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Metal-organic frameworks (MOFs), as newly emerging filler materials for polyelectrolytes,
show many compelling intrinsic features, such as variable structural designability
and modifiability of proton conductivity. In this manuscript, UiO-66-NH,, a stable
MOF with -NH, functional groups in its ligands, was selected to achieve
a high-performance sulfonated poly(arylene ether nitrile)s (SPENSs)/UiO-66-NH2-x
covalent-ionically cross-linked composite membrane. Simultaneously, the obtained
composite membranes displayed excellent thermal stability and dimensional stability.
The as-prepared SPEN/UIO-66-NH»-x cross-linked membranes exhibited higher proton
conductivity than recast SPENs, which can be attributed to the construction of
ionic clusters and well-connected ionic nanochannels along the interface between
UiO-66-NHo-x and SPEN matrix via molecular interactions. Meanwhile, the methanol
permeability of the SPEN/UIO-66-NH»-x composite membrane had been effectively
reduced due to the barrier effect of cross-linking and the addition of UiO-66-NH»-x. The
SPEN/UIO-66-NH»-5 composite membrane had the highest selectivity of 6.42 x 10°
S-s-cm~3: 14.3-times higher than that of Nafion 117. The preparation of cross-linked
UiO-66-NH»>/SPEN composite was facile, which provides a new strategy for preparing
high performance proton exchange membrane.

Keywords: metal-organic frameworks, sulfonated poly(arylene ether nitrile)s, proton conductivity, selectivity,
methanol permeability

INTRODUCTION

Direct methanol fuel cell (DMFC) is one of the most eco-friendly power sources because
of its relatively high efficiency, clean and low carbon technology, and renewable methanol
compared with traditional fossil fuels (Antolini, 2018; Eris et al., 2018; Li et al., 2018a,b;
Yilmaz and Can, 2018). Proton exchange membranes (PEMs) have attracted substantial
attention as the core components of DMFC for ion conduction. Perfluorosulfonic acid
(PFSA) polymer membranes are the most widely commercialized proton exchange
membrane, due to their high proton conductivity (1072—10"!S.cm™!) and excellent
chemical stability (Chang et al., 2013; Kuo et al, 2018; Yan et al, 2018; Ling et al., 2019).
Among all kinds of proton exchange membranes, Nafion membranes, typically made
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by DuPont™, has been extensively used owing to their high
proton conductivity and good chemical stability. However,
Nafion has its disadvantages, such as high cost, low thermal
stability, low proton conductivity under high temperature
(>80°C), and hazardous manufacturing processes, which restrict
its commercial application (Wang et al., 2015a; Zakil et al., 2016;
Ressam et al., 2018). In this regard, numerous efforts have been
paid to solve these problems. Alternatives or modifications and
inorganic-organic composite membranes have been prepared
to replace Nafion for exploring new types of PEMs. With
this development trend, large quantities of sulfonated aromatic
polymers have been explored as alternative PEMs to Nafion, such
as sulfonated poly(arylene ether nitrile)s (Zheng et al., 2017a,b,
2018; Feng et al., 2018), sulfonated polyimides (Perrot et al., 2011;
Yin et al., 2011; Yao et al., 2015; Zhang et al., 2017), sulfonated
poly(benzimidazole)s (Li et al,, 2009; Yue et al, 2015, 2016;
Singha et al., 2016), sulfonated poly(arylene ether ketone)s (Pang
et al., 2015; Xu et al., 2015; Nguyen et al., 2016; Oh et al., 2016),
and sulfonated poly(arylene ether sulfone)s (Ko et al., 2015; Kim
et al., 2017a,b; Ahn et al., 2018).

Among all the mentioned sulfonated polymers, SPENs possess
great potential as excellent PEMs because of the following
striking features (Zheng et al., 2015; Wan et al,, 2017; Zhan
et al, 2018, 2019): (1) The strong polar nitrile group can
promote the adhesion of SPEN to many substrates through
strong polar nitrile group interactions with other polar chemical
groups; (2) the strong dipole interaction between the copolymer
chains leads to good water retention and dimensional stability
of SPEN; (3) the excellent chemical and thermal stability
and high mechanical strength; and (4) lower cost and the
variable structural designability of SPENs. However, for such
sulfonated polyaromatic ethers, their dimensional stability,
methanol crossover resistance, tensile strength, and thermal
stability tend to decrease as the sulfonation degree reaches a
high level. The shortcoming of the SPENs might restrict its
commercial applications. Cross-linking is recognized as the most
efficient method to overcome the aforementioned shortcomings
of the SPENs (Zheng et al., 2017c). Unfortunately, cross-linked
membranes normally exhibit low proton conductivity due to two
factors: (1) Sulfonic acid groups participating in the cross-linked
reactions results in the elimination of sulfonic acid groups; (2)
the sulfonic acid groups may be diluted by introducing cross-
linker. Therefore, besides the cross-linking of the membranes,
it is necessary to add proper functional particles to improve the
conductivity that can enhance the comprehensive properties of
proton exchange membranes.

Metal organic frameworks (MOFs), as newly emerging
materials, have attracted great attention in many fields due
to their compelling intrinsic structural features, such as large
porosity, high crystallinity, tremendous structural flexibility, and
pore size tenability as well as tailorable functionality (Wu et al.,
2015; Zhang et al., 2015; Zhao et al,, 2016; Kahn et al., 2017).
In recent years, more and more attention has been paid to the
study of proton conduction in MOFs (Gil-Herndndez et al.,
2015; Liu et al., 2016; Xu et al., 2016; Joarder et al., 2017;
Yang et al., 2017). The high crystallinity of MOFs can bring
specified proton conduction pathway, such that protons can

be transferred through hydrogen bond networks or functional
sites loaded in holes. Among them, Zr-MOFs have attracted
considerable interests, owing to their high robustness and easy
tunable structure. Despite that diverse Zr-MOFs with different
structures and porosities have been reported recently (Jiang
et al., 2013; Furukawa et al., 2014; Wang et al., 2015b), only the
benchmark compound, Zr-terephtalate MOF UiO-66, displays
the best performances and the lowest cost of synthesis and
scale-up (Cavka et al., 2008; Taddei et al., 2015; DeStefano
etal., 2017). Specifically, the metal-ligand bond strength of UiO-
66-NH; is stronger than those of MIL-53-NH, and MIL-101-
NH, (two other kinds of MOFs with high stability). Thus, to
some extent, UiO-66-NH, is relatively more stable compared
to MIL-53-NH, and MIL-101-NH, (Bai et al., 2016). However,
their proton conduction channels are not consecutive enough
and the fabrication of MOFs into the form of membranes is
still immature, which restricts their proton conductivity and
limits their practical application. The fabrication of MOFs into
sulfonated polymer matrix is a significant step for their practical
application (Patel et al., 2016; Dong et al., 2017). Sulfonated
polymers are not only easy-to-prepare membranes, but also act
as a good medium to form continuous and effective channels for
proton conduction.

In this manuscript, an amino-functionalized UiO-66 (UiO-
66-NH;), a well-known Zr-based MOEF, was synthesized
and in situ incorporated with SPENs to form UiO-66-
NH,/SPENs  covalent-ionically ~ cross-linked ~ composite
membranes in combination with the high proton conductivity
and surface amino reaction activity of UiO-66-NH,.
The preparation of the cross-linked UiO-66-NH,/SPENs
composite was facile, which provides a new strategy for
preparing high-performance proton exchange membrane.
The results showed that the methanol permeability, water
uptake, and swelling ratio of the cross-linked UiO-66-
NH,/SPENs composite membranes decreased with the
introduction of functional nanoparticles, which indicates
that the covalent-ionically cross-linking between -NH, and
carboxyl/sulfonic acid can effectively improve the methanol
resistance and dimensional stability of the composite
membranes. At the same time, because the -NH, in UiO-
66-NH; is a very good proton acceptor/donor, it provides
a new way for proton transfer in SPENs membranes,
thus significantly improving the proton conductivity of
composite membranes. All the results showed that the
cross-linked ~ UiO-66-NH,/SPENs  composite membranes
prepared by covalent-ionically cross-linking have excellent
comprehensive properties.

EXPERIMENT

Materials

Hydroquinone sulfonic acid potassium salt (SHQ), hydrochloric
acid, zinc powder, 2, 6-difluorobenzonitrile (DFBN) and
phenolphthalin (PPL), sodium hydroxide (NaOH, AR), N,N-
dimethylacetamide (DMAc, AR), sodium chloride (NaCl, AR),
zirconium tetrachloride (ZrCly, AR) 2-aminotropic acid (BDC-
NH,, AR), acetone (AR), NMP (AR), and K,CO3 (AR) were
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SCHEME 1 | The synthesis of SPEN copolymers via nucleophilic
aromatic substitution.

supplied by KeLong. All the materials were used without
further purification.

SPEN Synthesis

In a typical reaction (Scheme 1), 0.06 mol of SHQ, 0.10 mol of
DFBN, 0.2 mol of K,CO3, 0.04 mol of PPL, 25 mL toluene, and
75mL NMP were poured into a three-necked flask equipped
with a condenser and a mechanical stirrer. The reactants were
first heated to 150°C and maintained for 2 h at this temperature.
Secondly, it was gradually heated up to 185°C and maintained
at this temperature until the copolymers achieve a high viscosity.
Finally, the copolymers were precipitated by pouring the mixture
into alcohol. The copolymers were thoroughly washed several
times for purification, and the collected copolymers were treated
at 120°C in vacuum overnight.

Preparation of UiO-66-NH>

Rapid and large-scale synthesis of UiO-66-NH,: First, 1L DMF
was added into the three-necked bottle equipped with an oil bath,
overhead mechanical stirrer, and condenser. The oil bath was
raised to 120°C and maintained at this temperature. Then, 15.0 g
(64.4 mmol) ZrCly, 11.7g (64.4 mmol) 2-amino terephthalic
acid (BDC-NH;), and 440 mL (7.73 mol) acetic acid were added
sequentially and stirred to dissolve evenly. The mixture was
stirred and maintained at 120°C for 15 min, then naturally cooled
to room temperature. The mixture was immersed in DMF for
12h to remove the unreacted substances, and then immersed in
ethanol for 48h and replaced with ethanol every 6 h. The final
product was obtained by drying in a vacuum oven at 120°C.

Preparation of SPEN/UiO-66-NH»-x
Covalent-lonically Cross-Linked

Composite Membrane

The SPEN/UiO-66-NH;,-x covalent-ionically  cross-linked
composite membranes were obtained as follows: Firstly, a certain
amount of SPENs was dissolved in 15 mL DMACc to obtain a clear
and transparent solution, which was recorded as solution A.
At the same time, a certain amount of UiO-66-NH, was added
to the 5mL DMAc and put into the ultrasonic bath to make it
dispersed uniformly, which was recorded as solution B. Then,

solution B was poured into solution A, which were sonicated
and stirred for several hours at room temperature. The mixed
solution then was cast onto clean glass plates and then cured in
an oven with the consecutive temperature profiles of 80, 100,
120, 140, and 160°C (2h each step) to remove the solvent. At
the end of the heating procedure, the oven was naturally cooled
to room temperature. Then the composite membrane was taken
out and immersed in 1M sulfuric acid solution for 24 h. After
that, the membrane was washed repeatedly with DI water to
neutralize the residual acid. The composite membranes were
then placed in a vacuum oven and treated at 160°C for 12h
to obtain SPEN/UiO-66-NH, covalent-ionically cross-linked
composite membranes, named as SPEN/UiO-66-NH,-x (x = 0,
1,3,5,7,and 9).

Characterization

Fourier Transform Infrared (FTIR) spectra were performed
by a Shimadzu FTIR8400S spectrometer between 4,000 and
400cm~! in air. The cross-sectional morphologies of the
membranes were observed by scanning electron microscope
(SEM, JEOL, JSM-5900 LV). The microstructure, particle size,
and element distributions of UiO-66-NH, were characterized
by JEM2100F field emission transmission electron microscope
(TEM). Before TEM observation, the membranes were brittle
fractured in liquid nitrogen and then coated with gold. The
thermal degradation processes of the membranes were evaluated
by thermal gravimetric analysis (TGA, TA, Q50) with a heating
rate of 20°C/min under 40 mL/min N, flow. The sample loading
for TGA was around 6-10 mg. The membranes were first heated
to 160°C and dwelled for 5min to remove the remaining water
and solvent. They were then reheated from room temperature to
600°C with a heating rate of 20°C min~!. The tensile strength
and Young’s modulus were measured on a SANS CMT6104
series desktop electromechanical universal testing machine at
room temperature. The crosshead speed was fixed at 5mm
min~!. At least five membrane samples were prepared for the
mechanical test.

lon Exchange Capacity (IEC)

Weight-based IEC (IEC,,) was determined by the titration
method. All the membranes were immersed in 2.0 M NaCl
solution for 48h to liberate the H* ions. Then, the HT ions
were titrated with 0.01 M NaOH solution using phenolphthalein
as indicator. The titrated IEC was calculated from the
following formula:

Vi M

IEC (mmol/g) = Y NaOH"NaOH
Wary

where My.on (mol/L) and Vaon (L) are the concentration and

volume of NaOH solution, respectively, and Wy (g) is the mass

of membrane.

Methanol Permeability and Proton
Conductivity

The methanol permeability of samples was tested by using a
diffusion cell. The cell consists of two diffusion cells (20 mL
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each) and was separated by the as-prepared membranes. The
membranes were hydrated in deionized water for 24 h. Initially,
10 M methanol solution (20 mL) was added in one side of the
diffusion cell (cell A), and ultrapure water (20 mL) was added
in the other side (cell B). The methanol concentration in the
cell B was tested by using a HIMADZU GC-8A chromatograph.
The methanol diffusion coefficient was calculated by the
following formula:

A DK
Cp(t) = VBTCA(t — to)

where L, A, and Vg are the thickness of membrane, the effective
area, and the volume of receptor reservoir, respectively. Cp
and Cg are the methanol concentrations in the donor and
receptor reservoirs, respectively. DK (in cm? s~!) denotes the
methanol permeability.

The proton conductivity of the membranes was tested
from 107! to 10° Hz. The membrane samples were hydrated
in deionized water at different temperatures for 24h. The
membranes were infibulated between two pairs of stainless steel

electrodes. Conductivity measurements under fully hydrated
conditions were carried out with the stainless steel electrodes
immersed in deionized water. The proton conductivity (o) was
calculated by the following formula:

where o is the proton conductivity (S/cm), L is the distance
between the electrodes (cm), R is the impedance of the membrane
(£2), and S is the surface area (cm?). Each sample was measured
three times to ensure data reproducibility.

Water Uptake and Swelling Ratio

Water uptake was determined by the weight differences between
the full-dried and full-hydrated membranes. All membrane
samples were immersed in deionized water at different
temperatures for 24h to ensure that the membranes were
saturated with water. Subsequently, the water was wiped from
the surface of the membranes quickly with blotting paper, and
then the weight of wet membranes was measured. The swelling

-
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3 ' A 2

=
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10 20 30 10 50
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FIGURE 1 | (a,b) SEM, (c,d) TEM, (e) EDS mapping, (f) XRD curve, and (g) N» adsorption isotherm (77 K) of UiO-66-NH,.
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ratio of the membrane sample was determined by immersing it in
deionized water at certain temperatures for 24 h and measuring
the change in length before and after the swelling process. The
water uptake and swelling ratio of the membranes were calculated
using the following equations:

Wyet — W
Water uptake = Zwet 7 Y 100%
dry
Lwet — L
Swelling ratio = —<-— 9% 100%
Ldry

where Wyt and W,y are the mass of wet and dry membrane
samples, respectively, and Lyt and Lary are the length of wet and
dry samples, respectively.

DISCUSSION AND RESULT
Characterization of UiO-66-NH-

The structure, morphology, composition, and porosity
of synthesized UiO-66-NH, were studied by various
characterization techniques. Firstly, the morphology of

synthesized UiO-66-NH, was studied by SEM and TEM, as
shown in Figure 1. The synthesized UiO-66-NH; has a highly
uniform cubic state with an average diameter of about 135 nm,
which can be inferred from Figures la,b. The TEM diagrams
in Figures 1c,d further confirm the typical cube structure of
UiO-66-NH, with smooth and flat surfaces. Figure le is the
EDS element mapping of UiO-66-NH,, which can be used to
evaluate the element distribution of synthesized UiO-66-NH,
materials. As shown in Figure le, the elements of N and O
are uniformly distributed in the cubic region corresponding to
UiO-66-NH,. Figure 1f is the XRD pattern of UiO-66-NH,,
which is very similar to the simulated curve, indicating the
successful synthesis of UiO-66-NH,. At the same time, the
narrow and sharp diffraction peaks show the high crystallinity
of the synthesized UiO-66-NH;. The N, adsorption-desorption
isotherms of UiO-66-NH, at 77 K are shown in Figure 1g. It is
noteworthy that the specific surface area of UiO-66-NH; reaches
1,253.97m?-g~!. The large specific surface area can provide
enough proton-hopping sites to UiO-66-NH; and enhance the
proton transfer in the membrane, which is also conducive to the
adsorption of methanol molecules.

FTIR of SPEN/UiO-66-NH>-x
Covalent-lonically Cross-Linked

Composite Membrane

The characteristic functional groups in SPEN/UiO-66-NH;-x
covalent-ionically cross-linked composite membrane were
characterized by FTIR. From Figure2, it can be observed
that there is a significant ether bond characteristic absorption
at 1,243cm™! in the composite membranes, which indicates
that the sulfonated poly(arylene ether nitrile)s were formed
by condensation polymerization. In addition, there is
a characteristic absorption band at 2,230cm™! in all the
SPEN/UiO-66-NH,-x composite membranes, which is unique to

SPENIVIO-66-NH-0 2230

T 1 Ll
160D 1243 fp19
|b14501080?

|

SPEN/UIO-66-NH,-1

-.—-.\SPENIUiO-GG-NHZ&

SPEN/UiO-66-NH,-5

___.,_\s\tEhNIUio-ss-NHﬂ

SPEN/UiO-66-NH,-9

Transmittence

4000 3500 3000 2500 2000 1500 1000
Wave number (cm™)

-——— - — § - —

FIGURE 2 | The FT-IR spectra of SPEN/UIO-66-NH,-x covalent-ionically
cross-linked composite membrane.

the nitrile group on the main chain of SPEN. The characteristic
absorption bands at 1,018 and 1,080 cm™! correspond to the
symmetrical and asymmetrical stretching vibration absorption
of the sulfonic group (—SO3H), which indicates that the —SO3;H
has been successfully introduced into the SPEN. The obvious
absorption bands at 1,460, 1,580, and 1,600cm~! can be
attributed to the vibration absorption of benzene ring skeleton.
It is also observed that before the addition of UiO-66-NH,,
there was a distinct characteristic absorption band at 1,712 cm ™!
for pure SPEN. However, the characteristic absorption band
disappeared gradually with the doping of UiO-66-NH,, and
appeared gradually at 1,680cm~! which belonged to the
characteristic absorption band of carbonyl group, indicating that
the -NH; of UiO-66-NH, reacted with the carboxyl groups of
SPEN in the SPEN/UiO-66-NH;-x composite membranes.

SEM of SPEN/UiO-66-NH>-x
Covalent-lonically Cross-Linked

Composite Membrane

The performance of composite membranes is closely related
to the dispersion, interface connectivity, and compatibility
of functional nanoparticles in the matrix. SEM was used to
observe the internal microstructures of the SPEN/UiO-66-NH, -
x composite membranes and the dispersion of UiO-66-NH, in
the membranes. Figure 3 is the SEM image of the cross section of
SPEN/UiO-66-NH;-x covalent-ionically cross-linked composite
membrane. As can be seen in the Figure 3, the SPEN/UiO-66-
NH,-0 membrane showed a smooth cross section. With the
increasing UiO-66-NH; content, the cross section of SPEN/UiO-
66-NH;-x covalent-ionically cross-linked composite membrane
becomes rough. Particularly, some holes appeared in the cross
section of SPEN/UiO-66-NH;-9 composite membrane. When
the doping amount of UiO-66-NH, is no more than 5 wt%
(Figures 3b-d), it can be uniformly dispersed in the composite
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(d) x =5 wt%; (e) x = 7 wt%; and (f) x = 9 wt%.

FIGURE 3 | The SEM images of SPEN/UiO-66-NH,-x covalent-ionically cross-linked composite membrane with (@) x = 0 wt%,; (b) x = 1 wt%; (c) x = 3 wt%;

membrane. Moreover, the interface between UiO-66-NH, and
SPEN is relatively close, and no phase separation is observed.
This can be attributed to the good compatibility of UiO-66-NH,
and polymers, and the amino group easily interacts with sulfonic
group/nitrile group in SPEN matrix, which greatly increases
the compatibility of inorganic function in matrix. However,
the agglomeration trend began to appear when the content
of UiO-66-NH; further increased, which is well-illustrated in
Figures 3e,f. As shown in Figure 3f, when the UiO-66-NH,
content reaches 9 wt%, obvious agglomeration was observed.
And, some holes begin to appear in the composite membrane.

Thermal Properties

The thermal stability of the prepared SPEN/UiO-66-NH;-x
covalent-ionically cross-linked composite membrane was studied
by TGA in nitrogen atmosphere, as shown in Figure 4. The
TGA curves of all SPEN/UiO-66-NH,-x composite membranes
show two decomposition patterns. The first decomposition range
can be attributed to the thermal decomposition of sulfonic
groups, and the second decomposition range can be attributed
to the degradation of the main chain of SPEN. Furthermore,
the initial decomposition temperature of SPEN/UiO-66-NH;-0

composite membrane is about 260°C, which is much higher
than that of Nafion 117. With the addition of UiO-66-NH,,
the thermal decomposition temperature of the SPEN/UiO-66-
NH,-x composite membranes increases greatly, and the initial
decomposition temperature of all the composite membranes
is higher than 290°C. It can be attributed that: (1) After
the formation of covalent-ionically cross-linking between UiO-
66-NH, and SPEN, the movement of molecular chains and
sulfonic acid groups was limited, thus the thermal stability
of the SPEN/UiO-66-NH,-x composite membranes could be
improved accordingly; (2) as a kind of functional nanoparticles,
the interaction between UiO-66-NH, and molecular chains
hinders the mobilities of the chains, and delays the degradation
of SPEN molecular chains, thus improving the thermal stability
of the SPEN/UiO-66-NH;-x composite membranes.

Mechanical Properties

The mechanical properties of proton exchange membranes
(PEMs) directly determines whether the PEMs can be used for
long-term operation in fuel cells. The mechanical properties of
SPEN/UiO-66-NH;,-x composite membranes in wet state are
listed in Figure 5. The tensile strength and Youngs modulus
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FIGURE 4 | The thermal degradation (TGA) curve of SPEN/UiO-66-NH;-x
covalent-ionically cross-linked composite membrane.
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FIGURE 5 | The mechanical properties of SPEN/UIO-66-NHx-x
covalent-ionically cross-linked composite membrane.

of SPEN/UiO-66-NH,-x composite membranes are 42.2-60.8
MPa and 1,215-2,078 MPa, respectively. With the addition of
UiO-66-NH,, all composite membranes demonstrated enhanced
mechanical properties. This is mainly due to the covalent-
ionically cross-linking between UiO-66-NH; and SPEN, which
results in the lower mobility of SPEN molecular chains in a
certain range. Both the tensile strength and Young’s modulus of
SPEN/UiO-66-NH;-x composite membranes show an increasing
trend with the addition of UiO-66-NH, <5 wt%. However, while
the content exceeds 5 wt%, the mechanical properties begin
to decrease, which is determined by the dispersion of UiO-
66-NH,. As mentioned above by SEM, UiO-66-NH, has good
compatibility and good dispersion with the SPEN matrix as the
content of UiO-66-NH, below 5 wt%, which can enhance the
mechanical properties of the SPEN/UiO-66-NH;-x composite
membranes. While the addition exceeds 5 wt%, UiO-66-NH,
is prone to agglomeration, which resulting in defects in the
SPEN/UiO-66-NH;-x composite membranes.
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FIGURE 6 | The ion exchange capacity (IEC) values of SPEN/UIO-66-NH,-x
covalent-ionically cross-linked composite membrane.

lon Exchange Capacity, Water Uptake, and
Swelling Ratio

The ion exchange capacity (IEC) values represent the amount
of hydrogen ions that can be replaced in proton exchange
membranes, which plays an important role to the water uptake,
proton conductive, and dimensional stability of membranes. As
shown in Figure 6, with the increase of UiO-66-NH, addition,
the IEC value of SPEN/UiO-66-NH;,-x composite membranes
decreased from 1.71 to 1.31 mmol/g. The main reasons are as
follows: (1) The addition of UiO-66-NH, to the SPEN matrix
diluted the concentration of sulfonic groups in the composite
membranes to a certain extent. (2) The addition of UiO-66-
NH, can cause covalent-ionically cross-linking reaction with
carboxyl and sulfonic groups under certain heat treatment, which
consumes the carboxyl and sulfonic groups, and the cross-linking
network limits the replacement of HT by Na™, thus leading to the
decrease of IEC value of the composite membrane.

The water uptake of the PEMs has an important influence on
the proton transport mechanism and methanol permeability. It
is also closely related to the dimensional stability and mechanical
properties of the proton exchange membrane. Therefore, the
proton exchange membrane must have a proper water uptake.
The water uptake of SPEN/UiO-66-NH,-x composite membrane
at corresponding temperatures is shown in Figure?7. The
water uptake of SPEN/UiO-66-NH,-x composite membrane
increases with the increasing temperature. For example, at
room temperature, the water uptake of SPEN/UiO-66-NH,-
0 composite membranes is 31.2 wt%, and at 80°C, the
water uptake of SPEN/UiO-66-NH,-0 composite membranes
is 156.2 wt%. It was also observed that the water uptake
of the SPEN/UiO-66-NH,-x composite membranes decreased
gradually with the increasing of UiO-66-NH; content. For
example, at room temperature, the water uptake of SPEN/UiO-
66-NH;-x composite membranes decreased from 31.2 to 12.3
wt% with the increase of UiO-66-NH, content from 0 to
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FIGURE 7 | The water uptake of SPEN/UIO-66-NH,-x covalent-ionically
cross-linked composite membrane.
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FIGURE 8 | The swelling ratio of SPEN/UiO-66-NH,-x covalent-ionically
cross-linked composite membrane.

9 wt%. The reasons for this phenomenon can be attributed
to two aspects: (1) After the addition of UiO-66-NH,, the
covalent-ionically cross-linking between UiO-66-NH, and SPEN
was formed. In addition, UiO-66-NH, as a filler could also
restrict the molecular chain movement of SPEN. These two
effects synergistically reduced the free volume of the composite
membrane, thus resulting in the water uptake of the composite
membrane decreased correspondingly. (2) The UiO-66-NH,
filler has lower IEC value than SPEN leads to the decreasing
water uptake with the increasing of UiO-66-NH, content after
covalent-ionically cross-linking with the matrix.

From Figure8, it can be seen that the swelling
ratio of SPEN/UiO-66-NH,-x composite membranes at
different temperatures shows a similar trend to that of the
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FIGURE 9 | The proton conductivity of SPEN/UiO-66-NH,-x covalent-ionically
cross-linked composite membrane.

above-mentioned water uptake; that is, the swelling ratio
increases with the increasing temperature and decreases with the
increasing filler content. For example, at room temperature, the
swelling rate of SPEN/UiO-66-NH,-0 composite membrane is
11.8%, while that of SPEN/UiO-66-NH,-9 composite membrane
is 4.3%. When the temperature is raised from 20 to 80°C, the
swelling ratio of SPEN/UiO-66-NH,-0 composite membrane is
26.8%, while that of SPEN/UiO-66-NH,-9 composite membrane
is 8.1%. The above results show that the formation of covalent-
ionically cross-linking can significantly improve the dimensional
stability of SPEN.

Proton Conductivity

The effects of temperature and UiO-66-NH, contents on the
proton conductivity of SPEN/UiO-66-NH;-x covalentionically
cross-linked composite membrane are shown in Figure 9 and
Table 1. Firstly, the proton conductivity of the SPEN/UiO-66-
NH,-x composite membranes increases with the increasing
temperature. For example, the proton conductivity of
SPEN/Ui0-66-NH,-5 composite membrane is 7.26 x 1072
S-em™! at 20°C, while the proton conductivity of SPEN/UiO-
66-NH;-5 composite membrane is 13.51 x 1072 S-cm™! at
80°C. This can be attributed to the fact that temperature
increases can promote the mobility of water molecules and
polymer chains, thus improving the migration rate of hydrated
protons. At all temperatures, the proton conductivity of the
SPEN/UiO-66-NH;-x composite membranes increased first and
then decreased with the increasing UiO-66-NH, content. These
phenomena can be explained by the illustration of Figure 10.
When the UiO-66-NH, content is <5 wt%, the increase of
proton conductivity can be attributed to the fact that the
amino groups in the UiO-66-NH; framework are good proton
acceptors/donors. When the content of UiO-66-NH, is <5 wt%,
it can be uniformly dispersed and cause the change of sulfonic
groups at the interface between UiO-66-NH, and SPEN matrix.
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TABLE 1 | The proton conductivity, methanol permeability, and selectivity of
SPEN/UIO-66-NH»-x covalent-ionically cross-linked composite membrane.

Membranes Proton Methanol Selectivity
conductivity permeability (10° S-s-cm—3)
(1072 S.cm™) (10-7 cm2.s7)
20°C 50°C 80°C
SPEN/UIO-66-NH2-0 3.82 535 8.66 3.12 1.22
SPEN/UIO-66-NH,-1 441 596 9.34 2.65 1.66
SPEN/UIO-66-NH,-3 563 6.37 10.23 1.85 3.04
SPEN/UIO-66-NH»-5 726 8.68 13.51 1.18 6.42
SPEN/UIO-66-NH,-7 6.21 717 11.65 1.04 5.97
SPEN/UIO-66-NH»-9 412 564 875 0.85 4.84
Nafion117 6.4 - - 141 0.45

The sulfonic groups interact with the basic amino group to form
acid-base proton pairs, with the aid of water molecule, protons
are continuously transferred between amino group and sulfonic
groups in the membrane by acid-base interaction and Grotthuss
mechanism. In this process, the formation and breakage of
hydrogen bond network structure are alternately carried out. In
conclusion, UiO-66-NH, can enhance the proton conduction
of the composite membrane by increasing the density of proton
conduction groups at the interface of UiO-66-NH,/SPEN under
the condition of good rational dispersion; the other part of
protons can combine with free water molecules to form hydrated
protons (H3O0™), which can transport through a continuous ion
transport channel. Therefore, the addition of UiO-66-NH, into
SPEN could significantly enhance proton transport. However,
when the content of UiO-66-NH, continued to increase in the
composite membrane, the proton conductivity of the composite
membrane began to show a downward trend, especially that of
SPEN/UiO-66-NH;,-9 composite membrane, which decreased
to 4.12 x 1072 S-em™! (at room temperature). This is mainly
attributed to the aggregation of UiO-66-NH, when the content
is too high, which makes its dispersion in composite membranes
become worse. In addition, the high content of UiO-66-NH,
leads to the decrease of IEC value of composite membranes.
In summary, it is more appropriate to control the content of
UiO-66-NH,; at about 5 wt%.

Methanol Permeability and Selectivity

Methanol permeability from anode to cathode can lead to
fuel loss, polarization of fuel cell electrodes and significant
reduction of fuel cell efficiency, and even catalyst poisoning.
Therefore, in DMFCs, proton exchange membranes must possess
both excellent proton conductivity and methanol resistance.
The methanol permeability of SPEN/UiO-66-NH;-x composite
membranes is listed in Table 1 and Figure 11. The methanol
permeability of the SPEN/UiO-66-NH,-x composite membranes
decreased gradually with the increasing of UiO-66-NH,
content. The methanol permeability of the SPEN/UiO-66-NH,-x
composite membranes ranged from 3.2 x 1077S-cm?.s7!
to 0.85 x 1077 S.cm*s™', and the SPEN/UiO-66-NH,-9
composite membranes had the lowest methanol permeability.

e SPEN ++s+: SO5*H,N === —{'—Nj— @ proton

FIGURE 10 | The proposed proton transport mechanism in
SPEN/UIO-66-NH»-x covalent-ionically cross-linked composite membrane.
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FIGURE 11 | The methanol permeability of SPEN/UIO-66-NHo-x
covalent-ionically cross-linked composite membrane.

This is mainly due to: (1) UiO-66-NH, covalent-ionically
cross-linking with carboxyl and sulfonic groups will form a
three-dimensional cross-linking network in the membranes.
The cross-linking network restricts the movement of SPEN
molecular chains, thus making the membranes more compact
and the methanol permeability of the SPEN/UiO-66-NH;-x
composite membranes significantly reduced. (2) The interaction
between the nitrile group of SPEN and UiO-66-NH, further
inhibits the mobility of the polymer chain and reduces the
free volume of the composite membrane. (3) The transport
of methanol in the membrane is similar to that of proton
transport mechanism, which requires hydrophilic ion channels
in the membrane. The barrier effect of UiO-66-NH, in the
proton transport channel can increase the curvature of the
transport channel, thus prolonging the methanol diffusion
pathway and reducing the methanol permeability. (4) UiO-
66-NH, can trap methanol in its pores, thus inhibiting the
methanol permeability.
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FIGURE 12 | The selectivity of SPEN/UIO-66-NH,-x covalent-ionically
cross-linked composite membrane.

As shown in Figure 12 and Table 1, with the increasing
addition of UiO-66-NH,, the selectivity (which is calculated by
the ratio of proton conductivity to methanol permeability) of
all SPEN/UiO-66-NH,-x composite membranes are improved
compared with pure SPEN membranes. This is mainly due to
the increase of proton conductivity and methanol resistance
of SPEN/UiO-66-NH;-x composite membranes. However, the
selectivity of the SPEN/UiO-66-NH,-x composite membranes
increased first and then decreased with the increasing of
UiO-66-NH, content. This was mainly due to the dispersion,
interface connectivity, and compatibility of UiO-66-NH, in
the SPEN matrix. It is for the fact that when the UiO-
66-NH; content is below 5 wt%, the methanol permeability
and the proton conductivity of SPEN/UiO-66-NH;-x increase
simultaneously. Thus, the selectivity of SPEN/UiO-66-NH;-x
presents a growing trend with increasing x. However, when the
content of UiO-66-NH, exceeds 5 wt%, the increased cross-
linking structure makes the membrane highly dense, which
results in more significant decrease of proton conductivity
than that of methanol permeability. Thus, the selectivity of
SPEN/UiO-66-NH;-x membranes presents a downward trend.
The UiO-66-NH,; addition can increase the proton conductivity
and methanol resistance of SPEN/UiO-66-NH;-x; however,
excessive UiO-66-NH, may lead to the agglomeration which
decreases the proton conductivity in the SPEN/UiO-66-NH,-x
membranes and leads to the reduction of overall performance.
The SPEN/UiO-66-NH;-5 composite membrane has the highest
selectivity, which is 6.42 x 10° S-s-cm ™3, 14.3-times higher than
that of Nafion 117.

REFERENCES

Ahn, M. K, Lee, B, Jang, J., Min, C. M,, Lee, S. B, Pak, C., et al. (2018). Facile
preparation of blend proton exchange membranes with highly sulfonated poly
(arylene ether) and poly (arylene ether sulfone) bearing dense triazoles. J.
Membr. Sci. 560, 58-66. doi: 10.1016/j.memsci.2018.05.011

Antolini, E. (2018). Photo-assisted methanol oxidation on Pt-TiO, catalysts for
direct methanol fuel cells: a short review. Appl. Catal. B Environ. 237, 491-503.
doi: 10.1016/j.apcatb.2018.06.029

performance SPEN/UiO-66-NH,-x covalent-ionically cross-
linked composite membrane by doping UiO-66-NH,; (a kind of
newly emerging porous materials with solution processability)
into SPEN. The structure and morphology of large-scale
synthesized UiO-66-NH, were characterized by XRD, SEM,
TEM, and BET. Simultaneously, the obtained SPEN/UiO-66-
NH,-x covalent-ionically cross-linked composite membranes
displays excellent thermal stability and dimensional stability.
The as-prepared SPEN/UiO-66-NH,-x composite membranes
display excellent proton conductivity compared with that of
recast SPEN. The enhanced proton conductivity can be attributed
to the construction of ionic clusters and well-connected
ionic nanochannels along the interface between UiO-66-NH,-
x and SPEN matrix via molecular interactions. Meanwhile,
the methanol permeability of SPEN/UiO-66-NH,-x covalent-
ionically cross-linked composite membrane is well-suppressed
due to the barrier effect of cross-linking and UiO-66-NH;-x.
At the same time, the selectivity of SPEN/UiO-66-NH;-x also
increased significantly as the UiO-66-NH,-x was added. The
SPEN/UiO-66-NH;-5 composite membrane exhibits the highest
selectivity of 6.42 x 10° S-s-cm™2, 14.3-times higher than that
of Nafion 117. All the above results indicate that preparation of
SPEN/UiO-66-NH;-x covalent-ionically cross-linked composite
membranes is an efficient method to modify PEMs with
improved proton-transfer and methanol resistant properties.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

PZ: writing—original draft preparation, conceptualization,
methodology, investigation, and data curation. YZ: writing—
review and editing. ZL, DW, and YM: data curation.
QL: validation.

ACKNOWLEDGMENTS

The authors gratefully thank the financial support from National
Key R&D Program of China (No. 2018YFC0809500), the
National Natural Science Foundation of China (Nos. U1633203,
U1733126), and Sichuan Science and Technology Program
(No. 2018GZYZF0069).

Bai, Y., Dou, Y., Xie, L. H., Rutledge, W., Li, J. R., and Zhou, H. C. (2016). Zr-
based metal-organic frameworks: design, synthesis, structure, and applications.
Chem. Soc. Rev. 45, 2327-2367. doi: 10.1039/C5CS00837A

Cavka, J. H., Jakobsen, S., Olsbye, U., Guillou, N., Lamberti, C., Bordiga, S.,
et al. (2008). A new zirconium inorganic building brick forming metal organic
frameworks with exceptional stability. J. Am. Chem. Soc. 130, 13850-13851.
doi: 10.1021/ja8057953

Chang, Y., Brunello, G. F., Fuller, J., Disabb-Miller, M. L., Hawley, M. E., and
Kim, Y. S. (2013). Polymer electrolyte membranes based on poly (arylene

Frontiers in Chemistry | www.frontiersin.org

10

February 2020 | Volume 8 | Article 56


https://doi.org/10.1016/j.memsci.2018.05.011
https://doi.org/10.1016/j.apcatb.2018.06.029
https://doi.org/10.1039/C5CS00837A
https://doi.org/10.1021/ja8057953
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zheng et al.

Cross-Linked UiO-66-NH,/Sulfonated Aromatic Composite

ether sulfone) with pendant perfluorosulfonic acid. Polym. Chem. 4, 272-281.
doi: 10.1039/C2PY20666H

DeStefano, M. R., Islamoglu, T., Garibay, S. J., Hupp, J. T., and Farha, O. K. (2017).
Room-temperature synthesis of UiO-66 and thermal modulation of densities
of defect sites. Chem. Mater. 29, 1357-1361. doi: 10.1021/acs.chemmater.
6b05115

Dong, X. Y., Li, J. J, Han, Z, Duan, P. G, Li, L. K, and Zang, S. Q.
(2017). Tuning the functional substituent group and guest of metal-organic
frameworks in hybrid membranes for improved interface compatibility and
proton conduction. J. Mater. Chem. A 5, 3464-3474. doi: 10.1039/C6TA07761G

Eris, S., Dagdelen, Z., and Sen, F. (2018). Enhanced electrocatalytic activity and
stability of mnodisperse Pt nanocomposites for direct methanol fuel cells. J.
Colloid. Interf. Sci. 513, 767-773. doi: 10.1016/].jcis.2017.11.085

Feng, M., Huang, Y., Wei, M., and Liu, X. (2018). Sulfonated poly(arylene
ether nitrile)-based hybrid membranes containing amine-functionalized GO
for constructing long-range ionic nanochannels. Int. J. Hydrogen Energy 43,
11214-11222. doi: 10.1016/j.ijhydene.2018.04.227

Furukawa, H., Géndara, F., Zhang, Y. B,, Jiang, J., Queen, W. L., Hudson, M.
R, et al. (2014). Water adsorption in porous metal-organic frameworks and
related materials. J. Am. Chem. Soc. 136, 4369-4381. doi: 10.1021/ja500330a

Gil-Hernéndez, B., Savvin, S., Makhloufi, G., Ndfez, P., Janiak, C., and Sanchiz,
J. (2015). Proton conduction and long-range ferrimagnetic ordering in two
isostructural copper (II) mesoxalate metal-organic frameworks. Inorg. Chem.
54, 1597-1605. doi: 10.1021/ic502586a

Jiang, H. L., Feng, D., Wang, K., Gu, Z. Y., Wei, Z, Chen, Y. P., et al
(2013). An exceptionally stable, porphyrinic Zr metal-organic framework
exhibiting pH-dependent fluorescence. J. Am. Chem. Soc. 135, 13934-13938.
doi: 10.1021/ja406844r

Joarder, B., Lin, J. B., Romero, Z., and Shimizu, G. K. (2017). Single crystal proton
conduction study of a metal organic framework of modest water stability. J. Am.
Chem. Soc. 139, 7176-7179. doi: 10.1021/jacs.7b03397

Kahn, J. S., Freage, L., Enkin, N., Garcia, M. A. A., and Willner, I. (2017).
Stimuli-responsive DNA-functionalized metal-organic frameworks (MOFs).
Adv. Mater. 29:1602782. doi: 10.1002/adma.201602782

Kim, K., Bae, J., Lim, M. Y., Heo, P., Choi, S. W., Kwon, H. H., et al. (2017a).
Enhanced physical stability and chemical durability of sulfonated poly (arylene
ether sulfone) composite membranes having antioxidant grafted graphene
oxide for polymer electrolyte membrane fuel cell applications. J. Membr. Sci.
525, 125-134. doi: 10.1016/j.memsci.2016.10.038

Kim, K., Kim, S. K., Park, J. O., Choi, S. W., Kim, K. H., Ko, T., et al. (2017b). Highly
reinforced pore-filling membranes based on sulfonated poly (arylene ether
sulfone) s for high-temperature/low-humidity polymer electrolyte membrane
fuel cells. J. Membr. Sci. 537, 11-21. doi: 10.1016/j.memsci.2017.05.014

Ko, T., Kim, K., Jung, B. K,, Cha, S. H., Kim, S. K,, and Lee, J. C. (2015). Cross-
linked sulfonated poly (arylene ether sulfone) membranes formed by in situ
casting and click reaction for applications in fuel cells. Macromolecules 48,
1104-1114. doi: 10.1021/ma5021616

Kuo, A. T., Takeuchi, K., Tanaka, A., Urata, S., Okazaki, S., and Shinoda,
W. (2018). Exploring the effect of pendent side chain length on the
structural and mechanical properties of hydrated perfluorosulfonic acid
polymer membranes by molecular dynamics simulation. Polymer 146, 53-62.
doi: 10.1016/j.polymer.2018.05.033

Li, J., Xu, G, Luo, X., Xiong, J., Liu, Z., and Cai, W. (2018a). Effect of nano-size of
functionalized silica on overall performance of swelling-filling modified Nafion
membrane for direct methanol fuel cell application. Appl. Energy 213, 408-414.
doi: 10.1016/j.apenergy.2018.01.052

Li, Q. Jensen, J. O., Savinell, R. F., and Bjerrum, N. J. (2009). High temperature
proton exchange membranes based on polybenzimidazoles for fuel cells. Prog.
Polym. Sci. 34, 449-477. doi: 10.1016/j.progpolymsci.2008.12.003

Li, Y., Liang, L. Liu, C, Li, Y., Xing, W., and Sun, J. (2018b). Self-
healing proton-exchange membranes composed of nafion-poly (vinyl alcohol)
complexes for durable direct methanol fuel cells. Adv. Mater. 30:1707146.
doi: 10.1002/adma.201707146

Ling, X., Bonn, M., Domke, K. F., and Parekh, S. H. (2019). Correlated interfacial
water transport and proton conductivity in perfluorosulfonic acid membranes.
Proc. Natl. Acad. Sci. U.S.A. 116, 8715-8720. doi: 10.1073/pnas.1817470116

Liu, S. J., Cao, C., Yang, F., Yu, M. H,, Yao, S. L., and Zheng, T. F. (2016).
High proton conduction in two Coll and MnII anionic metal-organic

frameworks derived from 1, 3, 5-benzenetricarboxylic acid. Cryst. Growth Des.
16, 6776-6780. doi: 10.1021/acs.cgd.6b00776

Nguyen, M. D. T., Yang, S., and Kim, D. (2016). Pendant dual sulfonated poly
(arylene ether ketone) proton exchange membranes for fuel cell application.
J. Power Sources 328, 355-363. doi: 10.1016/j.jpowsour.2016.08.041

Oh, K., Ketpang, K., Kim, H., and Shanmugam, S. (2016). Synthesis of
sulfonated poly (arylene ether ketone) block copolymers for proton exchange
membrane fuel cells. J. Membr. Sci. 507, 135-142. doi: 10.1016/j.memsci.2016.
02.027

Pang, J., Jin, X, Wang, Y., Feng, S., Shen, K, and Wang, G. (2015).
Fluorinated poly (arylene ether ketone) containing pendent hexasulfophenyl
for proton exchange membrane. J. Membr. Sci. 492, 67-76.
doi: 10.1016/j.memsci.2015.05.027

Patel, H. A., Mansor, N., Gadipelli, S., Brett, D. J., and Guo, Z. (2016). Superacidity
in Nafion/MOF hybrid membranes retains water at low humidity to enhance
proton conduction for fuel cells. ACS Appl. Mater. Inter. 8, 30687-30691.
doi: 10.1021/acsami.6b12240

Perrot, C., Gonon, L., Marestin, C., and Gebel, G. (2011). Hydrolytic degradation
of sulfonated polyimide membranes for fuel cells. J. Membr. Sci. 379, 207-214.
doi: 10.1016/j.memsci.2011.05.063

Ressam, I, El Kadib, A., Lahcini, M., Luinstra, G. A., Perrot, H., and
Sel, O. (2018). Enhanced proton transport properties of Nafion via
functionalized halloysite nanotubes. Int. . Hydrogen. Energy 43, 18578-18591.
doi: 10.1016/j.ijhydene.2018.05.025

Singha, S., Jana, T., Modestra, J. A., Kumar, A. N, and Mohan, S.
V. (2016). Highly efficient sulfonated polybenzimidazole as a proton
exchange membrane for microbial fuel cells. J. Power Sources 317, 143-152.
doi: 10.1016/j.jpowsour.2016.03.103

Taddei, M., Dau, P. V., Cohen, S. M., Ranocchiari, M., van Bokhoven, J. A.,
Costantino, F., et al. (2015). Efficient microwave assisted synthesis of metal-
organic framework UiO-66: optimization and scale up. Dalton Trans. 44,
14019-14026. doi: 10.1039/C5DT01838B

Wan, X., Zhan, Y., Zeng, G., and He, Y. (2017). Nitrile functionalized
halloysite nanotubes/poly(arylene ether nitrile) nanocomposites: interface
control, characterization, and improved properties. Appl. Surf. Sci. 393, 1-10.
doi: 10.1016/j.apsusc.2016.09.148

Wang, H., Zhuang, X., Tong, J., Li, X.,, Wang, W., Cheng, B., et al. (2015a).
Solution-blown SPEEK/POSS nanofiber-nafion hybrid composite membranes
for direct methanol fuel cells. J. Appl. Polym. Sci. 132, 42843-42850.
doi: 10.1002/app.42843

Wang, T. C,, Bury, W., Gomez-Gualdrén, D. A., Vermeulen, N. A., Mondloch, J.
E., Deria, P., et al. (2015b). Ultrahigh surface area zirconium MOFs and insights
into the applicability of the BET theory. . Am. Chem. Soc. 137, 3585-3591.
doi: 10.1021/ja512973b

Wu, H. B, Xia, B. Y, Yu, L, Yu, X. Y, and Lou, X. W. D. (2015).
Porous molybdenum carbide nano-octahedrons synthesized via confined
carburization in metal-organic frameworks for efficient hydrogen production.
Nat. Commun. 6:6512. doi: 10.1038/ncomms7512

Xu, H., Tao, S., and Jiang, D. (2016). Proton conduction in crystalline and porous
covalent organic frameworks. Nat. Mater. 15:722. doi: 10.1038/nmat4611

Xu, J., Ni, H., Wang, S., Wang, Z., and Zhang, H. (2015). Direct polymerization
of a novel sulfonated poly (arylene ether ketone sulfone)/sulfonated
poly (vinylalcohol) crosslinked membrane for direct methanol fuel cell
applications. J. Membr. Sci. 492, 505-517. doi: 10.1016/j.memsci.2015.
06.031

Yan, Z. B., Young, A. P., and Goward, G. R. (2018). A magnetic resonance and
electrochemical study of the role of polymer mobility in supporting hydrogen
transport in perfluorosulfonic acid membranes. Phys. Chem. Chem. Phys. 20,
19098-19109. doi: 10.1039/C8CP02676A

Yang, F., Xu, G., Dou, Y., Wang, B., Zhang, H., Wu, H., et al. (2017). A flexible
metal-organic framework with a high density of sulfonic acid sites for proton
conduction. Nat. Energy 2:877. doi: 10.1038/s41560-017-0018-7

Yao, H., Zhang, Y, Liu, Y., You, K., Song, N,, Liu, B., et al. (2015). Pendant-group
cross-linked highly sulfonated co-polyimides for proton exchange membranes.
J. Membr. Sci. 480, 83-92. doi: 10.1016/j.memsci.2014.12.014

Yilmaz, E., and Can, E. (2018). Cross-linked poly (aryl ether sulfone) membranes
for direct methanol fuel cell applications. J. Polym. Sci. Poly. Phys. 56, 558-575.
doi: 10.1002/polb.24582

Frontiers in Chemistry | www.frontiersin.org

11

February 2020 | Volume 8 | Article 56


https://doi.org/10.1039/C2PY20666H
https://doi.org/10.1021/acs.chemmater.6b05115
https://doi.org/10.1039/C6TA07761G
https://doi.org/10.1016/j.jcis.2017.11.085
https://doi.org/10.1016/j.ijhydene.2018.04.227
https://doi.org/10.1021/ja500330a
https://doi.org/10.1021/ic502586a
https://doi.org/10.1021/ja406844r
https://doi.org/10.1021/jacs.7b03397
https://doi.org/10.1002/adma.201602782
https://doi.org/10.1016/j.memsci.2016.10.038
https://doi.org/10.1016/j.memsci.2017.05.014
https://doi.org/10.1021/ma5021616
https://doi.org/10.1016/j.polymer.2018.05.033
https://doi.org/10.1016/j.apenergy.2018.01.052
https://doi.org/10.1016/j.progpolymsci.2008.12.003
https://doi.org/10.1002/adma.201707146
https://doi.org/10.1073/pnas.1817470116
https://doi.org/10.1021/acs.cgd.6b00776
https://doi.org/10.1016/j.jpowsour.2016.08.041
https://doi.org/10.1016/j.memsci.2016.02.027
https://doi.org/10.1016/j.memsci.2015.05.027
https://doi.org/10.1021/acsami.6b12240
https://doi.org/10.1016/j.memsci.2011.05.063
https://doi.org/10.1016/j.ijhydene.2018.05.025
https://doi.org/10.1016/j.jpowsour.2016.03.103
https://doi.org/10.1039/C5DT01838B
https://doi.org/10.1016/j.apsusc.2016.09.148
https://doi.org/10.1002/app.42843
https://doi.org/10.1021/ja512973b
https://doi.org/10.1038/ncomms7512
https://doi.org/10.1038/nmat4611
https://doi.org/10.1016/j.memsci.2015.06.031
https://doi.org/10.1039/C8CP02676A
https://doi.org/10.1038/s41560-017-0018-7
https://doi.org/10.1016/j.memsci.2014.12.014
https://doi.org/10.1002/polb.24582
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zheng et al.

Cross-Linked UiO-66-NH,/Sulfonated Aromatic Composite

Yin, Y., Du, Q,, Qin, Y., Zhou, Y., and Okamoto, K. I. (2011). Sulfonated polyimides
with flexible aliphatic side chains for polymer electrolyte fuel cells. J. Membr.
Sci. 367, 211-219. doi: 10.1016/j.memsci.2010.10.054

Yue, Z., Cai, Y. B, and Xu, S. (2015). Proton conducting sulfonated
poly (imide-benzimidazole) with tunable density of covalent/ionic
cross-linking for fuel cell membranes. J. Power Sources 286, 571-579.
doi: 10.1016/j.jpowsour.2015.04.030

Yue, Z., Cai, Y. B.,, and Xu, S. (2016). Phosphoric acid-doped cross-linked
sulfonated poly (imide-benzimidazole) for proton exchange membrane fuel
cell applications. J. Membr. Sci. 501, 220-227. doi: 10.1016/j.memsci.2015.
11.045

Zakil, F. A., Kamarudin, S. K., and Basri, S. (2016). Modified Nafion membranes
for direct alcohol fuel cells: an overview. Renew. Sust. Energy Rev. 65, 841-852.
doi: 10.1016/j.rser.2016.07.040

Zhan, Y., He, S, Wan, X., Zhao, S., and Bai, Y. (2018). Thermally and
chemically stable poly(arylene ether nitrile)/halloysite nanotubes intercalated
graphene oxide nanofibrous composite membranes for highly efficient
oil/water emulsion separation in harsh environment. J. Membr. Sci. 567, 76-88.
doi: 10.1016/j.memsci.2018.09.037

Zhan, Y., Zhang, J., He, S., Zhao, S., Bai, Y., and Liu, X. (2019). Thermally
stable and dielectric nanocomposite based on poly(arylene ether nitrile) and
BaTiO3 functionalized by modified mussel-inspired route. J. Polym. Res. 26:77.
doi: 10.1007/s10965-019-1740-6

Zhang, B., Ni, J., Xiang, X., Wang, L., and Chen, Y. (2017). Synthesis and properties
of reprocessable sulfonated polyimides cross-linked via acid stimulation
for use as proton exchange membranes. J. Power Sources 337, 110-117.
doi: 10.1016/j.jpowsour.2016.10.102

Zhang, J., Zhao, Z., Xia, Z., and Dai, L. (2015). A metal-free bifunctional
electrocatalyst for oxygen reduction and oxygen evolution reactions. Nat.
Nanotechnol. 10:444. doi: 10.1038/nnano.2015.48

Zhao, M., Yuan, K., Wang, Y., Li, G,, Guo, J., Gu, L., et al. (2016). Metal-
organic frameworks as selectivity regulators for hydrogenation reactions.
Nature 539:76. doi: 10.1038/nature19763

Zheng, P., Liu, J., Liu, X., and Jia, K. (2017a). Cross-linked sulfonated poly(arylene
ether nitrile)s with high selectivity for proton exchange membranes. Solid State
ITonics 303, 126-131. doi: 10.1016/j.551.2017.03.001

Zheng, P., Tang, H., Jia, K., and Liu, X. (2015). Novel polyarylene ether nitrile
nanofibrous mats with fluorescence and controllable surface morphology.
Mater. Lett. 156, 32-35. doi: 10.1016/j.matlet.2015.04.117

Zheng, P., Xu, M., and Liu, X. (2017b). Phthalonitrile-terminated sulfonated
poly(arylene ether nitrile)s for direct methanol fuel cells (DMFCs) application.
ITonics 23, 1035-1041. doi: 10.1007/s11581-016-1969-6

Zheng, P., Xu, M., Liu, X,, and Jia, K. (2017c). Novel cross-linked membrane for
direct methanol fuel cell application: sulfonated poly (ether ether nitrile) s.
Tonics 23, 87-94. doi: 10.1007/s11581-016-1805-z

Zheng, P., Xu, M., Liu, X., and Jia, K. (2018). Sulfonated poly(arylene ether nitrile)s
containing cross-linkable nitrile groups for proton exchange membranes. Solid
State Ionics 316, 110-117. doi: 10.1016/j.551.2018.01.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zheng, Liu, Wang, Li, Meng and Zheng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

12

February 2020 | Volume 8 | Article 56


https://doi.org/10.1016/j.memsci.2010.10.054
https://doi.org/10.1016/j.jpowsour.2015.04.030
https://doi.org/10.1016/j.memsci.2015.11.045
https://doi.org/10.1016/j.rser.2016.07.040
https://doi.org/10.1016/j.memsci.2018.09.037
https://doi.org/10.1007/s10965-019-1740-6
https://doi.org/10.1016/j.jpowsour.2016.10.102
https://doi.org/10.1038/nnano.2015.48
https://doi.org/10.1038/nature19763
https://doi.org/10.1016/j.ssi.2017.03.001
https://doi.org/10.1016/j.matlet.2015.04.117
https://doi.org/10.1007/s11581-016-1969-6
https://doi.org/10.1007/s11581-016-1805-z
https://doi.org/10.1016/j.ssi.2018.01.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Preparation of Covalent-Ionically Cross-Linked UiO-66-NH2/Sulfonated Aromatic Composite Proton Exchange Membranes With Excellent Performance
	Introduction
	Experiment
	Materials
	SPEN Synthesis
	Preparation of UiO-66-NH2
	Preparation of SPEN/UiO-66-NH2-x Covalent-Ionically Cross-Linked Composite Membrane
	Characterization
	Ion Exchange Capacity (IEC)
	Methanol Permeability and Proton Conductivity
	Water Uptake and Swelling Ratio

	Discussion and Result
	Characterization of UiO-66-NH2
	FTIR of SPEN/UiO-66-NH2-x Covalent-Ionically Cross-Linked Composite Membrane
	SEM of SPEN/UiO-66-NH2-x Covalent-Ionically Cross-Linked Composite Membrane
	Thermal Properties
	Mechanical Properties
	Ion Exchange Capacity, Water Uptake, and Swelling Ratio
	Proton Conductivity
	Methanol Permeability and Selectivity

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


