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In this work, we designed a novel nanocomposite proton-exchange membrane (PEM) based on sulfonated

poly(ether ether ketone) (SPEEK) and tantalum disulfide functionalized with terminal sulfonate groups (S-TaS2).

The PEMs are prepared through a solution-casting method and exploited in direct methanol fuel cells

(DMFCs). Two-dimensional S-TaS2 nanoflakes were prepared as a functional additive to produce the novel

nanocomposite membrane for DMFCs due to their potential as a fuel barrier and an excellent proton

conductor. To optimize the degree of sulfonation (DS) of SPEEK and the weight percentage (wt%) of S-TaS2
nanoflakes in PEMs, we used the central composite design of the response surface method. The optimum

PEM was obtained for SPEEK DS of 1.9% and a weight fraction (wt%) of S-TaS2 nanoflakes of 70.2%. The

optimized membrane shows a water uptake of 45.72%, a membrane swelling of 9.64%, a proton conductivity

of 96.24 mS cm�1, a methanol permeability of 2.66 � 10�7 cm2 s�1, and a selectivity of 36.18 � 104 S s cm�3.

Moreover, SPEEK/S-TaS2 membranes show superior thermal and chemical stabilities compared to those of

pristine SPEEK. The DMFC fabricated with the SPEEK/S-TaS2 membrane has reached the maximum power

densities of 64.55 mW cm�2 and 161.18 mW cm�2 at 30 �C and 80 �C, respectively, which are �78% higher

than the values obtained with the pristine SPEEK membrane. Our results demonstrate that SPEEK/S-TaS2
membranes have a great potential for DMFC applications.
1. Introduction

Among different types of energy conversion devices, direct meth-
anol fuel cells (DMFCs) represent powerful clean energy devices due
to their high energy conversion efficiency (>80%), simple structural
design, extensive applications, and environmentally friendly oper-
ation.1,2 Compared to proton-exchange membrane fuel cells,
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DMFCs can offer more exible cell designs, together with high-
safety and low cell cost. Moreover, methanol is currently a fuel
that is more viable than hydrogen in terms of storage safety for
portable devices.3 In order to maximize both the nal performance
and durability of DMFCs, it is pivotal to minimize the fuel (meth-
anol) transfer through the proton-exchange membrane (PEM).4

Therefore, the PEM is a major key component in determining the
ultimate performance of DMFCs.5 Ideally, PEMs used in DMFCs
mustmeet concomitant requirements, including high water uptake
(WU), low membrane swelling (MS # 10%), low methanol perme-
ability (P # 10�7 cm2 s�1), high proton conductivity (s $ 80
mS cm�1 at room temperature), and both electrochemical and
mechanical stabilities during cell operation.6–8 Currently, the most
commonly used PEMs are peruorinated (Naon) membranes
because they exhibit optimal thermal and chemical stabilities and
high s (�90 mS cm�1 at room temperature).9,10 However, the ever-
growing market competition between fuel–electrical energy
conversion systems is driving the DMFC technology toward the
search of PEMs alternative to Naon, aiming to decrease both the
material cost (�180 US$ per m for Naon 117 and an annual
production of 100 000 m2)11 and methanol crossover while
providing superior mechanical stability and s, especially at high
temperatures ($80 �C) at which water evaporation occurs.12,13
J. Mater. Chem. A
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In this context, different polymers have been investigated for the
development of novel types of PEMs.14,15 Unfortunately, none of
them has fullled all the membrane requirements needed for their
widespread commercialization.16To overcome the intrinsic limits of
pristine polymers, nanocomposite membranes have attracted great
interest for the preparation of advanced PEMs for DMFCs.17–19 In
particular, the use of poly(ether ether ketone) (PEEK) has increased
dramatically in recent years, due to its ease of preparation, optimal
thermal and chemical stabilities and excellent methanol barrier
(�10�8 cm2 s�1).20–22 Nevertheless, the lack of proton-conducting
groups in the PEEK structure severely limits the nal perfor-
mance of DMFCs.23 To overcome this problem, sulfonation of PEEK
has been proposed as an effective approach.24 Unlike Naon, in
sulfonated PEEK (SPEEK), the –SO3H groups are attached directly to
the aromatic backbone.25 Consequently, the separation between
hydrophilic/hydrophobic domains is reduced compared to the one
in Naon.25Meanwhile, SPEEK retains a low P (�10�7 cm2 s�1) due
to its specic structure (hydrophobic backbone with hydrophilic
branches and less hydrophobic/hydrophilic domains), representing
a great advantage compared to other proposed Naon alterna-
tives.26 Noteworthily, many properties of the sulfonated polymer
have a direct relation to the degree of sulfonation (DS), which is
dened as the number of sulfonic acid groups on the polymer
structure.27 The DS value of the polymer can be controlled by the
concentration of acid (typically sulfuric acid, H2SO4), reaction time,
and temperature used to perform the polymer sulfonation.27

Importantly, the WU and s of the membrane increase with
increasing DS.28 However, excessive DS (typically $75%) results in
a decrease of both dimensional and mechanical stabilities of the
membranes, as well as an increase of P, drastically deteriorating the
DMFC performance.28 Therefore, it is important to optimize the DS
in order to obtain the most convenient property trade-off for the
DMFCs. To overcome the dichotomy of membrane properties, the
addition of llers to SPEEK with mechanical strength and barrier
properties may allow high-DS SPEEK to be developed while
retaining optimal MS and P of the membrane.

Two-dimensional (2D) materials represent a class of poten-
tial llers for the polymer used in PEMs.29,30 Recently, different
2D materials in the form of nanosheets, including graphene
oxide,31 sulfonated graphene oxide,32 sulfonated graphene
oxide/iron oxide,33 and sulfonated graphene oxide/iron tita-
nate,34 have been successfully used to produce nanocomposite
membranes effective for DMFCs. Among 2D materials, transi-
tion metal dichalcogenides (TMDs), such as group-6 elements
(i.e., MX2, in which M¼Mo or W and X ¼ S, Se or Te), represent
an intriguing class of llers, which can be functionalized by
covalent attachment of functional groups at defect sites (e.g.,
the edge site in the 2H phase of MoS2) facilitating the electron
transfer.35,36 In addition, the functionalization of group-6 TMDs
could also rely on the electron transfer between the electron-
rich metallic phases (e.g., 1T in MoS2) and reactant precur-
sors.37 Based on this last consideration, we rationalized that
group-5 TMDs, based on M ¼ Ta, Nb or V, can be efficiently
functionalized with sulfonated groups, thanks to the metallic
character of their natural stable phases. For the particular case
of 2D TaS2, several metallic polytypes (e.g., 2H-TaS2,38,39 3R-
TaS2 40 and 6R-TaS2 41) have been successfully synthesized and
J. Mater. Chem. A
used in energy conversion applications, thanks to their high
surface area, catalytic activity of the basal planes and (electro)
chemical stability in aqueous (acidic) media. Similarly to other
2Dmaterials,42,43 the morphology of TaS2 nanoakes is expected
to act as a barrier against the fuel diffusion into the hosting
polymer matrix. This results in a decrease of P of the nano-
composite membrane even in the presence of high-DS poly-
mers, which intrinsically guarantee high s.32 In addition, the
incorporation of sulfonated groups by the functionalization of
metallic TaS2 nanoakes, leading to TaS2 functionalized with
sulfonated groups (S-TaS2), can also impact positively on their
proton-conducting ability, further enhancing the s of the
hosting polymer.44 Besides, the presence of sulfonated groups
in the TaS2 nanoakes improves the dispersion of nanoakes in
the most polar solvent used to process the polymer applied in
DMFC membranes,18 thus allowing the llers to be homoge-
neously dispersed in the hosting polymeric matrix. Meanwhile,
the interfacial interactions and the formation of hydrogen
bonding between sulfonated groups of nanoakes and func-
tionalized groups of SPEEK should promote the compactness of
the PEM structure, increasing the dimensional and thermal
stabilities of nanocomposite membranes.45

In this work, we report the production of novel S-TaS2
nanoakes, obtained from the liquid-phase exfoliation (LPE) of
6R-TaS2 crystals,41 followed by functionalization with a mercap-
topropane sulfonate, to fabricate a nanocomposite PEM by the
solution-casting method for DMFC applications. The optimal
amount of S-TaS2 nanoakes and DS of SPEEK are determined
by means of response surface methodology (RSM), representing
an effective group of statistical methods solving multivariate
equations to predict the effect of multiple independent (e.g., DS
and wt% of S-TaS2) and dependent variables (e.g., WU, MS, P, S
and s) on the membrane performance.46,47 Therefore, this
method avoids jeopardizing experiments with excessive number
of tests based on the multiple combination of parameters.46,47

Using Central Composite Design (CCD)48 in design of experi-
ment (DOE) soware49 as the experimental design for our
multivariable system (see ESI, S1.5†), the membranes were
optimized to maximize WU, s and selectivity (S) while mini-
mizing MS and P, aiming to reach the optimum power density.
The synthesis procedure together with structural, physical,
chemical, and electrochemical properties of the as-produced
nanocomposite membranes is discussed and compared with
the results obtained with Naon and other SPEEK-based
membranes. Finally, our nanocomposite membranes are vali-
dated in DMFCs, demonstrating the effectiveness of S-TaS2
llers to simultaneously achieve low P, high s and S and over-
come the performance of DMFCs based on pristine SPEEK.

2. Results and discussion
2.1. Characterization of TaS2 and S-TaS2 nanoakes

The 6R-TaS2 crystals were synthesized by the direct reaction of
atomic elements (see Experimental section in the ESI† for
details), following a protocol previously reported by our group.41

Noteworthily, the 6R polytype alternates layers with trigonal
prismatic and octahedral Ta coordination50 [similarly to 4Hb-
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) TEM image of S-TaS2 nanoflakes. (b) TEM statistical analysis
of the lateral dimension of S-TaS2 nanoflakes. (c) XRD patterns and (d)
Raman spectra (excitation wavelength ¼ 532 nm) of bulk TaS2 (in
black), exfoliated TaS2 nanoflakes (in blue), and S-TaS2 nanoflakes (in
red).

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
9 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
/2

02
1 

11
:4

3:
35

 A
M

. 
View Article Online
TaS2 51]. Therefore, this mixed coordinated polytype can show
properties resembling those exhibited by both trigonal pris-
matic (2H or 3R) and octahedral (1T) phases.52

The scheme of the functionalization procedure of TaS2
nanoakes, as supported hereaer by extensive material char-
acterization (in particular, X-ray photoelectron spectroscopy
(XPS) analysis), is shown in Scheme 1. The morphology of S-
TaS2 nanoakes was investigated by transmission electron
microscopy (TEM) analysis. As shown in Fig. 1a, the S-TaS2
nanoakes show irregularly shaped wrinkled structures, with
the lateral size distributed between 10 and 400 nm, mainly
<100 nm (Fig. 1b). The morphology of S-TaS2 nanoakes is
therefore similar to the ones previously determined for the LPE-
produced TaS2 nanoakes.41 The phase of TaS2 and S-TaS2
nanoakes was evaluated by X-ray diffraction (XRD) measure-
ments. The XRD patterns of bulk TaS2, TaS2 nanoakes and S-
TaS2 nanoakes show diffraction peaks at around 14.2�, 29.6�,
45.9� and 62.6�, which correspond to the planes of hexagonal 6R
phase (ICSD-52117).41 The (002) peak (full width at half
maximum (FWHM) ¼ 1.06�) in TaS2 nanoakes is broader than
that at 6R-TaS2 crystals (FWHM ¼ 0.18�) because of the smaller
crystalline domains of TaS2 nanoakes. As 6R- and 2H-TaS2
show similar X-ray diffraction (XRD) patterns (see reference
cards, i.e., ICSD-68488 for 2H-TaS2 and ICSD-52117 for 6R-
TaS2),41 one of the TaS2 nanoakes could also include a contri-
bution from the 2H phase, which can also form during the 6R-
TaS2 exfoliation process.41 The intensity of other peaks, despite
maintaining the position, is strongly reduced, indicating that
the TaS2 nanoakes preserve their crystal structure.53 As shown
in Fig. 1c, the S-TaS2 nanoakes exhibit a diffraction pattern
similar to that of TaS2 nanoakes. Thus, the functionalization
of TaS2 nanoakes does not change their phase. Raman analysis
was carried out to investigate the structural properties of exfo-
liated nanoakes (Fig. 1d). The as-synthetized 6R-TaS2 crystals
display a Raman spectrum that combines the mode of both the
well-studied 2H- and 1T-phases. In fact, the layers with trigonal
prismatic Ta coordination can show the out-of-plane vibration
mode A1g at �380 cm�1, the in-plane vibrational mode E2g

1 at
�280 cm�1, and the broad second-order peak attributed to the
two-phonon process at �180 cm�1.41,54,55 The layers with octa-
hedral Ta coordination can display fold-back optical modes at
�250, �310 and �380 cm�1 arising from the formation of
Scheme 1 Representative sketch of functionalization of TaS2 nanoflakes
salt (SMPS) molecules to TaS2 via S–S bonding or S-vacancy passivation

This journal is © The Royal Society of Chemistry 2021
commensurate domains at room temperature.56–59 Aer exfoli-
ation, the samples still show the same Raman modes; the
modes at 310 cm�1 is blue-shied, likely because of the
decrease of the long-range Coulombic interlayer interactions
with decreasing number of layers.38,60 Since the Raman modes
of native crystals are present in exfoliated materials, these
results indicate that the LPE and functionalization processes do
not signicantly alter the crystal structure of the starting
material.

The elemental analysis and composition of exfoliated
materials were evaluated through XPS measurements. Fig. 2a
and c reports the XPS Ta 4f spectra of TaS2 and S-TaS2 nano-
akes, respectively, while the measured S 2p spectra are re-
ported in Fig. 2b and d. The ratio between S and Ta estimated
for TaS2 nanoakes is 0.64, as estimated from the XPS data
(Fig. 2a and b). The observed S depletion is ascribed to the Ta
oxidation. In agreement with previous experimental studies on
by linking the thiol group of sodium 3-mercapto-1-propane sulfonate
.

J. Mater. Chem. A
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group-5 TMDs,38,41,61–63 the oxidation of Ta is mainly localized to
the surface of nanoakes. For this reason, Raman spectroscopy
and XRD measurements, being less surface sensitive than the
XPS, have not revealed any oxide-related features. The Ta 4f
region of the XPS spectrum of TaS2 nanoakes (Fig. 2a) shows
an intense doublet that peaked at 26.1 and 28.0 eV corre-
sponding to Ta(+5) surface oxides.64 The multidoublet compo-
nent, with main peaks at 22.7 and 23.4 eV, corresponds to
Ta(+4) in TaS2 nanoakes.41,65 Previous studies revealed that the
XPS Ta 4f spectrum of 6R-TaS2 crystals resembles the one of 1T-
TaS2, in which two doublets assigned to Ta(+4) originated from
periodic atomic displacements of room temperature nearly
commensurate with charge density wave phase.66,67 However,
aer exfoliation, the 2H phase can also emerge, leading to
a dominant peak at the lowest binding energy at �22.7 eV.68,69 A
small peak corresponding to O 2s, with an area constrained to
�5% of the O 1s one, was found by the tting process at 23.5 eV.
Noteworthily, sub-oxide can also contribute with doublets
located between the Ta(+4) and Ta(+5) ones, broadening the
tted components.70

The S 2p region of the XPS spectrum of TaS2 nanoakes
(Fig. 2b) exhibits multiple doublet components that were
attributed to S(�2) in octahedral TaS2 coordination (160.8 and
162.0 eV),69,71 S(�2) in trigonal prismatic TaS2 coordination
(161.3 and 162.5 eV),68,69 S(�2) near S vacancies (161.9 and 163.1
eV),72–74 S in homopolar S–S bonds (163.3 and 164.5 eV),75 and
nally highly oxidized sulfur states S(+4) (166.4 and 167.6 eV)
and S(+6) states (168.4 and 169.6 eV).76–78 Fig. 2c and d shows the
Ta 4f and S 2p spectra, respectively, measured for S-TaS2
nanoakes. The Ta 4f region exhibits the TaS2-related doublets
withmain peaks at 22.8 and 23.7 eV, as well as a pair of doublets
corresponding to Ta oxide (26.4 and 28.3 eV) and sub-oxide
(Ta2O5�x) (25.4 and 27.3 eV),64 plus a minor O 2s component
(23.5 eV). Compared to the TaS2 nanoakes, the oxidized
component (oxide and sub-oxide) of S-TaS2 nanoakes is
Fig. 2 XPS spectra of (a) Ta 4f signals of exfoliated TaS2 nanoflakes. (b)
S 2p signals of exfoliated TaS2 nanoflakes. (c) Ta 4f signals of S-TaS2
nanoflakes and (d) S 2p signals of S-TaS2 nanoflakes.

J. Mater. Chem. A
signicantly reduced by �28% relative to the total Ta 4f signal.
This could be the result of the passivation of S vacancies pre-
venting Ta reaction with oxygen. In the S 2p spectrum, the S(�2)
peaks are broadened compared to those of TaS2 (with FWHM of
1.1 and 0.6 eV of S-TaS2 and TaS2 nanoakes, respectively).
Consequently, the components attributed to octahedral and
trigonal prismatic coordination in alternating layers of the 6R
structure are not distinguishable. In addition, the intensity of
the oxidized S states, i.e., S(+4) and S(+6), is drastically reduced
compared to the case of pristine TaS2 nanoakes. The S–Ta ratio
estimated for the S-TaS2 nanoakes is 0.97. This result indicates
an S enrichment in comparison to the TaS2 nanoakes, which
means that the functionalization step and the subsequent
washing/centrifugation process have puried the starting
material. By attributing the amount of S(+4) to the sulfonate
group of the SMPS molecule, the degree of SMPS functionali-
zation in S-TaS2 nanoakes (i.e., SMPS molecules per Ta atom)
has been estimated at �3%.
2.2. Characterization of the S-TaS2-based nanocomposite
membrane

The procedure (solution-casting method) used to fabricate the
TaS2- and S-TaS2-based nanocomposite membranes is detailed
in ESI (Section S1.4).† Noteworthily, the incorporation of pris-
tine TaS2 nanoakes in the SPEEK matrix resulted in highly
inhomogeneous membranes with particle aggregates visible to
the eye. In fact, the lack of functional group on the surface of
pristine TaS2 nanoakes impedes the dispersion of TaS2
nanoakes in the polar solvent used to process the SPEEK.
Moreover, the absence of a functional sulfonated group in TaS2
nanoakes weakens the interfacial interactions, such as the
hydrogen bonding between the nanoakes and SPEEK, leading
to a dimensional instability of the nanocomposite membrane.
Therefore, it was not possible to test SPEEK/TaS2 nano-
composite membranes in DMFCs. Contrarily, the S-TaS2 nano-
akes can be homogeneously dispersed in the SPEEK matrix,
thanks to the strong interfacial hydrogen bonding between the
sulfonated groups of S-TaS2 nanoakes and polymer chemical
groups. Therefore, only SPEEK/S-TaS2 membranes were char-
acterized and subsequently tested in DMFCs, as reported in the
following sections.

2.2.1 Membrane water uptake and swelling. According to
the key role of water molecules in s, P, and nal performance of
the produced membranes, the WU and MS of the investigated
membranes, i.e., the SPEEK/S-TaS2 membranes (Mrunx), were
measured for their optimization (see details in the Experi-
mental section in the ESI†). Typically, high values of WU
translate into high s due to the proton sorption by free water
molecules available on the structure of the membrane.79

However, the polymer commonly used for PEMs have different
optimum amounts of WU to maximize the ion transfer. In
particular, excessive WU can lead to the closure of the ion
transfer channels in the structure of the polymer and poor
performance due to membrane soening and water ooding.80

In addition, high WU can cause an excessive MS of the
membrane, which reduces its dimensional stability.81 Thus,
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 One-factor effect plots illustrating the influence of: (a) DS of
SPEEK on WU@20 �C at 1.5 wt% of S-TaS2 nanoflakes; (b) wt% of S-
TaS2 nanoflakes on WU@20 �C at the DS of SPEEK of 67.50%. 3D-
surface plots of WU versus DS of SPEEK and wt% of S-TaS2 nanoflakes
in the nanocomposite membranes, at the temperatures of (c) 20, (d)
40, (e) 60, and (f) 80 �C.
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control of the WU is critical to achieve optimal s, and even ideal
P.

Fig. 3 and Table 1 show the WU measured for Mrunx at
different temperatures, i.e., 20, 40, 60, and 80 �C. In more
detail, Fig. 3a and b shows the dependence of WU (measured
at 20 �C) on the DS of SPEEK (at 1.5 wt% of S-TaS2 nanoakes)
Table 1 WU and MS measured for the membrane by RSM as a function

Run DS (%) S-TaS2 (%)
WU@20 �C
(%)

WU@40 �C
(%)

WU@60 �C
(%)

1 67.50 1.50 40.87 44.78 49.4
2 67.50 1.50 40.51 44.45 49.11
3 71.25 1.00 39.17 43.25 48.02
4 67.50 2.50 40.02 44.11 48.71
5 67.50 1.50 41.12 45.11 49.61
6 67.50 1.50 40.33 44.32 48.97
7 67.50 0.50 34.46 39.01 44.21
8 75.00 1.50 47.35 50.61 54.65
9 63.75 1.00 33.54 38.19 43.47
10 60.00 1.50 32.47 37.22 42.62
11 71.25 2.00 46.68 50.01 54.11
12 63.75 2.00 38.94 43.05 47.84
13 67.50 1.50 40.03 44.03 48.72

This journal is © The Royal Society of Chemistry 2021
and wt% of S-TaS2 nanoakes (at the DS of SPEEK of 67.50%),
respectively. As shown in Fig. 3f, the trend of WU with
increasing DS of polymer and wt% of nanoakes is similar at
different temperatures (Fig. 3c–f). Overall, the WU increases
with the increase of DS content of SPEEK from 60 to 75 wt%,
reaching a maximum value of 47.35 for Mrun8. The depen-
dence of WU on the DS of polymer is attributed to the
enhancement of hydrophilicity of polymer in the presence of
the SO3H group introduced by the sulfonation process.82

Moreover, the WU also increases with increasing amount of
S-TaS2 nanoakes from 0.5 to 2 wt%. This means that the
hydrophilic nature of S-TaS2 nanoakes, likely attributed to
the formation of hydrogen bonding between sulfonated
groups of nanoakes and free water molecules, improves the
water retention properties of pristine SPEEK.83 However, the
addition of more than 2 wt% of S-TaS2 nanoakes slightly
reduces the WU of the membranes, probably due to the
closure of transport channels of the membrane caused by
increasing the compaction of the membrane structure as well
as S-TaS2 nanoake aggregation. For all the prepared
membranes, the WU value increased with temperature due to
the increase of mobility of free water molecules and polymer
chains that facilitates water absorption in the polymeric
backbone.84 The MS is a key parameter affecting the lifetime
of the PEMs. It is desirable that the membranes possess
a high WU while retaining dimensional stability (i.e., low
MS).85 The MS values measured for Mrunx are shown in Fig. 4
and Table 1. The MS of the membranes increases with the
increase of DS of SPEEK, reaching a minimum value of 5.18
for Mrun10, as expected by the WU trend (the higher the WU,
the higher the MS). In addition, the MS of the membranes
decreases with the increase of wt% of S-TaS2 nanoakes. The
highest wt% of S-TaS2 nanoakes shows the lowest MS at
constant DS of polymer due to the reduction of free volume in
the structure of the membrane with formation of hydrogen
bonding between functionalized groups of nanoakes and
sulfonated groups of SPPEK.31,86 In fact, the formation of
strong hydrogen bonding between sulfonated groups of
nanoakes and the polymer can cause compaction of the
structure of the nanocomposite membrane.86
of temperature

WU@80 �C
(%)

MS@20 �C
(%)

MS@40 �C
(%)

MS@60 �C
(%)

MS@80 �C
(%)

61.81 8.53 10.09 12.07 14.65
62.48 8.02 9.43 11.41 13.78
60.23 10.88 13.14 15.12 18.65
61.01 7.12 8.26 10.24 12.25
62.04 9.02 10.71 12.68 15.45
61.31 8.71 10.31 12.29 14.94
55.84 10.18 12.23 14.21 17.46
75.36 13.46 16.51 18.48 23.03
54.98 6.14 6.98 8.96 10.59
53.99 5.18 5.73 7.71 8.96
71.32 8.84 10.49 12.47 15.18
60.01 5.56 6.23 8.21 9.62
61.03 9.01 10.71 12.68 15.45

J. Mater. Chem. A

https://doi.org/10.1039/d0ta11137f


Fig. 4 One-factor effect plots illustrating the effect of: (a) DS of SPEEK
on the MS at 1.5 wt% of S-TaS2 nanoflakes, (b) wt% of S-TaS2 nano-
flakes on the MS at a DS of SPEEK of 67.50%. 3D-surface plots of MS
versus DS of SPEEK and wt% of S-TaS2 nanoflakes in the membranes,
at the temperatures of (c) 20, (d) 40, (e) 60, and (f) 80 �C.
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As shown in Table 1, for all the nanocomposite membranes
investigated by the RSM, the MS increases upon increasing the
temperature, similarly to the WU results.

It is important to note that the strong hydrogen bonding
between functionalized groups of S-TaS2 nanoakes and
sulfonated groups of polymer prevents excessive swelling of the
nanocomposite membranes at high temperatures and increases
the mechanical stability of nanocomposite membranes in
DMFC conditions.87
Table 2 s, P and S measured for the investigated membranes by RSM (M

Run DS (%) S-TaS2 (%)
s@20 �C
(mS cm�1)

s@40 �C
(mS cm�1)

1 67.50 1.50 83.98 93.92
2 67.50 1.50 81.34 92.17
3 71.25 1.00 78.57 88.71
4 67.50 2.50 77.13 86.87
5 67.50 1.50 84.11 95.64
6 67.50 1.50 79.49 89.86
7 67.50 0.50 65.63 72.54
8 75.00 1.50 116.45 136.06
9 63.75 1.00 64.71 71.38
10 60.00 1.50 61.01 66.76
11 71.25 2.00 95.20 109.50
12 63.75 2.00 81.34 92.17
13 67.50 1.50 83.02 94.75

J. Mater. Chem. A
2.2.2 Membrane proton conductivity. Proton transfer is the
most important parameter for PEMs since it directly determines
the nal performance of DMFCs.88 In particular, s values are
closely related to WU, temperature, and additive content.89 The
water molecules have a direct impact on s of PEMs owing to
their ability to form a hydrogen bonding network with
sulfonated groups of nanoakes and SPEEK and the role of
these hydrogen bonding in both proton transfer mechanisms,
e.g., vehicle mechanism and Grotthuss (hopping) mecha-
nism.81,90 In the vehicle mechanism, the protons are carried by
the free water molecules that form H3O

+ complexes which then
migrates through transfer channels of the PEM.32 In the Grot-
thuss mechanism (proton hopping), protons jumped from one
bound water molecule (H3O

+SO3
�) to the next through the

formation and breaking of hydrogen bonding.81 Protons
supplied by –SO3H groups attached to the polymer backbone
can attach to free water molecules through multiple hydrogen
bonding to organize the hydrophilic regions and create well-
aligned transfer channels.91 Generally, both mechanisms are
not independent in the PEMs and could make cooperative
contributions to proton transfer. To verify the positive effect of
S-TaS2 nanoakes in increasing the number of proton hopping
sites to improve the s of the as-prepared PEM, impedance
spectroscopy was performed at different temperatures. The
measured s of the investigated nanocomposite membranes as
a function of temperature, ranging from 20 to 80 �C, are shown
in Table 2 and Fig. 5.

Clearly, the sulfonated groups in the nanocomposite
membranes facilitate the ion transfer by acting as proton
carriers. In particular, by increasing the DS of SPEEK, s

improves because the hydrophilicity of the polymer increases
with the number of hydrophilic sulfonated groups. Fig. 5a
shows that the highest DS of polymer (75%) results in
a maximum s (110 mS cm�1). Nevertheless, the optimum
percentage of DS for the polymer also needs to consider the P of
the membrane, as well as the mechanical properties of the
resulting membrane electrode assemblies (MEA). The RSM
analysis has shown that the s of the nanocomposite
membranes increases with increasing wt% of S-TaS2 nano-
akes. The maximum s is reached for wt% of S-TaS2 nanoakes
runx) as a function of temperature

s@60 �C
(mS cm�1)

s@80 �C
(mS cm�1)

P
� 10�7 (cm2 S�1)

S � 104

(S s cm�3)

112.47 145.19 2.61 32.17
110.37 141.38 2.48 32.79
106.49 136.66 3.50 22.44
104.44 134.17 3.01 25.62
114.26 146.09 2.52 33.37
107.79 138.24 2.46 32.31
88.38 114.67 3.25 20.19

159.53 201.07 4.04 29.11
87.09 113.10 3.65 17.72
81.91 106.82 2.09 29.19

129.78 164.94 3.06 31.11
110.37 141.38 2.92 27.85
113.09 144.87 2.51 33.07

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 One-factor effect plots illustrating the influence of (a) DS of
SPEEK on s at 1.5 wt% of S-TaS2 nanoflakes and (b) wt% of S-TaS2
nanoflakes on s at a DS of 67.50%. 3D-surface plots of s versus DS of
SPEEK and wt% of S-TaS2 nanoflakes in the membranes, at the
temperatures of (c) 20, (d) 40, (e) 60, and (f) 80 �C.

Fig. 6 One-factor effect plot illustrating the influence of: (a) DS of
SPEEK on the P at 1.5 wt% of S-TaS2 nanoflakes; (b) wt% of S-TaS2
nanoflakes on the P at the DS of 67.50%, (c) DS of SPEEK on the S at
1.5 wt% of S-TaS2 nanoflakes; and (d) wt% of S-TaS2 nanoflakes on the
S at the DS of SPEEK of 67.50%. 3D-surface plots of (e) P and (f) S versus
DS of SPEEK and wt% of S-TaS2 nanoflakes in the membranes at room
temperature.
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equal to 1.9, as a consequence of the increase of the bound
water –SO3H group contents in the PEMs via the Grotthuss
mechanism.31 According to their 2D structure, the S-TaS2
nanoakes have a high surface area functionalized with the
sodium 3-mercapto-1-propane sulfonate salt (SMPS) molecules
exhibiting –SO3H groups. Therefore, S-TaS2 nanoakes can hold
an elevated number of free water molecules, facilitating the
transport of proton in the nanocomposite membrane. However,
for S-TaS2 exceeding 2 wt% in the composite, s is reduced
because of the aggregation of nanoakes, which block the
transfer channels responsible for the proton transfer through
the polymeric matrix.92 The results reported in Table 2 show
that the s of the membranes improves with the increase of the
temperature, as a consequence of enhancement of the mobility
of polymer chains and WU.93

2.2.3 Membrane methanol permeability and selectivity.
Methanol permeation is one of the most important parameters
determining the practical usability of the investigated
membranes for DMFC applications. During the DMFC opera-
tion, the permeated methanol through the membranes could
not only lead to a poor DMFC performance but also result in the
poisoning of the cathode catalysts,2 thus reducing the electro-
catalytic activity. The results of Fig. 6 and Table 2 show that all
the nanocomposite membranes exhibit excellent methanol
This journal is © The Royal Society of Chemistry 2021
blocking ability, which are reasonably attributed to the 2D
structure of S-TaS2 nanoakes.94–96 Fig. 6a and b shows the
relation between the DS of the polymer and the weight
percentage of S-TaS2 nanoakes and their impacts on P of the
as-prepared membranes. By increasing the DS of polymer at
a constant amount of nanoakes (1.5 wt%), the methanol
crossover increased (Fig. 6a). This effect is likely ascribed to the
highly hydrophilic nature of membranes based on a high-DS
polymer, which can result in more permeability to fuel (meth-
anol) passing with water molecules. This explanation agrees
with the trend observed for the WU of the investigated
membranes. Importantly, the low P of SPEEK is attributed to the
limited hydrophilic/hydrophobic region separation (hydro-
phobic backbone with hydrophilic branches).18 However, an
excessive amount of –SO3H hydrophilic groups can disrupt this
hydrophobic/hydrophilic phase separation, increasing the P in
high-DS membranes. Remarkably, the P of the nanocomposite
membranes signicantly decreased with the increase of wt% of
S-TaS2 nanoakes (Fig. 6b). Therefore, the addition of S-TaS2
nanoakes leads to high-DS membranes with low P due to the
strong hydrogen bonding between the –SO3H groups of the S-
TaS2 nanoakes and the polymeric branches. The compact
J. Mater. Chem. A
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morphology of the nanocomposite membranes that resulted
from hydrogen bonding can be effective in preventing methanol
permeation.97 However, for wt% of S-TaS2 nanoakes higher
than 1.7 wt%, the increase of hydrophilicity of the membrane is
caused by the aggregation of S-TaS2 nanoakes (see X-ray
spectroscopy (EDX) analysis in the next section), which can
deteriorate the P of the membranes.98 TheMrun10 has shown the
lowest P (2.09 � 10�7 cm2 S�1), although the s of this
membrane is signicantly inferior to those exhibited by other
investigated membranes (e.g., 61.01 mS cm�1, see Table 2).

In DMFCs, it is essential for PEMs to maintain a high s while
reducing P. Therefore, S is one of the most important parame-
ters to evaluate the potential of using novel membranes in
DMFCs. The impact of the DS of polymer and nanoake content
in terms of S has been determined by means of RSM, as shown
in Fig. 6c and d. The S results demonstrated in Table 2 show
that the prepared nanocomposite membranes have good
potential for use as a PEM in DMFC. The distinctive aggrega-
tion–separation of hydrophilic–hydrophobic domains and the
sulfonated groups of PEMs play a key role in the selection of
protons and methanol.99 As shown in Fig. 6c and d, maximum S
values are achieved at the DS of 69% and the wt% of S-TaS2
nanoakes of 1.8.

2.2.4 Membrane optimization. The aim of this study is the
optimization of PEMs based on SPEEK and S-TaS2 nanoakes
displaying high s and S while maintaining low MS and P values.
Due to the production of water molecules during the operation
of the DMFC, the S and MS of the membrane have a simulta-
neous role in the nal performance of DMFCs. By implement-
ing our experimental results for the Mrunx in the RSM and
prioritizing their importance (S > s > P > MS > WU), the optimal
DS of SPEEK and wt% of S-TaS2 nanoakes were statistically
calculated. Table 3 shows the optimum membrane parameters
calculated by RSM, i.e., a wt% of S-TaS2 nanoakes of 1.9 and
a DS of SPEEK of 70.2%. Noteworthily, RSM represents an
effective group of statistical methods solving multivariate
equations to predict the effect of multiple independent (e.g., DS
and wt% of S-TaS2) and dependent variables (e.g., WU, MS, P, S
Table 3 Properties of the optimized membrane (Mopt) predicted by RSM

DS
(%)

S-
TaS2
(%)

WU@
20 �C
(%)

WU@
40 �C
(%)

WU@
60 �C
(%)

WU@
80 �C
(%)

MS@
20 �C
(%)

MS@
40 �C
(%)

MS@
60 �C
(%)

M
8
(

70.2 1.9 44.77 48.30 52.56 68.13 9.41 11.24 13.22 1

Table 4 Measured properties of the optimized membrane (Mopt) at ro
approach

Membrane

WU (%) MS (%) s (m

Pre. Exp. E (%) Pre. Exp. E (%) Pre.

Mopt 44.77 45.72 2.05 9.41 9.64 2.38 92.65
Mrun5 41.12 9.02
MS 37.46 15.31

J. Mater. Chem. A
and s) on the performance.46,47 Table 4 shows the comparison
between the experimental and RSM-simulated properties of
SPEEK membrane (MS) and optimized membrane (i.e.,Mopt), as
determined by RSM. The experimental results agree well with
the RSM-predicted data. Besides, the relative errors (E) between
experimental and simulated results indicate that the process
optimization by means of RSM is a reliable approach to opti-
mize the novel type of membrane. Noteworthily, the perfor-
mances measured for Mopt outperform those of Mrun5, which
resulted to be the best membrane among theMrunx. As shown in
Fig. S1–S3,† MS, Mrun5 and Mopt were further characterized in
terms of structural properties, ion-exchange capacity and
minimum energy required for transferring a proton (i.e., acti-
vation energy, Ea) by performing Fourier-transform infrared
spectroscopy measurements, conventional acid–base titration
and Arrhenius plot analysis, respectively.

2.2.5 Membrane morphology. Fig. 7 shows the cross-
sectional scanning electron microscopy (SEM) images of MS

and Mopt membranes. Both pristine and nanocomposite
membranes show a dense and uniform morphology, without
exhibiting any crack. Compared to the MS membrane (Fig. 7a),
the nanocomposite membrane (Fig. 7b) shows a rougher
structure due to the presence of S-TaS2 nanoakes. Similar
effects were observed in other SPEEK-based membranes using
2D additives.100,101 Fig. 7c and d shows the EDX images of Mopt

and Mrun4 (membrane with 2.5 wt% S-TaS2 nanoakes). As
shown by the EDX map of Ta (Fig. 7c), the S-TaS2 nanoakes are
homogeneously dispersed in the structure ofMopt, thanks to the
strong interfacial hydrogen bonding between the sulfonated
groups of S-TaS2 nanoakes and the SPEEK matrix.101 However,
the dispersion of S-TaS2 nanoakes in Mrun4 with 2.5 wt% of S-
TaS2 nanoakes is inhomogeneous, evidencing nanoakes
agglomerates in some parts of the membrane (Fig. 7d). As
shown in the previous sections, an excessive amount of S-TaS2
nanoakes compared to that of Mopt can ll the vacant sites
available for the passage of free water molecules in the
membrane, subsequently, reducing both WU and s.
S@
0 �C
%)

s@20 �C
(mS
cm�1)

s@40 �C
(mS
cm�1)

s@60 �C
(mS
cm�1)

s@80 �C
(mS
cm�1)

P � 10�7

(cm2

s)

S � 104

(S s
cm�3)

6.15 92.65 107.41 126.21 160.61 2.77 33.44

om temperature, validating the RSM-based membrane optimization

S cm�1) P � 10�7 (cm2 s) S � 104 (S s cm�3)

Exp. E (%) Pre. Exp. E (%) Pre. Exp. E (%)

96.24 3.73 2.77 2.66 3.97 33.44 36.18 7.57
84.11 2.52 33.37
43.32 6.86 6.31

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Cross-sectional SEM images of (a)MS and (b)Mopt. EDXmaps of
(c) Mopt and (d) Mrun4 for Ta (M line at 1.71 keV). (e–h) Adhesion force
maps measured by AFM forMS andMopt in humid ambient air (panels e
and f) and water (panels g and h). The adhesion work distributions of
the corresponding adhesion force maps are also shown as insets to
panels (e–h).
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In addition, atomic force microscopy (AFM) measurements
were carried out to identify the hydrophilic and hydrophobic
domains of the investigated membranes. The adhesion prop-
erties of samples were rst tested in humid ambient air (relative
humidity RH � 75%). Subsequently, each sample was also
evaluated in water (wet-state), thus “simulating” the working
conditions of the membranes. By considering the Lennard-
Jones force–separation relation,102,103 the adhesion force
measurements can identify the water accessible sites of the
membranes, which are typically expressed by hydrophilic
porous nano-/microdomains.104–106

In air, the adhesion force between the AFM tip and the
membrane surface is dictated by the capillary force,107 which
depends on the hydrophilicity/hydrophobicity properties of the
membrane.104,105 In addition, in both air and water, the chem-
ical specicity (e.g., the presence of functional groups) of
membranes strongly affects the pull-off force at the nano-/
microscale level,108,109 giving additional quantitative informa-
tion regarding the presence of polar hydrophilic groups.

Fig. 7e–h shows the adhesion force maps measured for MS

and Mopt in humid air and water. In addition, the distributions
This journal is © The Royal Society of Chemistry 2021
of the work needed to detach the AFM tip from the sample
(adhesion work), corresponding to the adhesion force maps, are
also shown as insets to panels.

In humid ambient air, the mean adhesion works are 0.36
and 0.41 aJ forMS andMopt, respectively. In water, the difference
between the adhesion works of the membranes is even more
pronounced, the average values being 0.07 and 0.16 aJ for MS

and Mopt, respectively. Overall, these results indicate that Mopt

exhibits more hydrophilic domains and polar functional groups
compared to those of MS. These features result in high WU,
leading to high s, in agreement with previous characterization
data.

2.2.6 Mechanical, thermal, and oxidative stability. Besides
their high S, effective PEMs must display adequate mechanical
properties to be used in DMFCs.33 Fig. S4† shows the stress–
strain behavior of the MS and Mopt membranes, allowing the
tensile strength and elongation at break (Eb) of these
membranes to be evaluated. The tensile strength of the Mopt

membrane (36.4 MPa) is higher than that of the MS membrane
(32.5 MPa) because of the strong interaction between S-TaS2
nanoakes and the SPEEK matrix. Since the sulfonated groups
of S-TaS2 nanoakes show a positive charge outward displace-
ment, a compact structure is obtained by means of the elec-
trostatic interaction between the nanoakes and the polymer
chains.101 Thus, the homogeneous distribution of S-TaS2
nanoakes in the SPEEK matrix (see Fig. 7c) yields a superior
mechanical stability of the Mopt nanocomposite membrane
compared to that ofMS. Moreover, Eb decreases from 12.86% in
the MS membrane to 11.87% in the Mopt membrane. It is
reasonable that the presence of S-TaS2 nanoakes decreases the
mobility of the polymeric chains compared to that of the pris-
tine polymer.

The thermal stability of the polymer is a key metric of PEM
for DMFC operation at different temperatures. Therefore,
thermogravimetric analysis (TGA) was carried out on the
investigated PEMs to examine their thermal properties
(Fig. S5†). Thanks to its rigid aromatic structure, SPEEK is
considered a thermally stable polymer up to 300 �C. The TGA
curves of MS and Mopt membranes show a similar lineshape
with three-step weight drop. The rst mass loss occurred at the
temperature of around 100 �C because of the expulsion of
residual water and solvent. The second weight loss step
observed for membranes, which occurred around 250 �C, is
attributed to the decomposition of the sulfonated groups of
SPEEK.110 The Mopt nanocomposite membrane shows a lower
weight loss compared to that of pristine SPEEK. This effect can
be attributed to the hydrogen bonding between sulfonated
groups of S-TaS2 nanoakes and the functionalized groups of
SPEEK, which limit the membrane weight loss of the pristine
polymer. The third weight loss, observed at 500 �C, marks the
beginning of degradation and fragmentation of the main chain
of SPEEK.111 The lower weight loss of nanocomposite
membranes indicates that the S-TaS2 nanoakes can also
improve the thermal stability of the membrane due to the
formation of hydrogen bonding with the polymer. According to
the operation temperature of DMFCs (up to 80 �C), the
J. Mater. Chem. A
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Fig. 8 Polarization curves of (a) MS, Mrun5 and Mopt at 30 �C and (b)
Mopt at different temperatures. (c) Time dependence of the OCV of the
DMFC assembled with the Mopt at room temperature.
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optimized nanocomposite membranes are expected to be an
effective PEM for DMFCs.

Another important requirement for the long-term use of
a PEM in DMFCs is the oxidative stability. The oxidative
stabilities of MS, Mrun5, and Mopt membranes were investigated
by immersing the prepared membranes in Fenton's reagent at
80 �C.

The oxidative stabilities of MS, Mrun5, and Mopt membranes
were 2.3, 3.5, and 4.1 h, respectively. During DMFC operation,
strong radical species such as hydroxyl (cOH) and hydroperoxy
(cOOH) radicals are generated on electrodes from oxygen
diffusion through the membrane and incomplete reduction at
the DMFC cathode.112 Such radicals can break the polymeric
chains, leading to chemical degradation of the PEMs.112 In
particular, in Fenton's reagent, the Fe ions catalyze H2O2 to
produce reactive cOOH radicals, which degrade the PEM struc-
ture.88 The oxidative stability results have shown that the
addition of S-TaS2 nanoakes to the SPEEK matrix plays an
important role in suppressing the degradation of nano-
composite membranes from radical-induced degradation.
Typically, the oxidative stability of the membrane has a reverse
relation to the MS.113 The nanocomposite membranes with
lower MS provide a lower chance for harmful radicals to attack
the polar groups of SPEEK.22 Our results agree with these
phenomenological expectations.

2.2.7 Nanocomposite membrane validation in DMFCs. To
validate the practical potential of optimized nanocomposite
membranes, the MS, Mrun5, and Mopt were selected for the
fabrication and characterization of DMFCs. The Mrun5 shows
the best results (s and S) compared to other prepared nano-
composite membranes listed in Table 2. The polarization and
performance curves of the membranes at temperatures of 30,
60, and 80 �C are summarized in Fig. 8. By comparing the
performances of pristine SPEEK and nanocomposite
membranes, the effect of the addition of S-TaS2 nanoakes to
polymer chains on the DMFC performance was evaluated.

Fig. 8a shows the voltage–current curves of the investigated
membranes at room temperature. Fig. 8a shows that the Mopt has
a higher open-circuit voltage (OCV) than the other produced
membranes. The high OCV of the Mopt suggests that the fuel
(methanol) crossover across this nanocompositemembrane is lower
than that across pristine SPEEK due to the lower P,114 as shown in
Table 4. In comparison with the MS, the voltage–current curves of
the cell with nanocomposite membranes show a remarkable
enhancement of performance at room temperature. The cell
assembled with Mopt exhibited the best performance, achieving
a maximum power density of 64.55 mW cm�2 and a maximum
current density of 265.3mA cm�2, which are about 78%higher than
those ofMS (with amaximumpower density of 36.12mW cm�2 and
amaximum current density of 194.1mA cm�2) and 8% higher than
those of Mrun5 (with a maximum power density of 60.01 mW cm�2

and a maximum current density of 256.8 mA cm�2).
These results are explained by the superior s and limited

methanol permeation (relative to the MS, i.e., pristine SPEEK)
provided by the optimal wt% of S-TaS2 nanoakes in the
nanocomposite membrane. Fig. 8b shows the polarization
curves of the Mopt at different temperatures. The maximum
J. Mater. Chem. A
power densities of Mopt are 64.55, 111.02, and 161.18 mW cm�2

with maximum current densities of 265.3, 393.9, and 470.1 mA
cm�2 at 30, 60, and 80 �C, respectively. These results match well
with the dependency of s on the temperature. As shown in Table
2, the s increases with increasing temperature, consequently
improving the nal power density performance of the DMFCs.

The long-term stability of the Mopt during DMFC operation
was evaluated by recording the OCV of the corresponding cell
for 200 h, and the obtained results are shown in Fig. 8c. The
OCV of the cell almost retained its initial value aer 200 h,
showing an OCV fading rate as low as 0.42 mV h�1. The
performance stability of the Mopt is attributed to its water
retention ability along with high MS (9.64%) and mechanical
stability (TS ¼ 36.4 MPa).34,115
This journal is © The Royal Society of Chemistry 2021
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Table S7† reports a comparison betweenWU, s, P, and power
density of the Mopt with Naon- and SPEEK-based membranes
reported in the literature. Importantly, our nanocomposite
membranes exhibit s and power density that are signicantly
superior to those of Naon- and SPEEK-based membranes re-
ported in the literature.12,116–122

3. Conclusions

In summary, we have shown the fabrication and characteriza-
tion of novel nanocomposite PEMs based on SPEEK and S-TaS2,
to overcome the high methanol permeability (P > 10�7 cm2 s�1)
and membrane swelling (>20%) of the SPEEK membrane with
high DS.87 Thanks to the metallic character of their natural
stable phases, 2D 6R-TaS2 nanoakes are easily functionalized
using sodium 3-mercapto-1-propane sulfonate salt. The
sulfonated groups in S-TaS2 positively affect their proton-
conducting ability, further enhancing the s of SPEEK. Besides,
the presence of sulfonated groups in TaS2 nanoakes improves
the dispersion of nanoakes in the solvent used to process
SPEEK, allowing the akes to be homogeneously dispersed in
the polymeric matrix. Meanwhile, the interfacial interactions
and formation of strong hydrogen bonding between sulfonated
groups of S-TaS2 nanoakes and functionalized groups of
SPEEK promote the compactness of the PEM structure,
increasing the dimensional, thermal, and chemical stability of
the nanocomposite membrane. Using CCD in DOE soware as
the experimental design for our multivariable system, the
membranes are optimized to reach an optimum power density.
Our results prove that the nanocomposite membrane with a DS
of 70.2% and wt% of S-TaS2 nanoakes of 1.9 is the optimum
PEM (Mopt) for DMFCs. In particular, the P of the Mopt

membranes decreased to 2.66 � 10�7 cm2 s�1 compared to 6.86
� 10�7 cm2 s�1 of the pristine SPEEK. Meanwhile, both s and P
increased compared to those of pristine SPEEK, reaching 96.24
mS cm�1 and 36.18 � 104 S s cm�3, respectively. Our nano-
composite membranes show amaximum power density of 64.55
mW cm�2 with a maximum current density of 265.3 mA cm�2 at
room temperature, which is �78% higher than the maximum
current density of the pristine SPEEK (maximum power density
of 36.12 mW cm�2). These results indicate that the chemical
interaction between the S-TaS2 nanoakes and polymer can be
advantageously exploited to improve the performance of SPEEK.
Overall, our results support that TaS2 nanoakes can be func-
tionalized by sulfonated groups to act as an efficient fuel barrier
additive for PEMs with superior ionic conductivity compared to
that of pristine polymer. Therefore, our nanocomposite
membranes are promising PEMs for DMFCs.
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