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temperature distribution, is fabricated by using MEMS technologies, assembled with polydimethylsilox-
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Temperature distribution make it possible for a wDMFC to enhance the performance by adjusting to an optimal temperature and
Heater employ in extreme environments, such as severe winter, polar region, outer space, desert and deep sea
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1. Introduction

With the increasing functionalities of portable devices, the
demand for more reliable, longer lasting and clean power sources
has been rising rapidly. A micro direct methanol fuel cell (WDMFC)
is a very promising power source for military equipments, portable
devices and microsystems due to its high energy density, easy
recharging, low pollution, low temperature operation, etc. [1-4].
However, there are several technological challenges that have to
be worked out before the wDMFC can be truly attractive for com-
mercialization, such as relatively low power density, management
of heat and water, slow reaction kinetics of methanol electro-
oxidation, methanol crossover, fuel transport, etc. Most of the
previous researches have been focusing on these challenges and
achieved certain results [5-11].

Temperature influence on the performance is still a fundamen-
tal problem for the development of WDMFC systems. A wWDMFC has
not optimal performance at lower temperature, even does not work
below the freezing point of methanol solution, although it has a
significant advantage of which it can work at room temperature.
Characteristics of polymer electrolyte membrane fuel cell (PEMFC)
were examined with thermal cycles during which the tempera-
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ture of the environment was cycled from 80 to —10°C by Cho et
al. [12]. The cell performance was degraded by deteriorating the
structure of the membrane electrode assemblies (MEAs) due to the
phase transformation and volume changes of water. This is partic-
ularly problematic in application for portable devices because such
devices may be used in cold environments, such as severe winter,
polar region, outer space, desert and deep sea area. In addition,
the proton exchange membrane (PEM) is only stable for a narrow
temperature range because its conductivity is affected by humid-
ification. Too high temperature may lead to PEM dry-out or even
the sulfonate group decomposition [13]. Therefore it is necessary
for a WDMFC to maintain an appropriate operating temperature,
especially in extreme environments.

Temperature is an important factor affecting the performance of
a wWDMFC. Although a number of papers on thermal management
have been published, most of them focus on modeling and sim-
ulation [10,14]. A thin film temperature sensor was developed for
application in an operating PEMFC by He et al. [15]. They used a
structured gold film as a temperature sensor on the Nafion mem-
brane to monitor the operating temperature. Lee et al. presented
a micro thermal sensor integrated into a micro fuel cell. The Plat-
inum (Pt) metal is deposited as a micro thermal sensor on the rib
[16]. A separate testing system was established for the purpose of
testing the performance of wWDMFC in the wide range of temper-
ature by Li et al. The brass heating block was fabricated to heat
up the methanol solution [17]. It is indicated that the temperature
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control is necessary for the operating and testing of a w.DMFC. A
temperature control system which consists of a heater and a tem-
perature sensor, is needed actually for a wWDMFC to stably operate,
especially when it is placed in extreme climates or unconditioned
environments. However, none of the reported works implemented
the temperature control system integrated into the fuel cells.

This paper presents a wWDMFC integrated with a heater and a
temperature sensor to realize temperature control [ 18]. For improv-
ing the heating effect, the pattern of heater is optimally designed,
based on the thermal analysis. Micromachining technologies are
developed to realize the optimized design by fabricating the plates
integrated with temperature control devices. Two WDMFCs with
different patterns of heater are assembled with polydimethyl-
siloxane (PDMS) materials and polymethylmethacrylate (PMMA)
holders, and characterized to compare their heating effect. Another
WDMEFC assembled with aluminum holders also is measured to ver-
ify the temperature maintaining of packaging material. The WDMFC
with temperature control system would show great potential appli-
cation to enhance the performance by adjusting to an optimal
temperature and employ in extreme environments.

2. Design and simulation

As an electrochemical device, the wDMFC converts the chemical
energy to electrical energy directly. The schematic of the wDMFC,
which consists of the MEA sandwiched between two silicon plates,
is shown in Fig. 1. During the operation, an aqueous methanol
solution is fed to anode and oxidized to carbon dioxide, protons,
and electrons at anodic catalyst layer. The protons migrate directly
through the PEM to the cathode. The electrons flow through an
external circuit to the cathode where they combine with oxygen
and protons to produce water, forming an electrical current as a
result.

2.1. Temperature influence

The performance of a wDMEFC is influenced significantly by the
temperature, although it has that advantage that it can work at room
temperature, it does not work when liquid freezes at temperature
below the freezing point of methanol solution especially. And the
cell performance is improved with an increase of the temperature in
acertainrange because the conductivity of the PEM and the reaction
kinetics at both anode and cathode are enhanced. The temperature
influence on the WDMFC can be investigated by a mathematical
model. The work about the electrochemical equations and param-
eters can refer our previous publication [19].
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Fig. 1. Schematic of the wDMFC integrated with a heater and a temperature sensor.
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Fig. 2. The simulation results of the temperature influence on the wDMFC perfor-
mance.

Fig. 2 presents the simulation results of the temperature influ-
ence on the WDMFC performance. It can be seen obviously that
the temperature affects the performance much significantly. The
WDMEFC at 60°C shows 3.6 times larger power density than that
at room temperature. It is demonstrated theoretically that the cell
performance can be improved with an increase of the temperature
in a certain range due to the fast reaction kinetics. Therefore tem-
perature increasing and maintaining are important for performance
improvement and application in extreme environments.

2.2. Structure design

The temperature control system integrated into a wWDMFC con-
sists of a heater and a temperature sensor, as shown in Fig. 1. The
heat is generated from the heater applied by a current, and emit-
ted in several ways for a wWDMFC including heat taken away by the
methanol solution, thermal convection, radiation, etc. So, a heater
is designed on the cathode plate to increase temperature. And a
temperature sensor is integrated into the anode plate to measure
the steady operating temperature.

The heat transfer in a wWDMFC is analyzed in order to design the
structure of the plate integrated with temperature control device.
Considering the transfer of heat across a membrane, the heat, Q, is
related to the temperature gradient as

T1-T,
Lm

where kp, is the thermal conductivity coefficient of the membrane,
Am is the surface area of the membrane, L, is the thickness of the
membrane, and T; — T is the temperature difference on two sides
of the membrane. A thermal oxide is used to insulate the tempera-
ture control device from the silicon wafer as dielectric layer. For the
fuel cell, the heat transfers across the plate consisting of the silicon
wafer and dielectric layer. The temperature difference on two sides
of silicon wafer and dielectric lay can be neglected due to the higher
thermal conductivity of the silicon and the thinness of the thermal
oxide. Therefore, the flow field channel and the temperature con-
trol device are designed on the two sides of the plate respectively, as
shown in Fig. 3. It is a great improvement for fuel cell performance
that the temperature control device, not placed on the rib, would
not reduce the area of current collecting layer. Pt resistance, with a
linear temperature response in a wide temperature range, remains
stable and does not undergo any significant physical or chemical
changes. Pt is therefore a very suitable material as the temperature
Sensor.

Q = kmAm (1)
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Fig. 3. Cross-section schematic of the silicon plate with the temperature control
device.

2.3. Thermal model

A thermal model is set up to estimate thermal behavior of the
WDMEFC. The heat generation by electrochemical reactions occur-
ring in the catalyst layers and by the heater is considered. The
thermal loss that makes a great negative impact on maintaining
an optimal temperature is also studied. The heat taken away by
the methanol solution, thermal convection, radiation, and heat
emission through the lead are considered as main thermal loss
ways.

(a)

According to the Reynolds number, the methanol solution flow
in the channels is laminar flow. The heat loss amount by the
methanol solution Qe ) is calculated by

Qmeth = pvCp(T —Tp) (2)

where T is the operating temperature, Ty is the environment tem-
perature, and v, Cp, and p are flow velocity, heat capacity, and
density of the methanol solution, respectively. For an active WDMFC,
the methanol solution, like cooling liquid, carries out a lot of heat.
It can be seen obviously from the formula that the heat taken away
by the methanol solution is proportional to the flow velocity.

The heat loss amount by thermal convection and radiation

(Qcon,rad) is given by
Qcon,rad = hA(Tw — Tp) + SUA(T\‘/‘/ - T{}) (3)

where h is convective heat transfer coefficient, A is the surface area,
Tw is the surface temperature of a wDMFC, ¢ is emissivity, and §
is Stefan-Boltzmann constant. The lower surface temperature con-
tributes to reduce the thermal convection and radiation. The heat
transfers to the surface of a wuDMFC through the packaging material.
Based on the formula (1), the surface temperature is determined by
the thermal conductivity coefficient of the packaging material. The
material with low thermal conductivity coefficient has better effect
of temperature maintaining.

(b)

Fig. 4. Patterns of the heater: (a) serpentine pattern, (b) strip pattern, and (c) square pattern.
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The heat loss amount through the lead (Qje,q) is expressed by

Qiead = \/ hPkiAs(T — Tp) (4)

where P, Ag, and k; are cross-section perimeter, cross-section area,
and thermal conductivity coefficient of the lead, respectively, which
are determined by the material and structure of the lead. The heat
loss amount through the lead is much less than that by the methanol
solution and thermal convection and radiation.

Itis necessary to invoke some assumptions to make the complex
system simpler. The fuel cell is assumed to operate under steady-
state conditions. Temperature gradients inside the cell, especially
between the anode and cathode, are negligible. Joule heat caused by
the current flow through each component is ignored. Heat exchange
with the oxygen in the cathode channel is negligible. The heat
capacity of the methanol solution is much larger than that of the
oxygen and thus the contribution of gas cooling to the overall heat
balance is small.

2.4. Simulation and optimization

Several patterns of heater are designed to investigate their influ-
ence on the thermal distributions and optimize the heating effect.
The heater pattern has a great influence on the heating effect
because the temperature distribution is determined by the position
of the heat source on a plate. The heater structure, which tends to
suffer from an uneven thermal distribution, could lead to an uneven

(a) HODAL SOLUTION

catalytic reaction and hence reduce the performance of the wDMFC.
Three patterns are shown in Fig. 4 that we refer to as (a) serpentine
pattern, (b) strip pattern, and (c) square pattern.

Full simulations have been carried out in order to investigate
the performance of the heater designs. A set of three-dimensional
simulations was conducted using ANSYS that employs Finite Ele-
ment Analysis (FEA). Different patterns of the heater are simulated
and compared to optimize the heating effect. The thermal-electric
coupled analysis mode is applied on the simulation during the FEA
procedure. The heat flux is set to flow from the constant heat source
to the plate while heat is dissipated into the air from both sides
of the plate. Voltage and thermal convection loads are defined as
boundary conditions. The resistance of each heater can be mea-
sured by simulation so a proper voltage can be set corresponding
to the resistance. The values of voltage loads are fixed according
to the different values of resistance so that every heater gener-
ates the same heat amount. The thermal convection loads are
applied on the surface of the model to indicate the heat dissipa-
tion through convection and radiation between the fuel cell and
external environment. The heat taken away by the methanol solu-
tion is equivalent to thermal convection as well, only with different
coefficient of thermal convection. Considering the methanol flow
velocity of 0.4 mLmin~—!, the temperature distributions of different
patterns of the heater are shown in Fig. 5.

The simulation results show that the heaters applied by a current
generate heat to increase the operating temperature with different

Fig. 5. Simulation results: (a) temperature distribution caused by heater of serpentine pattern, (b) temperature distribution caused by heater of strip pattern, and (c)

temperature distribution caused by heater of square pattern.
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(b)§

Fig. 6. Simulation results of different flow velocities for the square pattern: (a) tem-
perature distribution with the flow velocity of 0.1 mLmin~?, and (b) temperature
distribution with the flow velocity of 0.8 mLmin~!.

temperature distributions on the plate of a fuel cell. The heater of
serpentine pattern produces a central hot spot as shown in Fig. 5(a).
The temperature falls around and makes a maximum difference
of 13°C. The heater of strip pattern causes hot spots at the main
circuits of six branches because the bigger current passes through
the main circuits, as shown in Fig. 5(b), with a 15 °C of the maximum
difference in temperature. The heater of square pattern which has
two branch circuits and leaves space in the center, provides the
most even temperature distribution and maximum difference in
temperature of 8 °C, as shown in Fig. 5(c).

The heater of square pattern on the plate with different
methanol flow velocities is simulated to quantify the thermal loss
by flowing methanol solution. The heater produces the same tem-
perature distributions on the plate because different methanol flow
velocities present different coefficient of thermal convection. The
simulation result in Fig. 6 shows the temperature distribution pro-
file with methanol flow velocities of 0.1 and 0.8 mLmin~!. The
heater causes the operating temperature of 157, 65, and 44 °C with
the flow velocities of 0.1, 0.4, 0.8 mL min~!, respectively. It is obvi-
ous that the increasing flow velocity results in decreasing operating
temperature due to more heat taken away by the methanol solution.

3. Fabrication and assembly

The fabrication process of the anode and cathode plates is pre-
sented in Fig. 7 and described in detail as follows. (a) Thermal oxide
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Fig. 7. Microfabrication process of the wWDMFC anode and cathode plates.

and LPCVD Si3Ny4 are deposited on both sides of a 400 wm thick
3in. double-polished (1 0 0) silicon wafer. (b) Double-side lithogra-
phy technology is introduced to form complicated flow patterns of
the anode and cathode plates. (¢) KOH-timed etching is employed
to anisotropically etch the silicon wafer until the flow patterns and
the feeding hole are formed. (d) A thermal oxide of 0.1 wm is grown
as the dielectric membrane. (e) The patterns of the heater and the
temperature sensor are formed by lithography technology. (f) Pt
with an adhesive layer of Ti (0.2 um thick) is sputtered to pattern
using a lift-off process for making the heater and the temperature
sensor on the back. (g) The temperature control devices are cov-
ered with a 0.3 wm PECVD Si3N4 as the passivation layer. (h) Ti/Pt
is sputtered to form the current collecting layer on the front.

The anode and cathode plates are fabricated simultaneously on
the same wafer with identical process. Double-side lithography
halves KOH etching time as mentioned in our previous work [20].
Fig. 8 shows the two sides of the cathode plate fabricated, the flow
channel on the front and the heater on the back. The heater with
square pattern is shown as Fig. 8(b). The heater is located on the
active area of 6.8 mm x 6.8 mm to enhance the heating efficiency.

The MEA consists of two hot pressing wet-proof catalyst-coated
(anode: 4.0 mg cm~2 Pt-Ru, cathode: 1.5 mg cm~2 Pt) carbon papers
which are used as the diffusion layer, and a layer of Nafion117 in
between.

PDMS and PMMA holders are used to keep the fuel cell from
leakage and protect fragile silicon plates. The flexibility and chem-
ical inertness of PDMS exactly satisfy the assembly requirements
of the WDMFC. As previous work has mentioned, the prefabricated
PDMS pieces have functions in the packaging: the sealing gaskets
around both sides of MEA, the buffering layers between plates and
corresponding holders, and the fixture of feeding tubes. The PMMA
holders are employed to provide a uniform pressure over the whole
plate area and improve the contact between components as the
aluminum holders used in our previous work [20]. The WDMFC
integrated with the heater of square pattern assembled by PMMA
holders is shown in Fig. 9, and the detailed parameters are listed in
Table 1.

Table 1
Parameters of the wWDMFC integrated with a heater and a temperature sensor.

Total size, including holders 23 mm x 15mm x 6.1 mm

Plate area 20 mm x 12.8 mm
Active area 6.8 mm x 6.8 mm
Channel/rib width 0.4mm

Channel depth 0.2 mm

Heater resistance (25 °C) 239Q

Sensor resistance (25°C) 169
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Fig. 8. Photos of the cathode plate: (a) the flow channel on the front of the cathode
plate, and (b) the heater of square pattern on the back of the cathode plate.

4. Results and discussion
4.1. Calibration of the temperature sensor

Since the temperature sensor is not a standard component, a
calibration is determined before the cell performance test. The plate
with the temperature sensor is placed in an adjustable oven, and
calibrated during the temperature changing process.

A plot calibrated of the temperature sensor resistance vs.
temperature can be illustrated by using the method of fitting a
straight line to data points. The temperature sensor resistance is

Fig.9. The wuDMFC integrated with the heater of square pattern assembled by PMMA
holders.
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Fig. 10. Performance of the wDMFC integrated with the heater of square pat-
tern assembled by PMMA holders, with 2 M methanol solution under 0.1 mL min~!
methanol flow rate, when different currents are applied to the heater.

calculated as
R:Ro[l-‘rOl(T—To)] (5)

where Ry is the sensor resistance at room temperature (Ty =25 °C),
and « is the temperature coefficient of the resistance. The curve
shows that the temperature sensor has a linear response of
«=0.0025°C! in the range of 25-70°C temperature. When the
WDMEFC operates at a certain temperature, the sensor resistance
(R) is measured and the temperature is calculated as

R—Ry
Ry

T=Ty+ (6)

4.2. Performance vs. temperature

The performance of the wWDMFC integrated with the heater of
square pattern assembled by PMMA holders is measured on an elec-
trochemical interface, Solartron SI1287. The methanol solution is
driven by a horizontal pump. A constant current is applied and the
output voltage is monitored for a period (50s in this paper) until
the final steady-state value is recorded.

Fig. 10 depicts the performance of the uDMFC when the cur-
rents applied to the heater are 53.9, 41.5, and 0 mA, respectively.
The corresponding operating temperatures measured by the sen-
sor are 58, 42 °C and room temperature (25 °C). The experimental
results show that the prototype has the maximum power density
of 5.55mW cm~2 at 58 °C, which is more twice higher than that of
the wWDMFC at the value of 2.37 mW cm~2 at room temperature,
using 2M methanol solution under 0.1 mLmin~! methanol flow
rate. Obviously, the cell temperature is raised with the increas-
ing current applied to the heater for more heat generated from the
heater. Unfortunately, it is also found that the cell performance is
lower than our previous work [21]. 2000 A Ti/Pt layer, instead of
8000 A Ti/Cu and 2000A Au, is used for current collection layer
in this work. The resistance of the thinner current collection layer
made by Ti/Pt (about 3 2) is larger than that by Ti/Cu/Au (about
0.5 2). This probably results in the larger internal resistance of the
WDMEFC (5-6 2) and the lower performance.

4.3. Performance vs. flow velocity
As mentioned above, the heat taken away by the methanol solu-

tion, accounting for a major proportion in the total thermal loss,
is proportional to the flow velocity. The thermal loss is studied
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Fig. 11. Performance of the wWDMFC integrated with the heater of square pattern
assembled by PMMA holders, under different methanol velocities with 2 M methanol
solution, when a current of 53.9 mA is applied to the heater.

experimentally to verify the great negative impact on maintain-
ing an optimal temperature. Fig. 11 illustrates the performance
of the wDMFC under the methanol solution flow velocities of 0.1,
0.4, 0.8mLmin~! with 2M methanol solution, when a current
of 53.9mA is applied to the heater. The corresponding operating
temperatures measured by the sensor are 58, 35 and 30°C. The
maximum power density is 5.55mW cm~2 under 0.1 mLmin~1,
3.52mWcm~2 under 04mLmin~!, and 3.13mWcm~2 under
0.8 mLmin~!. The experimental results show that the performance
is improved with a decrease of the flow velocity, which is matched
with the previous simulations results, because the low velocity con-
tributes to less thermal loss and high operating temperature in the
WDMEFC. For a wDMFC without temperature control system, the per-
formance is improved with an increase of the methanol solution
flow velocity as the high velocity contributes to an efficient removal
of CO,. Therefore, the flow velocity needs to balance the thermal
loss and the removal of CO, when temperature control system is
applied to the WDMFC.

4.4. Performance comparison of different patterns of heater

A wDMFC integrated with the heater of strip pattern assembled
by PMMA holders, as shown in Fig. 12, is characterized also when
the currents are applied. The heater of strip pattern applied by a cur-
rent of 54.9 mA generates the same heat amount as that of square
pattern applied by a current of 41.5 mA. The maximum power den-
sity is 3.15mWcm~2 under the current of 54.9mA applied, and
2.21mW cm~2 under no current applied, as shown in Fig. 13. The
DMEFC integrated with the heater of square pattern has better per-
formance than thatintegrated with the heater of strip pattern, when
the same heat amount is applied. Considering the different contact
situations between MEA and plate, the maximum power density is
inversely proportional to the internal resistance at Ohmic Region.
The comparison results are listed in Table 2. It is indicated that the
heater of square pattern enhances the performance than that of
strip pattern because the even thermal distribution results in the
even catalytic reaction, acting in accord with the simulation result.

4.5. Performance comparison of different packaging materials
A n.DMEFC integrated with the heater of square pattern assem-

bled by aluminum holders is also measured to compare the
temperature maintaining. The operating temperature of WDMFC

Fig. 12. The wDMFC integrated with the heater of strip pattern assembled by PMMA
holders.
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Fig. 13. Performance comparison of the wWDMFCs integrated with the heater of
different pattern assembled by PMMA holders with 2 M methanol solution under
0.1 mL min~! methanol flow rate, when the same heat amount is applied.

assembled with PMMA and aluminum holders are 42 and 36°C,
respectively, when the same heat amount is applied as shown
in Fig. 14. The maximum power densities measured of the two
cells are 4.61 and 3.28 mW cm~2, respectively, while corresponding
internal resistances are 5 and 6.2 €2, as listed in Table 2. Consider-
ing the influence of internal resistance on the cell performance as
mentioned above, the maximum power densities normalized are
4.61 and 4.07 mW cm~2, respectively. According to the comparison

Table 2
Performance and internal resistance of the three WDMFCs.

Internal
resistance (£2)

Maximum power
density (mW cm~2)

WDMEFC 1, heater of 5 4.61 42
square pattern
and PMMA
holders

WDMEC 2, heater of
strip pattern and
PMMA holders

WDMEC 3, heater of
square pattern
and aluminum
holders

Operating
temperature (°C)

5.7 (5) 3.15 (3.59) 33

6.2 (5) 3.28 (4.07) 36
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Fig. 14. Performance comparison of the WDMFCs integrated with the heater of
square pattern assembled by different materials, PMMA and aluminum, with 2M
methanol solution under 0.1 mLmin~! methanol flow rate, when the same heat
amount is applied.

results, it can be observed that the PMMA, as the material of hold-
ers, is advantageous to maintaining the cell operating temperature
and reducing the thermal loss, especially the thermal convection
and radiation, due to its lower thermal conductivity coefficient.

5. Conclusions

A silicon-based n.DMEFC integrated with a temperature control
system, consists of a heater and a temperature sensor is presented.
A thermal model of the WDMFC is developed based on heat transfer
and emission mechanisms in order to estimate the thermal behav-
ior. The pattern of heater is optimally designed to improve the
heating effect. The anode and cathode plates integrated with tem-
perature control devices are fabricated using MEMS technologies.
The WDMFC with optimized temperature control system is assem-
bled by PDMS material and PMMA holders, and characterized in
two methods, one with different currents applied and another with
different methanol velocities. A WDMFC with a heater of different
pattern and another assembled by aluminum holders, are tested
to compare the heating effect and the temperature maintaining of
packaging material. The heater of square pattern provides a more
uniform temperature profile. The PMMA holders are used to not
only protect the fragile silicon plates, but also reduce the thermal

loss due to its lower thermal conductivity coefficient. This work
would make it possible for a wDMFC to enhance the performance
by adjusting to an optimal temperature and employ in extreme
environments.
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