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ABSTRACT 
Redox-mediated flow batteries boost energy density by utilizing dissolved redox species as charge carriers for solid charge-storage 
materials. This strategy strongly depends on the thermodynamics and kinetics between the solid booster and dissolved redox 
species. Conventional electrochemical methods often convolute intrinsic reactivity with mass transport effects, introducing com-

plexity in determining limiting steps. We propose a strategy that confines solid boosters within recessed microelectrodes and 
employs scanning electrochemical microscopy (SECM) to estimate reaction kinetics between booster and dissolved active redox 
species. Confining the solid booster in the recessed microelectrode overcomes mass transport limitations of dissolved redox species 
and enables controlled polarization of the booster material, allowing deconvolution of key rate-determining factors. As an initial 
model system, Prussian blue-ferricyanide/ferrocyanide [Fe(CN)6]3−/4− was used as solid booster and dissolved redox active spe-
cies, respectively. The methodology was further explored for copper hexacyanoferrate with N,N,N-2,2,6,6-heptamethylpiperidinyl 
oxy-4-ammonium chloride and nickel hydroxide with [Fe(CN)6]3−/4− and extended to Mn-based Prussian blue analogues in com-

bination with organic redox species. Our results demonstrate that SECM coupled with the proposed recessed microelectrode 
strategy provides a powerful platform to disentangle interfacial kinetics and guide the rational design of solid booster-dissolved 
redox species and electrolytes for high-performance redox-mediated flow batteries. 

1 | Introduction 

Flow batteries are highly scalable and flexible electrochemical 
systems, ideal for grid-scale storage, but their energy density is 
intrinsically limited by the solubility of redox-active species. A 
promising solution is seen in integrating solid charge-storage 
materials, so-called solid boosters, which are charged and dis-
charged by dissolved redox mediators, enabling significantly 
higher capacities [1]. Basically, the dissolved mediators undergo 
charging and discharging in a cell as in a typical flow battery, and 

they are used as shuttles to chemically oxidize or reduce the sol-
ids in the tanks. Such redox coupling of solid with dissolved spe-
cies, often called redox targeting flow battery or redox-mediated 
flow battery, allows leveraging high specific capacity solids while 
maintaining decoupled energy and power scaling [1, 2]. 

Over the past 20 years, systems based on solid boosters to regen-
erate dissolved redox species were demonstrated in nonaqueous 
[3–11] and aqueous [12–19] redox-mediated flow batteries [20]. 
Wang’s group [18] suggested the redox pair [Fe(CN)6]3−/4− as 
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dissolved active species for enhancing the capacity through redox-
mediated reactions with solid Prussian blue (Fe4[Fe(CN)6]3, PB).  
The [Fe(CN)6]3−/4−/PB system demonstrates exceptional stability 
with a capacity retention of 99.991% per cycle and a capacity 

FeIIIof 61.6 Ah L−1 [18]. In parallel, K2x/3Cu(Fe
II 
x 1-x(CN)6)2/3 

(CuHCF) was proposed as solid booster mediated by soluble 
N, N,N-2,2,6,6-heptamethyl piperidinyl oxy-4-ammonium chloride 
(TEMPTMA) in an aqueous electrolyte [17]. The importance of 
high conductivity of the solid material increased the usage of 
the solid-booster capacity in a flow system [17]. The indirect redox 
targeting approach resulted in stable cycling, ≈95% coulombic effi-
ciency, and high volumetric capacity (~350 C mL−1 or 97 Ah L−1) 
[17]. These examples illustrate key advantages of the semi-solid 
flow battery strategy to enhance the energy density of batteries 
[21, 22]. However, the solid booster-mediated strategy also faces 
challenges such as meeting the required thermodynamic alignment 
between the potential of the dissolved redox species and the solid 
booster’s redox plateau, which is crucial to maximize utilization of 
the booster’s capacity  [23]. Moreover, kinetics limitations at the 
solid–electrolyte interface and, importantly, counterion diffusion 
within solid phase can severely decrease the performance [2, 24]. 

Conventional bulk testing (cell cycling) makes it difficult to dis-
entangle these effects or to obtain a detailed understanding of 
localized electrochemical behavior. Thus, there is a growing need 
for advanced electrochemical tools that can interrogate interfa-
cial rate constants, considering the mass-transport limits in 
the particle/agglomerate at particle level. Conventional rotating 
disk electrodes (RDE) and porous-electrode methods are useful 
to a certain extent but struggle with real solid morphologies, 
dynamic wetting behavior, and heterogeneities of composites. 
These challenges have driven interest in micro- and nanoelectro-
chemistry approaches capable of circumventing diffusion limita-
tion and interrogating interfacial charge–transfer processes [25– 
27]. Specifically, scanning electrochemical microscopy (SECM) 
was already successfully employed to derive understanding of 
the interaction of solid booster materials with the dissolved redox 
mediator in solid-mediated flow batteries [11, 27]. Wang’s group 
explored SECM to determine the interfacial charge transfer rate 
of LiFePO4/FePO4 (solid material) undergoing lithiation and 
delithiation by interacting with two different redox mediators 
namely ferrocene/ferricenium (Fc/Fc+) and dibromferrocene/ 
dibromferricinium (FcBr2/FcBr2 

+) [11]. The solid material was 
prepared in pellets at different LiFePO4/FePO4 ratios, and two 
different mediators were employed to provoke FePO4 lithiation 
and LiFePO4 delithiation. As expected, the derived reaction rate 
depended on the LiFePO4:FePO4 ratio [11]. 

We extend the application of SECM to interrogate the kinetics 
involved in the reaction between the solid booster and dissolved 
redox species. Although the spontaneity of the reaction between 
solid booster and dissolved redox species can be predicted based 
on thermodynamics, other factors such as electrical conductivity, 
ionic transport into and within the solid particles, as well as the 
driving force caused by the state of charge of the dissolved redox 
species may contribute to increasing the complexity of electron 
transfer processes and thus modulating the overall reaction kinet-
ics. We explored the capability of the SECM to derive the kinetic 
rate constant and to quantify the effects of some of those param-
eters. SECM experiments were performed using the solid booster 
material confined in recessed microelectrodes (rME). Confining the 
solid booster within an rME overcomes mass transport limitations 

of the dissolved redox species toward the interface of the solid 
booster material [26], enables controlled polarization of the solid 
material, and provides the possibility to a direct interrogation of 
rate-limiting processes within the solid material. 

2 | Results and Discussion 

Interrogating electron transfer rates using SECM has advantages 
over conventional electrochemical techniques mainly due to mit-
igating mass transport limitations. A high diffusional flux of spe-
cies toward the SECM tip leads to a diffusion-limited steady-state 
current, allowing the interrogation of the perturbation of the dif-
fusion zone in front of the SECM tip by reactions at the investi-
gated surface. This condition makes the tip current a reporter of 
sample kinetics for electron transfer using the well-known neg-
ative and positive feedback effect of SECM [28]. When approach-
ing the SECM tip to an unbiased electronically conductive 
surface, the polarized SECM tip is converting, e.g. a species R 
to the oxidized form O. The electronically conductive surface 
immersed in an electrolyte with the redox species assumes a 
Nernst-equation-predicted potential. When the SECM tip is 
polarized, it converts the R to O at the thin layer close to the sur-
face. A gradient of concentration generates a driving force for 
charge transfer at the (by an external devices) unbiased sample 
surface, if O and R are forming a reversible redox pair and the 
sample surface has a considerable size. 

In this case, the so-called positive feedback effect, the SECM tip 
current increases as the distance toward the sample decreases 
[28]. In principle, the regeneration of the species proceeds at 
the diffusion-controlled rate of the dissolved species. In the case 
of kinetic-controlled conditions, the approach curve is unique 
and depends on the reaction rate at the surface, with mathemat-
ical equations describing the SECM current–distance relation-
ship. For a first-order reaction, the normalized tip current can 
be fitted using expressions derived from finite-element or analyt-
ical models of SECM feedback [29, 30], where the heterogeneous 
kinetics constant governs the deviation from pure diffusion-con-
trolled feedback. In practice, the approach curve transitions from 
the limiting case of positive feedback (fast kinetics, effectively dif-
fusion-controlled) to negative feedback (sluggish kinetics) and by 
fitting the experimental curve to the theoretical model, one can 
quantitatively extract the kinetics constant (k, cm s−1) [29, 30]. 
However, the regeneration of the redox pair measured at the 
SECM tip can be influenced by additional factors superimposing 
the heterogeneous electron transfer leading to a positive feed-
back, a catalytic regeneration reaction with the sample material 
may be possible, and in this case, a potential-dependence study is 
suggested to distinguish the interfacial processes [31]. For a 
primary dependence of the heterogeneous rate constant on the 
electron-transfer process, the feedback current increases concur-
rently with overpotential, allowing extraction of the heteroge-
neous rate constant by fitting of the approach curves [32, 33]. 
A lack of linearity with increasing potential indicates additional 
limitations in the reaction pathway, such as mass-transport 
restrictions or chemical steps. 

In our studies of the solid booster/dissolved redox mediator sys-
tems, the SECM tip generates the discharged redox species, 
which reacts with the solid material within the rME, regenerat-
ing the charged species. An effective rate constant can be 
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extracted [11]; however, evaluation of the potential dependence 
may be beneficial to evaluate limiting steps in the reaction 
between the dissolved redox mediator and the solid booster. 
SECM approach curves toward the unbiased material interrogate 
the interfacial solid material, convoluting the positive feedback 
and the catalytic regeneration of dissolved redox species by 
the spontaneous reaction between the charged mediator and 
the solid material. 

3 | Prussian Blue-Prussian White/[Fe(CN)6]
3−/4−: 

Effect of Conductivity and Electrolyte on the 
Overall Kinetics 

To demonstrate the capability of SECM to interrogate the solid 
booster confined in the rME, we explored Prussian Blue (PB)/ 
Prussian White (PW) as solid booster and [Fe(CN)6]3−/4− as 
the dissolved redox pair [18]. PB was confined inside the rME 
(Au microelectrode, 250 μm diameter), and this assembly is 
called PB@rME. Details of the rME fabrication are described 
in the experimental section. The rME was placed upside down 
in the specifically designed electrochemical cell, while the 
SECM tip was positioned near the surface of the rME from 
the top as schematically shown in Figure 1a. Photographs of 

the SECM cell and the microelectrodes are presented in 
Figure S1. The SECM tip (Pt microelectrode, 10 μm diameter) 
was characterized in 25 mM K3[Fe(CN)6] in 0.1 M KCl 
(Figure S2) by recording cyclic voltammograms (CVs), which 
show the typical sigmoidal shape, as expected for a microelec-
trode achieving a limiting current governed by hemispherical 
diffusion. CVs of the solid@rME were registered before and 
after the SECM experiments, showing stable redox processes of 
PB/PW (Figure S3). The SECM tip works as the electrolyzer part 
of the flow battery, converting [Fe(CN)6]3− to [Fe(CN)6]4−, which  
diffuses to the closely positioned solid@rME. The reaction 
between the solid PB and [Fe(CN)6]4− regenerates [Fe(CN)6]3− , 
and the SECM tip response increases due to the locally higher con-
centration of [Fe(CN)6]3− . SECM approach curves were obtained 
by registering the SECM tip current at a constant applied potential 
while moving the tip toward the PB@rME (Figure S4 and 
Figure 1b). SECM approach curves were obtained with the 
unbiased and biased PB@rME. The apparent kinetic constant 

−1)(k’ in cm s was extracted using the theoretical fit of the 
approach curves according to literature [28–30]. 

Basically, the normalized tip current during the SECM approach 
curves is expressed as a function of the SECM tip dimension and 
the dimensionless tip-to-sample distance (d/a) and the dimen-
sionless kinetic parameter κ = k  0a/D, where a is the radius of 

FIGURE 1 | (a) Schematic SECM setup for the evaluation of the kinetics of the reaction between the solid booster within the rMe and the dissolved 
redox species. The yellow dots represent the charged species, and the red dots refer to the discharged redox species: SECM tip (10 μm Pt disc micro-

electrode, RG 10) moved toward the top of the upside-down positioned rME filled with the solid booster material. (b) Representative SECM approach 
curves toward a PB-CB@rME in 25 mM mM K3[Fe(CN)6] in 3 M KCl. (b) and (c) Effective rate constant extracted by theoretical fit of the experimental 
SECM approach curves toward the unbiased solid@rME. The electrolyte condition is shown in the graphic, and the solid material condition is displayed 
on the x-axis. (d) Relation between the rate constant and η’ applied to the solid@rME, derived from approach curves performed toward the rME filled 
with PB (blue data), PB + 10% wt. carbon black (CB) (red data, green data). SECM experiments were carried out in 25 mM K3[Fe(CN)6] in 0.1 M KCl 
(blue and red data) or 3 M KCl (green data). The solid@rME was unbiased or polarized at η’, an overpotential relative of the OCP value, details are shown 
in Table S1 of the SI. Approach curves were recorded using a Pt microelectrode (diameter of 10 μm; RG 10), Etip = −0.2 V vs Ag|AgCl|3 M KCl. 
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the SECM tip and D is the diffusion coefficient of the dissolved 
redox mediator. By fitting the experimental approach curves to 
established theoretical models, the kinetic constant can be esti-
mated. It should be noted that k 0 represents an apparent kinetic 
constant, as it covers not only the intrinsic electron transfer 
kinetics between dissolved redox species and electronically con-
ductive solid surface but also contributions arising from the 
regeneration of the charged dissolved redox species within the 
solid booster, i.e. contributions of ionic and electrical conductiv-
ities). The effect of a conductive material added to the solid active 
material and the availability of cations were evaluated using the 
SECM-solid@rME setup. Most of the solid booster materials have 
a low electrical conductivity and, therefore, the addition of con-
ductive materials is commonly employed to overcome such 
issues [17]. However, the added conductive material can also 
become part of the charge transfer pathway between solid and 
dissolved active materials [24]. The solid material was prepared 
by grinding a mixture of 90% PB with 10% of carbon black (CB, 
C65 TIMCAL) and confining the mixture into the rME. Since the 
PB/PW redox process is a coupled ion-electron transfer reaction 
(CIET), the cation mobility and its insertion into the PB lattice 
are factors that can influence the kinetics. The electrolyte was 
prepared with 25 mM K3[Fe(CN)6] in 0.1 M KCl or in 3 M 
KCl. The kinetic constants are provided in Table S1 and plotted 
in Figure 1c for the unbiased solid@rMEs. The SECM results 
clearly reveal the importance of the electrical conductivity of 
the solid booster material to enhance the reaction rates. The 
mean of the kinetics constant increased from 1.7 × 10−3 to 
3.2 × 10−2 cm s−1 upon adding 10% of CB to the solid active mate-
rial, and up to 4.6 × 10−2 cm s−1 at high ionic strength electrolyte 
(3 M KCl). While the addition of CB enhanced the constant by 
around 18 times, the use of the high cation concentration 
increased the kinetic constant by another 1.5 times when PB-
CB@rME was employed as solid booster material. These results 
show the capability of the SECM to evaluate the contribution of 
electrical conductivity of the solid material as well the ionic 
strength/ion availability for the CIET reaction, which concur-
rently impact on the kinetics of the reaction between the solid 
booster and the dissolved redox mediator. 

When the solid@rME was biased to an overpotential (η 0) with 
respect to the open-circuit potential (OCP) value, limiting steps 
of the reaction between solid and dissolved species can be evalu-
ated. At these conditions, PB converted to Prussian White in the 
reaction with the [Fe(CN)6]4− formed at the tip is quickly con-
verted back to PB due to the applied potential, accelerating the 
regeneration of the discharged dissolved species. The rate con-
stant increases linearly with η 0 for the rME filled with PB or 
PB-CB (Figure 1d). Note the polarization of solid material inside 
the rME to negative η 0 would provoke the reduction of PB as well 
as [Fe(CN)6]3− , which is the same reaction that occurs at the 
SECM tip. As expected, when the solid material inside the 
rME was polarized to an η 0 lower than OCP, a clear decrease 
of the magnitude of the SECM tip current during the approach 
curve was observed (Figure S4c) due to the redox competition 
between the SECM tip and PB-CB@rME [34]. Therefore, the 
polarization of the solid@rME to a η’ to invoke the same reaction 
as the one at the SECM tip was avoided. A linear correlation of k’ 
vs. η 0 is expected for a limiting electron transfer reaction, as also 
demonstrated for the bare Au microelectrode in the absence of 
PB or PB-CB (Figure S5). The kinetic constants extracted from 
the SECM approach curves toward the bare Au microelectrode 
were higher than those of the PB@rME, clearly showing the 
effect of the low electrical conductivity of the solid material as 
a main limitation for a high conversion rate for the reaction 
between the solid booster and the dissolved redox species. 
Standard methods cannot easily distinguish between kinetics 
and diffusion limited processes (Figure S6). Additionally, inter-
pretation becomes complex due to additional effects such as ionic 
strength of the supporting electrolyte. It must be recognized that 
the CV of the PB@rME in presence of the dissolved redox species 
in 3 M KCl had a lower current as compared with those obtained 
in 0.1 M KCl, despite a better reversibility. Lower currents in 
high-ionic strength electrolytes were previously reported [26, 35]. 

The nature of the monovalent cation M+ also plays a role for the 
kinetics of the CIET process of PB/PW due to insertion/extrac-
tion of the cation in the PB framework. The electrochemical 
kinetics of cation insertion into the PB structure were evaluated 
using aqueous electrolytes of KCl, NH4Cl, and NaCl. PB-

FIGURE 2 | (a) Effective rate constant k 0 extracted by theoretical fit of the experimental SECM approach curves. The electrolyte condition is dis-
played, and the solid material is shown on the x-axis. Standard error of mean was plotted as error bars. (b) Rate constant relation between η 0 applied to 
the PB-CB@rME in 25 mM K3[Fe(CN)6] and the electrolytes containing 0.1 M KCl (blue data), 0.1 M NaCl (red data), or 0.1 M NH4Cl (green data). 
SECM parameters are summarized and presented in Table S1. Potential vs. reference electrode: Ag|AgCl|3 M KCl. 
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CB@rME were employed to record CVs in 0.1 M electrolytes 
under variation of the cation (Figure S7). SECM approach curves 
toward the unbiased and biased PB-CB@rME are plotted in 
Figure S4e–f, and the influence of the cations is summarized 
in Figure 2, showing the clear kinetics limitation when employ-
ing NaCl compared with KCl and NH4Cl. At unbiased rME con-
dition (Figure 2a), the kinetic constants are 3.2 × 10−2 cm·s−1 for 
K+ + , 2.3 × 10−2 cm·s−1 for NH4 , and 0.66 × 10−2 cm·s−1 for Na+ , 
which can be rationalized considering the solvation shell and the 
hydrated ion radii, and hydration energies of the respective 
monovalent cations. Potassium ions, with a hydrated radius 
of ~3.31 Å and a lower hydration energy (~−322 kJ mol−1) 
[36, 37], possess a relatively weak solvation shell that is more eas-
ily disrupted, facilitating faster desolvation and insertion into the 
PB framework, resulting in the highest kinetics parameter (see 
Figure 2a). 

Ammonium ions, which share a similar hydrated radius 
(~3.31−3.40 Å) and hydration energy (~−330 kJ mol−1) 
[36, 37], also demonstrate good kinetics, supported by possible 
hydrogen bond interactions with lattice water, although the size 
may slightly hinder insertion compared to K+ . In contrast, Na+ 

exhibits the slowest kinetics due to the stronger solvation shell, 
larger hydrated radius (~3.58 Å), and significantly higher hydra-
tion energy (~−406 kJ mol−1) [36, 37], contributing to a greater 
energy barrier for desolvation and slower diffusion into the PB 
structure. Earlier work has suggested that Na+ intercalates into 
Cu-PBA being partially hydrated, while K+ and NH4 

+ are 
completely desolvated [38]. While the correlation between the 
k 0 vs. η 0 showed linear increase when the SECM experiments 
were performed in KCl, the correlation showed a more sluggish 
response for the electron transfer reaction in NaCl and NH4Cl 
electrolyte (Figure 2b). While the results obtained with the unbi-
ased PB@rME (Figure 2a) reveal the influence of the cation in 
the overall reaction between the solid material and the dissolved 
active species, the polarization of the PB@rME has the capability 
to investigate rate-limiting steps. The applied overpotential must 
be at least + 200 mV for NH4 

+ and + 300 mV for Na+ to induce a 

change of the kinetics constant. These findings highlight that the 
cation mobility and ion insertion play a crucial role in the overall 
redox kinetics. It should be noted that residual alkali ions origi-
nating from the synthesis may remain in the framework of the 
solid materials and may influence both the initial state of charge 
and the coupled ion–electron transfer (CIET) kinetics. During 
SECM experiments, the use of high concentrations of alkali ions 
in the electrolyte and the small amount of solid material are 
expected to minimize this contribution. However, residual mate-
rials cannot be completely excluded, and the experimental con-
ditions need to be considered when interpreting the apparent 
kinetic parameters. 

3.1 | Adapting the SECM/Solid@rMEs 
Methodology to Alternative Solid Booster/Dissolved 
Redox Species 

We expanded the strategy of performing SECM approach curves 
toward the solid@rME for other booster materials and dissolved 
redox species, focusing on aqueous redox-mediated flow batter-
ies. We investigated two previously suggested systems, namely 
Cu hexacyanoferrate (CuHCF) as solid booster and N,N,N-
2,2,6,6-heptamethyl piperidinyl oxy-4-ammonium chloride 
(TEMPTMA) as dissolved mediator [17, 27]; as well as 
Ni(OH)2 as booster material and [Fe(CN)6]4− as dissolved redox 
active species [19]. It is important to note that Ni(OH)2 was 
employed as a known model system that does not undergo cation 
insertion like the Prussian Blue analogues; instead, the electron 
transfer process is dominated by surface redox reactions. 
Solid@rMEs were prepared with the respective active material 
mixed with 20% CB to increase electrical conductivity. The ther-
modynamic compatibility of the solid booster material and the 
dissolved redox species was evaluated by CVs, showing a similar 
redox potential in the chosen supporting electrolyte. The 
CuHCF-TEMPTMA system has a midpoint potential of 
~+0.73 V vs Ag|AgCl|3M KCl, and Ni(OH)2-[Fe(CN)6]

4− shows 
a potential of ~+0.27 vs Ag|AgCl|3M KCl (Figure S8a,b). To 

FIGURE 3 | Effective rate constant k 0 extracted by theoretical fit of the experimental SECM approach curves for different solid materials confined in 
the recessed microelectrode (solid@rME) and dissolved redox species. Electrolyte compositions such as dissolved redox species and the supporting 
electrolyte chemistry are provided. The SECM approach curves (Figure S9) were performed while the solid@rME was unbiased (OCP) and biased 
at the OCP value. Potential vs. reference electrode: Ag|AgCl|3 M KCl. Standard error of mean was plotted as error bars. SECM parameters are summa-

rized and presented in Table S2. 
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derive the kinetic constant, an initial control SECM approach 
curve toward a glass slide (insulator) was performed to obtain 
the diffusion coefficient of the redox mediator in the specific elec-
trolyte (Figure S9a). Then, SECM approach curves were recorded 
toward the rME, and as expected, the SECM approach curves 
toward both CuHCF-CB@rME (Figure S9b) and Ni(OH)2-
CB@rME (Figure S9c) showed the predicted positive feedback. 
The apparent kinetic constant was higher when the 
solid@rME was biased at OCP values, mitigating any potentially 
limiting steps arising for the counter reaction. The kinetic con-
stant for both systems was in the same order as for the PB-
[Fe(CN)6]

3− in a K+-containing electrolyte. 

Furthermore, we proposed two potential candidate systems for 
redox-mediated flow batteries using on the one hand Mn-based 

MnIIIPrussian blue analogues namely hexacyanoferrate 
(MnHCF) and MnII hexacyanomanganate (MnHCMn) as solid 
boosters. Both materials were previously explored for Na-ion bat-
teries [26, 39–41] MnHCF is a positive electrode material, while 
MnHCMn can be employed as negative electrode solid material 
in redox-mediated flow batteries. Suitable dissolved redox species 
were proposed based on the redox potential of MnHCF and 
MnHCMn, respectively, to be ~+0.45 V and ~−1.05 V vs Ag| 
AgCl|3M KCl (Figure S8c-e) in 5 M Na+-containing electrolytes. 
For the positive material MnHCF, 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) was employed in 5 M NaClO4. The viologen 
derivative 1,1 0-bis(1-methyl-3-sulfonatopropyl)−3,3 0-dimethyl-
4,4 0-bipyridinium (S3BuDMBP) was suggested as dissolved redox 
species for MnHCMn. For the S3BuDMBP synthesis and charac-
terization, see details in the experimental section and in section 
S1 in the SI. SECM experiments were conducted as described 
above, with several approach curves being performed toward 
the unbiased solid@rME and the solid@rME biased at OCP 
(Figure S9 and S10). The apparent kinetic constants are provided 
in Table S2 and Figure 3. The kinetic constants for both systems 
in Na+-containing electrolytes are lower than in K+-containing 
electrolytes. Interestingly, changing the supporting electrolyte 
in the case of MnHCMn leads to a drastic increase in the appar-
ent kinetic constants. Since PBA analogues undergo CIET pro-
cesses, which depend on the insertion of a cation into their 
framework, MnHCMn showed slower kinetics in Na+-containing 
electrolytes compared with K+-containing electrolytes. 

4 | Conclusions 

We demonstrated an SECM methodology employing solid mate-
rials confined in rME to probe the effective kinetics of solid 
booster-dissolved redox mediator reactions for redox-mediated 
flow batteries. Confinement of the solid material overcomes mass 
transport limitations of dissolved species toward the solid booster 
interface while enabling polarization of the solid booster, thereby 
partially decoupling the contributions of electron transfer, ionic 
transport, and conductivity effects. Using PB/PW in combination 
with [Fe(CN)6]3−/4− as a model system, we revealed the strong 
influence of electrical conductivity, electrolyte composition, 
and nature of the cation on interfacial kinetics. The approach 
was extended to alternative solid booster materials in combina-
tion with dissolved redox species, highlighting its versatility to 
assess both thermodynamic compatibility and kinetics limita-
tions. This methodology offers a platform to deconvolute 

complex solid booster/dissolved active redox species interactions 
and provides valuable guidelines for designing efficient solid 
booster/dissolved active species couples for next-generation flow 
batteries. This methodology can be further explored for compar-
ing active materials, designing electrolytes and evaluating exper-
imental conditions. 

5 | Experimental Section 

5.1 | Chemicals, Solid Materials and Dissolved 
Redox Active Species 

All reagents and solvents were purchased from Aldrich or Alfa-
Aesar and were used as received without further purification. All 
solutions were prepared with milliQ water (18 MΩ cm−1) and 
highly pure chemicals. The viologen derivative 1,1 0-bis(1-methyl-
3-sulfonatopropyl)−3,3 0-dimethyl-4,4 0-bipyridinium (S3BuDMBP) 
was synthesized by complete N-alkylation of 3,3 0-dimethyl-4,4 0-
bipyridine with 1,3-butanesultone. General methods and full 
description of synthesis and characterization for the viologen 
derivative S3BuDMBP and its precursors are described in section 
S1 in the SI (Figure S11-S18), along with the corresponding NMR 
spectra. MnIII hexacyanoferrate (MnHCF) and MnII hexacyano-
manganate (MnHCMn) were synthesized and characterized 
according to literature [26]. TEMPTMA was prepared and pro-
vided by the group of Prof. Hubert Girault at EPFL according 
to previous reports [17, 42]. Synthesis and characterization of 
CuHCF was reported previously [27]. More details are presented 
in section S2 in the Supporting Information. 

5.2 | Preparation of the Solid@rME 

The recessed disc-shaped gold microelectrodes were prepared as 
reported before [26]. The recessed microelectrode (rME) was 
filled with the solid booster of interest by mechanically pressing 
the rME against the solid powder [26], resulting in the 
solid@rME. The filling procedure of solid@rME was verified 
by optical microscopy. CB (C65 TIMCAL) was added as a conduc-
tive additive to the solid booster material in a ratio of 10% wt. for 
PB and 20% wt. for the other booster materials: CuHCF, Ni(OH)2, 
MnHCF, and MnHCMn. 

5.3 | Electrochemical and SECM Experiments 

All electrochemical measurements were performed in a four-
electrode configuration using the SECM tip and the 
solid@rME as working electrode 1 (WE1) and 2 (WE2), respec-
tively. A disc-shape Pt microelectrode (diameter 10 μm) was fab-
ricated in-house and employed as WE1 (SECM tip). A Ag|AgCl| 
3 M KCl was employed as reference electrode (RE), while a Pt bar 
was used as counter electrode (CE). The SECM cell was printed 
with a 3D printer (filament Apollo X ASA, FormFutura) with a 
glass slide window to allow the visual inspection of the tip posi-
tioned on top of the solid@rME. Electrochemical measurements 
were performed using a bipotentiostat (IPS—bipotentiostat PGU 
10 V 100 mA). The measurements were performed under exclu-
sion of oxygen by continuous Ar purging. An inert atmosphere is 
essential to study the reduction process of active materials and 
ensures their stability. Electrochemical tests were performed at 
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room temperature (about 20°C). For SECM approach curves, the 
SECM tip was polarized at a potential to reach the diffusion lim-
ited conversion of the dissolved redox species in the specific sys-
tem, while the tip was moved at an approach speed of 1 μm s−1 

toward the solid@rME. Control SECM approach curves toward a 
glass slide (insulator) were performed to calculate the diffusion 
coefficient of the redox species in the specific electrolyte. For the 
kinetic constant evaluation, the solid@rME was unbiased or 
biased at the OCP value. Tables S1 and S2 provide the summary 
of the calculated apparent kinetic constants, and the details of the 
SECM experiments, such as the potential applied at the SECM 
tip, OCP values of the solid@rME in the electrolyte, and the 
applied potential, η 0 , at the solid@rME. All potentials are 
reported vs. Ag|AgCl|3 M KCl. 
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