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Water electrolysis is by far the most appealing method to
produce green hydrogen. Among the possible technologies,
Anion Exchange Membrane (AEM) water electrolyzers are
promising in the medium term, as they make it possible to
avoid critical and noble materials as catalyst components.
However, AEMs are still lacking in performance and stability,
which has become the current research focus. Here, we report
the facile and inexpensive chemical modification of polyketone
(PK) with a functional unit encompassing morpholinium as the

positively charged group, and the fabrication of self-standing
membranes. The synthesis products are investigated with an
ensemble of physico-chemical and spectroscopic techniques,
including solid-state and time-domain NMR, FT-IR, and thermal
analysis. The membranes show good Ion Exchange Capacity
values in the range 1.48–2.24 mmolg� 1. A preliminary electrol-
ysis test shows that the PK-based membrane has performance
comparable to that of a commercial one.

Introduction

Hydrogen plays a key role in the EU’s roadmap to carbon
neutrality.[1] In fact, it is estimated that hydrogen could supply
up to 20% of the energy demand.[2] This transition will require
further performance and cost improvements in the crucial
technologies of water electrolyzers (WEs) and fuel cells (FCs).[3–5]

State-of-the-art proton exchange membrane fuel cells (PEMFCs)
and electrolyzers (PEMWEs) use perfluorinated ionomers (PFI),
which allow high conductivity while also granting the desired
chemical and electrochemical stability in operational
conditions.[6–9] Nonetheless, they have some significant draw-
backs, including the need for platinum group metals (PGMs) as
catalysts that result in their large capital costs, and a high fuel
crossover with respect to other systems, like those based on
polybenzimidazoles.[10] This later issue occurs both when
molecular hydrogen and methanol are used in FCs.[11] The first
drawback is chiefly caused by the acidic working conditions.[12]

To solve this problem, anion exchange membranes (AEMs)[13]

are gaining attention since their working environment is highly
alkaline near the electrodes. This causes the electrochemical
reaction mechanisms to be different from those occurring in
acidic conditions.[14] As a result, the electrochemical process can

be promoted without the need of PGM catalysts, which greatly
reduces the cost.[15–17]

AEMs are usually made of polyelectrolytes obtained from a
wide range of polymers, including polystyrene, unsaturated
polypropylene and polyethylene, polybenzimidazoles, poly-
(vinylbenzyl chloride) and poly(arylene ethers).[8] The charged
active group is often based on nitrogen atoms, either in the
form of quaternary ammonium (QA) sites, or embedded in
heterocycles like imidazolium, benzimidazolium and pyridinium.
Alternative active sites, not based on nitrogen, include
phosphonium and sulphonium cations, or metal-based systems
where multiple charges are present on each side chain.[13,18,19]

Even the best AEMs still suffer of several drawbacks, including
low chemical stability in the presence of hydroxide anions, and
low conductivity values. The first problem causes a non-ideal
durability.[20–22] Regarding the second issue, it is caused by the
much lower mobility of OH� when compared to H+ of the
commercial PFI-based PEMs.[13,23] Consequently, much higher
ion exchange capacity (IEC) values are needed in AEMs when
compared to PEMs. This, however, causes a decrease in
mechanical properties of the membranes because of the
excessive swelling of the polymers.[20] One last point of concerns
is the carbonation process, that occurs when the membranes
are exposed to CO2, which meaningfully decreases the con-
ductivity of the polymer and thus the performance of the
device.[13,22] Potential solutions to these shortcomings come in
the form of the development of appropriately phase-segregated
polymers.[24] cross-linking procedures,[25] and hybrid
membranes.[26] In particular, the first approach aims at the
creation of a hydrophobic backbone that provides the desired
mechanical properties, with an inter-dispersed hydrophilic
phase (caused by the charged groups in the lateral chains) that
provides the ionic conductivity.[24] Cross-linking could similarly
improve the mechanical properties of the final polymer and
reduce the crossover.[25] Lastly, the use of inorganic nanofillers
dispersed in the organic membranes could improve the

[a] Dr. S. Bonizzoni, D. Stucchi, T. Caielli, Dr. E. Sediva, Prof. Dr. M. Mauri,
Prof. Dr. P. Mustarelli
Department of Materials Science
University of Milano Bicocca
Via Cozzi 55, 20125 Milano (Italy)
E-mail: piercarlo.mustarelli@unimib.it
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202201077
An invited contribution to a Special Collection dedicated to Giornate
dell’Elettrochimica Italiana 2022 (GEI2022)
© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem

www.chemelectrochem.org

Research Article
doi.org/10.1002/celc.202201077

ChemElectroChem 2023, e202201077 (1 of 9) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 02.02.2023

2399 / 286623 [S. 1/10] 1

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202201077 by U
niversita M

ilano B
icocca, W

iley O
nline L

ibrary on [03/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0001-9954-5200
https://doi.org/10.1002/celc.202201077


polymer durability.[26] Alternatively, the use of cycloaliphatic
rings as active sites, where the quaternary ammonium is
embedded in, could increase the stability of the membrane.[27]

Recently, a few groups[28,29] investigated the use of poly-
ketones as a starting material to produce AEMs, thanks to their
optimal thermal, chemical, and electrochemical resistance
coupled with good mechanical properties, and the ease of
chemical modification and low-cost production.[30] Both QA and
imidazolium were investigated as active sites. In this paper we
report on the chemical modification of a commercial poly-
(ethylketone) with morpholinium as an active site suitable for
application in WEs and FCs. The synthesis procedure is
accompanied by a thorough thermal and spectroscopic charac-
terization of the products, as well as by preliminary in-cell tests
showing encouraging results.

Results and Discussion

Infrared and NMR spectroscopies were carried out to investigate
the success of the first and second reaction steps reported in
Figure 1.

FT-IR

Figure 1 reports the FT-IR spectra of the samples after Step_1
and Step_2. The main signals are due to non-reacted 1,4
diketone unit, pyrrole ring and N-propylmorpholine, which are
highlighted in Figure 3 in orange, blue and green, respectively.
The � CH2� stretching and bending of the PK backbone were
detected at 2956, 2920 and 1356 cm� 1, while the C=O
stretching of the carboxyl group was noticed at 1700 cm� 1.[29,31]

The pyrrole ring generated the stretching of C=C� H at
3100 cm� 1, at 1640 and 1580 cm� 1 the stretching of C=C and at
1259 cm� 1 the bending of C� N. The CH2-N stretching and
bending at 2800 and 1406 cm� 1 and the C� O� C stretching at
1100 cm� 1 were correlated to the morpholine structure.[32,33] The

broad signal (*) in the 3500–3200 cm� 1 region should be
correlated to O-H stretching modules of moisture due to the
hydrophilic nature of morpholine.[33] After methylation, Step_2
spectrum showed the CH3� N stretching at 2850 cm� 1 and the
O-H stretching band at 3440 cm� 1. Both these signals confirmed
the success of the reaction.[34]

Solid state NMR

Figure 2 shows the 13C-1H CPMAS spectra where the PK and
pyrrole signals are highlighted in yellow and light green,
respectively. The starting material generated two peaks at 207.3
and 34.7 ppm, due to carboxyl group (a) and the � CH2� of the
polymer backbone (b).[35,36] The formation of pyrrole ring
generated two signals at 130.3 and 103.4 ppm (e, f) and caused
the shift of � CH2� peaks at 39.9 and 19.8 ppm (c, d). The propyl
group, between pyrrole and morpholine rings, generated the
peaks at 50.0, 27.2, 53.3 ppm (g, h, i), while the morpholine
group produced the signals at 55.0 and 65.4 ppm (m, n).[33] After
methylation, Step_2 spectrum showed significant changes in
70–10 ppm zone due to tetraalkyl-ammonium group presence.
The (n, i, m) signals converged into a unique peak centred at
60 ppm, the h carbon moved to 22.0 ppm and the new methyl
group (p) generated a shoulder of the c, b peaks at
47.2 ppm.[37–39] The signal marked with*was correlated to silicon
oil impurities. The spectra of PK_0.3 and PK_0.7 showed similar
results (see Figure S3).

The functionalization degree (from 0.3 to 0.7) was also
qualitatively checked by 13C-1H CPMAS measurements. Figure 3
reports the spectra of the three compositions after Step_1,
normalized to the intensity of the pyrrole carbon at 130 ppm,
which allows to observe the signals trends vs. the stoichiometry.
The carboxyl (207.3 ppm, violet) and � CH2� (34.7 ppm, green)
signals decreased, whereas the � CH2� pyrrole increased
(39.9 ppm, orange) as expected from stoichiometry.

Figure 1. FT-IR spectra PK_0.5 after Step_1 (left) and Step_2 (right), with assignation of non-reacted 1,4 diketone unit (orange), pyrrole ring (blue) and N-
propylmorpholine (green).
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Thermal analysis

Figure 4 shows the TGA behaviour of pristine PK and of sample
PK_0.5 after Step_1 and Step_2. Pristine PK is stable up to
~360 °C in agreement with literature.[40,41] Step_1 sample
showed a ~1 wt% loss below 100 °C, due to dichloromethane
(DCM) and hexafluoroisopropanol (HFIP) evaporation, followed
by a multi-step degradation process in the region of 150–
550 °C. Step_2 sample showed a greater (~4 wt%) loss below
100 °C, due to solvents and absorbed water, and then followed
by a larger stability region which extends well above 200 °C.
This greater thermal stability is due to ionic interactions
introduced by nitrogen quaternization. The samples PK_0.3 and
PK_0.7 showed similar behaviours (see Figure S4).

Figure 5 reports the second heating DSC scans of the three
samples after Step_1 and Step_2 in the temperature region
from 0 to 150 °C. In this temperature range PK did not show any
significant thermal feature (see Figure S5). As a matter of fact,

the melting temperature of PK is reported above 200 °C.[40] The
samples after Step_1 showed a glass transition, Tg, in the range
of 30–60 °C depending on the ratio between the pyrrole and
the PK moieties. The increase of pyrrole-morpholine fraction
shifts the Tg to higher temperature, reflecting an increase of the
matrix stiffness chiefly due to the aromatic rings. The small
endotherm at ~130 °C is likely due to a first order phase
transition, which can be attributed to the melting of a
crystalline phase, as it does not correspond to significant weight
losses in the TGA (see Figure 4). This melting peak, whose
intensity is roughly independent from composition, shifts to
lower temperatures by increasing the functionalization degree.
Similar melting processes were previously reported on pyrrole-
functionalized PKs.[40]

The samples after Step_2 did not show any Tg in the 30–
60 °C range. However, small baseline deflections could be
observed in the range 90–100 °C for the three samples. At the
same time, the melting endotherm above 120 °C increased in
intensity except for sample PK_0.5 where this thermal feature
was not observed. The absence of this feature can be due to
the dynamic nature of the DSC experiment. However, further

Figure 2. 13C-1H CPMAS NMR spectra of PK_0.5 after Step_1 (left) and Step_2 (right), with highlights of PK (yellow) and pyrrole carbons (green). The
morpholine/morpholinium carbon peaks are emphasized by red dashed lines.

Figure 3. 13C-1H CPMAS spectra of samples with 0.3, 0.5 and 0.7 stoichiom-
etry after Step_1.

Figure 4. TGA curves of PK, PK_0.5_Step_1 and PK_0.5_Step_2.
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studies are needed to clarify this peculiar thermal behaviour.
More information on polymer chain dynamics can be obtained
by TD-NMR. Because of its anomalous thermal behaviour, as
well as for being the optimal compromise for functional
applications (see below), we focused our attention on the PK_
0.5 sample.

Time Domain NMR (TD-NMR)

Figure 6 shows the FIDs acquired with the application of a MSE
refocusing block. This pulse sequence is specifically developed
to offset the loss of rapidly decaying signal associated to rigid
phases during instrumental dead time, and thus is consistently
used to quantitate rigid and mobile fractions in multiphase
systems.[42] Generally, faster decays correspond to slower local
motions, and more in detail dynamics and local organization

dictate the functional shape of the FID: exponential for mobile
phases, Gaussian for amorphous polymers under the Tg, etc.

[43]

It can be immediately seen that PK and PK_0.5 after Step_1
and Step_2 at 40 °C are very similar, with the fast decay
expected for rigid polymers: the signal goes to 0 in less than
0.2 ms. The pristine polymer displays an Abragamian decay
component usually associated to crystalline systems and
appearing as a small “bump” in the FID (signed with an arrow in
Figure 8 left). As the temperature is increased to 140 °C, the
mobility increases, and all decays become slower but the
Abragamian component in PK is conserved. This indicates a
polycrystalline system, where the interfacial regions display an
increase in local chain mobility while the crystals are still far
below the melting point (see Figure S6). The Step_2 sample is
also relatively unaffected by the temperature increase: the
shape remains mostly Gaussian, and the data at the highest
temperature can be well-fitted as the summation of 67%
Gaussian component and a 33% exponential with low spin-spin

Figure 5. DSC curves of the samples PK_0.3, PK_0.5 and PK_0.7 after Step_1 (left) and Step_2 (right).

Figure 6. Time domain NMR: (left) the comparison of PK, PK_0.5 after Step_1 and PK_0.5 after Step_2 at 30 °C and 140 °C; (right) behavior of PK_0.5 after Step_
1 vs. temperature.
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relaxation time, T2* (see Figure S7). In contrast, the behavior of
PK_0.5 after Step_1 is starkly different, with a far slower
relaxation that is better understood by looking in detail at the
entire temperature evolution (Figure 8, right). Up to 70 °C the
FID is almost constant, while from 90 °C the relaxation evolves
rapidly.

Previous studies in amorphous polymers associated this
behavior to the onset of glass transition.[44] Our interpretation is
that the addition of morpholine during Step_1 produces a
structure that cannot crystallize anymore due to the bulkiness
of the side chains, resulting in an amorphous polymer with
glass transition around 40–60 °C. Further reaction (Step_2)
produces an ionic system that is locally immobilized by
Coulomb forces,[45] and thus presents a relevant increase of Tg,
possibly above 100–120 °C, in good qualitative agreement with
the DSC results. In the following we plan to perform a careful,
and systematic study on the different stoichiometries.

IEC and ionic conductivity measurements

Table 1 reports the IEC experimental values for the samples
with different stoichiometries compared with the corresponding
theoretical values. The experimental values are 20–30% lower
than the theoretical ones depending on the stoichiometry.
However, the measured values are large enough to allow
acceptable electrochemical properties. The ionic conductivity at
80 °C is slightly higher than 10� 3 Scm� 1, not optimal for
electrolysis applications, but enough to deserve further inves-
tigations on this system.

Figure 7 reports the behavior of ionic conductivity vs.
temperature for the three examined samples after anion
exchange (Step_3 in Scheme 1), and the corresponding Arrhe-
nius plot with the best-fits used to calculate the activation
energies, Ea, for OH

� motion reported in Table 1. Whereas our
conductivity values are of the same order of magnitude of
those reported by the group of Di Noto,[29] they are a factor of
~25 lower than those of Zhou et al.,[28] who used 1-(3-

aminopropyl)imidazole instead of 3-morpholinopropylamine.
We replicated their synthesis by employing the same functional
unit, the only difference being the employed commercial
polyketone (M630A, Mw=100,000 Hyosung Co. Ltd., Seoul,
Korea, instead of our AKROTEK® PK 7336, AKRO, Germany), but
we were not able to reproduce the conductivity data, even if
the activation energy values were similar. We infer this differ-
ence could be due to some properties of the PK matrix, e. g.:
chain length, polydispersity, additives, etc., which led to differ-
ent microphase (hydrophobic vs. hydrophilic) separation. Fur-
ther studies are in progress, including the use of the same PK
used by Zhou etal.

For a more complete analysis, Table 2 compares the
physico-chemical parameters of our membranes with those
previously reported on similar polyketone-based AEMs. The
behaviors of water uptake and swelling ratio vs. temperature
are reported in Figure S8 for the PK_0.3, PK_0.5 and PK_0.7
membranes. All the membranes showed a small increase with
temperature of both water uptake and swelling ratio.

Electrolysis preliminary tests

Indeed, PK_0.7 showed higher IEC and conductivity values than
PK_0.5. However, from the point of view of thermal stability, the
sample PK_0.5 showed better thermal properties as demon-
strated by the absence of relevant thermal features (see
Figure 7). Therefore, it seemed to offer the best compromise.
For this reason, here we are reporting the tests on PK_0.5_

Table 1. IEC, ionic conductivity, and activation energy for the three
samples.

Sample IEC exper.
[mmolg� 1]

IEC theor.
[mmolg� 1]

σ [Scm� 1] at
80 °C

Ea
(eV)

PK_0.3 1.48 1.88 1.7×10� 3 0.16
PK_0.5 1.74 2.61 2.9×10� 3 0.28
PK_0.7 2.24 3.14 4.0×10� 3 0.28

Figure 7. (left) ionic conductivity vs. temperature; (right) Arrhenius plot of the ionic conductivity.
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Step_3 for potential electrolyzer applications. To rule out
possible contributions from electrode manufacturing, we
employed the cell reported in Figure 2 and performed the test
in pure water (σ<10� 6 Scm� 1) using two nickel foam electrodes
separated with our membrane. The membrane FAA-3-50 was
tested under the same conditions as the reference material. The
impedance spectra with both nickel foam and stainless steel as
the electrodes are reported in Figure S9.

Figure 8 shows the polarization curves. A small current was
recorded below 1.2 V due to steel corrosion. H2O electrolysis
related currents (above 1.5 V) are small (60 mAcm� 2 at 2.5 V)
when compared to state-of-the-art water electrolyzers.[4] This is
imputable mainly to the experimental set-up: the measurement
is indeed performed in pure water without an ionomer to
increase triple phase boundaries. However, in these less-than-
ideal conditions our PK based membrane attained perform-
ances comparable with those of the commercial membrane
FAA-3-50. The task to investigate the durability of the
membrane is not trivial, as nickel foam tends to puncture the
membrane, in spite of our efforts to reduce its roughness.
However, our preliminary results showed reasonable stability
after 3 hours of operation, both for our membrane and for FAA-
3-50. Proper durability tests would be performed with more

suited catalysts layers and will be the object of future works.
For the sake of completeness, Figure S10 reports a comparison
of the electrochemical performance of the three membranes
developed in this study, which demonstrates that PK_0.5 works
better than PK_0.3 and PK-0.7.

Conclusion

A commercial polyketone was modified with different quantities
of pyrrole-based moieties containing an aliphatic-bonded
morpholinium unit. Free-standing anion exchange membranes
were then fabricated, thoroughly characterized, and preliminar-
ily tested for water electrolysis.

The AEMs showed good IEC values, whereas the ionic
conductivity was not comparable to commercial AEMs and
must be improved. We assume that the reason for this is
connected to the microstructure of the polymer that presents a
non-optimal phase separation between the hydrophobic back-
bone and the hydrophilic lateral chains. The cause is most likely
connected to the commercial polymer we used, and we thus
intend to test other commercially available polyketones to
improve the final conductivity of the membranes. Regardless,

Scheme 1. Synthesis procedure.

Table 2. ionic conductivity, σ: a) measured through plane; b) measured in plane; c) measured by Broadband Electric Spectroscopy (BES). WU=water uptake.
SR= swelling ratio. λ=hydration number. The values with the asterisk were obtained by visual graph interpolation.

AEM σ [mScm� 1] IEC [mmolg� 1] WU [%] SR [%] λ Ref.

PK_0.3 1.7 (80 °C)a 1.48 23.7 (60 °C) 7.9 (60 °C) 8.9 this work
PK_0.5 2.9 (80 °C)a 1.74 38.2 (60 °C) 10.5 (60 °C) 11.5 this work
PK_0.7 4.0 (80 °C)a 2.24 51.3 (60 °C) 18.7 (60 °C) 13.5 this work
QAFPK-1-3-AEM 25–30* (80 °C)b 2.71 15.26 (25 °C) 13.2 (25 °C) 2.63 [28]

QAFPK-1-6-AEM 96.8 (80 °C)b 1.43 9.52 (25 °C) 7.4 (25 °C) 3.38 [28]

QAAPIPK-1-3-C 131.7 (80 °C)b 2.46* 4.4* (30 °C) 4.9* (30 °C) n. a. [46]

QAAPIPK-1-6-C 60–70* (80 °C)b 1.8* 0.88* (30 °C) 0.8* (30 °C) n. a. [46]

PK-PDAPm 0.9 (120 °C)c 1.11 34–38 n.a. n. a. [29]

4MPyr-FPK 10.5 (80 °C)c 3.8–3.51 22.0 n.a. 3.0 [40]
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the combined use of thermal analysis and TD-NMR allowed to
shed light on the dynamics of the polymer matrix. In particular,
the NMR data evidenced the presence of strong interchain ion-
ion interactions, that could explain the low ionic conductivity
despite the relatively high IEC value. This conclusion suggests
the use of longer aliphatic pendants and/or less bulky moieties
as a possible strategy to improve the ion transport properties.

The most promising membrane was also preliminary tested
in an electrolysis cell, showing performances comparable to
those of a commercial product.

Experimental Section

Raw materials

Natural high molecular weight polyketone (AKROTEK® PK 7336)
(hereinafter PK) was purchased by AKRO (Germany). N-(3-
aminopropyl)morpholine, iodomethane, potassium hydroxide, po-
tassium chloride, bismuth nitrate, silver nitrate, potassium nitrate,
potassium chromate, dichloromethane (DCM), hexafluoroisopropa-
nol (HFIP), acetonitrile, HPLC-degree water were obtained by Merck.
Nickel foam (Battery Cathode Substrate, 350 gm� 2) was obtained
from Pi-Kem (UK). FAA-3-50 (Fumatech®) membrane was obtained
from Fuel Cell Store (USA).

Membrane fabrication

The AEM was obtained starting from pristine PK through the
following steps: Paal-Knorr reaction (Step_1), methylation (Step_2),
and ionic exchange (Step_3).

Step_1 (see Figure 1) is the Paal-Knorr reaction between a 1,4 –
diketone unit of PK and the primary amine of N-(3-aminopropyl)-
morpholine, introducing a pyrrole ring inside the polymer back-

bone. In a typical reaction, 1.5 g of PK were dissolved in 42 ml of a
mixture of hexafluoroisopropanol: dichloromethane 8 :12 and then
126 mg of bismuth nitrate were added as a heterogeneous catalyst
as reported in the literature.[25] Then N-(3-aminopropyl)morpholine
was added following stochiometric ratios of 0.3, 0.5, 0.7 between
the ammine and the 1,4-diketone unit. In the following, the samples
will be named PK_0.3, PK_0.5 and PK_0.7 according to their
stoichiometry. The reaction was carried out at 35 °C for 24 hours
under magnetic stirring. Then, to remove the catalyst, the solution
was centrifuged at 9000 rpm for 5 minutes and then cast on PTFE
foils using a doctor blade. The films were dried for one night at
room temperature and then at 80 °C for 2 hours in air.

In Step_2, the ternary ammine of morpholine ring was converted
into the corresponding tetraalkylammonium salt by alkylation with
iodomethane. The reaction was performed at 40 °C overnight
directly on the Step_1 membrane using a large excess of iodo-
methane, and acetonitrile as a swelling agent. Then, Step_2
membranes were washed several times in acetonitrile and water
and dried at room temperature.

Finally, in Step_3 the iodide-form membranes were immersed in
1 M KOH solution for 2 hours to exchange the anions, then washed
several times with water and dried at room temperature. 20–60 cm2

large membranes with thicknesses in the range of 40–60 μm were
obtained depending on the casting parameters (see Figure S1).

Physico-chemical and functional characterization

Thermal analysis

Simultaneous DSC/TGA experiments were performed by means of a
TGA/DSC 1 star® system (Mettler Toledo). The TGA measurements
were carried out by heating the samples up to 600 °C, with a
heating rate of 10 °Cmin� 1 in air flux. DSC measurements were
performed under N2 flux with the following protocol: from 0 °C to
150 °C at 10 °Cmin� 1, 3 min at 150 °C, from 150 °C to 0 °C at
10 °Cmin� 1, 3 min at 0 °C, from 0 °C to 150 °C at 10 °Cmin� 1.

Figure 8. Comparison of the polarization curves, recorded at 80 °C, of PK_0.5 Step_3 and FAA-3-50 with nickel foam electrodes, at the beginning and after
three hours of operation at 2 V.
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ATR-FT-IR

The Infrared (IR) spectra were obtained on Jasco FT/IR-4100
spectrometer equipped with Attenuated Total Reflection (ATR)
accessory. The spectra were recorded from 4000–500 cm� 1 with a
resolution of 2.0 cm� 1. The data were analyzed with Spectra
Manager™ Suite software.

Solid-state (SS-NMR) and Time Domain NMR (TD-NMR)

The 13C-1H CPMAS spectra were collected using Avance III Bruker
400 MHz spectrometer (9.4 T magnet) equipped with a 4 mm MAS
probe. The 1H π/2 pulse was 2.5 μs, the delay time 5–200 s
depending on the sample, the contact time 2.5 ms, and the signals
were averaged over 1k–8k acquisitions. The MAS frequency was
10 kHz. 13C chemical shifts were referred to adamantane as a
secondary standard with respect to tetramethylsilane (TMS, 0 ppm).
The spectra were acquired, processed, and analysed with the
software package TopspinTM 3.1 (Bruker).

Polymer chain mobility was probed by analyzing of 1H NMR Free
Induction Decay (FID) acquired following a Magic Sandwich Echo
(MSE) refocusing block. The sequence was implemented on a
Minispec mq 20 ND series (Bruker), working at a Larmor frequency
of 19.65 MHz. In this setup, the dead time is around 14 μs, and the
90° pulse length is 2.1 μs, for a total minimum echo time of around
110 μs. Temperature control with 0.1 K precision was provided by a
nitrogen gas BVT3000 heater. These measurements were performed
in the temperature range from 30 °C to 140 °C every 10 °C.

Ion Exchange Capacity (IEC)

The Ion Exchange Capacity (IEC) of the membrane was determined
by the Mohr titration method as previously reported.[47] About 100–
150 mg of material were immersed in a 0.5 M KCl solution for 24 h
and then washed in water by centrifugation for 4–5 times at
9000 rpm for 5 minutes, recovered, dried in vacuum at 100 °C and
weighed. After that, the polymer was immersed in a 0.2 M KNO3

solution for 24 h to exchange chloride counterions with nitrate.
Finally, the KNO3 solution was titrated with a 0.1000 M AgNO3

standard solution using K2CrO4 as the indicator. The IEC was
calculated as the ratio of the milliequivalents of membrane and its
dry mass using the following Equation 1:

IEC
mmol
g

� �

¼
CAgNO3

mol
mL

h i
*VAgNO3

mL½ �

mdrypolymer g½ �
(1)

Where C(AgNO3) is the concentration of AgNO3 standard solution,
and V(AgNO3) is the final volume of titration.

Conductivity

Through-plane conductivity of the AEM was determined with
Electrochemical Impedance Spectroscopy (EIS) using SP-150 poten-
tiostat (Biologic®), with a two-electrodes, home-made cell immersed
in HPLC-degree water at controlled temperature. The cell is made
of two cylindrical PTFE pieces connected by four polypropylene
screws (see Figure S2). In the center of the body there are two
cylindrical 316 L-stainless steel electrodes and a spring as compres-
sor system. The electrode diameter is 0.9 cm that means an area of
about 0.64 cm2. Before the measurements the membranes were
activated in 1 M KOH solution (Step_3) for 2 hours and then washed
in distilled water several times. The measurements were carried out
by soaking the cell in pure water at 20, 40, 60 and 80 °C, and EIS

was performed in the frequency range between 100 Hz and
300 kHz, with a signal amplitude of 10 mV.

Water management

Various aspects of the membrane’s water management capabilities
were investigated on the Step_2 polymers. Water uptake, WU, was
measured drying small pieces of membrane at 80 °C in vacuum to
accurately remove any adsorbed or absorbed atmospheric water.
Then they were weighed (m_dry) and subsequently immersed in
20 mL of water in a vial. The vials were kept at a given temperature
with the help of either water baths (20 °C, 40 °C) or ovens (60 °C,
80 °C) for 24 h. Once this time elapsed the pieces were removed
from the water and rapidly dried on a piece of paper before an
accurate weighing (m_wet). The WU value was obtained from the
following Equation 2:

WU %ð Þ ¼
m dry mgð Þ � m wet mgð Þ

m wet
*100 (2)

Swelling ratios, SR, were obtained with a similar procedure (see
Equation 3) using pieces of membranes in elongated form and
measuring their length with a micrometer both after drying (l_dry),
and after a 24 h soaking in water at different temperatures (20 °C,
40 °C, 60 °C and 80 °C).

SR %ð Þ ¼
l dry mmð Þ � l wet mmð Þ

l wet mmð Þ
*100 (3)

Finally, the hydration number (λ) was calculated starting from the
IEC and WU values as per Equation 4:

l ¼
w:u: * 10

MWH2O * IEC (4)

Preliminary cell tests

The functional properties of the membrane under electrolysis
conditions were preliminarily checked with a SP-150 potentiostat
Biologic® on a two-electrodes cell equipped with nickel foam layers
facing stainless steel electrodes, immersed in HPLC-degree water at
a controlled temperature of 80 °C. The set-up is sketched in
Figure 9. The measurement protocol consisted in a chronoamper-
ometry (CA), applying 10 mA for 3 minutes, linear sweep voltamme-
try (LSV), from 0 to 2.5 V with scan rate of 100 mVs� 1, and EIS from
100 Hz to 300 kHz with 10 mV amplitude.

Figure 9. Scheme of electrolysis set-up
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