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ABSTRACT: Water-dispersed reduced graphene oxide/chitosan oligosaccharide (RGO-CTSO) was prepared by chemical
reduction of graphene oxide and synchronous functionalization with biocompatible chitosan oligosaccharide (CTSO). ζ potential
measurement indicated that RGO-CTSO was highly stable in the acidic aqueous solution. RGO-CTSO was used to modify glassy
carbon electrode (GCE) as the growth template of Escherichia coli (E. coli). The enhanced direct electron transfer of E. coli on the
RGO-CTSO-modified GCE was studied by cyclic voltammetry. Compared with GCE or RGO-modified GCE, RGO-CTSO-
modified GCE was more suitable for the adhesion growth of E. coli to improve direct electron transfer. The biocompatibility and
versatility of RGO-CTSO made it promising for use as an anode material in microbial fuel cells.
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1. INTRODUCTION

Environmental pollution is becoming a more serious problem
caused by the overconsumption of energy based on petroleum
and coal. Microbial fuel cells (MFCs), as a new technology for
developing a clean energy source, have recently attracted a great
deal of attention. However, their development is limited by
sluggish electron transfer between the anode and micro-
organism, which leads to their low energy conversion and
power.1−4 Great efforts have been made to promote electron
transfer between the anode and bacteria.1 For example,
mediators have been used to modify electrodes to enhance
electron transfer in Escherichia coli.5 However, the effect of the
mediator relies on its redox potential, which needs to be lower
than the anode potential and higher than the potential of the
bacterial outer membrane.5,6 In addition, the electrodes
functionalized with a mediator are often unstable.5,6 Electrodes

decorated with nanomaterials may be an efficient avenue for
significantly improving the output power density of MFCs. The
nanomaterials used as the anode of MFCs are required to fit for
adhesion growth of bacteria and have the ability to promote
their direct electron transfer (DET).
Graphene, a new kind of two-dimensional sp2-hybridized

carbon nanomaterial, has various applications: supercapacitors,
lithium batteries, biosensors, fuel cells, etc.7−9 Graphene had
been studied as a kind of anode material for enhancing DET of
the bacterium Pseudomonas aeruginosa.1 Nonetheless, the DET
of E. coli on electrodes modified with graphene or a graphene
nanocomposite has not been reported to the best of our
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knowledge. The readily available E. coli strain has been well
explicated as a direct mediatorless biocatalyst in MFCs, but the
electronegativity of graphene encumbers the adhesion growth
of E. coli on the surface of an electrode modified with graphene
and thus restrains the DET of E. coli.10 Chitosan, a natural
cationic polysaccharide derived from chitin, has been widely
applied as an antimicrobial agents, a drug carrier, and an
electrode material because of its biocompatibility, biodegrad-
ability, hydrophilicity, and excellent film forming property.11,12

Modification of nanomaterials with chitosan can alter their
surface properties for different applications. For example, a
carbon nanotube could be rendered highly water-dispersed,
electropositive, and biocompatible through noncovalent mod-
ification with chitosan as a cationic surfactant.13

Herein, reduced graphene oxide/chitosan oligosaccharide
nanocomposites (RGO-CTSO) were prepared via chemical
reduction of graphene oxide (GO) with water-soluble CTSO as
a stabilizer. The adhesion growth as well as the DET of E. coli
on the RGO-CTSO-modified glassy carbon electrode (GCE)
was investigated. The significant enhancement of DET in E. coli
resulted from E. coli adhesion and growth on RGO-CTSO-
modified GCE, which shed light on a convenient and effective
method for anode modification in MFCs.

2. EXPERIMENTAL SECTION
2.1. Materials. Hydrazine hydrate (50%), graphite, and CTSO

(Mw = 1500) were purchased from Sigma-Aldrich. All chemicals used
in the experiments were of analytical grade.
2.2. Synthesis of RGO-CTSO and RGO. A GO aqueous

suspension was first synthesized by the previously reported
method;14−16 2 mL of GO (2 mg mL−1), 16 mL of deionized water,
and 2 mL of CTSO (1 mg mL−1) were mixed together and
ultrasonicated for 2 h. Then the solution containing GO and CTSO
was heated to 90 °C and held for 90 min after the addition of 5.6 μL of
hydrazine hydrate (50 wt %). The final product was obtained through
dialysis of the prepared suspension in deionized water for 3 days. RGO

was synthesized by reducing GO directly with hydrazine hydrate
without CTSO.

2.3. Preparation of Modified Electrodes. RGO-CTSO was
dispersed in an acidic solution to form the RGO-CTSO suspension.
Three microliters of the RGO-CTSO or RGO suspension (0.1 mg
mL−1) was dropped twice on the polished and cleaned GCE (3 mm
diameter) and dried in the air at room temperature.

2.4. Study of DET between an Electrode and E. coli. GCE and
GCE modified with RGO or RGO-CTSO were immersed in 5 mL of
Luria Broth (LB) liquid culture medium containing E. coli and
incubated under aerobic conditions at 35 °C for 12 h. Then each
electrode was carefully washed with deionized water and immersed in
a 0.1 M phosphate-buffered saline solution [PBS (pH 7.0)] for
measuring DET in E. coli through cyclic voltammetry (CV).

2.5. Characterization. UV−vis and FTIR spectra of RGO-CTSO
and GO were recorded on a UV−vis−NIR spectrophotometer
(Shimadzu UV-3150) and FTIR spectrophotometer (Shimadzu
IRPrestige-21), respectively. A scanning probe microscope (Shimadzu,
model SPM-9500J3) and high-resolution transmission electron
microscope (HRTEM) (JEOL, JEM-2010F UHR) were utilized for
morphological characterization. Aqueous suspensions of RGO-CTSO
and GO were dropped onto a carbon microgrid and dried for HRTEM
characterization. Tapping mode with a height profile was adopted for
AFM characterization after samples had been dropped onto a mica
substrate. Raman spectra of RGO-CTSO, GO, and graphite were
recorded with a Raman microspectrometer (Renishaw INVIA Reflex)
with a 514 nm diode laser for excitation.

3. RESULTS AND DISCUSSION

CTSO is a linear polysaccharide composed of randomly
distributed β-(1−4)-linked D-glucosamine and N-acetyl-D-
glucosamine. Plentiful active amino groups of CTSO can
interact with functional groups on the GO nanosheets.18−24

Therefore, when GO was mixed with CTSO under acidic or
neutral conditions, CTSO could be self-assembled on GO
through hydrogen bonding and electrostatic interaction.25 After
GO was reduced by hydrazine hydrate in the presence of

Scheme 1. Preparation of RGO-CTSO

Figure 1. (A) UV−vis spectra of (a) GO and (b) RGO-CTSO. (B) FTIR spectra of (a) GO, (b) CTSO, and (c) RGO-CTSO.
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CTSO, the resultant RGO-CTSO remained stable in the acidic
aqueous solution with CTSO on the surface as a cationic
surfactant. The preparation of RGO-CTSO is shown in Scheme
1.
Chemical reduction of GO with CTSO as a stabilizer was

measured by UV−vis spectroscopy (Figure 1A). The brown
colloidal suspension of GO became black after it was reduced
by hydrazine hydrate in the presence of CTSO. The UV−vis
spectrum of the GO aqueous solution displayed two character-
istic absorption peaks at 227 and 301 nm, which are assigned to
π → π* transitions of aromatic C−C bonds and n → π*
transitions of the carbonyl bond, respectively.15,17,26 After
reduction, the characteristic peak at 227 nm red-shifted to 264
nm and the peak at 301 nm was no longer present, suggesting
the reduction of GO by hydrazine hydrate and restoration of
electronic conjugation within RGO.23,24,27 The functionaliza-

tion of RGO by CTSO was validated by FTIR (Figure 1B).
After GO was reduced by hydrazine hydrate in the presence of
CTSO, the CO vibration band (1722 cm−1) of carboxyl
became weaker and O−H bond deformation of the C−OH
groups on GO (1384 cm−1) was absent. The C−O stretch
vibration of epoxy groups on GO at 1223 cm−1 also
disappeared. The amide I band (1647 cm−1) and the amide
II band (1557 cm−1) of CTSO in the FTIR spectrum of RGO-
CTSO (c) appeared. FTIR characterization indicated that GO
was reduced by hydrazine hydrate and simultaneously modified
with CTSO successfully.12,18,28,29

The morphologies of GO and RGO-CTSO were charac-
terized by HRTEM and AFM. As shown from the HRTEM
images of GO (Figure 2A) and RGO-CTSO (Figure 2B), a
transparent GO sheet with some corrugations supported on the
carbon microgrid was clearly observed and the gauzy single-

Figure 2. HRTEM images of (A) corrugated GO and (B) RGO-CTSO nanosheets. AFM images of (C) GO and (D) RGO-CTSO.

Figure 3. (A) Raman spectra of (a) graphite, (b) GO, and (c) RGO-CTSO. (B) ζ potential of RGO-CTSO in an aqueous solution at different pH
values.
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layer RGO-CTSO nanosheet was suspended and scrolled. The
average thickness of GO sheets was determined to be ∼0.95 nm
by AFM characterization (Figure 2C), which confirmed the
formation of single-layer GO.30 The lateral dimension of GO
was approximately 100−500 nm. From the AFM image of
RGO-CTSO (Figure 2D), the thickness of RGO-CTSO was
approximately 1.55 nm (>0.95 nm), which can be ascribed to
the coverage of CTSO on the RGO nanosheet.
Raman characterization of GO and RGO-CTSO further

demonstrated the structural evolution of GO after chemical
reduction in the presence of CTSO. The typical features of
Raman spectra are a G band at 1580 cm−1 assigned to the E2g
phonon of C sp2 atoms and a D band at 1345 cm−1 assigned to
a breathing mode of κ-point phonons of A1g symmetry.15−17,30

From the Raman spectrum of graphite in Figure 3A, a weak D
band at 1345.3 cm−1 and an intensive G band at 1578.6 cm−1

were observed. The G bands in Raman spectra of GO and
RGO-CTSO were broadened and shifted upward to 1584.6
cm−1 (GO) and 1581.9 cm−1 (RGO-CTSO), respectively.
Compared with graphite, GO and RGO-CTSO displayed a
more intense D band, which resulted from the decrease in the
size of the in-plane sp2 domains during chemical prepara-
tion.31−36 The intensity ratio of the D and G bands of RGO-
CTSO (1.06) was lower than that of RGO synthesized by
direct chemical reduction of GO, which indicated that
functionalization of CTSO on the surface of GO was helpful
for chemical preparation of RGO with fewer defects.37

The colloidal stability of RGO-CTSO in the water was
revealed by its ζ potential. As shown in Figure 3B, the ζ
potential of RGO-CTSO was largely dependent on pH. When
the pH was <5.3, the ζ potential of RGO-CTSO was >30 mV.
When the pH was adjusted to 7.4, the ζ potential of RGO-
CTSO reached −27 mV because of the residual carboxyl on the
RGO. The ζ potential value well indicates the stability of the
colloidal solution. The absolute value of the ζ potential is >30
mV, which generally means enough mutual repulsion to

stabilize the colloidal solution.26 The RGO-CTSO colloidal
solution (0.1 mg mL−1) could be stable at pH 2.85 for more
than one month, but unstable in an alkaline solution (pH >8.0)
after a long period of time because the hydrogen bonding and
electrostatic interaction between CTSO and RGO were slowly
destroyed.
Because it is positively charged and highly dispersed in the

acidic solution, RGO-CTSO as an electrode material for MFCs
is expected to increase the contacting surface area, which
consequently promotes the electron transfer between the
modified electrode and microbial surface. Electron transfer
behaviors of E. coli on GCE modified with RGO or RGO-
CTSO were investigated. CV at 100 mV s−1 in Figure 4A
showed two pairs of well-defined redox peaks at −0.564 and
−0.482 V (termed peak 1) and −0.418 and −0.357 V (termed
peak 2) on RGO-CTSO-modified GCE in a PBS solution,
suggesting that E. coli was electrochemically active on RGO-
CTSO-modified GCE.10,38 However, there was only one pair of
weak redox peaks at −0.564 and −0.482 V on RGO-modified
GCE, and no redox peak was observed on GCE, which
indicated that E. coli could not directly interact with GCE or
RGO-modified GCE.1 CV curves of E. coli on RGO-CTSO-
modified GCE with different scan rates were recorded, as
shown in Figure 4B. The anodic peak current (peak 1) was
proportional to the square root of the scan rate (Figure 4C),
indicating that the electrochemical process for peak 1 is
diffusion-controlled.1 The anodic peak current (peak 2)
displayed a linear relation versus the scan rate (Figure 4D),
indicating that the electrochemical process for peak 2 was
controlled by the surface reaction.1 The electrochemical
reaction for peak 1 was likely due to DET from the cell-
excreted accumulated mediators.4 The reaction for peak 2
might result from redox species on the surface of E. coli, which
allowed DET of E. coli on RGO-CTSO-modified GCE.1,38

Adhesion and growth ought to be largely restrained because of
the repulsion of the negative charge of E. coli and RGO, which

Figure 4. (A) CV of (a) GCE, (b) RGO-modified GCE, and (c) RGO-CTSO-modified GCE immersed in 5 mL of LB liquid culture medium
containing E. coli and incubated at 35 °C under aerobic conditions for 12 h at a scan rate of 100 mV s−1. (B) CV of RGO-CTSO-modified GCE
immersed in 5 mL of LB liquid culture medium containing E. coli and incubated at 35 °C under aerobic conditions for 12 h at different scan rates
from 0.05 to 1.20 V s−1. (C) Linear curves of the peak current (peak 1) vs the square root of the scan rate. (D) Linear curves of the peak current
(peak 2) vs the scan rate.
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led to an ineffective DET between redox species on the surface
of E. coli and RGO-modified GCE. CTSO on RGO nanosheets
was electropositive and could provide the sites for adhesion
growth of E. coli, which induced effective DET between redox
species of E. coli and RGO-CTSO-modified GCE. The
interaction of E. coli with RGO or RGO-CTSO was further
confirmed by SEM characterization. There were a large number
of E. coli adhering to and growing on the surface of the silicon
substrate coated with RGO-CTSO (Si/RGO-CTSO) after Si/
RGO-CTSO had been incubated in 5 mL of LB liquid culture
medium containing E. coli for 12 h (Figure 5B). Nevertheless,
no E. coli was observed on the surface of the silicon substrate
coated with RGO (Figure 5A). Therefore, RGO-CTSO
displayed a greater affinity for adhesion growth of E. coli in
contrast to that of RGO and was superior as an anode material
in MFCs.

4. CONCLUSIONS
In summary, highly water-dispersed RGO-CTSO was synthe-
sized by a colloidal chemistry method with biocompatible and
water-soluble CTSO as a stabilizer during reduction. The
prepared RGO-CTSO showed good colloidal stability in an
acidic solution. E. coli could adhere to and grow on RGO-
CTSO-modified GCE, demonstrating evident electrochemical
activity for DET. Compared with RGO, RGO-CTSO provided
more activation centers for the adhesion growth of E. coli and
thus promoted its DET on the modified electrode. The
enhanced DET performance of RGO-CTSO made it promising
as an anode material of MFCs with E. coli as a biocatalyst.
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