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ABSTRACT: Developing metal-free catalysts for oxygen reduction reaction (ORR) is fyrolysis.

a great challenge in the development of fuel cells. Nitrogen and sulfur codoped carbon J / ;
with remarkably high nitrogen content up to 13.00 at % was successfully fabricated by /| Ny X =

pyrolysis of homogeneous mixture of exfoliated graphitic flakes and ionic liquid 1- b\o// Y T
P JOeane

Nand S codoped carbon

butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([Bimi][Tf,N]). The
exfoliated graphite flakes served as a structure-directing substance as well as additional
carbon source in the fabrication. It was demonstrated that the use of graphite flakes |
increased the nitrogen doping level, optimized the composition of active nitrogen
configurations, and enlarged the specific surface area of the catalysts. Electrochemical
characterizations revealed that the N and S codoped carbon fabricated by this method
exhibited superior catalytic activities toward ORR under both acidic and alkaline "
conditions. Particularly in alkaline solution, the current catalyst compared favorably to SR AL
the conventional 20 wt % Pt/C catalyst via four-electron transfer pathway with better

ORR selectivity. The excellent catalytic activity was mainly ascribed to high nitrogen doping content, appropriate constitution of
active nitrogen configurations, large specific surface area, and synergistic effect of N and S codoping.

Current density / mA em™

R
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B INTRODUCTION materials is related to either the asymmetry spin density or
atomic charge density, which may give new insight into the
enhancement resulting from doping by heteroatoms (S, B, and
P) whose electronegativity is no larger than C.'® In the case of
codoped carbon material, e.g, N and S codoped and N and P
codoped,®'' ™1 synergetic effect also plays an important role in
contributing to better performance when compared with
monodoped carbon materials.

In recent years, intensive efforts have been contributed to
exploring various dopants for fabricating doped carbon by
pyrolytic method. Organic polymers and cyclic compounds,

Sluggish oxygen reduction reaction (ORR) kinetics and high
cost of Pt-based catalysts are two major barriers that slow down
the commercialization of fuel cells.' Over the past decades,
significant effort has been devoted to explore Pt-free and even
metal-free catalysts to improve catalytic activity and reduce
cost.” Doped carbon, particularly N-doped carbon, has attracted
increasing attention as a promising metal-free electrocatalyst for
ORR due to its excellent electrocatalytic performance and low
cost.® Recent studies have demonstrated that carbon materials
monodoped or codoped by nonmetallic heteroatoms, such as
N, S, P, and I, can achieve electrocatalytic activity comparable eg, polyaniline, pyrrole, and4 llsaelgzyl disulfide, are widely
to Pt and exhibit superior selectivity and durability.*~” The adopted as heteroatom sources.” ”"° The disadvantage of these
mechanisms of the enhanced carbon catalysts are not yet clearly precursors lies in the large extent of decomposition or
understood. For the N-doped carbon, some researchers explain volatilization of organic compounds at high temperature,

that the metallic-like catalytic property results from the increase usually resulting in low heteroatom yields. Toxicity and
in electron density at the Fermi level, allowing the electrons to unpleasant odor are other disadvantages. Ammonia is also
reach the conduction band.® Other study indicates that the used as N-containing dopant, but occupational safety and
insertion of N into graphitic matrix would create favorable health issues are concerns.'” lonic liquids (ILs), which are
positive sites for O, on the adjacent carbons owing to the

electronegativity difference between N and C.” However, Received: January 12, 2015

calculation based on density functional theory (DFT) shows Accepted: March 17, 2015

that the excellent catalytic performance of N-doped carbon Published: March 17, 2015
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Scheme 1. Fabrication of N and S Codoped Carbon
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molten salts composed of ions, first attracted great interest in
electrochemistry due to many superior properties such as high
ion conductivity, negligible vapor pressure, high thermal
stability, and wide varieties."® Recent interest in ILs has been
directed to their use as precursors for fabricating doped carbon
materials.'”” ILs are regarded as promising carbonization
precursors for fabricating doped carbon materials with high
doping content and tunable heteroatom composition.”® N-
doped carbon with N-doping content ranging from S to 14.2 wt
9% was successfully prepared by carbonization of ILs.”'~>* Dual-
doped carbon materials, such as N, S codoped, N, B codoped,
and N, P codoped, were also synthesized similarly with ILs
containing more than one heteroatom.**~2° However, ILs
involving nitrile functional groups are selected in those cases
because the nitrile groups can act as cross-linkable N sources,
which are considered to be a prerequisite for synthesizing N-
doped carbon by carbonization. Owing to the great prospect of
these materials, conventional ILs without cross-linkable func-
tional groups have also been explored for fabrication of
heteroatom-doped carbon by introducing additional foreign
frameworks although the carbon yield is relatively lower than
that of nitrile-containing ILs. By being entrapped in carbon
nanotubes matrix, conventional IL can be carbonized to doped
carbon materials on the surface of carbon nanotubes, making it
a fascinating core—shell microstructure.”””® Tt is also reported
that silica gel has a confinement effect to ILs without nitrile
group in carbonization, and thus can convert these ILs with
negligible char residue into efficient carbon precursors.”’
Herein, we report a successful fabrication of N and S
codoped carbon by pyrolysis of a homogeneous mixture of
exfoliated graphite flakes and conventional IL, 1-butyl-3-
methyl-imidazolium bis(trifluoromethylsulfonyl)imide
([Bmim][T£,N]). The effects of exfoliated graphite flakes on
the physiochemical properties of the as-prepared catalysts were
studied in detail, which has not been published elsewhere to the
best of our knowledge. Systematic investigation of the
electrocatalytic performance of the as-prepared materials
toward ORR in both acidic and alkaline conditions is also
conducted. The exfoliated graphite flakes, or multilayer
graphene, are simply prepared by ultrasonicating graphite
flakes in [Bmim][Tf,N].*° In this process, the charged IL can
be homogeneously absorbed on the exfoliated graphite flakes
by electrostatic attraction, which prevents their restacking
during pyrolysis. [Bmim][Tf,N] can either go through
confined carbonization within graphene framework or act as
nitrogen and sulfur dopants for exfoliated graphite flakes.
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Furthermore, since only graphite flakes and [Bmim][Tf,N] are
involved as precursors, no post-treatment of the pyrolytic
products is necessary. That major ultrasonicating and pyrolysis
processes are possible to be scaled up for mass production. The
simplified and scalable fabrication process will significantly help
promote the wide application of N and S codoped carbon
catalyst.

B EXPERIMENTAL SECTION

Sample Preparation. N and S codoped carbon was synthesized by
pyrolysis of ultrasonicated mixture of graphite flakes and IL at 900 °C
(Scheme 1). For comparison, the control sample without adding
graphite flakes was also prepared under the same conditions. The
samples fabricated with and without graphite flakes were labeled as
GIL-carbon and IL-carbon, respectively. In a typical synthesis of GIL-
carbon, 10 mg of graphite flakes (Sigma-Aldrich) was homogeneously
dispersed in 2.5 mL of [Bmim][Tf,N] (Sigma-Aldrich) by ultra-
sonication for 2 h. The suspension obtained was subsequently
transferred to a corundum crucible and heated in a tube furnace at a
heating rate of S °C min~" to 900 °C. After holding this temperature
for 1 h, the sample was allowed to cool to room temperature. All steps
were carried out in a constant flow of N,.

Characterization. The morphology and structure of the as-
prepared catalysts were characterized by field emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) and transition
electron microscopy (TEM, JEOL JEM 2100F). The surface chemical
composition of each sample was analyzed by a PHI-5600 X-ray
photoelectron spectroscopy (XPS) system with Mg Ka radiation (hv =
1253.6 eV). Thermal gravimetric analysis (TGA) was carried out by a
METTLER TOLEDO TGA/DSC 1 STAR® System. The N,
adsorption—desorption isotherms were recorded on Micromeritics
ASAP 2020 analyzer at —196 °C (77 K). Prior to measurement, the
samples were degassed at 250 °C under vacuum for 3 h. The specific
surface area of GIL-carbon and IL-carbon was calculated by applying
the Brunauer—Emmett—Teller (BET) model to the N, sorption data.

Electrochemical Measurements. All the electrochemical meas-
urements were carried out in a three-electrode system connected to a
CHI 660 electrochemical testing system. A commercial glassy carbon
electrode (GCE, diameter of 5 mm, PINE instruments, U.S.A.) was
used as the working electrode and a Pt foil as the counter electrode. A
Hg/HgO (1 M KOH) electrode and a Ag/AgCl (3.5 M KCI)
electrode were selected as the reference electrodes in alkaline and
acidic conditions, respectively. For the rotating disk electrode (RDE)
experiment, a PINE rotator was used. Prior to surface coating, the
surface of GCE working electrode was polished in sequence with 1.0,
0.3, and 0.0S pm alumina powder on a polishing cloth and rinsed with
deionized water. An amount of 10 uL suspension of as-prepared
catalyst or graphite flakes or commercial Pt/C (20 wt % Pt/Vulcan
XC-72 (Fuel Cell Earth LLC)) in anhydrous ethanol (1 mg sample
mL™"') was subsequently dropped onto the surface of the GCE with a
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pipet and dried in air. This procedure was repeated three times.
Finally, 10 yL of Nafion solution (0.5 wt %) was coated onto the
surface of modified GCE and dried in air before use. All electrolytes
were purged with high-purity O, or N, for 40 min prior to
measurements. All the electrochemical experiments were performed
at room temperature.

B RESULTS AND DISCUSSION

The structure and morphology of the as-prepared GIL-carbon
and IL-carbon were examined first. The typical SEM images
(Figures 1a and 1b) clearly show that both GIL-carbon and IL-

Figure 1. SEM images of (a) GIL-carbon and (b) IL-carbon; (c) TEM
and (d) EDX of GIL-carbon.

carbon are composed of small particle clusters, but the GIL-
carbon has a looser structure compared with IL-carbon due to
the confinement effects of exfoliated graphite flakes in the
reactants. This structure is favorable for ORR because it
facilities oxygen penetration and provides more active sites.
Figure lc presents the TEM image of the microstructure of
GIL-carbon. The small particle clusters are actually composed
of irregular thin flakes owing to the structure-directing effect of
exfoliated graphite flakes. The EDX pattern of GIL-carbon
shown in Figure 1d preliminarily reveals successful doping of a
large quantity of N and small content of S into the carbon
materials. The doping levels of N and S indicated by EDS are
13.02 and 0.44 at %, respectively. The element mapping images,
as shown in Figure 2, clearly confirm the existence of N and S
and also display the homogeneous distribution of the doped
compositions.

The surface composition of N- and S-bonding configurations
in the as-prepared samples was further investigated by XPS.
The high-resolution N 1s and S 2p spectra of GIL-carbon and
IL-carbon are shown in Figures 3a and 3b, respectively. The
heteroatomic doping level and the percentage of each doping
element are summarized in Table 1. According to Figure 3a,
both N 1s spectra can be deconvoluted into four peaks, which
correspond to pyridinic N (398.3 V), pyrrolic N (399.7 eV),
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Figure 2. Element mapping of GIL-carbon: (a) dark-field STEM
image of the sample area on which mapping was carried out, (b)
carbon map, (c) nitrogen map, and (d) sulfur map.

graphitic N (401.0 eV), and pyridinic N-oxide (403.4 eV)."”
However, the N-doping content in GIL-carbon reaches 13.00%
with pyrodinic N and graphitic N contributing approximately
equally, while the value in IL-carbon is only 9.88%, in which
graphitic N dominates the N-doping by 43.4%. The higher N
content of GIL-carbon proves the positive function of the
exfoliated graphite flakes in the pyrolysis of IL [Bmim][Nf,T].
The lower content of pyridinic N in IL-carbon can be ascribed
to the fact that the [Bmim][Nf,T] possesses no cross-linkage
functional group such as cyano; thus, no pyridinic N can be
formed from polymerization reaction.”" It is suggested that the
detected N species in char of IL-carbon exclusively results from
the transformation of imidazole N in the precursor under high
temperature.®” On the other hand, the relatively high content of
pyridinic N in GIL-carbon can be attributed to either the
confined carbonization of [Bmim][Nf,T] within exfoliated
graphite flakes or the substitution of C atom with N in the
framework of the few-layer graphene.” The actual pathway and
mechanism still need to be further investigated. For the case of
S, according to Figure 3b, the profound peaks located at 163.9
eV (—C—S—C-) and 165.0 eV (—C=S—) reveal successful S-
doping although the contents in GIL-carbon and IL-carbon are
0.46% and 0.38%, respectively, which are much lower than that
of N-doping.®> The XPS results are consistent with the EDX
measurements shown in Figure 1d.

Specific surface is considered to have profound effect on gas
reaction like ORR.**** N, adsorption—desorption isotherms of
the as-prepared samples are presented in Figure 4. As expected,
GIL-carbon exhibits a relatively larger BET surface area
(503.6861 m* g™') than that of IL-carbon (413.5250 m* g™')
due to the restacking prevention and the structure-directing
effect of exfoliated graphite flakes. The increased BET surface
area of GIL-carbon is believed to be beneficial to O,
penetration and can provide more active sites for ORR.

DOI: 10.1021/acsami.5b00222
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Figure 3. High-resolution XPS spectra of (a) N 1s and (b) S 2p in GIL-carbon and IL-carbon.

Table 1. Heteroatomic Doping Level and Peak Assignments for N 1s and S 2p from XPS Results

N species (at %)

S species (at %)

sample N (at %) pyridinic pyrrolic graphitic S (at %) C-S0,-C Cc=S C-S-C
GIL-carbon 13.00 34.7 16.5 323 0.46 28.8 315 39.7
IL-carbon 9.88 28.9 112 43.4 0.38 18.5 32.1 49.4

350 is comparable to the results of previous works, #3638

GIL-carbon Synergistic effect of N and S codoping is considered to play
- 1 e L. an important role in the activity enhancement of the as-
; 300 IL-carbon p b
mw prepared catalysts. © From the atomic point of view, both
g asymmetrical charge density and spin density are possible
g 250+ factors for an atom to serve as an active site with the latter
-9 being even more significant. The N-doping mainly influences
= 200 the charge density owing to the different electronegativi
»n 8 g 8
N ] between N and C. However, it was found that based on the
§ 150- W/ﬂf* DFT, the spin density of many atoms in the N and S codoped
= ] o carbon materials, in addition to the charge density, was
> 100- substantially uplifted due to the mismatch of the outermost
orbitals of S and C.** This is also in accord with the good ORR
T

0.0 0.2 0.4 0.6 0.8

Relative pressure/ (P /P )

1.0

Figure 4. N, adsorption—desorption isotherms of GIL-carbon and IL-
carbon.

The electrocatalytic performance testing of the as-prepared
samples was first conducted in alkaline condition. The results
are presented in Figure 5 and Supporting Information Figure
S3. Figure Sa exhibits the cyclic voltammograms (CVs) of the
as-prepared catalysts for ORR compared with pristine graphite
flakes and commercial 20 wt % Pt/C. Distinct peaks can be
observed for both IL-carbon and GIL-carbon in the negative
sweep, but the maximum current density of GIL-carbon is
obviously larger than that of IL-carbon and is almost equal to
that of 20 wt % Pt/C. Moreover, the peak potential of GIL-
carbon is positive-shifted to —0.12 V (vs Hg/HgO) by adding
exfoliated graphite flakes. The linear sweep voltammograms
(LSVs) of these catalysts recorded by rotated disk electrode
(RDE) in the same condition are plotted in Figure Sb. It can be
seen that the LSV performance of GIL-carbon is better than
that of IL-carbon with respect to both maximum current
density and onset potential, which well agrees with the CVs
observations. The maximum current density of GIL-carbon is
comparable to the commercial Pt/C although the onset
potential is still 0.15 V more negative than that of Pt, which
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catalytic activity of both IL-carbon and GIL-carbon. Further
activity enhancement of GIL-carbon can be ascribed to the
higher N-doping level, more active N configurations, and larger
specific surface area. Actually, it is still unclear as to which type
of doped N is the most active catalytic site toward ORR.
Graphitic N is widely regarded as the most effective doped
moiety because the positive-charge C atoms adjacent to doped
N are theoretically more preferable to be absorbed by O,
molecules.'” However, N-doped carbon material containing
only pyridinic and pyrrolic N also exhibits remarkable
electrocatalytic activities toward ORR.” Therefore, based on
the data obtained in this study, the excellent performance of
GIL-carbon can be attributed to high N-doping content,
appropriate constitution of active N configurations, large
specific surface area, and synergistic effect of codoping with S.*°

Concerning the practical application of GIL-carbon in fuel
cells, its durability and tolerance to methanol in 0.1 M KOH
were also investigated. During the chronoamperometric (CA)
test, 3 M methanol was added after the test had run for 120 s.
For the Pt catalyst, as shown in Figure Sc, the direction of
current response reverses immediately after adding methanol.
The phenomenon indicates the occurrence of methanol
electrooxidation under this potential. In contrast, no noticeable
change is observed on the GIL-carbon electrode, suggesting
that its excellent tolerance to methanol and superior selectivity
for ORR compare to that of conventional Pt. Additionally, GIL-
carbon exhibits excellent durability for ORR in alkaline

DOI: 10.1021/acsami.5b00222
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(b) I-t curves of GIL-carbon compared to 20 wt % Pt/C at —0.2 V (vs Ag/AgCl) in O,-saturated 0.1 M HCIO, solution.

condition as shown in Figure 5d. After continuous O, reduction
for S h on the GIL-carbon electrode, the loss of current density
is negligible, implying its potential application in alkaline fuel
cells.

The electrocatalytic performances of GIL-carbon and IL-
carbon were also studied in acidic condition. As shown in
Figure 6a, both GIL-carbon and IL-carbon show obvious
catalytic activity under acidic condition, and the maximum
current density of GIL-carbon is still larger than that of IL-
carbon just as the situation in alkaline environment. However,
the ORR characteristic peaks shown at —0.2~0.1 V (vs Hg/
HgO) in 0.1 M KOH no longer exist in 0.1 M HCIO, solution
(Supporting Information Figure S4). Therefore, the ORR
catalytic activity of the as-prepared catalysts is inferior to that in
alkaline condition. Moreover, the maximum current density of
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GIL-carbon in 0.1 M HCIO, is 5.2 mA cm™?, which is smaller
than 6.5 mA cm™ in 0.1 M KOH solution. The lower catalytic
activity in acidic condition is probably due to the significant
decrease of disproportionation reaction of HO*™ into O, and
OH™, which is the electrocatalytic enhancement observed only
by N-doped carbon materials.*' It is worth noting that both
maximum current density and onset potential of GIL-carbon
are significantly improved compared with that of IL-carbon in
acidic condition though it is still not as competitive as Pt. As
can be seen in Figure 6b, a stable platform can be observed for
GIL-carbon during the entire duration of the I—t test, indicating
its excellent durability for ORR in acidic condition.

To further probe the ORR kinetic process catalyzed by GIL-
carbon, the number of electron transfer was studied based on
the Koutecky—Levich equation*

DOI: 10.1021/acsami.5b00222
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1 1 1 1 1 B CONCLUSION

- = . : 2/3 ~1/6 1/2

J h A o 0.62nF (DOZ) v Cozw We have successfully fabricated nitrogen and sulfur codoped
carbon with remarkably high N content by pyrolysis of
homogeneous mixture of exfoliated graphite flakes and

where j is the measured current density; j, and j, are the kinetic
and diffusion-limited current density, respectively; n is overall
electron number transferred per oxygen molecule during ORR;
F represents Faraday constant (96485 C mol™); Dg, is the
diffusion coefficient of O, (1.9 X 10~ cm? s™! in 0.1 M KOH
and 1.93 X 1075 em? s! in 0.1 M HCIO,);*®* v is kinetic
viscosity of the electrolyte (0.01 cm® s™'); Co, is the bulk

concentration of O, in the electrolyte (1.2 X 107 mol cm™ in
0.1 M KOH and 1.26 X 10~° mol cm ™ in 0.1 M HCIO,);**
and  is the electrode rotating rate (rad s™"). Figure 7 displays
the Koutecky—Levich plots of GIL-carbon at various voltages
based on RDE voltammograms under different rotation rates
(Supporting Information Figure SS) and the corresponding
calculated electron transfer numbers in 0.1 M KOH and 0.1 M catalytic activity to the commercial Pt catalysts with four-
HCIO,. The Koutecky—Levich plots exhibit good linearity electron transfer pathway but a better ORR selectivity.
under plotted voltages in both alkaline (Figure 7a) and acidic Therefore, the N and S codoped carbon developed in this
(Figure 7b) conditions. According to Figure 7c, the ORR is study shows great potential in electrochemical applications
regarded to go through a four-electron process in the entire related to ORR such as alkaline fuel cells and metal air batteries.
voltage range in alkaline conditions although the electron

transfer number slightly varies from 3.5 to 3.8. On the other B ASSOCIATED CONTENT

hand, in acidic condition (Figure 7d), a mixture of four-electron
and two-electron pathway is found on the GIL-carbon
electrode for ORR during a large range of testing voltage,

conventional ionic liquid [Bmim][Nf,T]. The use of exfoliated
graphite flakes increases the nitrogen doping level, optimizes
the composition of active nitrogen configurations, and enlarges
the specific surface area of the catalyst. The material prepared
by this simple, economical, and scalable method possesses the
properties of a superior metal-free electrocatalyst for oxygen
reduction reaction in both alkaline and acidic conditions due to
high nitrogen doping content, appropriate constitution of active
nitrogen configuration, large specific surface area, and
synergetic effect of nitrogen and sulfur codoping. Particularly
in alkaline condition, the material exhibits comparable electro-

© Supporting Information
Effect of pyrolysis temperature; TGA profiles of GIL-carbon

which is due to the fact that the active HO?™ intermediate is and IL-carbon; comparison of CVs of different catalysts in N,-
prone to receive a proton to form H,0, in acidic environment. saturared and O,-saturated conditions; CA responses of GIL-
This is well consistent with the different CV and RDE carbon in acidic conditions,; RDE voltammograms of GIL-
performances of the GIL-carbon in acidic and alkaline carbon under various rotation rates. This material is available
conditions. free of charge via the Internet at http://pubs.acs.org.

7219 DOI: 10.1021/acsami.5b00222
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