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A B S T R A C T   

Cost-effective dense membranes were developed by blending proton-conductive sulfonated poly(ether ether 
ketone) (SPEEK) with inert, mechanically stable poly(vinylidene fluoride) (PVDF) for hydrogen-bromine flow 
batteries (HBFBs). Wire-electrospinning followed by hot-pressing was employed to prepare dense membranes. 
Their properties and performance were compared to solution-cast membranes of similar composition and 
thickness. Electrospinning improved the ionic conductivity and bromine diffusion properties by providing 
interconnected ion-conductive SPEEK nanofiber pathways through a PVDF matrix. Relatively thin (~50–60 μm) 
electrospun membranes with a SPEEK/PVDF ratio (wt%/wt%) of 90/10 and 80/20 showed comparable Br3

−

diffusion rates as the relatively thick and commercially available perfluorosulfonic acid (PFSA) membrane 
(~100 μm) at a 35%–42% lower proton conductivity. The latter can be attributed to the poorer ion conductivity 
of SPEEK compared to PFSA and the presence of PVDF. The HBFB single cell featured the best polarization 
behavior and ohmic area resistance with the electrospun membrane containing 80/20 (wt%/wt%) SPEEK/PVDF. 
However, the low thickness and insufficient chemical/mechanical stability of the ES 80/20 causes a rapid decay 
in the HBFB cycling performance. This study promotes a life-time comparison study between the low-cost wire- 
electrospun SPEEK/PVDF blend membranes (~€100 m− 2) and the typically used PFSA membranes (~€400 m− 2) 
for a long-term HBFB performance.   

1. Introduction 

The worldwide demand for electricity production is anticipated to 
double by the next thirty years [1]. At the same time, global electricity 
consumption is expected to be less dependent on fossil fuels due to their 
environmental and safety problems as well as resource limitations [1,2]. 
This has inspired the generation of clean energy from renewable sources 
such as wind and solar power. However, due to the intermittent nature 
of these energy sources, a large-scale storage system is required to 
reduce instabilities and to guarantee the continuous supply of electricity 
[2,3]. 

Electrochemical energy storage is a promising technology for large- 

scale energy storage due to its reliable energy output at low cost [2,4]. 
Among the electrochemical systems, redox flow batteries (RFBs) are 
cost-effective candidates combining a high response time with a more 
than 80% efficiency [5,6]. Moreover, their ability to separately monitor 
energy and power for tunable operation periods (1–20 years) within 
high safety standards makes RFBs suitable for large-scale applications 
compared to systems that store the electrochemical cell and electrolytes 
in a single confinement such as Li-ion batteries [5,7]. 

Among the RFBs, growing attention has been directed towards 
hydrogen-bromine flow batteries (HBFBs). The main advantage of 
HBFBs is their low system capital cost per kWh. This is due to abun-
dantly available hydrogen and bromine on a global scale, which 
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naturally makes them inexpensive active materials ($5.65 of HBr per 
kWh installed [8]). Additional factors contributing to the low storage 
costs of HBFBs are their high power density and fast kinetics of the 
electrochemical reaction between H2 and Br2 [9]. These features pro-
mote HBFBs as an advantageous electrochemical storage system to meet 
both cost and life-time targets [5]. 

HBFB systems consist of two separate tanks; one storing an aqueous 
HBr/Br2 solution as the liquid electrolyte and the other one storing H2 as 
the gaseous electrolyte. Both tanks continuously feed the reactants to an 
electrochemical cell. During discharge, H2 is oxidized to H+ on a catalyst 
coated gas diffusion electrode (GDE). The generated H+ ions permeate 
through a proton-exchange membrane (PEM) to the liquid side and react 
with Br2 to produce HBr. The overall electrochemical reaction is pre-
sented below [10]: 

H2 + Br2 (aq)
⇒
Discharge

⇐
Charge

2 HBr(aq) E0, cell = 1.098 V (1) 

Wang et al. [11] showed that Br2 rapidly dissolves in the HBr solu-
tion through the formation of tribromide (Br3

− ): 

Br2 + Br− ⇄
K
Br−3 (2)  

Where K = 16 is the equilibrium constant at 25 ◦C [11]. 
Contrary to the rapid bromine species reactions, the rate of hydrogen 

oxidation and evolution reactions (HOR/HER) heavily depends upon the 
presence of the catalyst at the GDE surface to enhance the performance 
and control the costs [12]. Platinum group metal (PGM) catalysts are 
highly active materials for the HOR/HER but they suffer from poisoning 
in the presence of HBr and Br2 [12,13]. To limit bromine species (mainly 
Br2 and Br3

− ) crossover to the hydrogen electrode, a PEM between the 
liquid and gas compartments is necessary. The presence of the PEM 
extends the lifetime of the catalyst and consequently, of the whole HBFB 
[13]. This PEM must have a high electrical resistance to prevent a shunt 
current between the electrodes [14]. Furthermore, the membrane 
should promote the transport of protons and hinder the migration of Br2 
and Br3-to the GDE [14,15]. 

Three key properties in the development of HBFB technology are a 
high peak power density (≥1 W cm− 2), a long lifetime (≥20 years) and 
low costs per kWh electricity supplied (≤0.40 $ kWh− 1) [8]. Power 
density is mostly influenced by the membrane area resistance, while the 
major element affecting the lifetime is the membrane ion selectivity i.e. 
bromine species crossover [10,14]. Although the overall cost of re-
actants in the HBFB is considered low, developing a low-cost mem-
brane-electrode-assembly (MEA) with long durability remains a 
challenge. Therefore, it is essential to optimize the balance between 
these crucial characteristics of the membrane being a high HBFB per-
formance and durability at competitive costs [10,14,15]. 

To improve the ion selectivity and area resistance of the membrane 
in hydrogen-bromine technology, multiple studies have been carried 
out. So far, these studies have been dedicated to the employment of 
perfluorosulfonic acid (PFSA) polymer (known as Nafion®) as a dense 
proton conductive membrane [5,9,10,14,16–18]. The distinct micro-
phase separation between the hydrophobic fluorinated backbone and 
the hydrophilic side chains of the PFSA membrane results in a controlled 
water uptake as well as a high ionic conductivity [19]. These are 
attractive characteristics to ensure an optimum HBFB energy capacity by 
protection of the PGM catalyst and by the enhanced coulombic effi-
ciency. Despite the proper proton conductivity and the resistance 
against bromine species, PFSA membranes exhibit a considerably high 
water uptake. This leads to a high bromine diffusion rate and subse-
quently the gradual poisoning of the hydrogen catalyst as well as 
decreasing the electrolyte concentration during charge [10,19,20]. The 
other challenge of PFSA membranes in an HBFB is their major cost 
contribution to the total material cost (reported as 38%) [9,21]. 
Therefore, it is necessary to develop alternative low-cost membranes 

with sufficiently good transport and durability properties. 
To understand the role of commercially available proton-exchange 

membranes with different polymer chemistries in HBFB commerciali-
zation, Hugo et al. [10] carried out a series of ex-situ and in-situ mea-
surements for nineteen different membrane samples. They observed that 
amongst the tested membranes, the reinforced long-chain PFSA (LC 
PFSA) membrane possessed the best tradeoff between water uptake, 
which controlled the amount of bromine species crossover, and area 
specific resistance (ASR). Sulfonated poly(vinylidene fluoride) (SPVDF) 
showed comparable ASR to LC PFSA at relatively similar ion exchange 
capacity (IEC) and water uptake values. However, SPVDF and 
hydrocarbon-based membranes, e.g. sulfonated polyethylene (SPE) and 
sulfonated poly(styrene-co-divinylbenzene) (PS/DVB) lacked the 
well-defined and narrow ionic pathways of LC PFSA and/or chemical 
stability to achieve the preferred HBFB performance (IEC ~0.8 meq g− 1 

and thickness <75 μm). 
Park et al. [15,20,22] investigated the properties and HBFB perfor-

mance of different composite membranes prepared using nozzle elec-
trospinning. They employed PFSA as the proton-conductive polymer and 
PVDF or poly(phenyl sulfone) (PPSU) as the inert mechanical rein-
forcement. Their findings indicated that electrospinning is an effective 
and cheap method to produce well-connected Nafion® pathways within 
the uncharged domains of PVDF or PPSU. This resulted in a superior 
membrane conductivity and selectivity compared to solution-cast com-
posite membranes with the same composition. Moreover, smaller 
quantities of Nafion® in the blend structure could be used, leading to 
reduced polymer costs. Nevertheless, the required presence of high-cost 
PFSA for proton transfer in the electrospun composite membranes re-
mains an issue. Additionally, nozzle electrospinning is still a relatively 
slow technique (0.1–1 g of fiber per hour can be achieved with a single 
nozzle [23]) to prepare the large amounts of electrospun mats with 
required membrane thicknesses. To strengthen the market position of 
HBFBs, an accelerated preparation method and low-cost non-PFSA 
conductive polymers are desired to develop competitive electrospun 
blend membranes. 

In this research, a new low-cost, blend proton-exchange membrane is 
developed. Sulfonated poly(ether ether ketone) (SPEEK), a commer-
cially available hydrocarbon-based proton-conductive polymer that is 
cheaper than Nafion® (resulting in a 27% reduction in the total material 
costs [9,21]) is used as conductive polymer. The proton transport of 
SPEEK is highly dependent on the water uptake when compared to 
Nafion® due to the less-interconnected hydrophilic domains [19]. The 
less hydrophobic backbone and the less acidic sulfonic acid functional 
groups of SPEEK compared to Nafion® lead to a smaller hydro-
philic/hydrophobic distinction [19]. Also, the water-filled domains of 
SPEEK are narrower and less frequently connected to the surrounding 
hydrophilic domains compared to Nafion®. These factors increase the 
possibility of water confinement in the dead-ended hydrophilic zones 
and consequently, limit the proton transport through the membrane 
[19]. Additionally, the relatively high water uptake of SPEEK is disad-
vantageous for the crossover of bromine species [14,22]. To reduce the 
water uptake without decreasing the proton transport, SPEEK can be 
blended with an inert polymer, e.g. polyethersulfone (PES) or PVDF [19, 
24]. Inspired by the previous research [15,20,22], PVDF is used as the 
low-cost, chemically and mechanically strong perfluorinated polymer 
(more than 200 times cheaper than Nafion® [25]) to prevent bromine 
species cross-over. Both polymers are blended and nanofiber 
wire-electrospinning is employed to synthesize blend porous membrane 
mats. By implementing the wire-electrospinning, hundreds of nanofibers 
are produced simultaneously which allow, compared to nozzle spinning, 
the production of orders of magnitude higher areas per unit time that 
can be directly translated into lower costs per m2 [26].” 

Subsequently, several electrospun layers were combined and hot- 
pressed to obtain dense, proton conductive blend membranes (Fig. 1). 
The effect of the SPEEK/PVDF ratio and the number and type of elec-
trospun layers in the final proton exchange membranes on the 
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membrane properties and performance was investigated. Results were 
compared to the properties and performance of SPEEK/PVDF blend 
membranes made by state-of-the-art solution-casting. 

2. Experimental 

2.1. Electrospinning SPEEK/PVDF blend nanofiber mats 

SPEEK/PVDF blend nanofiber mats were prepared by electro-
spinning blend solutions with different ratios of SPEEK (IEC 2.07 meq 
g− 1, degree of sulfonation (DS) ~ 75%, Fumion® E-500, Fumatech, 
Germany) and the copolymer vinylidene difluoride- 
hexafluoropropylene (Kynar powerflex® LBG, Arkema, France) in N, 
N-dimethylformamide (DMF, Acros Organics, 99%). Dope composi-
tions are listed in Table 1. 

Electrospinning was performed using a wire-electrospinning appa-
ratus (Nanospider NS LAB, Elmarco, Czech Republic). The relative hu-
midity and temperature of the electrospinning chamber was controlled 
(desiccant dehumidifier system (DDS) (ML270PLUS, Munters, The 
Netherlands)). The blend solutions were subsequently electrospun from 
a carrier moving along the working wire-electrode at a speed of 150 mm 
s− 1 with 80 kV applied voltage between the working and collecting 
electrode (working distance was set to 150 mm). Nanofibers were pro-
duced under 25 ± 1% relative humidity and 22 ± 0.5 ◦C. The distance 
between the collecting electrode and the substrate was 25 mm. Substrate 
collecting speed was fixed at 10 mm min− 1. 

2.2. Preparation of SPEEK/PVDF blend membranes 

2.2.1. Hot-pressing the electrospun SPEEK/PVDF blend nanofiber mats 
Different membranes were prepared by stacking 12 layers of 25–30 

μm thick electrospun mats. The nanofiber mats were appropriately ar-
ranged and stacked on top of each other following the composition 
summarized in Table 2. Afterwards, stacked layers were compressed 
together at 150 bar and 170 ᵒC for 600 s to produce transparent, dense 
membranes with a thickness range of 50–60 μm. To avoid any defor-
mation of the hot-pressed mats, the membranes were cooled down in the 
press with circulating cooling water at 150 bar for 180 s. 

2.2.2. Solution-casting 
Solution-cast SPEEK/PVDF membranes were prepared by dissolving 

the appropriate amounts of SPEEK and PVDF in DMF (Table 3). The 
blend solutions were cast on a glass plate using a doctor blade with a 
200 μm fixed thickness at ambient conditions. The cast solutions were 
dried in an oven at 60 ◦C for 24 h and then dried at 140 ◦C for 48 h [24]. 
The final thickness of the prepared membranes was 50–60 μm. 

Fig. 1. Illustration of the desired SPEEK/PVDF blend membrane microstructure: the sulfonated groups of SPEEK provide channels for proton transport, while the 
PVDF chains block bromine species cross-over. 

Table 1 
Dope compositions for electrospinning the SPEEK/PVDF blend nanofibers.  

SPEEK/PVDF 
ratio in solution 
(wt%/wt%) 

Total polymer 
concentration (wt 
%) 

SPEEK 
concentration (wt 
%) 

PVDF 
concentration (wt 
%) 

100/0 20 20 0 
80/20 20 16 4 
60/40 20 12 8 
50/50 20 10 10  

Table 2 
Stacking arrangement and compositions of electrospun mats in the final mem-
branes. : The cross-view of 100/0 SPEEK/PVDF nanofiber mat (25–30 μm); : 
The cross-view of 60/40 SPEEK/PVDF nanofiber mat (25–30 μm).  

Membrane Stacking arrangement of electrospun 
mats 

Final membrane 
arrangement and 
composition 

Cross-view of the 
repeating unit 

Number of 
repeating 
units per 
membrane 

Hot-pressed 
electrospun 
mats 

SPEEK/ 
PVDF 
ratio (wt 
%/wt%) 

ES 100/0 12 100/0 

ES 90/10 3 90/10 

ES 80/20 6 80/20  
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2.3. Membrane characterization 

2.3.1. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) 

The morphology of the membranes prepared as described before was 
characterized by scanning electron microscopy (SEM) (IT-100, JEOL, 
Japan) at an accelerating voltage of 15 kV. To obtain cross-sections of 
the membranes, dry samples were cryogenically fractured in liquid ni-
trogen. All measured samples were coated with platinum at 80 mA for 
80 s using a sputter coater (JFC-2300HR, JEOL, Japan) to prevent 
sample charging. Quantification of the element intensity, based on the 
EDS mapping profiles, was calculated with the software ImageJ. 

2.3.2. Ion exchange capacity and water uptake 
IEC quantifies the number of functional groups of a given membrane. 

The IEC was determined using acid-base titration as described by Park 
et al. [20] and calculated using the following formula: 

IEC =
N⋅V
mdry

(3)  

Where N (mol L− 1) and V (L) are the normality and volume of the NaOH 
titrating solution, respectively. Mdry (g) is the dry mass of the membrane. 

Membrane water uptake (%) was determined as follows. First, the 
sample was immersed in 4 M HBr for at least 24 h to ensure complete 
protonation. Then, the sample was washed multiple times with deion-
ized water to remove the excess HBr and wiped with tissue paper to 
remove the adhered water. The wet weight (g) and thickness (μm) of the 
wiped samples were measured using an analytical balance and a screw 
micrometer, respectively. The dry weight was determined after drying 
the wet membrane in an oven at 60 ◦C for 24 h. The water uptake was 
calculated using the following formula: 

Water uptake =

[
Wwet − Wdry

Wdry

]

× 100% (4)  

Where Wwet (g) and Wdry (g) are the membrane weight before and after 
drying at 60 ◦C, respectively. To exclude the influence of membrane 
thickness, IEC and water uptake were normalized by the wet thickness 
[10]: 

Normalized IEC
(
meq g− 1 cm− 1) =

IEC
twet

(5)  

Normalized water uptake
(
g g− 1 cm− 1) =

water uptake
100%⋅twet

(6)  

2.3.3. Proton conductivity and Br3
− diffusion rate 

Through-plane proton conductivity of the membranes was deter-
mined by AC impedance spectroscopy measurement (SP-150 potentio-
stat, Bio-Logic, France) using a gold-stainless steel two-electrode cell 
with a radius of 1 mm (LEPMI, Grenoble INP, France). The membrane 
sample was immersed in 4 M HBr for 24 h before the measurement and 
washed thoroughly with deionized water before being clamped between 
two electrodes in a wet state. 

AC impedance characterization was performed at constant voltage 
with 10 mV sinus amplitude and a frequency range of 10,000 Hz–0.2 Hz. 

The formula for the calculation of proton conductivity is shown below: 

σ =
L

(Rtotal − Rblank)⋅A
(7)  

Where σ (S cm− 1) is the through-plane proton conductivity, L (cm) is the 
wet thickness, Rblank (Ω) is the resistance of the cell without the mem-
brane, Rtotal (Ω) is the resistance of the cell with the membrane and A 
(cm2) is the electrodes active area. 

The Br3
− diffusion rate through the membrane was measured using an 

ex-situ titanium permeation cell (Elestor, The Netherlands) consisting of 
two compartments. Each compartment contained four layers of 0.4 mm 
carbon paper (Avcarb®, Avcarb Material Solutions, US) separated by the 
membrane under study (3.14 cm2 active area). The membrane was 
immersed in 4 M HBr for at least 12 h before the start of the experiment. 
One of the two compartments was continuously circulated with a 200 
mL solution composed of 1 M Br2/4 M HBr, while in the other half-cell a 
200 mL solution of 4 M HBr was circulated as the carrier source (All ES 
membranes were positioned in the cell such that the surface made of hot- 
pressed 100/0 blend mat (Table 2) was faced towards 4 M HBr 
compartment.). The Br3

− crossover rate from the bromine species source 
to the other compartment was monitored in a 6 h-long experiment, using 
UV-VIS spectroscopy (UV–Vis spectrophotometer EU-2600, Shanghai 
Onlab Instrument, China) at 266 nm wavelength to determine the con-
centration [11]. The solution outlet from the carrier compartment was 
connected to a small flow cell with a 0.2 mm thick slit (Starna BmbH, 
Germany) and the change in the absorption was continuously detected 
by the UV–Vis detector. The Br3

− diffusion rate through the membrane 
was calculated by converting the absorption values to the Br3

− concen-
tration using a calibration curve. The following formula was used to 
calculate the Br3

− diffusion rate j (g cm− 2 h− 1): 

j =
[
Br−3

]
⋅V⋅Mw

A⋅t
(8)  

Where [Br3
− ] (mol L− 1) is the Br3

− concentration, V is the HBr solution 
volume (L), Mw is the molecular weight of Br3

− (g mol− 1), A is the 
membrane area (cm2) and t is the characterization time (h). Br3

− diffu-
sion rate was also normalized by the wet thickness [10]: 

Normalized Br−3 diffusion rate =
j
twet

(9)  

2.4. Membrane HBFB cell performance 

The electrochemical performance of the prepared SPEEK/PVDF and 
commercial Nafion® (LC PFSA, 1.0 meq g− 1, Fumasep® F-10100, 
Fumatech, Germany, 100 μm) membranes was investigated in an HBFB 
single cell made of titanium (Elestor, The Netherlands) with 3.14 cm2 

active area. The cell liquid diffusion electrode (LDE) contained three 
layers of 0.4 mm carbon paper and an additional 0.4 mm carbon cloth 
(both Avcarb®, Avcarb Material Solutions, US) forming the interface 
layer with the membrane. The GDE contained a 1.0 mm porous titanium 
layer (Bekaert, The Netherlands) and a 0.2 mm carbon paper coated 
with 0.3 mg cm− 2 platinum-iridium (Pt–Ir/C, IRD Fuel Cells, Denmark) 
as the catalyst layer. The membrane sample was laminated to the GDE at 
4 bar and 135 ◦C for 480 s to increase the reaction surface area (All ES 
membranes were laminated to the GDE surface that consisted out of a 
hot-pressed 100/0 blend mat.). A Viton® O-ring (Eriks B.V., The 
Netherlands) was used as a sealing gasket for the gas side. 20 mL solu-
tion of 1.3 M Br2/4 M HBr was used as electrolyte and passed through 
the cell at 25 ◦C with a flow rate of 200 mL min− 1. Hydrogen gas was 
continuously fed to the anode at 2.5 bar with a rate of 1.1 mL min− 1. 

2.4.1. Polarization behavior 
The polarization behavior was analyzed twice a day by three sepa-

rate measurements per session. To ensure constant conditions in the cell, 

Table 3 
Dope compositions of the SPEEK/PVDF casting solutions and final membranes.  

Membrane SPEEK.PVDF blend solution composition Final 
SPEEK/ 
PVDF 
ratio (wt 
%/wt%) 

Total polymer 
concentration 
(wt%) 

SPEEK 
concentration 
(wt%) 

PVDF 
concentration 
(wt%) 

SC 100/0 15 15 0 100/0 
SC 80/20 15 12 3 80/20  
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both electrolytes were continuously circulated throughout the cell. The 
polarization behavior was monitored using an SP-150 potentiostat 
connected to a FlexP 0060 booster (Bio-Logic, France) in the voltage 
range of 0.7 V–1.2 V with a step size of 0.05 V and step time of 30 s. The 
electrical current was monitored every second and solely reported at the 
last second of each step. Current density (mA cm− 2) and power density 
(mW cm− 2) profiles were obtained during discharge and charge mode. 
The cell’s total ASR (including ohmic, charge transfer and mass trans-
port ASRs) was calculated from the slope of the current-voltage curves. 

2.4.2. Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) measurements were 

performed at the end of each polarization behavior analysis at open- 
circuit voltage (OCV) using the potentiostat described before. AC was 
applied with a 10 mV sinus amplitude and a frequency range of 
10,000–0.2 Hz. Fifteen data points (each including six measurements) 
were collected. The ohmic ASR was determined from the impedance 
intercept with the real axis in the Nyquist plot. 

2.4.3. Cycling performance 
Before the cycling tests, the HBFB cell was conditioned by charging it 

at 150 mA cm− 2 up to 1.15 V. Cycling tests began at a constant current 
mode (150 mA cm− 2) with discharge and charge cut-off voltages of 0.7 V 
and 1.15 V, respectively. This voltage range was chosen to prevent 
detrimental effects on the cell, e.g. corrosion of the carbon and titanium, 
due to possible side reactions. The efficiency values were obtained using 
the following formulas: 

Voltage efficiency (%)=

∫
Vdischarge⋅dt∫
Vcharge⋅dt

× 100% (10)  

Coulombic efficiency (%)=
Idischarge × t
Icharge × t

× 100% (11)  

Energy efficiency (%)=

∫
Idischarge⋅dt

Theoretical capacity
× 100% (12)  

3. Results and discussion 

3.1. Morphology and elemental analysis 

SEM images of the electrospun SPEEK/PVDF blend nanofiber mats 
with different SPEEK/PVDF ratios are presented in Fig. 2. 

Fig. 2 shows the electrospinning results using a 20 wt% total polymer 
concentration and the compositions as listed in Table 1. Electrospinning 
of pure SPEEK 100/0 and SPEEK/PVDF 60/40 gives the most homoge-
neous fiber mats where the fibers originating from the 100% SPEEK are 
slightly thinner. The mats prepared out of the 80/20 and 50/50 mixtures 
are more heterogeneous in nature and also show the presence of poly-
meric beads. Higher PVDF content results in higher solution viscosity 
and therefore, higher surface tension between the solution and the wire 
electrode [20,27]. This increases the thickness of the nanofibers [27]. 
The non-homogeneous 80/20 and 50/50 nanofiber mats are assumed to 
be formed due to an imbalance between the strain forced applied by the 
electric field and the viscosity of the solution [28]. For these reasons, 
only the pure SPEEK and the 60/40 wt% mixture are used for further 
research. 

The elemental composition of the electrospun 60/40 SPEEK/PVDF 
blend nanofiber mat is depicted in Fig. 3. 

Qualitative analysis results show that sulfur (indicating the presence 
of –SO3H groups in SPEEK) and fluorine (representing the perfluorinated 
polymer PVDF) are homogeneously distributed (Fig. 3b and c). This is 
confirmed by the quantitative intensity profiles (Fig. 3d). 

Similarly, the composition profiles for the hot-pressed and solution- 
cast membranes for a SPEEK/PVDF ratio of 80/20 are shown in Fig. 4. 

The ES 80/20 cross-section (Fig. 4a1) presents a dense, pore-free 

Fig. 2. SEM images of the electrospun SPEEK/PVDF blend nanofiber mats with different SPEEK/PVDF ratios (wt%/wt%).  
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membrane built of alternatively stacked and compressed electrospun 
100/0 and 60/40 SPEEK/PVDF blend nanofiber mats. The alternating 
layers of 100/0 and 60/40 SPEEK/PVDF can be distinguished in the SEM 
image by their contrast difference caused by differences in inelastic in-
teractions between the primary electron beam and the different polymer 
compositions. On the other hand, the cross-section of the SC 80/20 
membrane (Fig. 4b1) shows large interfacial phase separation between 
SPEEK and PVDF. It contains large oval-shaped structures and voids 
(approx. 10–20 μm). The composition variations through the ES 80/20 
membrane (Fig. 4a2-4) show that sulfur (SPEEK) and fluorine (PVDF) 
present wave-like signals over the layer thickness with some mixing 
which is the result of pressing. This proves that during the compression 
step, the individual electrospun layers do not fully intertwine. Also, the 
distribution of both sulfur and fluorine through the individual blend 
layers indicates the good compatibility and good interaction between 
SPEEK and PVDF [29]. In contrast, sulfur and fluorine are not homo-
geneously distributed but rather agglomerated as discrete areas in the SC 
80/20 membrane (Fig. 4b2-4), indicating that SPEEK and PVDF do not 
mix on a molecular level. Fig. 4b2 indicates by the S-domains that the 
large oval-shaped structures are SPEEK agglomerates. During the cryo-
genic fracturing SPEEK agglomerates, depending on their position, end 
up in the top or bottom half. The agglomerates that end up in the 
opposite half leave holes as their footprint behind [27]. The PVDF rich 
areas form a continuous phase that surround the ionic clusters of SPEEK 
as in a matrix-like structure (Fig. 4b3). This clearly visible phase sepa-
ration between SPEEK and PVDF is caused by the incompatibility be-
tween the highly hydrophobic PVDF and hydrophilic domains of SPEEK 
[29,30]. It is worth mentioning that while sulfur is detectable through 

the uneven surface of the cryogenic-fractured sample (Fig. 4b2), Fluo-
rine, the lighter element, is harder to detect in the regions relatively 
distant to the X-ray detector (upper right and lower left corners in 
Fig. 4b1) due to its relatively lower content in the sample compared to 
SPEEK. As a result, they appear as dark regions (Fig. 4b3). 

3.2. Membrane characterization 

Properties of the commercial PFSA membrane (~100 μm) are 
considered as a reference for the assessment of the electrospun and 
solution-cast SPEEK/PVDF blend membranes (~50–60 μm). Normalized 
IEC, normalized water uptake, through-plane proton conductivity and 
normalized Br3

− diffusion rate of the Nafion®, electrospun and solution- 
cast membrane samples are discussed below. 

3.2.1. Normalized IEC and normalized water uptake 
Normalized IEC and normalized water uptake of the commercial 

PFSA membrane and the SPEEK/PVDF blend membranes are presented 
in Fig. 5. 

In general, both pure SPEEK and SPEEK/PVDF blend membranes 
show higher normalized IEC (Fig. 5a) and normalized water uptake 
(Fig. 5b) than the commercial PFSA membrane. The higher normalized 
IEC confirms a higher amount of charged groups per unit weight in 
SPEEK based membranes than in the PFSA membrane. Due to the hy-
drophilic nature of the –SO3

- groups, this translates into a higher 
normalized water uptake. The less pronounced separation of hydrophilic 
and hydrophobic domains in SPEEK compared to Nafion® [19] further 
enhances this difference in normalized water uptake. A decline in both 

Fig. 3. Surface SEM-EDS images of the electrospun 60/40 SPEEK/PVDF blend nanofiber mat: (a) Surface image; (b and c) Qualitative EDS data mapping of sulfur (S) 
and fluorine (F); (d) Quantitative intensity profiles over the height of the picture for each element based on their respective ratios to carbon (C) as a function of the 
measured distance. The visibility of S indicates –SO3H groups that originate from SPEEK and the visibility of F indicates the presence of perfluorinated PVDF. 

Fig. 4. Cross-section SEM images and EDX elemental mapping of the electrospun and solution-cast blend membranes: (a.1–4) ES 80/20; (b.1–4) SC 80/20. S/C and 
F/C intensity profiles (obtained by rotating the maps 90◦ for conversion of the membrane thickness to the x-axis) are shown as functions of the membrane thickness. 
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normalized IEC and normalized water uptake is observed when the 
PVDF content is increased. This is due to the hydrophobic nature of 
PVDF. At 0 wt% and 20 wt% PVDF content, electrospun and 
solution-cast blend membranes do not show huge deviations in their 
normalized IEC and normalized water uptake values and follow a similar 
pattern. This indicates that the preparation process does not affect the 
IEC and water uptake of the blend membranes and these properties are 
mainly governed by the SPEEK content [24,31]. 

3.2.2. Proton conductivity and normalized Br3
− diffusion rate 

Fig. 6 shows the proton conductivity and normalized Br3
− diffusion 

rate of the commercial PFSA membrane and the SPEEK/PVDF blend 
membranes. 

The proton conductivity of the PFSA membrane is higher than that of 
all SPEEK/PVDF membranes. Also, all electrospun membranes have 
higher conductivities than the solution cast membranes. To a certain 
extent, the relatively low proton conductivity of the SPEEK membranes 
relative to the PFSA membrane may stem from the aggregation of the 
hydrophilic SPEEK segments as isolated clusters [31] in contrast to 
percolating hydrophilic channels as in PFSA [10,19]. Moreover, the 
higher conductivity of the electrospun membranes relative to that of the 
solution-cast counterparts relates to the better interconnectivity and 
more homogeneous distribution of SPEEK over the full thickness of the 
membrane, which is further improved by the hot-pressing process [32, 
33] and is confirmed by the elemental composition (Fig. 4). Clearly, the 
phase separation between SPEEK and PVDF in the solution-cast mem-
branes decreases the conductivity further. All blend membranes show a 

decline in proton conductivity with increasing the PVDF content. This 
decline is more pronounced for the solution-cast membranes compared 
to the electrospun ones. For example, SC 100/0 has more than 4 times 
higher conductivity than SC 80/20, while this change is almost negli-
gible for ES 100/0 and ES 80/20 membranes. Even though SC 80/20 
shows lower normalized water uptake (Fig. 5b), it exhibited more than 7 
times lower proton conductivity than the ES 80/20 membrane. The poor 
conductivity of SC 80/20 can be explained by the existence of isolated 
SPEEK domains as a result of the polymer-polymer phase-separation 
[29,31]. On the other hand, ES 80/20 can conduct protons through the 
inter-connected SPEEK nanofiber pathways. Interestingly, ES 100/0 
shows higher proton conductivity than SC 100/0. This is probably due to 
a better connection between the ionic groups of SPEEK molecular chains 
by experiencing high temperature and pressure during the hot-pressing, 
which can improve the passage of protons through the membrane [34]. 

Fig. 6b shows that an increasing PVDF content reduces the normal-
ized Br3

− diffusion rate through the blend membranes. The diffusion rate 
of SC 80/20 is considerably lower than that of SC 100/0 due to the 
relatively inert character of PVDF. In comparison to PFSA, both the SC 
80/20 and the ES 80/20 membranes represent comparable normalized 
Br3

− crossover rates. The slightly higher normalized Br3
− diffusion rate of 

ES 100/0 compared to SC 100/0 can be similarly explained by the 
increased connection between the hydrophilic domains of SPEEK which 
can result in higher bromine species crossover. 

For a good HBFB performance, a high proton conductivity at a low 
bromine species crossover rate is necessary [10]. As such, alternatives 
for PFSA membranes should have at least a comparable if not better 

Fig. 5. Properties of the commercial PFSA (~100 μm) and the prepared SPEEK/PVDF blend membranes (~50–60 μm): (a) Normalized IEC; (b) Normalized 
water uptake. 

Fig. 6. Properties of the commercial PFSA (~100 μm) and the prepared SPEEK/PVDF blend membranes (~50–60 μm): (a) Proton conductivity; (b) Normalized Br3
−

diffusion rate. 
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balance between the Br3
− diffusion rate and the proton conductivity at a 

lower cost. So far, the obtained results show that the relatively thin 
electrospun blend membranes have comparable normalized Br3

− diffu-
sion rates to the relatively thick PFSA membranes but at the expense of a 
35%–42% lower proton conductivity (Fig. 6). Among the electrospun 
blend membranes, ES 80/20 and ES 90/10 are the first- and second-best 
samples concerning the balance between the proton conductivity and 
bromine species diffusion rate. Furthermore, with an approximately 
40% lower wet thickness than the PFSA membrane, they significantly 
reduce the materials costs. The average cost of typically used PFSA 
membranes (~100 μm) for HBFB is ~€400 m− 2 [21]. This is while the 
preparation cost of the ES 80/20 membrane (~50–60 μm), based on the 
amount of used polymers, is estimated to be ~€100 m− 2 (solvent costs 
are considered comparable and production costs are not taken into ac-
count). These results along with the high normalized IEC and low 
normalized water uptake values obtained for these membranes justifies 
HBFB cell testing with ES 80/20 and ES 90/10 membranes. 

3.3. HBFB cell performance 

The electrochemical performance of the ES 90/10 and ES 80/20 
membranes (~50–60 μm) was analyzed and compared to that of the 
commercial PFSA (~100 μm) membrane. The SC 80/20 membrane 
(~50–60 μm) was also studied to evaluate the role of electrospinning as 
a membrane preparation method. 

3.3.1. Polarization behavior and EIS analysis 
Fig. 7a shows the polarization behaviors of the tested membranes at 

HBFB cell discharge. The cell ASR values for the different membranes 
were obtained from the slope of the current-voltage profiles during 
charge and discharge (Fig. 7b). The cell ohmic ASR values were acquired 
from the in-situ EIS measurements using different membrane samples 
(Fig. 7b). 

The ES 80/20 membrane presented the best performance with a 
maximum power density of 341 mW cm− 2 and a current density of 487 
mA cm− 2 at 0.7 V discharge. The membrane is the only material in the 
electrochemical cell that has an ohmic component. Therefore, the in-situ 
ohmic ASR is a useful parameter for the evaluation of the membrane 
performance. The electrospun blend membranes show comparable 
ohmic, charge and discharge ASR values as the PFSA membrane. The SC 
80/20 with a similar thickness to the ES membranes demonstrated much 
higher cell resistances and equally poor polarization behavior. The ob-
tained ASR results show that the electrospun samples have equal 
(ohmic) resistance as the PFSA membrane at a given thickness. 

3.3.2. Cycling performance 
The HBFB cycling performance of the commercial PFSA at a current 

density of 150 mA cm− 2 and a voltage range of 0.7–1.15 V was inves-
tigated as a reference (Fig. 8a). The best performing blend membrane in 
terms of membrane characterizations, HBFB polarization behavior and 
ohmic ASR is the ES 80/20 membrane. Therefore, this membrane was 
further compared to the commercial PFSA membrane for its HBFB 
cycling performance (Fig. 8b). 

Low cell ohmic resistance (dominated by the membrane contribu-
tion) prolongs the discharge-charge duration, which enhances the 
voltage efficiency. On the other hand, a low bromine species crossover 
rate improves the coulombic efficiency. Thus, the combination of low 
membrane ASR and low Br3

− diffusion rate increases the energy effi-
ciency of the cell [31]. During ten cycles, voltage, coulombic and energy 
efficiencies of the HBFB single cell are maintained above 60% with the 
commercial PFSA membrane (Fig. 8a). This is while these values are 
maintained above 80% with the ES 80/20 membrane during six cycles, 
but dramatically decrease until complete failure at the tenth cycle 
(Fig. 8b). The initial coulombic efficiency is higher than 100% for the ES 
80/20 membrane. This stems from a shorter charging than the dis-
charging period. The shorter charging duration is the consequence of 
liquid electrolyte crossover due to membrane degradation that led to 
less available bromine species in the liquid electrode and hence a loss in 
cell capacity [20]. Another indication of the gradual performance 
degradation of the ES 80/20 membrane is the increase in the cell’s 
ohmic ASR per cycle (Fig. 8b), whereas this value remained stable for 
the PFSA membrane over ten cycles (Fig. 8a). This performance decay of 
the electrospun membrane is attributed to 1) its relatively low thickness, 
which makes it vulnerable for electrolyte crossover, 2) an insufficient 
balance between the crossover rate of the bromine species and the 
proton-conductivity and 3) possible chemical/mechanical degradation 
of SPEEK by bromine species. This degradation is clearly visible in the 
gradual decrease in the cell ASR over the ten cycles (Fig. 8b), resulting in 
a gradual loss of ionic conductivity of SPEEK and an increase in bromine 
species cross over. Additionally, the observed dramatic drop in the ef-
ficiency profile (Fig. 8b) also indicates that an undesirable amount of 
electrolyte crossover to the gas electrode poisoned the Pt–Ir/C catalyst. 

4. Conclusions 

Novel dense membranes for cost-effective HBFB operation were 
prepared by blending SPEEK and PVDF. Blend solutions of SPEEK and 
PVDF were prepared at different polymer ratios and then converted to 
dense membrane sheets via 1) wire-electrospinning followed by hot- 
pressing or 2) solution-casting. Electrospinning improves the blend 

Fig. 7. Polarization behavior and in-situ EIS measurement results of the HBFB single cell with the commercial PFSA (~100 μm) and the selected SPEEK/PVDF blend 
membranes (~50–60 μm): (a) Voltage and power density profiles based on the current density during discharge; (b) The cell total ASR obtained from the slope of the 
current-voltage profiles at discharge and charge and the ohmic resistance determined by in-situ EIS for each membrane. 

S. Abbasi et al.                                                                                                                                                                                                                                  



Journal of Membrane Science 628 (2021) 119258

9

membrane morphology due to fast vitrification that precludes polymer- 
polymer phase-separation. Contrary to solvent casting where isolated 
SPEEK domains are formed inside a PVDF skeleton, electrospinning 
provides a membrane with intertwined polymer networks, whereby ion- 
conductive SPEEK nanofiber pathways are being formed through a hy-
drophobic firming network of PVDF nanofibers. Furthermore, electro-
spinning positively affects the ex-situ properties and HBFB cell 
performance of the blend membrane compared to those prepared by 
solution-casting at similar composition. At an approximately 40% lower 
wet thickness than PFSA, ES 80/20 membrane shows comparable 
properties and improved HBFB single cell polarization behavior with 
more than 80% materials cost reduction. However, the relatively low 
thickness and insufficient chemical/mechanical stability of the ES 80/20 
causes a rapid decay in the HBFB cycling performance. 

These results promote an HBFB lifetime investigation with the wire- 
electrospun SPEEK/PVDF blend membranes and hence, open pathways 
to a long lifetime for low-cost hydrogen-bromine redox flow batteries. 
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