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h i g h l i g h t s
� A micro fuel cell was fabricated with PMMA as the base material.
� Cu, Mo and Au multilayers on PMMA were characterized.
� Physico-chemical and electrochemical studies were done on the micro-fuel cell.
� Metal coating adhesion was enhanced by thermal treatment.
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a b s t r a c t

In this work we purpose the fabrication and characterization of a micro-fuel cell prototype based on the
low mass density polymer poly(methyl-methacrylate) (PMMA), having low aspect ratio micro-channels,
which were superficially metallized via sputter deposition technique. For current collector and anti-
corrosion coatings we employed different high electrical conductivity materials such as copper, mo-
lybdenum and gold. Metallic coatings were physically and chemically characterized by using scanning
electron microscopy for the topographical analysis, X-ray diffraction for the structural analysis and en-
ergy dispersive spectroscopy for composition analysis. The electrical and electrochemical parameters
obtained for the prototype cell were: a mean open circuit potential of 855 mV, a maximum electrical
power density of 73 mW cm�2 at 182 mA cm�2 and 380 mV.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The ever-growing electronic device market requires high spe-
cific energy and energy density fuels and materials for energy
conversion and storage. Micro or miniature fuel cells have a great
potential as energy sources for low power applications, mainly in
wireless telecommunications, information technology and for
micro-power generation, as a sustainable alternative to secondary
batteries. Low power applications include portable electronic de-
vices like PDAs, mobile phones, digital cameras and electronic toys.
According to the mobility requirements, the fuel sources can be
either gaseous or liquid and even solid ones like metal hydrides.

In fuel cells, as in other energy storage and energy conversion
systems, the chosen fuel is crucial in their performance. In the
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energy conversion and storage systems, specific energy and energy
density of fuels play an important role in the overall performance. It
is expected that the fuel has great energy content per unit mass and
per unit volume. Fig. 1 shows the specific energy of different fuels
normalized to the Lithium-ion specific energy value. It is possible to
observe that hydrogen has the highest value. The prospect of micro-
fuel cells replacing batteries in mobile devices is considered in
terms of their high specific energy and energy density, technolog-
ical feasibility, low cost and low weight of devices [2]. Currently,
micro-fuel cell technology seems to be a great candidate to replace
secondary ion batteries based on Lithium-ion material [3e5].
Therefore, high specific energy fuels must be employed for helping
to mitigate the main problems associated with energy storage ca-
pacity, and also to be in a straightforward manner, an environ-
mentally friendly alternative to the pollutant secondary batteries.
In Ref. [2,6] the authors show the feasibility to produce electrical
power through micro-solid oxide fuel cell, however this type of FC
still needs a prohibitive temperature (up to 750 �C) for portable
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Fig. 1. Specific energies of different fuels/power sources and materials for energy
storage. Data extracted from Ref. [1].

Fig. 2. Logarithmic plot of Knudsen number as a function of hydraulic diameter of
micro-channels.

Fig. 3. Partial top view of different flow field configurations with a CR ¼ 1: a) single
serpentine, b) parallel, c) multiple serpentine and d) grid type. The fluid flows through
the black path.
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applications. In this work, it is proposed to develop and charac-
terize a micro-fuel cell prototype for low power applications, which
is made of metallized polymer poly(methyl-methacrylate).
Certainly we chose this material because of it low mass density,
however it is important to remember that PMMA is an economic
material. As you see, in our design the PMMA serves as a me-
chanical support and for mechanize the flow fields, which sub-
stitutes to graphite in conventional cells. The metal coatings
provide the electrical and thermal conductivity characteristics for
an appropriate performance.

The goal of this work is to construct and characterize the pro-
totype at a laboratory scale. Even though the current and power
density values are lower compared to the other mico-fuel cells
already reported, it is one of the first attempts to utilize a PMMA
polymer as current collector plate in this type of fuel cells.

2. Materials and methods

2.1. Design considerations

When the physical dimensions of devices are reduced, all phe-
nomena related to the volume, body forces, e.g., gravity and elec-
tromagnetic forces can be neglected. On the other hand, other kinds
of phenomena greatly predominate, i.e., surface effects such as
surface tension and capillarity effects. As a consequence, at the
micro-scale, viscous forces play an important role, even more than
inertial ones [7], and it will be included as design criteria. In some
micro-fluidic devices using micro-channels, typical assumptions of
continuum fluid mechanics cannot be directly made. Laminar fluid
flow regime in mFCs is below 400 Reynolds number instead of 2300
in meso or macroscopic approaches [8]. To establish the approach
that it must be used, Fig. 2 shows the calculated Knudsen number
as a function of hydraulic diameter (Dh) of micro-channels, ranging
from 100 nm to 600 mm. The Knudsen number is expressed as the
ratio of the mean free path (l) of the molecules to the characteristic
length (L) of the system, see Eq. (1). For non-cylindrical pipes L is
generally equal to the hydraulic diameter [9] and g is the specific
heat ratio. Ma and Re are the dimensionless parameters, Mach
number and Reynolds number respectively. For most gases the
non-slip flow regime breaks down at Kn < 1 � 10�3, this limit is
defined by the arrow in Fig. 2. The proposed design lies in the non-
slip flow regime, then no other consideration as rarefaction effects
must be regarded.

kn ¼ l

L
¼ Ma

Re

ffiffiffiffiffiffi
pg

2

r
(1)

2.2. Flow field design

A great variety of flow fields have been designed to improve the
heat and electrical charge management, also for uniform gas dis-
tribution and minimize the pressure drop. Fig. 3 shows the typical
designs, namely: a) single serpentine, b) parallel, c) multiple
serpentine, and d) grid type flow fields. A channel to rib ratio (CR) of



Fig. 5. Isometric view of a single serpentine type flow field. Dimensionless CR and AR
design parameters are defined.
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unity was chosen for comparison purposes. In this qualitative
analysis, the aspect ratio (AR) of micro-channels was not regarded.
If a dielectric supporting material was chosen as the raw material
for machining the flow field, the electronic conduction would be
restricted to be essentially superficial, not through the bulk, as it
normally happens. Focusing on this idea, the rib area alone is used
for electronic conduction, hence the contact area predominates.
This issue will be addressed in the next section.

2.2.1. Geometrical and electrical constraints
In micro-fuel cells the concept of bipolar plates does not make

sense, hence mono-polar and planar approaches must be adopted.
If a dielectric material has been chosen as the supporting material
for the flow field, the electrical contact area is an issue, and it must
be maximized without sacrificing the flow paths for fuel and
oxidant flows. In Fig. 4 it is shown the calculated percentage area,
which is considered as the path for electronic conduction. This is
the case if a dielectric material is used for machining the flow field
plates. Additionally, the interconnection between mFCs made of
dielectric materials must be in a side-by-side configuration [10].
Fig. 5 shows an isometric partial view of a single serpentine flow
field type design; the channels have a semicircular cross-sectional
area. Although this flow field pattern is considered as the
simplest, it plays an important role in commercial FCs. At the right
bottom hand of the same figure the dimensionless CR and AR
design parameters are defined.

2.3. Proposed design

The physical characteristics of the proposed design are briefly
described. To achieve uniform pressure over the entire flow field, a
PMMA substrate thickness of 3 mm was chosen, this thickness
avoids substrate bending. The flow field geometrical area is 1 cm2; a
single serpentine flow field was chosen to maximize the electronic
conduction area, as it was justified through Fig. 4. In order to
compensate both the heat transfer and the fluid flow through the
micro-channels, the channel to rib ratio of unity, i.e., CR ¼ 1, was
selected. The aspect ratio is one half, AR ¼ 1:2, the micro-channels
are 300 mm wide and 150 mm deep; the cross-sectional shape of
micro-channels is rectangular. Two 0.8 mm diameter holes were
made as inleteoutlet ports for fuel and oxidant flows were done.
Fig. 4. Calculated area for electronic conduction of different flow fields.
The hydraulic connections were made via commercial syringes.
After the flow field has been machined, the PMMA surface was
coated using different metal thin films deposited via a low tem-
perature deposition technology, the direct current sputtering
technique. The membrane-electrode-assembly was made based on
the state-of-the-art technique: a 0.5 mg cm�2 catalyst loading
based on pure platinum supported on carbon; thin Teflon� treated
and untreated carbon paper was used as gas diffusion layers for
cathode and anode zones respectively; the membrane used was
a Nafion� 115 and commercial silicon gaskets were used as
separators.

3. Results and discussion

3.1. Fabrication of the micro-fuel cell

The earlier micro-fuel cell prototypes were a miniature replica
of the conventional heavy fuel cells, using graphite as the structural
material for the fabrication of flow field plates and commercial
membrane-electrode assemblies. Later on, when the research and
development have acquired a reasonable maturity, materials used
Fig. 6. Complete fabrication process flux diagram.



Fig. 7. Partial view of a thermally treated molybdenum thin film subjected to the
adhesion test.

Fig. 9. SEM picture of micro-channels fabricated on PMMA polymer forming the flow
field.
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in the semiconductor industry predominated as the base materials
for if prototypes: crystalline silicon, metals, borofloat glasses, and
materials as thin films physically or chemically deposited over the
substrates. However, in order to reach pre-commercial devices,
recently there is an increase in the use of new materials based on
polymers, both organics and inorganics, due to their lightweight
and low cost advantages. In this work, the cheaper polymer, pol-
y(methyl methacrylate) was used as the mono-polar plates, the
micro-channels were mechanized via a rapid prototype tool (Pro-
toMat C40 by Lasser Electronics company). For current collectors
and anti-corrosion coatings, different metals were explored. The
overall fabrication processes is schematized in Fig. 6 through the
flux diagram.
3.2. Metallization

It is well known that the adherence of metals to polymers is an
issue, especially to poly(methyl-methacrylate), (PMMA), but it
could be overcome via surface pre-treatments. This surface
Fig. 8. Copper metallized PMMA micro-fuel cell prototype.
modification can be mechanical, chemical or even plasma assisted
[11]. These methods serve for slightly roughening the surface; this
helps to increase the anchor points, and to improve the chemical
bonding between two materials. In this work, the chemical surface
treatments comprise treatments either in diluted or concentrated
acids and alkaline solutions in different concentrations. Both acid
and alkaline solutions were selected based on the degree of
chemical interaction between the substrate and solvents. Plasma
treatment involves low-density plasma created by a direct current
plasma system, using argon, oxygen and their mixture. To evaluate
the adhesion enhancement, a simplified version of the cross-cut-
test was implemented. This step is explained below. In order to
collect the electric current and to create an anti-corrosion coating,
different materials were explored: i) copper, ii) molybdenum, iii)
gold, iv) titanium and v) indiumetin oxide (ITO). The last two
materials deposited as thin films via the DC sputtering are too
electrically resistive for the proposed application, their properties
do not reach the bulk properties, the very slow deposition rate
generates resistive very thin films. On the other hand, copper,
molybdenum and gold work well. Different multilayer schemes
were studied: i) PMMA/Cu, ii) PMMA/Cu/Au, iii) PMMA/Cu/Mo, and
finally iv) PMMA/Cu/Mo/Au scheme.
Fig. 10. Representative SEM picture of Cu/Mo/Au coated PMMA substrate: a magnifi-
cation of 20,000 was used.



J.A. Alanís-Navarro et al. / Journal of Power Sources 242 (2013) 1e6 5
3.2.1. Adhesion test
In order to quantify the adherence of metals to PMMA, a

simplified version of the cross-cut test [12] was implemented. In
this work, this proof was implemented as follows: an adhesive
stripe was stuck onto the metal film surface; then it was pulled off
perpendicularly with respect to the surface. If the thin film remains
over the substrate, it is considered that the film has good adhesion
strength, if not the film lacks of good adhesion. Using this simplified
version of the cross-cut-test it is possible to evaluate the thin film’s
capability to adhere over the substrates. It is possible to use this
proof as a qualitative and/or quantitative measure of thin film
adhesion strength as a binary measure: whether it can adhere or
not, or expressed as an area percentage of the un-removed film. All
measurements made over the chemically and mechanically treated
substrates were unfavorable. The plasma treatment of argon, oxy-
gen and their mixture showed inconsistent results. However, the
samples subjected to the thermal treatment presented better re-
sults, showing an area percentage of un-removed film below 2%.
The thermal treatment was made with a convection heat oven
during different exposure times and temperature gradients. The
optimum thermal treatment conditions are: near PMMA’s glass
transition temperature, i.e.,115� 3 �C for 1.5 h. Thermal treatments
made below this period do not have any adhesion enhancement. In
Fig. 7 it is shown a representative image used to measure the thin
Fig. 11. Energy-dispersive X-ray results: top-left PMMA; top-right PMMA/Cu; middle
film’s adhesion quality via a simplified version of cross-cut-test.
This figure corresponds to a molybdenum thin film (the white
zone), the removed film is evident through the black zones. After
this adherence enhancement study was completed, the micro-fuel
cell fabricated was analyzed. In Fig. 8 it is shown the fabricated
micro-fuel cell prototype, its mass is around 3.8 g, including the
mono-polar plates, theMEA and gaskets. In Fig. 9 it is shown a close
up of micro-channels.

3.3. Physical and chemical characterization

The physical characterization consisted of a topographic quali-
tative analysis via scanning electron microscopy. In this study a
SEM Hitachi SU1510 was used. In this characterization step, it was
possible to observe qualitatively a very low roughness thin film
because of the smooth PMMA substrate surface; therefore all the
subsequent metallic coatings were deposited in a conformal way.
Because of the topographical similarity of the different layers, only
a representative image of the surface thin film is shown. This pic-
ture corresponds to the top film of the PMMA/Cu/Mo/Au multilayer
configuration, see Fig.10. A surface defect was used to focus the film
surface. It is expected that this very low roughness significantly
contributes to the decrease of the overall electrical contact resis-
tance, and hence improving the electrical power density.
-left PMMA/Cu/Au; middle-right PMMA/Cu/Mo; bottom-left PMMA/Cu/Mo/Au.



Fig. 12. X-ray diffraction measurements showing the main peaks of different metallic multilayer configuration.
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The chemical characterizations consisted of Energy-Dispersive
X-Ray Spectroscopy (EDS or EDX) and X-Ray Diffraction (XRD)
measurements of the complete multilayer configurations. The EDS
analysis was made using a SEM Hitachi SU1510 having an X-ray
detector. The energy peaks are shown in Fig. 11. It is possible to
observe the characteristic peaks of each material, corresponding to
the Ka, La and Ma energy emission lines. All the samples were
analyzed by using X-ray diffraction equipment, the DMAX 2200
model by Rigaku company. The XRD analysis consisted of small
angle measurements, the 2.5e40 degrees range was used, see
Fig. 12. The XRD patterns for the different configurations of metallic
layers show peaks corresponding to Cu, Mo and Au.

3.4. Electrical characterization

The electrical characterization of the prototype micro fuel cell
was done with an ElectroChem fuel cell Test Station (MTS-150) for
gas supply, an Electronic Cell Load (ECL-150) for electrical current
and electrical potential measurements. Polarization curves were
obtained at standard temperature and pressure conditions. Volu-
metric flow gases were symmetrically supplied at both the cathode
and the anode zones: 25 and 30 ml min�1. In Fig. 13 it is shown the
experimental results. It is possible to distinguish all the zones
existing in a typical fuel cell: activation, ohmic and diffusion losses.
The electrical and electrochemical parameters obtained for the
prototype cell were: a mean open circuit potential of 855 mV, a
maximum electrical power density of 73 mW cm�2 at 182 mA cm�2

and 380 mV. The electrical current density and electrical power
Fig. 13. Electrical potential and electrical power density as a function of electrical
current density.
density of our micro-fuel cell prototype do not reach those of the
actual state-of-the-art micro-fuel cells. We lack of a standardized
membrane-electrode-assembly manufacturing processes, however
we are working to improve the electrical performance of the
prototype.

4. Conclusions

A micro-fuel cell prototype was designed and manufactured
using cheap and low mass density materials. The copper adhesion
was enhanced via a thermal treatment and no hazardous materials
were employed. The micro-fuel cell prototype based on the low
mass density polymer poly(methyl-methacrylate) having low
aspect ratio micro-channels was superficially metallized. The figure
of merit showed an open circuit electrical potential of 855 mV,
using very low volumetric flow rates, a maximum electrical power
density of 73 mW cm�2 at 182 mA cm�2 and 380 mV. Even though
these preliminary results differ from the previous work reported
[13], it is expected to greatly enhance the performance by means of
an improved MEA manufacturing process.
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