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Abstract

A compact, three-in-one, flow-through electrode design was implemented to develop a microbial fuel cell (MFC) with improved anode performance. The power density of the MFC was assessed using three different cathode systems (an air sparged aqueous Pt cathode, ferricyanide-based cathode and an air-only cathode). Power densities were higher for the ferricyanide cathode compared to the cathode with air as the oxidant, which increased with increasing ferricyanide/buffer concentration. This indicated that the overall power output was cathode limited. The maximum power density obtained was 304 W/m3 of net anode volume, corresponding to 3220 mW/m2. The anode biocatalyst was a consortium enriched on a multiple carbon source. A new parameter defined as the ratio of projected surface area to total anode volume (PSAV) is suggested as a design parameter to relate volumetric and surface power densities and to enable comparison of various MFC configurations.
Introduction

Energy generation from waste materials and renewables is becoming increasingly important as fossil fuel-derived energy becomes more expensive and environmentally unsafe due to global warming issues. Microbial fuel cells (MFCs) are an emerging technology for producing electricity directly from biodegradable matter such as organic acids, sugars, etc (1,2). Several hurdles remain in commercialization of this technology such as cost of materials of construction, scale-up issues, the need for higher power densities, and ability to harness low voltage output. The power density is a function of the anode and cathode catalysts and the system architecture (1). Engineering parameters important in MFC design include distance between electrodes, type of membrane separating anode and cathode (3), type of cathode (4), as well as operating conditions including pH (5), batch vs. continuous flow, etc. Platinum-based air cathode and a ferricyanide cathode are commonly used to test the power output of a MFC. The latter, however, is not sustainable due to the difficulty in regenerating the electron acceptor. Oxygen or air-based cathodes, on the other hand, are sustainable due to the unlimited availability of this electron acceptor. 
Optimization of the engineering parameters of the MFC design has resulted in several-fold improvement in the power density of MFCs (6). The parameters that have been important for the design of MFCs include electrode spacing (7), the use of membrane-electrode composite assemblies (8), the thickness of the anode and the cathode and the ability to exclude oxygen from the anode electrode. Power densities in the range of 1000 to 2400 mW/m2 (9) have been reported for the MFC designs incorporating these modifications. 
The power densities vary depending on the type of cathode as well. A study by Aelterman et.al., reported a maximum volumetric power density of 258 W/m3 (10) using ferrricyanide cathode while a maximum of 73 W/m3 has been reported for the air-cathode systems (9). The volumetric power density is an important design parameter from a process point of view, especially for wastewater treatment systems where the fuel source can be relatively dilute. Such a representation of the MFC power density is important, but its comparison with previously reported surface power densities has become difficult, especially in cases where the MFC dimensions are not provided.
The internal resistance offered by a microbial fuel cell during electricity production is a function of the anode, cathode and the membrane resistances. Quantification and distribution of the internal resistance has been reported via techniques such as electrochemical impedance spectroscopy (11,12) or current interrupt method (8). Reducing the distance between the electrodes and use of a composite electrode membrane assembly has been shown to minimize the internal resistance by up to two orders of magnitude, while increasing power density by 2-3 orders of magnitude (8). Similar improvements via optimization of MFC design have been reported elsewhere (9,13).
We recently reported the characterization of an anode biocatalyst enriched in an improved MFC using a novel strategy (14). The MFC design used in the study included a compact, flow-through anode with high electrode surface area to volume ratio. Here, we report the effect of cathode on the power density of the MFC.
Experimental Section
MFC construction. The MFCs were constructed for studying three different types of cathode systems, an air-sparged aqueous cathode, ferrricyanide-based cathode and air-only cathode. All the designs used were two-chambered MFCs. The anode and the cathode were separated by a Nafion-115 membrane. A schematic of the system is shown in Figure 1A. The anode was the same in all three systems and was constructed using a carbon felt material (Alfa Aesar) suspended with a carbon rod. The cathode for the MFC was changed inside an anaerobic chamber, while keeping the same anode and the same biocatalyst. The performance of the anode biocatalyst was studied by examining the power production using various cathode designs. The electrode for the air-sparged aqueous cathode was 2.54 cm x 2.54 cm Pt-deposited carbon (Fuel Cell Store) suspended at a distance of 0.5 cm from the membrane with a carbon rod. The electrode for the ferricyanide cathode was a 2.54 cm x 2.54 cm x 0.625 cm (thickness) carbon felt (CF) piece, suspended by a carbon rod in a way that the carbon felt surface was in firm contact with the Nafion membrane. The MFC chambers were made up of 4-cm diameter PVC pipes, with the anode and cathode thickness were 1.27 cm and 2.54 cm, respectively (Figure 1B). The electrode in the anode chamber was a 4-cm diameter x 1.27-cm thick carbon felt, leaving no dead volume in the anode chamber. The liquid flow through the anode was directed upwards through the CF. The schematics of the air and ferricyanide cathodes are shown in Figures 1C and 1D, respectively. The cathode chamber for the air-sparged and the ferricyanide-based cathode systems were both sparged with air. Air sparging was mainly used to mix the ferricyanide solution in the latter system. To determine the contribution of the air sparging in a ferricyanide cathode, the power output was measured by replacing the ferricyanide solution by phosphate buffer, pH 7.0 (using a CF electrode). The air-only cathode was constructed using a 2.54 cm x 2.54 cm Pt-deposited carbon cloth, placed against the Nafion membrane. This system did not have a 2.54 cm cathode chamber. A gold wire was used as a current collector for the air-only cathode. 

Inoculation and operation. A microbial consortia enriched from an anaerobic digestor was used as the anode biocatalyst. The enrichment procedure and the characterization of the consortia are reported elsewhere (14). A nutrient medium (Medium AC-1) consisting of 975 mL of a sterile mineral solution and 12.5 mL each of filter sterilized Wolfe’s mineral solution and vitamin solution (15) was used as the liquid phase flowing through the anode electrode. The mineral solution was made up of 0.31g NH4Cl, 0.13g KCl, 4.97g NaH2PO4.H2O, and 2.75g Na2HPO4.H2O per liter of nanopure water (16), which was adjusted to a pH of 7.0 with 1N NaOH prior to sterilization. The nutrient medium AC-1 (200 ml) was placed in a glass bottle reservoir (anode liquid reservoir) and circulated at 7 mL/min (Figure 1A). The medium was sparged with nitrogen to remove dissolved oxygen. The biocatalyst used in this study was obtained after an enrichment period of 75 days (14). The carbon source for the MFC during the power density measurement was a mixture of glucose and lactate (0.2 g/L, each), which was added into the anode liquid reservoir. The nutrient medium was replaced completely once a week or when the OD600 of the medium increased above 0.05, whichever came first.
Voltage measurements and power density analysis. The voltage output from the 
MFCs was measured using a Hewlett Packard HP 3468B multimeter. The data were continuously collected using a 4-port DATAQ DI-158 USB data acquisition device. This was interfaced via USB cable into a computer running the WinDaq data acquisition software. A variable-load resistor (0-5,000 ohms), was used to generate power density curves.
Analytical measurements. Analysis of glucose, lactate and by-products of bioconversion by the anode biocatalyst was conducted using a Waters HPLC with a HPX-84H column and refractive index detector. The column temperature was 65°C and the detector temperature was 50°C. The flow rate of the mobile phase was 0.5 ml/min.

Results
Biocatalyst growth. The biocatalyst was grown in the anode chamber using anaerobic digestor slurry as the inoculum. The enrichment procedure and the biocatalyst characterization are reported elsewhere (14). The enriched biocatalyst consisted of a consortia including organisms from the family Firmicutes, -Proteobacteria, -Proteobacteria, and Bacteroidetes. The response of the biocatalyst to the two carbon sources (lactate and glucose) for production of electricity was assessed by adding each carbon source individually (Figure 2).
Power production by the MFC. The voltage output from the fuel cell at 50 (load using air-cathode after day 65 was about 0.3 V. The output depended on the pH of the anode solution and decreased gradually as the pH decreased. Replacement of the anode solution with fresh medium resulted in a voltage output of 0.33 volts, which decreased over time, but returned to its original value upon replenishment of the medium (Figure 3). This result was reproducible over multiple runs. The anode medium was replaced twice a week. Operation of the MFC with 50 mM potassium ferricyanide as the catholyte resulted in a maximum voltage output of about 0.62 V at 500 ( load, while a maximum voltage of 0.43 V was obtained at 50 ( load. This corresponds to a power output of 3.7 mW for the MFC. The voltage output dropped rapidly in a batch mode of operation of the cathode due to consumption of the ferricyanide catholyte. Replenishment of the catholyte resulted in a voltage output of about 0.4 volts. The voltage output curve was reproducible over multiple runs (Figure 3). 
Effect of cathode on power density. Power density curves were obtained for the  following cathode systems: 50 mM ferricyanide (FeCN) with CF electrode, 200 mM FeCN with CF electrode, 200 mM FeCN with 200 mM phosphate buffer and CF electrode, CF electrode with 100 mM phosphate buffer (no FeCN), air-sparged Pt electrode and air-only Pt cathode. The power density data were collected within an hour of addition of the ferricyanide. The polarization curves for the various types of cathodes are shown in Figure 4. The power density of the ferricyanide cathode systems was found to be higher than that of the Pt-based air-cathode systems (Figure 5). For the Pt-based cathodes, the power densities of the air-sparged Pt cathode and the air-only Pt cathode were similar (62 W/m3 and 56 W/m3, respectively). The volumetric power densities are reported as W/m3 of net anode volume (NAV), unless specified otherwise. While the ferricyanide cathode systems are not practical, they were used to determine the maximum power output that can be supported by the anode. Higher power density using the ferricyanide cathode, as compared to the air-sparged cathode has been reported previously (4). The power density of the MFC with 50 mM ferricyanide cathode was 204 W/m3 (2160 mW/m2). Increasing the strength of the ferricyanide from 50 mM to 200 mM increased the power density further to 289 W/m3 (3060 mW/m2). The concentration of the potassium phosphate buffer used in these experiments was 100 mM. The effect of the buffer strength was also studied by increasing the phosphate buffer concentration to 200 mM (keeping ferricyanide at 200 mM), which gave a maximum power density of 304 W/m3 (3220 mW/m2). Use of the ferricyanide cathode system in an MFC and its comparison with air-cathode indicate the limitations of the air-cathode in achieving high power densities. Additionally, use of varying concentrations of the ferricyanide enables one to determine if the cathode is limiting. In this work, an increase in the ferricyanide concentration for the MFC with mixed carbon source from 50 to 200 mM resulted in an increasing trend of the power density, which suggests that the anode side was not limiting
.  

Discussion
Limitations of anode vs. cathode in MFCs. In most reports on MFCs, it is presumed that the anode side is the limiting factor in achieving high power densities; however, this study shows that using an anode with improved design consisting of minimized electrode spacing, a flow-through anode, and a biocatalyst enriched for mediator-less exoelectrogenic organisms, the MFC can afford high power densities. In such an MFC, the limitations due to the cathode and potentially the membrane can become more important. 

Effect of cathode systems on power density. The maximum volumetric power density reported in the literature varies by the type of MFC configuration. The three main components of the MFC—the anode, the cathode, and the membrane—each impact the power density in different ways. Within the different types of cathodes employed in macroscopic MFCs constructed using proton/cation exchange membranes, the maximum volumetric power densities reported are as follows: ferricyanide cathode, 258 W/m3 NAV (2580 mW/m2) (10); air-only Pt cathode, 83 W/m3 (17) or 115 W/m3 (1970 mW/m2) (7). The MFC designs and biocatalyst employed in this study resulted in a maximum power density of 304 W/m3 NAV or 253 W/m3 total anode volume (TAV) (3220 mW/m2) for the ferricyanide cathode (Table 2). The power density for an air-cathode system for the same anode was 56 W/m3 NAV (587 mW/m2). The area-specific power density was normalized using the projected area of the Nafion membrane. If the surface area of the Pt catalyst is used instead (6.45 cm2), then the power density for the air-cathode is 1140 mW/m2. The lower power density for the air-cathode as compared to the literature values is essentially because the air-cathode design was not optimized in this work. In comparison to the air-cathode system reported elsewhere (9), the one used in this work did not consist of hot pressing the membrane and the Pt/C electrode or the use of a wet-proofed carbon cloth. 
The internal resistance for the MFC for the two cathode systems was determined using electrochemical impedance spectroscopy (EIS). The value of the internal resistance was 5 ( for the air-cathode system and 6 (for the 50 mM ferricyanide cathode MFC (Figure 6). The lower internal resistance of the air-cathode indicates that the power output of the MFC for this cathode was not limited by the solution resistance, despite the fact that the cathode electrode was not optimized in this study. It appears that the power output may be limited by air diffusion or oxygen availability at the Pt surface. Research is ongoing in our laboratory to investigate this further. The results reported here demonstrate the limitations of the air-cathode system, and at the same time indicate the potential for improving power output using an air-cathode system. Improved cathode designs which implement already tested methods or novel untested methods may improve air-cathode performance further. 
Use of carbon fiber brush-based anodes was demonstrated by Logan et.al., (9) with power density reaching 73 W/m3. The anode electrode used in that study had a surface area of 18,200 m2/m3, whereas the one in this study is 45,350 m2/m3. This is about 2.5 times higher than that for carbon fiber brushes used by Logan’s group. The higher surface area of the carbon felt may be one of the reasons for higher volumetric power density obtained with the ferricyanide cathode system in this study. The internal resistance reported by Logan et.al. (9) for the graphite fiber brush MFC was higher than that observed for the MFC in this study. This behavior correlates well with the higher power density obtained for the MFC using the ferricyanide cathode.
A new parameter is being proposed for consideration in the design of MFC anodes. This new parameter is the ratio of the projected surface area of the membrane to the anode chamber volume, termed as the PSAV (Projected Surface Area / anode chamber Volume) ratio. This parameter is related to two non-complementary design issues. As the PSAV ratio decreases, proton–transfer limitations increase, while as the ratio increases, the cost of the MFC increases. An underlying assumption in the latter assessment is that the cost of the cathode catalyst plus membrane is higher than the cost of the anode electrode material per unit projected surface area. A PSAV ratio of 1 or lower combined with a high volumetric power density would be ideal for MFC performance and economics. The PSAV ratio is equivalent to the ratio of the surface to volumetric power densities. Both volumetric and surface power densities should be considered when comparing different MFC designs and performances (Table 2). Alternately, the PSAV ratio can be used in conjunction with volumetric power density when evaluating MFC performance. Using just volumetric power density may not provide the complete picture. For instance, the volumetric power density reported by Fan et.al. (12), was 1010 W/m3. This power density may be perceived as the highest; however, it may not be the optimal MFC design, since examination of the surface power density indicates a low value which may result in higher overall cost for the device.
Achieving higher power densities using sustainable cathodes. Pt-based air-cathode systems are sustainable, since oxygen is the electron acceptor which is available in unlimited supply. These systems, however, may not be economical due to the high cost of the platinum. An alternative system is an air biocathode using microorganisms as the biocatalyst (17), which has been reported to give 83 W/m3. Combination of the anode developed in this work with such biocathodes can result in sustainable MFCs with power densities in the range of 100 W/m3 assuming the power density is limited by the cathode biocatalyst. Optimization of the cathode biocatalyst using approaches employed for the anode biocatalyst in this work can result in much higher power densities. This work shows that the anode developed in this study can support power densities of at least 300 W/m3. The other component which can reduce the cost of an MFC is the membrane. Replacement of the membrane with cheaper separators such as cloth (8) or filters (3) can enhance the power output even further. However, this can result in reduction of the conversion efficiency due to diffusion of carbon substrates across the separator or due to poisoning of the cathode catalysts by H2S or other deleterious agents, especially if Pt- or metal-based cathodes are used. In this study, only the anode biocatalyst was optimized, which demonstrated that it did not limit the overall power output. Development of a MFC with biocatalytic anode and cathode and using cloth or filter based separators can result in higher power densities, while reducing the cost of the MFCs.
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Brief.

Performance of a flow-through, biofilm-enriched anode is compared using various cathode systems to demonstrate development of an improved microbial fuel cell anode with power density as high as 300 W/m3. 
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Figure 1. A: Schematic of the MFC recirculation set up,  B: Photograph of the MFC, C: Schematic of the air-cathode MFC , D: Schematic of MFC with a ferricyanide cathode (2-chamber).
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Figure 2. Response of the MFC to addition of lactate and glucose. Addition of each carbon source resulted in increase in voltage, indicating a mixed microbial community capable of converting both carbon sources to electricity. The peak which is off-scale was due to open circuit measurement. The y-scale was adjusted to 0.4 to show the increase in voltage in response to lactate and glucose addition, clearly.
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Figure 3. Voltage output from the MFC using air-cathode and 50 mM ferricyanide cathode at 500 and 50 ohm load, respectively. The decrease in the voltage output with air-cathode is due to the decrease in pH of the anode liquid over time. For the ferricyanide cathode, on the other hand, the decrease is due to consumption of the catholyte.
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Figure 4. Polarization curves for various types of cathodes. A: Air-only Pt cathode, B: Air-sparged Pt cathode, C: 50 mM ferricyanide, D: 200 mM ferricyanide, E: 200 mM ferricanide with 200 mM phosphate buffer. 
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Figure 5. Volumetric power densities for various types of cathodes given as W/m3 of net anode volume, determined using a void volume of 0.83. Legend, same as in Figure 4. 
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Figure 6. Nyquist plot for the air-cathode and the 50 mM ferricyanide cathode systems showing the internal resistance to be approximately 5 and 6 ohms, respectively. 

Table 1. Maximum current and power densities obtained in MFCs with various types of cathodes. The results were reproducible in multiple runs and were within a standard deviation of 10%. TAV is total anode volume. NAV is net anode volume.
	Cathode
	Current density
	Maximum power densities

	
	mA/cm2
	mW/m2
	W/m3 TAV
	W/m3 NAV

	Air-sparged with CF electrode (phosphate buffer)
	0.08
	80
	6
	8

	Air-sparged Pt
	0.23
	656
	51
	62

	Air-only Pt
	0.31
	587
	46
	56

	50 mM FeCN
	0.59
	2160
	169
	204

	200 mM FeCN
	0.70
	3060
	240
	289

	200 mM FeCN with 200 mM phosphate buffer
	0.81
	3220
	253
	304


Table 2. Comparison of power densities and the corresponding PSAV (Projected Surface Area to anode chamber Volume) ratio (cm2/cm3).
	Surface power density, mW/cm2
	Volumetric power density, W/m3
	Projected surface area, cm2
	Anode chamber volume, cm3
	PSAV ratio (cm2/cm3)
	Reference

	1460
	170
	7
	6
	1.17
	(12)

	1800
	1010
	14
	1.2
	11.67
	(12)

	2400
	73
	7
	26
	0.27
	(9)

	2580
	258
	60

	60
	1.0
	(10)

	3220
	304
	12.6
	16.0
	0.79
	This study





























� The projected surface area for this study was not reported explicitly, however, based on the MFC design  information reported, a projected surface area of 60 cm2 was used.
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