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Enzymatic biofuel cell (EBFC), utilizing redox enzymes as the catalysts to produce energy from green
and renewable fuels, is considered as the promising environmental-friendly power source. However,
EBFC is mainly limited by the electron transfer barrier between enzymes and electrodes, which is the
major rate-limiting step to hinder the improvement of EBFC power output. In this study, enzymes were
effectively bound to the hydrophilic and carboxyl group functionalized graphene—gold nanoparticle
hybrid, and the hybrid as electrode material could also speed up the electron transfer in the EBFC. The
open circuit voltage (E ;") of the designed EBFC could reach to 1.16 = 0.02 V, and the maximal power
density (P,.) was as high as 1.96 + 0.13 mW cm™. Based on both the as-prepared EBFC units in series,

the red and yellow light-emitting diodes (LEDs) were successfully lighted, respectively, and the £,
and P, could keep 80% and 66% of the optimal value over 70 days, respectively. The fabricated EBFC
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is expected to be applied in the bioenergy fields.

1. Introduction

In order to overcome the ever-increasing crisis of the traditional
non-renewable energy consumption, researchers have tried to find
some efficient methods for converting chemical energy into
electrical energy.' Biofuel cells (BFCs), involving the use of
enzymes (enzymatic biofuel cells, EBFCs) or microorganisms as
catalysts, are able to oxidize targeted biofuel and reduce oxidizer
at specific electrodes to harvest energy.'® Compared to the
traditional fuel cells, BFCs have some special advantages. Firstly,
unlike the noble metals catalysts with the expensive charge and
the limited storage, biological catalysts have the plentiful and
reproducible sources. Secondly, in BFCs, the renewable biofuels
from plants and animals are used as fuels at the anode, while O,
usually serves as oxidizer at the cathode. Because the products of
the reaction in BFCs are non-toxic,” BFCs are biocompatible and
can be minimized as an implantable power supply for medical
devices,> ©® Finally, most of the BFCs can generate electricity
under mild conditions. As a result, it is foreseen that BFC is one
of the next-generation green and potential sustainable energy
devices.

Although BFC represents a new power source, it is still
difficult for its commercial applications. In contrast to the
traditional fuel cells, the applicability of BFCs is limited by
several factors, including the low open circuit voltage (E..;”"),
insufficient power output, and long-term instability." > Generally,
in the case of EBFCs, glucose oxidase (GOD) is used for
catalyzing the oxidation of glucose at the anode, and laccase is
applied to the reduction of O, at the cathode, therefore, the
electrical contacting of redox enzymes with electrodes is of

ss fundamental significance for the development of EBFCs.’
Because the active centres of most redox enzymes are deeply
buried within the protein matrices, it is difficult for direct electron
transfer (DET) between the enzymes and the electrodes.'” The
poor electron transfer results in the low power densities of EBFCs.
so At present, the maximal E.;”” for a single EBFC unit has
reported to be 0.95 V.14 1 The maximal power density (P,u)
reached to 1.45 = 0.24 mW cm™,'? and the active lifetimes were
typically 8 hours to 30 days." '°
The nanoparticles with the high electrochemical stability and
ss good conductivity can be selected as ideal conducting channels to
promote efficient DET between enzyme and electrodes.* Recently,
we fabricated the hydrophilic and carboxyl group functionalized
graphene—gold nanoparticles (AuNPs) hybrid for glucose
electrochemical biosensing'® and demonstrated the hybrid could
e provide a suitable microenvironment for GOD to retain its
biological activity. The DET between GOD and the hybrid
electrode could be realized without electron mediator.
Herein, the graphene—AuNPs hybrid electrode was used for
designing EBFC, as shown in Scheme 1. The morphology of the
65 graphene—AuNPs hybrid is shown in Fig. S1 in the ESI. In the
bioanode compartment, GOD could bind to the graphene—AuNPs
hybrid,"® and glucose was oxidized to gluconolactone without
redox mediator under anaerobic conditions; gluconolactone was
further oxidized to gluconic acid by the role of the graphene—
70 AuNPs hybrid. The electrons produced in the bioanode
compartment flowed through an external circuit load to the
biocathode compartment, where O, was reduced to H,O. The
biocathode was composed of laccase bound to the graphene—
AuNPs hybrid as Dbiocatalyzer, and 2,2’-azinobis (3-
75 ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) as
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a redox mediator (saturated with O,). Because laccase is often
inactive at neutral pH, and usually requires an environment of pH
5.0, the acetic acid buffer solution was selected as electrolyte.
The two compartments were separated with nafion membrane. In
s the EBFC, the E_.;”" and the P, could reach to 1.16 = 0.02 V
and 1.96 £ 0.13 mW cm?, respectively, and E,.;,”* and P,,,, could
still keep 80% and 66% of the optimal value after 70 days,
respectively. The red and yellow light-emitting diodes (LEDs)
could be successfully lighted by the two as-fabricated EBFC unit
10 in series.
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Scheme 1. (A) Principle of operation of the EBFC based on the
graphene—AuNPs hybrid anode and cathode, and (B) the formal redox
potentials (vs. SHE, pH = 5.0) schematic for the EBFC.

s 2. Experimental
2.1 Chemicals.

The hydrophilic and carboxyl group functionalized graphene—
AuNPs hybrid, which was suitable for the binding of enzymes
stably by the condensation reaction with amino group, was
fabricated by our previous work."> GOD from Aspergillus niger
(EC 1.1.3.4, 294 units mg"') was purchased from Sanland.
Laccase from Trametes versicolor (EC 1.10.3.2, > 20 units mg™)
and 2,2’-azinobis  (3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt (ABTS) were from Sigma-Aldrich. Both of the
s enzymes were used as received without further purification.
Glucose was obtained from Sinopharm, and the glucose stock
solution (1 M) was prepared at least 24 h before use. 0.2 M acetic
acid buffer solution (pH 5.0) was made from acetic acid and
sodium acetate anhydrous. Aqueous solutions were prepared with
ultrapure water from an Elix 5 Pure Water System (> 18 MQ cm).
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2.2 Instrumentation.

The morphology of the graphene-AuNPs hybrid was
characterized by a field emission scanning electron microscopy
(FESEM, HITACHI S4800). Electrochemical measurements

;s were performed using a workstation (CHI 660B). Cyclic
voltammetric measurements were performed with a traditional
three-electrode system including a Pt wire electrode as the
counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and the modified Au substrate as the working
electrode. The open circuit potentials of the electrodes were
tested with a two-electrode configuration (SCE as the reference
electrode).
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2.3 Preparation of bioanode and biocathode.

The Au substrates (1 cm x 0.5 cm) were provided by the 55th
Institute of China Electronic Group (Nanjing, China). The Au
substrates were prepared by sputtering 200 nm Au onto the quartz
wafers with a few nanometers of Cr adhesion layer in vacuum.'
Before using, the Au substrates were carefully scraped to a mirror
finish by pledget, then, they were rinsed and sonicated by ethanol
so and ultrapure water, respectively, and dried under nitrogen flow.

The bioanode of the EBFC was fabricated referring to the
reference.'> Under the optimal conditions, 240 ug cm™ graphene—
AuNPs hybrid was dropped onto the Au substrate, and then the
electrode was left to dry in an oven desiccator and stored at 37 °C.
Then, the graphene—AuNPs hybrid electrode was immersed in a
solution containing 1 mg mL"' I-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) for 3 h. After rinsing with ultrapure
water to get rid of the excess EDC and NHS, the activated
electrodes were immersed in 1 mL of GOD solution (10 mg mL"",
dissolved in 0.05 M pH 9.0 tris-HCI solution) at 4 °C for 24 h.
The biocathode of the EBFC was prepared as follows, after the
fabrication of the graphene—AuNPs hybrid electrode, 50 uL of the
laccase solution (60 mg mL™', dissolved in 0.05 M pH 7.0 PBS
solution) was dropped to the graphene—AuNPs hybrid electrode
and stored at 4 °C. Before the assembly of the EBFC, both of the
prepared graphene—AuNPs—GOD hybrid electrode and the
graphene—AuNPs—laccase hybrid electrode were purged with
ultrapure water to wipe off unbound enzymes, and the electrodes
70 were stored at 4 °C when they were not in use.
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2.4 Biofuel cell design.

The perfluorosulfonic acid/PTFE  copolymer membrane
(DuPont™ Nafion® PFSA NRE-211), with thickness 25.4 pm,
was used to separate the anodic and cathodic compartments. The
anolyte was 0.2 M acetic acid buffer solution (pH 5.0) containing
50 mM of glucose saturated with nitrogen. The oxygen-saturated
0.2 M acetic acid buffer solution (pH 5.0) performed as the
catholyte containing 0.5 mM of ABTS. The EBFC was
performed at room temperature (25 °C). After a stable E.;”" was
observed, the variable external load ranged from 100 Q to 100 kQ
was connected in series between anode and cathode. Then the
power outputs were obtained with a precision digital multimeter.
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3. Results and discussion
3.1 The characters of the bioanode.

In the bioanode, glucose oxidase first catalyzes the oxidation of
B-D-glucose into D-glucono-1,5-lactone as follows: glucose —
gluconolactone + 2H" + 2¢ (¢’ = —0.24 V vs. SHE at pH 5.0).
However, D-glucono-1,5-lactone can hydrolyze to gluconic acid
further, but the process of hydrolysis is not fast enough.
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According to Claus’s report,'® gold nanoparticles—carbon

materials is the preferred catalyst for the oxidation of functional

groups (-OH, C=0). Therefore, the gold nanoparticle—graphene

hybrid in the bioanode can deeply oxidize glucose to gluconic
s acid, and the reaction at the bioanode should be as follows,

glucose—20R.ephenc ANy o]yconic acid +2H' +2e
E.° =-0.35V (vs. SHE) (1)

where E,° is the formal potential at pH 5.0, and the potential of
—0.35 V (vs. SHE) is calculated by Nernst equation according to
10 the formal potential of gluconic acid/glucose couple (E,” =—0.45
V vs. SHE) at pH 7.0."7 Under the open circuit potential (OCP)
condition, when SCE was used as the reference electrode (£, =
0.24 V), E,°? was calculated to be —0.59 V. The measurement of
the E,°? was performed in 0.2 M acetic acid buffer solution (pH
155.0) which was saturated with N, E,S? was recorded
immediately after the circuit was closed, and the result was
shown in Fig. 1A. It showed that the onset of E,°” was —0.36 V
(or —0.12 V vs. SHE), which was equal to the formal potential of
GOD (Egop’ Y) as shown in Scheme 1B. Curve b in Fig. 1A
20 demonstrated that the E,°? rapidly retained at —-0.58 + 0.01 V
(n=3) (or —0.34 V vs. SHE), approaching to the speculated value,
when there was 50 mM glucose in the testing solution. While
curve a in Fig. 1A displayed that the E,°” only reached to 0.062
+ 0.012 V (n=3) when there was no glucose in the testing
25 solution. The E,°? result demonstrated that the OCP of the
bioanode was eventually determined by the thermodynamic
potentials of the fuel, gluconic acid/glucose couple.'® '
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Fig. 1 (A) OCP of the graphene—AuNPs—GOD hybrid electrode in pH 5.0

30 electrolyte solution (a) without glucose and (b) with 50 mM glucose. (B)
CVs of (a) graphene—AuNPs hybrid electrode, (b) graphene—AuNPs—
GOD hybrid electrode only in pH 5.0 buffer solution and (c) graphene—
AuNPs—GOD hybrid electrode in pH 5.0 electrolyte solution containing 1
mM glucose. (C) The relationship between the reduction peak currents of

35 the bound GOD and the amount of the graphene—AuNPs hybrid only in
pH 5.0 buffer solution. Every point was an average value of three
independent measurements. Inset: CVs of graphene—AuNPs—GOD hybrid
electrodes modified by various masses of the graphene—AuNPs hybrid: (a)
24 pg em?, (b) 48 pg cm?, (¢) 120 pg cm?, (d) 240 pug cm™, and (e) 480

40 pg cm™. The scan rate of (B) and (C) was 10 mV s'. All solutions were
saturated with N,.

The current density (7) in the bioanode influences on the power
output of the EBFC, which can be expressed as follows:
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where the meaning of all the symbols is the same as the
reference.?’ According to the equation (2), i relies on the electron
transfer rate constant (k’) that is affected by the electrode
materials. In our former measurement for the graphene—AuNPs—
GOD hybrid with glass carbon substrate electrode, k’, the rate of
the direct electron transfer of GOD, was evaluated as 7.74 = 0.16
s.% For comparison, Au was selected as the substrate electrode
in the fabrication of bioanode. Cyclic voltammograms (CVs) of
graphene—AuNPs hybrid modified Au electrode (curve a) and
graphene—AuNPs—GOD hybrid modified Au electrode (curve b)
were shown in Fig. 1B, and Fig. S2 in the ESI also showed CVs
of the AuNPs, graphene, AuNPs—GOD, and graphene—GOD
modified Au electrode, respectively. In contrast to curve a in Fig.
1B, curve b in Fig. 1B shows a couple of well-defined redox
peaks at —0.38 and —0.35 V, respectively, which can be ascribed
to the characteristic peaks of GOD (also see Fig. S3 in the ESI).?!
The peak-to-peak separation and the formal potential for GOD
were obtained accordingly, which are 29 mV and —-0.36 V (or —
0.12 V vs. SHE), respectively, and &” was calculated to be 12.50 +
0.27 s™'. Compared to curve b in Fig. 1B, curve ¢ showed that the
oxidative peak increased while the reductive peak decreased
when 1 mM glucose was added into the testing solution, which
demonstrated that graphene—AuNPs—-GOD could
bioelectrocatalyze the oxidation of glucose directly in an E,C;-
type catalytic reaction.”’ However, for graphene electrode and
AuNPs electrode, when glucose was added into the testing
solution, there was nearly no change comparing to the CVs
results of these electrodes in the same solution without glucose,
respectively. The results supported that the electron transfer from
glucose to electrode via GOD was extremely fast, and Au was
also the more suitable substrate material for the bioanode
modified with the graphene—AuNPs—GOD hybrid.

However, at carbon nanotube (CNT) electrode, Stevenson’s
group®® and Gorski’s group” observed no changes for the redox
peaks of GOD when the CNT-GOD electrodes were placed in the
O,-free testing solution with glucose, and concluded no DET
between catalytic center of GOD and CNT electrode. It has been
reported that functional nanomaterials could provide an electron-
mediating function to facilitate the DET of enzymes by reducing
the electron tunnelling distance between their active sites and
electrode, therefore, there are already several papers reporting the
detection of glucose based on the DET of glucose oxidase, such
as by electrochemically entrapping GOD in the inner wall of the
highly ordered conductive polyaniline nanotubes;** covalently
cross-linking GOD to boron-doped diamond electrode;® and
incorporating GOD into the reduced graphene oxide-multiwalled
carbon nanotubes dispersion.® The results in these literatures
confirmed the bioelectrocatalytic activity of the electrical
contacted GOD in the N,-saturated testing solutions with the
addition of glucose. In our design, AuNPs were attached to the
surface of GOD near the flavin adenine dinucleotide (FAD)
centre, and the electron transfer distance between the catalytic
centre and electrode should be decreased, which facilitated the
DET of enzymes.”’

The current density of the bioanode, 7, also depends on the

This journal is © The Royal Society of Chemistry [year]
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concentration of GOD (Isop) covered on bioanode. I'gop was
mainly affected by the amount of the graphene—AuNPs hybrid
covered on the Au substrate, which controlled the binding of
GOD. In order to estimate the optimal /;(p, a series of bioanodes
with various amount of the graphene—AuNPs—-GOD were
fabricated. Fig. 1C showed the relationship between the reduction
currents of the bound GOD and the amount of the graphene—
AuNPs hybrid. With an increase of the loading amount of the
graphene—AuNPs hybrid from 24 pg cm? to 240 pg cm?, the

reduction currents produced by the bound GOD enhanced linearly.

Finally, the reduction current could reach to the maximal value of
155 pA cm?, and it kept almost unchanged when the amount of
the graphene—AuNPs hybrid covered on Au substrate was more
than 240 pg cm™. Also, the different concentrations of GOD for
the fabrication of bioanode were tested, and the results were
shown in Fig. S4 in the ESI, and it demonstrated that 10 mg mL™!
was the optimal concentration for GOD.

3.2 The characters of the biocathode.

For the reason above mentioned, Au substrate was also chosen as
biocathode material. In the biocathode compartment, the oxygen
was reduced to water at the biocathode as follows,

laccase

O0,+4H" +4e—=*-2H,0
E=0.93 V (vs. SHE) 3)

here E.° was the formal potential at pH 5.0, which was calculated
by Nernst equation in the electrolyte solution saturated with O,
according to the standard potential of O,/H,O couple (1.23 V vs.
SHE)."” The OCP of the biocathode (E.°¥) was calculated to be
0.69 V. The measurement of the OCP for biocathode (E£.°¥) was
similar to that of £,°”, only the glucose in the electrolyte was
s replaced by the saturated O,. ABTS was the suitable electron
mediator to decrease the over-potential for the reduction of O, by
laccase in the cathode.”® Compared to curve a in Fig. 2A, curve b
in Fig. 2A showed that once 0.5 mM ABTS was added into the
catholyte, the E.°? gradually approached to 0.56 = 0.02 V (n = 3).

In the acidic buffer solution, CV testing showed the ABTS*
could be partly changed to HABTS™ (Fig. S5 in the ESI). The
ABTS"/HABTS redox couple is better than ABTS/ABTS” for
the reduction of O, by laccase because the standard potentials of
ABTS " /HABTS and ABTS/ABTS” are 0.57 V and 0.44 V vs.
SCE, respectively.” Interestingly, it was observed that the redox
potential of ABTS"/HABTS couple was around 0.55 V (vs. SCE)
at graphene—AuNPs hybrid electrode (Fig. S5 in the ESI), which
was consistent with the measured E.°?. This is because the
adsorption of the acid media was superior at the surface of
AuNPs,'® more HABTS should form at the surface of the
electrode, which was more effective for the reduction of O, at the
electrode surface. UV-vis spectrum (Fig. S6 in the ESI) also
demonstrated that HABTS™ was appropriate as the electron
mediator for the reduction of O, by laccase. The optimal
concentration of the ABTS was selected for 0.5 mM, as discussed
in Fig. S7 in the ESIL, and the performance of ABTS for the
reduction of O, at the biocathode was shown in Fig. 2B.
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Fig. 2 (A) OCP of the graphene-AuNPs—laccase hybrid electrode in pH

55 5.0 electrolyte solution saturated with O,, (a) without ABTS and (b)

containing 0.5 mM ABTS. (B) CVs of the graphene—AuNPs electrode (a),
graphene—AuNPs-laccase hybrid electrode in pH 5.0 electrolyte solution
saturated with N, (b) and saturated with O, (c), the graphene—AuNPs—
laccase hybrid electrode in pH 5.0 electrolyte solution containing 0.5 mM
ABTS saturated with N, (d) and saturated with O, (e). The scan rate was
10mVs™

3.3 The characters of the EBFC.

The EBFC was constructed by the bioanode and biocathode as
described. The power density of the EBFC was influenced by the
glucose concentration.’® ' The results in the EBFC revealed that
both of the maximal E,;”" and P,,. were obtained when the
glucose concentration was 50 mM (Fig. S8 in ESI). The
theoretical value of E..;”" could be calculated to be 1.28 V for
the designed EBFC model. The measurement for E,.;’" was
shown in Fig. 3A. As expected, the ;" reached to 1.16 = 0.02
V (n=3, curve a in Fig. 3A). The E.;”" was improved greatly
referring to the reports that were listed in Table 1.

Fig. 3B showed the polarization curve and the power density
curve of the EBFC. When the EBFC operated, the output voltage
(E.y) in the EBFC could be expressed in terms of the
overpotentials associated with different fundamental phenomena
as shown the equation: E.; = E°? — iRy — iReonee — ES™F —
iRucta— IReone.a— iTonm » Where the meaning of all the symbols are
the same as reference.’” E,.; was affected by the charge transfer
derived overpotentials, the concentration overpotentials, and the
ohmic overpotentials of the EBFC. Because the EBFC performed
generally in the region of the ohmic polarization, the charge
transfer derived overpotentials and the concentration
overpotentials could be ignored, and £, could be expressed: £,y
= E’? — E°? — iropm= Ecet”™” — iropm, which showed a linear
relationship between E.; and i in the region of the ohmic
polarization. Based on the linear portion of the polarization curve
in Fig. 3B (E..y = — 266 i + 1.03, R = 0.997), the internal
resistance of the EBFC (r,,,) was calculated to be about 266 Q.
The power density as a function of the cell current density for the
EBFC presented the typical bell-shaped curve'® as shown curve b
in Fig. 3B. Thus, the maximum power output for the EBFC
model, P, was estimated as high as 1.96 £ 0.13 mW cm?
(relative to the geometric area of the Au substrate electrode).
Under the optimal conditions and in the absence of glucose or O,,
the blank experimental results showed that the maximal power
output of the biofuel cell was only 0.231 £ 0.009 mW c¢m™ or
0.281 £ 0.008 mW cm?, respectively; In the absence of glucose
oxidase in bioanode or laccase in biocathode, the control
experimental results displayed that the maximal power output of
the biofuel cell was only 0.447 + 0.018 mW cm? or 0.512 +
0.011 mW cm?, respectively, which demonstrated that the
response was due only to glucose oxidation catalyzed by glucose
oxidase and oxygen reduction catalyzed by laccase (in Fig. S9 in
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the ESI). When the EBFC reached to the maximum power output,
the external load was equal to the r,,,, about 200 €, as shown in
Fig. 3C. Compared to the P, of the EBFC reported in Table 1,
the P, achieved in this work was the highest value in the kind
of EBFC.
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Fig. 3 (A) The E..,”" of (a) single EBFC unit and (b) two EBFCs units in
series. (B) (a) Polarization curve and (b) power density curve of the
EBFC, every point was an average value of three independent
measurements. (C) Power density of the EBFC versus the variable
external loads. Inset: the power density versus the variable external loads
from 100 Q to 100 kQ. (D) The relationship between £, of the EBFC
and operation time.

Table 1. Comparison between our EBFC with other EBFCs

(u\gﬂg‘:n'z) E(C{[,’) (m(lj\/l) Electrode material Eeof..
1964 + 130 1.16 50 Graphene—AuNPs hybrid Present
243+4 0.58 100 Graphene 18
1450 + 240 0.80 400 Carbon fiber sheet 12
740 0.83 15 Carbon nanotube fibers 19
350 0.88 15 Carbon fibers 33
1.36 0.884 1000 Graphite plates 34
1300 0.95 50 Carbon nanotube 10
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As the energy device, reasonable lifetime for portable
applications’ and low capacity loss under open circuit
conditions™ are of great importance. EBFCs suffer from a very
prominent disadvantage for long-term operation, due to loss in
enzyme activity.'™ ** To test the storage stability of the EBFC, the
E..;;”" was continuously measured over 70 days in a quiescent
state. Fig. 3D showed that the E_.;”” could reach to 94% of the
maximal E.;’" immediately once the EBFC was assembled.
When the E..;”" was lower than 1 V, the fuels in EBFC were
replaced. After 70 days, the E..;”” of the EBFC still kept 80% of
its maximum value. For evaluating the stability of power output
for the EBFC, the P,,, of the EBFC was also tested every day
(Fig. S10). After the operation of about 70 days, the P,, of
EBFC decreased to around 1.30 mW cm?, which was about 66%
of its optimal value. It was reported that the GOD activity
deteriorated in the acetic acid buffer solution (pH 5.0) after 4
days,34 the P, of the EBFC was found to become 50% of its
original value after 7 days for graphene electrode.'® However, the
stability of the designed EBFC was improved greatly. It was
because AuNPs could provide a suitable microenvironment for
enzymes to retain their biological activities. Therefore, the
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graphene—AuNPs hybrid was a suitable material for the
preparation of the EBFC.

The potential value of the EBFC as the power source was also
studied. As the curve b in Fig. 3A showed that £, of the two
of the as-prepared EBFC in series could reach to around 2.36 V,
the sum of the E.;”" contributed by two EBFCs, respectively,
both the designed EBFC in series could light the red and yellow
light-emitting diodes (LEDs) brightly, respectively (Fig. S11 in
the ESI).

4. Conclusions

In summary, based on the graphene—AuNPs—GOD bioanode and
the graphene—AuNPs—laccase biocathode, a novel EBFC was
successfully fabricated. Because of the fast electron transfer from
bioanode and biocathode, the constructed EBFC has the high
E.;”" and power output. Both the as-prepared EBFC units in
series can light the red and yellow LEDs, and the E..;*" and P,
of the EBFC still retain 80% and 66% of its maximum value after
70 days, respectively. We expect that the proposed strategy can
take one step forward for fabricating EBFC in practical
application.
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Based on the graphene-AuNPs-GOD bioanode and graphene-AuNPs-laccase biocathode, a novel
enzymatic biofuel cell with large power output was successfully designed.



