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Abstract

In polymeric proton exchange membranes, the impregnation of filler materials, such as metal-organic frameworks (MOFs), has
attracted considerable attention. Aquivion® is a state-of-the-art membrane used in fuel cells and electrolysis applications because
of its mechanical stability and elevated proton conductivity at high temperatures. By applying the theory of coordination
networks with the incorporation of a high-proton-conductive Co-tri MOF, {[(Co(bpy)(H,0)4](Hbtc).(H,0); 5}, the proton
conductivity of Aquivion® is improved. Co-tri MOF/Aquivion® composite membranes are prepared in different weight per-
centages using the solution casting method and are tested within a fuel cell system. The 1-wt.% Co-tri MOF/Aquivion® blend
membrane shows an improved cell performance and a 66% increase in proton conductivity compared with that of the pristine
Aquivion® membrane. The effect of Co-tri MOF on the Aquivion® membrane’s structural morphology and thermal properties is

also investigated.
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Introduction

A polymer electrolyte membrane fuel cell (PEMFC) is one of
the most common types of fuel cells. It has attracted research
interest as a potential, efficient, and alternative energy source
rather than as a fossil fuel resource. PEMFC directly trans-
forms chemical energy into electrical energy with high effi-
ciency, high power density, and less emission of environmen-
tal contaminants [1, 2]. As a result, it acquires more focus for
both stationary and mobile power applications [3]. PEMFC is
identified as a significant solution to achieve the European
Union’s greenhouse gas emission reduction target of 80%
by 2050 [4]. Owing to its advantages such as fast start-up time,
simple instrument structure, high power density, low operat-
ing temperature, and zero emission, PEMFC can be used ex-
tensively as a green-electrochemical system [5, 6]. The proton
exchange membrane (PEM) is the principal part of PEMFC
that ensures the separation of the feed gas and electrons
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between the cathode and anode, thus enabling the transmis-
sion of protons [7]. To complete the ultimate redox reaction,
PEM has to act as an electrolyte [8]. Owing to its exceptional
conductivity of protons, perfluorosulfonic acid (PFSA), such
as Nafion® and Aquivion®, is the most popular ionomer for
PEM. In fuel cell applications, thin PFSA membranes are
usually introduced to minimize membrane ohmic losses or
resistance.

The ionomer’s proton conductivity is measured by taking
the equivalent weight as the parameter. The fabrication of a
stable dispersion of ionomers with low equivalent weight is
challenging [9]. In addition, in both low- and high-
temperature PEMFC applications, PFSA short-side-chain
(SSC) membranes have received extensive attention for use
in membrane electrolytes owing to their high electrochemical
and chemical degradation tolerance and excellent conductivity
of proton [10-12]. Aquivion® is an SSC perfluorosulfonic
membrane that is primarily established by Solvay Solexis for
fuel cell applications [13] and has been tested for PEM elec-
trolysis to a lesser extent [ 14]. The E83-06A PFSA SSC mem-
brane used in this study is chemically stabilized and demon-
strates an equivalent weight of 790 g/eq. For a specified equal
weight, this ionomer displays a better glass transition temper-
ature (Tg) and crystallinity than those displayed by long-chain
polymers [13]. Moreover, the thermal stability of Aquivion®
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(140-160 °C) is better than that of Nafion (125 °C) [9]. The
PEMFC’s proton conductivity is the membrane’s leading
electrochemical energy transfer property. The membrane’s
proton resistance is known to be the key indicator of the ohmic
overpotential of cell performance. The general objectives of
the membrane are the improvement of proton conductivity,
reduction of fuel crossover, and the realization of mechanical
and thermal stability with a minimum level of degradation.
Thus, improving the membrane properties of PEMFCs is a
significant research topic in electrochemistry.

Metal-organic frameworks (MOFs) are porous coordina-
tion polymers made of metal ions and organic linkers.
Because of their highly ordered crystallinity, dynamic behav-
ior, postsynthetic functionalization, and well-designed and
tailorable pores [15], MOFs have made advances in different
applications such as gas storage [16], heterogeneous catalysis
[17], and selective separation [18, 19]. Research has shown
that MOFs are promising proton-conducting candidates ow-
ing to their proton-conduction potential and decent mechani-
cal and thermal stabilities [20]. MOFs can be used to build
active proton transfer pathways via the formation of
hydrogen-bonded networks in pores by the judicious selection
of organic ligands and metal centers [21, 22]. In addition,
abundant MOF sites can be modified with functional groups
for proton conduction, endowing them with a considerable
ability for improved proton conduction [20, 23]. The use of
a proton-conducting MOF (PCMOF) ionomer composite has
the potential to enhance the performance of the membrane for
PEMEC applications [24]. Generally, PEMs consist of acidic
groups that function like a proton carrier and a hydrogen-
bonded network, thus creating a passageway to facilitate the
transfer of protons [25, 26].

Our group has demonstrated an increase in the conductance
of protons by the introduction of a MOF in Nafion® membrane
[26, 27]. Meanwhile, Elahi et al. developed Co-tri MOF with a
crystalline nanoporous structure {[(Co(bpy)(H,0)4]
(Hbtc).(H,0)1 5}, [28]. The Co-tri MOF consists of an organic
linker with typical [(Co(bpy)(H,0)4]*" chains (bpy = 4,4
bipyridine), which are neutralized by templated poly-
carboxylate anions, namely, benzene tri carboxylate (btc).
Such MOFs, with varying degrees of protonation and ion car-
rier concentration, have a prominent part in crystal packing and
in the development of well-directed H-linked networks, making
such polymers exhibit an efficient performance in proton
conductivity.

In this analysis, the improvement of the proton conductiv-
ity and performance by adding Co-tri MOF crystals in an
Aquivion® composite under different circumstances has been
studied. To compare the chemical characteristics, water up-
take (WU) and ion-exchange capacity (IEC) were measured.
The high crystallinity, chemi-mechanical stability, elemental
compositions, and thermal stability of the membrane were
also characterized using X-ray diffraction (XRD), Fourier
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transform infrared (FT-IR), X-ray photoelectron spectroscopy
(XPS), and thermogravimetric analysis (TGA). Finally, a
membrane electrode assembly (MEA) was also devel-
oped to investigate the performance and durability of
fuel cells.

Experimental sections
Materials

A solution of Aquivion® (D83-06A, EW = 790, Sigma
Aldrich) was utilized for the preparation of the electrode.
For fuel cell operation, a carbon-supported Pt catalyst
(FuelcellsEtc, 0.3 mg/cmz, 40 wt.% Pt on carbon black) was
used. Cobalt (II) nitrate hexahydrate (97%) was obtained from
Daejung Chemicals and Metals. 4,4’-Bipyridine (98%) and
1,3,5-Benzenetricarboxylic acid (98%) were purchased from
Alfa Aesar. All the reagents were used without further purifi-
cation. Distilled water was used throughout the synthesis pro-
cess. Commercial gas diffusion electrodes of 0.3 mg cm >
(40%) Pt loading on Vulcan XC72 carbon (235 pum thickness)
were used.

Preparation of Co-tri MOF

Co-tri MOF was crystallized by the method reported by Elahi
et al [28].

In the first step, 0.291 g of Co(NO3),'6H,O (cobalt (II)
nitrate hexahydrate, 1.00 mmol), 0.156 g of C;oHgN, (4,4'-
Bipyridine, 1.00 mmol), and 0.210 g of C¢H3;(CO,H);
(Benzene-1,3,5-tricarboxylic acid, 1.00 mmol) were added
to 25 mL of water and stirred for 30 min at 40 °C. The pre-
cipitate was then collected through filtration and allowed to
gradually evaporate at room temperature (RT) for 6 days to
form orange needle-shaped crystals.

Preparation of composite membrane

The composite membranes of Co-tri MOF/Aquivion® were
prepared via solution casting process. First, 6.5 g of
Aquivion® and different wt.% of Co-tri MOF were thorough-
ly mixed for 30 min at 25 °C using an ultrasonicator to achieve
a homogeneous solution. The MOF-polymer solutions were
introduced into a petri dish and then dried for 2 h for solvent
evaporation in a vacuum oven at 70 °C. Before peeling off
from the petri dish, the membrane temperature was allowed to
drop to RT. Finally, to increase the mechanical strength and
crystallinity, the membranes were again annealed at 100 °C
and 150 °C for 30 and 20 min, respectively.

The composite membranes were immersed in H,O, for 1 h,
0.5 M H,SO, for 1h, and water for 1 h to attain the desired
activation. The thickness of the prepared composite
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membranes was measured to be 150 = 10 um using a digital
micrometer.

Preparation of MEAs

The MEA is regarded as the core component of a PEMFC that
regulates the overall performance and durability of a fuel cell
system [29, 30]. The MEA was assembled by first placing the
membrane between the anode and cathode, which are com-
mercial gas diffusion electrodes. The MEAs were placed in
the fuel cell hardware, which has a serpentine flow field pat-
tern after hot pressing. The fabricated MEA has an active area
of 5 cm’.

Characterization of composite membranes

The molecular structures and morphologies of the developed
samples were assessed by powder XRD (XRD, Bruker D2
PHASER, Germany) and field-emission SEM (FE-SEM,
Hitachi JSM-6701F, JEOL), respectively. Before SEM tests,
all of the samples were coated with gold for 70 s in a
sputtering device. The degree of crystallinity of the developed
membranes was calculated using Eq. (1).

Ac
1
Ac+Aa ()

Degree of crystallinity =

where Aa and Ac are the regions of the amorphous and
crystalline peaks, respectively [31]. The Origin Pro 2016 soft-
ware was utilized to separate and fit the peaks to calculate Aa
and Ac.

The FT-IR spectrum in the wavenumber range of 400—
4000 cm ' was determined using a PerKinElmer Spectrum
GX & Autoimage machine.

The chemical composition of the Co-tri MOF, pristine
Aquivion®, and 1-wt.% Co-tri MOF/Aquivion® membrane
were measured using an XPS (ESCA 5800, ULVAC-PHI,
Inc, Kanagawa, Japan) equipped with a monochromated Al
Ko X-ray source at 200 W.

The TGA was carried out in a nitrogen atmosphere using
the TGA-2050, TA Instruments. The temperature was ampli-
fied from RT to 700 °C with an increment of 10 °C/min.

The WU percentages were calculated using the variation in
the weight of the membranes based on Eq. (2).

Wywet™ Wdry

WU (%) = x 100 (2)

Widry

where wy,, corresponds to the membranes’ dry weights and
Wyt are the membranes’ wet weights. The wet weights of the
membranes were measured after submerging them for 24 h in
the water at 80 °C.

The IEC of the PEMs were calculated using a general acid—
base titration technique. Briefly, to exchange the H* ions, the

developed membranes were submerged in NaCl(aq) (1.0 M)
solution under constant stirring for 24 h. With the NaOH(aq)
(0.01 M) solution, the membranes were then titrated. The IEC
was calculated based on Eq. (3).

Craor X VNaon X 1

[EC (meq.g—1) = (3)

Wdry

where Cn,on is the concentration (0.01 M) of the NaOH
solution, Vy,on is the volume of the NaOH solution that is
needed for the titration, # is the NaCl solution amount used for
immersion throughout the titration process, and wgy, denotes
the weight of initial predried membrane.

The number of sulfonic acid site (\) used for comparing the
various materials, in which the WU was changed into water
molecules, is determined according to Eq. (4).

10 x WU

A
1IEC x MH20

(4)

where MH,O is the water molar weight, which is 18 g/mol.
This equation presupposes that only the SOzH group is liable
for the absorption of water.

The oxidative stability was confirmed by calculating the
membranes’ loss of weight in the Fenton test [4 ppm Iron
(II) sulfate hexahydrate and 3% H,0,]. Initially, in an aqueous
Iron (II) sulfate heptahydrate (4 ppm, 45 mL) solution, the
weighted membranes were immersed and heated up to 75 °C
for 30 min. Finally, 5 mL of 3% H,0, is transferred to the
solutions. The deterioration of PEMs was paused after an in-
terval of lh. They were then rinsed several times with
deionized water and weighed again. Fenton’s reagents
were replaced every 3 h to maintain a constant concen-
tration of H,O,.

The weight loss of the membranes was calculated
using Eq. (5):

: mi—mf
Weight loss = -
mi

x 100% (5)

where mi and mf are the dry weights of the membranes in
Fenton's solution in the pre- and post-treatment, respectively.

The proton conductivities of the pristine Aquivion® cast
and Co-tri MOF/Aquivion® composite membranes were
measured by alternating current impedance spectroscopy
(VersaSTAT 3, Almethec). Signal amplitude with an
impedance range of 0.1-1000 kHz was applied. Two
probe impedance analyses were conducted on the cast
Aquivion® and blend membranes having an equivalent
thickness at RT and 100% RH to generate Nyquist
plots. Using Eq. (6), the conductivity of proton was
measured.

o h
T RxS

(6)
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where o is the in-plane proton conductivity (S cm '), 4 is
the thickness of the membrane (cm), R is the resistance (£2)
acquired from the experiment, and S is the cross-sectional area
(cm?) through which the protons pass [32]. At approximately
1 day before the experiment, the blend membranes were im-
mersed in deionized water at RT.

Current voltage (I-V) analysis is the most commonly
adopted method for characterizing fuel cell efficiency. It de-
livers a quantitative assessment of both the fuel cell power
density and the overpotential. The performance of the fuel cell
was evaluated by the CNL Fuel Cell Test Station (CNL
Energy Corp) using air as the oxidant and H, as the fuel. A
stoichiometric ratio of 1.5: 2.5 for H, and air, respectively,
was used in the test. The limiting current density of hydrogen
oxidation was determined using a dynamic potential range of
0.4-0.9 V at a scanning rate of 2 mV s~ '. Under two different
conditions, every single cell was tested at 80 °C at 75% RH
and 80 °C at 100% RH. The saturated liquid-vapor at the
regulated dew point was progressively provided through the
gas inlet to control the RH of the fuel gases. Once the
cell activates at a fixed point, polarization curves of
rising current density against the open-circuit voltage
(OCV) were reported.

In a single cell, the developed MEAs were first set for the
durability study, and the cell was conditioned for 3.5 h before
developing the polarization curve. Using a step-sweeping
technique (chronoamperometric), the accelerated lifetime
(ALT) experiment was carried out at a sweeping voltage range
from OCV to 0.6 V. The experiment parameters were at 60 °C
and 100% RH. The current density was evaluated for 500
cycles (approximately 35 h). Afterward, 1 cycle of the ALT
test was conducted with a repetitive period for 4.5 min at a
sweeping voltage range of OCV-0.6 V [33]. The interval
sweeping voltage (15 s in each step) was 0.05 V, and only
the current at 0.6 V was recorded in this study.

Results and discussion
X-ray diffraction

The polymer membrane crystallinity is an essential attribute
that stabilizes the membrane even at high temperatures and
was characterized by performing XRD diffractions. The XRD
patterns of the pristine Aquivion®, 1-wt.% Co-tri MOF/
Aquivion® and Co-tri MOF are presented in Fig. 1. The sharp
peaks of Co-tri MOF patterns demonstrate a high crystallinity,
which is an essential indication of effective proton conductiv-
ity. A broad diffraction pattern appearing in the XRD profiles
at 20 = 12-22° for both membranes indicates a crystalline
scattering of the polyfluorocarbon chains. The degree of crys-
tallinity for 1-wt.% Co-tri MOF/Aquivion® membrane level
(75.5%) is higher than that of the Aquivion® membrane

@ Springer
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Fig. 1 Powder X-ray diffraction (PXRD) patterns of cast Aquivion®, 1
wt.% Co-tri MOF/Aquivion® composite membranes, and Co-tri MOF

(74%) according to calculations of Eq. (1). The reasons for
this improvement are apparently due to the thermal treatment
(annealing) and the integration of crystalline Co-tri MOF. A
clear peak shift at 20 = 9° and 20° toward the higher angle is
observed in the 1-wt.% Co-tri MOF/Aquivion® compared to
the Co-tri MOF. Peak shifting to a higher 20 angle suggests a
decreased interplanar spacing in the blended membrane with
the introduction of the Co-tri MOF compared to that of the
recast Aquivion®. According to the Bragg’s equation (2d sinf
= nA) [34], the increase of 0 value is probably caused by the
decrease of “d” owing to the fixed value of nA.

FT-IR spectroscopy
The FT-IR spectra of the pristine Aquivion® membrane, 1-

wt.% Co-tri MOF/Aquivion® composite membrane, and Co-
tri MOF in Fig. 2 show that there is a common Co-tri MOF
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Fig. 2 FTIR spectra of (a) Aquivion®, (b) 1 wt. % Co-tri MOF/
Aquivion® composite membrane, and (¢) pristine Co-tri MOF

Transmittance (%)

1 | " 1
1000 500



lonics (2021) 27:1653-1666

1657

hydrogen bond between the SO,  anions and
[Co(bpy)(H,0)4]*" cations. The Co-tri FT-IR spectrum re-
veals that the peak characteristics attributable to the protonat-
ed —COOH group occurs at 1719 cm ' [28]. In the pristine
Aquivion® and 1-wt.% Co-tri MOF/Aquivion® composite
membrane, strong FT-IR absorption bands are first separated
into the 887.1-968.1 cm™' C—O—C bands and the 976.6—

1010.6 cm ' CF—R—CF; bands [35]. The typical sulfonic acid

(a) C1s —— 1 wt% Co-tri MOF/Aquivion®
—— Aquivion®

Co-tri MOF

Count rate (arb. units)

208 296 294 292 290 288 286 284 282
Binding Energy (E) (eV)

c)F1s —— 1 wt% Co-tri MOF/Aquivion®
—_— Aquwlon

e

696 694 692 690 688 686
Binding energy (eV)

Count rate (arb. units)

Count rate (arb. units)

684 682

(e) Co2p —— 1 wt% Co-tri MOF/Aquivion®
—— Co-tri MOF
0
I=
5
2
8
2
o
€
>3
[e]
(&)
810 800 790 780
Binding energy (eV)

group absorption of the perfluorosulfonic acid ionomer was
then allocated approximately to the 1014.4-1060.4 cm ™'
bands. The absorption bands at 1150.4-1161.6 and 1203.5—
1360.7 cm ' overlap the heavy symmetric and asymmetric
stretching of the C—F. The peaks at 2926 cm ™' are attributed
to the CH,O- functional group [36, 37]. The FT-IR results
indicate the successful grafting of the Co-tri MOF into the
Aquivion®.

—— 1 wt% Co-tri MOF/Aquivion®
Aquivion®
—— Co-tri MOF

(b) O1s
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i
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Fig. 3 XPS spectra of Co-tri MOF, Pristine Aquivion®, and 1 wt.% Co-tri MOF/Aquivion® membrane. a Cls, (b) Ols, (¢) F1s, (d) S2p, (e) Co2p, and

(f) N1s core peaks
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XPS analyses

As shown in Fig. 3, the XPS spectra of Co-tri MOF, pristine
Aquivion®, and 1-wt.% Co-tri MOF/Aquivion® membrane
were measured at the Cls, Ols, Fls, S2p, Co2p, and N1s core
levels. A binding energy Eb=292.2 eV is expected for carbon
in the CF,— configuration for the pristine Aquivion® and 1-
wt.% Co-tri MOF/Aquivion® membrane (Fig. 3a) [38]. The
main Cls peak of the Co-tri MOF appears at 284.8 eV, which
is identified as the sp3 carbon. For the 1-wt.% Co-tri MOF/
Aquivion® membrane, the main peak position is down-
shifted by 0.6 eV. In the 1-wt.% Co-tri MOF/Aquivion®

Fig. 4 a Crystal structure of Co-
tri MOF, (b) Co-tri MOF, (a)
FESEM images of (¢) Co-tri
MOF crystal, (d) surface of the
pristine Aquivion®, (e) surface of
1 wt.% Co-tri MOF/Aquivion®,
(f) cross sections of pristine
Aquivion®, (g) cross sections of
1 wt.% Co-tri MOF/Aquivion®

MOF/aq/sur 5.0kV x2.00k
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membrane, a SO;  related peak appears near 533 eV (Fig.
3b). For the fluorine atoms, a binding energy of 689 eV is
typically observed in the pristine Aquivion® and 1-wt.%
Co-tri MOF/Aquivion® membrane (Fig. 3c) polymers [38].
Figure 3d shows the S2p spectrum for different membrane
samples where sulfur of the sulfonic acid head group is
assigned an Eb of ~170 eV. The Co-tri MOF shows the pri-
mary cobalt and nitrogen atom signal at an Eb of 782 and 399
eV, respectively (Fig. 3e,f) [39]. A new signal is observed at
783 and 400 eV for 1-wt.% Co-tri MOF/Aquivion® mem-
brane, corresponding to the primary cobalt and nitrogen atom,
respectively. The C, O, Co, and N elements signals in the XPS

(b)

20.0pm

" '50.0pm '
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Fig. 5 Thermogram of the composite membranes (x-axis: 25 to 625 °C)

spectra of Co-tri MOF/Aquivion® membrane support the suc-
cessful incorporation of Co-tri MOF into the Aquivion®
membrane.

FE-SEM based morphological study

Figure 4 presents the FE-SEM images of the Co-tri MOF and
Co-tri MOF/Aquivion® composite membrane. The micro-
graph of the Co-tri MOF/Aquivion® composite membrane
(Fig. 4e) confirms a well-compacted homogeneous micro-
structure. Owing to the excellent interfacial stability between
the dispersion medium and the discontinuous phase, the Co-tri
MOF crystals are incorporated well into the Aquivion® ma-
trix, which can be helpful for the improvement of the conduc-
tivity of proton of the Co-tri MOF/Aquivion® blend mem-
brane. Figure 4 also shows the cross sections of the pristine
Aquivion® and 1-wt.% Co-tri MOF/Aquivion®.

Thermal stability

The thermal stability and water retention data of Aquivion®
and 1-wt.% Co-tri MOF/Aquivion® composite membrane
was evaluated using the thermogravimetric (TG) curves
displayed in Fig. 5.

Previous works reported that the whole weight loss of the
membrane before reaching a temperature of 300 °C is

attributed to the removal of sulfonic acid groups and the evap-
oration of the physically and chemically absorbed water [40,
41]. On the other hand, the weight loss from 300 to 400 °C is
due to the polymer side chain degradation. Beyond 400 °C,
the weight loss is attributed to the thermal oxidation of the
polymer membrane backbone [42]. The percentage weight
loss data of Aquivion® and 1-wt.% Co-tri MOF /Aquivion®
are presented in Table 1. Within 0-300 °C range, the 1-wt.%
Co-tri MOF /Aquivion® displays lower water evaporation
than Aquivion®. All the membranes are steady until 280 °C.
After 280 °C, the stability begins to degrade due to the de-
composition of the sulfonic acid group [43]. Besides the water
content, the polymer backbone water retention is an indispens-
able part for the fuel cell process, specifically at elevated tem-
peratures. Notably, the composite membrane shows high ther-
mal membrane stability until 400 °C, suggesting that it fulfills
the PEMFC’s operational criteria. However, the thermal sta-
bility of the composite membrane reduces after 400 °C due to
the phase separation of the MOF crystals.

WU, IEC, and hydration number

Typically, the WU or the hydration number ) is closely asso-
ciated with the proton conductivity and the membrane me-
chanical properties [44]. The water molecule makes a signif-
icant contribution to the transfer of protons through the
Grotthuss mechanism or the creation of hydrogen networks
for Grotthuss mechanism [45]. A polymer membrane’s water
absorption behavior influences its performance during opera-
tion at elevated temperatures. For example, excessive water
absorption can cause dimensional deviations of a polymer
membrane, which undermines its mechanical strength [46].
The integration of H,O molecules into the polymer membrane
of Aquivion® substantially impacts the movement of protons,
and the hydrated structures formed all over the sulfonate acid
ions, which are negatively charged [47]. Co-tri MOF crystals
decrease the number of hydrophilic SO; ions per volume unit
of the Co-tri MOF/Aquivion® composite membrane. Hence,
this Co-tri MOF/Aquivion® composite membrane shows a
lower WU than the pristine Aquivion® cast membrane (Fig.
6). Alternatively, the spreading of Co-tri MOF in the
Aquivion® Matrix may decrease the pores and lower the ab-
sorption efficiency of water molecules. Therefore, incorporat-
ing Co-tri MOF into the Aquivion® matrix will lower the

Table 1 Summary of the weight-

loss percentage in regions I, II, Membrane Weight loss (%)
and III (Fig. 5) for pristine
Aquivion® and the 1 wt.% Co-tri <300°C @ 300-400 °C (I >400 °C (II)
MOF/Aquivion® composite
membrane Aqu1V10n® 10.57 12.93 74.33
1 wt.% Co-tri MOF/Aquivion® 8.77 17.67 77.24
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Fig. 6 Water uptake, ion-
exchange capacity, and hydration 351 {\
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level of water absorption, which ultimately reduces swelling
of the membrane and lowers the mechanical stress. As a result,
increasing the Co-tri MOF content in the Aquivion® matrix
lowers the rate of WU.

The IEC figures represent the number of acid-transferable
groups within the membrane [48]. These groups are the hy-
drophilic components that regulate the ionic conductivity and
WU [49]. Figure 6 represents the IEC data of the pristine
Aquivion® membrane and that of the different wt.% Co-tri
MOF/Aquivion® blend membranes. Under humidified condi-
tions, the exchangeable Bronsted acidic sites of the
Aquivion® matrix and the hydrophilic [Co(bpy)(H20)4]2+
positively charged ions are embedded within the Co-tri
MOF structure function as ion-exchange sites [50]. The proton
carrier grows with the inclusion of Co-tri MOF, and a peak
IEC value is observed at 1-wt.% Co-tri MOF/Aquivion®.

100
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Fig. 7 Fenton’s reagent test of pristine Aquivion® and various weight
percentages of Co-tri MOF/Aquivion® composite membranes
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Further inclusion of the MOF above 1 wt.% reduces the IEC
value. Another observed phenomenon is the reduction of the
ratio of the sulfonic acid group to dimethyl ammonium cation
with increased MOF content, which also leads to a reduced
IEC value.

The hydration number (\) of various weight percentages of
Co-tri MOF/Aquivion® composite membranes at RT is also
shown in Fig. 6. From the WU results, it is evident that the 1-
wt.% Co-tri MOF/Aquivion® blend membrane absorbs less
water than the pristine Aquivion® membrane. Nevertheless,
these membranes show higher A values than other membranes
owing to their higher IEC values. Such decreased hydration
shows that the Co-tri MOF/Aquivion® blend membrane of 1
wt.% has better mechanical stability and resistivity to water
compared to the other membranes.

Oxidative stability

Figure 7 presents the findings of the chemical oxidative sta-
bility test conducted for 8 h. Throughout this experiment, free
radicals were generated by the reaction of the iron source and
hydrogen peroxide in an aqueous solution, as reported by
Haber and Weiss [51, 52]. Various unstable intermediate spe-
cies (free radicals) were formed that attacked the vulnerable
portions of the membrane structure [51]. The membrane’s
weight loss percentage remained nearly constant during the
first 1 h and progressively increased over time. Meanwhile, 1-
wt.% Co-tri MOF/Aquivion® membrane showed the highest
chemical stability compared with other membranes, with only
2.54% weight loss after 8 h. The incorporation of a minor
quantity (such as 1 wt.% and 2 wt.%) of Co-tri MOF signifi-
cantly enhanced the chemical stability of the Aquivion®
membrane in a strong oxidative media [53], and the addition
of more than 1 wt.% of MOF showed greater detriment of the
weight of the membranes. This may be because the existence
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of'an additional filler is likely to result in the creation of certain
particle agglomeration throughout the membrane matrix,
which ultimately decreases the influence of MOF on the deg-
radation agent [53]. Moreover, excess MOF weakens the
polymer matrix surface compactness, making it easier for the
molecule chain to be attacked by the HOO™ or HO' of the
Fenton reagent [54]. Such findings suggest that the addition
of a minor quantity of Co-tri MOF considerably improves the
chemical stability of the Aquivion® membrane.

Conductivity measurement

Proton conductivity is an integral variable to determine the
PEM’s efficient transmission. A high proton conductivity re-
sults in a high power density via the electrolytic membrane
[55]. Measurements were carried out using electrochemical
impedance spectroscopy at RT and 100% RH. In this scenario,
the equivalent circuit for the polymeric membranes such as
Aquivion® or modified Aquivion® involves a free resistor
and a resistor—capacitor circuit to measure the polymer’s bulk
and interfacial properties. The ac impedance parameter

T T

T T
10000 15000

Z' | mohm

20000

changes in the Nyquist diagrams were measured using the
nonlinear and least-square fitting techniques of the Zview
software.

Upon fitting with the corresponding circuit, the Nyquist
plots of the membranes are achieved and displayed in Fig. 8.
The graph shows that the incorporation of Co-tri MOF nano-
particles in the membrane matrix increases the conductivity of
proton. Within a composite membrane, the proton conductiv-
ity relies on multiple factors including the spreading of the
membrane inorganic filler, the membrane water absorption,
the structural composition of the membrane, and the degree
of interaction among the host polymer and the inorganic par-
ticles [56]. The 1-wt.% Co-tri MOF/Aquivion® blend mem-
brane shows the least semicircle loop of the impedance re-
sponse compared to all other membranes. The x-axis inter-
cepts specify the ohmic resistance. The fitted resistance and
proton conductivities in Table 2 clearly indicate that the con-
ductivity of proton is improved primarily by MOF inclusion.
The maximum conductivity (5.06 x 102 S cm ') is observed
for the 1-wt.% Co-tri MOF/Aquivion® blend membrane,
which is 66% higher than that of the pristine Aquivion®

Table 2 Fitted resistance and

proton (H*) conductivity data for Membrane Fitted resistance (ohm) H* conductivity (S em™)
various weight percentages of R o=L/RxA)
Co-tri MOF/Aquivion®
composite membranes Cast Aquivion® 0.255 0.0304
0.5 wt.% Co-tri MOF/Aquivion® 0.223 0.0404
1 wt.% Co-tri MOF/Aquivion® 0.178 0.0506
2 wt.% Co-tri MOF/Aquivion® 0.265 0.0340
3 wt.% Co-tri MOF/Aquivion® 0.325 0.0277
5 wt.% Co-tri MOF/Aquivion® 0.616 0.0146

@ Springer



1662

lonics (2021) 27:1653-1666

Fig. 9 The possible proton
transfer mechanism in the Co-tri
MOF/Aquivion® composite

membrane Grotthuss

mechanism &
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membrane. These data also correlate with the WU and IEC
values of the membrane. In comparison with the earlier fig-
ures, the 1-wt.% Co-tri MOF/Aquivion® blend membrane
shows a tremendous increase in proton conductivity, which
is almost 3.5 times greater than that of the Nafion® membrane
(1.1 x 102 S em Y [26].

The proton conductivity first increases with the inclusion of
MOF, which agrees with the IEC and WU results. Similarly,
the conductivity decreases owing to the decrease in SOsH
groups per unit volume of each domain, which is a conse-
quence of adding more than 1-wt.% MOF. This effect is also
logically attributed to the lower WU in the composite mem-
brane, which would contribute to a decreased number of
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proton carriers. The Co-tri MOF shows a high proton conduc-
tivity of 1.49 x 107" S cm ™" at 80 °C (98% RH) and a reason-
able proton conductivity 0f2.92 x 102 S cm ™' at 40 °C (98%
RH). In this study, the 1-wt.% Co-tri MOF/Aquivion® blend
membrane is among the elevated proton-conducting mem-
branes in situations with high moisture.

Two subsequent methods are liable for the transmission of
protons in aqueous conditions: (i) the Grotthuss or hopping
mechanism for the lower activation energy, wherein protons
migrate from one transfer site to the neighboring site via hy-
drogen bonds (0-0.4 eV), and (ii) the vehicle mechanism for
high activation energy, in which protons diffuse in the form of
hydration, including H;0*, HsO,", and HyO4* (>0.4 eV) (Fig.
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Fig. 10 Fuel cell I-V curve of pristine Aquivion® and 1 wt.% Co-tri MOF/Aquivion® composite membranes under two different conditions: (a) 80 °C

and 75% RH, (b) 80 °C and 100% RH
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Table 3 Power density

characteristics for pristine Membrane Temperature (°C)  RH (%)  Peak power Current density at
Aquivion® and 1 wt.% Co-tri density (Wem™®) 0.6 V (A em )
MOF/Aquivion® composite
membranes under different Aquivion® 80 100 0.442 0.647
conditions Aquivion® 80 75 0.360 0.487

1 wt.% Co-tri MOF/Aquivion® 80 100 0.451 0.628

1 wt.% Co-tri MOF/Aquivion® 80 75 0.405 0.517

9) [57]. The Co-tri MOF lattice water acts as a mediator be-
tween the neighboring carboxylic group under humidified
conditions. The carriers with a high symmetric configuration
(Co-tri orthorhombic system) as well as Co-tri protons reliably
and isotopically contribute to the superprotonic conductivity
of the membrane [58]. According to the above technique, the
continuous formation and breakage of hydrogen bonds along
the proton transfer path, which is dispersed through the
Co-tri MOF and the Aquivion® matrices, facilitate the
increase of PC.

Performance test in single cell

The fuel cell performances of the pristine Aquivion® mem-
brane and 1-wt.% Co-tri MOF/Aquivion® membrane in two
separate circumstances are presented in Fig. 10. Obviously,
the addition of Co-tri MOF will improve the power density as
predicted based on the data in Fig. 8. At 80 °C and 100% RH,
the cell performance is notably greater for the Co-tri MOF/
Aquivion® blend membrane compared to the pristine
Aquivion® membrane. At 0.6 V, the current density reaches
0.628 A cm ~ for the Co-tri MOF/Aquivion® membrane. The
current density improves from 0.487 A cm 2 for the pristine
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Fig. 11 ALT testat 0.6 V of pristine Aquivion® and 1 wt.% Co-tri MOF/
Aquivion® membranes under 60 °C and 100% RH

Aquivion® membrane to 0.517 A cm 2 for the Co-tri MOF/
Aquivion® blend membrane at 80 °C and 75% RH.
Predictably, the improved performance of the Co-tri MOF/
Aquivion® blend membrane is due to the improved proton
conductivity and optimized water retention capacity of the
membrane. A high power density of 0.451 W c¢cm ? is
witnessed for the Co-tri MOF/Aquivion® blend membrane
at 80 °C and 100% RH, while 0.442 W cm 2 is the peak power
density of the pristine Aquivion® membrane. Table 3 sum-
marizes the power density features of the Aquivion® and 1-
wt.% Co-tri MOF/Aquivion® blend membranes in dissimilar
circumstances.

Durability test

Figure 11 shows the ALT test outcomes of the Aquivion® and
1% wt. Co-tri MOF/Aquivion® blend membranes. The Co-tri
MOF/Aquivion® blend membrane current density reduction
rate is 3.46 mA cmfz, which is lower than that of the pristine
Aquivion® membrane (3.63 mA cm 2). The data shows that
the results are in good agreement with the oxidative stability
test. The thermally and mechanically stable Co-tri MOF com-
ponent in the Aquivion®, which can result in a superior pro-
ton conductivity, may be the reason for the improved cell
durability of the 1-wt.% Co-tri MOF/Aquivion® blend mem-
brane than the pristine Aquivion® membrane [33].

Conclusions

In summary, a novel Co-tri MOF/Aquivion® blend
membrane utilizing an SSC Aquivion® PFSA is established
in this study. The structures and properties of the Co-tri
MOF/Aquivion® composite membranes are also studied. The
physical characterization results of SEM, FT-IR, and XRD
indicate that the Co-tri MOF was dispersed homogeneously
in the Aquivion® polymer matrix. The TGA results show that
the polymer electrolyte membranes are thermally stable up to
~280 °C. The 1-wt.% Co-tri MOF/Aquivion® blend mem-
brane shows an enhanced proton conductivity of 5.06 x 107
S em ! at RT and 100% RH compared to the pristine
Aquivion® membrane. The single-cell performance test reveals

@ Springer
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that the 1-wt.% Co-tri MOF/Aquivion® blend membrane gives
a better performance than the pristine Aquivion® membrane.
The Co-tri MOF/Aquivion® blend demonstrates an outstand-
ing physical stability in addition to enhanced proton conductiv-
ity and a decent single-cell performance. According to these
findings, the Co-tri MOF/Aquivion® composite membrane is
an excellent potential candidate for the design of a robust
polymer membrane composite for electrochemical
applications.

Funding This research was supported by the Ministry of Education
which is funded by the Brain Korea 21 Plus (21A20132000001).
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