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This paper shows that the combination of an O, saturated acidic fluid setup (O,-setup) and a composite of
Pd nanoparticles supported on multiwalled-carbon nanotubes (Pd/MWCNTSs) as anode catalyst material,
results in the improvement of microfluidic fuel cell performance. Microfluidic fuel cells were constructed
and evaluated at low HCOOH concentrations (0.1 and 0.5 M) using Pd/V XC-72 and Pd/MW(CNTs as anode
and Pt/V XC-72 as cathode electrode materials, respectively. The results show a higher power den-
sity (2.9 mW cm~2) for this cell when compared to the value reported in the literature that considers
a commercial Pd/V XC-72 and 3.3 mW cm~2 using a PdA/MWCNTs with a 50% less Pd loading than that

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently it has reported that direct formic acid fuel cells
(DFAFCs) have considerable advantages over direct methanol fuel
cells (DMFCs) in portable power applications, especially in portable
electronic devices (laptops computers, mobile phones, video cam-
eras, etc.). Use of unsupported Pd as the anode catalyst in DFAFCs
was first reported by Ha et al. [1]. The overall oxidation reaction at
the anode is HCOOH — CO, +2H* +2e~ (1.45V). Electro-oxidation
of formic acid on Pd catalysts has been extensively studied; it has
good electrocatalytic activity for the oxidation of formic acid which
decreases CO poising effect catalysts [1-5]. Pd particles on a Vulcan
XC-72® carbon support has been synthesized [1] and evaluated in
DFAFC; the total power density generated per unit mass of noble
metal was much higher than for the Pd black catalyst [6]. In addi-
tion to the benefits of higher palladium utilization efficiency, it
was also found that the Pd/C catalysts showed less deactivation
than for pure palladium during operation of the cell, especially
for high concentrations of formic acid [6]. The carbon nanotube
has been proposed as another support material for fuel catalysts
due to its characteristics including high electron conductivity and
enhanced mass transport capability and their durability in PEM
fuel cells has been already tested [7]. Recently PA/MWCNT cata-
lyst has been synthesized by similar methods; its electrochemical
activity was evaluated for formic acid oxidation by cyclic voltam-
metry [8,9] and the results shown a better electrocatalytic activity
compared to Pd/V XC-72® [9]. Microfluidic fuel cells, sometimes
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called laminar flow-based fuel cells or membraneless fuel cells
operate without a physical barrier; such as membrane, to separate
the anode and the cathode [10]. Fuel and oxidant are introduced
at the inlet of the micro-channel and the electrodes are placed at
the opposite walls to complete the microfluidic fuel cell structure.
Acid electrolyte present in the fuel and oxidizer streams facilitates
the transverse movement of protons by diffusion from the anode
to the cathode keeping low Reynolds’s number Re. Architectures of
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Fig. 1. XRD patterns of PdA/MWCNTs and Pd/XC-72.
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various microfluidic fuel cells were recently reviewed by Kjeang et
al. [10], some of the architectures include T-channel, Y-channel or
F-channel configuration. Even when the current densities obtained
are satisfactory employed those configurations, the performance
using dissolved oxygen in sulfuric acid (fuel: methanol, dissolved
hydrogen or formic acid) tends to be mass transfer limited due to
the reduced diffusivity oxygen in aqueous media (2 x 10~ cm? s~ 1)
and low oxygen concentration in liquid medium. This limitation can
be addressed using fluids with higher oxygen concentration like
VOZ2*/VO,* [11] and potassium permanganate in sulfuric acid [12]
or by integration of an air-exposed gas diffusion electrode, how-
ever some authors have reported certain scaling problems [13].
Normally the oxygen saturation stream was reached by bubbled
oxygen thorough an aqueous of sulfuric acid for 20 or 30 min, in
our case an O, saturation acidic fluid setup was incorporated with
the objective ofimprovementin the O, saturation and homogeniza-
tion in the acidic fluid. The following work shows the evaluation of
Microfluidic fuel cell with the help of O,-setup in low concentra-
tions of HCOOH (0.1 and 0.5 M). The results show the highest power
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density (2.9 mW cm~2) compare to literature [10,14,15]. Beside
this we show for first time the Pd/MWCNTs as anode electrode
obtaining a power density around to 3.3 mV cm~2 using 50% less
Pd loading than commercial material (Pd/V XC-72).

2. Experimental
2.1. Pd/MWCNT catalyst synthesis

MWCNT-supported Pd electrocatalyst with a 12% metal load-
ing was prepared by impregnation method. MWCNT support was
previously synthesized utilizing the spray pyrolysis technique [16],
followed by a functionalization procedure as described elsewhere
[9]. MWCNTs were added to a HNO3/H;SO4 (1:4, V/V) solution
and stirred for 5h at 60°C under refluxing conditions. MWCNT-
supported Pd catalysts were synthesized at room temperature
using NaBH4 as reducing agent. (NH4),PdClg (Stream Chemicals,
99%) was dissolved in deionized water and added to MWCNTs,
previously dispersed in water, by continuous ultrasonic stirred for
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Fig. 2. (a) O, saturation acidic fluid setup (O;-setup) for microfluidic fuel cell evaluation. (b) Polarization curves with Pd/V XC-72 as anode and Pt/V XC-72 as cathode using

an O,-setup in 0.1 M HCOOH at 25 °C under atmospheric pressure.
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2 h. NaBH,4 (Sigma-Aldrich, 98.5%) was then slowly added to this
mixture under vigorous stirring conditions for 1h. The resulting
solution was filtered, washed and dried over night at 60°C.

2.2. Microfluidic fuel cell development

Cell construction was carried out using the hot-press method,
utilizing a PMMA material heated at 140°C and pressed to
24,000 1bs in.~2. The micro-fuel cell dimension is 2 mm width (each
channel 1 mm), 1 mm high and 45 mm long with an electrode area
of 0.45 cm?. Anode and cathode current collectors were fabricated
using XC72-Vulcan. Electrodes (anode and cathode) were deposited
by the spray technique, using an ink prepared with a mixture of
nafion, isopropyl alcohol and powders of the electrocatalyst mate-
rials. Two micro-fuel cells were constructed in order to compare
our synthesized Pd/MWCNTs with the Pd/V XC-72 material. The
cathode electrode was maintained in both cells with a loading of
1.9mgcm~2 using Pt/V XC-72 (30 wt.% from E-TEK). Anode elec-
trodes were constructed using Pd/V XC-72 (20wt.% from E-TEK)
and Pd/MWCNTs (12 wt.%) with a Pd loading of 1.3 and 0.7 mg cm 2
respectively.

2.3. Microfluidic fuel cell testing setup

Fluid flow in all the fuel cell experiments is pressure driven a
regulated using a pump (Masterflex Cole-Palmer Mod-7553-70). In
this study, the concentrations of formic acid (88%, Fermont) were
chosen as 0.1 and 0.5 M with a flow rate of 0.2 ml min—!. Dissolved
oxygen (4.3 U.A.P. Praxair) in 0.5 M H,S04 (97.9%, ].T. Baker) on the
other hand, was previously humidified using a saturation tower
(0,-ST) and fed to the cathode with a flow rate of 1.05 mlmin~!.
Voltage and current measurements were performed utilizing an
Autolab Pontenciostat/Galvanostat PGSTAT30. All tests were per-
formed at 25 °C. A schematic representation of the microfluidic fuel
cell test apparatus is shown in Fig. 2a.

3. Results and discussion
3.1. Physicochemical characterization

X-ray diffraction patterns collected from Pd/V XC-72 and
Pd/MWCNT catalysts are shown in Fig. 1. The highest peak located
at 26° corresponds to the graphite plane (002) of MWCNT
support. The other peaks show a face-centered-cubic (fcc) crys-
tallographic structure typical of Pd, corresponding to the planes
(111), (200), (220) and (311). The average crystallite size of
the two catalysts was estimated from diffractograms using the
Scherrer equation applied to the (220) peak. In this way, 6 and
4nm were obtained for Pd/V XC-72 and Pd/MWCNT catalysts
respectively.

3.2. Microfluidic fuel cell performance using a Pd/XC-72 anode
with and without O,-ST

Fig. 2b shows polarization curves with Pd/V XC-72 as anode and
Pt/V XC-72 as cathode with and without O,-ST in 0.1 M of HCOOH
at 25 °C. Inspection of the obtained results shows that when an 0,-
ST is used, the open circuit potential and the maximum current
density are increased from 0.9 to 0.97 V and from 4.3 to 5.3 mA cm?
respectively, probably due to the increase in the oxygen concentra-
tion. This explanation relies on the fact that the rashing rings (3/8 in.
diameter) contained in O,-ST must allow an increase in the oxygen
contact time with the acidic sulfuric acid fluid. Under this assump-
tion, it is therefore possible to conclude that the microfluidic cell
performance is enhanced with the incorporation of the O,-setup.
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Fig. 3. Polarization and power density curves in 0.1 and 0.5M HCOOH for the
microfluidic fuel cell equipped with (a) Pd/V XC-72 and (b) Pd/MWCNT anode cat-
alysts at 25 °C under atmospheric pressure.

3.3. Pd/V XC-72 and Pd/MWCNT anode electrodes performance

Fig. 3 shows the polarization and power density curves for
(a) Pd/V XC-72 and (b) Pd/MWCNT anode electrodes operating
under 0.1 M and 0.5M HCOOH conditions. It is interesting to note
that while the open circuit potential in both cases (Fig. 3a and b)
remains similar in 0.1 and 0.5M of HCOOH, the maximum power
density does not change for the Pd/V XC-72 anode electrode, and
it does change for the Pd/MWCNT anode electrode. In the later
case, the HCOOH concentration effect is reflected by a decrement
from 3.3 to 2.3 mW cm~2 for 0.1 and 0.5 M of HCOOH respectively
(Fig. 3b). With the purpose of evaluating under higher HCOOH con-
centrations, both anode electrodes were evaluated in 1M HCOOH,
observing in this case a decrement in the maximum power densities
(data not showed). Under this scenario, it is possible to suggest that
at high HCOOH concentrations (>0.1 M), the microfluidic fuel cell
performance is limited by slow anode/cathode kinetics, low oxygen
concentration or slow diffusion of reagents to the electrode surface,
due to the formation of a concentration boundary layer. In addi-
tion, the formation of bubbles on the electrode surface, particularly
carbon dioxide, could hinder the performance of the microfluidic
fuel cell by disturbing the flow pattern. Another interesting obser-
vation can be drawn from Fig. 3b, where it is possible to see an
increment in the power density value (3.3 mW cm~2) compared to
that reached with commercial Pd (2.9 mW cm~2). Comparison of
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Fig. 4. Polarization and power density curves in 0.1 M HCOOH for the microfluidic
formic acid fuel cell equipped with Pd/V XC-72 and Pd/MWCNT anode catalysts at
25°C under atmospheric pressure.

the microfluidic fuel cell performance in 0.1 M of HCOOH on the
other hand, is shown in Fig. 4. The results show that the high-
est power density (2.9 mW cm~2) previously reported, that uses
a commercial Pd/V XC-72 anode electrode [10], is surpassed by a
cell utilizing a PA/MWCNT that is also characterized by 50% less Pd
loading (3.3 mW cm~2). The increased power density and less Pd
loading could be associated to the use of carbon nanotubes as sup-
port, which is known to have better electric properties than those
of Vulcan.

4. Conclusions

The incorporation of an O, saturation acidic fluid setup (O,-
setup) coupled to the MWCNT-supported Pd nanoparticles as
anode electrocatalyst in the microfluidic fuel cell prototype
(0.45 cm? electrode area) presented in this work, resulted in current

densities up to 11 mA cm~2 using low formic acid concentrations
(0.1 M). The better electric properties of MWCNTSs as well as the
improved particle distribution on the support material as com-
pared to Vulcan, is believed to result in an increase in the maximum
power density up to 3.3 mW cm~2, even when the Pd catalyst load-
ing was 50% less than that of the commercial catalyst Pd/V XC-72.
Further studies are being carried out in our laboratory in order to
fully understand the different variables that condition the Y-shaped
microfluidic fuel cell performance.
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