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Abstract

:

Microbial fuel cells (MFCs) are considered promising energy sources whereby chemical energy is converted into electricity via bioelectrochemical reactions utilizing microorganisms. Several factors affect MFC performance, including cathodic reduction of oxygen, electrode materials, cell internal and external resistances, and cell design. This work describes the effect of the catalyst coating in the air-cathode membrane electrode assembly (MEA) for a microbial fuel cell (MFC) prepared via electrodeposition of manganese oxide. The characterization of the synthesized air-cathode MFC, operating in a continuous mode, was made via electrochemical impedance spectroscopy (EIS) analyses for the determination of the intrinsic properties of the electrode that are crucial for scalability purposes. EIS analysis of the MFCs and of the MEA reveals that the anode and cathode contribute to polarization resistance by about 85% and 15%, respectively, confirming the high catalytic activity of the Mn-based air cathode. The maximum power density of the Mn-based cathode is about 20% higher than that recorded using a Pt/C electrode.
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1. Introduction


The performance of microbial fuel cells (MFCs) depends on several aspects, including electrode surface area, reactor geometry, conductivity and substrate concentration of the solution, cathode catalyst, and design [1]. Among the many factors affecting the power output of MFCs, the activity of the cathode towards oxygen reduction reaction (ORR) is a key point [2]. Oxygen is the most suitable electron acceptor in MFC cathodes as it is easily available, low cost, non-toxic, and it is more sustainable than the alternatives, including ferricyanide, permanganate, dichromate, and persulfate [3,4]. The ORR is thus a limiting step for electricity production [5], with several issues such as high overpotentials, slow kinetics, and high ohmic resistances [6]. The cathodes are often coupled with proton exchange membranes in a membrane electrode assembly (MEA); hence, the cathode and MEA design are among the most challenging aspects of MFCs. Recently, some researchers have focused on proton exchange membranes to increase the performance of fuel cells, and thin membranes showed the best performances [7]. However, in an MFC, the anodic biofilm must operate strictly under anaerobic conditions, and the crossing of oxygen from the air cathode would result in a dramatic decrease in the performance. Thick membranes are then preferred and used in most studies on MFCs as minimizing the permeation of oxygen is considered more relevant than minimizing the resistance of the membrane [8].



Carbon-based materials are used as cathode supports, such as graphite, carbon cloth, and carbon paper; the main features of these supports are their high specific surface and capability to host catalysts for ORR [9,10]. Precious metals, including Pt and Pd, are highly active catalysts for ORR [11]; however, scarcity, high cost, and the poisoning phenomena under long-term operations have led to the development of low-cost, precious-metal-free catalysts [9]. Manganese oxide is a valid alternative, and it has previously been proposed as a highly chemically stable, eco-friendly, and cost-effective catalyst for ORR in fuel cells [12,13].



Besides the catalysts for the ORR, several factors affect the MFC performance, including microbes, proton-conducting material, electrode spacing, and system configuration. These design and process parameters can negatively impact the internal resistance of the system, thereby reducing the power output [14,15].



Electrochemical impedance spectroscopy (EIS) is one of the most extensively used steady-state techniques in the characterization of bioelectrochemical systems at a fixed operating potential for the quantitative interpretation of electrochemical features, including polarization resistances and capacitances, fitting the frequency responses with appropriate equivalent circuits (ECs) [16,17,18,19]. In an MFC, as described, the maximum power production is a function of the total internal resistance of the system. Quantifying anodic and cathodic impedances will help to minimize the internal resistance of MFCs and to improve the electrical power density.



However, these models may be too simple to interpret the complex phenomena occurring in the system. Previous studies demonstrated that Rint also contains contributions from the ohmic component in addition to the polarization of the anode and cathode [20], while other authors defined the Rint as a parameter containing only the contribution of the ohmic component [21], so an EIS characterization of both single electrodes and the whole cell is necessary.



Manohar et al. used the EIS technique to determine the Rint of an MFC as a function of cell voltage under different anode configurations; Rint decreased with decreasing potential, with an increase in the maximum power produced by the MFCs. The biofilm formation rate and the initial bacterial growth rate also determine the MFC performance [19]. EIS analyses of the anodic compartment of MFCs studied the limitations of bio-anodes and the relative contributions of diffusion and reaction kinetics [22], as well as the influence of biofilm growth on the resistance to the transfer of charge [23,24]. Understanding the mechanism that limits the performance of the whole system is critical to further improving power production in MFCs.



Based on the analysis of electrode resistances, the cathode has often been identified as the main contributor to cell internal resistance [25] due to the poor solubility of the oxygen and to the mass transfer resistance towards the electrode surface, which is related to the slow kinetics of the ORR; to account for the different processes and limitations, complex equivalent circuits are used to fit the EIS data, which often involve a Warburg element [26].



EIS analysis also provides information on the electrochemical reactions, as well as on the surface of the electrodes, which are critical for electricity generation since the coating layers can influence the polarization resistance [27,28].



The relative humidity is another important factor that may influence the performances of the MEA in MFCs. The evaporation of water depends on the relative humidity, and it may promote membrane dehydration, with a decrease in the performance of the MFC [29]. Humidity levels also influence the oxygen crossover [30]. High values of relative humidity may also lead to pore blocking with inhibition of the ORR through the accumulation of water. MFCs with Nafion, as separators in the MEA, showed the highest power density with a relative humidity of 90% [31].



In this study, MEA were prepared, where Mn oxide electrodeposited onto carbon cloth and subsequently coupled with a mixture of activated carbon (AC) and carbon black (CB) was the catalyst. The as-prepared electrode was then coupled with a proton exchange membrane and used in continuous-flow microbial fuel cells. The performance of the MFCs was assessed; the influence of the catalyst loading on the electricity generation was investigated and compared with the performances of MFCs with carbon and Pt/carbon electrodes. EIS analyses were used to evaluate the contribution of the anode and MEA and to quantify the kinetics and structural parameters of the cathodes, as well as the effect of air humidity on the ORR [32].



Mn oxide (MnOx) catalysts have been successfully utilized as cathodes of MFCs for decades [4] because they demonstrate excellent performance and are non-toxic, cost-effective, and environmentally friendly. However, attention has mainly been paid to the intrinsic catalytic activity of the oxide and the modification of the material to improve the poor electrical conductivity of MnOx-based cathodes [33]. The electrodeposition of the catalyst onto the surface of the support has been proposed to increase the conductivity of the electrodes; the deposit was characterized with cyclic voltammetry and electrochemical impedance spectroscopy. To the best of our knowledge, no papers have appeared in the literature with a comprehensive EIS characterization of both the cell and the MEA during the operation of continuous-flow MFCs with electrodeposited Mn oxide as catalyst. The novelty of this work rests on its quantitative interpretation of catalyst loading and operative conditions, including air humidity and external resistance on the kinetics of the ORR and on electricity generation.




2. Materials and Methods


2.1. Preparation of the MEAs


Three different catalytic layers were tested for the cathodes: (i) manganese oxide/carbon (MnX, where X depends on the amount of Mn); (ii) platinum/carbon (Pt/C); and (iii) carbon (AC/CB). All the layers were deposited on a 5 cm2 carbon cloth support (CC4, Fuel Cell Earth, Woburn, MA, USA).



MnX layers were prepared via electrodeposition. Manganese oxide was electrodeposited in a three-electrode beaker cell, with carbon cloth as a working electrode, Pt foil as a counter, and a saturated calomel electrode (SCE, Amel, Italy) as a reference electrode. The deposition was performed at room temperature with a potentiostat–galvanostat (PTG, AUTOLAB PGSTAT 302N with frequency response analyzer, Metrohm, Herisau, Switzerland) in 0.1 M Mn(CH3COO)2 with 0.1 M Na2SO4 as a supporting electrolyte [34]. Consecutive cyclic voltammetries in the potential window between 0.87 and 1.37 V vs. RHE at a scan rate of 400 mVs−1 were performed for 10 (Mn10), 20 (Mn20), and 100 (Mn100) min, corresponding to 240, 480, and 2400 cycles, respectively. The amount of manganese oxide electrodeposited was estimated from the voltametric charge with Faraday’s law and depends on the number of cycles: values of 0.039 mg cm−2 (240 cycles); 0.078 mg cm−2 (480 cycles); and 0.392 mg cm−2 (2400 cycles) were obtained. After electrodeposition, the prepared electrodes were washed with distilled water and dried in air for 24 h at room temperature. Then, they were analyzed with scanning electron microscopy to verify the presence of the deposit. Figure 1 reports the SEM images of the carbon cloth modified with manganese oxide and clearly shows the uniform distribution of nanoclusters of manganese oxide on the carbon fiber surface; each nanocluster consists of irregular sheets to form a petal-shaped nanostructure of manganese oxide. EDX analysis in Figure 1 confirms the presence of both manganese and oxygen on the carbon-based surface.



To allow for the assembling of the Mn oxide layer with the membrane, the layers were coated via a paint brush technique with an ink composed of 100 mg of activated carbon (AC, Aldrich sieved at 100 mm), 10 mg of carbon black (CB, Alfa Aesar specific area 75 m2 g−1 bulk density 80–120 g dm−3), and 300 µL of Nafion solution (5 wt % in a mixture of lower aliphatic alcohols and water, Merck KGaA, Darmstadt, Germany).



Pt/C layers was prepared via brush technique; the ink was composed of 2.5 mg of commercial Pt catalyst (40 wt % Pt/C, Alfa Aesar), 50 mg of CB, and 300 μL of Nafion solution (5 wt % in a mixture of lower aliphatic-alcohols and water, Sigma Aldrich). The ink was applied to one side of the carbon cloth and dried at room temperature for 24 h. The resulting average loading of Pt was then 0.2 mg cm−2 [35].



AC/CB electrodes were obtained by brush painting the carbon cloth support with the same ink used for the MnX electrodes.



Finally, MEAs were realized, putting together the synthetized electrodes and a Nafion® 115 proton exchange membrane by hot pressing at 105 °C [36]. The MEAs obtained with 10, 20, and 100 min of deposition are denoted as Mn10, Mn20, and Mn100, while those with platinum and with no catalysts were denoted as Pt/C and AC/CB, respectively.



Carbon felt (specific surface area 0.18 m−2 g−1; porosity 95%; Fuel Cell Earth, Woburn, MA USA) was used as the anode. The material was activated as described in ref. [37], and the procedure is detailed in the Supplementary Material.




2.2. MFC Set up and Operation


The MFCs used in the experiments are single-cells with air-cathodes and were 3D printed (Form3 printer from Formlabs, Boston, MA, USA, Grey-Pro© resin). The anodic chamber has a cross sectional area of 0.5 cm × 1 cm and a length of 5 cm and is equipped with an inlet and an outlet port (Figure 2A); the felt anode is the same size as the chamber. The anode chamber is open on one side where the cathode was placed. The cell is then closed by a cathodic half-cell with three windows to expose the cathode to the air. The half-cells were kept together with plastic screws and rubber gaskets. The geometric area of the electrodes (5 cm2) was used to calculate the current and power densities in MFC operation, as well as the specific resistances and capacitances in the analyses of impedance spectra with equivalent circuits.



The electrolyte flowed throughout the cells that operated either in continuous or in batch-recirculated mode. A peristaltic pump (BVP, Ismatec) was used, with eight channels to allow for the operation of up to 8 cells in parallel. The flow rate was 0.3 mL min−1. The hydraulic circuit is shown in Figure 2B. In batch-recirculating mode, the electrolyte was pumped from a reservoir throughout the cell and back in a closed loop.



The feeding solution was constituted by the medium and the substrate. The composition of the medium was 270 mg L−1    ( N    H   4     )   2   S   O   4    ; 60 mg L−1   MgS   O   4      ·   7    H   2   O  ; 6 mg L−1   MnS   O   4      ·       H    2   O  ; 120 mg L−1   NaHC   O   3    ; 3 mg L−1  FeC   l   3      ·   6    H   2   O  ; and 4 mg L−1   MgC   l   2    . Sodium acetate 2 g L−1 was the substrate. The solution was boiled, flowed with nitrogen to remove dissolved oxygen, and cooled. During the runs, the solution was kept at 30 °C. The cells were connected in parallel to 1 kΩ resistor and to a multichannel voltage logger (PicoLog ®, Pico Technology, St Neots, UK) with Ti wires.



Enrichment of biofilm was performed, feeding the cells with the solution to which 10% of anaerobic sludge was added. The inoculum was provided by a local wastewater treatment plant. The enrichment of the biofilm was carried out with Pt/C cathodes. When the cell voltage was stable (typically 300 ± 20 mV), Pt/C cathodes were replaced with the electrodes Mn10, Mn20, Mn100, and AC/CB, and feeding solution was pumped into the cells. Each run was carried out in triplicate.



Polarization and power density curves were obtained as follows: the cells were kept under open circuit and then connected to resistors with decreasing resistance, from 10 kΩ to 10 Ω, switching the resistors once a steady value of potential was measured; the current (  I  ) and power (  P  ) were calculated from the voltage (  E  ) and the resistance (    R   e x t    ) with Ohm’s law (  E = I ·   R   e x t    ) and Joule’s law (  P =     E   2    /    R   e x t      ); current and power densities were calculated with the geometrical area (5 cm2); and the internal resistance     R   i n t     was evaluated from the slope of the ohmic region of the polarization curves [25].




2.3. EIS Characterization


Electrochemical impedance spectroscopies were used to characterize both MEAs and MFCs.



MFCs were analyzed while operating with the resistance of maximum power. The cells were characterized in a two-electrode setup, where the bioanode was connected to the working electrode port of the PTG and the cathode was connected to the counter and references ports. The response of the bioanodes was also obtained via separate experiments with a three-electrode set up; the bioanode was the working electrode and the cathode the counter electrode, while a saturated calomel electrode (SCE) was inserted in the relevant port of the cell (see Figure 2) and used as the reference electrode.



A different setup was used to characterize the MEAs, with the cathode as the working electrode and the carbon felt bioanode replaced with a Pt foil connected to both the counter and the reference electrode ports. EIS data were obtained under the potentiostatic mode, as cell voltages were superimposed with values that were obtained from LSV (data not shown) to acquire the same current densities of the MEAs when operating as air-breathing cathodes in the MFCs.



All the EIS data were obtained in a frequency range of 100 kHz–0.1 Hz. The data were verified with Kramers–Kronig transforms.





3. Results and Discussion


A preliminary assessment of the optimal catalyst loading was undertaken with steady-state polarization curves of the MEA in microbial fuel cells; the Pt/C cathodes used for the enrichment of biofilm were replaced with the manganese-oxide-based ones, and the cells then operated under continuous-flow conditions with the medium solution and 2 g L−1 of acetate as feed. In Figure 3, the power curves and the polarization curves obtained with three Mn-based cathodes are compared with those obtained with AC/CB and Pt/C cathodes. As shown, the maximum power density (MPD) of the Mn-based cathodes is about twice that obtained with bare AC/CB; the MPD of Mn10 is about 2.2-times higher than that of AC/CB electrode and about 20% higher than that of the Pt/C electrode, while higher loadings lead to values of power densities similar to those obtained with Pt/C. The internal resistances of the cells with MnOx cathodes were evaluated from the slope of the linear region of the polarization curves (see Supplementary Material, Figure S1); values from 380 to 410 Ω were obtained, with no appreciable differences among the three samples. OCP values of 540 ± 10 mV were obtained with Mn20 and Mn100, while 565 ± 10 mV was obtained with Mn10. Similar results can be found in the literature, where manganese-oxide-based electrodes were used as catalysts in MFCs. Mn oxides electrodeposited onto the surface of the electrodes showed performances comparable with Pt [35], while lower efficiencies were obtained when powders of MnOx mixed with graphite were used. Moreover, in this work, it was found that a low catalyst loading is sufficient to support the operative current densities of MFCs [38] as higher values reduce the performance [34].



EIS characterization of the MEA was then carried out to assess the impact of catalyst loading and operative conditions on the performance of the system. Moreover, since it was proven that air humidity plays a crucial role, the characterizations have been performed by equilibrating the cathode with either dry or saturated air [31].



Figure 4 shows the Nyquist plots obtained under different conditions with Mn10; as a comparison, the relevant data of AC/CB are also shown. The corresponding Bode plots are reported in Figures S2 and S3.



As shown, the differences in the Nyquist plots are mainly present in the real part of the impedances, with the largest variation in the curves denoting the applied potential observed with data obtained in dry air. The curves shift to the right with the cathodic potential as Z′ increases and Z″ decreases. The curves obtained in saturated air are left-shifted as the intrinsic resistances of the electrodes decrease with the humidity, as can also be observed in the magnitude of the Bode plots.



The effects were then quantified with equivalent circuits. Before being analyzed, data were validated with a Kramers–Koenig test; the residuals obtained were less than 1% for the whole frequency range, with chi-squared values lower than 9 × 10−4 (all the chi-squared values are reported in Table S1a–d). These values were assumed as a confirmation of Kramers–Kronig validity, and the data were further analyzed with the equivalent circuit in Figure 4.



The circuit includes a resistor (RΩ) to quantify the effects of ohmic resistances of the electrolyte and membrane, two resistive-capacitive elements, and a Warburg element. Constant phase elements (Admittance = Y0(jw)n) were used rather than pure capacities to account for inhomogeneous conditions such as electrode roughness, coating, and the distribution of reaction sites [39]. Table S1 resumes the circuit parameters along with the chi-squared values of the fits, which were always lower than 4 × 10−4.



Table 1 reports the equivalent capacitance values (Ceq = (RY0)1/n/R) calculated from the parameters of the CPEs at high and low frequencies from data obtained with dry air. As a comparison, the values from EIS analyses with Pt/C EIS data are also reported.



The elements with capacitances evaluated at high frequencies were attributed to the contact resistance at the interface between the cathode and the current collector (Rcont Ccont) [40,41] as the values of capacitance obtained are lower than the typical double-layer capacitance, which is in the order of ≈10−5 F/cm2. The resistor and capacitor of the second element in the equivalent circuit can be related to the double-layer capacitance (CDL) of the active surface and to the charge transfer resistance (RCT).



As shown, Pt/C shows a value of CDL lower than that obtained with AC/CB, while comparable values of CDL are observed with Mn10 and AC/CB due to the different techniques of preparation of the cathode.



Figure 5 reports the resistances derived from the EIS modeling under dry conditions with different applied potentials.



The values of the contact resistances of AC/CB and Pt/C are similar and scarcely influenced by the applied potential, while the resistances at the low frequencies, correlated to the charge transfer processes (RCT), are lower for Pt/C. Moreover, Mn10 shows the lowest resistances in all the frequency ranges, which may result from the higher number of active sites exposed to the solution (RCT) and the better contact of the modified cathodes. The values of RCT agree with the relevant CDL, as a low charge transfer velocity results in a high charge density in the diffusion layer [42].



The reduction of the oxygen at MnO2 occurs with reduction of MnO2 to MnOOH:


    M n O   2   +   H   +   +   e   −   → M n O O H   ( s ) .  



(1)







This is followed by the adsorption of O2 and reduction to the MnO2 phase (Equations (2) and (3)):


  2 M n O O H   s   +   O   2   →   2 M n O O H ( O     2   a d     ) ,  



(2)






    M n O O H ( O     2   a d     ) +   e   −   →   O H   −   +   M n O   2    



(3)







The higher the rate of the first step, the lower the number of ions adsorbed on the electrode surface. This may explain the CDL decrease in Table 1. The structural modification is also assessed vis the right shift of the Nyquist plot with the lowering of potential, which may be related to the lower conductivity of the MnOOH phase (Equation (1)) [43,44].



The effect of the surface modification can be observed in Figure 6, which shows the EIS data under dry conditions with the cell voltage set at 1.7 V obtained with the as-prepared sample (blue curve) and with a sample polarized with three cycles at 1.7 V, 1.9 V, and 2.1 V. A new semicircle appears, and a further RC element was necessary to fit the data (the circuit parameters are resumed in Table S1b). The new feature in the Nyquist plot can be attributed to the formation of the reversible film already observed by other authors in nanostructured anode materials such as Co3O4, Fe2O3, and MnO [45]. Comparing the values of equivalent capacitances, the CDL did not show significant variation, while the third element, with a capacitance of 1.78 × 10−3 F/cm2, quantifies the pseudo capacitive contribution due to the higher reactivity of the external surface. The surface modification also increases the overall resistance of the process by about 25% (Table S1).



The effect of the humidity was assessed via EIS analyses with saturated air. Table 2 resumes the equivalent capacitances calculated from EIS parameters. The full set of circuit parameters is reported in Table S1a–d.



The resistances evaluated from the EIS analyses are reported in Figure 7. In all the frequency ranges, the values of the resistances are lower in saturated than in dry conditions due to the hydration of the surface [31]. Moreover, Mn10 shows lower resistances with respect to AC/CB and Pt/C.



The values of charge transfer resistances of Pt/C and AC/CB are quite similar, while Mn10 shows lower RCT, thus indicating higher catalytic activity. This behavior can be explained considering the different characteristics of the electrodes; the Mn oxides are electro-deposited onto the surface of the carbon cloth in the Mn10 electrodes, as AC/CB has no catalyst, and the Pt particles in Pt/C are dispersed in the carbon matrix. Electrodeposition allows for a better distribution of the catalysts onto the support; thus, a higher amount of active site is available for the reaction. Moreover, as observed from SEM analyses, the deposit of Mn oxide is grown on the fibers of carbon cloth, resulting in a lower electric resistance as shown by the values of RΩ in Figure 7.



To investigate the occurrence of the structural modifications observed in dry air after polarization, EIS data at 1.7 V of the as-prepared sample were compared with those of a sample after polarization. In saturated air, no appreciable differences were observed in the Nyquist plots before and after the polarization, and so too in the values of the resistances), indicating that the steps in Equations (2) and (3) are faster in saturated air than in dry air, and the catalytic MnO2 sites have been restored.



EIS analysis of the MFCs and of the anode in operation were then carried out to quantify the effect of the cathode/membrane and cathode/catalyst assembly on the performance of the system. Mn10 cathodes were used in the analyses, and the EIS data were obtained for the cell operating with the external resistance of maximum power output. Figure 8 shows the relevant Nyquist plots.



A well-defined semicircle is obtained as the contribution of the polarization resistance (the diameter of the circles in Figure 8) to the impedance of MFCs is dominant. Figure also shows the equivalent circuits used to quantify anode (A), cathode (C), and ohmic (Ω) resistance (circuit parameters in Table S2). As the impedance of the MFC depends on the anode, cathode, and other components, the internal resistance (Rint) could be defined as [19]


Rint = RPA + RPC + RΩ,



(4)




where RPA and RPC are the polarization resistances of the anode and cathode, respectively, and RΩ is the result of the ohmic resistances of electrodes, cell, and membrane. The relevant contribution of the different parts depends on the design and operative conditions; either the cathode [46,47] or the bioanode [48] were found to be limiting factors of the polarization resistance.



The values of RPA and RPC of 304 ohm and 59.2 ohm, respectively, were obtained while RΩ was 3.35 ohm. The polarization resistance of the anode is then clearly prevalent, as has been found in other studies [19].



In a previous work, the effect of design parameters for miniature cells with carbon felt anodes was assessed; based on the results obtained, the arrangement of the electrodes used in this work minimizes the resistance of the cell as the feed is pumped throughout the anode with no interelectrode gap [49].



The polarization resistance of the cathodes in MFC may represent a major contribution to the overall resistance of the cell. Lapage et al. found that the resistive contribution for the overall cell is mainly brought about by the cathode compartment using open-pore vitreous carbon foam as both anode and cathode [26], while Tremouli et al. measured the comparable contributions of both anode and cathode in an MFC with plain carbon paper as the anode and carbon cloth with 0.5 mg cm−2 of Pt as the cathode [50].



With the experimental setup used in this work, the cathode, however, contributes to about 15%, confirming the relevance of the MEA to the overall resistance, as well as the importance of good MEA design.




4. Conclusions


Membrane electrode assembly was prepared by putting together a proton exchange membrane and Mn-oxide-based electrodes, which were obtained through electrodeposition onto the surface of carbon cloth. Membrane electrode assembly with different MnO2 loading has been tested and compared with either carbon or carbon/Pt electrodes in MFC operation via polarization experiments and electrochemical impedance spectroscopies.



MFCs with electrodeposited Mn oxides showed higher power densities than MFCs with carbon or carbon/Pt electrodes in MFC operation. Values of maximum power density (MPD) of 280 mW m−2 were obtained with Mn oxide as a catalyst, while the cells with Pt/C cathodes showed an MPD of 210 mW m−2. The design of the cell and operative conditions, including feed and biofilm composition, strongly influenced the MPD; so, values can be found from 1.5 mW m−2 to 1500 mW m−2 with different cathodes and depending on cell design and operation [51]. A direct comparison with values from the literature should be very carefully made. Under conditions similar to this work, an MPD of about 320 mW m−2 was obtained with Pt/C electrodes [49]. As MPDs of hundreds of mW m−2 are among the best values for flow MFCs, the performance of the Mn oxide electrodes here tested is satisfactory.



EIS of the membrane cathode assembly was then used to identify the working mechanism of the oxygen reduction reaction. Structural modifications induced by the reduction of the active sites during ORR were investigated with both dry and water-saturated air.



The humidity in the air was found to be the most influential factor for the performance of the Mn-oxide-based cathodes as in dry air, the resistances of the MEA measured via EIS were threefold those obtained in water-saturated air.



The effect of humidity is strongly related to the mechanism of OER on MnO2 cathodes, particularly to the reversibility of the reduction of Mn4+ to Mn+3. With dry air and the current density typical of MFCs, the system appears to be unable to restore the MnO2, and the related adsorption of O2 is activated, along with the simultaneous consumption of Mn+4. Reactivation of the system could be improved by increasing the local humidity, as well as by improving humidification as in saturated air conditions, the structural transformation is fully reversible.
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Figure 1. SEM images at different magnifications (panels A,B) and energy dispersive X-ray (EDX) mapping analysis of the Mn deposits on carbon cloth (panels C–F). 
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Figure 2. Schematic view of the MFC (A) and hydraulic circuit (B). 
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Figure 3. Polarization curves and power output of the MFCs with different cathodes. 
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Figure 4. Nyquist plots obtained from EIS experiments with dry air (black symbols) and saturated air (blue symbols). The lines have been calculated with the equivalent circuit in the inset. 
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Figure 5. Values of resistances derived from EIS analysis of the different cathodes in dry air. 
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Figure 6. Nyquist plots of Mn10 samples (main plot isometric axes; inset magnified axes) obtained via EIS at a cell voltage of 1.7 V in dry air with the as-prepared electrodes (blue) and after three cycles of polarization at 1.7 V, 1.9 V, and 2.1 V (red). Blue lines were calculated with the equivalent circuit in Figure 4; red lines were calculated with the same circuit. A further RQ element was also added. 
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Figure 7. Values of resistances derived from EIS analysis of the different cathodes in saturated air. 
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Figure 8. Nyquist plot of the MFC (red) and the anode (blue) performed during operation with the external resistance of maximum power. Lines are calculated with the equivalent circuits in the insets. 
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Table 1. Equivalent capacitances calculated in different frequency ranges for Mn10, Pt, and AC/CB cathodes in dry conditions.
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CDL (F/cm2)

	
Ccont (F/cm2)




	

	
Applied Cell Voltage (V)

	
Applied Cell Voltage (V)




	

	
1.7

	
1.9

	
2.1

	
1.7

	
1.9

	
2.1






	
AC/CB

	
2.50 × 