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ABSTRACT: Advanced composite membranes have been obtained
by incorporation of the meso-tetrakis(4-sulfonatophenyl)porphyrin
(TPPS) into a sulfonated poly(etheretherketone) (sPEEK). The
presence of porphyrins in their monomeric, dimeric, and aggregated
forms into the membrane ionic domains have been investigated by
static and time-resolved spectroscopic techniques. In particular, we
succeeded in modulating the percentage of the different porphyrin
species present into the proton-conducting channels acting on the
dye load in the range 0.35−5 wt % porphyrin/polymer. The
nanostructure of all the composite membranes has been investigated
by small-angle X-ray scattering. This latter shows how the presence
of TPPS porphyrins into the membrane ionic domains induces a
reorganization of polymer chains in a more stable and organized
lamellar-like structure with respect to the pristine polymeric matrix. Finally, the composite membranes have been used as proton
exchange membrane for fuel cells (PEFCs) technology. The presence of porphyrins improved the performance of the
membranes in terms of proton conductivity and stability. In particular, the 0.77 wt % composite membrane has been tested in a
PEFC single cell simulating the operative conditions typical for portable applications, highlighting an improved stability
compared to that of the sPEEK pristine membranes.

KEYWORDS: composite membranes, sPEEK, porphyrins, aggregation, fuel cells

■ INTRODUCTION

Nowadays, polymer electrolyte fuel cells (PEFCs) are very
promising devices for clean energy generation mainly devoted
to vehicles as well as to stationary and portable applications.1

For portable applications, typical fuels are hydrogen or
methanol and the oxidant is air coming from the environment.
The power demand of portable electronics devices ranges from
1 W for cellular phones to 20−30 W for notebook personal
computers.2 Portable systems of several watts have been
developed by Horizon and Myfc companies, demonstrating the
benefit of using hydrogen for user-friendly operations.3 The
advantages are safety, longer stability of the components, and
higher efficiency (60% for hydrogen vs 25% for methanol).
Generally, portable PEFCs have an open cathode configuration,
sometimes supported by a small fan, in order to permit a good
exposition of the cathode surface to the air, and when hydrogen
is used as fuel, it is directly supplied by a tank containing
hydride. In this configuration, an auxiliary system, for reagents
humidification, is not foreseen and dry hydrogen is supplied,

hindering the proton conduction through the membrane and
limiting the performance of the device. In addition to a
performance increase, the ultimate technical targets established
by DoE4 individuate durability and cost as important
requirements for market penetration of portable power fuel
cell systems. The proton exchange membrane (PEM)
represents one of the most important components influencing
performance, durability, and cost of PEFC devices. The
presence of specific proton transport channels in the membrane
plays a key role for obtaining high performance materials.5 This
goal is usually achieved by introducing specific functional acid
groups into polymeric structures.6−8 Perfluorosulfonic mem-
branes such as Nafion are the most used materials even if they
show working limits related to their high production costs as
well as low stability at high temperature due to low glass
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transition of the polymeric matrix.9 In this framework,
sulfonated aromatic hydrocarbon-type polymers can be
considered as a good alternative to Nafion. Indeed, due to
their rigid aromatic backbone these polymers have shown high
thermal stability and mechanical strength together with low
production costs.10−14,8 Currently, sulfonated poly(ether ether
ketone) (sPEEK) is used in fuel cells technology as an acidic
polymeric matrix showing interesting performance in terms of
high proton conductivity and good mechanical properties as
well as reduced hydrogen crossover and costs.11,15 Small-angle
X-ray scattering (SAXS) investigation has shown how the
nanostructure of these membranes is strictly related to the
polymer ion-exchange capacity.16,5 Structural and chemical
physical modifications have been reported as a function of
different parameters such as (i) water load17 and the nature of
the counterion,18,12 (ii) membrane treatment,19−21 (iii) level of
sulfonation,16 and (iv) presence of strong or weak acid.7 In
order to improve the mechanical properties of the polymeric
matrix, in particular at high temperature operative conditions,
advanced composite membranes have been obtained by
introducing inorganic or organic fillers into the pure polymer,
thus achieving stabilization through the occurrence of strong
covalent or weak supramolecular interactions.22 In particular,
sPEEK hybrid membranes23,24 have shown improved phys-
icochemical properties such as oxidative stability, proton
conductivity, water absorption, and so on.6,25−34 The
functionalization of sPEEK polymer with organic moieties
such as benzimidazole, imidazole, or triazole35,36 or also
phthalocyanine dyes,37,38 as well as polymeric blend with
polyethylenimine39 or polyaniline,40 have also been reported to
improve membrane microstructure, thermal properties, water
uptake, and conductivity with respect to the pristine polymer.
Recently, in order to improve proton conductivity under drastic
humidity conditions (relative humidity, RH < 25%), we
reported an investigation on composite membranes based on
sPEEK and 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP),
which retain the structural and morphological properties of
the pure polymer.41 Despite many reports dealing with the use
of porphyrin systems in fuel cells technology as non-platinum
group metal catalysts in oxygen reduction reaction (ORR),42−45

to the best of our knowledge, no reports on the implication of
porphyrin supramolecular systems to improve the performance
of proton conducting membranes for PEFC application have
been reported so far, except for similar systems based on
sulfonated metal phtalocyanine.37 Porphyrins are very versatile
compounds whose chemical−physical properties can be tuned
through a careful choice of peripheral substituent groups, which
are also responsible for their aggregation state.46 In this respect,
the water-soluble tetranionic meso-tetrakis(4-sulfonatophenyl)-
porphyrin (TPPS) received high attention due to its ability to
self-assemble in J-aggregates.47−53 In the past, we reported on
the ability to easily tune porphyrin J-aggregates’ optical features,
using Nafion membranes as a confined environment to arrange
and orient the chromophores.54 Since Nafion is the most used
polymer electrolyte membrane in PEFCs, also the role of the
porphyrin aggregates into the proton conduction mechanism of
the membranes has been investigated even if porphyrin release
in the fuel cells’ working conditions has been detected. sPEEK
is a good candidate not only to overcome the operative Nafion
limitations but also for the ability of its sulfonated groups to
interact with the protonated central core of the porphyrin
macrocycles so stabilizing the dyes into polymeric ionic
domains.6 Here, we report on the role of TPPS J-aggregates

on the performance of the composite sPEEK based membranes
at different porphyrin weight percentages (0.35−5 wt % TPPS/
sPEEK). We anticipate that, on controlling the TPPS load, we
successfully addressed tuning the porphyrin aggregation into
the proton-conducting channels of the membranes. Thus, we
obtained composite materials with peculiar behavior in terms of
good proton conductivity, chemical stability, and fuel cells
performance. To get better insight into the specific interaction
responsible for the improved quality of the materials, we have
conducted a detailed spectroscopic investigation and physical
chemical characterizations of the composite membranes.
Furthermore, electrochemical accelerated degradation test on
PEFC single cell, simulating the typical operative conditions for
portable applications, highlighted the improved stability of the
composite membrane compared to that of the pristine sPEEK.

■ RESULTS AND DISCUSSION
Porphyrin composite sPEEK membranes are prepared by
casting the polymeric dispersion of sPEEK and TPPS at
different weight percentages (wt %). The doctor-blade casting
method was chosen to obtain the high porphyrin dispersion
homogeneity and reproducibility of thickness on large scale.
Our approach takes advantage of the occurrence of electrostatic
interactions between the sulfonated functional groups of the
poly(ether ether ketone) and the diacid form of TPPS
porphyrin, which is well-known to be able to self-aggregate
under specific acidic conditions and in confined microenviron-
ments.55−57 Indeed, in aqueous solution, these supramolecular
structures are stabilized through a network of electrostatic and
hydrogen-bonding interactions mainly involving the negatively
charged sulfonate groups present in the periphery of the
porphyrins and their positively charged inner nitrogen core.
These aggregates are characterized by the occurrence of a sharp
and consistently red-shifted B-band (Δλ = ≥50 nm) with
respect to the porphyrin free base together with an intense
resonant light scattering signal at the red edge of the absorption
band.58 In the present investigation, to prepare the composite
membranes, the TPPS filler (previously solubilized in the same
solvent of the polymer) was added to the polymeric dispersion
(10% in dimethylacetamide (DMAc)). The addition of the dye
instantaneously induces a color change in the polymeric
dispersion, which turns from slight yellow to dark green. This
latter color is typical of TPPS acid species due to the
protonation of the porphyrin central core (pKa 4.9 in water)59

and/or to the full protonation of the sulfonated end groups of
the macrocycles.57 In order to better define the nature of the
porphyrin species present in the mixture and to exclude the
formation of preformed porphyrin aggregates, a spectroscopic
characterization has been performed on the porphyrin/sPEEK
dispersion in DMAc. The electronic spectrum recorded on the
crude dispersion (see Supporting Information Figure S1)
reveals the presence of two Soret bands centered at 420 and
450 nm ascribable to the porphyrin free base60 and its diacid
form, respectively. This is confirmed by the electronic spectra
recorded on TPPS in DMAc with and without the addition of
acid to the solution (see Figure S1). The light scattered by the
samples is comparable to that of the neat solvents suggesting
the absence in solution of porphyrin aggregates (data not
shown). Therefore, the membrane preparation procedure can
be divided into two steps: (i) casting, with the formation of
porphyrin aggregates driven by weak intermolecular forces
throughout the evaporation process, and (ii) postcasting,
consisting of thermal and acid treatments carried out to
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stabilize, purify, and enhance the wettability of the prepared
material. Transparent green membranes of homogeneous
thickness ranging from 40 to 50 μm have been obtained at
different porphyrin/sPEEK load. Independently from thickness
and TPPS load, the embedded dyes in the membranes exhibit
good stability and chemical resistance to both thermal
annealing and acid treatments, as shown by the unchanged
spectroscopic features. The extinction spectra of the mem-
branes with different porphyrin load after thermal and acidic
treatments are reported in Figure 1. Furthermore, the

composite membranes remained stable in aqueous solution
and no release of porphyrins was observed even after months
(see Figure S2). The electronic spectra (in the range 0.35−1.5
wt %) show the presence of a Soret band at 444 nm due to the
diacid porphyrin species accompanied by various Q-bands in
the range 500−700 nm and a band at about 494 nm, ascribable
to the porphyrin J-aggregates. The presence of these species, in
which porphyrins are strongly electronically coupled, is
confirmed by a very intense resonant peak in the light
scattering spectra (inset of Figure 1), much more intense for
the 0.77 wt % sample where J-aggregates are the predominant
species in the extinction spectra.
The spectroscopic features can be explained in terms of the

Frenkel exciton model for electronic coupled porphyrins
organized in a rod-like structure.61 In the porphyrin load
range 0.35−1.5 wt %, the composite membranes display
fluorescence emission (Figure 2) with a main band component
centered in the range 650−680 nm and a weaker band between
710 and 740 nm, whose position and intensity are dependent
on the porphyrin load. For all these samples, the excitation
profile, reported in the inset of Figure 2, matches the extinction
spectra of the diacid species. For the 5 wt % TPPS/sPEEK
sample the emission spectrum is characterized by a main
component band, red-shifted with respect to the main band of
the other samples, at about 754 nm. In general, for all the
samples the complexity of the fluorescence emission spectra
and the variability of the band position suggest the presence of
more than a single emissive species.
In order to test the stability of the J-aggregates into the

membranes, we performed a detailed spectroscopic inves-
tigation on the 0.77 wt % sample. The spectroscopic features of
composite membranes remain unchanged after immersion in

highly acid media (12 M HCl; see Figure S3). On the contrary,
in bulk aqueous solutions, TPPS J-aggregates remain stable up
to 4 M HCl concentration. A further increase of acidic
concentration induces disaggregation for protonation of the
sulfonated end groups.57 Indeed, in the composite membranes,
the observed stability is a clear indication of their location into
sPEEK hydrophilic channels. These latter are responsible for
the swelling behavior and water and proton transport
coefficients, as well as the electroosmotic drag and water
permeation of the native sPEEK membranes.5 To further
confirm this hypothesis, we dipped the composite membranes
in methanol solution, in which their swelling and filler release
ability is well-known.17 The absorbance spectrum (see Figure
S4) recorded on the alcohol solution shows the presence of a
main band centered at 438 nm and a minor component at 416
nm ascribable to TPPS in its monomeric diacid and free base
forms,62 respectively, thus suggesting a complete release of the
dyes in a couple of days. Moreover, to check the proton
exchange process, we dipped the composite membranes into
alkaline solutions (1 M NaOH) and instantaneously we
observed a color change from green to red. This evidence is
ascribable to porphyrin disaggregation, as confirmed by the
disappearance in the extinction spectrum (Figure 3) of the
typical TPPS J-aggregate band together with the appearance of

Figure 1. Extinction spectra (inset, corresponding RLS spectra) of
composite TPPS/sPEEK membranes recast from DMAc, T = 298 K:
[TPPS] = 0.35 wt % (green dashed−dotted line), 0.77 wt % (black
solid line), 1.5 wt % (red dashed line), and 5 wt % (blue dotted line).
Due to the high extinction coefficient of the dye, the electronic spectra
of the 5 wt % TPPS/sPEEK membrane has not been reported as out
of the instrument detection upper limits.

Figure 2. Fluorescence emission spectra (inset, typical excitation
spectrum) of composite TPPS/sPEEK membranes recast from DMAc,
T = 298 K: [TPPS] = 0.35 wt % (green dashed−dotted line), 0.77 wt
% (black line), 1.5 wt % (red dashed line), and 5 wt % (blue dotted
line). λex = 450 nm; λem.= 660 nm.

Figure 3. Extinction spectra (inset, extinction value at 445 nm after
cyclic dipping into acidic H2SO4 0.5 M and alkaline NaOH, 1 M
solutions) of composite TPPS/sPEEK membranes recast from DMAc,
T = 298 K: [TPPS] = 0.77 wt % (solid line); after dipping in NaOH 1
M solutions (red dashed line).
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a new Soret band centered at 426 nm accompanied by four Q-
bands centered at 526, 564, 598, and 660 nm, respectively. The
number of Q-bands of the new species is a clear indication of a
D2h geometry for the porphyrin ring, pointing out the
occurrence of the porphyrin core deprotonation. This species
is stable for prolonged immersion in alkaline solutions where
no porphyrin release has been observed. This finding confirms,
once again, the location of the porphyrin species into the
sPEEK ionic domains not subjected to swell in the investigated
experimental conditions. Furthermore, the emission spectrum
of the sample shows the presence of two bands centered at 655
and 718 nm, respectively (see Figure S5). It has been reported
in literature that, in aqueous solution, at pH = 9.0 TPPS is
present as a monomeric tetra-anionic species able to form a
noncovalent dimer in the presence of potassium ion and crown
ether.63,64 Protonation and consequently porphyrin aggregation
can be restored by dipping the composite membrane into acid
solution (0.5 M H2SO4). It is worth noting that protonation/
deprotonation and the subsequent porphyrin aggregation/
disaggregation processes are fast and reversible upon repetitive
cycling of the pH conditions (inset of Figure 3).
To get better insights into the nature of the porphyrin

located into the sPEEK ionic domains, time-resolved
fluorescence measurements, at room temperature, have been
performed on all the samples. The lifetime values with their
relative amplitudes are collected in Table 1. The emission
decays for the aggregated samples show a triexponential
behavior: (i) a long lifetime value of about 5 ns, which is
prevalent in the porphyrin load range 0.35−1.5 wt % TPPS/
sPEEK (relative amplitude of about 45%); (ii) a shorter one of
about 1.9 ns, whose relative amplitude is about 25% for all the
samples; and (iii) a very short lifetime value of about 0.2 ns,
which is the prevalent emitting species for 5 wt % TPPS/
sPEEK (relative amplitude of about 46%). In good agreement
with the data already reported for TPPS species in aqueous
solution in the presence of crown ether systems63,64 or confined
in microemulsions,56 the long lifetime value can be assigned to
the monomeric form of the diacid TPPS porphyrin. The
intermediate-living species (1.9 ns) can be ascribed to a J-dimer
and the shortest-living species to porphyrin J-aggregates.
Indeed, in our systems, for all the porphyrin species, we
found slightly increased values with respect to those reported in
literature. This evidence can be due to the confinement effect of
the fluorophores in the sPEEK ionic domains where the solvent
quenching effect is reduced.
The emission decay on 0.77 wt % sample after alkaline

treatment exhibits a biexponential behavior with a long lifetime
value of about 11 ns and relative amplitude of about 82%,
together with a shorter one of about 1.9 ns (data collected in
Table 1). On comparing these data with those already reported
for TPPS species in alkaline aqueous solutions, it is possible to
ascribe the long- and short-living species to the porphyrin in its

tetra-anionic monomeric and dimeric forms, respectively.63,64

The nanostructure of the composite membranes has been
investigated using SAXS. All the samples show the characteristic
ionomer peak usually observed in ionomers, indicating the
presence of phase separation at the nanoscale (see Figure 4).

The ionomer peak of the recast sPEEK membrane is located at
about q* = 2 nm−1. According to Bragg’s law, the characteristic
dimension of the ionic domains of sPEEK is 2π/q* = 3.1 nm.
The ionomer peak gradually increases in intensity and shifts
toward smaller q-values (i.e., larger dimensions) when
increasing the porphyrin load. The characteristic dimension
of the ionic domains for the 5 wt % TPPS/sPEEK composite
membrane is 3.7 nm. These values are larger than what was
reported for pristine sPEEK cast from DMAc, with both
lower17 and the same degree of sulfonation.65 The increase in
intensity and the shift of the ionomer peak toward lower angles
(see inset of Figure 4) confirm that the porphyrins, in their
different forms, are predominantly located inside the ionic
domains. The presence of the porphyrins also has an influence
on the membrane structure at larger length scales. The SAXS
curve for the sPEEK membrane exhibits a q−4 slope at the
lowest angles (q < 0.5 nm−1), indicating large-scale
heterogeneities of the spatial distribution of the ionic domains
often reported for ionomers.66 In contrast, the composite
membranes in the 0.35−1.5 wt % range show a slope of about
q−2 suggesting a reorganization of the ionic domains (in terms
of connectivity and spatial distribution) toward a lamellar-like
morphology.67 We believe that this reorganization is due to the
supramolecular interaction between sPEEK and the porphyrins
in their different forms. The scattering at low angles is
significantly increased for the 5 wt % sample.

Table 1. Fluorescence Lifetimes (ns) and Relative Amplitude (%), for sPEEK/TPPS Membranes with Different Porphyrin
Loads (wt % TPPS/sPEEK) at 293 K

TPPS/sPEEK, wt % τ1 τ2 τ3 A1 A2 A3

0.35a 5.1 ± 0.04 2.6 ± 0.3 0.4 ± 0.02 61 21 18
0.77a 4.9 ± 0.05 1.93 ± 0.1 0.33 ± 0.02 46 26 28
1.5a 5.3 ± 0.02 1.82 ± 0.05 0.06 ± 0.02 40 23 37
5b 5.14 ± 0.05 1.84 ± 0.1 0.2 ± 0.01 26 28 46
0.77c 11.2 ± 0.02 1.89 ± 0.05 82 18

aEmission at 664 nm. bEmission at 750 nm. cAfter treatment in 1 M NaOH.

Figure 4. SAXS profiles of composite TPPS/sPEEK membranes recast
from DMAc equilibrated at room humidity: pristine membrane
(empty black circles); [TPPS] = 0.35 wt % (empty red circles), 0.77
wt % (empty blue circles), 1.5 wt % (empty green circles), and 5 wt %
(empty purple circles). Black and blue lines indicate q−4 and q−2 power
laws, respectively. Inset: enlarged view of the ionomer peak.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b00126
ACS Appl. Energy Mater. 2018, 1, 1664−1673

1667

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00126/suppl_file/ae8b00126_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b00126


This extra scattering contribution is due to the presence of a
significant fraction of J-aggregates, as suggested by the time-
resolved fluorescence data aforementioned. SAXS data are in
agreement with a rod-like structure model showing a cross-
sectional dimension of about 2.5 nm (see Figure S6). Based on
collected data, we reported in Scheme 1 a hypothetical model

that takes into account the stabilization of the TPPS and the
supramolecular growth of the J-aggregates into the polymeric
ionic domains. This is due to hydrogen bonds and electrostatic
interactions acting between the negatively charged sulfonated
groups of sPEEK polymer and positively charged porphyrin
core, which allow the anchoring of the dyes and the formation
of a supramolecular network with a rod-like structure. It is
worth noticing that, as reported in literature, in TPPS J-
aggregates the monomeric porphyrin units stack side-by-side in
a variety of structural morphologies depending on the growing
experimental conditions.68 Previous X-ray investigations
demonstrated, at high porphyrin concentration, the arrange-
ment of the dyes in a rod-like structure whose length decreases
on increasing the monomer concentration.69 SAXS experiments
carried out in aqueous solution pointed to the presence of a
hollow cylinder with shell thickness compatible to the
porphyrin molecule dimension.70,68 X-ray and electron
diffraction investigations have demonstrated the existence of a
basic sheet-like architecture able to form multilayers through
interactions of their lateral meso-substituents.71 The presence
of monomer, dimer, and aggregated TPPS inside the ionic
domains influences not only the structure but also the
physical−chemical properties of the membrane.
In particular, the ion-exchange capacity of the membranes

slightly increases with the minimum amount of TPPS
introduced (0.35 wt %). The ion-exchange capacity (IEC)
data are collected in Table 2. In this experimental condition, as
suggested by time-resolved fluorescence data, TPPS is mainly

distributed into the polymeric matrix in its monomeric form.
This allows for an increase of the sulfonic groups responsible
for the enhanced ion-exchange capacity. On increasing the
porphyrin load (0.77−5 wt %) IEC remains quite constant.
This behavior is due to the formation of J-aggregates’
supramolecular network that involves the sulfonated groups
of both the polymer and the porphyrin. We suggest that the
IEC value is a compromise among the free proton ions, those
involved in the interactions between the sulfonic groups of the
polymer and the TPPS, and those responsible for the TPPS
stacking in the J-aggregates. In order to evaluate the water
arrangement in the membranes, a comparison among water
uptake (Wup), area (ΔA%), and thickness (Δt%) dimensional
variations was carried out, as reported in Figure 5 and Table 2.

The water uptake carried out at 303 K in liquid water is the
same as that of the pristine polymer for the 0.35 wt % sample
while it increases on increasing the TPPS load, in line with
hydration ability of the sulfonated porphyrins. It is visible that
the introduction of TPPS (0.35 wt %) increases the Δt%,
reducing the ΔA%, suggesting a preferential distribution of the
water occurs. On the contrary, an increase of the TPPS amount
(0.77 wt %) induces an increase of the Wup, a reduction of the
Δt% but not a corresponding increase of ΔA%. This behavior
suggests that the water could be mainly located into the
hydrophilic channels and not in the entire polymeric matrix. In
particular, we are inclined to think that, the presence of “voids”
into the growing J-aggregates’ structures allows increasing the
water uptake without inducing any membrane’s dimensional
variations. A further addition of TPPS (1.5 wt %) does not
affect the water distribution differently from higher porphyrin
load (5 wt %) for which Wup and Δt% remain quite unaltered
while ΔA% increases.
In line with time-resolved fluorescence and SAXS data, this

effect should be related to a larger amount of aggregates with
respect to monomeric or dimeric porphyrins. This finding
suggests an almost complete occupancy of the hydrophilic
channels so inducing a water distribution between them and the
entire polymeric matrix. Finally, we explored the electro-
chemical performances of the porphyrin/sPEEK composite
membranes. Interestingly, TPPS leads to an increment of the
proton conductivity with a maximum value for 0.77 wt % and a
minimum for 5 wt % sample, respectively. This behavior is also
in accordance with the IEC and Wup data (Table 2), indicating
that the water distribution plays a key role in the proton
conductivity. The proton conductivity of sPEEK composite
membranes, with sulfonation degree comparable to our
systems, measured in similar operative conditions is generally

Scheme 1. Hypothetical Model for Composite TPPS/sPEEK
Membranes

Table 2. Chemical Physical Parameters for Composite
TPPS/sPEEK Membranes with Different Porphyrin Loads
(wt % TPPS/sPEEK), T = 303 K

sample
TPPS

loading, % Wup, %
IEC,

mequiv/g σ, mS/cm

sPEEK 46 1.80 42
0.35 wt % TPPS/sPEEK 0.35 46 2.01 48
0.77 wt % TPPS/sPEEK 0.77 51 1.97 53
1.5 wt % TPPS/sPEEK 1.5 49 2.00 43
5 wt % TPPS/sPEEK 5 50 1.99 38

Figure 5. Water uptake and dimensional variations of membranes as a
function of TPPS%−Wup% (black filled squares), Δt% (red filled
circles), and ΔA% (green filled triangles).
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lower than that reported in this work (53 mS/cm for 0.77 wt %
TPPS/sPEEK) except when a proton conductor is used.72−82

This result evidences the advantage of the introduction in the
membranes of TPPS porphyrin, which plays a key role in the
proton conductivity mechanism. To verify the electrochemical
trend in a fuel cell, preliminary tests were carried out at 303 K
and ambient pressure. Fuel cell tests were carried out to feign
the real application, with operative conditions of 30 °C,
ambient pressure, dry hydrogen simulating a feeding by a tank,
and fully humidified air simulating a cathodic air-breathing
operation comprising the water production. The I−V curves
comparison among all the samples are reported in Figure 6. All

the tested membranes display a good value of OCV (about 1
V) indicating a dense structure of the samples. Moreover, the
composite membranes show comparable or slightly lower
performance than pristine membrane, with a progressive decay
with different TPPS loadings. It is worth noting the best
performance was achieved with the 0.77 wt % sample, similarly
to what was observed for proton conductivity. In terms of
power density calculated at 0.5 A/cm2, the 0.35 wt % sample is
the lowest one because at this selected current density it
reaches its limiting current density. The 1.5 and 5 wt % samples
exhibit similar performance (237 and 221 mW/cm2,
respectively), but lower than the pristine polymer (256 mW/
cm2) and the 0.77 wt % sample (267 mW/cm2); see Figure S7.
The power density trend observed in our samples is not totally
in agreement with the proton conductivity data. This could be
explained considering that different sections of membranes are
investigated (through the plane for I−V curves and in plane for
σ), indicating a certain degree of anisotropy of the material.83

Indeed, the investigated section is irrelevant when the water
uptaken is mainly distributed in the hydrophilic channels
uniformly in the three dimensions (0.77 wt % sample). On the
contrary, it becomes relevant if water is preferentially
distributed in the area or in the thickness (0.35 and 5 wt %
samples). Therefore, we can assume a lower degree of
anisotropy for composite membrane with 0.77 wt % porphyrin
load.
On these bases and considering that the best performance

was reached for the 0.77 wt % sample and pristine sPEEK
membrane, these samples were selected to perform further
electrochemical tests. In particular, an accelerated degradation
test (ADT) was carried out to undergo the membranes to

swelling/deswelling process, cycling the current between 0.2
and 0.8 A/cm2 and monitoring the cell voltage during the time
(Figure 7). The temperature, pressure, and relative humidity of

gases were selected to simulate the real operative conditions of
a portable device fed by a hydrogen tank. As evident, a cell
potential decay was recorded for pristine sPEEK after 100 h of
operation while a good stability was maintained for the 0.77 wt
% composite sample for about 200 h and afterward the test was
voluntarily stopped. In fact, the potential decay recorded
between 0 and 100 h is similar for the two membranes and
corresponds to 4.1 and 3.3 mV/h for sPEEK and 0.77 wt %
TPPS/sPEEK, respectively. On the contrary, between 100 and
200 h of operation a further decay was recorded for sPEEK (2.1
mV/h) while quasi stable potential was maintained during this
time for the composite membrane (0.3 mV/h). This behavior
could be justified by taking into account a different water
distribution in the two investigated membranes. In accordance
to the dimensional variations, the distribution of water in
pristine membrane is mainly located in the area, so the
swelling/deswelling process affects the mechanical properties
causing a detrimental effect on performance stability. On the
contrary, the 0.77 wt % sample, which is less sensitive to the
dimensional variations, shows a better stability during the ADT.
The polarization curves carried out at the beginning and at the
end of ADT (Figure 8) show that there was no evident
performance variation for 0.77 wt % TPPS/sPEEK while a
slight performance reduction was recorded for the pristine
membrane, in particular in the high current density area of the
curve (see Figure S8).
As already reported, the polymer structural arrangement that

is directly correlated to the mechanical properties of the
membranes plays a key role.84 In fact, the presence of TPPS
induces a reorganization of polymer chains in lamellar-like
form, implying a more crystalline and organized structure thus
leading to a more robust and resistant polymeric matrix able to
maintain its stability during ADT. The SEM images reported in
Figure S9 confirm a different morphology for the composite
and pristine membranes, respectively. It is important to notice
that one of the targets of the DoE is the durability of the system
with an ultimate target of 5000 h under operation.85 In this
framework, obtaining composite membranes with improved

Figure 6. I vs V curves at 303 K, 1 bar absolute, dry H2, and 100% RH
air for sPEEK: pristine (red filled squares); [TPPS] = 0.35 wt % (black
empty squares), 0.77 wt % (black filled circles), 1.5 wt % (black empty
triangles), and 5 wt % (black empty circles).

Figure 7. Accelerated degradation test at 303 K, 1 bar absolute, dry H2,
and 100% RH air for sPEEK: pristine (red filled circles); 0.77 wt %
TPPS/sPEEK (black filled circles).
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durability is a key aspect in manufacturing new materials for
fuel cell applications. To the best of our knowledge, no reports
on membranes’ durability test or ADT in real operative
conditions for portable applications have been reported so far.

■ EXPERIMENTAL SECTION
Polymer Sulfonation. Polymer sulfonation was carried out,

according to a standardized procedure,6 in concentrated sulfuric acid
in order to obtain a 65% sulfonated poly(ether ether ketone) (Victrex
PF450).
Membrane Preparation. sPEEK membranes were prepared with

a doctor-blade technique after a dissolution of the polymer in
dimethylacetamide (DMAc) according to an already reported
standardized procedure.6 Composite TPPS/sPEEK membranes were
prepared by adding to the sulfonated polymer solution different weight
percentages 0.35, 0.77, 1.5, and 5 wt % of meso-tetrakis(4-
sulfonatophenyl)porphyrin. The latter was purchased from Aldrich
Co. as tetrasodium salt and used without further purification. All the
membranes were dried at 353 K for 3 h and successively treated at 393
K for 16 h. An acid treatment in 1 M H2SO4 at 333 K was carried out
to purify the membranes of any residual solvent and to activate groups
for proton ion exchange and the coordination of water molecules.
Instruments. UV/vis spectra were performed on a Hewlett-

Packard model 8453 diode array spectrophotometer. Static and time-
resolved fluorescence emission measurements were performed on a
Jobin Yvon-Spex Fluoromax 4 spectrofluorimeter using time-
correlated single-photon counting technique. A NanoLED (λ = 390
nm) has been used as excitation source. Emission spectra were not
corrected for the absorbance of the samples.
Resonance light scattering (RLS) experiments were performed on a

Jasco model FP-750 spectrofluorimeter, adopting a synchronous scan
protocol with a right angle geometry.58 RLS spectra were not
corrected for the inner-filter effect of the samples.86

Small-angle X-ray scattering experiments were performed at the
BM26B beamline DUBBLE at the ESRF, Grenoble, France.85,87 An X-
ray radiation with wavelength of 1.033 Å and a sample-to-detector
distance of 2 m were used. SAXS images were collected using a high
sensitivity, noiseless Pilatus 1 M detector with pixel dimensions of
172μm × 172 μm. The probed angular range was calibrated using the
known position of diffraction rings from a standard silver behenate
powder sample. Radial averaging of the images was performed in order
to obtain the 1D SAXS profiles. Corrections for incident beam
intensity, sample absorption, and air background scattering were
applied before performing the radial averaging operation.
The IEC (mequiv of SO3H/mg) was calculated through an acid−

base titration following the experimental procedure described
elsewhere.6 IEC is calculated using the formula

= V mIEC ( [M])/m tit dry

where Vtit = titrant volume (mL), [M] = titrant molarity, and mdry =
dry mass of the sample (g);

The water uptake of the membranes (Wup, %) was calculated from
the difference in weight between the dried and the wet sample.

=
−

×W
m m

m
/%

( )
100up

wet dry

dry

The wet mass (mwet) is determined after immersion of the sample in
distilled water at room temperature for 24 h, while, for the dry mass
(mdry), the sample is dried in a vacuum oven at 353 K for 2 h.

The proton conductivity was measured in the in plane section of the
sample with a four-probe technique, DC current, at 303 K and full
humidification (100% RH) using a commercial cell (Bekktech). The
proton conductivity was calculated using the equation

σ = L RWT/

where L = 0.425 cm, the constant distance between the two Pt
electrodes; R = resistance (Ω); W = sample width (cm); and T =
sample thickness (cm).

Fuel Cell Tests. Homemade electrodes were prepared by spraying
the catalytic ink onto a commercial gas diffusion layer Sigracet-24BC
(SGL group).88 The catalytic ink was obtained by mixing 50% Pt/C
(Alfa Aesar) with a 33 wt % dry Nafion (5 wt % hydroalcoholic
solution) with an EW of 1100 g/mol. For catalyst layer preparation, 20
wt % ammonium carbonate was used as a pore-former. A Pt loading of
0.5 mg cm2 for both the anode and the cathode sides was used.
Membrane and electrodes were directly assembled in the single cell,
tightened at 10 N m, to obtain MEAs (membrane−electrodes
assemblies).

Fuel cell tests, in terms of polarization curves, were carried out in a
commercial 25 cm2 single cell at 303 K, dry H2/100% RH air at 1 abs.
The gas fluxes were fixed at 1.5 and 2 times the stoichiometry at the
current work for hydrogen and air, respectively. Accelerated
degradation tests (ADT) were performed by cycling the current
density between 0.2 and 0.8 A/cm2. Every cycle consists of two steps
of 10 min at the fixed current density, so each cycle had a duration of
20 min. The cell voltage was monitored during the time. The ADT was
carried out for 200 h.

■ CONCLUSIONS
Highly homogeneous TPPS porphyrin/sPEEK composite
membranes have been prepared by doctor-blade casting
procedure of the polymeric dispersion of sPEEK and TPPS
at different weight percentages. The produced membranes
showed high stability and are promising for fuel cell
applications. Our approach takes advantage of the occurrence
of electrostatic interactions between the sulfonated functional
groups of the poly(ether ether ketone) and the diacid form of
TPPS porphyrin, which self-assembles into J-aggregates. Static
and time-resolved spectroscopic characterization show, un-
ambiguously, the presence of TPPS in its monomeric, dimeric,
and aggregated forms into the membrane ionic domains at
different percentages as a function of porphyrin load. SAXS
analysis shows that the addition of TPPS into the sPEEK
membrane plays a key role in structuring, at nanoscale, the
polymeric ionic domains, responsible of performance of the
material in PEFC devices. Controlling the porphyrin load and
consequently the distribution between monomeric and
aggregated species, we succeeded in modulating the chemical
stability, the proton conductivity, and the fuel cells perform-
ance. In particular, we observed for the 0.77 wt % sample the
best performance (267 mW/cm2 at 0.5 A/cm2). A good balance
between monomeric and aggregated porphyrin results in an
enhanced proton membrane conductivity, due to the extra

Figure 8. I vs V curves at 303 K, 1 bar absolute, dry H2, and 100% RH
for sPEEK: pristine at beginning (red filled squares) and at the end of
ADT (red empty squares); 0.77 wt % TPPS/sPEEK at beginning
(black filled circles) and at the end of ADT (black empty circles).
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sulfonated groups of the porphyrin free base, together with an
improvement of the mechanical properties related to the
polymer structural rearrangement due to the presence of the
aggregates. Electrochemical degradation investigations in a
PEFC single cell, simulating the operative conditions typical for
portable applications, have been carried out at this specific
porphyrin load. We successfully addressed the key problem of
sPEEK membranes stability, highlighting, during the accel-
erated degradation test, that no decay of cell potential was
recorded for composite membrane even after a prolonged time
in comparison with the pristine sPEEK membrane taken as
reference.
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