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ABSTRACT

Enhancing the proton conductivity of proton exchange membranes (PEMs) is essential to expand the applications of proton
exchange membrane fuel cells (PEMFCs). Inspired by the proton conduction mechanism of bacteriorhodopsin, cucurbit[n]urils
(CB[n], where n is the number of glycoluril units, n = 6, 7, or 8) are introduced into sulfonated poly(ether ether ketone) (SPEEK)
matrix to fabricate hybrid PEMs, employing a nature-inspired chemical engineering (NICE) methodology. The carbonyl groups of
CB[n] act as proton-conducting sites, while the host—guest interaction between CB[n] and water molecules offers extra proton-
conducting pathways. Additionally, the molecular size of CB[n] aids in their dispersion within the SPEEK matrix, effectively
bridging the unconnected proton-conducting sulfonic group domains within the SPEEK membrane. Consequently, all hybrid
membranes exhibit significantly enhanced proton conductivity. Notably, the SPEEK membrane incorporating 1 wt.% CB[8]
(CB[8J/SPEEK-1%) demonstrates the highest proton conductivity of 198.0 mS-cm™ at 60 °C and 100% relative humidity (RH),
which is 228% greater than that of the pure SPEEK membrane under the same conditions. Moreover, hybrid membranes exhibit
superior fuel cell performance. The CB[8]/SPEEK-1% membrane achieves a maximum power density of 214 mW-cm?,
representing a 140% improvement over the pure SPEEK membrane (89 mW-cm) at 50 °C and 100% RH. These findings serve
as a foundation for constructing continuous proton-conducting pathways within membranes by utilizing supramolecular

macrocycles as fuel cell electrolytes and in other applications.
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1 Introduction

Proton exchange membrane fuel cells (PEMFCs) have emerged as
a compelling solution in the energy transition, thanks to their
remarkable energy conversion efficiency and environmental
sustainability, particularly when powered by green hydrogen [1].
Proton exchange membranes (PEMs) are the key component of
PEMEFCs, which segregate the anode and cathode and enable
rapid and selective proton transport [2, 3]. Nowadays, the widely
adopted PEM is a perfluorinated sulfonic acid membrane, such as
Nafion® produced by Dupont, which exhibits excellent proton
conductivity and fuel cell performance [4]. However, Nafion has
certain drawbacks, notably its high cost [5]. Consequently,
considerable efforts have been devoted to developing alternative
PEMs such as sulfonated poly(ether ether ketone) (SPEEK) and
sulfonated poly(ether sulfone) (SPES), renowned for their cost-
effectiveness as well as their elevated thermal and mechanical
stability [6]. Nonetheless, the proton conductivity of these
alternative PEMs suffers from lower proton conductivity due to
the smaller sulfonic acid aggregates within SPEEKs and SPESs,
which results in fewer interconnected proton-conducting domains
compared with Nafion [7, 8].

In recent decades, incorporating fillers into the polymer matrix
has emerged as a successful approach to enhance proton

conductivity by establishing more efficient proton-conducting
pathways [9]. Various fillers, including nanofibers [10],
nanotubes [11], graphene oxide [12], metal-organic frameworks
[13], and covalent-organic frameworks [14], have exhibited proton-
conducting capabilities because of their well-defined proton-
binding sites. By introducing these fillers, hybrid membranes
benefit from additional proton-conducting sites and structured
pathways, thereby facilitating proton conduction within the
membranes [15-18]. However, the poor compatibility between
the filler and the polymer matrix always results in aggregation of
fillers within the membrane, which causes flaws and dead zones in
the membrane, consequently leading to reduced proton
conductivity [19-22]. Hence, the selection of an ideal filler
material becomes pivotal in the advancement of PEMs.
Bacteriorhodopsin, a membrane protein, which transports
protons across the cell membrane of the halophilic organism
Halobacterium salinarum [23], serves as a natural inspiration for
PEMs. Bacteriorhodopsin harvests the light energy to drive
conformational changes that facilitate unidirectional proton
transport across the cell membrane [24]. This process involves the
transport of protons through a hydrophobic cavity, reducing the
proton affinity and minimizing the energy barrier associated with
proton conduction. Concurrently, hydrogen bond interactions
occur, involving the breaking and recombination of bonds
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between water molecules, proton donors, and acceptors [24]. In
this work, we adopt a nature-inspired chemical engineering
(NICE) methodology, developed over the last two decades to
promote sustainable solutions to engineering challenges in areas
including catalysis, fluidization, fuel cells, and membrane
separations, to explore the potential of supramolecular
macrocycles as filler candidates for PEMs by drawing from the
proton transport features of bacteriorhodopsin (“nature”, Scheme
1) [25-27]. Specifically, cucurbit[n]urils (CB[n], where n is the
number of glycoluril units, n = 6, 7, or 8), a series of
supramolecular macrocycles with hydrophobic cavity and
remarkable proton conductivity (> 10 mScm™) [28,29], are
investigated as fillers in SPEEK matrix for PEMs for the first time,
based on the best of our knowledge. The cavity of CB[#] allows for
hosting guest molecules such as water and acid molecules,
facilitating proton transfer through host-guest interaction [30, 31].
Protons can swiftly navigate along the hydrogen bond networks
formed by the carbonyl groups of CB[#] and guest molecules via
the Grotthuss mechanism and the vehicle mechanism (“nature-
inspired concept”, Scheme 1) [32,33]. In addition, CB[#n]
molecules are of molecular scale (< 2 nm) and possess organic
molecular structures that align well with the polymer matrix of
membrane, ensuring their proper dispersion without causing
voids or dead zones (“nature-inspired design”, Scheme 1) [10, 34,
35]. CB[n] (n = 6, 7, or 8) are introduced separately into the
SPEEK matrix by solution casting to fabricate hybrid membranes
for PEMs (“prototype”, Scheme 1). Consequently, the most
suitable candidate CB[n] is selected based on the conductivity of
PEMs, and their PEMFC performance is investigated with varying
loading amount of CB[#] (“application”, Scheme 1).

2 Experimental

2.1 Synthesis of SPEEK

Poly(ether ether ketone) (PEEK, 14.0 g, Polysciences Inc.) was pre-
dried in a vacuum oven overnight at 80 °C. Dried PEEK pellets
were slowly added into a vigorously mechanically stirred 100 mL
sulfuric acid (98 wt.%, Merck & Co.) solution in a three-neck
round-bottom flask at 50 °C for 10 h [36]. Then, the polymer
solution was gradually precipitated into ice-cold water bath with
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times with deionized (DI) water until pH was neutral, and then
dried under vacuum at 60 °C for 24 h.

2.2 Preparation of CB[n]/SPEEK

CB[n] (n = 6, 7, or 8) were synthesized and purified as reported
previously [37,38]. As-prepared SPEEK was dissolved in
dimethylformamide (DMF, Merck & Co.) with magnetic stirring
to make an SPEEK solution with 5 wt.% concentration. A certain
amount of CB[n] (n = 6, 7, or 8) was added to the SPEEK solution
to form the CB[n]/SPEEK hybrid membrane, named as
CB[n]/SPEEK-X%, where X is the weight percent of CB[#n] to
SPEEK. The mixture was dispersed by an ultrasonic homogenizer
for 5 min. Then, the membrane solution was cast on a dry glass
and kept in the oven at 60 °C for 24 h. The pure SPEEK
membrane and the SPEEK membranes with different weight
percents of CB[8] were prepared by the same method.

2.3 Characterization

The morphology of the membranes’ cross-section was
characterized by scanning electron microscopy (SEM). The
chemical structure of membranes was characterized by attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy.

24 Proton conductivity

After drying the CB[n]/SPEEK hybrid membrane at 60 °C for
12 h, the proton conductivity (¢, mS-cm™) of all membranes was
measured through two-electrode alternating current (AC)
impedance spectroscopy at 100% relative humidity (RH) and
calculated through Eq. (1) [36]

1

U=§ (1)

where | (cm) is the length between two electrodes, S (cm?) is the
cross-section area of the membrane sample, and r (kQ) is the AC
resistance of the membranes, respectively.

The activation energy (E,, eV) of the proton conduction process
was calculated through the Arrhenius equation as shown in Eq.
(2) [39], which implied a linear relationship between T and Ino

. > . E,
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. L RT
overnight. The polymer precipitate was filtered, washed several
s Nature-inspired | Nature-inspired _—
Mechanism Nature p nsp Prototype Application
concept design
B iorh i
Acstomotopsin le Proton conduction Brot "
L 39 &9 pathwa roton exchange
d IY ¥ y’—~ CBI[n] membrane fuel
el | =" S0, F N SPEEK powder cell performance
g P, -\
(T2) () (o) :
- - ' - 1.
Force balancing ~ o dso, i DMF R
) A |  pemmmmmeccacaaan 3 < b E
o ~ 1 i S
. e 1 | A 2‘//—\\\ H
Hydrophobic 5 10 E
cavity & hydrogen CB[n]s : : g
. . o 1 . 100 @
bond interaction « Supramolecular : i B s
macrocycles 1 1 50 3
(<2 nm); g ] ¢
* Hydrophobic ! : - s
— cavities; 1 o—g ) o 1 1 Current density (mA-cm)
Unidirectional * Hydrogen bond o 5 ] H
: : e ) e Pure SPEEK
proton transport interaction = Ceoocee—ca—oo 4 oo, CREVSPEEICA%
CB[n]/SPEEK
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where R is the ideal gas constant, T (K) is the absolute
temperature, and Ing, is the y-intercept, respectively.

2.5 Water uptake and swelling degree of CB[nl/SPEEK

The CB[n]/SPEEK hybrid membranes were dried at 60 °C for
24 h until the weight became constant before water uptake and the
swelling degree tests. Then, the weights and area of all membranes
were measured immediately after being taken out from the oven.
All membranes were kept in a 100% RH atmosphere for 24 h at 30
and 60 °C, respectively. The membranes were taken out and the
weights and areas of all samples were measured immediately after
the surface water was removed. The calculations of the water
uptake and swelling degree of all samples were conducted through
Egs. (3) and (4), respectively [14]

Wwel - W
Water uptake = —o (3)
Wdry
Ay — Aur
Swelling degree = —<~% 4)

dry

where Wy, (g) and W, (g) are the weights of the membranes
before and after treatment, and A4, (cm’) and A, (cm’) are their
areas before and after treatment, respectively.

2.6 Ion exchange capacity (IEC) of CB[n]/SPEEK

CB[n]/SPEEK and SPEEK membranes were dried at 60 °C for
24 h until the weight became constant. The samples were
immersed in NaCl solution (0.1 M) for 24 h without stirring. After
24 h, the membranes were removed from the solution,
phenolphthalein was added into the solution as color change
indicator, and the solution was titrated against 0.1 M NaOH
(Mywor = 0.1 mol-L™) until a light pink colour appeared. Then, the
ion exchange capacity (mmol-g™) could be obtained by: IEC =
(Viaon X Myaon)/ W, where Vigop (mL) represents the
consumption volume of NaOH solution [14].

2.7 Fuel cell performance

The membrane electrode assembly (MEA) with active area of
4 cm’ was prepared in-house by hot pressing of prepared
membranes and HyPlat gas diffusion electrodes (HyPlat) using a
thermal press (Carver Auto Series Plus) at 150 °C for 3 min under
an applied mass of 1700 Ib. The catalyst layers had a platinum
loading of 0.4 mgp-cm™ at both the cathode and anode. The single
fuel cell test was carried out using a Scribner 850e fuel cell test
station (Scribner Associates). The stoichiometric ratios of the
anode and cathode were kept constant at 1.5 and 3, respectively.

{a) SPEEK' / (b) CB[6JISPEEK-1%

(e) CB[8)/SPEEK-0.2%

(f) CBI8I/SPEEK-0.5%

Inlet air and hydrogen were humidified using bubbler-type
humidifier tanks. Each gas was fed through a bubbler at the
bottom of the water tank, and dew points were regulated by
controlling the temperature of the water. The inlet gas RH of the
anode and cathode was kept the same at 100%, and the cell
temperature was set to 50 °C. The outlet of both the anode and
cathode was at atmospheric pressure. Polarization curves were
obtained by taking data points between open-circuit voltage
(OCV)and 0.3 V.

3 Results and discussion

3.1 Physical morphology of the membranes

The morphology analysis of the membranes was performed using
SEM. The cross-sectional SEM images are shown in Fig. 1. The
pure SPEEK membrane exhibits a compact and defect-free
structure, as depicted in Fig. 1(a). Upon the incorporation of
CB[n], the CB[n]/SPEEK membranes with 1 wt.% CB[n] (n =6, 7,
or 8) maintain the same desirable defect-free structure as the pure
SPEEK membrane, as observed in Figs. 1(b)-1(d). Notably, the
CB[#] fillers exhibit excellent dispersion within the SPEEK matrix,
devoid of significant aggregates or voids. This favorable dispersion
is attributed to the molecular-scale size of the CB[#n] (< 2 nm) [40,
41] and the organic molecular structure of CB[n] ensuring the
high compatibility with the SPEEK matrix [10, 34, 35]. Similarly,
hybrid membranes with different amounts of CB[§]
(CB[8]/SPEEK-X%, X = 0.2, 0.5, 1, and 2) also show defect-free
structures, as shown in Figs. 1(d)-1(g).

3.2 Chemical structures of the membranes

The chemical composition of the membranes was examined using
ATR-FTIR spectroscopy. As shown in Fig. 2(a), the spectra of all
membranes show a clear peak band at 1646 cm™, which is
ascribed to the vibration of C=0 of SPEEK [42]. The characteristic
peaks at 1249, 1079, and 1024 cm™ are attributed to the vibration
of O=S=0 of the sulfonic groups on the SPEEK backbones [13].
After the addition of CBJ[6], CB[7], and CBI[8], an inconspicuous
peak shows at 1737 cm™ in the spectra of the corresponding
membranes, which corresponds to the characteristic peak of the
C=0 of CB[n] [43]. The position of the C=0 peak of CB[n] is
different from that of SPEEK, which is ascribed to the distinct
chemical environments where C=O groups are located. The C=O
groups of CB[n] reside at the ports and bond with the -N-H,
while the C=O groups of SPEEK bond with the benzene rings
[43]. Similar chemical profiles are also observed in the spectra of

(c) CBITHSPEEK1% - ¢

(d) CB[8]/SPEEK-1%
i

(9) CB[8)/SPEEK-2%

Figure1 The cross-sectional SEM images of (a) pure SPEEK, (b) CB[6]/SPEEK-1%, (c) CB[7]/SPEEK-1%, (d) CB[8]/SPEEK-1%, (e) CB[8]/SPEEK-0.2%, (f)
CBI8]/SPEEK-0.5%, and (g) CB[8]/SPEEK-2% membranes. Percentage means the weight percent of CB[#] to the SPEEK matrix.
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Figure2 ATR-FTIR spectra for different membranes: (a) SPEEK membranes with 1 wt.% CB[n], n = 6, 7, or 8, and (b) SPEEK membranes with 0.2 wt.%, 0.5 wt.%,

1 wt.%, and 2 wt.% of CB[8].

CB[8]/SPEEK membranes. Notably, with the increase of CB[8]
content, the C=0 peak of CB[8] becomes progressively more
pronounced (Fig. 2(b)). These findings confirm the incorporation
of CB[n] molecules within the matrix of SPEEK.

3.3 Water uptake and swelling degree of CB[n]/SPEEK
membranes

The proton conductivity of PEMs is strongly influenced by the
presence of water [32, 33]. However, a high water content can lead
to increased flexibility of the polymer chains, resulting in excessive
swelling and compromising the dimensional stability of the
membranes [14]. The water uptake and swelling degree of the
pure SPEEK and CB[x]/SPEEK membranes are shown in Fig. 3.
Notably, the addition of CB[#] to SPEEK membranes results in a
decrease in water uptake at both 30 and 60 °C (Fig.3(a)).
Particularly, the water uptake of CB[8]/SPEEK-1% membrane
(25.3%) is almost 5% less compared with that of pure SPEEK
membrane (30.2%) at 60 °C. Moreover, the water uptake of
CB[8]/SPEEK membranes shows dependence on the loading
amount of CB[8] (Fig.3(b)). As the loading amount of CB[8]
increases from 0.2 wt.% to 2.0 wt.%, the water uptake of the
membrane decreases from 28.7% to 24.1% at 60 °C. This decrease
can be attributed to the less hydrophilic character of the CB[8], the
rigid nature of CB[8], and the formation of hydrogen bonds
between CB[8] and SPEEK [14,44,45]. The higher amount of
CB[8] added results in a greater number of hydrogen bonds
within the CB[8]/SPEEK membranes, leading to less motion of
SPEEK chains [44, 45]. These observations align with the swelling
degree results of the pure SPEEK and CB[n]/SPEEK membranes.
The membranes containing 1 wt.% CB[n] show reduced swelling
compared with the pure SPEEK membrane at both 30 and 60 °C
(Fig.3(c)). Among the CB[n]/SPEEK-1% membranes,
CB[8]/SPEEK-1% exhibits the lowest swelling degree of 5.8% at
30 °C. Furthermore, Fig. 3(d) demonstrates a negative correlation
between the swelling degree of CB[8]/SPEEK membranes and the
added amount, decreasing from 14.8% for CB[8]/SPEEK-0.2% to
5.6% for CB[8]/SPEEK-2% at 60 °C. This behavior can be
attributed to the hydrogen bonding interactions between CB[n]
and SPEEK polymers, indicating improved mechanical stability
and reduced swelling of the membranes.

3.4 IEC of SPEEK and CB[n]/SPEEK membranes

A sufficient IEC is crucial for establishing continuous proton-
conducting pathways within the PEMs, thereby facilitating proton
conduction [46]. Table 1 shows the IEC values of SPEEK and
CB[n]/SPEEK membranes. It is evident from the table that the
introduction of CB[#n] into the SPEEK hybrid membranes results
in a higher IEC compared with the pure SPEEK membrane. This

indicates that CB[n] contribute to the increase in the IEC,
primarily due to its ability to conduct protons and introduce
additional proton-conducting sites within the membranes.
Notably, the CB[8]/SPEEK-1% membrane shows the highest IEC
value of 1.94 mmol-g". The IEC of CB[8]/SPEEK membranes
shows an increasing trend with the added amount of CB[8] from
0.2 wt.% to 1 wt.%. However, the IEC of CB[8]/SPEEK-2%
experiences a 3% decrease compared with CB[8]/SPEEK-1%. This
reduction is likely due to the formation of small aggregations of
CB[8] within the CB[8]/SPEEK-2% membrane, which hinders the
release of protons by CB[8] [14].

3.5 Proton conductivity of the SPEEK and CB[n]/SPEEK
membranes

Proton conductivity of PEMs plays a crucial role in the
performance of PEMFCs [47]. In this study, inspired by the
proton-conducting mechanism of transmembrane protein
(bacteriorhodopsin) [24], CB[n] with similar proton-conducting
mechanism, were introduced into the SPEEK matrix to enhance
the proton conductivity. As shown in Fig. 4, ion-dipole
interactions make the dipolar carbonyl-fringed portals of CB[n]
highly appealing for proton binding, which can act as proton
acceptors to bind and release protons [30]. In addition, the cavity
can accommodate water molecules, contributing to the formation
of hydrogen bond networks and providing additional proton
pathways within the membrane [28-30]. Furthermore, the small
molecular size (< 2 nm) and the organic molecular structure
enable their dispersion in the SPEEK matrix without any defects
[10, 34, 35]. The interface between CB[n] and the SPEEK matrix
acts as a pathway, bridging the otherwise disconnected sulfonic
acid ionic domains of SPEEK, and thereby enhancing the proton
conductivity [36].

The proton conductivities of both the SPEEK and
CB[#]/SPEEK membranes are shown in Fig. 5. All membranes
exhibit a positive temperature-conductivity relationship,
suggesting that the proton conduction within the membranes is a
thermally activated process [48]. The proton conductivity is
enhanced after the introduction of CB[n]. As shown in Fig. 5(a),
the SPEEK membrane exhibits a proton conductivity of
33.8 mS-cm™ at 30 °C and 100% RH. In comparison, the proton
conductivities of the CB[6]/SPEEK-1%, CB[7]/SPEEK-1%, and
CB[8]/SPEEK-1% membranes are 70.1 mS-cm™ (107% increase),
37.0 mS-cm™ (10% increase), and 75.2 mS-cm™ (123% increase),
respectively, under the same conditions. Notably, among these
three CB[n] modified membranes CB[8]/SPEEK-1% shows the
highest proton conductivity of 198.0 mS-cm™ at 60 °C, which is
even comparable to that of Nafion 117 at 80 °C (122 mS-cm™)
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Figure 3 Water uptake of different membranes at 30 and 60 °C: (a) SPEEK with 1 wt.% CB[#], and (b) SPEEK with 0.2 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of CBJ[8].
Swelling degree of different membranes at 30 and 60 °C: (c) SPEEK with 1 wt.% CB[#], and (d) SPEEK with 0.2 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of CBJ[8].

Table1 The IEC values of SPEEK and CB[#n]/SPEEK membranes

Entry Membranes IEC (mmol-g™)
1 SPEEK 1.80
2 CBJ[6]/SPEEK-1% 1.91
3 CB[7]/SPEEK-1% 1.84
4 CBI[8]/SPEEK-1% 1.94
5 CBI[8]/SPEEK-0.2% 1.85
6 CBJ[8]/SPEEK-0.5% 1.86
7 CBJ[8]/SPEEK-2% 1.88

[40]. As the CBJ[7] shows the highest residence time of water
molecules and the highest energy barrier to cavity water molecules
among the whole CB[n] family [30,49], the proton conduction
through CB[7] is slower than CB[6] and CB[8]. Consistently, the
proton conductivity of the CB[7]/SPEEK-1% is lower than that of
the CBJ[6]/SPEEK-1% membrane and CB[8]/SPEEK-1%
membrane. Compared with CB[6], CB[8] contains a greater
number of carbonyl groups, resulting in more proton-conducting
sites. Moreover, CB[8] exhibits a larger cavity capable of
accommodating more water molecules (13.1) than CB[6] (3.3),
and it forms a greater number of hydrogen bonds between
adjacent cavity water molecules (2.55) than CB[6] (1.31) [49].
Consequently, the proton conduction of the PEM with CB[8]
offers more pathways than the PEM with CB[6] when the loading
amount is the same.

CB[8] demonstrates more promising potential for developing

PEMs compared with CB[6] and CB[7]. Consequently, CB[8] was
selected to investigate the effect of loading amount on proton
conductivity. A series of hybrid membranes with different
amounts of CB[8] (0 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.%) were
prepared via the solution casting method. The proton conductivity
of the CB[8]/SPEEK membranes was tested at different
temperatures (Fig. 5(b)). With the increase in the amount of
CB[8] loading from 0.2 wt.% to 1 wt.%, the proton conductivity of
the hybrid membranes exhibits a continuous increase from
92.6 mS-cm™ to a maximum value of 198.0 mS-cm™ at 60 °C and
100% RH. However, when the CB[8] amount is further increased
to 2 wt.%, the proton conductivity of the membrane decreases to
1660 mScm™ This trend is consistent across different
temperatures. The observed variation in proton conductivity can
be attributed to the introduction of well-dispersed CB[8]
molecules, which may form continuous hydrogen bond networks
and bridge previously disconnected domains in the SPEEK
membrane [36]. This enhancement in proton conductivity is a
result of improved connectivity of proton pathways, which reaches
its peak at a loading amount of 1 wt.% CB[8]. However, when the
CB[8] content exceeds 1 wt.% and reaches 2 wt.%, small
aggregates of CB[8] molecules may form. These aggregates
obstruct the formation of efficient proton transport pathways and
impede the release of protons from CBI[8], thereby hindering
proton conduction [50]. Therefore, careful optimization of the
CB[8] loading in the hybrid membranes is crucial to achieving the
highest conductivity.

The proton conductivity results of the membranes provide
validation for the enhancement of proton conductivity by CB[n].
To investigate the proton conduction mechanism within the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure5 Proton conductivity for different membranes at 100% RH, as a function of temperature: (a) SPEEK with 1 wt.% CB[#] at 30 to 60 °C, and (b) SPEEK with

0.2 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of CB[8] at 30 to 60 °C.

membranes, activation energy of proton conduction in the
membranes was calculated using the Arrhenius equation. As
shown in Fig. 6(a), the E, of proton conductivity in membranes
containing 1 wt.% CB[n] is presented. The E, value for the pure
SPEEK membrane is determined to be 0.27 eV, which falls below
the threshold of 0.4 eV. This indicates that proton conduction is
primarily governed by the Grotthuss mechanism and supported
by the vehicle mechanism [32]. The E, values for the
CBJ[6]/SPEEK-1%, CB[7]/SPEEK-1%, and CB[8]-SPEEK-1%
membranes are 0.19, 0.26, and 0.30 eV, respectively. These values
suggest that the proton-conducting mechanisms in the
CB[n]/SPEEK membranes are consistent with those observed in
the pure SPEEK membrane. Additionally, as depicted in Fig. 6(b),
the E, values of CB[8]/SPEEK membranes are all below 0.4 eV,
indicating that they exhibit the same proton-conducting
mechanisms as the pure SPEEK membrane.

3.6 Fuel cell performance

Polarization experiments were used to evaluate the performance of
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the SPEEK and CB[n]/SPEEK membranes (Fig. 7). As shown in
Fig. 7(a), CB[8]/SPEEK-1% outperforms other samples, with the
highest power density of 214 mW-cm™ when the current density
reaches 424 mA-cm™. This represents a 140% improvement in
peak power density (89 mW-.cm™) over the SPEEK membrane
obtained at 201 mA-cm™ With the addition of the same amount
of CB[n], CB[8] and CB[6] lead to a more significantly enhanced
PEMEC performance than CB[7], which is consistent with the
proton conductivity results. To verify the result of the optimal
CB[8] loading amount, the PEMFC performance of CB[8]/SPEEK
membranes was tested as well (Fig. 7(b)). When the amount of
CB[8] is 0.2 wt.%, the performance of the fuel cell is slightly
improved compared with the pure SPEEK membrane. As the
CB[8] addition increases to 0.5 wt.%, 1 wt.%, and 2 wt.%, it is
apparent that the CB[8]/SPEEK membranes perform better than
the pure SPEEK membrane, especially at higher current density
(> 200 mA-cm”), where the performance reduces drastically.
When the amount of CB[8] is 2 wt.%, the PEMFC exhibits a peak
power density of 175 mW-cm™ at 326 mA-cm™. This represents an

(b) ® SPEEK
-5} * O CBI8J/SPEEK-0.2%
RN A CB[8]/SPEEK-0.5%
*
RN + CB[8J/SPEEK-1%
21 & RN CB[8]/SPEEK-2%
— - N
T ~a S
£ ~ S
o g- A R * S~
» 25 Bl ~_ ~. E=030eV
b RN TaA
£ s S
~ < - ~ o
NS * ~
-3t N .
n A
~33._ E=o033ev
~2 \Eq =0.28 eV
-35} E,=027eV
1 1 1 1
3.0 3.1 3.2 3.3

1000/T (K™)

Figure 6 Arrhenius activation energy of proton conduction: (a) SPEEK with 1 wt.% of CB[n], and (b) SPEEK with 0.2 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of CBJ[8].
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Figure7 Polarization and power density curves for different membranes based PEMFCs at 50 °C cell temperature and 100% RH using hydrogen and air at
stoichiometric ratios of 1.5 and 3, respectively: (a) SPEEK with 1 wt.% CB[#], and (b) SPEEK with 0.2 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of CB[8].

18% decrease in peak power density over the membrane with
1 wt.% CBI[8]. This phenomenon can be attributed to an excessive
amount of CB[8], which aggregates and blocks the construction
of facile proton transport pathways, hindering proton
conduction [50].

4 Conclusions

This work employed a systematic NICE methodology, which
involved extracting biological mechanisms underpinning desired
properties from bacteriorhodopsin to design and fabricate hybrid
proton exchange membranes with enhanced properties. Drawing
inspiration from the structure of bacteriorhodopsin, which
features a hydrophobic cavity and hydrogen bond interactions,
three types of supramolecular macrocycles (CB[n], n = 6, 7, or 8)
with different amounts of repeating units were introduced into the
SPEEK polymer matrix. The nanosize of the CB[n] molecules
allows for their effective dispersion within the polymer matrix,
avoiding dead zones or voids. The carbonyl groups of CB[n]
facilitate the formation of hydrogen-bond networks with the
sulfonic groups and water molecules within the membranes. This
bridging effect enhances the continuity of proton transport
pathways that may be less connected in the original SPEEK
membrane, thereby promoting proton conduction. Among the
membranes studied, the CB[8]-incorporated SPEEK membrane,
with the highest number of carbonyl groups and hydrogen bonds,
exhibits the most significant improvement in proton-conductivity
compared with CB[6] and CB[7]. Furthermore, exploring
different CB[8] loading amounts reveals that the introduction of
CB[8] leads to increased proton conductivity, with the optimum
loading amount determined to be 1 wt.%. This membrane
demonstrates the highest proton conductivity of 198.0 mS-cm™,
surpassing that of the pure SPEEK membrane by 114% at 60 °C
and 100% RH, and even outperforming Nafion 117. Additionally,
the CB[8]/SPEEK-1% achieves the highest power density of
214 mW-cm™ at a current density of 424 mA-cm™, representing a
substantial 140% improvement in peak power density
(89 mW-cm?) compared with the pure SPEEK membrane
obtained at 201 mA-cm™. These findings provide valuable insights
into the investigation of supramolecular macrocycles for proton
exchange membranes, highlighting their potential for enhancing
fuel cell performance.
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