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Abstract
In this paper, a graphene/Fe2O3 (G/Fe2O3) modified anode was prepared through a simple one-step hydrothermal reduc-
tion method to improve the performance of microbial fuel cell (MFC). The power density of MFC with the G/Fe2O3 anode 
was 334 ± 4 mW/m2, which was 1.72 times and 2.59 times that of MFC with a graphene anode and an unmodified anode, 
respectively. Scanning electron microscopy and iron reduction rate experiment showed that G/Fe2O3 materials had good 
biocompatibility. Furthermore, microbial community analysis results indicated that the predominant populations on the anode 
biofilm belonged to Enterobacteriaceae, and the abundance of Desulfovibrio increased in the presence of the Fe2O3. Thus, 
the combination of graphene and Fe2O3 provided high electrical conductivity to facilitate extracellular electron transfer (EET) 
and improved biocompatibility to promote the cable bacteria formation and enhance electron transport efficiency over long 
distances. Therefore, G/Fe2O3 is an effective anode material for enhancing the performance of MFCs.
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Introduction

Microbial fuel cells (MFCs) represent a green energy con-
version technology [1]. In MFCs, exoelectrogenic bacteria 
are used to recover the chemical energy stored in biodegrad-
able organic materials for conversion into electrical energy 

[2]. They have great potential for simultaneously address-
ing the needs for energy regeneration and organic waste 
treatment [3]. Electrons are transferred through an anode 
and passed through an external circuit to reach a cathode. 
Protons released from the substrates diffuse across an ion 
exchange membrane into a cathode compartment where they 
subsequently combine with the final electron acceptor, such 
as molecular oxygen, to form water; circuit and electricity 
generation are completed via the redox reaction process [4, 
5]. Therefore, efficient extracellular electron transfer (EET) 
at the anode is crucial in MFCs. EET can be affected by the 
type and composition of anode materials [6]. Carbon felt 
(CF) [7], carbon cloth (CC) [8], and carbon paper (CP) [9] 
are commonly used as anode materials because they are rela-
tively stable and have good electrical conductivity. Graphene 
has a large specific surface area, high electronic conductiv-
ity, and excellent mechanical strength [10, 11], so it can be 
used to modify electrodes and improve MFC performance 
[12]. However, it has been reported that electrochemically 
active bacteria and graphene are negatively charged; conse-
quently, an electrostatic repulsion can be generated between 
the bacteria and graphene. This phenomenon leads to a 
lower number of bacteria attached on the graphene surface, 
which eventually ceases the bacterial growth [13].
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Molecular simulations and a series of experiments have 
revealed the behavior of electron transfer from the OM 
c-Cyts to minerals containing Fe (III) in vitro and in vivo 
[14, 15]. Therefore, MFC performance has been improved 
through the addition of ferric iron [16]. The insoluble metal 
Fe2O3, a bioavailable Fe (III) oxide, has high affinity for 
C-type dehydrated cytochromes (OmcA and MtrC) on 
the outer membrane of the Shewanella species [17], and 
enhances electrical output and increases maximum power 
density [15, 18]. However, the poor conductivity of Fe2O3 
limits the further improvement of MFC performance. Thus, 
the effective combination of graphene with good electronic 
conductivity and Fe2O3 with good biocompatibility can pro-
vide advantages and improve the performance of MFC.

In this study, graphene/Fe2O3 (G/Fe2O3) materials were 
used to modify the anode through solvothermal reduction 
method. MFCs with graphene and unmodified anode were 
used as control. Material characteristics were determined 
through scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). 
The electrochemical capabilities of different anodes were 
also characterized through cyclic voltammetry (CV). The 
microbial community structures of the anode biofilms in 
MFCs were further analyzed by employing Illumina high-
throughput sequencing.

Materials and methods

Electrode preparation

CF was immersed in 1 mol L−1 HCl and 1 mol L−1 NaOH for 
24 h to remove metal impurities and organics, respectively. 
Then, CF was washed several times with deionized water 
to ensure that its surface was clean. The G/Fe2O3 prepa-
ration method was based on the report of Jin et al. [19]. 
Briefly, 200 mg of graphene oxide (GO) (Hunan Fenghua 
Material Development Co., Ltd.) was added to 80 mL of eth-
ylene glycol (EG) solution and sonicated for 20 min. FeCl3 
(200 mg) was then added to the homogeneous GO solution 
for 20 min of sonication. Sodium acetate (3.04 g) was added 
to the solution and stirred for 1 h. CF (5 cm × 5 cm, 25 cm2) 
was transferred to a Teflon autoclave with the above solution 
and refluxed in the autoclave at 200 °C for 24 h, and finally 
cooled to room temperature. The G/Fe2O3–CF was washed 
with deionized water and dried at 80 °C. G–CF was also pre-
pared through the same procedures in the absence of FeCl3.

MFC setup and operation

The glass dual-chamber reactor with an effective volume of 
250 mL for anode and cathode chambers was used. A proton 
exchange membrane (Nafion 117; Dupont Co., USA) was 

selected to separate the anode and cathode chambers. A CF 
(5 cm × 5 cm, 25 cm2) was used as the cathode in all the reac-
tors. CF, G/Fe2O3–CF and G–CF were used as the anodes 
of the MFCs. The anodic chamber was inoculated with the 
local anaerobically fermented biomass sludge. The anolyte 
contained 0.31 g/L NH4Cl, 11.53 g/L Na2HPO4·12H2O, 
2.77 g/L NaH2PO4·2H2O, 0.13 g/L KCl, and 2 g/L glucose. 
The catholyte consisted of 13.2 g/L K3[Fe (CN)6], 11.53 g/L 
Na2HPO4·12H2O, 2.77 g/L NaH2PO4·2H2O and 0.13 g/L 
KCl. The MFCs were operated at a 1000 Ω and performed 
in duplicate at 28 ℃.

Iron reduction rate measurement

Iron reduction rate (FER) was measured on the basis of pre-
vious reports [20]. The nutrient solution consisted of (per 
liter of deionized water): 2.5 g NaHCO3, 0.1 g KCl, 0.6 g 
NaH2PO4·2H2O, 1.5 g NH4Cl, 2.2 g glucose and 7.3 g ferric 
citrate. The sterilized nutrient solution was distributed into 
a 100 mL anaerobic bottle (effective volume of 40 mL per 
bottle). Oxygen was removed by blowing pure N2 for 10 min 
to create an anaerobic environment. At the end of the experi-
ment, the anode was taken out and vortex oscillation was 
performed in distilled water to obtain a bacterial suspension. 
Next, 5% (V/V) of the bacterial suspension was inoculated 
to anaerobic bottle and incubated at 28 °C. The samples 
were taken every 12 h. Ferrous content was analyzed and 
measured with the phenanthroline method [21].

Analytical method

The crystal structures of the samples were investigated by 
X-ray diffraction (XRD; Rigaku Smartlab 3 kW) using a 
Cu-Kα radiation source ranging from 5° to 80° at a scan 
rate of 10° min−1. The morphological characteristics of G/
Fe2O3 were analyzed by transmission electron microscopy 
(JEM-2100F, Japan). The surface morphologies of the 
anodes were investigated by SEM and coupled energy dis-
persive spectroscopy (SEM–EDS; JSM-5900, Japan). Volt-
ages were continuously monitored using a precision multi-
meter and a data acquisition system (Keithley Instruments 
2700, USA). Polarization curve and output power curves 
were then constructed by discharging the cell with external 
resistor values from 50 to 5000 Ω [22]. Internal resistance 
was calculated by the polarization slope method. CV was 
performed on a potentiostat (CHI660E Chenhua Instrument 
Co., China) in a three-electrode configuration. The test range 
was − 1000 to 200 mV and the scan rate was 10 mV/s. The 
anode was used as the working electrode, while the cath-
ode and Ag/AgCl was used as the counter and the reference 
electrodes, respectively. Genomic DNA was extracted using 
Power Soil®DNA Isolation Kit (MO BIO Laboratories Inc., 
Carlsbad, CA, USA) in accordance with the manufacturer’s 
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protocol. Illumina high-throughput sequencing was per-
formed by Majorbio (Shanghai, China).

Results and discussion

Characterizations

The crystal structure of G/Fe2O3 was characterized by 
XRD (Fig.  1a). The characteristic peaks were found 
at 2θ = 33.2°, 35.6°, 40.9°, 49.5°, 54.1°, 57.4°, 62.4°, 
64.0° and 75.4° corresponded to Fe2O3 crystals (JCPDS, 
No.33–664). Graphene showed a hump-shaped peak at 
24.1°, which originated from the (002) diffraction [23]. 
This result indicated that Fe2O3 nanoparticles were suc-
cessfully loaded onto graphene. Raman spectroscopy was 
also performed to investigate the carbon structure of G/
Fe2O3 (Fig. 1b). The Raman spectrum of GO showed two 
main characteristic peaks at 1350 cm−1 and 1606 cm−1 that 
corresponded to the D band and the G band, respectively. 
The D band and G bands of G/Fe2O3 were also observed 

in Raman spectroscopy. The intensity of the D band was 
strongly associated with the breathing mode of the k-point 
phonon and the G band was attributed to the E2g phonon 
from sp2 carbon atom [24, 25]. In comparison with the 
intensity ratio (ID/IG) of GO, ID/IG of the G/Fe2O3 com-
posite increased from 0.85 to 1.12; this increase demon-
strated the successful reduction of GO and the formatting 
of multilayer graphene sheets by hydrothermal process 
[26]. The TEM image (Fig. 2a) showed that the Fe2O3 
microspheres with a diameter of approximately 20 nm 
were closely packed in a thin wrinkle "paper-like" group 
of graphene nanosheets; this observation was consistent 
with previous reports [27]. It can be seen from the SEM 
image that the fiber of bare CF (Fig. 2b) was smooth. The 
rumpled graphene exhibited the typical structure of aggre-
gated and stacked sheets on the G–CF fibers (Fig. 2c), 
while the aggregation tendency of graphene weakened in 
the presence of Fe2O3 (Fig. 2d). In addition, G/Fe2O3 and 
graphene were successfully loaded on the CF in Fig. 2.

MFC performance

Three reproducible voltage cycles were obtained in all 
MFCs (Fig. 3). The voltage of MFCs rapidly increased 
upon the replacement of the fresh culture media, remained 
steady value for a period time, and gradually decreased 
because of substrate depletion in all the MFCs. The MFC 
with G/Fe2O3–CF achieved a maximum stable voltage of 
590 ± 5 mV, whereas the MFCs with G–CF and CF had 
maximum stable voltages of 555 ± 6 mV and 490 ± 6 mV, 
respectively.

The maximum power density (Pmax) and polarization 
curves of the different MFCs were determined after 2 days 
of experimentation (Fig. 4). The slope of the polariza-
tion curve reflected the internal resistance of the MFCs 
(Table 1). The MFC with G/Fe2O3–CF generated the high-
est Pmax of 334 ± 4 mW/m2, followed by that of the MFC 
with G-CF (194 ± 3 mW/m2). The MFC with CF (129 ± 4 
mW/m2) generated the lowest Pmax. The Pmax of MFC with 
G/Fe2O3-CF was 1.72 and 2.59 times that of the G-CF and 
CF. Internal resistance was calculated on the basis of the 
polarization curve. The lowest internal resistance (320 ± 5 
Ω) was observed in the G/Fe2O3–CF group, followed by 
the MFC with G–CF (600 ± 4 Ω), while the MFC with CF 
had the highest internal resistance (666 ± 6 Ω). The inter-
nal resistance of the MFC with CF was 1.11 times and 2.08 
times that of the MFCs with G–CF and the G/Fe2O3–CF, 
respectively. These results showed that the G/Fe2O3–CF 
successfully increased the output power and reduced the 
internal resistance of the MFCs.

Fig. 1   a XRD pattern of G/Fe2O3 and b Raman spectra of GO and G/
Fe2O3
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Electrochemical characterization

CV measurements (Fig. 5) were conducted in the MFC 
reactor during a steady voltage period to study the elec-
trochemical behavior of the anode. The maximum visible 
current of the positive (3.8 mA) and reverse (− 4.8 mA) 
scans of the CF anode was lower than that of the G–CF 
bioanode (6.2 mA and − 6.3 mA) likely because of the high 
electrical conductivity of graphene. The MFC with the G/
Fe2O3–CF showed the highest anodic current (10.6 mA and 
− 12.4 mA). This result indicated that Fe2O3 was also ben-
eficial to the improvement of the electron transfer capability 
of the anode.

Iron reduction rate

During the first 24 h of incubation, Fe (II) concentration 
accumulated slowly in all groups (Fig. 6). The rapid increase 
in Fe (II) concentration during a later period might be due 
to microbial growth and enrichment in the first 24 h. The 

Fig. 2   TEM images of a G/Fe2O3 and SEM images of b CF c G-CF, and d G/Fe2O3-CF

Fig. 3   Voltages of MFCs with CF, G-CF, and G/Fe2O3-CF over three 
cycles
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cumulative Fe (II) concentrations in G–CF and CF were sig-
nificantly lower than that in the G/Fe2O3–CF in 72 h. The 
FER of the G/Fe2O3–CF was 3.04 ± 0.1 mg L−1 h−1, whereas 
the FER of the of G–CF and CF groups was 1.80 ± 0.1 mg 
L−1  h−1 and 1.69 ± 0.15  mg L−1  h−1, respectively. The 
highest FER was obtained by the microorganisms in G/
Fe2O3–CF. The FER reflects the ability of microorganisms 
to transfer electrons [21]. The results also demonstrated that 
G/Fe2O3–CF was beneficial to the enhancement of the elec-
tron transfer of the MFC system.

Bacterial community structure of biofilms in MFCs

The surfaces of the biofilms were analyzed by SEM at the 
end of the experiment (Fig. 7). The biofilm on CF was 
loose, the biofilm on G–CF thickened, and the biofilm on 
G/Fe2O3–CF was dense likely because of the good conduc-
tivity and biocompatibility in the presence of graphene and 
Fe2O3. Therefore, the affinity between the microorganisms 
and the anode could be enhanced.

The microbial communities in biofilms on different 
MFCs were analyzed at the end of the experiment. At the 
level of the phylum (Fig. 8a), Proteobacteria was the most 
abundant phylum in the microbial communities in all of 
the groups. The second-most abundant phylum was Firmi-
cutes, followed by Bacteroidetes. The relative abundances of 

Fig. 4   a Polarization curve and b output power of MFCs with CF, 
G-CF, and G/Fe2O3-CF

Table 1   Comparison of the parameters of MFCs with different anode 
materials

Anode Maximum stable 
voltage (mV)

Internal resist-
ance (Ω)

Power den-
sity (mW/
m2)

CF 490 ± 6 666 ± 6 129 ± 4
G–CF 555 ± 6 600 ± 4 194 ± 3
G/Fe2O3–CF 590 ± 5 320 ± 5 334 ± 4

Fig. 5   Cyclic voltammetry curves of MFCs with CF, G-CF, and G/
Fe2O3-CF

Fig. 6   The accumulation of Fe (II) with bacteria from CF, G-CF, and 
G/Fe2O3-CF
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Proteobacteria in CF (85.1%) and G/Fe2O3–CF (82.6%) were 
significantly higher than that in G–CF (55.3%), and the rela-
tive abundances of Firmicutes and Bacteroidetes in G–CF 
were higher than the others. Microbial communities were 
also identified at the genus level (Fig. 8b). The main genus 

included Enterobacteriaceae, Enterococcus, Cloacibacil-
lus and Desulfovibrio. Among them, Enterobacteriaceae 
had the highest relative abundance, and the members of this 
genus are exoelectrogenic bacteria with the ability to transfer 
electrons to the electrodes [28]. The relative abundances of 

Fig. 7   SEM images of biofilms in a CF b G-CF, and c G/Fe2O3-CF at the end of the experiment

Fig. 8   Relative abundance of 
bacterial phylum level (a) and 
genus level (b) in biofilms with 
CF, G-CF and G/Fe2O3-CF at 
the end of the experiment
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Enterobacteriaceae was 79.6% in CF, while its abundance 
was only 44.5% in G-CF group. These results were similar to 
those observed in a previous study [29], which found that the 
proportion of Geobacter (well-known exoelectrogenic bac-
teria) in G–CF was lower than that in the control in MFCs. 
The hydrophobicity of graphene [30] reduced its affinity to 
bacterial attachment and affected the enrichment of exoelec-
trogens. However, the relative abundance of Enterobacte-
riaceae in G/Fe2O3–CF (70.8%) was slightly lower than that 
in the CF group but was significantly higher than that in the 
G–CF group. This phenomenon might be due to the good 
biocompatibility of Fe2O3 that contributed to stimulating 
the activity of iron-reducing bacteria, which were mainly 
exoelectrogens [31, 32]. Enterococcus and Cloacibacillus 
maintained a higher abundance in the G-CF than the others. 
Different from the exoelectrogens, Enterococcus and Cloaci-
bacillus belonged to fermentation bacteria, which could use 
sugar to produce small molecular organic acids [33, 34]. 
Exoelectrogens may further utilize these organic acids to 
generate electricity. The introduction of graphene mainly 
provided high electrical conductivity to facilitate EET. The 
relative abundance of Desulfovibrio in the G/Fe2O3–CF 
(6.3%) group was significantly higher than that in the CF 
(2.6%) and G–CF (4.2%) groups. Desulfovibrio has been 
reported to be cable bacteria [35], which was filamentous 
bacteria that transport electrons across distances of several 
centimeters and connect spatially separated electron donors 
and acceptors [36]. Notably, the semiconductor properties 
of Fe2O3 are favorable to long-distance EET [37]. There-
fore, the semiconductive iron oxides in G/Fe2O3–CF likely 
acted as electron conduits between bacterial cells and distant 
electron acceptors such as the electrodes and then provided 
adequate conditions for Desulfovibrio growth during the 
electricity generation.

MFC anodes can be modified using graphene-based 
materials with or without binders. The main binders are 
polymeric materials and metal oxide materials. PANI is a 
polymer commonly used to functionalize anodes [38]. The 
remarkable enhancement in MFC might be ascribed to the 
high electrical conductivity of graphene and the large sur-
face of PANI. More importantly, PANI carries a positive 
charge in a neutral environment, which favors the adhesion 
growth of negatively charged bacteria and enhances biocom-
patibility [39]. Metal oxides are mainly semiconductors and 
their composites are applied to the anode modification of 
MFCs [40]. Among several metal oxide semiconductors, 
TiO2 and SnO2 have been widely explored because of their 
unique chemical sensitivity and conductivity. In addition, 
semiconductors are also nontoxic, chemically stable and 
biocompatible [41, 42].

In our study, a novel anode material of G/Fe2O3 compos-
ite was designed. The power density of the MFC with G/
Fe2O3 was lower than that described in several studies [38, 

39, 43] possibly because of our higher reactor volume and 
the absence of Pt as a cathodic catalyst in our study. We also 
noticed that the abundance of Geobacter was significantly 
lower than that reported in a previous work [43] because 
we used different inoculation sources. However, the power 
density of MFC with the G/Fe2O3 was 2.59 times that of 
the control, which was higher than that of MFC with the 
soluble Fe (III) with pure culture (2.13 times [16]) or mixed 
culture (1.23 times [43]). This result showed that graphene-
enhanced the poor conductivity of Fe2O3 in MFCs. Moreo-
ver, the electrode decorated with G/Fe2O3 could be reused 
through a simple one-step hydrothermal reduction, and the 
process of repeated addition of soluble ferric iron could be 
reduced to improve the MFC performance. In addition, the 
enhancement mechanism of the MFC with G/Fe2O3 was dif-
ferent from that of previously reported MFCs. In the MFC 
containing S. oneidensis, the release of flavin as an electron 
shuttle can be promoted by the addition of Fe (III) for elec-
tron transfer [16]. The addition of soluble Fe (III) to the 
mixed culture also increases the abundance of Geobacter on 
the anode biofilm, thereby improving the performance of the 
MFCs [43]. However, in our study, G/Fe2O3 can promote the 
abundance of Desulfovibrio and enhance electron transport 
efficiency over long distances. These effects may be due to 
the synergy between the excellent electronic conductivity 
of graphene and the good biocompatibility of ferric oxide. 
They are also beneficial to the enhancement of electron 
transfer in MFC systems.

Conclusion

In this research, we used a simple one-step hydrothermal 
reduction method to prepare G/Fe2O3-CF. The G/Fe2O3-
CF can effectively increase the voltage and output power 
of the MFC and reduce the internal resistance of the entire 
MFC system. The Pmax of G/Fe2O3-CF was 334 ± 4 mW/
m2, which was 1.72 times and 2.59 times that of G-CF and 
CF, respectively. The internal resistance of G/Fe2O3-CF was 
the lowest (320 ± 5 Ω). Illumina high-throughput sequenc-
ing results showed that microbial communities varied with 
different electrodes. The majority of the predominant popu-
lations on the anode biofilm were affiliated with Enterobac-
teriaceae, the abundance of the Desulfovibrio was enhanced 
in the MFC with G/Fe2O3-CF.
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