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A B S T R A C T

Separators are critical components in batteries. In closed systems, like lithium-ion batteries, they should ensure a 
good ion transport between the two electrodes. In open systems, such as flow batteries, separators should also 
avoid the crossover of the redox species in the flowing electrolytes. We focused our studies on separators for 
redox flow batteries (RFBs), which are widely applied as electrochemical energy storage systems, specifically in 
combination with renewable energy systems like photovoltaic or wind turbines. We pioneered the use of scan
ning electrochemical microscopy to characterize the efficiency of different commercial membranes, specifically 
for all-copper RFB, by evaluating the cupric ion permeation through these membranes. In fact, one drawback of 
this system is represented by the permeation of cupric ions in the negative half-cell that leads to the dissolution of 
the copper deposit and results in the battery’s self-discharge. Several types of membranes have been tested as 
separators to limit this process. Finite elements simulations were also performed to quantitatively interpret the 
electrochemical measurements and to correlate separator permeabilities to membrane molecular characteristics 
such as hydrophobicity and ion exchange capability. Estimates of copper ion diffusion coefficients and perme
abilities were provided for a subset of the separators investigated.

1. Introduction

1.1. Importance of membranes in redox flow batteries

The growing energy demand and the proliferation of renewable 
power sources have intensified the adoption of electrochemical energy 
storage systems. Among the various battery architectures, redox flow 
batteries (RFBs) are an ideal choice for large stationary applications [1]. 
In an RFB stack, constituted by several cells, the redox species are 
contained in the anolyte and catholyte, which are stored in two separate 
and external reservoirs. These solutions are pumped through the posi
tive and negative compartments of the RFB cells, which are separated by 
a membrane [2]. The essential function of the membrane is to keep the 
redox couples contained in the anolyte and catholyte separated, allow
ing, at the same time, high-rate transport of the supporting electrolyte 
ions across the membrane. The membrane’s selectivity is a key feature to 
limit the crossover of the redox species that could be involved in side- 

reactions and thus result in a low coulombic efficiency of the system, or 
in a decreased overall capacity of the RFB. RFB chemistry takes 
advantage of diverse redox couples and charge carriers, which also 
means that separators should have specific requirements in terms of ion 
transport properties [3–9]. Considering that most RFBs work in acidic 
media (e.g. HCl and H2SO4), an ideal membrane should offer enough 
chemical stability under acidic conditions, and electrochemical stability 
to oxidizing and reducing potentials. To prevent the crossover of the 
species, a membrane with low permeability of the active redox species is 
needed, which also blocks the preferential transfer of water. At the same 
time, the membrane should allow the transfer of the supporting elec
trolyte for maintaining electroneutrality and closing the circuit [10,11]. 
The most straightforward systems consist of porous membranes made of 
polymeric matrix of well-defined porosity, which have the advantage of 
being based on stable, low-cost polymers (e.g., polyethylene, poly
propylene). Such membranes are only a physical barrier for the cross
over of species, and the problem of ion selectivity is still unsolved.
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The most used approach to increase the selectivity of the crossing 
species is the incorporation of charged functional groups in the poly
meric chain. The resulting membranes are called Ion Exchange Mem
branes (IEM) [12]. Ion transport through IEMs is governed by the 
interaction between the membrane’s fixed charged groups and mobile 
ions in solution. These membranes are composed of polymers func
tionalized with ionic groups, which act as exchange sites. When hy
drated, the membrane forms microscopic channels filled with water, 
allowing ions to move through. The transport mechanism primarily in
volves ionic conduction eased by electrostatic interactions: oppositely, 
charged ions are attracted to the fixed groups, replacing mobile 
counter-ions. For cation-exchange membranes (CEMs), negative func
tional groups (as –SO3

− , –COO− , –PO3
2− , –PO3H− , –C6H4O− ) selectively 

bind cations, enabling their transport while repelling anions. 
Conversely, anion-exchange membranes (AEMs) have positive func
tional groups (such as –NH3

+, –NRH2
+, –NR2H+, –NR3

+, –PR3
+, –SR2

+) that 
selectively transfer cations [13–15].

Ion mobility within the membrane depends on several factors, 
including hydration level, pore size, and the strength of electrostatic 
interactions. Higher water uptake increases pore size and ion mobility 
but can also reduce selectivity by allowing co-ions or neutral molecules 
to pass through. Ion transport mechanisms include hopping processes, 
where ions move between adjacent sites by breaking and reforming 
hydration shells. As an example, for protons, the Grotthuss mechanism 
plays a significant role, involving rapid proton hopping along hydrogen 
bonds in the membrane’s hydrated network [16].

1.2. Membrane test procedures

There are several key-indicators for assessing membrane perfor
mance [11,17–22]. Aside from chemical, thermal, mechanical and 
electrochemical stability, a good ionic transport through the membrane, 
i.e. high ionic conductivity, reduces ohmic polarization, with the 
resulting enhancement of cell (and battery) energy. In addition, low 
resistance allows the use of high currents, improving battery power. The 
ionic conductivity is related to the areal resistance of the membrane that 
can be measured by electrochemical impedance spectroscopy over a 
wide frequency range. The membrane permeability is usually evaluated 
by measuring the static diffusion of ions across the membrane that 
separates the two compartments of an H-cell with solution at different 
concentrations. In vanadium RFBs, UV–visible absorbance spectra of 
electrolyte samples at various times, allow the calculation of the con
centration values by using Fick’s and Lambert-Beer’s laws. It must be 
considered that this approach is not suitable for highly concentrated 
solutions because the relationship between absorbance and concentra
tion is no longer linear. Furthermore, the ion diffusion could be influ
enced by picking up electrolyte sample aliquots for the analysis due to 
generated convective motions in the cell.

Also swelling and electrolyte uptake, which are intrinsic properties 
of the polymer membrane in presence of a certain electrolyte solution, 
affect the ion transport through the membrane and can increase the 
unwanted permeability (crossover) of the redox species. Membranes 
with a higher selectivity, such as ion exchange membranes, may 
decrease crossover although sometimes at the expense of ion conduc
tivity. Ion exchange capacity is an important parameter describing the 
ionic transport properties of an IEM, which is defined as the milli
equivalent ion-exchange groups in a gram of dry membrane, and is 
usually evaluated in a static cell, just like ion permeability. These 
measurements characterize the performance of separators in the pres
ence of a specific electrolyte system. Thus, they do not give any infor
mation about the selectivity of single redox species [23,24]. It is also 
possible to evaluate membrane overall performance in a redox flow cell 
by galvanostatic charge and discharge cycles. Even if these tests are 
mandatory when evaluating membranes, galvanostatic charge and 
discharge cycles are influenced by many other parameters (e.g., charge 
transfer resistances, adhesion problems at the current collectors, 

chemical stability of the cell components, parasitic reactions at the 
electrodes). In addition, membrane behavior inside RFB depends on 
operation parameters like temperature and electrolyte flow and 
composition. For this reason, electrochemical cell tests give only a 
comparative and indirect evaluation of membrane performance [22,25].

1.3. Scanning electrochemical microscopy for permeation studies

Scanning electrochemical microscopy (SECM) can be a powerful 
technique to investigate the permeability of the membranes. SECM 
employs microelectrodes as probes to get electrochemical information 
while approaching or scanning the surface of the substrate of interest 
[26]. The use of microelectrodes offers several advantages for electro
chemical measurements (e.g. the possibility to characterize 
micro-domains, fast steady-state achievement of the signal and dimin
ished ohmic potential drop). The precise positioning of the probe, via 
SECM nano and micro-positioning systems, guarantees the achievement 
of high spatial resolution. SECM is extremely versatile and is widely used 
for the investigation of numerous processes, such as corrosion [27], 
electrocatalysis [28], and for the study of biological systems [29–31]. In 
the field of membrane permeability processes, SECM was previously 
used by Jadi et al. [32] to explore the morphology and physicochemical 
features of Nafion/polyaniline composite membranes, meant to be used 
as solid electrolytes in direct methanol fuel cells. Jadi and colleagues 
performed SECM measurements using a microelectrode as a probe to 
check through cyclic voltammetry the permeation of methanol at a fixed 
distance (100 μm) from the membrane between two points (center and 
outer zone of the target). Previously, Scott and colleagues [33] deter
mined the porosity of mica membranes and imaged potassium ferrocy
anide flux through 1.3 μm pores in the mica membrane. The study 
confirmed that the pretreatment of the Nafion membrane with poly
aniline reduced the methanol crossover. In the field of redox flow bat
teries, SECM was principally used i) to quantify the rates of molecular 
transport through porous films on conductive substrates in 
polymer-based RFBs, [34] as these batteries lifetime is correlated to the 
uptake of ions into the polymeric film, or ii) it was coupled with in situ 
Raman spectroscopy to quantify the chemical rates of decomposition 
and to identify the reaction intermediates of redox active molecules that 
constitute the anolyte/catholyte in non-aqueous RFBs [35]. To the best 
of our knowledge, SECM has not been applied so far to study permeation 
of membranes employed as separators in RFBs. The aim of the present 
contribution is to develop a novel procedure to investigate the perme
ability of separators for RFBs. The method described here allows us to 
measure concentration profiles of the active species permeating through 
the membrane as a function of both distance from the membrane and 
time, enabling us to disentangle the various processes occurring across 
space and time. This knowledge is crucial for understanding the effects 
of species permeation and must be considered when designing electro
chemical cells - for example, in deciding the optimal electrode-separator 
distance or shaping electrode geometry. To the best of our knowledge, 
this is the first example of using concentration profiles obtained through 
SECM scans to evaluate the permeability performance of a membrane 
designed for redox flow battery applications.

To showcase its viability, SECM was used as the principal tool to 
investigate and characterize the crossover of cupric ions through com
mercial and modified membranes meant to be used in the construction 
of a copper-based redox flow battery (CuRFB), here considered as a case 
study. In this technology, when charging the battery, the electro
chemical conversion of cuprous cation to cupric cation occurs in the 
positive compartment as showed in the reaction (1), while in the 
negative compartment the metallic copper deposition takes place, as for 
reaction (2). The reverse reactions occur upon discharge. 

+)Cu2+ + e− ⇌
discharge

charge
Cu+ (1) 
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− )Cu0 ⇌
discharge

charge
Cu+ + e− (2) 

During battery charge, the Cu2+ permeation in the negative half-cell 
leads to the dissolution of the copper deposit according to the compro
portionating reaction (3), which results in the battery’s self-discharge 
and in the unbalance of the electrolyte [36,37]. 

Cu2+ + Cu0⇌2Cu+ (3) 

In previous studies on CuRFB system, a low-cost porous separator 
like Daramic was used, but the low selectivity led to high self-discharge 
rates (e.g., 3 mA cm⁻² at 50 % SOC) and charge imbalance, requiring 
operation at >50 mA cm⁻² for acceptable current efficiency (CE) at the 
cost of reduced energy efficiency (EE) [22]. To address these issues, 
IEMs were evaluated as alternatives in CuRFB. The FAP-330 AEM 
demonstrated higher conductivity (12 mS cm-1 in 0.5 M H2SO4, lower 
thickness (27–33 µm), and significantly improved CE (>85 %) by 
reducing Cu2+ crossover. As a result, the FAP-330 membrane achieved 
an average EE of 73 %, higher than Daramic (47 %) [38]. 
SPEEK-modified membranes have been investigated to evaluate the 
feasibility of an in-house method for improving porous membranes. 
SPEEK was chosen as a promising alternative to traditional per
fluorosulfonic acid membranes due to its exceptional thermal stability, 
robust mechanical properties, and adjustable proton conductivity [21,
39,40].

We designed a specific electrochemical cell in which the membrane 
separates copper(II) chloride and calcium chloride solutions. We per
formed cyclic voltammetries (CVs) with a Pt microelectrode at a fixed 
distance from the membrane in a calcium chloride solution. Addition
ally, probe scan curves (PSCs) were used to spatially resolve the con
centration of the permeating cupric ion in the calcium chloride solution, 
resulting from their diffusion through the separator. We interpreted the 
behavior of the different membrane types in terms of ion permeability 
and hydrophobic features by matching the experimental results with 
quantitative simulation of the diffusional properties of the separators 
with finite elements simulations.

2. Experimental section/methods

Materials. Copper (II) chloride dehydrates (99.99 + %) and calcium 
chloride (≥99 %, ACS reagent) were purchased from Merck. The re
agents were used to prepare 0.05 M solutions in deionized water. The list 
of commercial and modified membranes studied in the present work is 
reported in Table 1, where also the measured wet and dry membrane 
thicknesses are reported. Membrane modifications with sulfonated 
polyether ether ketone (SPEEK) have been previously described in the 
literature [40]. Daramic® supports were cut and coated with solutions 
containing sulfonated polyether-SPEEK to obtain loadings of 50 and 100 
%. To prepare the SPEEK membranes, 12.5 % wt % solid SPEEK was 
added into 10 mL DMF vials and magnetically stirred for 24 h to form 
homogeneous solutions suitable for casting. The solution was cast on the 
Daramic membrane and left drying for 24 h in air and then put in the 
oven at 80 ◦C for 24 h. These membranes are named Dar-SP50 and 
Dar-SP100.

Electrochemical Instrumentation. All electrochemical measurements 
were carried out with an electrochemical workstation 910B SECM (CH 
Instruments) coupled with a Nikon ECLIPSE Ti (phase contrast and 
fluorescence) inverted optical microscope. The stepper motors and the 
piezoelectric components of the 910B CHI instrument for the micro
electrode positioning were removed from the original stage and moun
ted on the plate of the inverted microscope.

Electrochemical cell and electrodes. A SECM cell was specifically 
designed to separate the two different solutions of the half-cells with a 
membrane, as reported in Fig. 1A. The solutions were not in contact, and 
any passage of the ions from one compartment to the other could only 
occur through the membrane. The bottom part of the cell was filled with 
0.05 M CuCl2 solution as a copper source, while the upper part of the cell 
was filled with 0.05 mM CaCl2. Equal concentration contributes to 
minimizing the osmotic contribution to mass transport.

Electrochemical measurements were carried out in three-electrode 
configuration, comprising a 10 µm diameter Pt disk microelectrode 
(CHI116 10 µm diameter Pt SECM tip) as working electrode (WE), a 
platinum wire as counter electrode (CE) and an Ag/AgCl (KCl 3 M) 

Table 1 
List of the tested membranes.

Label Membrane Type Thicknessdry Thicknesswet Supplier

Dar Daramic Porous 900 µm 900 µm Daramic®
FAP330 Fuma Tech FAP-330 AEM 33 µm 40 µm Fuma Tech
FS950 Fuma Tech FS-950 CEM 50 µm 60 µm Fuma Tech
Dar-SP50 Daramic+SPEEK Porous+CEM 1143 µm 1147 µm ​
Dar-SP100 Daramic+SPEEK Porous+CEM 1026 1010 -

Fig. 1. (A) Scheme of SECM electrochemical cell and (B) SECM configuration used to study the membranes.
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(CHI111 Ag/AgCl Reference Electrode w/ porous Teflon Tip) as refer
ence electrode. The microelectrode was polished prior to use with 
abrasive diamond paper on a glass support, followed by sonication for 
some seconds in a sonicator bath. Counter electrode was polished with 
alumina (diameter 1 µm and 0.05 µm) and deionized water before use. 
The measurements were repeated at successive times for each of the six 
investigated membranes.

Electrochemical measurements. The permeation of the species is fol
lowed as a function of the faradic current due to the permeated species 
recorded at the microelectrode. Cyclic voltammetries (CVs) were per
formed with the probe in the upper solution (0.05 M CaCl2) at 4 mm 
distance (z axis direction, perpendicular respect to the electrochemical 
cell) from the membrane, to investigate the Cu2+ permeation through 
the membrane into the bulk of the solution (Fig. 1B-i). The potential 
range used for CVs was − 0.4 to 0.8 V vs Ag/AgCl (3 M KCl). PSCs were 
recorded at 25 µm s-1 with the microelectrode in the upper solution (0.05 
M CaCl2) at the potential of 0.1 V vs Ag/AgCl (3 M KCl) starting from 4 
mm of distance and approaching the surface of the membrane (Fig. 1B- 
ii). The approach curves were measured at the center of the membrane. 
All the data were elaborated using Origin 9 Pro program and cut at the 
distance of 2 mm. The spatial resolution is 0.5 µm and the time resolu
tion is 20 ms.

Contact Angle Measurements. Static contact angle measurements were 
performed on the selected membranes using a KSV CAM101 instrument 
under ambient conditions by recording the side profiles of electrolyte 
drops for image analysis. The shape of the drop was recorded in a time 
range of 10 s by collecting an image every 0.2 ms. At least five drops for 
each sample were tested.

Finite Element Simulations. Finite element simulations of copper 
diffusion across Dar and Dar-SP100 membranes were performed with 
COMSOL Multiphysics software 6.0. A planar section of the electro
chemical cell was modelled considering Dar and Dar-SP100 membranes 
thickness. The Model Builder tool of COMSOL was employed to define 
geometries of the model as shown in Fig. S1A: the lower and upper 
compartments of the electrochemical cells had lateral dimension and 
height of 10 mm, while the thickness of the separators was defined in 
accordance with the thickness of Dar and Dar-SP100 membranes 
measured in wet conditions (Table 1). Initial conditions were set in 
accordance with the experimental measurement, with [Cu(II)] = 50 mM 
in the lower compartment and [Cu(II)] = 0 in the upper compartment of 
the electrochemical cell. Diffusion of copper was simulated using the 
time dependent modelling for the “Transport of diluted species” physics 
as defined in the COMSOL software. In particular, the general differ
ential formulation of the Fick’s Second Law was employed: 

δci

δt
+∇⋅ji + u⋅∇ci = Ri (4) 

ji = − Di∇ci 

with the following definitions: ci the copper concentration at a given 
point in the space, ji the flux of copper, u the velocity vector of the fluid, 
∇⋅ji the divergence of the flux, Di the coefficient of diffusion of copper, Ri 
the reaction rate. No convection was considered in our simulation, thus 
setting u = 0.

Fick equations were solved from 0 to 24 h at defined time points and 
the copper concentration profiles in the upper compartment were 
evaluated at the spatial coordinates defined by the red line shown in 
Fig. S1C. Boundary conditions were set with no flux at all the segments 
of the external perimeter of the geometrical model of the cell (as shown 
in Fig. S1D), while instead flow was allowed at all the remaining 
boundaries between the various cell compartments and the separators. 
When solving Fick’s second law differential equations, the Backward 
Differentiation Formula (BDF) solver was employed, with maximal and 
minimum BDF order of 2 and 1, respectively; Backward Euler initiator 
was employed with Euler fractional step of 0.001. Tolerances were 
globally scaled automatically with a 0.1 factor. The diffusion of copper 

was simulated using the time dependent modelling for the transport of 
diluted species as defined in COMSOL package. Diffusion coefficient for 
copper in water Dm = 1.2⋅10–9 m2s-1 in the lower and upper compart
ments were obtained from the literature [40]; Diffusion coefficient of 
copper in the membrane compartment instead was adjusted in the 
simulations to approximate concentration profiles of copper in the upper 
compartment experimentally obtained at 8 and 24 h. Triangular mesh
ing was defined, with increasing mesh density at the boundaries be
tween the upper compartment and the membrane. Meshing used both 
for Dar and Dar-SP100 membranes are shown in Fig. S1B. 
Physics-controlled mesh option was enabled for meshing definition, 
which resulted in homogenous meshing with mesh elements dimensions 
in the 0.03–0.67 mm for the upper and lower compartments. Mesh 
densities were increased in the space defined by the separator and the 
first 2 mm of the upper compartment at the boundary with the separator, 
to gain better description of the much faster changing copper gradients 
experimentally seen in these regions. In this latter part, equilateral 
meshing geometry was applied with the following parameters: 
minimum-maximal element dimension, 0.0015–0.13 mm; maximal 
element increase ratio, 1.08; curvature factor, 0.25.

3. Results and discussion

3.1. SECM study of commercial and modified separators

Scanning electrochemical microscopy was used to investigate the 
permeation of Cu2+ species through a variety of commercial and in- 
house modified membranes, in view of their use as separators in CuRFBs.

Fig. 2A shows CVs recorded 24 h after cell assembly. The presence of 
redox peaks associated with copper species in the CVs of the bulk so
lution confirms that Cu²⁺ permeated through the separator from the 
lower to the upper compartment. The reduction peaks observed between 
0.2 V and − 0.1 V and from − 0.1 V to − 0.4 V vs. Ag/AgCl (3 M KCl) are 
ascribed to the Cu²⁺/Cu⁺ and Cu⁺/Cu reduction processes, respectively. 
The presence of a broad Cu²⁺/Cu⁺ voltammetric signal suggests that Cu+

species are slightly stabilized in solution. It has already been reported 
that Cu+ stabilization is strongly influenced by chloride availability 
[42]. In the lower compartment of the presented system, where Cu2+ is 
present, its concentration is 50 mM, while chloride concentration is 100 
mM, resulting in a Cu:Cl ratio of 1:2. In the upper compartment, the 
chloride concentration is 100 mM is present, whereas the copper con
centration is determined only by the copper species diffusing through 
the membrane, leading to a significantly higher Cu:Cl ratio (~1:30), 
which favors Cu+ stabilization. The oxidation peak at 0.01 V is attrib
uted to the anodic stripping of copper from the Pt microelectrode surface 
that produces Cu+ as cations absorbed at the electrode (Cu(ads)

+ ) and 
dissolved in solution (Cu(sol)

+ ), while redox signals in the 0.1–0.3 V range 
can be due to the Cu⁺/Cu²⁺ oxidation processes. The latter consists of two 
signals that we ascribed to the oxidation of Cu(ads)

+ and Cu(sol)
+ to Cu2+

[43]. These latter peaks are absent in the CVs of Dar-SP100 and FAP330 
membranes (Fig. 2A), likely due to the lower Cu²⁺ concentration 
reaching the bulk solution in the upper compartment. For the PSC 
measurements, the potential of 0.1 V vs. Ag/AgCl (3 M KCl) was chosen, 
as copper deposition does not occur at this potential. This is confirmed 
by the absence of any current decrease that would have been present if 
Cu deposition had occurred on the ultramicroelectrode (UME) surface, 
increasing its effective area. As shown in Fig. 2B, after 24 h a stationary 
concentration of copper in the upper compartment was measured for all 
the membrane types. This could be inferred by the shape of PSCs of 
Fig. 2B, in which the reduction currents did not show a relevant increase 
at this time point in proximity of the membrane surface (last 100 μm 
from the membrane surface of PSC) as observed for shorter time points 
(see for example for the Daramic membrane Figs. 3A and 3B). Reduction 
currents recorded in the bulk were relevantly different among the 
membranes. To better appreciate these differences, the corresponding 
concentration curves are plotted in Fig. S2, by using copper diffusion 
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coefficient Dm = 1.2⋅10–9 m2s-1 from literature [41] and the steady state 
equation (eq. S1) of the currents measured with a disk microelectrode. 
The copper concentration after 24 h was verified by measuring the 
absorbance at 870 nm of the solutions at the end of the measurements 
(Table S1). The concentration values are comparable with those evalu
ated by PSCs. Daramic porous membrane showed the worst performance 
as separator, as the Cu2+ concentration inside the bulk solution after 24 
h resulted to be the highest. The lowest copper(II) concentrations were 
observed for the FAP330, FS950 and Dar-SP100 membranes, as 
confirmed by CVs in Fig. 2A. Interestingly, Dar-SP100 permeability to 
Cu2+ cations decreased because of modification with SPEEK. The 
thickness of the SPEEK layer does not seem to play a significant role, as 
the values measured for wet membranes (Table 1) were not correlated 
with Cu2+ concentrations resulting from SECM in the upper compart
ment. On the contrary, results could be rationalized in view of some 
membrane molecular descriptors such as wettability and ion exchange 
typology. The wettability of the membranes involved in the study was 
evaluated by contact angle measurements (Fig. S3-S4) and considered a 
relevant parameter in copper cations permeation, as membranes should 
be wettable to sustain ion conductivity. FAP330 AEM allows anionic 
transport and hinders cations in crossing the membrane. Additionally, it 
showed one of the highest contact angles, i.e., around 80–86◦ (Fig. S3C), 
suggesting high hydrophobicity of its surface, making FAP330 one of the 
most efficient separators among the tested ones. Dar-SP100 and FS950 
allows the passage of cations, as it is appreciable from the CVs and PSCs 
reported in Fig. 2A-B. However, FS950, among the tested membranes, is 
one of the less wettable, with a contact angle higher than 80◦ (Fig. S3B), 

which indicates high hydrophobicity of its surface. SPEEK modification 
also seemed to increase the hydrophobic feature of the Daramic mem
brane: bare Daramic in fact presented hydrophilic features, with contact 
angles around 50◦, but after SPEEK modification its hydrophobicity 
increased relevantly (Fig.s S3A and S3D-E) as suggested by contact 
angle measurements, which reached 70–75◦. These results demonstrate 
that the best performances as separators measured by SECM for FAP330, 
FS950 and Dar-SP100 membranes were correlated to lower wettability 
of these materials, together with ion exchange capability. These results 
for commercial membranes are consistent with electrochemical test 
previously performed in the CuRFB system [11,38].

To better investigate the interesting behavior observed for Daramic 
membranes after SPEEK modification we performed further analyses on 
Daramic and Dar-SP100 separators.

3.2. Impact of SPEEK modification on Daramic permeability to cupric 
cation

Bare Daramic and its SPEEK-modified counterpart Dar-SP100 were 
selected to evaluate the potential of SECM for monitoring the diffusion 
of active species over time. PSCs and CVs were measured at 0, 2, 4, 8 and 
24 h from the final assembly of the electrochemical cell. The results for 
Dar membrane are reported in Fig. 3A, where the CVs showed that Cu2+

concentration in the upper compartment of the electrochemical cell 
gradually increases with time. Currents related to cupric and cuprous 
reduction processes at negative potentials, below − 0.25 V vs Ag/AgCl (3 
M KCl), progressively increased from 0 to 24 h, as also those related to 

Fig. 2. CVs and PSCs of Pt microelectrode in the SECM cell recorded 24 h after the calcium chloride and copper solutions were placed in contact with the different 
separators. (A) CVs at 50 mV s-1 and 4 mm far from the membrane. (B) PSCs at 25 μm s-1.

Fig. 3. CVs and PSCs of Pt microelectrode in the SECM cell recorded in time intervals between 0 and 24 h after the calcium chloride and copper solutions were placed 
in contact with the separator. (A) CVs at 50 mV s-1 and 4 mm far from Daramic membrane. (B) PSCs at 25 μm s-1.
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copper stripping process at the electrode, that could be appreciated 
between 0.01 and − 0.04 V vs Ag/AgCl (3 M KCl). The CV recorded at 24 
h (Fig. 3A) as compared to that recorded immediately after the assembly 
of the electrochemical cell (Fig. 3A) shows that Cu2+diffused extensively 
to the upper compartment, as can be inferred from the Cu+/ 
Cu2+oxidation processes observed at around 0.05–0.25 V vs Ag/AgCl (3 
M KCl). All the peaks of CVs are deeply described in Fig. 2A. The 
additional oxidation peaks visible in 24 h are absent in the CVs recorded 
at shorter times, likely due to the lower Cu²⁺ concentration reaching the 
bulk solution in the upper compartment. The PSC (Fig. 3B) recorded by 
progressively approaching the surface of the Daramic membrane start
ing from 2 mm from the surface of the separator, reported on the con
centration profiles of copper cations established in the upper 
compartments due to their diffusion in this compartment through the 
Daramic separator. After 2 h, an increase of current by approaching the 
separator surface could be clearly measured (the increase started 
approximately at 300 µm from the substrate) due to the increase of 
copper ion concentration when getting closer to the copper ion source. 
The rapid decrease of the currents in close proximity of the membrane is 
not due to changes in the copper ion concentrations, but is a typical 
behavior observed in SECM measurements when approaching a physical 
surface that hinders the redox specie diffusion to the microelectrode 
probe [44]. In fact, the diffusion of the copper ions in the membrane is 

much lower than the one in the aqueous media of the measured 
compartment. This behavior for PSCs, has been largely reported in the 
literature for other systems [39]. The increase of copper ions near the 
separator at 2 h supports the hypothesis that initially the Daramic 
membrane behaved as a reservoir of copper from which copper diffusion 
takes place. This phenomenon diminishes over time, as the concentra
tion profiles are shaped as expected from the theory of the dilute species 
diffusion from a donor compartment and through a low diffusion 
separator membrane. This is evidenced by the PSC at 24 h (Fig. 3B), 
indicating that stable flux is approximately achieved in the upper 
compartment by this time. The increase in current over time at 2000 µm 
is attributed to the concentration increase in the solution. Daramic 
membrane allows a slow, but not negligible crossing of the cupric ion 
species.

Finite elements simulations were performed to simulate the overall 
permeation process and to estimate diffusion coefficients of cupric ion 
through the Daramic separator. The geometry of the electrochemical cell 
was simulated as shown in Fig. S1. Fig. 4A displays the magnification of 
the simulated gradients of Cu2+in the system obtained by employing the 
diffusion constant (D) of copper ion in the Daramic separator that best 
approximated the PSC at 24 h. More details on the characteristics of the 
simulated systems and on COMSOL modelling analysis are reported in 
Supplementary Information and in Fig. S5. PSC curves measured from 

Fig. 4. Simulation of concentration gradients of Cu2+ in the proximity of the Daramic separators after 24 h (A). Concentration profiles obtained from PSCs (B). 
Concentration profiles of Cu2+ after 8 h (C) and 24 h (E) and corresponding COMSOL simulations (D,F).

S. De Zio et al.                                                                                                                                                                                                                                  Electrochimica Acta 533 (2025) 146468 

6 



0 to 24 h are reported in Fig. 4B that shows the number of species that 
crossed the Daramic membrane progressively increasing over time. 
Simulations were carried out for finding the diffusion coefficients and, 
hence, the permeability of copper ions in the Daramic separators. The 
simulations were iteratively refined to accurately reproduce the con
centration profiles measured by SECM. The lower and upper value of the 
diffusion coefficient ranges were determined as the D values that best 
approximate PSC at 8 and 24 h (Fig. 4C and 4E) in the first 200 µm far 

from the separator in the upper compartment of the cell. Residual dif
ference between the PSC and the modelled copper concentration profiles 
were minimized, and we obtained from a minimum of 0.001 mM to 0.05 
mM residual discrepancies for the four D estimated (Dar and Dar-SP100 
at 8 and 24 h). The value of D = 4⋅10–12 m2s-1 was estimated as the one 
that best approximated PSC at 8 h (Fig. 4D), while D = 5⋅10–12 m2s-1 

(Fig. 4F) best approximated PSC experimentally measured at 24 h.
Fig. 5 shows the results of SECM analysis of Dar-SP100. The CVs 

Fig. 5. CVs and PSCs of 10 μm Pt microelectrode in the SECM cell recorded in time intervals between 0 and 24 h after the calcium chloride and copper solutions were 
placed in contact with the separator. (A) CVs at 50 mV s-1 and 4 mm far from Dar-SP100. (B) PSCs at 25 μm s-1.

Fig. 6. Simulation of concentration gradients of Cu2+ in the proximity of the Dar-SP100 separators after 24 h (A). Concentration profiles obtained from PSCs (B). 
Concentration profiles of Cu2+ after 8 h (C) and 24 h (E) and corresponding COMSOL simulations (D,F).
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recorded in the bulk solution from 0 to 24 h from the complete assembly 
of the electrochemical cell are reported in Fig. 5A. Both reduction and 
oxidation currents in general were lower than those recorded in the 
presence of the bare Daramic membrane. The CV after 24 h, in addition 
to the typical deposition-stripping signals, shows only the oxidation 
peak attributed to the oxidation of the Cu(ads)

+ to Cu2+, as already seen in 
Fig. 2A. This behavior can be attributed to lower amounts of Cu2+that 
pass through the Dar-SP100 from the CuCl2 solution in the lower 
compartment towards the upper one. As mentioned before, the SPEEK 
modification limits the Daramic membrane wettability, thus influencing 
the charge carrying. For all the tested membranes, the reduction current 
of Cu2+reaches the highest value after 24 h (Fig. 5A). This result was also 
confirmed by the PSC recorded at 0.1 V vs Ag/AgCl (3 M KCl) at the 
same time point of the CVs (Fig. 5B). It is worth noting that for the first 8 
h the approach curves show a slight increase of the reduction currents 
while the Pt working microelectrodes get closer to the membrane sur
face. The increase of the bulk currents measured far from the membrane 
was smaller than those measured for the bare Daramic membrane, as 
evident also from CVs. This emphasizes the lower permeability of this 
membrane to the active species. The curve recorded after 24 h (Fig. 5B) 
shows that the bulk reduction currents relevantly increased as compared 
to previous time points; this can be attributed to the increased hydro
phobicity of the Daramic membrane after the SPEEK modification.

Fig. 6A reports the copper concentration gradients simulated for Dar- 
SP100 separator at 24 h. As shown in Fig. 6B, the concentration of the 
copper species in the upper compartment is relatively low and the cur
rents increase gradually as the substrate is approached. PSCs and the 
correspondent COMSOL simulations at 8 and 24 h are reported in 
Figs. 6C-E and 6D-F, respectively. The concentration profile at 24 h did 
not change from the bulk to the surface of the membrane, indicating that 
the system approximately reached equilibrium. COMSOL simulations 
returned a range of D values that best approximate 8- and 24-hours PSCs 
of 2.5⋅10–12 and 3⋅10–12 m2s-1.

In summary, the presented method gave a direct measurement of the 
copper concentration profiles for the Dar and Dar-SP100 separators and 
a quantitative comparison of copper diffusion coefficients and perme
abilities in the two membranes, as summarized in Table 2, where the 
ranges of these values are reported. In addition, we evaluated the 
accumulation rate of the copper ions at 2 mm from the membrane at 24 h 
(

d[Cu2+]
dt (2mm,24h)

)

, as reported in the Table 2.

The simulation results are consistent with the experimental obser
vations, and as expected the SPEEK coating on the Daramic results in a 
beneficial impact reducing the membrane permeability to Cu2+. More
over, they offer a powerful tool to explore the system behavior in 
timeframes that are experimentally inaccessible, thus extending the 
insight beyond the limits of direct measurements.

4. Conclusions

All RFBs are affected by self-discharge issues when active species 
cross the membrane of the cell. For this reason, the performance as 
separators of membranes used in redox flow batteries are important to 
prevent this phenomenon. In our investigation, we developed a new 
method to investigate membrane permeability to specific active species. 

The presented method integrates a dual-compartment electrochemical 
cell tailored for the selective detection of Cu²⁺ ions migrating across 
different membranes. This setup, along with time-resolved probe scans 
and voltammetric measurements, enabled a direct and spatially resolved 
assessment of active species crossover.

Among the tested membranes, FAP330, FS950, and Dar-SP100 
showed the most effective suppression of Cu²⁺ transport over 24 h, 
correlating with their surface hydrophilicity as evaluated via contact 
angle measurements. Furthermore, the SPEEK-modified Daramic mem
brane exhibited improved retention capabilities, highlighting the 
benefit of targeted surface modification.

To complement the experimental findings, finite element method 
(FEM) simulations were used to estimate the diffusion coefficients of 
Cu²⁺ through selected membranes. These simulations, based on experi
mental probe current profiles and temporal evolution of concentration 
gradients, allowed a quantitative comparison between bare and modi
fied membranes. Specifically, the diffusion coefficient derived for the 
SPEEK-modified Daramic membrane was significantly lower than that of 
the unmodified counterpart, confirming the impact of the modification. 
While additional validation and refinement of the simulation model are 
ongoing, these preliminary results support the potential of FEM as a 
complementary tool for separator evaluation.

This work proves that the integration of SECM analyses and finite 
element simulations is a powerful approach to support the choice and 
the development of separators, which could enable relevant improve
ments in the efficiency of the redox flow batteries.
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Table 2 
Ranges of copper ion diffusion coefficients, permeabilities and accumulation 
rates at 24 h and 2 mm far from the membrane in the upper compartment for Dar 
and Dar-SP100.

Membrane Diffusion 
coefficient, D / 
10–12m2s-1

Permeability, P / 
10–9ms-1

d[Cu(II)]
dt

(2mm,

24h), / µMh-1

Dar 4 ÷ 5 4 ÷ 6 70÷ 90
Dar-SP100 2.5 ÷ 3 2.5 ÷ 3 30÷40
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