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19

20 ABSTRACT

21 Direct comparisons of microbial fuel cells (MFCs) based on maximum power densities are hindered by 

22 different reactor and electrode sizes, solution conductivities, and materials. We propose an alternative 

23 method here, the electrode potential slope (EPS) analysis, to enable quantitative comparisons based on 

24 anode and cathode area-based resistances and operating potentials. Using the EPS analysis, the brush 

25 anode resistance (RAn= 10.6 ± 0.5 mΩ m2) was shown to be 28% less than the resistance of a 70% 

26 porosity diffusion layer (70% DL) cathode (Rcat = 14.8 ± 0.9 mΩ m2), and 24% less than the solution 

27 resistance (RΩ = 14 mΩ m2) (acetate in 50 mM phosphate buffer solution). Using a less porous cathode 

28 (30% DL) did not impact the cathode resistance, but it reduced the cathode performance due to a lower 

29 operating potential. With low conductivity domestic wastewater (RΩ = 87 mΩ m2), both electrodes had 

30 higher resistances, with RAn = 75 ± 9 mΩ m2 and RCat = 54 ± 7 mΩ m2 (70% DL). Our analysis of the 

31 literature using the EPS analysis shows how electrode resistances can easily be quantified to compare 

32 system performance when the electrode distances are changed or the electrodes have different sizes. 
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33

34 Introduction

35 Microbial fuel cells (MFCs) use bacteria on the anode to produce an electrical current from the 

36 degradation of organic matter, and a catalyst on the cathode for the oxygen reduction reaction (ORR).1–4 

37 Many different anode materials have been examined, including graphite fiber brushes, carbon veils, 

38 carbon cloth, carbon paper and carbon felt, and these materials have often been modified to increase 

39 power production.5–8 The materials and catalysts used for the cathode have also varied, with the most 

40 common types consisting of Pt catalysts on carbon cloth, or activated carbon as both the supporting 

41 material and catalyst.9,10 Typically, improved performance by electrode modification is demonstrated 

42 based on an increase in the maximum power production using polarization data.11,12 However, when a 

43 new anode or cathode material is shown to improve performance in one type of MFC, it is not clear how 

44 much that specific change improved performance relative to other differences in reactor design, 

45 construction, or operational procedures. For example, the power production can be a function of the 

46 size (e.g. projected area) of the electrode, as the power per area can vary inversely with electrode 

47 size.13–15 Power is also affected by the relative sizes of the two electrodes (e.g. a larger anode than the 

48 cathode).16 Comparisons of performance are particularly difficult for systems that have different 

49 distances between the electrodes, as ohmic resistance can greatly limit overall performance in low 

50 conductivity solutions, such as domestic wastewater.17 Even when all materials and solutions are kept 

51 constant, maximum power densities obtained in the same laboratory can vary by ~15%.9

52 In order to better engineer large-scale MFCs, it is necessary to know what specific factors limit 

53 performance, and how the behavior of the electrodes will change as they become larger or distances 

54 change between them.18 As the system scale is increased, the performance of one electrode, for 

55 example the cathode, could change at a rate with size that is different from that of the anode. As a 

56 result, reporting the change in maximum power density alone does not provide insight into which 
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57 electrode might be limiting performance, or to what extent, electrode performance changes with 

58 reactor size. It is possible to examine abiotic electrode performance using electrochemical techniques 

59 such as potentiodynamic (linear sweep voltammetry (LSV)) or potentiostatic methods 

60 (chronoamperometry at defined potentials).19–22 However, these electrochemical techniques cannot be 

61 conducted on the anode before it is fully acclimated in an MFC. Also, evaluating anode performance is 

62 more difficult than that of an abiotic cathode as its performance can change over time as a function of 

63 its operating conditions (e.g. potential, external resistance, temperature).23–25 Thus, anode performance 

64 can only be assessed during actual MFC operation using polarization data and reference electrodes. 

65 However, the ohmic drop between the reference and working electrodes must be included in the final 

66 polarization data in order to properly evaluate electrode performance as a function of current.17,26 

67 Inaccurate electrode potentials can lead to wrong conclusions about the extent that the anode or 

68 cathode could be limiting power production.17

69 A new and more comprehensive analysis was used here to provide quantitative comparisons of 

70 electrodes in different types of MFCs. The slopes of electrode polarization data near peak power, based 

71 on the linear region, were used to quantify electrode area-based resistances (mΩ m2), and the y-

72 intercepts of the data were used to calculate effective half-cell potentials. While these factors have been 

73 included to some degree in previous studies,16,27,28 our electrode potential slope (EPS) analysis is unique 

74 in terms of the comprehensive nature of the analysis and full use of linearized electrode potential data. 

75 In the conventional fuel cell literature, most polarization data have three regions: an initial rapid change 

76 in potential at low current densities where the activation losses prevail over the other resistances; a 

77 linear region dominated by the ohmic resistances; and a steep decrease in voltage at high current due to 

78 mass transfer limitations.29–32 In MFCs, polarization data are usually linear over a wide range of relevant 

79 current densities (especially near the peak power).16 Anode potentials are linear until very high current 

80 densities are reached, where current production can suddenly fail to increase for a variety of reasons 
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81 (e.g. substrate limited mass transport, insufficient acclimation or limiting current densities), causing the 

82 power curve to exhibit power overshoot (a doubling back of the power curve).33,34 Cathode potentials 

83 typically have an initial rapid drop due to the activation losses of the ORR at low current densities. After 

84 this initial drop, the cathode potential tend to be linear at higher current densities (and near peak power 

85 production). The slopes of polarization curve for the whole cell, or for individual electrodes, can 

86 therefore be used to obtain area-normalized resistances, with the y-intercepts of the potentials 

87 providing a useful estimate of the actual working open circuit voltages (OCVs).35 The utility of the EPS 

88 analysis method was demonstrated here in experiments using MFCs with brush anodes and cathodes 

89 with diffusion layers (DLs) that had two different porosities (70% and 30%), in tests with an acetate-

90 buffered medium and with domestic wastewater. Additionally, this approach was shown to be broadly 

91 applicable by evaluating data from previous studies and making quantitative comparisons between 

92 electrodes of different size or material. These comparisons demonstrate that it was possible to easily 

93 quantify how the specific changes in electrodes or materials affects power production for different types 

94 of MFCs.

95

96 Materials and methods

97 Calculations. The overall cell potential (Ecell) with a load on the circuit is usually expressed as a 

98 function of the electromotive force (Eemf) calculated from the anode and cathode half-cell potentials (EAn 

99 and ECat), and resistances (R) in the circuit as:17

100 (1)𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑚𝑓 ― (∑𝜂𝐴𝑛 + |∑𝜂𝐶𝑎𝑡| +  𝑅𝛺 𝑖)

101 where ηAn is the anode overpotential, ηCat the cathode overpotential, RΩ the ohmic resistance, and i the 

102 current. Although not explicitly shown in these equations, the electrode overpotentials are a function of 

103 the current, and thus they decrease the voltage due to activation losses, pH changes, bacterial metabolic 

104 losses, and concentration losses (mass transfer limitations to or from the electrodes). To account for 
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105 different sizes of electrodes, current density (A m–2) is used based on the electrode projected area, and 

106 therefore the resistance must also have units of area (mΩ m2) for a given voltage (mV).28

107 The theoretical Eemf can be calculated from the half-cell reactions, chemical activities, and 

108 operational conditions. Eq. 1 can be written in terms of the half-cell potentials for the anode (EAn) and 

109 cathode (ECat) as 

110 (2)𝐸𝑐𝑒𝑙𝑙 = 𝐸𝐶𝑎𝑡 ― 𝐸𝐴𝑛 ― (∑𝜂𝐴𝑛 + |∑𝜂𝐶𝑎𝑡| +  𝑅𝛺 𝑖)

111 The typical electrochemical reactions of an MFC are acetate oxidation at pH 7 at the anode1 and oxygen 

112 reduction at the cathode. Assuming acetate oxidation produces bicarbonate, and assuming the ORR 

113 occurs with a 4e– transfer proceeds through either proton uptake or water dissolution,36,37 possible 

114 reactions and half cell potentials (25 oC and pH=7) are:

115  = –296 mV (3)12HCO–
3 + 8e– +9H +  ⇌CH3COO– + 4H2O 𝐸𝐴𝑛

116  = +815 mV (4a)O2 + 4e– +2H2O ⇌4OH– 𝐸𝐶𝑎𝑡

117  = +815 mV (4b)O2 + 4e– +4H +  ⇌2H2O 𝐸𝐶𝑎𝑡

118 where the half-cell potentials are given versus a standard hydrogen electrode (SHE). This results in 

119 theoretical values of Eemf = 1111 mV. However, for activated carbon (AC) electrodes, oxygen reduction 

120 can also proceed through a 2e– transfer mechanisms, 

121   = + 281 mV (5)O2 + 2e– +2H +  ⇌H2O2 𝐸𝐶𝑎𝑡

122  = + 267 mV (6)O2 + 2e– + 2H2O ⇌H2O2 + 2OH– 𝐸𝐶𝑎𝑡

123  = + 337 mV (7)O2 + 2e– + H2O ⇌HO–
2 + OH– 𝐸𝐶𝑎𝑡

124 resulting in a range of electrons transferred between 2.1 – 3.6 e–.11,38,39 Thus, the measured Eemf (Eemf,m) 

125 for the cell, for example at open circuit conditions (Eemf,m0), does not have a single predictable value due 

126 to the multiple ORRs.
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127 The measured cell voltage can rapidly decrease at low current densities due to activation losses and 

128 other changes that impact the operational conditions near the electrode, such as localized pH that can 

129 switch electron transfer mechanism pathway or carbonate concentrations that become different than 

130 the bulk phase concentrations. Following this rapid decline in voltage, the electrode potentials become a 

131 linear function of current. For operation past these low current densities, the electrode potentials in eq. 

132 2 can be replaced by potentials fit to the linear portion of the measured anode and cathode potentials, 

133 producing operational potentials that better describe the working electrode potentials in terms of 

134 experimental electrode potentials conditions, for the anode (EAn,e0) and cathode (ECat,e0) potentials. Since 

135 all changes in electrode and solution potentials are now a linear function of the current, eq. 2 can now 

136 be written as

137 (8)𝐸𝑐𝑒𝑙𝑙 = 𝐸𝐶𝑎𝑡, 𝑒0 ― 𝐸𝐴𝑛,𝑒0 ―𝑖(𝑅𝐶𝑎𝑡 + 𝑅𝐴𝑛 + 𝑅𝛺)

138 where the electrode overpotentials that impact the measured cell voltage are quantified in terms of 

139 individual resistances of the anode (RAn), cathode (RCat), and electrolyte (RΩ). If a membrane or separator 

140 is used, resistances for these materials would be included in a measured RΩ, or they would need to be 

141 separately determined from the electrolyte resistance. The sum of these three resistances in eq. 8 is the 

142 total operational internal resistance (Rint).

143 To evaluate the performance of an MFC, the load on the circuit is typically varied by using an 

144 external resistance, and the operational current is calculated from the cell voltage. Thus, we can replace 

145 Ecell with the external resistance in the circuit (Rext) as a function of the current, as

146 ) (9)𝑖𝑅𝑒𝑥𝑡 = 𝐸𝐶𝑎𝑡, 𝑒0 ― 𝐸𝐴𝑛,𝑒0 ―𝑖(𝑅𝐶𝑎𝑡 + 𝑅𝐴𝑛 + 𝑅𝛺

147 Based on eq. 9, a circuit can be drawn that describes the steady performance of the cell (i.e. neglecting 

148 sudden changes in the load on the circuit) (Figure 1A). For this EPS analysis of the electrode open circuit 

149 potentials and resistances, the electrode potentials were obtained from the polarization test by 
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150 changing the external resistance in the circuit. The electrode potentials are then plotted with the 

151 potential on the y-axis, and the current density on the x-axis. The linear portion of the data are 

152 expressed as E = m i + b, where the slope m is the specific resistance of each electrode (RCat or Ran) in 

153 units of mΩ m2, and the y-intercepts are used to calculate the experimental open circuit potentials of 

154 the anode (EAn,e0) or cathode (ECat,e0) (Figure 1B). The solution resistance, RΩ (mΩ m2), can be obtained 

155 from the solution conductivity (σ, mS cm–1), and the distance between the electrodes (l, cm), as

156 (10)𝑅Ω =
100  𝑙

𝜎

157 where 100 is used for unit conversion (conversion of mS into S, where 1 S = 1 Ω–1, and cm2 to m2). For 

158 example, for 50 mM PBS (σ = 6.9 mS cm–1) and an electrode spacing of l = 1 cm, RΩ = 14 mΩ m2. If a 

159 membrane or separator is used, electrochemical impedance spectroscopy (EIS) can be used to obtain 

160 the membrane resistance from the combined solution and membrane resistance.40

161
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162

163

RAn
RCat

RΩ

Rext

Rint

Eemf

164
165 Figure 1. (A) Microbial fuel cell circuit diagram with anode, cathode and ohmic resistances as part of the 
166 total internal resistance of the cell. The membrane resistance was not inserted in the figure as no 
167 membrane is currently used in single chamber MFCs. (B) Schematic representation of the parameters 
168 used for the EPS analysis. The dashed lines represent the linearization that would be obtained from 
169 polarization tests, while the thick solid lines show the linearized portion of the polarization data that are 
170 used to calculate the anode (RAn) and cathode (RCat) resistances.

171

172 The above EPS analysis, based on using the slopes and y-intercepts of the polarization data to 

173 measure electrode resistances and calculate working half-cell potentials, is different from previous 

174 approaches that used area-based electrode resistances. For example, Fan et al. (2008) did not directly 

175 measure each electrode resistances and instead used only whole cell polarization data.16 This method 
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176 resulted in errors in calculated electrode resistances, as they were assumed to be constant with changes 

177 in conductivity. Sleutels et al. (2009) calculated electrode resistances for MECs using a single condition 

178 (i.e. one point for each resistance calculated) rather than using many points (i.e. the linearized portion 

179 of the polarization data) which reduced accuracy, and theoretical half-cell potentials rather than those 

180 obtained from the y-intercept as done here.28 Liang et al. calculated resistances using a slope analysis of 

181 the polarization data, but they also did not use y-intercepts to calculate the experimental electrode 

182 potentials, nor did they consistently correct electrode polarization data for ohmic losses or calculate 

183 solution resistances from solution conductivities.27 Instead, the current interrupt method was used to 

184 estimate ohmic losses. 

185

186 Construction and operation of MFCs. MFCs contained 28 mL (empty volume) cylindrical chambers 

187 cut into polycarbonate blocks, with a chamber 3 cm in diameter and 4 cm in length.9 The anodes were 

188 carbon brushes 2.5 cm in diameter, and 2.5 cm long, which were made by twisting conductive carbon 

189 fibers between two titanium wires.5 All brushes were heat treated at 450 oC for 30 min in a muffle 

190 furnace prior to use.41 Anodes were acclimated in MFCs for over two years at a fixed external resistance 

191 of 1000 Ω, at a constant temperature (30 °C) prior to use here with new cathodes. Cathodes (7 cm2 

192 exposed surface) were made from activated carbon (AC) and stainless steel mesh, with a cathode 

193 specific surface area per volume of reactor of 25 m2 m–3.2 AC cathodes were manufactured by VITO 

194 (Mol, Belgium), and had diffusion layers (DLs) with different porosities of 70% or 30% in order to study 

195 two different types of cathodes.42 Anode and cathode specific resistances were normalized by the 

196 cathode projected area (7 cm2).

197 Brush anodes were placed near the cathode (electrode spacing of dAn-Cat = 1 cm in phosphate buffer 

198 and dAn-Cat = 1.3 cm in wastewater tests) with the brush perpendicular to the cathode and the reference 

199 electrode (RE) tip touching the titanium wire. The larger spacing used in the wastewater tests was set to 
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200 match that of a larger-scale MFC, where this distance was chosen to minimize possible clogging with 

201 domestic wastewaters.7 The REs used to measure electrode potentials (Ag/AgCl; model RE-5B, BASi, IN; 

202 +0.209 V versus a standard hydrogen electrode, SHE) were placed in the current path between the 

203 electrodes. The RE was 0.5 cm in diameter, with a tip diameter of 0.4 cm. Distances between electrodes 

204 are considered to be accurate to within 0.2 cm. All potentials are reported here versus SHE.

205 Tests were conducted using a medium containing a 50 mM phosphate buffer solution (PBS; 4.58 g 

206 Na2HPO4, 2.45 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl in 1 L of distilled water, with 12.5 mL of a 

207 concentrated trace mineral solution and 5 mL of a vitamin solution) amended with sodium acetate (1 

208 g/L) having a conductivity of 6.93 mS cm–1, or domestic wastewater (WW).43 Wastewater was collected 

209 weekly from the primary clarifier of the Pennsylvania State University Waste Water Treatment Plant, 

210 and stored at 4 °C prior to use. Solution conductivity of the wastewater was 1.51 mS cm–1 at 25 °C. The 

211 MFCs were operated at 30 °C in a controlled temperature room.

212

213 Electrochemical measurements. MFCs were acclimated as previously described,44 based on feeding 

214 the reactor with media in fed-batch operation over several weeks, until at least 3 reproducible and 

215 stable voltage profiles were obtained. Single cycle polarization tests were conducted by feeding the 

216 reactor with fresh media and maintaining the system at open circuit conditions for 2 h, and then steadily 

217 reducing the external resistance from 1000, 500, 200, 100, 75, 50 to 25 Ω at 20 min intervals. 

218 Polarization tests were completed before there was an appreciable change in the pH or substrate 

219 concentrations that could impact performance.

220 The current was calculated based on the potential (Ecell) measured across the external resistor, and 

221 recorded using a computer based data acquisition system (2700, Keithley Instrument, OH). Current 

222 densities (i) and power densities (P) were normalized to the total exposed cathode area (A = 7 cm2) and 

223 calculated as i = Ecell/RextA and P = iEcell, where Rext is the external resistance.44
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224 During each polarization test, the electrode potentials were recorded using a reference electrode. 

225 The RE was used to measure the anode potential (EAn), the cathode potential (ECt) was then calculated 

226 from the anode potential and the whole cell voltage as ECt = U + EAn. The electrode potential was then 

227 corrected based on the conductivity of the solution (~1.5 mS cm–1 for the wastewater and 6.9 mS cm–1 

228 for the PBS) and the distance from each electrode to the RE by rearranging eq. 10 and dividing RΩ by the 

229 projected area of the electrode.17 The measured electrode potentials (not corrected for the solution 

230 conductivity) are reported in the Supporting Information.

231

232 Results and discussion

233 Experimental whole cell polarization curves in PBS and wastewater. The measured total cell open 

234 circuit potential was Eemf,m0 = 664 ± 11 mV for the 70 % DL cathode MFCs fed acetate in PBS, similar to 

235 that for the 30% DL (669 ± 4 mV) (Figure 2 A,B). These values were both ~40% lower than the theoretical 

236 Eemf = 1111 mV, assuming a 4e– transfer at pH=7.36 The experimental potential of the 70% DL cathode 

237 MFC was Eemf,e0 = 531 ± 5 mV, based on the y-intercept of the cell polarization data (current density 

238 range of 3 – 9 A m–2). When using the less porous 30% DL, the experimental potential was reduced to an 

239 Eemf,e0 = 467 ± 22 mV, suggesting that the less porous DL reduced the maximum working potential of the 

240 MFC.

241 The maximum measured power density was 1.71 ± 0.08 W m–2 for the 70% DL, and 1.38 ± 0.04 W m–

242 2 for the 30% DL, consistent with previous reports on improved performance with a more porous DL.42 

243 The internal resistances obtained from the linearized polarization data for these MFCs with the two 

244 different cathodes, however, were quite similar: 41 ± 1 mΩ m2 (70% porosity), and 39 ± 4 mΩ m2 (30% 

245 DL). The similar area-specific resistances suggests that the lower power density with the cathode with 

246 30% DL was due to a decrease in the Eemf,e0 of more than 60 mV compared to the 70% DL, and not to 

247 differences in electrode resistances. However, this requires measurement of electrode potentials, as 
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248 shown below. Using the circuit shown in Figure 1, and the experimental potentials and total specific 

249 resistances (obtained from the lines), the calculated maximum power densities were 1.71 W m–2 (70% 

250 porosity) and 1.40 W m–2 (30% porosity), showing good agreement with the experimental results (Figure 

251 2).

252
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255 Figure 2: Modeled polarization and power density curves based on a single internal resistance calculated 
256 by the slope of the I-Ecell curve and several external resistances compared to the data from polarization 
257 test in (A,B) PBS and (C,D) wastewater using cathodes with diffusion layer porosities of 70% (A, C) and 
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258 30% (B, D). The dashed lines represent the linearization of the data that would be obtained from 
259 polarization tests.
260

261 The measured open ciruit whole cell potentials in wastewater of the MFCs with the two different 

262 cathodes were Eemf,m0 = 617 ± 2 mV (70% DL) and Eemf,m0 = 632 ± 2 mV (30% DL) (Figure 2C, 2D). These 

263 potentials were slightly lower than those measured using acetate in PBS, likely reflecting the less 

264 thermodynamically favorable oxidation of wastewater organics compared to acetate alone. The 

265 experimental Eemf,e0 were the same for the MFCs with the different cathodes (574 ± 22 mV with 70% DL, 

266 and 574 ± 16 mV with 30% DL).

267 The internal resistance of the MFCs based on the slopes of the polarization data with wastewater 

268 was 223 ± 16 mΩ m2 for the 70% DL, which was only 11% lower than that of the MFCs with the 30% DL 

269 (249 ± 12 mΩ m2). As a result of the similar experimental potentials and internal resistances, the 

270 maximum power densities were also quite similar with 0.34 ± 0.01 W m–2 (70% DL) and 0.31 ± 0.01 W m–

271 2 (30% DL). The ohmic resistance of the wastewater (87 mΩ m2) was much higher than PBS (14 mΩ m2). 

272 The impact of this large ohmic resistance of the wastewater, coupled with the low current density, likely 

273 reduced the impact of the different DL porosities on power production. The maximum power densities 

274 calculated from the Eemf,e0 and the internal resistance in each configuration resulted similar maximum 

275 power densities of 0.37 W m–2 (70% porosity) and 0.33 W m–2 (30% porosity), and were in good 

276 agreement with polarization data.

277

278 Electrode potentials and specific resistances. The measured cathode potentials at open circuit 

279 conditions using acetate and PBS were ECat,m0 = 399 ± 11 mV (70 % DL cathode) and ECat,m0 = 401 ± 2 mV 

280 (30 % DL cathode), which were around 400 mV lower than the theoretical value at pH 7 (for example 

281 +815 mV using eq. 4b). The experimental cathode potentials with the 70% DL cathode (ECat,e0 = 271 ± 6 

282 mV) was 32% higher than that of the 30% DL cathode (ECat,e0 = 205 ± 27 mV) (Figure 3A), while the area-
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283 specific resistances of the two different cathodes were quite similar (14.8 ± 0.9 mΩ m2, 70% DL; 12 ± 5 

284 mΩ m2, 30% DL cathode). The anode potentials did not change when using the different cathodes (EAn,e0 

285 = –260 ± 3 mV, 70% DL;  –262 ± 7 mV, 30% DL), nor did the anode area resistances (10.6 ± 0.5 mΩ m2, 

286 70% DL; 11 ± 1 mΩ m2, 30% DL). This conclusively demonstrated that the differences in power 

287 production using the two different cathodes was specifically due to the cathode, and not any changes in 

288 the anode potentials (for example due to greater oxygen transfer through the higher porosity cathode). 

289 The slightly higher resistances for the cathodes than the anodes suggest that the cathode limited power 

290 production only slightly more than the anodes.

291 Using the EPS analysis, the power density curve was accurately reproduced, allowing clear 

292 identification of both the individual resistances and the working potentials. The sum of the singular 

293 resistances (RAn, RCat, and RΩ = 14 mΩ m2) from the electrode slopes and solution conductivity was 39.4 

294 mΩ m2, which was within 4% of that calculated from the slope of the whole cell polarization curve (41 ± 

295 1 mΩ m2, 70% DL cathode). With the 30% DL cathode, 37 mΩ m2 was calculated from the sum of the 

296 individual resistances compared to 39 ± 4 mΩ m2 using the whole cell polarization curve. The use of 

297 ECat,e0 based on experimental polarization data has the advantage of using most of the polarization data 

298 to obtain the working potentials, rather than just a single point as done by Sleutels et al.28 In studies by 

299 others, theoretical or measured open circuit cathode potentials were used,16,27 which would have 

300 resulted in potentials that did not accurately predict MFC performance.

301
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319 solid lines show the linearized portion of the slopes that are used to calculate the anode (RAn) and 
320 cathode (RCat) resistances.
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322 Using wastewater, the measured cathode potentials of ECat,m0 = 337 ± 1 mV (70 % DL cathode) and 

323 350 ± 2 mV (30 % DL cathode) were slightly higher than those obtained from the slope analysis of ECat,e0 

324 = 308 ± 10 mV (70% DL) and 313 ± 18 mV (30% DL). The measured ECat,m0 and the experimental ECat,e0 

325 cathodes potentials were much similar to each other in wastewater tests, compared to PBS where ECat,e0 

326 differed from ECat,m0 as much as 50% (cathodes with 30% DL). The narrower differences between the 

327 experimental and measured ECat for the wastewater samples could have been due to the low current 

328 densities, as this results in operation of the MFC in a region of current that includes activation losses in 

329 the final RCat and EAn,e0 (see Supporting Information, and Figure S2). The measured anode potentials in 

330 wastewater were both EAn,m0 –280 ± 3 mV, with more positive anode potentials from the slope analysis 

331 of EAn,e0 = –266 ± 13 mV (70% DL) and –262 ± 3 mV (30% DL). These anode potentials were quite similar 

332 to the operational potentials obtained using PBS.

333 The cathode specific resistances RCat in wastewater were both substantially higher in respect to PBS, 

334 with 54 ± 7 mΩ m2 (70% DL) and 78 ± 14 mΩ m2 (30% DL). These cathode specific resistances were 4× – 

335 7× higher in wastewater than those obtained in PBS. The anode specific resistances were also greatly 

336 increased, with similar resistances obtained of 75 ± 9 mΩ m2 (70% DL) and 78 ± 2 mΩ m2 (30% DL). Thus, 

337 a 6× increase in the solution specific resistance of the wastewater (RΩ = 87 mΩ m2) compared to PBS (RΩ 

338 = 14 mΩ m2) led to a 4× – 7× higher cathode resistances, and a 7× higher anode resistances, although it 

339 did not greatly impact the measured electrode open circuit potentials. The anode and cathode 

340 resistances with 30% or 70% DL cathodes were both lower than the solution specific resistance in 

341 wastewater, suggesting a large impact of the solution conductivity on the MFC performance. This was 

342 different from the case with PBS and acetate where the cathodes primary limited the power production. 

343 The sum of the individual area-based resistances were 216 mΩ m2 (70% DL) and 243 mΩ m2 (30% DL), 

344 both in good agreement (~ 4% less) with the whole cell area specific resistances calculated from the 
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345 slopes of the whole cell polarization curves (223 ± 16 mΩ m2 for the 70% DL and 249 ± 12 mΩ m2 for the 

346 30% DL).

347

348 Comparison of different cathode catalyst and MFC architecture and configurations. The EPS analysis 

349 makes it possible to quantify electrode performance and compare the results with other studies and 

350 determine how the individual electrode area resistances impacted overall power production. For 

351 example, maximum power densities in two studies were reported to be similar, but the EPS analysis 

352 shows that this was for different reasons. In one study by Yang et al.,11 the maximum power density was 

353 2.60 ± 0.05 W m–2 using an activated carbon cathode with an Fe-N-C catalyst (28 mL MFC, anode 

354 projected area AAn = 4.9 cm2, cathode projected area ACat = 7 cm2, and an electrode spacing of dAn-Cat =0.5 

355 cm, and solution conductivity σ = 6.94 mS cm–1). This was similar to another study by Santoro et al.45 of 

356 2.62 ± 0.04 W m–2 that used a different MFC configuration (120 mL MFC, AAn = 18 cm2, ACat = 2.8 cm2, dAn-

357 Cat = 4.5 cm, σ=16.4 mS cm–1) and a different Fe-N-C ORR catalyst. Thus, on the basis of the maximum 

358 power density alone, the performance of the two systems were quite similar, suggesting that the 

359 cathodes performed equally well in the two different MFCs. However, the MFC used by Santoro et al. 

360 was designed to have a much larger anode than cathode area (An:Cat projected area ratio of 6.4), so 

361 that the anode would not limit power production, while the MFC used by Yang et al. reactor had more 

362 similar-sized projected electrode areas (An:Cat = 0.82). Using the EPS analysis, and polarization data 

363 corrected for ohmic losses between the working and reference electrodes, the anode area-resistance 

364 was RAn = 4.30 ± 0.02 mΩ m2 for the Santoro et al. MFC (Figure 4). This was about four times less than 

365 that obtained by Yang et al. (RAn = 19 ± 1 mΩ m2), demonstrating the impact of the different relative 

366 electrode sizes on the resistances. The anode experimental potentials were similar, with EAn,e0 =  –281.4 

367 ± 0.2 mV (Santoro et al.) and  –268± 7 mV (Yang et al.). The results obtained here for the 70% DL MFCs 
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368 (RAn = 10.6 ± 0.5 mΩ m2, EAn,e0 = –260 ± 3 mV, 70% DL) are also shown in Figure 4 to provide a 

369 comparison to these previous two studies.

370 For the cathodes, the EPS slope analysis revealed that the main differences in the cathode 

371 performance was due to the working potentials of the cathodes (y-intercepts), and not their resistances 

372 (polarization data slopes). The measured and experimental cathode potentials were ECat,m0 = 557 mV and 

373 ECat,e0 = 442 ± 19 mV in the Yang et al. study, compared to lower values of ECat,m0 = 431 ± 2 mV and ECat,e0 

374 =426 ± 3 mV by Santoro et al. The resistances of the cathodes were 23 ± 3 mΩ m2 for the Yang et al. 

375 study, higher than the 16.7 ± 0.4 mΩ m2 by Santoro et al.

376 This comparison of the two studies using the EPS analysis demonstrated that electrode performance 

377 can be compared even when the MFC architectures are different. Although the power densities were 

378 similar, both the anodes and cathodes had different electrochemical characteristics. The experimental 

379 cathode potentials in the Yang et al. study were higher, and thus the cathodes had better 

380 electrochemical performance that those in the Santoro et al. study. The power densities were only 

381 similar due to the lower area resistance of the anodes in the Santoro et al. study (RAn =4.3 ± 0.02 mΩ m2) 

382 because this system was optimized to reduce anode limitations by using a much larger anode than the 

383 cathode. However, the advantage of the larger anodes was partly nullified by using a larger electrode 

384 spacing of 4.5 cm in the Santoro et al., as this produced a total anode and solution resistance of 31 mΩ 

385 m2 compared to the 0.5 cm spacing by Yang et al. (resistance (RAn + RΩ) of 26 mΩ m2). As a result, of 

386 these differences, the total internal specific resistances were comparable (49 mΩ m2 Yang et al.; 48 mΩ 

387 m2 Santoro et al.), resulting in similar maximum power densities.

388
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409 different research groups (all 28 mL cube reactors, with brush anodes in 50 mM PBS/acetate media) 

410 (Figure 5). The average electrode area-based resistances among these studies was Rcat = 59 ± 27 mΩ m2 

411 (range 20 mΩ m2< Rcat < 101 mΩ m2), but the cathode working potentials varied over a much larger 

412 range of 242 mV (range 387 mV< ECat,e0 < 145 mV, average of 286 ± 90 mV). The reasons for this large 

413 range of working potentials could be due to a lack of proper correction for the ohmic losses between the 

414 electrodes17 or aging of the cathode which reduces performance over time.9 The potentials presented in 

415 figures for the anodes in two of the studies were clearly wrong (EAn,e0 = –463 mV by Valipour et al.,46 –

416 475 mV by Meng et al.47), as they were 200 mV lower than that possible for acetate oxidation (– 296 mV, 

417 eq. 3). In the other five studies,32,48–51 the anodes had relatively similar anode potentials of EAn,e0 of –262 

418 ± 28 mV and a specific anode resistance of RAn = 20 ± 3 mΩ m2. The reason for the very high anode 

419 resistance of RAn = 112 mΩ m2 based on data in Meng et al.47 is unknown.

420

421

422 Figure 5. Comparison of Pt/C cathode and brush anode potentials and specific resistances in 28 mL 
423 MFCs.
424
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425 Impact of electrode dimensions on area-based resistances using wastewater. Analyzing the slope of 

426 similar electrode materials with different dimensions allows to understand how the electrode resistance 

427 impacts performance using larger electrodes. In a recent study, we examined power generation using 

428 brush anodes and cathodes with projected sizes of 7 cm2 or 6200 cm2 in MFCs treating domestic 

429 wastewater.15,52 Although the same materials were used for the electrodes (brush anodes, activated 

430 carbon cathodes), the large cathode had a stainless steel frame to hold multiple cathode panels, so the 

431 working area was reduced to 4800 cm2 (Figure S4). The maximum power density decreased from 0.304 ± 

432 0.009 W m–2 to 0.101 ± 0.006 W m–2 by increasing the electrode size. The experimental cathode 

433 potentials were different, with ECat,e0 = 368 ± 8 mV for the large cathode, and ECat,e0 = 265 ± 22 mV (70% 

434 DL) for the 7 cm2 cathode (Figure 6).15 If the electrode performance remained constant with increases in 

435 electrode size, then the area resistances should be constant. However, the large electrode cathode 

436 specific resistance was 555 ± 24 mΩ m2, compared to 66 ± 17 mΩ m2 for the smaller cathode. Thus, we 

437 can directly quantify the cathode performance using the EPS analysis as an area-resistance that 

438 increased by 8× using the larger cathode.

439
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442 Figure 6. Comparison of anode (An) and cathode (Ct) potentials with projected areas of 7 cm2 and 0.62 
443 m2 in wastewater following correction for ohmic resistance. Anode and cathode potentials not corrected 
444 for ohmic losses are reported in the Supporting information (Figure S5). The dashed lines represent the 
445 linearization of the data that would be obtained from polarization tests, while the thick solid lines show 
446 the linearized portion of the slopes that are used to calculate the anode (RAn) and cathode (RCat) 
447 resistances.
448

449 The anode performance was also impacted by using larger electrodes, but to a lesser extent than 

450 the cathodes. The resistance for an array of 22 brush anodes (each 5.1 cm in diameter, and 61 cm long) 

451 in the larger MFC was 238 ± 18 mΩ m2, which was 3× higher than that of the smaller anodes (71 ± 3 mΩ 

452 m2, 2.5 cm in diameter, and 2.5 cm long). The estimated anode potential was EAn,e0 =–296 ±6 mV, which 

453 was similar to that of the small anode (EAn,e0 =–301 ± 4 mV). The impact of the increase of electrode 

454 specific resistance on the sizes of the electrodes have previously only been compared in terms of current 

455 or power densities. For example, it was estimated that the electrical power loss could be as much as 

456 47% by increasing the size of a carbon mesh anode from 10 cm2 to 10000 cm2 (current density of 3 A m–

457 2), based on only one connection to the electrode.14 The EPS analysis, however, makes it possible to 

458 directly compare the anode or cathode resistances rather than just the overall performance. Overall, for 

Page 22 of 29

ACS Paragon Plus Environment

Environmental Science & Technology



23

459 the large MFC, the cathode resistance was 2.3x that of the anode resistance, and 6.4x larger than the 

460 solution resistance, thus, the main resistance in the large MFC was clearly the cathode. This is different 

461 from the small chamber MFC where the solution resistance using wastewater was larger than the anode 

462 and cathode specific resistances.

463

464 Recommendations for future MFC studies. The EPS analysis allows a simple and quantitative 

465 comparison of the performance of electrodes or whole cells for a wide range of MFC configurations. The 

466 analysis is based on the use of the polarization data near peak power, therefore, no additional 

467 electrochemical tests such as EIS or LSVs are needed. However, the analysis requires specific and 

468 accurate data for making the calculations which include: the projected areas of both electrodes, the 

469 solution conductivity, and the spacing between the reference and working electrodes. Providing solution 

470 conductivities is even more important when working with wastewater, which may have different 

471 characteristics not only for different locations in the treatment plant, but also at different times of the 

472 day. The impact of the solution conductivity on the electrode performance was clearly shown in this 

473 study, as the solution specific resistance of the MFCs with PBS (14 mΩ m2) was 6.2 times lower than that 

474 of the MFCs with wastewater (87 mΩ m2). The polarization tests conducted in wastewater resulted in 

475 anode and cathode specific resistances that were 7 times larger in wastewater (30% DL: RAn = 78 ± 2 mΩ 

476 m2, RCt = 78 ± 14 mΩ m2) than PBS (30% DL RAn = 11 ± 1 mΩ m2, RCt = 12 ± 5 mΩ m2).

477 By using the EPS analysis to determine electrode potentials and area-based resistances, the reasons 

478 for the different performance in each configuration can be easily assessed based on electrode potentials 

479 and resistances, or possible errors can be identified. For example, while the working potentials and area-

480 based electrode resistances obtained by an EPS analysis of the electrodes were seen to be similar in 

481 several studies examined (Figure 5), errors were clearly obvious for two studies where the EAn,e0 was 

482 more negative than that possible based on a thermodynamic calculation.46,47 If the EAn,e0 had been 
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483 calculated in that study, this error could likely have been avoided as it would have been more obvious 

484 that the value was not possible. For the anodes, the area resistances in the studies examined here were 

485 fairly similar, and thus the main differences were due to the cathode potentials and area-based 

486 resistances. The EPS analysis makes it possible to quantify these individual resistances, when ohmic 

487 resistances are separately reported and electrode potentials are corrected for ohmic drops between the 

488 reference and working electrodes.17 Thus, the use of this method enables an easier and more direct 

489 comparison of performance of these different electrode materials based on the quantitative analysis of 

490 components, rather than the overall power density.  
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