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F
uel cells are a promising sustainable
and renewable energy source. The
practical use of fuel cells highly de-

pends on the development of suitable cata-
lysts for oxygen reduction reactions (ORRs).
Nitrogen-doped graphene is a potential
carbon-based ORR catalyst of low cost, high
stability, and high efficiency.1�4 In spite of
extensive studies, the exact catalytic me-
chanism of nitrogen-doped graphene is still
under debate. A fundamental disagreement
lies in how nitrogen contributes to the cata-
lysis. To answer the question, the key is to
determine the contribution of three nitrogen
doping configurations, namely, pyridinic,
graphitic, and pyrrolic, to the catalytic per-
formance, which is still inconclusive. Some
studies support that pyridinic nitrogen is
catalytically active,5�10 while others suggest
that graphitic nitrogen is effective.11�17

There are also claims that both pyridinic
and graphitic nitrogen contribute to the
catalytic property butwith different roles.18,19

Until nowall theexperimental determinations

of the active sites on nitrogen-doped gra-
phene are indirect. The controversial results
from the previous experiments suggest that
there is a need to develop a method that is
able to observe the active sites and elucidate
the catalyticmechanism. It was demonstrated
before that intermediates of a catalytic reac-
tion could be ex situ analyzed on the sur-
face of the catalyst.20,21 Here, we report that
chemisorbedoxygen reduction intermediates
canbedetectedon thenitrogen-dopedmulti-
layer graphene after ORR using X-ray photo-
electron spectroscopy (XPS). This implies that
nitrogen close to carbon in nitrogen-doped
graphene is involved in the catalysis of the
ORR process and, more importantly, can be
used to observe the active nitrogen sites and
pinpoint the ORR pathway.

RESULTS AND DISCUSSION

Three multilayer graphene samples were
prepared from graphene oxide using differ-
ent nitrogen sources and doping methods
for different nitrogen doping configurations
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ABSTRACT Active sites and the catalytic mechanism of nitrogen-

doped graphene in an oxygen reduction reaction (ORR) have been

extensively studied but are still inconclusive, partly due to the lack of

an experimental method that can detect the active sites. It is

proposed in this report that the active sites on nitrogen-doped

graphene can be determined via the examination of its chemical

composition change before and after ORR. Synchrotron-based X-ray

photoelectron spectroscopy analyses of three nitrogen-doped multi-

layer graphene samples reveal that oxygen reduction intermediate

OH(ads), which should chemically attach to the active sites, remains on the carbon atoms neighboring pyridinic nitrogen after ORR. In addition, a high

amount of the OH(ads) attachment after ORR corresponds to a high catalytic efficiency and vice versa. These pinpoint that the carbon atoms close to

pyridinic nitrogen are the main active sites among the different nitrogen doping configurations.
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and concentrations: treatment by ammonia hydroxide,
heating under ammonia gas, and reaction with mela-
mine (see Experimental Section). For simplicity, the
three samples are named G-NH3 3H2O, G-NH3, and
G-C3N4, corresponding to the nitrogen doping meth-
ods. Typical transmission electron microscopy (TEM)
images of the nitrogen-doped multilayer graphene
nanosheets, which are a few nanometers thick, are
shown in Figure 1.
Synchrotron-based XPS of high resolution and high

sensitivity was used to investigate the chemical com-
position change on the three nitrogen-doped multi-
layer graphene samples before and after ORR. Before
ORR, the nitrogen contents in G-NH3 3H2O, G-C3N4, and
G-NH3 are 6.0%, 5.7%, and 6.8%, respectively. The least-
squares fittings of the XPS spectra in the nitrogen 1s
region before ORR are displayed in Figure 2 (upper
row). It can be seen that G-NH3 3H2O and G-NH3

samples have relatively higher contents of pyrrolic
nitrogen at 399.8 eV (red), slightly less pyridinic nitro-
gen at 398.5 eV (blue), and much less graphitic nitro-
gen at 401.2 eV (purple). G-C3N4, on the other hand,
contains more pyridinic nitrogen and less but com-
parable amounts of pyrrolic and graphitic nitrogen.

After ORR, the three samples showdifferent changes of
pyridinic, pyrrolic, and graphitic nitrogen contents
(lower row in Figure 2). For G-NH3 3H2O, the pyridinic
nitrogen peak decreases, while the “pyrrolic” peak
increases; for G-C3N4, the graphitic content increases
and the pyridinic and “pyrrolic” contents are steady;
G-NH3 shows a depressed “pyrrolic” peak. As shown
below, these changes correspond to very different
catalytic behaviors and functions of the different nitro-
gen configurations during the ORR process.
The observed changes in nitrogen contents before

and after ORR cannot be attributed solely to nitrogen
loss. Nitrogen may be lost via a nitrogen oxidation
process during ORR, which could change the contents
of the different nitrogen configurations. Generally,
pyrrolic nitrogen is less stable than pyridinic and
graphitic nitrogen and more prone to oxidation and
loss during ORR process.22,23 In other words, the pyr-
rolic nitrogen peak should relatively decrease after
ORR. However, G-NH3 3H2O shows the opposite trend,
with an increased “pyrrolic” peak after ORR.
For clues to the reason for the relative change of the

nitrogen contents, we can turn to the carbon and
oxygen XPS results. Both the oxygen and carbon 1s

Figure 1. TEM images of (a) G-NH3 3H2O, (b) G-C3N4, and (c) G-NH3 nitrogen-dopedmultilayer graphene samples. All scale bars
are 2 μm.

Figure 2. Nitrogen 1s XPS spectra of the three multilayer graphene samples before and after ORR. The least-squares fitted
peaks are pyridinic nitrogen at 398.5 eV (blue), “pyrrolic” nitrogen at 399.8 eV (red), graphitic nitrogen at 401.2 eV (purple),
and nitrogen oxide at 403 eV (green).
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XPS spectra reveal that the content of�OH, one of the
intermediate products of ORR, increases on G-NH3 3H2O
after ORR. Figure 3 compares the oxygen 1s XPS spectra
of G-NH3 3H2O before and after ORR. It can be seen
that after ORR the C(aliphatic)�OH/C(aliphatic)�O�
C(aliphatic) peak at 532.0 eV (red) relatively decreases
in intensity and the C(aromatic)�OH at 533.3 eV (blue)
increases in intensity.24,25 This suggests that compared
to the other oxygen-containing groups the relative
content of �OH groups attached to aromatic carbon
rises afterORR. The carbon 1sXPS spectra also show that
the C�OH peak at 285.4 eV24 (purple) dramatically
strengthens in G-NH3 3H2O after ORR (Figure 4).
On the basis of this evidence, the changes of the

nitrogen 1s XPS profiles in Figure 2 could be caused
by the chemical environment change of the doped
nitrogen duringORR, i.e., the attachment of�OH to the
carbon atoms bond to the nitrogen. It has been
reported that the attachment of �OH to pyridone
can cause an upshift of the nitrogen binding energy
from 398.8 to 400.2 eV in XPS.22,26,27 Similarly, when an
�OH attaches to the carbon neighboring pyridinic
nitrogen in graphene, the nitrogen binding energy
should shift upward to an energy very close to the

399.8 eV position of the pyrrolic peak. Therefore, the
observed intensity decrease of the pyridinic peak and
intensity increase of the “pyrrolic” peak in G-NH3 3H2O
after ORR could be caused by the change of the pristine
pyridinic nitrogen to the pyridinic nitrogen with a
neighboring carbon attached to �OH, as illustrated
in Figure 5. In other words, the increase of the “pyrrolic”
nitrogen after ORR in XPS is not caused by the increase
of pyrrolic content, but the increased content of
the �OH-attached pyridinic nitrogen, which has a
very similar XPS peak position to the pyrrolic nitrogen.
The existence of the �OH-attached pyridinic nitrogen

Figure 3. Oxygen 1s XPS spectra of G-NH3 3H2O (a) before and (b) after ORR. The fitted peaks are CdO at 530.8 eV (green),
C(aliphatic)�OH/C(aliphatic)�O�C(aliphatic) at 532.0 eV (red), C(aromatic)�OH at 533.3 eV (blue), and chemisorbed water
molecules at 535.7 eV (purple).

Figure 4. Carbon 1s XPS spectra of G-NH3 3H2O (a) before and (b) after ORR. The fitted peaks are C�C/CdC at 284.6 eV (blue),
C�OH at 285.4 eV (purple), C�O�C at 286.5 eV (cyan), CdO at 288.1 eV (green), and �COOH at 290.8 eV (red). The
contribution from Nafion to the carbon 1s XPS spectrum has been subtracted (see Supporting Information).

Figure 5. Diagram of the chemical structure of �OH at-
tached to the carbon-neighboringpyridinicnitrogen, leading
to a bonding energy upshift of the pyridinic nitrogen in XPS.
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is also supported by the increased full width at half-
maximum (fwhm) of the least-squares fitted “pyrrolic”
peak at 399.8 eV from1.61eVbeforeORR to 1.71 eV after
ORR, suggesting the existence of the �OH-attached
pyridinic nitrogen peak in the region. The unchanged
and decreased intensities of the 399.8 eV XPS peak
for G-C3N4 and G-NH3 suggest that much fewer �OH
attachments are formed to the carbon atoms neighbor-
ing pyridinic nitrogen in the two graphene samples and
pyrrolic nitrogen is slightly lost during ORR.
The above interpretation on the changed nitrogen

contents observed in XPS is in excellent agreement
with Fourier transform infrared spectroscopy (FTIR)
analyses. The contents of �OH on the three samples
before and after ORR were measured by FTIR. In
Figure 6, the characteristic �OH peak centered at
∼3440 cm�1 becomes much stronger for G-NH3 3H2O
after ORR; in contrast, G-C3N4 and G-NH3 have either
unchanged or decreased�OH contents after ORR.28,29

It should bementioned that the�OH signals in FTIR are
not due to water, because all the samples were heated
at 65 �C in a vacuum for 24 h. Additionally, solid-
state nuclear magnetic resonance (NMR) spectroscopy
shows that most hydrogen is in the form of C�OH in
G-NH3 3H2O after ORR and no H2O signal was detected
(see Supporting Information, Figure S2).30,31

Intriguingly, G-NH3 3H2O, which experiences the
highest increase of the �OH attachment to pyridinic

nitrogen after ORR, shows the best catalytic perfor-
mance; G-C3N4 and G-NH3, which have no increase or
even a decrease of the �OH attachment after ORR,
show much worse ORR properties. The ORR catalytic
performances of the three samples in alkaline electro-
lyte are compared in Figure 7 (the results of rotating
disk electrode tests can be found in the Supporting
Information, Figure S3). For G-NH3 3H2O, the onset
potential of ORR is about �0.13 V and the electron
transfer number is 3.75 with a dynamic limiting current
(Jk) of about 15 mA cm�2 at 0.6 V vs Ag|AgCl. Both
G-C3N4 and G-NH3 show more negative onset poten-
tials, lower electron transfer numbers, and Jk. The
correlation between the increased content of the
�OH-attached pyridinic nitrogen and the ORR perfor-
mance can be used to determine the active sites for
ORR on nitrogen-doped graphene.
In the commonly accepted four-electron associative

ORR mechanism of nitrogen-doped graphene in alka-
line solution, intermediate OH(ads) is formed from
O(ads) with the addition of H2O and one electron.3,32

It is predicted that the OH(ads) is attached to the
catalytic core or active site via a chemical bond.9,32,33

Therefore, theORR active sites can be determined from
the presence of intermediate OH(ads). Our observation
of the �OH-attached pyridinic nitrogen after the elec-
trochemical reaction suggests that pyridinic nitrogen
plays an important role in the ORR process and the

Figure 6. FTIR spectra of (a) G-NH3 3H2O, (b) G-C3N4, and (c) G-NH3 before (blue) and after (red) ORR. For G-C3N4, the peak at
800 cm�1 may be C�N related and the one at 1260 cm�1 may be due to C�N or C�H.

Figure 7. Catalytic performance of the three nitrogen-doped multilayer graphene samples (Jk and electron transfer number
are calculated at�0.6 V vsAg|AgCl). The electron transfer number and the kinetic limiting current are determined from slopes
of Koutecky�Levich plots (see Supporting Information).
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nearby carbon should be the main active site, in good
agreement with some of the previous theoretical
and experimental studies.5�10,34,35 According to these
studies, the neighbor carbon atoms of pyridinic nitro-
gen have favored atomic charges that can induce
the ORR process: the absorption of the intermediate
products, the formation of a C�O bond, and the
disassociation of an O�O bond.9,33 The carbon bond
to graphitic nitrogen should not be the main active
site in the three tested samples, because according
to XPS, the content change of graphitic nitrogen
before and after ORR is much less significant and
therefore presents no strong relation with the catalytic
performance.
Another very interesting point from this study is that

the dominant type of nitrogen doping configura-
tion may not necessarily correlate with the ORR per-
formance of nitrogen-doped graphene. Before ORR,
G-NH3 3H2O and G-NH3 have similar contents of nitro-
gen and oxygen (about 13% in G-NH3 3H2O and 14%
in G-NH3). The contents of pyridinic, pyrrolic, and
graphitic nitrogen in the two samples are similar too
(Figure 2a and e). In addition, the three samples show
similar Raman spectra and electrochemical impedance
values, indicating their similar crystallinity (defect
levels) and electrical conductivity at low frequencies
(see Supporting Information, Figures S4 and S5). The
electrochemical impedance tests also imply compar-
able wettability of the three samples, consistent with
their capability to be dispersed in water. However, the
two samples show dramatically different catalytic
properties (Figure 7). This clearly shows that the pyr-
idinic or graphitic nitrogen content before ORR cannot
be used to predict or explain ORR performance. This
also raises a question: why do the two samples with
similar pyridinic contents show dramatically different
ORR performance if the pyridinic sites are the main
catalytic active sites? One presumption is that pyridinic
nitrogen in graphene may have different ORR proper-
ties. It has been demonstrated by theoretical calcula-
tions that the microstructure of nitrogen doping could
lead to different ORR activities.16,36,37 So, although the
total amounts of pyridinic nitrogen are similar in
G-NH3 3H2O and G-NH3, it is likely that the pyridinic
nitrogen in G-NH3 3H2O and in G-NH3 have different
dominant microstructures. For example, our oxygen 1s
XPS spectra in Figure 3 show that the �OH is mainly
attached to aromatic carbon rather than aliphatic
carbon in the ORR, suggesting that the pyridinic nitro-
gen on the edge is more likely to be involved in the
catalytic process. So it is possible that G-NH3 3H2O has
more pyridinic nitrogens on the edge than G-NH3.
According to theoretical calculations,36 other micro-
structures, such as the edge-type (zigzag or armchair)
and neighboring nitrogen doping, may also affect the
ORR activity of pyridinic nitrogen. Unfortunately, the
microstructure of pyridinic nitrogen in graphene is very

difficult to determine. Nevertheless, as demonstrated
by this study, the examination of nitrogen-doped
graphene after ORR can reveal the amount of active
sites via the appearance of an oxygen reduction inter-
mediate, i.e., OH(ads). The ammonia hydroxide doping
gives the best ORR performance among the three
nitrogen doping strategies, but the mechanism for
forming different microstructures of pyridinic nitrogen
requires further investigation. This could be important
for tailoring the nitrogen doping site and further
improving the ORR efficiency of nitrogen-doped
graphene.

CONCLUSION

In summary, the examination of a chemical compo-
sition change of nitrogen-doped graphene before and
after ORR can be used to detect the chemically at-
tached ORR intermediate, i.e., OH(ads), and determine
the catalytic active sites. The good correlation between
the amounts of the OH(ads) attachment and the ORR
performances from the three nitrogen-doped multi-
layer graphene samples suggests that the carbon atom
neighboring pyridinic nitrogen plays an important
role in the ORR process and should be the main active
sites in the tested samples. This study also implies that
the location ormicrostructure of pyridinic nitrogen can
affect its catalytic efficiency.

EXPERIMENTAL SECTION

Graphene oxide (GO) was prepared from graphite
flakes (Sigma, 325 mesh) using a slightly modified
Hummers' method.38,39 The GO powder was collected
by lyophilization. Three types of nitrogen-dopedmulti-
layer graphene were synthesized via different nitrogen
sources and incorporation methods. For G-NH3 3H2O,
the initial GO solution (∼1 mg/mL) was mixed with
5 mL of 25% NH3 3H2O; then the mixture was stirred
and heated at 90 �C for 12 h to complete nitrogen
incorporation. The resultant solution was then washed
by water to remove base and lyophilized to get the
final product in a dry powder form. G-NH3 was pre-
pared by annealing the GO powder in 20% NH3/Ar at
600 �C for 5 h. G-C3N4 was prepared by mixing the GO
with melamine at a mass ratio of 1:10, and the mixture
was annealed in Ar at 950 �C for 3 h.
The samples used for XPSwere under continuous CV

scans for 200 cycles fromþ0.2 to�1.0 V (vsAg|AgCl), in
which only reduction of oxygen happened and no
electrolysis of water occurred. The resultant samples
werewashedwithMilli-Qwater and separated three times
by centrifugation at 14800 rpm to remove the alkaline
electrolyte (no potassium hydroxide (KOH) was detect-
able by XPS). The samples were drop-casted on gold
plates for XPS. The XPS analyses were conducted in an
ultra-high-vacuum chamber (∼10�10 mbar) of the undu-
lator soft X-ray spectroscopy beamline at the Australian
Synchrotron, Victoria, Australia. Thephotonelectronswere
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collected by a high-resolution and high-sensitivity
hemispherical electron analyzer with nine channel
electron multipliers (SPECS Phoibos 150). In the scans,
the excitation energy was 700 eV for better signal-to-
noise ratios and the E-pass was set to 5 eV for optimum
energy resolution. The excitation photon energies
were calibrated by the photon energy measured on a
reference Au sample, and the binding energies were
normalized by the C�C peak at 284.6 eV. To evaluate
the signal contribution from Nafion and the gold
plate, the XPS spectra of pure Nafion and a clean gold
plate were also recorded. It is found that for all samples
the N and C contributions from the gold plate are
negligible (less than 5% and 1%, respectively).
Transmission infrared spectra were collected using a

Bruker Vertex 70 infrared spectrometer. The multilayer
graphene samples before and after ORR were vacuum-
dried at 65 �C for 24 h and then mixed with potassium
bromide (KBr, Sigma-Aldrich) by grinding before being
pressed into pellets. A total of 32 scans were collected
for both the reference (pure KBr) and the samples.
The reference spectrum was then subtracted from
the sample spectrum to reduce the interference from
the atmosphere and the equipment. The resolution
is 4 cm�1.
All electrochemical measurements were performed

under identical conditions (the same catalyst mass
loading). Taking the G-NH3 3H2O electrode as an ex-
ample, the catalyst was first ultrasonically dispersed in
Milli-Q water. An aqueous catalyst solution dispersion
of 20 μL (2.0 mg/mL, with 0.5 wt % Nafion solution)
was then transferred onto a glassy carbon electrode
(GC, 0.196 cm2, Pine Research Instrumentation, USA)
via a controlled drop-casting approach, then dried
in air for 12 h to serve as a working electrode. The
reference electrode was an Ag|AgCl in saturated
AgCl�KCl solution, and the counter electrode was a
platinum wire. A flow of O2 was maintained over the
electrolyte (0.1 M KOH) during electrochemical mea-
surements for continued O2 saturation. Cyclic voltam-
mograms (CVs), linear sweep voltammograms (LSVs),
and rotating disk electrode (RDE) tests were carried out
using a glassy carbon rotating disk electrode. The scan
rate of CVs was kept at 100 mV/s, while those for LSVs
and RDE tests were both 10 mV/s. The data were
recorded using a CHI 760D potentiostat (CH Instru-
ments Inc., USA).
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