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a b s t r a c t

In this paper, an effective method to cover the conductivity loss of Nafion/SiO2 through

sulfonation and its mechanism are studied. Nafion/SiO2 composite membranes are

prepared via an in-situ solegel route, and then sulfonated with concentrated sulfuric acid

(marked as Nafion/S-SiO2). The effects of the sulfonation on properties of the Nafion/SiO2

composite membrane are investigated. The results show that sulfonation can improve the

proton conductivity of the Nafion/SiO2 effectively, though it brings water-uptake loss to the

composite membrane to some extent simultaneously. According to the results of FTeIR,

UV resonance Raman spectroscopy, 29Si solid-state MAS NMR and XRD, it’s proved that

higher conductivity of Nafion/S-SiO2 should be relevant to hydrogen bonds & chemical

bonds between SiO2 nano particles and sulfuric acid molecules. While, lower water uptake

& swelling ratio should be caused by hydroxyl-elimination on the surface of SiO2 nano-

particles during sulfonation. Single cell tests show that the performance of Nafion/S-SiO2

composite membranes substantially exceeds Nafion/SiO2 at 110 �C and 59%RH, and in the

initial testing stage no performance reduction is observed.

Copyright ª 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction under the elevated temperature. Many solutions are proposed
Proton Exchange Membrane Fuel Cell (PEMFC) is one type of

the most important new energy conversion technologies [1].

Recently, improving the working temperature of the PEMFC is

an important research field. Because working at an elevated

temperature is propitious to enhance the CO tolerance of

catalyst [2], reduce the polarization of the cathode, etc.

Proton exchange membrane, as an important material for

PEMFC, is the decisive factor of the working temperature of

the PEMFC system. Unfortunately, the present widely used

PFSAmembranes (such as Nafion series) are improper for High

Temperature Proton Exchange Membrane Fuel Cell

(HT-PEMFC), due to its dehydration and thus low conductivity
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to solve the problem, and a lot of membranes are prepared &

investigated [3]. These membranes could be divided into two

classes: (i) modified PFSA (such as Nafion) membranes incor-

porated with hydrophilic proton conductive nano particles to

improve their conductivity at high temperature and low

humidity [2,4e25]; (ii) new membranes that could conduct

protons independent of water [26e30]. The former class is the

main approach, at present. Among this class, Nafion/SiO2

composite membrane is intensively studied due to its

premium properties for HT-PEMFC [2,6,10,19,22,31,32].

However, incorporation of SiO2 into Nafion on the one hand

enhances the water uptake and thus cell performance of the

membrane under high temperature & low humidity, but it
.
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blocks the passing of the protons and thus reduces the proton

conductivity of the membrane on the other hand.

G. Gnana Kumar, Kee Suk Nahm and et al. investigated

Nafion incorporated with SiO2 which was modified with chlor-

osulfonicacid [33].Nafionmembraneswere immersed infreshly

prepared 25wt.% silica and 25wt.% silica sulfuric acid solution

for 36h at 60 �C to prepare Nafion/SiO2 and Nafion/sulfonated-

SiO2 compositemembranes, respectively. The results show that

Nafion/SiO2eOeSO3Hmembranepossesseshigherconductivity

than Nafion/SiO2 composite membrane.

In our laboratory, L. Wang and et al. prepared Nafion/PTFE,

Nafion/PTFE/SiO2, Nafion/PTFE/SiO2eSO3H (SiO2eSO3H stands

for SiO2 sulfonated with 0.5 M H2SO4), and Nafion/PTFE/SiO2-

1,3 PS (SiO2-1,3 PS stands for SiO2 sulfonatedwith 1,3 PS) via re-

casting method [34]. The results show that Nafion/PTFE/

SiO2eSO3H and Nafion/PTFE/SiO2-1,3-PS possess lower

membrane resistances thanNafion/PTFE, in addition, SiO2 and

SiO2eSO3H were better than SiO2-1,3-PS as filler incorporated

into Nafion based self-humidified membranes for PEMFC.

Yoichi Tominaga, Shigeo Asai and et al. investigated the

proton conductivity of the Nafion based composite membrane

incorporated with sulfonated mesoporous silica (signed as

Nafion/SMSi) [35]. Sulfonated mesoporous silica was prepared

by the surface-treatment of neat mesoporous silica using

3-(trihydroxysilyl)-1-propaneesulfonicacid solution. The

results show that the proton conductivity of the Nafion/SMSi

is much higher than that of the Nafion/Mesoporous-SiO2 and

pure Nafion.

However, almost all of these membranes reported in liter-

atures were prepared by re-casting method, and inter-action

mechanism between the silica and the sulfonating agent

during the sulfonation is still unclear. In this paper, Nafion/

SiO2 composite samples were prepared via in-situ solegel

methodand then sulfonatedwith concentrated sulfuric acid to

obtain Nafion/S-SiO2 composite membranes. Further, the

mechanism of the sulfonation of the Nafion/SiO2 composite

membrane is investigated in detail with a series of physical

characterization approaches such as FT-IR, UV resonance

Raman spectroscopy, 29Si solid-state MAS NMR and XRD.
2. Experimental

2.1. Materials & preparation

In this paper, Nafion(NRE212)/SiO2 composite membranes

were all prepared via in-situ solegel reaction of tetraethyl-

orthosilicate (TEOS) [36]. The content of the SiO2 incorporated

into Nafion is 8.5 wt.%. All the Nafion/SiO2 samples were then

treated sequentially with H2O2(5%, 80 �C) for 1 h, de-ionized

water for 1 h, and HCl (1.0 M, 80 �C) for 1 h.

Powder SiO2 nano-particles are also prepared by solegel

reaction of TEOS, and the detail process was described as

literature [37]. The statistical particle size of SiO2 powder was

25 � 10 nm, and the surface area was about 640 � 30 m2/g.

2.2. Sulfonation

Nafion/SiO2 composite membranes were dried in vacuum

drying chamber for 6 h. Then the samples were soaked in
concentratedH2SO4 (98%, 80 �C) for certain time (4, 10, and 16h)

to sulfonate thecompositemembrane. The concentratedH2SO4

treated membranes were then soaked in de-ionized water

(80 �C) for 12 h, and rinsed with de-ionized water until the

washing water exhibited neutral. In this paper, the Nafion/SiO2

sulfonated for 4, 10 and 16 h are signed as Nafion/S-SiO2-4h,

Nafion/S-SiO2-10h and Nafion/S-SiO2-16h, respectively.

The powder of SiO2 nano-particles was also sulfonated by

concentrated H2SO4 (98%, 80 �C), just as the sulfonation

process of Nafion/SiO2 composite membrane. For the powder

SiO2, the sulfonation time was 10 h.

2.3. Water uptake & swelling ratio

For water uptake measurement, in order to remove the

residual moisture and water, the membrane was firstly dried

in vacuum drying oven for 12 h at 80 �C. Then, the membrane

was taken out from the oven and weighed pretty soon. The

weight of the dry membrane was signed as Wdry. After that,

the membrane was soaked in de-ionized water at certain

temperature (40, 60, and 80 �C) for 24 h. The weight of the wet

membrane was signed asWwet. The water uptake (WU) can be

calculated by the following equation:

WU ¼ Wwet �Wdry

Wdry
� 100% (1)

As for swelling ratio evaluation, the process is similar to

that of the water uptake measurement. The dry and wet

surface area can be signed as Swet and Sdry, respectively. The

swelling ratio (SR) can be calculated by the Eq. (2):

SR ¼ Swet � Sdry

Sdry
� 100% (2)

2.4. Proton conductivity

Electrochemical Impedance Spectroscopy (EIS) was carried

out to measure the proton conductivities of the membranes,

using a Solartron impedance/Gain-phase Analyzer (model SI

1260) combined with a Solartron Electrochemical Interface

(model SI 1287). Z-plot and Z-view softwares were used to

control the measurement process. The amplitude of the AC

signal was 20 mV, and the frequency was set from 100 Hz to

1 MHz. All samples were soaked in de-ionized water at 40 �C
for 24 h and then sealed between two carbon-paper electrodes

with an area of 0.332 cm2 for measurement. The conductivity

could be calculated using the following equation:

s ¼ L
R$A

(3)

Where, s is the proton conductivity of the membrane, R is the

resistance of themembrane, and the sign L as well as A stands

for the thickness of the membrane and the area of the elec-

trode, respectively.

2.5. Single cell performance test

All membrane electrode assemblies (MEAs) were prepared via

a hot-pressing process. The gas diffusion electrode (GDE) was

prepared first. In the preparation of GDE, carbon paper from

Toray, 20 wt. % Pt/C from E-TEK, PTFE suspension and Nafion

solution (DuPont, USA) were used. Both the loading of Pt/C
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catalyst on the anode and cathode was 0.4 mg Pt cm�2. Then,

two pieces of GDE with an effective area of 5 cm2 were hot-

pressed onto one piece of membrane to fabricate a MEA. The

hot pressing was performed at 140 �C, under a pressure of

1.0 MPa for 1 min. The MEA was sandwiched into a single cell

with stainless steel end plates and graphite groove flow fields

as current collectors. The performance of the fuel cell was

evaluated by IeV curves measurement at a temperature of

110 �C, with H2/O2 gases at a relative humidity (RH) of 59%. The

H2 and O2were fed in co-flow orientation into the fuel cell. The

inlet gases were controlled at a fixed rate of 30/120 ml min�1.

All MEAs were evaluated under a gage pressure of 0.2 MPa.

2.6. Physical characterizations

2.6.1. FT-IR
The FTeIR spectra of the membranes were collected from

400 cm�1e1200 cm�1, using a Bruker Vector22 (Bruker Optics,

Germany) FTeIR spectrometer at a resolution of 4 cm�1 in

absorptionmode. FTeIR of the powder SiO2 and sulfonatedSiO2

(S-SiO2) nano-particles were also performed, in order to avoid

the background signal of the Nafion matrix. The IR spectra of

the untreated SiO2 and the sulfonated S-SiO2 were recorded

with potassium bromide tabletting in transmission mode.

2.6.2. UV resonance Raman spectroscopy
UV resonance Raman spectra were recorded at room

temperature using a home-made UV resonance Raman spec-

trograph of State Key Laboratory of Catalysis (Dalian institute

of Chemical Physics) at a resolution of 2 cm�1. The laser line at

325 nm of a HeeCd laser was used as an exciting source with

an output of 25 mW.

2.6.3. 29Si solid-state MAS NMR
29Si solid-state MAS NMR was used to characterize the struc-

ture of the untreated SiO2 and the sulfonated S-SiO2.
29Si solid-

state MAS NMR experiments were carried out on a Varian

Infinityplus-400 spectrometer operating at a frequency of

79.4 MHz for the 29Si nucleus, with a spinning rate of 4.0 kHz

and 2048 scans. Thep/2pulsewidth is2.00ms, the receiverdelay

is 13.33 ms, and the acquisition time is 28 ms. Chemical shifts

were referencedto tetrakis (trimethylsilyl)silane,�9.8ppmwith

respect to TMS.

2.6.4. X-ray diffraction
To get the morphological characteristics of the composite

membranes, X-ray diffraction (XRD) analysis was carried out

using a Panalytical X’pert PRO diffractometer with a CueKa

radiation source. The diffraction patterns were recorded from

10 to 80�.
Fig. 1 e Water uptakes of Nafion, Nafion/SiO2 andNafion/S-

SiO2 compositemembranes sulfonated for 4h, 10h, and16h.
3. Results and discussion

3.1. Effect of sulfonation on properties of Nafion/SiO2

composite membrane

Water uptake, swelling ratio, and proton conductivity are very

important properties for PEMFC electrolyte membranes. In

this section, the effects of sulfonation on water uptake,
swelling ratio, and proton conductivity of Nafion/SiO2

composite membrane are discussed. Then in the Section 3.2,

the mechanism of the sulfonation is discussed in correspon-

dence with the results of property testing in this section.

3.1.1. Water uptake
The water uptakes of Nafion, Nafion/SiO2, Nafion/S-SiO2-4h,

Nafion/S-SiO2-10h, and Nafion/S-SiO2-16h at 40, 60, and 80 �C
are shown in Fig. 1. It shows that the Nafion/SiO2 has a higher

water uptake than the unmodified Nafion at the considering

temperature region. At the temperature of 80 �C, the water

uptake of the Nafion is 35%, while Nafion/SiO2 has water up

take of 56%, much higher than that of the unmodified Nafion.

That should attribute to the hydrophily of the SiO2 nano

particles, of which the surface eOH groups have excellent

capability of water maintenance. However, after treatment

with concentrated sulfuric acid, the water uptake of the

composite membrane decreases. And, it descends synchro-

nously as the sulfonation time ascends.

3.1.2. Swelling ratio
Fig. 2 exhibits the surface area based swelling ratios of Nafion,

Nafion/SiO2, Nafion/S-SiO2-4h, Nafion/S-SiO2-10h, andNafion/

S-SiO2-16h at 40, 60, and 80 �C. It could be seen from Fig. 2 that

the swelling ratio of the Nafion/SiO2 composite membrane is

much higher than that of the unmodified Nafion. For Nafion/

SiO2, the presence of the SiO2 in the Nafion matrix lowers the

compactibility & shape-stability of the polymer and thus

elevates the swelling ratio of the membrane. From Fig. 2, it is

seen that the swelling ratios of sulfonated composite

membranes, including Nafion/S-SiO2-4h, Nafion/S-SiO2-10h,

and Nafion/S-SiO2-16h, are lower than that of Nafion/SiO2

composite membrane. Moreover, as the sulfonation time

ascends, the swelling ratio decreases.

3.1.3. Proton conductivity
The EIS plots of themembranes are shown as Fig. 3. It could be

seen that the membrane resistance of Nafion/SiO2 is higher

than that of the unmodified Nafion. It suggests that SiO2 nano-

particles incorporated into the Nafion matrix block the

conduction of protons. Therefore, in this paper we sulfonated

the Nafion/SiO2 composite membrane on the purpose to cover

http://dx.doi.org/10.1016/j.ijhydene.2010.12.030
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Fig. 2 e Swelling ratios of Nafion, Nafion/SiO2 and Nafion/

S-SiO2 composite membranes sulfonated for 4 h, 10 h, and

16 h.
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the conductivity loss caused by the SiO2. In Fig. 3, it could be

seen that the membrane resistances of the Nafion/S-SiO2 (4h,

10h, and 16h) compositemembranes are lower than that of the

un-sulfonated Nafion/SiO2 composite membrane. It proves

that the sulfonation is an effective method to cover the

shortcoming of Nafion/SiO2 composite membrane on proton

conductivity.
3.2. Mechanism analysis of sulfonation

In Section 3.1, effects of the sulfonation on the properties of

the Nafion/SiO2 composite membrane are discussed. It is

clearly seen that sulfonation on one side elevates the proton

conductivity, on the other side lowers the water uptake and

swelling ratio of the Nafion/SiO2 composite membrane.

However, the reason remains obscure. This section aims to

explain the mechanism of the sulfonation in detail, using the
Fig. 3 e Proton conductivities of Nafion, Nafion/SiO2 and

Nafion/S-SiO2 composite membranes sulfonated for 4 h,

10 h, and 16 h.
experimental results of the FTeIR, UV Resonance Raman

spectroscopy, 29Si solid-state MAS NMR and XRD.

3.2.1. FTeIR
Fig. 4(a) exhibits the FTeIR spectra of the Nafion, Nafion/SiO2,

Nafion/S-SiO2-4h, Nafion/S-SiO2-10h, and Nafion/S-SiO2-16h.

In fact, as we can see, it is a little difficult to distinguish the

structure change of the Nafion/SiO2 composite membrane

after sulfonation from Fig. 4(a). This maybe caused by eSO3H

groups in the side chains of Nafion, which is much adverse for

the identification of the eSO3H that maybe attached to the

surface of SiO2 nano-particles [38]. Therefore, in this experi-

ment, an ex-situ characterization method was adopted.

Powder SiO2 nano-particles were prepared outside the Nafion

membrane via a solegel reaction of TEOS. Then the obtained

SiO2 was sulfonated (signed as S-SiO2) by concentrated H2SO4

for 10 h at 80 �C asmentioned in Section 2.1. Fig. 4(b) illustrates

the spectra of the obtained SiO2 and sulfonated S-SiO2. It is

shown that the peak at 3400 cm�1, which is the characteristic

signal of eOH, is widened after sulfonation. It is generally

acknowledged that the widening of the hydroxyl peak is

caused by the hydrogen bond [39]. It suggests that there are
Fig. 4 e (a) FTeIR spectra of Nafion, Nafion/SiO2 and

sulfonated Nafion/S-SiO2 composite membranes; (b) FTeIR

spectra of solegel derived SiO2 and the sulfonated S-SiO2.

http://dx.doi.org/10.1016/j.ijhydene.2010.12.030
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Fig. 5 e UV Raman spectra of solegel derived SiO2 and the

sulfonated S-SiO2.

(5)
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strong hydrogen bonds in the sulfonated S-SiO2. This should

be caused by the inter-action between surface eOH groups of

SiO2 nano-particles and H2SO4 molecules. However, charac-

teristic peaks of the eSO3H group are located in

1000e1100 cm�1 [39], which coincides with the strong

absorption band of symmetric and anti-symmetric vibration

of the SieOeSi. For this reason, the structure signal of eSO3H

is not clear by FTeIR.

3.2.2. UV resonance Raman spectroscopy
From FTeIR, it suggests the existence of strong hydrogen bond

in the S-SiO2. However, whether the eSO3H groups are

chemically attached to the surface of the SiO2 nano-particles,

or how the eSO3H groups interact with SiO2 nano-particles

remains unclear. UV resonance Raman spectroscopy (UVRRS)

is a powerful tool for surface species detection & identifica-

tion. Therefore, in this experiment the UVRRS spectra of SiO2

and S-SiO2 were recorded, using a home-made UV Raman

Resonance Spectrograph. The UVRRS spectra of SiO2 and

S-SiO2 are shown as Fig. 5. It can be seen that the scattering

pattern of SiO2 is much different from that of the sulfonated

S-SiO2. For the scattering pattern of the sulfonated S-SiO2, the

peaks at 873 cm�1 and w620 cm�1 disappear, and a new peak

at 710 cm�1 emerges. Besides, the band around 400 cm�1 is

broadened after sulfonation.

It is well known, the scattering peaks at w620 cm�1 and

873 cm�1 could be attributed to the so called D2 defect struc-

ture (strained three-membered rings) and strained 2-fold rings

(edge-sharing tetrahedra) respectively [40], which form

primarily on the silica surface by condensation reactions

involving isolated adjacent silanol groups [41]. After sulfona-

tion, thew620 cm�1 and 873 cm�1 peaks disappear, suggesting

that a reverse reaction of surface condensation occurs during

sulfonation, illustrated as follow.
(4)
And the new peak at 710 cm�1 should be due to the new

surface specie (SieOeSO3H) forming, as shown in Eq. (4).

The reason for the broaden band around 400 cm�1 after

sulfonation is the reconstruction of stable five-membered and

higher-order rings, at the expense of smaller strain rings and

the condensation of surface hydroxyls [42], illustrated as

Eq. (5). It is noteworthy that SieOeSi bridges in reaction (4) are

of three-membered and two-membered rings, while in reac-

tion (5), the SieOeSi bridges are of five-membered and higher-

order rings. The later is more stable, for lower energy state.
From the UVRRS results, it is clearly seen that sulfonation

affects the surface structure of the SiO2 nano-particles to

a large degree. The chemical bond assembled between

sulfonic group and SiO2 nano-particles is responsible for

covering the proton conductivity loss of the Nafion/SiO2

composite membrane.
Fig. 6 e 29Si solid-state MAS NMR spectra of solegel derived

SiO2 (a) and the sulfonated S-SiO2 (b).
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Fig. 7 e XRD patterns of Nafion, Nafion/SiO2 and sulfonated

Nafion/S-SiO2 composite membranes.

Fig. 8 e IeV curves of Nafion, Nafion/SiO2 and sulfonated

Nafion/S-SiO2 composite membranes at 110 �C, 59%RH.
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3.2.3. 29Si solid-state MAS NMR
29Si solid-state MAS NMR (SSM-NMR) is a powerful tool for

probing the physico-chemical environment of the 29Si atom in

silicon-containing material such as silicates, silica gel and

silylated silica gel [39].

Fig. 6 exhibits the 29Si SSM-NMR spectra of the untreated

SiO2 and sulfonated SiO2 (S-SiO2) samples. According to the

literature, the resonance Q3 around �101 w �103 ppm is

attributed to 29Si directly attached to three OeSi bonds, while

the resonance Q4 around �110w�112 ppm is generally

accepted as the characteristic signal of 29Sie(OeSi)4 [43]. For

the untreated SiO2 (shown as Fig. 6 (a)), no peak at �80 ppm is

found, it suggests that the TEOS is hydrolyzed completely,

which is consistent with the results of FTeIR and UVRRS

above. The Q2, Q3, Q4 resonances at w�95 ppm, �103.1 ppm

and �111.8 ppm are assigned to (SiO)2eSie(OH)2, (SiO)3eSie

(OH), and Sie(SiO)4 [43]. For the sulfonated S-SiO2, there are

two Q2 resonance peaks at �93 ppm and �96 ppm, shown as

Fig. 6(b). That should be assigned to (SiO)2eSie(OH)(OSO3H),

and (SiO)2eSie(OH)2. In addition, two Q3 resonance peaks are

found at�103 ppm and �105 ppm, which should be caused by

(SiO)3eSieOH and (SiO)3eSie(OSO3H), respectively.

Further, the peak area of each resonance is analyzed by

Peak-Fit software, it illuminates the ratio of Q3((SiO)3eSieOH)/

Q4(Sie(SiO)4) decreases after sulfonation. This suggests that

the hydroxyl content of the SiO2 decreases after sulfonation.

That should be caused by the reconstruction of stable five-

membered and higher-order rings, as shown in Eq. (5). It is

also in accordance with the water-uptake loss of the Nafion/

SiO2 composite membrane after sulfonation.

3.2.4. XRD analysis
X-ray diffraction (XRD) analysis is an effective method to

provide morphological information, especially the crystal-

linity degree of the organic/inorganic composite membranes

[9]. Fig. 7 shows the XRD patterns of Nafion, the untreated

Nafion/SiO2 composite membrane and the sulfonated Nafion/

S-SiO2 composite membranes. From the XRD profiles, it could
be seen that there are two broad diffraction peaks at

2qw17�and 2qw38�or both Nafion and composite membranes.

The broad peak at 2qw17� could be deconvoluted to two peaks

at 2qw16� and, 2qw17.5�which are assigned to the amorphous

and crystallinity scattering from main chain of Nafion,

respectively. From the spectra, it’s shown that incorporation

of SiO2 decreases the crystallinity of Nafionmembrane, which

is in opposite to the composite membranes obtained via

a recast route. This result is in accordance with that of Ref. [9].

As to the sulfonated Nafion/S-SiO2 composite membranes,

sulfonationmakes a crystallinity decline for themembrane in

the initial stage of sulfonation, as shown in Fig. 7. It can be

seen that Nafion/S-SiO2-4h possesses the lowest crystallinity

in the composite membranes. Then, the crystallinity of the

sulfonated membrane increases, as the sulfonation time

further ascends.When the sulfonation time comes to 16 h, the

crystallinity of the sulfonated membrane approaches to that

of the untreated Nafion/SiO2. The crystallinity change during

sulfonation process should be related to the surface structure

transition of SiO2 nano-particles. At the initial stage of sulfo-

nation, the hydroxyl groups on the surface of SiO2 nano-

particles are partly eliminated to form stable five-membered

or higher-order rings, which makes the uniformity of the

fillers decrease and thus lead to crystallinity reduction of the

composite membrane. With the increase of sulfonation time,

the 2-fold rings and three-membered rings of SiO2 are opened,

thus the crystallinity grows.

3.3. Single cell test

In the above sections, effects of the sulfonation on the prop-

erties of Nafion/SiO2 composite membrane such as water

uptake, swelling ratio and proton conductivity, were investi-

gated. In order to further study the effect of sulfonation on the

overall performance of themembrane for PEMFC applications,

polarization curves of the unmodified Nafion, untreated

Nafion/SiO2, and sulfonated Nafion/S-SiO2 were tested with

a PEMFC single cell.

Fig. 8 shows the I-V curves of these membranes: Nafion

NRE212, Nafion/SiO2, Nafion/S-SiO2-4h, Nafion/S-SiO2-10h,
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Fig. 9 e Single cell performance of sulfonated Nafion/S-

SiO2-10h composite membrane at constant current density

of 500 mA cmL2 and 1400 mA cmL2.
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and Nafion/S-SiO2-16h. It can be seen from the Fig. 8 that the

PEMFC single cell performance of each of the three sulfonated

Nafion/S-SiO2 membranes is enhanced compared to that of

the untreated Nafion/SiO2 during almost the whole consid-

ering current density range, at 110 �C and 59% RH. Particularly,

in the high current density region above 800mA cm�2, Nafion/

S-SiO2 outperforms the untreated Nafion/SiO2 significantly. At

the current density of 1000 mA cm�2, the output voltage is

measured as 0.598, 0.690, and 0.667 V when the Nafion/SiO2

membrane is sulfonated for 4, 10, and 16 h, respectively.While

for the untreated Nafion/SiO2, the output voltage is 0.587 V at

the same current density. It demonstrates that sulfonation is

obviously beneficial to the elevated temperature & low

humidity performance of the membranes.

Fig. 9 shows the Vet curve of the single cell with Nafion/S-

SiO2-10h, under a constant current density of 500 mA cm�2 or

1400 mA cm�2. After the single cell was activated with 100%

RH gases of H2/O2, the inflow gases were shifted to 59% RH

H2/O2. It can be seen, 0.9 h later, the cell reached a constant

output performance and noobvious performance reduction

was observed during running. It suggests that the interaction

between the sulfonic acid and SiO2 nano-particles is durable

under the rigorous environment of HT-PEMFC. However, the

lifetime of both Nafion/SiO2 and the sulfonated Nafion/S-SiO2

composite membranes need further investigation.
4. Conclusions

In thispaper, thesulfonatedNafion/SiO2 compositemembranes

were prepared by sulfonation of Nafion/SiO2 composite

membranes with concentrated sulfuric acid. The effects of

sulfonation on the properties and single cell performance of

Nafion/SiO2compositemembranewere investigated.Compared

to untreatedNafion/SiO2, the sulfonated Nafion/SiO2 composite

membranes have higher proton conductivities and better single

cell performance.

Further, the sulfonation mechanism was investigated in

this paper by FTeIR, UV resonance Raman spectroscopy, 29Si
solid-state MAS NMR and XRD. From the results of these

physical characterizations, it is suggested that the sulfonation

of Nafion/SiO2 composite membrane is a multiple-reaction

process. During this process, the surface eOH groups of the

SiO2 nano-particles are partly eliminated, leading to water

uptake loss of the composite membrane. And, the chemical

bonds between eSO3H and the surface of SiO2 nano-particles

are formed, as shown in 29Si solid-state NMR and Raman

spectroscopy, which enhance the proton conductivity of the

Nafion/S-SiO2 compositemembrane. Besides, hydrogen bonds

between SiO2 nano-particles and sulfuric acid molecules are

also found from the analysis of FTeIR results.

Thiswork is of importance inunderstanding the sulfonation

process of the Nafion/SiO2 composite, and provides a simple

method to cover the conductivity loss of themembrane caused

by SiO2.
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