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ABSTRACT

The design, synthesis and characterization of novel proton exchange membranes (PEMs) are of sig-
nificant scientific and technological importance for the realization of fuel cells, actuators, and sensors.
Here, we demonstrate a novel ternary composite membrane consisting of poly(vinyl alcohol) (PVA), poly
(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), zeolitic imidazolate framework-8 (ZIF-8), which
is prepared by physical blending and casting methods. To enhance the water management of the
membranes, in situ chemical cross-linking is carried out by glutaraldehyde (GA). During the character-
ization of the new membranes, FT-IR is used for intermolecular and inter-polymer interactions between
different components of the membrane, SEM is used to identify morphology, XRD is used to prove the
presence of ZIF-8 nanoparticles, and finally TGA is used for thermal stability. The proton conductivity of
the membranes is found to increase with temperature and also with the increasing content of PAMPS.
The highest proton conductivity under fully hydrated state at 80 °C is measured as 0.134 S cm ™! for PVA:
PAMPS: ZIF-8 (55:40:5) composition. In this study, it is clearly shown that ZIF-8 nanoparticles contribute
to the proton conductivity by forming hydrogen bonds with the polymer network in the membrane. The
water uptake (WU) and ion exchange capacity (IEC) values are 3.28 (g/g) and 1.52 meq g~ !, respectively
for the same membrane. To the best our knowledge, this study shows one of the first example of a MOF-
containing membrane with truly high proton conductivities, and both values of proton conductivity and

electrochemical properties are comparable to those of well-studied membrane, Nafion.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology is an
innovative research area, which has attracted significant attention
over the past few decades for the realization of next-generation
power sources. Owing to their extremely low greenhouse gas
emissions, high energy conversion efficiencies, fuel variety, and
low maintenance costs, PEMFCs are expected to emerge in various
energy-driven applications including portable, stationary and
transportation sectors [1]. In a typical PEMFC, the main part of the
device is an electrolyte membrane, which is responsible to provide
H™ ions for the proton conductivity process from cathode to an-
ode. Good proton conductivity is the most important feature ex-
pected from a PEM. In addition to high proton conductivity, a
desirable membrane should be impermeable to fuel molecules
such as H, and CH3OH, in order not to allow crossover between
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anode and cathode. Finally, they should exhibit good thermal,
chemical and mechanical stabilities under device operation
condition.

Today, the most common membranes are based on per-
fluorosulfonic acid structures; Nafion is the most well-known ex-
ample as a trademark of Dupont. In Nafion, while the PTFE back-
bone provides mechanical and dimensional stability, ionically
bonded sulfonic acid functional groups enable proton transfer
across the membrane. Despite these advantageous properties, it
has several drawbacks such as high cost, methanol crossover and
rapid decrease of proton conductivity above 80 °C [2-6]. On the
other hand, physically blended membranes consisting of a hy-
drocarbon matrix has significantly drawn attention because they
are cost-effective, highly impermeable to methanol, and they show
high water selectivity [3,4,7-9]. Polyvinylalcohol (PVA) has been
widely used as a matrix in blended membranes because of its fa-
cile film-forming film ability, hydrophilic nature, and chemical/
mechanical stability [10-13]. PVA has a high tendency to attract
water and it can be even dissolved in water at room temperature.
However, thanks to the presence of ~OH functional groups, PVA
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can be effectively cross-linked by bis(aldehydes), resulting in re-
markable improvements in their thermal and mechanical stabi-
lities. Another drawback of PVA that restrains its single component
utilization as a fuel cell membrane is its poor proton conductivity
[8,13].

Poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS)
is an acidic polymer that constitutes from acidic monomers of
AMPS (2-acrylamido-2-methylpropanesulfonic acid), and it typi-
cally shows higher proton conductivity compared to partially hy-
drated Nafion [14,15]. As a result of its unique chemical structure,
PAMPS exhibits high water uptake affinity with much better di-
mensional stability in comparison to Nafion and poly-
styrenesulfonicacid (PSSA). Therefore, it is an ideal membrane
material for fuel cell applications at high temperatures. However,
since PAMPS homopolymer suffers from water, it could not be
used as its pristine form in a membrane [16].

Metal organic frameworks (MOFs) are a new class of ordered
porous materials. They consist of inorganic metal clusters and
organic linkers. Since the chemical structures of the metal centers
and the linkers can be designed by synthetic tailoring to obtain the
desired properties for a certain application, MOFs have recently
attracted significant scientific and technological attention from
diverse research disciplines [17-19]. In addition to gas adsorption
and separation, catalysis, sensing and gas storage, recently there is
a growing interest on the proton conducting properties of such
materials. From a material design perspective, high porosity of
MOFs enables the formation of pathways through which protons
can be carried properly [20]. Several studies have revealed that
many MOFs possess considerable proton conductivity below
100 °C under high humidification [19,21-25].

In this study, we envision that a new ternary composite proton
exchange membrane embedding poly(vinyl alcohol), poly(2-acry-
lamido-2-methylpropane sulfonic acid) (PAMPS), and zeolitic
imidazolate framework-8 (ZIF-8) may exhibit high proton con-
ductivity and good chemical and mechanical properties. In this
novel design, PVA is used as the main matrix material due to its
favorable film-forming ability and mechanical properties. To en-
hance its swelling properties, cross-linking was performed by
using glutaraldehyde, which creates an —-O(CH;)sO- linker be-
tween hydroxyl groups (-OH) of PVA [13]. PAMPS does not only
serve as the primary proton donor in the membrane system but
also acts as a catalyst for the acetalization cross-linking reaction
instead of HCI [8]. Zeolitic imidazolate frameworks (ZIFs) are a
sub-class of MOFs which have similar pore topologies with zeo-
lites, and show superior chemical and thermal stabilities. The MOF
used in this design, ZIF-8, consists of Zn (II) metal cation centers
linked with 2-methylimidazolate (Hmim) anion in the tetrahedral
framework that forms the sodalite (SOD) zeolite structure with
large cavities (11.6 A) and small pore size (3.4 A) [26-28]. As a
result of Hmim linkers, ZIF-8 is highly hydrophobic [29-31] that
provides a high water stability for the framework when it's in
contact with water. In consequence of its hydrophobic nature and
better compatibility with polymer matrix, ZIF-8 is expected to
improve water management of the new membrane, while assist-
ing the proton conduction.

2. Experimental
2.1. Materials

2-Methylimidazole (Hmim with 97% purity) and Zinc Nitrate
Hexahydrate (Zn (NOs),.6H,0, 99% purity — metal based) were
purchased from Alfa Aesar. PAMPS (Mw=2,000,000, 15 wt% in
aqueous), PVA (M,,=89,000-98,000, more than 99% hydrolyzed)
and Gluturaldeyde solution (GA, 25 wt% aqueous) were purchased

from Sigma-Aldrich. Methanol with 99.9% purity was purchased
from Merck.

2.2. Synthesis of ZIF-8 nanoparticles

In the synthesis of the ZIF-8 nanoparticles, a reported proce-
dure was followed [32]. A solution of 1.0510g (3.53 mmol)
Zn(NOs), - 6H,0 in 50 ml of methanol was poured into a solution
of 2.3353 g (28.3 mmol) Hmim in 50 ml of methanol. Then, the
resulting solution was vigorously stirred at room temperature for
1 h. At the end of the stirring process, the milky solution was
centrifuged at 7500 rpm two times to obtain the desired nano-
particles, which were washed by methanol. Finally, some part was
heated in a vacuum oven at 80 °C for 24 h for further character-
ization, and the rest of the nanoparticles were kept in methanol
for the next steps. The yield of ZIF-8 synthesis was ~30% based on
Zn.

2.3. Membrane preparation

The PVA/PAMPS/ZIF-8-based matrix membrane was prepared
by solution casting method. First, a desired amount of powder PVA
was fully dissolved in distilled water at 80 °C by stirring to yield a
10 wt% solution. Next, a certain amount of ZIF-8 in methanol was
poured into PVA solution at room temperature. The suspension
was then vigorously stirred for 12 h. Afterwards, appropriate
amount of PAMPS in water was slowly added to the prepared so-
lution, and the resulting solution was stirred vigorously for 12 h at
room temperature. The cross-linking was carried out in situ by
adding 0.1 ml GA (25 wt% in water). It's noteworthy that no ad-
ditional acidic catalyst is needed for the cross-linking reaction
since PAMPS provides in situ protons for this reaction. As the final
step, the blend was cast onto a glass petri dish. In order to remove
residual solvents from the cast films, they were first placed in a
chemical hood under ventilation overnight, which is followed by
further vacuum drying (~ 100 mTorr) in an oven at 70 °C for 4 h.
The final concentrations of PAMPS in all films were 10, 20, 30, and
40 wt% (Fig. 1).
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Fig. 1. The scheme for the preparation of the ternary composite membranes.
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2.4. Characterization

2.4.1. X-ray diffraction (XRD)

X-ray diffraction pattern of the prepared membranes were ac-
quired by using Bruker AXS D8 Advance. The diffraction angle (26)
range from 5° to 40° was scanned at a scan rate 0.010 min~! with
1.54 nm wavelength radiation, which is generated by CuKa.

2.4.2. Fourier Transform Infrared Spectroscopy (FI-IR)

The prepared membrane was examined by using Attenuated
Total Reflectance Fourier Transform Spectroscopy (ATR-FTIR) on
Thermo Nicolet 6700. Spectrum was obtained with 4cm~! re-
solution between 400-4000 cm ™.

2.4.3. Scanning Electron Microscopy (SEM)

The morphologies of the prepared membranes were examined
by Zeiss EVO LS 10. To affirm the existence and homogenous dis-
tributions of the ZIF-8 nanoparticles in the composite membrane,
elemental mapping was carried out via energy-dispersive X-ray
spectroscopy.

2.4.4. Proton conductivity

Proton conductivity measurements of the prepared membranes
were performed using a Novocontrol dielectric-impedance analy-
zer. The films were sandwiched between platinum blocking elec-
trodes, and the conductivity was measured in the frequency range
from 1 Hz to 3 MHz as a function of temperature (20, 40, 60, and
80 °C).

2.4.5. Thermogravimetric Analysis (TGA)

Thermal degradation of the membranes and ZIF-8 nano-
particles was examined by Shimadzu DTG 60. Before the mea-
surements, all membranes were held at 65 °C under vacuum for
12 h. All thermal measurements were carried out under nitrogen

at a heating rate of 10 °C min~—".

2.4.6. Water Uptake

The water uptake (WU) studies of the prepared membranes
were performed in accordance with a reported procedure [33]:
square pieces of the membrane samples with known dimensions
(1 x 1 cm? square pieces) were dried at 65 °C to evaporate residual
solvent, and then weighed. Next, dry membranes were soaked in
deionised water for 24 h, surface water was properly wiped by a
filter paper and weighed. Water uptake of the membranes was
calculated using the following equation:

(Wwet - ‘/vdry)

WU =
Wary M

where W,,r and Wy, are the wet and dry mass of the membranes.
The WU experiments were repeated three times to ensure the
accuracy.

2.4.7. lon-exchange capacity

The ion exchange capacity (IEC) values of the prepared mem-
branes were determined by titration following a reported proce-
dure [33]. Firstly, the sample pieces were cut from the membrane
and dried at 65 °C under vacuum. Then, membranes were im-
mersed in 25 mL of 2 M NaCl aqueous solution to replace the H*
by Na*. Afterward, the solution was titrated with 0.1 M NaOH
solution using a phenolphthalein indicator. The IEC is expressed in
terms of milliequivalents of sulfonic groups per gram of dried
sample. The IEC experiments were repeated three times to ensure
the accuracy.
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Fig. 2. (a) The chemical structures of ZIF-8, PAMPS, PVA, and GA. (b) Proposed
chemical structure for the cross-linked PVA/PAMPS/ZIF-8 composite membrane.

3. Results and discussion
3.1. Structure of the PVA/PAMPS/ZIF-8 membrane

The proposed membrane structure is shown in Fig. 2b. All
prepared membranes, regardless of their composition, are flexible,
transparent and colourless. (Fig. 1) The thicknesses are 120-
150 um. In the design, PVA constitutes the framework of the
membrane structure as the host polymer, and the chemical cross-
linking reactions take place between hydroxyl groups (-OH) of
PVA and aldehyde groups (-CHO) of GA to form cyclic acetals. In
this way, swelling behaviour of the membrane is controlled and
the membrane gains strength against water permeation. The
trapped PAMPS chains in the PVA network participate in proton
conductivity via its sulfonic acid groups (-SOsH). ZIF-8 nano-
particles (40-60 nm) are dispersed homogenously through the
membrane. These nanoparticles do not only assist the water
management because of their hydrophobic nature, but also con-
tribute to the proton conductivity by forming hydrogen bonds
with the polymer network.

3.2. X-ray diffraction (XRD)

XRD patterns of synthesized ZIF-8 and membranes with
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Fig. 3. XRD pattern of ZIF-8 and the ternary composite membranes with different
compositions.
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Fig. 4. Comparison of XRD pattern of the membrane with and without ZIF-8.

different PAMPS loadings are shown in Fig. 3. The diffraction peaks
obtained for the ZIF-8 nanoparticles are in-line with the XRD
pattern reported in the literature [25,26,32]. Cross-linked blended
membranes shows two observable peaks at 20 values of 22.8° and
35°. The sharp peak located at 260=22.8° corresponds to (101)
plane of the semi-crystallized PVA [34,35]. As observed Fig. 3,
there are no agglomerations in the blended membranes which
contain ZIF-8, since the ratio of ZIF-8 in mass is very low and ZIF-8
nanoparticles are well distributed in the membrane because of
their partially organic nature. On the other hand, Fig. 3 shows the
existence of ZIF-8 nanoparticles in the membrane. In comparison
with the pattern of PVA: PAMPS (60:40) membrane, there are
some weak peaks appearing at 26 values of 19.12°, 20.52° and
27.50° in the pattern of PVA:PAMPS:ZIF-8 (55:40:5) membrane.
This is illustrated in Fig. 4. In addition, the membrane consisting of
only ZIF-8 has relatively higher intensity peak at 260=22.8° com-
pared that of the membrane consisting of only PVA and PAMPS.

— 55PVA-40PAMPS-5ZIF 8!
s B5PVA-30PAMPS-5ZIF8
w7 5PVA-20PAMPS-5ZIF 8!
w— 85PVA-10PAMPS-5ZIF 8!
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Fig. 5. FT-IR spectra of the composite membranes with different compositions.

These results clearly indicate that ZIF-8 nanoparticles in the
membrane act as nucleation sites resulting in improved mem-
brane crystallinity [35]. PAMPS is found to be in an amorphous
state with almost no crystalline phase [14,16].

3.3. Fourier Transform Infrared Spectroscopy (FI-IR)

ATR/FT-IR was used in order to determine intra-/intermolecular
interactions and hydrogen bonding between host polymers and
ZIF-8 nanoparticles, and to identify the existence of crosslinking
reactions between PVA and GA. Transmittance FI-IR spectra of the
PVA/PAMPS/ZIF-8 ternary membranes and PVA/PAMPS binary
membrane are shown in Fig. 5. The absorption peaks occurred in
all spectra around at 3306 cm~' and 2930 cm ™! are associated
with (O-H) stretching and asymmetrical stretching of methylene
(C-H) group in PVA chains, respectively [2-4,36]. The sharp peaks
at about 1650 cm~! and 1545 cm™! are assigned to vibration of
(C=0) and (N-H) group in PAMPS [2,8,37,38]. While the intensity
of the signal coming from the (C=0) group increases with in-
creasing the content of PAMPS in all membranes, the intensity of
the vibrational peak of (N-H) groups decreases with inreasing
amount of PAMPS for ZIF-8 containing ternary membranes. The
plausible explanation to this result is the occurrence of inter-
molecular hydrogen bonding between non-defect-free ZIF-8 na-
noparticles and (N-H) groups in the PAMPS polymeric chains. As
shown in Fig. 5, the sharp peaks located at around 1021 and
1112 cm~! correspond to (S-0) stretching of sulfonic acid groups
in PAMPS [2,8,37-39]. In addition, the weak signal at 835 cm ™! is
attributed to the bending of (O-H) due to free (-CHO) group
coming from excess GA [8]. However, the characteristic peaks of
the ZIF-8 could not be seen in this spectra. The reasons are that
relatively small amount of ZIF-8 is present in the membranes, and
the characteristic peaks of ZIF-8 overlaps with those of the poly-
mer host. For instance, in the region of 3125-2929 cm ', aromatic
(C-H) stretch of imidazoles [32] in ZIF-8 overlaps with the broad
(0O-H) stretches of PVA, and the (N=C) stretching of ZIF-8 coin-
cides with the vibrations of amide groups in PAMPS. On the other
hand, the formation of hydrogen bond between hydroxyl groups of
PVA and sulfonic acid groups in PAMPS could not be determined
independently due to the overlapping of hydrogen bonding be-
tween -SOsH - - -HO- and -OH - - - HO- [37].
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Fig. 6. Thermogravimetric analysis (TGA) thermograms of ZIF-8 and the composite
membranes with different compositions.

3.4. Thermo-gravimetric analysis (TGA)

Fig. 6 shows the thermal degradation termograms of the
membranes containing PVA-PAMPS-ZIF-8 membranes with dif-
ferent PAMPS and PVA contents and also pure ZIF-8. The mem-
brane samples were dried under vacuum at 80 °C and kept under
vacuum until the measurement. As shown in Fig. 6, three major
stages of the thermal decomposition can be considered. The first
stage of the decomposition, which occurs between 150 and 230 °C,
is the degradation of the sulfonic acid groups (-SOsH) in PAMPS.
The second decomposition stage begins at around 230 °C and
finishes at about 350 °C, which is attributed to cleavage of the
side-chain of PVA. The final major decomposition step comes
about between 330 and 540 °C, which is ascribed to cleavage of
the backbone of the PVA [2,3,35,37,38]. As presented in Fig. 6, a
long plateau is observed up to 500 °C, which indicates high ther-
mal stability of ZIF-8 nanoparticles. A gradual weight loss of about
8 wt% is attributed to the removal of residual solvents and/or re-
actant molecules trapped in the nanocrystals during synthesis
[32,35].

In this work and related earlier studies, it was observed that the
pure PVA polymer remains stable up to 300 °C. However, with the
addition of PAMPS, blend membranes exhibited a lower thermal
stability, and higher PAMPS content leads to an early decomposi-
tion onset, and the weight loss becomes gradual. The differences in
PAMPS content and the existence of ZIF-8 nanoparticles in the
membranes result in significant differences in total weight drops
of the blend membranes. For instance, the remained mass for the
composition of PVA:PAMPS:ZIF-8 (85:10:5) was much lower than
that of the PVA:PAMPS:ZIF-8 (55:40:5). Moreover, the total weight
drops for all compositions of ZIF-8 containing membranes, except
the one consisting of 10 wt% PAMPS membrane, are considerably
lower than that of PVA:PAMPS (60:40). These results clearly in-
dicate that there is a significant interaction between PAMPS and
ZIF-8.

3.5. Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray Spectroscopy (EDX)

Fig. 7 presents the SEM images of the synthesized ZIF-8 na-
noparticles. As it can be seen from Fig. 7, the size of the nano-
particles varies from 40 nm to 60 nm.

Cross sectional SEM micrographs of the blended membranes
for different PAMPS loadings are given in Fig. 8. Apparently, the
existence of small amounts of ZIF-8 nanoparticles in the

Fig. 7. SEM micrographs of ZIF-8 nanoparticles with higher magnification (100 k
X ).

membrane did not cause any considerable difference on the
morphology of the membranes. Thus, we can conclude that ZIF-8
nanoparticles are homogenously distributed through the mem-
brane network. The cross-sectional micrographs prove that there
are no voids or agglomerations at the inter-phase regions.

EDX mapping micrographs further confirm the homogenous
distribution of ZIF-8 nanoparticles through the membrane. In this
technique, the mapping of Zn and S elements is performed by
using the energy dispersive X-ray spectroscopy to better under-
stand the distribution of ZIF-8 and PAMPS, respectively, in the
membrane. As shown in Fig. 9, EDX mapping micrographs indicate
uniform distribution of Zn elements, and thus uniform distribution
of ZIF-8 nanoparticles in the composite membrane. Additionally,
these results indicate that the distribution of the PAMPS in the
membrane is also homogenous.

3.6. Water uptake (WU) and ion exchange capacity (IEC)

The water uptake (WU), in other words swelling behavior, has a
significant function for both migration of the protons along the
membrane and the dimensional stability of the membrane under
the operation conditions. In general, high water uptake values for
the membranes lead to high proton conductivities. However, the
excessive water uptake values in the membranes can cause some
weakness on dimensions of the membranes and their thermal
properties [2,4,33,37,40,41]. The water uptake values of the
membranes are shown in Table 1. The hydrophilic parts of the
membranes mainly determine water uptake performance. Ob-
viously, PVA has a large tendency towards water due to its hy-
drophilic (-OH) functional groups, but in our design the polymer
gains flexibility and mechanical strength via chemical cross-link-
ing [8,13]. On the other hand, because of the imidazole linkers, ZIF-
8 shows natural hydrophobic characteristics [29-31]. Hence, the
water uptake values of the membrane is mainly governed by the
PAMPS content in the membrane. It is well known that sulfonic
acid groups (-SOsH) are highly hydrophilic [16]. Therefore, as
shown in Table 1, the WU values increase with increasing the
content of PAMPS in the membranes. The measured water uptake
values increase from 2.13 to 3.28. However, in comparison with
PVA:PAMPS (60:40), the membrane with PVA:PAMPS:ZIF-8
(55:40:5) composition has slightly higher water uptake. The rea-
son is that adsorbed water in ZIF-8 pores increases the water
uptake values of the membrane despite the hydrophobic nature of
ZIF-8.

The number of exchangeable ion groups in the membrane is
determined by ion exchange capacity (IEC) of the membrane.
Generally, IEC is given in terms of the moles of fixed SO;~! sites
per gram of polymer. IEC affects the proton conductivity
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Fig. 8. Cross-sectional SEM micrographs of the membranes with different PAMPS loading (magnification of 2500 x ): (a) PVA:PAMPS (60:40), (b) PVA: PAMPS: ZIF-8
(85:10:5) (c) PVA: PAMPS: ZIF-8, (75:20:5) (d) PVA: PAMPS: ZIF-8 (65:30:5), and (e) PVA: PAMPS: ZIF-8 (55:40:5).
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Fig. 9. EDX element mapping for Zn and from the cross section of the membrane with PVA:PAMPS:ZIF-8 (55:40:5) composition, (magnification of 2500 x ).
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Table 1
Physicochemical properties of composite membranes.

PVA:PAMPS:ZIF-8 IEC Water- Proton Activation
Ratio (wt%) (meq/g) Uptake Conductivity Energy
(g/g)  (S/cm) (kJ/mol)
85:10:05 0.34 213 0.001 10.81
75:20:05 0.54 243 0.005 114
65:30:05 112 3.01 0.084 12.46
55:40:05 1.52 3.28 0.134 15.23
60:40:00 1.54 3.05 0.104 12.26

34 —m— Water Uptake 18
{-m—iEC .
8,21 L 1.4
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- 1,2
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PAMPS Content (% wt)

Fig. 10. Water uptake and IEC values of the membrane as a function of PAMPS
content (Wt%).

significantly. Generally, the proton conductivity increases with
increasing IEC due to high charge density inside the membrane
[4,8,37]. The IEC values of the prepared membranes are presented
in Table 1. According to the results of these experiments, IEC va-
lues increase with the increasing PAMPS content (i.e. SO; ') in the
membrane. The highest IEC value of 1.52 mmol/g is achieved with
PVA:PAMPS:ZIF-8 (55:40:5). Note that the membrane in this
composition has a higher IEC value compared to Nafion-117 in the
literature [4].

Fig. 10 shows the WU and IEC values of the membranes as a
function of PAMPS content. From this figure, it can be seen that
both WU and IEC values increase with increasing PAMPS content
in the membrane. As a result of chemical cross-linking of PVA, the
hydrophilic hydroxyl groups (-OH) in the PVA react with aldehyde
groups (-CHO) in the GA. Therefore, the WU character of the
membranes strongly depends on the hydrophilic sulfonic acid
groups in PAMPS [8]. Additionally, sulfonic acid groups are the
only ion exchangeable groups in the membrane, so the change in
IEC values are directly linked to PAMPS content in the membrane.
Both WU and IEC values are broadly consistent with similar stu-
dies in the literature, and they are considerably higher than those
of Nafion in the literature [4,33,40].

3.7. Proton conductivity

Fig. 11 presents the Arrhenius plot of the proton conductivity
for fully hydrated composite membranes. It shows that there is
linear temperature dependence between 20 and 80 °C. Regardless
of the compositions of the membranes, proton conductivities in-
crease with temperature. As expected, the proton conductivity of
the membranes increase with increasing the PAMPS content as
well. For instance, the whereas conductivity of PVA:PAMPS:ZIF-8
(85:10:5) reached 0.001 S cm~"! at 80 °C, the conductivity of PVA:

W 85PVA 10 PAMPS: 5ZIF-8
_ B 75PVA 20 PAMPS: 5 2IF-8
— 65 PVA: 30 PAMPS: 5 ZIF-8
- — W 55 PVA: 40 PAMPS: 5 ZIF-3
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Fig. 11. Arrhenius plot for the proton conductivity of composite membranes.

PAMPS:ZIF-8 (55:40:5) reached 0.134 S cm ' at 80 °C, which is 13
times higher than that of PVA:PAMPS:ZIF-8 (85:10:5). (Table 1) For
comparison purposes, the proton conductivity values for fully
hydrated Nafion -117 are between 0.09-0.1 S cm ' in the literature
[42]. On the other hand, in comparison to PVA:PAMPS (60:40), the
membrane with PVA/PAMPS/ZIF-8 (55:40:5) has considerably
higher proton conductivities. It may be concluded from these
findings that ZIF-8 nanoparticles in the membrane contribute to
the migration of protons. In that case, the hydrogen atoms on the
outer surfaces of ZIF-8 nanoparticles contributed to the proton
conduction pathway by making hydrogen bonding network with
the polymer electrolyte. Additionally, the defect sites inside the
ZIF-8 structure also facilitates the proton transfer by providing
hydrogen bonding [25,43].

The activation energies, E,, are derived from the Arrhenius plot
of the composite membranes. The change in proton conductivity
with temperature is given by Arrhenius equation:

0 = 0g €X (—E)
=20 P\ Ty @)

where k is the Boltzmann constant, E, is the activation energy of
proton conduction and T is temperature in terms of Kelvin. The
slope of log s vs 1000/T gives the activation energy of proton
conduction. The obtained activation energies for the composite
membranes are in between 10.81 and 15.23 kj mol~!. These re-
sults are similar to the activation energy of Nafion-117
(12 kj mol 1) [4]. According to these results, the proton migration
across the membrane can attribute to three mechanisms. In the
first mechanism, proton migration from one site to another is
controlled by the formation and breaking of hydrogen bonds be-
tween a hydroxyl groups or water molecules (Grotthuss mechan-
ism). In the composite membrane, the number of sulfonic acid
groups may assist the Grotthuss mechanism. In the second ve-
hicle-type mechanism, a proton combines with solvent molecules
in the medium, producing a complex, which then diffuses. For
instance, a proton combined with water molecule in the medium
can migrate by hydronium ion (H30") through the channels of
PVA polymeric domains [2,4,8,9,36,44]. In the third mechanism,
protons are transferred inside the membrane along the hydrogen
bonding path by generated ZIF-8 nanoparticles [25,43,45].

4. Conclusion

This study reports the preparation of a series of PVA:PAMPS:
ZIF-8 proton conducting ternary composite membranes. The



M. Erkartal et al. / Journal of Membrane Science 499 (2016) 156-163 163

findings of our research are quite convincing, and thus the fol-
lowing conclusions can be drawn: SEM and EDX micrograph
confirm that all materials are uniformly distributed in the mem-
brane. FT-IR spectra confirm the achievement of chemical cross-
linking of PVA by GA and also indicate the existence of inter-
molecular interaction between the constituents. Thermal de-
gradation result indicates that the composite membrane can be
utilized up to 200 °C. Water uptake (WU) and ion exchange ca-
pacity (IEC) tests showed that both values directly link to the
PAMPS content in the membrane and reached values are higher
than those of Nafion for the same conditions in the literature.
Among the membranes, the fully hydrated membrane with PVA:
PAMPS:ZIF-8 (55:40:5) composition shows the best proton con-
ductivity of 0.134 S cm™'at 80 °C, which is comparable to com-
mercial membrane, Nafion-117. In addition, this study shows the
enhanced effects of ZIF-8 nanoparticles on proton conductivity. To
the best our knowledge, this study represents one of the first ex-
ample of a MOF-containing membrane with truly high proton
conductivities and favorable properties. We believe that our find-
ings may open new perspectives for the development of next-
generation PEMs based on MOF structures.
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