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A nitrogen-doped graphene/gold nanoparticle/
formate dehydrogenase bioanode for high power
output membrane-less formic acid/O2 biofuel
cells†
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A high power output, membrane-less formic acid/O2 enzymatic

biofuel cell was fabricated, in which nitrogen-doped graphene was

proven to be effective for recycling the NAD+/NADH cofactor at a

nitrogen-doped graphene/gold nanoparticle/formate dehydro-

genase bioanode in the catalytic oxidation of formic acid.

With our growing awareness of environmental problems, the
need for renewable energy sources drives scientific research in
related fields.1 Enzymatic biofuel cells (EBFCs) are one kind of
green energy-conversion technology that have attracted tre-
mendous interest because they can harvest electricity from
renewable and abundantly available biofuels using enzymes as
the catalysts.2 Formic acid has been used as a fuel to produce
energy in direct formic acid fuel cells (DFAFCs),3 but the utiliz-
ation of formic acid in EBFCs has not yet been reported.
Because the theoretical electrode potential for a formic acid–
oxygen EBFC is 1.47 V,3 which is higher than that for a
glucose–oxygen EBFC (1.2 V),4 the power output of the formic
acid–oxygen EBFC may be greater than that of the glucose–
oxygen EBFC. Although DFAFCs have shown good perform-
ance in power output, the formic acid EBFC has its advantages.
First, compared with noble-metal (Pt, Ni etc.) catalysts used in
DFAFCs, the formate dehydrogenase (FDH) used in EBFCs is a
renewable and abundantly available catalyst.2 Second, FDH is
more efficient than noble metal catalysts for catalytic oxidation
of formic acid. Third, the enzyme operates at ambient temp-
eratures and neutral pH, whereas a DFAFC must operate at a
higher temperature (25–120 °C) to obtain a high power
output.3 Therefore, we aim to understand more fully the per-
formance of formic acid EBFCs. Nicotinamide adenine di-

nucleotide (NAD+)-dependent FDH (EC 1.2.1.2, 15 U per mg
solid) is able to catalyse the decomposition of formic acid in
the presence of its cofactor NAD+. However, the NAD+-depen-
dent enzyme requires a high overpotential for NADH oxidation
at the bare electrode surface. To achieve efficient recycling of
NAD+/NADH, great efforts have been devoted to overcome
kinetic barriers for the electrochemical regeneration of active
NAD+. Recently, carbon nanomaterials such as carbon nano-
tubes (CNTs) have been explored for transferring electrons
efficiently and for reducing the overpotential of NADH
oxidation.5

Nitrogen-doped graphene (NG) has attracted much atten-
tion because of its special structure and extraordinarily unique
physical and chemical properties.6 Due to the electron accept-
ing ability of nitrogen atoms, NG exhibits much better electro-
catalytic activity than graphene.7 These characteristics of NG
suggest that it might reduce the overpotential of NADH oxi-
dation. In addition, gold nanoparticles (AuNP) are often used
to immobilize enzymes through a condensation reaction
between terminal amino groups on the lysine residues of the
enzymes and carboxyl groups on the AuNPs.8

Herein, we report that a NG/AuNP/FDH electrode achieved
efficient recycling of NAD+/NADH when the electrode catalysed
the oxidation of formic acid, and that a 780 mV decrease in
the overpotential for NADH oxidation was observed. Based on
the NG/AuNP/FDH electrode, a membrane-less formic acid/O2

EBFC was fabricated. Scheme 1 shows an illustration of the
formic acid EBFC. At the NG/AuNP/FDH bioanode, formic acid
was first oxidized by FDH in the presence of the cofactor
NAD+, and then NAD+ was reduced to NADH while NADH/
NAD+ was recycled by NG/AuNPs. The electrons produced in
the bioanode flowed to the NG/AuNP/laccase biocathode
through an external circuit load, where O2 was reduced to H2O
by laccase bound to the NG/AuNP hybrid in the presence of
the redox mediator 2,2′-azinobis(3-ethylbenz-thiazoline-6-sulfo-
nic acid)diammonium salt (ABTS). The as-prepared EBFC
exhibited excellent performance. The maximum power density
(Pmax) was 1960 ± 130.0 μW cm−2. The open circuit potential
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(Eocp) reached 0.95 ± 0.05 V, and 80% of the maximum Eocp

value was maintained for over 20 days. Two EBFCs linked in
series could light red light-emitting diodes (LEDs) brightly.

To probe nitrogen atoms in the prepared NG, X-ray photo-
electron spectroscopy (XPS) was used. The XPS survey scan
spectrum (Fig. 1A) exhibited distinct C 1s (284.5 eV), N 1s
(399.0 eV), and O 1s (531.5 eV) peaks,9 and the N content was
detected to be about 5.11%. The morphology of the NG and
NG/AuNPs was characterized by transmission electron
microscopy (TEM) and field emission scanning electron
microscopy (FESEM). As shown in Fig. 1B and C, the NG con-

sisted of overlapping transparent layers, and silk-like parts as
well as wrinkles and folding could be observed, showing that
the two-dimensional sheet structure of the NG was similar to
that of graphene. The NG/AuNP hybrid was decorated with
uniform and numerous gold nanoparticles (Fig. 1D and E)
with a diameter of about 10 nm. Electrodes modified with
these uniform nanostructures could provide more active sites
for enzyme loading.

Electrochemical impedance spectroscopy (EIS) was used to
demonstrate the stepwise assembly of enzymes (FDH and
laccase) using [Fe(CN)6]

3−/4− as a redox probe (Fig. 1F). Note
that the diameters of the semicircles are equal to the charge-
transfer resistance (Rct). The bare gold sheet substrate electrode
exhibited an Rct value of about 100 Ω, while the NG/AuNP elec-
trode showed only 40 Ω, demonstrating the excellent conduc-
tion of NG/AuNPs. After being modified with enzymes, both the
NG/AuNP/FDH bioanode and the NG/AuNP/laccase biocathode
showed a much larger Rct of about 2000 Ω and 1500 Ω, respect-
ively. These increases in Rct confirm the successful assembly of
enzymes on the electrode surface, because the presence of pro-
teins hinders the redox probe’s access to the electrode surface.
Fourier transform infrared spectroscopy (FT-IR) was used to
further ascertain that FDH/laccase was bound to the AuNPs by
means of a condensation reaction (Fig. S1†).

To examine the effective oxidation of NADH at the
NG/AuNP/FDH bioanode, cyclic voltammetry of the bioanode
was first carried out without and with NADH. Compared with
the bare gold sheet electrode (curve a in Fig. 2A), NADH

Scheme 1 Schematic illustration of the membrane-less formic acid
biofuel cell.

Fig. 1 (A) XPS spectrum of NG. (B) TEM of NG. (C) FESEM of NG.
(D) TEM of NG/AuNPs. (E) FESEM of NG/AuNPs. (F) EIS of a bare gold
electrode (a), NG/AuNP electrode (b), NG/AuNP/FDH bioanode (c) and
NG/AuNP/laccase biocathode (d). Insets are the enlarged view of the
defined segment (right) and the Randles equivalent circuit used to fit
the EIS data (left).

Fig. 2 (A) CVs of the bare gold substrate electrode (a), NG/AuNP/FDH
electrode (b), and G/AuNP/FDH electrode (c) in 0.1 M PBS (pH = 6.0)
(dotted curves: no NADH; solid curves: 5 mM NADH). (B) CVs of the NG/
AuNP/FDH electrode (a) and the G/AuNP/FDH electrode (b) in 0.1 M PBS
(pH = 6.0) containing 50 mM formic acid (dotted and solid curves
denote measurements obtained without and with both 5 mM NADH and
5 mM NAD+, respectively). υ = 5 mV s−1. (C) Chronoamperometric
response of the bioanode at a working potential of 0 V vs. SCE. Back-
ground electrolyte: 0.1 M PBS (pH = 6.0) containing 5.0 mM NAD+ and
5.0 mM NADH. (D) CVs of the NG/AuNP/laccase electrode in 0.1 M PBS
(pH = 6.0) without (a) and with 0.5 mM ABTS saturated with N2 (b) and
saturated with O2 (c). υ = 5 mV s−1.
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oxidation occurred at about 0 V (vs. SCE) at the NG/AuNP/FDH
electrode. A 780 mV decrease in the overpotential and a remark-
able increase in NADH oxidation current (curve b in Fig. 2A)
were observed, which demonstrated that the NG/AuNP/FDH
bioanode could efficiently catalyse NADH oxidation. To research
the influence of AuNPs and FDH on NADH oxidation, a series
of control experiments were performed to investigate the oxi-
dation of NADH with different concentrations at different elec-
trodes including a bare electrode, AuNP-modified electrode,
NG-modified electrode, and NG/AuNP-modified electrode. As
shown in Fig. S2,† NADH oxidation occurred at about 0.75 V
(vs. SCE) for the AuNP-modified electrode, and at about 0 V
(vs. SCE) for the NG electrode and the NG/AuNP electrode. The
results suggested that AuNPs or FDH modified at the NG-modi-
fied electrode almost did not affect the NADH oxidation at the
NG-modified electrode. To verify the effect of nitrogen-doped gra-
phene on NADH oxidation, a control experiment was performed
at a graphene/AuNP/FDH (G/AuNP/FDH) electrode. Using this
electrode, the oxidation of NADH occurred at 0.5 V and only a
280 mV decrease in the NADH oxidation overpotential was
observed (curve c in Fig. 2A), which indicated that NG played a
key role in decreasing the NADH oxidation overpotential.10

To investigate the effective recycling of NAD+/NADH at the
NG/AuNP/FDH bioanode in the catalytic oxidation of formic
acid, cyclic voltammograms (CVs) of the bioanode were
recorded in 0.1 M PBS containing 50 mM formic acid without
and with both NADH and NAD+ (Fig. 2B). In the absence of
NADH and NAD+, both NG/AuNP/FDH and G/AuNP/FDH elec-
trodes had no current response for formic acid oxidation
(dotted curves in Fig. 2B). In the presence of both NADH and
NAD+, the catalytic oxidation of formic acid occurred at about
0 V for the NG/AuNP/FDH electrode (curve a in Fig. 2B) and at
about 0.6 V for the G/AuNP/FDH electrode (curve b in Fig. 2B).
In addition, the onset potential of formic acid oxidation
occurred at about −0.25 V for the NG/AuNP/FDH electrode
(curve a in Fig. 2B) and 0.2 V for the G/AuNP/FDH electrode
(curve b in Fig. 2B), which demonstrated that the NG/AuNP/
FDH bioanode recycled NADH/NAD+ more efficiently in the
catalytic oxidation of formic acid. The decrease in the over-
potential of NADH oxidation at the NG/AuNP/FDH bioanode
was comparable to that reported for a bioanode modified with
a redox mediator.11 However, only in the presence of NAD+,
the potential for formic acid oxidation at the NG/AuNP/FDH
electrode was +0.15 V (Fig. S3†), which indicated that the cata-
lytic oxidation of formic acid was more effective when NADH
was introduced into the working solution. The typical current–
time (I–t ) curve of the bioanode to formic acid oxidation was
obtained by the successive addition of formic acid to the elec-
trolyte solution (Fig. 2C). Upon successive additions of formic
acid, a steady-state current plateau was rapidly achieved, indi-
cating that the NG/AuNP/FDH bioanode responded quickly to
the biofuel molecule. The polarization curves for formic acid
oxidation at the NG/AuNP/FDH and G/AuNP/FDH electrodes
also demonstrated the attributes of an NG/AuNP/FDH elec-
trode (Fig. S4†). The NG/AuNP/FDH electrode exhibited a
smaller onset potential than that of the G/AuNP/FDH elec-

trode. The reversibility (i.e., the anti-polarization ability) of the
NG/AuNP/FDH electrode was also far better than that of the
G/AuNP/FDH electrode.

To understand the catalytic activity of the NG/AuNP/laccase
biocathode toward O2 reduction, CVs of the biocathode were
obtained. Compared with the absence of ABTS (Fig. 2D, curve
a), a pair of well-defined redox peaks (at 0.51 V and 0.48 V)
were observed in the presence of ABTS (curve b in Fig. 2D) and
were ascribed to the redox processes of ABTS at the bio-
cathode. When the catholyte was saturated with O2, the peak
currents of ABTS reduction increased significantly, which
demonstrated the efficient electrocatalytic activity of the
NG/AuNP/laccase electrode toward O2 reduction in the pres-
ence of ABTS (curve c in Fig. 2D).

When the NG/AuNP/FDH electrode was used as a bioanode
and NG/AuNP/laccase was used as a biocathode, we fabricated
a membrane-less formic acid/O2 EBFC. Compared with the
membrane EBFC, a membrane-less system decreases the com-
plexity and the cost of production12 but requires that both the
biocathode and bioanode are selective against cross-reactions.
So the possible crossover between the bioanode and bio-
cathode was examined before assembling the membrane-less
formic acid/O2 EBFC. The presence of O2 in the anolyte only
resulted in a slight decrease in voltammetric response at the
bioanode (Fig. S5 A†). Also, the presence of formic acid in the
catholyte did not appear to influence the voltammetric
response at the biocathode (Fig. S5 B†). These results demon-
strate that the assembled formic acid/O2 EBFC suffered from
little crossover between the bioanode and biocathode; in other
words, there was no need for a separation membrane to be
placed between the anode chamber and the cathode chamber,
which made it possible to assemble a membrane-less formic
acid/O2 EBFC in this study.

Fig. 3 (A) Time course of Eocp for a single EBFC (a) and for two EBFCs
connected in series (b). (B) Polarization curves (a, c) and power density
curves (b, d) of a single EBFC (a, b) and of two EBFCs connected in
series (c, d). Every point corresponds to the average value of the three
independent measurements. (C) The relationship between Eocp and
operation time for a single EBFC. (D) A red LED was lighted by two as-
prepared EBFCs connected in series.
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The concentration of formic acid in the membrane-less
formic acid/O2 EBFC was also optimized, as shown in Fig. S6.†
When the concentration of formic acid was 50 mM, both Eocpmax

and Pmax were obtained. When the concentration of formic
acid was greater than 50 mM, the power density of the EBFC
decreased because the change in pH in the system reduced the
activity of FDH.13 Curve a in Fig. 3A and curves a and b in
Fig. 3B display Eocp, the polarization curve and the power
output of the membrane-less formic acid/O2 EBFC in 0.10 M
PBS (pH = 6.0) containing 5 mM NAD+, 50 mM formic acid
and 0.5 mM ABTS. Eocpmax of the EBFC was as high as 0.95 ±
0.05 V and Pmax reached 1960 ± 130.0 μW cm−2. The blank and
control experiments are shown in section 8 in ESI.†

Table 1 compares the prepared EBFC with other reported
membrane-less NAD+-dependent EBFCs. The Eocpmax and Pmax of
the EBFC prepared in this study were comparable to those of
the membrane-less EBFCs reported previously, which could be
attributed to the following reasons: (1) NG greatly reduced the
overpotential of NADH oxidation, and the efficient recycling of
NAD+/NADH facilitated electron transfer kinetics in enzymatic
reactions; (2) the NG/AuNPs provided a much better micro-
environment for the enzyme, which in turn led to higher
loading of the enzyme.

Generally, EBFCs are plagued by short active lifetimes (typi-
cally 8 hours to 7 days) due to the loss of enzyme activity.16 In
contrast, the EBFC prepared in this study retained 80% of its
maximum Eocp value over 20 days in a quiescent state (Fig. 3C).
Curve b in Fig. 3A and curves c and d in Fig. 3B show Eocp, the
polarization curve and the power output of two EBFCs con-
nected in series, respectively. The values of Eocpmax and Pmax of
the battery pack were about two times greater than that of a
single EBFC. A red LED could be lighted brightly once it was
powered by the battery pack (Fig. 3D), suggesting the potential
application of this EBFC as a power source.

Conclusions

Nitrogen-doped graphene was proven to be effective for recy-
cling the NAD+/NADH cofactor at the NG/AuNP/FDH bioanode
in the catalytic oxidation of formic acid. A 780 mV decrease in
the overpotential for NADH oxidation was observed. Using our
NG/AuNP/FDH bioanode and an NG/AuNP/laccase biocathode,
the Pmax of a fabricated EBFC was measured to be as high as
1960 ± 130.0 μW cm−2, and Eocp was maintained at 80% of its
maximum value over 20 days. Because voltammetric measure-
ments demonstrated little crossover between the bioanode and

biocathode, no separation membrane was needed to isolate
the anode and cathode chambers.
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