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ABSTRACT: We report here three-dimensional graphene networks
(3D-GNs) as a novel substrate for the immobilization of laccase
(Lac) and dopamine (DA) and its application in glucose/O2 biofuel
cell. 3D-GNs were synthesized with an Ni2+-exchange/KOH
activation combination method using a 732-type sulfonic acid ion-
exchange resin as the carbon precursor. The 3D-GNs exhibited an
interconnected network structure and a high specific surface area.
DA was noncovalently functionalized on the surface of 3D-GNs with
3,4,9,10-perylene tetracarboxylic acid (PTCA) as a bridge and used
as a novel immobilized mediating system for Lac-based bioelectrocatalytic reduction of oxygen. The 3D-GNs-PTCA-DA
nanocomposite modified glassy carbon electrode (GCE) showed stable and well-defined redox current peaks for the catechol/o-
quinone redox couple. Due to the mediated electron transfer by the 3D-GNs-PTCA-DA nanocomposite, the Nafion/Lac/3D-
GNs-PTCA-DA/GCE exhibited high catalytic activity for oxygen reduction. The 3D-GNs are proven to be a better substrate for
Lac and its mediator immobilization than 2D graphene nanosheets (2D-GNs) due to the interconnected network structure and
high specific surface area of 3D-GNs. A glucose/O2 fuel cell using Nafion/Lac/3D-GNs-PTCA-DA/GCE as the cathode and
Nafion/glucose oxidase/ferrocence/3D-GNs/GCE as the anode can output a maximum power density of 112 μW cm−2 and a
short-circuit current density of 0.96 mA cm−2. This work may be helpful for exploiting the popular 3D-GNs as an efficient
electrode material for many other biotechnology applications.

KEYWORDS: three-dimensional graphene networks, glucose/O2 biofuel cell, laccase, dopamine, oxygen reduction

1. INTRODUCTION

Biofuel cells have received much attention in recent years,
because they can generate a power source by making use of
body fluids and thus serve as an implantable power source.1−3

The development of effective bioelectrocatalytic system for
oxygen reduction reaction is highly desirable for biofuel
cells.4−6 Laccase (Lac) is one of the most commonly
considered enzymes for biocathodes in biofuel cells, because
it can reduce oxygen directly to water in a four-electron transfer
step with the aid of various redox mediators.5,7,8 The effective
immobilization of lac and its mediator on the electrode is the
key step to construct a biofuel cell.4,8,9 Therefore, the
development of new electrode material for the immobilization
of Lac and its mediator is highly desirable for biofuel cell
construction.
Graphene, a two-dimensional (2D) carbon sheet, has been

used as one kind of promising materials, due to its special
structure and unique properties in chemistry, physics, and
mechanics.10,11 Recently, graphene has been used as a substrate
for Lac immobilization for various sensing applications.12−14

For instance, a bioelectrocatalytic system of graphene
integrated with Lac and 2,2-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) has been developed for detection of the

extracellular oxygen released from human erythrocytes.12 3D
graphene materials have been widely applied in the fields of
energy storage, catalysis, environmental protection, stretchable
conductors, etc., exhibiting improved performances with
respect to 2D graphene materials, because of their large
accessible specific surface areas, interconnected conductive
network, and special microenvironment.15−19 Many reports
have described the fabrication and attracting properties of 3D
graphene; however, the use of 3D graphene for coimmobiliza-
tion of enzyme and its mediator for biofuel cell application has
not been examined to date.
Dopamine (DA) is an important neurotransmitter of redox

activity that has attracted extensive studies.20−23 For instance,
DA has been exploited as a mediator in solution and as a
surface-bound mediator for biosensor construction.23−25 As is
well-known, Lac can catalyze the oxidation of many phenolic
compounds (e.g., catechol) accompanied by the reduction of
oxygen.26−28 DA as a simple organic chemical in the
catecholamine family can be oxidized to dopaminequinone

Received: May 7, 2014
Accepted: July 14, 2014
Published: July 14, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 12808 dx.doi.org/10.1021/am502791h | ACS Appl. Mater. Interfaces 2014, 6, 12808−12814

www.acsami.org


with the aid of Lac in the presence of O2,
29 so the exploitation

of DA as an electron mediator of Lac for bioelectrocatalytic
reduction of oxygen should be feasible and interesting.
Recently, we have developed a new method to synthesize

three-dimensional graphene networks (3D-GNs) using 732-
type sulfonic acid ion-exchange resin as carbon precursor.30

The 3D-GNs showed an interconnected network structure and
a high specific surface area. Herein, the 3D-GNs were used as a
new substrate for Lac and DA immobilization. DA was
noncovalently functionalized on the surface of 3D-GNs with
3,4,9,10-perylene tetracarboxylic acid (PTCA) as a bridge and
was used as a novel mediating system for efficient Lac-based
bioelectrocatalytic reduction of oxygen. As a result, a glucose/
O2 fuel cell using 3D-GNs-PTCA-DA/Lac/Nafion modified
glassy carbon electron (GCE) as a biocathode can output high
power density.

2. EXPERIMENTAL SECTION
Chemicals. Lac (Trametes Versicolor, 22.3 U mg−1), glucose oxidase

(GOx, ∼150 U mg−1), and DA hydrochloride were purchased from
Sigma-Aldrich. 3,4,9,10-Perylene tetracarboxylic dianhydride was
purchased from J&K Chemical Ltd. (Shanghai, China). N,N′-
Dicyclohexylcarbodiimide (DCC) was purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). 2D graphene
nanosheets (2D-GNs) were purchased from XFNano Material Tech
Co., Ltd. (Nanjing, China). Phosphate buffer solution (PBS, pH 7.0)
was prepared with 0.1 M K2HPO4−KH2PO4. Acetate buffer solution
(pH 3.0 or 5.0) was 0.1 M HAc-NaAc aqueous solution. All other
chemicals were of analytical grade or better quality. Ultrapure water
(Millipore, ≥18 MΩ cm) was used throughout.
Apparatus. Electrochemical experiments were conducted on a

CHI760E electrochemical workstation (CH Instrument Co., U.S.A.).
A conventional three-electrode system included a GCE, a Pt auxiliary
electrode and a saturated calomel reference electrode (SCE). All
potentials in this work are referenced to the SCE. The cell voltage
(Ucell) and the cell current (Icell) of the glucose/O2 biofuel cell at
varying external resistance loads (Re) were dynamically monitored
with the electrochemical noise (ECN) module of the Autolab
PGSTAT30 electrochemical workstation.31,32 Scanning electron
microscopy (SEM) studies were performed on a Hitachi S4800
scanning electron microscope. The samples were prepared by
dropping ethanol dispersions of the samples onto Pt foils and
immediately evaporating the solvent. Transmission electron micros-
copy (TEM) studies were performed on a TECNAI F-30 high-
resolution transmission electron microscope. XRD studies were
performed on a PANalytical X’pert Pro X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) was recorded on a PHI
QUANTUM 2000 X-ray photoelectron spectroscopic instrument.
Surface area and pore size were determined by a surface area and
porosity analyzer (Micromeritics Instrument Corp. ASAP2020).
Fourier transform infrared (FT-IR) spectra were collected on a
Nicolet Nexus 670 FT-IR instrument (Nicolet Instrument Co., U.S.A.)
in its transmission mode.
Synthesis of 3D-GNs. The 3D S-GNs were synthesized with an

Ni2+-exchange/KOH activation combination method using a 732-type
sulfonic acid ion-exchange resin as the carbon precursor.30 The
pretreated 732-type sulfonic acid ion-exchange resin was impregnated
with Ni2+ in 100 mL nickel acetate solution with concentration of 0.05
M for 8 h. The ion-exchange resin was washed with deionized water
and dried at 60 °C in a vacuum oven. The Ni2+-impregnated ion
exchanged resin (10 g) was added in a 400 mL KOH/ethanol solution
containing 40 g KOH and stirred at 80 °C until the mixture solution
became an “ink-paste”, followed by another 6 h of static soaking in
ambient conditions. Then, the mixture was dried at 70 °C for 60 h and
then smashed by a disintegrator. Finally, the mixture was heated at 850
°C for 2 h in N2 atmosphere, with a heating ratio of 2 °C min−1.
Finally, the resulting sample was etched in excessive 0.1 M HCl
aqueous solution. The resulting products were collected by

centrifugation, washed with deionized water, and finally dried at 60
°C in a vacuum oven for 12 h.

Preparation of 3D-GNs-PTCA-DA. PTCA was prepared from
3,4,9,10-perylene tetracarboxylic dianhydride according to a previous
report.33 For the preparation of 3D-GNs-PTCA, 20 mg of 3D-GNs
were ultrasonicated in 100 mL of ethanol containing 40 mg of PTCA
for 1 h and stirred continuously for 12 h at room temperature. Then,
the mixture was filtered through a nylon membrane (0.22 μm) and
washed several times with ethanol and ultrapure water, and finally
dried in a vacuum oven at 60 °C. The final product was denoted as
3D-GNs-PTCA. For the preparation of 3D-GNs-PTCA-DA nano-
composite, 10 mg of DCC were dissolved in 60 mL of N,N′-
dimethylformamide (DMF) under N2 atmosphere. Then, 40 mL of
DMF solution containing 10 mg of 3D-GNs-PTCA was added to the
above solution and stirred at 40 °C for 48 h under N2 atmosphere.
The resulting products were collected by filtration and washed with
DMF, ethanol, and ultrapure water for several times, and finally dried
in a vacuum oven at 60 °C. For comparison, a 2D graphene
nanosheets (2D-GNs)-PTCA-DA nanocomposite was also prepared
similarly as the 3D-GNs-PTCA-DA except that commercial 2D-GNs
were used instead.

Electrode Modifications and Biofuel Cell Construction. One
milligram of 3D-GNs, 3D-GNs, 3D-GNs-PTCA-DA, or 2D-GNs-
PTCA-DA was dispersed in 1 mL ethanol by sonication, and 2 μL of
the above solution was deposited on GCE and dried in air for
electrochemical studies. To prepare Nafion/Lac/3D-GNs-PTCA-DA/
GCE, 3 μL of Lac aqueous solution (1 mg mL−1) was mixed with 10
μL of the dispersion of 3D-GNs-PTCA-DA nanocomposite described
above. Then, 2 μL of the mixture was cast-coated on GCE and dried in
air. Nafion solution (2 μL; 0.1 wt %) was placed on the surface of the
above electrodes. For comparison, Nafion/Lac/2D-GNs-PTCA-DA/
GCE was prepared similarly as the Nafion/Lac/3D-GNs-PTCA-DA/
GCE except that commercial 2D-GNs were used instead.

The bioanode was fabricated as follows. Briefly, 2 μL of 1 mg mL−1

3D-GNs was cast on the surface of an GCE, air-dried, followed by
successive casting 4 μL of 0.05 M ferrocence (Fc) acetone solution, 2
μ L of 2 mg/mL GOx aqueous solution, and 2 μL of 0.1 wt % Nafion
solution, and each casting was done after the previous cast had been
air-dried. The as-prepared enzyme electrode was denoted as Nafion/
GOx/Fc/3D-GNs/GCE. For comparison, Nafion/GOx/Fc/
MWCNTs/GCE was prepared similarly as Nafion/GOx/Fc/3D-
GNs/GCE except that MWCNTs were used instead.

The glucose/O2 biofuel cell was fabricated as follows. Bioanode is
the Nafion/GOx/Fc/3D-GNs/GCE, and biocathode is the Nafion/
Lac/3D-GNs-PTCA-DA/GCE. The electrolyte is O2-saturated acetate
buffer solution (pH 5.0) containing 10 mM glucose. The performance
of the glucose/O2 biofuel cell was investigated by the ECN device.

3. RESULTS AND DISCUSSION

A 732-type sulfonic acid ion-exchange resin was used as the
carbon precursor to synthesize the 3D-GNs.30 The synthesis of
3D-GNs involves Ni2+ impregnation, followed by heat
treatment in the presence of KOH, and then acid leaching.
The morphologies of the prepared 3D-GNs were examined by
SEM and TEM. As shown in Figure 1, the 3D-GNs exhibit an
open and interconnected network structure. TEM images
clearly reveal that the 3D-GNs are composed of graphene
nanosheets. As shown in Figure 1d, high-resolution TEM (HR-
TEM) image reveals that the thickness of the few-layer
graphene wall is ∼4 nm. The lattice fringes clearly show an
interplanar spacing of 0.33 nm, consistent with the (002) lattice
spacing of graphite. The chemical structure and composition of
the 3D-GNs were further studied by XRD, Raman spectros-
copy, and XPS. As shown in Figure 2a, a strong peak observed
at 26.0° can be attributed to the (002) plane of the hexagonal
graphite structure, indicating a high degree of crystallization for
the 3D-GNs. Figure 2b shows the Raman spectrum of 3D-GNs.
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The peak at 1350 cm−1 (D-band) is attributed to the vibration
of sp2 hybridized carbon atoms, while the peak at 1580 cm−1

(G-band) is attributed to the vibration of sp3 hybridized carbon
atoms. The intensity ratio of D-band to G-band (ID/IG) can be
used evaluate the degree of crystallization. The intensity ratio of
D-band to G-band (ID/IG) is 0.52, suggesting a high degree of
crystallization for the 3D-GNs, well consistent with XRD result.
The involvement of S and O in the 3D-GNs was verified by
XPS (Supporting Information Figure S1a). The C/S/O atomic
ratio is ca. 23:1.3:1.0. The high C/O atomic ratio indicates only
a few oxygen-containing functional groups. Supporting
Information Figure S1, b and c, shows the high resolution
XPS spectra of C 1s and S 2p. The peak at 284.6 eV and the
peaks between 286.0 and 290.0 eV are related to the peak of
CC and oxygen-containing groups, respectively. Carbon
element mainly exists in the form of CC, also indicating a
high degree of crystallization for the 3D-GNs. The high
resolution XPS spectrum of S 2p indicates that sulfur element

mainly exists in the form of C−S−C (Supporting Information
Figure S1c). Figure 2, c and d, shows the nitrogen adsorption−
desorption isotherms and pore size distribution of 3D-GNs.
The 3D-GNs show a high Brunauer−Emmett−Teller (BET)
surface area of 2153 m2 g−1. The pore size distribution
calculated from desorption data using the Barrett−Joyner−
Halenda (BJH) model shows that abundant mesopores exist in
the 3D-GNs in the range 2−9 nm. The surface area of the 3D
GNs is much higher than that of commercial 2D-GNs (∼200
m2 g−1 given by manufacturer, Supporting Information Figure
S2). The high specific surface area is mainly attributed to the
formation of mesoporous structure resulting from KOH
activation. In fact, KOH activation has been reported to
produce abundant micropores and mesopores in carbon
materials.16,34,35 The open and interconnected network
structure in combination with the high surface area of 3D-
GNs should be beneficial for the immobilization of
biomacromolecules and small organic molecules.
3D-GNs were used as a new substrate for DA immobiliza-

tion. DA was noncovalently functionalized on the surface of
3D-GNs with PTCA as a bridge. With the aid of a pyrenyl
group, PTCA can be tightly attached to the surface of 3D-GNs
by π−π stacking interactions. Then, the carboxyl groups of
PTCA can react with the amine group of DA in the presence of
DCC. Surface modifications of 3D-GNs were characterized by
FT-IR spectroscopy. Figure 3 shows the FT-IR spectra of 3D-
GNs, 3D-GNs-PTCA, and 3D-GNs-PTCA-DA. In the FT-IR
spectrum of 3D-GNs-PTCA, the increased stretching band for
CO at 1750 cm−1, are assigned to the carboxyl groups of
PTCA, which indicates the successful functionalization of the
3D-GNs by PTCA via π−π interactions between the pyrenyl
group of PTCA and the 3D-GNs. In the FT-IR spectrum of
3D-GNs-PTCA-DA, the CO peak at 1750 cm−1 assigned to
the carboxyl groups of PTCA decreased obviously, and a new

Figure 1. SEM (a, b) and TEM (c, d) images of 3D-GNs.

Figure 2. XRD pattern (a), Raman spectrum (b), nitrogen adsorption/desorption isotherms (c), and pore distribution (d) of 3D-GNs.
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peak at 1650 cm−1 for the CO stretching vibration of acid
amide units can be observed, indicating that carboxyl groups
have almost been converted to acid amides. Cyclic voltammetry
was also used to characterize the surface modification of 3D-
GNs. As shown in Supporting Information Figure S3, no
obvious redox peak is observed at 3D-GNs/GCE and 3D-GNs-
PTCA/GCE in 0.1 M PBS (pH 7.0). There is a new pair of
redox peaks centered at 0.23 V with peak-to-peak separation of
20 mV for 3D-GNs-PTCA-DA/GCE, which is associated with
the reversible catechol/o-quinone redox of the DA moieties
(Supporting Information Scheme S1). These results should
confirm that DA has been successfully functionalized on the
surface of 3D-GNs.

Cyclic voltammograms at scan rate from 5 to 1000 mV s−1

were recorded for 3D-GNs-PTCA-DA/GCE (Figure 4a). The
voltammetric peak currents were proportional to scan rate (ν)
up to 1000 mV s−1, consistent with the surface-type behavior of
the system (Figure 4b). The immobilized DA moieties (Γ) can
be quantified from the slope of jp vs ν curve according to the
following formula,36 jp = n2F2νΓ/4RT, where n is the number of
electrons transferred, and F is the Faraday constant (96485.3 C
mol−1). The interfacial population of DA moieties on 3D-GNs-
PTCA-DA/GCE is ca. 7.0 × 10−10 mol cm−2. Commercial 2D-
GNs were also used as a substrate for DA immobilization, and a
2D-GNs-PTCA-DA/GCE was prepared similarly as the 3D-
GNs-PTCA-DA/GCE except that commercial 2D-GNs were
used instead. The interfacial population of DA moieties on the
2D-GNs-PTCA-DA/GCE is only 1.8 × 10−10 mol cm−2

(Supporting Information Figure S4), which is much lower
than that on the 3D-GNs-PTCA-DA/GCE. The 3D-GNs show
much high surface are than 2D-GNs, so more DA molecules
can be immobilized on their surface. This result should indicate
that the 3D-GNs are a better substrate than 2D-GNs for small
molecules immobilization.
The stability of the 3D-GNs-PTCA-DA/GCE in PBS (pH

7.0) was investigated. As shown in Supporting Information
Figure S5, the long-term potential cycling at 50 mV s−1 for 100
cycles barely resulted in any changes. Cyclic voltammetric
behaviors at different solution pH were examined (Figure 4c).
Figure 4d shows formal potential (E0′) as functions of the
solution pH. Formal potentials vary linearly with solution pH
with a slope of 59.3 mV per pH unit, which is very close to the
anticipated Nernstian value of 59.2 mV per pH unit for a two-
electron-two-proton electrochemical reaction.
Nafion/Lac/3D-GNs-PTCA-DA/GCE was prepared and

used for bioelectrocatalytic reduction of oxygen. Cyclic
voltammograms of Nafion/Lac/3D-GNs-PTCA-DA/GCE in

Figure 3. FT-IR spectra of 3D-GNs, 3D-GNs-PTCA, and 3D-GNs-
PTCA-DA.

Figure 4. Scan rate dependence of cyclic voltammograms (a) and peak currents (b) of 3D-GNs-PTCA-DA/GCE in 0.1 M PBS (pH 7.0). The pH
dependence of cyclic voltammograms (c) and formal potential (d) at 3D-GNs-PTCA-DA/GCE at a scan rate of 50 mVs−1.
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O2-saturated buffer solutions at different solution pH are shown
in Figure 5a−c. In O2-saturated PBS (pH 7.0), the Nafion/Lac/
3D-GNs-PTCA-DA/GCE shows low catalytic activity toward
oxygen reduction, because Lac only shows high catalytic activity
in acidic solutions. In O2-saturated acetate buffer solution (pH
5.0), a much larger cathodic current can be observed at Nafion/
Lac/3D-GNs-PTCA-DA/GCE, as compared with that re-
corded in N2-saturated acetate buffer solution, which is a
typical electrocatalytic characteristic. The bioelectrocatalytic
reduction of oxygen starts at 0.49 V, and the observed
reduction currents increase rapidly during negative potential
scanning, indicating that the immobilized DA is an efficient
mediating system for Lac. Electron transfer steps for the
bioelectrocatalytic reduction of oxygen are shown in Support-
ing Information Scheme1 S1. Due to the excellence of mediated
electron transfer by 3D-GNs-PTCA-DA, the electrons are
transferred from the electrode to the T1 copper site of Lac that
is the redox canter of Lac, and further to the T2/T3 site that
contains 3 Cu ions and is responsible of O2 reduction to H2O.
In the catalysis cycle, the Lac is oxidized by oxygen and can be
turned over by catechol species with production of o-quinone
species, and catechol species can be regenerated at the
electrode, thus the whole catalysis cycle solely consumes
oxygen (Supporting Information Scheme S2). The onset
potential for oxygen reduction at pH 3.0 shifts positively to
0.61 V, and the cathodic current is even larger than that at pH
5.0. In fact, Lac has been reported to show its largest catalytic
activity at pH 3.0.27,37 As shown in Supporting Information
Figure S6, the 3D-GNs/GCE and 3D-GNs-PTCA-DA/GCE
showed low electrocatalytic activity toward oxygen reduction in
O2-saturated buffer solution (pH 3.0). These results highlight
the advantage of Lac-based bioelectrocatalytic reduction of
oxygen. It is reported that direct electron transfer between the
redox sites of Lac and the electrode can be achieved by
modifying nanoelements (e.g., Au nanoparticles) on electrode
surface.5,38 To study the direct electron transfer between the

redox sites of Lac and the electrode, Nafion/Lac/3D-GNs/
GCE was prepared similarly as Nafion/Lac/3D-GNs-PTCA-
DA/GCE except the absence of PTCA-DA. As shown in Figure
5d, the electrocatalytic current of Nafion/Lac/3D-GNs/GCE is
much lower than that of Nafion/Lac/3D-GNs-PTCA-DA/
GCE, highlighting the excellence of mediated electron transfer
by 3D-GNs-PTCA-DA nanocomposite. In fact, direct electron
transfer requires a short distance (less than 15−20 Å) between
the redox center of the immobilized enzyme molecules and the
electrode surface, which is not straightforward in many cases.5

Thus, it is reasonable that the Nafion/Lac/3D-GNs/GCE
shows low catalytic activity toward oxygen reduction. For
comparison, Nafion/Lac/2D-GNs-PTCA-DA/GCE was pre-
pared and used for bioelectrocatalytic reduction of oxygen. As
shown in Supporting Information Figure S7, the electrocatalytic
current of the Nafion/Lac/2D-GNs-PTCA-DA/GCE is much
lower than that of Nafion/Lac/3D-GNs-PTCA-DA/GCE,
indicating that the 3D-GNs are better substrate for Lac and
its mediator immobilization.
The glucose oxidation at Nafion/GOx/Fc/3D-GNs/GCE

and Nafion/GOx/Fc/MWCNTs/GCE was studied in acetate
buffer solution (pH 5.0). As shown in Supporting Information
Figure S8, a pair of well-defined redox peaks at 0.18 V for Fc
immobilized on 3D-GNs was observed in acetate buffer
solution (pH 5.0) without glucose, and obvious anodic catalytic
current was observed in the presence of 10 mM glucose. The
electrocatalytic current of the Nafion/GOx/Fc/3D-GNs/GCE
is larger than that of the Nafion/GOx/Fc/MWCNTs/GCE,
because the interconnected network structure in combination
with the high surface area of 3D-GNs is beneficial for
immobilizing more GOx and Fc. Thus, the Nafion/GOx/Fc/
3D-GNs/GCE was used as the bioanode to assemble the
glucose/O2 biofuel cell. The glucose/O2 biofuel cell was carried
out at pH 5.0 for convenience, because the catalytic activity of
Lac from T. versicolor toward O2 reduction increased but that of
GOx toward glucose oxidation decreased with pH decrease

Figure 5. (a−c) Cyclic voltammograms at Nafion/Lac/3D-GNs-PTCA-DA/GCE in N2 and O2-saturated buffer solutions at pH 7.0 (a), 5.0 (b) and
3.0 (c). (d) Cyclic voltammograms at Nafion/Lac/3D-GNs/GCE in N2 and O2-saturated buffer solution (pH 3.0). Scan rate: 10 mV s−1.
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from 7.0 to 3.0.27,39,40 Electron transfer steps at the bioanode
and the biocathode of the assembled glucose/O2 biofuel cell are
shown in Supporting Information Scheme S2. Figure 6a shows
Ucell and jcell of the biofuel cell operating in acetate buffer
solution (pH 5.0) containing 10 mM glucose at varying Re.
With the increase in Re, Ucell increased and reached 0.40 V at
100 KΩ, while jcell decreased from 0.96 mA cm−2 to 57 μA
cm−2. Figure 6b shows Ucell and the power density (P) of the
glucose/O2 biofuel cell as functions of Ucell at these Re. The
maximum P is 112 μW cm−2 at 0.19 V, which is higher than
most glucose biofuel cells reported previously (Supporting
Information Table S1). Supporting Information Figure S9
shows the current density response of the glucose/O2 biofuel
cell continuously operating at 100 k Ω for 72 h. The glucose/
O2 biofuel cell still retained ∼84% of its initial current density
after 72-h continuous discharging, indicating that the enzymes
entrapped in the 3D-GNs possess high stability. This result
indicates that the 3D-GNs are a promising substrate for
enzymatic activity retention.

4. CONCLUSIONS

In summary, novel 3D-GNs with interconnected pore structure
and high surface area were synthesized and used as a new
substrate for the immobilization of Lac and DA for
bioelectrocatalytic reduction of oxygen. The Nafion/Lac/3D-
GNs-PTCA-DA/GCE showed high catalytic activity for oxygen
reduction, due to the excellence of mediated electron transfer
by 3D-GNs-PTCA-DA nanocomposite. Moreover, the Nafion/
Lac/3D-GNs-PTCA-DA/GCE exhibited much higher electro-
catalytic activity than the Nafion/Lac/2D-GNs-PTCA-DA/
GCE, indicating that the 3D-GNs are better substrate for Lac
and its mediator immobilization. The glucose/O2 fuel cell using
the Nafion/Lac/3D-GNs-PTCA-DA/GCE as the cathode can
output high power density, suggesting a promising biocathode
for glucose/O2 fuel cell application. The 3D-GNs may be
extended to the immobilization of many other biomolecules for
wide biotechnology applications.
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