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Abstract: Several modified terpolymer polyketones (MPK) with N-substituted pyrrole moieties
in the main chain and quaternized amine in the side group were synthesized for use as anion
exchange membranes for fuel cells. The moieties were carried by SiO2 nanoparticles through surface
functionalization (Si–N), which were added to the membranes to enhance their overall properties.
On increasing the amount of modified silica from 10% to 60% wt/of MPK, there was an increase in
Si–N and a corresponding threefold increase in the hydroxide conductivity of the membrane. The
MPK–SiN (60%) exhibited a superior ionic conductivity of 1.05 × 10−1 S·cm−1 at 120 ◦C, a high
mechanical stability, with a tensile strength of 46 MPa at 80 ◦C. In strongly alkaline conditions
(1 M KOH, 216 h at 80 ◦C), the membranes maintained about 70% of the conductivity measured in a
usual environment. Fuel cell performance at 80 ◦C showed a peak power density of 133 mW·cm−2,
indicating that using surface-functionalized SiO2 is a simple and effective way to enhance the overall
performance of anion exchange membranes in fuel cell applications.

Keywords: polyketone; anion exchange membrane; chemical modification; functionalized silica;
fuel cells; alkaline stability

1. Introduction

Among the sources of renewable clean energy, hydrogen is receiving increasing at-
tention from policy makers. The European Commission recently presented the European
Green Deal [1] with the main objective of reaching net-zero emissions by 2050 by scaling
up of the use of hydrogen in various sectors.

Renewable energy sources such as solar energy and wind energy are unstable and
intermittent during generation, making these valuable electrical energies difficult to exploit
continuously and stably [2]. Electricity generation from a solar plant requires the use
of fossil fuels when solar energy is low in winter and on cloudy days, and a thermal
storage system when solar radiation exceeds the expected standard level. Similar needs
arise with wind farms [3]. On the other hand, hydrogen can also be produced and used
continuously in small plants or cells that have no contraindications from the point of
view of fuel accumulation. Among the different possible applications of hydrogen, a key
role is played by fuel cell (FC) technology, which represents an efficient way to convert
hydrogen, and possibly other clean fuels, into electricity. In particular, the development
of anion-exchange membrane fuel cells (AEMFCs) [4–6] has attracted increasing interest
due to the use of non-metal catalysts such as Pd, Ag, Ni, and Fe–N/C [6–8]. For this same
reason, AEMFCs are significantly reducing the main costs of FC systems by comparison
with proton exchange membrane fuel cells (PEMFCs) [9,10]. The main component of
AEMFCs is the electrolyte [11–13], composed of an organic polymeric backbone onto which
positively charged (cationic) functional groups are bound covalently, both as side chains or
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directly onto the main chain [14]. The electrolyte separates the electrodes and enables the
selective transport of hydroxide anions (OH−) from the cathode to the anode, while water
diffuses in the opposite direction. An ideal anion exchange membrane (AEM) must have a
high ionic conductivity in chemically aggressive environments, a good resistance to high
temperatures, and long-term durability under alkaline conditions. It must also be able to
withstand mechanical stresses without any significant changes in its conductive properties.

The most common solution is to introduce more ion-exchange groups in AEMs to
achieve a higher performance in AEMFCs, but this process causes extreme swelling and
a deterioration in the mechanical properties of the AEMs. To overcome this issue, efforts
to incorporate inorganic additives such as SiO2 [15], ZrO2 [16,17], and TiO2 [18] in the
polymer matrix have proved effective. The oxide particles form an inorganic backbone on
which the organic part binds through interactions between the surface hydroxyls and the
functional groups of the polymer, also forming hydrogen bonds in the presence of oxygen-
based functional groups or weaker interactions in their absence [19]. This approach results
in a lower ionic conductivity and membrane permeability; however, as a consequence
of the presence of fillers in the hydrophobic domains, which reduce the free volume for
water uptake [20]. Decreased ionic conductivity is a disadvantage for AEMs in fuel cell
applications, unlike the case of membranes with a low permeability to gas/active species.
According to Sue et al. [19], fillers create hydrophilic domains dynamically crosslinked
with the polymer host: smaller hydrophilic domains coincide with less water uptake [19],
and this hinders the passage of the species through the ionic channels. Functionalizing
the inorganic fillers by attaching bigger ionic groups (e.g., ammonium cations) to the
surface of inorganic particles [21] could help to maintain a good ionic conductivity only
reducing permeability.

These types of membranes have various advantages, such as the ability to combine the
properties of different components, achieving excellent mechanical and thermal properties,
as well as improving their hydration capacity.

We recently prepared an anion exchange membrane based on polyamine (obtained
by chemically modifying alternating aliphatic polyketone (PK) with primary amine) with
the incorporation of amine-functionalized silica [22]. PK is a promising polymer because
the starting raw materials (carbon monoxide and ethylene monomers) are commonly
available and inexpensive. Using PK is also an outstanding strategy for synthesizing
functional polymers with pendant-charged aromatic groups through one of the most
classical approaches, known as the Paal–Knorr reaction [23–25]. In our previous work, a
thorough investigation of the chemical features of modified silica and its interaction with
modified PK was conducted using Fourier transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance spectroscopy (NMR). The impact of modified silica on the
thermal properties of modified polyketones based on anion exchange membranes was also
investigated: They showed an excellent thermal stability up to 300 ◦C with only 1% of
weight loss [22].

In the present work, to investigate the effect of the modified silica content on the
properties of AEMs in terms of their ionic conductivity, water uptake, ion exchange capacity,
swelling ratio, alkaline stability, and mechanical properties, AEMs were synthesized with
increasing amounts of modified SiO2 as the hydrophilic phase and ion conductors. A
membrane–electrode assembly (MEA) was prepared using the material showing the highest
conductivity (MPK–SiN [60%]), and it was tested in an alkaline fuel cell operated at 80 ◦C
with H2 and O2 feed gases.

2. Materials and Methods
2.1. Materials

The commercial polyketone (alternating PK of ethylene, propylene and carbon monox-
ide; M330A, Mw = 185,000 g/mol) was received from Hyosung Co. Ltd. (Seoul, South
Korea). 1,1,1,3,3,3-hexafluoroisopropanol (99%), 1,2-diaminopropane (99%), 3-aminopropyl
triethoxysilane (99%), absolute ethanol, ammonium hydroxide (28–30%), ethylene car-
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bonate (98%), iodomethane (99%) methanol (99.8%), potassium hydroxide (90%), and
trimethylamine (99%) were purchased from Sigma-Aldrich. Silica powder with an average
diameter of 5–20 nm was used (Sigma-Aldrich). Distilled water was used in all procedures.
All reagents and solvents were used as received.

2.2. Preparation of Membranes

Amine functionalized silica (Si–N) was synthesized by the co-condensation of 3-
aminopropyltriethoxysilane (APTES) using the sol–gel method. Terpolymer polyketone
(ethylene, propylene, and carbon monoxide) was chemically modified by Paal–Knorr reac-
tion. A detailed account of the silica functionalization and modification of the polyketone
(MPK) is provided in the Supplementary Materials Sections S1 and S2.

Membranes were prepared by adding modified silica to MPK dissolved in 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP). The amounts added were 10, 30, and 60 wt% with respect to
the polymer. The sols obtained were stirred for 1 h at 40 ◦C, and ethylene carbonate was
added as a plasticizer, in the amount of 30% with respect to the weight of the sol. Then, the
sols were treated with NH4OH vapor, maintained in an ultrasonic bath at 40 ◦C for about
30 min, left stirring overnight at 40 ◦C, and finally cast in a mold. The membrane obtained
was named MPK–SiN. The amount of modified silica was optimized at 60 wt%; beyond
this value, there was evidence of brittle fracture of an excessively stiff material after casting
the solution.

To run a methylation reaction, the MPK–SiN membrane was immersed in iodomethane
solution for 24 h, then washed thoroughly with deionized water. The methylated membrane
was changed to the hydroxide ion form in 1 M KOH solution for 1 h. This process was
repeated three times. The MPK–SiN in OH form was rinsed with distilled water and
stored in distilled water under a nitrogen atmosphere to prevent hydroxide anions from
being converted into carbonate and bicarbonate species through contact with atmospheric
carbon dioxide.

2.3. Measurements and Characterizations

An elemental analysis was carried out using a LECO-CHN628 instrument (Saint
Joseph, MI, USA) with a combustion technique to ascertain the nitrogen content per gram
in the modified polyketone [26–28]. Scanning electron microscopy (SEM) imaging was
performing with a Coxem EM-30AX instrument (Coxem, Daejeon, Korea) using secondary
electrons (SE) and backscattered electrons (BSE) and operated at 10 kV accelerating voltage.
A thermo-gravimetric analysis (TGA) was performed from 25 ◦C to 600 ◦C in N2 with a
heating rate of 10 ◦C/min, using a Labsys SETARAM thermobalance (Caluire, France).

The electric resistance of the membranes was measured by impedance spectroscopy
using a SP-150 BioLogic (Seyssinet-Pariset, France). All the samples were fully hydrated
in deionized water for at least 24 h prior to the conductivity measurement. A membrane
sample (a disk 1.27 cm in diameter) was sandwiched between two circular gold electrodes
inside a CESH sample-holder, which was placed inside a glovebox filled with nitrogen to
prevent carbonation. Conductivity in temperature (from 30 ◦C to 120 ◦C, in 10 ◦C steps)
was measured with an intermediate temperature system (ITS) from BioLogic, connected to
the SP-150 instrument. The measurement was obtained at frequencies ranging from 1 MHz
to 100 Hz with a voltage of 0.01 V. Conductivity was calculated as:

σ
(

S·cm−1
)
=

t
R × A

(1)

where t is the thickness of the sample (cm), R is the resistance (Ω), and A (cm2) is the
area. The activation energy (Ea) of conductivity was calculated from the linear Arrhenius
relationship between ln σ and 1000/T:

Ea = −b.R·Ea = −b·R (2)
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where b is the slope of the linear regression of ln σ versus 1000/T plots, and R is the
gas constant.

To measure the water uptake, the membranes were vacuum-dried at 40 ◦C for 24 h,
then immersed in distilled water for 24 h. The membrane samples were removed from the
water and weighed immediately after they had been wiped with tissue paper. The reported
measurements are based on a sample about 20 mm × 20 mm in size, and were obtained at
30, 40, 50, 60, 70, and 80 ◦C. The temperature was controlled by means of a thermostatic
water bath. The membrane’s water uptake was calculated from the difference in weight
between the wet (Wwet) and dry (Wdry) samples:

Water uptake (%) =
(Wwet − Wdry)

Mdry
× 100 (3)

The swelling ratio (SR) was determined from the difference between the wet (lwet) and
dry (ldry) diameters of the membrane samples (20 mm long by 20 mm wide) after immersion
in water at 20, 30, 40, 50, 60, 70, and 80 ◦C for 24 h according to the definition:

Swelling ratio (%) =
(lwet − ldry)

ldry
× 100% (4)

The ion exchange capacity (IEC) of the membrane was measured by immersing it in
30 mL of 0.01 M HCl solution for 24 h. The solution was then titrated with 0.01 M NaOH
solution, using phenolphthalein as an indicator. The IEC was calculated using the equation:

Ion exchange capacity
(

mmol
g

)
=

[ [(V0,NaOH − VNaOH)·C]
Mdry

(5)

where V0,NaOH and VNaOH are the volumes of NaOH solution consumed for back titration
without and with the membrane, respectively; C is the concentration of NaOH solution;
and Mdry is the mass of the dry membrane.

The alkaline stability of the membrane was examined by immersing a membrane
sample in a 1 M KOH solution at 80 ◦C for 216 h. Then, the membrane was washed with
distilled water to remove the residual KOH. The degradation of the membrane sample was
assessed by measuring the change in hydroxide conductivity.

Fourier transform infrared spectroscopy (FTIR) was performed using a Perkin Elmer
spectrometer, averaging 16 scans with a resolution of 2 cm−1 in the wavenumber range
between 650 and 4000 cm−1.

The mechanical properties of the membranes without and with modified silica (MPK
and MPK–SiN (60%) were investigated using an EXSTAR TMA/SS6000 thermo-mechanical
analyzer (Seiko Instruments Inc. Chiba, Japan) at 25 ◦C and 80 ◦C. The rate of extension
applied was 0.5 mm/min up to 5 mm of maximum extension. The measurements were
repeated at least 6 times on membrane samples about 0.1 mm-thick, 0.5 mm-wide, and
5 mm-long.

MPK and MPK-SiN (60%) membranes in the hydroxide form were used to fabricate
the MEAs for a single H2/O2 fuel cell test. The cathode (0.5 mg/cm2 of 60% PtC) and anode
(0.5 mg/cm2 of PtRu) were prepared by spraying catalyst ink on the carbon paper and
post-coated ionomer (Fumion FAA-3, 10 wt% in NMP). An MEA of the MPK–SiN (60%)
membrane with an active area of 4 cm2 and thickness of 0.1 mm was obtained by pressing
the cathode and anode onto the membrane under 0.4 MPa. The fuel cell was assessed
with humidified (100% relative humidity) H2 and O2 gases at 80 ◦C using a single cell
(H-TEC Education’s 1-Cell). The flow rates of hydrated H2 and O2 were set at 50 mL/min,
backpressure of 0.5 barg. The schematics of the fuel cell measurement is shown in Scheme 1.
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Scheme 1. Schematic layout of the fuel cell measurement..

3. Results and Discussion

The extent of carbonyl (1,4-dicarbonyl unit) conversion to heterocycle was calculated
using elemental analysis, which showed that 58.62% of the carbonyl group was converted
into the pyrrole ring. Detailed information and the calculations are provided in the Supple-
mentary Materials Table S1 and Section S3. The degree of conversion depended strongly
on the reaction time: the longer the reaction time, the greater the degree of conversion. A
greater degree of conversion implies the presence of a larger number of functional groups
or ion exchange sites capable of transporting the hydroxyl anions. It also negatively affects
the mechanical properties of the membranes, so free-standing membranes cannot be ob-
tained during casting. To overcome this problem, Si–N was incorporated into the MPK
(with a low degree of conversion). The tail of modified silica (NH2) not only acted as an
anion exchanger (as shown in Scheme 2) but also improved the overall performance of
the membrane.

3.1. Conductivity and Morphology

The conductivity of the membranes as a function of temperature (30–120 ◦C) was
measured on their iodide or hydroxyl forms, as shown in Figure 1, while their maximum
values are listed in Table 1. The conductivity increases with the amount of Si–N (10%,
30%, or 60%). The lower percentage of modified silica (10%) had little impact on the ionic
conductivity of the membrane was not significant because the anionic functional group
of the membrane was mainly responsible for the conductivity. This impact increased
with larger proportions of dopant (30%). At the highest percentage (60%), the tail of
modified silica becomes dominant with respect to the matrix in the conduction mechanism,
forming additional conducting routes. This could explain the significant enhancement in
the conductivity of the membrane from 30% to 60% of dopant content. In other words,
for higher proportions of dopant (60%), the conductivity is due not only to the anionic
functional group of the membrane but also to the tail of modified silica. Conductivity
benefits from the creation of stable pathways in the composite polymer–silica, lined with
the ionic groups of the modified silica reinforcement. This occurs above a limit threshold
which, from the graph, appears to be above 30% by weight of reinforcement. Below that
limit, the conductivity channels are not formed so long and stable as to represent one of the
main mechanisms of ionic conduction.

The groups (-N(CH3)3) of modified silica promote the charge carrier transport [22],
provide a larger free volume (which improves ion transport due to the increased flexibility)
and favor the formation of channels of water molecules adsorbed on the surface of the
nanoparticles. The enhanced ionic conductivity is also attributable to hydrogen bonds
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between the functional groups of the polymer matrix and those of the modified silica. The
presence of filler modifies the polymer chain arrangement, providing additional conducting
pathways within the host polymer matrix. Figure 2a,c,e show the morphology of the
membranes with the three different contents (10%, 30%, and 60 wt%) of modified silica,
respectively. The images confirm that the surface is always homogeneous. Figure 2b,d,f
show images of membranes obtained with backscattering electrons. The surface part
with modified silica appears brighter. The membrane containing the lowest amount of
silica is also the less uniform than the other two. In particular, the membrane with the
highest content of Si–N groups is both uniform and more conductive, as it contains more
polar groups.

Scheme 2. Schematics of the MPK–SiN membrane’s structure.

Figure 1. Conductivity of MPK–SiN membranes with different weight loadings of modified silica
(10–60%) in: (a) I form; (b) OH form as a function of temperature.
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Table 1. Characteristics of the MPK–SiN membrane.

Conductivity (S·cm−1)
at 120 ◦C

Ea
(kJ.mol−1)

Membranes I Form OH Form I Form OH Form

MPK–SiN (60%) 8.4 × 10−3 1.0 × 10−1 38.5 6.9
MPK–SiN (30%) 5.1 × 10−3 1.8 × 10−2 49.5 16.5
MPK–SiN (10%) 3.6 × 10−3 8.4 × 10−3 51.5 32.3

Figure 2. Surface morphology and backscattered (BSE) images of MPK–SiN membranes containing
10 wt% (a,b), 30 wt% (c,d), and 60 wt%, (e,f) of modified silica, respectively.

The conductivity of the membranes increased with temperature. The highest conduc-
tivities of 8.4 × 10−3 S·cm−1 and 1.0 × 10−1 S·cm−1 at 120 ◦C were achieved for MPK–SiN
(60%) in I and OH form, respectively. These values are four times higher than those of
membranes without modified silica (9 × 10−4 S·cm−1) [23], and this increase can be ex-
plained by the free-volume model. With higher temperatures, the free volume increases
while the ion transferring channel becomes wider, and both prompt an increase in overall
ion mobility [29,30]. It is also worth noting that the conductivity of the membrane in OH
form is much greater than that of the one in I form. This is due to OH− being more mobile
than I− [31,32]. The hydroxide OH transfer through the membrane is a key parameter for
assessing AEMFC performance.

The Arrhenius plots of membrane conductivity (ln σ vs. 1000/T plots, in I and OH
forms) are shown in the Supplementary Materials Figure S1. The conductivity shows a
perfect linear trend, with a refined coefficient value indicating an ion hopping conduction
mechanism. The calculated activation energy (Ea) and the conductivity values at 120 ◦C
are shown in Table 1. The Ea values of the membrane in OH form are lower than those the
membrane in I form. In fact, the enhanced thermal motion and the faster diffusion of OH−

with respect to I− increased the ionic conduction at high temperatures, overcoming the
activation energy for ion transport. The Ea of both types also increased with a reduction in
Si–N content: The higher the Si–N content, the closer the functional groups, resulting in a
lower-energy barrier. The membrane containing 10% of modified silica shows the highest
Ea (32.3 kJ.mol−1), indicating a larger energy barrier along ion transport pathways.

3.2. Water Uptake, IEC, and Swelling Ratio

The water uptake of AEMs is a key parameter affecting dimensional stability, ionic
conductivity, and overall fuel cell performance [33]. Figure 3 shows the temperature
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dependence of the water uptake and swelling ratio of the MPK–SiN membranes at the
highest ionic conductivity. The membranes’ water uptake correlates closely with their
ion conductivity because water molecules act as means of transport: a greater water
uptake was always evident for the membrane in OH form. A larger amount of Si–N
groups also increased the water uptake, favoring the formation of a continuous transferring
channel in the membranes, and justifying the lower measured values of Ea (6.9 kJ.mol−1 in
Table 1) [34]. The IEC value of MPK–SiN (60%) was 1.16 mmol/g. The water uptake and
swelling ratio increased with temperature (Figure 3). The highest water uptake was 42.5%
at 80 ◦C, recorded for the membrane in OH form. A greater than optimal water uptake can
cause swelling problems and reduce a membrane’s mechanical stability, but we found that
dimensional swelling remained lower than 4% even at 80 ◦C, which could be beneficial
in the MEA. This could be explained by thermal crosslinking involving the aromatic ring
in the membrane, which makes it more flexible and enables water to be retained even at
high temperatures.

Figure 3. Temperature dependence of water uptake and swelling ratio of MPK–SiN (60%).

3.3. Alkaline Stability

The ionic conductivity of MPK–SiN (60%) at room temperature and the membrane’s
stability in the alkaline environment were assessed after immersing the membranes in
1 M KOH aqueous solution at 80 ◦C for 216 h. The conductivity, attributable to OH−

ions, tended to decrease gradually, as shown in Figure 4a. About 70% of the original ionic
conductivity was preserved after 216 h in the strongly alkaline solution.

Figure 4. Ionic conductivity of MPK–SiN (60%) at room temperature with increasing immersion
times in alkaline solution (a); TGA and DTGA profile of MPK–SiN (60%) before (0 h) and after 216 h
of treatment in alkaline solution (b). The arrow indicates the weight loss.

Both the flexibility and the conductivity of the membranes were reduced after treat-
ment in alkaline solutions at high temperatures, as emerged from the thermogravimetric
analysis (Figure 4b). The membrane’s weight loss after 216 h was about 10% compared
with the membrane not treated in the strong alkaline solution. Figure 5 shows the FTIR
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spectra of MPK-SiN (60%) before and after immersion of the membrane in KOH solu-
tion. The characteristic vibrations at 860 cm−1 and 1256 cm−1 [22] are attributable to
N–H wagging and C–N bond stretching, respectively. They disappeared after the alkaline
treatment, whereas the other main bands characteristic of modified polyketones remained
virtually unchanged.

Figure 5. FTIR spectra of MPK–SiN (60%)-B (before) and MPK–Sin (60%)-A (after) immersion in
KOH 1 M at 80 ◦C for 216 h. (ν: stretching and$: wagging vibrations of bond).

3.4. Mechanical Stability

The stress–strain curves of the membranes with and without modified silica at room
temperature and at 80 ◦C are shown in Figure 6. In general, the membrane containing modi-
fied silica has a better mechanical performance than the modified polyketone membrane. In
fact, the formation of a Si–O–Si network helps to toughen the membrane [35]. The presence
of hydrogen bonding between the functional groups and modified silica also enhances
the membrane’s mechanical properties [36]. At 25 ◦C, MPK reaches its elastic limit, corre-
sponding to the maximum stress value of 28.5 MPa. Beyond this point, it abruptly starts
the typical plastic deformation of an amorphous polymer, consisting in strain softening as
a result of the localized shear band, and the consequent void formation [37]. The elastic
limit decreases to 15.9 MPa at 80 ◦C. Adding modified silica to the membrane changes
the mechanical response to elongation. The MPK–SiN membranes are tougher and more
resistant than plain MPK ones: the maximum stress value increases to 40.6 at 25 ◦C, rising
even more (to 46.5 MPa) at 80 ◦C. The average elongation at break (60%) was found higher
than in MPK membranes. This can be explained by the increase in intermolecular forces,
associated with the higher content of cationic functional groups and modified silica. It is
worth noting that, unlike the curves for MPK and MPK–SiN at low temperature, which
consist of elastic and softening stages, the curves for MPK–SiN at 80 ◦C show 4 distinct
regimes. Beyond the initial elastic regime, where stress increases nearly linearly with strain,
a yielding occurs, then the stress increases to the maximum value, indicating that the
material is hardening, before going down upon entering the softening stage. Accordingly,
there is presumably some degree of crosslinking or entanglement at 80 ◦C.

3.5. Fuel Cell Performance

Overall, the benefits of N-substituted pyrrole units in the backbone of polymer matrix
and modified silica consist in an enhanced thermal and mechanical resistance, crucial to
ensuring the stability of the AEM in practical applications. The performance of a selected
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MPK–SiN (60%) membrane in an AEMFC was demonstrated for the first time. The cell
was operated at 80 ◦C with H2 and O2 containing moisture, and the polarization curve
and power density obtained are shown in Figure 7. The open-circuit voltage (OCV) of the
prepared MEAs under the present cell operating conditions was found to be 0.89 V. This
value is just below the desirable value (1.1 V) for this type of fuel cell [6]. The MPK–SiN
(60%) showed a peak power density of 133 mW·cm−2 at a current density of 380 mA·cm−2.
This is higher than that of the membrane without modified silica (MPK), which reached a
peak power density of 84 mW·cm−2 at a current density of 210 mA·cm−2. These findings
suggest that incorporating Si–N improves the hydrophilicity of ion chains and enhances
the OH− transport in the catalyst layer of the electrode. The fuel cell with MPK–Sin (60%)
consequently performed better than the one with MPK. Our results show that it nonetheless
performed less well than the commercial FAA-3-50 anion exchange membrane (by Fumat-
ech in Germany), for which the reported maximum power density was 212 mW·cm−2 at
0.54 V under the operating condition of 60 ◦C [38].

Figure 6. The stress–strain curve of modified polyketone (MPK) and MPK-SiN (60%) at 25 ◦C and
80 ◦C.

Figure 7. Polarization curve and power density of a single fuel cell with MEAs prepared using MPK
and MPK–SiN (60%) membranes at 80 ◦C.

4. Conclusions

In this study, we demonstrate the feasibility of incorporating modified silica (Si–N) in
modified polyketone to prepare membranes with improved properties, in terms of OH−

anion conductivity and mechanical stability, for instance. The modified silica causes a
significant increase in the membrane’s conductivity (1.0 × 10−1 S·cm−1 at 120 ◦C). The OH
conductivity remains stable at around 70% of the original value under harsh conditions
(after 216 h in 1M KOH solution at 80 ◦C). Incorporating modified silica also enhances
the OH− diffusion in the electrode catalyst layer and reduces the ohmic losses associated
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with the interfacial resistance between the membrane and the electrode. The fuel cell’s
performance was assessed in a single cell tested at 80 ◦C: It showed a peak power density
of 133 mW·cm−2 (as opposed to 84 mW·cm−2 for the membrane without modified silica).
The relatively lower performance of MPK–SiN compared with other membranes described
in the literature could be due to a lower alkaline stability. Overall, the performance of the
MPK–SiN (60%) membranes was coupled with an excellent combination of physicochemical
properties of the modified silica.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15051953/s1, Section S1: Modification of silica (Si-N); Section S2:
Modification of polyketones (MPK); Table S1: Chemical compositions of PK (terpolymer) and amino-
functionalized polyketone (MPK) samples determined by elemental analysis (CHNS); Section S3:
The carbonyl conversion calculation; Figure S1: Arrhenius plots of conductivities for the MPK-SiN
membranes with different amounts of modified silica (10–60%) in: (a) I form; and (b) OH form.
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