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Abstract

:

In this study, graphite–metal oxide (Gr–MO) composites were produced and explored as potential anodic catalysts for microbial fuel cells. Fe2O3, Fe3O4, or Mn3O4 were used as a catalyst precursor. The morphology and structure of the fabricated materials were analyzed by scanning electron microscopy and X-ray diffraction, respectively, and their corrosion resistance was examined by linear voltammetry. The manufactured Gr–MO electrodes were tested at applied constant potential +0.2 V (vs. Ag/AgCl) in the presence of pure culture Pseudomonas putida 1046 used as a model biocatalyst. The obtained data showed that the applied poising resulted in a generation of anodic currents, which gradually increased during the long-term experiments, indicating a formation of electroactive biofilms on the electrode surfaces. All composite electrodes exhibited higher electrocatalytic activity compared to the non-modified graphite. The highest current density (ca. 100 mA.m−2), exceeding over eight-fold that with graphite, was achieved with Gr–Mn3O4. The additional analyses performed by cyclic voltammetry and electrochemical impedance spectroscopy supported the changes in the electrochemical activity and revealed substantial differences in the mechanism of current generation processes with the use of different catalysts.
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1. Introduction


Bioelectrochemical systems (BESs), utilizing whole living microorganisms, are considered as emerging technologies for numerous applications—as power sources for environmental sensors and electronic devices, for wastewater treatment, desalination, bioremediation, electrosynthesis of valuable products, etc. [1]. Despite the huge variety of constructions and purposes, the functioning of all types of BESs developed until now is based on a common principle, namely the unique ability of some prokaryotes and eukaryotes, called exoelectrogens, to couple the catabolic oxidation of available biodegradable substrates with an electrode (anode), used as an external electron acceptor. The use of living microorganisms restricts the BES electrical current and power outputs to values determined by the rate of the extracellularly transferred electrons from the microbial cells to the anode, which in turn is limited by the intensity of the cell metabolism. The current generated by the microbial fuel cells (MFCs), the most popular type of BES, ranges from tenths of mA.m−2 up to several A.m−2. Different strategies, including optimization of the reactors’ design, the electrode materials, and other constructive components as well as the cultivation conditions for a certain exoelectrogenic strain, have been applied [2,3,4,5,6] to enhance the extracellular electron transfer (EET) and thus the MFC electrical outputs.



Among all factors affecting the MFC performance, the choice of electrode materials is highly essential since the electrode cost is a key factor for the implementation of the MFC technology at a large scale [7]. Besides high conductivity and corrosion resistance, the anodic materials have to meet additional requirements such as biocompatibility towards the explored bacteria and enhanced active surface area appropriate for biofilm formation. Various materials, mainly carbon-based in different shapes and forms, are applied as anodes in MFCs [3,4]. To reduce the electron transport limitations from the microorganisms to the anode and to improve the MFC performance, different electrode modifications made by electrodeposition of metallic nanostructures (Ni, NiFe, NiFeP), pyrolysis of polyacrylonitrile (activated carbon nanofiber), doping with metallic salts, etc., have been accomplished [8,9,10,11].



The EET registered by MFC as electric current mimics naturally occurring processes of some microorganisms utilizing metal oxides in the rocks as external electron acceptors to overcome extreme conditions such as substrate and oxygen availability. The use of non-platinum catalysts for electrode modifications is preferred not only for financial reasons but because some dissimilatory metal-reducing microorganisms, such as Geobacter metallireducens and Shewanella oneidensis MR-1 oxidize organic matter and then transfer the released electrons to minerals that contain Fe(III) or Mn(III) or Mn(IV) for respiration [12]. In nature, minerals such as magnetite (Fe(II)Fe(III)2O4) and clay minerals that contain Fe(II) and Fe(III) act as electron-storage materials that receive electrons from electron-releasing microorganisms [12,13]. This is the motivation, namely for bacteria from the genera Geobacter and Shewanella to be the most investigated model microorganisms as biocatalysts in MFC. Recently, it was established that a new bacterial strain, Pseudomonas putida 1046 [14], is capable of expressing a cellular redox compound mediating the electron transfer through a polymer matrix at high positive poising potential, which indicated that the bacteria possess electrogenic properties.



In this study, graphite-based electrodes, modified with Fe2O3, Fe3O4, or Mn3O4, denoted as Gr–Fe2O3, Gr–Fe3O4, and Gr–Mn3O4, respectively, were prepared and explored as potential anodic catalysts for MFC using the model bacteria Pseudomonas putida 1046 as a biocatalyst. The developed materials were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD). Their corrosion stability in a neutral electrolyte was explored by linear voltammetry (LV). The electrocatalytic properties of the produced materials were tested at the continuously applied constant potential in the biotic environment. The performance of the bioelectrodes was examined by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The results obtained with the metal oxide-modified materials and pure graphite were compared and discussed.




2. Results and Discussion


2.1. Composition and Morphology of the Fabricated Materials


X-ray diffraction was used to establish the chemical composition and the crystal structure of the produced composite materials and to determine if the metal oxides used had undergone alterations by the thermal treatment applied during their preparation. The obtained XRD spectra of the non-modified and modified graphite samples are shown in Figure 1. The characteristic diffraction peaks of graphite, used as a matrix, were registered in all XRD patterns. The most intensive peak, attributed to the carbon (002) crystal plane, appeared at 26.42°, and the rest of the characteristic peaks with smaller intensity, located at 42.36°, 44.46°, and 54.51°, corresponded to (100), (101), and (004) crystal planes, respectively (Supplementary Table S1, ICDD PDF No. 00-008-0415). Because of the inclusion of the metal oxides in the graphite matrix, the intensity of these peaks was much lower for all composite materials compared to the non-modified graphite (Supplementary Table S1).



Each of the metal oxides, used as catalyst precursors, have a propensity for reduction at high temperatures. On the other hand, gases with strong reducing properties are released during pyrolysis of the carbon pitch, applied as a binder, which supposes that the metal oxides incorporated in the produced composite materials are partially reduced. The results from the XRD analysis supported this suggestion. Besides the four characteristic diffraction peaks corresponding to the Fe2O3 (110), (202), (116), and (211) crystal planes (ICDD PDF No. 00-033-0664), two peaks, at 35.68° and 41.78°, attributed to the FeO (222) and (200) crystal planes (ICDD PDF No. 00-074-1886), and two peaks, at 30.11° and 37.07°, attributed to the Fe3O4 (220) and (222) crystal planes (ICDD PDF No. 00-076-1849), were also registered in the XRD spectrum of the Gr–Fe2O3 (Figure 1a), indicating that the applied preparation method resulted in a partial reduction of the initial Fe2O3 to FeO. Bearing in mind that Fe3O4 is a mixed oxide containing both Fe2O3 and FeO, it is normal to expect that the characteristic peaks of these two oxides should also appear in the XRD pattern of the Gr–Fe3O4. However, along with the two characteristic peaks for FeO, only three of the upper described four diffraction peaks of Fe2O3 (corresponding to (110), (116), and (211) crystal planes) were observed in the obtained XRD spectrum (Figure 1b). Furthermore, the peaks attributed to Fe2O3 had lower intensity, while the peaks for FeO were more intense than those in the spectrum of Gr–Fe2O3, suggesting that the Fe2O3 in the initial Fe3O4 had also undergone a partial reduction during the preparation procedure. In the spectrum of the third composite Gr–Mn3O4 material (Figure 1c), except for the peaks of graphite, only three peaks, at 35.02°, 40.66°, and 58.85°, attributed to MnO (200) and (220) crystal planes (ICDD PDF No. 00-075-0626) appeared, which shows that the Mn2O3 in Mn3O4 was converted to MnO.



In addition to XRD analyses, the fabricated materials were also examined by scanning electron microscopy, and their surface morphology was compared to that of the non-modified graphite samples (Figure 2). The SEM-images of all modified samples showed inclusions of metal oxides, which changed the morphology of the pure graphite from a typical flake-like structure with graphite micro-sheets to a grooved surface with uneven located metal oxides particles. The samples containing Fe-oxides displayed similar patterns because of their similar composition, as established by XRD. It is supposed that the observed spherical forms of the particles were due to a reduction in surface tension, as described by Jung et al. [15], while the agglomerated formations were associated with particle growth [16]. Although similarities in particle shapes and sizes were observed, the comparison of the SEM images presented in Figure 2b,c revealed a higher loading of metal oxide particles, resulting in more developed surface morphology of the Gr–Fe2O3 sample. Given the structural polymorphs of manganese oxides [17], the observed MnO nanoflakes masked and overlapped the supporting graphite structure and were more difficult to be distinguished on the SEM.




2.2. Electrochemical Performance of the Composite Materials in Neutral Medium


The corrosion behavior of the produced materials was investigated by potentiodynamic measurements in neutral phosphate buffer saline (PBS). Because of the compositional and structural inhomogeneity related to the metal oxide inclusion, all modified materials exhibited several fold higher corrosion rates compared to the non-modified graphite (Figure 3). The highest corrosion rate (27.72 µA.cm−2) was determined for Gr–Mn3O4. Although similarities of both Fe-containing composites were established by XRD, Gr–Fe3O4 possessed corrosion resistance with an order of magnitude higher (2.35 µA.cm−2) than that of Gr–Fe2O3 (26.37 µA.cm−2), which could be attributed to the more developed surface of the latter providing more available active sites. Despite the lower corrosion resistance of the modified electrodes, the estimated corrosion rates were comparable to those obtained with other materials such as austenitic stainless steel [18] and electrodeposited MnO2 [19] explored in neutral PBS, which gave us reason to investigate the newly produced composites as potential anodic catalysts for MFC application.



Before inoculation with bacteria, the electrochemical behavior of the studied electrodes in the used cultivation medium was examined by CV. A lack of expressed peaks as well as an increase in capacitive currents were observed for all modified electrodes compared to the unmodified graphite under abiotic conditions (Supplementary Figure S1), indicating an increase in the electrochemically active surface [20] as a result of the performed modification. The increase of capacitive currents of the modified electrodes was most significant for Gr–Mn3O4, followed by Gr–Fe3O4 and Gr–Fe2O3.




2.3. Electrochemical Analyses of Modified Electrodes in the Presence of Bacteria


The electrochemical behavior of the modified electrodes was also investigated in the presence of the bacterium Pseudomonas putida 1046 as a biocatalyst in a three-electrode cell.



At the beginning of this experimental set-up, the open circuit potentials (OCP) of the functionalized electrodes were measured in a non-inoculated nutrient medium. For all composite electrodes, the OCPs were shifted in a positive direction compared to that of the non-modified graphite electrodes (Supplementary Table S2), which was assigned to the inclusion of the metal oxides in the graphite matrix. After inoculation with P. putida 1046, the OCP values considerably changed, shifting in a negative direction for both electrodes, modified with iron oxides, and in a positive direction for the Gr–Mn3O4 sample. These changes suggest a rearrangement of the double electric layer in the vicinity of the electrode surfaces, affected by the presence of bacteria. The obtained OCPs reflected the initial current response in the successive chronoamperometric measurements when all studied electrodes were continuously poised at +0.2 V (vs. Ag/AgCl) (Figure 4). Because of the more positive OCP of Gr–Mn3O4 compared to the applied potential, the current in this system started from negative values, while for the other electrodes possessing more negative OCP values, the initial current was positive.



During the long-term poising, the current increased for all investigated electrodes except for Gr–Fe3O4. Although the current started from the highest value, namely with this electrode, it steeply decreased and after two days of poising reached steady-state levels close to those of the non-modified graphite electrode. On the contrary, starting from negative values, the highest current density of 100 mA.m−2 was achieved with the manganese-containing electrode, while the values of the generated currents obtained with Gr–Fe2O3 were twice as higher as those of Gr–Fe3O4. Furthermore, the influence of the light illumination on the electrical performance was observed. The current began to increase right after sunrise, and the maximal values were achieved near the daily peaks of light intensity. After that, the current decreased slightly until the end of the photoperiods and during the whole dark periods. The highest amplitude of the current oscillations was recorded for Gr–Mn3O4 electrodes. These observations suggest that some photosensitive bacterial molecules contributed to the current generation processes.



The performance of the bioelectrodes was further investigated by CV and EIS. The differences in the cyclic voltammograms obtained with the different electrode types supposed that the electrode modifications influenced the redox behavior of P. putida (Figure 5a) and probably its biofilm formation strategies. At the fifth day after inoculation, the time corresponding to biofilm formation stage [21], a well-defined anodic peak at −0.03 V (vs. Ag/AgCl) appeared in the CV of the non-modified graphite (Figure 5a—inset), indicating putative participation of cytochrome c type molecules [22] in the extracellular electron transfer from the bacteria to the electrode. This peak was disguised in the CVs obtained with the composite electrodes; however, up to a five-fold increase in the anodic currents compared to those at the abiotic conditions (Supplementary Figure S1) was registered, suggesting that a direct electron transfer between bacterial biofilms and modified electrodes could occur [23]. It is supposed that the presence of Fe- and Mn-oxides on the electrode surface provoked bacterial cells to use them for the implementation of the respiration processes [24].



The impedance spectra of the investigated materials in the presence of bacteria are presented as Nyquist and Bode plots in Figure 5b,c, and the impedance parameters, derived from the fitted spectra, are summarized in Table 1. The experimental EIS data fit well to the equivalent circuit models shown in Table 1 and the inset of Figure 5c. The magnification in the high-frequency region of the Nyquist plot reveals a depressed semi arc for all samples, which requires the use of constant phase elements (CPE), defined as 1/Z = Q(j ω)n, where Q is a numerical value of the admittance (1/|Z|) at radial frequency ω = 1, and n is an empirical nonideality constant, to reproduce the behavior of non-ideal capacitors. The models for Gr–Fe3O4 and Gr–Mn3O4 are identical, including a resistor (RΩ), accounting for the solution resistance, connected in series with a charge transfer resistor (R1) and CPE(Q1, n1) circuit, followed by Warburg diffusion element, while the model determined for Gr–Fe2O3 shows a two-time constant reaction, presented as a second, connected in series (R2Q2)-couple before the Warburg element. The main difference in the composition of Gr–Fe2O3 and Gr–Fe3O4, established by XRD, was related to the peaks attributed to Fe3O4. As reported by Wang et al. [25], Fe3O4 can form small iron oxide clusters, in which the Fe–electron affinity increases with the number of O atoms, consistent with an increasing degree of oxidation. As far as the first time constant of Gr–Fe2O3 is observed at the high-frequency range, it is suggested that these clusters contribute to the charge transfer reactions. The higher loading of iron oxides (FeO, Fe2O3, Fe3O4) on the graphite surface creates a bigger number of clusters and agglomerates, which forms a second interface between the graphite support and the biological component. Low ohmic resistance (RΩ) was determined for all samples, which indicates that the bacteria formed biofilms on the electrode surfaces, and the biofilm growth did not influence the ionic conductivity of the system. The analysis of the fitted data revealed that Gr–Mn3O4 exhibited three-times smaller charge transfer resistance (R1) and with an order of magnitude lower Warburg element (W) compared to the other composite samples, which explains the highest current values achieved with this electrode in the presence of P. putida. At the same time, for Gr–Mn3O4 the value of Q1, reflecting the electrical double layer capacitance, was about 30-fold and 8-fold larger than those of Gr–Fe2O3 and Gr–Fe3O4, respectively, which confirms that Gr–Mn3O4 possessed the most developed active surface, facilitating to a greater extent the biofilm formation and EET processes. Тhe better performance of Gr–Fe2O3 than that of Gr–Fe3O4 could be assigned to the twice smaller Warburg diffusion element, resulting in lower diffusion hindrances in the low-frequency range (Figure 5b). The diffusion limitations decreased in the following order: graphite, Gr–Fe3O4, Gr–Fe2O3, Gr–Mn3O4. This corresponds to an increase in the reverse order electrochemically-active surface established by CV.



The results obtained in the presence of P. putida 1046 confirmed that this bacterial strain was capable of transferring extracellularly electrons to the modified and non-modified graphite electrodes and are in good agreement with the recently established electroactivity of this strain [26]. The different current generated revealed that bacterial components, contributing to the electrochemical activity and the electrical outputs, used the metal oxides on the electrode surface in a specific way. In addition to the more developed active surfaces identified by CV and EIS, the better performance of the modified graphite electrodes could be attributed to the presence of Fe and Mn, which can be reversibly converted into different oxidation states. It may be supposed that in the initial stage of the chronoamperometric experiments the applied positive potential of +0.2 V (vs. Ag/AgCl) attracted electrostatically the negatively charged bacterial cells to the electrode surface, initiating a biofilm formation [27]. It has been reported that P. putida spp. are Mn-oxidizing bacteria that oxidize Mn(II) to Mn(IV) oxides as a strategy for oxidative stress protection [28,29], which suggests that the bacterial cells attached on the Gr–Mn3O4 electrode may convert the available MnO into MnO2 as a protective extracellular shield and terminal electron acceptor. Such an assumption is supported by the rapid change of the initial negative to positive current (Figure 4), which within one day reached values exceeding those generated by the systems utilizing the other electrodes. It can be assumed that the initial higher anodic currents recorded with the two iron-containing composite electrodes were related to electrochemical oxidation of the available FeO as a result of the applied positive potential. The observed light-dependent current fluctuations in the subsequent stages of the chronoamperometric experiment could be related either to the photosensitivity of the electrode composite ingredients or to the presence of the biological component in the system interacting with the metal ions from the electrodes. Several papers provide evidence about photoactivity of nanostructured iron and manganese oxides produced by different methods for a variety of photocatalytic applications [17,30,31,32,33,34,35]. Novel nano-carbon based materials such as graphene and graphene quantum dots also demonstrate a size-tunable photoresponse, providing a new way for the creation of low cost, high performance carbon-based devices [36]. Given that the composite materials used in this study consist of agglomerates larger than 100 nm (Figure 2), we suppose that most likely the registered photo-effects are connected with biocatalyst photosensitive components participating in the EET. Photosensory proteins of the LOV (light, oxygen or voltage) and PYP (photoactive yellow protein) families have been recently determined in P. putida [37]. Though their particular functions in the cellular physiology remain unclear, it is suggested that these proteins may contribute to the observed light-induced current fluctuations. The gradual increase in the generated current (Figure 4 and Figure 5a and Supplementary Figure S1) implies that at the applied polarization conditions P. putida 1046 formed electroactive biofilms and/or produced redox-active molecules mediating the EET. After 10 days of operation, the achieved current density with the modified electrodes was 2.5 to 10-times higher than the values achieved with P. putida entrapped in alginate redox-active polymer and carbon felt electrodes, independently of the improved redox conditions [26]. These findings suggest that the utilized metal oxides are appropriate anodic catalysts for the enhancement of the MFC electric characteristics.





3. Materials and Methods


3.1. Production and Characterization of Gr–MO Composites


Three types of Gr–MO composites—Gr–Fe2O3, Gr–Fe3O4, and Gr–Mn3O4, as well as non-modified graphite with a geometric area of 4.2 cm2 were fabricated using a procedure resembling the method for producing synthetic graphite. The ingredients, namely 50 wt.% finely powdered spectroscopic graphite, 30 wt.% carbon pitch (Koppers Inc., Pittsburg, PA, USA), and 20 wt.% metal oxide (Fe2O3, Fe3O4, or Mn3O4) as a catalyst precursor, were thoroughly mixed for 1 h, pressed at 250 MPa in a stainless steel form, sintered for 30 min at 150 °C, and then pyrolyzed at 800 °C for 1 h under argon atmosphere. Titanium wires (1.6 mm thick) were screwed in the electrode samples and served as current collectors. The morphology of the developed materials was analyzed by scanning electron microscopy (SEM) using a JEOL 6300. The chemical composition and the crystal structure of the produced materials were examined by X-ray diffraction (XRD) using a Philips APD 15 X-ray diffractometer.



The corrosion behavior of the newly produced electrodes in a neutral electrolyte (0.1 mM PBS, pH 7.0) was studied by linear voltammetry (LV) with a scan rate of 1 mV/s. The investigations were carried out in a three-electrode cell with an electrolyte volume of 50 cm3. The tested electrodes were connected as working electrodes, and a plain titanium electrode was used as a counter electrode with an interelectrode distance of 2 cm. All potentials were measured against an Ag/AgCl (3.5 M KCl) reference electrode. The obtained data were presented as Tafel plots. The electrochemical studies were performed by using PalmSens 3 equipped with a MUX8 multiplexer.




3.2. Examination of Developed Electrodes in a Biotic Environment


Before the electrochemical experiments, Pseudomonas putida 1046 was cultivated in a nutrient medium consisting of 10 g/L meat extract, 10 g/L peptone, 5 g/L NaCl, and 1 g/L glucose [38,39] in an incubator at 30 °C and on an orbital shaker (100 rpm). The bacteria were harvested by centrifugation at 5000 rpm for 10 min, and the pellet was washed twice with 0.1 mM PBS and concentrated. Equal quantities of inoculum adjusted to an optical density of 0.770 at 600 nm wavelength were added in the three-electrode cells.



The electrochemical experiments were performed in identical three-electrode cells using the produced materials as working electrodes, titanium foil as counter electrodes, and Ag/AgCl as reference electrodes. The working electrodes were poised simultaneously at applied potential +0.2 V (vs. Ag/AgCl) by using PalmSens 3 equipped with MUX8 multiplexer for 10 days. Half of the electrolyte was replaced with fresh medium after 5 days of operation. During long-term chronoamperometric experiments, additional CV and EIS analyses were performed. CVs were carried out with a scan rate of 3 mV/s in a potential range between −0.5 V and +0.6 V (vs. Ag/AgCl). The EIS measurements were performed at applied AC with an amplitude of the signal of 10 mV and Edc = +100 mV (vs. Ag/AgCl) in the frequency range from 50 kHz to 0.01 Hz by using a PalmSens 3 potentiostat with a frequency response analyzer (FRA) unit. The experiments were performed at 28 °C in a laminar box under sterile conditions.





4. Conclusions


Graphite–metal oxide composites (Gr–MO) containing Fe- and Mn-oxides were produced and tested as potential anodic catalysts for microbial fuel cells. The inclusion of the metal oxides in the graphite matrix was confirmed by SEM and XRD. As a result of the applied pyrolysis during preparation, the initial Fe2O3 and Fe3O4 were partially reduced, while the Mn3O4 was converted into MnO. The newly fabricated Gr–MO composites are mechanically stable and possess a more developed electroactive surface than the non-modified graphite produced at the same conditions. All modified electrodes generate higher anodic currents compared to the bare graphite in the presence of the bacterial strain Pseudomonas putida 1046 at applied external potential +0.2 V (vs. Ag/AgCl). The highest current density, achieved with Gr–Mn3O4, is associated with its most developed electroactive surface, the lowest charge transfer resistance and diffusion hindrances, as well as with the ability of P. putida spp. to produce biogenic Mn(IV) oxides and use them as a terminal electron acceptor for their catabolic processes. Тhe better performance of Gr–Fe2O3 compared to Gr–Fe3O4 is assigned to the lower charge transfer and diffusion limitations of the current generation processes, determined by EIS. The observed light-dependent current oscillations are attributed to the bacterial contribution to the current generation and participation of photosensitive components like flavoproteins and outer membrane c-type cytochromes in the EET processes. Based on the obtained results it can be concluded that all modified graphite–metal oxide electrodes, especially Gr–Mn3O4, can be applied as anodes in microbial fuel cells.
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Figure 1. XRD spectra of the produced composite materials: (a) non-modified graphite; (b) Gr–Fe2O3; (c) Gr–Fe3O4; (d) Gr–Mn3O4. 
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Figure 2. SEM images of the fabricated materials at magnification of 10,000×, inset 30,000×: (a) non-modified graphite; (b) Gr–Fe2O3; (c) Gr–Fe3O4; (d) Gr–Mn3O4. 






Figure 2. SEM images of the fabricated materials at magnification of 10,000×, inset 30,000×: (a) non-modified graphite; (b) Gr–Fe2O3; (c) Gr–Fe3O4; (d) Gr–Mn3O4.



[image: Catalysts 10 00796 g002a][image: Catalysts 10 00796 g002b]







[image: Catalysts 10 00796 g003 550] 





Figure 3. Tafel plots of the modified and non-modified graphite electrodes in 0.1 M PBS (pH 7). 
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Figure 4. Current density obtained with Gr–Fe2O3, Gr–Fe3O4, Gr–Mn3O4, and bare graphite at continuously applied potential of +0.2 V (vs. Ag/AgCl) in the presence of P. putida 1046. 
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Figure 5. Electrochemical behavior of the fabricated materials in the presence of Pseudomonas putida 1046: (a) cyclic voltammograms obtained on the 5th day, inset—non-modified graphite; (b) Nyquist and (c) Bode plots of the EIS, respectively, carried out on the 10th day of cultivation, Edc = +100 mV; measured data-scatters, fitted data-lines. 
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Table 1. Parameters of the equivalent circuit models obtained by fitting of impedance spectra presented in Figure 5b,c.
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Circuit Element/Unit

	
Gr–Fe2O3

	
Gr–Fe3O4

	
Gr–Mn3O4




	
Equivalent Circuit Model

	
RΩ (R1Q1)(R2Q2)W

	
RΩ (R1Q1)W

	
RΩ (R1Q1)W






	
RΩ, Ω

	
5.04

	
3.63

	
5.40




	
R1, Ω

	
11.93

	
13.96

	
3.50




	
Q1, μT

	
1450

	
5500

	
41,500




	
n1, ɸ

	
0.701

	
0.544

	
0.553




	
R2, Ω

	
2.18

	
-

	
-




	
Q2, μT

	
40.16

	
-

	
-




	
n2, ɸ

	
0.832

	
-

	
-




	
W, Kσ

	
0.014

	
0.025

	
0.002
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