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Abstract: 1-butyl-3-methylimidazolium sulfate (BMI1.HSO.), 1-butylimidazole sulfate
(BImH.HSO4) and 3-triethylammonium hydrogen sulfate (TEA-PS.HSO,) ionic liquids
were encapsulated in UiO-66 (Zr-MOF) framework. These materials were incorporated
into sulfonated poly(ether ether ketone) (SPEEK) membranes in different concentrations
of ionic liquid. The influence of ionic liquid concentration encapsulated in Zr-MOF was
evaluated through the morphology and thermal and chemical stability of the modified
membranes. The incorporation of 7.5 wt.% Zr-MOF in SPEEK produced membranes
with high proton conductivity, making this the best mass ratio for the incorporation of the
ionic liquids. Contact angle and swelling analysis indicate that the presence of these ionic
liquids provides stability to the membrane, preventing it from absorbing high amounts of
water. Mass ratios of 2.5 and 5.0 wt.% of encapsulated ILs in Zr-MOF were also used.
Proton conductivity results show that a higher concentration of ionic liquid generates
agglomerates, limiting proton mobility in the membranes. Among the three ionic liquids
tested, TEA-PS.HSO4 presents the best proton conductivity values, between 92 and
140 mS cm™. These results indicate a possible application in proton exchange membrane

fuel cells (PEMFCs).

Keywords: metal-organic framework, ionic liquid, sulfonated poly(ether ether ketone),

MOF-loaded proton exchange membrane



1. Introduction

Clean energy generation with low or no CO2 emissions has been abundantly
researched and developed, [1] with the promise of generating efficient and renewable
energy to supply a sustainable future. Fuel cells (FCs) have stood out as a source of clean
energy among numerous new technologies [2]. In this particular context, proton exchange
membranes (PEMSs) have been widely investigated in the last decades aiming to improve
their performance in fuel cells [3]. In order for the membranes to have a better
performance in FCs, they must be good proton conductors and electronically insulating
at the same time. In addition, the materials used must provide thermal stability and
prevent fuel crossover [4].

Nowadays, commercial membranes such as perfluorinated sulfonic acid (PFSA)
membranes [5] are the most used in proton exchange membrane fuel cells (PEMFCs)
and, although they have significant proton conductivity, they present disadvantages such
as high production cost, high fuel permeability, high dependence on water for good
performance and operating only at temperatures below 80 C [6]. In this context,
alternative membranes have been developed seeking to obtain properties such as low cost,
easy synthesis, good thermal and mechanical stability and eco-friendliness [7]. The
poly(ether ether ketone) (PEEK), when it passes through the sulphonation process,
obtaining SPEEK, has properties comparable to those of an ideal membrane. The high
degree of sulphonation of SPEEK is responsible for its high proton conductivity.
However, the large amount of sulfonic groups attached to the polymer chain result in less
stability in the materials in which the polymer is employed.

Studies have been carried out to overcome the issue of stability loss of SPEEK in
FCs and, among the current alternatives, the use of ionic liquids has been highlighted.

lonic liquids (ILs) are conductive salts which are liquid at temperatures below 100 °C and



ambient pressure. ILs are composed of an organic cation and an organic or inorganic
anion, and are studied and applied in various electrochemical devices [8]. Its properties
are advantageous for application in membranes since they confer good chemical stability
to the material and high ionic conductivity [9]. In a recent work, Zhao et al. [10]
investigated the use of four different ionic liquids, [BMIm][BF4], [BMIm]CI,
[dema][Tfo] and [EIm][Tfo], in membranes with SPEEK and mesoporous silica, and
obtained satisfactory proton conductivity results, around 15 mS cm™ operating at 200 °C,
when the ionic liquid [BMIm][BF4] was added in the SPEEK/SiO. membrane
composition.

However, IL-doped SPEEK membranes undergo IL leaching during long-term
operation, which results in loss of conductivity and leading to cell failure. In order to
extend the service life of the membrane and to maintain the mechanical and thermal
properties acquired with the use of ionic liquids, inorganic materials such as clays and
zeolites, as well as organic materials such as covalent organic (COFs) and metal-organic
(MOFs) frameworks, are added to membranes with SPEEK/ILs [11].

Metal-organic frameworks (MOFs) are a new class of porous materials. Their
structure is built typically from metal ions or connected through coordination bonds with
organic ligands. MOFs are being investigated for countless applications and, among them,
the most promising are storage and gas separation [12]. UiO-66 (UiO: University of
Oslo), Zre(us-0)a(p3-OH)4(02C—CsHs—COz2)12, is a highly crystalline zirconium-based
MOF formed by octahedral ZreO4(OH)a, with 12-fold connections to the organic ligand
1,4-benzene-dicarboxylate (BDC). Its main advantages for use in fuel cells are related to
its large surface area, stability and low electrical conductivity. Zhang et al. [13] prepared
a hybrid material, SPEEK/HPW@MIL101, containing MOF MIL-101 (Cr), in the

preparation of nanohybrid membranes for PEMFC applications. They demonstrated that



this hybrid material is 7.25 times more conductive than a pristine SPEEK membrane. The
effect of incorporating sulfonated MIL-101(Cr) on membrane performance was studied
by Li et al. [14]. By incorporation of sul-MIL101(Cr), the hybrid membranes exhibited a
high proton conductivity of 0.306 S cm™ at 75 °C, 100% RH, which is 96.2% higher than
that of pristine membranes.

Here we present the encapsulation of 1-butylimidazole sulfate (BImH.HSO,), 1-
butyl-3-methylimidazolium sulfate (BMI.HSO4) and 3-triethylammonium hydrogen
sulfate (TEA-PS.HSO4) ionic liquids in UiO-66 (Zr-MOF) framework. The Zr-MOF/IL
material is further inserted into the SPEEK membrane synthesis to fabricate proton
exchange membranes by casting method. The particles and the modified membranes are
investigated by structural and morphological characterization. The pristine SPEEK and
the composite membranes are compared in terms of swelling, water uptake, oxidative

stability and proton conductivity.

2. Experimental

2.1. Materials

The PEEK polymer 450PF was obtained from Victrex. The sulfuric acid (H2SO4
98%), methylene chloride (CH:Cl2), N,N-dimethylformamide (DMF, 99.8%),
acetonitrile, ethyl acetate, N,N-dimethylacetamide (DMA, 99%), triethylamine (99%), 1-
chlorobutane, 1-butylimidazol (98%), Zirconium tetrachloride (ZrCls) and terephthalic
acid were purchased from Aldrich and were used as received. The 1.3-propane sultone

and ethyl acetate were obtained from Acros Organics and Vetec, respectively.

2.2. lonic liquid synthesis



3-triethylammonium propane sulfonic acid hydrogen sulfate (TEA-PS.HSO3), 1-
butylimidazole hydrogen sulfate (BIm.HSOs) and I-butyl-3-methylimidazolium
hydrogen sulfate (BMI.HSO.) ILs were prepared according to the literature [15-17].

In order to synthesize the TEA-PS.HSOq4 IL, the 3-triethylammonium propane
sulfonic acid (TEA-PS, 56.78 g) was dissolved in water (4.6 ml), and H2SO4 (14 ml) was
added dropwise at 25 °C. The water was removed under vacuum at 90 °C yielding a
colorless viscous liquid.

The BIm.HSO4 IL was synthesized from the mixture of 1-butylimidazole
(0.2 mol) with water (5 mL) with the dropwise addition of H2SO4 (0.2 mol) in an ice bath;
the reaction was stirred for 24 h at 25 °C. The product was dried under vacuum at 90 °C
resulting in a brown liquid.

The BMILHSO4 IL is obtained from a cooled solution of I-butyl-3-
methylimidazolium chloride (1 equivalent) in anhydrous CH.Cly, in which H2SO4 (1
equivalent, 98%) is dripped dropwise. This solution was refluxed during 48 h at 25 °C;
after this time, the mixture was evaporated with a rotary evaporator for complete removal

of CH2Cly, resulting in a colorless liquid [18].

2.3. Zr-MOF synthesis

The synthesis of the UiO-66 (Zr-MOF) framework was performed by combining
the reactants, terephthalic acid and zirconium chloride (IV) (ZrCls), with 1:1 ratio. The
synthesis was performed in DMF as described in the literature [19, 20]. In an autoclave,
1.4 mmol of ZrCls, 1.4 mmol of terephthalic acid and 3.6 mmol of DMF (0.09 mol L?),
previously solubilized, were added. The reaction was kept in a greenhouse for 24 h at
125 °C. The obtained crystals were filtered under reduced pressure and dried in an oven

at 100 °C for 4 h. The material was washed with methanol to remove the precursors from



the synthesis and oven dried at 60 °C. After each washing, a XRD analysis was performed

to monitor the increase in crystallinity of the material.

2.4. lonic liquid encapsulation

The method used for ionic liquid encapsulation in the Zr-MOF was wet
impregnation. This method consists of: (i) dissolving the ionic liquid in excess of ethanol,
(i) adding the Zr-MOF to this mixture and stirring for 4 h at room temperature; and (iii)
after obtaining a homogenous solution, oven-evacuating the solvent at 80 °C for 6 h, and

the Zr-MOF/IL composite is obtained as a powder [21].

2.5. SPEEK preparation

The SPEEK membrane was prepared according to the literature [22]. The poly
(ether ether ketone) (10g) was dissolved in H2SO4 (250 ml, 98%) under inert atmosphere;
the solution was stirred for 20 h at 25 °C. Afterwards, the polymer solution was
precipitated in excess of deionized water and ice under continuous stirring, and the
polymer was washed to pH 5. The SPEEK polymer was dried under vacuum at 60 °C
until its color turned yellow. The degree of sulfonation obtained was 66% and was

calculated by *H-NMR [23].

2.6. Membranes preparation

Proportional amounts of SPEEK and Zr-MOF were mixed in DMA at 80 °C under
constant stirring for 8 h. The homogeneous mixture was poured onto a petri dish and dried
in a vacuum oven at 80 °C for 24 h. The denominations given for the prepared samples

and their respective compositions are shown in Table 1.



Table 1. Composition and sample designation of the composite membranes.

Sample SPEEK (g) Zr-MOF
(wt.%)
SO 0.50 -
SMOF2.5 0.50 2.5
SMOF5 0.50 5.0
SMOF7.5 0.50 7.5
SMOF10 0.50 10.0

After evaluating the structure of these composite membranes SPEEK/Zr-MOF by
ATR-FTIR and TG analysis and evaluating their proton conductivity in conditions of
contoured relative humidity at 25 and 80 °C, the membrane with 7.5 wt.% of Zr-MOF
was chosen for addition of ionic liquid, because it had the highest proton conductivity
among the samples studied.

The ionic liquids employed in the Zr-MOF were TEA-PS.HSO4, BIm.HSO4 and
BMI.HSO4. These composite membranes were prepared using 2.5 or 5wt.% of IL
encapsulated in Zr-MOF. The chemical structure of SPEEK and the ionic liquids used are
shown in Figure 1, and the denominations given for the composite membranes and their

respective compositions are shown in Table 2.

Figure 1. Chemical structures of SPEEK (a), BIm.HSO4 (b), BMI.HSO4 (c) and TEA-

PS.HSO (d).



Table 2. Sample designation and composition of the membranes.

Sample SPEEK (g) Zr-MOF lonic liquid lonic liquid
(wt.%0) (wt.%0)

SO 0.50 - - -
SMOF/TEA2.5 0.40 7.5 TEA-PS.HSO4 2.5
SMOF/TEAS 0.40 7.5 TEA-PS.HSO4 5.0
SMOF/BH2.5 0.40 7.5 BImMH.HSO4 2.5
SMOF/BH5 0.40 7.5 BImH.HSO4 5.0
SMOF/BM2.5 0.40 7.5 BMI.HSO4 2.5
SMOF/BM5 0.40 7.5 BMI.HSO4 5.0

2.7. Characterizations

The Zr-MOF and Zr-MOF/IL powders were investigated using X-ray diffraction
(XRD) and N2 adsorption-desorption isotherm measurements. The XRD analyses were
performed using a Rigaku detector with Cu Ko radiation (A = 0.15406 nm) in the 26 range
of 2 to 80° using 0.05° min~* steps. The specific surface area was determined using the
Brunauer—Emmett-Teller (BET) method at —196 °C, at a partial pressure P/Po< 1. The
pore size distribution was calculated using the N2 adsorption-desorption isotherms and
the classic theoretical model of Barrett, Joyner, and Halenda (BJH).

The attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) spectra of SPEEK/Zr-MOF and SPEEK/Zr-MOF/IL membranes were measured
with Bruker Alpha-P spectrometer in the range 4000-500 cm™. The thermal stability of
the samples was determined by Thermal Gravimetric Analysis (TGA), using a TA
Instruments Q-50 apparatus in the temperature range from 20 to 700 °C at 20 °C min™*

under N2 atmosphere.



The crystal structures of the pure SPEEK and SPEEK/Zr-MOF-IL composite
membranes were ascertained by X-ray diffraction (XRD) analysis, using a Rigaku X-ray
diffractometer with a Cu-Ka. radiation source, over the range 2° <26 < 80°.

The morphology of Zr-MOF and Zr-MOF/IL particles and the cross-section of the
membranes were observed using field-emission gun-scanning electron microscopy (FEG-
SEM).

The topography images were analyzed by a Bruker Controur GT-K profilometer,
with Vision 64 software and, for information on the hydrophilic or hydrophobic
membranes surface, the contact angle was measured using a Kruss DSA 30 at 25 °C.

The water uptake and the leaching measurements of the samples were determined
by mass difference. The membranes were dried at 80 °C under vacuum for 24 h and
immersed in deionized water at 80 °C for 24 h. The water uptake was calculated by the

formula

Ww - Wd
Water uptake (%) = T X 100% (1)
d
were Wy is the mass of the wet membrane and Wq is the mass of the dry membrane with

absorbent paper.
The leaching out of Zr-MOF/IL composite was calculated using the formula
We =W,

We
where Wi is initial mass of dry sample and Wys is the mass after immersion in deionized

Leaching (%) =

x 100% 2

water and, dried in a vacuum oven at 80 °C for 24 h.

The oxidative stability of the samples was investigated by soaking 1.0 x 2.0 cm
membrane pieces in Fenton’s reagent (4 ppm Fe*? in 3% H,0>) at 80 °C. For this test, the
membranes were weighted (W), then placed in 20 mL of Fenton solution and kept at 80
°C for 24 h. Subsequently, the sample was collected by filtering, cleaned with deionized
water, dried in a vacuum oven at 80 °C for 24 h, and then weighed (W-). The oxidative

stability was calculated using the formula bellow:



_ . W, — W,
Oxidative stability (%) = — %X 100% (3)
1

The proton conductivity of the samples was determined by electrochemical
impedance spectroscopy (EIS) method using an Autolab PGSTAT30 potentiostat from
10 Hz to 100 kHz, 0.01 V AC perturbation and open-circuit potential. The samples were
cut into pieces of 20mmx15mm, clamped by the edges between stainless steel electrodes
and placed in a cel with controlle temperature and relative humidity (RH). The
conductivity was measured at 25 and at 80 °C after the sample was equilibrated at 100
and 60% RH, respectively. The proton conductivitie (o) in the longitudinal direction was
calculated by the following formula [24]:

L

_— (4)
RdW
where L is the distance between the electrodes, d is the thickness and W the width of the

o =

membrane, and R is the resistance value calculated from EIS spectra.

3. Results and Discussion

Figure 2 (a) shows the ATR-FTIR spectra of SO, SMOF2.5, SMOF7.5 and
SMOF10 samples. The pure SPEEK membrane (S0) has a strong absorption at 3440 cm"
! that can be related to the O-H from the SOsH group. The peaks at 1491 and 1478 cm™
are attributed to the aromatic C-C band. The peaks at 1224 and 1083 cm™ are related to
symmetric and asymmetric stretching vibrations of the SOzH group in the SPEEK
polymer [25]. For SMOF2.5, SMOF7.5 and SMOF10 similar spectra can be observed.
These spectra have the same characteristic peaks of SPEEK, although it can be observed
that the intensity of the peaks decreases with increasing amount of Zr-MOF in the
membrane. The peaks at 1587 and 1394 cm™ are attributed to the O-C-O asymmetric and

symmetric stretching in the terephtalic acid ligand, and the peak at 554 cm™ can be



(1) [

Transmittance (%)

attributed to the Zr-(OC) asymmetric stretch [26, 27]. These data confirm the insertion of

Zr-MOF in the polymer matrix.
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Figure 2. ATR-FTIR spectra (a) and TG curves (b) for SO, SMOF2.5, SMOF7.5 and
SMOF10 samples.

The thermal properties of the pure and composite membranes were evaluated by
TG analysis. The TG curves under N2 atmosphere for SO and SPEEK with 2.5, 7.5 and
10 wt.% of Zr-MOF are shown in figure 2 (b). For the pristine SPEEK membrane (S0),
we can observe three distinct steps of mass loss. The first, between 87 and 220 °C, is
attributed to evaporation of water molecules absorbed in the sample; the second mass loss
step, between 220 and 365 °C, is due to decomposition of functional sulfonic acid groups;
and the last step, at approximately 530 °C, may be attributed to the degradation of the
main chain of the SPEEK membrane [28]. Membranes containing Zr-MOF exhibit the
same behavior as pure SPEEK. However, it can be seen that the second stage of mass loss
starts at slightly higher temperature: approximately 260 °C for the samples with 2.5 and
7.5 wt.% of Zr-MOF and 240 °C for the sample with 10 wt.% of this material. Moreover,
although the last degradation stage starts at the same temperature (approximately 560 °C),

it is observed that, with the addition of Zr-MOF, the membranes present a lower mass
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loss at the end of the stage. This result indicates that the addition of Zr-MOF to the
polymer matrix confers thermal stability to the composite membrane. This additional
thermal stability imparted to the polymer may be due to the hydrogen bonding interactions
in the SPEEK/Zr-MOF membranes.

The proton conductivity of the SO and composites membranes with different Zr-
MOF amounts at 25 °C/100 % RH and 80 °C/60 % RH is presented in Table 3. The data
reveals that the incorporation of Zr-MOF in the polymer facilitates proton conduction
when the material content is up to 7.5 wt%, whereas the proton conductivity of the
composite membrane is reduced when Zr-MOF content is 10 wt%. This reduction in
protonic conductivity can be attributed to the fact that this amount of Zr-MOF (10 wt.%)
exceeds the maximum pore size of the polymer, thus making it difficult to diffuse and to
occupy the water swelled pores in the polymer matrix [29]. The proton conductivity of
all membrane samples increases with temperature and Zr-MOF content. The pristine
membrane (S0) displays a proton conductivity of 77 mS cm™ at 25 °C and 126 mS cm ™!
at 80 °C. The SPEEK/MOF composite membranes show enhanced proton conductivity in
both temperatures, reaching 141, 146, 172 and 129 mS cm™ for SMOF2.5, SMOFS5,
SMOF7.5 and SMOF10, respectively, at 80 °C. This increase in conductivity with
addition of Zr-MOF may report that this material has unsaturated metal sites which can
provide a significant amount of OH groups by hydrolysis. By hydrogen bonds, these OH
groups can facilitate proton conduction by the Grotthuss mechanism [14, 30]. The
increase of the Zr-MOF concentration in the polymer matrix increased the number of

metal sites, which facilitates the construction of the hydrogen bonding networks.

Table 3. Proton conductivity (o) and relative humidity (RH) of SPEEK/MOF composite

membranes with different amounts of Zr-MOF at 25°C and 80 °C.



Sample 6 (MS cm?)

25 9C (100% RH) 80 °C (60% RH)
S0 77 126
SMOF2.5 84 141
SMOF5 96 146
SMOF7.5 104 172
SMOF10 85 129

The results for SPEEK/MOF membranes with concentrations 2.5, 5, 7.5 and
10 wt.% Zr-MOF show that an increase in Zr-MOF concentration causes an improvement
in membrane conductivity, with a limit value reached when 7.5 wt.% Zr-MOF in the
polymer was used. The conductivity of the SMOF10 sample undergoes a drastic decrease
in its value when compared to the SMOF7.5 membrane. Through thermal analysis it is
evident that the increase in Zr-MOF concentration from 7.5 wt.% to 10 wt.% is also
accompanied by loss of thermal stability in the material, since the SMOF10 sample
decomposes at a lower temperature when compared to the other samples. Considering
these results, the amount of Zr-MOF to be placed on the SPEEK membrane was set at 7.5
wt.%.

The Zr-MOF and Zr-MOF/IL powders were characterized by XRD, BET and
FEG-SEM analysis. The XRD analysis for Zr-MOF, Zr-MOF/BH5, Zr-MOF/BM5 and

Zr-MOF/TEADS particles are shown in Figure 3.
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Figure 3. XRD analysis of Zr-MOF, Zr-MOF/BH5, Zr-MOF/BM5 and Zr-MOF/TEADS.

The crystalline structure of the UiO-66 MOF can be confirmed by XRD analysis.
The pure MOF diffractogram shows the crystallographic planes (111), (002), (113),
(004), (115), (224), (046), and (137) relating to the 26 peaks of 7.2°, 8.1°, 11.3°, 13.8°,
16.7°,21.9°,25.3°,30.6° and 32.8° [31]. It is possible to observe a large amorphous halo
around 22° for the MOF/IL samples, probably due to the presence of ionic liquid.
Moreover, the characteristic peaks of the MOF associated to the planes (111), (002) and
(113) are shifted to values less than 20, attesting to the increase in interplanar distances
in relation to Zr-MOF without ionic liquid, which suggests that the IL is occupying the
pores of the MOF structure. In addition, it is possible to observe a decrease in the intensity
of the peak around 7.2° with the increase of the molar mass of IL, suggesting that a larger

molar mass of the ionic liquid can hinder the crystallization of the Zr-MOF.



The N adsorption/desorption curves for analysis by the BET method) for pure Zr-

MOF, Zr-MOF/BH5, Zr-MOF/BM5 and Zr-MOF/TEAS5 are shown in Figure 4.
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Figure 4. N2 sorption isotherms, BET surface area (BET area) and pore volume for Zr-

MOF, MOF/BM5, MOF/BH5 and MOF/TEAS samples.

It can be observed in the diagram that the volume of adsorbed gas is much higher
for pure Zr-MOF; this is due to the absence of ionic liquid in the pores of the material.
The specific area was determined by the BET method; the following values were
obtained: 987 m?/g (Zr-MOF), 72 m?/g (MOF/BM5), 49 m?/g (MOF/BH5) and 42 m?/g
(MOF/TEADS). The pore volume was calculated by the BJH method; the following values
were obtained: 0.52cm®/g (Zr-MOF), 0.074cm’/g (MOF/BM5), 0.063 cm®/g
(MOF/BHS5) e 0.056 cm®/g (MOF/TEAS). The decrease in specific area and pore volume
values confirm that the ionic liquid fills the pores of the material. The MOF/TEA system
presents the smallest specific area and the smaller volume of N2 gas adsorbed in the Zr-
MOF cavities, which confirms the results obtained by the XRD analysis and shows that

the molar mass of ionic liquid is correlated with variation of the pores size.



The FEG-SEM images for pure Zr-MOF and MOF/IL particles are shown in

Figure 5.
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Figure 5. FEG-SEM images and size distributions of Zr-MOF (a-b), MOF/BH2.5 (c-d),
MOF/BH5 (e-f), MOF/BM2.5 (g-h), MOF/BM5 (i-j), MOF/TEA2.5 (I-m) and
MOF/TEAS5 (n-0) particles.

It can be observed in Figure 5 that the addition of ionic liquid in the Zr-MOF
causes a decrease in the degree of agglomeration of the particles, and the presence of
cubic structures is observed as the concentration of ionic liquid increases. This behavior
can be attributed to an increase of the acidity of the medium with the addition of ILs. The
pH of the ionic liquids is 2.2, 3.8 and 1.3 for BIm.HSO4, BMI.HSO4 and TEAPS.HSO4,

respectively. As the acidity of the medium acidity increases, more cube-shaped crystals



are observed, Fig.5 (c, g and ), however these cubes present in varying sizes and
gradually become larger with increasing IL concentration,as it can be seen in Figure 5 (f,
j and o). This behavior indicates that the ionic liquid is acting as a structure modulator,
and the more acid the IL, more cubic structures are observed. However, the mean particle
size does not change significantly when the amount of IL added is 2.5 wt.%. When the
amount of IL is doubled (5 wt.%) an increase in particle size is observed, however the
mean size is practically the same for the three ILs.

After the characterization of Zr-MOF/IL particles, SPEEK modified membranes
were manufactured with this material by the casting method. These composite
membranes were morphologically and structurally characterized and compared to the
SMOF7.5 membrane in order to evaluate the effects of the ionic liquids encapsulated in
the Zr-MOF particles.

The ATR-FTIR spectra for SMOF/TEA2.5, SMOF/TEA5, SMOF/BH2.5,
SMOF/BH5, SMOF/BM2.5 and SMOF/BM5 modified membranes are shown in Figure

6.
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Figure 6. ATR-FTIR spectra for SMOF/TEA2.5, SMOF/TEA5, SMOF/BH2.5,
SMOF/BH5, SMOF/BM2.5 and SMOF/BM5.
In Figure 6 (a-c) it is shown that, regardless of the ionic liquid added, composite

membranes retain the same characteristic peaks as pristine SPEEK and Zr-MOF. The



peaks at 1245, 1075 and 1014 cm™ are attributed to the sulfonic acid group, referring to
symmetrical and asymmetric O=S=0 stretching vibrations [32]. The presence of the peak
at 3440 cm™ is another evidence of the presence of the -SOsH group, since this is
attributed to the O-H vibration of the sulfonic acid group [33]. The peak at 1648 cm™ is
attributed to the backbone C=0 [33]. The evidence that Zr-MOF has been inserted into
the membrane is the presence of the peaks at 1593 and 1395 cm™ that are associated
respectively with the asymmetric and symmetric oscillations of the O=C=0 of the
carboxylate group of terephthalic acid. In addition, the peak at approximately 555 cm™ is
attributed to the Zr-(OC) asymmetric stretch [34]. When the ionic liquid encapsulated in
the Zr-MOF is TEAPS.HSO4, the spectrum in Figure 6(a) displays peaks at 2938 and
1496 cm™ which are attributed to the axial deformation and the angular deformation of
the C-H bond, respectively. The peaks at 1228, 1184 and 1035 cm refers to asymmetric
axial deformation of the S = O bond and axial deformation of the S-O bond of TEA-PS,
respectively [35]. Moreover, the peaks at 1193 and 1151 cm™ reports to antisymmetric
SO, stretching and SOH bending modes, respectively [36]. When the BMI.HSO4 was
encapsulated, the peaks at 2964 and 2939 cm™ in Figure 6 (b) are assigned to C-H, CH;
and CHjs stretching peak on the lateral chain of the imidazole ring [37]. The peaks in 1574
and 1467 cm™ refers to skeletal vibration peaks of imidazole ring, and the peaks at
approximately 1195 and 1160 cm™ are attributed to antisymmetric SO stretching and
SOH bending modes, respectively [36]. When the encapsulated ionic liquid is
BImH.HSO, the peak at 1516 cm™ in Figure 6 (c) is attributed to in-plane stretching of
the CH2(N)CN ring. The peaks at 913 cm™* and 818 cm™ are assigned to N-H out-plane
bending and NC(H)NCH bending vibrations, respectively [38]. Finally, the peaks at 1193
and 1156 cm? refers to antisymmetric SO stretching and SOH bending modes,

respectively [36].



The XRD patterns of the pure Zr-MOF, SO, SMOF7.5, SMOF/BH5, SMOF/BM5

and SMOF/TEAS samples are shown in Figure 7.
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Figure 7. XRD for Zr-MOF, SO, SMOF7.5, SMOF/BH5, SMOF/BM5 and SMOF/TEA5
samples.

The influence of the ionic liquids in the formation of Zr-MOF inside the pores of
the membrane is shown in the diffractograms of these composite membranes in Figure 7.
The diffraction pattern of Zr-MOF exhibit characteristic peaks of crystalline materials
while the diffractogram of the SPEEK membrane (SO) presents a wide and flatted halo
characteristic of a completely amorphous material [39]. The diffraction patterns of all
composite membranes with Zr-MOF show the characteristic halo of the polymer
membrane but also some flattened peaks that can be related to the formation of Zr-MOF
in this membrane. It is interesting to observe the peak around 7.4° (20) in the diffraction
patterns of composite membranes with the addition of ionic liquid. This peak is related to

the overlap of MOF peaks (111) and (200), and can be considered a MOF crystallinity



parameter in the membranes [40]. This peak is relatively intense in the composite
membrane with BImH.HSOg, but is attenuated in the membrane with BMI.HSO4, and
practically non-existent in the membrane with TEA-PS.HSO4. This fact suggests a
decrease in particle size, or in crystallinity, from the BImH.HSO4 system (SMOF/5BH)
to the BMI.HSO4 system (SMOF/5BM). The Zr-MOF on the membrane with TEA-
PS.HSO4 (SMOF/5TEA) is practically amorphous. Probably, the molar mass or the size
of the ionic liquid interferes with the formation of the Zr-MOF particle in the membrane
pores. The BImH.HSO;4 ionic liquid molecule occupies little space inside the Zr-MOF
pore and allows the development of more crystalline and probably larger Zr-MOF
particles. The molecule of BMI.HSOyg is larger than that BImH.HSO4 and slightly disturbs
the formation of these Zr-MOF nanoparticles. However, TEA-PS.HSO4 has a very large
molecule, which occupies much of the membrane pore, and does not allow the full
formation of the Zr-MOF nanoparticles, resulting in a poorly crystalline material.

In order to determine whether the encapsulation of ionic liquids into the Zr-MOF
maintains the thermal stability of pure Zr-MOF, TG analysis was performed. The analysis
of SMOF7.5, SMOF/TEA5, SMOF/BH5 and SMOF/BM5 membranes is shown in Figure
S1. It can be seen that the impregnation of Zr-MOF by TEA-PS.HSO4, BIm.HSO4 or
BMI.HSO4 ionic liquids maintains the thermal stability of SPEEK membrane with the
addition of 7.5 wt% Zr-MOF. The SPEEK/MOF-IL composite membranes have the same
behavior as the SPPEK/MOF membranes, that is, with the same three stages of
degradation. The first stage is the loss of water or residual solvent. The second stage,
which refers to degradation of the sulfonic acid group in the range of 240 to 402 °C, shows
more significant difference between the composite membranes. At this stage, the samples
begin to degrade at a temperature approximately 20 °C lower than the membrane with 7.5

wt.% Zr-MOF (SMOF7.5) and a larger mass loss of these membranes can be observed in



this temperature range. This mass loss of the SPEEK/MOF-IL membranes may be related
to the loss of the HSO4 anion of the ionic liquid. The third stage starts at approximately
the same temperature for all samples, and it refers to the degradation of the main chain of

the SPEEK membrane.
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Figure S1. TG curves for SMOF7.5, SMOF/TP5, SMOF/BH5 and SMOF/BM5 samples.
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Figure S2. Profilometer images and roughness for (a) SO, (b) SMOF7.5, (c) SMOF/TP5,
(d) SMOF/BH5 and (¢) SMOF/BM5.

Figure S2 shows that the average surface roughness of the SPEEK membrane
surface is practically unchanged with the addition of 7.5 wt% Zr-MOF, with a small
decrease of 0.04 um in the roughness value. For composite membranes SMOF/TP5,
SMOF/BH5 and SMOF/BMB5, the roughness values were 1.05 um, 0.77 um and 0.75 pum,
respectively. The SMOF/TP5 membrane has a roughness of approximately 2.5 times
greater than that of the SMOF7.5 sample, while SMOF/BH5 and SMOF/BM5 have a
increase in roughness of approximately 1.8 times. This behavior may be associated with
the cation size of the ionic liquids used. The size of the ionic liquid cations (0.86, 0.90
and 0.98 nm for BImH*, BMI* and TEA-PS", respectively) indicates that only part of the
cation is inserted into the Zr-MOF pore [41], because the Zr-MOF has a triangular
opening of 0.6 nm, making it difficult for large molecules to enter [42]. As the TEA-PS*

cation has greater volume, it may not have completely entered the pore, being mostly



around it, while the smaller BmH" and BMI* cations are able to accommodate better
within the pores.

The cross-sectional images of pure SPEEK (S0) and SPEEK doped with MOF/IL
particles are shown in Figure 8. It can be seen that the membranes were homogenously
prepared, with no evident agglomerations in the SPEEK polymer matrix by MOF/IL

particles.

Figure 8. Cross-sectional images of SO (a), SMOF/BH2.5 (b), SMOF/BH5 (c),
SMOF/BM2.5 (d), SMOF/BMS5 (e), SMOF/TEAZ2.5 (f) and SMOF/BTEADS (g).



In order to investigate whether the addition of the Zr-MOF/IL particles changes
the wettability of the SPEEK membrane, the surface of the membranes was analyzed by
contact angle measurements, shown in Figure 9 (a). In addition, in order to assess whether
the change in the surface of the sample also influenced its water retention capacity,

swelling tests were performed, and the results are shown in Figure 9 (b).
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Figure 9. Contact angle (a) and water uptake (b) for SO, SMOF7.5, SMOF/TEA2.5,

SMOF7/TEA5, SMOF/BH2.5, SMOF/BH5, SMOF/BM2.5 and SMOF/BM5.

It can be noted that, as the amount of IL increases from 2.5 to 5 wt.%, the surface
of the membranes become less hydrophilic and consequently have a reduced water uptake
capacity. The contact angle increases from 85° to 93° and the water absorption is reduced
from 70 to 67% for SMOF/BM2.5 and SMOF/BM5 composite membranes. For
SMOF/BH2.5 and SMOF/BH5 samples, the values of contact angle were 82° and 100°,
which led to a reduction in water retention from 76% to 62%. On the other hand, for the
composite membranes with TEA-PS.HSO4 ionic liquid (SMOF/TP2.5 and SMOF/TP5)
the contact angle had a small variation, from 78 © to 81 © and the water absorption was

reduced from 94% to 78%, with increasing IL concentration. These results indicate that



the three ionic liquids studied are in the pores of the Zr-MOF, improving the stability of
the membrane and thus preventing its excessive swelling [43].

The SPEEK membrane with 7.5 wt.% of Zr-MOF (SMOF7.5) presents a contact
angle of 43°, indicating its high hydrophilicity, proven by its dissolution in water at 80
°C. The fact that this membrane has high water retention may be related to Zr-MOF
structural factors, including pore size [44]. These factors facilitate the aggregation of
water molecules within the pore, which are fixed by the formation of hydrogen bonds
between the neighboring water molecules with the 1,4-benzoldicarboxylic acid binder

[45].
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Figure S3. Leaching out of SMOF/TP2.5, SMOF/TP5, SMOF/BH2.5, SMOF/BHS5,

SMOF/BM2.5 and SMOF/BMS.

Figure S3 shows the ability of the ionic liquid to exit the membrane in aqueous

medium. The samples show the same leaching tendency, that is, with an increase in the



amount of IL encapsulated in the Zr-MOF, the leaching is increased. We can relate the
pattern of leaching of the composite membranes with the interaction force of IL cations
with the sulfonic group of SPEEK. The increase in leaching follows the order BIm*
>BMI* >TEA-PS™, indicating that the higher the cation, the greater the interaction of IL
with Zr-MOF and SPEEK.

The oxidative stability test, shown in Figure 10, was performed to evaluate
whether the pure Zr-MOF or the MOF/IL particles accelerate the chemical degradation
of the SPEEK membrane. During PEMFC operation, reactive oxygen radicals (+ OH,

» OOH) can be generated by a chemical or electrochemical reaction between hydrogen

and oxygen in the Pt catalyst [46].
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Figure 10. Oxidative stability for SO, SMOF7.5, SMOF/TEA2.5, SMOF/TEAS5,

SMOF/BH2.5, SMOF/BH5, SMOF/BM2.5 and SMOF/BM5 samples.

The results show that the addition of 7.5 wt.% Zr-MOF to SPEEK increases
membrane degradation by 26%. However, when IL is encapsulated in the Zr-MOF

particles, the tendency of chemical degradation of the polymer is reduced for all



concentrations. Nevertheless, it is noted that an increase in the concentration of
encapsulated IL also increases the tendency of membrane degradation. It is known that
oxygen radicals react with weak terminal groups of the polymers [46]. In the case of
SPEEK, the attack of the radical is possibly to the sulfonic group. Therefore, the addition
of pure Zr-MOF accelerates the degradation of the membrane, because this material must
be connected to these terminal groups by the formation of hydrogen bonds, further
weakening it. This can be confirmed by the contact angle and water retention
measurements (Figure 9): the addition of pure Zr-MOF increases the hydrophilicity
tendency of the membrane and consequently its degree of swelling, making this
composite membrane more fragile and consequently leading to its degradation. However,
the encapsulation of IL in the Zr-MOF confers additional protection to these terminal
groups, thus reducing decomposition. This decomposition process can be accelerated or
slowed down depending on the amount of encapsulated ionic liquid, as shown in the
results.

In order to evaluate the effect that the encapsulation of the IL in the Zr-MOF
particles has on the proton conductivity of the composite membranes, conductivity

measurements were performed at 25°C/100% RH and 80 °C/60% RH (Table 4).

Table 4. Proton conductivity (o) and relative humidity (RH) of SPEEK/MOF composite

membranes with different amounts of ionic liquid at 25°C and 80 °C.

Sample ¢ (MScm?)




25°C (100% RH) 80 °C (60% RH)

SMOF/BH2.5 88 109
SMOF/BH5 32 54
SMOF/BM2.5 64 83
SMOF/BM5 26 43
SMOF/TEA2.5 92 140
SMOF/TEA5 43 65

As listed in Table 4, the proton conductivity values of all composite membranes
were smaller than that of the SMOF7.5 composite membrane (Table 3). This result can
be related to the decrease in water uptake of the composite membrane when the ionic
liquid was encapsulated in the Zr-MOF. The conductivity and the water uptake properties
of the composite membranes follow the same order: SMOF7.5 > SMOF/TEA >
SMOF/BH> SMOF/BM. The conductivity of the SMOF7.5 membrane is higher in both
conditions studied, since the Zr-MOF can form hydrogen bonds between the neighboring
water molecules with the 1,4-benzoldicarboxylic acid binder [45]. On the other hand,
when the ionic liquid is encapsulated in the Zr-MOF pore of the, it prevents the water
from entering, preventing the formation of hydrogen bonds decreased thus the proton
conductivity. The results show that the ideal amount of ionic liquid encapsulated for
increasing the conductivity in both studied temperatures (25 and 80 °C) is 2.5 wt.%, for
the three ionic liquids used. The increase in the amount of encapsulated IL to 5 wt.%
significantly decreases all conductivity values. This reduction in proton conductivity may
be related to the increase of particle agglomerations inside in the polymer channel, which
can block the membrane channels preventing water retention. [47]. The SMOF/TEA2.5
composite membrane presented the highest conductivity values among membranes
modified with MOF/IL particles. This behavior can be attributed to the fact that the TEA-

PS.HSO4 IL has a SOsH group in the cation and a SO4H group in the anion. These groups



are protonic and their dissociation produce more H*, thus contributing to the increase of
proton conductivity. The proton conductivity measured at 80 °C is approximately 111%
greater than the pure SPEEK membrane (126 mS cm™) at the same temperature; this
demonstrates that SMOF/TEAZ2.5 may be a promising membrane for use in PEMFC-type

fuel cells.

4. Conclusions

SPEEK membranes modified with Zr-MOF and with ionic liquid encapsulated in Zr-
MOF were manufactured by the casting method. SPEEK/MOF composite membranes
with 7.5 wt.% of Zr-MOF exhibit high conductivity, but dissolve in water at 80 °C. This
behavior is attributed to structural factors of the MOF. The pore sizes of the MOF
facilitate the aggregation of water molecules, which are fixed within the pores by
hydrogen bonds. This increases conductivity, but also the degree of swelling, which
causes MOF dissolution when in prolonged contact with water. In order to increase
thermal and chemical stability of the membrane, BImH.HSO4, BMI.HSO,s and TEA-
PS.HSO4 ILs were encapsulated at 2.5 wt% and 5 wt% by wet impregnation method. As
result, higher contact angles and low water absorption are obtained. Among the three
ionic liquids tested in the SPEEK/Zr-MOF membranes, the composite membrane with
2.5wt.% by mass of TEA-PS.HSO4 encapsulated in the Zr-MOF (SMOF/TEAZ2.5 sample)
showed higher water retention capacity and the best proton conductivity result between
the studied SPEEK/MOF-IL composite membranes. This high conductivity is attributed
to the fact that the TEA-PS.HSO4 IL has a SOsH group in the cation and a SO4H group
in the anion. These groups are protonic and their dissociation produces more H*, thus
contributing to the increase of proton conductivity. The results show that the

SMOF/TEAZ2.5 membrane can be promising for PEMFC applications.
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