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Plasma grafting is employed to prepare alkaline anion-exchange membranes in this study. The attenuated
total reflection Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy and thermo
gravimetric analysis demonstrate that the benzyltrimethylammonium cationic groups are successfully
introduced into the polyvinyl chloride matrix via plasma grafting, quaternization and alkalization.
The plasma-grafted alkaline anion-exchange membrane exhibits a satisfactory ionic exchange capacity
(1.01 mmol g~1), thermal stability, mechanical property, ionic conductivity (0.0145S cm~') and methanol
permeability (9.59 x 10-12m?s~1), suggesting a great potential for application in direct alcohol fuel
cells. The open circuit voltage of air-breathing ADAFC using plasma-grafted alkaline anion-exchange
membrane is 0.796 V with 1 M EtOH solution at ambient temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct alcohol fuel cells (DAFCs) are expected to be promis-
ing power sources ranging from automotive to portable electronic
device applications due to their high power density and low
environmental pollution [1-4]. Proton exchange membrane direct
alcohol fuel cells (PEMDAFCs) have been extensively explored
thanks to the numerous advantages. However, there are still sci-
entific and technological difficulties that impede their widespread
commercialization: high cost for using noble metals as catalyst,
fuel permeation and slow oxidation kinetics of alcohol [1,5]. To
overcome these problems, it is natural to consider an alkaline ana-
logue of DAFC. Several merits for alkaline direct alcohol fuel cells
(ADAFCs) have been suggested: (1) potential to forego noble metal
catalysts [6,7]; (2) lower fuel permeability [3]; (3) lower overpoten-
tials associated with many electrochemical reactions at high pH
[8,9]; (4) less serious corrosion in alkaline environment [8]; and
(5) a significant change in water management [8]. There has been
a growing interest in the development of alkaline anion-exchange
membranes (AAEMs), which served dual functions of hydroxide ion
conducting and fuels separating, and, as a result, seriously affected
the performance of ADAFCs.
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Significant effort has been focused on the preparation of
AAEMs by performing a chloromethylation reaction on the poly-
mer to form benzylic chloromethyl groups and then converting
the benzylic chloromethyl groups into benzyltrimethylammonium
cationic groups in subsequent quaternization and alkalization steps
[5,10-13]. However, the chloromethyl ether, which was usually
used in the chloromethylation reaction as a carcinogen, is poten-
tial harmful to human health [14]. Grafting of vinylbenzyl chloride
(VBC) onto polymer matrix has been proved to be an effective way
to avoid using chloromethyl ether [15-18]. Nevertheless, due to the
highirradiation damage of the polymer matrix, AAEMs produced by
radiation-grafting are promising only when fully fluorinated base
films are used [15]. Plasma grafting is a mild and efficient method
for introducing functional groups onto the surface of the polymer
matrix, and, as a result, nonfluorinated base polymers can be used
[19]. In plasma grafting process, exciting species such as electrons,
ions and neutral particles within plasma bombard with the poly-
mer surface and create active sites for binding of functional groups.
Since the chemical and physical modifications occur only on the
polymer surface, the use of polymer powders instead of polymer
films as the polymer matrix seems to be a better choice. Polyvinyl
chloride (PVC) powder, as an important commercial polymer, has
been employed in this study due to its good solubility in certain
solvents and film forming characteristics.

The purpose of the present study is to prepare and character-
ize the novel plasma-grafted AAEMs for potential application in
ADAFCs. The physicochemical and electrochemical characteristics,
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Fig. 1. Schematic diagram of the apparatus used for plasma grafting.

namely water uptake, ionic exchange capacity, thermal stability,
chemical stability, mechanical property, ionic conductivity and
methanol permeability, were evaluated.

2. Experimental part
2.1. Preparation of plasma-grafted membrane

Plasma device for PVC powder (particle size around 50 pm,
Shenma, China) treatment consists of a cylindrical Pyrex glass vac-
uum tube with a diameter of 55 mm and a height of 250 mm, shown
in Fig. 1. PVC powders were placed between two pieces of Nylon
screens in the middle of the Pyrex glass tube. The inductively cou-
pled plasma (ICP) sustained by a 13.56 MHz power supply inside the
brass coil, using argon as the working gas. The flow rate of argon
was controlled by gas mass flow controller. The plasma treatment
conditions were fixed: argon plasma under the discharge power of
150 W, total pressure of 30 Pa and treatment time of 10 min.

After the argon plasma treatment, the plasma treated PVC pow-
ders were rapidly removed into a conical flask and then excess
VBC (95%, Alfa Aesar®) was injected into the grafting reactor. The
mixture was stirred for 24 h at 60 °C. The obtained plasma-grafted
polymer (PVC-g-PVBC, P1) was washed with deionized water for
several times to remove any trapped VBC molecule, and then dried
in vacuum oven for 48 h at 60 °C. Dried P1 powders (1 g) were dis-
solved in tetrahydrofuran (THF, Shanghai Chemical Reagent Store,
China) to form a 10 wt% solution. The solution of P1 in THF was cast
onto a flat, clean glass plate and placed in a vacuum oven at 60°C
for 24 h, after which the film was removed from the glass plate by
immersing them in deionized water.

2.2. Quaternization and alkalization of plasma-grafted
membranes

The plasma-grafted P1 membranes were soaked in 33 wt%
trimethylamine (TMA, Shanghai Chemical Reagent Store, China)
aqueous solution at room temperature for 48 h. After soaking,
the quaternized membranes (PVC-g-QPVBCTMACI, P1NCl) were
washed with deionized water to remove excess TMA solution.
The P1NCI membranes were immersed in 1M KOH solution at
room temperature for 48 h to convert the membranes from the
Cl- form into the OH~ form. Then, the alkalized membranes (PVC-
g2-QPVBCTMAOH, P1NOH) were washed by deionized water to
remove any trapped KOH and finally immersed in deionized water
for at least 48 h with frequent water changes.

The reaction sequence of the synthesis of the PINOH membrane
is shown in Fig. 2.

2.3. Chemical structure characterization measurements

The chemical structure and composition of the obtained mem-
branes were analyzed by attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) and X-ray photoelec-
tron spectroscopy (XPS). All the samples were dried in a vacuum
oven at 60 °C for 12 h. The ATR-FTIR analysis was performed in the
range of 4000-670 cm~! on Nicolet NEXUS 870 spectrometer. The
spectra were obtained after 256 scans at 2cm~! resolution with
subtracting the contributions from CO, and H,O (gas). The XPS
analysis was carried out using a Thermo ESCALAB 250 spectroscopy
at a power of 150W with a monochromatic Al Ko radiation at
1486.6 eV. The spectrometer energy scale calibration was checked
by setting Ag 3ds;, =368.26 eV and the spectra were calibrated with
respect to the C 1s peak at 284.6eV. The energy resolution was
about 0.6eV. XPS of P1 and PINOH membranes were recorded
at pass energies of 70eV for survey spectra and 20eV for core
level spectra. The photoelectrons were detected with a hemispher-
ical analyzer positioned at an angle of 90° with respect to the
sample plane. An additional electron gun was used to allow for sur-
face neutralization during the measurements since the membranes
were nonconductive. The curves were fitted with symmetrical
Lorentz-Gauss functions. The thermo gravimetric analysis (TGA)
was used to observe the thermal stability of the obtained dried
membranes using DTG-60H (SHIMADZU, Japan) thermal analyzer
in flowing nitrogen from ambient temperature to 800 °C at a scan-
ning rate of 10°C min~1.

2.4. lon-exchange capacity (IEC) measurements

The ion-exchange capacities (IECs) of the PINCI and P1NOH
membranes were measured by classical back titration method to
evaluate the capability of hydroxide ion transport. For IEC mea-
surement, as reported previously [20], three pieces of the dried
membrane samples prepared in the same time were accurately
weighed and then respectively equilibrated with 25 ml 0.05M HCI
solution for 48 h, after which the HCl solution was back titrated by
0.05 M NaOH solution. IEC values of the samples were calculated as
the following relation:

N1 Ha — N2, Hal

[EC (mmol g‘1 )= m
dry

(1)

where 1y y¢ and ny ¢y are the amount (mmol) of hydrochloric acid
required before and after equilibrium, respectively, and mq;y is the
mass (g) of the dried sample. The average value of the three samples
calculated from Eq. (1) is the IEC value of the measured membrane.

2.5. Water uptake measurements

The uptake of water in the membrane was carried out by mea-
suring the change of weight between the membrane before and
after immersion in deionized water. First, the membrane was
soaked in deionized water at room temperature and equilibrated
for more than 48 h. The weight of the wet membrane was recorded
as a benchmark by measuring after removing excess surface water.
The wet membrane was then dried under vacuum at 60°C until a
constant weight was obtained. The weight of the dry membrane
was measured, and the water uptake could be calculated using Eq.
(2)

Mwyet — mdry

Water uptake % = x 100% (2)

mdry

where myet is the mass (g) of a wet membrane and mg;y is the mass
of a dry membrane.
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Fig. 2. Synthesis of the plasma-grafted alkaline anion-exchange membranes.

2.6. Ilonic conductivity measurements

The hydroxide ion conductivity of the obtained membranes
was measured by three-electrode AC impedance spectroscopy,,
described in the literature [21,22], using an Autolab potentio-
stat/galvanostat (IM6e, Zahner, Germany) over a frequency ranging
from 0.1Hz to 1MHz with oscillating voltage of 10 mV. Before
testing, the OH- form of quaternized membrane PINOH samples
(2.0 cm x 4.0 cm) were hydrated in deionized water for at least 48 h
until neutral pH was obtained. After by removing the surface water,
the hydrated membrane was then rapidly placed between two
polytetrafluoroethylene (PTFE) plates, with one side contacted with
three parallel platinum wires. The reference electrode (RE) was con-
nected to the inner platinum wire, and the counter electrode (CE)
and working electrode (WE) were connected to the outer two plat-
inum wires, respectively. The testing cell was placed in a chamber
with deionized water to keep the water content of the membrane
constant during the measurements. This method avoids contact
resistance effectively and the results are well reproducible in the
measurement [21]. The hydroxide ion conductivity oy~ could be
calculated using the relation:

1
" RmA

where [ was the distance (cm) between the working electrode and
reference electrode, A was the cross-sectional area (cm?) of the
membrane, and Ry, was the membrane resistance (£2) obtained
from the AC impedance data.

oon- (Sem™)

(3)

2.7. Methanol permeability measurements

The alcohol permeability, such as methanol permeability, was
measured by an open circuit potential method as reported in Ref.
[21-24], using an Autolab potentiostat/galvanostat (IM6e, Zahner,
Germany) at the temperature of 20 °C. Before testing, the OH~ form
of quaternized membrane P1NOH samples (3.0cm x 3.0 cm) were
hydrated in deionized water for at least 48 h until neutral pH was
obtained. The membrane sample was then clamped between two
compartments of a diffusion cell by means of an O-ring seal with the
membrane cross-sectional area of 2.0 cm? exposed to the solution.

Teflon coated magnetic paddles were used in each compartment to
ensure uniform mixing during the experiments. The compartment
A was loaded with 1M KOH and 1 M MeOH solution. An equal vol-
ume of 1 M KOH solution was present in the compartment B. In the
compartment B, a Pt foil was used as CE, a Hg/Hg,Cl,, KCI (satu-
rated) electrode was used as RE, and a Pt/C gas diffusion electrode
(GDE) with flowing pure O,, prepared by pasting Pt/C (40 wt%, John-
son Matthey) catalyst on carbon paper (Pt loading of 0.5 mgcm™2),
was used as WE. The methanol concentration of compartment B can
be estimated by the GDE potential drop from the calibration curve
of potential shift against methanol concentration. The method to
establish the calibration curve of potential shift against methanol
concentration was described in our previous report, with substi-
tuting 1M KOH solution for 0.5 M H,SO4 solution [21].

2.8. Oxidation experiments

The chemical stability of membrane was investigated by
immersing the samples into 3 wt% H,0, solution at 60°C for more
than 240 h. The 3 wt% H,0; solution was renewed for every 12 h.
The weight loss of the sample was measured at certain time inter-
vals.

2.9. Mechanical property measurements

The mechanical properties of obtained membranes before and
after water-uptake were analyzed by a Dynamic Mechanical Ther-
mal Analyzer (Q800, TA Instruments, USA) at 23 °C. Test specimens
of dried P1 membrane, PINOH membrane, and water saturated P1
membrane, PINOH membrane were all 5mm in width and 14 pm,
15 pm, 14 pmand 20 pm in thickness, respectively. The cross-head
speed was 0.5 Nmin~! with the initial grip distance of 10 mm. Ten-
sile strength (TS), elongation at break (E},) and tensile modulus were
recorded. The date was the average of three trials.

2.10. Cell performance tests

Cell performance tests were carried out with an in-house
fabricated air-breathing ADAFC single cell, a theostat (ZX92E,
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Fig. 3. ATR-FTIR spectra of (a) PVC, (b) P1, (c) PINCl and (d) PINOH membranes.

China) and a digital multimeter (17B FLUKE, USA) at ambient
temperature. The alkaline DAFC was composed of a membrane
electrode assembly (MEA) sandwiched between two stainless steel
bipolar plates. Pt black powder (40 wt% Pt, Johnson Matthey) was
mixed with isopropanol and sprayed on PTFE treated carbon paper
(HCPO20P, Hesen) to make an electrode. To prepare the MEA, the
P1INOH membrane was sandwiched by the thus-obtained elec-
trodes. The Pt loading in the anode and cathode was 0.40 mgcm™2
and 0.20mgcm2, respectively. Fuel cell tests were conducted
with 1-2M ethanol (EtOH) solution at a rate of 1.0mlmin~!. Air
was supplied to the cathode as the oxidant by natural convection.
The ADAFC performance curves were recorded by fixing the load
current, which was controlled with a theostat. All the data were
collected after the cell performance became stable.

3. Results and discussion
3.1. Chemical structure characterization

The chemical structures of PVC, P1, PINCI and PINOH mem-
branes were analyzed by ATR-FTIR spectra, shown in Fig. 3. The
absorption at 844 cm™! and 1254 cm™! in the ATR spectrum of PVC
related to the C-Cl stretching vibrations and C-H rocking, respec-
tively [25]. The ATR spectrum of P1 showed four bands at 826 cm™!,
1265cm1,3020cm! and 3450 cm™!, not present for PVC, assigned
to C-H deformation for para-substituted aromatics, CH,-Cl wag of
benzyl chloride groups, aromatic C-H stretches and O-H stretch-
ing in H,O, respectively, suggesting the successful grafting of VBC
[20,26,27]. The bands at 1484cm™!, 1648 cm™! and 3400cm™! of
P1NCI and P1NOH were assigned to C-H bending of trimethylam-
monium, amide|band and N-H stretching, respectively, indicating
the successful quaternization of benzyl chloride groups[21,27-29].
In the spectra of PINCI and P1NOH, the CH,-Cl wag of benzyl
chloride groups at 1265cm™! disappeared, confirming the thor-
ough quaternization of P1 membrane. The band at 1030cm™! in
the spectrum of PINOH membrane, corresponding to the hydroxyl
group, verified the introduction of hydroxide ion in the alkalinized
membrane [30].

To acquire more information on the chemical structure char-
acteristics of obtained membranes, XPS data of P1 and P1NOH
membranes were conducted. As shown in Fig. 4(a) and (b), the C
1s peak could be curve-fitted with three peaks [31-34]: peak (1) at
284.6 +0.2 eV attributed to the sp3 carbon atoms (C-C and C-H) and
sp? carbon atoms (C=C); peak (2) at 286.1 +0.2 eV corresponded
to sp3 carbon bonded to one oxygen atom (C-0), nitrogen atom
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Fig. 4. XPS spectra of C 1s for (a) P1 and (b) PINOH membranes and N 1s (c) for the
P1 and PINOH membranes.

(C-N) and chlorine atom (C-Cl); peak (3) at 287.2 eV assigned to
the oxygenated groups (carbonyl). The huge increase in the C-N,
C-0 and C-CI fraction of PINOH membrane indicates the suc-
cessful quaternization and alkalization of P1 membrane. Fig. 4(c)
shows the N 1s core-level XPS spectra of the P1 and PINOH mem-
branes. The peak at 401.7 eV for PINOH membrane was attributed
to the positively charged nitrogen (N*) [35-37]. This may confirm
that the quaternary ammonium functional groups have been intro-
duced into the PVC matrix via plasma grafting, quaternization and
alkalization.
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Fig. 5. (a) TGA and (b) DrTGA of PVC, P1, P1INCl and PINOH membranes.

3.2. Thermal stability and grafting percent of VBC

There are three steps in fabrication of PVC-based plasma grafted
alkaline anion-exchange membrane: plasma grafting, quaterniza-
tion and alkalization. The plasma grafting is the most important
step since the contents of quaternary ammonium groups in the
membrane could be determined by the grafting percent of VBC. In
order to calculate the amount of VBC grafted on PVC, PVC and P1
membranes were characterized by TGA methods, shown in Fig. 5.
According to the TGA and its differential (DrTGA) curve, PVC decom-
posed mainly in two steps, with the first step in the range of
217-380°C attributed to the dehydrochlorination followed by the
formation of conjugated polyene sequence, and the second step
in the range of 380-537°C related to the thermal cracking of the
carbonaceous conjugated polyene sequences [38]. There are three
major weight loss stages for the P1 membrane: stage (1) in the
range of 73-217°C corresponded to the degradation of trapped
VBC monomer [15]; stage (2) in the range of 217-380°C related to
the dehydrochlorination from the C-C backbone and benzyl chlo-
ride group; stage (3) in the range of 380-608 °C attributed to the
decomposition of polymer’s carbon chains and phenyl groups [39].
The degree of grafting can be estimated from the variation of dehy-
drochlorination between PVC and P1, due to their difference in
chloride contents. Eq. (4) shows the relationship among the chlo-
ride contents of PVC powder (@ pyc), VBC monomer (wcyypc), and
P1 membrane (¢ pp).

c1,vBcMyBC + @cl,pvcMpyvc = @ci,p1(Mysc + Mpyc) (4)

where mygc and mpyc are the mass (g) of VBC and PVC in P1.
The chloride contents of PVC powder, VBC monomer and P1 are

Table 1
Thickness, IEC and water uptake of the P1, PINCl and PINOH membranes.

Membrane Thickness (jpum) IEC (mmolg™1) Water uptake (wt%)
P1 14 - 4.70
PINCI 15 0.18 23.29
P1NOH 20 1.01 65.63

58.75 wt% (by observed from Fig. 5), 23.28 wt¥% (by calculated from
the VBC formula) and 47.27 wt% (by observed from Fig. 5), respec-
tively. The weight percent of VBC in P1 (mygc/(mygc + mpyc)) can be
calculated to be 32.37 wt%, according to Eq. (4).

Fig. 5 also shows the TGA weight-loss curves for the quaternized
and alkalinized membranes. In the TG trace of PINCI and PINOH
membranes, there was a big mass loss in the range of 120-217°C,
related to the loss of the benzyltrimethylammonium groups [39],
indicating the steady operation of PINOH membrane below 100 °C.

3.3. IEC and water uptake

IEC is performed to determine the capability of hydroxide ion
transport, and of course, to evaluate the applicability in ADAFCs
of obtained membranes. IEC values of PINCI and PINOH mem-
branes are shown in Table 1. The IEC value of PINOH membrane
is 1.01 mmol g, which is higher than that of PINCl membrane
(0.18 mmol g™1), indicating the introduction of functional groups
in the alkalinized membrane. The membrane thickness, measured
by micrometer (Mitutoyo, Japan), and water uptake values of the
hybrid P1, P1NCI and PINOH membranes agree with this observa-
tion, shown in Table 1. The alkalized membrane P1NOH showed the
highest water uptake (65.63%), followed by the quaternized mem-
brane P1NCI (23.29%) and plasma-grafted membrane P1 (4.70%).
The high water uptake and IEC values of the alkalinized membrane
could provide sufficient water molecules to transport OH~ ions
through the membrane, indicating excellent ionic conductivity of
the PINOH membrane.

3.4. Ionic conductivity

Hydroxide ion conductivity of the AAEM is a crucial criterion for
evaluating its performance in ADAFCs. Fig. 6(a) shows the Nyquist
plot of (—Z” versus Z') for the PINOH membrane measured in deion-
ized water, fitted by the equivalent circuit. The OH™ ion conductivity
of the membrane (oqy-) can be calculated by Eq. (3) from the AC
impedance data. The resistance of PINOH membrane Ry, is 17305 2
in the hydrated membrane thickness of 20 wumat 20 °C. The OH™ ion
conductivity of PINOH membrane is 0.0145S cm™!, according to Eq.
(3), which is in the range of 0.01-0.02 Scm-1 as reported in the lit-
erature, indicating the satisfactory for application of the membrane
in fuel cell [15].

Previous studies have demonstrated that the ionic conductiv-
ities of ion-exchange membranes are temperature dependence
[40-43]. Fig. 6(b) shows the relationship between In oyy- and
1000/T (T is the absolute temperature in Kelvins). lonic conduc-
tivity of PINOH membrane increases with increasing temperature,
assuming that the conductivity followed the Arrhenius law. The
anion transport activation energy (E;) of the PINOH membrane,
which corresponds to the energy barrier for carrier transfer from
one free site to another, can be obtained according to the Arrhenius
equation:

dIn oq-
T2 OH
R dT (5)

where R is the pure gas constant. The activation energy value for
alkalinized PINOH membrane is 13.20 k] mol~'. The high oy~ and
low E; values might be attributed to the high water uptake and

Ea (K] mol’i) =
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IEC of the membrane, which conduce to forming continuous ion
transferring channel and make the movement of ion easily [12].

3.5. Methanol permeability

Alcohol permeability of polymer electrolyte membranes is
another determinant for potential use in DAFCs due to its influ-
ence on the fuel cell power density, energy conversion efficiency
and fuel utilization. As mentioned in the experimental section, the
measurement of methanol permeability through the PINOH mem-
brane, in this study, was conducted by an open circuit potential
method [22-24].In the absence of methanol, the potential of GDE in
1M KOH solution represents the standard electrode potential (E?).
When adding the methanol into the 1M KOH solution, the poten-
tial of GDE drops, according to the concentration of methanol, due
to the oxidation of methanol in the Pt catalyst surface. There is a
relationship between the variation of GDE potential (AE) and the
concentration of methanol (ccy,on), shown in Eq. (6).

AE = —a In ccyy0n (6)

where a is a constant. The calibration curve of potential shift
against methanol concentration is shown in Fig. 7(a). Therefore,
the methanol concentration in compartment B during permeation
experiment can be inferred from the variation of GDE using Eq. (6).

Eq. (7) shows the relationship between the concentration of
methanol in compartment B (ccy,0n,3 in mol L-1) and permeation
time (tins)[21].

Vsl 12
— t)y=P(t+2 7
CCH3OH’ASCCH3OH,B( ) ( + 6D> (7)
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Fig. 7. (a) Potential shift against methanol concentration. The dots are the exper-
imental data and the line is the linear fitting of the experimental results using Eq.
(6). (b) Permeability data for the PINOH membrane in the methanol concentration
in compartment A of 1 molL-! at 20°C.

where P, D, L, and S are the methanol permeability (m2s-1),
diffusion coefficient (m? s~!), membrane thickness (m) and mem-
brane active area (m?) of PINOH membrane, respectively. Vg and
CcH;0H,A are the volume of compartment B (m3) and concentra-
tion of methanol in compartment A (molL-1), respectively. It is
evident that (VgLm/ccH,0m,45)CcH;0n,B(t) has a linear correlation
with the permeation time, shown in Fig. 7(b). The slope and inter-
cept of the fitting line are methanol permeability (P) and P(LZ,/6D),
respectively. The methanol permeability of PINOH membrane,
based on Fig. 7(b), is 9.59 x 10712 m?2 s~! when the concentration
of methanol in compartment A is 1 molL-!. There are mainly two
factors affecting methanol permeation: the diffusion and electro-
osmotic drag. However, in alkaline direct methanol fuel cells ion
transport through the membrane occurs in the direction opposite
to the methanol crossover, which leads to the decrease of electro-
osmotic drag. The diffusion coefficient (D) of PINOH membrane
is only 1.11 x 10-¥ m2 571, based on Fig. 7(b) and Eq. (7). The low
methanol permeability and diffusion coefficient value suggested a
good performance of PINOH membrane for application in ADAFCs.

3.6. Chemical stability

Membrane chemical stability is generally characterized by dura-
bility time [39]. Since the alkaline anion-exchange membranes
work in oxidative circumstances, the chemical stability of AAEM
has often been evaluated in strong oxidative conditions, such as
3 wt% Hy0, [44]. The change in the weight content of the PINOH
membrane in 3 wt% H,0, over time is shown in Fig. 8. In the first
50h, the weight loss of PINOH membrane was 6.67 wt% due to
the trapped free radicals within the polymer backbone by plasma
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Fig. 8. The oxidative stability of the PINOH membrane.

bombardment [45]. In the next 121 h, the weight loss of PINOH
membrane was only 2.22 wt¥%, suggesting that the structure of the
polymer matrix was not destroyed by the plasma treatment. The
chemical stability of PINOH membrane was acceptable [46].

3.7. Mechanical properties

The mechanical properties of dried P1, PINOH membranes (RH
0%) and fully hydrated P, PINOH membranes (RH 100%) were
evaluated using tensile stress-strain measurements. The TS, E,
and tensile modulus values are collected in Table 2. The P1NOH
membranes withstand lower tensile stresses than the P1 precur-
sor membrane, indicating the influence of the quaternization and
alkalization progresses on the membrane mechanical properties.
The fully hydrated PINOH membrane exhibited TS with an average
8.74 MPa of stress resulting in 5.1% strain. Compared to the values
in literatures, the mechanical properties of our membranes can be
acceptable [18,47].

3.8. ADAFC performance

The cell voltage and power density curves of ADAFCs with
1-2M EtOH solution using PINOH membrane as the electrolyte
are presented in Fig. 9. The fuel cell containing PINOH membrane
exhibited open circuit voltages (OCVs) of 0.796V and 0.788V in
1M and 2 M EtOH solution, respectively. The open circuit voltages
of the cells using PINOH membrane were stabilized within the
range of 0.75-0.80V, which were about 100 mV higher than that
of the ADMFC with radiation-grafted AAEM in the absence of KOH
inanode fuel solution [18]. This may be due to the undamaged poly-
mer backbone structure and good alcohol resistance of the PINOH
membrane. The OCV slightly decreased with increasing EtOH con-
centration from 1M to 2 M due to the higher EtOH crossover [48].
It is difficult to compare directly the cell performance in our test
to literature values, as the ADAFC studies have used EtOH solu-
tion containing KOH. From Fig. 9, it is immediately evident that the
power densities produced in our study were a little poorer than that
of the Ref. in the absence of KOH in anode fuel solution [18]. There
are a number of reasons to affect the fuel cell performance, such as
the kind of catalyst, catalyst loading, testing condition (alcohol fuel
containing KOH or not, KOH concentration, alcohol concentration

Table 2
The mechanical properties of the P1 and PINOH membranes.

Membrane TS (MPa) Ey (%) Tensile modulus (MPa)
P1, RH 0% 12.71 2.5 996.3
P1, RH 100% 27.33 6.1 1601.0
P1NOH, RH 0% 9.16 14 618.6
P1NOH, RH 100% 8.74 5.1 374.7
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Fig. 9. Cell voltage and power density vs. current density for the air-breathing fuel
cell with PINOH membrane using 1M ethanol (B) and 2M ethanol (®) at room
temperature. (Anode: 0.40 mg Pt cm~2; cathode: 0.20 mg Ptcm™2.)

and flow rate, O, concentration and flow rate) and so on. Further
researches on the comprehensive evaluation of the ADAFC perfor-
mance using the plasma-grafted AAEMs are under investigation.

4. Conclusions

In this study, we adopted a novel technique to prepare AAEMs
based on PVC powders via plasma grafting, quaternization and alka-
lization. The TGA, ATR-FTIR and XPS analysis demonstrate that the
benzyltrimethylammonium cationic groups have been successfully
introduced into the PVC polymer matrix. TGA analysis also indicates
that the plasma-grafted AAEMs can be used safely at <100°C. The
structure of the polymer matrix was not destroyed by the plasma
treatment. Due to the high water uptake and satisfactory IEC, the
P1INOH membrane exhibits an excellent hydroxide ion conduc-
tivity (0.0145Scm™! in deionized water at 20°C). The methanol
permeability (9.59 x 10712 m2 s~1) suggests that the PINOH mem-
brane has good methanol resistance. The open circuit voltage of
air-breathing ADAFC using this newly AAEM is 0.796V with 1M
EtOH solution at ambient temperature. This performance criterion
expects that such kind of plasma-grafted AAEMs have great poten-
tial for application in alkaline directly alcohol fuel cells.
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