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Redox flow batteries (RFBs) are promising solutions for large-scale stationary energy storage due to their
scalability and long cycle life. The efficient operation of RFBs requires a thorough understanding of the
complex electrochemical processes occurring during charging and discharging. This review provides an
overview and perspective of in situ and in operando analytical techniques to monitor RFBs. In more
detail, these advanced techniques allow for real-time observation of redox reactions, ion transport, and
electrode—electrolyte interactions under working conditions, offering insights into formation of inter-
mediate species and mechanisms of electrolyte degradation, State-of-Charge (SoC), and ion crossover.
By discussing the principles, capabilities, and limitations of techniques such as nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), ultraviolet-visible (UV-vis) spectroscopy,
Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray absorption spectroscopy
(XAS), electrochemical impedance spectroscopy (EIS), tomography and radiography, mass spectrometry
(MS), and fluorescence microscopy this review highlights the essential role of in situ and in operando
approaches in advancing RFB technology.

The review addresses one of the most critical issues in the development of redox flow batteries (RFBs), namely the need to understand the complex processes
occurring in the solution, at the interface, and within the bulk of flow battery components. Its goal is to identify and summarize the ongoing challenges in the
field that hinder the widespread adoption of RFBs in large-scale commercial energy storage applications. The review primarily focuses on in operando and in situ
studies of RFBs, placing them in a broader context that includes other battery systems, such as lithium batteries and beyond. To the best of our knowledge,
there are currently no such comprehensive overviews available on in situ and in operando techniques. Therefore, we believe that our review makes a significant
contribution to the development of methodologies for in situ and in operando approaches in electrochemical storage and conversion systems, extending even to
areas not explicitly covered in this work such as fuel cell technology.

1. Introduction
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applications.’™ In contrast to traditional lithium-ion batteries
(LIBs), storage capacity and power output are independent in
RFBs, making them ideal for medium to large-scale stationary
energy storage applications, which demand scalability and
flexibility.”® Moreover, RFBs are supposed to have a longer
lifespan than traditional batteries and feature long discharge
times (12 hours and more), making them suitable for long-
duration energy storage applications in microgrids and large-
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In-operando techniques allow for real-time monitoring to elucidate
mechanisms, assess degradation rates, and optimize functionality
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Fig. 1 Overview on challenges in progressing flow battery technology, which can be tackled by in operando monitoring.

scale energy storage.® Fig. 1 (middle) illustrates the working
principle of RFBs, in which dissolved electro-active materials
stored in external electrolyte reservoirs, referred to as catholyte
(or posolyte) on the positive side and anolyte (or negolyte) on
the negative side. During charge and discharge the liquid
electrolyte is circulated into the electrochemical cell compart-
ment, where redox reactions take place at the electrode sur-
faces, allowing for the direct conversion of chemical and
electrical energy.” General cell charging/discharging reactions
consisting of two half-cell reactions can be written as follows:
Cathode:

charge

— " 4ze )
discharge
Anode:
) charge -
A+ ze A @)
discharge
Cell:
 charge i
C+ 4 = Cx+z+A,\ffz (3)
discharge

Various types of RFBs have been developed, typically sorted
by their different chemistries, including all-vanadium,® zinc-
bromine,” hydrogen-bromine,'° all-iron,"* semi-solid lithium,"?
all-copper,'® zinc-polyiodide,"* organic," polymer,'® zinc-
cerium,'® combined flow battery with solar energy,> and other
non-aqueous systems. Enhancing cell performance across var-
ious chemistries is crucial for a broader application of the
technology. However, this effort is challenged by several factors
such as the low solubility of active materials in electrolytes,
the limited electrochemical window of aqueous electrolytes,
environmental sensitivity, limited electrolyte stability, and side
reactions.” These restrict the energy density, efficiency, and
lifespan of the cells and subsequently the whole battery. Redox-
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mediated flow batteries (RMFBs) offer a promising solution to
address challenges such as low solubility and the constrained
electrochemical window of active species.® In RMFBs, soluble
redox mediators facilitate electron transfer between electrodes

and active
9,10

species,
densities.” " While ex situ post-mortem analysis of RFBs rely
on widely available techniques such as FTIR spectroscopy,
Raman, X-ray photoelectron spectroscopy (XPS), X-ray diffrac-
tion, NMR, etc., this characterization approach often produces

thereby enabling enhanced energy

misleading results due to relaxation effects, as applied electri-
cal potentials affect thermodynamic and kinetic pathways.
Additionally, ex situ characterization of active substances is
challenging, caused by the high reactivity, sensitivity to sample
preparation, and short lifetimes of certain oxidized and/or
reduced redox-active molecules and ions within the electro-
Iytes. Despite the necessity of profound analyses of RFBs as a
part of examining new chemistries, critical questions at the
molecular level remain open. This gap has driven significant
efforts toward developing advanced and highly specialized
characterization techniques that measure properties in real-
time and under working conditions, known as in situ and
in operando analyses.'® These are particularly valuable as they
allow monitoring of the battery’s state-of-health (SoH) during
operation, enabling the development of strategies to mitigate
degradation, enhance the lifetime of the batteries and mini-
mizing the error prone to sample preparation necessary for
ex situ analyses.?® Designing tools for in situ and in operando
analyses is complex, as real-time monitoring requires integrat-
ing instruments into the confined space of a working cell. This
integration necessitates special measures to ensure compat-
ibility with environmental conditions such as pH, temperature,
and humidity. The results from in situ and in operando analyses
are more reliable than those from ex situ post-mortem ones, as
they offer a more accurate representation of the actual condi-
tions and dynamics of the system, minimizing the risk of

This journal is © The Royal Society of Chemistry 2025
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artifacts introduced during sample preparation or post-mortem
analysis. In situ and in operando techniques also enable the
identification and characterization of reaction intermediates,
which are formed either by redox processes that proceed via
different oxidation states of the anolyte/catholyte, by chemical
or electrochemical reaction of compounds in the anolyte/cath-
olyte or by electrochemical combustion of anolyte/catholyte.
These intermediates are often challenging to capture in ex situ
analyses, where they may decompose or transform during
sample preparation. By preserving the integrity of the system
and analyzing the sample in its natural state, in situ and in
operando analyses provide crucial insights that are otherwise
difficult to obtain.

1.1. State of the art of in situ and in operando analyses of
batteries

A variety of advanced diagnostic tools have been developed and
extensively used for LIBs, enhancing our understanding of their
behavior." ™ In general, one can distinguish between five
types of in situ and in operando analytics, namely electroche-
mical techniques (cyclic voltammetry (CV), EIS), spectroscopy
(e.g- Raman, UV-vis, NMR and EPR), scattering techniques (e.g.
X-ray scattering, neutron scattering) as well as imaging and
microscopic approaches (e.g. electron microscopy, computer
tomography, radiography)."* As an example, imaging techniques
for observing reaction front movement and reaction kinetics are
increasingly applied, with in situ high-resolution transmission
electron microscopy providing deep insights into interfacial
processes.'®> Recent advancements in synchrotron methodolo-
gies have facilitated a variety of spectroscopic techniques, two-
dimensional transmission X-ray microscopy, three-dimensional
tomographic reconstructions, and diffraction-based imaging
methods.'"” EPR imaging has been employed to monitor
lithiation front displacement within paramagnetic electrodes
during battery cycling, aiding in a better understanding of
electrode behavior.'® Furthermore, in operando spectroscopy
techniques such as Raman spectroscopy, UV-vis spectroscopy,
FTIR spectroscopy, and MS have been utilized to study processes
and phenomena occurring in electrolytes and electrodes."®>
Finally, also techniques such as XPS, neutron diffraction, NMR,
optical microscopy, scanning electron microscopy, atomic force
microscopy, XAS, and magnetic resonance imaging (MRI) have
been employed.*** While these techniques were mostly devel-
oped for LIBs, they are now being adapted to study RFBs,**~**
which face similar challenges related to electrochemical pro-
cesses and degradation.

1.2. Problem statement, motivation and scope

All-vanadium redox flow batteries (VRFBs) are the most devel-
oped RFBs and currently used in large scale energy storage.**>”
There are some detailed investigations concerning the effects of
temperature on the stability of vanadium electrolytes, particu-
larly on the formation of insoluble products such as VSO,
V,(S04)3-xH,80,-yH,0, VOSO, and V,05.>%*” However, there is
still a lack of data that address processes at the interfaces and
of suitable models describing the degradation of electrodes,
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electrolytes and capacity fade due to factors such as unwanted
side reactions and pH change, especially at high current
densities and high states of charge, as well as the crossover
of active species through the membrane, leading to reactions
with species on the opposite side.*® As crossover is dependent
on the operation of the RFB e.g., current density, and other
factors such as the state of charge (SoC), it is important to
monitor and optimize the operation to minimize crossover.*®
However, getting experimental data is non-trivial and requires
in situ and in operando measurements as well as deep under-
standing of the chemical reactions and side-reactions.

Information considering the whole RFB system is even more
scarce when it comes to less investigated complex chemistries
such as in Fe, Mn, Cu, and organic RFBs.*”*° For organic RFBs,
the challenges are even harder as the involved chemistries
and reactions vary to a large extent, which are additionally
influenced by complex inter-species reactions triggered by
crossover. However, the main decomposition mechanisms
involve geminal diol formation & subsequent Michael addition
reactions, nucleophilic substitutions, hydrolysis, disproportio-
nation, dimerization, and tautomerization (Fig. 2), which have
been extensively reviewed in the literature.*®

The sheer diversity of reactions leads to a larger need
for understanding on the one hand the complex chemistries
itself but also how they are affected by the components
(felts, membranes, electrode) and the variation in operation
conditions (e.g. current density, state of charge). As organic
flow batteries have attracted a significant amount of interest
in the past years, we summarize the main chemistries in
Section 1.2.1.

1.2.1. Reactions of organic redox active molecules in flow
batteries. Basically, nucleophilic addition or substitution is a
prevalent mode of chemical decomposition for aqueous RFB
reactants, with various computational studies investigating their
thermodynamic vulnerability to such reactions. This process
involves a nucleophilic species—like water, hydroxyl/hydroperox-
ide anions, or reduced redox-active species—reacting with an
electron-deficient redox-active species, usually the oxidized form
of an organic redox couple.*® During the reaction, the nucleophile
may irreversibly replace a good leaving group attached to the
molecule or attach to an unsubstituted position, leading to a loss
of redox activity or a significant decrease in the reactant’s
reduction potential and solubility. The likelihood of nucleophilic
attack increases with greater Lewis basicity of the nucleophile or
acidity of the substrate, which was demonstrated in a benchmark
study involving more than 100 000 compounds including benzene,
naphthalene, anthracene, phenanthrene, and tetracene-based
quinone-hydroquinone couples.*’ Nucleophilic reactions are also
responsible for the accelerated degradation of N-substituted violo-
gen derivatives in the presence of traces of oxygen in the anolyte.
Nucleophilic attack by hydroxide anions generated by the oxygen
reduction leads to cleavage of the N-substituent and dealkylation
of the viologen derivative.”* Dealkylation through a nucleophilic
attack is the main degradation pathway of viologen derivatives in
the presence of oxygen, leading to a significant decrease in the
capacity of the RFB. Thus, it has been demonstrated that stability
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Fig. 2 Decomposition mechanisms of main organic redox active materials.>® Reproduced with permission. Copyright 2020, ACS Publication.

can be improved in molecularly engineered viologen derivatives by
hindering nucleophilic attack.”

Nucleophilic reactions also occur in high-potential sub-
strates beyond quinones, including nitroxide radicals and
organometallic complexes such as ferrocene (Fc) and ferrocya-
nide. Nitroxide radicals, for instance, possess reduction poten-
tials around 0.8 V vs. standard hydrogen electrode (SHE), while
ferrocene and ferrocyanide have reduction potentials ranging
from approximately 0.4 to 0.6 V. A specific example involves the
electrochemical oxidation of 4-hydroxy-(2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl (4-HO-TEMPO), which produces 4-HO-TEMPO".
In alkaline electrolyte, this species is highly susceptible to nucleo-
philic addition by hydroxide ions (OH ), which leads to progres-
sive acidification of the electrolyte. Under acidic conditions, 4-HO-
TEMPO undergoes disproportionation to form 4-HO-TEMPO' and
1,4-dihydroxy-2,2,6,6-tetramethylpiperidine, with the latter being
redox-inactive.**

Furthermore, the electrochemical oxidation of ferrocene
and ferrocyanide yields Fc" and ferricyanide, respectively, both
of which are also vulnerable to nucleophilic attack by OH.*
For Fc', nucleophilic substitution can still occur despite the
presence of protective alkyl substituents, especially when such
groups are in proximity to the Fc redox center. An example of
this is seen with (ferrocenylmethyl)-trimethylammonium salts,
where nucleophilic substitution of the quaternary ammonium
group results in the loss of trimethylamine as a leaving group.**

Disproportionation of certain redox couples can trigger
chemical decomposition in redox flow batteries (RFBs). This
process occurs when two identical species with the same

7376 | Energy Environ. Sci., 2025, 18, 7373-7401

oxidation state undergo a redox reaction, resulting in one being
reduced and the other oxidized, producing two products with
different oxidation states. Capacity fade in RFBs can arise if
either product is redox-inactive or has low solubility, leading
to precipitation. Additionally, if one product has a significant
different redox potential or similar potential but slower
kinetics, this may also contribute to capacity fading during
specific cycling conditions. Quinones are especially prone to
disproportionation; for instance, anthrahydroquinone has
been shown to disproportionate to anthrone and anthraqui-
none during the electrochemical reduction of unsubstituted
anthraquinone in highly acidic media. The reduced form of
viologen derivatives (the radical cation Vi'®) can also undergo
disproportionation (2Vi** — Vi** + Vi®) yielding inactive neutral
species that lead to capacity fading. Moreover, the radical cation
of viologens can also dimerize to form inactive n-dimers, which
reduces the effective concentration of active species.*® Dimeriza-
tion can be prevented by structural modification of viologens with
charged and bulky substituents to induce electrostatic repulsion
and steric interactions. Tautomerization involves the formal
migration of a hydrogen atom alongside the exchange between
a single bond and an adjacent double bond, all while maintaining
the same carbon skeleton. Tautomers typically exhibit different
thermochemical properties compared to their original molecules.
If these tautomers possess significantly higher reduction poten-
tials or lower solubilities, their formation during electrochemical
cycling can lead to capacity fading and a decrease in cell energy
density. Aza-substituted conjugated m-systems, such as those
based on quinones, viologens, and phenazines, are particularly

This journal is © The Royal Society of Chemistry 2025
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prone to tautomerization during electrochemical cycling.*” This
susceptibility arises because the redox reactions of these organic
molecules involve the reorganization of conjugated double
bonds, where a tautomer may act as a metastable intermediate.
In contrast, simpler aromatic molecules, like phenols, primarily
exist in their enolic form, as the energy gained from rearranging
to the tautomeric keto structure is outweighed by a significant
reduction in resonance energy. Ketonic tautomeric structures
become energetically favorable in compounds such as naphtho-
quinones, polyhydric phenols, and hydroxyl derivatives of poly-
cyclic aromatic hydrocarbons. Understanding the susceptibility of
different classes of aqueous organic species to these decomposition
mechanisms is essential for developing molecular engineering
strategies aimed at enhancing the stability of RFB reactants. It is
also crucial to recognize that decay rates can increase with reactant
concentration for certain chemistries, particularly those that are
vulnerable to bimolecular decomposition pathways like dispropor-
tionation and dimerization. Since practical RFBs ideally operate at
high reactant concentrations to maximize energy densities, it is
vital to comprehensively understand the trade-off between energy
density and stability.

However, there are still many unresolved mechanistic
questions on the behavior of even popular redox active
materials such as AQDS. In particular, there is some uncer-
tainty regarding whether AQDS can fully access its theoretical
two-electron Coulombic capacity.*® Based on nuclear magnetic
resonance (NMR), cyclic voltammetry (CV), and bulk
electrolysis (BE) measurements, it has been suggested that
reversible intermolecular dimerization of AQDS occurs at
solution concentrations exceeding 10 mM, thereby inhibiting
complete two-electron electrochemical reduction or reduction
via chemical oxidants.**** On the basis of these works, it has
been speculated that CO, binds in a 1:1 anthraquinone-CO,
adduct within bulk AQDS powder. When dissolved in acidic
electrolyte, this AQDS-CO, adduct would undergo hydrolysis,
leading to the formation of semianthraquinone, which could
subsequently dimerize into semianthraquinone-anthraquinone
units, yielding an overall Coulombic capacity of 1.5 electrons
per AQDS molecule. In neutral to basic pH conditions, they
anticipate the formation of hydroxyanthraquinone-anthraqui-
none dimers, resulting in a net capacity of one electron per AQDS
molecule. However, the universality of this capacity-limiting
mechanism is questionable, as Chen et al.’* demonstrated that
more than 95% of the theoretical capacity of AQDS was accessible
in an acidic AQDS/bromine cell. This high capacity is supported
by multiple reports of AQDS or anthraquinone-based chemistries
at different conditions, where electrochemical access to 90% or
more of the full two-electron Coulombic capacity has been
observed.”>™* Several studies have investigated the use of AQDS
and its derivatives in full cells to analyze the current-voltage
relationships in RFBs, partition voltage losses within the full cell
stack, and assess the feasibility of integrating RFBs with solar cell
charging systems. However, aside from contributions from bro-
mine crossover, the origins of capacity fade in AQDS/bromine
cells remain inadequately explored. Hypotheses regarding this
issue include the hydroxylation and disproportionation of the

This journal is © The Royal Society of Chemistry 2025
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reduced anthrahydroquinone into anthraquinone and redox-
inactive anthrone. Another illustrative example involves TEMPO
related chemistry. As mentioned above, TEMPO and its derivatives
can undergo a wide range of reactions by reaction with e.g. Lewis
acids to the oxonium derivatives, even without applying a
potential. The decomposition of TEMPO derivatives typically
involves ring opening and rearrangement reactions, which occur
also simultaneously. Often the main degradation products are
identified or even only proposed as shown for the example of
TMA-TEMPO (TMA: trimethylammonium). This molecule can
decompose by a variety of pathways, including ring opening and
rearrangements, finally leading to the formation of CO, (Fig. 3).>

Although the nitroxide can adopt many different mesomeric
structures, for decomposition typically it is assumed that
decomposition proceeds via the oxidized state.

1.2.2. Methods for in situ and in operando characteriza-
tion. The example of TEMPO and anthraquinone based sys-
tems, among the most popular ones in organic flow battery
research, shows the difficulty to find the origins of capacity
fading in full cells. This lack of deep understanding of pro-
cesses and phenomena occurring at atomic and nanoscale level
of redox flow batteries’ components is, however, impeding
progress. Recently, a few publications reported the in situ and
in operando analyses of RFB systems shedding light on some of
these mechanisms.’** For example, on-line MS>” allows for
investigating the electrochemical corrosion of the graphite
electrode. X-ray tomography of the electrode,> acoustic
attenuation coefficient analysis,”> EPR and MRI’® have pro-
vided insights into morphological features on different length
scales. UV-vis spectroscopy of the electrolyte solutions can be
used to monitor the SoC of the battery, while NMR spectroscopy
allows to analyze the electrolyte composition, to recognize
intermediate species and to observe potential degradation
products formed during cycling (for an overview on the differ-
ent techniques see already Table 1). In the following, we will
provide a comprehensive review of the mentioned techniques
and discuss them in the context of different chemistries. There
is a notable scarcity of comprehensive reviews on this topic,
whereas there are several review papers on lithium-ion, lithium
sulfur and all-solid-state battery technology.**”*” This gap
highlights the need for a more extensive examination of the
existing methodologies and findings in this field. Addressing
this deficiency will not only enhance our understanding of the
complex processes involved but also facilitate future advance-
ments in related research areas.

A challenge in the design of in operando measurement
setups lies also in the design of the flow cells. In some
applications, there are restrictions in size and/or how to place
or connect the flow battery cells to the respective instruments.
In addition, challenges in material selection may be overcome,
as some of the conventional cells are made of metal which is
e.g. impeding any investigation using X-rays. The time scales of
the electrochemical processes and the sensitivity of the meth-
ods need to match the ability of some measurements to capture
transient phenomena accurately. For imaging techniques, the
required resolution must be kept in mind: While maintaining

Energy Environ. Sci., 2025, 18, 7373-7401 | 7377
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Publication.

the same environmental conditions is trivial in lab scale single
cells, for in operando setups, control over temperature or other
parameters can be tricky. As experimental in operando setups
may have some peculiarities on cell design and operating con-
ditions (e.g. flow rate, flow channels, tubing), the results may not
be always completely comparable to standard cells. In the next
section, we discuss the different techniques and setups.

1.3. In situ and in operando NMR spectroscopy

NMR spectroscopy has been widely used for several decades to
identify the structure of organic and inorganic molecules. The
introduction of the concept of flow-NMR spectroscopy has
enabled various novel applications in recent years.””””° As for
example, it has been successfully established in reaction
monitoring,®*"®* in quantitative analysis,**® in combinatorial
chemistry,®® liquid chromatography,®” and in hyperpolariza-
tion (i.e. PHIP or DNP).®®®*° Moreover, it has also been applied
in heterogeneous (electro)catalysis research.”®

In the past few years, it has been established as a powerful
tool for analyzing electrochemical processes in RFBs on a
molecular level. It allows to identify redox-active species and
molecular structures of electrolytes and provides information
on their concentrations. By tracking changes in the molecules/
species involved in the electrochemical processes the kinetics
and mechanisms of these reactions can be understood, which
is one key step to optimize the performance of RFBs in the
future. The adaptation needed for the RFB systems is to attach
the RFB single cell to a flow through system (see Fig. 4a, inset).
A potential difference to normal cells is that the tubing dia-
meters are smaller, which may lead to different flow profiles.

7378 | Energy Environ. Sci., 2025, 18, 7373-7401

As an early example in that field, Stimming and co-workers>®
studied asymmetric polyoxometalate electrolytes in RFBs,
focusing on [PV1404,]°” (PVy) as catholyte. To assess the
stability of this diamagnetic anion upon reduction and its role
as an electron carrier, they conducted in situ >*V NMR studies.
During the reduction a decrease in intensity of the three signals
assigned to [PVy404,]°” with time was obtained. This was
interpreted as conversion of diamagnetic PV,, to paramagnetic
V) species, which are not visible in NMR. During oxidation,
the signals were partially recovered, suggesting the formation
of PV,,. However, the process was not quantitative since part of
the species formed during reduction have diffused from the
electrode, limiting the re-oxidation process.’®

Next to this study, Zhao et al.>® conducted a thorough NMR
analysis to monitor the electrolyte properties in organic RFBs
employing a combined in situ and in operando approach. In the
in situ setup (Fig. 4a), the RFB was externally connected to an
NMR probe with a flow cell, allowing high-resolution time-
resolved spectra without interference from cell components.
For in operando studies (Fig. 4b), a tiny flow battery system was
positioned inside the NMR probe. Using this operando mode,
catholyte and anolyte can be investigated simultaneously,
though with lower resolution due to signal interference from
cell components.

In their in situ study Zhao et al.”” used a full cell model
containing 2,6-dihydroxyanthraquinone (DHAQ) as anolyte and
potassium hexacyanoferrate(i) as catholyte and the "H NMR
spectra of the anolyte were monitored as function of applied
voltage to quantify the SoC. Upon charging, two signals attrib-
uted to the protons close to the carbonyl redox center of DHAQ

l. 59
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Fig. 4 (a) In situ and (b) in operando NMR setup designed for RFBs according to Zhao et al.>® In the on-line setup (a), the battery comprises 5.0 cm?
carbon felt electrodes, with a catholyte and an anolyte of potassium ferrocyanide(i) and AQ, respectively, dissolved in 1 M KOH in D,O. The volume of the
flow path through the magnet including the sampling apparatus (7.3 cm?®) and excluding the reservoir is 15.0 cm®. At a flow rate of 13.6 cm® min~?, the
time of flight of the electrolyte out of and back into the reservoir is 1.1 min. In the operando setup (b), the miniaturized flow cell (shown on the right)
consists of flow fields, tubes to flow electrolyte in and out, carbon electrodes, a cation-transport membrane and current collectors. The volume of the
flow path including the cell cavity (0.032 cm?®) is 7.8 cm®. At a flow rate of 2.5 cm® min™?, the time of flight of the electrolyte out of and back into the
reservoir is 3.1 min. Reproduced with permission. Copyright 2020, Nature Publishing Group. RF, radiofrequency (c)-(f) In situ *H-NMR and EPR
investigations performed during electrochemical cycling by the same group.®* (c) Structures of the DHAQ?~, DHAQ®"*, and DHAQ""~ anions showing the
labeling of the proton. (d) Voltage of a 10 mM DHAQ versus 15 mM K4[Fe(CN)gl and 3.75 mM Ks[Fe(CN)g] full cell as a function of time. During charge, a
constant current of 10 mA was applied, followed by a potential hold at 1.6 V. During discharge, a constant current of —10 mA (where the sign indicates the
polarity of the electrodes) was applied, followed by a potential hold at 0.6 V. (€) NMR spectra of the anolyte in the aromatic region. The color bar (right)
indicates the intensity of resonances in positive arbitrary units. The acquisition time per NMR spectrum is 95 s. (f) EPR spectra of the anolyte. The stack
plot on the right shows every 10th spectrum. The acquisition time per EPR spectrum is 95 s, with a scanning time of 60 s, a coupling time of 30 s (time for
automatic tuning), and a delay time of 5 s. Note that a typical continuous-wave EPR spectrum is detected and displayed as the first derivative of the
absorption, and hence has negative and positive values. The color bar indicates the intensity of the resonance in arbitrary units. A different color scale is

applied here because of the presence of negative peak intensities. Reproduced with permission. Copyright 2021, ACS Publication.

vanished instantly, while a signal attributed to the farthest
proton from the redox center was broadened and shifted
towards higher chemical shifts. This observation was inter-
preted by electron delocalization over the semiquinone radical
anion, resulting in significant line broadening. By charging to
higher voltages, the signal further shifted to higher ppm values
and then moved back after reaching a maximum. At the cut-off
voltage (1.7 V), signals were observed, assigned to DHAQ"™
which is a diamagnetic product. Moreover, the in situ NMR was
employed to monitor the electrolyte decomposition in the RFB.
By holding the voltage at 1.7 V to ensure full reduction of
DHAQ), several new peaks appeared, which were attributed to
the decomposition products anthrone (DHA; ) and anthrol
(DHAL; ). The quantity of these species was much smaller
when the voltage was kept at 1.2 V. This clearly pointed out
that the reduction potential influences the degradation of the

7380 | Energy Environ. Sci., 2025, 18, 7373-7401

electrolyte. In addition to electrolyte degradation, in situ
NMR enabled exploring battery self-discharge in real time.>
Similarly, in another research, in situ NMR was used to track
the transformation of the precursor compound 2,4,6,8-tetra-
methylaminemethylene-1,5-naphthalenediol (TAND) to the active
redox species 2,6,8-trismethylaminemethylene-3,5-dihydroxy-1,4-
naphthoquinone (TANQ) during the electrochemical process.”*
In a recent work, Zhao and co-workers®” investigated DHAQ
as anolyte and potassium hexacyanoferrate(i) as catholyte
under in situ conditions with a low-cost benchtop NMR spectro-
meter (43 MHz, 1 T). Although this spectrometer has a much
lower field compared to the formerly used high-field spectro-
meter (300 MHz, 7 T), "H NMR enabled them to identify and
quantify intermediates with sufficient sensitivity, spectral and
temporal resolution. Furthermore, they demonstrated the fea-
sibility of their benchtop approach to investigate the crossover

This journal is © The Royal Society of Chemistry 2025
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of DHAQ and impurity molecules through the Nafion separator
membrane. The crossover of molecules in RFBs may signifi-
cantly impact battery performance, resulting in a potential
capacity loss of up to 50% and should be thus excluded.®”

Finally, significant progress in development of special
probes for in situ NMR and MRI investigations of RFBs has
been made by Berthault and co-workers.”® By 3D printing, they
designed a mini-RFB that was connected to a high field NMR
probe and allowed to perform in situ NMR and imaging studies.
As a proof of concept, they tested their equipment to study in
real-time the redox cycle of the disodium salt of 9,10-
anthraquinone-2,7-disulfonic acid (2,7 AQDS), revealing a cru-
cial role of dimerization in electrolytes of organic RFBs.”

1.4. NMR combined with in situ and in operando EPR
spectroscopy

In some cases, redox processes in RFBs produce paramagnetic
species, having unpaired electrons. When present in high
concentrations, such radicals can limit the detection of NMR
active species in electrolyte solutions. Therefore, it is necessary
to employ a complementary analytical technique which pro-
vides time-resolved information on electron spins. In situ and
in operando EPR spectroscopy is such a powerful tool to
monitor paramagnetic species and has been widely used in
catalysis, electrocatalysis as well as biochemical research as
shown by several reviews.**7*

Recently, this technique has been increasingly employed to
research energy storage systems, revealing information on charge
transfer and storage processes.”°° Simultaneous electrochemical-
EPR measurements provide insights into reaction intermediates,
products, and reaction kinetics. For instance, Zhao et al.®* reported
on the development of a coupled NMR/EPR setup which was
applied to investigate DHAQ in a DHAQ/K,Fe(CN), full cell in a
time window of 5 h at voltages of 0.6 to 1.6 V (Fig. 4d). They
demonstrated that in situ EPR can be employed for quantifying the
concentration of radical species formed as reaction intermediates
during electrochemical cycling, while in situ NMR enabled to
quantify concentration changes of diamagnetic species in parallel.
As shown in Fig. 4e, when signals A and B disappear in the 'H
in situ NMR spectra because of the electron delocalization and
intermolecular electron transfer, the in situ EPR spectra show a
resonance at 337.78 mT, corresponding to the DHAQ®> * radical
anion (Fig. 4f). As charging progresses, the EPR signal intensifies
and broadens, reaching its maximum at 50% SoC. Thus, when
NMR peaks disappear and provide limited information, EPR
enables analyzing the radical species and the SoC.°" In that paper,
Zhao et al.®” introduced an approach based on direct magnetic
susceptibility measurements that allows the online in situ deter-
mination of the SoC which they applied on the DHAQ/K,Fe(CN)g
full cell system.

In a follow-up work, Jing et al.®® applied this NMR/EPR
approach complemented with electrochemical analysis to
investigate the mechanism of the recovery of DHAQ from its
decomposition products 2,6-dihydroxy-anthranol (DHAL) and
2,6-dihydroxy-anthrone (DHA). This follows a two-step process,

This journal is © The Royal Society of Chemistry 2025
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namely (i) the oxidation of DHA(L)*™ to the dimer (DHA),"",
and (ii) the oxidation of (DHA),*~ to DHAQ” .

Moreover, Jethwa et al.’® used this NMR/EPR approach in
combination with in situ UV-vis spectroscopy to study nitrogen-
rich fused heteroaromatic quinones as promising candidates to
be used in aqueous organic RFBs. As an interesting example,
they investigated the electrochemical stability of the charged
species during operation of a RFB containing 4,8-dioxo-4,8-
dihydrobenzo[1,2-d:4,5-d'|bis([1,2,3]triazole)-1,5-diide as elec-
trolyte, employing NMR/EPR to quantify formed species during
electrochemical cycling.

Pyridinium derivatives represent another family of organic
redox materials whose redox behavior has been probed by
coupled in operando NMR and EPR spectroscopies under repre-
sentative flow battery conditions.’® The powerful combination
of both operando techniques to track the performance of an
extensive library of bipyridinium compounds over a range of
potentials provided insights into the air tolerance of batteries
containing these electrolytes. The techniques allowed identifying
a correlation between the singlet-triplet free energy gap (intra-
molecular electron pairing) and the onset of capacity fade
mechanisms. Capacity fade was linked to the reactivity of the
free radical species, and n-dimerization is the key to suppress
reactivity between these radicals and trace impurities such as
dissolved oxygen.’® The important findings allowed to propose
strategies to mitigate capacity fade due to oxygen and stable
pyridinium-based electrolytes for prolonged (days) cycling opera-
tion in air.

Combined ex situ NMR and in situ EPR characterization was
also applied to investigate redox process intermediates and
redox mechanisms in an aqueous organic RFB with fluorenone
derivatives as anolytes.'°® By identifying the fluorenone radical
anion intermediates during charging process, the authors
proposed a possible reaction mechanism that entailed electro-
chemical reduction-oxidation reactions and accompanying dis-
and comproportionation reactions in the charge-discharge
process for the reversible ketone hydrogenation and alcohol
dehydrogenation of molecularly-engineered fluorenone-based
anolytes.

In a recent work, Zhang et a investigated methylene blue
(MB) as catholyte in aqueous solution in a full cell. They
utilized 'H in situ NMR spectroscopy and ex situ EPR spectro-
scopy to explore the redox chemistry of MB. They observed high
oxidation-stability of MB radicals generated by comproportio-
nation as well as for reduced MB in the electrolyte solution, and
identified the important role of this stability for the high
reversibility of the redox chemistry of MB. All these examples
clearly show the power of combined in situ NMR/EPR techni-
ques to investigate the redox chemistry of organic molecules in
RFBs under working conditions.

Another application of simple in situ EPR experiments,
which are not combined with NMR spectroscopy, is the evalua-
tion of vanadium crossover in real-time in a VRFB.'*® In that
work, VO** crossover through Nafion in a VRFB was monitored
as a function of sulfuric acid concentration and VO** concen-
tration. In the experimental setup, a vanadium rich solution
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with permission. Copyright 2019, IOP Science.

flowed through one side of the membrane of a permeation cell
while a blank or vanadium deficit solution flowed on the other
side. The blank flow solution was analyzed in an EPR cavity and
the VO®" concentration was determined from the intensity of
the EPR signal. Permeability values of VO** ions across the
membrane were analyzed at different temperatures to deter-
mine the effect of the viscosity of the flow solution on the
permeability of the ion."*

1.5. In situ and in operando UV-vis spectroscopy

One significant limitation of RFBs is the loss of capacity over
cycles, primarily due to ion and water crossover, hydrogen
evolution, and inadequate mixing of electrolytes in the storage
tanks. This leads to asymmetry in the electrolyte concentration
and SoC between the positive and negative sides, resulting in
charge imbalances. To address these issues effectively, real-
time monitoring of both the total vanadium concentration and
SoC in each half-cell is crucial. One approach to do this is to
employ H-cells, as depicted in Fig. 5a. In that case, an optical
fiber is inserted into the electrolyte solutions and the color
change can be tracked. The advantage is that this setup is
rather easy to assemble; a separate UV-vis apparatus is not
needed. The disadvantage is that the kinetics and the efficiency
of the battery may be compromised. The other option is to
connect a flow battery to an UV-vis system and to pump the
electrolyte solution through a flow-through cuvette (Fig. 5b),
while continuously acquiring spectra, providing potentially a
more precise determination of the SoC in a real battery.

In the cases where the color of electrolyte solutions signifi-
cantly changes with the SoC as illustrated in Fig. 6a for
vanadium species, UV-vis spectroscopy provides a direct and
non-invasive method for analyzing the SoC.'®> This method
serves as an advantageous alternative to the traditional open
circuit voltage (OCV) measurements. Unlike OCV, which only
offers a general SoC status for the VRFB system, UV-vis spectro-
scopy can determine the SoC of each individual electrolyte and
provides information on the e.g., total vanadium concentration.
Optical sensing thus enhance VRFB performance monitoring
by offering detailed insights into the processes governing

7382 | Energy Environ. Sci., 2025, 18, 7373-7401

efficiency and capacity decay, facilitating optimal real-time
readings and enabling advanced control strategies.'®® However,
it is crucial to ensure the lack of electrolyte interference with
the optical response of the electroactive species to deploy the
full potential of UV-vis for quantitative analysis. In case of
interference, contribution of the electrolyte solution to the total
absorbance needs to be measured in a control experiment and
subtracted.

In research conducted by Gokoglan et al.,®” in operando UV-
vis spectroscopy was used to monitor redox events and to
quantify the concentration of redox species during battery
cycling, demonstrating strong redox stability of the bioinspired
redox-active material vanadium(v/v) bis-hydroxyiminodiacetate
(VBH), highlighting smooth transitions between vanadium(iv)
and vanadium(v) species in non-aqueous VRFBs. In operando
UV-vis spectroscopy also allowed for quantitative tracking of
each species in real-time, offering a simple method of SoC
monitoring in VRFBs.?* Notably, Fig. 6b and ¢ shows no signs
of decomposition or irreversible side reactions in an opera-
tional flow cell at 10 mA cm™2. Furthermore, the data reveals a
clear relationship between the change of the number of moles
of electrons and of vanadium species, with their respective
slopes showing a clear correlation.

In UV-vis spectroscopy, high vanadium concentration in the
electrolyte often fails to follow Lambert-Beer’s law, resulting in
a low signal-to-noise ratio. Kyung-Hee et al®® developed a
straightforward method for real-time SoC monitoring of VRFB
systems by UV-vis spectroscopy in operando mode that con-
sisted in using cuvette windows with thin path lengths (below
0.1 mm) and a concept of difference absorbance. This approach
is practical for large-scale engineering applications as well in
which high vanadium concentrations (e.g., 2 M in 3 M sulfuric
acid) without dilution are used.®®

Despite extensive research, a critical question remains: How
can UV-vis spectroscopy independently measure both the total
vanadium concentration and SoC of both electrolytes in a
VRFB, and with what accuracy? Existing literature often focused
on specific electrolytes and lacked comprehensive analysis.
Calibrations only provided SoC, ignoring the total vanadium

This journal is © The Royal Society of Chemistry 2025
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(a) H-cell experiments. During electrolytic reduction of a vanadium solution with a concentration of 0.04 M, the solution undergoes a series of

color changes. Initially, the solution appears yellow due to the presence of V°* ions. As the reduction process progresses, the color transitions from
yellow to blue (V4*), then to green (V3*), and finally to purple (V2*).2°% Reproduced with permission. Copyright 2019, IOP Science. Flow-cell spectro-
electrochemistry showing the decrease in the features associated with VBH in vanadium(iv) oxidation state and growth of the feature associated with VBH
in vanadium(v) oxidation state, (b) measured during the discharge to 40% SoC, and (c) plot of the change of the number of moles of reduced, oxidized and
total VBH (blue, red and gray data points, respectively) present during oxidation, obtained using UV-vis data at 485 and 825 nm, respectively, and for
comparison the number of moles of electrons removed electrochemically (black line).? Reproduced with permission. Copyright 2019, IOP Science. (d)
UV-vis spectra of 5 mM DMeQUIC after 0 min, 5 min, 2 h, and 16 h of potentiostatic reduction in a DMeQUIC-Fe(CN)g flow cell at 1.6 V. (e) UV-vis spectra
of rDMQ, tDMQ, and fDMQ estimated using Bayesian inference, displayed alongside the authentic spectrum of DMeQUIC.1%> Reproduced with
permission. Copyright 2024, ACS Publication. (f) Voltage profiles (top) and absorbance changes at 765 nm of the catholyte (bottom) in the ZMRFB with
VOSO, as function of time. (g) In situ UV-vis spectrum of the catholyte at the charge—discharge process of ZMRFB with 50 mM VOS0,.1°® Reproduced

with permission. Copyright 2024, ACS Publication.

concentration. Maurice et al.*

addressed this gap by present-
ing calibration methods capable of accurately quantifying both
total vanadium concentration and SoC across all vanadium
electrolyte mixtures, covering concentrations from 0.91 to
1.83 M. Their study addressed three types of vanadium electro-
lyte mixtures used in VRFBs: (i) anolyte V>*/v**, (ii) V**/vO*,
and (iii) catholyte VO**/VO,". Two calibration methods were
provided for each electrolyte: (i) a quick empirical method
based on linear regression requiring only one or two hand-
picked absorbances, and (ii) a more detailed spectral deconvo-
lution method using the entire spectrum, both based on the
generalized Lambert-Beer law.'®” The empirical methods are
suited for industrial applications where low-cost optical sensors
measure SoC in real-time with slightly less accuracy. The
spectral deconvolution method, which is more powerful and

This journal is © The Royal Society of Chemistry 2025

computationally intensive, is better for laboratory use where
spectrometers are available.

Operando UV-vis spectroscopy has also been utilized in
organic RFBs. Among these, quinone-based aqueous flow bat-
teries have the potential for large-scale, cost-effective energy
storage, thanks to their reliance on earth-abundant elements,
high aqueous solubility, reversible redox kinetics, and tunable
chemical properties like reduction potential. In a specific
quinone derivative, 9,10-anthraquinone-2,7-disulfonic acid,
the formation of a quinhydrone dimer from an oxidized qui-
none and a reduced hydroquinone leads to deviations from
ideal solution behavior and affects optical absorption accord-
ing to the Lambert-Beer law.'°® To address this, in situ UV-vis
spectroscopy was used to determine the molar attenuation
profiles of quinone, hydroquinone, and quinhydrone, along
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with an equilibrium constant (Kqug) of about 80 M~ for
the quinhydrone dimer formation.'”® These profiles helped
identifying total molecular concentration and state of charge
across various quinone and hydroquinone mixtures. Density
functional theory (DFT) calculations supported UV-vis findings
and offered insights into the dimerization conformations.
A quinone-bromine flow battery was equipped with a Pd-H
reference electrode to illustrate how complexation in both
negative (quinone) and positive (bromine) electrolytes influ-
ences half-cell and full-cell voltage measurements. This study
highlighted the importance of considering electrolyte com-
plexation to enhance the accuracy of electrochemical modeling
in flow battery systems."%®

Modak et al.'% investigated the link between capacity fading
and molecule decomposition in aqueous quinoxaline-based RFBs
by combining flow cell cycling with various chemical analysis
techniques, including UV-vis spectroscopy. Using Bayesian statis-
tical inference, they calculated the rate constant of tautomeriza-
tion, explaining the fade rates observed in cycled cells. They
studied the cycling stability of 2,3-dimethylquinoxaline-6-
carboxylic acid (DMeQUIC), pointing out that the tautomerization
of its reduced form is the primary cause of capacity fading.
Bayesian inference revealed that the time-varying absorbance
profiles in Fig. 6d are driven by the evolution of three distinct
species from DMeQUIC including its reduced form (rDMQ), a
transient redox-active decay product (tDMQ), and a final redox-
inactive species (fDMQ). The spectra of these pure species are
shown in Fig. 6e. This method demonstrated the unique cap-
ability of combining Bayesian inference and in operando UV-vis
spectroscopy to connect molecular decomposition with capacity
fading.'*

Additionally, UV-vis spectroscopy was applied for investiga-
tion of aqueous manganese RFBs, which rely on the Mn>'/
MnO, two-electron transfer reaction.'®® These batteries are
attractive due to their cost-effectiveness, high voltage, and
excellent safety features. However, MnO, tends to partially
dissolve during discharge, hindering sustained operation. It
dissolves and deposits even more easily when VO*>*/VO," is
added to the catholyte as a redox mediator. The chemical
process between MnO, and VO," was clarified by in situ UV-
vis spectroscopy and kinetic analysis, which encouraged the
recovery of “dead” MnO, with little mediator that resulted in a
reversible MnO, cathode. By examining the VOSO,-mediated
MnO, reduction process in the Zn-Mn>*/MnO, RFB (ZMRFB)
during charging, it was observed that the characteristic peak at
765 nm decreased with the electrochemical oxidation of VO, to
VO,*" at stage 1 (Fig. 6f).’°° Thereafter, the intensity of wave-
lengths ranging from 1000 to 500 nm increased to varying
extents (Fig. 6g), indicated the appearance of MnO, in the flow
cuvette. During discharging, decreased UV absorption sug-
gested some MnO, particles returned to the electrode, though
some ‘“dead” MnO, remained.'®® The redox mediator facili-
tated the swift reduction of residual MnO, by VO,", doubling
the discharging time for the VO,"/VO,>" reaction, enhancing
discharge capacity, and reducing MnO, aggregation, thus
significantly improving the ZMRFB cycle life.'’® These findings

7384 | Energy Environ. Sci., 2025, 18, 7373-7401

View Article Online

Energy & Environmental Science

underline the crucial role of UV-vis spectroscopy in enhancing
the understanding and performance of RFBs, paving the way
for more efficient energy storage solutions. Moreover, other
metal battery systems have been explored in operando such as
the alkaline zinc-iron/nickel hybrid flow battery with similar
motivations.'*’

Next to these examples, in operando UV-vis spectroscopy has
been applied for the analysis of kinetic processes in solution,
more specific of the effect of redox boosters. Lu et al'''
investigated polysulfide-based flow batteries, whose main dis-
advantage is its rather sluggish kinetics. They designed a
catalyst based on riboflavin, which improved the kinetics and
finally the performance of the polysulfide-ferrocyanide battery
to a large extent. Using in operando UV-vis spectroscopy, they
were able to identify the kinetic processes and to finally design
an efficient catalyst.

In the field of RMFBs, also known as redox-targeting flow
batteries, in operando UV-vis spectroscopy has been applied in
several works to investigate the charge transfer reaction between
different pairs of solid energy boosters and soluble redox med-
iators. In an early report, M. Zhou et al.''> monitored concen-
tration changes of the catholyte redox mediator, a ferrocene-
grafted ionic liquid (FcIL), during cycling of a LiFePO,-based
Lithium RFB. By using a spectro-electrochemical flow cell con-
nected to the outlet cathodic flow channel, the concentration of
FcIL during the discharging process was determined from the
characteristic absorbance of the redox mediator at 630 nm. As
the electrolyte was concentrated, UV-vis spectra were recorded as
differential absorbance by using the fully charged catholyte as
the reference. Comparison of the time-dependent concentration
of the charged form of FcIL (FcIL") in a cell without and loaded
with the LiFePO, solid booster showed extended time series
spectra for the cell loaded with LiFePO, during a galvanostatic
measurement. In the presence of solid active material, the
concentration changes of FcIL™ over the discharging process
become stabilized while reaching the steady state, implying that
the redox mediated process is the limiting step to sustain a
constant flux of FcIL for electrode reaction under the conditions
applied.' "

The Prussian Blue(PB)-[Fe(CN)e]* ">~ is another example of
solid booster/redox mediator pair where the redox mediated
reaction mechanism has been investigated by in operando UV-
vis spectroscopy, initially for an aqueous hybrid PB-Fe/Zn
RFB'"® and more recently, for a high energy density and low
cost neutral aqueous PB-Fe/K,S RFB.''* In both studies, a
custom-designed spectro-electrochemical cell was connected
to the outlet cathodic flow channel of a symmetric flow cell
and in operando UV-vis spectra of the catholyte ([Fe(CN)]* />~
redox pair) with or without PB granules were monitored during
charging/discharging (Fig. 7). While [Fe(CN)e]*~ shows nearly
no absorption at wavelengths larger than 400 nm, [Fe(CN)e]*~
has a high absorption band at 460 nm, allowing to probe the
concentration of [Fe(CN)g]*~ at different stages of charge/dis-
charge. In absence of PB booster, a linear relationship between
the absorbance at 460 nm and [Fe(CN)s]>~ concentration was
observed during the whole charge/discharge process, indicating

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Configuration of the setup for in operando UV-vis spectroscopy
measurements at the catholyte of a RMFB.13 Reproduced with permission.
Copyright 2019, Cell Press Publication.

the charge/discharge capacity solely arises from the redox reactions
of the [Fe(CN)e]' >~ redox pair. In presence of PB, the [Fe(CN)e]*~
concentration changed linearly only initially at low SoC, indicating
the electrochemical reduction of [Fe(CN)]>~ at the electrode, and
started to deviate from linearity, reaching a steady state, at
approximately 50% SoC of [Fe(CN)e]**~ electrolyte, indicating that
redox mediated reaction with Prussian White (PW, the reduced
form of PB) occurred. At this stage, the charge/discharge capacity
arises from the redox mediated reaction between [Fe(CN)q]* ">~
and PB/PW.

1.6. In situ and in operando Raman spectroscopy

During cycling of RFBs, redox reactions as well as absorption
and desorption processes on the electrodes lead to changes in
the redox states and the formation and/or breaking of chemical
bonds in the components of the electrolytes and/or the electrode
materials. Vibrational spectroscopic techniques, such as Raman
scattering can probe these processes. Raman spectroscopy has
been employed successfully in electrochemistry to monitor
chemical reactions and probe intermediates as well as pH values
in the electrolytes, monitor changes on catalytic electrode sur-
faces and investigate surface adsorbates."*>"*®

Unlike FTIR spectroscopy, Raman scattering is less prone to
absorption in aqueous media. However, care must be taken as the
focusing of an intense laser beam on a spot of typically 1 pm in
diameter causes significant heating of the sample. This may impact
the reaction to be monitored and may lead to phase transitions
in electrode materials or even damage the electrode material.
To minimize the light-induced damage, the laser light needs to be
attenuated, e.g., by using a line focus if available or fast rotation of
electrodes. As such, extensive control experiments must be under-
taken for each system to find the optimal laser power. Furthermore,
control experiments are also needed to explore possible interfering
bands from the electrolyte salt in the same spectral region as the
charge-storing species using identical laser radiation conditions.

To achieve good resolution of the spectra, the weak Raman
scattering needs to be acquired through confocal microscope

This journal is © The Royal Society of Chemistry 2025
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optics with large numerical aperture while air gaps, as well as
long passages of light through the medium should be avoided
to minimize losses. A schematic representation of an operando
Raman spectroscopy setup is shown in Fig. 8a-c. A typical
standard Raman spectrum may require several minutes to be
acquired. To increase the related time resolution, enhancement
techniques such as surface-enhanced Raman spectroscopy
(SERS)'"” and tip-enhanced Raman spectroscopy (TERS)''® may
be employed to collect spectra within seconds. As the enhance-
ment factors can vary strongly depending on the electrical
potential as well as the sample history a suitable normalization
procedure is required when using these techniques.

Because of the small focus area of the laser, Raman spectro-
scopy also allows for a highly localized investigation of electro-
des with spatial resolutions of 1-2 um. In a recent example, Lan
and Li et al.®* investigated an electrode material made from
ordered hierarchical porous Co and N co-doped carbon (OHP-
Co/NC) for usage in a polysulfide/ferrocyanide RFB. They
monitored the composition of the electrolyte by in operando
Raman spectroscopy, identifying different polysulfide species,
ie, S,*7, S;7* and S, through their specific S-S bond
stretching modes. Following the composition of the electrolyte
during the charge and discharge cycle revealed a high reversibility
of the electrochemical processes in this system. Owing to the high
spatial resolution of Raman spectroscopy they were also able to
monitor the reaction on a single OHP-Co/NC particle of approxi-
mately 2 um that revealed a high selectivity of this material
towards S, and S,>”, whereas no S; * was found. While
in operando Raman spectroscopy of the electrolyte solution
revealed more S, than S,>7, the in situ Raman spectroscopy
performed on the surface of a single OHP-Co/NC particle showed
a different distribution with more S,>~ than S,>". This reflects the
complex interplay of the electrochemical reactions on the elec-
trode surface and additional chemical reactions in the bulk phase
of the electrolyte in this polysulfide system.'*

Further applications for exploring reaction mechanisms
were proposed by Zhang et al.,*> who investigated an atomic
Bi-O-Mn catalytic interface on a mesoporous Mn;O, sub-
scaffold grafted onto carbon felts (Bi;—sMnz;0,-CF) as electro-
des for VRFBs. The atomic Bi-O-Mn interface catalyzes the V**/
V2* conversion while the mesoporous Mn;0, scaffold facilitates
fast shuttling of redox active species from the surface to the
pores leading to high performance RFBs with 77% energy
efficiency up to a current density of 400 mA cm > and peak
power density of 1.503 W ¢cm ™ while maintaining durability
over 1500 cycles. Using Raman spectroscopy, they confirmed
the incorporation of bismuth onto Bi;—sMn;0,-CF by a down-
shift of 6 cm ' in the strong phonon Mn-O deformation
vibration compared to sMn;0,-CF without Bi. By in situ Raman
spectroscopy, they identified bridging intermediates of the first
solvation shell of vanadium ions dissolved in H,SO, that are
involved in the redox reaction after adsorption. For this, they
compared S-O and S-OH stretch vibrations in the pure electro-
Iyte and during oxidation and reduction at the electrode.
During the oxidation they observed an increased intensity of
the S-O vibration and a decreased intensity of the S-OH
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vibration as well as additional V-O-S modes. This allowed them
to propose a feasible mechanism in which first H,O dissociates
from [V(H,0)s]>" upon binding to *Bi, and subsequently SO,>~
is added leading to a *Bi[V(H,0)s(SO,>7)] intermediate. The
intermediate promotes the charge transfer process due to its
higher polarizability leading to the product [V(H,0)5(S04>7)]".
During the reduction process no changes in the signals of S-O
and S-OH bond stretching vibrations were observed leading to
the assumption of a direct adsorption and desorption process
of [V(H,0)e]** without an intermediate species.

In another report by Nambafu et al,"*° in operando Raman
measurements, supported by DFT studies, provided compelling
evidence for a specific molecular structure in a novel Fe anolyte
for all-iron RFB (Fe-RFBs), specifically an Fe complex with a
nitrogenous phosphonate/carboxylate mixed ligand, N,N-bis-
(phosphonomethyl)glycine (BMPG). The findings suggest that
in BPMG, mixed phosphonate/carboxylate groups ensure that
the Fe ion center maintains octahedral coordination exclusively
with phosphonates, leaving the carboxylate unbound for both
Fe(u) and Fe(ur) complexes. This structural consistency between
BPMG-based Fe(u) and Fe(ur) complexes helps to alleviate the
slow redox reaction kinetics typically seen in Fe(NTMPA),
((iron(u) nitrilotri(methylphosphonate acid)) anolyte, where
significant ligand reorientation between the complexes occurs.
The strategically modified ligand in the Fe anolyte allows
enhanced performance in the Fe-RFB."*°

In operando Raman spectroscopy was also employed by
Radinger et al.'*' to monitor the reactions that occurred at
the interface between graphite-based model electrodes and
vanadium-containing sulfuric acid electrolyte. The growth of

7386 | Energy Environ. Sci., 2025, 18, 7373-7401

various vibrational modes as the potential changed was linked
to the electrocatalytic activity of the sample, allowing for the
tracking of electrolyte species oxidation. Additionally, the find-
ings revealed that vanadium reaction intermediates of dimeric
origin appeared exclusively on the edge-exposed surface of
graphite, which displayed notably higher electrochemical activity.
Contrary to previously proposed interactions with surface oxygen,
the Raman measurements revealed direct electronic interactions
between vanadium ions and carbon atoms during charge transfer.
More recently, Lubian et al'®® applied time-resolved Raman
spectroscopy for operando investigation of reaction mechanisms
responsible for charge storage capacity decay in a 2,6-dihydro-
xyanthraquinone-ferrocyanide alkaline flow battery. In their work,
the faradaic imbalance process was explored, showing that the
presence of oxygen in the anolyte leads to progressive loss of
available ferrocyanide. Self-discharge of ferricyanide when left at
an open circuit was also detected by Raman spectroscopy. More-
over, the operando technique allowed tracking the crossover of
2,6-dihydroxyanthraquinone.'* The report illustrated the power
of Raman spectroscopy to monitor in real time chemical pro-
cesses in flow battery electrolytes.

In addition to exploring reaction mechanisms, in situ Raman
spectroscopy has been applied quantitatively for the real-time
estimation of the SoC of a zinc-bromine RFB upon cycling.'**
Accurate estimation of the SoC in zinc-bromine RFB is very
challenging. The inhomogeneous mixing of the aqueous zinc
bromide phase and non-aqueous polybromide phase in the
positive electrolyte, together with the simultaneous occurrence
of various equilibrium reactions in the battery, e.g., charge-
transfer reactions, polybromide formation and complexation

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Schematic representation of an in operando ATR-FTIR setup and (b) photograph of the cell for DHAQ electrolyte. The working electrode (WE)
consisted of a Pt disk (diameter: 3mm with a Pt plate (4 x 2.5mm?) as counter electrode and a Ag wire (diameter: 0.5 mm) as reference electrode to
detect the structural evolution of 2,6-DHAQ and 1,5-DHAQ and PAQS/CB composites from 4000 to 900 cm ™! with a resolution of 4cm™. The CV scan
rate was 2mV s~%, and the working distance was 0.05 mm to the substrate. The blank background was 1 M KOH solution. 0.1M 2,6-DHAQ and 1,5-DHAQ
were dissolved into 1M KOH to obtain the operando FTIR spectra during CV scans.®” Reproduced with permission. Copyright 2022, Nature Publishing
Group. (c)—-(e) In situ ATR-FTIR setup for (c) 2,7-AQDS only, (d) Pl only, (e) Pl under reaction with 2,7-AQDS. (f) In situ FTIR spectra of PI during reaction
with 2,7-AQDS, the color bar indicates transmittance. (g) FTIR spectra evolutions during reduction of 2,7-AQDS without Pl substrate (upper), reduction of
Pl coated on carbon cloth without 2,7-AQDS (middle) and reduction of Pl during redox-mediated reaction with 2,7-AQDS (lower).'** Adapted and
reproduced with permission. Copyright 2020, Wiley-VCH.

complicate SoC determination. To avoid errors arising from the
inhomogeneous mixing of the aqueous and non-aqueous
phases in the positive electrolyte, in situ Raman analysis was
performed on the negative electrolyte flowing from the cell to
the reservoir during the charge-discharge. In their study, Lee
et al."> observed a strong linear relation between the Raman
band intensity and total zinc bromide concentration, proving
that in situ Raman spectroscopy is very effective for the real-
time SoC estimation under operando conditions.

1.7. In situ and in operando FTIR spectroscopy

FTIR is another type of vibrational spectroscopy which has been
used to explore in operando electrolyte solutions for RFB.

Kautek et al.®® conducted in situ absorption-reflection FTIR

This journal is © The Royal Society of Chemistry 2025

spectroscopy in the formation of bromine-complexes in a
zinc/bromine flow battery at gold electrodes. In this RFB,
storage reactions are the cathodic deposition of zinc and the
anodic formation of a nonaqueous polybromide phase. In situ
FTIR spectroscopy measurements revealed formation of ion
pairs between electrode adsorbed polybromide anions and
quaternary ammonium cations, which store the bromine as
polybromide complexes. Studying the complex formation cap-
ability of different cations, they were able to identify electrolyte
compositions for enhanced efficiency of zinc/bromine flow
batteries by improving the capability to store bromine.

Huang et al.®” performed attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) to monitor
changes of bonding structures of 2,6-DHAQ and 1,5-DHAQ at
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different stages of reduction during CV scans using a commer-
cialized spectro-electrochemical cell (Fig. 9a and b). The evolu-
tion of vibrations of C-O and C=—C bonds of 2,6-DHAQ and 1,5-
DHAQ in the range of 1300-1600 cm™* were recorded during
CV scans. The signal of C—C gradually diminished in the
cathodic scan and re-emerged in the anodic scan while C-O
showed a reversed trend. Variations of the characteristic vibra-
tions of water molecules were attributed to changes of the
solvent environment associated with disruption of the water
molecule network with quinone molecules through hydrogen
bonding. New peaks emerging at around 1105 and 1242 cm ™"
upon reduction followed by a resting process were attributed to
the presence of 2,6-dihydroxyanthrone (2,6-DHA), suggesting a
disproportionation reaction producing 2,6-DHAQ and 2,6-DHA
(hydrogen bond-mediated degradation process). This was not
the case for 1,5-DHAQ, whose reduced state (1,5-DHAQ*")
preferably forms 1,5-DHAQ”"-H,0, for which the neighboring
oxygen sites are bonded with the same water molecule prevent-
ing it from joining another DHAQ molecule (hydrogen bond-
mediated protection process). Their work highlights the power
of in operando ATR-FTIR characterization to elucidate electro-
chemical reaction mechanisms.®”

Redox mediated processes of organic solid booster/redox
mediator pairs have also been investigated by in operando
FTIR spectroscopy for different RMFB chemistries. In a first
report, the redox reaction between the quinone derivative 9,10-
anthraquinone-2,7-disulphonic acid (2,7-AQDS) and the 1,4,5,8-
naphthalenetetracarboxylic dianhydride polyimide (PI) in neutral
electrolyte was explored during a CV scan in an ATR-FTIR spectro-
electrochemical setup (Fig. 9c-e)."** The PI solid booster was
deposited on the ATR-FTIR window and the 2,7-AQDS solution
was polarized in a three-electrode configuration. Spectral changes
of 2,7-AQDS and PI alone and those of the 2,7-AQDS/PI system
were monitored in separate CV experiments (Fig. 9f). The rever-
sible vibrational changes in the region 1400-1800 cm ' of the
FTIR spectra (imide carbonyl C—=0 bands) of PI measured for the
2,7-AQDS/PI system corroborated the reversible redox-mediated
reactions between 2,7-AQDS and PI in both cathodic and anodic
directions and the regeneration of 2,7-AQDS on the PI substrate
(Fig. 9g). FTIR investigations allowed proposing a mechanism of
hydrogen-bonding mediated charge transfer between 2,7-AQDS
and PI in pH-neutral solutions that was corroborated by DFT
calculations.'**

Similarly, mechanistic studies were conducted by Huang
et al.®” using in operando ATR-FTIR for the solid booster/redox
mediator pair 1,5-DHAQ/poly(anthraquinonyl sulfide) (PAQS). Time-
dependent evolution of the FTIR spectra of PAQS was monitored
during repeated CV scans. During reduction of 1,5-DHAQ, a stretch-
ing vibration of C-O bond of reduced PAQS at 1371 cm™ " gradually
appeared that vanished during oxidation of 1,5-DHAQ>". Additional
reversible changes of vibrations attributed to the aromatic rings also
corroborated the reversibility of the redox mediated process.

1.8. In situ and in operando XAS

An important technique to probe the element specific oxidation
states and structures of electrolytes and electrodes is the XAS.
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It allows the observation of electronic transitions of inner shell
electrons, and selection of the X-ray energy regime allows for
different penetration depths to probe the bulk phase or super-
ficial regions.’*® The penetration depth is also affected by the
method of detection. Both, transmission and fluorescence
mode mainly contain information about the bulk phase as
the surface components only make a small contribution to the
resulting signal. Samples for transmission also need to be thin
enough for the radiation to pass through, which is especially
challenging at low X-ray energies. Measurements at very small
angles under total external reflection as well as measurements
of Auger electrons can provide information on the sample
surface. Samples need to be homogenous, and one must
consider the energy dependent absorption lengths in the
material of interest as well as of substrate materials at the
utilized energy for transmission or fluorescence measurements.
Heat buildup and radiation damage to the sample might occur
which limit the energy of X-rays used and may require cooling
of the sample, albeit without freezing the electrolyte solution
which would impede the flow inside a flow-cell.’*®

As tunable source for monochromatic X-rays a synchrotron
is commonly applied and detection takes place at the absorp-
tion edge, that is the energy at which an electron is removed
from an inner orbital by X-ray absorption. X-ray absorption near
edge structure (XANES) yields information about the electronic
configuration and coordination states while analyzing the
extended X-ray absorption fine structure (EXAFS) yields infor-
mation about the structure and environment of the atom.

Most XAS investigations of RFB materials have not been
conducted in situ during operation. Instead ex situ investiga-
tions after cycling have been conducted to explore (i) changes
undergone by electrocatalysis,"?” (ii) the influence of functional
groups in carbon felts on the kinetics of the VO>'/VO,"
reaction,"*® and (iii) the chemical and morphological origins
of improved ion conductivity in ion-conducting polymer
membranes,'*® among other applications.'*° A first application
of in situ XAS for redox flow cells was reported by Jia et al.®® who
studied the oxidation states of vanadium ions during the first
charge/discharge cycle of a VRFB. They observed the K-edge of
vanadium in the anolyte and catholyte using XANES in a flow
cell equipped with sections of a Kapton tube as observation
windows with a time resolution of 6 min per spectrum. They
found that during a first charging step the oxidation of the
precursor VOSO, to VO," on the cathode and the reduction of
VOSO, on the anode site to V>* only reached about 82% of the
theoretical maximum affecting all subsequent cycles as well.
Based on their findings, they proposed an improved first
charging cycle to utilize 100% of the available capacity in this
system.

Probing the interface between electrode and electrolyte has
proven a challenging task with XAS as the intensity of the X-ray
beam is strongly attenuated already by liquid films of a few um
in thickness especially at low X-ray energies. Using higher
energies can improve penetration into liquid layers but limits
the observation to heavier nuclei. On the contrary, using thin
liquid layers of a few nm leads to fast expiration of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Exploded view of the cell: (a) top PEEK plate, (b) mask, (c) Kapton
window and (d) spacer, (e) O-ring, (f) counter electrode, (g) cell body, (h)
reference electrode, (i) electrolyte outlet, (m) sample, (n) sample holder
column, (o) bottom aluminum plate. (P) (inset) detail of the inlet/outlet
channels passing through the counter electrode compartment. The top
plate (a) is designed for fluorescence measurements with a 120° view
angle, which extends to 150° through two channels, allowing near 15°
incidence and emergence angles. The sample is positioned close to
window (c) and can be adjusted using a retractable column (n). It is
secured with PELCO carbon conductive glue, and sides are coated with
nitrocellulose varnish, leaving the front uncoated. The cell body (g) has a
circular aperture for the sample holder, surrounded by a Pt wire counter
electrode (f). Electrolyte flows through apertures (i) and channels (inset P)
for circulation before and after contact with the sample. A leak-free Ag/
AgCl reference electrode (h) completes the three-electrode setup, ensur-
ing compatibility and preventing contamination. The window assembly
consists of 25 um Kapton foil and a 50 um Kapton spacer (c) and (d)
bonded to a 1.5 mm thick Teflon mask (b) with a 3 x 14 mm hole for beam
access. Top and bottom plates (a) and (o) press the window against the cell
body (g), allowing free volume above the sample. The electrolyte fills the
counter electrode compartment (f) and (P), with all components in contact
with the electrolyte made from PEEK and sealed with FFKM o-rings for
leak-tightness. A peristaltic pump circulates the solution continuously
refreshing the electrolyte to maintain stable cell potential.®® Reproduced
with permission. Copyright 2024, RSC Publication.

electrolyte during operation while formation of gas bubbles in
some reactions leads to strong perturbations in the measure-
ments. Paparoni et al.®® presented a novel flow-cell design for
in operando XAS with an X-ray opaque electrode surface and
liquid layers down to 17 um that allowed them to study the
influence of Ni doping of Fe,O; films grown on Pt substrates on
the catalysis of the oxygen evolution reaction. Their cell design
(Fig. 10) facilitated the adjustment of the liquid layer thickness
above the electrode sample for gradient free reactions at stable
cell potentials and allowed observation of in operando XAS at
low energy absorption edges such as iron and titanium with
total transmittances of 43% for Ti and 75% for Fe.

Moreover, Lutz et al'*“*? also conducted synchrotron
experiments with spatiotemporal resolution to unravel the
vanadium species gradient variation during diffusion through
the membrane at different points in the flow field. Their
experiments confirmed the chemical formation of V(i) inside
the membrane after exposing to V(i) on one side and V(v) on
the other one. XAS was also applied by Huang et al.'** in a Zn-
Fe RFB to investigate in operando the Cr-doped NiFe(oxy)-
hydroxide (CrNiFeOOH) catalyst used to compensate the cou-
lombic inefficiency caused by irreversible anodic parasitic

This journal is © The Royal Society of Chemistry 2025
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reactions that lead to unbalanced charge state of catholyte/
anolyte and subsequently, to poor cycling performance. The
proposed coulombic efficiency compensating strategy aimed to
equalize the charge state of the [Fe(CN),]* /* -based catholyte
by promoting the oxygen evolution reaction (OER) in the
cathodic side aided by a CrNiFeOOH catalyst placed in an
external catalytic reactor column via a redox-mediated
process.”®* In operando XAS was employed to investigate the
valence states of metal species in CrNiFeOOH catalyst and
analyze the reaction mechanism during the redox-mediated
OER process. The normalized Cr, Fe, and Ni K-edge XANES of
CrNiFeOOH catalyst collected during the charge process
revealed that the oxidation states were Fe*', Ni**, and Cr*" in
pristine CrNiFeOOH. At increased SoC using [Fe(CN)s]* 4"~
based electrolyte, observed energy shifts for the main edge and
pre-edge features in Cr and Ni XANES indicated that the
oxidation process of CrNiFeOOH upon charging involved the
oxidation of Cr’* to Cr®" initially, followed by the oxidation of
Ni** whereas the main edge of Fe in the CrNiFeOOH catalyst
remained at the same peak position, suggesting that the
valence of Fe*" was unchanged. The whole redox-mediated
process was similar to direct electrochemical OER with the
same electrocatalyst grafted on electrodes.™*?

Similarly, Y. Cai et al.'* conducted operando synchrotron
XAS measurements to explore interface reaction mechanism of
the redox-mediated process between the LiMn,Fe, ,PO, solid
energy booster and [Fe(CN)q]**~ redox mediator in a Zn-Fe
RMFB. Operando synchrotron XAS unveiled the reversible
changes of the Fe-O and Fe-Fe bonds in the [Fe(CN)g]>~/*~-
LiMn,Fe; ,PO, system during real-time monitoring.

1.9. In situ and in operando electrochemical techniques

EIS is one of the most used techniques for characterizing RFBs.
It offers insights into the charge transfer resistance, ohmic
losses, and mass transport limitations within the battery.
Usually, interpreting EIS data relies on fitting equivalent circuit
models and requires prior knowledge of the system. However,
Schilling and co-authors™*> combined EIS with distribution of
relaxation times (DRT) analysis, which is a mathematical
approach, offering an alternative by transforming the impe-
dance data from the frequency domain into a distribution of
time constants without the need for a priori assumptions. This
transformation reveals distinct peaks corresponding to differ-
ent physicochemical processes, such as the electrochemical
redox reaction, transport through the porous electrode struc-
ture, and ion transport in the electrolyte. They applied DRT
analysis to investigate the V(v)/V(v) redox reaction in VRFB half-
cells, producing a spectrum that plots the distribution function
of relaxation times y(f) against frequency, where high-frequency
peaks (above 50 Hz) correspond to redox reactions, mid-
frequency peaks (10 mHz-50 Hz) to transport through the
porous electrode, and low-frequency peaks (below 10 mHz) to
ion diffusion in the electrolyte (Fig. 11a)."** Similarly work done
by Schneider et al."*® deconvoluted the whole DRT spectra into
the individual contributions from the RFB system utilizing full-
and half-cell tests. Enabling the tracking of changes in the
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee01311a

Open Access Article. Published on 07 July 2025. Downloaded on 3/2/2026 12:01:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science

Negative Loss |
s
Positive Loss :

5 ’

Cell Voltage / V

--- ocv
~a— Corrected Cell Volatage

Review
Low Mid- High
frequency  frequency frequency b
2.4 { [ ————
< -=-- ocv
2 e —e— Cell voltage
8 20
< Transport = | -
c & through 8| 318
2§ porous g 216 n
I~ E structure ‘g’ s
=| 2 2| 514
o | §
w 12
1.0
_J L/\,\AA_._A_ N
0 30 40 50 60 70 80

ek - Current Density/mAcm™?
1E4 001 50 2000

f/Hz

20 40 60 80 100 120 10 20 30 40 S50 60 70 80
Current Density/mAcm=2 Current Density / mAcm~?

Fig. 11 (a) Schematic display of the proposed peak assignments to the half-cell processes using an exemplary DRT spectrum.*> Reproduced with
permission. Copyright 2022, Elsevier Publication. (b) Open-circuit current density and the obtained voltage—current density polarization curve of the Zn—
Cr battery with its three distinct regions where | activation, Il ohmic, and Il residual effects (mass transfer) influence its voltage loss. (c) Resolved factors
causing overpotentials in the battery systems leading to voltage loss: Charge transfer, ohmic, and residual factors. (d) Resolved polarization curve of the
RFB to identify the side of major losses contributing to the system.”® Reproduced with permission. Copyright 2020, Elsevier Publication.

systems, such as changes in liquid flow rate, kinetics and mass
transport. Both works showcase how the use of DRT can help to
better understand the measured EIS spectra and monitor
changes in the system. In addition, the method serves as a
fingerprint for electrode materials based on their morphology
and wettability, helping in the optimization of electrodes for
VRFBs. Calculation of the DRT spectra from the measured EIS
spectra can readily be accomplished with the software tools
from Tichter et al.">”"**® and Ciucci and co-workers."**™**

In systems such as the zinc—cerium RFB (Zn-Ce RFB), in situ
polarization measurements coupled with EIS have been utilized
by Amini et al.®® to pinpoint performance limitations (Fig. 11b).
By inserting reference electrodes in the flow paths, it was
possible to decouple the contributions of the positive and
negative electrodes to overall voltage losses (Fig. 11d). For
example, most of the kinetic overpotential in Zn-Ce RFBs
originates from the Zn/Zn>" half-cell, particularly at low current
densities, where kinetic limitations dominate (Fig. 11b and c).
This allows for targeted improvements in electrolyte formula-
tion or electrode material. Further, they were able to show how
the current density influences the detrimental factors of the
voltage loss. Another study employed EIS while using a pulse
dampener in the hydraulic circuit to collect stable low-
frequency impedance spectra at operationally relevant flow rate
of 25 mL min~"' in a VRFB."*® This allowed for the quantifica-
tion of charge transfer, finite diffusion, and ohmic resistances
and assessing critical physical parameters such as rate con-
stants and effective surface areas of various electrode materials,
offering a deeper understanding of how electrode structure and
morphology affect performance. For example, GFD3 felt was
found to be mainly limited by charge transfer resistance,
whereas 10AA carbon paper displayed considerable contribu-
tions from all three types of resistance.'*?

Addressing battery operation at elevated temperatures is,
however, a key challenge for stationary storage applications.
Thus, the maximum operating temperature for vanadium solu-
tions in flow batteries is generally capped at 40 °C to avoid the
thermal precipitation of V,O. In this regard, a comprehensive

7390 | Energy Environ. Sci., 2025, 18, 7373-7401

study was conducted to assess the high-temperature stability of
redox solutions in VRFBs. The study compared batch (solution
in flasks under temperature control) and in operando (RFB
operation) precipitation experiments, revealing that relying
solely on capacity fade to assess precipitation can be mislead-
ing due to significant influences from external oxidation and
cycling parameters. In operando electrochemical experiments
consistently showed a precipitation temperature 10-20 °C
higher than batch tests at a 100% SoC for the same
duration."**

A comparable method detailed the use of carbon fiber-based
potential probes embedded in the membrane of a VRFB to
monitor transport processes and redox reactions occurring
within the membrane. By strategically placing these probes at
various points within a prepared multilayer membrane stack,
distinct redox potentials (@) were identified, which were linked
to specific vanadium ion species (® < —0.083 V: V** and V**;
0.183 V < & < 0.537 V: V*" and VO**; ¢ > 0.823 V: VO, and
VO?). This allowed the real-time observation of processes inside
the membrane both in situ and in operando. Furthermore, it was
determined that reactions occur in the through-plane area of
the membrane, with the position of the reaction front being
influenced by the SoC in the bulk electrolytes."*> Another
approach in electrode design is a simple yet effective silver—
silver sulfate reference electrode for use in VRFBs for evaluation
of their electrochemical performance under in operando condi-
tions. By inserting this reference electrode between two
membrane pieces, Ventosa et al.”' were able to gain valuable
insights, as demonstrated in the study of ammoxidized gra-
phite felts. Findings from this study revealed that the kinetics
of the VO,"/VO*" reaction are slower compared to the V**/V**
reaction at the electrode, contributing to limitations in voltage
efficiency.

The through-plane voltage-loss profile of a VRFB and the
changes in electrolyte conditions during practical charge-dis-
charge cycles have also been explored in several studies."*>*”
Results indicated that the anode half-cell reactions and the
conditions of the anolyte (SoC, vanadium ion concentrations)

This journal is © The Royal Society of Chemistry 2025
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significantly influenced overall VRFB performance. Traditional
methods for calculating efficiencies (coulombic, voltage, and
energy), based on total electron input and output, have limita-
tions, as they do not account for energy storage efficiency and
charge capacity decay during cycles. A new methodology was
introduced to analyze capacity decay and coulombic efficiency
by focusing on electrolytes and internal cell resistance. Corre-
lating through-plane voltage losses, electrolyte conditions, and
charge storage capacity evolution helped to quantify the effects
of coulombic round-trip loss, vanadium ion crossover loss,
concentration loss of the limiting electrolyte, and charge
imbalance loss on the coulombic storage efficiency. This com-
prehensive analysis method offered a valuable tool for quanti-
fying capacity losses and optimizing high-performance VRFB
systems.'*®

A novel response time-based approach for VRFB was devel-
oped by Wang et al™® to decouple the various types of
polarization—ohmic, activation, and concentration—during
RFB operation. It leverages the different time constants of each
polarization type to identify the contributions of each type of
polarization under different working conditions (e.g., flow rate,
compression ratio, and current density). This allowed a more
detailed analysis of voltage losses during charge and discharge
cycles. Results by Wang et al.**® showed that ohmic polariza-
tion is the dominant factor of voltage loss in VRFB. The
contribution of the ohmic polarization ranges from 49.6% to
78.8% depending on the type of membrane used in the study.
Furthermore, the contribution of the activation polarization
was determined to be 32.4%, but can be reduced to about 2.5%
by chemically modifying the electrode.

Steady-state amperometry using potential step experiments
with microelectrodes is highly accurate for monitoring the state
of charge in RFBs. Traditionally, only part of the current
response has been used for SoC and SoH assessment. A study
by Schubert and co-workers'® showed that analyzing the
transient chronoamperometric signal provides detailed physi-
cochemical information, allowing the use of macroelectrodes
instead of microelectrodes for both in situ and ex situ SoC
measurements. The use of these macroelectrodes also enables
temperature- and concentration-independent SoH assess-
ments. The technique offers fast and cost-effective in operando
SoC measurement without the need for restricting electrolyte
flow, unlike previous methods. Additionally, the developed
ex situ microelectrode chronoamperometric method allows
the investigation of electrolyte lifetime, promising a high-
throughput SoH assessment.'”® The same group introduced
also the redox targetivity as a new parameter to study organic
redox mediators in TEMPO based flow batteries. In operando
characterization of the redox target (or solid booster) via
electrolyte SoC monitoring provided estimates for the redox
target’s SoC changes during cycling. In addition, targetivity was
proposed to provide insights into the efficiency of the targeting
reaction and the future optimization of materials, cell designs,
and operational parameters for redox targeting RFBs (RTFBs)."*°

Another sensitive in operando technique for monitoring the
SoC and average oxidation state of vanadium in VRFBs is

This journal is © The Royal Society of Chemistry 2025
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coulometric analysis."”" This technique provides real-time data
on electrolyte imbalance, which is crucial for understanding
degradation processes such as ion crossover and side reactions.
The sensors are integrated into the battery management system
and can operate without calibration, making them ideal for long-
time monitoring in industrial-scale applications. Additionally,
potentiometric sensors are commonly used to track changes in
the ratio of oxidized and reduced vanadium species, though they
are sensitive to changes in the supporting electrolyte.">>">* A
microelectrode based sensor in a symmetric redox flow cell was
shown to effectively measure in operando concentrations, high-
lighting its utility in such applications.'® Key factors for success-
ful implementation include attention to measurement protocols,
careful material selection, and thoughtful flow cell design.
Constructed from commercially available off-the-shelf compo-
nents, the sensor can be easily adopted by research laboratories
and integrated into existing experimental workflows, making it a
valuable tool for investigating flow battery materials.

1.10. In situ and in operando tomography and radiography

X-ray computed tomography (CT) has proven instrumental in
characterizing felt electrodes in operando. Jervis et al”®
designed a miniature flow cell enabling lab-based and synchro-
tron CT imaging to investigate carbon felt materials (Fig. 12a-d).
This study revealed incomplete wetting of certain felt regions,
resulting in areas of empty pores and electrolyte-wetted fibers.
Advanced image processing techniques facilitated calculations
of wetting amounts, pore size distribution, and contact angles.
Moreover, X-ray CT enables the study of felts under varying
in situ compression, providing insights into porosity, pore size
distribution, and tortuosity. For instance, it was observed that
significant fiber-fiber contact occurs only at 90% compression,
while fiber contact with the current collector increases propor-
tionally with compression-induced porosity reduction.'>* Addi-
tionally, tomography and radiography are useful tools as they
enable the visualization of the interfacial processes taking place
during formation of dendrites which has a detrimental effect on
RFBs performance. Different tomographic methods were
employed by Yufit et al”> to visualize dendritic growth in a
zinc-air RFB in real time and to quantify various dendrite
characteristics at submicron and nanoscale levels. Accordingly,
they visualized the deposition of zinc dendrites onto a cone-
shaped zinc anode when a negative current of 30 mA cm™> was
applied between the zinc anode and a carbon air cathode. Zinc
dendrites are formed after reaching a critical overpotential. The
sequence of dendrite formation is shown in Fig. 12e-i, where
small dendrites appear on the tip of the electrode after 214 s of
deposition. As the deposition continued, dendrites at various
locations on the electrode (Fig. 12f and g) are obtained. After
sufficient deposition, secondary dendrites are formed on the
already grown dendrites (Fig. 12h and i). This growth pattern is
influenced by local crystallography and current distribution.
Thereafter, ternary dendrites are grown from the secondary
dendrites’ trunks (Fig. 12i). In addition, Gebhard et al'’
employed computer tomography to analyze bismuth doping of
the carbon felts to improve the electrode kinetics. These studies
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Zinc dendrite growth after (e) 214 s, (f) 388 s, (g) 561 s, (h) 734 s, and (i) 918 s.

focused on deposition and dissolution processes at the carbon
felt surface during charging and discharging and helped to
better understand deposition patterns in operando.

Neutron imaging was also employed to measure spatial and
temporal concentration variations in an operating redox flow
cell.’® By using the properties of redox-active organic materials
and boron-containing electrolytes, subtractive neutron imaging
was conducted to map concentration profiles across electrodes.
This allowed linking concentration to cell performance through
polarization experiments with changing conditions. Time-of-
flight neutron imaging further clarified species and electrolyte
concentrations during operation. This method provided
insights into how cell polarity, voltage, and flow rate affect
concentration distributions and correlated these with overall
performance, offering new understanding in reactive mass
transport. This technique can be applied to various (electro)-
chemical systems, aiding in the development of new materials
and reactor designs. Boz et al.'®” also employed in operando
neutron radiography to monitor how electrolyte distributes
within porous carbon electrodes in RFBs. The high sensitivity
of neutrons to hydrogen enables this technique to distinguish
between the aqueous electrolyte and the carbon electrode. This
provided valuable insight into how wetting behavior changes
with variations in flow rate, flow field geometry, and electrode
surface treatment. However, because of the limited spatial
resolution of neutron radiography, it is unable to capture
interfacial phenomena like pore-level wetting dynamics or
electrochemical reactions at the electrode—electrolyte interface.

7392 | Energy Environ. Sci., 2025, 18, 7373-7401

ustable piston.”® Reproduced with permission. Copyright 2016, IOP Science.
-2

72 Reproduced with permission. Copyright 2019, Elsevier Publication.

To overcome this limitation, neutron imaging was combined
with electrochemical techniques such as EIS and CV. These
methods were used to measure the double-layer capacitance,
which serves as a proxy for the electrochemical surface area and
reflects how well the electrolyte contacts the internal surfaces of
the electrode." This novel combination enabled the research-
ers to obtain a detailed picture of how wetting behavior impacts
overall battery performance.

To directly observe microporous mass transport in vanadium-
based electrolytes, Tariq et al."*® employed real-time in situ X-ray
tomography at high resolution. Their work identified mechan-
isms of electrolyte flow behavior and interactions with porous
carbon electrodes during initial wetting. They confirmed that
non-uniform infiltration arises from the evolving surface chem-
istry of carbon fibers, which become more hydrophilic over time.
Controlling surface functional groups may enable optimized
fluid flow into electrodes, presenting opportunities for tailored
electrode designs. These advances in tomographic and radio-
graphic techniques not only enhance the understanding of
structural and transport phenomena in redox flow batteries
but also provide actionable insights for optimizing material
properties and operational parameters, thereby paving the way
for more efficient and durable energy storage systems.

1.11. In situ and in operando MS

MS allows for in situ analysis of gases released from the RFB
cells while being operated. Typically, the gases evolving from
the working electrode are collected in an upside-down funnel

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) Device and (b) schematic of a flow battery single cell linked to a mass spectrometer.t®® Reproduced with permission from Wiley-VCH,

Copyright 2022.

above the electrode with the rim of the funnel just below the
surface of the electrolyte. Using helium or argon as carrier gases
the gaseous products can be transported into the mass spectro-
meter. The partial pressure of the produced gases can be
monitored as a function of time and subsequently quantified.
A scheme showing the elements is depicted in Fig. 13."%°
While selectivity and sensitivity are major advantages of MS
for analysis of mixtures of products from chemical processes in
RFBs, time delay between sampling and detection due to
sample transfer to the mass spectrometer represents a limita-
tion for real-time monitoring applications or detection of time-
evolving products. Gas evolution typically occurs on the elec-
trode surface due to undesired secondary reactions such as
decomposition of the electrolyte or degradation of the electro-
des during operation of the RFB and hence it is important to be
evaluated. Thus, Liu et al.’” conducted an on-line MS study of
the electrochemical corrosion of the graphite electrode for
VRFB. By monitoring and analyzing the composition of the
gases evolved from the graphite anode during anodic polariza-
tion in 2 M H,SO,4 + 2 M VOSO,, it was possible to gain insight
into the electrochemical corrosion of the graphite electrode for
VRB. Evolved gases were collected in an upside-down funnel
placed above the electrode with the rim of the funnel just below
the electrolyte surface and carried by helium gas to the mass
spectrometer. The results showed preferred formation of CO,
and CO over O, on the graphite anode due to electrochemical
corrosion of the graphite electrode. The investigation also
revealed that the O, evolution rate is the highest one among
all evolved gases if the polarization potential becomes > 1.8 V.
Oxidation of VO*' to VO," on the graphite electrode in the
electrolyte with high concentration of VO*>* hindered carbon

This journal is © The Royal Society of Chemistry 2025

oxidation reaction, retarding the electrochemical corrosion of
the graphite electrode. Overall, the results highlight the power
of on-line MS to characterize reaction products of parasitic
reactions at the electrodes.

Later on, Sun et al”* demonstrated that MS can be a
quantitative technique to determine the hydrogen evolution
rate occurring at the negative carbon electrode of a VRFB.
Samples were collected using a gas tight syringe flushed
with argon gas prior to sampling and immediately injected
into the mass spectrometer through a septum into the
helium gas carrier. MS measurements confirmed that the
evolved gas was primarily hydrogen and allowed quantifying
the evolution rate. The performance of two types of carbon
papers as electrodes was compared, concluding that the
higher surface area electrode led to a higher hydrogen
evolution rate.

More recently, operando MS experiments were performed
in situ using a custom-made two-compartment electrochemical
cell (H-cell) connected to an online electrochemical MS system
to explore reaction products and intermediates during cycling
of different organic electrolytes, such as anthraquinone
derivatives® and bispyridinium compounds.”® To sample the
headspace of the anolyte in both works, the top plunger of the
anolyte compartment of the designed cell was fitted with two
stainless steel tubes connected to a gas line through double-
shut-off quick connects. The flow of the argon carrier gas was
controlled by a mass-flow controller and a pressure controller.
After passing through the headspace of the anolyte, the sample
gas was fed to the mass spectrometer through a heated capillary
to prevent condensation. In the former report, evolution of D,
during a stepped-potential experiment in DHAQ anolyte was

Energy Environ. Sci., 2025, 18, 7373-7401 | 7393
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monitored, which was attributed to water reduction by reaction
with reduced DHAQ, according to the reaction.”®

DHAQ*™ + 2D,0 — DHAQ?*™ + D, + 20D ™.

In the latter work, online MS revealed a sharp steady-state
decrease in oxygen partial pressure in the headspace above a
bispyridinium electrolyte solution during charging under a
continuous flow of 1% O, in Ar.*® This oxygen consumption
and the lack of change in the hydrogen partial pressure during
operation indicated that the pH increase noted during cycling
was linked to consumption of gaseous oxygen instead of water
splitting, with reduced bispyridinium species facilitating this
process. That is, MS combined with EPR findings allowed these
authors to identify as a parasitic process, the reduction of trace
dissolved oxygen to hydroxide anions mediated by the reduced
bispyridinium anolyte.

1.12. In situ and in operando fluorescence microscopy

Optical fluorescence microscopy has been demonstrated to
provide both high spatial and temporal resolution in monitor-
ing redox-dependent fluorescence within flowing electrolytes.”®
By coupling fluorescence microscopy with electrochemistry, a
direct observation of redox-active quinones’ reactions and
transport within porous carbon electrodes in real-time was
performed.””> The cell design needs to accomplish optical
transparence, which is realized by using transparent polymeric
materials such as polyacrylics. A scheme of a microfluidic setup
is depicted in Fig. 14."%°
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through the cell with a syringe pump at 100 mL h™%. Scale bars, 1 mm.”
Reproduced with permission. Copyright 2021, Cell Press.

Surprisingly, several porous electrodes exhibited electrolyte
channeling, creating distinct regions dominated by advection
and diffusion. For instance, Fig. 15 illustrates fluid flow
dynamics of fully reduced H,AQDS (red) and fully oxidized
AQDS (blue) electrolytes within 4 types of electrodes. Non-

= AN TR |

Cathode: AQDS + 2H* + 2e- —» H2AQDS

Fig. 14 Microfluidic flow cell compatible with electrochemistry and confocal microscopy. (a) Scheme of the individual components. (b) Photographs of
the assembled cell from above (top) and below (bottom). The working electrode (3 x 6 mm?) is visible in the center of the bottom image. For the bottom
picture a working electrode made of gold was used to ensure visibility against the counter electrode in the background.'® Reproduced with permission.

Copyright 2024, RSC Publication.
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uniform flow is observed, with stagnant regions (red) where
H,AQDS persists due to diffusion-dominated transport. These
variations in flow patterns across different electrode designs
highlight significant differences in mass transport properties,
even among electrodes with similar physical characteristics.
This finding challenges the typical assumption that transport
in porous electrodes can be modeled with homogeneous Darcy-
like permeability, especially at length scales critical to systems
like redox flow batteries. This research introduced a new
methodology for gaining detailed spatial and temporal insights
into electrolyte reactions and transport behaviors within por-
ous electrodes.”

In operando quantitative electrochemical fluorescence state
of charge mapping (QEFSM), a non-invasive method for study-
ing active electrochemical systems has also been reported. This
approach was complemented by a novel design of optically
transparent microfluidic redox flow cells. QEFSM enabled
quantitative mapping of the concentration of specific oxidation
states of redox-active species within a porous electrode during
its operation. In particular, confocal microscopy to map the
fluorescence signal of the reduced form of 2,7-anthraquinone
disulfonate (AQDS) in a series of multistep chronoamperometry
experiments was employed.”®'®® A similar concept was
exploited for electrokinetic investigations of the 5,10-bis(2-
methoxyethyl)-5,10-dihydrophenazine =~ (BMEPZ) catholyte,
recently proposed as a high-performance multiredox organic
molecule. By leveraging BMEPZ’s inherent colorimetric
properties, the study revealed the intrinsic electrochemical
properties in terms of charge and mass transfer kinetics
during the multiredox reaction. This was achieved through
in operando visualization, allowing for a theoretical examina-
tion of physicochemical hydrodynamics in electrochemical
systems. Based on insights into electrokinetic limitations
in RFBs, the study validated an electrode geometry design
that minimized the depletion region, leading to enhanced cell
performance.'®!

1.13. Other analytics

Next to the more common analytics, in operando techniques
also include the measurement of the acoustic attenuation
coefficient with an ultrasonic probing system to determine the
S0C.'®> The acoustic attenuation coefficient is only little
affected by temperature variations, making it reliable for appli-
cations where temperature control is challenging. Hydrogen
evolution is a significant side reaction in VRFBs affecting long-
term cycling, which has also been addressed using a noninva-
sive ultrasonic probing method. This online technique moni-
tors the SoC, predicts hydrogen generation, and detects
hydrogen gas bubbles in anolyte solutions through a pulse-
echo method that measures sound speed and the acoustic
attenuation coefficient."®® In both static offline and online
operando experiments, hydrogen gas presence led to notable
changes in these measurements. Variations in the acoustic
attenuation coefficient were highly correlated with gas flow
rates. This method provides insights into the SoC and health
of flow battery systems during operation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 (a) Schematic representation of the cell and microscope
for the in operando visualization of bromine electrochemistry. Inset:
Photograph of the setup. (b) Time-lapse DFLM images showing the
formation of polybromide droplets upon charging. (c) Two sets of images
recording the rapid merging of polybromide droplets, indicating their
liquid nature. (d) Time-lapse DFLM images during discharging of
the same cell as in (b).1** Reproduced with permission. Copyright 2019,
Wiley-VCH.

By employing a platform that combines dark-field light
microscopy (DFLM) with a transparent electrochemical cell
(Fig. 16a), Wu et al.'® investigated a zinc-bromine RFB and
were able to observe the dynamics of polybromide formation in
their native environment, capturing key phenomena such as
the liquid nature of the charge products, their nucleation and
growth behaviors, and interactions with the Pt electrode
surface.'® Using a small current density (0.066 mA cm™ "),
sparsely distributed polybromide products were generated for
easy tracing (Fig. 16b). A surface defect (circled in Fig. 16b(i))
ensured consistent focus during the experiment. At 5 minutes,
yellow spherical microstructures (2-3 um in size) are formed on
the Pt surface and grew to approximately 10 pm by the end of the
charging process (Fig. 16b(iv)). Neighboring droplets merged
into larger ones to minimize surface energy (Fig. 16c¢(i, ii) and
Fig. 16c(iii, iv)), showcasing their liquid nature, as evidenced
by rapid merging (<1 s) and shape relaxation. During
discharge (Fig. 16d(i-iv)), the droplets were reduced to Br~ ions,
shrinking anisotropically by maintaining lateral dimensions
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while decreasing in thickness. They gradually became transpar-
ent (Fig. 9d(iii)) before disappearing (Fig. 16d(iii)).

This DFLM approach also provided insights into critical
issues like self-discharge and overcharging-induced side reac-
tions, enhancing the understanding of complexing agents’
roles and guiding future zinc-bromine RFB design improve-
ments. Thus, it enables a deeper mechanistic understanding of
electrochemical systems that are otherwise difficult to analyze
due to sensitivity to environmental conditions.**®

A novel imaging-based diagnostic approach for VRFBs was
introduced by Ma et al.'®® who developed a total internal
reflection imaging (TIRi) sensor capable of mapping local
electrochemical activity and reversibility on graphite felt elec-
trodes with single-fiber resolution (~16 pum). The TIRi system
detects changes in refractive index at the electrolyte-electrode
interface caused by redox reactions during CV, allowing quan-
tification of peak oxidation and reduction currents, the rever-
sibility ratio, and peak potential separation (AE). Their method
successfully distinguished the electrochemical performance of
pristine, thermally treated, and porous graphite felts, showing
that higher surface area and activation improved both activity
and uniformity. Beyond static mapping, the system captured
dynamic bubble formation from oxygen evolution reaction (OER)
in real-time, correlating bubble growth kinetics with cycle num-
ber and electrode surface characteristics. Importantly, the tech-
nique enabled spatial correlation between bubble generation
zones and regions with high local activity and large AE, linking
overpotential-induced side reactions (like OER) directly to inho-
mogeneous electrode behavior. This visualization capability
supports the identification of degradation hotspots and facil-
itates design improvements in electrode architecture and flow
field management.'® The TIRi method represents a significant
advancement in non-invasive, high-resolution, in situ character-
ization tools for understanding spatially resolved kinetics
in VRFBs.

Recent progress in in situ electrolyte diagnostics has intro-
duced refractive index (RI) monitoring as a powerful tool for
real-time assessment of VRFB health. Vlasov et al.*°® proposed a
Fresnel-based optical RI sensor integrated with an OCV cell to
determine the electrolyte’s SoH without relying on cycling
history. By measuring RI shifts at fixed OCV points (particularly
around 1.4 V), and applying a linear calibration model, they
achieved a mean prediction error as low as 1.83%, with a
maximum root mean square error of 4.45%. The sensor, based
on reflection coefficient measurements at the fiber-electrolyte
interface, is compact, calibration-friendly, and does not require
bypass channels or spectral deconvolution, making it suitable
for industrial VRFB monitoring systems. Notably, their method
proved sensitive to the effects of vanadium ion crossover,
preferential water transfer, and imbalance processes that typi-
cally distort coulomb-based SoH estimation. A major practical
outcome of this method is its ability to predict capacity fading
or trigger rebalance operations mid-cycle, using instantaneous
OCV and RI values, thus enabling predictive maintenance and
dynamic adjustment of operational protocols. This innovation
adds a valuable dimension to in operando flow battery
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diagnostics and has strong implications for electrolyte rebalan-
cing strategies and smart battery management systems.

2. Perspectives and future challenges

In the past ten years, exciting developments have been made in
the field of in situ and in operando techniques for RFB analytics.
Much of that progress has been inspired by the rapid develop-
ment of lithium battery technology concomitant with the need
to understand degradation processes. Still, the main challenge
in RFBs is to ensure long term stability (20 years+) without
substantial degradation of any of the battery components,
which is hardly achieved for any flow battery chemistry so far.
This point is important for various reasons but the major factor
is that flow batteries feature high capital costs, requiring trust
of the consumers to invest in the future. Therefore, longevity of
the battery system is a must to mass-commercialize this tech-
nology. While in operando technologies just emerged in the RFB
field about ten years ago, they mostly have been employed in
lab scale single cell systems. While there has been a lot of
progress here, there are still multiple challenges and further
developments necessary, particularly with respect to novel
battery chemistries and the need for improved analysis meth-
ods. Novel chemistries may open new ways of analysis for in
operando studies. For example, novel redox active molecules
carrying NMR active nuclei such as *'P have been very recently
used as probes to study decomposition pathways ex situ and it
is obvious that in operando setups can be employed for analysis
of these systems as well.*>*2%167:168 1 jke that, also redox active
molecules carrying NMR active '°F may be feasible in future
RFB technology. Future improvements in imaging techniques
or integrating composite absorption with phase contrast meth-
odologies may overcome limitations concerning the distinction
between electrolyte and carbon felts due to their similar
attenuation coefficients.'® Again, the introduction of markers
with high atomic number (e.g., iodine) may be a strategy to
allow the study of deposits or reactions taking place at the felt
and to investigate the effect of compression on electrolyte flow.
While it is highly important to understand the underlying
processes and phenomena on a single cell level, in the opera-
tion of a real battery, there are additional effects contributing to
the complexity of the system (e.g., shunt currents).'’® A next
logical step is therefore to explore multi-cell setups, employing
the toolbox developed by researchers in the past years. It is
obvious that such studies are more challenging to perform and
will require even more engineering efforts and further adapta-
tion of setups and experiments than needed already for single
cell setups. In addition, parameters such as pressure drop and
flow factor can play, depending on the used chemistry, a more
important role in multicell setups.'”* While these approaches
are following engineering logics, the use of artificial intelli-
gence (AI) will probably allow to make progress in the analysis
and the design of in operando techniques.'”>'”® So far designs
have been based on classic engineering approaches. The adap-
tation of AI based methods in the design of novel in operando

This journal is © The Royal Society of Chemistry 2025
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setups is not a question of if, but when. Al derived inputs could
comprise the design of novel sensor geometries, as well as
experiments to monitor the battery. In addition, AI based
methods may be used in data analysis to unravel non-linear
correlations difficult for humans to recognize. Al applications
in that field, however, must also overcome challenges related to
experimental validation and computational costs. Overall, the
use of AI based methods will not be the holy grail to solve the
challenges of RFB technology development, but it will make a
substantial contribution to advance the field in the years
to come.

Future research should prioritize the development of instru-
mentation such as customized flow cell setups specifically
designed for easier integration/coupling into RFBs with mini-
mal interference with battery components. Addressing issues of
sensitivity, calibration, and real-time adaptability will be crucial
to advance these in situ and in operando methods and realize
their full potential as tools for improving RFB performance at
industrial scales.

3. Conclusion

To accelerate the large-scale industrial adaptation of RFBs,
in situ and in operando analyses are crucial for unraveling
complex electrochemical and chemical processes, which enable
improvements in efficiency and battery lifespan. Although real-
time analytical methods have been widely applied to LIBs, they
remain moderately explored in RFBs. Notably, the majority of
in situ and in operando studies on RFBs have emerged only since
2013. By reviewing the literature, we have tracked advancements
of these techniques and their impact on RFB optimization.

In situ and in operando NMR have emerged as powerful tools,
enabling researchers to monitor the formation of diamagnetic
intermediate species in the electrolyte during battery operation,
and to elucidate electrolyte composition changes in response
to voltage variations. One significant challenge with NMR,
however, is the complexity of integrating the RFB cell into the
probe, making real-time monitoring difficult. EPR serves as an
excellent complementary technique to NMR for tracking para-
magnetic species. Like NMR, it also faces challenges in inte-
grating operational cells. The use of UV-vis spectroscopy has
proven to be a powerful tool for real-time monitoring of both
SoC and total concentration of active electrolyte species, both in
VRFBs and ORFBs. However, highly concentrated systems and
light-absorbing solvents may introduce challenges. Raman
spectroscopy, despite its power for monitoring electrode
surfaces, electrolyte composition and catalytic reactions, faces
shortcomings due to limited sensitivity, resolution, and back-
ground noise, often requiring enhancement techniques for
broader application. Similarly, FTIR spectroscopy is useful for
probing electrochemical mechanisms but often requires
complex ATR-FTIR electrochemical setups. X-ray-based techni-
ques, such as XAS, can provide valuable insights into the
structure of both the electrolyte and electrode surfaces, though
high-cost infrastructures and limited sensitivity to light atoms

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

constrain their widespread use. EIS offers details on the SoH of
the battery as well as helps to analyze voltage losses in the
battery systems to determine limiting factors, though it is
restricted by the frequency range and low resolution at low
frequencies. Advanced imaging techniques such as tomography
and radiography allow for high-resolution 3D imaging of
electrode structures, dendrite formation, and concentration
gradients. MS enables the characterization of reaction products
and intermediates in the electrolyte but is costly and requires
customized sampling systems. Finally, fluorescence microscopy
provides a unique approach for tracking redox-active species
concentration and mass transport phenomena but requires
fluorescent redox-active species.

Each of the presented techniques provides important
insights into different aspects of RFB working mechanisms.
However, challenges such as instrumentation complexity, cost,
and integration into in situ and in operando setups remain.
Future developments to address integration and sensitivity
challenges are thus crucial for optimizing RFB performance
and enabling large scale industrial implementation.

Abbreviations

Al Artificial intelligence
ATR-FTIR  Attenuated total reflection Fourier transform
infrared spectroscopy

BE Bulk electrolysis

CE Counter electrode

CT Computed tomography

Ccv Cyclic voltammetry

DFLM Dark-field light microscopy

DFT Density functional theory

DRT Distribution of relaxation times

EIS Electrochemical impedance spectroscopy
EPR Electron paramagnetic resonance
EXAFS X-ray absorption fine structure

FTIR Fourier transform infrared spectroscopy
LIBs Lithium-ion batteries

MB Methylene blue

MRI Magnetic resonance imaging

MS Mass spectrometry

NMR Nuclear magnetic resonance

OoCv Open circuit voltage

OER Oxygen evolution reaction

QEFSM Fluorescence state of charge mapping
RE Reference electrode

RFBs Redox flow batteries

RI Refractive Index

RMFBs Redox-mediated flow batteries

SERS Surface-enhanced Raman spectroscopy
SHE Standard hydrogen electrode

SoC State-of-charge

SoH State-of-health

TERS Tip-enhanced Raman spectroscopy
TIRi Total internal reflection imaging
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UV-vis Ultraviolet-visible

VRFBs Vanadium redox flow batteries
XANES X-ray absorption near edge structure
XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy
WE Working electrode

ZMRFB Zn-Mn**/MnO, RFB
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