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The sol-gel flux phase of direct methanol fuel cell is prepared by the modified sol-gel method with
starting materials of Na,SiO3; or Si(OCH3 )4, methanol and sulfuric acid, and characterized by SEM. The
methanol permeability and electrochemical characteristics of the sol-gel flux phase are investigated. The
mass transportation mechanism and the process of methanol has been changed by the porous structure
of the sol-gel flux phase. The methanol permeability of the sol-gel flux phase decreases more than 90%
compared with the liquid flux phase of 1molL-! CH30H and 1 molL~! H,S04. A novel direct methanol
fuel cell with sol-gel flux phase is designed. The power density of which is higher than that of the cell

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The direct methanol fuel cell (DMFC) is one of the most promis-
ing portable power sources for mobile electronic devices (e.g.,
laptops, cellular phones and PDAs). The advantages of DMFCs are
reasonably high specific energy, convenient storage of fuel, and low
temperature operation [1,2]. Nevertheless, several problems and
technological issues still remain, such as methanol crossover, high
catalyst loading and low power density [3-5], which will signifi-
cantly reduce the overall efficiency of the fuel cell system. A fraction
of methanol fuel at the anode is transported to the cathode due to
the concentration gradient, which reacts directly with the oxygen
at the cathode, and no current is produced. Additionally, the cat-
alytic activity together with the performance of the cell declines
due to its toxicity [6].

Admixture of methanol and H,SO4 is commonly used as flux
phase of DMFC. The transportation and permeability of methanol
influence the performance of DMFC. Recently, there has been con-
siderable interest in the research of the flux phase which include
methanol permeability and mass transportation of flux phase to the
proton exchange membrane, mass transportation model, proton
exchange membrane of lower leakage and the catalysts of higher
tolerance to CO [7-10]. Although these studies have made head-
way, none of them can solve the problem of methanol permeability.
To our knowledge, there are fewer reports to increase the perfor-
mance of DMFC by means of improving the of flux phase to solve the
problem of methanol permeability. Amir and Zhen [11] developed
a new protocol to reduce the methanol permeability by designing
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the configuration of DMFC that change the feed of methanol from
liquid phase to vapor. On the third international hydrogen fuel cell
exhibition, Japanese SINANEN exhibited a DMFC system using solid
methanol as fuel, which reduces the methanol permeability of the
flux phase using solid methanol as fuel. But it is much dear to pro-
duce solid methanol, and the mass transportation is limited so as
to influence the process of anodic reaction.

In this paper, we developed a method to restrain the methanol
permeability with sol-gel flux phase of DMFC. The sol-gel flux
phase is prepared by the modified sol-gel method, which is
composed of dispersion medium and the gelatinizer, the former
composes of methanol and sulfuric acid, while SiO; is used as the
latter. The methanol permeability and electrochemical character-
istics of the sol-gel flux phase together with the form of the flux
phase and mass transportation mechanism of methanol have been
investigated. The mass transportation mechanism and the process
of methanol has been changed by the porous structure of the sol-gel
flux phase. The methanol permeability of the sol-gel flux phase
decreases more than 90% compared with the liquid flux phase of
1molL~1 CH30H and 1 mol L~! H,S04. A novel DMFC with sol-gel
flux phase is designed, and the density of the DMFC with sol-gel
flux phase and liquid flux phase of 1 molL~! CH30H and 1 molL~!
H,S04 has been determined at 60 °C, respectively.

2. Experiments and the novel direct methanol fuel cell
design
2.1. Synthesis of the sol-gel flux phase
The sol-gel flux phase was prepared by the modified sol-gel

method. Na;SiO3 or Si(OCH3)4 (according to the massfraction of
SiO, 5% that formed in the sol-gel flux phase) was weighed, and
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dissolved in deionized water, after that, the calculated H,SOy,
methanol, and Sodium alginate (aqueous solution of 0.5% mass-
fraction) was dropped under stirring. The mixture in the glass
was airproofed and continually stirred. Na,SiO3 or Si(OCHs3)4
hydrolyzed slowly to form the sol eventually. The viscidity of the
system was increased with the proceeding of hydrolysis reac-
tion. Finally, the semisolid humid gel was formed with methanol
aqueous solution as dispersion medium at the concentration of
methanol and H,SO4 of 1 mol L1, which was denoted the sol-gel
flux phase.

2.2. Sol-gel flux phase methanol permeability

A diaphragm diffusion cell, as described in detail elsewhere
[12,13], was used to determine the methanol permeability of the
sol-gel flux phase. The apparatus consists of plastic compartments
(A and B), which were separated by the Nafion 117 membrane with
an effective area of 4.09 cm? and thickness of 1 mm. The compart-
ment A (volume 100cm3) was filled with the sol-gel flux phase
while the compartment B (volume 100 cm3) was filled with distilled
water. The methanol molecules diffuse along the concentration
gradient through the Nafion 117 membrane into the opposite com-
partment of the diffusion cell. Magnetic stirrer was used in each
reservoir to ensure uniformity during the diffusion experiment.
Prior to determination, Nafion 117 membrane was dipped in the
solution of 70% H,SO4 and 30% H,0, over 24 h. To determine the
methanol permeability of Nafion 117 membrane, liquid samples of
10 pL were drawn hourly from the permeate compartment using
a syringe and the samples were then analyzed with a gas chro-
matography (Ruihong Chemical Engineering Instrument Co., Ltd.,
Shandong). Methanol diffusion is induced by a concentration gra-
dient across the membrane. Hence, from the change of methanol
concentration in the diffusion reservoir, the diffusion coefficient is
obtained by the following equation.

The methanol concentration in diffusion reservoir (Cg) at time t
was calculated from the linear interpolation of Cg versus t and the
slope (o) of the graph can be written as follows:

oo AC
TOAt
CB=OT

where the Cg is the concentration of methanol in diffusion reservoir
(molL-1) at time t, t is diffusion time, AC s the variable concentra-
tion of methanol, At is dispersion time 1 h.

The permeability of methanol (cm?s~!) was expressed as
below:
VgL
P=0_——
ACy
where C, is the concentration of methanol in feed compartment
(molL-1), Ais the effective area of membrane (cm?2), L is the mem-
brane thickness (cm), and Vg is the volume of diffusion reservoir
(cm3).

2.3. Electrochemical measurement of sol-gel flux phase

The electrochemical measurements were performed on CHI
660C workstation (American CHI Instrument). The electrochem-
ical cell consisted of a tri-electrode system with platinum wire
as counter, a saturated calomel electrode (SCE) as reference, and
a modified carbon paste electrode (CPE) as working electrode,
respectively. The anode catalyst of PtRu/TiO,-SiO,/C was prepared
according to the method of Chinese patent [14]. The preparation of
carbon paste electrode was prepared according to a previous report
[15]. Typically, the anode catalyst of 5 mg was mixed completely
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Fig. 1. Diagram of the membraneless using sol-gel flux phase. (a) Vertical view; (b)
front sectional elevation; (c) vertical view of cathode; (d) vertical view of anode.
Novel direct fuel cell architecture: 1, shell; 2, air room; 3, cathode output contact;
4, cathode; 5, anode output contact; 6, sol-gel flux phase room; 7, anode; 8, dif-
fuse layer; 9, cathode catalyst; 10, anode catalyst; 11, diffuse layer; 12, water-drain
hole; 13, CO,-drain hole; 14, ventilation hole; 15, feed fuel hole; 16, feed fuel seal-
ing head; 17, porous titanium plate; 18, Nafion membrane; 19, porous titanium
plate.
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Fig. 2. SEM photographs of the sol-gel flux phase. (a) Na,SiO3 as material and (b) Si(OC,Hs )4 as material.

with paraffin of 30 pL and some VulcanXC-72 in the evaporating
dish, followed by evaporation of the water under vacuum. The mix-
ture was finally packed into an electrode cavity of Teflon (3-mm
diameter, 5-mm depth). Electrical contact to the paste was estab-
lished by forcing a copper rod into the back of the mixture. After
being polished manually on a weighing paper, the modified elec-
trode was used as the working electrode. The electrolyte was liquid
flux phase or sol-gel flux phase of 1molL-! H,SO,4 and 1 molL-!
methanol. The electrochemical performance was carried at room
temperature with the purge of N.

2.4. Scanning electron microscope

The morphology of the sol-gel flux phase was investigated using
scanning electron microscope (SEM, Hitachi Japan). Specimen for
the SEM was prepared by freezing the sol-gel flux phase sample
in liquid nitrogen up to 10 min and breaking it to produce a cross-
section (Hitachi Japan). Fresh cross-sectional cryogenic fractures of
the sol-gel flux phase was sputtered with a thin layer of Pt with an
ion sputtering in vacuum before viewing.

2.5. Novel direct methanol fuel cell design

The design of the fuel cell assembly was shown in Fig. 1.

The novel direct fuel cell is circular architecture, the anode con-
sists of three layers, the porous titanium plate or stainless steel
plate form the inner layer, anode catalyst (Pt-Ru, 4 mg cm~—2) form
the out layer, while the diffusion layer composes of carbon fiber
paper or carbon fiber cloth. So does the cathode, with a bit differ-
ence of out layer, in which Pt of 4 mg cm~2 acts as catalyst (covered
with Nafion 117 membrane). The electrode area is 4 cm?, and the
volume of the sol-gel flux phase is 10 cm3.

3. Results and discussion
3.1. Sol-gel flux phase characterization

The SEM photographs of the sol-gel flux phase using Na;SiO3
and Si (OCH3) 4 as starting materials were presented in Fig. 2.

Both of the sol-gel flux phases had porous structure with the
bone of SiO,. SiO, was well distributed in the medium of methanol
and water. From Fig. 2(a), we can see that the aperture of the sol-gel
flux phase using Na,SiO3 as material is ranging from 50 nm to
60 nm. It is much bigger than that of 20 nm with Si(OCH3 )4 as start-
ing materials in Fig. 2(b). It is probably attributed to the preparation
mechanism of the sol-gel flux phase.

The formation of as-prepared silica sol-gel using Si(OCH3 )4 as
material typically undergo three elementary reactions [16]:

Hydrolysis : Si(OR)4 +nH,0 — Si(OR)4_, + nROH (a)
Alcoholcondensation : Si-R + HO-Si — Si-O-Si + ROH (b)

Watercondensation : Si-OH + HO-Si — Si-O-Si + H,0 (c)

It is important to note that only the condensation reactions are
responsible of the gel formation. The hydrolysis rate of the route
using Si(OCH3)4 as material was greatly influenced by water than
that of Na,SiOs.

The pH dependence of this set of reactions has been exten-
sively studied [16-19]. The hydrolysis rate reaches the minimum
at neutral pH and almost rises when the pH is lowered or
increased. The condensation rate, on the contrary, is the highest
at neutral pH and sharply decreases far from neutrality, the con-
densation rate rises sharply when the pH is small than 3. The
relation among the gelatinizing time and pH is presented “N” curve
[17,18].

The formation of as-prepared silica sol-gel using Na,SiO3 as
material undergo two elementary reactions:

Hydrolysis : NaySiO3 +H>S04 + H,0 — Hy4SiO4 + NayS04 @)
Watercondensation : H4SiO4 — SiO; +2H,0 (b")

The hydrolysis rate reaches the minimum at neutral pH and
almost rises when the pH is lowered or increased. The conden-
sation rate, on the contrary, is highest at neutral pH and sharply
decreases far from neutrality. The relation among the gelatinizing
time and pH is presented “V” curve [16,20].

Often an alcohol is employed for rendering the system homo-
geneous, the addition of methanol decrease the hydrolysis rate to
some extent. The reaction system contains only 5wt% silica and
1 mol L~ of methanol, the effect of the addition of methanol on the
gelatinizing time is smaller.

The concentration of H,SO4 in the solution is 1 mol L1, the gela-
tinizing time of the sol-gel flux phase using material of Si(OCH3 )4
should be shorter than that of Na,SiOs.

The aperture was influenced by the formation rate of the sol-gel
flux phase. The more the formation rate of the sol-gel flux phase
was, the smaller aperture would be in the aqueous medium for
dispersing. Its aperture is smaller than 20 nm [20]. The experiments
result show that the gelatinizing time using Na,SiO3 as material
is more than 20 days, its aperture is about 50-60 nm. While, the
gelatinizing time using Si(OCH3)4 as material is about 2 days, its
aperture is 20 nm. Both of the apertures of the sol-gel flux phase
were bigger than 20 nm. This is probably because of the dispersing
medium is methanol except water.

3.2. Methanol permeability performance of the sol-gel flux phase

Fig. 3 shows temporal dependence of the methanol permeability
concentration of the sol-gel flux phase.

The methanol permeability of the sol-gel flux phase using
material of Na,SiO3; and Si(OCH3)4 were calculated from Fig. 3
with the results of 1.26 x 1077 cm?s~! and 8.15 x 10~8 cm?s~1,
respectively. Both of them were decreased more than 90% com-
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Fig. 3. Temporal dependence of the methanol permeability concentration of the
sol-gel flux phase. (a) Na,SiO3; as material and (b) Si(OC,Hs )4 as material.

pared with that of the liquid flux phase of 1 mol L~! methanol and
1molL~1 HyS04 to Nafion 117 membrane [12]. This indicated that
the methanol permeability of sol-gel flux phase is far lower than
that of the liquid flux phase.

The mass transportation of mechanism and process of methanol
can be changed by the porous structure of the sol-gel flux
phase. The methanol permeability in the liquid flux phase mainly
expresses the permeation of the methanol over the surface of
Nafion membrane. Although the sol-gel flux phase contact closely
with the Nafion membrane, the sol-gel flux phase is the half-flux
phase without fluidity, methanol expresses only the diffusion over
the Nafion membrane. Before its diffusion over Nafion membrane,
it exists mass transport resistance of methanol from the sol-gel
flux phase to interface. Compared with the permeating, the diffus-
ing rate of methanol is slower. Accordingly, the sol-gel flux phase
can reduce the methanol permeability over the Nafion membrane.

The methanol permeability of the sol-gel flux phase prepared
with Na,SiOs is alittle higher than that with Si(OCH3 )4. This is prob-
ably due to the fact that the mass transportation of methanol in the
sol-gel flux phase takes place from the bore to the interface, besides
the diffusion through the Nafion membrane. Because of the bore
diameter of the sol-gel flux phase prepared with Na,SiOs is bigger
than with Si(OCH3)4, the mass transport resistance of methanol
diffusion from the sol-gel flux phase to the interface is smaller, the
concentration of methanol diffuses through the Nafion membrane
becomes a little higher over, the methanol permeability is a little
higher.

3.3. Electrochemical performance of the sol-gel flux phase

The cyclic voltammograms of PtRu/TiO,-Si0,/C in sol-gel flux
phase with starting material of Si(OCH3 )4 and liquid flux phase are
shown in Fig. 4.

The potential of oxidation peak of the sol-gel flux phase is
0.707V with oxidation peak current 5.499 x 10~ A while the
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Fig. 4. Cyclic voltammograms of PtRu/TiO,-SiO,/C in sol-gel flux phase (a) and
liquid flux phase (b).
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Fig. 5. Characteristic curves of the novel DMFC using the sol-gel flux phase.

potential of oxidation peak of the liquid flux phase was 0.693 V with
oxidation peak current 4.817 x 10-6 A. Compared with the liquid
flux phase, the potential and current of oxidation peak of sol-gel
flux phase was bigger. As reported in the literature [21], the current
increases as the concentration of methanol aggrandizes, the active
oxygen absorbed on the surface of catalyst decreases with the rise
of methanol concentration, it is needed to form much more active
oxygen under higher potential, meanwhile, the oxidation peak cur-
rent increases. According to Fig. 3 and the results in the literature
[21], methanol concentration of the sol-gel flux phase absorbed on
the surface of catalyst was a little higher than that of the liquid flux
phase.

Methanol dispersed uniformly in the sol-gel flux phase, the
mass transportation of methanol expressed not only by the dif-
fusion but also the bore of the sol-gel flux phase, and form the
gradient of methanol compared with the liquid flux phase, the
sol-gel flux phase is apt to the mass transportation of methanol
to the surface of catalyst.

3.4. DMFC characterization

The I-V characteristic curves of the DMFC were obtained by
operating them at different condition with CHI660. Figs. 5 and 6
show the obtained results for the potential and the power density
versus the current density for the sol-gel flux phase with starting
material of Si(OCH3)4 and liquid flux phase.

Compared with the maximum power density 16.2 mW cm~2 of
the DMFC using the liquid flux phase, the maximum power density
of the DMFC using the sol-gel flux phase is around 25.4 mW cm~2.
The power density of the latter is 50% larger than that of the ante-
rior. The key factor to understand the behavior difference in a DMFC
under different flux phase is the crossover effect. This effect is due
to the crossing over of methanol from the anode to the cathode
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Fig. 6. Characteristic curves of the novel DMFC using the liquid flux phase.
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through the Nafion 117 membrane. This results not only in a fuel
loss, but also in a decrease in the overall cell voltage due to the
mixed potential on the cathode. The explanation of the behav-
ior difference observed in our DMFC when it is operated with the
liquid flux phase and sol-gel flux phase comes from the effect of
the crossover in the performance of the DMFC. The methanol per-
meability of the sol-gel flux phase is decreased more than 90%
compared with that of the liquid flux phase of 1 mol L~ methanol
and 1 molL~! H,S0,4 to Nafion 117 membrane. This is the key fac-
tor to effect the power density of the DMFC. The results indicate
that the mass transportation of methanol from the flux phase to
the surface of anode is not influenced by the sol-gel flux phase or
liquid flux phase.

4. Conclusions

We have prepared the sol-gel flux phase of DMFC to solve
the methanol permeability problem successfully. The sol-gel flux
phase has porous structure that changes the mass transportation
mechanism and process of methanol. The methanol permeability
of the sol-gel flux phase decreased more than 90% compared with
the liquid flux phase of 1 molL~! CH3OH and H,S0,4. We designed
a novel DMFC with the sol-gel flux phase. The maximum power
density of the DMFC with sol-gel flux phase is higher than that
with liquid flux phase. The flux phase is the key factor to affect the
maximum power density of the DMFC.
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