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Received 20 January 2006 Published 11 August 2006 Online at stacks.iop.org/JMM/16/S233 Abstract A silicon-based air-breathing micro direct methanol fuel cell (µDMFC) with an active area of 13 mm × 11 mm has been developed for portable application. The prototype features unique cathode structures fabricated by low-cost MEMS technologies and a reliable assembly method by using PDMS and holders. I–V performance curves with different anode flow rates, methanol concentrations and operating temperatures have been obtained. The results show that this µDMFC has generated a maximum power density of 2.31 mW cm−2 using 1 M methanol solution at room temperature, which is comparable with our previous active µDMFCs. It has also been demonstrated that temperature is a critical experimental determinant of µDMFC performance. So thermal management may play a very important role in future µDMFC performance. (Some figures in this article are in colour only in the electronic version)



1. Introduction The prevalence of microelectronics and rapid development of portable electronics have led to the great progress of microsystem technologies such as system on chip (SOC). However, as an essential part of microsystems, micro power sources have made relatively little progress and have become a critical barrier for the development of microsystem technologies. Therefore, new micro power sources with a small volume and long life have become an emergent demand [1]. The direct methanol fuel cell (DMFC) is an electrochemical device, which directly converts the chemical energy of the reaction of fuel (methanol solution) and oxidant (oxygen or air) into electrical energy without combustion. It generally consists of two plates, anode and cathode, sandwiched around a membrane electrode assembly (MEA). During the operation, methanol solution is fed to the surface of the MEA through the anode plate, oxidized into protons and electrons and releases the byproduct CO2 (1). The protons can directly travel through the proton exchange membrane (PEM), one of the layers in the MEA, to the cathode, whereas the electrons, blocked by the PEM, have to flow to the cathode 0960-1317/06/090233+07$30.00



through an external circuit, forming an electrical current as a result. At the cathode, the protons and electrons reduce the oxidants that transmit through the cathode plate to form water (2). Therefore, the overall chemical procedure is a typical redox reaction (3): anode: cathode: overall:



CH3 OH + H2 O → CO2 + 6H+ + 6e,



(1)



+ 6H+ + 6e → 3H2 O,



(2)



3 O 2 2



CH3 OH +



3 O 2 2



→ CO2 + 2H2 O.



(3)



Besides the common merits of fuel cells such as good efficiency, simple structure and low emissions [2], DMFCs have several attractive advantages such as micro power sources including high energy density, room temperature operation, easy storage of liquid fuel, etc. Therefore, micro direct methanol fuel cells (µDMFCs) have recently drawn much attention as a highly promising micro power source for portable electronics [3–9]. The most promising application of µDMFCs is intended for portable electronic devices and microsystems, in which micro power sources must operate standing alone. In order to meet these requirements, external pumps or other ancillary
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Figure 1. Schematic of the air-breathing µDMFC.



devices should be simplified or eliminated to reduce the parasitic power loss and the overall cost as long as no great performance degradation happens. Shimizu et al reported a 36 cm2 passive DMFC made of PMMA with no external pumps or other ancillary devices [10]. The DMFC took oxygen from the surrounding air, and the methanol solution was stored in a built-in reservoir next to the anode. The fuel cell ran successfully with methanol concentration ranging from 0.5 to 4 M. It produced a power density of 11 mW cm−2 reached with 4 M methanol at current densities as high as 36 mA cm−2 and at a voltage of 0.3. Seo et al fabricated a similar but silicon-based µDFMC featuring platinum sputtered microcolumn electrodes (rugged electrode) [11]. It generated a maximum power density of 122.4 µW cm−2 at 0.65 V. The rugged electrode shows 1.73 times larger diffusion current density than that from a planar electrode at an electrode potential of 1.1 V in a half cell test. Their subsequent paper presented a µDFMC stack structure having a common electrolyte sandwiched by reinforced microcolumn electrodes [12]. This paper reports the design, fabrication and testing of a silicon-based air-breathing µDMFC using MEMS technology. The prototype features a unique KOH-etched cathode plate and a reliable assembly method by using PDMS and holders. Two different kinds of cathode plates have been designed and tested. Experimental results show that this µDMFC has generated an output comparable to our previous active µDMFCs [13]. Moreover, extensive tests have been carried out to investigate its electrochemical characterization.



2. Design Figure 1 shows a schematic of the air-breathing µDFMC reported in this paper. (The cathode plate is just illustrative due to its complexity in structure.) A serpentine pattern was used for the anode due to its high flow velocity, uniform fuel
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Figure 3. Fabrication processes of the anode plates and cathode plates.



distribution and easy removal of CO2 [14]. However, the design of the cathode was relatively complex. To design the proper air-breathing cathode plate, three factors have to be considered together, that is, opening area (the part of cathode plate that allows the air to travel through), contact area with the MEA and robustness of the silicon structure. Normally the first two factors conflict with each other due to sharing the common channel area, and meanwhile, are limited by the third factor. The larger the opening area the cathode plate has, the more easily the ambient air can access the MEA and produced water can be evaporated into the air. However, it also means less contact area with the MEA, worse distribution of external pressure and higher risk of fracture. A similar dilemma will happen if too small opening windows are used. Therefore, the essential goal of the air-breathing cathode design should be how to allocate the opening area and contact area to solve these conflicts to the utmost extent. Thanks to MEMS technologies, this paper proposed a new design method to address these issues. Its essence is using different but interrelated patterns (designed according to desired characteristics of the plate) on the two sides of an air-breathing plate. The combination of the two patterns on the same plate will alleviate the issues caused by using merely a single pattern in the plate. Figure 2 shows two kinds of air-breathing cathode plates designed and fabricated by this method. C1 features large openings to the air on one side and simultaneously large contact area with the MEA on the other side, while C2 features an extremely high open ratio but a robust structure. The dimensions of the structure were carefully designed so that high yield was obtained. Note that other structure variations may be fabricated by varying the patterns of the two sides, e.g. changing the ratio of opening area to contact area, geometrical shape and relative position.



(c)



Figure 2. SEM photos of the air-breathing cathode plates: (a) the front side (contacting with the MEA) of C1, (b) the backside (facing the ambience) of C1 and (c) the front side of C2.
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So other air-breathing designs with different characteristics can be obtained.



3. Fabrication The fabrication processes of the anode and cathode plates are presented in figure 3. The detailed steps are as follows: (a) thermal oxide and LPCVD Si3N4 were deposited on both sides of a 400 µm thick 3 inch double-polished 1 0 0 silicon wafer as the mask layers; (b) double-sided lithography was used to transfer different patterns on each side of the wafer. For the anode region, the patterns of the microchannel and feeding holes were formed. For the cathode region, the designed patterns as mentioned above were formed. Reaction ion etch (RIE) and buffered HF solution were used to remove Si3N4 and SiO2 under the developed photoresist; (c) KOH-timed etching was employed to anisotropically etch the substrate with a rate of 1 µm min−1 until the feeding holes and opening areas were thru-etched; (d ) finally 0.8 µm Ti/Cu and 0.2 µm Au were sputtered onto the front side of the silicon wafer to form the current collecting layers. It should be noted that, although quite different in structure, the anode and cathode plates were successfully fabricated on the same wafer with identical steps. Low-cost wet etching was used to fabricate the structures rather than expensive processes such as DRIE. Double-sided lithography reduces nearly half of the etching time. By these means, the process was significantly simplified. It should also be pointed out that, in figure 3, the depth of the microchannel is about a half of the thickness of the silicon wafer; however, other depths can be easily achieved by modifying the beginning times used to etch each side of the plates. For example, a deeper channel can be achieved by etching the front side of the substrate for a certain time and then etching both sides simultaneously.



4. Assembly The assembly is an inevitable and crucial step before the micro fuel cell is finally fabricated. Moreover, the uncommon structure of the air-breathing µDMFCs has added one more challenge for the assembly. Polydimethylsiloxane (PDMS) was chosen as the packaging material in this paper. Besides its common merits such as low cost, simple fabrication and flexibility, some characteristics are especially desirable for our application such as good adhesions of PDMS-to-PDMS and PDMS-to-silicon, excellent chemical inertness (especially, to methanol) and controllable thickness. A possible inconvenient aspect of using PDMS is that its cure from liquid to solid state usually costs about 2 h per time under high temperature (about 60 ◦ C). Besides the long waiting time, if PDMS cures with the MEA, high temperature may cause a great change in shape of the PEM due to the dehydration (note that no methanol solution exists during the curing time) and deteriorate the membrane–catalyst interface. So, in this method, PDMS used in the assembly was cured ahead of the assembly as much as possible. Most of the PDMS used in the experiments was prefabricated in the following steps: a certain amount (weighed according to the desired membrane thickness) of R 184, Dow Corning Corp.) was cured in PDMS (SYLGARD a plastic container, peeled off and then tailored into proper
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Figure 4. Assembly process.



patterns. To expose the air-breathing cathode to the outside while holding other components compactly, a custom-made set of aluminum holders, comprising an anode holder and a cathode holder, were used to fasten the cell. The holders also guarantee uniform pressure over the cell, which can improve the contact between components. Figure 4 shows the flowchart of the assembly. The prefabricated PDMS membrane mainly played three roles in the packaging, that is, (i) the sealing gaskets around both sides of the MEA, (ii) buffering layers between either of the anode/cathode holders and its corresponding plate and (iii) the fixture of feeding tubes, respectively. It is only when fixing the feeding tubes that the instant cure of PDMS is needed. These changes have greatly simplified the assembly. The final assembled µDMFC is shown in figure 5. To make the external mechanical pressure uniformly applied to the whole cathode plate, we designed a reinforced cross in the cathode holder as shown in figure 5(b). Meanwhile, two more facts benefit the evenness of pressure. One is that PDMS buffering layers were able to alleviate local overpressure, and another is that silicon has good stiffness. So the pressure distribution can be further improved when going inside the cell. The current is conducted outside by mechanically clamping the part of the plates extruding the holders. Table 1 lists the major dimensions of the fabricated µDMFC. A special feature of this assembly method is reassembly capacity, which makes it possible to reuse or replace any component even after the µDMFC is packaged. Most other assembly methods such as hot pressing and gluing fail to do so. It has greatly facilitated the characterization investigation such as comparison of cathode plates as mentioned in next section. Besides, there is no need to use liquid PDMS again during the reassembly, so it actually takes less than 10 min to disassemble and then reassemble the entire components. Figure 6 shows a picture of the disassembled fuel cell. S235
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Figure 5. Fabricated µDMFC: (a) anode view, (b) cathode view and (c) side view.



Figure 7. Experimental setup. The instruments on the workbench (from left to right) are horizontal pump, computer, Solartran SI1287 and SI1255B. Below is the oven with the fixed µDMFC on its top.



Figure 6. Disassembled µDMFC. Table 1. Dimensions of the µDMFC and anode plate. Total sizea Plate area Channel area Active areab Channel/rib width Channel depth



25.4 mm × 17 mm × 6.2 mm 20 mm × 15.2 mm 9.2 mm × 9.2 mm 13 mm × 11 mm 400 µm (anode) 200 µm (anode)



a



The volume of the holders is included. Determined by the areas of catalyst layers. It is larger than the channel area due to the extended area to cover the feeding holes. This number is used in the calculation of current densities in this paper; however, since the main reaction sites lie in the channel region, the active area is overestimated to some degree. b



5. Experimental setup Figure 7 shows the experimental setup of the testing. An electrochemical interface, Solartron SI1287, was used to carry out the experiments. A horizontal pump (2PB00C Serial, Beijing Satellite Manufacturing Factory) was used to drive the methanol solution. An oven was used to provide an environment with different temperatures. The experimental data were obtained by the constant current method, in which a constant current is applied and the cell potential is monitored as a function of time for a fixed duration (50 s in this paper). S236



The last recorded data are regarded as the steady-state potential at that current. Nafion 117 membranes (175 µm in thickness, DuPont) were pretreated with 10% H2O2 and 1 M H2SO4 to remove organic contaminants and metallic impurities for 1 h respectively, and then washed in DI water for 1 h. After cleaning, the membranes were stored in DI water until further use. The anode catalyst used was 60 wt% Pt–Ru on VulcanXC72 (1:1 a/o, E-Tek) and the cathode catalyst used was a mixture of 60 wt% Pt on Vulcan XC72 and Pt Black (E-Tek). Catalyst powders were dispersed in 5 wt% Nafion and ethylene glycol, and stirred mechanically for at least 4 h at room temperature to prepare the catalyst inks. Then the anode and cathode catalyst inks were sprayed on the two sides of PEM, respectively. The loading of anode catalyst was 13.4 mg cm−2 and the loading of cathode catalyst was 29.2 mg cm−2, which were measured by weighing the dried membrane. The MEA was sandwiched between the carbon paper (20 wt% FEP wet-proofed, TGP-H-060, Toray) and hot pressed at 403 K, 8 MPa for 2 min. The geometric area of the MEA was 13 mm × 11 mm.



6. Results and discussion 6.1. Basic performance The experimental results show that the prototype had a maximum power density of 2.31 mW cm−2 and an open circuit voltage (OCV) of 0.47 V when fed with 1 M methanol solution
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Figure 9. Effect of methanol flow rate on the performance with 1 M methanol solution at room temperature (25 ◦ C).
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at room temperature. This maximum power density was higher than [11] and also close to that of our previous active µDMFC [13], 3.86 mW cm−2, demonstrating the feasibility of this new configuration. The OCV obtained is lower than normal values. Since the PEM is extended to the exterior of the packaging, there is no chance that the methanol solution would permeate over the edge to the cathode without observation if any. One possible reason for the lower OCV is that the air-breathing µDMFCs have potentially higher methanol crossover due to a large pressure drop between the anode and cathode sides. This phenomenon corresponds to the conclusion of Scott et al [15], who found that a reduction in cathodic overpressure will reduce the OCV of a DMFC. The fact that no great performance degradation occurred also reveals that the way of air breathing can provide as sufficient oxidant as active supply does. Combining the benefits brought by the elimination of a cathode pump, the promotion of cell efficiency can be expected and the feasibility of this air-breathing µDMFC was demonstrated. To investigate the design of air-breathing cathode plates, the cell was tested with two different kinds of cathode plates as mentioned in figure 2. The feature of reassembly was employed so that the same MEA was used in the tests. Figure 8 presents the comparison of those plates. C1 showed better performance possibly due to moderate trade-off between opening area and contact area. It should also be noted that C1 seems to have a higher potential than C2 over the entire regime. The possible reason may be that C2 has more serious methanol crossover due to large opening windows. The side of C2 contacting with the MEA has an open ratio of about 93.7%, while the same side of C1 has an open ratio of only 58.8%. (These numbers were derived from the optical photos of C1 and C2.) Under the condition that the same anode plate was used, the extremely large exposing area between surrounding air and the gas diffusion layers means a larger chance of direct reaction between methanol and air, which accelerates the permeation of methanol through the membrane. The serious methanol crossover, in turn, degrades the cell performance. Since there are many other possible structure variations besides C1 and C2, an optimal structure design may exist by this method. The simulation and further experimental tests are currently under development. Note that CI was chosen as the default cathode plate in all the following experiments due to its superior performance.
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Figure 8. Comparison of two kinds of air-breathing cathode. 2 M methanol, 0.20 ml min−1 and room temperature (25 ◦ C).
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Figure 10. Effect of methanol concentration on the performance at the methanol flow rate of 0.40 ml min−1, room temperature (25 ◦ C).



6.2. Effects of experimental parameters on the cell performance 6.2.1. Methanol flow rate. Figure 9 depicts the effect of the methanol flow rate on the cell performance. The performance was improved corresponding to an increase in the methanol flow rate. This is due to the fact that high velocity contributes to a uniform distribution of methanol, increase in the methanol concentration on the surface of the MEA and fast removal of CO2. The phenomenon that the performance differences became more prominent at high current density is just the fact that the influences caused by the velocity difference were more dominant under that condition. 6.2.2. Methanol concentration. Figure 10 shows the influence of the methanol concentration on the performance. It can be observed that the best performance was obtained mainly at low methanol concentrations such as 1 M, and high concentration will cause great performance degradation due to the high rate of methanol crossover at low current density. It should be noted that although some high methanol concentrations (2–3 M) became dominant at high current density due to sufficient methanol supply, it is useless since this behavior happens above the peak power point and the cell should not be operated under such a condition. Some researchers reported that the optimal methanol solution appeared at high concentration (e.g. 4.0 M) in passive S237
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Figure 11. Effect of operating temperature on the performance, 2 M methanol, 0.20 ml min−1.



DMFCs [10, 16], while this prototype got the maximum power density at lower concentration. The reasons that lower concentration generates better performance in this prototype are mostly due to the active fuel supply, which means a constant methanol concentration near the surface of the MEA, instant drainage of produced CO2 and a low rate of methanol crossover. High methanol concentrations can unnecessarily cause more serious methanol crossover at low current density. In those passive DMFCs using a methanol reservoir, however, high concentration can facilitate the fuel diffusion, relatively compensating the effect of methanol crossover as a whole. 6.2.3. Operating temperature. Figure 11 presents the influence of operating temperature on the performance. Compared with other experimental parameters, it can be found that temperature affects the cell performance much more significantly. The maximum power density at 40 ◦ C was about two times that at room temperature (25 ◦ C), and the maximum power density at 60 ◦ C was almost three times that at room temperature. The significant improvement comes from the faster kinetics of the methanol oxidation and alleviated poisoning effect of the intermediate species (CO) from methanol oxidation at high temperature [17]. Due to its great effects, operating temperature may play either a positive or a negative role in cell performance. Therefore, thermal management may be a very important topic in the future study of µDMFCs. 6.3. Short-term stability The cell was operated at a constant current density of 11 mA (7.69 mA cm−2) with continuous 2 M methanol supply. The potential variation was recorded as curve A in figure 12. Voltage degradation with time is a common problem for state-of-the-art DMFCs. Compared with known results, the prototype presented quite good performance. The miniaturization seemed to affect the performance negligibly. Meanwhile, no leakage happened during the testing time, showing the reliability of the assembly method. Fuel cell efficiency is the most important parameter to evaluate the µDMFCs. Since, at present, methanol was delivered by an external pump, the parasitic power loss was hard to assess. Therefore, as a compromise, the efficiency S238
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Figure 12. Short-term stability test of the µDMFC. The data were recorded by 6 point min–1. Table 2. Parameters used in equations. Parameters I0 t VM CM F V(t) E a



Value Discharging current fixed by the instrument Discharging time Volume of all the methanol in the anodea Methanol concentration Faraday constant Transient potential Theoretical voltage



11 mA 1077.6 s 0.018 768 ml 2M 9.648 × 10−4 C mol−1 From curve 1.18 V at 25 ◦ C



Including the methanol in the anode plate and carbon paper.



was roughly estimated by using the µDMFC operated without active methanol supply. In the experiment, the cell was fully filled with 2 M methanol solution and then tested again under the identical circumstance as curve A but without further fuel supply. The result is shown as curve B in figure 12. Equations (4) and (5) [16] were used to calculate the Faradic efficiency and energy efficiency of the cell. The parameters used in (4) and (5) are shown in table 2. discharging capacity (C) I0 t = , (4) theoretical discharging capacity (C) 6VM CM F t I0 0 V (d) dt actual output energy (J) ξ= = . (5) theoretical output energy (J) 6VM CM F E



η=



Faradic efficiency can be used to assess the rate of fuel utilization, and the energy efficiency can be used to assess the output capacity. The Faradic efficiency and energy efficiency of the cell with 2 M methanol solution are 54.6% and 7.5%, respectively. The Faradic efficiency is much higher than the energy efficiency, and the chemical energy of the consumed methanol that did not produce electrical energy was mostly converted into thermal energy. Since high temperature can improve the kinetics of methanol oxidation, the extra thermal energy should be conserved to self-heat the cell rather than dissipating to the surroundings. Meanwhile, although the energy efficiency is low, the actual specific energy of methanol can reach 456 W h kg–1 (calculated on the basis of the theoretical specific energy of about 6100 W h kg–1 with an energy efficiency of 7.5%; note that fuel is constantly supplied,
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and therefore, the net weight of the fuel cell itself can be ignored), which is still comparable with the theoretical specific energy of lithium-ion batteries (410 W h kg–1). Therefore, the passive µDMFC still takes the advantage in portable applications even at present.



7. Conclusion A silicon-based µDMFC featuring a unique 3D air-breathing cathode and a reliable assembly method has been developed. The design of the cathode structure using MEMS technologies has alleviated the incompatibilities of opening area and contact area on the air-breathing cathode plate. The assembly method by using PDMS and holders has taken very little time with the reassembly capacity. The experimental results show that the prototype generated a maximum power density of 2.31 mW cm−2 when fed with 1 M methanol solution at room temperature. This performance is comparable with our previous active µDMFCs, demonstrating the feasibility of this new configuration. To investigate its electrochemical properties, the performances of the prototype with different anode flow rates, methanol concentrations and operating temperatures have been studied. Operating temperature appeared as the most significant factor on the cell performance.
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