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A novel N, S co-doped graphene (NSG) was prepared by
annealing graphene oxide with thiourea as the single N and S
precursor. The NSG electrodes, as efficient metal-free
electrocatalysts, show a direct four-electron reaction
pathway, high onset potential, high current density and high
stability for oxygen reduction reaction.

The oxygen reduction reaction (ORR) plays a key role in many fields,
including fuel cells, metal-air batteries, corrosion, and biosensors.™*
For low temperature fuel cells and metal-air batteries, the oxygen
reduction reaction in the cathode is a major limited factor to obtain
the expected performance. The ORR can occur either through a four-
electron process or a less efficient two-step, two-electron process
depending on the electrocatalysts utilized.> Nowadays, the typical
electrocatalyst for ORR is the commercial Pt-based precious metal
catalyst. However, Pt-based materials are extremely expensive and
have only limited storage on the earth. Besides, Pt-based catalysts
have shown sluggish ORR process, susceptibility to fuel crossover and
poor stability. These disadvantages have tremendously limited the
development and application of fuel cells and metal-air batteries. In
this regard, numerous studies about metal-free or precious metal-free
electrocatalysts have been conducted to find metal-free catalysts with
excellent ORR performance. *3

Of various metal-free electrocatalysts, nitrogen-doped carbon
materials (including graphene, carbon nanotubes etc.) have been
extensively investigated to replace Pt-based electrocatalysts for ORR.
The improved performance of N-doped carbon for ORR originates
from the charge transfer induced by the heteroatoms present in the
graphitic framework to facilitate oxygen adsorption for ORR with
relatively low overpotential, as proposed by Dai group.”* Recently,
other elements besides N have been doped into carbon materials as
metal-free electrocatalyst for ORR with improved performance
compared to undoped carbon. *® More recently, we have developed
boron and nitrogen co-doped carbon nanotube (BCN nanotube)® and
graphene (BCN graphene)® as efficient metal-free electrocatalysts for
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ORR. The synergetic effect between the two heteroatoms on the ORR
the
characterizations and theoretical calculation. In our previous work,

activity has been investigated by electrochemical
BCN graphene was prepared by annealing graphene oxide and boric
acid mixture under flowing ammonia gas, which is toxic and
dangerous to use.® Even though various heteroatoms co-doped
carbon materials have been developed as metal-free catalyst for ORR,
the development of new synthetic routes of this kind of novel
materials is still in significant demand to improve the performance of

metal-free catalysts for ORR.
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Figure 1. (A) Raman spectra of NSGs and undoped graphene; (B) the ID/IG ratio
plotted against the annealing temperature.

In this work, we successfully developed a one-pot approach to
prepare N and S co-doped graphene (NSG) by directly annealing
graphene oxide (GO) and thiourea in argon, in which the single
thiourea chemical was used as both N and S sources. It should be
pointed out that thiourea could act as reducing agent to reduce
graphene oxide as reported by Jayavel’. Therefore, during the
temperature ramping from room temperature to the desired high
temperature, GO was initially reduced by thiourea partially. Due to
the solid phase nature and short reduction time, the reduction of
graphene oxide is not complete. When the temperature is beyond 200
°C, thiourea decomposed to highly reactive N/S-rich species such as
NH,, H.S, and CS,, etc, and the reduction of graphene oxide by the
thermal annealing became dominated. The removal of oxygen-
containing groups of GO by the reduction generated defect sites,
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which then reacted with N and S atoms decomposed from thiourea to

complete the doping process.®*

The use of the single N and S
precursor simplifies the synthetic process and makes it safe. Our
physical characterizations indicate that the content of doped S
increases and that of N decreases with the increase of the annealing
temperature. The NSG samples we have obtained show improved
ORR activity. This dual

demonstrated to be a possible substitute for commercial Pt/C

heteroatoms co-doped graphene was

catalysts.
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Figure 2. (A) The XPS survey spectra of NSGs and undoped graphene; (B) the S
and N contents dependence on the annealing temperature; (C) the total S and N
contents dependence on the annealing temperature; (D) the high-resolution Cl1s
XPS spectra of NSGs and undoped graphene.

The NSGs were prepared by annealing graphene oxide in the
presence of thiourea at various temperatures (see Supporting
details).
temperature, the decomposed N and S could be successfully

Information for experimental At the high annealing
incorporated into graphene. To investigate the structural morphology
of the as-obtained N, S co-doped graphene (NSG), the scanning
electron microscopy (SEM) image was collected for NSGyoo (the value
700 stands for the annealing temperature, see Supplementary
Information), as shown in Figure Sa. It can be seen from Figure Si that
a large number of graphene-like nanosheets were observed,
confirming that the doping process reserves the intrinsic morphology
of graphene. The NSGs obtained at different temperatures were
characterized by Raman to observe their further electronic properties.
As can be seen from the Raman spectra (Figure 1A), the D band and G
band were located around 1330 cm™ and 1580 cm™, respectively. It has
been found that the G band arises from the bond stretching of all sp*-
bonded pairs, including C-C, S-C, and N-C, while the D band is
associated with the sp?defect sites.® The higher-order peak appeared
at 2680 cm™ and a small broad peak at 29120 cm™ can be assigned to a
combination of D+D and D+G bands. In the Raman spectra of carbon-
based materials, Ip/lg is an interesting indicator of the defects level. It
can be seen from Figure 1A that all of the NSG samples show higher
In/lg ratio than undoped graphene (1.42) owing to the incorporation of
defects by S- and N-doping. In the meantime, as the annealing
temperature of the synthetic process increases, the Ip/l ratio of NSGs
decreases from 1.72 to 1.44 (Figure 1B). On one hand, the decrease in
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the Ip/lg ratio with the temperature increase may be due to the
decrease of the total dopants (S+N) with the increase of the annealing
temperature, as confirmed by the following X-ray photoelectron
spectroscopy (XPS) results. On the other hand, it may also be due to
the improved graphitic degree of the NSGs caused by the reduction
effect and “self-repairing” of the graphene layer at the higher
annealing temperature.’
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Figure 3. The high resolution N1s (A) and S2p (B) XPS spectra of NSGs annealed
at different temperatures.

In order to confirm the composition of the as-obtained samples and
the chemical states of the doped heteroatoms, XPS characterization
was performed. As expected, all of the NSG samples show C, S, and N
signals indicating the successful doping of S and N into graphene by
annealing graphene oxide in the presence of thiourea (Figure 2A). The
presence of an O 1s peak in the samples is probably attributed to the
reason that the structure of reduced graphene is not fully recovered
(see supporting information, Figure S2).* The XPS survey also gives
the contents of N and S in the NSG samples, which are plotted against
the annealing temperature (600~1000 °C), as shown in Figure 2B. It
could be observed that the content of N in NSGs decreased with the
increase of the annealing temperature, which is consistent with Dai’s
report on nitrogen doped graphene obtained by annealing graphene
oxide in the presence of ammonia.® In contrast, the content of S
increased with the increase of the annealing temperature, probably
indicating the doping of S into graphene required higher temperature.
And the overall doped content of S and N decreased with the
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annealing temperature. The chemical state of C, N and S in NSGs was
further studied by high resolution XPS. The high-resolution XPS Cas
spectra given in Figure 2D clearly show an almost total loss of the
oxygen component above 286 eV, while the carbon peak at 284.6 eV
becomes more asymmetric and broadened due to N and S
incorporation into the sp® network of graphene upon annealing with
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Figure 4. The cyclic voltammetry curves of oxygen reduction reactions on
undoped graphene (A) and NSG700 (B) in nitrogen-(black) and oxygen-(red)
saturated 0.1 M KOH electrolyte solution; the disc current density (C) and the
ring current density (D) obtained from the LSV testing on electrode materials
modified RRDE in oxygen-saturated 0.1 M KOH electrolyte.

We also investigated the bonding configurations of N and S atoms in
the NSGs based on high-resolution N1s and S2p XPS spectra. The N1s
peaks in the XPS spectra of NSGs annealed at 600 to 1000 °C were
fitted into three peaks: pyridinic N (N,), pyrolic N (N,) and graphitic N
(N;) at the binding energies of around 398.2, 399.3, 401.2 eV,
respectively™ (Figure 3A) . The intensity of the high energy peaks (N,
and N,) increased with annealing temperature, indicating different N
bonding configurations in graphene oxide reacted with thiourea at
different temperatures.’ The data suggested that higher temperature
annealing of GO with thiourea afforded more graphitic N incorporated
into the carbon network of graphene. Similarly, the high resolution S,
peak can be fitted with three different peaks (Figure 3B). The major
two peaks at the binding energies of 163.7 and 164.9 eV are in
agreement with the reported S.p;. (Si) and S.pae (S.) which are
attributed to the binding sulfur in C-S bonds and conjugated —C=S—
bonds, respectively.” The formation of the C-S may be due to the
reaction between oxygen-containing groups in GO and H.S/CS..
Besides, the third sulfur peak (S;) which results from oxidized sulfur (-
SOn-) at the binding energy of around 168.2 eV is detected in the XPS
spectra.” From Figure 3B, it can be seen that S; decreases with
annealing temperature, almost disappeared for NSG1o00, indicating
that oxidized sulfur could be transformed into sulfide groups at higher
annealing temperatures.” The bond formation of —-C-S-/-C=S- and C-
N has been discussed in details in literatures.*®*, Dai et al.? utilized
ammonia for N doping of graphene and pointed out that the oxygen
groups in graphene oxide were responsible for reactions with NH; and
C-N bond formation. Xia et al. ® used melamine as the N source to

This journal is © The Royal Society of Chemistry 2012

ChemComm

realize the N doping of graphene and suggested that the oxygen
groups were reduced or removed at high temperature and the
removal process of oxygen species provides active sites for nitrogen
doping into graphene frameworks. Nitrogen atoms decomposed by N
source can attack the active sites to complete the N doping. It is
believed that S doping follows the similar mechanism.® The different
bond types depends on the types of the active sites generated by
oxygen removal at high temperature and can be converted at higher
temperature as shown in Figure 3. In our work, thiourea was
decomposed into NH;, H.S, and CS, etc. at high temperature, so the
bond formation should follow the similar way in which N or S doping
was realized with NH;, H,S, and CS,.

To investigate the electrocatalytic activity of NSGs, the ORR
behavior on the electrodes was measured in 0.1 M KOH solution using
a conventional three-electrode system. As shown by the cyclic
voltammogram (CV) curves in Figure 4A-B, both undoped graphene
and NSGyoo showed a substantial reduction process in the presence
of oxygen, whereas no obvious response was observed under nitrogen.
The onset and peak potentials of ORR on NSG7oo0 are more positive,
and the current densities much higher, than those on undoped
graphene, indicating the advanced role of doped heteroatoms to
enhance ORR activity, consistent with our previous work on BCN
graphene.

To investigate the kinetics of ORR on NSGs, rotating ring disc
electrode (RRDE) voltammetry (linear sweep voltammetry, LSV) was
performed at the rotation rate of 1600 rpm in O,-saturated 0.1 M KOH
solution with a scanning rate of 10 mV s™. As shown in Figure 4C, the
typical two-step pathway was observed for undoped graphene,
indicating a successive two-electron reaction pathway, instead of the
direct four-electron pathway, consistent with literature reports.® On
the NSGyoo electrode, the LSV curves show a single-step wide
platform, indicating a four-electron ORR process. Interestingly, the
onset potential (i.e., the potential at which the ORR starts to occur) for
ORR on undoped graphene is much more negative than that of
NSG700. And also, NSG7o00 shows more positive onset potential than
most of reported metal-free electrocatalysts, as shown in Table Si.
Besides, the current density of ORR on undoped graphene electrode is
also much lower than that NSGyoo. In Figure 4D, based on the RRDE
testing, we also obtained ring current, reflecting the oxidation of the
ORR by-products on the electrode.”® It could be observed that the
ring current on undoped graphene is much higher than that on
NSG7oo0, indicating more intermediate by-products of ORR were
produced on undoped graphene. With the tested disc and ring
currents, we could calculate the electron transfer number (n) of ORR
according to the following equation:

4/,
. Jr
+7
Jp N

n=

In this equation, jp is the faradic disc current, jz is the faradic ring
current (Figure 4D), and N is the collection efficiency (0.37) of the ring
electrode. Based on the calculation, the electron transfer number of
ORR on NSGyoo is 3.91 at -0.5V, which is closer to the theoretical 4e
reaction pathway than N or S doped graphene in Yang's report.*”

J. Name., 2012, 00, 1-3 | 3



ChemComm

Therefore, on the NSG7oo0 electrode, ORR follows a direct 4e pathway
by directly forming OH" ions as the final product, as is the case with
the commercial Pt/C electrode. This confirmed that N,S co-doped
graphene is more likely to be a substitution for Pt/C than N or S doped
graphene which is consistent with Qiao’s report.* Therefore, the as-
prepared NSGs show significantly improved ORR activity in terms of
electron transfer number, onset potential and current density. We
also investigated the dependence of ORR activity of NSGs on the
annealing temperatures, as demonstrated by the LSV curves in Figure
S3. It could be observed that, of the NSG electrodes obtained at
different annealing temperatures, the NSGyoo is the most active in
terms of the onset potential probably due to the optimized
composition and heteroatom bonding configurations of NSG at this
annealing temperature (700 °C).

Finally, the stability of the as-prepared NSG7oo electrocatalysts was
also examined compared with the commercial Pt/C catalysts, as
shown in Figure S4. We performed accelerated CV scanning for 2000
cycles at a scan rate of 100 mV s™ within the potential window of -o0.5
V to oV. Figure S4 shows the LSV curves of NSG7oo and Pt/C before
and after the accelerated CV scanning of 2000 cycles. As can be seen,
after continuous CV scanning of 2000 cycles, the onset potential of
ORR on Pt/C electrocatalyst shifted negatively by 45 mV, while the
onset potential of ORR on NSGyoo became even more positive
probably due to the further activation by the continuous CV scanning.
The results clearly indicate that the electrochemical activity of NSGs is
much more stable than that of the commercial Pt/C.

In summary, we have successfully fabricated a novel N, S co-doped
graphene through a simple but efficient and versatile annealing
approach with thiourea as the single N and S precursor. The as-
prepared NSG electrodes show a direct 4e reaction pathway, and high
onset potential, high current density and high stability for ORR in the
alkaline medium. The as-obtained materials show potential to be used
as efficient metal-free ORR electrocatalysts for fuel cells, metal-air
batteries, and even other energy conversion and storage devices.
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