
Page 1/20

Preparation and characterization of a novel
sulfonated titanium oxide incorporated Chitosan
nanocomposite membranes for fuel cell application
Saad Ahmed 

University of Okara
Amjad Hussain 

University of Okara
Tasleem Arshad 

University of Okara
Muhammad Khan 

University of Okara
Amir Zada  (  amistry009@yahoo.com )

Abdul Wali Khan University Mardan https://orcid.org/0000-0003-3670-4408
Muhammad Hassan 

East China University of Science and Technology School of Chemistry and Molecular Engineering
Hidayat Hussain 

Leibniz Institute of Plant Biochemistry: Leibniz-Institut fur P�anzenbiochemie
Javid Hussain 

University of Nizwa
Muhammad Imran 

King Khalid University
Iftikhar Ali 

Karakoram University: Karakoram International University
Ikram Ahmad 

University of Sahiwal
Maroof Ali 

Anhui Normal University
Hussain Ullah 

University of Okara

Research Article

Keywords: Sulfonated TiO2, chitosan, sulfonic group, stability, proton exchange membrane fuel cell

https://doi.org/10.21203/rs.3.rs-276858/v1
mailto:amistry009@yahoo.com
https://orcid.org/0000-0003-3670-4408


Page 2/20

Posted Date: March 11th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-276858/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published on June 17th, 2021. See the published version
at https://doi.org/10.3390/membranes11060450.

https://doi.org/10.21203/rs.3.rs-276858/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/membranes11060450


Page 3/20

Abstract
In this study, nano-TiO2 sulfonated (STiO2) with 1,3-propanesultone was incorporated into the chitosan
matrix for the fabrication of chitosan/STiO2 (C/STiO2) nanocomposite membranes. The grafting of
sulfonic acid (–SO3H) groups was con�rmed with Fourier transform infrared spectroscopy, thermos-
gravimetric analysis and energy-dispersive X-ray spectroscopy. The physicochemical properties such as
water uptake, swelling ratio, thermal and mechanical stability, ion exchange capacity and proton
conductivity of the as prepared membranes were measured. The proton groups on the surface of TiO2

can form continuous proton conducting pathways along the C/STiO2 interface resulting in the
improvement of proton conductivity of C/STiO2 nanocomposite membranes. The nanocomposite
membrane with 5 % sulfonated TiO2 showed higher proton conductivity (0.035 S·cm-1) than commercial
Na�on-117 membrane (0.033 S·cm-1) due to the strong interfacial interactions between -SO3H group of
acid and hydroxyl group of TiO2. Further, the –NH2 groups of chitosan restrict the mobility of chitosan
chains to enhance the thermal and mechanical stability of the nanocomposite membranes. These
C/STiO2 nanocomposite membranes have promising applications in proton exchange membrane fuel
cells.

1. Introduction
The increasing environmental pollution and depleting natural resources have emphasized the need for
clean and sustainable energy [1–7]. One of the most effective methods for this purpose is the conversion
of chemical energy into electrical energy [8–9]. In recent years, proton exchange membrane fuel cells
(PEMFCs) have fascinated much consideration in energy �elds owing to their high effectiveness and
environmental friendliness [10–13]. Per�uorosulfonic polymer-based membranes such as Na�on have high
proton conductivity and notable mechanical and chemical stability due to the particular structure of
Na�on [14–17]. However, the practical applicability of Na�on is restricted by its high price and sudden
decline in proton conductivity at temperatures higher than 100°C. Chitosan has the advantages of low
cost, ophilicity and environmental bene�ts, making it attractive for various applications such as food
packaging, drug delivery and PEMs [18–22]. However, its proton conductivity is much lower than that of
Na�on, which represents a major hindrance to the applications of chitosan-based membranes.

Organic/inorganic composites are composed of the polymer matrix and inorganic �llers [23]. They have
been widely utilized in different �elds such as ultra�ltration, pervaporation, dye-sensitized solar cells,
lithium-ion batteries and biosensors [24–28]. Various inorganic �llers, such as TiO2, zirconium oxide,
halloysite, and graphene oxide have been introduced into the polymer matrix for the fabrication of PEMs
to improve their mechanical and thermal stabilities as well as the proton conductivity [29–34].
Incorporating acid-grafted inorganic �llers into the polymer matrix can also increase the proton
conductivity and the interfacial compatibility of the composite membranes [35–41].
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TiO2 as semiconductor photocatalysts has been widely applied in photocatalysis for water splitting, CO2

reduction, pollutants degradation and bacterial disinfection. It has been used in solar cells due to its
hydrophilic and ultraviolet resistance nature [42–50]. Therefore, the introduction of TiO2 as inorganic �ller
will certainly improve the thermal and chemical stabilities of the fabricated membranes for the increased
proton conductivity in fuel cells.

In this study, a novel sulfonated TiO2 was prepared and embedded into the chitosan matrix to prepare
C/STiO2 nanocomposite membranes. These sulfonated TiO2 particles and C/STiO2 nanocomposite
membranes were characterized by Fourier transform infrared (FTIR) spectroscopy, energy-dispersive X-ray
(EDX) spectroscopy, X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA). The effects of sulfonated TiO2 particles (STiO2) on the
physicochemical properties of C/STiO2 membranes, including water uptake, area swelling, ion exchange
capacity (IEC), and proton conductivity were investigated. The interfacial interactions among the -SO3H
groups of STiO2 and the -NH2 groups of chitosan could offer uninterrupted proton conducting pathways,
making it possible to enhance the proton conductivity along with mechanical stability of membranes.

2. Experimental
2.1 Materials and chemicals

Chitosan with a de-acetylation value of ≥ 80% and rutile-type titanium dioxide powder with particle size
of 80 nm were purchased from Aladdin Chemical Reagent Co. (China). Acetic acid (99%), sulfuric acid
(98%) and 1, 3-propanesultone were purchased from Macklin Biochemical Co., Ltd., (China). Absolute
ethyl alcohol ≥ 99.8% and deionized water were used during the experiments.
2.2. Sulfonation of Nano-TiO2

For the sulfonation of nano-TiO2, 1 g TiO2 was dispersed in 22 ml of a solution of 1, 3-propanesultone in
toluene (volumetric ratio of 1: 11). The mixture was re�uxed at 110°C for 24 h and the obtained
sulfonated titania (STiO2) was centrifuged, washed several times with water and absolute ethyl alcohol,
and �nally dried at 80°C for 24 h. This experimental procedure is given in Fig. 1.

2.3. Incorporation of STiO2 in chitosan matrix
C/STiO2 nanocomposite membranes with different STiO2 contents were fabricated as follows: 1.5 g of
chitosan were dissolved in 2% W/W aqueous solution of acetic acid under constant stirring. A certain
amount of STiO2 was ultrasonically dispersed in 2% W/W aqueous solution of acetic acid at 300 W and
40 Hz for 1 h. The two mixtures were homogenously mixed at 80°C and degassed for 1 h. After cooling to
room temperature, the sample was transferred to a clean glass plate and dried in an oven at 40°C for 24
h. The obtained membrane was cross-linked with 1 M H2SO4 solution for 48 h and the product was
washed with deionized water to remove the extra acid and dried under vacuum at 25°C for 24 h. In this
way, different C/STiO2 membranes with 1, 3, 5 and 7% of STiO2 were prepared and named as C/1STiO2,
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C/3STiO2, C/5STiO2 and C/7STiO2 respectively. For compassion, pure chitosan membrane was prepared
by the same method without adding STiO2.
2.4. Characterization

The FTIR spectra of STiO2 and C/STiO2 nanocomposite membranes were recorded in transmittance

mode in the range of 500–4000 cm− 1 at a scan rate of 4 cm− 1 at room temperature using a Nicolet 6700
FTIR spectrometer. The phase identi�cation and crystalline structure of C/STiO2 nanocomposite
membranes were determined with Rigaku D/max diffractometer (2550 VB/PC: CuKα; λ = 0.154 nm
radiation) at an operating current and voltage of 40 mA and 40 kV respectively. The cross-sectional
morphologies of the membranes were characterized with SEM (FE-S4800, Hitachi) equipped with an EDX
spectroscope at an accelerating voltage of 200 kV. TGA was performed using a TA 50 thermogravimetric
analyzer under nitrogen atmosphere at a rate of 10°C min− 1 from 25°C to 700°C. The mechanical
properties were determined using a MTS E43 universal testing machine according to Chinese standard
GB.T.1040.3 at an initial speed of 2 mm/min at room temperature
2.5. Measurement of water and methanol uptake and swelling ratio

The water uptake of C/STiO2 membranes was measured by the weight difference between dry
membranes (Wdry) and membranes dipped in water (Wwet) for 24 h at room temperature. The methanol
uptake was measured in a similar manner except that the membranes were dipped in 2M methanol
aqueous solution as given in equation 1. In order to measure the swelling ratio, a piece of dry C/STiO2

nanocomposite with an area of 2.0 cm × 1.0 cm (Adry) was immersed in water for 24 h at room

temperature and its area in cm2 was re-measured (Awet), as shown in equation 2.

2.6. Calculation of ion exchange capacity (IEC)

The IECs of C/STiO2 membranes were calculated by classical acid-base titration method. A pre-weighted

membrane was dipped in a saturated NaCl solution for 48 h to achieve complete exchange of H+ with
Na+. The solution was then titrated with 0.01 M NaOH solution using phenolphthalein as indicator at
room temperature. The IEC value was calculated from Eq. 3 as:
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Where VNaOH is the used volume (mL) of NaOH solution and Wdry is the weight of the dry membrane.

2.7. Measurement of proton conductivity

The proton conductivity of C/STiO2 nanocomposites was measured by AC impedance spectroscopy with

an electrochemical workstation (PARSTAT 2273 AMETEK, Inc., America) at a frequency of 1– 106 Hz and
an oscillating voltage of 20 mV. Before analysis, all samples were dipped in 0.2 M H2SO4 for 24 h. The
hydrated membranes (2 cm×0.5 cm) were �t in among the two electrodes of the polytetra�uoroethylene
(PTFE) mould at room temperature with 100% RH and the proton conductivity was calculated as:

Where L (cm), A (cm2) and R (Ω) are the thickness, area and resistance of the membrane respectively.

3. Results And Discussion
3.1. Characterization of STiO2

The surface modi�cation of TiO2 was characterized by FTIR, TGA and EDX. The characteristic bands at

1631 and 3417 cm− 1 in Fig. 2(a) are due to the –OH bending and stretching vibration, respectively. STiO2

shows two new bands at 1045 cm− 1 and 1213 cm− 1 suggesting the successful grafting of sulfonic acid
groups on TiO2 with a signi�cant reduction in hydroxyl groups [51].

The TGA curve displays a three-stage weight loss process (Fig. 2(b) and Table 1). The �rst stage is
attributed to the evaporation of physically adsorbed water while the second stage is due to the loss of
organic matter. However, there is a negligible weight loss at above 400 ºC. Upon further heating, the
weight loss is related to the decomposition of grafted chains. Moreover, STiO2 shows a higher weight
loss than TiO2, suggesting that STiO2 has abundant sulfonic acid groups.

 

Table 1
TGA analysis of TiO2 and STiO2

Serial No. T5% Char residue (wt. %)

  500°C 600°C 700°C 800°C

TiO2 420.30 92.39 91.68 91.31 90.93

STiO2 256.24 89.08 88.60 88.47 88.24
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The EDX results (Table 2) show that pristine TiO2 has no sulfur whereas STiO2 contains sulfur resulting
from the reaction with 1,3-propanesultone, suggesting that sulfonic acid groups have been grafted onto
TiO2 surface.

Table 2
Atomic composition (%) of Ti, O and S

in pristine TiO2 and STiO2

Serial No. Ti O S

TiO2 22.71 77.29 --

STiO2 23.43 74.57 2.00

 
3.2. Structural characterization of C/STiO2 membranes

Figure 3 shows the FTIR spectra of C/STiO2 membranes with different STiO2 contents. The characteristic

peaks at 1650 and 1558 cm− 1 are attributed to the bending vibration of –NH2. The broad peak at 3426

cm− 1 is attributed to -OH stretching [6]. The characteristic peaks at 2932 cm− 1 and 1375 cm− 1 are
attributed to -CH stretching and -CH3 symmetric deformation, respectively [52]. After cross-linking with

H2SO4, the characteristic peaks at 1656 and 1598 cm− 1 shift to lower wave number side, suggesting that
the -NH2 of chitosan is protonated. This is endorsed to shift of hydrogen bond structure and change in

intensity in chitosan molecules [53]. Enhancing the STiO2 content in nanocomposites, the bands at 3600 

− 3000 cm− 1 and 1656 − 1592 cm− 1 are shifted to lower wave number side in C/STiO2 membranes. This
phenomenon corresponds to the formation of strong interfacial attractions among -SO3H of STiO2 and –
OH/–NH2 of chitosan molecules.

Chitosan molecules have a high degree of crystallinity owing to the strong intermolecular and
intramolecular interactions. As the proton mobility and diffusion of water molecules in PEMs often take
place in an amorphous phase, it is necessary to convert crystalline phase chitosan into semi-crystalline or
amorphous phase. The impact of STiO2 on the crystalline nature of chitosan was determined by XRD.
The characteristic peak at 12° depicts the hydrated crystalline section in chitosan molecules, whereas
that at 23° depicts the amorphous section. However, the incorporation of STiO2 results in a decrease peak
intensity at 19 and 23° (Fig. 4). The decrease in the crystalline region is endorsed to the presence of
hydrogen and electrostatic interaction between chitosan molecules and STiO2 that can interfere with
order packing of chitosan chain and subsequently diminish its crystalline region. The other peaks at 27,
36, 44 and 56° con�rm the presence of rutile phase titania [54].

C/STiO2 membranes were fabricated by solution casting method using chitosan as the polymer matrix
and STiO2 as the nano�llers. Figure 5 shows the cross sectional morphologies of pure chitosan and
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C/STiO2 membranes. Pure chitosan shows a cross-sectional structure with no obvious defects or cracks.
However, as the STiO2 content increases, a stacked structure is observed in C/STiO2 membranes, and
STiO2 particles are homogeneously dispersed in the chitosan matrix with no agglomeration, which can be
due to strong electrostatic interactions between the polymer and nano�llers. This results in the formation
of uninterrupted proton transfer pathways and consequently an improvement of the proton conductivity
of C/STiO2 resultant membranes.

3.3. Thermal and mechanical stability of C/STiO2 nanocomposite membranes
The thermal stability of C/STiO2 membranes was determined from their TGA thermograms (Fig. 6). Pure
chitosan membrane shows a three-stage weight loss process. The initial stage at 30–200°C is assigned
to the evaporation of adsorbed water, the second one at 215–330°C is due to the degradation of chitosan
side chains and the last one at 480–800°C corresponds to the degradation of polymer backbone [55].
However, the incorporation of STiO2 retards the degradation of chitosan molecules and thus improves the
thermal strength of C/STiO2 membranes. This is mainly due to the interfacial interactions (hydrogen
bonding or electrostatic interactions) that can interfere with the order packing of chitosan chains and
thus hinder the degradation of polymer backbone of chitosan molecule. The remaining weight of
chitosan at 750°C is 21.03%, and as the STiO2 content increases from C/1STiO2 to C/7STiO2, the residual
weight increases from 27.37 to 29.73%.

It is crucial for PEMs to have su�ciently high mechanical stability, which can have major impacts on the
durability of PEMFCs. Table 3 shows that all C/STiO2 membranes have higher tensile strength than
pristine nanocomposite membrane (13.05 MPa). As the STiO2 content increases from C/1STiO2 to
C/7STiO2, the tensile strength increases from 17.84 to 25.30 MPa, which is endorsed to (a) the increase
of columbic interactions among the amine groups of chitosan and the –SO3H groups of TiO2 and (b) the
hydrogen bonding between –SO3H of STiO2 and –OH or –NH2 groups of chitosan. These electrostatic
interactions can restrict the mobility of chitosan chains and subsequently increase the tensile strength of
C/STiO2 membranes. The –SO3H has a polar and ionic nature, and a proper concentration of sulfonic
acid groups can result in the formation of ionic clusters in the chitosan matrix, which consequently
increases the tensile strength of C/STiO2 nanocomposite membranes. C/7STiO2 nanocomposite
membrane shows higher tensile strength than Na�on 117 membrane (23.6 MPa). The elongation at break
(%) of the nanocomposite membranes is also improved compared with that of pure chitosan membrane.
STiO2 can halt the propagation of micro-cracks owing to the strong interfacial interactions between
STiO2 and the chitosan matrix, thus resulting in an enhancement of the elongation at break of all
nanocomposite membranes.
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Table 3
Mechanical properties of chitosan control and C/STiO2

nanocomposite membranes
Membranes Tensile strength (MPa) Elongation at break (%)

Chitosan 13.05 ± 1.03 15.61 ± 6.98

C/1STiO2 17.84 ± 2.02 23.54 ± 2.22

C/3STiO2 21.32 ± 3.33 19.57 ± 4.20

C/5STiO2 23.27 ± 0.92 21.59 ± 5.70

C/7STiO2 25.30 ± 2.69 19.34 ± 4.35

 
3.4. Water and methanol uptake, dimensional stability and IEC of C/STiO2 membranes

The hydrolytic stability of C/STiO2 membranes was measured to evaluate their applicability in PEMFCs.
Water uptake is expected to have signi�cant impacts on the mechanical characteristics and proton
conductivity of polymer electrolyte membranes. The existence of water within the membrane can assist
the dissociation of various functional groups that is essential to achieve high proton conductivity.
However, unnecessary water uptake can lead to dimensional instability in fuel cell assembly. The water
uptake of pristine chitosan membrane is as high as 65% owing to the presence of hydrophilic -OH and -
NH2 of chitosan (Fig. 7a). However, increase in the STiO2 content results in a decrease of the water
uptake from 58 to 51%. The addition of STiO2 rigidi�es chitosan molecules, thus making it less capable
of adsorbing solvent molecules [30]. The columbic and hydrogen bonding interactions between the –
SO3H groups of STiO2 and the –NH2 and -OH groups of chitosan also reduce the water adsorption
capacity of C/STiO2 nanocomposite membranes. The incorporation of STiO2 can hinder the mobility of
chitosan chains and reduce water storing sites, which results in reduction of water uptake of C/STiO2

nanocomposite membranes [56, 57].

The methanol uptake is also important for nanocomposite membranes for use in PEMFCs. It is desirable
for PEMs to have lower methanol absorption as high methanol uptake can lead to fuel crossover and
thus reduce cell e�ciency. Pure chitosan membrane shows a methanol uptake of 56%. As the STiO2

content increases from C/1STiO2 to C/7STiO2, the methanol uptake decreases from 46 to 42% (Fig. 7b).
The methanol uptake of PEMs depends greatly on the available space within the membranes. Water is
more polar than methanol, making it easier to access the hydrophilic domains in a membrane. As the
STiO2 content increases, the diffusion capacity of nanocomposite membranes for methanol is
suppressed. Hence, the methanol uptake of the nanocomposite membranes decreases.

The swelling via hydration can cause dimensional instability of PEMs. The area swelling of chitosan
control and C/STiO2 nanocomposite membranes are shown in Fig. 7c. It is noted that the incorporation of
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STiO2 results in decrease in both water uptake and area swelling of the nanocomposite membranes. The
swelling of these C/STiO2 membranes can also be reduced as STiO2 can inhibit the swelling of chitosan
matrix. The chitosan membrane shows an area swelling of 60%, whereas that of C/7STiO2 membrane is
signi�cantly reduced to 42%.

The number of ionizable hydrophilic functional groups in the membrane gives a reliable estimation of the
proton conductivity. Figure 7d shows that the chitosan membrane has an IEC value of 0.125 mmol g− 1. In
comparison, increasing the STiO2 content from C/1STiO2 to C/7STiO2 results in an increase of IEC value

from 0.153 to 0.220 mmol g− 1, which is mainly endorsed to the presence of proton conducting (SO3H)
groups in the chitosan matrix.

3.5. Electrochemical characteristics of C/STiO2 membranes
The proton conductivity is primarily determined by water content, distribution of water molecules and the
formation of ionic clusters within a PEM. Theoretically, there are two mechanisms for proton transfer in a
membrane, including the Vehicle mechanism whereby protons are transported in the form of hydrated
hydrogen ions, and the Grotthuss mechanism whereby protons are transported from one carrier to the
next through hydrogen bonding network [58, 59]. The chitosan membrane displays a proton conductivity of
0.011 S·cm− 1, which is reliable with earlier report. The proton conductivity of Na�on 117 (0.033 S·cm− 1)
is used for assessment in this study. The increase of the STiO2 content from 1 to 7% results in

enhancement of the proton conductivity from 0.019 to 0.035 S·cm− 1 as presented in Fig. 8. There are
abundant sulfonic acid groups in the polymer matrix that can offer extra proton hopping sites. The
homogeneous dispersion of STiO2 can offer uninterrupted proton transfer pathways through which
protons can migrate rapidly. Increasing the STiO2 content can increase the number of ion-exchangeable
sites per cluster that can improve the proton mobility within a membrane. Furthermore, the generation of
acid-base pairs at the C/STiO2 interface can also facilitate the protonation/deprotonation process. All of
these could contribute to improve the proton conductivity of the nanocomposite membranes. C/5STiO2

nanocomposite membrane shows a higher proton conductivity (0.035 S·cm− 1) than commercially
available Na�on 117 membranes (0.033 S·cm− 1).

Conclusions

In this study, a novel one step approach was proposed for the preparation of STiO2. The C/STiO2

nanocomposite membranes were fabricated by solution casting method for PEMFC applications. These
membranes show lower water and methanol uptake and better dimensional stability than chitosan
membranes. Their thermal and mechanical stability can be improved due to inhibited mobility of chitosan
chains. C/5STiO2 membrane shows higher proton conductivity than Na�on 117 membrane. These
outcomes may probe a simple strategy for fabrication of chitosan based PEMs, which has a promising
potential in the application of electrochemical devices.
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Figure 1

Schematic for the sulfonation of nano-TiO2.
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Figure 2

FTIR (a) and TGA analysis of TiO2 and STiO2 particles (b).

Figure 3

The FTIR spectra of chitosan and C/STiO2 nanocomposite membranes.
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Figure 4

The XRD patterns of chitosan control and C/STiO2 nanocomposite membranes.

Figure 5

SEM images of cryo-fractured surfaces of chitosan control and C/STiO2 nanocomposite membranes
with different STiO2 contents, chitosan (a), C/1STiO2 (b), C/3STiO2 (c), C/5STiO2 (d), and C/7STiO2 (e).
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Figure 6

TGA curves of chitosan control and C/STiO2 nanocomposite membranes

Figure 7

Water uptake(a), methanol uptake(b), area swelling (c) and IEC (d) of chitosan and C/STiO2 membranes
at room temperature.
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Figure 8

Proton conductivity of chitosan control and C/STiO2 nanocomposite membranes


