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Abstract: During the electrochemical reaction of a high temperature proton exchange membrane
fuel cell (HT-PEMFC), (in this paper HT-PEMFC means operating in the range of 120 to 200 °C) the
inhomogeneity of temperature, flow rate, and pressure in the interior is likely to cause the reduction
of ion conductivity or thermal stability weight loss of proton exchange membrane materials, and it is
additionally likely to cause uneven fuel distribution, thereby affecting the working performance and
service life of the HT-PEMFC. This study used micro-electro-mechanical systems (MEMS) technology
to develop a flexible three-in-one microsensor which is resistant to high temperature electrochemical
environments; we selected appropriate materials and process parameters to protect the microsen-
sor from failure or damage under long-term tests. The proposed method can monitor the local
temperature, flow rate, and pressure distribution in HT-PEMFC in real time.
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A fuel cell is an important electrochemical device, which can directly convert the
chemical energy of fuels such as methanol and hydrogen into electrical energy [1-3]. Unlike
lithium-ion batteries and flow batteries, fuel cells have the advantages of high efficiency and
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low pollution [4,5]. The main electrochemical active materials in PEMFCs are all gas phases,
and the only product produced is water, which is an absolute green energy technology.
PEMEFCs using polymer electrolytes to separate anode and cathode have gained especially
numerous scientific and engineering interests.

With the depletion and pollution of fossil energy, the demand for efficient and clean
energy is increasing. PEMFCs have attracted more and more attention because of their good
conversion efficiency, environmental characteristics, simple structure, and low noise [6]. Un-
der different working temperatures, PEMFCs can usually be divided into low-temperature
PEMECs and high-temperature PEMFCs. The energy density of HT-PEMEFC is slightly
lower than that of low temperature PEMFCs. Low temperature PEMFCs are easily polluted
by carbon monoxide in syngas, and they require complex heat and water management sys-
tems. HT-PEMFCs can work at temperatures above 100 °C without complicated water and
heat management systems, and they have good carbon monoxide tolerance [7,8]. Therefore,
in recent years, research has focused more and more on HT-PEMFCs.

With regard to fuel cell products, they have been developed and widely investigated
for their applications within mobile phones, notebook computers, stackers, electric bicycles,
automobiles, and buses, among other uses. Although the developmental potential of fuel
cells has attracted much attention, their high-cost issues, such as water management and
the expensive Pt catalyst must be addressed. HT-PEMFCs do not require a complicated
water management system, and they can use non-Pt catalysts as electrodes. Therefore, the
Attribution (CC BY) license (https://  international trend is gradually developing towards HT-PEMFC technology, as it does not
creativecommons.org/ licenses /by / require water management. The problems faced by HT-PEMFCs include internal local
40/). temperature, flow rate, and pressure inhomogeneity, which will accelerate the aging of
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membrane electrode assembly (MEA) membrane materials and lead to serious degradation
of fuel cell performance. Zou et al. [9] made sulfonated poly membrane to replace the tradi-
tional Nafion membrane, overcoming the problem of fuel cell performance deterioration
due to dehydration at high temperatures. Kurnia et al. [10] simulated the inlet air flow of
cathode, anode, and coolant, and summed up the relationship between total power and net
power and various conditions. Laribi et al. [11] found that, when the operating temperature
of the fuel cell rises from 60 °C to 140 °C, the resistance of the film increases with time,
and the water content of the film decreases, so the ionic conductivity also decreases. Yang
et al. [12] used platinum as a thermistor, deposited on the surface of the membrane, and
calculated the surface temperature with the aid of resistance temperature calibration data.
Ko et al. [13] studied the influence of working pressure on the performance of fuel cells.
The study found that, under the condition of low relative humidity, the influence of water
transport is more important than reaction kinetics. The water flow can be controlled by
adjusting the working pressure to obtain appropriate water distribution and achieve the
best performance. Sun et al. [14] used micromachining technology to fabricate a flow sensor,
studying the influence of different geometric parameters on the temperature difference.
Aslam et al. [15] explored the effects of different flow rates on the cell. The performance
of the fuel cell decreases with the increase in flow rate, because the rate of water removal
from the cathode increases with the increase in air flow rate, resulting in a decrease in the
amount of water available for humidifying the membrane electrode assembly.

At present, the research on HT-PEMFCs (in this paper HT-PEMFC means operating in
the range of 120 to 200 °C) mainly focuses on the proton exchange membrane. Considering
that the Nafion film used in LT-PEMFCs is only suitable for conditions below 100 °C and
needs to rely on water for the transfer of protons, HI-PEMFCs must use other types that
can withstand high temperatures, and which contain no membrane materials that can
also transfer protons in water [16,17]. Additionally, the research on channel geometry and
operating conditions is mainly based on low temperature PEMFCs. Since the principles of
the low temperature PEMFCs and the HT-PEMFCs are the same, the research and operating
conditions of the flow channel can be extended from the low temperature PEMFCs to the
HT-PEMEFCs [18,19]. Jo et al. [20], through the numerical model of HT-PEMFCs, studied the
cell performance under different conditions, and proved that temperature and air-fuel ratio
have important effects on the cell performance. Thomas et al. [18], through the numerical
model of HT-PEMEFCs, proved the superiority of the newly developed flow field in mass
transfer. Wu et al. [21-23] used the numerical model of HT-PEMFCs to study the influence
of channel rectangular ribs and achieve the best performance.

HT-PEMEFCs currently use external sensors to measure various physical quantities.
This research intends to use micro-electromechanical system (MEMS) technology to develop
a flexible three-in-one microsensor that can withstand high-temperature electrochemical
environments, observe three important physical quantities in real time, and provide real
internal data. In the past, there has also been research conducted on the application of
MEMS technology in fuel cells [24—27]. The information of high-temperature PEMFCs can
achieve the purpose of improving its performance and prolonging its service life. Due
to its extremely thin thickness, it can be well embedded in the internal flow channel of
HT-PEMECs to achieve real time microscopic monitoring.

2. Sensing Principle of Flexible Three-in-One Microsensor
2.1. Sensing Principle of Micro Temperature Sensor

The sensing principle of the micro-temperature sensor is: when the ambient tem-
perature increases, the gold has a positive temperature coefficient (PTC) characteristic,
and the resistance value increases as the temperature increases. This characteristic is due
to the “resistance-temperature coefficient” (TCR) of the conductor, which is defined in
Equation (1).

1 dp
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where « is the resistance value-temperature coefficient; p is thermal resistivity; pg is the
thermal resistivity at 0 °C.

2.2. Sensing Principle of Micro-Flow Sensor

The principle of the hot wire flow sensor is to measure the flow rate in a way that the
heat consumption rate of the heater is positively correlated with the fluid velocity. The
structure of the hot wire flow sensor is a heater, which forms a stable temperature field. In
the next step, it is placed in the flowing flow field, and the temperature field generated by
the heater will change with the forced thermal convection of the fluid. At this time, the
resistance value of the heater will increase due to the heat taken away, so that the resistance
value will also decrease.

2.3. Sensing Principle of Micro Pressure Sensor

The capacitive pressure sensor has a non-conductive dielectric layer sandwiched
between two parallel electrodes, and the formula for calculating the capacitance value is
shown in Equation (2).

AC = ¢, ¢ % )
where ¢, is the dielectric constant of the material, g is a constant of 8.854 x 10712 (F/m),
A is the projected overlap area of the two parallel electrodes, and Ad is the change in the
vertical distance between the two parallel electrodes. From Equation (2), it can be known
that the dielectric constant and the projected area of two parallel electrodes only affect
the initial capacitance value, and the main change of capacitance is the change of distance
between two parallel electrodes.

3. Manufacturing Process of Flexible Three-in-One Microsensor

The flexible substrate selected in this study has many advantages, such as high temper-
ature resistance, compression resistance, high flexibility, and good durability, as is the case
with polyimide (PI) [28]. The protective layer uses Fujifilm Electronic Materials USA, Inc.
LTC® 9320 (Phoenix, AZ, USA) liquid polyimide; the overall process is based on surface mi-
cromachining, including deposition, Lithography, and lift-off. In the past, laboratories used
the wet etching process, but there were always the problems resulting from over-etching,
which caused the high resistance and unstable quality of each batch. Therefore, this research
switched to the lift-off process to reduce the over-etching, making the quality of each batch
of micro-sensors more stable. The manufacturing process and optical microscope photos of
the flexible three-in-one microsensor, developed by using MEMS technology, are shown in
Figures 1 and 2. The flexible three-in-one microsensor is small in size and high in sensitivity,
and, as a result, it can be embedded in the internal real-time microscopic diagnosis and
analysis without affecting the operation of HT-PEMFCs.
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Figure 1. Manufacturing process of flexible three-in-one microsensor.
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Figure 2. Optical micrograph of flexible three-in-one microsensor size and layout.

4. Calibration of Flexible Three-in-One Micro Sensor

In this study, the NI PXI 2575 digital capture device from National Instruments (NI)
is used to capture the resistance, current, and capacitance values of micro temperature,
strain, flow, and pressure sensors in real time, and we use LabVIEW system design software
to control the acquisition action of the system. After the acquired data is calculated and
analyzed, a calibration curve can be drawn to confirm its reliability.

4.1. Calibration of Micro Temperature Sensor

Three-in-one micro sensors need to be embedded in high-temperature fuel cells in prac-
tical applications. Therefore, the micro-sensor is embedded in the high-temperature fuel
cells during temperature correction, and the actual application environment is simulated
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with a torque combination of 25 kg-cm. Resulting from the high temperature correction
range being 100 °C, and because the humidity is zero, there is no need to consider the
influence of humidity. Therefore, we use the DENG YNG® DS45 constant temperature
oven owned by our laboratory to gradually increase the temperature at 5 °C intervals to
complete the temperature correction. In order to reduce the temperature error, the micro
sensor is placed close to the oven thermocouple, and the overall calibration test setup is
shown in Figure 3. We connect the miniature sensor to NI PXI 2575 and heat it, staying at
each temperature point for 3 min, capturing the value within 3 min, and taking the average.
This action loops three measured values to calculate the average value, and the result is
made into a dimensionless graph. This dimensionless graph is the calibration curve of the
miniature temperature sensor as shown in Figure 4. With the acquired data, each can be
calculated at the same time. According to the TCR and sensitivity of the microsensor, the
calculated TCR is about 2777 ppm/°C, and the sensitivity is about 1.8517 (3/°C.

w: = " . n | A R
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Figure 3. Temperature correction test.
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Figure 4. Dimensionless calibration curve of micro temperature sensor.
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4.2. Calibration of Micro Flow Sensor

The flow correction test setup is shown in Figure 5. First, the micro flow sensor is
aligned with the flow channel, and the fuel cell is combined with a torque of 25 kg-cm. In
the next step, the NI PXI 4110 power supply, the NI PXI 2575 data capture device, and the
micro flow sensor are combined. It uses NI PXI 4110 power supply to output 3 V constant
voltage to the micro flow sensor. The flow calibration range is from 200 to 1400 mL/min,
and the measurement is performed at an interval of 150 mL/min. The micro flow sensor is
dimensionless calibration. The curve is shown in Figure 6.

8 channel fuel cell test LabView
system

»

Figure 5. Flow correction test.
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Figure 6. Dimensionless calibration curve of micro flow sensor.

4.3. Calibration of Micro Pressure Sensor

The micro pressure sensor uses a Druck-DPI 530 pressure controller to apply a fixed
pressure to the micro pressure sensor; it has a pressure measurement range of 0 to 300 psig
with an accuracy of £0.1% FS. At the same time, a Wayne Kerr Electronics 4230 LCR meter
is used to collect capacitance data. The instrument can measure the range of capacitance
values. It is 0.01pF~1F, and its accuracy is £0.1%; in the high temperature and stable
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environment of the micro pressure sensor depth sounder HT-PEMEFC, the dielectric constant
of the material will change due to the temperature of different methods of dielectric
improvement, which is almost Real operation, and, as a result, using different micro
pressure measuring devices at 140 °C to 190 °C, the smaller the junction is, and the more
temperature and temperature changes can be sensed, because the dielectric layer is made
of PI polymer material, it is necessary to repeat the final pressure. After unloading, the
capacitance value will tend to be stable, and the actual number of times has not been
determined. The final result of the dimensionless micro-sensor pressure sensor is shown
in Figure 7.

Accuracy : 5%R —=— 140°C
0.20 - %R: Ratio of true *150°C
readings. —4—160°C
v 170°C
+—180°C
73015+ |~ 190°C|
<
U.:
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=
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g
& 0.05 -
0.00 T T v T v T T T v T T T T 1
0.0 0.5 1.0 1.5 20 25 3.0 35

Pressure (bar)
Figure 7. Dimensionless calibration curve of micro pressure sensor.

5. Assembly Design of HT-PEMFC

The HT-PEMFC system used in this study was provided by the Fuel Cell Center
of Yuan Ze University. This HT-PEMFC system uses a graphite serpentine runner plate
(Figure 8); MEA is made of commercially available Advent TPS® MEA (Figure 9). High
temperature proton exchange membrane (HT-PEM) fuel cells operate most effectively
at temperatures ranging from 160 °C to 200 °C [29]. Advent TPS® MEAs operate from
120 °C to 200 °C with good acid management and rugged membrane under differential
pressure. The detailed specifications of MEA are shown in Table 1. The reaction area of
the HT-PEMFC is 31.4 cm? and operating environment is set 120 °C to 200 °C. In order to
stabilize the HT-PEMFC performance and to avoid the fuel gas leaking during the testing
process—the graphite bipolar plate breaks if the closing pressure is too high, and the gas
leaks if the closing pressure is too low—this study uses closing pressure of 25 kg/cm? to
close the cell uniformly.
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Figure 9. Commercially purchased high temperature MEA.

Table 1. Commercial Advent TPS® MEA detailed specifications.

Thickness 60~65 pum
Conductivity 8 x 1072S/cm
Reaction area 31.4 cm?

Operating temperature 120~200 °C
GDL thickness 300 um

6. Test and Calibration of Flexible Three-in-One Microsensor

By using the high temperature fuel cell test machine and NI data extractor, the internal
information extraction and microscopic diagnosis analysis of the HT-PEMFC were carried
out, and the local temperature flow rate, pressure changes, and distributions in the HT-
PEMFC were monitored and discussed under constant current conditions. The reaction
area of the HT-PEMFC is 31.4 cm?. At the operating temperature of 160 °C, different
un-humidified gas flows of anode flow rate (H;) and cathode flow rate (air) are given, and
a constant current (0.8 A/cm?) is given. Through the NI PXI 2575 data extractor, the local
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physical quantities inside the high-temperature fuel cell were discovered, discussed, and
analyzed. Detailed operating conditions are shown in Table 2. The observed temperature,
flow, and force changes are shown in Figures 10-12. First, we observe the temperature
change (Figure 10). It is noted that the inlet temperature is lower than the outlet tempera-
ture, which is because the gas is heated by the flow channel when it passes through the flow
channel, and, resultingly, the heat dissipation capacity is poor at the outlet position, and
the outlet temperature is higher than the inlet temperature. In the next step, we discuss the
change of flow (Figure 11). The flow data is used to judge whether the flow channel design
is good or not according to the difference between the inlet and outlet. According to Fara-
day’s law, the overall airflow balance (anode + cathode) of the battery is abnormal (about
—40 mlpm). Under normal conditions, the anodes are balanced. Hydrogen consumption =
25.12 Amp x 6.96 mlpm/Amp =175 mL/min. The anode flow rate should be 175 mlpm
lower than the inlet flow rate. In the next step, we discuss cathode balance. Oxygen is
consumed and water vapor is formed at the cathode. Oxygen consumption = 25.12 Amp X
3.48 mlpm/Amp = 87.5 mlpm, the gas flow of the whole cell is balanced (anode + cathode),
—175 mlpm (anode) + 87.5 (cathode) = —87.5 mlpm, which does not match the sensor
data. It is speculated that the air-tight and leak-proof design of the cell causes the flow
difference to be smaller than normal. Finally, we discuss the internal pressure distribution
of HT-PEMEFCs (Figure 12). Pressure is also an important physical quantity for HT-PEMFCs.
When external air is continuously supplied into the cell, the cell pressure should be greater
than one atmosphere, but, if there is a gas leak inside the cell, the internal pressure will
remain at one atmosphere without change. According to the results of this experiment, it is
observed that the pressure at the inlet is affected by the gas flow, resulting in a higher and
unstable pressure.

Table 2. Test conditions of HT-PEMFCs.

Items Conditions
Battery temperature (°C) 160
Anode terminal flow (H;)(Ispm) 2
Cathode terminal flow (Air)(Ispm) 4
Gas temperature Room temperature
Constant current (A/cm?) 0.8
Reaction area (cm?) 314
Inlet (Anode)
Outlet (Anode)
Inlet(Cathode)
162 Outlet(Cathode)

160 h

154

Temperature (°C)

Ll 1 I 1 T T
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 10. Temperature changes of HT-PEMFCs at different positions.
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Figure 11. Flow changes of inlet and outlet on (a) anode and (b) cathode of HT-PEMFCs.
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Figure 12. Pressure variation of HT-PEMFCs at different positions.
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7. Conclusions

This study successfully developed a flexible three-in-one microsensor, which is small
in size and high in sensitivity. It can be embedded in the internal microscopic diagnosis
and analysis of local temperature, flow rate, and pressure distribution in real time without
affecting the operation of HT-PEMFCs. Preliminary observation and measurement data
show that the HT-PEMFC has poor heat dissipation capacity at the anode and the outlet,
the flow difference between the outlet and the inlet are not matched with normal conditions,
and, resultingly, it may be necessary to redesign the flow path in order to improve flow
problems, and to ensure that the pressure is maintained at about one atmosphere. It is
observed that HT-PEMFCs do not have external gas leakage. Our main work is to sense
the internal physical quantity data of the HT-PEMFC runtime. Finally, the aforementioned,
successfully measured, data is provided to the developer of the HT-PEMFC, in order to
assist the developer in creating an improved design in response to the problems, leading to
the improved performance of HT-PEMFCs.
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