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A novel strategy to synthesize nitrogen (N) and sulfur (S)-doped graphene (G) is developed through
sulfate-reducing bacteria treating graphene oxide (GO). The N, S-doped G demonstrates significantly
improved electrocatalytic properties and electrochemical sensing performances in comparison with
single-doped graphene due to the synergistic effects of dual dopants on the properties of graphene.

G
raphene has hold a great promise for its potential applications in electrochemistry due to its large
theoretical specific surface area (2620 m2g21), excellent electrical conductivity and high electrocatalytic
activities1,2. Particularly, it has been recognized that the doping of heteroatoms into graphene is an

efficient method to enhance its electrocatalytic performances3. Both theoretical calculations and experimental
results have proved that the introduction of more electronegative nitrogen (N) atoms into sp2 hybridized carbon
(C) frameworks in graphene is generally effective in modifying their electrical properties and chemical activities4.
For instance, the spin density and charge distribution of C atom will be influenced by the neighbor N dopants5,6,
inducing the ‘‘activation region’’ on graphene surface, which is expected to directly participate in catalytic
reactions, and/or provide more nucleation sites to anchor the catalytically active metal nanoparticles7. Recent
findings have also shown that the doping of sulfur (S) atom into the graphene materials caused the changed spin
density of graphene, which resulted in the excellent catalytic activity, long-term stability, and high tolerance in
alkaline media of the S-doped graphene (S-G) for oxygen reduction reaction (ORR)7,8. Furthermore, N, S-doped
graphene (N, S-G) had been realized and demonstrated excellent catalytic activity9. Although great progresses
have been made in the synthesis of different types of doped graphene materials, these approaches require high
temperature (900 uC) treatment and toxic chemical (i.e., THF)3–9. Therefore, low-temperature and facile
approaches are highly desired for the large-scale production of doped graphene materials with excellent catalytic
performances.

In this work, we report for the first time a novel approach to synthesize N, S-G through a one-pot reduction of
GO by microbial respiration of sulfate-reducing bacteria (SRB) under the mild conditions (37uC) and its prom-
ising applications as high-performance electrocatalysts for the electrochemical sensing of heavy metal ions. SRB, a
diverse group of heterotrophic and mixotrophic bacteria10, is ubiquitous in marine sediments11–14, hydrothermal
vents15, waste landfills and even in the human body such as mouth16,17 and bowel18, and plays an important role in
the global cycling of C and S. These microbes mainly use S as a terminal electron acceptor for the degradation of
organisms during anaerobic respiration19. Considering that graphene oxide (GO) has shown the property as
electron acceptor20–24, it is possible to realize the reduction of GO by microbial respiration of SRB. Our findings
have shown that N, S-G could be obtained through sulfate-reducing bacteria treating GO and exhibited high
electrocatalytic activity towards the reduction of heavy metal ions such as cadmium ion (Cd21) and lead ion
(Pb21). We also fabricated an electrochemical sensing platform for ultrasensitive simultaneous determination of
Cd21 and Pb21 with N, S-G as electrocatalyst. This study not only gives insight into the synergistic effect of multi-
element dopants on the properties of graphene, but also opens the possibility of developing new types of
graphene-based functional materials with excellent electrochemical properties by a facile and low-temperature
approach.
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Results
The synthetic route of N, S-G is described in Fig. 1A. The microbial
reduction is initiated by mixing GO dispersion with SRB and fresh
culture medium25, and the mixture is then incubated under an anaer-
obic condition in constant temperature incubator (37uC). After that,
the color of GO dispersion changes from brown to black (Fig. 1A),
indicative of the restoration of sp2 carbon sites and re-establishment
of the electronic conjugation network. The transmission electron
microscope (TEM) image shows that N, S-G maintains a monolayer
and flexible structure (Fig. 1B). The reduction degree of GO is mon-
itored by time-dependent UV-vis spectroscopy. As shown in Fig. 1C,
with increase of reaction time, the UV-vis absorption peak of GO
dispersion at 231 nm corresponding to p R p* transitions of aro-
matic C5C bonds gradually shifts to 267 nm after microbial reduc-
tion treatment at 37uC for 6 days. The absorption peak in the full
spectral region increases with reaction time and keeps almost
unchanged after the sixth day (Fig. S2), demonstrating the comple-
tion of microbial reduction of GO.

Fig. 1D are the Fourier Transform Infrared (FT-IR) spectra of GO
and N, S-G. The spectrum of GO shows the presence of C–O

(v (epoxy or alkoxy)) at 1069 cm21, C–OH (v (carboxyl)) at
1398 cm21, C5C at 1621 cm21, and C5O in carboxylic acid and
carbonyl moieties (v (carbonyl)) at 1725 cm21, respectively. After
bacteria treatment, the adsorption bands of oxygen functionalities
disappear, and only the peak of C5C remains, suggesting that GO
has been effectively reduced26. The thermal stability of N, S-G exam-
ined by thermal gravimetric analysis (TGA) also proves the removal
of thermally labile oxygen functional groups by the microbial reduc-
tion (Fig. S3). Fig. 1E shows the Raman spectra of GO and N, S-G.
The spectrum of GO displays two prominent peaks at 1349 and
1599 cm21, corresponding to the well-documented D and G bands,
respectively. The intensity ratio of D band to G band (ID/IG) of GO is
about 1.02. The G band of N, S-G shifts to 1586 cm21, and its ID/IG

increases to 1.40 due to the defects introduced by N and S dually
doping and the realization of deoxygenation of GO27.

X-ray photoemission (XPS) is a powerful tool to identify the sur-
face chemical composition and the valence state in bulk material28.
The full range XPS analysis of N, S-G shows the presence of C, O, N
and S (Fig. 2A)29. The degree of GO reduction is described via the
atomic ratio of carbon and oxygen (C/O) obtained by taking the ratio

Figure 1 | (A) Schematic illustration of the formation of N, S-G by one-pot microbial reduction process. (B) TEM image of N, S-G. (C) UV-vis absorption

spectra of GO aqueous dispersion before (a) and after (b) reduction. (D) FT-IR spectra and (E) Raman spectra of GO (a) and N, S-G (b), respectively.
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of C 1s to O 1s peak areas in XPS spectra. After microbial reduction,
the C/O increases from 2.12 to 4.0229–31. Moreover, the intensity of
C-O/C-O-C peak decreases and the C-C sp2 bond becomes predom-
inant (Fig. S4), indicating that most of the oxygen-containing func-
tional groups are removed and the conjugated graphene networks are
restored. The XPS analysis also confirms the successful doping of N
and S atoms into the graphene networks as well29. The high resolu-
tion XPS spectrum of N 1s (Fig. 2B) reveals the presence of three
nitrogen functional groups, and an atomic percentage of doped
nitrogen to be about 6.11%. Three nitrogen peaks are observed for
pyridinic N, pyrrolic N and graphitic N with binding energies of
400.01 eV, 401.45 eV and 402.50 eV, respectively. Among these
nitrogen configurations, the pyridinic N is the main form, which is
believed to enhance the electrochemical properties of N-doped gra-
phene32. Moreover, the binding energies of S 2p are also used to
analyze the S doping in synthesized graphene (Fig. 2C). The peaks
at 164.02 eV and 167.92 eV suggest the doping in the form of sulfide
bonds (-C-S-C-, 78%) and oxidized sulfur bonds (-C-SO-C- or -C-
SO2-C-, 22%), respectively8,33. The calculated doping concentration
of sulfur is 1.1% (atom %).

Discussion
Considering the unique doped structure8,32, N, S-G is expected to
possess excellent electrochemical properties34–39. In this work, the
as-synthesized N, S-G has been applied to fabricate a highly sensitive
electrochemical platform to determine trace Cd21 and Pb21 by dif-
ferential pulse anodic stripping voltammetry (DPASV). For the fab-
rication of modified electrodes, 2 mL of a 0.1% Nafion ethanol
solution was added into 2 ml of a 1.0 mg/mL N, S-G dispersion to
give an uniform (N, S-G)-Nafion suspension. Then 5 mL suspension
was dropped onto a clean glass carbon electrode (GCE) to form (N,S-
G)-Nafion modified GCE ((N,S-G)-Nafion/GCE). The Bi film
coated (N,S-G)-Nafion/GCE (Bi/(N,S-G)-Nafion/GCE) was fabri-
cated by electrodepositing Bi on (N,S-G)-Nafion/GCE using
Bi(NO3)3 solution at 21.2 V for 300 s (Fig. S5). Compared with
the bare GCE and Nafion modified GCE (Nafion/GCE) which show

distorted peaks and small peak currents of metals, both of Bi/GCE
and (N,S-G)-Nafion/GCE demonstrated enhanced response signals
due to efficient metal deposition (Fig. 3A)40. Furthermore, well-
defined reduction peaks with the largest peak currents for target
metal ions were obtained at Bi/(N, S-G)-Nafion/GCE due to the
synergistic effect of Bi film and N, S-G.

The resulting calibration plots are linear over the range from 9.0 to
30.0 mg L-1 for the simultaneous determination of Pb21 and Cd21

(Fig. 3B). The DPASVs of Pb21 and Cd21 with different concentra-
tions on Bi/(N, S-G)-Nafion/GCE are illustrated in Fig. 3C. The Bi/
(N,S-G)-Nafion/GCE demonstrates excellent sensitivity and select-
ivity. The detection limits are 0.016 mg L21 for Cd21 and 0.018 mg L21

for Pb21, respectively, which are lower than previously reported
results (Table S1).

In order to demonstrate the advantages of N, S-G, chemically
reduced GO, N-doped graphene (N-G) and S-G were also synthe-
sized (Supporting Information (SI)), and Bi/rGO-Nafion/GCE, Bi/
(N-G)-Nafion/GCE) and Bi/(S-G)-Nafion/GCE electrodes were also
prepared under the similar procedure as that of Bi/(N, S-G)-Nafion/
GCE. The DPASV characteristics of different electrodes show that
heteroatom (N or S) doping into graphene leads to more intensive
peak current of Pb21 and Cd21 on Bi/(N-G)-Nafion/GCE or Bi/(S-
G)-Nafion/GCE than that on Bi/rGO-Nafion/GCE (Fig. 3D).More
importantly, compared with Bi/(N-G)-Nafion/GCE or Bi/(S-G)-
Nafion/GCE, Bi/(N, S-G)-Nafion/GCE shows enhanced electro-
chemical signals by about 36% or 23% for Pb21, and 110% or 91%
for Cd21, respectively. The signal enhancement should be attributed
to N and S atoms doped into the carbon lattice of graphene. The
electrical conductivity measurement shows that the electrical con-
ductivity of GO and N-, S-doped GO are 1 3 1024 and 2.8 S/m,
respectively. Therefore, we think that N-doping causes an atomic-
scale structural deformation, and N atom can act as an electron
donor that increases the n-type conductivity of graphite structure41,42.
Moreover, S atom has a close electroneutrality to C atom and the C-S
bonds are predominately at the edge or the defect sites, which causes
the activity enhancement due to the changed spin density and charge

Figure 2 | (A) XPS survey spectrum of GO and N, S-G. (B) Curve fit of N 1s spectrum of N, S-G, (C) Curve fit of S 2p spectrum of N, S-G.
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distribution8. Hence, the multi-element doping leads to the greatly
enhanced electrocatalytic activity and electrochemical sensing
performances.

In summary, we report a one-pot strategy to synthesize a new type
of graphene material doped with both N and S atoms through the
microbial reduction of GO by SRB. The N, S-doped G demonstrated
significantly improved electrocatalytic properties and electrochem-
ical sensing performances in comparison with single-doped gra-
phene due to the synergistic effects of dual dopants. For the
simultaneous determination of Cd21 and Pb21, the N, S-G takes
several advantages such as high sensitivity and selectivity, wide linear
range and low detection limit. These results are significant because
they not only give insight into the synergistic effect of multi-element
dopants on the properties of graphene, but also open a way to
develop new graphene functional materials with excellent electro-
chemical property by a simple, economical and environmentally
friendly approach.

Methods
Bacterial cultures. The strain of SRB was isolated by the following procedure. Moist
oily soil from Shengli oilfield of China was added to API-RP38 culture medium, and
cultivated for 48 h until the medium turned black. The supernatant solution was then
inoculated in fresh medium. This procedure was repeated for several times. The
isolated SRB was light yellow under anaerobic conditions at 37uC in the culture
medium.

The API-RP38 culture medium in the experiment contained (per liter of ultrapure
water)24: 4.0 mL sodium lactate, 1.0 g yeast extract, 0.2 g magnesium sulfate
(MgSO4?7H2O), 0.1 g vitamin C(Vc), 0.01 g potassium diphosphate (K2HPO4) and
10.0 g sodium chloride (NaCl). The pH was adjusted to 7.0 , 7.2 by the appropriate
addition of 1 M sodium hydroxide (NaOH). The solution was sterilized with an
autoclave at 121uC for 20 min and then cooled to room temperature. After cooling,

0.2 g FeSO4?(NH4)2SO4?6H2O sterilized using ultraviolet light was added to the
solution.

Microbial reduction of GO. The microbial reduction was initiated by mixing 100 mL
of as-prepared GO solution (0.1 mg?mL21) aseptically with 20 mL culture of sulfate-
reducing bacteria and 30 mL fresh culture medium. The mixture was incubated in
anaerobic conditions at 37uC constant temperature incubator for several days. The
resulting stable black dispersion was centrifuged (14000 rpm) and washed with 1 M
HCl aqueous solution to remove the organic matter, cell debris and ultrapure water
for several times, respectively. Finally, the resulting solid was dried at 80 uC under
vacuum.

Preparation of N-G and S-G. For the preparation of N-G, a 10 mL portion of 2 mg/
mL homogeneous GO aqueous dispersion was mixed with 2 mL ammonia, sealed in a
100-mL Teflon-lined autoclave and then maintained at 180 uC for 12 h. The autoclave
was then naturally cooled to room temperature. The as-prepared graphene materials
were taken out and dried at 80 uC under vacuum for 48 h to obtain N-G with doping
concentration of nitrogen about 6.20% (atom %). For the preparation of S-G, 0.0404 g
GO and 0.0201 g benzyl disulfide (BDS) were first ultrasonically dispersed in 50 ml
ethanol for about 30 min. The resulting suspension was filtered to obtain uniform
thin films. The films were placed into a quartz tube and annealed at 900 uC in argon
atmosphere to obtain S-G with doping concentration of sulfur about 1.1% (atom %)2.

Fabrication of the (N, S-G)-Nafion composite film. The GCE was first polished with
0.3 and 0.05 mm alumina slurries and rinsed thoroughly with ultrapure water, then
sonicated in 151 ethanol, 151 nitric acid and ultrapure water for 5 min, respectively,
and dried at room temperature. Next, a 2 ml of 1.0 mg?mL21 N, S-G solution was
mixed with equal volume of 0.1% Nafion-ethanol solution by ultrasonication for
15 min to give 0.50 mg?mL21 suspension. Finally, an aliquot of 5 mL of the mixture
was coated on the pretreated GCE electrode and dried at room temperature to obtain
(N, S-G)-Nafion/GCE. (N-G)-Nafion, (S-G)-Nafion, and rGO-Nafion composite
films were also synthesized under the similar procedure.

Fabrication of Bi/(N, S-G)-Nafion/GCE. The three electrodes were immersed into a
50 mL electrochemical cell, containing 0.2 mol L21 acetate buffer (pH 4.6), 175 mg
L21 Bi (III) and appropriate target metals. The (N, S-G)-Nafion modified GC

Figure 3 | (A) DPASV of 15 mg L21 of Cd21 and Pb21 on (a) GCE, (b) Bi/GCE, (c) Nafion/GCE, (d) (N, S-G)-Nafion/GCE and (e) Bi/(N, S-G)-Nafion/

GCE. (B) DPASV of simultaneous analysis of Pb21 and Cd21 with concentrations of 30, 24, 18, 15, 12 and 9 mg L21, respectively. (C) The calibration

curve of Cd21 and Pb21, respectively. Supporting electrolyte: 0.2 M acetate buffer (pH 4.6), deposition potential: 21.2 V, deposition time: 300 s.

(D) DPASV of 15 mg L21 of Cd21 and Pb21 on rGO-Nafion/GCE, Bi/(S-G)-Nafion/GCE, Bi/(N-G)-Nafion/GCE, and Bi/(N, S-G)-Nafion/GCE (from

bottom to upper).
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electrode with Bi film was plated in situ by spiking the sample with the required
concentration of Bi(III) and simultaneously depositing Bi31 and the target metals on
the surface of the electrode at 21.2 V under stirring for 300 s. Following the
conditioning step, the stirring was stopped and after 10 s equilibration period, the
voltammogram was recorded by applying a positive-going potential scan from 21.2
to 0.2 V (with a step increment of 8 mV, amplitude of 50 mV, and pulse period of
0.2 s). Prior to the next cycle, a cleaning step (120 s at 0.3 V, with solution stirring)
was used to remove the target metals and bismuth film. Bi/(N-G or S-G or RGO)-
Nafion/GCE was also synthesized under the similar procedure.

Chemicals and apparatus. Nafion (5 wt% in low aliphatic alcohols) was purchased
from DuPont, and then diluted to 0.1 wt% Nafion with ethanol. Cd(NO3)2,Pb(NO3)2,
Bi(NO3)3, CH3COOH,CH3COONa were purchased from Shanghai Sinopharm
Chemical Reagent Co. Ltd. Benzyl disulfide (BDS) was purchased from Aladdin
Chemistry Co. Ltd. All chemicals employed in this work were of analytical reagent
grade and used without any further purification. Stock solutions of Cd21 and Pb21

were obtained by diluting the corresponding standard stock solutions prepared with
Cd(NO3)2 and Pb(NO3)2 in 1.0 wt% HNO3, respectively. Bi (NO3)3 was used for the
Bi film electrode (BiFE) by diluting the corresponding standard stock solution. A
0.2 M acetate buffer (pH 4.6) prepared by mixing appropriate amounts of
CH3COOH and CH3COONa was used to prepare the solution of supporting
electrolyte. Unless otherwise stated, all solutions were prepared with ultrapure water
(.18 MV) from an AJF-1001-P system.

Electrodeposition differential pulse anodic stripping voltammetry (DPASV) and
electrochemical impedance spectroscopy (EIS) were performed with a CHI 660C
electrochemical workstation (CH Instrument Company). The working electrodes
were electrodes modified by synthesized functional materials, and the auxiliary and
reference electrodes were Pt wire and saturated calomel electrode (SCE), respectively.
Fourier transform infrared (FT–IR) spectra were obtained on a Fourier Transform
InfraRed spectrometer (EQUINOX 55). UV-vis detection was carried out on a
Specord 50 UV-vis spectrophotometer (Germany). Thermogravimetric analyze
(TGA) of sample was performed on a Pyris1 TGA thermogravimetric analyzer
(Perkin-Elmer Thermal Analysis). X-ray diffraction (XRD) data was recorded with X-
ray diffraction (XRD, X’Pert PRO) with Cu Ka radiation. X-ray photoelec-tron
spectroscopy (XPS) analysis was carried on a VG Multilab 2000 X-ray photoelectron
spectrometer. SEM images were obtained from a Hitachi S-4800 Field scanning
electron microscope (FSEM). TEM images were obtained from a Tecnai G20 trans-
mission electron microscope (TEM).
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