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Abstract: The effect of flow rate on the methanol electro-oxidation reaction in laminar flow was investigated using a direct methanol
laminar flow fuel cell (LF-FC). A micro fuel cell was fabricated in polydimethylsiloxane using standard soft-lithography techniques. The
electrochemical performance of methanol oxidation was characterized by anode polarization and electrochemical impedance spectroscopy
analysis with and without sulfuric acid. The results show that in the absence of a sulfuric acid electrolyte (H,SO,) the methanol flow rate
significantly influences methanol oxidation kinetics of the laminar flow direct methanol fuel cell. In the absence of H)SO,, it was found that
the charge transfer resistance and onset potential of the methanol oxidation reaction significantly increases as the methanol flow rate in-
creases. As a result, the anode current density of LF-FCs decreases at higher flow rates of methanol. However, this negative effect was
reduced when a strong electrolyte, such as sulfuric acid, was mixed with the methanol solution.
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1. INTRODUCTION mass transport at the cathode, modifications of LF-FCs with an air
breathing cathode have also been investigated [10-11]. Addition-
ally, devices with multiple laminar streams [12] and different elec-
trode configurations have been studied [13-14].

Similar to conventional fuel cells, the performance of LF-FCs is
limited by kinetic, ohmic and mass transport overpotentials. The
performance limitations of LF-FCs have been investigated [15]
and special attention paid to the electrode diffusion layer limitation
[16]. Since fuel cells are complex systems, figuring out how each
of these limitations affects the overall performance is not trivial.
There are several experimental techniques, such as electrode po-
larization and electrochemical impedance spectroscopy, which
provide in-situ characterization of these limitations. Impedance
spectroscopy is a relatively new and powerful method for charac-
terizing many of the electrical properties of materials and their
interfaces. Recently, this analytical method has been used to evalu-
ate the electrochemical behavior of anode and cathode electrodes,
as well as electrolyte materials of hydrogen fuel cells and direct
liquid fuel cells [17-22].

In a typical PEM fuel cell the electrolyte is stationary, whereas
in a LF-FC the electrolyte is a flowing stream. This could poten-

Demand for new sources of portable power has given rise to a
renewed interest in fuel cell technology. There have been efforts to
miniaturize existing polymer electrolyte membrane (PEM) fuel
cells to replace conventional batteries. Given the small sizes that
would be required, this is not an easy or straightforward task.
However, a new fuel cell system has been developed with the
small size necessary to meet market demands; a microfluidic fuel
cell. These devices, referred to as laminar flow fuel cells (LF-
FCs), consist of a fuel stream and an oxidant stream flowing in a
single microchannel [1]. Because of the nature of flow in a micro-
channel, the streams can only mix via diffusion and thus the anode
and cathode reaction are kept separate while still allowing the
necessary ion exchange.

Many articles have been published focusing on device design
for maximizing the power density of LF-FCs. Initial LF-FCs used
a Y-channel type design [2-3] and planar channels [4]. To capital-
ize on the fuel flexibility of LF-FCs and improve their thermody-
namic potentials, different combinations of anode and cathode
solutions have been studied [5-9]. In order to improve the oxygen

tially give rise to new unstudied performance limitations of LF-

*To whom correspondence should be addressed: Email: suha@wsu.edu FCs, as a moving electrolyte is unique. Also, unlike conventional
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Figure 1. Schematic of the laminar flow fuel cell used to study its
anode performance.

PEM fuel cell systems where the fuel feed is physically separated
from the electrolyte, the electrolyte and fuel streams in LF-FC are
the same. This means that the electrolyte strength of the fuel stream
plays an important role in the device performance for LF-FCs.
Therefore, the fuel selection must be carefully considered as not all
fuels are good electrolytes. For example, while both the formic acid
and methanol are simple hydrocarbon fuels, methanol is not a good
electrolyte. Often a strong electrolyte, such as sulfuric acid
(H2S0,), can be added to the methanol solution to improve its poor
electrolyte property. However, this modification may not be accept-
able in all cases, such as enzymatic biofuel cells where the strong
electrolyte deactivates the enzymes. It is scientifically important to
- understand how the electrolyte strength of the fuel stream affects
the electrochemical performance, especially in the context of this
unique case where it is also flowing. In this study, the focus was
placed on the electrochemical oxidation reaction of LF-FCs and
how it is affected by different flow rates of the anode stream.
Methanol was selected as the model fuel because it allows us to
study the performance of LF-FCs in a case where the fuel has poor
electrolyte properties. Sulfuric acid was also added to increase its
electrolyte strength and understand how the presence of strong
supporting electrolyte in the anode stream can alter its electro-
chemical performance.

2. EXPERIMENTAL SECTION

2.1. Design of Device

A device schematic with a simple depiction of laminar flow is
shown in Figure 1. The device was used to study the anode electro-
chemical performance of LF-FCs. To isolate the anode, the straight
channel was made 3 mm wide and 10 pm tall which yields a rela-
tively large separation between electrodes. This wide channel in-
sures complete separation between the anode and cathode such that
no mixed potentials occur over these two electrodes and that there
is minimal mixing between the two streams. The distance a species
will diffuse from one stream into the other, known as the transverse
diffusive broadening, is given by [23, 24]:
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Figure 2. Fabrication sequence of the laminar flow fuel cell (LF-
FC).

where x is the distance along the channel from where the streams
meet, D is the diffusivity of the species, H is the channel height,
and U is the average fluid velocity in the channel. Assuming a dif-
fusivity coefficient of 1 x 10° m?/s and an average velocity of 1.11
mm/s (corresponding with a reactant flow rate of 1 ul/min), the
transverse diffusive broadening at the exit of the channel (x = 25
mm) is 60.8 um which is significantly less then the total channel
width of 3 mm. Consequently, the cathode solution will not signifi-
cantly mix with the anode solution. The anode operating conditions
are only affected by the anode stream and are completely independ-
ent of the cathode conditions.

Referring to Figure 1, the straight channel is 25 mm long, while
the branch channels of the Y-junction are 1.5 mm wide and 5 mm
long. Each reservoir is 5 mm in diameter. The LF-FC was made
with polydimethylsiloxane (PDMS) on a glass substrate. The gold
electrodes are deposited on both sides of the channel with dimen-
sions of 20 mm long, 0.5 mm wide, and 375 nm thick. The anode
and cathode catalysts are Pt-Ru Black and Pt Black respectively.
Pt-Ru was used at the anode to limit CO poisoning, which is a poi-
soning intermediate for methanol oxidation.

2.2. Fabrication of Laminar Flow Fuel Cell

Figure 2 shows the steps involved in fabricating the device. A
positive mold was made on a glass slide, shown in Figure 2.A,
using standard photolithographic techniques. Briefly, photoresist
was spun on (Figure 2.B), and patterned using positive lithography
(Figure 2.C&D). PDMS prepolymer and curing agent (Sylgard 184,
Dow Corning Inc., Midland, MI) were mixed with a ratio of 10:1
and poured onto the mold. The PDMS then degasses for 2 hours at
0.001 Torr and baked at 80°C for 3 hours (Figure 2.E). The PDMS
channel was removed from the mold and trimmed to size. The res-
ervoirs were formed using a 20 gauge needle to punch out a hole in
the PDMS (Figure 2.F). The gold for the electrode was sputtered to
375 nm thick layer using a 10 nm TiW layer as an adhesion layer
(Figure 2.G). The electrodes were then formed by standard gold
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Figure 3. Experimental setup for electrochemical impedance spec-
troscopy of the anode in a LF-FC.

patterning techniques (Figure 2.H). Catalyst inks were prepared by
mixing appropriate amounts of catalyst particles, Millipore water,
and Nafion® solution. This mixture was sonicated and applied to
the gold electrodes using a brush and heat lamp to evaporate the
excess water (Figure 2.I). The PDMS channel was exposed to oxy-
gen plasma and placed on a glass slide (Figure 2.J), using slight
pressure and allowed to sit for 24 hours creating a permanent bond
and the final device, Figure 2.K. Capillary tubes were then glued in
the reservoirs for transport of reactants and products to and from
the device, respectively. Wires were cold soldered using silver
conductive epoxy (MG Chemicals, Burlington Ontario) to form the
electrical leads of the fuel cell.

2.3. Materials and Reagents

HPLC grade methanol and sulfuric acid were purchased from
Aldrich (St. Louis, MO). Platinum black and platinum-ruthenium
black (50:50 atomic %) were purchased from Alfa Aesar (Ward
Hill, MA). Nafion (5% Solution) was obtained from Solution Tech-
nology Inc (Mendenhall, PA). The fuel and oxidant solutions were
prepared in the laboratory. For the fuel, methanol was diluted with
Millipore water to a concentration of 1 M. For the oxidant, sulfuric
acid was diluted with Millipore water to a concentration of 0.5 M.

2.4. Test of Fuel Cell

To study the effect of the anode flow rate with different electro-
lyte strengths on the anode performance of LF-FCs, 1 M methanol
solution, with various concentrations of sulfuric acid, were supplied
to the anode inlet reservoirs. Methanol, in the absence of sulfuric
acid, represented a fuel stream with poor electrolyte strength while
a solution of methanol and sulfuric acid represented a stream with
good electrolyte strength. A 0.5 M sulfuric acid solution was fed to
the cathode. Reaction by-products CO,, water, and unutilized fuel
were collected as waste in the exit reservoir. These solutions were
pumped through the device using a syringe pump (74900-10, Cole-
Parmer Instrument Company, Vernon Hills, IL) at flow rates of 1,
2, or 3 pL/min. In all tests performed, the flow rates of the anode
and cathode streams were identical and equal to the flow rate speci-
fied by the operating conditions. Also, the cell was allowed to run
for an hour for the flow to reach a steady state.

2.5. Anode Polarization

To characterize the anode performance, an anode polarization
was performed. First, the fuel and oxidant solutions were supplied
and the cell was allowed to reach steady state. Then an incremental
voltage was applied across the cell using a system power supply
(6033A, Hewlett Packard, Palo Alto, CA). Figure 1 shows the set
up for this test. The applied voltage was increased from 0 to 800
mV in 50 mV steps at 30 second intervals. The current in the circuit
was measured with a multimeter (187, Fluke Corporation, Everett,
WA). In this configuration, the methanol is electrochemically oxi-
dized at the anode. The cathode, however, acts as a dynamic hydro-
gen reference electrode (DHE), providing both a counter and refer-
ence electrode for the study. This means that the anode polarization
test allows the measure of performance limitations associated with
the anode electrode only.

2.6. Electrochemical Impedance Spectroscopy

For the electrochemical impedance spectroscopy, the cell was
again supplied with fuel and oxidant and allowed to reach a steady
state flow. A 0.5M of sulfuric acid solution was supplied to the
cathode. This allows us to eliminate the effect of the cathode im-
pedances and to investigate only the anode impedances of the cell
as the cell operation parameters are varied.

To perform the measurements, the cell was connected to an elec-
trochemical interface (SI 1287, Solartron Analytical, Farnborough
Hampshire, UK). The electrochemical interface was connected to
an impedance/gain-phase analyzer, (SI 1260, Solartron Analytical,
Famnborough Hampshire, UK) as shown in Figure 3. The imped-
ance analyzer was linked to a computer and controlled using ZPlot
(Scribner Associates Inc, Southern Pines, NC).

The cell was connected to the electrochemical interface as a three
terminal cell. Due to the sensitivity of this technique, it was benefi-
cial to separate the reference electrode from the counter electrode
in these experiments. To accurately control the potential of the
working electrode, the reference electrode was needed in the elec-
trolyte. This was accomplished with a standard hydrogen reference
electrode placed in the waste beaker. The beaker was filled with 1
M sulfuric acid and hydrogen was bubbled onto a platinum wire.
This setup is appropriate as there is a direct electrolyte connection
between the reference electrode and working electrode. Also, be-
cause no current flows between the working electrode and the ref-
erence electrode, any potential drop between the two electrodes is
negligible. Next, the working electrode and second reference elec-
trode leads of the interface were both connected to the anodic side
of the device. Finally, the counter electrode lead was connected to
the cathodic side of the cell. The lines were kept short and laid in
an orderly fashion to avoid stray inductance amongst wires.

For the impedance measurements, a frequency sweep was per-
formed with potential as the input, and current as the measured
quantity. The amplitude of the AC potential signal was 50 mV and
the frequency was swept between 1 MHz and 1 Hz. The device was
too unstable to get data below 1 Hz with sufficient repeatability.
For each set of operating conditions the impedance measurements
were performed at a variety of loads. It was found that regardless of
the applied load, the observed changes in impedance with respect to
both the various anode flow rates and electrolyte strengths were
very similar. Thus, only the impedance measurement data at open
circuit potential is reported in this paper. All scans were performed
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Figure 4. The equivalent circuit that represents the anode electrode
of methanol based LF-FC.

four times and the average data is presented.

2.7. Equivalent Circuit Model

Electrochemical impedance spectroscopy is a powerful tool that
can provide a great deal of revealing information; however the data
is difficult to analyze directly. By using an equivalent circuit to
recreate the measured impedance spectra, the information learned
from the experiments can truly be maximized. The equivalent cir-
cuit used to describe the anode electrode in this study is shown in
Figure 4. The equivalent circuit for fuel cell electrode kinetics at
the electric double layer is a resistor in parallel with a capacitor,
where the resistor represents the resistance to charge transfer across
the solution electrode interface (Ranode,ct), and the capacitor repre-
sents the capacitance between the electric double layer and elec-
trode surface (Cg4). This Kinetic circuit is then connected-in series
with Ree, which represents the resistance to ion conduction in the
electrolyte [25]. The final component is the geometric capacitance,
or Cy,. Often this final component is omitted from fuel cell cir-
cuits, but in this case, it must be included because the frequency
ranges up to 1 MHz [25]. This capacitance represents the fact that a
LF-FC’s geometry forms a capacitor because two electrodes sepa-
rated by a gap is essentially a capacitor. C,, should therefore be
constant throughout this study. Another element of the equivalent
circuit is the Warburg impedance. This impedance is caused by the
diffusion of ions within the cell and predominately shows up at
lower frequencies. The impedance is small in the high frequency
range because the diffusing reactants don’t have to move very far
in response to the perturbation signal [26]. This impedance was
omitted from the equivalent circuit model in this study because the
unstable device behavior at low frequency didn’t allow for accept-
able data fitting. Therefore, the circuit fitting was done only in a
frequency range between 1 MHz and 100 Hz where impedance is
not significantly affected by diffusion. The fitting was performed
by ZView (Scribner Associates Inc, Southern Pines, NC) with an
accuracy of less then 2% error on each calculated value.

3. RESULTS AND DISCUSSION

3.1. Methanol Flow Rate Effect in Absence of
H,SO, on Methanol Oxidation Kinetics
First the anode performance was studied with a flowing metha-
nol stream in the absence of sulfuric acid, leading to a flowing poor
electrolyte. It was found that at different flow rates the anode per-
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Figure 5. Anode polarization curves of LF-FC at the room tem-
perature with different methanol flow rate. The 1 M methanol
solution with no sulfuric acid was used for the anode. The plati-
num black (PtBl) based cathode was used as a dynamic hydrogen
reference electrode/counter electrode.

formance changed. Figure 5 shows the anode polarization plots of a
LF-FC using 1 M methanol in the absence of sulfuric acid at the
various flow rates. It shows that as the methanol flow rate increases
the anode performance decreases. This is not an expected result
because higher flow rates would usually mean better fuel replenish-
ment by decreasing the thickness of mass transport boundary layer
and therefore better performance [3]. These results would indicate
that a higher methanol flow rate adversely affects methanol oxida-
tion kinetics. In Figure 5, the methanol flow rate of 3 mL/min
shows the onset potential of methanol oxidation at around 400 mV
vs. DHE. (The onset potential is defined as the applied anode po-
tential that leads to the exponential increase in the anode current
density. It can be determined by evaluating at what value of applied
potential does the anode polarization deviate from a linear in-
crease.) However, as the flow rate decreases from 3 to 1 mL/min,
the onset potential of methanol oxidation decreases from 400 to
300 mV vs. DHE. This trend in Figure 5 suggests that the increased
flow rate of methanol negatively affects the methanol oxidation
kinetics.

Although it is not convincing to make this conclusion from the
anode polarization data alone, the electrochemical impedance spec-
troscopy data provides further insight into the performance drop at
higher methanol flow rates. Figure 6A shows the anode impedance
spectrum for different methanol flow rates in the absence of sulfu-
ric acid. At first glance, it shows that as the methanol flow rate
increases from 1 to 3 mL/min the overall anode impedance also
increases. Also, because the change in impedance is primarily in
the second and larger semi-circle, it appears that this increase in
impedance is associated with methanol oxidation kinetics.

For a more rigorous analysis of the impedance spectra, the data
was fit to the equivalent circuit model. Figure 6B shows the fitted
results for the Ree and Ragode . Figure 6B clearly shows that Ran-
ode,ct increases from 37.4 ohms to 48.1 ohms while Cg4 decreases
from 1.60 to 1.36 mF as the flow rate increases from 1 to 3
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Figure 6. (A) Anode impedance spectra showing the methanol
flow rate effect on the anode performance of LF-FC. Methanol
concentration was fixed at 1 M and no sulfuric acid was added.
The PtBI cathode was supplied with 0.5 M sulfuric acid and served
as the counter electrode. (B) The equivalent circuit fit values of
solution resistance (Re.), anode charge transfer resistance

(Ranodeset) and anode double layer capacitance (Cq) based on Figure
6 (A).

mL/min. It also shows that Ry, is essentially unchanged with
methanol flow rate. Both Figures 5 and 6 demonstrate that, as the
flow rate increases, the onset potential and Ranode,ct of methanol
oxidation increases. Thus, it is harder to oxidize the methanol at the
anode electrode with the higher methanol flow rate, which leads to
the lower anode current output.

The change in Ranode,ct with a lack of change in R, would
indicate that the flow rate effect occurs at the electrode solution
interface. From the electroneutrality condition it is easy to deduce

 that a fluid with zero charge density can have no effect on the ionic

current in the solution [27]. Therefore, in the bulk fluid, where the
electroneutrality condition applies, there should be no effect of
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Figure 7. Schematic of two potential distributions across the elec-
tric double layer at the electrode-solution interface for a constant
electrode potential, gecroge- The electric double layer consists of
two parts, the inner double layer which is from the electrode to the
outer Hemholtz plane (OHP), and the diffuse double layer whose
width is characterized by the Debye Length. The wider diffuse
double layer, having a Debye length of Aj, , has a higher potential
at the start of the diffuse double layer, #5 , than the potential for
the narrower diffuse layer, #5 , whose Debye length is given by

A5 . This leads to a lower potential drop across the inner double
layer for the system with the wider diffuse double layer. Because
the potential drop across the inner double layer is the actual driv-
ing force for kinetics, the electric double layer with the wider dif-
fuse layer leads to worse kinetics than the electric double layer
with a narrower diffuse layer.

flow rate on the conduction of protons across the cell. This is
shown by the constant Rele in Figure 6B.

However, at the solution-electrode interface the solution is not
electrically neutral, instead it is an imbalance of positive and nega-
tive ions leading to a charge density that balances out the charge in
the electrode. This region is also referred to as the electric double
layer and its width directly impacts electrode kinetics [28]. The
electric double layer consists of two parts; the inner double layer
(from the electrode to the Outer Hemholtz Plane) and the diffuse
double layer. The true overpotential, which is the actual driving
force for the electrode kinetics, is the potential drop across the in-
ner double layer [28]. Because the potential gradient must be con-
tinuous, a wider electric double layer will yield a smaller potential
drop across the inner double layer for the same electrode potential,
as shown in Figure 7. Consequently, the anode electrode with a
wider electric double layer has a lower kinetic driving force and a
greater resistance to methanol oxidation.

The width of the electric double layer is also directly linked to
the double layer capacitance. The inner and diffuse double layers
are connected in series. As a result, the total capacitance of electric
double layer (Cy) is the combination of the capacitance of the inner
double layer (Cinner) and the capacitance of the diffuse double layer
(Cinuse) as follows [26]:
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Figure 8. Anode polarization curves of the laminar flow fuel cell at
the room temperature with different anode flow rates. The 1 M
methanol solution with 0.5 M sulfuric acid was used for the anode.
The PtBl based cathode was used as a dynamic hydrogen reference
electrode/counter electrode.
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The inner double layer is very compact and its capacitance can
be assumed to be a constant. However, the diffuse double layer is
much wider and its capacitance is given by the Gouy- Chapman
model ’

Copise = £ cosh[ﬂj , 3)

where ¢ is the permittivity of the solution, R is the gas constant,
F is the Faraday’s constant, z is the charge number of ions, ¢, is the
electric potential at a standard state, and A is the Debye length or
width of the diffuse double layer [26]. For this system, evidence
that the Debye length is changing is shown in Figure 6B where the
Ca decreases as flow rate increases. Under the experimental condi-
tions, the values of €, R, F, z and ¢, are constant regardless of the
anode flow rates. Therefore, based on Equations (2) and (3), it can
be concluded that the increase in flow rate caused the width of the
diffuse double layer (A) to increase which leads to the decrease in
the total capacitance of the electric double layer (Cq) as shown in
Figure 6 (B). As the width of the diffuse double layer (A) increases
with the higher flow rate, the true activation overpotential across
the inner double layer decreases which resulted in slow electrode
kinetics. These slow kinetics would lead to the increase in Ranode ct
at higher methanol flow rates.

Presently, the exact fundamental explanation of how the width of
the diffuse double layer would increase with increasing flow rate is
not known. As was mentioned previously, the electric double layer

Isaac Sprague et al. / J. New Mat. Electrochem. Systems

is not electrically neutral, and instead, it has an imbalance of posi-
tive and negative ions. The position of these ions is a balance be-
tween the diffusion and migration driving forces on the ions
[27,28]. Since these ions are in a moving solution, this balance
should be affected by the bulk flow and therefore so would the
structure of the double layer. Further investigation is required for a
more complete answer.

3.2. Methanol Flow Rate Effect in Presence of
H,SO,4 on Methanol Oxidation Kinetics
Assuming that the high electrolyte flow rate does increase the
width of the diffuse double layer then adding a strong supporting
electrolyte to the methanol solution could mitigate this effect. The
Debye length is given by

%
&RT
A= (2F222cj )

where C is the bulk concentration of electrolyte in the solution.
Therefore, by greatly increasing the concentration of the electrolyte
the width of the diffuse double layer is greatly reduced, potentially
making it less susceptible to flow rate effects. Figure 8 shows the
anode polarization of methanol oxidation in the presence of sulfuric
acid at different flow rates. According to Figure 8, both the onset
potential and anode current output of methanol oxidation reaction
are not significantly influenced by the methanol flow rate. Regard-
less of the methanol flow rate, with the presence of 0.5M sulfuric
acid in the fuel solution, the anode polarization plots are about the
same. This would indicate that there is no change in anode overpo-
tentials based on the flow rate of methanol with strong supporting
electrolyte.

The impedance data also shows that there is no trend associated
with the flow rate of methanol with strong supporting electrolyte.
Figure 9A shows the anode electrochemical impedance spectra
using the various flow rates of methanol in the presence of 0.5 M
sulfuric acid. Figure 9B shows the equivalent circuit fitting results
for the same operating conditions. It would appear that the data
shows no trend with methanol flow rate. However, it is difficult to
be sure of any conclusions from this data because the overall anode
impedance is so small that the impedance associated with the cath-
ode starts to become an issue. The equivalent circuit analysis was
less effective and yielded relatively high errors, on the order of
100% for Rapodect and Ree making comparison between flow rates
impossible. It is also possible that since the cathode impedance can
no longer be neglected, the equivalent model presented in Figure 4
is not sophisticated enough to fully describe the data with 0.5M
sulfuric acid in the anode stream. For this study, only the trends in
basic anode behavior are important and the equivalent circuit pre-
sented in Figure 4 is sufficient if the overall anode impedance is
large enough such that the impedance associated with the cathode
can be neglected. The cathode impedance can be neglected when
good impedance data fitting with the equivalent circuit is obtained.
To alleviate this problem of a poor fit at high sulfuric acid concen-
trations, the electrochemical impedance spectroscopy was per-
formed again with only 0.1 M and 0.05 M sulfuric acid added to
the methanol solution. The results from these experiments allowed
us to use the equivalent circuit analysis with more confidence. The
curves were fit to the equivalent circuit model, which yielded the
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Figures 9. Anode impedance data showing the methanol flow rate effect in the presence of sulfuric acid on the anode performance of LF-
FC. Methanol concentration was fixed at 1 M. The PtBl cathode was supplied with 0.5 M sulfuric acid and served as the counter electrode.
(A) Impedance spectra for 0.5 M sulfuric acid added to the methanol solution. (B) The equivalent circuit fit values of solution resistance
(Reie), anode charge transfer resistance (Ranodesct 1) and anode double layer capacitance (Cq) of LF-FC at various anode flow rates based on
Figure 8 (A). (C) Impedance spectra for 0.05 M sulfuric acid added to the methanol solution. (D) The equivalent circuit fit values of solu-
tion resistance (Re), anode charge transfer resistance (Ranodesc) and anode double layer capacitance (Cy) of LF-FC at various anode flow

rates based on Figure 8 (C).

acceptable 2% error for each circuit parameter. Figure 9C shows
the anode electrochemical impedance spectra using the various
flow rates of methanol in the presence of 0.05 M sulfuric acid. The
Nyquist curves (impedance measurement) are essentially identical.
Figure 9D shows the equivalent circuit results for 0.05 M sulfuric
acid added to the methanol solution. It can be seen that the metha-
nol flow rate does not influence its Rypoder Significantly. This ten-
dency, seen in Figures 8 and 9, indicate that the addition of sulfuric
acid in the anode fuel stream can eliminate the negative effect of
high methanol flow rates.

Figures 9B and D also show that the Cy is essentially unchanged
at different methanol flow rates. This indicates that the width of the
diffuse double layer (A) is no longer affected by the bulk flow of
the solution. According to equation (3), the addition of strong elec-
trolytes, such as sulfuric acid, decreases the width of the diffuse

double layer (A) dramatically (in this case down to on the order of 1
nm) [27]. It should also be noted that due to the no slip condition,
the bulk fluid velocity tends to zero at the electrode interface. We
speculate that this extremely narrow width of the electrical double
layer region is too close to the electrode surface to be substantially
affected by the bulk flow. As a result, the anode performance and
methanol oxidation kinetics of LF-FC are not significantly affected
by the high methanol flow rate if sulfuric acid is present in the
solution.

3.3. Effect of Concentration of H,SO, on Methanol
Oxidation Kinetics
Clearly the electrolyte strength of the fuel stream is important to
the anode performance of LF-FCs. Figure 8 shows that at a 2
ml/min flow rate, the addition of sulfuric acid to the methanol
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Figure 10. (A) Anode impedance spectra of LF-FC using the an-
ode stream with the various concentrations of sulfuric acid. The
methanol concentration was fixed at 1 M for the anode stream for
all the measurements and the flow rate fixed at 2 uL/min. The PtBI
cathode was supplied with 0.5 M sulfuric acid and served as the
counter electrode. (B) The equivalent circuit fit values of solution
resistance (Re), anode charge transfer resistance (Ranogesr) and
anode double layer capacitance (Cq) of LF-FC at various anode
flow rates based on Figure 10 (A).

solution decreases the onset potential of methanol oxidation by 200
mV from Figure 5. Also, the anode current output has increased
over the entire applied anode potential range that we have studied.
Figure 10 shows the effect of sulfuric acid concentration on the
electrochemical impedance spectroscopy data. Figure 10.A shows
the impedance spectra with different concentrations of sulfuric acid
at 2 mL/min. It can be seen that a strong electrolyte greatly reduces
the overall impedance of the anode. Figure 10.B shows the equiva-
lent circuit fitting results. It should be noted that the use of the 0.5

M sulfuric acid fitted results is appropriate here. This is because the
magnitude of the error is not large relative to the magnitude of the
other sulfuric acid concentration data points. Therefore, the data
could not be compared between the various flow rates but it can be
compared to the other sulfuric acid concentration data sets as long
as it is understood that there is some degree of inaccuracy in these
values. The data shows that R drastically decreases with increas-
ing sulfuric acid concentration. Also, the value of Cg increases as
the electrolyte concentration increases from 0 to 0.5 M which is in
accordance with well known double layer theory. The shape of the
measured trend in Cq is in excellent agreement with what the ex-
pected results from equations (2) and (3) would be. This assures
that the electrochemical impedance spectroscopy is providing accu-
rate results. Figure 10.B also shows that Rypedec drastically de-
creases with increasing sulfuric acid concentration. Again, this is
likely a result of the change in width of the diffuse double layer (A)
improving the driving force for methanol oxidation.

4. CONCLUSIONS

A micro scale laminar flow fuel cell was fabricated on PDMS
and its anode performance was characterized using both the anode
polarization and anode impedance analysis. In this study, 1 M
methanol solutions, either with or without sulfuric acid as the sup-
porting electrolyte, were supplied to the anode. In particular, the
effects of methanol flow rate were investigated in both the presence
and absence of a strong electrolyte, H,SOy, on its anode perform-
ance in terms of anode current density, onset potential of methanol
oxidation, solution resistance (Re.), anode charge transfer resis-
tance, (Ranodect) and anode double layer capacitance (Cy). In the
absence of H,SO,, it was found that both the onset potential and
Randoect of methanol oxidation reaction increases as its flow rate
increases. Changing values of the Cy for different flow rate of the
anode stream suggests that the anode double layer structure is af-
fected by the anode flow rate. It can be argued that this change of
the double layer structure and the resulting change in activation
overpotential of electrokinetics over this double layer are the most
likely causes of our observed decreasing methanol oxidation kinet-

~ics with an increasing flow rate of the anode stream in the absence

of sulfuric acid. When 0.05 M — 0.5 M sulfuric acid is added to 1 M
methanol anode stream, it was observed that the negative effects of
high methanol flow rate on its oxidation kinetic is almost com- -
pletely mitigated. The addition of sulfuric acid dramatically de-
creases the width of the anode diffuse double layer. A possible

- explanation is that the width is so thin in the presence of sulfuric

acid that various flow rates of the anode stream do not significantly
influence the width anymore, and hence that methanol oxidation
kinetic does not decrease as the anode flow rate increases.
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