% d−1. Above
the 50 °C threshold, additional decomposition process starts to
interfere, causing the parasitic self-discharge mechanism,
increased half-cell charge imbalances, and facilitated capacity
fade rate. Values obtained in setups 2 and 3 are considered
invalid because of the too high inhomogeneity of the heating
setups and electrolyte gelation at the tank walls. Prior to the
rapid increase in RFB capacity fade at 60 °C in setup 4, the PFc
catholyte exhibits a high capacity fade rate of 1.1% d−1. Overall,
the observed fade rates for the PFc would translate to reaching
the 80% SOH limit (commonly applied as the threshold for RFB
lifetime) aer roughly 110 days (<40 °C), 70 days (50 °C), and 20
days (60 °C, unlimited counter cell capacity is assumed, i.e., the
facilitated capacity fade due to the half-cell imbalances is
assumed not to interfere), respectively.

It is important to note that the capacity fade obtained during
UCSFCC test at 60 °C in setup 4 is higher, than that obtained in
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4821
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full RFB test in the same conditions (Fig. 9b). Hereby we provide
a hypothesis about possible origin of the observed deviation.
The hypothesis represents a new perspective of the UCSFCC
tests in general, thus, it should be comprehensively evaluated
before accepting. The evaluation is out of the scope of the
investigation; nevertheless, the hypothesis is briey described
to clarify the discrepancy of the full RFB and UCSFCC tests. The
crucial processes that cause the discrepancy are the two-
electrode conguration of the batteries and the half-cell
charge imbalance. A RFB is a two-electrode cell, thus, the
absolute potential adjusted by a potentiostat on the working
electrode does not stay unchanged between charge–discharge
cycles. It happens because the WE potential is controlled vs. the
CE potential, that can dri along the charge–discharge cycling
of the RFB. If an imbalance causes a negative dri of the CE
absolute potential, then the WE absolute potential also
undergoes the same negative dri. Subsequently, the charging
cutoff overvoltage decreases with respect to the WE absolute
redox potential, and smaller charging SOCs are reached. It
causes a decrease of material utilization and an apparent
facilitation of capacity fade rate. This process represents the
rst facilitation of the capacity fade, and it does not correspond
to stability characteristics of a studied material, i.e., it causes
capacity fade rate misinterpretation. Furthermore, if the
imbalance continues to increase, the capacity of counter elec-
trolyte (i.e., anolyte or NCLS in our contribution) becomes
insufficient to provide charges to the working electrolyte (i.e.,
catholyte or CLS in our contribution). This causes the second
facilitation of the capacity fade rate which also does not corre-
spond to stability characteristics of a studied material and
causes capacity fade rate misinterpretation.

This two-stage facilitation is well detectable in the UCSFCC
test at 60 °C, in the Fig. 8b. During the rst 0.5 d, the imbalance
did not inuence capacity fade. The periods 0.5 to 1.5 d, 2.5 to 5
d, and 6.5 to 9 d correspond to the rst facilitation of the
capacity fade. And the areas with fastest capacity fade occurring
before rebalancing correspond to the second facilitation. At the
same time, in the full RFB tests, the rst facilitation is not
detected. The reduced species in the anolyte are represented by
zinc metal and are always not dissolved in the solution.
Consequently, in full RFB tests, the imbalance does not cause
increase of reduced species concentration in the anolyte with
respect to the oxidized species, and thus, the negative dri of
the counter-electrolyte potential is smaller. Thus, the dri of the
working-electrolyte potential is also smaller and the effect of the
rst facilitation is weaker. Therefore, the rst facilitation of the
capacity fade occurs close to the second facilitation and cannot
be distinguished from it.

In this contribution, in the symmetric battery, the NCLS has
a two-fold excess capacity compared to the CLS. At the same
time, in the full battery, the excess capacity corresponds to 11
times (i.e., 15 mL anolyte with 0.2 M electron equivalent
concentration vs. the 10 mL catholyte with 0.027 M electron
equivalent concentration in the thermal stability assessment
tests). Consequently, the half-cell imbalances have signicantly
stronger inuence on the obtained capacity fade during the
symmetric cycling. In the full RFB at 60 °C using setup 6, the
4822 | J. Mater. Chem. A, 2024, 12, 4806–4825
facilitated capacity fade occurred between days ve and six
(Fig. 8a); consequently, in the symmetric battery at same
temperature, the imbalance is expected to inuence the fade
rate already starting from day one. This assumption conrms
our previous statement that, in the UCSFCC test at 60 °C
(Fig. 8b), the half-cell charge imbalance already started to
facilitate the capacity fade rate aer 0.5 d.

Generally, the UCSFCC tests are more preferable for the in
operando stability assessment due to mitigation of cross-over
effects.44 Nevertheless, specically in this scientic contribu-
tion, the capacity fade rate from the UCSFCC is signicantly
more dependent on the half-cell charge imbalance than the full
RFB cycling. Therefore, we suggest orienting on the results
obtained in the full RFB tests since there the inuence of the
imbalance is smaller.

Given the lack of thermal stability experiments in organic
RFB literature and the pitfalls of commonly applied heating
setups unravelled in the study at hand, it is hard to set the result
of our full RFB tests into a proper context. The only recent
reports of dedicated thermal stability experiments we have
found in the literature on organic cathodic substances are the
following: TEMPO derivatives studied in aqueous-based elec-
trolytes demonstrated capacity fade rates ranging from 0.4
(1.3 M TMA-TEMPO) to 3.4% d−1 (0.1 M TMA-TEMPO) at 40 °C
oil bath temperature (cf. Fig. 7, setup 1). Considering the results
presented in the present study, it must be expected that the
actual temperature of the catholyte was lower than the stated
value, since only the oil bath was tempered to 40 °C.18,23

Additionally, in the study by Quinn et al., the thermal
stability of N-(2-(2-methoxyethoxy)-ethyl)phenothiazine
(MEEPT) material was assessed in a non-aqueous electrolyte,
applying a decently accurate heating setup (Table S1†) and
performing in the 30 to 70 °C temperature range with 10 °C
increments.24 Unfortunately, capacity fade values were not
stated for the performed symmetric cycling and, thus, we have
extracted the values from the gure ve in the corresponding
publication by converting the gure into data points using the
WebPlotDigitizer program.56 The obtained charge capacity from
time dependency is depicted in Fig. S54 in the ESI.† The values
extracted by the program were used to calculate the capacity
fade rate from the 10 cycles given at each temperature in the
source publication. Accordingly, capacity fades of 4, 9, and 15%
d−1 (for BF4 counterion) as well as 1, 8, and 18% d−1 (for TFSI
counterion) were obtained for 40, 50, and 60 °C during the
symmetric cycling of the MEEPT molecule, respectively
(Fig. S54†). Due to the scarcity of the thermal stability evalua-
tions of organic cathode materials, the obtained capacity fade
rates of the newly emerged MEEPT study are valuable for
providing an idea about the current state of the reported results.
Nevertheless, we emphasize that the stated values represent
a rough estimation, obtained by digitizing the graph from the
work of Quinn et al.24 Hence, rstly, the capacity fades calcu-
lated from the original values may differ. Secondly, even if the
digitalization of the gure was accurate, the statements on the
fade rate behavior, which are based on such short battery tests,
are of low reliability.
This journal is © The Royal Society of Chemistry 2024
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While the PFc investigated herein showed equal or superior
thermal stability compared to currently existing literature
reports on other organic redox-active molecules, it would
probably not be suitable for practical applications in its current
form without further optimisation of the ferrocene copolymer.

4 Conclusions

In this contribution, ferrocene-based FPMAm-co-METAC poly-
mer (PFc) was applied as a catholyte in an aqueous, hybrid redox
ow battery (RFB) vs. zinc. The polymer-based RFB exploits
materials based on environmentally benign electroactive units
and operates with a size-exclusionmembrane (0.6 to 1 kDa) with
no detectable PFc cross-over. It demonstrated a high voltage of
1.24 V, coulombic and energy efficiencies of 99.3% and 90.0%,
respectively, and a capacity fade rate of 0.2% d−1 (aer 14 days)
at ambient temperatures (28 °C) in a glovebox. The PFc/Zn
system was chosen to study the battery performance proper-
ties of the PFc thoroughly in order to extend our knowledge of
this promising polymer. Furthermore, due to the reported high-
temperature stability of the PFc it was considered an excellent
candidate for conducting a comparative study of heating setups.
Therefore, this study addresses the decient understanding of
thermal stability assessments in current organic RFB literature
by unravelling the most common pitfalls.

Furthermore, the PFc was utilized as a model system to
validate the applicability of the steady-state amperometry for
SOC measurement for polymer-based RFBs. The technique has
provided deviations below 4% from the expected values in
measurements over the complete SOC range at low PFc
concentrations of 27 mM. The ex situ SOC analysis of the PFc at
different temperatures has revealed an oxygen intolerance of
the PFc, thus all subsequent tests were performed in an argon-
lled glovebox.

Furthermore, the direct comparison of full cell tests and
volumetrically unbalanced, compositionally symmetric PFc/PFc
ow cell experiments at room temperature exhibited a more
than four-fold higher capacity fade in the PFc/Zn RFB. Aer
excluding PFc cross-over, subsequent ESI-MS analyses revealed
detachment of the TMA-EtOH solubilizing unit from the poly-
mer backbone. The reversible condensation-hydrolysis of the
ester bond in the polymer solubilizing unit and the following
cross-over of the TMA-EtOH unit to the anolyte were the main
reasons for the signicant deviation in the capacity fade rates.
The unravelled decomposition mechanism is typical for poly-
mer materials, since ester bonds are oen applied to join
polymer active groups to a backbone or to compose the
latter.57,58 Nevertheless, it is worth noting that the capacity fade
related to this decomposition in batteries can be inuenced by
regulating the hydrolysis product content in the electrolyte.
Furthermore, this mechanism represents a good example of
a case, when the cross-over of a side-reaction product that is not
electroactive may facilitate the capacity fade rate of the RFB,
whereas cross-over of the electroactive molecule does not occur
to a measurable extent.

A sharp increase in capacity fade rate was observed during
longer-term RFB cycling for temperatures equal to or above
This journal is © The Royal Society of Chemistry 2024
52 °C. Subsequently, an additional UCSFCC experiment at 60 °C
combined with ex situ SOC assessment viaOCVmeasurement of
the non-capacity-limiting side (NCLS) electrolyte revealed that
a parasitic self-discharge reaction caused a SOC imbalance
between the half-cells, which over time makes the NCLS the
capacity-limiting side and pushes the observed capacity fade
increase. GC-MS analysis of the gas phase above heat-treated
catholyte samples (60 °C) has indicated the occurrence of 1,3-
cyclopentadiene rings. While unravelling the exact mechanism
was out of the scope of this study, these results indicate an
intrinsic decomposition of the ferrocene complex with the
following reduction of the PFc electrolyte. Therefore, the
process causes RFB half-cell imbalances, and subsequent
capacity fade.

Thermal stability of the PFc was assessed in operando in
a combination of PFc/Zn full cells and volumetrically unbal-
anced, compositionally symmetric PFc/PFc ow cell experi-
ments in the temperature range from 28 to 60 °C. The results
suggest an intrinsic capacity fade rate of 0.2% d−1 (up to 38 °C,
sand bath setup), 0.3% d−1 (at 50 °C, thermostat setup), and
1.1% d−1 (at 60 °C, thermostat setup) during the period before
the battery failure (time before the sharp increase in capacity
fade rate, which is discussed in the previous paragraph).

In conclusion, the additional insights obtained on the PFc
redox-active polymer enhanced our understanding of this
recently reported candidate for polymer-based ow batteries.
Our results suggest that further research is required on more
suitable and stable solubilizing groups for ferrocene-based
copolymers. The exact mechanism of the ferrocene decompo-
sition needs to be investigated to understand if and how it may
be suppressed.

Finally, we would like to highlight the demand for the
organic ow battery community to establish thermal stability
assessment protocols. Based on the dedicated evaluation and
comparison of thermal stability assessment setups and
considering the current state of the literature, we would like to
contribute the following suggestions to this process:

� The commonly applied heating setups, relying on oil/sand/
water baths with temperature sensors placed not directly in the
electrolyte, are suspected to control the temperature
inaccurately;

� Exceptionally placement of the temperature sensing probe
directly inside one of the RFB electrolytes provides signicantly
more accurate temperature establishment;

� Positioning of the probe outside from the RFB electrolyte
and preliminary calibration for the proper correspondence of
the probe readouts to the RFB reached electrolyte temperature
as in the work of Quinn et al.24 may be a good alternative for an
accurate heating setup;

� The oil/sand/water baths should be avoided since they
provide strongly localized heating. Thus rstly, it is challenging
to measure the average electrolyte temperature accurately, and
secondly, such conguration can cause high-temperature
gradients between the heat bath and bulk electrolyte, facili-
tating side reactions at the electrolyte–reservoir interface;

� Heat exchange with the environment via tubings and the
ow cell is signicant, and we strongly recommend utilizing
J. Mater. Chem. A, 2024, 12, 4806–4825 | 4823
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commercial or custom-made thermostats similar to the one
presented in this study to heat the complete ow battery setup
(i.e., at least a large part of the tubing, the reservoirs, and the
ow cell);

� We propose to measure thermal stability with an upper-
temperature limit of up to 60 °C, because further temperature
increase is hardly expected to happen in practically applied RFB
systems;

� Additional studies devoted to RFB electrolyte temperature
simulation in cold regions would help to better understand
what lower limits should be applied in thermal stability
assessment.

Proper, reproducible thermal stability assessment experi-
ments will help to unravel decomposition mechanisms,
discover new approaches to modify the existing redox-active
molecules, and identify new capacity fade suppression/
recovery approaches. This will eventually lead to the develop-
ment of signicantly more durable species for commercial
applications.
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