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a b s t r a c t

In this study, functionalized titania nanotubes (F-TiO2-NT) were synthesized by using 3-

mercaptopropyl-tri-methoxysilane (MPTMS) as a sulfonic acid functionalization agent.

These F-TiO2-NT were investigated for potential application in high temperature hydrogen

polymer electrolyte membrane fuel cells (PEMFCs), specifically as an additive to the proton

exchange membrane. Fourier transform infrared spectroscopy (FT-IR) and X-ray photo-

electron spectroscopy (XPS) results confirmed that the sulfonic acid groups were

successfully grafted onto the titania nanotubes (TiO2-NT). F-TiO2-NT showed a much

higher conductivity than non-functionalized titania nanotubes. At 80 �C, the conductivity

of F-TiO2-NT was 0.08 S/cm, superior to that of 0.0011 S/cm for the non-functionalized

TiO2-NT. The F-TiO2-NT/Nafion composite membrane shows good proton conductivity at

high temperature and low humidity, where at 120 �C and 30% relative humidity, the proton

conductivity of the composite membrane is 0.067 S/cm, a great improvement over

0.012 S/cm for a recast Nafion membrane. Based on the results of this study, F-TiO2-NT has

great potential for membrane applications in high temperature PEMFCs.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction temperatures below 100 �C. At temperatures approaching the
Hydrogen as a storage and carrying medium of renewable

energy resources can be converted to electricity by using

electrochemical energy converters like proton exchange

membrane fuel cells (PEMFCs) [1]. Proton exchangemembrane

fuel cells (PEMFCs), also known as polymer electrolyte fuel

cells, have emerged as promising power supply systems for

stationary, vehicular, and portable applications [2,3]. These

devices are traditionally based on perfluoro-sulfonic acid

membrane electrolytes, given the commercial name Nafion.

However, Nafion membranes are restricted to operating
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boiling point of water, Nafion exhibits a drastic ionic

conductivity loss which hinders the PEMFC operation at

temperatures higher than 80 �C and/or reduced relative

humidity (RH <100%). In addition, the mechanical and

dimensional stability of the polymer chains can be diminished

at high temperatures as a result of the relatively low glass

transition temperature of Nafion [4,5]. To achieve a timely,

sustainable commercialization of PEMFC, the development of

proton exchange membranes for high temperature operation

is a necessity and has been receiving a great deal of attention.

The ability to perform at high operation temperatures in the
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range of 100e130 �C is desirable in order to significantly boost

PEMFC performance. This results from the enhancement of

several important parameters including (i) electrode reaction

kinetics (mainly the oxygen reduction reaction (ORR)), (ii)

carbonmonoxide (CO) tolerance, and (iii) simplified water and

thermal management of the fuel cell system [4,6e8].

To overcome the temperature limitations of the current

electrolyte materials, several organic/inorganic hybrid

membranes have become the focus of intense research

recently [9,10]. So far, many kinds of inorganic fillers, such as

TiO2, SiO2, ZrO2, zeolite nanoparticles as well as mesoporous

silica (MCM41) have been employed for use in these organic/

inorganic hybrid membranes for PEMFC applications at high

temperatures [11e25]. Such composite electrolytes have been

proposed as potential replacements for Nafion in PEMFCs

operating at a temperature range of 100e150 �C and/or low

relative humidity. Because they have good water retention

and enhance the membrane stability [8,9,26e28]. The proton

conductivity of these hybrid membranes is still inferior when

compared to recast Nafion membranes, which is believed to

derive mainly from the increased barrier properties of the

membranes, due to the incorporation of inorganic fillers (an

increase in inorganic particle agglomeration at higher

concentrations of inorganic additives) [29,30]. In order to

increase the proton conductivity of these hybrid membranes,

functionalized nanoparticles have been employed. After

functionalization, the nanoparticles can display improved

proton conductivity, the ability to holdmorewater and amore

homogeneous dispersion among the hydrophilic sites of the

Nafion, compared with non-functionalized nanoparticles

[31e34]. Moreover, dimensionality plays a critical role in

governing the properties of materials due to the different

ways that electrons interact with nanostructures of varying

dimensions (3-D, 2-D, 1-D and 0-D). Compared with 0-D

nanostructures (i.e. nanoparticles) and 2-D nanostructures

(i.e. thin films), 1-D nanostructures (including nanotubes,

nanowires and nanorods) are ideal for various potential

applications such as composite materials, due to their unique

electronic and structural properties [20,35,36]. Among them,

nanotubes have attracted interest for potential application in

high temperature PEMFCs, due to their distinct morphology,

high specific surface area, thermal stability and corrosion

resistance [37e41]. Their 1-D nanostructure leads to higher

water retention and it is proposed that they can produce

a continuous channel to improve the proton conductivity

[37,38,42e44]. Also, among all the previously mentioned

nanostructured metal oxides, TiO2-based nanotubes (TiO2-

NT) with a high specific surface area and ion-changeable

capabilities have been considered for use in a variety of

applications [38,45e48]. Matos et al. [45] employed TiO2-NT in

high temperature PEMFCNafion composite membranes. Their

results indicated that the addition of TiO2-NT resulted in

a decrease in the overall proton conductivity, attributed to the

low conductivity of the nanotube additives within the Nafion

matrix. An enhanced fuel cell performance, however, was

observed at temperatures greater than 120 �C, which can be

attributed to the larger water retention capacity of TiO2-NT

which originates from their high specific surface area [45].

In this study, TiO2-NT were functionalized by using 3-

mercaptopropyltri-methoxysilane (MPTMS 98 wt.%) as
a precursor for the formation of sulfonate groups. These

nanotubes have a high specific surface area and when

combined result in highly ordered nanotube arrays which

provide excellent pathways for protons. Moreover, function-

alization can provide sulfonate groups which will serve to

increase the proton conductivity of these materials. There-

fore, by combining these two distinct advantages, function-

alized TiO2-NT (F-TiO2-NT) has potential for application in

high temperature PEMFCs. The structure and proton conduc-

tivity of F-TiO2-NT and F-TiO2-NT/Nafion composite

membranes were studied at high operating temperatures and

low relative humidity in order to evaluate their advantages at

high temperature PEMFCs. F-TiO2-NT/Nafion composite

membranes are presented as potential replacements for

commercial Nafion membranes in high temperature PEMFCs.
2. Experimental

2.1. Synthesis of the titania nanotubes

TiO2-NTswere prepared by the alkaline hydrothermalmethod

[38,42]. A brief description is outlined here. First, 0.9 g of

titania nanoparticle (TiO2-NP; <25 nm) was mixed with

120 mL of 10 M NaOH solution. The resulting mixture was

stirred and ultrasonicated for several minutes before pouring

the solution into a stainless steel/Teflon autoclave which was

heated for 48 h at 140 �C. Finally, the solution was filteredwith

deionized water, washed with 40 mL of 0.1 M HCl and dried

overnight.

2.2. Functionalization of TiO2-NT

The functionalization of titania nanotubes was performed by

using MPTMS as the sulfonic acid functional group precursor

[43]. The reaction was carried out in toluene at a temperature

of 110 �C under reflux conditions for 24 h, with 1:2:20 molar

ratios of TiO2-NT, MPTMS and toluene, respectively. The

mercapto groups grafted onto the TiO2-NTwere then oxidized

to sulfonic acid groups by using 30 wt.% H2O2 solution at 25 �C
for 24 h. The prepared samples were filtered and washed with

ethanol and water to remove the precursor residue. Samples

were dried overnight prior to characterization. For compar-

ison, titania nanoparticles were also functionalized under the

same procedure as mentioned above.

2.3. Membrane fabrication

In order to cast the pure Nafion membrane, 15 wt.% Nafion

solution was mixed with an appropriate amount of ethanol.

The mixture was then sonicated in an ultrasonic bath for

30 min followed by heating at 60 �C until the liquid evapo-

rated. Finally, it was heated for 2 h at 100 �C and for 1 h at

140 �C.
F-TiO2-NT/Nafion composite membrane was casted by

mixing 5 wt.% F-TiO2-NT with an appropriate amount of 15

wt.% Nafion solution and ethanol mixture. After, as same as

the pure Nafion casting procedure, it was ultrasonicated for

30 min and heated at 60 �C until the liquid evaporated. Finally,

it was heated at 100 �C for 2 h and then 140 �C for 1 h [10].
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Both pure Nafion and F-TiO2-NT/Nafion composite

membranes were pretreated by boiling in a 3% H2O2 aqueous

solution for 1 h, rinsed in boiling deionized water for 1 h,

boiled in 0.5 M H2SO4 for 1 h, and finally rinsed again in

deionized water before being tested [15].
2.4. Physical characterization

The morphology of unmodified TiO2-NT was examined by

using transmission electron microscopy (TEM, JEM-100CX II).

The specific surface areas of TiO2-NT and F-TiO2-NT were

determined by the BrunauereEmmetteTeller (BET) method.

After functionalization, the F-TiO2-NT was analyzed using

Fourier transform infrared spectroscopy (FT-IR, Perkin Elmer-

283B FT-IR Spectrometer) and X-ray diffraction (XRD,

RigakuD/max 2500 v/pa, Cu Ka, 40 kV, 200 mA, 8� min�1).

X-ray photoelectron spectroscopy (XPS, Thermal Scientific K-

Alpha XPS spectrometer) was used to investigate the

elemental composition and atomic configuration of TiO2-NT.

To probe the dehydration properties, thermogravimetric

analysis (TGA) of the unmodified and modified TiO2-NT was

performed on a TGA Q500V20.10 Build 36 system in

a temperature range from 50 to 700 �C at a heating rate of

10 �C/min in a N2 atmosphere.
2.5. Water uptake

In order to measure the water retention capability of the

membranes, the Water Uptake (WU) was calculated. For this,

they were first immersed and saturated in deionized water at

room temperature for 24 h. Then the wet membranes were

taken out and weighed immediately after the water droplets

were removed from the surface. Then, they were vacuum

dried at 80 �C for 24 h, put into a plastic sealing bag immedi-

ately and weighed. This experiment was replicated 4 times for

each membrane and the water uptake was determined from

the following equation [49,50]:

WUð%Þ ¼ Wwet �Wdry

Wdry
� 100 (1)

where WU (%), Wwet and Wdry are the water uptake by weight

percentage, the weight of wet membrane and the weight of

dry membrane, respectively.
2.6. Proton conductivity

The proton conductivity of TiO2-NT, F-TiO2-NT and titania

nanoparticles were measured using a two-electrode setup

under controlled temperature and degree of water saturation

[51]. First, each of the powdered samples was individually

loaded into a tube cell with a diameter of 1.6 mm in which the

two electrodes are inserted from the top and bottom. Then,

theywere pressed for several hours. To attainwater-saturated

conditions (100% humidity), the fixture was disassembled

from the top and 20 mL of double deionized water was injected

with a syringe onto the sample in each cell. The water was

allowed to soak into the samples for 30 min. Then the top

electrodes were replaced, the fixture was reassembled, and

the sample cells were retorqued.
The proton conductivity of pure Nafion membrane and

F-TiO2-NT/Nafion composite membrane was measured using

a four-electrode AC impedance method [52,53] under various

conditions of relative humidity and temperature. During

measurements, the humidity was controlled bymixingwater-

saturated nitrogen gas with dry nitrogen gas, while the

temperature was fixed at 80, 100 and 120 �C. On average, the

needed equilibration time to reach the steady state for each

relative humidity was 45 min.

The conductivity of all powdered samples and different

membranes was then measured in the longitudinal direction,

and was calculated using the following equation [46,52e54]:

s ¼ L
AR

(2)

where s, L, R, and A denote the ionic conductivity, sample

length (or distance between the reference electrodes in the

membrane), the resistance of the sample (or the membrane),

and the cross-sectional area of the sample (or themembrane),

respectively.
3. Results and discussion

The TEM of TiO2-NT is shown in Fig. 1. Several TiO2-NT are

observed, displaying uniform outer diameters of approxi-

mately 5 nm. The BET surface area of titania nanoparticles

(TiO2-NP) was 186.5 m2/g, while that of titania nanotubes

(TiO2-NT) increased to 381.2 m2/g which would be advanta-

geous for the application of the nanotubes in the structure of

Nafion nanocomposite to boost the proton conductivity of the

electrolyte membrane.

The FT-IR spectra of the TiO2-NT and F-TiO2-NT are shown

in Fig. 2. The peaks at 669 cm�1 and 1634 cm�1 are attributed to

the TieOeTi and hydroxyl groups, respectively. By comparing

the unmodified TiO2-NT with F-TiO2-NT, it can be observed

that the sulfonic acid group shows a peak which is located at

1044 cm�1. This analysis confirms the successful presence

of the sulfonic acid group that has been grafted onto the

TiO2-NT.

The XRD pattern of unmodified and functionalized TiO2-

NT is shown in Fig. 3. The intensive diffraction peaks in this

pattern can be attributed to the anatase phase of TiO2 (JCPDS

89-4921), corresponding to the (101), (004), (200), and (204)

planes. It should be noted that there is a slight deviation

between the unmodified and functionalized titania nanotubes

at the (101) plane of TiO2 anatase phase. This difference may

be attributed to the functionalization which causes a shift in

the crystalline structure.

The chemical composition of both unmodified and func-

tionalized titania nanotube (TiO2-NT and F-TiO2-NT) was

characterized by XPSmeasurements. Typical XPS patterns are

presented in Fig. 4. It can be seen that the TiO2-NT and F-TiO2-

NT particles contain the Ti 2p and O 1s peaks of the titanium

dioxide (Fig. 4a and b). The spectrum of the F-TiO2-NT parti-

cles also contains C 1s and S 2p peaks in addition to the Ti 2p

andO 1s peaks, confirming the presence of theMPTMS surface

modifier.

Fig. 5 shows the TGA for F-TiO2-NT and TiO2-NT samples.

For both membranes, the mass loss below 160 �C is due to the

http://dx.doi.org/10.1016/j.ijhydene.2011.02.030
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Fig. 1 e TEM image of TiO2-NT at (A) low and (B) high resolutions.
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removal of waterwhich is 14.3% F-TiO2-NT and 17.2% for TiO2-

NT. This water may be present in the form of membrane

hydration, or in the structure of acidic solid for F-TiO2-NT. For

the pristine TiO2-NT no other weight loss is observed.

However, the TGA graph for F-TiO2-NT shows significant

decomposition at 220 �C which can be attributed to the loss of

functional groups in the sample [55,56].

In Table 1, thewater uptake of 5 wt.% F-TiO2-NT and 5wt.%

functionalized titania nanoparticle (F-TiO2-NP) Nafion

composite membranes are compared to recast and commer-

cial Nafion 112. It is seen that the water uptake of F-TiO2-NT/

Nafion composite is about 7, 4 and 2% higher than Nafion 112,

recast Nafion and F-TiO2-NP/Nafion, respectively. These

results suggest that the one-dimensional structure of nano-

tubes with high specific surface areas leads to higher water

retention of Nafion composite membranes than any other

tested structure. This can be explained by the reduction of

crystallinity and stronger interactions between the absorbed
Fig. 2 e FT-IR spectra of (A) F-TiO2-NT and (B) TiO2-NT.
water and the network of the F-TiO2-NT/Nafion membrane

which results in enhancement of its proton conductivity.

Specifically, when the membrane absorbs higher amount of

water, the number of exchange sites available per cluster

increases, resulting in an increment in the proton conduc-

tivity [57].

Impedance spectroscopy is performed to investigate the

conductivity of F-TiO2-NT at different temperatures. Typical

impedance spectra are shown in Fig. 6 in which the data

exhibit high frequency, depressed semicircle, and the often

observed low-frequency tail, indicative of ionic conductivity.

The DC resistance of each sample is read from the low-

frequency intercept of the semicircular arc with the real axis

or by curve-fitting a semicircular arc to the data. From Fig. 6,

the F-TiO2-NT at 20 �C exhibits a larger resistance than that at

80 �C.
Fig. 7 shows the proton conductivity of the unmodified and

functionalized TiO2-NT at 100% relative humidity and
Fig. 3 e XRD of (A) F-TiO2-NT and (B) TiO2-NT.

http://dx.doi.org/10.1016/j.ijhydene.2011.02.030
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Fig. 4 e XPS survey spectra of (A) F-TiO2-NTand (B) TiO2-NT.

Table 1 e Membrane water uptake values at 25 �C.

Type of membrane Water uptake (%) Standard
deviation

5 wt.% F-TiO2-NT/Nafion 27.18 �0.2075

5 wt.% F-TiO2-NP/Nafion 23.72 �0.3202

Recast nafion 25.53 �0.2347

Nafion 112 20.19 �0.3294
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different temperatures. It can be seen that by raising the

temperature from 20 �C to 80 �C the proton conductivity of

TiO2-NT has not considerably changed (w0.0011 S/cm).

However, the conductivity of the F-TiO2-NT has increased

from 0.013 to 0.08 S/cm as a result of this temperature

increase. It is believed that the sulfonic acid groups have

strongly affected this change. Thereby, this beneficial

improvement can pave the way for significant enhancements

in PEMFC efficiencies at higher temperatures.

Fig. 8 indicates that after functionalization the conductivity

of TiO2-NT (0.08 S/cm) is much higher than titania nano-

particles (0.03 S/cm) at 80 �C and 100% humidity. This is due to

the significantly higher specific surface area of the TiO2-NT,

that when functionalized, can anchor a higher number of

sulfuric acid groups compared to titania nanoparticles. There-

fore, the F-TiO2-NT shows a higher overall proton conductivity.
Fig. 5 e TGA of (A) F-TiO2-NT and (B) TiO2-NT.
Fig. 9 is the Arrhenius plot of the unmodified and func-

tionalized TiO2-NT, illustrating the temperature dependence

of proton conductivity. It is seen that at 100% relative

humidity level, ion conductivities increased with increasing

temperature, however, that for F-TiO2-NT was much higher

compared to TiO2-NT. Moreover, the conductivity of

F-TiO2-NT showed an Arrhenius behavior (Eq. (3)), while that

of TiO2-NT displayed some deviation from the trend. This

shows that after functionalization, TiO2-NT has high and

relatively stable proton conductivity; i.e. the natural loga-

rithm of conductivity for F-TiO2-NT increases more linearly

with temperature rise than that for non-functionalized

TiO2-NT. The natural logarithmic form of the Arrhenius

equation is as follows:

lnðsÞ ¼ lnðAÞ�Ea

RT
(3)

where s, A, Ea, R and T represent ion conductivity, exponential

prefactor, activation energy, gas constant and temperature,

respectively. The activation energy (Ea), the minimum energy

required for proton transport across the membrane, can be

calculated from Eq. (3):

Ea ¼ �S� PA (4)

where PA and S are the Arrhenius parameter and the slope of

the line in Fig. 9, respectively. According to Eq. (4), the

activation energies of proton conduction in TiO2-NT and

F-TiO2-NT were calculated to be 51.34 and 26.95 kJ/mol,

respectively. As it is seen, there is a significant decrease in the
Fig. 6 e The Nyquist plot of the impedance spectrum of

F-TiO2-NT at (-) 80 �C and (C) 20 �C with 100% relative

humidity.

http://dx.doi.org/10.1016/j.ijhydene.2011.02.030
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Fig. 7 e Proton conductivity of (A) F-TiO2-NT and (B) TiO2-

NT at different temperatures and the relative humidity (RH)

of 100%.

Fig. 9 e Arrhenius plot for the conductivity of (A) F-TiO2-NT

and (B) TiO2-NT at 100% relative humidity.
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activation energy of conductivity in F-TiO2-NT, suggesting

that the proton conduction is more facile with the presence of

sulfonic acid groups in titania nanotubes which can enhance

the transport of protons in composite membranes [58].

So far it has been shown that after functionalization, the

TiO2-NT possesses very good proton conductivity. In order to

ensure that this can be demonstrated for the F-TiO2-NT/

Nafion composite membrane, the proton conductivity of

both pure Nafion and F-TiO2-NT/Nafion composite

membranes was measured at different relative humidity and

temperature. Figs. 10e12 show the membrane conductivity

at 80 �C, 100 �C and 120 �C, respectively. The relative

humidity range was from 20 to 100% at 80 and 100 �C; and
from 20 to 50% at 120 �C. In Figs. 10e12, it can be seen that at
Fig. 8 e Proton conductivity of (A) F-TiO2-NT and (B) F-TiO2-

NP at different temperatures and the relative humidity (RH)

of 100%.
high relative humidity, both pure and composite Nafion

membranes show good proton conductivity, where the

conductivity of the composite membrane is always a little bit

higher than the pure Nafion. However, at low relative

humidity (20e40%), the F-TiO2-NT composite membrane

shows better proton conductivity compared to the pure one.

This difference becomes larger at higher temperatures, at

120 �C and 30% relative humidity, the proton conductivity for

F-TiO2-NT/Nafion composite membrane is 0.067 S/cm, while

pure Nafion is only 0.012 S/cm.

F-TiO2-NT/Nafion composite membranes demonstrate

a significant improvement over the unmodified one at low

humidity and high temperature. The increase in conductivity

can be attributed to the high specific area (greater number of

protonated sites per unit mass of powder in the membrane)

and good water retention of hydrophilic F-TiO2-NT which

result in higher conductivity comparing to the bare Nafion.
Fig. 10 e Proton conductivity of (A) F-TiO2-NT/Nafion

composite membrane and (B) recast Nafion membrane at

80 �C.

http://dx.doi.org/10.1016/j.ijhydene.2011.02.030
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Fig. 11 e Proton conductivity of (A) F-TiO2-NT/Nafion

composite membrane and (B) recast Nafionmembrane at

100 �C.

Fig. 12 e Proton conductivity of (A) F-TiO2-NT/Nafion

composite membrane and (B) recast Nafion membrane at

120 �C.
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4. Conclusions

The sulfonic acid group was successfully grafted to the

TiO2-NT by using MPTMS as the sulfonic acid precursor.

Proton conductivity tests indicated that the functionalized

TiO2-NT had amuch higher conductivity than the unmodified

one. At the temperature of 80 �C, the conductivity of

F-TiO2-NT was as high as 0.08 S/cm. By incorporating the F-

TiO2-NT into a Nafion membrane, the sulfonic acid groups of

F-TiO2-NT enhanced the conductivity of the composite

membrane. The higher conductivity of F-TiO2-NT increased
the proton conductivity of the composite membrane at higher

temperatures and low relative humidity compared to pure

Nafion. At 120 �C and a relative humidity of 30%, the proton

conductivity for the composite membrane was 0.067 S/cm,

whereas for a pure Nafionmembrane a proton conductivity of

only 0.012 S/cm was found. In conclusion, F-TiO2-NT/Nafion

composite membranes are presented as a potential proton

exchange membrane replacement for high temperature

PEMFC applications at low humidity values. Further investi-

gations are still required in order to determine other impor-

tant effects of F-TiO2-NT/Nafion composite membranes at

high temperature, including fuel cell testing.
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