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Abstract:



Developing cheap electrocatalysts for cathodic oxygen reduction in neutral medium is a key factor for practical applications of microbial fuel cells (MFCs). Natural hematite was investigated as a low-cost cathode to improve the performance of microbial fuel cells (MFCs). With hematite-coated cathode, the cell current density stabilized at 330.66 ± 3.1 mA·m−2 (with a 1000 Ω load) over 10 days under near-neutral conditions. The maximum power density of MFC with hematite cathode reached to 144.4 ± 7.5 mW·m−2, which was 2.2 times that of with graphite cathode (64.8 ± 5.2 mW·m−2). X-ray diffraction (XRD), Raman, electrode potential analysis, and cyclic voltammetry (CV) revealed that hematite maintained the electrode activities due to the stable existence of Fe(II)/Fe(III) in mineral structure. Electrochemical impedance spectroscopy (EIS) results indicated that the cathodic electron transfer dynamics was significantly improved by using hematite to lower the cathodic overpotential. Therefore, this low-cost and earth-abundant natural mineral is promised as an effective cathode material with potential large-field applications of MFCs in future.
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1. Introduction


Microbial fuel cells (MFCs) are devices that use bacteria oxidize organic matter to generate current, in which oxygen is the most widely used cathode electron acceptor. However, the cathodic reaction is always a key limiting factor for improving the cell performance [1,2,3]. To date, a variety of electrocatalysts have been developed. Platinum based materials are the most commonly used catalysts because of its high catalytic activity [4,5,6]. However, such precious-metal catalysts are high-cost, scarce, and have limited stability. In recent years, the synthesis of electrocatalysts containing non-precious metals (e.g., Fe and Co) have been extensively investigated in MFCs for improving cathodic reactivity. Promising results in terms of oxygen reduction reaction activity were non-precious metals linked with organics N4-chelating ligands and their polymeric derivatives [7,8,9,10], such as metals tetramethoxyphenylporphyrin (TMPP), CoTMPP, FeCoTMPP, ClFeTMPP, and metals phthalocyanine (Pc), FePc, CoPc, CoNPc, FeCuPc, etc. [11,12,13,14,15,16,17]. Although these catalysts have excellent performance, all of these materials should be prepared at a high temperature with inert atmosphere [8,11,12,13], which makes the preparation more complicated and requires an extra cost. Moreover, these catalysts can be poisoned by certain chemical species in the water, such as sulfides [18].



The use of biocathodes, as alternatives to noble and nonnoble metal cathode catalysts has been proposed recently [19,20]. In general, biocathodes can be classified as aerobic and anaerobic biocathodes; MnO2 and manganese oxidizing bacteria-Leptothrix discophora was investigated as aerobic biocathodes and the maximum power output increased by more than 40 times [21]. In the absence of oxygen, nitrate and sulfate have been studied as possible terminal electron acceptors in biocathodes of MFCs [19]. Unfortunately, the bacterial electron-transfer mechanisms in the cathode have not been fully understood, although biocathodes in MFC have some promise, more significant research is required for their practical and economic development.



Furthermore, other catalysts have also been reported to enhance cathode performance and reduce cathode costs. Carbon nanotube (CNT) and graphene are emerging inorganic membrane material used in electrochemical filter wastewater treatment system for combined advantageous properties of stability, exibility, chemical resistivity, and large specific surface area [22,23,24,25,26]. Previous studies demonstrated that both Co/Fe/N/CNT, nitrogen-doped graphene, and activated carbon exhibited slightly higher current density and better power output compared with the Co/Fe/N/graphite and commercial Pt/carbon electrode, but complicated preparation process was required [5,6,27,28].



In addition, some metal oxides, including MnO2, PbO2, and TiO2, have been used for cathode catalysts [29,30,31,32]. Roche et al. employed the manganese oxide (MnOx/C) as the cathode catalyst and Li et al. investigated the performances of cryptomelane-type octahedral molecular sieve with cobalt, copper, and cerium doped catalysts [29,30]. When PbO2 was used as a catalyst power generation was promoted but chamber solutions found dissolution of Pb [31]. Lu et al. tested the natural rutile (a semiconductor mineral) as a novel cathode catalyst for MFCs, and proved it may be an alternative under light [32]. Due to the convenient access, abundant production, and environmental friendly attributes, natural iron-containing minerals may be considered as alternatives for cathode materials.



According to USGS (The US Geological Survey) data, the world iron ore resources are estimated to be greater than 800 billion tons [33]. Among these iron-containing minerals, hematite is the most widespread type on Earth. Nowadays, the price of natural hematite was less than $0.1 per kilogram [34], which is much lower than other synthetic materials. Factually, nanostructured hematite anodes have been previously used in MFCs to promote the extracellular electron transfer [35,36,37,38,39,40]. Unfortunately, in these systems, microorganisms directly use hematite as electron acceptors, thus leading to the reductive dissolution of hematite [37,38]. Therefore, if hematite is used in the cathodic chamber, the consumption of the anode material and the possible release of metal ions can be avoided.



In this study, a natural hematite cathode was prepared and equipped into a MFC system under near-neutral conditions. The cell performances and electrochemical properties of the MFC-hematite system were discussed and provided the detailed electrode reaction mechanisms. Given the improvement of power output in this MFC-hematite system, natural hematite is believed to be an efficient and low-cost cathode material with potential applications in large-scale field conditions.




2. Results and Discussion


2.1. XRD and Raman Characterization of Hematite


The powder X-ray diffraction (XRD) patterns for nature hematite are shown in Figure 1. As can be seen, several diffraction peaks were observed at 2θ, namely at 24.14°, 33.15°, 35.61°, and 54.1°, which were assigned to the (012), (104), (110), and (116) planes of a crystalline hematite [41]. Three diffraction peaks appeared at 20.86°, 26.64°, and 50.13° were assigned to the (100), (101), and (112) planes of quartz (PDF #46-1045). This observation suggested that the main minerals in Lingshou hematite deposit sample are hematite and quartz. After the hematite electrode was used in the MFCs, no new peaks appeared and the XRD pattern of quartz did not exhibit any change. However, peak intensities of hematite were relatively decreased, which may be due to the loss of hematite in sample or a decrease in the crystallization of hematite.


Figure 1. Powder XRD patterns of nature hematite before and after used in microbial fuel cells (MFCs).
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Hematite belongs to the [image: there is no content] crystal space group and seven phonon lines are expected in the Raman spectrum, namely two A1g modes (225 and 498 cm−1) and five Eg modes (247, 293, 299, 412, and 613 cm−1) [42]. Raman spectra of our sample showed six major vibrational features corresponding to hematite, which could be recognized at 225, 247, 293, 412, 493, and 613 cm−1 (Figure 2). After the hematite electrode was used in the MFCs, no new peak was observed in the Raman spectrum, therefore no new mineral phase formed. In the diffraction pattern of hematite, the peak intensities are relatively low and the width of its diffraction peaks is broad almost two times more than before, which indicated a lower crystallization of hematite.


Figure 2. Raman spectrum of natural hematite before and after it was used in MFCs.
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2.2. MFC Performance


The cell with hematite cathode exhibited excellent stability in fed-batch cultivation. In one typical batch, the system current was maintained at 330.66 ± 3.1 mA·m−2 for 10 days after fresh medium alternation, and the electric quantity presented a lineal accumulation (R2 = 1.00) as shown in Figure 3. The modified ferrozine method was used to determine the concentration of Fe2+ in the cathode chamber, however no soluble iron ions were detected in the cathode chamber. Therefore, such superior long-term stability of natural hematite cathode indicated the mineral was not consumed in the cathode chamber. XRD and Raman spectrums results indicated that hematite maybe act as a mediator with iron ions released from the decomposition of hematite and quickly forming new mineral at the cathode. Finally, the dissolved oxygen was considered to be the terminal electron acceptor in the MFC-hematite system.


Figure 3. Stable system current density at 1000 Ω for 10 days (one typical batch cultivation) in the MFC with natural hematite cathode. Solid symbols indicate electric quantity, open symbols indicate current density, and dashed line is average value of 10 days’ current density data.
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The performance of MFCs was quantified via polarization and power density curves in three typical batch cultivations (Figure 4). The maximum power density of MFC with a hematite cathode was 144.4 ± 7.5 mW·m−2, while it was only 64.8 ± 5.2 mW·m−2 in the control experiment with a graphite cathode (Table 1). In an additional sterile control experiment, the current density was lower than 0.21 μA·cm−2 at 1000 Ω and would not remain stable. The results verified hematite itself could not establish effective electron transfer. Therefore, the cell performance was still based on anodic microbial extracellular electron transfer as in a conventional MFC.


Figure 4. Polarization and power density curves of MFCs equipped with natural hematite and graphite cathodes in three typical batches.
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Table 1. The average electrical parameters of electron transfer in reaction systems.







	
Cathode Material

	
Open Circuit Voltage (mV)

	
Maximum Output Power (mW/m2)

	
System Resistance (Ω)






	
Graphite

	
455.4 ± 5.4

	
64.8 ± 5.2

	
569.8 ± 10.9




	
Hematite

	
602.3 ± 17.4

	
144.4 ± 7.5

	
549.5 ± 12.2




	
Relative percentage

	
132%

	
223%

	
96.4%










The improved power density implied that more efficient cathodic reactions happened with hematite cathode (although expensive catalysts have better performance). The value of hematite cathode was close to recent studies of different type of catalysts. The maximum power of Co-naphthalocyanine (CoNPc/C) was 64.7 mW·m−2 at 0.25 mA as compared with 81.3 mW·m−2 of Pt/C, 29.7 mW·m−2 of NPc/C, and 9.3 mW·m−2 of carbon black when the cathodes were implemented in H-type MFCs [13]. In addition, the maximum power density of plain carbon paper was 67 mW·m−2, 77 mW·m−2 for carbon felt, and 124 mW·m−2 (with Pt for 0.2 mg·cm−2) for platinum-coated carbon paper [5]. As far as iron-based materials performance is concerned, carbon black/iron phthalocyanine (FePc) (140.30 ± 38.60 mW·m−2) and iron chelates/carbon nanotube (127 ± 0.9 mW·m−2) [43,44] were similar with hematite. Moreover, hematite cathode compared to similar values with manganese oxides (35–180 mW·m−2) [29,30] carbon felt (77 mW·m−2), platinum-coated carbon paper (124 mW·m−2, 0.2 mg·Pt·cm−2) [5], and lower values with PbO2 (<80 mW·m−2) [31]. The comparison demonstrated that this natural mineral-hematite could be considered as an efficient and readily available substitute for artificial cathode catalysts without the need for complex composites. Notably, the preparation of hematite electrode was simple and the material was more easily available than any existing artificial cathode material.



Potential curves of anode and cathode were obtained under actual operating condition in one typical batch (Figure 5). For the microbial anode, the initial potential was about −460 mV vs. SCE (saturated calomel electrode) under open circuit, which was consistent with previously reported MFCs using acetate as the electron donor [45]. Also, the potential presented a linear increase because of ohmic polarization domination. Significant potential turning was observed when the current density was limited by mass transport on the electrode surface. With a hematite cathode, the turning position positively shifted from 370 to 530 mA·m−2, which suggested enhanced anodic bio-activities. For the cathode, potentials dropped from the open circuit condition due to the activation energy loss of oxygen reduction, and no mass transport limitation was observed. The hematite cathode maintained higher potential than graphite. The cell voltage was calculated by Ecell = Ecathode − Eanode, thus, a MFC-hematite system have a higher voltage. Such cathodic reaction properties demonstrated that hematite was an efficient cathode material for electron accepting.


Figure 5. Potential curves with natural hematite and graphite cathodes in one typical batch cultivation of anode (a) and cathode (b).
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2.3. Electrochemical Characterization


Furthermore, a typical three-electrode electrochemical cell was used to analyze the detailed electrode reactions. Cyclic voltammetry (CV) curves showed that with a hematite-FTO (Fluorine-doped tin oxide) electrode, an interesting redox pair which was located at 0.486 V (R) and 0.694 V (O) vs. SCE, with E1/2(C) at 0.590 V vs. SCE observed (Figure 6). This quasi-reversible reaction was attributed to the redox of Fe(II)/Fe(III) [46]. As the anode potential was usually below −400 mV vs. SCE in MFCs [47] and the potential of c-type cytochromes on Geobacteracea outer membrane was about −450 mV vs. SCE [48]. The redox pair (R and O) was located between the microbial oxidation and the oxygen reduction potentials [49]. Hence, hematite was found to act as an electron mediator or catalyst for enhancing the terminal oxygen reduction. The results indicated that hematite had excellent electrochemical activities and was an efficient cathode material for high cell performance, while the cost was extra low, as previously mentioned.


Figure 6. Cyclic voltammograms of natural hematite-FTO (Fluorine-doped tin oxide) and FTO electrodes. The solution was 1.0 M KCl and air saturated, pH 5.9 ± 0.1. Cyclic voltammetry (CV) scanned from −0.3 to 1.2 V vs. SCE with a scanning rate of 20 mV·s−1.
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The above-mentioned mechanisms were quantified by further electrochemical impedance spectroscopy (EIS) analysis with a three-major-part equivalent circuit (EC) to elucidate the electrochemical processes at the electrolyte/electrode interface [50] (Figure 7). The EC contained a solution resistance (Rs), a space charge region with Csc and Rsc in parallel, and a surface layer with Cp and Rp in parallel. We focused on the fitting results of Rp and Rsc (Table 2) with the one-time constant model (OTCM), which represented the resistive behaviors of the surface layer and the space charge region, respectively. Here the Rp of hematite was 42.6 Ω smaller than FTO because the hematite film improved the specific surface area of the electrode. The remarkable change was that Rsc had dramatically decreased over 97% with hematite. This proved to be a much more effective electron exchange in the space charge region, and led to the direct improvement of the electrode redox activity.


Figure 7. Electrochemical impedance spectroscopy of hematite-FTO and FTO electrodes. Open Current potential (OCP).



[image: Catalysts 06 00157 g007]






Table 2. Resistance fitting parameters of hematite-FTO (Fluorine-doped tin oxide) and FTO electrodes.







	
Cathode Material

	
Rs (Ω)

	
Rsc (Ω)

	
Rp (Ω)

	
Rsc + Rp (Ω)






	
FTO

	
16.47

	
57,250

	
111.9

	
57,361.9




	
Hematite-FTO

	
14.71

	
1334

	
69.3

	
1403.3




	
Relative percentage

	
89.3%

	
2.33%

	
61.9%

	
2.446%










Based on the experimental results mentioned above, a possible reaction mechanism of promoting oxygen reduction in MFCs by natural hematite is proposed (Scheme 1). Comprehensive analysis of CV and EIS results indicated hematite as a superior electrode material due to its Fe(II)/Fe(III) redox activity and low resistance at the reaction interface. The redox pair of hematite was located between the microbial oxidation and the oxygen reduction potentials. Therefore, the electron transfer process from the anode could be promoted. Meanwhile, the cathodic electron transfer dynamics was significantly improved by using hematite to lower the overpotential of the cathode. Finally the performance of the entire cell was improved.





3. Materials and Methods


3.1. MFC Configuration


The MFC-hematite system was based on a conventional dual-chambered MFC. The two chambers (each with a liquid volume of 40 mL) were separated by a cation exchange membrane (CEM, CMI-7000, Ultrex, GlenRock, NJ, USA) with an area of 35 cm2. Both the cathode and anode chambers contained saturated calomel reference electrodes to determine individual electrode potentials. Electrodes were made of polished graphite with a working area of 16 cm2 (Shanghai Hongfeng Industrial Co., Ltd., Shanghai, China) and pretreated in 1.0 M HCl and then 1.0 M NaOH for 1 h each to ensure a clean surface. The anode chamber was filled with a culture medium containing: 0.1 g/L of KCl, 0.5 g/L of NH4Cl, 0.1 g/L of MgCl2, 0.1 g/L of CaCl2, 0.3 g/L of KH2PO4, 2.5 g/L of NaHCO3, and 8.20 g/L of CH3COONa. All reagents used in this study were of analytical grade and purchased from Beijing Chemical Reagent Corporation (Beijing, China). Microorganisms were collected from red-soil MFCs in our lab, which were inoculated to 10% (v/v) and kept in fed-batch cultivation. The cathode chamber was filled with 1 M KCl solution as the electrolyte and aerated. The solution was near neutral (pH 5.9 ± 0.1). The cell was operated daily with an external resistance of 1000 Ω. All of the experiments were carried out at a constant temperature and humidity incubator (30 ± 1 °C).




3.2. Natural Hematite Characterization


Natural hematite was sampled from the Lingshou hematite mineral deposit (Shijiazhuang, China). The samples were ground in a mortar and sieved through a 400 mesh sieve with an average particle size of approximately 40 μm. Powder XRD data was obtained with an X-ray diffractometer (Rigaku Dmax-2400, Rigaku Corporation, Tokyo, Japan) equipped with Cu Kα radiation (λ = 0.15406 nm). The instrument was operated at a tube voltage of 40 kV and a tube current of 40 mA. Intensities were measured at 2θ = 3°–75° with 0.017° two-theta steps and a count time of 0.3 s per step. The resulting XRD data were analyzed with the Powder Diffraction Standard (JCPDS) database.



Raman spectra were measured using a Renishaw inVia Reflex system (Renishaw inVia Reflex, Wotton-under-Edge, Gloucestershire, UK) equipped with a 532 nm laser and a long working-distance 50× objective. The laser intensity was 50% and the diameter of the beam spot was 1 μm. To have a high signal-to-noise ratio, each Raman spectrum was the average of 10 successive scans obtained at a spectral resolution of 1 cm−1. The frequency stability and the accuracy of the apparatus were checked by recording the Raman spectrum of silicon.




3.3. Hematite Electrode Preparation and Iron Determination


The MFC hematite cathode was made by smearing the hematite (200 mg) mixed with ethanol solution (2 mL) on both sides of a polished graphite electrode (3.0 × 3.5 cm2 and 0.5 cm thickness) which were cleaned by soaking in 1.0 M HCl followed by 1.0 M NaOH, each for 1 h. Nafion solution (20 μL) was then added with a few drops, therefore creating a rubberlike paste that was rolled into a film on the graphite surface. The coated cathode was allowed to air-dry overnight.



The electrochemical electrode was called hematite-FTO electrode, which was made by dropwise adding mineral paste mixed with hematite powder (40 mg), anhydrous ethanol (200 μL), and Nafion (10 μL) to the FTO (Fluorine-doped tin oxide) conductive side. Before use, the FTO was cleaned by sonication in acetone, ethanol, and distilled water for 30 min each. The mineral electrode was used for electrochemical measurements after a 12 h air-dry.



The iron concentration was determined by a modified Ferrozine method. First, stock standard solution of iron, concentration 25.0 μg/mL was prepared in the following way: 0.1755 g of ammonium iron sulphate hexahhydrate (NH4)2Fe(SO4)2·6H2O was dissolved in water in a 1000 mL volumetric flask, 10 mL of concentrated sulphuric acid was added, and water was added to the mark. A working curve was obtained by using a series of standard iron solutions from 0 to 5 mg/L, and 1 mL of hydroxylamine hydrochloride (10%) was added to a 50 mL colorimetric tube, vortexed for 10 s, and incubated at room temperature for 15 min. Subsequently, 2 mL of ferrozine (0.05%) and 5 mL of 1.0 M CH3COONa solution were added, followed by adding water to the mark. The absorbance at 510 nm was measured by spectrophotometer (Evolution 220, Thermo Scientific, Waltham, MA, USA) and correlated with the known Fe2+ concentration to plot a working curve.




3.4. Electricity and Electrochemical Measurement Methods


The cell voltage was recorded by a datalogger (ADC-16, Pico Technology, Cambridgeshire, UK). Polarization and power density curves were calculated under different resistance values from an open circuit to 10 Ω. For every resistance change, the cell was stabilized for at least 20 min to reach a steady state. Electrode potentials were recorded simultaneously by a digital voltmeter (UT-33B, Shenzhen UNI-T, Shenzhen, China), which were relative to a saturated calomel electrode (SCE, 0.242 V vs. normal hydrogen electrode, 25 °C). CV and EIS were performed by a potentiostat (CHI760E, Shanghai Chenhua Instrument, Shanghai, China) with 1 M KCl aqueous solution as the electrolyte and used a conventional three electrode system consisting of hematite-FTO electrode as the working electrode, a Pt sheet as the auxiliary electrode and a SCE reference electrode. The performances of natural hematite-FTO electrode were compared with an uncoated FTO electrode as a conventional cathode used in MFCs.





4. Conclusions


As a low-cost natural mineral, natural hematite was prepared and used as a cathode material in MFCs in order to improve cell performances. The MFCs with natural hematite cathodes exhibited long-term stability with current density of 330.66 ± 3.1 mA·m−2 at 1000 Ω for 10 days in one batch cultivation. The maximum power density of MFC-hematite was 144.4 ± 7.5 mW·m−2, which was 2.2 times that of MFCs with a graphite cathode. Hematite offered structural Fe(II)/Fe(III) redox reactivity as a cathode catalyst for enhancing oxygen reduction in MFCs. Further studies plan to optimize the cell configuration and to investigate the usages of various natural mineral cathodes in MFCs.
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Scheme 1. The schematic diagram of the improved performance of MFCs by natural hematite. 
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