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Abstract

The simple ferrocene/ferrocenium ion (Fc/FcBF4) redox couple was examined as a model
chemistry for non-aqueous redox flow battery research. Its properties were fully
characterised using voltammetry, flow-cell battery cycling, and UV-vis spectroscopy to
validate flow-cell performance. Fc demonstrates facile kinetics and high stability of its
oxidation states, making the Fc/FcBF4 redox couple a useful low-cost model chemistry,
despite its limited 0.16 M solubility in acetonitrile. By use of ‘single redox couple cycling’, in

which only the Fc/FcBF4 redox couple is battery cycled, the high capacity retention of Fc at



10 mM concentration was demonstrated; 80 % capacity retention after 200 cycles (7.8
days). The mechanism for the capacity loss was investigated and diagnosed to occur via

FcBF2 decomposition in the electrolyte, which proceeds irrespective of battery cycling.

1 Introduction

Redox flow batteries (RFBs) are an already established energy storage technology
uniquely suited for renewable energy storage and grid-scale energy management due to
their decoupled capacity and power [1]. Utilisation of entirely solution-phase redox
materials avoids electron transfer reactions which are accompanied by phase changes, such
as electrode deposition or intercalation, hence the battery capacity (electrolyte volume) is
not dependent on the geometric electrode area (battery power output) and can be
independently scaled [2]. As such, RFBs are versatile devices that can be manufactured to
any desired scale and for various applications. Indeed, the state-of-art vanadium RFB (VRFB)
has been successfully commercialised and demonstrated at scales upwards of 15 MW/60
MWh [3]. Although the VRFB is becoming more widely implemented, techno-economic
limitations still remain relating to the relatively low energy density (~33 W h L' [4]) and
high energy storage cost (~300 £ kW h! [5]), despite VRFB chemistry being fully developed

and optimised.

An intrinsic advantage of RFB technology is that the battery architecture (electrolyte
reservoirs, pumps, flow cell stacks and electrode/membrane assemblies) can be easily
adapted to accommodate a plethora of possible redox materials and electrolytes. This

means the replacement of vanadium electrolytes with alternative energy storage materials



can, in theory, advance the technology by simultaneously increasing the volumetric capacity
and decreasing electrolyte cost. One such ideology is the substitution of the aqueous
electrolyte with a more electrochemically stable non-aqueous (NA) solvent [6]. Specifically,
the energy density of agueous RFBs is intrinsically limited by the small stability region of
water (ca. 1.6 V in practice) which limits the RFB cell potential, if solvent decomposition is to
be avoided [7]. In contrast, solvents such as acetonitrile (MeCN) are stable over 4 V [8] and
have allowed NA RFBs to possess cell potentials approaching Li-ion battery technology (> 3
V) [9]. The application of NA electrolytes also offers a larger design space for redox material
exploration and development such that many redox materials which are incompatible with
water can be applied. Numerous metal-coordination compounds (MCCs) [10] and redox-
active organic molecules (ROMs) [11] have been applied thus far and have demonstrated
excellent properties. Most noteworthy, several symmetric NA RFBs based upon MCCs [12—
20] and ROMs [21-25] have been demonstrated which mitigate crossover limitations, akin

to the VRFB.

Although progress has been made in the NA RFB field, capacity loss in battery
experiments has been observed in practically all studies and remains a significant challenge.
Despite this, the cause of capacity-loss in novel systems is infrequently studied or formally
identified, but often attributed to chemical instability of the redox materials. Although this
conclusion is well justified in certain studies, the lack of investigation in others makes it
challenging to critically assess the stability of proposed redox materials. Indeed, few efforts
have been made to separate capacity fade into the contributions from chemical degradation

and physical processes, such as membrane crossover or electrolyte imbalance. It is perhaps



for these reasons why few model chemistries have been proposed or fully characterised for

NA RFB research thus far.

The vanadium tris-acetylacetonate system, first proposed by Liu et al. in 2009 [16], is
perhaps the most widely adopted NA RFB chemistry to date due to its 2.2 V cell potential
and relatively high =1 M solubility in MeCN [16,26—32]. Despite this, V(acac)s is a poor
model chemistry with rapid capacity loss and low coulombic efficiency (£ 90 %) [31]. In
addition, the battery cycling of this compound has been inconsistent between studies with
unsymmetrical charge/discharge curves, extreme potential thresholds (0 V = Ve 24.5V
[16]) and multiple charge/discharge plateaus during cycling [16,26,27,30] being reported.
The capacity loss mechanism was diagnosed to result from degradation of V(acac)s to redox
active vanadyl acetylacetonate and free acetylacetone products [27], however these studies

highlight the need for fully-characterised robust model chemistries in NA flow-cell testing.

More noteworthy model chemistries include 4-acetamido-2,2,6,6-tetramethylpiperidine-
1-oxyl (AcNH-TEMPO) and N-(ferrocenylmethyl)-N,N-dimethyl-N-ethylammonium
bis(trifluoromethane)sulfonimide ([FcIN112](TFSI)), which were explored by Milshtein et al.
in 2016 [33] and 2017 [34] respectively. In the case of AcNH-TEMPO the redox couple was
used for charge-discharge studies in single redox couple experiments over relatively short
timescales (25 cycles) and in cell characterisation studies via single electrolyte experiments
in propylene carbonate (PC) solvent [33]. In contrast, the FcIN112* model redox couple was
developed as a higher solubility ferrocene derivative [34—36]. Here, FcC1N112* was used for
flow-cell characterisation in single electrolyte experiments to study the origins of cell
resistances as a function of electrolyte conductivity (MeCN vs PC) and electrode/membrane

configurations [34]. Previous work by Wei, Cosimbescu et al. demonstrated the high



cyclability of FcIN112* via charge-discharge experiments in hybrid Li-RFBs and explored its
solubility in different carbonate solvents [35,36]. Nevertheless the simple
ferrocene/ferrocenium ion redox couple (Fc/FcBF4) and its derivatives have not yet been
fully characterised despite being applied in a NA RFBs [34—39]. Indeed, capacity loss has
been observed in several novel RFBs employing Fc derivatives as a posolyte, however the
mechanisms have not been fully examined. To address this apparent shortcoming, we
critically evaluate the suitability of the Fc/FcBF4 redox couple as a model chemistry for NA
RFB research and characterise its battery performance in flow-cell experiments. Here we
conduct battery experiments in an ‘single redox couple configuration’, as shown in Figure
1a, whereby a Fc ‘negolyte’ (the electrolyte containing the redox couple or species with the
more negative redox potential) is paired with a complimentary FcBF. ‘posolyte’. Therefore,
the flow-cell is ‘charged’ and ‘discharged’ by synergistically oxidising/reducing the Fc/FcBF4
electrolytes respectively. Such an electrolyte configuration decreases the complexity of the
system as only one redox material and two oxidation states are present in the battery
[33,34,40-42]. This means the capacity retention and cycling performance of the Fc/FcBF,4
redox couple can be directly examined without the complication of additional redox
materials or oxidation states. We investigate the origin of observed capacity loss of the
Fc/FcBF4 flow-cell by systematically examining plausible physical and chemical processes.
The present work is therefore intended as a valuable reference material for non-aqueous
flow-cell design validation and performance testing. Readers should note however that the
applied single redox couple configuration is strictly speaking not a battery, as the flow-cell
cannot deliver power, but rather an alternative model system. In addition, we avoid the

terminology ‘symmetric configuration” used in the literature [33,34,40-43] to describe the



single redox couple configuration as to avoid confusion with conventional symmetric RFBs

such as the VRFB.
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Figure 1. Schematic illustration of a redox flow battery employing Fc/FcBF, assembled in a) single

redox couple configuration and b) steady-state configuration.



2  Experimental
2.1 Chemicals and materials

TEA BF, (Alfa Aesar 99 %), para-benzoquinone (p-BQ, Acros Organics 99 %),
tetrafluoroboric acid solution (HBF4, Alfa Aesar ca 50 % w/w agq. Soln.), diethyl ether (Et;0,
Fisher reagent grade), MeCN (Acros Organics 99.9 % Extra Dry over molecular sieves,
Acroseal®) were purchased and used as received. Fc (98 %, Sigma Aldrich) was purified by
vacuum sublimation to remove any cyclopentadiene impurity prior to usage. All other

compounds were used without purification.

2.2 Ferrocenium tetrafluoroborate synthesis

FcBF4 used in this work was synthesised as per literature procedures [44]. In a typical
procedure, pre-purified Fc (1.01 g, 5.43 mmol) was dissolved in 30 ml Et,0 and added
dropwise to a 60 ml Et,0 solution of p-BQ (1.17 g, 10.86 mmol) and HBF4 50 % acid solution
(3.82 g, 21.72 mmol). The resulting dark blue precipitate was filtered by Bichner filtration
under vacuum and washed with 100 ml of Et,0. The dark blue FcBF4 powder was then dried
under high vacuum at 60 °C and flushed with argon for storage, (1.36 g, 4.99 mmol, 91.8 %).
'H NMR (CH3CN, 400 MHz): & = 33.80 ppm. Anal calcd. for FeCioH10: C 43.97, H 3.69 %;

found: C 42.98, H 3.58 %.

2.3 UV-vis and solubility measurements

The spectra of Fc and FcBF4 solutions in MeCN solvent were recorded at an Agilent Cary
60 spectrophotometer using either a 1 or 10 mm path length anaerobic cuvettes (Starna
scientific). The solubilities of sublimed Fc and synthesised FcBFs were measured by a UV-vis
method by first acquiring calibration spectra of Fc and FcBF4 at 0.2, 0.4, 0.6, 0.8 and 1.0 mM

concentrations in MeCN that were prepared by series dilutions of 1 mM solutions in 50 mL



volumetric flasks. Beer-Lambert calibration plots were then produced based upon the
absorbance of Fc (Amax = 325 and 440 nm) and FcBF4 (Amax = 616 nm) at UV-vis peaks. A
saturated solution of each oxidation state was then prepared by making a suspension of ~1
g of solid in a small quantity of MeCN (5 mL for Fc and 2 mL for FcBF4) and
stirring/sonicating. The solutions were then allowed to settle for at least 30 mins and then
0.5 mL of each solution was collected, and series diluted into the calibration range. UV-vis
decomposition studies were conducted by preparing 1 or 0.9 mM solutions of Fc and FcBF4
in MeCN and then taking spectra every 24 h for up to 11 days. The cuvettes were stored in a
N> glovebox between spectra to ensure anaerobic conditions. All manipulations of the FcBF4
solutions were performed in a N> glovebox and spectra were recorded within 1 hour of

preparing solutions.

2.4  Electrolyte preparation

All experiments were conducted on NA electrolytes composed of Fc and/or FcBF4 redox
material and TEA BF4 as supporting electrolyte salt. Electrolytes used for voltammetry
contained either 10 mM of Fc or FcBF4 whereas battery cycling experiments utilised a single
electrolyte in both half-cells containing 5 mM of both Fc and FcBF4. Supporting electrolyte
concentration was kept at a constant 0.1 M for all experiments. To generate dry electrolyte,
solutions were prepared within a nitrogen glovebox (0; and H.0 < 1 ppm) using anhydrous
solvents and vacuum dried compounds. Sublimation-purified Fc was used for all
experiments and flushed with nitrogen before use. The hygroscopic TEA BF4 salt was dried in
a vacuum oven at 100 °C for at least 1 day before use. All manipulations of the air-sensitive

FcBF4 species in solution were conducted under anaerobic conditions.



2.5 Voltammetry techniques

Cyclic voltammograms were recorded at a glassy carbon (GC) working electrode (3 mm
diameter, BASinc) using a standard 20 ml three-electrode voltammetry cell (BASinc).
Rotating disk electrode linear sweep voltammograms (RDE LSVs) were conducted using an
RRDE-3A apparatus (ALS Co.), 60 ml voltammetry cell and a 3 mm GC working electrode (ALS
Co.). A platinum wire (BASinc) served as a counter electrode whereas a silver wire in a
CoralPor-fritted glass tube (BASinc) containing supporting electrolyte (0.1 M TEA BF4) served
as a quasi-reference electrode. All experiments on Fc electrolytes were conducted under a
blanket of sparging argon gas and data was recorded using either an EmStat3* (Palmsens) or
PGSTAT204 (Metrohm). Electrode potentials are reported versus the Fc/FcBF4 redox couple.
Voltammetry of FcBF4 containing electrolytes was performed inside a N2 glovebox, including

RDE studies.

2.6 Battery methods

Battery experiments in a glass cell were performed using a conventional H-type glass cell
(supplementary information). Charge-discharge studies were performed using 5 mL of
electrolyte per half-cell with stirring. A high-porosity glass frit served as the separator
whereas RVC foam served as the electrodes. For cell resistance studies, linear glass cells
with either a glass frit or membrane were used. Electrochemical impedance spectroscopy
(EIS) was performed as a function of electrode separation and membrane configuration
using 4 mL electrolyte per half-cell without stirring. A GC macroelectrode (3 mm diameter)
was inserted into each half-cell laterally such that the electrode surfaces opposed each
other directly. EIS was then conducted at the 0 V cell potential with a 10 mV amplitude from

2 MHz to 1 Hz.
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A conventional zero-gap flow-cell (SI) with flow-through flow fields was employed for
flow-cell experiments [45]. A single 1 mm thick piece of carbon paper (Technical fibre
products Ltd. 20301A, PVA binder) served as the electrode material whereas a single piece
of microporous separator (Celgard® 2500; 25 pm microporous monolayer, 55 % porosity)
served as the membrane. Polarization curves and EIS data were recorded with the flow-cell
assembled in a steady-state configuration with 10 mL of electrolyte at 50 % state-of-charge
at different flow rates [34]. EIS was conducted at the 0 V cell potential with a 10 mV
amplitude from 200 kHz to 5 mHz. Charge-discharge studies were performed with the cell in
a single redox couple configuration which was pumped at a flow rate of 10 ml min. Applied
currents increased in increments of 5 mA, which were converted to corresponding current

densities by use of the electrode geometric area of 2.08 cm?.

Galvanostatic and potentiostatic experiments were recorded using either a PGSTAT204
(Metrohm) or Compactstat (IVIUM) with a temporal resolution of <2 s. For polarization
studies, a chronoamperometry method was used with 300 s potential holds in 50/100 mV
increments from 0 to 1 V. The current and potential responses were then averaged across

each 300 s step to give single |-V datapoints as a function of flow-rate.

3 Results and Discussion

Fc is an organometallic compound consisting of an Fe(ll) core coordinated to two
cyclopentadienyl ligands, which undergoes reversible oxidation to the stable Fc* ion. The
oxidation of Fc to Fc* is a classical and well understood reversible one-electron redox
process which involves the removal of an electron from the stable 18e d® Fe(ll) electronic
configuration to the 17e d> Fe(lll) species [46]. The kinetics of this process are known to be

fast because the Fc and Fc* geometries are almost identical; an Fe-C bond lengthening of
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only 0.1 A occurs upon oxidation [46]. In addition, the electrochemistry of Fc is known to be
mostly unaffected by variations in solvation (it is an internal referencing standard for
reporting potentials in NA electrolytes) [47], thus allowing Fc to be used in many possible
electrolytes. As such, Fc displays several characteristics desirable for applications in RFBs

whereby an ideal model chemistry would fulfil several criteria;

e Indefinite stability of all accessed oxidation states in both solid and solution phase

e Commercial availability of each oxidation state or a method to prepare them via
convenient synthesis

e High solubility of each oxidation state in various electrolytes in order to avoid
precipitation under different battery conditions

e Good electrochemical properties such as fast redox kinetics and high diffusion
coefficients

e Asignificant potential separation from the onset of electrolyte decomposition or
parasitic reactions to allow for unrestricted battery cycling

e Low material cost, low toxicity and ease of handling

In this regard, the Fc/Fc* redox couple is an attractive model chemistry because both Fc
and FcBF4 are low-cost commercially available products which are relatively low toxicity. In
the present work however, the FcBF4 material was synthetically prepared by chemical
oxidation of Fc via a simple and inexpensive one-step reaction that gives the FcBF4 product
as a pure precipitate (92 % yield). The product was found to be an air- and light-stable dark
blue powder that could be stored under ambient conditions for several months without
observed decomposition, as reported by other groups [44]. We report the maximal

solubilities of Fc and FcBF4 in pure MeCN as 0.16 and 1.20 M respectively which are
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consistent with other reports [34—36,48]. The solubility of the material is therefore limited
by the Fc oxidation state which is an order of magnitude lower than FcBF4 due to its low
polarity. This therefore restricts the battery application to concentrations of up to ~0.1 M if
Fc precipitation is to be avoided. Indeed, the low solubility of Fc in conventional battery
solvents is a well-known issue in the literature, however efforts to increase its solubility for
practical application have been successful, with FcIN112* being soluble up to 1.7 M in
carbonate mixtures [36]. In the present work, battery cycling using the Fc/FcBF4 redox
couple was performed at a diluted concentration of 10 mM Fc which is sufficient for flow-

cell testing and validation.

3.1 Characterisation of the Fc/FcBF4 redox couple

The reversible oxidation of Fc to the Fc* ion presents as a classical one-electron diffusion-
limited redox couple when probed by cyclic voltammetry (Figure 2a). This is best
characterised as quasi-reversible however because the peak separation is relatively large
and increases with scan rate (Figure S5). Indeed, at a slow scan rate of 10 mV s a large 100
mV separation is observed as compared to the theoretical 59 mV separation for a fully
reversible redox couple. Despite this, the Fc/Fc* voltammogram is highly symmetric and
gives peak current ratios close to unity (0.98 to 1.08) at all scan rates, which demonstrates
the high stability of both the Fc and Fc* oxidation states on a voltammetry timescale. By use
of Randles-Sevcik analysis at low scan-rates (€100 mV s!) we report a high Fc diffusion
coefficient of 2.10x10™ cm? s’ which is consistent with other reports [48]. In addition, we
report a relatively high standard electrochemical rate constant of 2.40x102 cm s* by use of
Koutecky-Levich analysis at an RDE (SI), which indicates desirably facile kinetics at carbon-

based electrodes.
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Figure 2. Cyclic voltammetry of 10 mM Fc in 0.1 M TEA BF4, MeCN. Blank voltammetry of the
supporting electrolyte is given in grey and vertical dashed lines represent the upper and lower
battery potential thresholds at £1 V. a) Fc redox potential in comparison to the supporting

electrolyte (50 mV s). b) CV of Fc in a wider potential range. 10 scans shown (100 mV s?).

A desirable property for RFB redox materials is the electrochemical inertness of the
material at other potentials so as to avoid parasitic processes occurring within the battery in

the case of membrane crossover or high overpotentials occurring. Here the Fc electrolyte is
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inert at cathodic potentials in the range of -3 to 0 V vs Fc, however a second oxidative
process occurs at approximately 1.5 V vs Fc (Figure 2b) which corresponds to the formation
of an unstable dication [49]. The decomposition of this species was observed to affect the
reversibility of the Fc/FcBF4 redox couple such that the Fc* back-reduction peak became
increasingly broad and shifted negatively with scan number, which is consistent with a
decrease in redox kinetics. This behaviour was attributed to electrode fouling of
decomposed material resulting from the irreversible FcBF4 oxidation, which was visibly
observed on the electrode. Interestingly, the forward Fc oxidation peak remained mostly
unaffected by the fouling (a small loss in current response), which suggests that the Fc
oxidation mechanism is invariant of the electrode surface structure. To ensure that the
Fc/FcBF4 redox couple does not form an electrode film with cycling, thus affecting its own
redox kinetics, 100 consecutive scans were conducted in a narrow -0.4 to 0.4 V vs Fc
potential region (Figure S4). No change in reversibility or decrease in current response or

was observed, thus indicating high cyclability of Fc.

In principal the irreversible ferrocenium oxidation is problematic for RFB application as it
would simultaneously cause passivation of the electrode and capacity loss during cycling,
however, as shown in Figure 2b, a large battery overpotential of >1 V would be required to
initiate dication formation. Indeed, as the Fc/FcBF4 redox couple resides roughly central in
the electrolyte stability region, a battery employing Fc/FcBF4 can be cycled with large
overpotentials of £1 V without incurring unwanted decomposition of the supporting
electrolyte or FcBF4 species. These large battery thresholds therefore do not restrict the

battery potential when overpotentials manifest at high current densities.
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3.2 Electrochemical impedance spectroscopy and polarisation

By use of the Fc/FcBF4 redox couple, flow-cell performance can be examined under
practical and realistic operating conditions. First, by assembly of the flow-cell in a ‘steady-
state configuration’ (Figure 1b) [43], whereby one electrolyte at 50 % state-of-charge (SOC)
is cyclically pumped through both half-cells, the flow-cell area-specific resistance (ASR) can
be quantified [34]. Here a reference electrode is not required because similar processes
occur at both electrodes. In addition, as the electrolyte composition remains constant, cell-
level polarization and EIS can be conducted at steady-state giving reliable measurements of
cell resistances and IV-characteristics [34]. The EIS Nyquist plots of the flow-cell as a
function of flow-rate are shown in Figure 3a. Considering the EIS waveform, for each flow-
rate two semicircles and a Z’ intercept was observed. Whereas the diameter of the first
semicircle is invariant of flow-rate, the second decreases in size as flow-rate increases and
can be attributed to mass-transport. Therefore, the EIS data can be rationalised as the sum
of ohmic (Rqa) , charge-transfer (Rct) and mass-transfer (Rwr) resistances, corresponding to
the x-intercept, semicircle one and two respectively. Analysis of the EIS data gives an ohmic
resistance of 5.68 Q (11.81 Q cm?), whereas the charge-transfer resistance was a
considerably smaller contribution of only 0.98 Q (2.04 Q cm?), which can be attributed to
the fast kinetics of the Fc/FcBF4 redox couple. The large ohmic resistance was attributed to
the low electrolyte conductivity and membrane resistance, however the ohmic resistance
here is reasonable given that the supporting electrolyte concentration is only 0.1 M. For
comparison, a Rq of =2 Q cm? was reported by Milshtein et al [34] for a flow-cell utilising a

Daramic separator and 1 M Fc1N112*, 0.5 M TEA TFSI, MeCN electrolyte.
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Figure 3. a) Electrochemical impedance as a function of flow-rate. b) analysis of the EIS spectrum of
the flow-cell at 12 mL min. The ohmic resistance (Rq), charge-transfer resistance (Rcr) and mass
transport resistance (Rur) are shown. c¢) Polarization curves as a function of flow-rate. d) Maximum

power density (at 1 V cell potential) as a function of flow-rate.

The polarization curves in Figure 3c give the cell potential as a function of current density
for various flow-rates, allowing the cell resistance to be interpreted under different
operating conditions. For each curve a linear relationship at low overpotentials is observed
which gives a resistance equivalent to the flow-cell ASR; 21.16 Q cm? [33]. This gradient was
observed to decrease slightly as the flow-rate increased which indicates that the cell ASR
decreases due to enhanced reactant transport to the porous electrodes (Figure 3c). At high

overpotentials the polarization curves become vertical indicating significant increases in cell
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resistance. This behaviour was rationalised as the point where the flow-cell depleted the
redox species via full conversion, thus starving the flow-cell of reactants and giving a
maximum current density. This is given in Figure 3d which indicates that the power density
approaches a maximum as the flow-rate is increased. An electrolyte flow-rate of 10 mL min!
was adopted as the default flow-rate for battery experiments in the present work as a

balance between performance and reliability.

3.3 Battery performance of the Fc/FcBF4 redox couple

Galvanostatic electrolysis of the Fc/FcBF4 flow-cell produces charge-discharge curves
which model a full RFB as shown in Figure 4a. However, as opposite reactions of the same
redox couple occur at each electrode, the cell potential is precisely 0 V; as measured by the
open-circuit voltage when at 50 % SOC. Concurrently, the electrochemical interconversion
of the electrolytes is accompanied by corresponding colour changes such that the solutions
alternated between yellow (Fc) and dark blue (FcBFa4) via a green intermediate (a mixture of
Fc and FcBF4), as shown in Figure 4a. At a current density of 2.40 mA cm™ (corresponding to
a C-rate of 1.87C, see Sl section 4 for the definition of battery metrics) well-defined charge-
discharge plateaus were observed slightly above and below the 0 V cell potential.
Corresponding overpotentials of only 58 and 60 mV respectively (calculated as averaged cell
potentials) were observed, thus indicating high voltaic efficiency and good performance at
moderate C-rates. In addition, the flow-cell demonstrated 100 % capacity on the first cycle
(Figure 4c), thus indicating full utilisation of the Fc/FcBF4 electrolytes. Thereafter the
capacity retention was relatively high as the cell was continuously cycled for over 7 days and

after 200 cycles (7.8 days), 80 % of the initial capacity was retained. A correspondingly high
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mean coulombic efficiency of 98.5 % was recorded, which indicates high stability of the

Fc/FcBF4 redox material in the MeCN electrolyte.
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efficiency as a function of cycle number (cell cycled from an initial SOC of 50 %). 5 mM Fc/FcBF,, 0.1

M TEA BF4, MeCN electrolyte at 10 mL min', 2.40 mA cm™ (1.87C).

Battery cycling of the flow-cell at higher current densities was conducted to examine the
performance and capacity as a function of applied current (Figure 5). Here the battery
overpotential increased with the applied current density, such that at 12.02 mA cm™ the
average potential was £220 mV. In part, the increased overpotentials are due to ohmic
losses (IRq) which scale with the applied current (ca. 142 mV at 12.02 mA cm™ for Rq = 5.68
Q), however as shown in Figure S17 and Figure S18 whereby ohmic losses have been
subtracted, additional overpotentials are present. Based on the steady-state studies, this
additional overpotential can be attributed to mainly mass-transport limitation with an
additional minor contribution from the reaction kinetics. More strikingly in Figure 5, the
capacity of the battery also showed an inverse trend with the applied current density;
Initially at 1.87C the cell achieved 100 % capacity, however at 3.73C, 5.60C, 7.46C and 9.33C,
only 89, 83, 78 and 72 % was achieved respectively. This behaviour can be attributed to the
finite mass transport which causes increased concentration overpotential as the applied
current is increased. At higher C-rates the cell was unable to reliably cycle such that at 14.42
mA cm2 and above, the battery capacity was typically <50 % and frequently inconsistent.
Regardless, Figure 5b shows that high C-rates of up to =10C can be achieved with the
Fc/FcBF4 redox couple at modest flow-rates with minimal overpotential and high accessible
capacities. This performance can be directly compared to charge-discharge studies in a
conventional glass-cell (Figure S13) whereby considerably poorer performance was
observed. Due to the large electrode separation in glass cells (~15 mm) and the glass frit

separator utilised, a significantly higher ohmic resistance of ~18.5 Q cm? was observed (SI).
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In combination with the inferior glass-cell convection, the high cell resistance limits the
maximum current density and yields large overpotentials (~600 mV at 1 mA current). As

such, only very low C-rates of <0.75C could be achieved which are an order of magnitude

less than in the flow-cell.
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Figure 5. Battery cycling of the Fc/FcBF4 redox couple in a flow-cell as a function of current density.

a) An overlay of charge-discharge curves at different current densities. Cycles 2, 22, 42, 62 and 82
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are shown. The vertical dashed line shows the theoretical 2.68 mA h capacity. b) Capacity and

normalised capacity against cycle number. (5 mM Fc/FcBF4in 0.1 M TEA BF4, MeCN electrolyte).

3.4 Diagnosis of capacity loss

Thus far, the Fc/FcBFa redox couple was evaluated in terms of its electrochemical
performance, however as is evident in Figure 4c and Figure 5b, a significant capacity fade
was observed across all battery experiments over long periods of time. The mechanism for
the capacity loss was not immediately obvious as our voltammetry experiments did not
show any electrolyte decomposition over relatively short timescales or specific instability
within the potential thresholds accessed. Therefore, additional experiments were
conducted to deduce the capacity loss mechanism by use of simple diagnostic battery
methods. Generally speaking, all capacity loss in RFBs can be attributed to a loss of redox
material from the electrolytes, however the mechanism for this loss can be either due to a
physical or a chemical process, as shown in Figure 6. To identify the specific mechanism in
the present work, we employed a methodical approach by process of elimination, as

summarised in Figure 7.
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Figure 6. Characteristic capacity loss mechanisms in RFBs.
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Firstly, the flow-cell was examined post-cycling to observe any electrolyte loss due to cell
leakage. It is challenging to prevent all leakage from NA flow-cells because organic solvents
present unique chemical compatibility issues, thus making NA flow-cell design problematic
from an engineering perspective. Most significantly, solvents such as MeCN are relatively
non-polar and therefore poorly repelled by conventional gasket materials. Indeed, we have
observed a tendency for NA electrolytes to diffuse through/between gaskets and evaporate
off solvent, as noted by others [50]. This process slowly decreases the solvent volume and
leaves behind crystalline formations on the gasket edges composed of the redox materials
and supporting salt. Despite this, the total volume loss after 7 day battery experiments was
imperceivably small and did not account for the observed capacity loss (~20 %). In addition,
experiments using a preconditioned flow-cell (cyclically pumped with supporting electrolyte
only for 24 h) yielded no improved capacity retention, thus eliminating the possibility for
capacity loss due to electrolyte soaking into the cell architecture. This conclusion is also
supported by the observed capacity loss in glass-cell cycling experiments (Figure S13) in

which electrolyte leakage is impossible.

Capacity loss due to the poor selectivity of the porous separator was then investigated to
exclude the possibility of crossover-induced capacity loss. As only one redox couple was
used in cycling experiments here, membrane crossover cannot cross-contaminate the
electrolytes, however it is possible that unequal pressure on the separator could force an
electrolyte imbalance. This can cause the concentrations of Fc/FcBF4 or the total volume of
electrolytes to become non-equal, thus causing the capacity to be limited by one half-cell.
To examine this, the electrolytes were rebalanced midway through cycling as shown in

Figure 7a. Here, rebalancing of the electrolytes did not restore the cell to the initial capacity
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which indicates that the flow-cell remained balanced in our experiments. The observed
capacity loss was therefore attributed to either chemical or electrochemical processes
occurring in the battery, such as parasitic reactions or degradation of the Fc/FcBF4 redox
material. Parasitic reactions, such as H; evolution in the VRFB, compete with the intended
electrochemical processes in the RFB and typically cause capacity loss with time via cell
imbalance. Here we identify no such reactions because the battery electrolyte is inert within
the 1 V potential limits (Figure 2a) and moreover the capacity loss occurs irrespective of
applied currents. As shown in Figure 8b the capacity decreased linearly with time which
indicates that the capacity loss is most likely due to a slow chemical reaction which occurs in
the electrolyte. Furthermore, this experiment proves that the capacity loss has a time-
dependency rather than a cycle number dependency which is typical in other battery
technologies [51]. This time dependency is most obvious in Figure 5 whereby the capacity
loss rate is fastest at 2.40 mA cm2 (3.31x103 mA h cycle?) and slowest at 12.0 mA cm™
(8.46x10° mA h cycle) because the time taken to complete a cycle decreases as the
current density increases. In fact, the overriding capacity loss in Figure 5 showed a linear
relationship with time, giving a near-constant loss rate per hour at all current densities of

1.07x102Ch™,
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1 4.81 mA cm(3.73C).

Given that the neutral Fc oxidation state is known to be exceptionally stable [46], it was
suspected that decomposition of Fc* was the likely reaction. This was confirmed by
conducting UV-vis analysis of each oxidation state in anaerobic MeCN solution at 1 mM

concentration. While the Fc solution showed no change after 15 days (Figure S2), the FcBF4
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solution showed considerable evolution of the UV-vis spectrum as shown in Figure 9b, with
the largest change occurring over the first 24 h. In addition, the instability of FcBF4 was
visually observed in solutions of MeCN electrolyte; solutions of FcBF4 in only MeCN gave a
deep blue colour that persisted for at least one week, whereas solutions of FcBF4 with TEA
BF4 supporting salt were more blue-green in appearance and after several days they were
pale-green. This observation was also seen in the battery experiments where the combined
Fc/FcBF4 green electrolyte appeared greener and more transparent after 7 days of cycling,
indicating a loss of the FcBF4 species. The instability of FcBF4 in organic electrolytes is well
known in the literature [52-54] as the Fc* ion is an oxidising agent and in particular, it
rapidly decomposes in the presence of oxygen as shown in Figure 9a, to give iron oxide and
cyclopentadienyl-decomposition products [53-55]. In the present work, the battery
electrolytes were maintained in an anaerobic N glovebox with oxygen levels at 1 ppm
maximum which excluded oxygen from the experiment. Furthermore, the addition of an
antioxidant, 2,6-diterbutyl-4-methyl phenol at 1 mM concentration [53], failed to improve
the FcBF4 stability as the UV-vis spectrum showed similar evolution with time as the control.
The effect of trace water in the battery electrolyte was also examined to ensure that FcBF4 is
not water-reactive. UV-vis experiments were conducted in anaerobic conditions with
varying quantities of water (0.56 M to 2.78 M), however the decomposition rate was equal
to the control (Figure S3). Thus, FcBF4 is not directly reactive towards water because the
water content was in very large excess, and in addition, FcBF4 has been routinely

manipulated in aqueous solutions in the literature [44,54].
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Figure 9. a) The decomposition mechanism of ferrocenium cations in the presence of oxygen [52—

54]. b) The evolution with time of the UV-vis spectrum of 1 mM FcBF4 in MeCN.

By eliminating possible reactions with electrolyte impurities, we conclude that FcBF4 is
reactive towards either the solvent or supporting salt. The precise reaction remains unclear
at present; however, we observe that FcBF4 can self-discharge via chemical reduction to Fc.
This is most apparent in our experiments when conducting voltammetry on FcBF4
electrolytes which indicates the presence of Fc in the bulk solution. For example, the anodic
current response at potentials higher than the Fc/FcBFa redox potential increases with
rotation rate at an RDE (Figure S10). The decomposition of FcBF4 to give Fc (among other
products) has been previously observed in aerobic solutions of dimethylformamide or

Dimethyl sulfoxide [53], however this has not been observed previously in anaerobic MeCN
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electrolytes. Despite this, we also observe a decrease in total Fc quantity (Fc + FcBF4) in
battery electrolytes with time (Figure 10), which indicates that the FcBF4 decomposition

reaction yields additional products.
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Figure 10. Cyclic voltammetry of Fc/FcBF, battery electrolytes at 50 mV s (solutions initially
prepared with 5 mM Fc and 5 mM FcBF4 in 0.1 M TEA BF4, MeCN). The current response of a freshly
prepared electrolyte is compared to a three month old electrolyte, as well as electrolytes recovered

from battery studies at different cycle stages.

3.5 Comparison to other NA RFB model chemistries

The Fc/FcBF4 redox couple has demonstrated excellent properties as a model chemistry for
the characterisation of NA flow cells. Table 1 compares the Fc/FcBF4 couple to three of the
other compounds that have been utilised in this manner, including the commonly used
V(acac)s complex. All materials, with the exception of Fc1N112, are commercially available,
the latter requiring complicated synthesis. However, it is notable that the V(acac)s species is

often received in an impure form that includes the VO(acac)s species. Substantial
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purification steps must be undertaken to achieve the pure V(acac)s which is essential to
obtain clean voltammetry and optimal flow cell performance [56]. Furthermore, the
material is only commercially available in the neutral oxidation state, thus additional
synthesis is necessary to synthesise either the reduced or oxidised form, depending on the
redox cycling desired. The TEMPO derivative is also commercially available, as it is routinely
used in catalysing organic synthetic reactions and as a redox mediator in some Li-ion battery
devices [57,58]. Fc is a low cost, readily available compound that has an established and well
characterised role in electrochemistry as the typical standard reference couple for non-

aqueous chemistry. It | also commercially available in both the neutral and charged state.
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Table 1: Comparison of redox species used as model chemistries for NA RFBs. (a) Capacity figures

and experiment times were not fully reported in the literature. The values here are calculated or

estimated from the literature procedure and published results. (b) Battery cycling was only

conducted between 0 and 50% SOC. (c) The total electrolyte volume was not reported and therefore

the theoretical capacity is unknown.

87.0% (44.0 h)

Compound Material Solubility Cycles in Discharge Ref
availability (solvent) flow cell capacity at 10t
and 100t cycle
(total
experiment
time)®@
V(acac)s7%/* Commercially | V(acac)s=1M 11 cycles 10" cycle=5.2 [27,31,
available as (MeCN) (H-cell) mA h, 38% 55]
V(acac)s; only. (~750 h)
V(acac)s7%/* Commercially | V(acac)s=1M 160 100%" cycle = 134 | [56]
available as (MeCN) (operatingto | mA h, 50%"®
V(acac)s; only. 50 % state of
Extensive charge)
purification.
AcNH- Commercially | AcNH-TEMPOY* | 20 10t cycle = 12 [33]
TEMPOY+ available as >0.5M (PC) mA h, 90%
AcNH-TEMPO
and AcNH-
TEMPO*
[FCIN112]*/2* | Must be [FcIN112]*=1.7 | 100 100" cycle = 70 | [34,36]
synthesised M (EC/PC/EMC) mA h©
Fc/FcBFa Commercially | Fc=0.16 M 240 10" cycle =2.64 | This
availableasFc | FcBF4=1.2 M mA h, 98.4% work
and FcBF, (MeCN) (10.5 h)
100%" cycle =
2.33 mA h,

The Fc species, in the context of this comparison, is let down by its poor solubility.

While the FcBF4 species attains a comparable solubility to the other materials, the Fc itself

operates at an order of magnitude lower (0.16 M). Yet this is not a problem for the
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characterisation of flow cells, as one would typically operate at concentrations of 10 — 50

mM as opposed to 1M.

Regarding cycle life and capacity retention the best demonstration to date in the
literature was 100 cycles delivered by the ferrocene derivative, FcIN112 [36], and 160 cycles
from a purified V(acac)s system [56]. Comparison of capacity retention to these reports is
difficult due to poor reporting of capacity figures (Table 1), especially in terms of the
normalised capacity and total experiment time. Regardless, though at lower concentration,
the Fc couple reported in this work readily achieve 240 cycles, retaining 87% capacity at 100
cycles. It is also evident that the decay is not due to cycling but a time limited
decomposition of the FcBF4 species. Thus, depending on the applied current and electrolyte
volume, considerably more cycles could be achieved giving more impressive capacity

retention.

The results presented by Saraidaridis and Monroe [56] are interesting, as most reports
show V(acac)s; decomposes quickly and yields multiple redox active decomposition products
[27]. In addition, the upper threshold potential must be restricted when cycling V(acac)s to
avoid decomposition, which causes poor cycling efficiency and complicates flow-cell
diagnostics. However, reported that this was again due to VO(acac)s impurity in past
studies, thus on extensive complex purification, a flow cell utilising the V(acac)s complex
attained high current densities of up to 100 mA cm. This involved only charge-discharging
to 50% state of charge (SOC) however (based on the initial capacity), which is possibly why
the degradation of 80% after 20 cycles predicted by Kucharyson et al. [59] is not observed.
In comparison, the Fc/FcBFa4 cycling here was charge-discharged to full conversion on each
cycle which gives more reliable capacity measurement.
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4  Conclusions

The suitability of the Fc/FcBF4 redox couple as a model chemistry for NA RFB research
was evaluated by fully characterising its properties using voltammetry, spectroscopy and
battery methods. Due to fast redox kinetics, high stability, low cost and simplicity, the
Fc/FcBFa redox couple is a useful model chemistry for flow-cell validation and testing. By
conducting single redox couple cycling, in which Fc oxidation is paired with FcBF4 reduction
in a flow-cell, the high capacity retention of the system was demonstrated with 80 %
remaining after 200 cycles (>7 days). The cause of capacity loss was systematically identified
to result from chemical instability of the FcBF4 oxidation state, however the timescale for

this process is very long and does not affect flow-cell validation and diagnostics.

The observations presented herein explain the capacity loss observed in novel NA RFBs
employing Fc or Fc-derivatives which has yet to be investigated [34—-39,48]. This work
highlights the importance of investigating capacity loss in novel RFBs as even simple redox
materials can display complex chemical reactivity. In addition, we demonstrate that
voltammetry techniques are generally inadequate for assessing electrolyte stability due to
their short timescales. As such, we recommend the flow-cell experiments applied here as
more rigorous methodologies for capacity loss diagnosis, and in particular to discern losses

due to both physical and chemical processes which occur in the RFB technology.
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