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The Role of Superadsorbent Polymers on Covalent Organic
Frameworks-Based Solid Electrolytes: Investigation of the

lonic Conductivity and Relaxation

Sara Gullace, Luca Cusin, Fanny Richard, Nizami Israfilov, Artur Ciesielski,*

and Paolo Samori*

The scarcity of fossil fuels calls for immediate action toward the development
of clean and renewable energy resources. In this context, proton exchange
membrane fuel cells (PEMFCs) are gaining ever-increasing attention as clean
technology. Although covalent organic frameworks (COFs) do not usually
exhibit high intrinsic proton conductivity (o), they have been recently pro-
posed as solid polymer electrolytes in PEMFCs, thanks to their high crystal-
linity and stability to acids and bases. Here, a simple strategy is presented

to improve the performance of poor COF-based proton conductors through
addition of sodium polyacrylate (PANa) superadsorbent polymer. Electro-
chemical impedance spectroscopy investigations after activation at high tem-
perature and relative humidity (RH) provide insights into the role of PANa,
whose presence is key to preserve high o at low RH. The humidity-dependent

1. Introduction

Fuel cells (FCs) represent a viable alterna-
tive to non-renewable energy resources,
thanks to their high energy conversion
efficiency, low to zero-carbon emission,
high durability, and mild operating con-
ditions.l! FCs are typically classified by
the nature of the employed electrolyte.
Recently proton exchange membrane FCs
(PEMFCs) received considerable atten-
tion, being a clean technology employing
hydrogen as fuel and yielding only water
and heat as byproducts of the electro-
chemical reaction. Proton conductors

X-ray diffraction study reveals a strengthening of the stacking interaction
along the COF (100) plane direction with increasing humidity, through the
formation of H-bonding, thus promoting proton hopping. The study of the
dielectric properties as a function of PANa content enables to determine a
Debye relaxation regime for the COF/PANa blend with a maximum relaxa-
tion frequency of 1513 and 6606 Hz for the pristine COF and the COF/PANa
blend, respectively, at their maximum operating temperatures.
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play a significant role in PEMFCs, where
they are employed as solid polymer
electrolytes (SPEs) in the membrane elec-
trode assembly (MEA)? with cathode and
anode. Electric power is generated from
the electrochemical redox reactions when-
ever hydrogen and air are supplied at the
electrodes. The proton exchange mem-
brane, or SPE, is typically a polymer that
is impermeable to gases and electrons but
possesses an excellent proton conductivity
(0).4 Although several materials have
been already proposed as SPEs, spanning from Nafion and per-
fluorinated sulfonated polymers to oxo-acids, perovskite-type
ceramic oxides and metal-organic frameworks,!? they usually
suffer from high water solubility or low tolerance to acidic guest
doping, which limit the operating conditions. Indeed, PEMFCs
can be classified on the basis of their operating temperature as
low- or high-temperature FCs (LT- or HT-FCs) functioning at
60-80 or 120-180 °C, respectively. While HT-FCs are charac-
terized by improved reaction kinetics at the electrodes, which
is accompanied by an accelerated degradation of the compo-
nents, especially in the MEA, LT-FCs require high humidity to
operate, leading to the presence of water molecules existing in
liquid and vapor phases./ Indeed, one of the major challenges
in the development of PEMFCs consists in water management:
hydration of the SPE is fundamental to enhance its o, but it is
detrimental to the cell stability and performance, since conden-
sation, followed by flooding, is inevitable when the operating
temperature is =80 °C.I) For all these reasons, recent research
effort has been dedicated also to the activation of the FCs

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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previous to the operation, for example by hydrogen pumping,
short circuit, cathode starvation, and boiling or steaming of the
MEA.[]

Covalent organic frameworks (COFs) are a class of crystalline
porous materials with a high degree of structural complexity
and porosity, as well as thermal and chemical stability.”! As a
consequence of the vast range of topological configurations,
COFs are characterized by a highly ordered lattice structure and
discrete pores which can interact with photons, electrons, holes,
ions, and molecules, giving rise to unique hybrid platforms with
diverse functionalities.®l The great variability of the properties
is directly translated into a wide range of applications, span-
ning from adsorption of contaminants and molecular sieving to
catalysis, sensing, energy storage, and proton conduction.*10
Although pristine COFs are not particularly appealing for appli-
cations as proton conductors due to the difficult incorporation
of proton-donating functionalities in their backbone, they can
be combined with several protonic species (phosphoric acid,
phytic acid, or N-heterocycles) yielding materials with enhanced
proton conducting properties. The first example of such an
approach has been reported in 2014 by Chandra et al., who
demonstrated that an azo-functionalized COF can achieve o of
9.9 X 107* S cm™ when loaded with phosphoric acid, while the
pristine COF was not intrinsically a proton conductor.'] When
compared to Nafion, the most commercially used SPE with o of
102101 S cm™}, the main advantages of COFs are the crystal-
linity, allowing the study of the structure-property relationship,
and the high stability to acids or bases, which is fundamental
when the pore loading with small acid molecules is proposed to
improve o even at high temperature.l'>13] However, although
phosphoric acid doping of the SPE has been widely reported,
acid leaching causing oxidative and mechanical degradation
of the FC components represents a concerning drawback lim-
iting the applicability of this doping method."! Recently, Shi
et al. proposed the use of confined hydrogen-bonded networks,
to facilitate the preservation of high o at low relative humidity
(RH). To this end, an ionic COF membrane decorated with
—SO3H groups have been employed, aiming at developing
weakly humidity-dependent proton exchange membranes,
with in-plane o values =107 S cm™ at 40% RH and 90 °C, after
H,SO, soaking at 60 °C for 3 days.I"™! Overall, alternative mate-
rials characterized by high crystallinity, high stability to acids
or bases and wide operating temperature stability to be used as
SPEs are highly sought after.l!®!

In this work, we have investigated the influence of a sodium
polyacrylate (PANa) superadsorbent polymer on the proton con-
duction efficiency of a Kagome-shaped imine-based COF, syn-
thesized through condensation between N,N,N’,N’-tetrakis(4-
aminophenyl)-1,4-benzenediamine (TPDA) and terephthalalde-
hyde (PDA). Electrochemical impedance spectroscopy (EIS) has
been performed by conducting both sample equilibration and
measurements at high RH and varying temperatures, or by pre-
liminary equilibration/activation at high RH and temperature
followed by measurement at ambient conditions. In this way, we
could determine the activation energy for conduction and the
best operating temperature for each sample. Overall, we found
that when compared to the pristine COF, the addition of PANa
in the blend resulted in a ¢ increase of one order of magni-
tude, as well as an enhanced maximum operating temperature
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(from 60 to 80 °C) and decreased activation energy for the
proton conduction. EIS investigations at ambient conditions
after equilibration/activation at high temperature and RH pro-
vided insights into the role of PANa, whose presence was key
to preserve high o at low RH. For the first time a humidity-
dependent X-ray diffraction analysis was performed to sup-
port the EIS data, revealing a decrease in the (100) plane lat-
tice distance upon humidification, which may be related to the
strengthening of the stacking interaction along this direction
via H-bonding, thereby promoting the proton hopping. To the
best of our knowledge, dielectric studies on COFs as proton-
conducting materials have not been performed yet. An exten-
sive investigation of the relaxation mechanism as a function
of PANa content enabled us to determine a Debye relaxation
regime for the COF/PANa blends with a maximum relaxation
frequency (wi,) growing from 1380 to 1585 Hz when the PANa
content increased from 100 to 150 pL in the blend. Further-
more, the temperature-dependent dielectric study revealed that
the width of frequency range for a long-range motion of charge
carriers in the electrolyte increased when comparing the pris-
tine COF and the COF/PANa blend at their maximum oper-
ating temperatures, with @M’ increasing from 1513 to 6606 Hz.
Overall, we were able to shed a light onto the effect of a super-
adsorbent polymer on a poorly proton-conducting COF, corre-
lating the variation of the material’s spectroscopic fingerprint
with its proton conduction performance and dielectric proper-
ties. This study enabled us to demonstrate that the new hybrid
material can be efficiently activated to preserve ¢ at ambient
conditions, thereby offering new solutions to the water man-
agement problem in PEMFCs.

2. Results and Discussion

A schematic representation of COF TPDA-PDA synthesis
from N,N,N’,N’-tetrakis(4-aminophenyl)-1,4-phenylenediamine
(TPDA) and terephthalaldehyde (PDA), as well as COF TPDA-
PDA/PANa blend preparation is shown in Scheme 1. The sol-
vothermal synthesis of the TPDA-PDA COF yields a powder
composed of nanoflower-like crystallites, as shown in Figure S1
(Supporting Information). The synthesis of PANa results
in a dense liquid that incubated at 65 °C for 2 h polymerizes
forming a highly cross-linked hydrogel displaying a rough and
wrinkled surface (Figure S1C, Supporting Information). SEM
images in Figure S1 (Supporting Information) and Figure 1
reveal that TPDA-PDA and TPDA-PDA/150 uL PANa exhibit the
same morphology with nanoplatelets featuring the same size,
shape, or arrangement. Furthermore, the morphology is also
retained when the powders are compressed to form pellets for
EIS measurements (Figure S2, Supporting Information). The
FT-IR spectrum of TPDA-PDA exhibits the typical bands of an
imine-linked COF (Figure 1B), with the presence of the imine
C=N stretching at 1644 cm, while C=0 and C—N bands at
1709 and 1288 cm™, respectively, appear with significantly
reduced intensities compared to the starting monomers, com-
prising aldehyde and amine moieties (Figure S3A, Supporting
Information).[”8] The most prominent peak at 1545 cm™ is
assigned to the C=C stretching and phenyl rings breathing
modes. The FT-IR spectrum of PANa hydrogel in Figure S3B
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Scheme 1. Schematic representation of A) the reaction of N,N,N’,N’-tetrakis (4-aminophenyl)-1,4-phenylenediamine (TPDA) and terephthalaldehyde
(PDA) to synthesize COF TPDA-PDA with a Kagome structure, and B) polymerization of acrylic acid in the presence of N,N “Methylenebis (acrylamide)

(MBA) and ammonium persulfate (APS) to synthesize PANa.

(Supporting Information) portrays the characteristic bands for
the carboxylate symmetric and asymmetric stretching (1428 and
1608 cm™) and O—H stretching (3000-3500 cm™?). The pres-
ence of PANa in TPDA-PDA/150 uL PANa does not influence
the IR spectrum when it is acquired after equilibration at 65 °C
and vacuum for 2 h, suggesting the superadsorbent polymer
growth does not alter the COF backbone structure. Interest-
ingly, the equilibration of TPDA-PDA/150 uL PANa at 80 °C
and 95% RH for 6 h induces the shift of the C=O stretching
band to 1696 cm ™ and an increase of its intensity: this could be
rationalized as a partial hydrolysis of the imine bond through
protonation, occurring at high RH in the presence of the super-
adsorbing polymer. Nonetheless, the imine/aldehyde peak

ratio and position appears to be reversible when the sample is
dried again at 65 °C and vacuum for 1 h (Figure S4, Supporting
Information).

TGA has been performed to shed light on the thermal sta-
bility of pristine SPE as well as the possible variations caused by
addition of PANa. Figure S5A (Supporting Information) shows
that TPDA-PDA and TPDA-PDA/150 uL PANa are character-
ized by nearly identical thermogravimetric profiles, with an ini-
tial =17% weight loss in the temperature range between 110 and
170 °C, associated to the loss of water, followed by the decom-
position occurring after 500 °C. The differential TGA spectra in
Figure S5B (Supporting Information) highlight that the second
weight loss takes place at 158 and 170 °C for the pristine COF

—— TPDA-PDA/150 uL PANa 95% RH

—— TPDA-PDA/150 pL PANa

Transmittance

—— TPDA-PDA

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure 1. A) Scanning electron microscopy image of TPDA-PDA/150 uL PANa. B) FT-IR spectra of (black) TPDA-PDA and (red) TPDA-PDA/150 uL
PANa after equilibration at 65 °C and vacuum, and (blue) TPDA-PDA and (green) TPDA-PDA/150 pL PANa after equilibration at 80 °C and 95% RH.
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Figure 2. Nitrogen physisorption isotherms of A) TPDA-PDA and B) TPDA-PDA/150 uL PANa. Powder-X ray diffraction (PXRD) of C) pristine TPDA-

PDA and D) TPDA-PDA/150 uL PANa.

and the COF/PANa blend, respectively, suggesting that the pres-
ence of PANa might induce a better thermal stability.'") Nitrogen
(N,) physisorption isotherms were acquired to determine the
internal surface area of TPDA-PDA and TPDA-PDA/150 uL
PANa. (Figure 2A,B) Both samples exhibit sorption isotherms
featuring a mixture of type I and IV with two N, uptake steps,
indicating the presence of micro- and mesopores.?l The cal-
culated Brunauer, Emmett, Teller (BET) surface areas are 1100
and 173 m? g for TPDA-PDA and TPDA-PDA/150 uL PANa,
respectively. The considerable surface area reduction proves the
successful growth of PANa in the 1D COF channels, preventing
N, uptake.'”! Pore sizes were calculated from the N, isotherms
using the density functional theory method with a cylindrical
carbon pore model. (Figure S6, Supporting Information) Two
pores were identified in the analyzed samples, with sizes of 2.14
and 3.22 nm for TPDA-PDA, and 2.14 and 3.10 nm for TPDA-
PDA/150 pL PANa. PXRD spectrum of TPDA-PDA revealed high
crystallinity of the COF (Figure 2C). The main peaks at 2.45°,
4.19°, 4.81°, 6.34°, and 8.68° are ascribed to the (100), (110), (200),
(210), and (310) reflection planes, respectively, which were found
being in good accordance with the simulation of a P6- symmetric
structure model describing a Kagome structure.l' By defini-
tion, COFs are characterized by long-range order derived from
the stacking of the planar sheets to form layered structures.!
In the XRD spectra, strong diffraction peaks at low angles are
derived from the long-range order of uniform porous channels.
However, when guests molecules/ions are adsorbed in the COF
channels, but are non-uniformly dispersed, this may induce the
damage of the long-range order of the framework, thus resulting
in the disappearance of diffraction peaks at low values of 26.22

Adv. Mater. Interfaces 2023, 2300124 2300124 (4 of 10)

Noteworthy, the crystallinity of TPDA-PDA is maintained when
the sample with 150 puL of PANa is prepared, even though the
disappearance of the diffraction from the (110) plane is observed,
as a consequence of disrupted long-range framework order upon
PANa polymerization (Figure 2D).

First, EIS was used to determine the influence of the con-
centration of PANa on the o and the activation energy (E.)
for the conduction. The investigation was conducted in the
frequency range of Hz-kHz, where ionic polarization can be
determined.?’] EIS measurements on pristine TPDA-PDA and
TPDA-PDA/PANa blends were carried out in two different con-
ditions: i) equilibration followed by measurements at the same
temperature and humidity conditions, or ii) equilibration/acti-
vation followed by measurements under ambient conditions.
The former allows to assess the conduction mechanism and
the activation energy, by varying the equilibration and measure-
ment temperature, keeping the RH fixed at 95%. The second
case provides insight into the effect of the preliminary equi-
libration at high temperature and humidity which allows the
activation of the SPEs. Indeed, a common and simple activa-
tion strategy in real-life use of FCs is to steam or boil the MEA
prior to use. This practice allows the proper hydration of the
SPE ensuring high o, representing a solution to the concerning
water management problem in PEMFCs.[>24

Figures S7 and S8 (Supporting Information) show the
Nyquist plots for TPDA-PDA and TPDA-PDA/PANa blends,
containing 50, 100, 150, 200, and 250 pL of PANa over 40 mg
of COF. The spectra were obtained at ambient conditions after
equilibration at 65 °C and vacuum or at 80 °C and 95% RH,
respectively. The values of pellet resistance and o calculated
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85U8017 SUOWIWIOD BAIE8.D 8|qeo!(dde aupy Aq peusenob a1e Sse YO ‘SN JO S8|nJ o} A%eiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWBIA0D A8 | 1M Afe1q 1 Ut |Uo//SdNL) SUORIPUOD Pue SWe 1 84} 89S *[£202/50/.T] Uo Areiqiaulluo A1 ‘8oueI aURIyo0D AQ #72T00£202 IUPe/Z00T OT/I0p/Woo A3 (1M Akeid 1 jpuluoy/Sdiy wolj pspeojumod ‘0 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

— D
www.advmatinterfaces.de

20 T T T T 50 T T T
A . '... ° B . . e 30°C
...n 0 ° o0 e 40°C
15 .’ fe==] .oo R | 40 . ° :'. ° 50:C 1
'*. o ° Y .\ ® 60°C
— oo oge & —304 ® % o® © 70°C i
S 104 o &% o ® oo ® o0 1l c 30 s :!.~ ® 80°C
E ‘ ’ ". ® ‘- .. = 4 ? 80°C
: ° 9 ° = t“:;. : °
N ® 30°C N20d % -~
5 e 40°C |
e 50°C 1
* 60°C 10 4 b
04 e 70°C |
° 80°C 0 1 2 3
(I) é 1I0 1I5 20 (I) 1I0 2I0 30
Z' [MQ] Z'[MQ]

Figure 3. Nyquist plots obtained at 95% RH and variable temperature in the range of 30-80 °C for A) pristine TPDA-PDA and B) TPDA-PDA/150 puL

PANa. The inset shows the response of TPDA-PDA/150 puL PANa at 80 °C.

from the fitting of the curves in Figure S8 (Supporting Infor-
mation) are reported in Table S1 (Supporting Information). The
fitting of the Nyquist plots was performed with the most appro-
priate equivalent circuit among the ones displayed in Figure S9
(Supporting Information) and o was calculated from the equa-
tion in Figure S9 (Supporting Information). Table S1 (Sup-
porting Information) shows that after activation at 80 °C and
95% RH, o reaches a maximum of 2 X 102+ 1x 107 S cm™
upon adding 150 puL of PANa to the COF TPDA-PDA, while the
pristine COF’s o amounts to 1 x 107" + 6 x 1072 S cm™. Fur-
thermore, o decreases upon increasing the concentration of
the superadsorbent polymer in the COF/PANa blends. For this
reason, the results obtained with TPDA-PDA will be compared
with the TPDA-PDA/150 UL PANa blend from now on.
Depending on the experimental conditions the behavior of
the two samples was found being remarkably different. Figure 3
depicts the temperature-dependent conductivity of TPDA-
PDA and TPDA-PDA/150 uL PANa. By keeping the RH
constant at 95%, EIS measurements are performed equili-
brating the sample at different temperatures in the range of
30-80 °C. Figure 3 and Table S2 (Supporting Information)
overall show that the conductivity increases with the tempera-
ture. It is well known that temperature plays a crucial role in
promoting o, since it provides energy to overcome activation
barriers for proton motion."?’l Because of this reason, in the
case of TPDA-PDA the conductivity values were extremely
low (=10 S cm™) up to 50 °C, while they reached their max-
imum value (14 x 10 S cm™) at 60 °C, as evidenced by the
appearance of a smaller semicircle in the Nyquist plot, which
is due to a smaller charge transfer resistance of the pellet.
When the temperature is increased to 70 and 80 °C, the con-
ductivity decreases sequentially, most likely due to the removal
of the adsorbed water molecules from the membrane.ll On
the other hand, TPDA-PDA/150 uL PANa also exhibits low
conductivity at temperatures <60 °C, yet the response is com-
pletely different in the range of 60-80 °C (Figure 3B). Indeed,
the sample exhibits conductivity originating from two dif-
ferent charge transfer processes, as evidenced by the appear-
ance of two semicircles in the Nyquist plot (see inset in
Figure 3B). This behavior can be ascribed to the presence of
two time scales for proton transport due to the coexistence of

Adv. Mater. Interfaces 2023, 2300124 2300124 (5 of 10)

long-range proton hopping and areas of the network having
a low degree of percolation, most likely due to the inhomoge-
neous distribution of PANa within TPDA-PDA/150 uL PANa
matrix.?! Furthermore, a linear tail at low frequencies is also
visible in the spectrum, and can be associated with the forma-
tion of an electrical double layer between protons and electrons
at the interface with the electrodes.”’] The highest value of o
(L1 x 10® S cm™) is found at 80 °C for TPDA-PDA/150 uL
PANa, being one order of magnitude larger than the one
obtained at 60 °C for TPDA-PDA. The temperature-dependent
EIS study makes it possible to calculate the proton conduc-

tion E, from the Arrhenius law: Ino =Ino, + ;—]:;“: where Ky is

B

the Boltzmann constant (1.38 x 1072° ] K!) and T is the abso-
lute temperature in K. Figure S10A (Supporting Information)
reflects the behavior already evidenced by the Nyquist plot for
TPDA-PDA, with the conductivity abruptly starting to increase
at 50 °C, reaching its maximum at 60 °C and then decreasing.
Taking into account that the highest operating tempera-
ture for TPDA-PDA is 60 °C, the fitting of the corresponding
Arrhenius plot has been performed in the range of 30-60 °C
(Figure S10A, Supporting Information). The E, for proton
conduction corresponds to 1.08 eV, which clearly means that
the poor o of the pristine COF occurs by the vehicle mecha-
nism.?8! Tt has been reported that values of E, > 0.4 eV indicate
a vehicle mechanism of conduction: within such a scenario, the
proton conducting species (water in our case) migrate within
the network, carrying the protons (H;0%).2%l In Figure S10B
(Supporting Information), two regimes can be recognized for
TPDA-PDA/150 uL PANa: both at low (30-50 °C) and high tem-
perature (60-80 °C) o increases linearly with T and from the
linear fitting of the data it is found that within the first range
the E, amounts to 0.45 eV, which means that the conduction
occurs through a mixed Grotthus-vehicle mechanism.B% This
implies the hopping of protons through a hydrogen-bonded
network, whose formation may be aided by the presence of the
superadsorbent polymer.3!l On the other hand, at high tempera-
tures (60-80 °C) E, reaches a value of 0.63 eV, which is coherent
with a vehicle mechanism, meaning that there is enough
energy also for the movement of proton carriers through the
network.!1%!
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Figure 4. (100) plane diffraction as a function of relative humidity (RH) for A) pristine TPDA-PDA and B) TPDA-PDA/150 pL PANa. Black lines represent
the variation of 260 with increased RH, while red lines stand for its variation with decreased RH. The first and last points are acquired after drying the

sample at 65 °C in vacuum for 1 h.

Being the high crystallinity one of the greatest advantages
in employing COFs as proton conductors,! we propose for
the first time, to the best of our knowledge, an elucidation of
the structure at variable RH by XRD, in order to gain greater
insight into the proton conduction mechanism. Figure 4 shows
that the diffraction from the (100) plane appears at 2.45° for
both the pristine TPDA-PDA and TPDA-PDA/150 uL PANa. In
the former case, this peak shifts from 2.45°, corresponding to a
lattice distance of 3.61 nm, to 2.49° (3.55 nm) upon increasing
the RH to 10% and such a value remains stable in the interval
10-40% RH. The peak position shifts to 2.51° (3.52 nm) when
RH increases to 50-80%. At this point, the sample is equili-
brated at reduced RH for the reverse scan. The peak does
not undergo any shift until 60% RH, when swelling occurs,
obtaining a lattice distance of 3.55 nm along the direction
of the (100) plane. Finally, when the sample is dried again at
65 °C and vacuum, the initial peak position at 2.45° is restored
(Figure 4A). As far as TPDA-PDA/150 uL PANa is concerned,
Figure 4B shows that the same peak shifts from 2.45° to 2.49°
(3.55 nm) when RH is increased to 10% and this value is
maintained until 80% RH. In the reverse RH scan, we do not
observe any variation in the peak position until the sample is
dried: at this point, the diffraction from the (100) plane appears
at 2.47° (3.58 nm). These evidences indicate that the presence
of PANa in the sample does not allow the lattice distance to
decrease <3.55 nm; furthermore, probably as a consequence
of its superadsorbing nature, by drying the sample the initial
distance is not restored completely. Overall, the results sug-
gest that the proton conduction in the studied materials could
take place because of the decrease in the (100) plane lattice dis-
tance, which may be due to the strengthening of the stacking
interaction®?l through the H-bonding, promoting the proton
hopping. In addition, the exposure of both TPDA-PDA and
TPDA-PDA/150 uL PANa to humidity results in the appearance
of a new peak at 3.3°, a general variation of the peaks relative
intensities and an increase of the full-width at half maximum
(FWHM) of the peaks.’®! In particular, we measured that it
increases from 0.3 to 0.6° in the case of the diffraction from the
(210) plane (Figure S11, Supporting Information).

The reported results indicate that the proposed SPE (TPDA-
PDA/150 uL PANa) could find application in LI-FCs, operating

Adv. Mater. Interfaces 2023, 2300124 2300124 (6 of10)

at 80 °C. Considering that the major limitation of LT-FCs is the
necessity to be operated at high RH, leading to serious water
management problems, we investigated an equilibration/acti-
vation procedure to facilitate the preservation of high o at low
RH. By analyzing the second set of EIS measurements, we can
conclude that pristine TPDA-PDA does not exhibit any signifi-
cant conductivity when measuring at ambient conditions nei-
ther when this is preceded by equilibration/activation at high
temperature and vacuum nor at high RH. Indeed, Figure 5
shows the Bode plots of the impedance phase angle in both sit-
uations. A phase angle at —90° over the whole frequency range
suggests that the material behaves similarly to a capacitor.*
One can imagine that the concentration of proton carriers is
so low that the only phenomenon taking place is the accu-
mulation of electrons at the electrodes.””) On the other hand,
equilibration of TPDA-PDA/150 uL PANa at high temperature
and vacuum or high RH induces two distinct responses. In the
former case, Figure 5A shows that the addition of PANa does
not influence the conductivity in dry state, since no water can
be adsorbed to vehicle the conduction. However, by activating
the sample at 80 °C and 95% RH, probably thanks to the super-
adsorbing ability of the polymer, a resistive behavior is visible
at medium and low frequencies (Figure 5B). These findings
can be rationalized by considering that at high frequency the
only species which could move among the electrodes are the
electrons, while, when the intercurrent time among the alter-
nating current (AC) polarity shift increases, also the protons
are able to migrate toward the electrodes, creating eventually
an electrical double layer at the interface. These findings open
perspectives for the application of these materials as SPEs in
LT-PEMFCs, which operate at least at =60-80 °C, since suffi-
cient driving force should be provided for the catalysis of the
anodic and cathodic reactions. However, humidification during
operation is not ideal, since it limits the real-life applications,
reducing the portability and cost-effectiveness of the devices.
The proposed method of equilibration/activation at high tem-
perature and RH prior to ambient conditions operation could
represent a valid solution to the concerning water management
problem in PEMFCs.

The study of dielectric relaxation behavior in ion-conducting
polymer composite materials has become an interesting
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Figure 5. Bode plots of the impedance phase angle for TPDA-PDA and TPDA-PDA/150 uL PANa obtained at ambient conditions after equilibration at

A) 65 °C and vacuum, and B) 80 °C and 95% RH.

research area for understanding the ionic transport properties
of these novel materials.?>3% To the best of our knowledge,
dielectric studies on COFs as proton-conducting materials have
not been performed yet. Here, EIS was employed also to shed
a light onto the dielectric properties of the studied COF as a
SPE. Indeed, by applying AC potential at a variable frequency,
we can determine both the complex electrochemical impedance
(Z"), modulus (M"), and permittivity (£°). Conduction can take
place in the bulk material and at the interface with the elec-
trodes through a series of charge transfer processes. By plotting
the variation of these entities with frequency, the relaxation fre-
quencies can be determined. Although the plots of Z*, M*, and

A TPDA-PDA
251 ez
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€ versus frequency represent the same relaxation phenomena,
each representation allows extracting different and comple-
mentary information about the analyzed system.l?’l The fre-
quency response of the real (Z’) and imaginary part (-2”) of the
impedance is shown in Figure 6A,B for TPDA-PDA and TPDA-
PDA/150 uL PANa, while Figure S12A (Supporting Information)
exhibits the frequency response of the same entities for TPDA-
PDA/100 uL PANa. Z’ accounts for Ohmic resistance of the
pellet, while —Z2” is related to the non-Ohmic resistance, being a
consequence of the short-range mobility. —Z” generally exhibits
a maximum ®Z,, which is due to the collective relaxation of
dipoles when the sample is exposed to an oscillating electric

B TPDA-PDA/150 pL PANa

45 ' '

z

40 4 z"

35 4 4
T30 4
2,251 ]

N 20 ]
N 15 ]
10 4 4
54 4
0- ]
1000 10000
Frequency [Hz]
30 T 0 T
D w_,":{ “y —=Z"  ls000
254 Long-range ——M"
motion - "y Short-range
204 '._motion 1 2000
g .
2 15+ E
K 43000
10 4
4 2000
54
0 1000

1000 10000
Frequency [Hz]

Figure 6. Frequency dependence of the A,B) real (Z’) and imaginary (-Z”) part of the impedance and C,D) imaginary (-Z”) part of the impedance
and imaginary part of the electric modulus (M”) for (A,C) TPDA-PDA and (B,D) TPDA-PDA/150 uL PANa. Data were extracted from the impedance
measurements conducted at ambient conditions after equilibration/activation at 80 °C and 95% RH.
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Figure 7. Frequency dependence of the imaginary part of the modulus (M”) as a function of the temperature for A) TPDA-PDA and B) TPDA-
PDA/150 uL PANa. Data were extracted from the impedance measurements conducted at 95% RH and varying temperatures.

field. In an ideal Debye relaxation regime, —Z” approaches
zero for frequencies smaller than 0% and it decreases mono-
tonically for @ >wZ,. Deviations from this behavior can be
ascribed to conduction inhomogeneity, due to the presence of
non-conducting domains in the sample, accumulated charges
at the interface, etc. In the case of pristine TPDA-PDA, the
Z” relaxation peak is not visible in the studied frequency
range (Figure 6A), while it exhibits a maximum in the case of
TPDA-PDA/100 uL PANa and TPDA-PDA/150 uL PANa at 1380
and 1585 Hz, respectively (Figure 6B; Figure S12A, Supporting
Information). From @z, it is possible to calculate the relaxation
time constantas 7 =1 /271760 . It was found that 7 decreases from
12X 10™* to 1.0 x 107* s when PANa content is increased from
100 to 150 uL, meaning that the increased PANa concentration
ensures a more efficient charge carrier transport.?> In the case
of pristine TPDA-PDA, the relaxation time is clearly longer, since
wZ falls < 500 Hz. The Z’, =Z” versus frequency plots allow also
to identify the frequency at which Z” and Z” curves cross (®oss)-
A system is in a Debye relaxation regime when mZ, = @ o
Once again, we cannot do any consideration for pristine TPDA-
PDA, while the coincidence of wZ, and @y, for both the sam-
ples with 100 uL and 150 pL of PANa suggests that these systems
are close to a Debye relaxation regime.

The electric modulus M* is closely related to the impedance
measured by EIS. In particular, its real part (M’) is calculated as

=CowZ"” =¢, wZ”? 1)
Where &, is the permittivity of vacuum (8.854 x 102 Fm™), @
is the frequency, Z” is the imaginary part of the impedance and
A and [ are the area and the thickness of the pellet, respectively.
The imaginary part of the modulus M” is proportional to Z’
through the same relationship. These proportionalities imply
that M’ accounts for localized short-range motion of charges,
while M” is related to the (non-local) long-range motions.
Figure S12B (Supporting Information) and Figure 6D show
that M” exhibits a maximum wZ,, at 1380 and 1585 Hz in the
case of TPDA-PDA/100 uL PANa and TPDA- PDA/lSO UL PANa,
respectively. Both systems follow the equality @Z, = @ = 0%
which reflects the absence of dispersion of relaxation times.
Furthermore, M” maximum value reflects the transition from
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long-range (w < w.,) to short-range motion, when the charge
carriers are not able to follow the fast changes of the oscillating
electrical field.?*3%3% The higher value of @i, for the sample
with 150 pL of PANa suggests that the frequency range for non-
local motion is wider.

Figure 7 illustrates the temperature dependence of @), for
TPDA-PDA and TPDA-PDA/150 uL PANa when EIS measure-
ments are performed at 95% RH and varying temperatures.
Overall, the modulus plot maintains its shape with increasing
temperature, implying that the distribution of relaxation
times is not dependent on the temperature. The highest ).,
value for TPDA-PDA amounts to 1513 Hz at 60 °C, with a 7 of
1% 107 s, while they are found to correspond to 6606 Hz and
2 x 107 s for TPDA-PDA/150 uL PANa at 80 °C. These find-
ings evidence once again that the addition of 150 pL of PANa
induces an extension of the frequency range for the long-range
motion of charge carriers. The frequency and 7 values at every
analyzed temperature are reported in Tables S3 and S4 (Sup-
porting Information). An increase in relaxation frequency
with a decrease in relaxation time suggests an increase in the
charge carriers’ mobility. The thermal energy provided with the
increasing temperature facilitates the charge carriers to move
toward the electrodes before the polarity switch of the AC.13%

3. Conclusion

In this work, we present a simple strategy to improve the per-
formance of poor proton conductors based on COFs, upon addi-
tion of a superadsorbent polymer. EIS studies at high RH and
variable temperature reveal that the blending of TPDA-PDA with
150 uL PANa ensures one order of magnitude enhanced o com-
pared to the pristine TPDA-PDA, with the additional bonus of
being able to operate at higher temperature (80 vs 60 °C). The
E, of 0.45 and 0.63 eV at low and high temperature suggest a
mixed Grotthus-vehicle mechanism, coherent with the coex-
istence of proton hopping through a hydrogen-bonded net-
work, aided by the presence of the superadsorbent polymer,
and the movement of proton carriers through the network.
Interestingly, we noticed that the TPDA-PDA/150 pL PANa
can preserve good o at low RH, after equilibration/activation
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at high temperature and RH. EIS data are well supported by
an in-depth study of the humidity-dependent X-ray diffraction,
showing the reduction of the (100) plane lattice distance upon
increasing RH, which could be related to the strengthening of
the stacking interaction through the H-bonding, thereby pro-
moting the proton hopping. Furthermore, an extensive study
of the dielectric properties of COFs as proton-conducting
materials has been proposed for the first time in literature,
to the best of your knowledge. We determined a Debye relaxa-
tion regime for TPDA-PDA/PANa blends, with wpe, increasing
from 1380 to 1585 Hz when the PANa content increased from
100 to 150 pL in the blend. Besides, the temperature-dependent
dielectric study revealed that the width of frequency range for a
long-range motion of charge carriers in the electrolyte increased
when comparing the pristine COF and the TPDA-PDA/150 pL
PANa at their maximum operating temperatures, with oM
increasing from 1513 to 6606 Hz. Overall, we were able to unveil
the effect of a superadsorbent polymer on a poorly proton-con-
ducting COF correlating the variation of the material's spec-
troscopic fingerprint (IR and XRD) with its proton conduction
performance (EIS) and dielectric properties, also presenting an
efficient SPE activation strategy to preserve ¢ at ambient condi-
tions, which represents a viable solution to the concerning water
management problem in PEMFCs.

4. Experimental Section

Materials: N,N,N’,N’-tetrakis (4-aminophenyl)-1,4-phenylenediamine
(98%) was purchased from abcr GmbH Germany, terephthalaldehyde (99%)
was purchased from Merck, mesitylene (98%), benzyl alcohol (99%), and
acetic acid (glacial) were purchased from Fisher Scientific. Acrylic acid (99%),
N,N “Methylenebis (acrylamide) (99%), ammonium persulfate (98%) were
acquired from Merck. Sodium hydroxide (NaOH pellets) was purchased
from VWR. Milli-Q grade water was used in all described experiments.

Methods: COF TPDA-PDA synthesis. COF TPDA-PDA synthesis had
been conducted as a modification of Hao's method,'” Scheme 1A. In
a 35 mL pressure-resistant Schlenk tube, 101 mg of terephthalaldehyde
(PDA, 0.75 mmol) and 238 mg of N,N,N’,N"-tetrakis(4-aminophenyl)-1,4-
phenylenediamine (TPDA, 0.5 mmol) were suspended in a mixture of
benzyl alcohol (4 mL), mesitylene (4 mL), acetic acid (1 mL), and H,O
(0.2 mL). After sealing the tube, the suspension was degassed by three
freeze-pump-thaw cycles and sonicated for 30 min. The condensation
reaction yielding TPDA-PDA COF was carried at 120 °C for 72 h in an
oven. After cooling down, the solid precipitate was filtered off and washed
thoroughly with N,N-dimethylformamide. The wet powders were then
subjected to Soxhlet extraction with tetrahydrofuran for 24 h. Next, solvent
exchange was performed by 24 h immersion of the powders in 50 mL of
n-pentane. Finally, the solid was filtered and dried under vacuum at 80 °C
overnight. The TPDA-PDA COF was obtained as red insoluble powder,
with a yield of 72%.

TPDA-PDA/PANa blends preparation. A schematic representation of
the COF TPDA-PDA/PANa blend preparation is shown in Scheme 1B.
TPDA-PDA/PANa blends were obtained as a modification of Yang's
method.® First, sodium polyacrylate (PANa) was synthesized in
an ice bath by adding 5 mL of an aqueous 10 m NaOH solution to a
dispersion of acrylic acid (3.6 mL) in 5 mL of water. Subsequently,
N,N “methylenebis(acrylamide) and ammonium persulfate were
added to the solution yielding a final concentration of 0.7 and 18 mm,
respectively. The as-prepared solution was left under stirring for 30 min,
before adding different contents of it (50, 100, 150, 200, 250 ulL) to
aliquots of 40 mg of TPDA-PDA. Thermal polymerization of PANa
occurred when the TPDA-PDA/PANa blends were incubated at 65 °C
for 2 h, after which they were thoroughly washed with water and
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filtered. The powders were dried on the filter paper for 2 h at 65 °C
and then transferred in vials. Complete drying was performed at 65 °C
and vacuum overnight.

Characterization: Scanning electron microscopy (SEM) images were
recorded by using a FEI Quanta 250 FEG Scanning Electron Microscope,
operating in a high vacuum mode, after coating the substrate with gold
using a sputter coater (ambient temperature, pressure in 107 mbar
range in a N, atmosphere, sputtered for 20 s from a solid gold target at a
current of 60 mA). Powder X-ray diffraction (PXRD) spectra were recorded
using a D8 Advanced Bruker diffractometer (20 resolution: £0.01°) in the
Bragg-Brentano geometry. The diffractometer was equipped with a front
monochromator (Cu Kol wavelength 4 = 0.154 056 nm) and a LynxEye_2
detector (ID mode). The X-ray beam was nickel-filtered to reduce the
intensity of the Cu Kf X-rays. XRD data were collected from 2 to 30° (26)
with a step size of 0.01° at a scanning rate of 0.1 s per step. The sample
was placed inside a Cryo & Humidity Chamber CHC plus+ Anton Paar
mounted on the Bruker diffractometer. The atmosphere in the CHC plus+
Chamber is controlled by a CCU 100 combined Control Unit and a MHG-32
Modular Humidity Generator. Analyses were performed at 25 °C in the air
with controlled relative humidity varying between 10% and 80%. Fourier
transform—infrared (FT—IR) spectra were acquired with a ThermoScientific
Nicolet iS50 FT—IR Spectrometer equipped with ATR Diamond and a DTGS
KBr detector. Thermogravimetric analysis (TGA) decomposition curves
were recorded in the range of 25-1000 °C operating under a nitrogen
atmosphere, with a thermal step of 10 °C min™' on a Mettler Toledo
TGA/SDTA851e system. Nitrogen sorption isotherms were recorded
without a solvent exchange using a Micromeritics ASAP 2020 instrument at
77K within pressure ranges of P/Py = 0.001-1. The samples were activated
at 373 K for 480 min before analysis. Brunauer, Emmett, Teller (BET)
surface area has been evaluated up to 0.3 relative pressure. Pore sizes were
calculated from the nitrogen isotherms using the density functional theory
(DFT) model for cylindrical pores. Electrochemical impedance spectroscopy
(EIS) measurements were conducted on pelletized samples: 40 mg of
TPDA-PDA or TPDA-PDA/PANa blends were pressed under 10 tons with a
Specac press machine. The as-obtained pellets were sandwiched between
two gold electrodes. The latter were prepared sputtering 100 nm of gold
on glass slides using a sputter coater (ambient temperature, pressure in
10~ mbar range in a nitrogen atmosphere, sputtered for 240 s from a solid
gold target at a current of 60 mA). EIS was performed in a two-electrode
configuration (counter- and reference electrode vs working electrode)
with an Autolab PGSTAT204 Potentiostat/Galvanostat instrument with a
FRA32M module, applying a 0.2 V DC bias (5 s waiting time), scanning
in the 100 Hz-10 kHz range with a 0.1 V amplitude. Sample equilibration
at 65 °C and vacuum was performed in a ThermoScientific Vacutherm
vacuum oven, while the equilibration at 95% RH and varying temperature
in the range of 30-80 °C was carried out using a Benchtop Temperature
and Humidity Test Chamber TH-80A from Xi'an LIB Environmental
Simulation Industry. The equilibration time for the temperature-dependent
EIS measurements was set at 1 h, while the samples were equilibrated at
80 °C and 95% RH for 6 h for the activation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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