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Abstract: Microbial fuel cell (MFC), capable of simultaneously degrading substrate and producing 

bioelectricity, has drawn great attention. However, the low power output and high cost have severely 

hindered its practical application. The present study prepared a monolithic three-dimensional graphene 

(3D-G) electrode by self-assembly method. The as-received 3D-G electrode featured inflexibility, crumpled 

surface, macroporous structure (with dozens of microns in pore space), high specific surface area (188.32 m2 

g-1), good conductivity and low cost, favoring the high bacterial loading capacity and enhancing the 

extracellular electron transfer (EET) efficiency. Equipped with the prepared 3D-G anode in air-cathode 

single chamber MFC reactor, the maximum power density (Pmax) increased to1516 ± 87 mW m
-2 

in the 3D-G 

reactor from 877 ± 57 mW m-2 in the graphite felt (GF) control and from 584 ± 39 mW m-2 in the carbon 

cloth (CC) control after 2 weeks of operation. Moreover, the Pmax of the reactor with the 3D-G anode 

decreased only by 15% after 2 months of operation, which showed durability of the anode due to not easily 

blocked macropore. Normalized to the cost of anode, the Pmax in the 3D-G reactor was 93 and 133 times of 
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those in GF and CC reactors, respectively. Dynamic analysis results (CV, Tafel and EIS) showed that the 

3D-G anode improved the efficiency of EET due to appropriate structure and good conductivity. The 3D-G 

anode with superior performance and low cost would powerfully promote the practical and large-scale 

application of MFC. 

Key words: microbial fuel cell, anode, electrogenesis, monolithic three-dimensional macroporous 

graphene, extracellular electron transfer. 

1. Introduction 

It is generally recognized that the alternative sources of energy are urgently required because the 

non-renewable fossil fuels are unsustainable, particularly in view of the rapid growth in energy consumption 

by emerging in many developing countries. On the other hand, severe environmental pollution occurs due to 

the combustion of fossil fuels, threatening human health. So, some researches have been conducted to probe 

into new solution for new energy. The biomass and bio-related waste which are available in abundance 

promise an eco-friendly solution to increasing demand of sustainable alternative energy source.1, 2 Microbial 

fuel cell (MFC) is a technology that can simultaneously degrade biomass or bio-related waste and generate 

bioelectricity. The exoelectrogens in the anode chamber of MFC reactor are prone to anaerobically 

decomposing substrate and directly or indirectly transfer the released electrons towards the anode. The 

electrons are further transferred to the cathode via the external circuit, where ultimately combine with H
+
 

and electron acceptor (such as O2) to form water. In the MFC, the potential difference between the anode 

(electron donor) and cathode (electron acceptor) determines outputted cell voltage. The electrical power 

produced by MFC is based on the rate of electrons moving through the circuit and electrochemical potential 

difference across the electrodes.3, 4 Afterwards, the practical applications are then envisioned to be feasible 

on the basis of the development of the mediatorless air-cathode single chamber MFC. However, the 

relatively low power density and high cost limit the practical application of MFC technology.5, 6 
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Anode provides the growth site for exoelectrogens and further affects the extracellular electron transfer 

(EET) efficiency or electrogenesis. So, the various strategies have been developed to obtain the qualified 

anode with high performance and low cost.7 Currently, the most commonly used anode materials are carbon 

or graphite-based electrodes.8-10 To improve performance, the inert carbon or graphite electrodes have been 

treated physicochemically or coated with other materials conductive to electrogenesis. Physicochemical 

treatment involved high temperature treatment,11 heat treatment with ammonia,12 strong acid treatment,13
 and 

electrochemical oxidation.
14

 Electron mediator,
15

 carbon nanotube,
16

 activated carbon nanofiber,
17

 

conducting polymer,18 metal or metal oxide,19
 and N-functional group20

 were usually used as materials for 

surface modification. 

Graphene is a single atomic layer of carbon atoms arranged in a hexagonal lattice, with the unique 

properties such as good conductivity, extremely high specific surface area (up to 2600 m2 g-1), and chemical 

inertness.
21, 22

 Therefore, graphene has been applied in modification of the conventional anodes, such as 

stainless steel mesh, carbon cloth (CC) and graphite felt (GF)23-25
 via the mechanical or electrochemical 

methods. However, the performance of graphene-modified anode heavily depends on the structure and 

feature of the base material, without fully displaying the high specific surface area and outstanding 

conductivity of graphene. If graphene can be prepared and independently used as MFC anode, the superior 

properties of graphene would be demonstrated. He et al. utilized the self-assembly technique induced by ice 

segregation to prepare a novel three-dimensional (3D) chitosan/vacuum-stripped graphene (CHI/VSG) 

scaffold with elasticity and layer spacing of 30−50 µm as MFC anode.26
 Xie et al. obtained 

graphene-sponge-stainless steel composite anode.27 Yong et al. fabricated a novel 3D graphene/PANI 

structure with the aid of nickel foam substrate, exhibiting a honeycomb structure with the pore size of 

100-300 µm and a specific surface area of 850 m
2 

g
-1

.
28

 However, the preparation processes 

above-mentioned were complex and usually needed organic precursors (chitosan in Ref 26) or template 
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(sponge in Ref 27, and nickel foam in Ref 28). Furthermore, the 3D graphene anodes above-mentioned 

demonstrated elastic and were easily deformed or damaged by exterior force (such as hydraulic scouring), 

resulting in the weak bonding with wires. So, the highly flexible electrode is not suitable to serve as anode in 

MFC reactor, especially in the field of practical application. 

In this study, a simple method was developed for preparing a free-standing monolithic three-dimensional 

graphene (3D-G) with inflexibility, macroporous structure, crumpled matrix and good conductivity under 

low cost. Due to hydrophobic force and π-π stacking between the two-dimensional (2D) mono-layer 

graphene nanosheets,29
 the 2D mono-layer graphene nanosheets in high concentration aqueous dispersion 

tend to restack irreversibly to form multi-layer graphene nanosheets, and then the multi-layer graphene 

nanosheets, as the basic structural unit, further interconnect to form a hierarchically macroporous scaffold 

via self-assembly after a certain period of time. The as-received 3D-G electrode was composed of 

multi-layer graphene nanosheets, leading to the smaller specific surface area of 188.32 m
2 

g
-1 

compared with 

graphene foam (850 m2 g-1),28 however, ensuring inflexibility of the 3D-G electrode. The prepared 3D-G 

base can independently serve as the anode in MFC reactor and has the capability of improving 

electrogenesis. 

2. Materials and methods 

2.1. Preparation of the 3D-G anode 

The graphite oxide and 2D graphene nanosheets were prepared by the method described by Marcano et 

al.30
 In order to prepare the 3D-G, high concentration of graphene solution was necessary. Firstly, 0.5 g of 

graphite oxide was dispersed in 100 mL deionized water in a 100 mL beaker, exfoliated in a Sonifier 

(KQ500DA, Kunshan, China) for 3 h at 400 W, followed by addition of 0.6 mL 85% hydrazine hydrate and 

then reacted for 1 h at 90°C to obtain high concentration of graphene solution. Secondly, self-assembly 

process was conducted statically for 12 h at 30°C, and then the monolithic 3D-G electrode filled with water 
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was obtained, wherein enough time and moderate temperature were very critical. The schematic diagram of 

self-assembly process was showed in Scheme S1. Subsequently, the as-received 3D-G macro-assembly was 

pre-frozen at -60°C for 24 h, vacuum-freeze-dried for 24 h (Freezone 1L, Labconco, USA), and finally the 

3D-G macro-assembly was gained. The 3D-G anode was obtained by cutting to the size of 30 mm × 5 mm 

(diameter × thickness). All the reagents above were in analytical grade. 

2.2. Setup and operation 

The air−cathode single chamber MFC reactor with an internal volume of 28 mL was used in this study as 

previously reported.31
 The GF (Beijing Sanye Carbon Co., Ltd) and non-watertight CC (HCP 330N, 

Shanghai Hesen Electric Co., Ltd) anodes with the same diameter (30 mm) were used as the controls. The 

cathode was made by applying platinum powder (0.5 mg cm-2 Pt, Hispec 3000, Shanghai Hesen Electric Co., 

Ltd) and four diffusion layers (polytetrafluoroethylene, PTFE) on a 30 wt% watertight CC (HCP 330P, 

Shanghai Hesen Electric Co., Ltd) as previously described.
32

 The MFC reactor was inoculated with 14.0 mL 

effluent from the existing well-running MFC reactor (originally seeded with Taihu Lake sediment, China) of 

our lab. The reactor was fed with a culture medium with a conductivity of 7.0 mS cm-1 (EC300A, Ecosense), 

which contained 1 g L-1 sodium acetate, 2.77 g L-1 NaH2PO4·2H2O, 11.40 g L-1 Na2HPO4·12H2O, 0.31 g L-1 

NH4Cl and 0.13 g L-1 KCl, followed by addition of 5 mL L-1 vitamin and 12.5 mL L-1 trace mineral. 

Vitamins and trace minerals were prepared as previously described.
31

 The pH was adjusted to 7.0. The 

conventional electrodes such as CC and GF were selected as the controlled anodes in this study. All the 

MFC reactors were conducted with batch mode and the temperature was maintained at 30 ± 1°C. When the 

outputted voltage declined to below 20 mV across an external resistance of 1 kΩ, a complete cycle was over. 

2.3. Analysis 

The morphology of the bare and cultured anodes was imaged using scanning electron microscopy (SEM, 

S-4800, Hitachi). Before SEM observation, the cultured anodes were immersed in 2.5% glutaraldehyde 
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solution for 1.5 h at 4°C, chemically dehydrated using graded ethanol, and finally dried in air.33
 Nitrogen 

adsorption/desorption isotherm was tested with a commercial specific surface area and porosity analyzer 

(ASAP 2020, Micromeritics Instrument) at 77 K. The specific surface area was calculated using 

Brunauer-Emmett-Teller (BET) equation.34
 Raman spectra of the 2D graphene nanosheets and 3D-G were 

recorded at 532 nm with a spectrograph (Renishaw).35
 Atomic force microscopy (AFM, Dimension Icon, 

Bruker) image was taken in the tapping mode with standard silicon nitride tips. 50 mg of graphene was 

dissolved in 5 ml N-Methylpyrrolidone, ultrasonically treated for 5 min, and the 3D-G dispersion solution 

was obtained. 1 µL dispersion was transferred onto the mica plate, and air-dried for 24 h.36
 The adhesion of 

cells on various anodes was imaged by confocal laser scanning microscopy (CLSM, ZEISS LSM 710). The 

fluorochrome of SYTO 63 (20 µmol L-1) was used to stain the total cells. After staining, the samples were 

incubated for 30 min at room temperature in darkness, and washed twice with 0.05 mol L-1 phosphate buffer 

solution (PBS) to remove the extra stain. The CLSM image was taken in multi-track mode, and the 

excitation and emission wavelengths were 638 and 650-700 nm.37 

Cell voltage (mV) was automatically recorded using a data acquisition unit (34972A, Agilent). All the 

electrochemical analysis was performed using an electrochemical workstation (CHI660D, Shanghai 

Chenhua Instruments Co., Ltd) with a three-electrode model, wherein the anode served as the working 

electrode, Pt wire with the size of 0.5 mm × 37 mm (diameter × length) (Wuhan Gaoss Union Science and 

Technology Co., Ltd) was as the counter electrode and saturated calomel electrode (SCE, type of 232, 

0.2244 V vs. SHE, Shanghai Leici) was as the reference electrode. In this study, the electrochemical test in 

abiotic system was also performed in the MFC reactor, rather than in the special electrochemical cell, for the 

purpose of making the testing result closer to the actual system. Polarization and power density curves were 

measured using linear scanning voltammetry (LSV) at a scanning rate of 1 mV s
-1

,
38

 meantime, the 

individual electrode potential was recorded by another electrochemical workstation. The current density and 
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power density were calculated based on the literature.39
 The biomass density was determined by 

lipid-phosphorus method.
40

 After operation, the cultured anode was removed from the MFC reactor, then cut 

most of the cultured anode for phospholipid analysis. The remainder of cultured anode was used for SEM 

and CLSM analysis. 

Using oxygen as electron acceptor, coulombic efficiency (CE) was calculated based on the chemical 

oxygen demand (COD) removal with a method described by Kim et al.41 COD was determined using the 

standard method.
42

 Electrochemical impedance spectroscopy (EIS) was conducted in both abiotic system 

and biotic system over a frequency range of 1 × 105 to 0.005 Hz under open-circuit voltage, with a 

sinusoidal perturbation amplitude of 10 mV.43
 The turnover cyclic voltammetry (CV) was performed after 

the outputted voltage approached a stable plateau. To avoid interference, the culture medium free of sodium 

acetate and mineral solution was used during non-turnover CV at a scanning rate of 1 mV s-1.44
 Tafel plot 

was recorded under a scanning rate of 1 mV s
-1

.
45

 Before electrochemical measurement, all the MFC reactors 

were operated in open-circuit mode for over 1 h. All the tests in biotic system were conducted in triplicate 

based on the three consecutive operation cycle, and the mean values were reported. 

3. Results and discussion 

3.1. Physicochemical characteristics of the 3D-G electrode 

The as-received 3D-G electrode (≈ 30 mm in diameter) displayed a macrostructure of honeycomb 

texture (Fig. 1a), and had the capability of supporting a weight of 100 g without deformation (Fig. 1b), 

providing a mechanically stable scaffold compared with elastic graphene foam.26, 28 SEM images revealed 

that the 3D-G electrode consisted of crumpled graphene nanosheets (Fig. 1c and d). Compared to transparent 

mono-layer graphene nanosheets,46 it was speculated that the crumpled graphene nanosheets in multi-layer 

were the structural basis for the monolithic 3D-G electrode with inflexibility. There were ample interspaces 

with dozens of microns (in Fig. 1c and d) between the multi-layer graphene nanosheets, which 
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interconnected in white circles (Fig. 1d), ensuring the 3D-G electrode macroporous structure and as a whole. 

Because interspace in the 3D-G electrode was much larger than bacteria (1-2 µm), bacteria can easily diffuse 

in and colonize on/within the 3D-G electrode and efficiently make use of the available area for the attached 

growth of biofilm. In addition, such macroporous structure guaranteed unhindered substrate transport. The 

CC control was composed of carbon fibers arranged densely (Fig. 1e), resulting in smaller interspace 

between the carbon fibers, so the bacteria cannot easily enter into inside of the CC to form biofilm. For that 

reason, it was considered to be the 2D control in this study. The GF control consisted of graphite fibers with 

interspace of ≈ 50 µm (Fig. 1f), which is large enough for bacteria to be adhered without mass transfer 

limitation. And, it was regarded as the 3D control. 

The BET specific surface area for the 3D-G electrode was 188.32 m2 g-1, based on nitrogen 

adsorption-desorption isotherms (Fig. S1). This value was much less than the reported surface area of the 

mono-layer graphene (2600 m
2 

g
-1

), likely resulting from the 3D-G electrode composed of multi-layer 

graphene nanosheets. However, it was much larger than those of the CC and GF controls, and its total 

surface area was approximately 72 and 157 times of those for the GF and CC controls (Table 1). It was 

worth noting that the 3D-G electrode held inflexibility at the cost of specific surface area. EIS was applied to 

analyze the resistance distribution of the bare anode in 1 mol L-1 KCl containing 0.05 mol L-1 K3[Fe(CN)6] 

(Fig. 2a), and it assumed that the anode reaction was affected by both reaction kinetics and diffusion. A 

Randle equivalent circuit was usually chosen to model the complex impedance, in which the charge transfer 

resistance (Rct) at the electrode/electrolyte interface was equal to the diameter of the semicircle.47
 The 

Nyquist plot of the CC control represented a well-defined frequency-dependent semicircle impedance curve 

over high frequency followed by straight line, but the GF and 3D-G electrodes had no defined semicircle. 

The smaller Rct indicated a faster electron-transfer rate between electrode and electrolyte.
43

 By fitting the 

data of Nyquist plot using Zview program, the solution resistance (Rs) was of little difference between the 
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three anodes. However, the Rct, representing the resistance of electrochemical reaction, behaved differently 

(Table 1). Rct of the 3D-G anode was only 0.8 Ω, compared with 65.9 Ω of the CC and 1.1 Ω of the GF, 

indicating the higher electrochemical reaction rate due to good conductivity, macroporous structure and 

large specific surface area. With the same projected area (7 cm2), the 2D-CC control had the smallest total 

surface area relative to the 3D-G and GF (Table 1), leading to the smallest effective contact area for Fe2+ or 

Fe3+ as well as the highest Rct. 

The significant structural change from the 2D-graphene to the 3D-G was reflected in Raman spectra (Fig. 

2b), showing two peaks at ≈ 1350 cm-1 and ≈ 1580 cm-1. They corresponded to the D and G bands of carbon 

material presenting disordered and graphitic phases. The G peak resulted from the bond stretching of all 

pairs of sp2 atoms in both rings and chains, and the D peak resulted from the breathing modes of sp2 atoms 

in rings. When the 2D-graphene nanosheets restacked by hydrophobic force and π-π stacking to form 

multi-layer graphene nanosheets, the structure with defect and disorder was introduced, causing an increase 

in intensity ratio of the D peak to G peak.48
 Mono-layer graphene nanosheets were atomically flat with a 

well-known van der Waals thickness of ≈ 0.4 nm.49
 AFM image of the bare 3D-G revealed that the crumpled 

multi-layer graphene nanosheets held a thickness of around 20-60 nm (Fig. 3), approximately equivalent to 

50-150 layers, and gave the obtained 3D-G monolithic structure and inflexibility. 

3.2. MFC performance 

Over about 170 h, the outputted voltages of all the MFC reactors reached stable across an exterior loading 

of 1 kΩ, indicating a successful start-up (Fig. S2). After 2 weeks of operation, the MFC reactors with the 

3D-G anode outperformed with the maximum power density (Pmax) of 1516 ± 87 mW m-2, followed by the 

GF (877 ± 57 mW m-2) and CC (584 ± 39 mW m-2) controls (Fig. 4a). After 2 months of operation, the Pmax 

of reactor with the 3D-G anode as well as the GF and CC controls decreased by 15%, 17% and 22% (Fig. 

4c), possibly due to biofouling of the Pt/C cathode.50
 The cathode potentials were nearly similar in various 
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MFC reactors, however, the anode potentials were quite different, indicating that the anode performance was 

responsible for the difference in power generation (Fig. 4b and d). Normalized to the cost of anodes, the Pmax 

in the 3D-G reactor climbed to 191 ± 15 mW $-1, which was 133 and 93 times of those for CC and GF 

controls (based on manufacturing cost of the 3D-G and purchase price of the CC and GF, in one operation 

cycle). Therefore, considering the economic factor, the 3D-G anode had more advantages. 

The morphology of bio-anode was imaged by SEM method. As shown in Fig. 5, the biofilm matrix of 

rod-shaped bacteria interweaved and fully coated the exterior and interior of the 3D-G anode (Fig. 5a and b), 

implying that the macropore provided more sites for bacteria growth, which also contributed to the larger 

Pmax. Although the rod-shaped bacteria in the CC and GF controls were also observed, the number of 

bacteria was obviously different (Fig. 5c, d and e). The analysis result of biomass showed that the biomass 

density on the 3D-G anode (7.4 µg-P cm-2) was much higher than those on the CC (1.3 µg-P cm-2) and GF 

(2.4 µg-P cm
-2

) anodes. Accordingly, COD removal and CE mainly associated with the biomass density 

highly performed in the 3D-G reactor (93 ± 13% for COD removal and 38 ± 3% for CE), COD removal was 

87 ± 5% for CC and 90 ± 7% for GF, CE was 27 ± 2% for CC and 34 ± 3% for GF, indicating that the 3D-G 

anode had the capability of holding higher biomass loading due to high surface area and macroporous 

structure. 

The total cells were imaged by CLSM and shown in Fig. 6. Due to plane structure of the 3D-G anode by 

seamlessly continuous multi-layer graphene nanosheets, the total cells on its exterior or interior displayed 

continuous and dense (Fig. 6a and b). The total cells on the CC control, with the carbon fibers closed tightly 

together and the smaller interspace, were continuous, but thin (Fig. 6c). The bacterial cells in the exterior 

and interior of the GF control were also observed, but being relatively fragmented and thin compared with 

the 3D-G anode (Fig. 6d and e). The distribution of total cells was closely related to the anode morphology 

and conformed to the result of biomass density. 
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3.3. Electron transfer kinetics 

CV scanning under turnover condition was used to investigate the bioelectrocatalytical activity of the 

bio-anode, whereas non-turnover CV scanning was applied to identify the presence of redox species 

adsorbed on the anode when substrate (such as acetate) was exhausted.44 CV curve of the bare and cultured 

anodes, conducted under a low scan rate of 1 mV s-1 to allow the resolution of closed redox peaks,51
 was 

shown in Fig. 7. The formal potentials of different redox species viewed were summarized in Table 2. No 

redox peaks was observed in CV curve of the bare anodes (Fig. 7a), demonstrating that there was no redox 

species in anolyte. In CV curve of the CC control under non-turnover condition, two Faradaic signals with 

the formal potentials of about -0.29 ± 0.02 V and 0.54 ± 0.04 V were obvious corresponding to redox 

transformation of electrochemically active species (Fig. 7b). Two sets of redox peaks with the formal 

potentials of -0.39 ± 0.02 V and 0.56 ± 0.05 V were also perceived on CV curve of the CC control under 

turnover condition (Fig. 7c). The formal potential for Cytochrome c (Cyt c) involved in EET varied with the 

different growth stages and operation conditions (e.g., pH, temperature, substrate, ion concentration), and 

the redox species corresponding to the formal potential from – 480 to 18 mV may all be Cyt c in previous 

studies.28, 52-56 It was speculated that the two redox species with the formal potential of about -0.29 ± 0.02 V 

(non-turnover) and -0.39 ± 0.02 V (turnover) may be the same type of Cyt c involved in EET, mainly 

because (i) the redox species was not to evolve from one substance into another within a short period of time, 

and (ii) the formal potential would decline due to the constant electron supply from acetate oxidation under 

turnover condition (-0.29 ± 0.02 V > -0.39 ± 0.02 V). The redox species with the formal potential of 0.54 ± 

0.04 V (non-turnover condition) or 0.56 ± 0.05 V (turnover condition) may be the same redox species, which 

was secreted by bacteria and not engaged in EET (its potential was higher than the anode potential). 

Three sets of redox peaks with the formal potential of -0.16 ± 0.01 V, 0.10 ± 0.01 V and 0.47 ± 0.06 V 

were observed on CV curve of the GF control under non-turnover condition (Fig. 7b). Similarly, the redox 
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species with the formal potential of -0.16 ± 0.01 V and 0.10 ± 0.01 V under non-turnover condition belonged 

to Cyt c involved in EET and corresponded to those of -0.46 ± 0.03 V and 0.13 ± 0.01 V under turnover 

condition (Fig. 7c). Three sets of redox peaks with the formal potential of -0.40 ± 0.03 V, -0.09 ± 0.01 V and 

0.49 ± 0.06 V were also observed on CV curve of the 3D-G anode under non-turnover condition (Fig. 7b), 

corresponding to -0.43 ± 0.04 V, -0.22 ± 0.02 V and 0.53 ± 0.07 V under turnover condition (Fig. 7c). 

In addition, there was a relatively larger difference between the formal potential of redox species involved 

in EET under non-turnover or turnover condition, and smaller difference between the formal potential of 

redox species not involved in EET under non-turnover or turnover condition in general (Table 2). For 

example, the difference of the formal potential was 0.1 V for P1 and 0.02 V for P2 in CV scanning of the CC, 

0.3 V for P1, 0.03 V for P2 and 0.06 V for P3 in that of the GF, and 0.03 V for P1, 0.13 V for P2 and 0.04 V for 

P3 in that of the 3D-G. The reason may be that the redox species involved in EET accepted electrons under 

turnover condition, but not accepted electrons under non-turnover condition. However, for the redox species 

not involved in EET, they seldom accepted electrons under both non-turnover condition and turnover 

condition, and the formal potential showed a little change. 

Further, the peak current density of the 3D-G anode under turnover condition was greater than those of 

the CC and GF controls (Fig. 7 and Table 2), illustrating that the bioelectrocatalytical activity or the 

efficiency of EET on the 3D-G anode was the highest. The peak current density under turnover condition 

was obviously greater than that under non-turnover condition due to lack of acetate (Table 2). It was worth 

noting that Cyt c was not identified as the specific type based on the formal potential due to mixed culture in 

the present study. 

Based on the Tafel curve (Fig. 8a), the electron transfer kinetics on the bio-anode was studied in terms of 

the exchange current density (i0) and Tafel slope. The polarization behavior revealed that the i0 followed the 

order of 3D-G > GF > CC (Table 3), which was consistent with the order of the Pmax. However, the ratio of 
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the Pmax was far less than that of the i0, which illustrated that the difference between catalytic current 

resulting from the exterior potential change was larger than that from the intrinsic biologically metabolic 

reaction. Values of the Tafel slope increased to 0.041 ± 0.006 V dec-1 in the CC control and to 0.034 ± 0.004 

V dec-1 in the GF control from 0.028 ± 0.003 V dec-1 in the 3D-G reactor (Table 3). A larger i0 and a smaller 

Tafel slope indicated the higher rate of bioelectrochemical reaction and efficiency of EET on the 3D-G 

interface.57
 Fig. 8b presented the Nyquist plot for the three different cultured anodes, each of which showed 

a semicircle without a straight line following it, demonstrating that the electrode reaction was controlled by 

the charge transfer step.43
 There was little difference in Rs values of the various MFC reactors, however, the 

Rct changed greatly with decreasing to 5.2 ± 0.7 Ω in the 3D-G reactor from 29.8 ± 4.3 Ω in the CC control 

and from 8.3 ± 1.2 Ω in the GF control (Fig. 8b and Table 3). The bioelectrochemical reaction rate was 

inversely proportional to the Rct.
58

 Therefore, the smaller value of the Rct on the 3D-G electrode interface 

revealed that the bioelectrochemical reaction rate or efficiency of EET was enhanced greatly, which may be 

attributed to superior performance of the 3D-G anode, such as good conductivity, large specific surface area 

and macroporous structure. 

4. Conclusion 

The 3D-G base, prepared by self-assembly method in the present study, can independently serve as the 

anode in MFC system and had the capability of improving electrogenesis. The prepared 3D-G anode 

presented inflexibility, macroporous structure, crumpled surface, high specific surface area and good 

conductivity. It benefited for the colonization of bacteria, and further increased the efficiency of EET. The 

Pmax was 1516 ± 87 mW m-2 in the 3D-G reactor, higher than those in the GF and CC controls after 2 weeks 

of operation. Normalized to the cost of anodes, the huge superiority of the 3D-G was demonstrated with the 

Pmax higher 2-3 magnitude than the GF and CC controls. The 3D-G anode with superior performance and 

low cost would powerfully promote the practical application of MFC as well as open up a new way for the 

Page 13 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

application of graphene in other domains. 
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List of figure captions 

Fig. 1. Photographic images of the bare 3D-G electrode (a, b). SEM images of the bare 3D-G electrode (c. 

exterior and d. interior) as well as the CC (e) and GF (f) controls. 

Fig. 2. Nyquist plots (a) of the bare anodes in a mixture of 1 mol L-1 KCl with 0.05 mol L-1 K3[Fe(CN)6], the 

inset were the equivalent circuit and high-frequency part of the result. Raman spectra of the 2D graphene 

and 3D-G (b). 

Fig. 3. AFM topographic image (a) and height profile (b) of the bare 3D-G electrode. 

Fig. 4. Power density curves (a, c) and electrode potential curves (b, d) of the different MFC reactors. 

Fig. 5. SEM images of the cultured 3D-G anode (a. exterior and b. interior), the cultured CC control (c), and 

the cultured GF control (d. exterior and e. interior) after operation. 

Fig. 6. CLSM images of the total cells in the cultured 3D-G anode (a. exterior and b. interior), the cultured 

CC control (c), and the cultured GF control (d. exterior and e. interior) after operation. 

Fig. 7. CV curves of the bare (a) and cultured (b. non-turnover and c. turnover) anodes. 

Fig. 8. Tafel curves (a) and Nyquist plots (b) of the different cultured anodes, the inset in Fig. 8b was the 

equivalent circuit. 
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Table 1. The physiochemical parameters and different resistances of the bare anodes. 

Anodes BET (m2 g-1) Total surface area (m2) Rs (Ω) Rct (Ω) 

CC 0.28 0.06 3.3 65.9 

GF 0.19 0.13 3.6 1.1 

3D-G 188.32 9.41 2.7 0.8 
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Table 2. The formal potentials (V) and peak current densities of oxidation reaction (mA cm-2) in CV curves 

of the various cultured anodes.
a
 

CV 

modes 

 

CC GF 3D-G 

P1 P2 P1 P2 P3 P1 P2 P3 

Non-turnover 
-0.29±0.02 

(0.013±0.001) 
0.54±0.04 

-0.16±0.01 

(0.057±0.006) 

0.10±0.01 

(0.074±0.008) 
0.47±0.06 

-0.40±0.03 

(-0.013±0.001) 

-0.09±0.01 

(0.033±0.002) 
0.49±0.06 

Turnover 
-0.39±0.02 

(0.12±0.01) 
0.56±0.05 

-0.46±0.03 

(0.072±0.006) 

0.13±0.01 

(0.20±0.02) 
0.53±0.05 

-0.43±0.04 

(0.19±0.02) 

-0.22±0.02 

(0.24±0.02) 
0.53±0.07 

aValues were given as mean values ± standard deviation (n = 3). The contents in the bracket were peak 

current densities of oxidation reaction (mA cm-2), listed only involved in EET. 
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Table3. The parameters of electron transfer kinetic in various cultured anodes.a 

Anodes i0 (mA cm-2) Tafel slope (V dec-1) Rs (Ω) Rct (Ω) 

CC 0.013 ± 0.002 0.041 ± 0.006 17.9 ± 2.3 29.8 ± 4.3 

GF 0.090 ± 0.010 0.034 ± 0.004 17.6 ± 2.5 8.3 ± 1.2 

3D-G 0.220 ± 0.030 0.028 ± 0.003 17.8 ± 2.8 5.2 ± 0.7 

aValues were given as mean values ± standard deviation (n = 3). 
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Fig. 1 

Page 22 of 30RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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For TOC use only 

 

 

 

Text highlighting our work:  

The monolithic 3D-G with inflexibility, macroporous structure, crumpled matrix, good conductivity and low 

cost enhanced electrogenesis of MFC. 
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