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Significant differences in performance between the two prevalent cell configurations in all-soluble, all-
iron redox flow batteries are presented, demonstrating the critical role of cell architecture in the pursuit
of novel chemistries in non-vanadium systems. Using a ferrocyanide-based posolyte, and a negolyte
containing a hydroxylamine-based iron complex, higher maximum power density, energy efficiency, and
electrolyte utilisation were observed with a flow-over cell that incorporated a carbon paper, compared
with a flow-through configuration that used a graphite felt. Capacity fade was lower in the flow-over
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case, likely the result of a set-up with lower overpotentials, as indicated by polarisation curve analysis.
Capacity fade in the flow-through case increased upon lowering current density, suggesting a different
degradation pathway, dominated instead by electrolyte cross-over. These findings highlight the potential
of novel non-vanadium chemistries in both flow-through and flow-over cells, prompting further
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Introduction

Climate change, air pollution, and energy security concerns
have accelerated the proliferation of renewable energy genera-
tion. Given the intermittent and non-dispatchable nature of
wind, solar, and other renewable energy sources, there is an
increasing need for energy storage that will help balance
electrical grids, and in some cases facilitate the transition to
decentralised energy systems."* Although global energy storage
is currently dominated by pumped hydro storage,® electroche-
mical energy storage (EES) is the fastest growing alternative.*
Li-ion batteries (LIB) currently dominate commercialised EES,
although safety concerns and the social and environmental
issues associated with sourcing Li and Co have accelerated
research and development of several other battery types. One
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research exploration of cell architectures.

such type is the aqueous redox flow battery (RFB), which has
been shown to have inherent safety advantages given its use of
water-based electrolytes (¢f. flammable organic solvents in LIB).
Moreover, the redox reactions in an RFB occur on an electro-
active surface rather than inside layered electrodes, such that
system lifetime is forecast to be ca. 20 years (¢f. <10 years for
LIB). As liquids are pumped from external tanks through an
electrochemical cell, the independent scaling of energy and
power in RFBs lends itself well to industrial-sized installations,
and recent studies have shown that for long-duration storage,
costs are likely lower for RFBs than LIBs when storing energy
for eight hours or more.®

The archetypal RFB is the all-vanadium redox flow battery
(VRFB), comprising vanadium active species solubilised in
dilute sulfuric acid as both the positive electrolyte (posolyte)
and negative electrolyte (negolyte). This RFB chemistry has
been semi-commercialised, due to its long cycle life and the
ability to mitigate electrolyte cross-over through the membrane
by electrolyte mixing.” However, this technology suffers from:
low energy density; the need for expensive components to with-
stand corrosive electrolytes; and both the high cost and price
volatility associated with vanadium.® Although work is on-going
to improve the performance and cost-effectiveness of
vanadium RFBs,” many other chemistries have been explored,
including;: iron/chromium," zine/bromine," polysulfide/bromide,"

Energy Adv., 2024, 3,1329-1341 | 1329


https://orcid.org/0000-0003-2397-6690
https://orcid.org/0000-0002-4392-8322
https://orcid.org/0000-0002-6025-3320
https://orcid.org/0000-0001-7818-7731
https://orcid.org/0000-0003-2634-0647
https://orcid.org/0000-0001-9864-9702
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00179f&domain=pdf&date_stamp=2024-05-07
https://doi.org/10.1039/d4ya00179f
https://doi.org/10.1039/d4ya00179f
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00179f
https://rsc.66557.net/en/journals/journal/YA
https://rsc.66557.net/en/journals/journal/YA?issueid=YA003006

Open Access Article. Published on 07 May 2024. Downloaded on 7/24/2025 10:03:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

13,14 15,16

aqueous-organic, and all-organic elecrolytes. Indeed, com-
prehensive work exploring these various chemistries in detail has
recently been published by Skyllas-Kazacos and co-workers."”

Avoiding the toxicity of chromium and bromine, the rela-
tively low solubility of organic molecules in water,'® and the
inherent flammability of all-organic systems, an alternative
aqueous system is the hybrid all-iron RFB. This type of flow
battery comprises an iron-based posolyte and negolyte based on
a more abundant metal than vanadium."®*° Despite clear safety
and environmental benefits vs. vanadium, this RFB does not
allow independent scaling of energy and power, given the Fe(u)/
Fe(0) plating electrode in this hybrid system. Moreover, non-
uniform plating issues and a tendency for the hydrogen evolu-
tion reaction (HER) at the negative electrode have tempered
commercialisation.?* It should be noted, however, that research
efforts have sought to mitigate the HER by operating at slightly
elevated pH vs. that of a strongly acidic electrolyte,® and
commercial deployment of hybrid all-iron RFB systems is
beginning to take place.

Further advancements in all-iron RFB technology have been
made through the development of soluble iron-based electro-
lytes, aimed at retaining independent energy and power scaling
and circumventing dendrite growth issues associated with
hybrid systems. Metal-ion coordination complexes have been
investigated as redox couples by judicious choice of ligands to
shift their formal potential appropriately. For example, Chen
et al. studied the Fe(m)/Fe(n) couple in acidic media with
ligands closely linked to bipyridine and o-phenanthroline.*
These ligands conferred a more positive formal potential vs. the
uncomplexed couple (E° = +0.77 V vs. the standard hydrogen
electrode (SHE)), given their propensity to stabilise Fe*" (d°)
complexes via the low-lying vacant m*-orbitals of the ligands.
However, the Fe(m) complexes were found to decay in acidic
media by ligand loss. Ibanez et al. expanded the ligand pool to
include those related to ethylene-diaminetetraacetic acid (EDTA)
and ethylenediamine and demonstrated that a wide range of
transition metal complexes displayed (quasi-) reversible redox
properties, albeit within certain pH ranges.>* Negative formal
potentials were uncovered for some complexes, with a particu-
larly low E° = —0.81 V (vs. SHE) with triethanolamine (Fe-TEOA).

Wen et al. were first to combine this negative redox couple
with a well-established positive redox couple, Br,/Br~, giving a
cell potential close to 2.0 V.>* The authors showed that, in the
presence of 3 M NaOH, the solubility of the Fe(m)-TEOA
complex could be raised from 0.15 M (Fe:ligand ratio of
1:2)** to 0.60 M (Fe:ligand ratio of 1:2.33),>® although the
maximum solubility of the Fe(u)-TEOA complex was reported as
only 0.40 M (Fe:ligand ratio of 1:5). Further work from the
same authors investigated negolytes using EDTA, oxalate, and
citrate, finding high solubility but slow electrode kinetics for
the latter.>® Moreover, the Fe(u)-oxalate complex was shown to
be unstable and although Fe(ur)/Fe(u)-EDTA gave energy effi-
ciencies of ~70% at pH ~ 6, only low concentrations of ca.
0.1 M were demonstrated in full cells.

Using a similar approach but in alkaline media, a Co-
complex (posolyte) was combined with and an Fe-complex
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(negolyte).”” This system illustrated that similar ligands with
different transition metals can give vastly different redox
potentials; here the cobalt redox couple was observed at E° =
+0.12 V (vs. SHE) with a methylated analogue of TEOA, (¢f. E° =
—0.81 V (vs. SHE) for TEOA). The authors highlighted the
importance of maintaining a molar excess of [OH]  anions to
preclude the formation of other species favoured at pH < 14.
Although this system was cheaper than the VRFB, its stability
was only demonstrated for 30 cycles, and its energy density was
limited by both an open-circuit voltage (OCV) below 1.0 V and
only moderate solubility of the complexes (<0.50 M). Further
work on Fe-Co RFBs was carried out by the group of Kwon, who
identified a formulation in which Co-TEOA demonstrated
improved cycling stability (100 cycles) and an OCV close to
1.0 V.?® However, the energy efficiency of this system was low at
only 60% at 40 mA cm ™ 2. By replacing TEOA with triisopropa-
nolamine (TiPA), the same researchers improved the cycling
stability (capacity fade <1% per day), whilst demonstrating an
improved energy efficiency of 77% at 40 mA cm 2>’ The
researchers then incorporated 3-[bis (2-hydroxyethyl)amino]-2-
hydroxypropanesulfonic acid (DIPSO) as a ligand on the Fe-
side, which proved more stable than its TiPA analogue.°
Although a low capacity-loss rate of 0.018 A h L™" cycle " was
shown, the volumetric capacity was still limited by the relatively
low OCV of ca. 1.0 V.

To attain higher cell potentials, work has since focused on
all-soluble, all-iron systems that pair two Fe-centred complexes
with a difference in redox potential of greater than 1.0 V, often
by selecting Fe(CN)s®>~/*~ (Fe-CN) as the posolyte (for example,
see Fig. 1 for the chemistry investigated in this work).

Gong et al. studied an alkaline system comprising Fe-CN
and Fe-TEOA with a standard cell voltage of 1.22 V (cf: 1.26 V for
VRFB).>" This system demonstrated a reasonable energy effi-
ciency of 73% when cycled at 40 mA cm > However, the
authors noted that the capacity decreased in the first 20 cycles
and oscillated thereafter, indicating a level of instability. The
initial capacity decay was ascribed to membrane cross-over of
free TEOA and its subsequent oxidation, which aligns with
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Fig. 1 Schematic of a single cell of the all-soluble, all-iron redox flow
battery operated in this work.
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previous reports.”>?” Despite greater potential for high volu-
metric capacity, only ca. 6 A h L™" (0.20 M) was reported.

Concurrently, symmetric RFB work aimed at understanding
the pH-dependent cycling stability of the Fe-CN posolyte was
conducted by Luo and co-workers.>” This redox couple was
shown to function best at neutral or near-neutral conditions,
where capacity decay was shown to be at its worst in strongly
alkaline (pH = 14) conditions. On the other hand, Pdez et al.
employed a symmetric RFB to show that the Fe-CN redox couple
was in fact stable at pH = 14, provided that the oxygen evolution
reaction (OER) was avoided.>® The authors showed that the
OER does not play a role in the neutral Fe-CN posolyte but at
high pH, it may be thermodynamically favoured and thus will
occur unless the kinetics are sluggish. The capacity loss seen in
their system was comparably low vs. the work of Luo et al.,*>
which was attributed to much lower overpotentials and less of a
driving force for the OER. The same group have since presented
an electrochemical charge-balancing protocol to overcome the
impacts of unwanted side-reactions in related systems.**

On the negolyte side, Lenninger et al. investigated the cross-
over of free TEOA ligands by electroosmotic drag,*® implying a
high cross-over rate of the order of 10 mL Ah™", and supporting
Gong et al. in their assessment of the reason for capacity
decay.’® Lé et al. investigated the same Fe-TEOA/Fe-CN RFB
system, but used close to stoichiometric amounts of TEOA and
iron (m) sulfate (Fe,(SO,);-¥H,0).*® The authors presented
solid-state single-crystal X-ray diffraction data supporting the
formation of a di-nuclear complex when formulating electro-
lytes with low Fe-ligand ratios (~1:1.25) and supporting pre-
vious work with regards to the existence of a mono-nuclear
complex at Fe-ligand ratios of 1:2 and above.>” As opposed to
the Nafion®™ membranes used previously, Sreenath et al.
explored the use of a sulfonated polyethylene styrene-
divinylbenzene membrane,®” demonstrating a high energy

Table 1 Summary of all-soluble, iron RFB works from literature
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efficiency of 75%, albeit at a low current density of 5 mA cm™>.
Although the capacity retention was high, this was limited to
40 cycles and the volumetric capacity was very low (<2 Ah L™1).
Nonetheless, the work demonstrated the potential to use alter-
native fluorine-free membranes with high stability in alkaline
conditions; the membrane withstood 1440 h in a highly alkaline
oxidative environment.

Shin et al later investigated both TEOA and DIPSO as
ligands in an all-soluble, all-iron RFB.*® The authors proposed
DIPSO, used previously in Fe-Co RFBs,*® as an alternative to
TEOA, since the Fe-complex formed using the latter tended to
reduce to metallic iron at negative potentials (<1.25 V vs. Ag/
AgCl).*® The stronger bonding between DIPSO and the Fe-ion
core was cited as the reason for the greater stability demon-
strated in cyclic voltammograms. It should be noted, however,
that the issue of metallisation may also be mitigated by the
adoption of a high concentration of [OH]|™ anions and excess
ligand.”® Nevertheless, the Fe-DIPSO negolyte demonstrated
stronger resistance to reduction to metallic iron, and displayed
good energy efficiency (70%) at a high current density of
80 mA cm™?, and good capacity retention (0.12% capacity
loss/cycle) over 100 cycles. An added advantage of the DIPSO
ligand was ascribed to its larger size and thus reduced cross-
over, which was investigated later by the same group.*® The
permeability of metal-ion complexes was shown to be signifi-
cantly lower than that of metal-ions by the application of cyclic
voltammetry and UV-Vis spectroscopy to samples generated by
H-cell cross-over testing. The relative expense of DIPSO vs.
TEOA, however, disfavours its commercial use.

Shin et al. subsequently introduced a larger, but cheaper,
ligand with a similar motif, namely 2,2-bis(hydroxymethyl)-
2,2’ ,2'-nitrilotriethanol (BIS-TRIS) and coupled it with Fe-CN
to give an OCV of 1.43 V.*' The authors demonstrated good
energy efficiency (73%) at 80 mA cm™ > across 250 cycles, citing

Conc. OCV Max.

Current density

Cycling
stability

Authors  Posolyte  Negolyte M) (V) EE (%) (mAcm?) (# cycles) Cell configuration Electrode material Citation
Wen Br,/2Br~  Fe-TEOA 0.40 1.98 70 20 5 Flow-through Graphite felt 25
Wen Br,/2Br  Fe-EDTA 0.10 1.04 80 10 10 Flow-through Graphite felt 26
Arroyo- Co-mTEOA Fe-TEOA 0.50 0.93 71 30 30 Flow-over Carbon paper 27
Curras
Gong Fe-CN Fe-TEOA 0.20 1.34 73 40 110 Flow-over Carbon paper 31
Luo Fe-CN Fe-CN 0.20 N/A 73 40-100 N/A Flow-through Graphite felt 32
Lenninger Fe-CN Fe-TEOA 020 — 73 40-100 — — — 35
Aguilo- Fe-CN Fe-TEOA 0.20 1.35 — 2-5 — Flow-through Embroidered 66
Aguayo stainless steel
Lé Fe-CN Fe-TEOA 0.78 1.30 69 40 50 Flow-through Graphite felt 36
Noh Co-TEOA  Fe-TEOA 0.40 0.95 60 40 100 Flow-through Graphite felt 28
Sreenath  Fe-CN Fe-TEOA 0.20 1.52 69 15 40 Flow-over Carbon paper 67
Shin Fe-CN Fe-TEOA 0.50 1.37 70 80 100 Flow-through Graphite felt 38
Fe-DIPSO 70 80 100
Noh Co-TiPA Fe-TiPA 0.64 0.96 77 40 100 Flow-through Graphite felt 29
Noh Co-TiPA Fe-DIPSO 0.60 0.93 62 40 100 Flow-through Graphite felt 30
Schroeder Fe-CN Fe-racEDDHA 0.17 0.85 68 20 75 Flow-through Graphite felt 68
Shin Fe-CN Fe-BIS-TRIS  0.50 1.43 73 80 250 Flow-through Graphite felt 41
Shin Fe-CN Fe-BIS-TRIS 2.00 1.43 78 80 25 Flow-through Graphite felt 42
Bailey Fe-CN Fe-BIS-TRIS 0.50 1.29 86 10-100 30 Flow-over & Flow-through Graphite felt & This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its stability with respect to undesirable side reactions. This
represents the longest cycle stability test to date for an all-
soluble, all-iron RFB. The group then optimised their formula-
tion in follow-up work.*” It was found that the solubility of
Fe-BIS-TRIS could be raised from 1.33 M to 2.00 M when the
ligand ratio was changed from 1:2*' to 1:1.5* and the
concentration of [OH]  anions was chosen to both maximise
ligand deprotonation and stabilise the complex. For a 0.5 M
solution, this resulted in a 1:1.5:9 Fe:ligand: base ratio and
the optimised system was shown to give an energy efficiency
(78%) close to incumbent VRFB technology. However, cycling
stability was only demonstrated across 25 cycles and the
authors suggested further research was required to lower the
electrolyte viscosity and increase the accessible state-of-charge
(SOC) window.

Table 1 shows a summary of the all-soluble iron RFB systems
in the literature, highlighting the various OCVs of the different
redox pairings, the gradual average increase in accessible
current densities and, importantly, the predominant use of
the “flow-through” cell configuration. It is important to note
that the traditional “flow-through” configuration corresponds
to the use of flow frame manifolds that deliver and receive
electrolyte from two opposite sides of a cavity which is occupied
by a porous electrode, usually a carbon felt.**™** In contrast to
this approach, a “flow-over” configuration refers to a system
similar to that seen in low-temperature polymer electrolyte fuel
cells, wherein the macroscopic flow of electrolyte is guided
around a flow field, usually a piece of machined graphite, and
allowed to diffuse into a thinner electrode cavity. In this case,
graphitised papers are much more common, although there are
some examples of “flow-over” set-ups that use thin pieces of
carbon felt.*® These configurations will henceforth be referred
to as FT (for “flow-through”) and FO (for “flow-over”). Fig. 2
shows a schematic that demonstrates the principal differences
between the two cell configurations.

To date, there have been no examples in literature that
compare the performance of the same all-soluble, all-iron
chemistry applied in both FT and FO configurations. On the
other hand, comparative studies using electrochemical impe-
dance spectroscopy (EIS) have been undertaken experimentally
for VRFBs."” The authors showed that, at least for the negative
redox couple (Vs” *"), the electrochemical activity of graphitised
paper is greater than that of typical carbon felt materials, and
the charge transfer overpotential when using this paper is lower
in the FO configuration than in a FT configuration. However,
the finite-diffusion overpotentials were found to be higher for
the graphitised paper than the carbon felt with the same
configuration, and largest for when a serpentine flow field
was used. Therefore, there can be a complex trade-off when
employing either a FT or FO configuration.

While previous studies have explored all-soluble, iron-based
RFB chemistries using various ligand complexes, there has
been less focus on how cell configuration and electrode selec-
tion impact performance in such systems. The purpose of this
work is to address this gap by investigating the effects of cell
architecture on the technical performance of an Fe-CN/Fe-BIS-
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Fig. 2 Schematic of (a) FT and (b) FO (with inter-digitated flow field
pattern) configurations, with electrolyte flow direction shown with red
arrows through porous regions highlighted in light blue.

TRIS RFB. Indeed, although the Fe-BIS-TRIS couple has recently
shown great promise,*"*>
over and capacity retention still require the optimisation of cell
hardware. This work contends that to achieve optimal perfor-
mance in an all-soluble, all-iron RFB, a holistic approach is
required. Not only should electrolyte formulation be investi-

challenges related to species cross-

gated, but cell design engineering should also be studied
alongside. The stark differences in capacity, efficiency, and
stability that are highlighted in this work underscore the
importance of testing new soluble metal-complex electrolytes
in both FT and FO set-ups to fully understand their potential.

Given the literature shown in Table 1, the Fe-BIS-TRIS
negolyte was chosen given its greater stability. A 1:2:5 Fe:
ligand : base ratio using iron () chloride as a starting material
was selected, negating the need for a centrifugation step seen in
other studies.*®*® To minimise ionic strength imbalance, 1.0 M
NaCl was chosen as a supporting electrolyte in the posolyte,
given the favourable electrochemical behaviour observed with
this supporting electrolyte vs. 1.0 M NaOH. Concentrations of
0.5 M active species were chosen to maximise the investigated
energy density without appreciably increasing the likelihood of
reaching saturation and precipitation should water cross-over
occur significantly. Moreover, a mixture of Na,Fe(CN), and
K,Fe(CN)¢ avoided the common-ion effect, thereby increasing
posolyte solubility well beyond 0.5 M. By using a 1:2:5 Fe:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ligand : base ratio in the negolyte, the formation of a single-
ligand mono-nuclear species was favoured without introducing
too great an excess of ligand to favour significant cross-over.

Results and discussion

Electrolyte solubilities were evaluated to estimate the theore-
tical energy density, whilst physical properties such as viscosity,
density, and pH were identified to better understand the extent
to which the chosen system would likely be hindered by, for
example, pumping losses or chemical incompatibility with cell
materials. Ionic conductivity was measured for comparison
with the traditional all-vanadium system.

Solubility

The solubilities of posolyte and negolyte systems were investi-
gated by UV-Vis spectroscopy, as detailed in the Experimental
section, to estimate the maximum theoretical energy density
accessible with this chemistry. The measured iron concen-
tration of a saturated solution of 50:50 Na,[Fe(CN)g]/
K,[Fe(CN)s] was determined to be 1.62 M, close to the patented
value of 1.50 M.*® Upon addition of 1.00 M NaCl supporting
electrolyte, for the purpose of balancing ionic strength in full
cell testing, the soluble iron concentration of this 50: 50 Fe-CN
mixture was lowered to 1.37 M. Nevertheless, this value
corresponds to a theoretical energy density of 36.7 A h L™"
(¢f 42.9 Ah L™ for the all-vanadium system).

The solubility of a 1:2: 5 ratio of FeCl; : BIS-TRIS : NaOH was
measured to be 1.03 M and that of the analogous KOH system was
slightly lower at 0.93 M. The NaOH formulation was chosen both
to maximise solubility and to minimise the size of the charge-
balancing counter-ion, thereby reducing the ohmic resistance
associated with ion transfer through the membrane.*® 1.03 M
corresponds to a theoretical energy density of 27.6 A h L,
therefore representing the limiting side if equal volumes are used.
The 1:2 metal-ligand ratio was chosen based on the work of
Arroyo-Curras et al.®” and Lé et al.,*® which implies that mono-
nuclear solution structures are favoured at higher metal-to-
ligand ratios.

Density and viscosity

Fig. S1 and S2 (ESIt) show the density and viscosity, respec-
tively, for posolyte (0.25 M Na,[Fe(CN)g], 0.25 M K,[Fe(CN)g],
1.00 M NaCl) and negolyte (0.50 M FeCl;, 1.00 M BIS-TRIS,
2.50 M NaOH), as a function of temperature. All measured
readings for the temperature range of 20-50 °C, which are
practical temperatures for RFB electrolytes,® are shown in
Tables S1 and S2 (ESIT). At 20 °C, the densities of the posolyte
and negolyte were found to be 1.134 g cm ™ ® and 1.173 g cm 7,
respectively, both only marginally greater than that of pure
water (0.998 g cm™3). At this same temperature, the kinematic
viscosities of the posolyte and negolyte were found to be 1.391
and 3.427 mm” s~ ', respectively. Although this implies a higher
parasitic energy loss from pumping for the negolyte vs. the
posolyte, it should be noted that this higher viscosity value is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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similar to those found for the acidified vanadium electrolytes
used in the VRFB system.>”

pH and ionic conductivity

The pH of the 0.25 M Na,[Fe(CN)g], 0.25 M K4[Fe(CN)g], 1.00 M
NacCl solution was measured to be 9.44 £ 0.03, which is in good
agreement with the literature value for a 0.5 M Ky[Fe(CN)]
solution.”® Its ionic conductivity was measured to be 309 =+
1 mS ecm ', which is similar in magnitude to the value observed
for a 1.0 M iron (1) glucose solution reported in literature,> and
only slightly lower than that measured for the all-vanadium
system.>’

The pH of the 0.50 M FeCl;, 1.00 M BIS-TRIS, 2.50 M
NaOH solution was measured to be 13.32 + 0.01 and its ionic
conductivity was lower than the posolyte, at 83 & 0.2 mS cm ™,
and approximately six times less conductive than the corres-
ponding all-vanadium electrolyte.

Cross-over studies

Small 0.1 mL aliquots were removed from the deficient cham-
ber of the glass H-cell set-up at recorded times after filling the
other chamber with negolyte. ICP-OES analysis showed negli-
gible values for all samples taken (Table S3, ESIt). Even after
approximately 3 days, the measured values were all below
1 ppm, corresponding to ca. 0.1 mM iron concentration,
demonstrating negligible cross-over on this timescale.

Cyclic voltammetry

Cyclic voltammograms for the posolyte and negolyte used in
this study are shown in Fig. 3a and b, respectively. The formal
redox potential for the posolyte was shown to be +0.264 V (vs.
Ag/AgCl), corresponding to +0.474 V (vs. SHE), which is in good
agreement with the value of +0.48 V, previously reported in
literature.>" At a scan rate of 10 mV s, the uncompensated
peak-to-peak separation was 98 mV, somewhat larger than the
Nernstian limit of 59 mV but demonstrating electrochemical
pseudo-reversibility of this redox couple. Therefore, the Randle-
Sevcik equation (eqn 1) can be used to broadly estimate the
diffusion coefficients associated with the oxidised (Do,
[Fe(CN)e]*") and reduced (Dg, [Fe(CN)g]* ") species.*®

ip =2.69 x 10°n*24CVDv (1)

where i, is the peak current in A, n is the number of electrons in
the redox process, A is the electrode area in cm? C is the
concentration in mol em ™3, D is the diffusion coefficient in
em® s7', and v is the scan rate in V s '. Through this
analysis, the estimated diffusion coefficients were Dy = 3.52 X
107°% em? s7! and Dy = 3.23 x 107°% ecm? s~ '. These values
are slightly lower than those reported in literature (~5-10 X
107% em” s7').>° Given the non-negligible peak-to-peak separa-
tion even at low scan rates, these diffusion coefficients align
reasonably well.
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Fig. 3 Cyclic voltammograms at various scan rates for the (a) posolyte
(0.25 M NaylFe(CN)gl, 0.25 M K4lFe(CN)gl, 1.00 M NaCl) and the (b)
negolyte (0.50 M FeClz, 1.00 M BIS-TRIS, 2.50 M NaOH) used in this study.

The formal redox potential for the negolyte was shown to be
—1.02 V (vs. Ag/AgCl), corresponding to —0.813 V (vs. SHE). This
formal potential is less negative than the two Fe-BIS-TRIS reports to
date (—1.11 V vs. Ag/AgCl).*"*> At a scan rate of 10 mV s ', the
uncompensated peak-to-peak separation for the negolyte redox
couple was larger, at 161 mV. This value implies that the redox
processes are appreciably limited by kinetics, and not solely diffu-
sion. Thus, the Randle-Sevcik equation is unlikely to yield mean-
ingful diffusion coefficients and is not applied here. It is worth
noting that the Fe-BISTRIS complex recently explored in
literature*** was formed from iron(m) sulphate, rather than from
iron(m) chloride used here. Moreover, the literature complex was
formed with a potassium counter-ion, whereas a sodium counter-
ion is present here. Interestingly, the redox potential reported in this
work matches more closely the previous Fe-TEOA reports, which

suggests structural similarities between the complexes formed.>>?!

Charge—-discharge cycling

Charge-discharge cycling was performed for the selected all-
soluble, all-iron RFB in both FT (using a graphite felt) and FO

1334 | Energy Adv, 2024, 3,1329-1341

View Article Online

Energy Advances
(using a carbon paper) configurations, at 10 mA cm™> and
40 mA cm™ 2, The upper and lower cut-off voltages of 1.60 V and
0.50 V, respectively, were selected based on previous literature
reports.>! Fig. 4 shows the charge-discharge cycling behaviour
at 10 mA cm™? for the FT (Fig. 4a) and FO (Fig. 4b) configura-
tions, as well as the plot of both capacity and the normalised
capacity retention with respect to cycle number. It can be
observed that the activation overpotential is lower in the FO
system, with an onset charge potential of ca. 1.20 V, as opposed
to ca. 1.30 V for the FT system. This is thought to stem from the
greater inherent electrochemical activity of carbon papers vs.
graphite felt materials, as observed in the all-vanadium system,
accentuated by the heat-treatment activation in the carbon
paper case. It should be noted here that heat-treatment of the
graphite felt in the FT case would likely reduce this difference,
but was not adopted in this work since the vast majority of all-
soluble, all-iron FT systems in literature (Table 1) did
not include heat-treatment of graphite felt electrodes.”® Most
significantly, it is apparent that the capacity retention of the FO
system is far superior to that of the FT system at 10 mA cm 2,
the latter demonstrating a drop to ca. 65% of its original
capacity after only six cycles. Over the respective time periods
displayed in the Fig. 4 plots, the FO system broadly retains its
capacity, demonstrating ca. 12 A h L' throughout, which
represents ca. 90% electrolyte utilisation of this 0.5 M solution
and is greater than the initial discharge capacity of the FT
system (ca. 11 Ah L', ~82% electrolyte utilisation).
Capacity loss in these systems can arise from several factors.
In many organic systems, the redox active species themselves
may be highly reactive and therefore give rise to unwanted side
reactions,”>® leading to ligand modification or decomposi-
tion. With regards to this study, recent work has shown that the
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Fig. 4 Charge—discharge behaviour at 10 mA cm™2 and 50 mL min™! of

5 cm? full cells containing 0.25 M NaglFe(CN)gl, 0.25 M K,4[Fe(CN)gl, 1.00 M
NaCl as the posolyte and 0.50 M FeCls, 1.00 M BIS-TRIS, 2.50 M NaOH as
the negolyte, with (a) FT configuration (25 mL posolyte and 25 mL
negolyte) and (b) FO configuration (50 mL posolyte and 50 mL negolyte).
Plots of (c) capacity and (d) capacity retention for each configuration for
charge and discharge.
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posolyte is likely stable, even at high pH values®® (here pH is
moderate at <10). Conversely, there is less understanding of
the stability of the negolyte Fe-BIS-TRIS complexes, particularly
at largely negative potentials. Indeed, in recent cyclic voltam-
metric studies, if insufficient ligand is present, Fe-TEOA and
Fe-BIS-TRIS have been reported to exhibit reduction from Fe(u)
to Fe(0) below —1.3 V (vs. Ag/AgCl).*"** Aside from active
species decomposition, there is also the possibility of side-
reactions not directly associated with the active species, but
instead due to the oxidation or reduction of free ligands, which
would be accompanied by a concomitant loss of coulombic
efficiency (CE). Moreover, the supporting electrolyte may also
exhibit redox instability. For example, it has been shown that at
high pH, the Fe(u)/Fe(u)-CN couple falls outside the electro-
chemical stability window (ESW) of water. However, with
regards to this study that uses a 1.00 M NaCl supporting
electrolyte at the relatively low pH of 9.4, it is thought that
the oxygen evolution reaction (OER) is unlikely the dominant
contributing factor to capacity fade witnessed in the FT cell.
Another major contributor to capacity loss is cross-over,
which is the overarching term used to describe species transi-
tion from one electrolyte to the other through the membrane of
the cell. This may come in the form of active species cross-over,
supporting electrolyte cross-over and/or the cross-over of the
bulk solvent. The driving forces for such transport can be
diffusive (concentration difference), convective (pressure differ-
ence), or migratory (electrical potential difference). Although it
has been shown through UV-Vis and ICP-OES measurements
that the cross-over of metal-ligand complexes (such as Fe-CN
and Fe-TEOA) is 15-68 times less than that of non-complexed
vanadium and iron species,*® these H-cell measurements under
no current flow do not accurately reflect cross-over during flow
battery operation. Indeed, at OCV, the migratory driving force is
missing, which may well be a dominant factor in capacity loss
associated with cross-over during charge-discharge cycling.
Evidently, one or more of the processes contributing to
capacity loss is exacerbated in the FT configuration vs. the FO
configuration. Given the low activation overpotential, observed
as a lower initial charging voltage, and the lower ohmic
potential associated with a thinner electrode, it is expected that
the total overpotential experienced during charge and dis-
charge at a given SOC is likely lower in the FO than in the FT
configuration. This is surmised to impact significantly on the
observed behaviour of the Fe-CN/Fe-BIS-TRIS flow cell exam-
ined here, whereby the FT experiences significant capacity
fade but the FO system appears to retain charge and
discharge capacity appreciably at relatively low current density
(10 mA cm™?), even over the resultant long-duration cycles.
When the current density was increased to 40 mA cm 2,
which approximately represents the mean current density of all
literature studies to date, appreciable capacity fade for both
configurations was apparent (Fig. 5). In terms of discharge
capacity, the absolute capacity reduced from ca. 8.3 Ah L™ to
ca. 2.3 A h L™" in 30 cycles (0.20 A h L™" cycle™") for the
FT configuration and from ca. 1.5 Ah L ™" to 6.5 A h L'
(0.18 A h L™" cycle™) for the FO configuration. As shown in
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Fig. 5 Charge—discharge behaviour at 40 mA cm~2 and 50 mL min~! of

5 cm? full cells containing 0.25 M Na4[Fe(CN)gl, 0.25 M K4[Fe(CN)gl, 1.00 M
NaCl as the posolyte and 0.50 M FeCls, 1.00 M BIS-TRIS, 2.50 M NaOH as
the negolyte, with (a) FT configuration (25 mL posolyte and 25 mL
negolyte) and (b) FO configuration (50 mL posolyte and 50 mL negolyte).
Plots of (c) capacity and (d) capacity retention for each configuration for
charge and discharge.

Fig. 5b this corresponds to capacity retentions of 26.6% and
53.2% for the FT and FO configurations, respectively. Very
similar absolute capacity loss is observed over the same num-
ber of cycles, despite the longer charge and discharge times
for the FO configuration (attributable to the use of a larger
electrolyte volume). This observation suggests that the domi-
nant capacity loss mechanism is related to charge-discharge
behaviour, as opposed to self-discharge cross-over that would
be expected to increase appreciably with longer charge-dis-
charge times. This is also consistent with negligible cross-over
of Fe-BIS-TRIS detected by ICP-OES analysis of an open-circuit
H-cell, although the cross-over of Fe-CN from the positive half-
cell to the negative half-cell cannot be ruled out. It is also worth
noting that the capacity does not plateau after 20 cycles, as seen
by Gong et al in their Fe-CN/Fe-TEOA system,>* which
was attributed to cross-over and membrane fouling. Moreover,
capacity loss is greater than in the similar Fe-CN/Fe-BIS-TRIS
system seen in recent work by Shin et al. which is thought to be
due to differences in the electrolyte formulations (detailed in
Table S4, ESIt). Nevertheless, capacity fade is significant in
both cases and may be due to electroosmotic drag of active
species across the membrane, driven by potential gradients
that provide a greater driving force than concentration or
pressure differences experienced in open-circuit set-ups.

In the FO case, the capacity fade is significantly greater than
that observed at 10 mA cm ™. At the lower current density, the
discharge capacity retention after six cycles was 99%, whereas
at the higher current density, it was 93%, which also supports
the assertion that the dominant capacity loss mechanism is
related to overpotential rather than self-discharge. Moreover,
the capacity loss in the FO configuration continues for at least
30 cycles without coming to a plateau.
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Indeed, the exact nature of the capacity loss mechanisms in
each case requires further examination, which is the focus of
on-going work. From the direct comparison of the two set-ups,
and the observation that the capacity loss is reduced when
increasing current density in the FT configuration but
increased when increasing current density in the FO configu-
ration, it is clear more research should be carried out to better
understand the impact of cell configuration on battery perfor-
mance and durability.

Although the performance of this flow battery is not opti-
mised, there are clear differences between both the onset char-
ging potential and the capacity retention observed when
investigating the same electrolyte with the same operating con-
ditions, but with different cell configurations. Moreover, the
behaviour witnessed across these two configurations sheds light
on the underlying dominant mechanism leading to capacity loss
in this newly investigated all-soluble, all-iron electrolyte.

Polarisation curve analysis

The polarisation curves and power densities at 100% SOC for
the FT and FO configurations are shown in Fig. 6a and b,
respectively. The maximum power density delivered by the FT
cell was 125 mW cm ™2, which represents ca. 60% of the closest
literature equivalent.*’ On the other hand, with the same
electrolyte formulation, the maximum power density for the
FO cell was 170 mW cm™ >, which represents a 36% perfor-
mance gain vs. the FT configuration. It is important to note that
this value represents ca. 80% of the closest literature
equivalent.** The discrepancy likely results from the use of a
thinner Nafion® 212 membrane in the literature, whereas
thicker Nafion® 117 is used here, giving rise to greater ohmic
losses and a lower maximum power density.

The polarisation curves demonstrate that the use of a FO cell
configuration can enhance the accessible maximum power
density, which is thought to be due to the lowering of over-
potentials in the system. Indeed, the gradient of the slope of the
section of the polarisation curve that is dominated by ohmic
losses is less negative for the FO (Fig. 6b) than the FT (Fig. 6a)
configuration. This implies that the ohmic polarisation experi-
enced in the FT cell, which contains three macroscopic felts (at
35% compression), is appreciably larger than that experienced in
the FO set-up that contained a carbon paper with a thickness less
than 300 pm. This is likely a convolution of the greater path
length associated with current collection in the former case and
a small increase in contact resistance, given the use of multiple
separate pieces of graphite felt. Decreased mass transport loss in
the thinner carbon paper is also possible, allowing the FO cell to
perform at higher current densities and deliver the greater
maximum power density. Indeed, the minimisation of transport
losses in thin carbon paper compared to porous felt electrodes
has been reported elsewhere when examining aspects such as
pore diffusion.>” Nevertheless, to fully deconvolute these con-
tributions to performance increase, the use of EIS is recom-
mended, although this is beyond the scope of this work.
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Fig. 6 Polarisation and power density curves for the same electrolytes
used to produce data shown in Fig. 4 and 5 using (a) FT configuration and

(b) FO configuration, at nominally 100% SOC with electrolytes flowing at

50 mL min~t.

Efficiencies and self-discharge

It is important to consider the performance of RFBs at a range
of current densities, given the variable loads experienced by
EES technologies deployed in the field.’® The coulombic,
voltage, and energy efficiencies of our all-soluble, all-iron
system in the FT and the FO configurations are shown in
Fig. 7a-c and the OCV as a function of time is shown in
Fig. 7d, displaying the self-discharge characteristics of the
two set-ups.

As widely observed in VRFBs, there is a decrease in CE
observed at lower current densities, resultant from the long
charge-discharge times and significant cross-over of active
species. It should be noted that here this loss is not recoverable,
as unlike VRFBs, the iron-based electrolyte system is not readily
corrected by electrochemical balancing.’® Nevertheless, once a
current density of 40 mA cm ™2 or greater is used, CE exceeds
95%. Upon attempting to run the FT cell at current densities of
80 mA cm > or above, the overpotentials were too high to
observe an appreciable capacity without reaching the cut-off
voltages. Therefore, for these higher current densities only data
collected from experiments using the FO cell are presented
(Fig. 7a-c). In terms of voltage efficiency (VE), the expected
trend of decreasing VE with increasing current density was
observed (Fig. 7b). It is worth noting, however, that the slope of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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this decline is appreciably less in the case of the FO cell,
supporting the polarisation curve analysis which demonstrates
that this design allows higher current densities to be accessed.
As a confluence of these two efficiencies, the energy efficiency
(EE) of the FO system outperforms that of the FT system, at
least in this specific case, for all current densities, although it is
a marginal difference at the low current density of 20 mA cm™>.

Importantly, as shown in Table 1, there are many cases of recent
work on all-soluble, alliron RFBs that have only reported the
performance and durability of their electrolyte formulations in FT
configurations. Indeed, given the high machining costs associated
with the manufacture of this component from graphite, there are
compelling reasons to use a FT configuration in both laboratory
research and at the industrial scale. However, it is clear from the
performance of the Fe-CN vs. Fe-BIS-TRIS RFB reported in this work
that both performance and durability have been substantially
improved by switching from the simpler FT cell to a FO configu-
ration. Moreover, a lot of research is on-going to optimise the flow
field design to further enhance performance in FO cells.**®" It is
therefore the authors’ recommendation that, in the fledgling domain
of all-soluble, all-iron RFBs, researchers should consider testing their
novel formulations in several types of cells and flow fields. In some
cases, access to such cell hardware may create an impediment,
though collaboration with other institutions may alleviate this issue.

The self-discharge performance of the two configurations
might have been expected to be more similar than it is shown
to be in Fig. 7d, given nominally the same flow rate, membrane
material, and active area across the two configurations. Despite an
initial period with similar voltage decline (until ca. 24 h), a
secondary more pronounced drop in voltage ensues only in the
FT case. The voltage associated with the FO cell instead continues
a steady decline at the same rate until a precipitous drop at ca. 100
h, whereas the FT cell has a two-stage decline before reaching a
precipitous drop after only ca. 60 h. Whereas other performance
differences might be explained by differences in overpotentials
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across the two cells, here the cells are operating at OCV with
continuous flow of electrolyte. The authors therefore hypothesise
that despite similar flow rates produced by peristaltic pumps in
the two systems, the actual residence time for the active species at
the membrane is greater in the FT than the FO cell. The thicker,
porous electrode cavity in the FT case has an estimated volume of
3.25 cm® based on the cell hardware dimensions and the esti-
mated compression level of the gaskets used. In contrast, the thin
cavity of the FO case is estimated to be 0.125 cm?. Therefore, the
residence time in the vicinity of the membrane will be much
shorter in the FO case. Moreover, the pressure-driven laminar flow
through the thicker porous felt is expected to experience an
appreciable velocity gradient from the flow channel to the
membrane interface. This boundary layer effect, which leads to
lower velocities near solid surfaces, could further increase the
actual residence time of species reaching the membrane in the FT
case relative to the FO case, which has an open flow field and
paper electrode, as it has previously been discussed in the
literature.*®**%* This hypothesis requires further investigation to
better establish the mechanisms by which active species cross-over
occurs in single-cell laboratory testing of all-soluble, all-iron che-
mistries. This may be achieved by dynamic ex situ cross-over
experiments or by means of online analysis of active species
cross-over in each of the two configurations. This phenomenon
is only detected here as both cells were employed in this study.

Despite not being the highest-performing all-soluble, all-iron
RFB system, the electrolytes chosen for this study represent an
illustrative example of how testing novel chemistries should be
carried out in both “flow-through” and “flow-over” configura-
tions. At low current density (10 mA cm™?), for example, this
chemistry could be seen as highly competitive with the incumbent
vanadium technology, as it demonstrates high capacity retention
(~100%) over 9 days with high EE of ~86% in the “flow-over”
configuration. Nevertheless, if one were to take the parasitic
pumping losses into account, one may choose to scale-up a
“flow-through” configuration to avoid the pressure drop asso-
ciated with an interdigitated flow field. When the performance in
the “flow-through” cell is assessed, the significantly lower capacity
retention (~60% over 2 days) and EE (70%) are less compelling.

It should be stated that, although in this case the FO cell was
shown to outperform the FT cell in terms of its lower discharge
capacity decay, higher maximum power density, greater effi-
ciencies at all current densities and lesser self-discharge, this
may not be the case for all formulations and does not account
for the parasitic losses associated with the extra pumping
required,® which would be reflected in an overall round-trip
efficiency. The authors recommend that both cell configura-
tions be used to better understand the performance and dur-
ability of future all-soluble, all-iron systems.

Experimental

Materials

Sodium ferrocyanide decahydrate (Na,Fe(CN)y-10H,0, >98%),
potassium ferrocyanide (K Fe(CN)e-3H,O, >98%), sodium
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chloride (NaCl, >99%), sodium hydroxide (NaOH, =>98%),
iron(m) chloride (FeCl;, >97%), and bis(2-hydroxyethyl)-
aminotris(hydroxymethyl) methane (BIS-TRIS, >98%) were pur-
chased from Sigma-Aldrich (USA). All solutions were prepared in
deionised water (>18.2 MQ cm). Carbon paper (Sigracet 39AA,
280 pum thickness, pore size 43 pum) was purchased from Ion
Power, Inc. (USA) and graphite felt (GFD EA 4.65, 4.65 mm
thickness) was purchased from SGL Carbon (Germany). Nafion®
membrane was purchased either from Ion Power, Inc. or Fuel Cell
Store (USA).

Electrolyte preparation

Electrolytes were freshly produced at appropriate volumes
for each form of testing. For example, for charge-discharge
cycling, 100 mL each of posolyte and negolyte were formulated,
providing sufficient volume for 2-4 tests. In the case of the
posolyte, 100 mL was made by simple room-temperature mix-
ing of 12.10 g of Na,Fe(CN)s10H,O (25.0 mmol), 10.56 g of
K,Fe(CN)s-3H,0 (25.0 mmol) and 5.84 g of NaCl (100 mmol) in
deionised water. 100 mL of negolyte was made by first dissol-
ving 10.00 g of NaOH (250 mmol) in deionised water at room
temperature, to which 20.92 g of BIS-TRIS (100 mmol) was
added. Once dissolved, 8.11 g of FeCl; (50 mmol) was added
dropwise resulting in a solution with an iron concentration
of 0.5 M.

Solubility testing

A 100 mL posolyte solution, consisting of 50:50 Nay[Fe(CN)]:
K,[Fe(CN)g], at a nominal iron concentration of 2.00 M was
made by room-temperature mixing in deionised water. The
mixture was subjected to ultrasonication at a frequency of
80 kHz for 10 min in a water bath programmed to maintain a
temperature of 25 °C. A separate 100 mL solution was similarly
made but with the inclusion of 1.00 M NaCl. A 100 mL
saturated negolyte solution, comprising a 1:2:5 ratio of FeCl;:
BIS-TRIS : NaOH, at a nominal iron concentration of 1.50 M was
made, at room temperature, as described in the electrolyte
preparation section.

A Cary 60 UV-Vis spectrometer (Agilent Technologies) was
used for spectroscopic analysis of the system. First a calibration
curve was established using known concentrations of each
electrolyte. In the case of the posolyte, the absorption observed
at 325 nm was used for quantification and for the negolyte, the
absorption observed at 460 nm was used. Dilution with de-
ionised water was employed to ensure measured absorbance
remained below unity, with dilution factors of 1000x and 10x
used for the posolyte and negolyte, respectively. All measure-
ments were made in triplicate.

Density and viscosity

An automatic kinematic viscometer (SVM 3001, Anton Paar,
Austria), was used to measure the dynamic viscosity and density
of the electrolyte liquids (following standard test method ASTM
D7042-21a) and their kinematic viscosities were calculated
from these values.
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PH and ionic conductivity

The pH of the electrolyte solutions was measured using a FP20
FiveEasy Plus pH/mV benchtop meter (Mettler Toledo, UK),
calibrated using three certified buffers with pHs of 4, 7 and 10.
All data presented here are averages of three replicate tests
conducted at 20 °C. The ionic conductivity of the electrolyte
solutions was measured using an EC 71 Sens ION ionic con-
ductivity meter (Hach, US), calibrated using three solutions of
known ionic conductivity (147 pS em™", 1413 puS em™ ", and
12.88 mS ecm ™ %). All data presented here are averages of three
replicate tests.

Cross-over studies

Static glass H-cells were set up using Nafion 117 and EPDM
gaskets, with negolyte (0.50 M FeCl;, 1.00 M BIS-TRIS, 2.50 M
NaOH) filling one chamber, and a 3.00 M KOH solution filling
the other ‘deficient’ chamber. 0.1 mL samples were removed
from the ’deficient’ side after 1 h,2 h,3 h,4 h,68 h,69h,70 h
and 71 h. After removal from the H-cell chamber, each 0.1 mL
sample was immediately added to 1 mL 3.00 mL KOH. For ICP-
OES (5100, Agilent Technologies) analysis, 0.1 mL of sample
was diluted to 1 mL by addition of de-ionised water, giving an
overall dilution factor of 110.

Cyclic voltammetry

A three-electrode setup was used for CV analysis to determine
the electrochemical characteristics of the electrolyte. Glassy
carbon (3 mm diameter), a Pt mesh (Pine Research Instrumen-
tation, Inc. USA), and a silver/silver chloride (Ag/AgCl) electrode
were used as the working, counter, and reference electrodes,
respectively. A potentiostat (Autolab, Metrohm) was used to
control the potential during CV experiments, using a potential
window of 0.0 Vto —1.3 Vand 0 V to +0.6 V vs. Ag/AgCl to study
the posolyte and negolyte redox reactions, respectively.

Charge-discharge testing

All iron RFB charge-discharge experiments using the FT
configuration were performed using an in-house cell, as
described in previous work by the authors.®® This involved
using an open-source 3D-printing platform, whereby the flow
frame was designed in SolidWorks CAD software (Dassault
Systémes, France) to have a 5 cm® active area, matching the
commercial FO cell used in this work. The CAD file was
exported as a stereolithography file to Cura (Ultimaker, the
Netherlands) and printed using an Ultimaker S5 fused-
deposition modelling 3D-printer. Other components, such as
current collectors, O-rings, and gaskets were as previously
described.®® Three pieces of graphite felt, untreated as in our
previous work, were cut using bespoke metallic cutters and
used on each side of a commercially available Nafion® 117
membrane (Fuel Cell Materials).

All iron RFB charge-discharge experiments using the FO
configuration were performed using a commercial flow cell
(Fuel Cell Technology Inc., USA), with a 5 cm? active area and
an interdigitated flow field. A single piece of carbon paper
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(Sigracet 39AA, 280 pum thickness, pore size 43 pum), thermally
treated at 500 °C in air for 1 h, was used on each side as
electrodes. A Nafion 117 membrane (Ion Power, Inc.) was used
to separate the two electrodes. In both configurations, the use
of a cation-exchange membrane is thought to facilitate charge-
compensation through the transport of alkali-ions (predomi-
nantly Na" due to its smaller ionic radius).

Fig. 1 illustrates the schematic of the RFB flow cell. A dual-
head peristaltic pump (BT100M, CRPUMP for FT and Master-
flex, Cole Parmer for FO) was used to circulate the electrolyte
solutions through the cell with flow rate of 50 mL min~",
calibrated by measuring the volume of electrolyte circulating
per minute. 25 mL of each electrolyte was used in the case of
the FT cell, whereas 50 mL of each electrolyte was used in the
case of the FO cell. The membranes used were soaked for 4 h in
1 M NaCl in order to prepare the membrane for use in the flow
cell. To remove oxygen from the electrolyte solution, nitrogen
was continuously bubbled through the electrolytes for 30 min
before the charge-discharge experiments, and a head of N, was
maintained during cycling. The charge-discharge experiments
were performed at current densities in the range of 10 to
80 mA cm 2, using cut-off voltages of 1.60 V during charge,
and 0.50 V for discharge. For the charge-discharge experi-
ments, a potentiostat (Neware CT-408T-5V12A for FT and a
BioLogic VSP with VMP3B-20 booster for FO) operating in
galvanostatic mode was used. The RFB performance including
voltage efficiency (VE), coulombic efficiency (CE), and energy
efficiency (EE) were determined based on eqn (2)-(4):

CE = Q4/Q. x 100% (2)
VE = V(d,avg)/V(c,avg) X 100% [3)
EE = CE x VE (4)

where Q. and Qq are the charge and discharge capacities (in mA h),
respectively; and V., and Vga., are the average voltages (in V)
during charge and discharge.

Polarisation curve analysis

For the polarisation experiment the SOC of the battery was
adjusted to 100%, corresponding to an OCV of around 1.60 V.
The galvanostatic polarisation was performed with a 30 second
hold per step to obtain a steady state cell potential. The cell was
recharged at 25 mA cm ™2 to 100% SOC after each step in the
polarisation. For the polarisation experiments, a potentiostat
(BioLogic VSP with booster VMP3B-20) was used in both cases.
In self-discharge experiments, the battery was at OCV while
electrolyte at 50% SOC was circulated through the cell, and the
cell voltage was monitored.

Conclusion

This study marks the first side-by-side examination of the same
all-soluble, all-iron chemistry in flow-through and flow-over
cells, revealing substantial configuration-dependent differ-
ences that may extend to the performance analysis of other
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electrolytes such as vanadium- or organic-based systems. Our
meticulous side-by-side comparative electrochemical testing
revealed substantial differences in performance metrics when
using identical all-soluble, all-iron electrolytes in flow-through
versus flow-over configurations under almost identical operat-
ing conditions. The most prominent difference observed was a
markedly more significant capacity fade exhibited by the flow-
through cell, such that operation at 40 mA cm™> was accom-
panied by a loss of 75% in discharge capacity after 30 cycles,
whilst only 50% loss was seen for the analogous flow-over cell.
Contrasting behaviour with respect to the effect of increasing
current density across the two configurations also highlights
the potential for different dominating degradation mechan-
isms in the two systems. Our findings show that while the flow-
over configuration excels in energy efficiency, setting a new
benchmark for all-soluble, all-iron systems, the more profound
implication lies in how the choice of cell hardware significantly
shapes the performance outcomes of these novel chemistries.
Therefore, the inclusion of both flow-through and flow-over
configurations in future explorations of all-iron RFBs is
strongly recommended, and it is suggested that similar studies
should be carried out in vanadium-based systems. Such an
approach will provide a more comprehensive understanding of
these systems, helping to optimise their design and operation.
It is hoped that the insights gained in the study presented here
will catalyse new research into how maximum power density,
self-discharge time, capacity retention, and energy efficiency
are impacted by the test cell used, and that this will provide
motivation to explore both novel and typical electrolytes more
holistically in this rapidly evolving field.
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