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Alkaline membrane water electrolysis fed by renewable energy is a promising technology to produce “green”
hydrogen for a variety of applications. Thanks to their unique characteristics of chemical, thermal and elec-
trochemical stability, perfluorinated polymers are proposed as an alternative to hydrocarbon-based anion ex-
change membranes (AEMs) for applications in water electrolysers. A simple two-step functionalization reaction
to introduce quaternary ammonium groups onto Aquivion® perfuorinated backbone is reported using a low
toxicity dispersant. The most appropriate dispersant (Novec 7500) and reaction parameters (5 °C for 2 hrs) are
selected. The complete conversion of the precursors into a quaternary ammonium salt is confirmed by a solid-
state NMR study. Physico-chemical properties, thermal behavior and anion conductivity of the formed AEM
are investigated. The phase separation characteristics of this perfluorinated polymer allow to reach a membrane
ion mobility (pe) 1.99 10™* em? V™1 s7%, one order of magnitude higher than the FAA3-50 commercial
membrane, meaning an enhanced ion dissociation. A very limited degradation of functional groups is demon-
strated after immersion in alkaline solution, with only 2 % of ion exchange capacity (IEC) reduction against 14 %
of the FAA3-50 commercial membrane. An electrolysis current density of 0.9 A cm™2 at 2.2 V and 90 °C, is
achieved showing very promising applications for green hydrogen production.

1. Introduction used alkaline water electrolysis systems are, generally, based on porous

diaphragm separators and concentrated liquid alkaline electrolytes,

The large-scale production of energy from renewable sources will
greatly contribute to the implementation of the objectives of the Euro-
pean energy policy, i.e. obtaining a 40 % reduction in greenhouse gas
emissions, increasing renewable energies to 32 % and achieving energy
savings of approximately 32.5 % by 2030 with the long-term goal of a
climate-neutral Europe in 2050 [1]. However, due to the intermittent
nature of renewable energy production, an innovative energy storage
system is needed to provide a solution for an efficient use of renewable
sources. The electrolysis of water using renewable energy is the most
advanced technology for the production of “green” hydrogen for a va-
riety of applications including transport, heat and electricity production
and industrial uses. The electrolysis systems that are best coupled to
renewable sources are solid state electrolysers with ion exchange
membranes. In this context, the research is making great efforts to reach
a sufficiently mature technology for market penetration [2]. The most
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leading to high corrosion of the electrolyser components. To avoid this
problem, continuous efforts are addressed to the development of com-
ponents based on anion exchange membrane and electrocatalysts aim-
ing at good performance and durability [3-23]. AEMs must meet the
requirements of good anion conductivity, proper thermal, chemical and
mechanical stability as well as high electrochemical stability in alkaline
environment. Moreover, AEMs should be easy to process, and need to be
produced by sustainable processes.[24] AEMs are generally based on
polyaromatic or polyaliphatic backbone such as, among the others,
polysulfone, poly(ether ketone), poly(phenylene oxide), fluorinated,
polybenzimidazole, polyethylene, polystyrene, polyethylenepyrrole- co-
polyethyleneketone, polyarylen piperidinium [25-30], with functional
groups suitable for the ionic transport such as quaternary ammonium,
imidazolium, pyridinium, benzimidazolium, piperidinum.
[27,28,31-36]. All these membranes provide a good anion conductivity

Received 25 July 2022; Received in revised form 29 November 2022; Accepted 30 November 2022

Available online 2 December 2022

1385-8947/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:alessandra.carbone@itae.cnr.it
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.140765
https://doi.org/10.1016/j.cej.2022.140765
https://doi.org/10.1016/j.cej.2022.140765
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.140765&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Carbone et al.

but, due to their polymeric backbone structure, they suffer of a poor
chemical stability in alkaline environment, high swelling level and low
durability [37-39]. Moreover, a trade-off between the mechanical
strength and ionic conductivity should be considered for a good per-
formance and stability.

To date, there is not a commercial reference adopted by the whole
scientific community in this field, but different commercial membranes
are used for this purpose. Generally, the commercial products are aimed
to a broader field of applications such as electrolysis, fuel cells, elec-
trodialysis, desalination, batteries [40-43]. Few commercial mem-
branes are widely available such as Fumasep® (by Fumatech), Aemion®
(by Ionomr), Sustainion® (by Dioxide Materials), Orion TM1 Durion™
(by Orion Polymer) and DURAION (by Evonik Industries AG) [44].
Interesting electrolysis results have been recently obtained with the
Piperlon membrane (by Versogen) based on piperidinium functional
group [24,26,45-50] showing current densities of 2.3 A cm™ 2 at 1.8 V at
80 °C.

Unfortunately, the high production cost and the low production scale
makes some highly performing commercial membranes not yet mature
for a large market penetration. In addition, it is not yet clear the dura-
bility of such AEMs in a practical electrolyser system. [24] In general,
the performances, reported in the literature are referred to synthesized
and commercial membranes operating at a temperature not exceeding
80 °C. A few papers report the electrolysis performance at 90 °C. A
Membrane Electrode Assembly (MEA) containing a reinforced Fumatech
FAA-3-PK-75 achieved 1 A cm™2 at 1.8 V using Pt/C and IrO, as an
electrocatalysts. [51] Another paper [47] reports a promising perfor-
mance of PAP-TP-85 achieving 1 A cm 2 at 1.8 V using Pt/C and Fe,.
NiyOOH-20F as electrocatalysts, however using large catalyst loading.

Only few papers report the use of perfluorinated polymers as anion
exchange membranes even if there is a growing interest exploring this
class of solid polyelectrolytes [52-55]. In particular, the modification of
perfluorinated polymer precursors and membranes can allow to obtain
AEMs with proper ion conductivity for application in alkaline electro-
chemical devices. The typical perfluorinated polymer structure, widely
studied in acidic environment, induces a hydrophobic/hydrophilic
phase separation aiming a good ion conductivity, reduced swelling and
improved alkaline stability [25,56]. These properties make such kind of
polymer attracting also in alkaline environment.

Thanks to their unique characteristics of chemical, thermal and
electrochemical stability, perfluorinated polymers are proposed as an
alternative to hydrocarbon-based anion exchange membranes (AEMs)
for applications in water electrolysers. In this work, we report a simple
two-step functionalization reaction, using low toxicity dispersing
agents, to introduce quaternary ammonium groups onto the per-
fluorinated Aquivion® backbone. A good stability in alkaline environ-
ment was achieved after optimizing dispersant, temperature and
reaction time. Limited degradation of functional groups was demon-
strated after immersion in alkaline solution, with only 2 % of IEC
reduction. Appropriate physico-chemical characteristics were observed
for operation at 90 °C, in particular low swelling and stable anion
conductivity was obtained. High temperature operation can strongly
enhance reaction kinetics thus reducing the content of precursors or
expensive electrocatalyst. Very promising water electrolysis perfor-
mance was reached at 90 °C for this novel AEM, with a current density of
0.9 A cm~2 at 2.2 V at 90 °C with a voltage efficiency of about 70 %.

2. Materials and methods
2.1. Polymer synthesis and characterizations

2.1.1. Amidation reaction

Aquivion-SO,F® (Solvay specialty polymers) with 720 g eq™! EW
(nominal IEC: 1.39 meq g_l) was selected for the amidation reaction,
whereas N,N,2,2-tetramethyl-1,3-propanediamine (Aldrich) was chosen
as a diamine; DMSO (Aldrich), Ethanol (Carlo Erba) and NOVEC 7500
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(3M™) were used as dispersants. After a preliminary study, the reaction
temperature was set at 5 °C and different reaction times were investi-
gated, in the range 30 min. —20 hrs.

An amount of 10 g of polymer was added under Ny flow to the
dispersant to have a 5 wt% dispersion. The dispersion was maintained at
5 °C for 2 hrs and then the N,N,2,2-tetramethyl-1,3-propanediamine was
added drop by drop to react with the sulfonyl fluoride group. Three
different reaction times: 30 min., 2 hrs and 20 hrs were considered. The
obtained polymer was filtered, washed for 1 h in the same dispersing
agent used for the reaction and collected by filtration. A washing step in
KOH (Carlo Erba) 5 wt% solution for 1 h was carried out. Finally, the
collected polymer was washed with 100 g ethanol twice for 30 min each.
The polymer was filtered and dried in an oven at 70 °C under vacuum
(1000 mbar) for 4 hrs.

2.1.2. Alkyation reaction

For the alkylation reaction, methyl tosylate (Alfa Aesar) was used as
an alkylating agent. An amount of 5 g of dried amidated polymer was
dispersed in anhydrous acetonitrile (Merck) at room temperature and
mechanical stirred for 1 h, under N5 flow. Then the reaction temperature
was increased up to 50 °C and a stoichiometric amount of methyl
tosylate, useful to convert all the amidated groups into alkylated ones,
was added and left to react for 20 hrs. After cooling, the polymer was
collected by means of a filtration and washed with acetonitrile for 30
min. Afterwards, 3 washing steps in ethanol, of 30 min each, were car-
ried out and the polymer was dried at 70 °C under vacuum for 4 hrs.

2.2. Membrane preparation

The alkylated polymer was dispersed in dimethylacetamide (DMAc-
Aldrich) at 80 °C under stirring for 4 hrs, thereafter centrifuged and
separated from the solid part. The clear solution (5 wt%) was placed in a
Petri dish and dried at 80 °C for 3 hrs. The membranes were detached
from the Petri dish by dipping in water and left to dry between filter
papers and thereafter thermally treated at 200 °C for 30 min to improve
the mechanical properties. The quaternized membrane with tosylate
counter-ions was exchanged for 72 hrs at room temperature in NaCl
(Aldrich) 1 M solution to exchange the tosylate with chloride ions.

2.3. Ion exchange capacity measurements

2.3.1. Polymer acid-base titration

The acid-base back-titration of amidated polymer was carried out by
in dispersing 0.3 g in 50 ml of isopropanol (Acros) and 8 ml of HC1 0.1 M
(Carlo Erba). The dispersion was stirred at room temperature for 4 hrs
and then water was added to reach 100 ml. The polymer was left to settle
on the bottom of the beaker and 50 ml of the clear solution on the top
was taken, added to 20 ml of distilled water and the excess of acid was
titrated with NaOH 0.1 M (Carlo Erba).

The IEC was calculated as follows (Eq. (1)):

IEC = (V; — V) *[NaOH] /mgyy @))

Where:

Vj is the initial volume, expressed in ml.

Vep is the volume of the titrant at the equivalent point expressed in
ml.

[NaOH] is the concentration of titrant, expressed in molarity.

Mgy is the dry mass in grams of the sample determined at 70 °C for 2
hrs under vacuum (1000 mbar).

2.3.2. Membrane acid-base titration

The quaternized membrane acid-base back-titration was carried out
by immersing the dried sample in hydro-alcoholic (water/ethanol 1:1
vol) KOH 1 M solution at room temperature for 24 hrs, then taking away
the membrane from the solution and washing to remove the excess of



A. Carbone et al.

hydroxide ions. Successively, the membrane was immersed in HC1 0.1 M
for 24 hrs at room T, then it was removed from the solution and back-
titred with NaOH 0.1 M.

The IEC was calculated as follows in Eq. (2):

IEC = (Vi — Viaon) *[NaOH] /mgy (2)

Where:

Vyq is the initial volume, expressed in ml.

VnaoH is the volume of the titrant at the equivalent point expressed in
ml.

[NaOH] is the concentration of titrant, expressed in molarity.

Mgy is the dry mass in grams of the sample determined at 70 °C for 2
hrs under vacuum (1000 mbar).

2.3.3. Membrane argentometric titration

The quaternized membrane was dried in an oven and immersed into
hydro-alcoholic (water-methanol 1:1 vol) AgNO3 0.1 N (Fluka) for 24
hrs at room temperature under magnetic stirring. Few drops of
concentrated HNOs3 (Fisher) were added and the excess of Ag was
titrated with HCI 0.1 N. The ion exchange capacity was calculated as
follows (Eq. (3)):

IEC = (Vagno3 — Viciep ) *[HCI]/mgr, 3)

Where:

Vagnos is the initial volume, expressed in ml.

VHclep is the volume of the titrant at the equivalent point expressed
in ml.

[HCI] is the concentration of titrant, expressed in molarity.

Mgy is the dry mass in grams of the sample determined at 70 °C for 2
hrs under vacuum (1000 mbar).

2.4. Solid-State NMR

NMR spectra were obtained on an Agilent DD2 400 MHz NB spec-
trometer using a 1.6 mm T3 MAS special HFXY probe at room temper-
ature. '°F, 'H and '3C(*H) one pulse MAS NMR spectra were acquired a
spinning speed of 28 kHz, using a 90° pulse of 3.5 ps (*°F), 4.0 (*H and
13C)and a recycle delay of 20 s (*°F, 'H) or 25 5 (*3C). Cross-polarization
13C¢(*H) CP MAS spectra were acquired at 20 kHz, using a recycle delay
of 6 s and a contact time of 1 or 1.5 ms. *°F chemical shifts (5¢s) are
reported relative to CFCls, using PTFE (5¢cs = —123 ppm) as secondary
standard. 'H and 3C 8cs are reported relative to tetramethylsilane
(TMS), using adamantane as secondary standard.

2.5. Slurry pH

The pH of slurry was measured by a glassy electrode (Metrohm Pt
1000), immersing about 0.1 g of dried polymer in 100 ml of H3O.

2.6. Thermal analyses

Thermogravimetric analyses in terms of TGA/DSC were carried out
using a thermo balance Netzsch (mod. STA 409) in air flow from room
temperature up to 1000 °C with 5° min™! scan rate.

Glass Transition Temperature (Tg) was determined at room humidity
as Tan & value, obtained by the ratio between elastic storage (E’) and
viscous loss modulus (E”). Measurements were performed as elsewhere
reported [57] using a Dynamic Mechanical Analyzer Model DMA1
(Mettler Toledo, Columbus, OH, USA) on samples with Cl™ as
counterions.

2.7. Water and hydroxide uptake, and dimensional swelling

The water and KOH uptakes were calculated by the difference in
weight before and after the immersion of the dried alkylated membranes
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in water or KOH 5 wt% solution at 30 °C for 24 hrs. To reach the dry
state, the samples were maintained in an oven under vacuum (1000
mbar) for 2 hrs at 70 °C.

The dimensional variation was calculated in the same operative
conditions of water uptake on a rectangular sample, measuring the
length (L) of the longest side.

The swelling was calculated as the ratio AL/L.

2.8. In-plane anion conductivity, effective mobility, diffusion coefficient

The in-plane anion conductivity of membranes, with OH™ as a
counterion, was carried out in the range of temperature 30-120 °C
flowing fully humidified Nitrogen, after exchanging the samples in KOH
1 M for 24 hrs at room T. The four electrodes method was used and the
electrochemical impedance spectroscopy (EIS) was adopted to measure
the series resistance. It was adopted a frequency range of 100 KHz — 1
Hz and a 50 mV of amplitude. The activation energy was calculated
according to the Arrhenius law from the conductivity results.

The hydroxide diffusion coefficient (cm? s71) was calculated as fol-
lows (Eq. (4):

D, = oRT/[OH"|F* (€]

Where ¢ is the anion conductivity of the hydroxide form measured in
humidified Nitrogen;

R is the universal gas constant (8.31 J mol ' K™1).

T is the temperature (K).

[OH] is the hydroxide concentration.

F is the Faraday constant (96485C mol™ D).

2.9. Membrane-Electrodes assembly

For the electrodes preparation, the NiFeOx anode electrocatalyst was
prepared as reported elsewhere [58]. A commercial 40 % Pt/C (HISPEC
4000 by Johnson Matthey Fuel Cell) catalyst was used at the cathode.
Each catalyst slurry was prepared by mixing electrocatalysts and
Fumatech FAA3 5 wt% ionomer solution as reported elsewhere [59].
The cathode ink was deposited by spray coating on carbon paper
(SIGRACET 35BC) gas diffusion layers (GDL) with a total metal loading
of 1 mg ecm™2 The anode catalyst was deposited on a Nickel felt
(Bekaert) with a total catalyst loading of 2.5 mg cm™2. The ionomer
content in both anode and cathode catalyst layers was kept at 33 wt%.
MEAs with a 5 cm? active area, were prepared by a cold-assembly pro-
cedure [58]. The membrane was exchanged in KOH 1 M hydro-alcoholic
solution (water/ethanol 1:1 vol) for 24 hrs at room T before the
assembly.

2.10. Electrochemical characterisations

The single cell was tested at different temperatures and under at-
mospheric pressure. KOH/water (1 M) solution was supplied by a peri-
staltic pump to the anode compartment, at a flow rate of 4 ml min~"! for
all tests. Polarization curves (I-V) were performed at a scan rate of 10
mV s~ ! with a Keithley power supply system (Tektronic). Ac-impedance
analysis was used to determine the cell resistance. Series resistance (Rs)
was measured from the high frequency intercept on the real axis of the
Nyquist plot with a Metrohm Autolab potentiostat/galvanostat (Utrecht,
The Netherlands) equipped with a Frequency Response Analyzer (FRA).
The I-V curves were performed from 60 °C up to 90 °C.

3. Results and discussion

The Aquivion-SO2F®, with 720 g mol ! equivalent weight (EW), was
chosen as a precursor for the quaternization reaction among the com-
mercial products because of its hight ion exchange capacity and conse-
quently its potentially high anion conductivity. Starting from a previous
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patent [60], an optimization of the synthetic process was performed to
maximize the conversion and selectivity, by selecting dispersants with
very low environmental impact and low toxicity level. In detail, three
different dispersants, such as Ethanol, Dimethylsufoxide and 3 M Novec
7500 were evaluated by maintaining constant the reaction time of 2 hrs
and the reaction temperature of 5 °C. Various amidated products were
obtained and these were characterised by different pH of slurry, as re-
ported in Table 1. The pH of slurry of the pure solvent is reported in
Table 1 as well.

The reaction was carried out in the heterophase and the use of
aprotic polar solvent was necessary. As reported in Table 1 the samples
AQ720A-1, AQ720A-3 and AQ720A-4 obtained using DMSO, Ethanol
and Novec respectively, obtained after a reaction of 2. hrs showed a
different behaviour. In fact, no amidated product was obtained for
samples AQ720A-1, AQ720A-3, contrarily to sample AQ720A-4. It is
expected that the introduction of an alkyl amine in the monomeric unit
of the polymer, produces an increase of the pH of slurry up to about 11,
typical of an alkyl amine in aqueous solution. Only the sample AQ720A-
4 reached this value. Regarding AQ720A-1, prepared using DMSO, as
highlighted by the slurry pH, a value approaching that found for pure
DMSO (pH = 9) was obtained. A solubilization of the polymer occurs
during the amidation reaction and it was supposed that the slurry pH of
the final product was not realistic, but it is due to the DMSO that
remained entrapped into the porosity of the polymer. To verify this
hypothesis a new synthesis was carried out reducing the reaction time
down to 1 h (AQ720A-2). In this case, a less solubilized polymer was
obtained, and a reduced slurry pH was measured (pH = 6.6). Also, when
Ethanol was used, the slurry pH of the product was slightly higher than
pure ethanol, meaning that no reaction has occurred. When NOVEC
7500 was used, the slurry pH approached the value of 11 as expected for
an amide. It was decided to investigate different reaction times from a
minimum of 30 min to a maximum of 20 hrs. In this case, the reaction
time did not affect the final product. The slurry pH was almost the same
for the three synthesized products and it was considerably higher than
both precursors and Novec; this means that the amidation reaction
occurred with a very similar conversion factor. See Table 2..

To confirm the hypothesis of slurry pH increase when amine groups
are introduced into the polymer backbone and in order to assess the
structure, a solid state NMR characterization was performed. '°F MAS
NMR spectra were used to monitor the conversion of ~SO,F moieties to
-S02X or SOz X" (Fig. 1a). The signal at 44 ppm related to SOF can still
be observed in the spectra acquired for samples AQ720A-1 and AQ720A-
3, suggesting that almost no reaction occurs, whereas in the other
spectra, related to Novec as solvent, this signal was no more observed.
The NMR spectra demonstrate that after the reaction the polymer
structure is preserved. 'H MAS NMR spectra allowed to further inves-
tigate the obtained structure (Fig. 1b). The spectra acquired for
unreacted AQ720A-1 and AQ720A-3 showed a low signal to noise ratio,
suggesting that the protonated species are only residues, probably traces
of DMSO and water. Samples AQ720A-4, AQ720A-5 and AQ720A-6
showed a similar spectrum. The lineshape is relatively broad and
include three main contributions, at 0.8, 2.1 and 4.0 ppm. The peak at

Table 1

Synthesized amidated Aquivion-based products at 5 °C.
Sample Solvent Reaction time PHsturry
Aquivion-SO2F® - - 5.6
DMSO - - 9
AQ720A-1 DMSO 2 hrs 9.7
AQ720A-2 DMSO 1h 6.6
EtOH - - 5.5
AQ720A-3 EtOH 2 hrs 6.2
Novec 7500 - - 5.9
AQ720A-4 Novec 2 hrs 11.1
AQ720A-5 Novec 30 min. 11.0

AQ720A-6 Novec 20 hrs 10.7

Chemical Engineering Journal 455 (2023) 140765

Table 2
1EC of samples produced with different reaction times and dispersant.

Sample Solvent  Reaction time  IEC yyr, meq g ' IECtipac, meq g
AQ720A-1 DMSO 2 hrs 0.08 0.05

AQ720A-3 EtOH 2 hrs 0.01 0

AQ720A-4 Novec 2 hrs 1.13 0.92

AQ720A-5 Novec 30 min. 1.13 0.80

AQ720A-6 Novec 20 hrs 1.13 0.90

0.8 ppm can be related to CHs groups in alfa position to a quaternary
carbon, the peak at 2.1 ppm accounts for both CHj in alfa to nitrogen
and CHj directly bonded to N. The signal at about 4 ppm is compatible
with both NH groups and water molecules included in the polymer.
These spectra are thus compatible with the presence of a structure
-50,NICH,G(CH3)2CHoN(CH3)o.

The evidence that the same spectrum is observed for the samples
AQ720A-4, AQ720A-5 and AQ720A-6 suggests that the reaction kinetics
are very fast, and the product can be obtained already after 30 min. After
a longer time, no by-products formation or secondary reactions occur,
suggesting a stability of the product even after about one day (20 hrs).

It can be concluded that the synthesis carried out with Novec as
dispersant converts the precursor to the desired amide product reported
in Scheme 1.

Regarding the ion exchange capacity of the polymer, the measure
was carried out following the back-titration procedure reported in the
previous section.

It is evident that the ion exchange capacity values of the samples
measured through NMR are higher than those measured through back-
titration. These results are not surprising for this kind of polymer
because the error in the titration method is higher than in NMR mea-
surements [61]. The back-titration procedure, as reported in [60], is
carried out in a hydro-alcoholic solution to permit the exchange of the
internal anions.

The second part of the synthesis consisted in an alkylation of the
tertiary amino group to form the corresponding quaternary ammonium
salt. The synthesis was carried out starting from sample AQ720A-5 and
obtaining the sample AQ720A-5-Q1.

The 'H MAS NMR spectrum acquired for this sample is reported in
Fig. 1b. We can observe additional contributions to the spectrum, in
particular, the relatively sharp signal at 3.1 ppm, which is compatible
with the structure (CH3)sN™, and the double peak centered at 7.2 ppm,
which includes the peak at 7.6 ppm due to aromatic protons and the
peak at 6.9 ppm, which could be related to both residual unreacted SOsH
of methyl tosylate and water coordinated with both SOsH and SO3. 13C
MAS NMR spectra can be also useful for investigating the product ob-
tained after quaternization (AQ720A-5-Q1). The spectra of sample
AQ720A-5 and AQ720A-5-Q1 are compared in Fig. 2.

In the spectrum acquired for AQ720A-5, four main signals can be
observed at 111, 47, 36, and 24 ppm. The very large signal at 111 ppm is
related to the fluorinated polymer. The signal has a low intensity
because the CFq groups receive only a small fraction of magnetization
from protons in a 'H —!3C CP experiment and is also poorly resolved due
to the absence of fluorine-decoupling. The peak at 24 ppm can be
attributed to CH3 in a- position to a quaternary carbon, and the signal at
47 ppm can be attributed to CHs directly bonded to nitrogen. The signal
at 36 ppm can be attributed to CHy. The very small and sharp contri-
bution at 17 ppm could be attributed to residual ethanol trapped in the
polymer during the washing step. The spectrum of the sample after
quaternization (AQ720-A-5-Q1) shows additional signals and a shift of
some of the signals already present in the previous synthetic step. The
signals from 144 to 127 ppm are related to the carbon atoms of the ar-
omatic ring, whereas the CHgs linked to the aromatic ring resonates at 20
ppm. Hence, the presence of a derivative of p-toluenesulfonic acid can be
confirmed. The peak at 144 ppm accounts for the quaternary carbon in
alpha to CHs, whereas the quaternary carbon in alpha to the sulfonic
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Fig. 1. Solid-State NMR characterization: a)'°F MAS spectra for samples AQ720A-1 to AQ720A-6, peaks marked with an asterisk are spinning sidebands of the main
signals; b) 1H MAS spectra for samples AQ720A-1 to AQ720A-6 and 1 AQ720A-5-Q1.

Novec 7500, 5°C, 30 min-20 hrs
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Scheme 1. Amidation reaction.
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I
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Fig. 2. '>C(*H) CP MAS spectra of AQ720A-5 and AQ720A-5-Q1 recorded with
1 ms as contact time.

moieties exhibits two resonances at 139 and 136 ppm, further corrob-
orating the hypothesis of the presence of both a neutral and a salt form.
The other carbons of the aromatic ring resonate at 128 ppm. The
remaining contributions to the spectrum, which were already observed

in AQ720A-5, show some changes due to the presence of the p-toluene
sulfonic acid derivative. The signal at 36 ppm is now shifted at 38 ppm,
suggesting a change in the chemical environment explored by CHj
groups. The signal at 47 ppm now has a very low intensity, but there is a
new resonance at 55 ppm compatible with the structure (CH3)3-N"" This
evidence suggests that most of the CH3 groups in alpha to nitrogen
belong to the salt form., i.e. that the quaternary reaction successfully
occurs. The small featureless contribution centred at about 72 ppm
could be tentatively assigned to quaternary carbons. Such contribution
could now be observed due to an improved efficiency of the CP exper-
iment, also suggested by the overall better resolution of the recoded
spectrum. The steric hindrance induced by the presence of the aromatic
derivate, slows down the chain motions of the alkyl chains resulting in
an improved efficiency of the 'H —!3C magnetization transfer.

According to these results it can be concluded that a quaternarization
reaction occurred and the quaternary ammonium-based polymer prod-
uct was obtained following the Scheme 2.

In Table 3 the pHsjyry and IEC variations as a function of the syn-
thesis steps are reported.

The pHgiury value, that gives information about the acidity or alka-
linity of the sample, increases after the amidation reaction and it is
reduced after the alkylation step, meaning that the salt formation
occurred, as reported in Scheme 2. In addition, it was demonstrated
from NMR data that the complete conversion from amidated product in
alkylated occurs. A change of the IEC from 1.13 meq g ' (amidated
product) to 1.10 meq g~ 'corresponding to the quaternary ammonium
formation, as reported in scheme 2 was observed.

To understand the thermal stability of the polymer after each reac-
tion step, thermogravimetric analyses were carried out from room
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Acetonitrile, 50°C, 20 hrs
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Scheme 2. Alkylation reaction.

Table 3
Comparison of the physico-chemical characteristics.

Sample Yield, % PHaturry IEC nmr, meq g °
AQ720-SO2F - 5.6 1.39
AQ720A-5 76 11.0 1.13
AQ720A-5-Q1 78 6.5 1.10
120
——AQ720-SO2F
<o+ AQT20-A4
100 —=AQ720-A4-Q1
AQ720-A5-Q1
80 —AQ720-A6-Q1

Mass loss, %
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Fig. 3. Thermal profiles of the synthesized polymers compared to the precur-
sor. a) thermogravimetry, b) differential scanning calorimetry.

temperature up to 1000 °C in air flow with 5 °C min~! scan rate.

In Fig. 3, a comparison of the thermal profiles (thermogravimetry
and differential scanning calorimetry) for the precursor, the amidated
product and the quaternized ones are reported.

The thermal profile of polymer with SO5F groups shows a degrada-
tion starting at about 400 °C, related to the decomposition of the fluo-
rosulfonyl group and the main chain of the polymer. Regarding the
amidated products, the sample AQ720A-4 is reported as example
because the other show the same behaviour. The introduction of func-
tional groups modifies the thermal profile with respect to the precursor.
The first mass loss from room T to about 150 °C is attributable to the
water loss (3.8 % and 1.2 % for AQ720A-4 and AQ720A-4-Q1, respec-
tively), the second loss in the range 230-350 °C is due to the functional
groups decomposition and the third one, over 350 °C, is attributable to
the decomposition process of the polymer main chain (Fig. 3).

As reported for the —-SOsH form, the conversion of the sulfonyl
fluoride group decreases the decomposition temperature from about
400 °C down to about 250 °C (AQ720A-4). In any case, at lower tem-
peratures, no mass losses except the water loss, are detectable, meaning
a good thermal stability towards the oxidation process at high temper-
ature. The curve of the AQ720A-4 sample presents a residual mass over
the decomposition temperature of the polymer backbone; this mass can
be attributed to the formation of a potassium salt K3SO4, formed during
the decomposition process. In particular, the melting temperature of
potassium sulphate occurs at 1069 °C and this can explain the residual
mass observed. This hypothesis is supported by the literature, in fact a
similar behaviour was found for a polyaromatic in sodium salt form and
for perfluorosulphonic salt membrane [62,63]. The alkylation synthesis
increases the decomposition temperature of the functional group of
about 20 °C, due to the quaternary ammonium salt formation having
tosylate as a counter-anion. In addition, the absence of a residual mass at
high temperature indicates that no residual K™ is present and this means
a complete conversion of the polymer to the quaternary form. Moreover,
the mass loss obtained up to 150 °C suggests that no free unreacted
species should be present in the sample, otherwise a value higher than
1.2 % should be observed, due to the hydrophilic properties of methyl
tosylate.

From DSC curves, an endothermic peak at 150 °C is visible for sample
AQ720A-4 which is associated to the side chains degradation, as also
reported in ref. [55]. This peak is no more detectable after the alkylation
reaction (samples AQ720A-4-Q1, AQ720A-5-Q1 and AQ720A-6-Q1).
Only a broad peak is visible related to the degradation of the back-
bone and the side polymer chains.

The thermal profile of the quaternized products is quite similar,
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meaning a successful reaction. The sample AQ720A-4-Q1 seems to have
a slightly higher thermal stability than other samples, also confirmed
from the slight shift of DSC peak at higher temperatures. This result
makes the polymer a good candidate for the application in AEM water
electrolysis working at temperatures higher than conventional systems
(60 °Q).

The sample obtained after 2 hrs of amidation reaction (AQ720A-4-
Q1) was chosen for the further investigations, resulting from the best
compromise among reduced reaction time, thermal stability and com-
plete conversion in quaternized product.

A membrane (AQ720A-4-Q) was prepared, following the procedure
described in section 2.2, and characterised in terms of physico-chemical
parameters. In Table 4 the IEC of fluorinated AEM in the presence of
chloride and hydroxide counter-ions is reported. The sample in Cl~ form
was exchanged for 24 hrs in KOH 1 M at room temperature and then the
IECoy was determined by acid-base back-titration. The data were
compared to the commercial membrane FAA3-50, considered in this
work as a reference, to understand the stability of the functional groups
in alkaline environment.

According to the data reported in Table 4, the sample AQ720A-4-Q
presents an IEC loss of 2 % passing from Cl~ form to OH™, meaning a
good stability when immersed in high pH level solution. On the contrary
the FAA3-50 membrane showed a large loss (about 14 %) after im-
mersion in alkaline environment.

To further confirm the stability of Aquivion® based membranes at
high temperatures, water uptake, swelling and other physico-chemical
data were measured at 90 °C (Table 5). No comparison was possible
with the reference membrane at high temperature due to the excessive
swelling of the FAA3-50; thus, the data obtained at room temperature
were used.

According to Table 5, it is evident that the Aquivion® AEM shows a
larger number of water molecules coordinated to the quaternary
ammonium group (A) than the FAA3-50, due to similar water uptake and
lower IEC values. The swelling measured as length variation (AL/L %) is
the same while the area variation (A %) is higher for the AQ720A-4-Q
membrane. Regarding the swelling calculated as volume variation,
this is lower than the critical value of 2 for the Aquivion® membrane
while this is more than twice for FAA3-50. Although the hydroxide
concentration is, obviously, lower for the AQ720A-4-Q sample, the
higher water content in the conductive hydrophilic clusters, leads to a
better ion mobility. In general, ion mobility (pef) provides information
about the acidic/alkaline dissociation degree, ionic channel tortuosity
and spatial proximity of neighbouring acidic/alkaline groups. The value
1.99 10~ cm? V™1 s7! observed for Aquivion® membrane, one order of
magnitude higher than that of FAA3-50, is associated to a good disso-
ciation of anions due to the presence of fluorine atoms in the side chains.
These results are in accordance to that reported in the literature for
similar polymer membranes [64].

The glass transition was found to be higher for FAA3-50 membrane
than Aquivion®. The Fig. representing the tan delta curve is reported in
SI1. This result is in accordance to what reported previously for proton
exchange membrane based on the same polymer perfluorinated back-
bone whereas the FAA3 membrane is based on a polysulfone (PSF)
backbone [65]. In a previous paper, it was reported that the glass
transition of the bare PSF at 190 °C increased over 200 °C when the
sulphonic functional group was inserted in the main chain [63]. The

Table 4
Samples AQ720A-4-Q1 Ion exchange capacity.
Membrane Anion IEC¢), meq Anion IECon, meq *IEC loss,
-1 -1 0
g g %
FAA3-50 Cl 1.85 OH 1.59 14
AQ720A-4- Cl 0.86 OH 0.84
Q

* after immersing 1 M KOH solution for 24 hrs.
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result found for the FAA3-50 is in accordance with the literature,
because the introduction of quaternary ammonium groups in the PSF
aromatic rings supplies a more rigid structure increasing the T.
Regarding the Aquivion® membrane, a glass transition of about 150 °C
for sulphonated polymer was found [66-68] for polymers with a
720-790 g mol~! EW. This value increases to about 195 °C (tab.5) when
quaternary ammonium groups are inserted instead of sulphonic groups,
producing a more rigid structure due to the high steric hindrance due to
the dimensions of the functional groups.

The membrane AQ720A-4-Q was also characterized in terms of
conductivity measurements and compared to the commercial reference.
In Fig. 4, it is reported the hydroxide diffusion coefficient as a function of
the temperature, as calculated in section 2.9. It is evident that the
diffusion coefficient for the two membranes is very similar at low tem-
perature and a more pronounced difference is found at high tempera-
ture. This behaviour could be attributable to the high swelling level of
FAA3 at T > 60 °C that produces higher water uptake and lower hy-
droxide concentration values with an improved ion mobility.

In any case, the values found for both membranes are in the order of
magnitude of 107® cm? s™! and comparable to what reported in litera-
ture for similar membranes [69,59].

Since the OH™ diffusion coefficient, shows an Arrhenius behaviour,
in the temperature range 30-90 °C, the activation energy can be
calculated accordingly. It corresponds to 27.4 kJ mol ! for the com-
mercial membrane and 26.1 kJ mol ™! for Aquivion®-based membrane.
The activation energy is very similar for both samples and these values
suggest that the anion conductivity is mainly ruled by the Grotthuss
mechanism instead of the vehicular one [70].

The polarization curves in an electrolysis single cell, operating at
60 °C, are reported for both the Aquivion® membrane and the bench-
mark membrane (FAA3-50) in Fig. 5.

Even if the performance is lower than the benchmark membrane, to
our best knowledge, the data here achieved for the Aquivion®-based
anion exchange membranes favourably compare to those reported in the
literature for fluorinated anion-exchange membranes [51,53,71-74]. To
further verify the performance at temperatures higher than 60 °C, where
the benchmark membrane degrades drastically due to a high swelling
with a drop of mechanical properties, the polarization curves for the
Aquivion®-based membrane are shown up to 90 °C in Fig. 6.

The performance increases with the temperature, meaning that the
optimal operating temperature for this fluorinated polymer is higher
than those conventional used for AEM based systems (50-60 °C). A
current density of 0.9 A cm™2 at 2.2 V was achieved at 90 °C with a
voltage efficiency of 70 %. The latter is determined from the ratio be-
tween the thermoneutral voltage and the operating cell potential. In
addition, the series resistance determined from EIS measurements
(Table 6), highlights the benefit of the increase of temperature. In fact, a
reduction of about 50 % of the series resistance (Rs) can be observed
when the temperature is increased from 60 °C to 90 °C. Moreover, a
voltage efficiency (Veg) of 80 % at 0.5 A cm™2 (a typical operating
current density in alkaline electrolysis) is achieved showing promising
characteristics of this polymer membrane for application in electro-
chemical water splitting processes.

The preliminary results, reported in this study for an Aquivion®-
based anion exchange membrane, clearly evidence the promising
characteristics of this novel membrane for application in AEMWE elec-
trochemical devices, in particular at temperatures higher the conven-
tional 50-60 °C used in anion exchange membrane water electrolysis.
This has relevant implications in terms of enhanced reaction kinetics and
minimization of catalyst loadings.

4. Conclusions
A simple two-steps procedure for the production of an anion ex-

change Aquivion®-based membrane was developed. Reaction parame-
ters, such as polymer dispersant and reaction time were optimised.
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Table 5
Physico chemical data @ 90 °C for Aquivion® membrane compared to FAA3-50 @ 30 °C.
Membrane A w.u., % AL/L, % A, % Vwet/Vdry [OH], M Hefr, cm? V71571 Ty, °C
FAA3-50 6 17 9 7 5 1.5 6.27 10-5 210
AQ720A-4-Q 20.3 21.9 9 21.0 1.2 0.88 1.99 10-4 195
Table 6
Electrochemical data at different temperatures.
Teen, °C Rs, Qcm? Veff@0.5A cm 2 %
1.0E-05 -
60 0.91 68
70 0.82 71
80 0.56 76
T 90 0.49 79
E
<
g
Novec was selected as the best dispersant while a reaction of 2 hrs at 5 °C
was chosen as the best approach for the alkylation reaction. A simple
-6-AQ720A4-Q OH method for the conversion of alkyl groups into a quaternay ammonium
—-FAA3-50 OH salt was also developed. An in-depth solid state NMR study demon-
1OE-06 strated the quantitative conversion of the groups as a function of the
300 310 320 330 340 350 360 370 reaction parameters. A good thermal stability was observed for the
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Fig. 4. Diffusion coefficient versus temperature.
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Fig. 5. Comparison of water electrolysis I-V curves for FAA3-50 and AQ720A-
4-Q membranes at 60 °C.
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Fig. 6. Water electrolysis polarization curves at different temperatures carried
out with the AQ720A4-Q membrane.

membrane with a glass transition temperature approaching 200 °C.
Limited swelling was observed at 90 °C, i.e. at an operating temperature
higher than the conventional one (T ~ 50 °C) presently used for anion
exchange membrane water electrolysis. This means a potential exten-
sion of the operating temperature for this technology with an associated
enhancement of reaction kinetics. A diffusion coefficient in the order of
magnitude of 10~ cm? s ™! was measured, comparable to what reported
in literature for similar AEM. The activation energy suggests an anion
conductivity mainly governed by the Grotthuss mechanism. Water
electrolysis polarization curves have shown a current density of 0.9 A
em™2 at 2.2 V at 90 °C with voltage efficiency approaching 70 %. A
voltage efficiency (Veg) of about 80 % was recorded at 0.5 A cm 2 a
typical operating current density in alkaline electrolysis. The promising
physico-chemical and electrochemical properties observed for the
Aquivion® AEM operating at 90 °C clearly indicate the possibility of
extending the operating temperature range with relevant implications in
terms of better thermal management at high current density, enhanced
reaction rate and possibility to minimize expensive electrocatalysts.
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