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In this work, a new type of proton-exchange membranes constructed by poly(vinyl alcohol) and X-type reactive
dyes (X-2R) had been successfully prepared and comprehensively investigated in depth. FT-IR and SEM were
used for chemical and structural characterization of these membranes. The membranes' H+ conductivity and
water uptake were studied using AC impedance technique and themethod of weighing, respectively. The effects
of different thicknesses of the membranes were emphatically studied. Considering all properties, the optimal
thickness of the PVA/X-2Rmembrane was 45 μm, and the resultingmembrane exhibited high proton conductiv-
ity 0.0519 S cm−1 at room temperature with thewater uptake reaching 1.57 g g−1, which afforded a power den-
sity of 48.9 mW cm−2 at 127.4 mA cm−2 and open-circuit voltage (OCV) of 893.1 mV. The PVA/X-2R membrane
remained about 75.2 wt% of the originals up to 30 h in Fenton's reagent (3%H2O2(V/V), 2 ppm FeSO4), which
showed the high oxidative stability. Thermal analysis also showed that the PVA/X-2R membranes exhibited
the significant improvement of thermal stability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Proton-exchange membrane (PEM) fuel cell is one of the most
promising green power sources for electronic products. As the key com-
ponent in PEM fuel cell, the development of PEM is always an attention
hotspot researched by many scholars. Perfluorinated proton-exchange
membranes, such as Nafion, are themost widespread type of polymeric
membranes used for PEM fuel cells. However, one great weakness of
these membranes is their high production costs due to the difficulty to
synthesize perfluorinatedmacromolecule. Furthermore, organofluorine
compounds have been found to be the dominant factor of some poten-
tial environmental problems. In recent decade, more and more non-
fluorinated membrane materials with relatively low cost and the
required electrochemical characteristics have been explored. These
membranes are constructed mainly from organic hydrocarbon poly-
mers with the sulfonic acid groups directly attached to the main chain,
or carrying short pendant side chains with terminal sulfonic acid
units. At present, polyimide [1–3], polybenzimidazole [4–7],
poly(aromatic ether) [8–10], and polybenzoxazole [11–14] are the
most main research objects. However, some obstacles such as hydroly-
sis stability, still high price, relatively low proton conductivity, and poor
durability have been difficult to resolve.

In our previously work, a series of conductive films applied on fuel
cells had been successfully prepared by blending and solution cast tech-
nique, using poly(vinyl alcohol) (PVA) as material [15–18]. PVA is
a polyhydroxy polymer (Fig. 1a) and possesses many excellent charac-
teristics such as easy preparation, biodegradability, good film-forming
capacity and stability, low cost, hydrophilic properties, and a high
density of reactive chemical functions [19,20]. Hence, in this
work, we still used PVA as the membrane's matrix and chose
anionic dye Reactive Red Violet X-2R (X-2R) (Fig. 1b) (chemical
name: sodium 5-((4,6-dichloro-1,3,5-triazin-2-yl)amino)-4- hydroxy-
3-((4-methoxyphenyl)diazenyl)naphthalene-2,7-disulfonate) as a pro-
ton conductor. X-2R is an economic reactive dyemainly used in the dye-
ing and printing of cellulose fibers. As shown in Fig. 2, nucleophilic
substitution reaction can take place between the dichlorotriazine
groups of X-2R and the −OH groups of PVA at low temperature. By
the conventional dyeing processes, X-2R can be firmly fixed on the
PVA matrix owing to the formed covalent bonding. Considering the so-
dium sulfonate groups in X-2R, it should be feasible to apply these
membranes to proton-exchange membrane fuel cells. However, since
both PVA and X-2R are hydrophilic matters, a major research objective
is how to adjust the membrane's water uptake to balance the conduc-
tive performance and mechanical performance. Chemical cross-linking
PVA by glutaraldehyde (GA) is a highly versatile method to solve this
problem by adjusting the cross-linking density of the membranes pre-
pared [21–27]. Compared with the blending technique we adopted in
the past work [15–18], the dyeing process used in this work possesses
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some special advantages, especially the improved flexibility and tough-
ness. The PVA/X-2Rmembrane is post-functionality, that is, the polymer
is solidified to prepare the matrix membrane before the functional
steps, and then the proton conductive component X-2R dyes PVAmem-
brane to form various bonding forces. Thus, it can effectively avoid the
poor compatibility in the blending system. Furthermore, we can adopt
some chemical agents to help X-2R dye fix on the PVA membrane, and
these agents can be easily removed by washing the membrane several
times. This is difficult for the blending system to achieve, so it is also
an extremely promising approach to prepare polymer electrolytemem-
branes for fuel cells.

Based on the above conception, in this article, a series of cost-effec-
tive membranes based on PVA had been prepared first, and then these
membranes were modified by Reactive Red Violet dye X-2R using dye-
ing techniques. The membranes prepared were studied by using infra-
red spectroscopy (FT-IR) and scanning electron microscope (SEM) to
analyze their chemical structure and morphological microstructure.
Thermo gravimetric analysis (TGA) was adopted to study the thermal
stability. The membrane characteristics, including H+ conductivity
(σ), water uptakes (WU), ion exchange capacity(IEC),mechanical prop-
erties, and oxidative stability, were discussed to evaluate their applica-
tion performances. Finally, these membranes were used to fabricate
membrane electrode assemblies (MEAs) for actual H2/O2 single fuel
cells.

2. Experimental

2.1. Materials and membrane preparation

The matrix membrane was synthesized by solution-casting technol-
ogy. In this method, PVA (99% hydrolyzed, average molecular weight
Mw=86,000–89,000; Aldrich)was dissolved inwaterwith continuous
stirring to make a 6% transparent solution at 80 °C. The obtained solu-
tion was cast onto a plastic Petri dish and evaporated slowly at room
temperature for 3 days to form the matrix membrane. Then the

membrane was soaked in a dye bath containing the concentration of
X-2R (analytical pure, kindly provided by Wujiang Taoyuan Dyestuff
Co., Ltd., China) 10 g/L at a liquor ratio of 1:50. The temperature of the
dye bath was warmed up to 30 °C before one-half 25 g/L sodium chlo-
ridewas addedwith stirring. After 30min, another one-half 25 g/L sodi-
um chloride was added, and the dyeing temperature was kept on 30 °C
for 30min. Then the dyeing temperaturewas gradually increased to 50 °
C before 20 g/L sodium carbonate was added to fix the dye onto PVA
membrane, and the fixing process was continued for 60 min. Finally,
the treated sample was washed with water (5 g/L soap flakes at 40 °C)
and then thoroughly rinsed in tapwater before theywere dried natural-
ly. The whole dyeing process was shown in Fig. 3.

To enhance themechanical properties and reduce swelling property
of the membrane, the dyed membrane was immersed in a solution
consisting of 10 wt.% glutaraldehyde (GA) and several drops of HCl in
acetone at 30 °C for 30min to form cross-linked structure. Cross-linking
can be formedbecause of the reaction between the−OHof PVA and the
−CHO of GA due to the catalysis of acid, and the dye molecules can be
maintained in the membrane via multiple interactive forces between
molecules (Fig. 4). Then themembrane was soaked in a 1.0 M HCl solu-
tion to convert the SO3Na form into the SO3H form. Before the use, the
membrane was washed with deionized (DI) water several times to re-
move excess HCl and finally dried naturally. Flat membranes were ob-
tained with a thickness of about several tens of micrometers (20–
130 μm) measured by a micrometer.

2.2. Characterization of PVA/X-2R membranes

Fourier-transform infrared spectra were recorded on an FT-IR-4200
spectrometer (Shimadzu, Japan). Samples in the formof thin filmswere
sandwiched between two KBr plates and placed in the cell to be mea-
sured. Air was employed as a background reference.

A Quanta 200 scanning electronmicroscope analyzer (FEI, USA)was
employed to observe the surface and cross profile morphology of the
membranes. Prior to observations, the membrane samples were frac-
tured in liquid nitrogen and sputtered with gold, then examined at
2000 and 10,000 magnifications.

Thermogravimetric analysis of the membrane was performed using
an STA449C apparatus (Netzsch, Germany). Samples of about 10 mg
were loaded into an alumina pan and then heated from 30 °C to 650 °
C at a rate of 10 °C min−1 under air atmosphere. The vacant alumina
pan was used as a reference throughout the whole experiment.

Tensile strength (MPa) and elongation at break (%) were measured
on a universal material testingmachine (H5K-S, Hounsfield) under am-
bient condition (room temperature, ~65% relative humidity) at a speed
of 12mmmin−1 with a 5000 N sensor loaded. The mean value was ob-
tained from at least five strip samples with the size of 1 × 5 cm.

2.3. The ion exchange capacity

The ion exchange capacity (IEC, mEq g−1) of the PVA/X-2R mem-
branes was determined by titration method. Square pieces of themem-
braneswere set in 20mL of a 1MNaCl solution at room temperature for

Fig. 1. Chemical structure of polyvinyl alcohol (a) and reactive dye X-2R (b).

Fig. 2. The reaction equation of the modified PVA by X-2R. Fig. 3. The curve of the dyeing process for the pristine PVA membrane.
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