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Abstract
An inexpensive membrane with high proton conductivity and high fuel cell performance, which can be an alternative 
to Nafion for PEMFC (Proton exchange membrane fuel cell), will overcome the obstacle to widespread commercializa-
tion of fuel cells due to high cost. For this purpose, SPEEK (sulfonated polyether ether ketone)-PVA (polyvinyl alcohol) 
blend membranes with colloidal silica additives were synthesized in this study. Ludox AS-40 was used as the colloidal 
silica source and the blend membrane was prepared by solution casting method. Water uptake capacity, swelling prop-
erty, size change, dynamic mechanical analysis, ion exchange capacity, AC impedance analysis, hydrolytic and oxidative 
stability experiments of the synthesized Ludox additives blend membranes for fuel cell application were carried out, and 
the membranes were also characterized by FTIR (Fourier transform infrared) analysis. While the water uptake capaci-
ties of SPEEK/PVA membranes containing 1% Ludox, 5% Ludox, and 10% Ludox at room temperature were found to 
be 14.08%, 14.84%, and 16.6%, respectively, the water uptake capacities at 80oC increased to 14.73%, 15.17%, and 
17.11%. The proton conductivities of 1% Ludox, 5% Ludox and 10% Ludox doped SPEEK/PVA membranes at 80oC were 
0.25 S/cm, 0.56 S/cm, and 0.65 S/cm, respectively. Similarly, ion exchange capacities were determined to be 1.41 meq/g, 
1.63 meq/g, and 1.71 meq/g, respectively. All Ludox-added membranes exhibited excellent hydrolytic stability, retaining 
approximately 88% of their mass after 650 h. In addition, in oxidative stability experiments carried out in 4 ppm Fe+ 2 
at 80oC, the 10% Ludox-added membrane exhibited the highest weight loss of 88.8% at the end of 24 h, while the 5% 
Ludox-additive membrane retained 91.6% of its total weight. Considering the proton conductivity and longevity tests of 
the synthesized membranes, they are thought to be promising structures.
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Introduction

Green and environmentally friendly alternatives are des-
perately needed in many fields, including energy [1]. Espe-
cially in the field of energy, the use of fossil fuels as an 
energy source causes greenhouse gas emissions and nega-
tively affects human health and the environment [2–4]. Fuel 
cells are a great way to address the energy crisis because of 
their clean exhausts namely heat and water [5]. Fuel cells 
make it possible to access the energy contained in hydro-
gen, which is seen as the fuel of the future. Thus, fuel cells 
assist us in lowering our reliance on fossil fuels and other 
traditional fuels [6]. Fuel cells can be classified according 
to the type of electrolyte they contain [7]. Our focus is on 
polymer electrolyte membrane fuel cells due to their low 
operating temperature and versatility in both mobile and 
stationary applications [8]. The main obstacle to this kind 
of fuel cell’s commercialization is its high cost of materials 
[9]. This problem can be solved by using substitute materi-
als. Proton exchange membranes and catalysts are the main 
cost items for fuel cells [10]. Usually made of platinum-
based catalysts, they are supported by any material with a 
large surface area. However, both adding a second metal to 
the catalyst system and reducing the catalyst loading rate are 
rational solutions that researchers are working on for lower-
cost fuel cells.

Nafion is the most widely used proton exchange mem-
brane, and it was created by DuPont [11]. It is a membrane 
made of perfluorosulfonic acid (PFSA) with hydrophilic 
ends and a Teflon backbone [12]. Although Nafion provides 
high proton conductivity, it is environmentally dangerous 
and expensive, so the development of alternative mem-
branes is crucial for the commercialization of fuel cells [13]. 
Numerous polymers based on hydrocarbons are now being 
investigated in this regard. Due to its exceptional hydrophi-
licity, low cost, and ability to form films, polyvinyl alcohol 
(PVA) is one of these possibilities [14]. On the other hand, 
severe PVA membrane swelling is a serious problem since 
it can cause mechanical degradation [15]. Furthermore, 
there are no functional groups in pure PVA that could aid 
in proton transport [15]. To lessen swelling and enhance 
proton conductivity, partial crosslinking and reduction of 
free volume by the addition of organic or inorganic fillers 
are often employed methods [16]. On the other hand, it is 
also said that the membranes produced through the com-
bination of two types of sulfonated polymers had excellent 
efficiency, a mixable structure, and elevated proton conduc-
tivity. Another polymer frequently reported in the literature 
as a proton exchange membrane is sulfonated polyether 
ether ketone (SPEEK) [17]. Because of their high degree of 
sulfonation, SPEEK membranes had a significant swelling 
ratio that ultimately reduced their mechanical strength [18]. 

Blending polymers is thought to be a useful technique for 
changing and enhancing the performance and characteris-
tics of membranes.

Many fillers such as zirconium (Zr) [19–21], silicon 
dioxide (SiO2) [22, 23], titanium dioxide (TiO2) [24, 25], 
terephthalic acid (PTA) [26], molybdenum (Mo) [27], tung-
sten (W) [28], phosphorus (P) [29], aluminum (Al) [30], 
boron phosphate (BPO4) [31], cerium oxide (CeO2) [32], tin 
oxide (SnO2) [33], etc. have been reported in the literature. 
Among these, colloidal silica (Ludox) is of interest due to 
its positive contributions to the membrane matrix. Accord-
ing to several studies, silica improves conductivity, reduces 
hydrogen crossing, and increases thermal stability in the 
polymer electrolyte membrane [34]. When hygroscopic 
silica is introduced to a polymer matrix, the bound water 
content and proton conductivity rise [35]. The porosity of 
silica increases the fuel used during the membrane reaction 
and contributes positively to fuel efficiency [36]. Addition-
ally, it lowers the fuel crossover and enhances mechanical 
stability [37]. Ludox is defined as a colloidal silica and 
exhibits properties such as cost-effectiveness, high purity, 
long-term chemical stability, high dispersion, and uniform 
particle size distribution compared to that of conventional 
silica. Therefore, they are promising inorganic fillers for 
fuel cell membranes.

In this study, we investigate how the addition of Ludox 
to SPEEK-PVA membranes affects the membranes’ ability 
to absorb water, exchange ions, conduct proton flow, and 
chemical stability, among other characteristics. SPEEK-
PVA-Ludox material as a proton exchange membrane for 
PEMFCs has not yet been reported in the literature, and this 
work is novel in this respect.

Materials and Methods

In the scope of the study, the membrane main matrix con-
sists of SPEEK and PVA. SPEEK is obtained as a result 
of the sulfonation of PEEK (polyoxy-1,4-pheneyleneoxy-
1,4-pheneylene carbonyl-1,4 phenylene, %99.999 purity). 
PEEK used to obtain SPEEK has 20,800 Mw and was sup-
plied from Aldrich. The other main matrix, PVA, has 99% 
purity and Mw ranging from 85,000 to 124,000 and was pro-
vided by Merck. Ludox (AS-40 colloidal silica), used in the 
membrane matrix as an additive material, was obtained from 
Merck and is 40% suspended in water by weight. Sulfuric 
acid (H2SO4, 96% purity) obtained from Aldrich was used 
as the sulfonation agent in PEEK sulfonation. Dimethyl 
sulfoxide (DMSO, ≥%99.9 purity), an organic solvent with 
99% purity purchased from Merck, was used as the solvent 
in the synthesis studies. In the Fenton solution prepared to 
determine the oxidative stability of membranes, hydrogen 
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peroxide (H2O2, 30%) obtained from Aldrich and Iron(II) 
sulfate heptahydrate (FeSO4.7H2O, >%99 purity) as the 
Fe+ 2 source obtained from Merck were used. Nafion-117 
(thickness: ∽177.8 μm, basis weight: 360 g/m2), purchased 
from Ion Power, was used as a commercial membrane for 
comparison with the synthesized membranes.

Blend Membrane Synthesis

For the Ludox-additive SPEEK-PVA blend membrane syn-
thesis, SPEEK polymers were first obtained through PEEK 
sulfonation. The sulfonation process performed to obtain 
SPEEK polymers was explained in detail in our previous 
study [38]. The sulfonation degree of SPEEK polymers 
obtained by the sulfonation process was determined to be 
57%. Blend membrane synthesis was carried out using the 
solution casting method. SPEEK and PVA polymers were 
dissolved in DMSO under continuous stirring at 20% w/v. 
The resulting homogeneous PVA solution was poured onto 
the SPEEK solution and continued to be mixed until a 
homogeneous solution was obtained. On the other hand, the 

specified amount of Ludox (1%, 5%, and 10% by weight) 
was dissolved in DMSO under constant stirring. After the 
homogeneous solutions were formed, the solution contain-
ing Ludox was added to the blend membrane solution, and 
mixing continued. The solution was mixed for one day, 
placed in Petri dishes, and kept in the oven (24 h at 40oC 
on the first day, then at 60oC) until it formed a membrane. 
A schematic representation of the synthesis procedures of 
membranes is given in Fig. 1. Finally, thermal cross-link-
ing was applied to the synthesized membranes in order to 
increase their stability in water. For thermal crosslinking, 
the membranes were sandwiched between two glasses and 
exposed to 180oC. The possible chemical structure of the 
Ludox additive SPEEK-PVA blend membrane is given in 
Fig.  2. The thickness of the synthesized membranes was 
found with the help of a digital thickness gauge and was 
89 ± 2.2 μm, 93 ± 1.8 μm, and 101 ± 2.3 μm, respectively, 
with increasing Ludox ratios.

Characterization Studies

Fourier transform infrared (FTIR), water uptake capacity 
(WUC), swelling property (SP), size change (SC), dynamic 
mechanical analysis (DMA), ion exchange capacity (IEC), 
AC impedance analysis (EIS), hydrolytic stability and 
oxidative stability studies were carried out with the syn-
thesized Ludox additive SPEEK-PVA blend membranes. 
X-ray diffraction (XRD) analyses were conducted to evalu-
ate the presence of amorphous or crystalline phases and 
assess the efficacy of membrane synthesis. XRD measure-
ments were carried out utilizing the Rigaku D/MAX 2200 
instrument, with a scanning range from 2 to 90 degrees 
and a scan rate of 2 degrees per minute. Thermal gravi-
metric analysis coupled with derivative thermogravimetry 
(TGA-DTA) was employed to examine the thermal stabil-
ity of the synthesized membranes and ascertain weight loss 

Fig. 2  Possible chemical structure of Ludox doped blend membrane

 

Fig. 1  A schematic representation of the synthesis procedures
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During protonation, the membranes were kept in sulfuric 
acid one day and in pure water the next day. Protonated 
membranes were kept in sodium chloride (NaCl) solution 
for two days. Then, the solution was titrated with sodium 
hydroxide (NaOH) solution and the titrant amounts were 
recorded. The titration process was carried out on a Schott 
brand TA500 plus model device at a titrant flow rate of 2 
mL/min. The IEC of membranes was calculated with the 
help of the formula below.

IEC (meq/g) =
Vt ×, Mw,t

WD
� (4)

Here, t used as the subscript represents the titrant, V sym-
bolizes the titrant volume and M symbolizes the molecular 
weight of the titrant.

EIS analyses were performed to determine the pro-
ton conductivities of the membranes. The resistances of 
the membranes were obtained from the Nyquist diagrams 
obtained from EIS analysis and proton conductivity values 
were calculated with the help of Eq. 5. EIS measurements 
were carried out at two different temperatures, room and 
80oC, and an acidic electrolyte environment (0.05 M H2SO4, 
%100 RH) with the CH instruments model 600 series.

σ (S.cm−1) =
L

R ×, W ×, T
� (5)

Here, L is the distance between the electrodes, R is the 
membrane resistance and W is the membrane width.

The dried and weighted membranes were immersed in 
pure water for the hydrolytic stability test. The membranes 
were removed from the water at certain periods and kept in 
the oven at 100oC until they dried and their weights were 
recorded. The membranes, whose dried weights were mea-
sured, were immersed in water again and the hydrolytic sta-
bility test was continued for 650 h. The oxidative stability 
of the membranes was determined by the Fenton test. Simi-
lar to the hydrolytic stability experiment, membrane pieces 
cut into appropriate sizes were dried and weighed. Then, 
it was immersed in Fenton’s agent containing 3% hydro-
gen peroxide and 4 ppm Fe+ 2 by weight at 80oC. At certain 
intervals, the membrane pieces removed from the Fenton 
agent were dried at 100oC and weighed again. This process 
was repeated several times and the oxidative stability of the 
synthesized membranes was obtained.

The synthesized membranes are coded as shown below 
Fig. 3.

tendencies with increasing temperature. These investiga-
tions were performed using the Setaram Labsys system, 
with a temperature range from 30 to 900 °C and a heating 
rate of 10 °C per minute. DSC analysis was also performed 
to determine the membrane’s glass transition temperature 
and thermal strength. DSC analyses were performed on an 
AHP DSC 500 model device at an N2 flow rate of 50 mL/
min, a heating rate of 10oC/min, and a temperature range 
of 50-250oC. Using a Zeiss VP Sigma 300 FESEM, a field 
emission scanning electron microscope was used for high-
resolution surface images of the membranes. The 10  kV 
accelerating voltage (EHT) for the In-Lens (SE1) detector 
was established on the FESEM. Using a SE2 detector, ele-
mental mapping and energy dispersive X-ray (EDX) were 
recorded at 20  kV. FTIR measurements were conducted 
using Bruker brand VERTEX 70v model FT-IR spectropho-
tometer device between 400 and 4000 cm− 1 wave numbers, 
using ATR apparatus and MIR detector. For WUC, SP, and 
SC experiments, membranes were cut to 2 cm × 2 cm and 
dried. The weights of dry membranes were measured on a 
sensitive scale for WUC, their thickness was measured with 
a SHEEN thickness gauge for SP, and membrane areas were 
measured with a digital caliper. The membranes were kept 
in water at room and 80oC temperatures for one day. Mem-
branes were removed from the water at the end of the day, 
their weights, thicknesses, and areas were measured and the 
WUC, SP, and SC properties of the membranes were calcu-
lated, respectively, with the help of the following Eq. 

WUC (%) =
WW − WD

WD
× 100 � (1)

SP (%) =
TW − TD

TD
× 100� (2)

SC (%) =
AW − AD

AD
× 100 � (3)

Herein, W and D, given as subscripts, indicate wet and 
dry properties, respectively. The symbols W, T, and A rep-
resent the weight, thickness, and area of the membrane, 
respectively.

DMA was carried out with a Shimadzu brand mechanical 
resistance analyzer with a crosshead speed of 3 mm/min-
ute. Before the mechanical strength tests, the membranes 
were cut to the specified dimensions and then kept in pure 
water to determine the strength under real fuel cell condi-
tions. Maximum tensile strength, elongation at break, and 
Young’s modulus values of the membranes were obtained 
with DMA. In IEC experiments, three membranes of equal 
size were cut and dried in the oven. The weight of the dried 
membranes was measured and subjected to protonation. 
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asymmetric O = S = O, S-O stretching, and S = O stretching 
vibration of SPEEK [41]. In addition, the bands observed 
at 472 cm− 1 and 803 cm− 1 wavenumbers of Ludox-added 
membranes indicate Si-O-Si bending vibration [42, 43]. . 
The characteristic peaks of SPEEK and PVA, concentrated 
in the 500–1750 cm− 1 range, obscured the other peaks of 
Ludox. The detection of the main characteristic peaks of 
SPEEK, PVA, and Si indicates that SPEEK/PVA/ Ludox 
membranes were successfully synthesized.

Crystallographic Properties of M-Ludox

Figure  5. shows the XRD patterns of M-10% Ludox and 
M-1% Ludox membranes. The diffraction peaks of PEEK 
at approximately 19°, 21°, 23°, and 29° 2ϴ angles reported 
in the literature disappeared as a result of the sulphonation 
reaction and thermal crosslinking process. With the entry of 
-SO3H groups into the membrane matrix, a broad peak was 
observed at 20.56° 2ϴ angle for M-10% Ludox and M-1% 
Ludox membranes [44, 45] (Fig. 5a). The peaks detected at 
19.16°, 19.98° and 23.0° 2ϴ angles were attributed to the 
(1 0 −

1 ), (1 0 1) and (2 0 0) facets of PVA, respectively 
[46] (Fig. 5c). In addition, the diffraction peak detected at 
44.50° corresponds to the compound peak consisting of 
(111), (1−

1  1), (210), and (2−
1  0) planes [47]. Particularly, 

the diffraction peaks observed at 25.9° and 57.46° 2ϴ angles 
in the XRD pattern of the M-10% Ludox membrane were 
assigned to the Si (1 0 1) and Si (1 0 3) planes [48] (Fig. 5b 
and c). The observation of Si diffraction peaks in the XRD 
patterns of the Ludox content membranes indicates that the 
inorganic doping was successfully carried out.

Results and Discussions

FTIR Analysis

Figure  4 presents the FTIR spectra of 1% Ludox, 5% 
Ludox, 10% Ludox, pure PVA, and pristine SPEEK mem-
branes. The peaks observed at 3300 cm− 1 are attributed to 
intramolecular hydrogen bonds. The peaks between 2840 
and 3000 cm− 1 are due to C-H stretching of alkyl groups. 
C = O streching vibration of PVA was detected between 
1710 and 1750 cm− 1. The peaks detected between 1080 and 
1200 cm− 1 are assigned to C-O-C stretching [39]. The O–H 
stretching vibration of sulfonic acid groups is observed 
at 3425  cm− 1. On the other hand, as expected, due to its 
hydrophilic structure, the most intense peaks representing 
hydroxyl groups, located between 3200 and 3400  cm− 1, 
belong to PVA. A significant decrease in the peak intensi-
ties in this region was observed due to the thermal cross-
over process performed on Ludox additive membranes and 
the involvement of OH groups in this thermal crosslink-
ing reaction [40]. However, as the ratio of the hydrophilic 
Ludox contribution in the membrane matrix increased, the 
intensities of the peaks representing OH groups increased. 
Observed bands at 1080 cm− 1, 1220 cm− 1, 710 cm− 1, and 
1024  cm− 1 could be attributed to symmetric O = S = O, 

Fig. 4  FTIR spectra of %1 
Ludox, %5 Ludox, %10 Ludox, 
pure PVA, and pristine SPEEK

 

Fig. 3  Example illustration of material coding
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behavior, and the DSC thermograms of the membranes are 
given in Fig. 7.

In the TGA thermogram, it is seen that there are four 
major weight losses. The first weight loss started at approxi-
mately 100oC and continued until 160oC. Here, the mem-
brane lost 3.89% of its mass. The weight loss between these 

Thermal Properties of M-Ludox

In order to determine the thermal properties of the Ludox-
doped membrane, TGA-DTA was performed with the 
M-10% Ludox-coded membrane. The TGA-DTA thermo-
gram of the M-10% Ludox membrane is given in Fig.  6. 
In addition to TGA-DTA, DSC analyses were carried out 
to determine the glass transition temperatures and thermal 

Fig. 7  DSC thermogram of Ludox additive membranes

 

Fig. 6  TGA-DTA thermogram of M-10% Ludox membrane

 

Fig. 5  XRD pattern for M-%1 
Ludox and M-%10 Ludox 
between 2ϴ angle of (a) 0–90°, 
(b) 35–85°, and (c) 10–40°
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seen from both SEM imaging and elemental mapping that 
the Ludux contribution is distributed homogeneously within 
the membrane matrix. Additionally, it was determined that 
a non-porous structure was formed as desired. Besides, 
Fig. 9-e, agglomeration has started in certain areas. It can be 
seen that a small amount of accumulation has formed in the 
areas where the channels are located. In elemental mapping, 
carbon comes from both SPEEK and PVA, sulfur comes 
from SPEEK, and silicon comes from the additive material 
Ludox. As can be clearly seen, there is a homogeneous dis-
tribution in all of them and no intense accumulation in a 
particular region. In SEM analyses, it was determined that 
the desired structure was successfully synthesized.

Water Uptake and Swelling Properties of M-Ludox

The composite membranes’ water uptake capacity is a cru-
cial factor for membrane performance toward PEMFC. 
Proton conductivity, hydrolytic stability, and mechanical 
stability of PEM are all impacted by water uptake capac-
ity. Figure 9 shows the water uptake values of SPEEK/PVA/
Ludox and Nafion-117 membranes at room temperature 
and 80oC. The room temperature water uptake capacities of 
SPEEK/PVA membranes containing 1% Ludox, 5% Ludox, 
10% Ludox, and, commercial Nafion-117 were found to be 
14.08%, 14.84%, 16.6%, and 23.84%, respectively. At 80oC, 
the water uptake capacities were determined as 14.73%, 
15.17%, and 17.11% with the order of increasing Ludox 
amount. The increasing water uptake capacity with increas-
ing Ludox amounts at both temperatures can be explained 
by the hygroscopic nature of Ludox. It was also observed 
that the water uptake capacity of membranes increased with 
the increase in temperature from room temperature to 80o, 
and this phenomenon can be explained by the boosting of 
ionic mobility with increasing temperature. Sahin reported 
that ionic conductivity improved with increasing tempera-
ture as a result of increasing ionic mobility and the number 
of water molecules entering into free volumes of the mem-
brane matrix [60].

Changes in thickness of 1% Ludox, 5% Ludox, 10% 
Ludox, and Nafion-117 membranes were 5.25%, 4.59%, 
4.23%, and 9.19% at room temperature and 4.44%, 2.02%, 
3.92%, and 10.68% at 80oC, respectively (Fig. 3b). It was 
found that the swelling rate decreased as the increased 
Ludox additive entering the membrane matrix (Fig.  7c). 
Although higher water uptake capacity was obtained with 
increasing Ludox content, the slightly decreased swelling 
value was explained by the fact that Ludox imparts flex-
ibility to the SPEEK-PVA blend membrane. Therefore, it 
is concluded that the mass transfer resistance will decrease 
with increasing Ludox ratio.

temperatures is due to the physical adsorption or removal 
of molecular water resulting from moisture on the surface 
[49, 50]. In addition, Ludox (SiO2) is known to have a very 
thermally stable structure. Weight loss of Ludox generally 
occurs up to 200oC and exhibits < 5% weight loss of its 
total [51–53]. For this reason, Ludox also slightly affects 
this weight loss. The second weight loss occurred between 
temperatures of 240-460oC, and there was a loss of 11.61% 
in the weight of the membrane between these temperatures. 
The loss between these temperatures is due to the desulfona-
tion of sulfonic acid groups, degradation of the side, and the 
partially main chain of PVA [54]. The third, largest weight 
loss occurred between temperatures of 465-640oC, and a 
two-step decomposition was observed. At the end of this 
temperature, the total weight loss in the membrane reached 
36.12%. The main reasons for the mass loss here are due 
to the massive degradation of the main chain of PVA and 
SPEEK [55, 56]. The final weight loss centered at 753oC 
indicates the degradation of the membrane main matrix. It 
was determined that 53.59% of the membrane weight was 
preserved at the end of 900oC temperature. In general, it has 
been determined that the synthesized membrane has a very 
thermally stable structure at 80oC, which is the PEMFC 
operating temperature, and beyond that, its use in high-tem-
perature fuel cells is possible due to its thermal properties.

It was determined from DSC thermograms that all syn-
thesized membranes had a very stable structure. In addition, 
it was determined that as the Ludox ratio increased in the 
membrane structure, the glass transition temperatures of 
the membranes increased slightly. While the glass transi-
tion temperature of the M-1% Ludox coded membrane is 
approximately 166oC, the glass transition temperature is 
approximately 168oC and 170oC with increasing Ludox 
ratios, respectively. The additive material Ludox (mainly 
composed of silica), which has a high glass transition tem-
perature, caused an increase in the glass transition tempera-
ture of the membrane, which is parallel with the studies in 
the literature [57, 58]. In addition, it was determined that the 
glass transition temperatures of the synthesized membranes 
were higher than the fuel cell operating temperature and that 
the proton conduction mechanism obeyed an Arrhenius-
type law, which positively affected proton conduction [59].

Morphology of M-Ludox

To examine the morphology of the Ludox-doped membrane, 
SEM-EDX, and elemental mapping analyses were carried 
out with the M-10% Ludox coded membrane. SEM images, 
EDX results, and elemental mappings of the synthesized 
M-10% Ludox membrane are given in Fig. 8.

SEM imaging was performed from the lateral cross-sec-
tional area and the upper surface of the membrane. It can be 
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important for thin membranes since a rupture during opera-
tion could result in a catastrophic failure [61]. Therefore, the 
DMA of Nafion-117 and the synthesized membranes were 
performed and are shown in Fig. 10. When the Ludox dop-
ing rate was increased from 1 to 5%, the tensile stress value 
increased from 30.82 MPa to 38.86 MPa. When the doping 
rate was increased up to 10% Ludox, it was observed that 
the tensile stress decreased to 26.79 MPa. It is concluded 
that the decrease in tensile stress may be due to hydrogen 
bonding between Ludox and SPEEK/PVA [60]. In addition, 
the decreased mechanical strength of Ludox-doped mem-
branes compared to pristine SPEEK and SPEEK/PVA mem-
branes proves this situation [38, 40]. A more rigid and brittle 
membrane was obtained, especially at a 10% Ludox doping 
ratio [62]. The elongation at break values of Ludox-added 
SPEEK/PVA membranes showed a similar trend with the 
tensile stress values. It was determined from the elongation 
at break values that the membrane became stiffer and its 
ductility decreased with increasing Ludox doping. On the 
other hand, there is a significant difference in the elongation 

In our previous studies carried out by our research group, 
the water uptake capacities of pristine SPEEK and SPEEK/
PVA were determined as 18.18% and 19.17% at room tem-
perature, while they were reported as 23.2% and 20.45% 
at 80oC [38, 40]. With the introduction of Ludox inorganic 
additives into the structure, a decrease in water uptake capac-
ity was detected both at room temperature and at 80 °C. The 
fact that the water uptake capacity of the M-Ludox mem-
brane is lower than that of pristine SPEEK is a natural result 
of the thermal crosslinking process. On the other hand, due 
to a higher degree of thermal crosslinking with the inor-
ganic material, the molecular space within the membrane 
matrix decreased, and as a result, water uptake decreased in 
Ludox-doped membranes compared to SPEEK/PVA blend 
membranes.

Dynamic Mechanical Analysis

During installation and operation, fuel cell membranes 
are subjected to mechanical stresses. This is particularly 

Fig. 8  a-f) SEM images, g-j) elemental mapping, and k) EDX results of M-%10 Ludox membrane
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values. With the results obtained, the tensile stresses of the 
synthesized membranes have very close values compared to 
the commercial membrane. In a study conducted by Wang 
et al., it was stated that SiO2 additive membranes had strains 
ranging from 24.9 to 34.4% and tensile stress values ranging 
from 41.3 to 52.9 MPa. It has been reported that the ten-
sile stress decreased almost four times after thermal treat-
ments and phosphoric acid doping [63]. In another study 
where SiO2 additive material was used in the membrane 
matrix, it was stated that the elongation at break values of 
SiO2 additive membranes varied between approximately 
10%-7.5%, and the tensile strength varied between approxi-
mately 42 − 40 MPa [64]. In another SiO2-based study, it 
was reported that elongation at break values decreased 
with increasing SiO2 amounts in the membrane matrix, 
elongation at break values decreased from approximately 
3.8–2.4% with increasing SiO2 ratios, and tensile stresses 
varied between approximately 37 MPa and 28 MPa [65]. It 
was concluded that the prepared Ludox-added membranes 
are suitable for use as membranes in PEMFCs in terms of 
their mechanical properties since they have both stiffness 
and ductility [66].

at break values of Ludox-doped membranes compared to 
Nafion-117. This is a natural consequence of thermal cross-
over, except that Nafion is highly elastic. As a result of the 
formation of solid and rigid intermolecular bonds after ther-
mal crossover, the membrane’s flexibility decreased. How-
ever, elasticity is not vital for a membrane to be used in 
a fuel cell, as the membrane must withstand the pressure 
difference that may occur on the anode and cathode sides of 
the fuel cell. What is more critical here are the tensile stress 

Fig. 10  DMA results of %1 Ludox, %5 Ludox, %10 Ludox, and 
Nafion-117

 

Fig. 9  (a) Water uptake capacity, (b) change of thickness, and change of thickness of %1 Ludox %5 Ludox, %10 Ludox and Nafion-117
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addition of PVA to the structure, the decrement in active sul-
fonic acid groups per unit volume in the membrane matrix 
forms the basis of this decrease. With the addition of Ludox, 
the IEC of the membranes increased and compensated for 
the decrease in the density of sulfonic acid groups in the 
structure. On the other hand, the higher uptake capacity of 
the membranes may have led to the formation of new ion 
exchange groups. Using WUC and IEC values, the hydra-
tion numbers of the membranes were obtained with Eq. 7.

λ =
WU

IEC
× 10

18
� (7)

The degree of hydration is one of the factors affecting mem-
brane performance and is defined as the number of water 
molecules adsorbed per unit volume of -SO3H groups. 
Since protons move with the help of water molecules in the 
fuel cell, it is expected that the proton conductivity will be 
enhanced by the water molecules in the membrane structure 
if the degree of hydration is higher. Contrary to IEC values, 
Nafion-117 has a much higher hydration degree than the 
Ludox-added membrane. Although the highest hydration 
degree at both temperatures (room and 80oC) was achieved 
with a 1% Ludox-additive membrane among synthesized 
membranes, these values are approximately three times less 
than Nafion-117 under the same conditions. Nafion-117 has 
a much higher WUC than the synthesized membranes. Hav-
ing a high WUC ensures the membrane has a high hydration 
degree. Although Ludox additive blend membranes have 
more ion-exchangeable groups, it is clear that the degree 
of hydration has a very important role in the proton transfer 
that takes place with the help of water molecules.

AC Impedance Analysis

AC impedance analyses were carried out to determine the 
proton conductivities of the synthesized membranes. Pro-
ton conductivity results and Nyquist diagrams are given in 
Fig. 12.

As the Ludox additive ratio and temperature increased, 
the proton conductivities of the membranes enhanced. 
Together with the increasing temperature, ionic conductiv-
ity improved, membranes became more elastic, and proton 
conduction became easier, which led to an increase in the 
proton conductivity of the membrane. Colloidal silica in 
Ludox is recognized for its hygroscopic properties and it 
can absorb water. This proves advantageous for enhanc-
ing the proton conductivity of the membrane [71]. It was 
observed that the Ludox additive made a positive contribu-
tion to proton conductivity compared to pristine SPEEK 
(0.414 S/cm) and SPEEK/PVA (0.195 S/cm) [38, 40]. The 
main reason for this situation, as mentioned in the IEC 

Ion Exchange Capacity

IEC, an important measure of proton conductivity, was 
carried out to determine the presence of ion-exchangeable 
groups in the synthesized membranes. IEC and hydration 
degrees obtained with the synthesized membranes and 
Nafion-117 are given in Fig. 11.

It was determined that the IECs of the membranes 
increased as a result of the increase in the amount of Ludox 
in the membrane matrix. Moreover, all of the synthesized 
membranes had higher IECs compared to Nafion-117. The 
IEC trend in the synthesized membranes is similar to the 
water uptake capacities. In some of the studies carried out in 
the literature using silica sources, it has been reported that 
IECs decrease due to the decrease in ion exchange groups 
as a result of the increase in silicon sources in the membrane 
structure [67, 68]. Here, in Ludox-additive membranes, the 
opposite of this situation exists. The interaction and func-
tionalization of the sulfonic groups with the additive Ludox 
led to the improvement of the IECs of the membranes [69]. 
The parallel increase in IEC with Ludox is caused by the 
formation of more acidic groups due to the strong interac-
tion of SiO2-SO3H groups in the blend membrane and the 
change in the crystallinity of the membrane [70]. In our 
previous study, it was determined that while 1.722 meq/g 
IEC was obtained with pure SPEEK, this value decreased to 
1.35 meq/g with SPEEK/PVA membrane [38, 40]. With the 

Fig. 11  (a) IEC and (b) hydration degrees of synthesized membranes 
and Nafion-117
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impact on both proton conduction and fuel cell perfor-
mance. As a result, with the increase in the Ludox ratio, the 
increase in the peak intensities of the active groups in the 
FTIR spectra, water uptake capacity, and IEC value had a 
positive effect on the proton conductivity, and the highest 
proton conductivity value was obtained with the M-10% 
Ludox coded membrane. Therefore, FTIR, water uptake 
capacity, and IEC values are descriptive of high proton con-
ductivity values for all membranes as expected.

Water uptake capacity results show that the membranes 
absorb more water molecules with increasing Ludox 
amounts. A significant correlation was detected between 
the water uptake capacity and proton conductivity of 
Ludox-doped membranes at 80oC. Therefore, although free 
water decreases at high temperatures, proton conductivity 
increases with increasing Ludox amounts, indicating that 
proton conduction proceeds by the Grotthuss mechanism 
at high temperatures. The chemical phenomenon that trig-
gers the Grotthuss mechanism is thought to be the hydrogen 
bond between the –OH group in the polymer matrix and the 
Si in the Ludox structure [78]. No significant differences 
were observed between the proton conductivities of M-1% 
Ludox, M-5% Ludox, and M-10% Ludox membranes at 
room temperature. Accordingly, it was noteworthy that the 
proton conductivity values at room temperature were close 
to each other (0.21, 0.24, and 0.29 S/cm for M-1% Ludox, 
M-5% Ludox, and M-10% Ludox). Therefore, it was con-
cluded that proton conduction at room temperature proceeds 
through the vehicle mechanism with the free water in the 
membrane content [79]. As a result, when IEC, water hold-
ing capacity, and proton conduction results were evaluated 
together, it was concluded that proton conduction proceeded 
by the vehicle mechanism at room temperature and by Grot-
thuss mechanisms at 80oC.

Several SPEEK/PVA-based membranes for PEMFCs 
have been reported in the literature. In a study conducted 
by our working group, SPEEK/PVA membranes were pre-
pared, and it was determined that with the introduction of 
PVA into the structure, the density of sulfonic acid groups 
decreased and membrane elasticity increased [40]. In the 
study conducted by Sahin, the negative effect of decreasing 
sulfonic acid groups on proton conductivity was compen-
sated by the TEOS additive, and a proton conductivity of 
0.085 S/cm was reported. The increased performance of the 
membrane was attributed to the increase in oxidative and 
hydrolytic resistance of PVA and TEOS additives [60]. It 
was reported by Rodriguez et al. that the proton conductiv-
ity of SPEEK/PVA membranes doped with GO increased 
with increasing temperature. The fact that the membrane 
performance does not decrease at relatively high tempera-
tures such as 130oC and the proton conductivity of 0.083 S/
cm is achieved is attributed to GO’s improvement of the 

analysis, is due to the strong interaction between -SO3H 
and SiO2, and this interaction creates new proton conduc-
tion channels. In most of the studies carried out in the lit-
erature, it has been stated that there is an improvement in 
proton conductivities by incorporating silica-based addi-
tive materials into the membrane structure [72–76]. In the 
study conducted by Xie et al., they stated that the mesopo-
rous structure increased the proton conductivity as a result 
of the proton conductivity experiments carried out by using 
the silica additive material [75]. In another study, research-
ers concluded that silica-based additives increased the water 
uptake capacity and proton conductivity of the SPEEK-
based membrane even at low relative humidity, and this was 
due to silica-based structures [76]. Yang et al., who carried 
out studies on PVA/SiO2 membrane, stated that proton con-
ductivity increased up to 10% SiO2 additive by weight [77]. 
As a result of the increase in water uptake capacity, the for-
mation of new proton conduction channels and the strong 
interaction of sulfonic acid groups, which are active groups 
in proton transport, with SiO2 enabled the improvement of 
proton conductivity. Traces of this interaction can also be 
seen in size and thickness changes. The strong interaction 
limited the size and thickness changes in the membrane. It 
is seen that Ludox-additive membranes, which have almost 
no change compared to Nafion-117, will be less affected 
by mass transfer resistances, and this will have a positive 

Fig. 12  (a) Proton conductivities, and (b) Nyquist diagrams of the syn-
thesized membranes
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the membrane structure, which creates a hydrolytically sta-
ble structure. As can be seen from the water uptake capaci-
ties, the amount of water entering the void volume of the 
membranes increases with the increasing amount of Ludox. 
This is due to SiO2’s high hydrophilicity [81]. As the density 
of Ludox, which contains colloidal silica particles, increases 
in the membrane, it gives the membrane a hydrophilic fea-
ture and allows more water passage. The hydroxyl groups 
in PVA, which have poor stability in water, and the sulfonic 
acid groups in SPEEK, reduce the hydrolytic stability of the 
membrane [40]. Parnian et al. reported that SPEEK retained 
77% of its weight in a hydrolytic stability experiment con-
ducted with pristine SPEEK at 60oC for 120  h [82]. In a 
study conducted with TEOS-additive SPEEK-PVA, pristine 
SPEEK retained 80% of its mass after 120  h, while PVA 
could only preserve 50% [60]. . In their hydrolytic stability 
tests with partially fluorinated SPA membranes synthesized 
by Ying et al., they reported that the membranes with the 
best hydrolytic stability at 80oC completely dissolved in 
water in a little more than 24 h [83]. In the hydrolytic stabil-
ity tests conducted by Akbarian-Feizi et al. with Nafion-117 
at 80oC, they stated that the membrane began to shrink after 
100 h. The time when Ludox-doped membranes started to 
shrink was after 350 h [84]. In another study, in the hydro-
lytic stability experiment performed with Nafion-117, they 
stated that Nafion-117 lost 1.5% of its weight after 2 h. In 
the synthesized Ludox-additive membranes, this weight 
loss occurred within 24 h [85]. The results showed that the 
hydrolytic stability of Ludox-added membranes was quite 
high compared to the literature.

Oxidative Stability

Another parameter that determines the membranes’ shelf 
life and fuel cell performance is their oxidative stability. 
The oxidative stability of membranes provides information 
about the stability of the membrane structure against pos-
sible hydroxyl radicals that may occur in the fuel cell. These 
hydroxy radicals can attack the membrane matrix and cause 
the membrane to become dysfunctional. The oxidative sta-
bility of the membranes was determined from the weights 
lost against time at 80oC in the prepared Fenton solution, 
and the results obtained are given in Table 1.

SPEEK/PVA membrane in terms of thermal stability [80]. 
Murmu et al. reported that with the addition of TiO2, hydro-
gen bonding between TiO2 and water molecules occurred 
and the water uptake capacity increased. They determined 
the proton conductivity of the SPEEK/PVA/TiO2 membrane 
at 110oC as 0.1372 S/cm and attributed the developed pro-
ton conductivity to strong hydrogen bonds [79]. The 0.65 S/
cm proton conductivity of the M-10% Ludox membrane 
reported by our study group in this study can compete with 
the membranes reported in the existing literature and is a 
proton exchange membrane with high potential.

Hydrolytic Stability

Membranes are of critical importance for the fuel cell, and 
the failure of a single membrane in a stacked cell directly 
affects the entire system. For this reason, the lifetime of the 
fuel cell is linked to the lifetime of the membranes. Mem-
branes are in constant contact with water because they 
remain moist in order to have high proton conductivity, and 
water is produced on the cathode side. For these reasons, 
their water resistance is a measure of the membrane’s shelf 
life. In order to determine the stability of the synthesized 
membranes in water, hydrolytic stability experiments were 
carried out at 80oC, which is the operating temperature of 
PEMFC. The weight losses of the membranes over time as 
a result of the 650-hour experiments are given in Fig. 13.

It was observed that Ludox-additive membranes retained 
approximately 88% of their weight after 650  h. It was 
observed that the membrane with the highest hydrolytic sta-
bility belonged to the membrane with 1% Ludox additive 
by weight, and the hydrolytic stability decreased slightly 
with increasing Ludox amounts. The main reason why 
membranes have such high hydrolytic stability is thermal 
crosslinking. The decreasing void volume and tightening of 
bonds with thermal crosslinking allow limited water to enter 

Table 1  Oxidative stability of synthesized membranes
Remaining Weight (%)
1 h 3 h 24 h

M-%1 Ludox 92.4 92.4 91.1
M-%5 Ludox 94.5 92.6 91.6
M-%10 Ludox 92.3 89.9 88.8
Nafion-117 99.1 98.4 95.3

Fig. 13  Hydrolytic stability of Ludox-additive membranes for 650 h 
at 80oC
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Conclusion

Herein, studies on PEM fuel cells were carried out with 
SPEEK-PVA blend membranes with Ludox additives in 
different mass ratios (1%, 5%, and 10%) prepared by the 
solution casting method. The synthesized membranes were 
characterized by FTIR, water uptake capacity, swelling 
property, size change, mechanical strength, ion exchange 
capacity, AC impedance analysis, hydrolytic resistance, and 
oxidative stability.

It was determined from FTIR analysis that the Ludox 
contribution was successfully incorporated into the mem-
brane matrix by the increase in peak intensities in parallel 
with increasing Ludox amounts. As the amount of Ludox 
added to the membrane increased from 1 to 10%, there was 
a 16% enhancement in water uptake capacity. The main rea-
son for this is due to the hydrophilic SiO2 groups found in 
the Ludox structure.

With the increasing amount of Ludox, the ion exchange 
capacity and proton conductivity of the blend membranes 
increased. The highest ion exchange capacity (1.71 meq/g) 
and proton conductivity (0.65 S/cm) were obtained for the 
membrane with a 10% Ludox additive by weight. It was 
determined that the reason for this increase was due to the 
strong interaction of SiO2 and SO3H groups.

In terms of oxidative resistance and mechanical strength, 
it was determined that the properties of the membrane dete-
riorated at rates higher than 5% Ludox additive by weight. 
While 38.86  MPa tensile stress and 16.2% elongation at 
break were obtained for the 5% added blend membrane, 
these values decreased by approximately 21% and 40%, 
respectively, for the 10% added blend membrane. In addi-
tion, the oxidative resistance of the membranes in Fenton 
solution retained 91.6% of the mass of the membrane with 
5% Ludox additive at the end of 24  h, while this value 
decreased to 88.8% for the membrane containing 10% addi-
tive. It was concluded that agglomeration starts to form at 
the Ludox content of the membrane higher than 5% which 
causes the decrease in stability in the Fenton solution. All 
membranes had very high hydrolytic stability and man-
aged to retain approximately 88% of their mass after 650 h 
at 80oC. The results indicate that the addition of Ludox 
improves the properties of the membranes, and Ludox-con-
taining structure is considered as a promising matrix com-
position for PEMFC.
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The weight losses of Ludox-added membranes in Fen-
ton solution vary between approximately 90% and 92.6% 
after 3 h. At the end of 24 h, weight losses in all membranes 
remained limited, ranging from 91.6 to 88%. In the oxi-
dative stability tests conducted by Raja et al. at 80oC and 
using 2 ppm ferrous salt, they reported that pure SPEEK 
could retain 78.34% of its weight after 24 h [86]. In another 
study where PVA polymer was used as the main matrix, 
PVA/KN-B coded membrane lost approximately 20% of its 
weight after 24 h in 30% H2O2 without Fe sources, while 
PVA/KN-B/DA coded membrane lost approximately 10% 
[87]. In a study where 3% H2O2 and 4 ppm Fe+ 2 by weight 
were used, pristine SPEEK was completely dissolved in 
Fenton solution after 24 h, pure PVA after 6 h and SPEEK-
PVA after 8 h at 68oC [60]. Despite the high temperature and 
Fe+ 3 concentration, the synthesized membranes exhibited 
very high oxidative stability. One of the main reasons for 
this is thermal crosslinking as well as hydrolytic stability. 
Free radicals in the environment react with OH− groups in 
the PVA chain and free sulfonic acid groups in SPEEK, as 
a result, the oxidative stability of the membrane decreases 
[60, 86]. The thermal crosslinking reaction takes place 
between the hydroxyl groups of PVA and the sulfonic acid 
groups of SPEEK [40]. As a result of thermal crosslinking, 
the possibility of free radicals reacting with the membrane 
decreased as the hydroxyl and sulfonic acid groups in the 
membrane structure decreased. This increased the oxidative 
resistance of thermally cross-linked membranes. Another 
reason is the Ludox density in the structure. While the high-
est oxidative resistance is obtained with the membrane con-
taining 5% Ludox by mass, the oxidative stability of the 
membrane containing 10% Ludox decreases slightly. Many 
studies are show that oxidative resistance increases up to a 
certain SiO2-based additive ratio [88]. A higher resistance 
against hydroxy radicals occurred due to the interaction 
of SiO2-SO3H (sulfonic) groups and Ludox’s increase in 
cross-linking density in the thermal cross-linking reaction. 
However, after the 5% Ludox additive rate, it is thought 
that agglomeration occurs, especially as can be seen from 
mechanical strength tests, and this makes the membrane 
more vulnerable than others. On the other hand, oxidative 
stability experiments were carried out with the commercial 
Nafion-117 membrane, and it was determined that it retained 
95.3% of its weight after 24 h. It was observed that although 
Nafion-117 had better oxidative stability compared to the 
synthesized membranes, there was no significant difference.
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