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Zdeněk Sofer, f Vittorio Pellegrinia,b and Francesco Bonaccorso *a,b

In this work, novel proton-exchange membranes (PEMs) based on sulfonated poly(ether ether ketone)

(SPEEK) and two-dimensional (2D) sulfonated niobium disulphide (S-NbS2) nanoflakes are synthesized by

a solution-casting method and used in vanadium redox flow batteries (VRFBs). The NbS2 nanoflakes are

produced by liquid-phase exfoliation of their bulk counterpart and chemically functionalized with terminal

sulfonate groups to improve dimensional and chemical stabilities, proton conductivity (σ) and fuel barrier

properties of the as-produced membranes. The addition of S-NbS2 nanoflakes to SPEEK decreases the

vanadium ion permeability from 5.42 × 10−7 to 2.34 × 10−7 cm2 min−1. Meanwhile, it increases the mem-

brane σ and selectivity up to 94.35 mS cm−2 and 40.32 × 104 S min cm−3, respectively. The cell assembled

with the optimized membrane incorporating 2.5 wt% of S-NbS2 nanoflakes (SPEEK:2.5% S-NbS2) exhibits

high efficiency metrics, i.e., coulombic efficiency between 98.7 and 99.0%, voltage efficiency between

90.2 and 73.2% and energy efficiency between 89.3 and 72.8% within the current density range of

100–300 mA cm−2, delivering a maximum power density of 0.83 W cm−2 at a current density of 870 mA

cm−2. The SPEEK:2.5% S-NbS2 membrane-based VRFBs show a stable behavior over 200 cycles at

200 mA cm−2. This study opens up an effective avenue for the production of advanced SPEEK-based

membranes for VRFBs.

1. Introduction

Major efforts are currently underway to increase the depen-
dence on renewable energy sources (e.g., wind, solar, wave,
and biofuel) while limiting greenhouse gas production.1–3

However, the storage of energy produced from renewable
energy sources for use in on-demand applications is an essen-
tial requirement for achieving the transition to fossil fuel-free
economies.4 High-efficiency energy storage devices are pro-

gressively developing to meet an ever-growing energy demand
with an increasing share of renewable energy sources.5 In the
class of energy storage devices, vanadium redox flow batteries
(VRFBs) have attracted global research attention for their use
in large-scale hybrid power systems due to their high energy
efficiency (> 80% at a current density >100 mA cm−2),6 environ-
ment friendliness, and rapid response.7–9 In VRFB systems,
the proton-exchange membrane (PEM) is a crucial component
that separates the electrolytes of the cathode (catholyte) and
the anode (anolyte). The PEM also transports the protons to
close the cell electrical circuit.10 Standard PEMs have to fulfill
concomitant characteristics, such as high proton conductivity
(σ) (≥80 mS cm−1), low vanadium ion permeability (P) (≤10−7

cm2 min−1), ability to prevent excessive water transport, low
membrane swelling (MS) (≤10%), and excellent chemical and
mechanical stabilities during VRFB operation.9,11 The use of a
an effective PEM is essential to realize a VRFB with high
energy efficiency (EE).12 The most popular commercial flow
cell separators are Nafion membranes, which exhibit high σ

(∼90 mS cm−1 at 25 °C), as well as excellent thermal and
chemical stabilities.13,14 However, their high P (∼10−6 cm2

min−1) and high price (∼180 US$ per m2 for Nafion 117 and
an annual production of 100 000 m2) represent limiting factors
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that drive the research toward the development of more con-
venient alternatives.15,16 In this context, membranes based on
sulfonated poly(ether ether ketone) (SPEEK) have demon-
strated great potential to replace Nafion membranes due to
their superior mechanical strength (tensile strength ∼37 MPa,
>80% higher than that of Nafion 117),17,18 high σ (∼40 mS
cm−1 at 25 °C), film-formation ability, optimal thermal stabi-
lity (up to 300 °C) and limited P.19–22 More in detail, in SPEEK
membranes, the well-balanced hydrophilic–hydrophobic nano-
phase separation in the form of hydrophilic micro-domains
dispersed in a hydrophobic matrix effectively prevents the per-
meation of vanadium species, while guaranteeing efficient
proton transport.23 However, the properties of SPEEK mem-
branes strongly depend on the degree of sulfonation (DS),
since sulfonate groups play a key role in the interconnection of
ionic channels.24 By increasing the DS, water uptake (WU) and
σ increase, but MS and P can also decrease together with a wor-
sening of the mechanical stability.25 Therefore, it is challen-
ging to find solutions that provide mechanically and chemically
stable high-DS SPEEK-based membranes with high σ while
maintaining P and MS.26 For this purpose, many methods have
been reported to fabricate nanocomposite membranes27–31 and
modify SPEEK-based PEMs, such as the incorporation of addi-
tives (e.g., graphene and its derivatives,32,33 metal oxides,34–36

and perovskite nanoparticles),37 the blending with another base
polymer (e.g., polybenzimidazole),26 the functionalization with
positive ionic groups (e.g., amphoteric side chains),38 the incor-
poration of cross-linking agents,39 and the design of multilayer
structures.40

As a striking example of functional additives, two-dimen-
sional (2D) materials have been widely used to develop nano-
composite PEMs due to a plethora of their distinctive thermal,
chemical and structural properties.41–43 Among 2D materials,
transition metal dichalcogenides (TMDs), including group-6
ones (i.e., MX2, in which M = Mo or W and X = S, Se or Te),
have been successfully incorporated in prototypical PEM poly-
meric matrixes due to their facile functionalization via
covalent attachment or van der Waals bonding of functional
groups to metallic defects and/or polar sites (e.g., edge sites in
the 2H phase of MoS2).

44–48 In addition, the functionalization
of group-6 TMDs can also rely on the electron transfer between
electron-rich metallic phases (e.g., 1T in MoS2) and reactant
precursors.49,50 Based on this last consideration, we have
recently reported that group-5 TMDs (in which M = Ta, Nb
or V) can be effectively functionalized with sulfonate groups
(–SO3H)49 owing to the metallic character of their natural
stable phases,50–52 including several polytypes (e.g., depending
on the specific material, 2H,53,54 3R,55 6R,56 and 1T).57,58 The
functionalization of metallic TMDs with sulfonate groups can
speed up the proton transport through interconnected hydro-
philic channels in the membrane, thus increasing the σ of the
hosting polymeric matrix.52,59 More specifically, sulfonate
groups play a significant role in both the main proton transfer
mechanisms of PEMs, i.e., vehicle and Grotthuss
mechanisms.60,61 Like other 2D materials,62,63 the morphology
of group-5 TMDs can act as a barrier against the diffusion of

vanadium species into the hosting polymer matrix by increas-
ing the transport channel tortuosity.32 Ions with large hydrated
radii (Vn+) can be blocked by the sheet-like structure of the
nanoflakes, while small ions like H+ can permeate through the
interlayer spacing between the nanoflakes.64 This effect can
decrease the P of high-DS PEMs with high σ,42,52 boosting both
the coulombic efficiency (CE) and the voltage efficiency (VE) of
the resulting VRFBs.65,66 It is noteworthy that the hydrogen
bonds formed between the functional groups of the sulfonated
TMD nanoflakes and the polymer regulate the hydrophobic/
hydrophilic nanophase separation, leading to high membrane
selectivity.67,68 Meanwhile, functional sulfonate groups allow
functionalized TMDs to be homogeneously dispersed in polar
solvents that are commonly used to process PEM polymers,23

facilitating the preparation of nanocomposites. The strong
hydrogen bonding between the sulfonate groups of TMD nano-
flakes and polymer chains compacts the membrane structure,
improving the dimensional stability of the membranes.32,69

The thermal and chemical properties of TMD nanoflakes can
also positively influence the thermo-chemical stability of the
nanocomposite membranes, which must tolerate oxidative
VO2

+ catholytes.70,71

Herein, we report the synthesis of novel PEMs for VRFBs
based on SPEEK and functionalized niobium disulphide
(S-NbS2) nanoflakes via a solution casting method. The nano-
composite PEMs have high σ (94.35 mS cm−1), low P (2.34 ×
10−7 cm2 min−1) and excellent selectivity (40.32 × 104 S min
cm−3). The S-NbS2 nanoflakes were produced through the
liquid-phase exfoliation (LPE) of 2H/3R-NbS2 crystals followed
by functionalization of their surface with mercapto-propane
sulfonate molecules. The PEMs were optimized in terms of the
S-NbS2 amount in SPEEK with a high DS of 70.2%. Our results
demonstrate that the SPEEK/S-NbS2 PEMs with 2.5 wt% of
S-NbS2 nanoflakes exhibit excellent dimensional/thermal/
chemical stability and selectivity, resulting in VRFBs with EE
up to 89.3%, 80.1% and 72.8% at a current density of 100, 200
and 300 mA cm−2, respectively. These metric values are
superior to those achieved for VRFBs using PEMs based on
pristine SPEEK (e.g., EE of 82.5 and 71.4 at a current density of
100 and 200 mA cm−2). Owing to the efficient proton trans-
porting properties, the VRFBs based on SPEEK/S-NbS2 PEMs
can deliver a maximum power density of 0.83 W cm−2. Overall,
S-NbS2 nanoflakes are promising additives for the develop-
ment of advanced nanocomposite PEMs for redox flow battery
technologies.

2. Results and discussion
2.1. Characterization of nanoflakes and membranes

Scheme 1 illustrates the functionalization process of the NbS2
nanoflakes. The Fourier-transform infrared (FTIR) spectra of
the NbS2 and S-NbS2 nanoflakes are shown in Fig. S1,† proving
the successful functionalization of the exfoliated materials.
The morphology of the as-produced nanoflakes was investi-
gated by transmission electron microscopy (TEM) and atomic
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force microscopy (AFM) measurements. Fig. 1a and b show the
BF-TEM images of the representative NbS2 and S-NbS2 nano-
flakes, respectively, which display the nearly same morphology,
i.e., wrinkled surfaces with irregular shapes and sharp edges.
Fig. 1c and d show that the lateral size data follow a log–
normal distribution peaking at ∼70.7 nm, with maximum
values above 400 nm, and ∼38.1 nm, with maximum values
above 600 nm, for NbS2 and S-NbS2 nanoflakes, respectively.
Fig. 1e and f show the AFM images of the representative NbS2
and S-NbS2 nanoflakes, respectively, whose height profiles
reveal the presence of few-/multi-layer flakes (measured AFM
thicknesses of NbS2 monolayers are between 0.6 nm and
0.9 nm, depending on the substrate).72,73 Meanwhile, the log–
normal distribution fitting the AFM thickness data peaks at
∼3.3 nm and ∼5.1 nm for NbS2 and S-NbS2 nanoflakes,
respectively (Fig. 1g and h), with minimum values corres-
ponding to the monolayers (<1 nm). Overall, the morphology
of the functionalized nanoflakes is still similar to that of the
native NbS2 nanoflakes.

The S-NbS2 crystal structure was evaluated by X-ray diffrac-
tion (XRD) and Raman spectroscopy. Fig. 2a shows the XRD
pattern obtained for the S-NbS2 nanoflakes, together with
those of the native NbS2 bulk crystals and NbS2 nanoflakes.
The NbS2 crystals are indexed with the PDF card no. 04-005-
8447 for the hexagonal phase of 2H-NbS2 (space group: P63/
mmc)75,76 and 04-004-7343 for the hexagonal phase of 3R-NbS2

Scheme 1 Sketch of the functionalization of NbS2 nanoflakes,74 showing the linking of the thiol group of the SMPS molecules to the NbS2 surface
via S–S bonding or S–vacancy passivation.

Fig. 1 (a and b) BF-TEM images and (c and d) lateral dimension statisti-
cal analyses of the NbS2 and S-NbS2 nanoflakes, respectively. (e and f)
AFM images and (g and h) thickness statistical analyses of the NbS2 and
S-NbS2 nanoflakes, respectively.

Fig. 2 (a) XRD patterns and (b) Raman spectra of the NbS2 bulk crystals
and the exfoliated NbS2 and S-NbS2 nanoflakes. The XRD and Raman
peaks assigned to the 2H- and 3R-NbS2 phases are also shown.
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(space group: R3m).75,77 The (002) peak of the exfoliated nano-
flakes is broader (full width half maximum (FWHM) = 0.27°
and 0.64° for NbS2 and S-NbS2, respectively) than that of the
NbS2 bulk crystals (FWHM = 0.24°), due to the reduced crystal-
line domains of the NbS2 nanoflakes. The other peaks are
strongly reduced in intensity although retaining their original
positions, indicating that the NbS2 nanoflakes preserve their
crystal structure.78 Although some extra XRD peaks are
observed in the S-NbS2 nanoflakes, their positions do not
match with those of niobium oxide, suggesting that the LPE
and functionalization processes do not oxidize S-NbS2
nanoflakes.

Fig. 2b shows the Raman spectra of the NbS2 bulk crystals
and the exfoliated NbS2 and S-NbS2 nanoflakes. According to
the group theory for the space group of 2H-NbS2

79,80 and
3R-NbS2,

79,81 the materials display non-degenerate Raman
active modes. In particular, the 2H-NbS2 phase shows the E1g,
E12g and A1g modes at ∼270, ∼305 and ∼380 cm−1,
respectively,79,80 while the 3R-NbS2 phase exhibits the E1, E2,
A1 and A2 modes at ∼290, ∼335, ∼385, and ∼450 cm−1,
respectively.79,81,82 The bands at wavelengths inferior to
210 cm−1 are associated to the two-phonon scattering pro-
cesses in the presence of defects.73,77,81 The peaks related to
2H-NbS2 are more pronounced in the exfoliated flakes com-
pared to the bulk crystals, suggesting that the exfoliation
process can promote a 3R- to 2H-phase conversion, in agree-
ment with the literature.51,73 Moreover, the A2 mode of
3R-NbS2 red-shifts from ∼450 cm−1 in the NbS2 crystals to
∼435 cm−1 in the nanoflakes, because the interlayer van der
Waals forces relax by decreasing the number of layers.51,83

Overall, the Raman spectrum of the S-NbS2 nanoflakes indi-
cates that the exfoliation and functionalization processes do
not significantly change the crystalline structure of the bulk
crystals.

The cross-sectional morphology of the PEMs and the distri-
bution of the S-NbS2 nanoflakes within the SPEEK matrices
were evaluated by X-ray spectroscopy (EDX)-coupled scanning
electron microscopy (SEM) measurements. Fig. 3a and b show
the cross-sectional SEM images of the SPEEK and SPEEK:2.5%
S-NbS2 membranes, respectively. As shown later, the
SPEEK:2.5% S-NbS2 membrane exhibited the best performance
in terms of selectivity metrics among the investigated mem-
branes. The pristine SPEEK membrane exhibit a porous cross-
sectional internal morphology, made of pores with lateral
dimensions mainly in the 1–5 µm range (Fig. 3a). This distinc-
tive morphology is associated with the sulfonation process
that introduces hydrophilic –SO3H groups causing the reorgan-
ization of the hydrophobic backbone formed by SPEEK chains.
The nanocomposite membrane shows a fracture surface
rougher than that the SPEEK membrane. The structure is still
made of crack-free domains, whose dimensions are reduced
compared to those of SPEEK likely because of spatial con-
straints imposed by the S-NbS2 nanoflakes. Similar effects
have been previously observed in membranes based on SPEEK
and 2D materials as additives.18,84 The absence of aggregated
S-NbS2 nanoflakes indicates that the polymeric matrix opti-

mally surrounds the nanoflakes without creating voids (e.g.,
mesopores). These results confirm the chemical compatibility
between S-NbS2 and SPEEK,85 which originates from the
hydrogen bonds between the functionalized groups of the
S-NbS2 nanoflakes and the sulfonated groups of SPEEK.18

The EDX maps of Nb in the SPEEK:2.5% S-NbS2 membrane,
corresponding to the SEM image reported in Fig. 3c, are
shown in Fig. 3e. These results confirm further that the S-NbS2
nanoflakes are homogeneously dispersed in the SPEEK matrix.
However, by increasing the content of the S-NbS2 nanoflakes
up to 3 wt%, significant nanoflakes agglomeration occurs
(Fig. 3f corresponds to the SEM image reported in Fig. 3d),
resulting in an inhomogeneous membrane structure.42 The
aggregation of S-NbS2 nanoflakes can provide vacant sites for
vanadium ion penetration, which can negatively affect the CE
of the corresponding VRFBs, as confirmed by our electro-
chemical analysis shown later in the text.86 Atomic force
measurements were carried out to assess the different mem-
brane hydrophobic–hydrophilic nanophase separation, which
is correlated to the membrane adhesion properties in humid
ambient air (relative humidity (RH) ∼75%).87–89 According to
the Lennard-Jones force–separation relation,90,91 adhesion
force measurements can distinguish the water accessible sites
of membranes, which are typically expressed by hydrophilic
porous nano/microphases.87–89 More in detail, in humid air,
the adhesion forces between the membrane and the AFM tip
are determined by capillary forces,92 which rely on the hydro-
philicity/hydrophobicity of the membrane.87,88 In addition, the
chemical specificity (e.g., the presence of functional groups) of
the membranes can also affect the pull-off force,93,94 providing

Fig. 3 Cross-sectional SEM images of the (a) SPEEK and (b) SPEEK:2.5%
S-NbS2 membranes. Back-scattered and secondary electron images of
the (c) SPEEK:2.5% S-NbS2 and (d) SPEEK:3.0% S-NbS2 membranes. EDX
maps of the (e) SPEEK:2.5% S-NbS2 and (f) SPEEK:3.0% S-NbS2 mem-
branes for Nb (M line at 2.18 keV). (g and h) Adhesion force maps
measured by AFM for the SPEEK and SPEEK:2.5% S-NbS2 membranes in
humid ambient air, respectively, and the corresponding (i) detachment
work and ( j) adhesion force distributions.
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quantitative information regarding the existence of hydrophilic
polar chemical species.

Fig. 3g and h show the adhesion force maps measured for
SPEEK and SPEEK:2.5% S-NbS2, respectively. The corres-
ponding detachment work (i.e., work needed to detach the
AFM tip from the sample) and adhesion force distributions are
shown in Fig. 3i and j, respectively. The mean detachment
work values are (0.89 ± 0.37) × 10−15 J and (1.14 ± 0.02) × 10−15

J for SPEEK and SPEEK:2.5% S-NbS2, respectively. These values
correspond to a mean adhesion force of 17.5 ± 4.4 nN and 22.5
± 9.1 nN, respectively. These data indicate that SPEEK:2.5%
S-NbS2 exhibits more hydrophilic domains and polar func-
tional groups compared to SPEEK. These chemical character-
istics are correlated to the high WU of SPEEK:2.5% S-NbS2,
which results in high σ, in agreement with previous character-
ization studies.

2.2. Physicochemical properties

The WU and MS of the investigated membranes are shown in
Fig. 4. The WU results of the pristine SPEEK, SPEEK:1.5%
S-NbS2, SPEEK:2.0% S-NbS2, SPEEK:2.5% S-NbS2 and
SPEEK:3.0% S-NbS2 membranes are 37.4%, 38.0%, 39.8%,
40.4% and 40.1%, respectively. The incorporation of the
S-NbS2 nanoflakes into the SPEEK slightly increases the WU of
the nanocomposite membranes. This effect can be explained
by the interaction of the water molecules with the hydrophilic
groups of the S-NbS2 nanoflakes. The addition of more than
2.5 wt% of the S-NbS2 nanoflakes into the SPEEK causes a
slight decrease in WU. In fact, the S-NbS2 nanoflake aggrega-
tion, as confirmed by EDX analysis (see Fig. 3f), can cause the
closure of the available transport channels in the membrane.
However, the nanocomposite membranes show MS signifi-
cantly lower than that of the pristine SPEEK membrane
(15.3%). In particular, the MS of the membranes clearly
decreases by increasing the wt% of the S-NbS2 nanoflakes,
reaching a minimum value of 7.5% for the SPEEK:3.0% S-NbS2
membrane. This phenomenon can be attributed to the more

compact structure of the membrane in the presence of strong
hydrogen bonds between the functionalized groups of S-NbS2
nanoflakes and the polymer, which can prevent membrane
size change.95 The decrease of MS can be directly associated
with an improvement of the dimensional stability, which is
desirable for a long-term VRFB operation without performance
fade.96

The σ of the membranes is another crucial metric for their
use in high-VE VRFBs.97 The measured σ values of the pro-
duced membranes at room temperature are shown in Table 1.
The σ values of the pristine SPEEK, SPEEK:1.5% S-NbS2,
SPEEK:2.0% S-NbS2, SPEEK:2.5% S-NbS2, and SPEEK:3.0%
S-NbS2 membranes were 45.82, 79.12, 89.17, 94.35 and
85.88 mS cm−1, respectively. Clearly, the σ value of the nano-
composite membranes increases with increasing wt% of the
S-NbS2 nanoflakes, until reaching the maximum value of
2.5 wt%. The higher σ value of the nanocomposite membranes
compared to the pristine SPEEK membrane has a two-fold
origin. First, the functional groups of the S-NbS2 nanoflakes
interact with the sulfonate groups of SPEEK, creating efficient
proton transport pathways via the Grotthuss mechanism.98–100

Second, the hydrophilic properties of the S-NbS2 nanoflakes
improve the retention of water molecules, which host and
transport the protons via the vehicle mechanism.101 The
SPEEK:2.5% S-NbS2 membrane shows a higher σ value
(94.35 mS cm−1) compared to the SPEEK:3.0% S-NbS2 mem-
brane (85.88 mS cm−1) because an excess amount of S-NbS2
nanoflakes cause the formation of aggregates that can block
the continuity of the proton transport channels.102

P is another valuable metric of PEMs that significantly
influences both selectivity and long-term cycling stability of
VRFBs.103 The P values measured for the investigated mem-
branes are reported in Table 1. Generally, SPEEK-based mem-
branes show low P due to their low hydrophilic/hydrophobic
nanophase separation, which results from the connection of
the hydrophobic backbone to hydrophilic branches.23 By
increasing the loading of the S-NbS2 nanoflakes into the poly-
meric matrix, the P value first decreases from 5.42 × 10−7 cm2

min−1 in the pristine SPEEK membrane to 2.34 × 10−7 cm2

min−1 in the SPEEK:2.5% S-NbS2 membrane, and then
increases to 2.83 × 10−7 cm2 min−1 in the SPEEK:3.0% S-NbS2
membrane. The obtained results reveal that the ability to
block the penetration of VO2+ of the nanocomposite mem-
branes is superior to that of the pristine SPEEK membrane. By

Fig. 4 The WU and MS values of the investigated membranes.

Table 1 Membrane parameter (σ, P, selectivity and weight loss) values
measured for the investigated membranes at room temperature

Membrane
σ
(mS cm−1)

P
(cm2 min−1)

Selectivity
(S min cm−3)

Weight
loss
(%)

SPEEK 45.82 5.42 × 10−7 8.45 × 104 5.94
SPEEK:1.5% S-NbS2 79.12 3.14 × 10−7 25.19 × 104 4.68
SPEEK:2.0% S-NbS2 89.17 2.53 × 10−7 35.24 × 104 4.12
SPEEK:2.5% S-NbS2 94.35 2.34 × 10−7 40.32 × 104 3.87
SPEEK:3.0% S-NbS2 85.88 2.83 × 10−7 30.34 × 104 3.71
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increasing S-NbS2 content up to 2.5 wt%, the nanocomposite
membranes show compact structures and low MS (7.9%) due
to the interaction of the functionalized groups of S-NbS2 nano-
flakes and SPEEK, leading to a decrease in P. By increasing the
S-NbS2 nanoflake content above 2.5 wt%, P increases due to
the aggregation of the S-NbS2 nanoflakes in the structure (see
Fig. 3f), altering the compactness of the membrane structure
and facilitating the permeation of VO2+.61 The compactness of
the structures could in principle squeezes the proton
transport channels. However, as supported by our σ data, the
sulfonate groups of the S-NbS2 nanoflakes represent proton
hopping sites that enhance the σ via the Grotthuss mecha-
nism.104 Therefore, the concomitant engineering of structural
and chemical properties allows the dichotomy of the behavior
of membrane performance to be managed. In this context,
selectivity is a comprehensive factor to predict the perform-
ance of the produced membrane in VRFBs.105 As shown in
Table 1, the selectivity of the nanocomposite membranes is
superior to that of the pristine SPEEK membrane. Specifically,
the selectivity increases from 8.45 × 104 S min cm−3 in the
SPEEK membrane up to 40.32 × 104 S min cm−3 in the
SPEEK:2.5% S-NbS2 membrane. Overall, the SPEEK:2.5%
S-NbS2 membrane exhibits the best physicochemical pro-
perties among the investigated membranes to be used in VRFB
applications.

To study the chemical stability of the membranes under
strong acidic and oxidizing conditions, the weight losses of the
membranes in a 1.5 M VO2

+ + 3 M H2SO4 solution after 30
days were measured, and the data are presented in Table 1.
The SPEEK membrane shows the highest weight loss (5.94%)
among the produced membranes, which is mainly related to
the decomposition of the PEEK backbone in the presence of
the oxidizing VO2+.106 The weight loss percentage of the nano-
composite membranes decreases from 4.68% to 3.71% by
increasing the S-NbS2 amount from 1.5 to 3.0 wt%. These
results indicate that the strong hydrogen bonds formed
between the functionalized groups of S-NbS2 and SPEEK can
passivate the degradation process of the polymer backbone,
thus improving the chemical stability of the pure SPEEK mem-
brane.18 As shown in Fig. S2 and Table S1,† the produced
PEMs were further characterized in terms of ion exchange
capacity (IEC) and mechanical and thermal stabilities by per-
forming a conventional acid–base titration experiment, tensile
test and thermogravimetric analysis, respectively. The obtained
results confirm the improvement of the membrane perform-
ances upon the incorporation of the S-NbS2 nanoflakes.

2.3. Evaluation of the performances of VRFBs

The performances of the membranes were evaluated in VRFBs
using a no-gap serpentine architecture107,108 and plasma-
treated graphite felt as the electrodes,109 and 1 M VO2+ + 3 M
H2SO4 and 1 M V3+ + 3 M H2SO4 as the starting catholyte (posi-
tive electrolyte) and anolyte (negative electrolyte), respectively.
A VRFB based on commercially viable Nafion 115 was also test
for comparison. Hereafter, the VRFBs are indicated with the
name of their membranes. Fig. 5a shows the polarization

curves measured for the investigated VRFBs. These data evi-
dence the different ohmic (iR) losses attributed to the resis-
tance of the PEM, since the kinetic losses resulting from the
catalytic activity of the electrodes toward the VRFB redox reac-
tions are similar for all VRFBs, which use the same type of
electrodes.110,111 Clearly, the SPEEK:2.5% S-NbS2 membrane
shows the lowest polarization losses, corresponding to 0.089 V,
0.168 V and 0.239 V at current densities of 100, 200 and
300 mA cm−2. Moreover, all the nanocomposite membranes
led to lower iR losses compared to the SPEEK membrane,
because of their higher σ, as shown in Table 1. Galvanostatic
charge/discharge (CD) analysis was carried out to evaluate the
efficiency metrics of the VRFBs, i.e., CE, VE and EE. The upper
voltage limit was fixed to 1.6 V in order to avoid parasitic reac-
tions (i.e., water splitting reactions), as recommended in the
literature.112 Fig. 5b shows the charge/discharge curves of the
VRFBs assembled with the different produced membranes at a

Fig. 5 (a) Polarization curves and (b) charge/discharge curves
measured for the investigated VRFBs (SPEEK, SPEEK:1.5% S-NbS2,
SPEEK:2.0% S-NbS2, SPEEK:2.5% S-NbS2 and SPEEK:3.0% S-NbS2). (c)
Charge/discharge curves measured for the SPEEK:2.5% S-NbS2 mem-
brane at current densities of 100, 200 and 300 mA cm−2. (d) Efficiency
metrics (CE, VE and EE) for the VRFBs using the SPEEK and SPEEK:x%
S-NbS2 membranes as a function of the cycle number at different
current densities (data extrapolated from the CD curve analysis). (e)
Power density as a function of the discharge current density measured
for the SPEEK:2.5% S-NbS2 membrane. (f ) Long-term stability tests for
the SPEEK:2.5% S-NbS2 membrane cycled at a current density of
200 mA cm−2. Left y-axis: energy efficiency; right y-axis: normalized
electrolyte utilization (Norm. EU).
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current density of 200 mA cm−2. The SPEEK:2.5% S-NbS2 mem-
brane shows the highest discharge capacity (9.7 A h L−1),
proving the superior balance between σ and P of this nano-
composite membrane. According to the calculated selectivity of
the synthesized membranes, the discharge capacity of the
corresponding VRFBs decreases with the following order:
SPEEK:2.5% S-NbS2 > SPEEK:2.0% S-NbS2 > SPEEK:3.0% S-NbS2
> SPEEK:1.5% S-NbS2 > SPEEK. Fig. 5c shows the charge/dis-
charge curves of the SPEEK:2.5% S-NbS2 membrane at different
current densities, ranging from 100 to 300 mA cm−2. The dis-
charge capacity increases by decreasing the current density
because of the reduced polarization losses, in agreement with
polarization curves (Fig. 5a). At 100 mA cm−2, the discharge
capacity is as high as 12.1 A h L−1, corresponding to an electro-
lyte utilization of 90.6%. At the highest current density of
300 mA cm−2, the SPEEK:2.5% S-NbS2 membrane can still
deliver a discharge capacity of approximately 6.5 A h L−1.

Fig. 5d shows the efficiency metrics (i.e., CE, VE and EE) as
a function of the current density. The CE value of the nano-
composite membranes is in the range of 98.4–99.8% in the
current density range of 100–300 mA cm−2. The increase of the
CE value with increasing the current density is related to the
decrease of charge–discharge time, minimizing the capacity
loss.18 In addition, the CE values are comparable to those
measured for pristine SPEEK. Importantly, the high CE values
(i.e., >98%) measured for the investigated VRFBs indicate a
limited cross-mixing of vanadium species, avoiding anolyte
losses and modifications of the electrolytes’ compositions
during the cycling of the VRFBs.113–116 At 100 mA cm−2, the VE
values of the pristine SPEEK, SPEEK:1.5% S-NbS2, SPEEK:2.0%
S-NbS2, SPEEK:2.5% S-NbS2 and SPEEK:3.0% S-NbS2 mem-
branes are 82.5%, 86.2%, 88.4%, 90.2% and 86.5%, respect-
ively. The VE value of the produced membranes initially
increases from 82.5% to 90.2% with increasing S-NbS2 nano-
flakes content up to 2.5 wt% S-NbS2, following the same trend
of σ. Additionally, SPEEK:2.5% S-NbS2 shows the highest EE
values, e.g., 89.3% at a current density of 100 mA cm−2, which
is significantly superior to the EE value of SPEEK, i.e., 82.5%.
These results confirm the optimal balance between σ and P of
the optimized membranes, proving the potential of S-NbS2
nanoflakes as 2D additives for the realization of high-selective
membranes. By benefiting from the high σ value, the
SPEEK:2.5% S-NbS2 membrane can deliver a maximum power
density as high as 0.83 W cm−2 at the current density of
870 mA cm−2 (Fig. 5e). Table S2† compares the CE, VE and EE
values achieved by our work with those reported in literature
for other VRFBs based on Nafion (including our Nafion
115-based VRFB reference) and other SPEEK-based mem-
branes. Owing to the excellent selectivity of our nano-
composite membranes, our VRFBs outperform most of the
systems reported in literature, including our Nafion 115-based
VRFB membrane (CE, VE and EE at 100 mA cm−2 of 98%,
86.9% and 85.2%). At the current density of 100 mA cm−2, our
nanocomposite membrane significantly increases the EE value
of our Nafion 115-based VRFB by almost 5% because of the
superior selectivity of our nanocomposite membrane. Self-dis-

charge measurements confirmed the lower P value (leading to
a superior selectivity) of our nanocomposite membranes com-
pared to that of Nafion 115 (Fig. S3†), showing discharge times
of 76.3 h and 37.8 h for SPEEK:2.5% S-NbS2 and Nafion 115,
respectively.

Long-term cycling tests were performed to evaluate the
stability of the SPEEK:2.5% S-NbS2 nanocomposite membrane
under VRFB operation. As shown in Fig. 5f, the SPEEK:2.5%
S-NbS2 membrane shows a stable EE value over the first 100
cycles, together with a slow fade (∼−0.05%/cycle over the first
100 cycles) of electrolyte utilization. The EE fading of the VRFB
after 200 cycles is related to the asymmetric transfer of various
ions and water across the membrane (which are, however, miti-
gated by our membrane, in agreement with our CE analysis),
as well as the infiltration of air in the anolyte, leading to the
oxidation of the V2+ ion.12,117 As shown in Fig. 5f, the EE value
of the SPEEK:2.5% S-NbS2 returned to the initial EE value after
refreshing the electrolyte. These results confirm that the physi-
cal and chemical structure of the membrane is preserved
under acidic and oxidation conditions. Overall, the electro-
chemical VRFB characterization indicates that the use of the
S-NbS2 nanoflakes as 2D additives of the SPEEK membrane
significantly improves the final performance of the VRFBs. The
excellent performance of the SPEEK:2.5% S-NbS2 nano-
composite membrane demonstrates that the S-NbS2 nano-
flakes act both as proton conductors and VO2+ barriers in the
nanocomposite membrane, demonstrating the potential of
S-NbS2 nanoflakes as 2D additives for PEMs.

3. Conclusions

In summary, sulfonated poly(ether ether ketone) (SPEEK)/sul-
fonated niobium disulphide (S-NbS2) nanocomposite mem-
branes were produced via a solution casting method as prom-
ising proton-exchange membranes (PEMs) for vanadium redox
flow battery (VRFB) applications. Two-dimensional (2D) NbS2
nanoflakes were synthesized via liquid-phase exfoliation (LPE)
of bulk NbS2 crystals and functionalized with sodium 3-mer-
capto-1-propane sulfonate salt (SMPS) molecules. The use of
S-NbS2 nanoflakes as an additive improves the SPEEK proton
conductivity (σ) from 45.82 to 94.35 mS cm−2 in the
SPEEK:2.5% S-NbS2 membrane. Additionally, the produced
S-NbS2 nanoflakes compact the membrane structure by
forming hydrogen bonds between the sulfonated groups of the
nanoflakes and SPEEK chains, resulting in effective physical
barriers against the diffusion of the vanadium species. By
studying the morphological properties of the produced mem-
branes, the optimal content of the S-NbS2 nanoflakes was
found to be 2.5 wt%. By further increasing the content of
S-NbS2 nanoflakes up to 3 wt%, the structure of the membrane
is altered because of the formation of aggregates, decreasing
both σ and selectivity. The VRFBs using the optimized mem-
brane (SPEEK:2.5% S-NbS2) achieve an energy efficiency (EE) of
89.3% at a current density of 100 mA cm−2. At the highest
current density of 300 mA cm−2, the VRFB exhibits an EE of
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72.8% and still delivers a discharge capacity of 6.5 A h L−1.
Additionally, the cycling stability of the produced SPEEK:2.5%
S-NbS2 nanocomposite membrane in the VRFB is validated
over more than 200 cycles of continuous operation at a current
density of 200 mA cm−2. The obtained results demonstrate the
potentiality of the SPEEK:2.5% S-NbS2 nanocomposite mem-
brane for VRFB applications.
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