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ABSTRACT

A series of amino acid functionalized titania submicrospheres were synthesized and incorporated into
sulfonated poly (ether ether ketone) (SPEEK) to fabricate organic-inorganic hybrid proton exchange
membranes. Pristine TiO, with a uniform particle size of ~200 nm were synthesized and functionalized
with four kinds of amino acids including oxidized ir-cysteine, O-phospho-i-serine, aspartic acid and
histidine, designated as TiO,-Scys, TiO,-Pser, TiO,-Asp and TiO,-His, respectively. The effects of amino
acid attribute on the membrane properties were investigated. At the filler content of 15 wt%, the TiO,-
Scys embedded membrane exhibited the highest proton conductivity of about 598 x 10~>Scm ™!
(20 °C, 100% RH), while the TiO,-His embedded membrane exhibited the lowest conductivity due to the
strong acid-base interaction between the basic imidazole groups of histidine and the sulfuric acid groups
of SPEEK. The TiO,-Pser embedded membrane exhibited the highest selectivity of 17.10 x 10> S scm ™.
In addition, the methanol crossover of the hybrid membranes was reduced by two folds, and the anti-

swelling property and thermal stability of the hybrid membranes were also enhanced.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) as promising portable and
transport power sources have drawn wide attention due to their high
power density, low pollution, long life time and compact cell design
[1,2]. Proton exchange membrane (PEM) is one of the key compo-
nents of DMFCs. The current state-of-art PEMs represented by Nafion
(Dupont) suffer from high cost, serious methanol crossover and
proton conductivity loss at high temperature, thus hindering their
practical application in DMFCs [2,3]. Membranes with enhanced
proton conductivity, reduced methanol permeability and acceptable
cost are required for DMFCs [4-6]. To meet these requirements,
various approaches have been explored in recent years [7]. Among
them, the employment of organic-inorganic hybrid PEMs seems
attractive because of their ability to rationally combine the characters
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of organic moiety and inorganic moiety [8,9]. Incorporation of
inorganic additives into polymers could endow the hybrid mem-
branes with enhanced mechanical stability and better water-
retaining property [6,10,11]. However, proton conductivity usually
decreases with increasing filler content due to the rather low proton
conductivity of inorganic additives and their considerable dilution
effect on the proton conductive groups [12]. Anchoring extra proton-
conducting groups, such as sulfonic acid group [13-15] and phos-
phonic acid group [16-19] etc., onto the surface of inorganic particles
could provide more facile hopping sites for protons, which in turn
would help to increase the proton mobility, thus resulting in the
enhancement of proton conductivity [10].

In living organisms, proton transfer plays a key role in the
cellular energy interconversion which occurs along proton chan-
nels such as the M2 proton channel of influenza A virus [20],
cytochrome-oxidase complex in mitochondria [21] and bacterior-
hodopsin in Halobacterium [22]. Proton transfer operates very
efficiently through these amino acid-lined channels, for example,
10° protons are conducted per second through one channel at a
100 mV potential drop in adenosine triphosphate (ATP) synthase
systems [23]. Inspired by the proton conducting mechanism in
organisms where each amino acid acts as acceptor and donor
simultaneously in proton transfer, amino acids were introduced
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into PEMs by many researchers. Hong Wu et al. [24] synthesized a
series of titania submicrospheres grafted with various functional
groups including amino acid group, amino group, carboxyl group
and phenyl group, and incorporated them into sulfonated poly
(ether ether ketone) (SPEEK) to fabricate hybrid membranes.
Among all the membranes, the membranes embedded with amino
acid functionalized TiO, displayed a superior proton-conducting
ability. Leem et al. [23] attached different kinds of amino acids (L-
lysine, aspartic acid, glutamic acid and methionin) to silica
nanoparticles and incorporated them into porous membranes
(polyethylene terephthalate, polycarbonate). No power output
was observed in the absence of amino acids while a variable
power output depending on the nature of the amino acids and the
chemical addition was observed. These distinct differences were
ascribed to the structure of the amino acids and the amino acid-
water surface layer formed on nanoparticles.

Although it has been demonstrated that amino acids could
mediate the transport of protons in PEMs, few efforts have been
dedicated to investigate the influence of various kinds of amino
acids on the membrane performance. In this study, four kinds of
amino acids were selected for comparison, including oxidized -
cysteine, O-phospho-L-serine, aspartic acid and histidine. These
four kinds of amino acids have similar structures with different
end groups including sulfonic acid groups (strong acidic), phos-
phonic acid groups (mediate strong acidic), carboxyl groups (weak
acidic) and imidazole groups (alkaline), exhibiting different capa-
city to donate or accept protons. A series of amino acid functio-
nalized titania submicrospheres were synthesized and doped into
SPEEK to fabricate hybrid proton conducting membranes for
potential application in DMFCs. The as-prepared membranes were
extensively evaluated in terms of swelling degree, water uptake,
methanol permeability and proton conductivity.

2. Experimental
2.1. Materials and chemicals

Poly (ether ether ketone) (PEEK) was purchased from Victrex
High-performance Materials Co., Ltd. (Shanghai, China). 3-(3,4-
dihydroxyphenyl) propionic acid was purchased from Alfa Aesar.
Tetrabutyl titanate (TBT, > 98%), histidine, aspartic acid, L-cysteine,
hydrochloric acid (HCI, 36%-38%) and N,N-Dimethylformamide
(DMF, >99.5%) from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China), and O-phospho-i-serine from Sigma-
Aldrich were used as received without further purification.

2.2. Preparation of functionalized TiO, submicrospheres

Preparation of TiO, submicrospheres was carried out via a mod-
ified sol-gel method as described before [25]. For the carboxylation of
TiO,, a facile chelation procedure was conducted [26]. A certain
amount of TiO, powders were suspended in hydrochloric acid aqu-
eous solution (pH=2) under ultrasonic treatment for 2 h to break
aggregates. The obtained solution was poured into a large excessive of
4mgL~! 3-(34-dihydroxyphenyl) propionic acid solution, followed
by vigorous stirring for 0.5 h. The carboxyl functionalized TiO, sub-
microspheres were collected by centrifugation, washed with deionized
water till neutral pH and dried overnight. The obtained TiO, submicro-
spheres were designated as TiO,-Car. For modifying TiO, with amino
acid, L-cysteine, O-phospho-L-serine, aspartic acid and histidine (mole-
cular structures shown in Scheme 1) were used as modification
reagents. 1.0 g of TiO,—Car were added into 200 mL of 4-Morpho-
lineethanesulfonic acid (MES, 50 mM, pH=6.5) under ultrasonic
treatment for 15 min, and then 6 mmol of 1-(3-Dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDC) and 30 mmol of
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O:ll’— OH
OH
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Scheme 1. Molecular structures of the modification reagents.

N-Hydroxysuccinimide (NHS) were added into the above solution
under vigorous stirring at room temperature for 1 h to activate the
carboxyl groups on TiO,—Car [27]. After activation, the TiO,-Car were
washed with deionized water to remove the unreacted EDC and NHS,
and collected by centrifugation. Then, the as-collected TiO,-Car were
suspended respectively in the MES solution of the four kinds of amino
acid, and reacted under room temperature for 4h, followed by
centrifugal separation and washed to neutral pH. Herein, the obtained
L-cysteine functionalized TiO, submicrospheres were treated with
1 wt% oxidize hydrogen for 24 h to get oxidized. The final obtained
functionalized TiO, grafted respectively with oxidized 1-cysteine,
O-phospho-i-serine, aspartic acid, and histidine were designated as
TiO,-Scys, TiO»-Pser, TiO,—-Asp, and TiO»-His.

2.3. Sulfonation of PEEK

PEEK was firstly dried in oven at 80 °C for 24 h before sulfona-
tion. Then, 28 g of dried PEEK was dissolved into 200 mL concen-
trated sulfuric acid (H,SO4, 95-98%) under vigorous stirring at
room temperature for 4 h and then at 45 °C for 8 h. The obtained
solution was added into a large excess of ice-cold water under
continuous stirring. The white precipitate was removed and
washed with deionized water until neutral pH to remove residual
acid. The sulfonated polymer was dried at room temperature for
24 h followed by drying at 60 °C under vacuum [28]. The degree of
sulfonation (DS) was determined to be 61% through titration
method [29].

2.4. Preparation of hybrid membranes

1.2 g of SPEEK was dissolved in 8 g of DMF under stirring at
room temperature. A specific amount of functionalized TiO,
submicrospheres were dispersed into 4 g of DMF under ultrasonic
treatment for 24 h. Then, the above two solutions were mixed and
stirred for another 24 h. The resulting mixture was cast onto a
clean glass plate, dried first at 60 °C for 12 h and then 80 °C for
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another 12 h. Afterwards, the resultant membranes were peeled
off and converted to the required acid form by immerging in
1 mol L~ hydrochloric acid solution for 24 h and washed with
deionized water several times until neutral pH. Finally, the
membranes were dried under vacuum at 25 °C for 24 h. The as-
prepared membranes were designated as SPEEK/TiO,-X-Y, where
X refers to different functional groups grafted on TiO,, and Y refers
to weight percentage of inorganic fillers relative to SPEEK.

2.5. Characterization

The morphology of the TiO, submicrospheres was character-
ized by transmission electron microscopy (TEM, JEOL), and the
cross-sectional morphology of membranes was observed by scan-
ning electron microscopy (SEM, PHILIPS-XL30) operated at 20 kV.
The SEM samples were prepared by freeze-fracturing in liquid
nitrogen, and subsequently coated with a thin layer of sputtered
gold.

The surface chemical composition of the TiO, submicrospheres
was monitored by X-ray photoelectron spectroscopy (XPS) using a
PHI-1600 spectrometer with AL Ka radiation for excitation. Fourier
transform infrared spectra (FTIR, 4000-400 cm ') were recorded
on a Nicolet-560 instrument.

Thermo gravimetric analysis (TGA) was carried out on Pyris
instrument from PerkinElmer Company in the temperature range of
30-800 °C with a heating rate of 10 °C min~! under N, atmosphere.
Before testing, all the membranes were dried under vacuum for 24 h.

2.6. Water uptake and swelling degree

Water uptake and swelling degree were measured by setting the
mass and area difference between the dry and wet membranes. A
piece of dry, rectangular-shaped membrane with a weight of Wy
(g) and an area of A; (cm?) was soaked in 25 °C water for 24 h. The
membrane was then wiped with blotting paper and both the mass
(W,,) and size (A,,) were remeasured. Each membrane was measured
three times with an error range of +5%. The water uptake and
swelling degree of membranes were calculated as follows:

Wy — Wy

water uptake (%) = W
d

x 100% ey

swelling degree (%) =

Aw A_Ad x 100% 2)

d

2.7. Methanol permeability
Methanol permeability (P, cm? s~ ') was measured using a glass

diffusion cell composed of two compartments with an identical

a

volume of 30 mL. The membrane under test was vertically placed
between the two compartments that were filled with water
(compartment A) and 2 mol L~ ! methanol solution (compartment
B), respectively. Before each test, the membrane was fully hydrated
in water for 24 h. The concentration of methanol in compartment
A was measured every three minutes using a gas chromatography
(Agilent 7820) equipped with a thermal conductivity detector
(TCD) and a DB-624 column until a straight line of methanol
concentration in compartment A along time was obtained. Both
compartments were stirred continuously with a magnetic stirrer
during the permeability test. The methanol permeability was

a
5
=]
8
E
v
g
H
1 1 1 1 1 1 1
3500 3000 2500 2000 1500 1000 500
Wave number / cm’
2.1x10* |- T
5323 %Ei /531.7 C-O-Ti
1.8x10* |
2 15x10"
o
; 5 529.6 Ti-O-Ti
12x10* | giq, TO,-COOH
9.0x10° |
6.0x10° = L : L : L : L
’ 540 535 530 525
Binding energy / eV

Fig. 2. FTIR spectra of TiO, and TiO,—Car (a), XPS spectra of O (1s) of TiO, and TiO,—
Car (b).

Fig. 1. TEM images of pristine TiO, (a), TiO,-Car (b).
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calculated by following equation,

Val
2—1y_cVYA
P(cm* s )_SACBO 3)

where S was the slope of the straight line of methanol concentra-
tion versus time in compartment A, and V, (mL) was the volume of
the receipt compartment. L (cm) and A (cm?) were the membrane
thickness and diffusion area, respectively. And Cgo (mol mL~ ') was
the initial concentration of methanol in compartment B.

2.8. Ion exchange capacity (IEC)

The IEC value of the as-prepared membranes was measured
with the back-titration method. Membranes in acid form were
immersed in 20 mL of sodium chloride (NaCl) solution (2 mol L~ ')
for about 24 h to replace H* with Na*. Then the released H*
was titrated with 0.01 mol L~! sodium hydroxide (NaOH) using

phenolphthalein as the indicator. The IEC value was calculated by
following equation:

0.01 x 1000 x VNaOH

IEC (mmol g~ 1) = W
d

“)

where Vyqon (L) was the volume of NaOH consumed for titration
and W, (g) was the weight of dried membrane. Every sample was
measured for three times.

2.9. Proton conductivity and selectivity

Proton conductivity measurement of membranes in the trans-
verse direction was carried out on a two-point-probe conductivity
cell, which was connected to a frequency response analyzer
(Autolab PGSTAT20, Netherlands) at a frequency range of
1-1M Hz with an oscillating voltage of 20 mV. All of the mem-
branes were soaked in deionized water for 24 h before test to get
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Scheme 2. Fabrication process of carboxyl acid functionalized TiO5.
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fully hydrated. The proton conductivity was calculated as follow,

1
-1
glScm )= iR (5)
where [ (cm) was the membrane thickness and A (cm?) was the
face area of membrane, while R (Q) was the resistance derived
from the low intersection of the high frequency semicircle on a
complex impedance plane with Re(z) axis. Each membrane was
measured for three times and took the average as final result.
The selectivity factor (p), defined as the ratio of proton
conductivity to methanol permeability, was used as an indicator
to evaluate the overall membrane property.

3. Results and discussion
3.1. Characterization of the TiO, submicrospheres

Fig. 1 showed the TEM images of pristine TiO, (Fig. 1(a)) and
functionalized TiO,-Car (Fig. 1(b)) submicrospheres. The unmodi-
fied TiO, particles were morphologically identical with an average
particle size of ~200 nm. Compared with the unfunctionalized
TiO, particles, the surface of the TiO,-Car particles became
rougher due to the aggregation of 3-(3,4-dihydroxyphenyl) pro-
pionic acid on the particle surface.

The surface composition and chemical structure of TiO,—Car
were confirmed using FTIR and XPS as shown in Fig. 2. Compared
with the FTIR spectrum of pristine TiO,, the characteristic peaks of
ethylene glycol at 1080, 2868 and 2930 cm~! disappeared after
carboxylation, and the characteristic peaks of the functional
groups appeared in the region of 1000-1500 cm~! as shown in
Fig. 2(a), confirming the successful modification of 3-(3,4-Dihy-
droxyphenyl) propionic acid on the surface of TiO,. The high-
resolution O (1s) XPS spectra of TiO, and TiO,-Car were shown in
Fig. 2(b). For pristine TiO,, two peaks were detected: the strong
one at 532.3 eV was attributed to the oxygen atom in C-O-Ti bond
and the weak one at 529.6 eV was attributed to the oxygen atom in
C-0-C bond. As for TiO,-Car, the strong peak at 532.3 eV shifted
to a lower binding energy (531.7 eV) by 0.6 eV, indicating that the
original chelate positions of glycol were replaced by 3-(3,4-
Dihydroxyphenyl) propionic acid through covalent bonds. Accord-
ingly, the carboxylation process of TiO, was shown in Scheme 2.

TiO,-Car were first activated by EDC/NHS chemistry, and then
grafted with different kinds of amino acids (Scheme 3). In the FTIR
spectra of amino acid functionalized TiO, (TiO,-His, TiO,-Scys,
TiO,-Asp and TiO,-Pser), characteristic peaks of the amino acids
appeared at 1000-1600 cm ! (Fig. 3(a)). Moreover, the character-
istic peaks of N (1s) and P (2p) appeared in the XPS spectra of
TiO,-His and TiO,-Pser, respectively, which further confirmed the
successful modification by amino acids (Fig. 3(b)).

To estimate the amounts of organics introduced on the surface
of TiO,, thermogravimetric analysis (TGA) was performed and
shown in Fig. 4. The four kinds of amino acids functionalized TiO,
had a similar degradation process composed of two main stages:
the weight loss in the temperature range of 30-130°C was
attributed to the release of free and bond water in particles, and
the weight loss starting from 300 °C was attributed to the thermal
decomposition of amino acid molecules. Based on these data, the
weight fraction of organics on TiO, particles was calculated to
be 15-20%.

3.2. Characterization of hybrid membranes

The microstructure and dispersion status of functionalized TiO,
in the membranes were confirmed by SEM. The cross-section
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Fig. 3. FTIR spectra of amino acid functionalized TiO, (a), XPS spectra of N (1s) and
P (2p) of amino acid functionalized TiO; (b).
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Fig. 4. TGA thermograms of amino acid functionalized TiO,.
images of the SPEEK/TiO,-His hybrid membranes were shown in

Fig. 5. The images demonstrated that the as-prepared TiO,-His
particles were dispersed homogeneously in SPEEK matrix without
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Fig. 5. SEM images of the cross-section of pristine SPEEK membrane and SPEEK/TiO,-His.

any macroscopic structural defects when the filler content was less
than 20 wt%. As for the SPEEK/TiO,-His-20 membrane, slight
agglomeration was observed. The morphologies of hybrid mem-
branes containing TiO,-Scys, TiO,—-Asp and TiO,-Pser were similar
with those shown in Fig. 5.

Since histine and O-phospho-L-serine both play important role
in proton transfer process in biology, and their end groups
(imidazole and phosphoric acid group) could donate and accept
protons simultaneously, more detailed study was given on the
membranes containing these amino acids. Fig. 6 showed the FTIR
spectra of pristine SPEEK, SPEEK/TiO,-His and SPEEK/TiO,-Pser
membranes. For pristine SPEEK membrane, the absorption bands
at 1020, 1080 and 1253 cm~' were assigned to asymmetric
and symmetric stretching vibration of O=S==0 and stretching
vibration of S= 0, respectively [14,19]. In the case of SPEEK/TiO,—
His and SPEEK/TiO,-Pser membranes, the same bands were also
presented while the intensity of the characteristic peaks of -SOsH

groups decreased due to the electrostatic force and hydrogen
bonds between TiO,-His/TiO,-Pser and SPEEK [30].

3.3. Thermal stability of the hybrid membranes

The thermal stability of the as-prepared membranes was
investigated through thermogravimetric analysis and the results
were shown in Fig. 7. The TGA curves of all the membranes had a
similar decomposition profile consisting of three major weight loss
stages. The first weight loss at 30-50 °C was due to the evapora-
tion of water and residual solvent within the membrane [31].
Herein, the SPEEK/TiO,-Asp hybrid membranes exhibited a higher
weight loss than other hybrid membranes in this stage, which
might result from the larger hydration energy of carboxyl groups
than that of other three functional groups. The second weight loss
at 250-310 °C was attributed to the decomposition of functional
groups on TiO, particles. The last mass loss at approximately
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Fig. 7. TGA curves of pristine SPEEK membrane and hybrid membranes embedded
with 15 wt% of amino acid functionalized TiO,.

450 °C was ascribed to the decomposition of the polymer main
chains [32,33]. Compared with the pristine SPEEK membrane, the
hybrid membrane showed improved thermal stability. This

indicated that the presence of inorganic fillers has restrained the
mobility of polymer chains. It was notable that all the hybrid
membranes were thermally stable below 250 °C, which could
meet the thermal stability requirement for practical applications
in DMFCs.

3.4. Swelling behavior of the hybrid membranes

The dimensional swelling behavior is one of the most impor-
tant parameters of proton exchange membranes for DMEFCs
applications, especially for most sulfonic aromatic polymer mem-
branes with high degree of sulfonation. High swelling degree
might lead to obvious decrease of membrane performance, such
as mechanical stability and methanol resistance [34,35]. The
dimensional swelling degree of the as-prepared membranes were
measured and presented in Fig. 8. As temperature increased, the
swelling degree of all membranes increased. The incorporation of
inorganic fillers has distinctly reduced the swelling degree of
hybrid membranes. In addition, the swelling degree of hybrid
membranes decreased with increasing filler content. As shown in
Fig. 8(a), the swelling degree of the SPEEK/TiO,-His membrane at
50 °C decreased from 68% to 39% as the filler content increased
from Owt% to 20 wt%. This result can be rationalized by the
reduced dimension of the ionic clusters and the strong interac-
tions between TiO,-His and SPEEK [36]. Fig. 8(c) showed the
swelling degree of functionalized TiO, doped hybrid membranes
at different temperatures with 15 wt% filler content. At the same
temperature, the swelling degrees of the SPEEK/TiO,-His, SPEEK/
TiO,-Scys and SPEEK/TiO,-Pser membranes were lower than that
of SPEEK/TiO, membrane. Among all the membranes, the SPEEK/
TiO,-His-15 membrane exhibited the lowest swelling degree, due
to the electrostatic attraction between alkaline imidazole groups
on TiO,-His and sulfonic acid groups of SPEEK, which has further
restrained the mobility of polymer chains [33]. Besides, due to the
strong water affinity of carboxyl, the swelling degree of the SPEEK/
TiO,—-Asp membrane was slightly higher than other hybrid mem-
branes, but still much lower than that of SPEEK membrane.

3.5. Water uptake and methanol permeability

The water uptake and methanol permeability could greatly
influence the performance of membranes in DMFCs [35]. Fig. 9
(a) showed the water uptake and methanol permeability of the
pristine SPEEK and hybrid membranes (SPEEK/TiO,-His and
SPEEK/TiO,-Pser). The water uptake of hybrid membranes was
lower than that of pristine SPEEK membrane, as a result of the less
hydrophilic character of TiO, compared with SPEEK (see Fig. 9(c)).
With the filler content increased from 5 wt% to 20 wt%, the water
uptake decreased slightly from 21 wt% to 17 wt% for SPEEK/TiO,—
His membrane, and from 18 wt% to 14 wt% for SPEEK/TiO,-Pser
membrane. The methanol permeability of pristine SPEEK mem-
brane was 8.81 x 1077 cm? s~ !, much higher than that of hybrid
membranes. When the filler content was lower than 10 wt%, the
methanol permeability of hybrid membranes incorporated with
TiO,-His or TiO,-Pser decreased obviously with increasing filler
content, while further increase of filler content caused a slighter
decrease of methanol permeability (Fig. 9(a)). These results can be
rationalized by the size reduction of the ionic channels, which was
unfavorable for methanol crossover. In the case of SPEEK/TiO,-His,
the transport channels were further narrowed by the ionic bond
between alkaline imidazole group on TiO,-His and sulfonic group on
SPEEK, thus both water uptake and methanol permeability of them
were lower than other membranes. The methanol permeability of
hybrid membranes incorporated with 15 wt% of amino acid functio-
nalized TiO, was measured and presented in Fig. 9(b). Both water
uptake and methanol permeability of SPEEK/TiO,-Asp-15 were found
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Fig. 8. Swelling degree of pristine SPEEK membrane and SPEEK/TiO,-His (a), SPEEK/TiO,-Pser (b), hybrid membranes embedded with 15 wt% of functionalized TiO, (c), at

different temperatures.

to be higher than other hybrid membranes due to the more hydro-
philic character of hydroxyl groups. All the as-prepared hybrid
membranes exhibited improved methanol resistance compared with
pristine SPEEK membrane.

3.6. IEC and proton conductivity

IEC is an indicator of the density of ionizable hydrophilic
functional groups in the membrane and proton conductivity is a
major parameter to evaluate the membrane performance. It was
reported that there were two main mechanisms describing how
proton diffused through the membranes. One was the “Grotthus
mechanism” wherein the protons were transferred from one
proton-conducting site to another by hydrogen bonds [37]. The
other was the vehicle mechanism whereby protons combined with
vehicles such as H30* or HsO5 [38]. The IEC values and proton
conductivity of the as-prepared membranes measured at room
temperature and 100% RH were shown in Table 1. The IEC and
proton conductivity of pristine SPEEK membrane were respec-
tively 1.81mmolg~! and 5.06x10"3Scm~!. After the

incorporation of 15 wt% of pristine TiO,, the IEC values and proton
conductivity of the hybrid membranes both decreased. This finding
could be ascribed to that the presence of pristine TiO, with poor
proton-conducting ability has diluted the concentration of dissociable
H™ ions and increased the resistance of proton conduction.

In the case of SPEEK/TiO,-Pser and SPEEK/TiO,-His hybrid mem-
branes, although their IEC values were lower than the pristine SPEEK
membrane, their proton conductivity was increased. The incorporation
of amino acid functionalized TiO, could introduce acid-base pairs as
proton donors and acceptors into polymer, which help to form
continuous pathways for proton hopping, thus leading to increased
proton conductivity. Besides, the incorporation of proton donors and
acceptors into membranes simultaneously could improve proton
conductive property more efficiently than merely increase of IEC. As
for the hybrid membranes incorporated with 15 wt% of amino acid
functionalized TiO,, the SPEEK/TiO,-Scys-15 membrane with SOsH-
terminated amino acid showed the highest proton conductivity of
598 x 10~2Scm™ !, followed by the SPEEK/TiO,-Pser-15 membrane
with phosphoric acid-terminated amino acid, about 5.90 x 103
Scm™!, and the SPEEK/TiO,-His-15 membrane embedded with the
basic imidazole group-terminated amino acid exhibited the lowest
proton conductivity of 5.09 x 10~3 S cm~ . The order was in excellent
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agreement with the change tendency of IEC values of these mem-
branes and revealed that the proton conductivity was negatively
correlated with the acid dissociation constant (pKa) of amino acid
end groups.

Fig. 10 showed the IEC values and proton conductivity of the
SPEEK/TiO,-His membrane and the SPEEK/TiO,-Pser membrane
with different filler contents. The IEC values of these membranes
were decreased with increasing filler content. Meanwhile, their
proton conductivity increased as the filler content increasing from
O wt% to 10 wt%, and a decrease was observed when the filler
content was more than 10 wt%. The proton conductivity decline
might result from the agglomeration of functionalized TiO, parti-
cles. It was obviously that the proton conduction property of
hybrid membranes could be influenced by the concentration of
amino acids. Additionally, both the IEC values and proton con-
ductivity of the SPEEK/TiO,-His membrane were lower than those
of the SPEEK/TiO,-Pser membrane. Herein, the SPEEK/TiO,-Pser-
10 membrane showed the highest proton conductivity and selec-
tivity among all the as-prepared membranes of 7.37 x 1073
Scm~! and 1829 x 10*°Sscm ™.

4. Conclusions

In this study, TiO, submicrospheres were synthesized via a
modified sol-gel method and functionalized with four kinds of amino
acids including oxidized L-cysteine, O-phospho-i-serine, aspartic acid
and histidine. These submicrospheres were incorporated into SPEEK
matrix to fabricate hybrid membranes. The presence of pristine TiO,
submicrospheres has reduced the size of the transport channels,
leading to decreased proton conductivity and methanol permeability.
After the incorporation of amino acid functionalized TiO,, continuous
pathways for proton conduction were formed inside the membranes,
thus enhancing the proton conductivity. At the filler content of 15 wt%,
the proton conductivity of hybrid membranes was increased in the
following order: SPEEK/TiO,-Scys > SPEEK/TiO,—Pser > SPEEK/TiO,—
Asp > SPEEK/TiO,-His, while the SPEEK/TiO,-Pser membrane dis-
played the highest selectivity of 17.10 x 10> S s cm ™. The reason for
these differences was related to the different proton acceptor-donor
capability of amino acids, and the proton conductivity of hybrid
membranes was negatively correlated with the pKa of amino acid
end groups. It was reasonable to conclude that high performance of
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Table 1

[EC values, proton conductivity, methanol permeability and selectivity of SPEEK and hybrid membranes.

Membrane IEC (mmol g~ ) 6 (10 3Scm™ 1) P(10°7cm?s™ 1) p(10°Sscm3)
SPEEK 1.81 5.06 8.81 5.74
SPEEK-TiO,-15 1.57 3.96 3.99 9.92
SPEEK-TiO,-Pser-5 1.76 5.92 5.66 10.46
SPEEK-TiO,-Pser-10 1.73 7.37 4.03 18.29
SPEEK-TiO,-Pser-15 1.69 5.90 3.45 17.10
SPEEK-TiO,-Pser-20 1.54 418 3.16 13.23
SPEEK/TiO,-His-5 1.73 5.30 5.24 10.11
SPEEK|TiO,-His-10 1.67 6.16 3.59 17.16
SPEEK|TiO,-His-15 1.60 5.09 333 15.29
SPEEK/TiO,-His-20 1.50 3.95 2.63 15.02
SPEEK|TiO,-Car-15 1.61 5.61 3.65 15.37
SPEEK/TiO,-Scys-15 1.76 5.98 3.73 16.03
SPEEK/TiO,-Asp-15 1.67 519 3.84 13.52
8 24 1% volume of consumed NaOH solution (mL
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o o proton conductivity (Scm™")
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Fig. 10. The IEC values and proton conductivity of pristine SPEEK membrane,
SPEEK/TiO,-His and SPEEK/TiO,-Pser.

hybrid PEMs could be acquired by embedding different amino acids
functionalized inorganic fillers to tune the characters of channels/
pathways for proton conduction and methanol diffusion.
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Nomenclature

Symbols

Y mass ratio of inorganic fillers to SPEEK (wt%)

w mass of membrane (g)

A effective membrane area (cm?)

P methanol permeability (cm? s~ 1)

S slope of straight-line of methanol concentration in
receipt compartment versus permeation time

Va volume of receipt compartment (cm>)

L membrane thickness (cm)

Cpo feed concentration (mol mL~1)
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