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Abstract
This study focuses on developing an alternative membrane for PEMFC due to the disadvantages of using Nafion. Fluoro-
boric acid (FBA) was used as an additive material to SPEEK-PVA blend membranes at different weight ratios (1%, 5%, 
7.5%, 10%, and 12.5%), and a synthesis procedure was carried out with the solution-casting. Thermal crosslinking was 
performed with all membranes. Utilizing FBA, with its highly electronegative fluorine groups, is a novel approach expected 
to enhance proton conductivity. The structural, morphological, and thermal properties of the synthesized membranes were 
determined by FTIR, XRD, SEM, TGA-DTG, and DSC. Water uptake capacity (WUC), swelling property, area change, 
dynamic mechanical analysis, ion exchange capacity (IEC), AC impedance analysis, hydrolytic stability, and oxidative 
stability analyses were performed for fuel cell applications. Although FBA does not have a crystal structure, the synergy 
it created with the SPEEK-PVA membrane increased the crystallinity of the membrane and, accordingly, glass transition 
temperature. SEM images of membranes at a ratio above 7.5% show that agglomerations occur in the structure and this is 
supported by other analyses. It was determined that the membrane composition with the highest WUC (16.44%), IEC (1.55 
meq/g), and proton conductivity (0.57 S/cm) values contained 7.5% FBA from the characterization studies, and a single-cell 
performance test was actualized with this. 418 mA/cm2 current density and 250.8 mW/cm2 power density were obtained at 
0.6 V cell potential, with the membrane containing 7.5% FBA. This study shows that the synthesized membrane, especially 
the FBA, is a promising option for PEMFC application.
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Introduction

In the present day, there is a widespread global preference 
for sustainable energy sources to preserve the environment. 
This stems from the acknowledgment of the limited reser-
voirs of fossil fuels for future use, coupled with the impera-
tive to mitigate  CO2 emissions, a direct contributor to the 
issue of global warming [1–3]. In light of these challenges, 
numerous research cohorts propose that Fuel Cells (FC) 
are emerging as the foremost and environmentally friendly 
alternative for energy conversion. FCs are electrochemi-
cal power sources that convert chemical reaction energy 
directly into electrical energy, have high energy efficiency, 
zero emission, do not cause environmental or noise pollu-
tion, and will be used at much greater intensity and scale in 
the near future [4–7]. FCs are clean energy technologies that 
can meet increasing energy demands today and in the future 
[8–10]. Proton exchange membrane fuel cell (PEMFC) is 
the type of fuel cell that is most commercially and widely 
used today, with its advantages and potential compared to 
other types [11, 12]. . The wide power range, easy scal-
ability, low-temperature operation, short startup time, the 
solid polymer electrolyte used reduces corrosion and facili-
tates electrolyte management, and high power density are 

the main advantages that make PEMFC stand out [13–15]. 
High power density and fast startup time make PEMFC 
competitive in the automotive industry, and low operating 
temperature in technology and transportation applications 
such as laptops and mobile phones [16].

The electrolyte is an essential and notable PEMFC com-
ponent, consisting primarily of a polymer structure designed 
to transport hydrogen ions and provide high proton con-
ductivity effectively [17–19]. The electrolyte membrane 
employed in PEMFC serves three distinct purposes: facilitat-
ing proton transport from the anode to the cathode, dividing 
reactant gases, and delivering electrical isolation to prevent 
electron passage through the membrane [20–22]. Currently, 
Nafion is the most commonly utilized and referenced mem-
brane in PEMFC. However, ongoing efforts to find alter-
native membranes persist because of Nafion’s drawbacks, 
which include its high cost, significant fuel permeability, 
and reduced proton conductivity under high-temperature 
and low-humidity conditions [15, 23, 24]. An alternative 
to Nafion as a membrane should be cost-effective, durable, 
exhibit high proton conductivity, possess minimal fuel per-
meability, offer strong thermal, chemical, oxidative, and 
mechanical resistance, have low susceptibility to water, and 
be suitable for operation across various conditions [25–27].
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The membrane matrix in polymer blend membranes, a 
type utilized as proton exchange membranes, comprises a 
minimum of two distinct polymers to amalgamate the advan-
tageous characteristics of the polymers into a unified struc-
ture while mitigating their respective shortcomings. Many 
different polymers such as sulfonated poly ether ether ketone 
(SPEEK) [28, 29], polyvinyl alcohol (PVA) [30, 31], sul-
fonated poly arylene ether solfone (SPEAS) [32, 33], poly 
ether sulfone (PES) [34, 35], polybenzimidazole (PBI) [36, 
37] etc. can be used in the membrane matrix. SPEEK exhib-
its variable proton conductivity and strong thermal-chemical 
stability, which can be adjusted according to the degree of 
sulfonation [38, 39]. As the degree of sulfonation increases, 
there is an increase in proton conductivity in SPEEK; how-
ever, this improvement is accompanied by a decline in the 
membrane’s mechanical properties. Excessive swelling and 
long-term stability issues initiated by hydroxyl radicals can 
compromise the mechanical integrity of the membrane. 
Blend membrane formation, and using affective additive 
materials is an effective solution to address these challenges 
and enhance proton conductivity in SPEEK without sacrific-
ing its mechanical properties. PVA, which, on its own, can-
not serve as a membrane due to its low proton conductivity 
and susceptibility to water solubility, is frequently incorpo-
rated into blend membranes owing to its high hydrophilic-
ity, excellent film-forming attributes, and strong chemical 
and mechanical properties [40, 41]. Fabricating a SPEEK-
PVA blend membrane enhances its mechanical properties. 
The mechanical properties of SPEEK, such as elongation 
at break, maximum tensile strength, and Young’s modulus, 
deteriorate as the degree of sulfonation increases. However, 
the good mechanical properties of PVA improve the dete-
riorating mechanical properties of SPEEK in the formation 
of a blended membrane with SPEEK [42–45]. . However, 
the proton conductivity decreases compared to the pristine 
SPEEK membrane due to the reduction of active sulfonic 
acid groups in the structure with the SPEEK-PVA blend 
membrane. The properties of the membrane can be fine-
tuned to specific requirements using appropriate additives.

Many additives such as graphene oxide (GO) [46, 47], 
titanium dioxide  (TiO2) [48, 49], tetraethyl orthosilicate 
(TEOS) [18, 50], boron phosphate (BP) [29, 51], zirconium 
phosphate (ZrP) [52, 53], zirconium oxide (ZrO) [54, 55], 
silica [56, 57] etc. have been used in synthesized membranes 
for PEMFC. These additives are incorporated to enhance 
the membrane’s weaknesses. In a study using GO additive, 
Rambabu et al. stated that GO additive increased the proton 
conductivity of the membrane and reduced fuel permeabil-
ity. However, the membrane’s flexibility and mechanical 
strength decreased [46]. It has been reported that the ZrO 
additive significantly increases the mechanical strength of 
the polymer membrane [58]. In a study in which  TiO2 addi-
tive was used, they stated that the fuel cell performance of 

the membrane increased with the additive material and that 
 TiO2 additive had a positive effect on proton conductivity 
[48]. Cali et al. stated that the BP additive increased the 
proton conductivity and mechanical strength of the SPEAK/
PVDF blend membrane [29]. As a result of the research, it 
has been determined that the use of boron-based additive 
materials in PEMs is a very promising option.

In this study, fluoroboric acid (FBA), which has not been 
used before in the literature, was used as an effective additive 
material. FBA additive is the novelty aspect of this study. 
Its use in fuel cells and its morphological, physical, and 
chemical effects on the blend membrane will be a first in 
the literature. SPEEK and PVA were used as the membrane 
matrix, which creates a good synergy between them. It is 
thought that the proton conductivity, which decreases with 
the blend membrane, can be improved by fluoroboric acid 
additive. In particular, it is predicted that fluorine, which 
is in the FBA structure and has high electronegativity, will 
play a leading role in increasing proton conductivity [59]. In 
our prior research, we observed that the SPEEK-PVA blend 
membrane exhibited partial dissolution in water. To mitigate 
this issue, a thermal crosslinking process was employed for 
all the membranes synthesized in our study [40]. Fourier 
transform infrared (FTIR), X-ray diffraction (XRD), thermal 
gravimetric analysis (TGA-DTG), differential scanning calo-
rimetry (DSC), scanning electron microscope (SEM), water 
uptake capacity (WUC), swelling properties (SP), change in 
size, ion exchange capacity (IEC), dynamic mechanical anal-
ysis (DMA), hydrolytic stability, oxidative stability, and AC 
impedance analyzes were performed with the synthesized 
membranes. At the end of the study, single cell performance 
tests were carried out with the most suitable membrane com-
positions at  80oC and 100% relative humidity.

Materials and Methods

Polyoxy-1, 4-phenyleneoxy-1,4-phenylenecarbonyl-1, 4-phe-
nylene (PEEK, Aldrich,  Mw: 20.800) and polyvinyl alcohol 
(PVA, Aldrich, 99%,  Mw: 85,000–124,000) as membrane 
matrix. Sulfuric acid  (H2SO4, Aldrich, 96%) as sulfonation 
agent. Fluoroboric acid  (HBF4, Honeywell, 50%) as addi-
tive. Dimethyl sulfoxide (DMSO, Sigma-Aldrich, > 99%) 
as solvent. Hydrogen peroxide  (H2O2, Sigma-Aldrich, 30%) 
and iron (II) sulfate hydrate  (FeSO4.7H2O, Sigma-Aldrich, 
BioReagent) as Fenton agents.

Obtaining SPEEK by PEEK Sulfonation

The SPEEK was achieved through the sulfonation of PEEK. 
The sulfonation process was conducted for 315 min at a 
temperature of 50 °C. Prior to sulfonation, PEEK pellets 
were dried and stirred in concentrated sulfuric acid at a 
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concentration of 20% (w/v) for the specified duration and 
temperature. Following the stirring, the solution was poured 
into an ice-filled beaker to form a solid strip, effectively ter-
minating the sulfonation reaction by lowering the tempera-
ture to below 10 °C. The SPEEK strips, which transitioned 
from red to white in the ice bath, were rinsed with deionized 
water until the pH reached a range of 6–7. The resulting 
neutral SPEEK strips were subsequently dried in an oven 
at 60 °C. The sulfonation degree of SPEEK polymer was 
determined as 56.98%.

FBA‑additive Blend Membrane Synthesis

SPEEK and PVA polymers, in a weight ratio of 85–15%, 
were individually mixed in separate 5% (w/v) DMSO solu-
tions at 80 °C using a magnetic stirrer. The PVA solu-
tion was gradually introduced into the SPEEK solution, 
and the combined mixture was stirred with a magnetic 
stirrer at 80 °C for 24 h until it reached a homogenized 
state. After achieving homogeneity, the FBA additive was 
incorporated into the solution at specified weight ratios, 
and the mixture was stirred for at least 3h. The resulting 
homogenized solution was poured into Petri dishes and left 

to dry in an oven. Finally, the dried membranes underwent 
thermal crosslinking, placing the membranes between two 
glass plates at 180 °C for 48 h in an oven. The thermal 
crosslinking process was carried out to prevent the partial 
dissolution of the synthesized membrane in water. Since 
the membrane will be in constant contact with water in 
the fuel cell, partial dissolution of the membrane in water 
is unacceptable. For this reason, as a result of the thermal 
crosslinking process carried out with different procedures 
found in the literature, the thermal crosslinking process 
was carried out for 48 h at 180 °C, which prevents weight 
loss the most. The thermal crosslinking process and weight 
losses performed with the synthesis membrane at different 
temperatures and times are given in Table 1.

For a schematic representation of the FBA-additive 
blend membrane synthesis process, please refer to Fig. 1.

Example nomenclature of synthesised membranes;

The possible planar structure of the FBA-additive 
SPEEK-PVA blend membrane, synthesized by the solu-
tion casting method and obtained as a result of the thermal 
crosslinking process carried out at 180 °C for 48 h, is 
given in Fig. 2.

Table 1  Weight losses as a result of different thermal crosslinking 
procedures applied to the synthesized membrane

Membrane Thermal crosslinking conditions Weight loss (%) 
for 24 h

20 °C 80 °C

SP-%10FBA without thermal crosslinking 23.6% 24.7%
120 °C, 3 h [60] 18.8% 21.4%
180 °C, 2 h [61] 9.8% 13.8%
180 °C, 48 h [62] 3.9% 4.8%

Fig. 1  Schematic representation of FBA-additive blend membrane synthesis
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Characterization Studies of Membranes

FTIR analyses were conducted to identify the chemical 
bonds formed within the synthesized membrane structure 
and to assess its structural properties. FTIR analyses were 
carried out using a Bruker Vertex FTIR spectrophotometer 
in the wavenumber range of 400–4000  cm-1. These analy-
ses utilized an ATR measuring apparatus and a DT-GS 
detector. XRD analyses were carried out to assess the 
amorphous/crystalline phases, crystal size, and the success 
of membrane synthesis. XRD was performed using the 
Rigaku D/MAX 2200 instrument (scan range:1-90o, scan 
speed:  2o/min). TGA-DTG analyses were performed to 
evaluate the synthesized membranes’ thermal stability and 
determine weight losses with temperature. These analyses 

were conducted using the Setaram Labsys systems (tem-
perature range: 30–900 °C, heating rate 10 °C/min). DSC 
analyses were carried out using the Perkin Elmer Diamond 
Differential Scanning Calorimeter (temperature: 20-350oC, 
heating rate:  10oC/min). These analyses aimed to investi-
gate the behavior of the membranes during heating and/or 
cooling and to identify glass transition temperatures that 
impact proton conductivity. Following the synthesis of the 
blend membrane, SEM analyses were conducted to exam-
ine changes on the membrane surface after adding FBA 
and assess the synthesis’s success. SEM analyses were per-
formed using the QUANTA 400 F Field Emission SEM 
device at three different magnifications (x20000, x50000, 
and x100000). Before SEM measurement, the membranes 
were soaked and broken in a liquid nitrogen environment, 

Fig. 2  Possible FBA-additive SPEEK-PVA blend membrane planar structure and reaction scheme
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the gold coating was applied to the surface of the mem-
branes, and cross-sectional area imaging was performed 
from the broken interface.

For WUC, SP, and change in size measurements, criti-
cal parameters influencing membrane performance, the 
membranes were dried in an oven to remove moisture. 
Subsequently, the dried membranes were weighed on a 
precision balance. Their thickness was measured from 15 
different points using a SHEEN brand thickness gauge, the 
average thickness value was used in the calculations, and 
their dimensions were determined with digital calipers. 
The average thickness of the synthesized membranes was 
measured at 96.17 ± 6.35, 104.09 ± 7.48, 109.14 ± 8.93, 
100 ± 12.45, and 90 ± 14.73, respectively, from 1% FBA 
additives to 12.5% FBA additives by weight in the line 
with increasing FBA content. The membranes were sub-
merged in DI water at various temperature conditions for 
one day. Excess water was removed from the soaked mem-
branes, and weighing, thickness, and size measurements 
were repeated. WUC, SP, and size change measurements 
were repeated three times, and the results obtained were 
averaged for three repetitions. Utilizing the data obtained, 
the WUC (Eq. 1) [18], SP (Eq. 2) [34], and change in size 
(Eq. 3) [6] of the membranes were settled through the 
below Eq. 

Herein, the symbols W, T, and A represent the weight, 
thickness, and area of the membrane, respectively. In addi-
tion, w used as a subscript represents the wet membrane, 
while d represents the dry membrane.

IEC is one of the fundamental experiments for assess-
ing the proton conductivity of the membrane. In the IEC 
experiment, the membranes were subjected to a 24-h dry-
ing process at  100oC. Subsequently, the protonation pro-
cedure was employed on these membranes. During the 
protonation process, the membranes were plunged into 
sulfuric acid for a day and, after a day, in pure water [40, 
63]. The purpose of the protonation process is to activate 
the membrane and increase the activation of ion exchange 
groups. Following the protonation, the membranes were 
delved into roughly equal-sized pieces and weights and 
placed in a 0.1 M NaCl solution for 48 h. After these 48 h, 
the membranes were extracted from the NaCl solution 

(1)WUC (%) =
Ww − Wd

Wd

x100

(2)SP (%) =
Tw − Td

Td
x100

(3)Change in size (%) =
Aw − Ad

Ad

x100

and titrated using a 0.01 M NaOH solution. These titra-
tions were carried out using the Shott TA500 plus brand 
and model, a computer-controlled titration device with a 
precision of 0.01 mL. The titrant consumed at pH seven 
was recorded, and the IEC values of the membranes were 
computed utilizing Eq. 4 [64].

Here,  VNaOH represents the amount of titrant NaOH 
spent in mL and  Mw,NaOH represents the molecular weight 
of NaOH used as titrant.

The mechanical strength, a critical factor in determining 
their lifespan within a fuel cell, was assessed using DMA. 
DMA was conducted using a Shimadzu mechanical analyzer. 
To prepare all samples for analysis, they were soaked in DI 
water for a day. Then, tensile strength tests were conducted 
at room temperature with a tensile speed of 3 mm.min−1. 
Since the membranes are in constant contact with water in 
the fuel cell, their hydrolytic stability is vital to membrane 
longevity. To assess this, hydrolytic stability experiments 
were conducted on the synthesized membranes. Prior to 
the test, the membranes were dried in an oven at  100oC for 
one day and weighed. Subsequently, they were placed in 
deionized water at  80oC, the operating temperature of the 
PEMFC, for a specified duration. Before taking measure-
ments, the membranes were removed from the water, dried 
at  100oC to eliminate moisture, and re-weighed. This pro-
cess was repeated multiple times to determine the hydrolytic 
stability of the synthesized membranes. A crucial parameter 
for safeguarding the membrane structure against potential 
hydroxyl radicals that may arise within the fuel cell is oxida-
tive stability. This was determined using a Fenton test (3% 
hydrogen peroxide by weight  (H2O2, Sigma-Aldrich, 30%) 
and 4 ppm  Fe2+). Like the hydrolytic stability test, mem-
brane pieces of appropriate sizes were dried at  100oC and 
weighed. They were then immersed in a Fenton solution 
at  80oC and room temperature. The samples were removed 
from the Fenton solution at specific intervals, dried at 
100 °C, and re-weighed. This process was repeated multi-
ple times to determine the oxidative stability of membranes. 
Impedance analyses were employed to determine the proton 
conductivities of the membranes. Proton conductivities of 
the synthesized membranes were measured using the four-
probe technique. These measurements were conducted using 
a CH680 potentiostat device (30 to  80oC at 100% relative 
humidity). Prior to the measurements, the protonation pro-
cess was applied to membranes. The membrane was placed 
in a BT-112-coded conductivity cell, and measurements 
were taken. The proton conductivity of the membrane was 
calculated using Eq. 5 [48] based on the membrane resist-
ance measured from the Nyquist diagram.

(4)IEC =
VNaOH × Mw,NaOH

Wd
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Herein, L is the distance between the electrodes, R is the 
membrane resistance, and  Wth is the membrane width.

Membrane Electrode Assembly (MEA) 
Manufacturing and Single‑Cell Performance Test

A membrane electrode assembly (MEA) was elaborated 
using the synthesised membrane prior to the PEMFC sin-
gle-cell performance test. Before MEA was constructed, 
the membrane underwent protonation, following the same 
method previously employed for IEC measurement and 
impedance analysis. In the MEA, a gas diffusion layer made 
of 40% platinum-loaded carbon paper with a loading of 
0.3 mg/cm2, sourced from the Fuel Cell Store, was utilized. 
After the protonation process, 5% Nafion solution, as an 
ionomer, was applied to the membrane surface to ensure 
complete adhesion and placed between two carbon papers 
cut to 5  cm2. The membrane assembly placed between car-
bon paper was subjected to hot pressing at  120oC under 1000 
kgf pressure for 3 min, and thus MEA was prepared.

The FC performance tests of the membranes were con-
ducted using a Fideris brand test station. Adjacent to the test 
station, a humidification unit was employed to ensure pre-
cise fuel cell conditions. Before the performance measure-
ments, the prepared MEA was inserted into an Electrochem 
branded EFC-05-02 model single-cell fuel cell (serpentine-
type flow channels, 5  cm2 area). Then, nitrogen gas was 
passed through the humidification unit maintained at  70oC 
to humidify it to a 100% relative humidity and then fed to 
the cell for 3–4 h to active the membrane in the cell and 
provide proton conduction. For performance measurements, 
hydrogen/dry air was fed at 100% relative humidity in a stoi-
chiometric (1/2) ratio, and the FC temperature was brought 
to  80oC. As a result of the conditioning process, membranes’ 
current and power densities were obtained.

Results and Discussions

FTIR Analysis

FTIR analyses were conducted to assess the structural prop-
erties of the synthesized membranes and to ascertain the 
success of the synthesis of FBA-additive blend membranes. 
The spectra acquired from FTIR analyses performed on 
FBA-additive SPEEK-PVA blend membranes with varying 
weight ratios are presented for comparison in Fig. 3.

In the spectrum of FBA, three distinctive peaks were 
identified, with their centers at 1011, 1630, and 3540  cm-1. 
It was established that the primary peak at 1011   cm-1 

(5)ProtonConductivity =
L

R × Wth × Td

corresponds to FBA and is associated with the vibration of 
 BF4 stress [65, 66]. The peak at 3540  cm-1 is attributed to 
the stretching vibration of OH (hydroxyl) groups, while the 
peak at 1630  cm-1 corresponds to the bending vibrations of 
H-O-H molecules [67, 68]. The prominent peaks observed 
at wavenumbers 1255  cm-1, 1080  cm-1, and 1020  cm-1 in 
the FTIR spectrum of all the membranes are indicative of 
symmetric and asymmetric O = S = O stretching vibrations. 
These peaks strongly suggest the presence of sulfonic acid 
groups in the membranes [6, 40, 69, 70]. Furthermore, the 
peak at the wavenumber 2910  cm-1, representing the asym-
metric stretching of C-H bonds in  CH2 species, suggests the 
presence of PVA in the membrane’s structure [40, 71]. The 
characteristic peaks of SPEEK and PVA overlap with the 
distinctive peaks of FBA, making it difficult to distinguish 
them from one another in the FTIR spectra. Nevertheless, 
in the FTIR patterns of the membranes, it was observed that 
the peak intensities centered at 1011  cm-1, 1630  cm-1, and 
3540  cm-1 increased as the FBA additive ratio was raised. 
This outcome from the FTIR analyses suggests successfully 
integrating the FBA additive material into the membrane 
matrix.

XRD Analysis

The impact of the crystallinity of the membranes employed 
in PEMFC on proton conductivity is well-recognized. Con-
sequently, XRD analyses were conducted to ascertain the 
crystalline phase, crystallinity, and degree of crystallinity in 
the blend membranes. XRD patterns of FBA-additive blend 
membranes with different weight ratios are comparatively 
given in Fig. 4.

In the XRD patterns of the membranes, four peaks cen-
tered approximately at 2Ɵ = 18.95o,  23o,  29o, and 38.7o were 

Fig. 3  FTIR spectra of FBA-additive blend membranes



 Journal of Polymers and the Environment

observed in the XRD pattern. The semi-crystalline structure 
of PVA has two prominent characteristic peaks at 19.5o and 
38.6o [72–74]. This PVA structure has been attributed to 
intramolecular and intermolecular hydrogen bonds. These 
hydrogen bonds can form between molecules within a single 
monomer unit or between molecules in different monomer 
units, contributing to the observed semi-crystalline nature of 
PVA [72]. In addition, 2Ɵ = 20–30o for the 110, 111, 200, 
and 211 planes of the semi-crystalline PEEK polymer, and 
as a result of sulfonation, a broad peak is formed in SPEEK 
due to the bonding of  SO3H groups to PEEK in the 110 
plane around 2Ɵ =  22o [75, 76]. Also, the peak at 2Ɵ =  38o 
belongs to SPEEK [77, 78]. Because FBA lacks a crystalline 
structure, it doesn’t manifest as peaks in the XRD patterns. 
However, it is believed to influence the crystallinity and the 
average crystal size of the membranes. Deconvolution analy-
sis was conducted to gain a more precise understanding of 
the crystallinity and average crystal size of the membranes. 
The crystallinity values, average crystal sizes of the mem-
branes, and the graphical results obtained from the deconvo-
lution process are presented in Table 2; Fig. 5, respectively.

The crystallinity and average crystal size of FBA-additive 
membranes increase steadily with the increasing FBA con-
tent of the membrane up to 7.5 wt% FBA additive. Further 

increase in FBA causes decrease in crystallinity and average 
crystal size of the membrane. Six effects can increase the 
crystallinity of polymers. These are a regular and symmet-
rical linear chain, low degree of polymerization, intermo-
lecular solid forces, small and regular pendant groups, slow 
cooling rate, and oriented molecules [79, 80]. It is thought 
that FBA added to the membrane matrix, up to a certain 
weight%, forms strong intermolecular forces with SPEEK 
and PVA, increasing the degree of crystallinity of a regular 
and symmetrical linear chain. Narrow molecular weight, lin-
ear polymer chains, and a higher molecular weight enhanced 
the membrane’s crystallinity. Moreover, the XRD patterns 
show a noticeable shift of crystal peaks toward higher angles 
as the weight% of FBA in the membrane matrix increases. 
This shift towards higher Bragg angles signifies the estab-
lishment of robust bonds within the membrane matrix [81]. 
In the literature, studies indicate that crystallinity will posi-
tively affect the membrane performance [82–85], as well 
as studies showing that the performance will decrease with 
increasing crystallinity [86–88]. In the structure of the syn-
thesized membranes, it is thought that the coexistence of 
amorphous and crystalline structure and the fluorine bonds 
from FBA, which are expected to have a positive effect on 
proton conductivity, are the main reason for increasing crys-
tallinity and will have a positive impact on fuel cell per-
formance. In an ordered molecular structure, protons will 
be transferred faster than in a disordered structure, and an 
Arrhenius-type proton conduction mechanism will contrib-
ute positively to the performance due to the increase in the 
glass transition temperature with increasing crystallinity. 
Similar to the crystallinites, it was determined that the aver-
age crystal size increased up to 7.5% FBA by weight and 
then decreased. As a result of XRD studies, it is understood 
from the varying degree of crystallinity and average crystal 
sizes that FBA was succesfully added into the SPEEK-PVA 
matrix at different percentages. When the average crystal 
sizes and degrees of crystallinity of the membranes are 
evaluated together, it is thought that the decrease in mem-
brane crystallinity at ratios above 7.5% FBA by weight is 
due to the formation of agglomeration. SEM analyses were 
performed with FBA-additive membranes to understand this 
situation more clearly.

SEM Analysis

SEM analysis was performed to investigate alterations tak-
ing place on the membrane’s surface as a result of the intro-
duction of FBA and to characterize their structure. Figure 6 
presents SEM images of the membranes.

In membranes containing 5% and 7.5% FBA by weight, 
it is observed that FBA is homogeneously and uniformly 
distributed in the membrane matrix. At higher ratios, it was 
noticed that agglomeration and channels were formed on the 

Fig. 4  XRD patterns of FBA-additive blend membranes

Table 2  Crystallinity and average crystal size of the synthesized 
membranes

Membrane Crystallinity (%) Average 
crystal size 
(nm)

SP-%1 F 64.46 2.51 ± 1.72
SP-%5 F 66.71 2.53 ± 1.81
SP-%7.5 F 69.86 2.56 ± 1.83
SP-%10 F 66.93 2.20 ± 1.01
SP-%12.5 F 60.88 2.44 ± 1.79
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membrane surfaces. The large particles formed indicate that 
the FBA additive is collected in certain places, and there is 
no homogeneous distribution. Following a specific additive 

content (7.5% by weight), FBA, which couldn’t penetrate the 
membrane matrix, was instead deposited on the surface of 
the membrane matrix. The findings related to crystallinity 

Fig. 5  Deconvolution implemented to XRD patterns of membranes
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and average crystal size also corroborate this observation. 
The agglomeration process led to a reduction in both the 
crystallinity and average crystal size of the membrane. Fur-
thermore, as evident from the SEM images, a non-porous 
structure was achieved in all fabricated membranes, as 
intended.

TGA‑DTG and DSC Analyze

TGA-DTG analyses were conducted to assess the thermal 
stability of the membranes containing FBA additives, and 
DSC analyses were executed to ascertain the glass transition 
temperatures (Tg). Figure 7 displays the comparative TGA 
and DTG thermograms of the membranes.

The synthesized membranes retained over 60% of their 
total weight up to a temperature of 600 °C. It was further 
observed that the weight loss diminished with an increased 

proportion of the additive material within the membrane 
structure. This phenomenon can be attributed to the interfa-
cial interaction among SPEEK, PVA, and FBA. In addition, 
another reason for the increased thermal stability with the 
addition of FBA is due to the thermal resistance-enhancing 
properties of boron and fluorine [89]. It was determined that 
all membranes had the same degradation steps at almost the 
same temperatures. It is seen that a 3-step degradation occurs 
for each membrane. The first weight loss occurred between 
80-210 °C, and the degradation between these temperatures 
is due to physically absorbed water or humidity [90, 91]. 
In the second weight loss between 245-440 °C, both the 
desulfonation of the −SO3H groups takes place in the side 
chain of PVA and some of in the main chain are degraded 
[92, 93]. The last and most significant weight loss was deter-
mined due to the degradation of the main chain of SPEEK 
and PVA polymers [94, 95]. In addition, the degradation 

Fig. 6  SEM images of the cross-sectional area of FBA-additive membranes
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temperature of  HBF4 groups is between 160–500 °C, and 
the weight loss between these temperatures is related to FBA 
[96]. The synergy of FBA with SPEEK and PVA is thought 
to enable the sulfonic acid groups and the main chain of 
PVA to degrade more slowly with increasing temperature 
and increased thermal strength. This is supported by the 
shape of the exothermic peak between 400-450 °C in the 
DTG thermogram. In this temperature range, a single peak 
was observed in the membranes. The single peak shows the 
degradation of a single structure due to synergy with the 
FBA entering the structure.

DSC analyses were conducted to investigate changes in 
the  Tg of the membranes about the FBA ratio. The first-order 
derivative of heat flux was utilized to enhance the clarity of 
 Tg determination. Figure 8 presents the DSC thermograms 
of the membranes.  Tg, an indicator of the membrane’s ther-
mal resistance, reflects its capacity to withstand temperature 
and humidity conditions within the fuel cell environment. 
Additionally,  Tg is one of the parameters that influences the 
ionic conductivity of the membrane. If the operational tem-
perature of the fuel cell is lower than the glass transition 
temperature of the membrane, proton conduction follows 
the Arrhenius law. Conversely, if the temperature exceeds 

 Tg, Vogel-Tammen-Fulcher (VTF) law governs proton con-
duction [22]. It was determined that  Tg increased up to 7.5% 
FBA additive and decreased at higher ratios.  Tg increases 
with the crystallinity of the membranes [97, 98]. As a result 
of the increase in the crystallinity of the structure, segmen-
tal movement in the membrane matrix is restricted. The 
limitation of bond mobility within the membrane structure 
resulted in an elevation of the  Tg of the membranes. The 
fact that the  Tg of FBA-additive membranes surpasses the 
operating temperature of the PEMFC is believed to have a 
beneficial impact on proton conductivity. Furthermore, the 
higher  Tg of the membranes offers the opportunity for opera-
tion at elevated temperatures.

Water Uptake Capacity (WUC), Swelling Properties 
(SP) and Change in Size

The performance of membranes utilized in fuel cells is sig-
nificantly influenced by three crucial parameters: WUC, 
SP, and change in size. While a high WUC is desirable in 
membranes, low values for SP and dimensional changes are 
preferred. With an increase in humidity within the mem-
brane structure, resistance decreases, and proton conductiv-
ity improves, as proton conduction relies on the presence 
of water molecules. However, as swelling and thickness 
increase, mass transfer resistances gradually rise, decreas-
ing proton conductivity. Additionally, size changes can lead 
to membrane deformation and tears. The outcomes of WUC, 
SP, and change in size measurements performed on mem-
branes at room temperature and 80 °C are depicted in Fig. 9.

The WUCs of the membranes increased steadily at 
both room temperature and  80oC up to 7.5% FBA addi-
tive. Among the synthesized membranes, the highest 
WUC values were obtained, with the membrane contain-
ing 7.5% FBA by weight with 15.62% at room temperature 
and 16.44% at  80oC. It is seen that the WUCs of the syn-
thesized membranes are lower compared to Nafion. It is 
thought that FBA additive and thermal crosslinked reduce 
the WUC of the membrane. There may be two reasons for 
the decrease in the WUC of membranes due to FBA addi-
tive. Firstly, fluorine in the FBA structure is hydrophobic, 
reducing the WUC [99, 100]. Secondly, stronger bonds 
were formed due to thermal crosslinking with inorganic 
additives, and membrane density increased. This resulted 
in a decrease in the molecular gap. The crystallinity also 
confirms this situation. A material’s crystallinity signifi-
cantly affects WUC, and uniformly structured crystal-
line materials tend to have higher WUC than amorphous 
materials [101–103]. However, an increase in WUC was 
observed with an increase in the amount of FBA up to 
7.5% by weight. This situation shows that the hygroscopic 
property of boron is emphasized with the FBA additive. At 
 80oC, WUC values increased slightly with ionic mobility. 

Fig. 7  a  TGA thermograms, b  DTA thermograms of FBA-additive 
membranes
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Under normal conditions, these values are expected to 
increase more, but the shortened bonds after thermal 
crosslinking and the decrease in the molecular gap caused 
a more minor increase. It was determined that the reduc-
tion of the additive content higher than 7.5% FBA was 
due to agglomeration in the structure. As seen in the SEM 
images (Fig. 6), the high content of the additive material 
reduced the molecular gap to an undesirable extent. In 
addition, it is seen from the SP and change in size results 
that the molecular gap decreases due to the increase in 
the additive ratio. While the change in size of the mem-
brane containing 1% FBA by weight is 14.68% at room 

temperature, this ratio is only 0.21% in the membrane con-
taining 12.5% FBA. In addition, considering the change in 
thickness and change in size of the membrane with 12.5% 
FBA by weight, it can be seen that the standard deviation 
values are quite high. The thickness and size changes in 
different membrane parts differed due to accumulation, 
which caused the standard deviations to be increased. This 
situation is a result of agglomeration, as determined in 
SEM images, and this is also reflected in the change in 
thickness and change in size results. It is seen that the SP 
and change in size of FBA-additive membranes are pretty 
small compared to commercial Nafion-117. This shows 

Fig. 8  DSC thermograms of FBA-additive blend membranes
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Fig. 9  a WUC, b SP, c change 
in size of FBA-additive blend 
membranes
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that FBA-additive membranes will be much less affected 
by mass transfer resistances that may occur in the fuel cell.

Dynamic Mechanical Analysis

Dynamic mechanical analyses were conducted to evaluate 
the mechanical strength of FBA-additive membranes. The 
maximum tensile strength, young modulus, and elongation 
at break values obtained as a result of DMA are given in 
Table 3.

The mechanical strength results of the membranes are 
more or less similar. While average values were obtained 
for maximum tensile strength and Young’s modulus values, 
elongation at break values was low. Subianto et al. obtained 
34 MPa maximum tensile strength and 200% elongation at 
break value due to mechanical analyses performed with com-
mercial Nafion membrane [104]. In the studies by different 
study groups, the maximum tensile strength ranged between 
43 and 17.2 MPa. In contrast, elongation at break values 
ranged between 90% and 253% in the studies carried out 
with commercial membranes (Aquivion, Gore-Select, etc.) 
[104–106]. In physical observations, it was determined that 

the elongation values of the synthesised membranes were 
low and had a more brittle structure compared to commer-
cial Nafion. The low values of the elongation at break of the 
membrane with the additive are due to the high crosslinking 
density, which prevents plastic deformation of the membrane 
[107]. Since more intense crosslinking occurs with adding 
FBA to the structure, the bonds in the membrane structure 
are shorter and lose their elasticity.

Ion Exchange Capacity (IEC)

Tests were carried out to determine the IEC, which is a 
measure of the proton conductivity of the membranes, and 
the results obtained are given in Fig. 10. IEC values of FBA-
additive membranes were found to vary between 1.55 and 
0.94 meq/g. The highest IEC value was obtained as 1.55 
meq/g with 7.5% FBA-additive membrane. IEC values 
were in parallel with the WUC of the membranes. This is 
thought to be due to the narrowing of intermolecular bonds 
after thermal crosslinking with the additive material and 
decreased proton conduction channels due to lower molec-
ular spacing. In other words, access to the active sites in 
the membrane matrix is restricted due to reduced elasticity 
and increased stiffness due to thermal crosslinking. In addi-
tion to this situation, it was observed that the IEC values 
of the membranes increased due to the amount of FBA of 
up to 7.5% FBA content by weight. The main reason is the 
increased presence of fluorine, which has high electronega-
tivity, in the membrane structure [108]. It was observed that 
IEC values decreased at higher FBA content. This result was 
in parallel with the results of many studies such as WUC,  Tg, 
mechanical strength and it was concluded that it was a result 
of agglomeration in the structure.

Table 3  Mechanical analysis results of FBA-additive membranes

Maximum Tensile 
Strenght (MPa)

Young Modu-
lus (MPa)

Elongation 
at Break (%)

SP-%1 F 21 175 9.8
SP-%5 F 44 263 12.4
SP-%7.5 F 44 262 12.8
SP-%10 F 42 261 13.8
SP-%12.5 F 40 258 12.1

Fig. 10  IEC values of FBA-
additive membranes
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AC Impedance Analysis

AC impedance analyses were performed to determine 
the proton conductivity of FBA-additive membranes. 
Impedance analyses were performed at six different tem-
peratures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C), 
and the membranes’ proton conductivity is comparatively 
given in Fig. 11. In addition, the activation energies of 
the membranes were calculated with the conductivity val-
ues obtained as a result of proton conductivity, and the 
mechanism effective in proton conduction was determined. 
Nyquist and Bode diagrams obtained with membranes syn-
thesized as a result of AC impedance analysis are given 

in “Supplementary Information” section as Figure S1, S2, 
S3, S4, and S5.

In the previous study carried out by our research group, 
the highest proton conductivity value was reached as 
0.195 S/cm at 80 °C with the SP blend membrane without 
FBA additive. Even with a 1% FBA additive, the proton con-
ductivity of the membrane reached 0.258 S/cm and increased 
by approximately 32%. Introducing FBA into the membranes 
led to a noticeable increase in proton conductivity. The high-
est proton conductivity value reached an impressive 0.57 S/
cm with a membrane additive with 7.5% FBA at 80 °C. 
These values significantly surpass the reference proton con-
ductivity of commercial Nafion membrane, which stands 

Fig. 11  a proton conductivities, 
b activation energies of FBA-
additive membranes
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at 0.1 S/cm at 30 °C. When compared to proton conductiv-
ity values reported in the literature, it is evident that the 
achieved proton conductivity values are notably high. For 
instance, Murmu et al. reported a proton conductivity of 
0.07 S/cm at 80 °C with SPEEK-PVA-silica, Sahin et al. 
achieved 0.09 S/cm at 80 °C with SPEEK-PVA-TEOS, and 
Reyes et al. measured 0.083 S/cm at 130 °C with SPEEK-
PVA-GO [18, 109, 110]. The primary rationale for selecting 
FBA as an additive material is to enhance proton conductiv-
ity. Fluorine plays a crucial role in promoting proton conduc-
tion by activating  H+ ions within the hydrogen bonds present 
in the structure. Moreover, the difference in electronegativi-
ties between boron (B) and fluorine (F) in the FBA struc-
ture influences the electron density around the B-F bonds, 
contributing to increased pore size [111]. Another reason 
for the increase in proton conductivity lies in the under-
standing that a decrease in proton conductivity in additive 
membranes at elevated temperatures is likely attributable 
to their low WUC and the hydrophobic nature of fluorine. 
Proton conduction primarily relies on the presence of water 
molecules, and as water evaporates at higher temperatures, 
proton conductivity diminishes. Furthermore, a decline in 
proton conductivity was observed in membranes with addi-
tive ratios exceeding 7.5% FBA by weight, a phenomenon 
consistent with prior analyses. The reduction in crystallin-
ity, diminished WUC, and the formation of agglomerates 
contribute to the decrease in proton conductivity within the 
membranes. The closure of active sites due to a reduction in 
free volume within the membrane matrix is believed to be 
the primary cause behind the decline in proton conductivity, 
even as the FBA ratio increases. Notably, the activation ener-
gies of FBA-additive membranes ranged from 13.35 kJ/mol 
to 23.28 kJ/mol, indicating that proton conduction occurs 
via the Grotthuss mechanism.

Hydrolytic Stability

Hydrolytic stability is one of the essential properties 
sought in membranes to be used in PEMFC and is the pri-
mary obstacle for the structure to be used as an electrolyte 
membrane in a fuel cell [112]. Long-term hydrolytic sta-
bility tests with the synthesized additive membranes were 
carried out at 80 °C, the operating temperature of PEMFC. 
The hydrolytic stability test results of the membranes are 
given in Fig. 12. As a result of the 900 h hydrolytic stabil-
ity test, FBA-additive membranes maintained their weight 
between 78 and 80%. Based on these results, it can be said 
that the membranes have very high stability. In addition, it 
was determined that the FBA additive positively affected 
the hydrolytic stability of the membrane. It is thought 
that the primary reason for such high hydrolytic stability 
in all membranes is thermal crosslinking and then FBA 

additive. The studies in the literature show that the thermal 
crosslinking process increases hydrolytic stability [113, 
114]. Highly polar water molecules have been reported 
to weaken the electrostatic interactions (Van der Waals) 
between SPEEK molecular chains and decrease durabil-
ity [115]. On the other hand, it has been reported that the 
presence of OH groups with the high hydrophilic character 
of PVA has a negative effect on hydrolytic stability [18]. 
However, thermal crosslinking increases the densities of 
the membranes and limits the polymer chain movement 
inside the membranes, thus increasing the hydrolytic sta-
bility [113]. The decrease in the presence of −OH and 
−SO3H groups in the structure due to the reaction of −OH 
and −SO3H groups with the thermal crosslinked reaction 
strengthens hydrolytic stability. In addition, it is concluded 
that the structure is tighter due to thermal crosslinking 
with the additive material, and the membrane structure 
becomes more stable due to closing the open ends with 
strong bonds. This is in parallel with the crystallinity, and 
XRD results prove that the chain movement is limited. 
Considering the hydrolytic stability results in the litera-
ture, Soosan et al. observed the first weight loss of the 
membrane at the end of the 10th hour in the hydrolytic 
stability experiment carried out at 60 °C temperature with 
the SPEEK membrane they synthesized. They stated that 
the membrane lost approximately 23% of its total weight 
at the end of the 60th hour [115]. Akbarian-Feizi et al. 
performed hydrolytic stability tests of the membranes they 
synthesized at 80 °C and reported that membranes with 
different weight DABS-DAH ratios maintained hydrolytic 
stability for 3 h, 7 h, and more than 100 h [116]. Tamura 
and Kawakami, in their study on composite and nanofibre 
membranes, reported that the composite membrane was 
wholly dissolved after 1400 h at 80 °C, and the nanofibre 
membrane was dissolved entirely after 1600 h [117].

Fig. 12  Hydrolytic stability of FBA-additive membranes at 80  °C 
(900 h)
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Oxidative Stability

Apart from hydrolytic stability, another factor determining 
the service life of membranes is their oxidative stability. The 
Fenton test determined the oxidative resistance of FBA-addi-
tive membranes, and the oxidative stability of membranes 
are given in Table 4.

During fuel cell operation, the formation of hydroxy and 
peroxy radical groups is a concern, as these reactive spe-
cies can potentially attack the membrane matrix and lead 
to membrane degradation. This degradation can negatively 
impact the performance and lifespan of the fuel cell. Mitigat-
ing such degradation and enhancing membrane durability 
is essential [114]. In the literature, the oxidative stability of 
membranes developed for PEMFC applications was gener-
ally carried out at room temperature or 60 °C [18, 118, 119]. 
The Fenton test, conducted at the operating temperature of 
the fuel cell (80 °C), aimed to replicate natural conditions. 
It revealed a reduction in the membranes’ oxidative stability 
upon adding FBA. FBA, being a potent acid, substantially 
heightened the acidity of the membrane. This increased acid-
ity made the proton exchange sites more reactive. Conse-
quently, the enhanced reactivity of these sites increased the 
likelihood of free radicals in the environment reacting with 
them, leading to accelerated degradation and decreased oxi-
dative stability of the membranes. Notably, the pronounced 
decline in the oxidative stability of membranes additives 
with 10% and 12.5% FBA by weight can be attributed to 
structural aggregation and reduced mechanical strength.

Fuel Cell Performance Test

A single-cell fuel cell performance test was carried out with 
an SP-%7.5 F coded membrane, which gave the best results 
in the characterization studies. In addition, a performance 
test was carried out with Nafion-117 purchased from Ion-
Power, and the comparative result is given in Fig. 13.

The prepared MEA was placed in the fuel cell, and to 
prevent high deviations in potential and current density 
changes, a 20-h conditioning procedure, determined from 
our research group’s previous experiences at the fuel cell test 
station, was applied. The conditioning process was started 

by applying 0.6 V, 0.8 V, 1 V, 0.8 V, 0.6 V, 0.4 V, and 0.2 V, 
respectively, each lasting 2 h. Following this 14-h process, 
the MEA was exposed to 0.6 V for 6 h, and the 20-h con-
ditioning process was completed. The performance tests 
revealed that the commercial Nafion-117 membrane exhib-
ited slightly higher current and power densities than the 
SP-%7.5 F coded membrane. Specifically, at a cell potential 
of 0.6 V, Nafion-117 achieved a current density of 510 mA/
cm2 and a power density of 306 mW/cm2. At the same time, 
SP-%7.5 F attained a current density of 418 mA/cm2 and a 
power density of 250.8 mW/cm2. The performance results 
of commercial Nafion-117 were much better than imped-
ance analyses, and higher current density and power density 
were obtained from the synthesized membrane. In the AC 
impedance results of the membrane coded SP-7.5 F, higher 
proton conductivity is obtained than Nafion 117, and it has 
been observed that this situation is the opposite in fuel cell 
performance. Impedance analysis measures the proton con-
ductivity of the membrane resulting only from membrane 
resistance. The effect of other parameters that make up the 
membrane’s fuel cell performance does not affect this analy-
sis. Indeed, a fuel cell’s performance is influenced by many 
factors, and the properties of the membrane play a crucial 
role in determining the overall cell performance. Factors 
such as the WUC of membranes, the presence of active 
groups in the polymer chain, hydrolytic resistance, and 
mechanical strength directly impact the cell performance 
of the membrane [18]. The commercial membrane has a 
higher WUC, hydration degree, and more stable structure 
compared to the synthesized membranes, enabling higher 
values in performance tests. In the previous study of our 
study group, a current density of 262 mA/cm2 and a power 
density of 158.51 mW/cm2 was obtained at a cell potential 
of 0.6 V with a SPEEK-PVA blend membrane [40]. It is seen 
that the membrane performance increases considerably with 
the FBA additive. Especially fluorine, which is present in the 

Table 4  Oxidative stability of FBA-additive membranes

Membrane Residue weight 
(1 h)

Residue weight 
(3 h)

Physical status

SP-%1 F %94.94 %89.45 Brittle
SP-%5 F %93.65 %84.24 Brittle
SP-%7.5 F %93.83 %90.82 Brittle
SP-%10 F %79.95 %59.21 Ruptured
SP-%12.5 F %87.63 %76.36 Ruptured

Fig. 13    Single-cell performance test results of SP-%7.5  F and 
Nafion-117
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FBA structure and has high electronegativity, is thought to 
have the highest contribution to this performance increase. 
It is considered that the reduction of sulfonic acid groups 
and molecular void volume in the structure due to thermal 
crosslinked causes the synthesized membrane to perform 
less than its potential.

Conclusion

In this study, a novel fluoroboric acid-additives SPEEK-PVA 
blend membrane, which has not been used in PEMFC before 
and has a very high potential, was studied. To identify the 
most suitable FBA additive, a series of SPEEK-PVA blend 
membranes were prepared with varying FBA content, spe-
cifically 1%, 5%, 7.5%, 10%, and 12.5% by weight, followed 
by a comprehensive characterization study. The results of 
these studies confirmed the successful synthesis of the mem-
branes, particularly as evidenced by XRD and FTIR analy-
ses. Furthermore, it was observed that the crystallinity of the 
membranes increased with the FBA additive, a phenomenon 
attributed to the presence of strong intermolecular forces 
and the establishment of a regular and symmetrical linear 
chain within the membranes. These findings are indicative 
of the successful integration of FBA as an additive in the 
membrane composition. Additionally, it was noted that the 
crystallinity,  Tg, and WUC of membranes containing FBA 
increased consistently up to a 7.5 wt% FBA additive but 
declined at higher concentrations due to aggregation, as indi-
cated by SEM analyses. It was determined that the maxi-
mum tensile strengths of FBA-additive membranes were at 
average values, but the elongation at break values was quite 
low. This is due to the high crosslinking density which pre-
vents plastic deformation of the membrane. The membranes 
exhibited relatively high IECs and proton conductivity 
chiefly due to the strong electronegativity of fluorine in the 
FBA structure. The membrane’s highest proton conductivity 
was achieved with 7.5% FBA by weight, surpassing com-
mercial Nafion-117. Hydrolytic stability improved with the 
FBA additive, and the decrease in the presence of -OH and 
-SO3H groups in the structure through thermal crosslink-
ing reactions contributed to this enhancement. In oxidative 
stability tests, FBA-additive membranes were found to have 
a brittle structure. The main reason for this is that the rise 
in the acidity of the membrane with the addition of FBA, 
which is a strong acid, caused the proton exchange sites to 
become more reactive, and a faster degradation occurred as 
a result of the increased possibility of free radicals in the 
media to react with reactive sites. As a result of the charac-
terization studies, the most suitable FBA additive ratio was 
7.5% by weight, and a single-cell performance test was car-
ried out with this membrane. As a result of the performance 
test, 418 mA/cm2 current density and 250.8 mW/cm2 power 

density were obtained with the SP-%7.5 F coded membrane. 
The results obtained, especially the effect of FBA on the 
proton conductivity of the membrane to very high levels 
and its impact on the performance, showed that it is a prom-
ising structure. Although the performance values obtained 
are slightly lower than commercial Nafion, synthesis of the 
SP-7.5%F coded membrane is approximately 63% more eco-
nomical than Nafion. In addition, the high performance and 
low-cost exhibited by FBA-additive membranes will take 
its place among the membranes that can be an alternative to 
commercial membranes in the literature.
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