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ABSTRACT: To date, controversies remain in the unambiguous
identification of the active sites in N-doped carbons for oxygen reduction
reaction (ORR). In the present study, prolonged potential cycling was
conducted on three N-doped carbons in O,-saturated 0.1 M KOH aqueous
solution, where apparent attenuation of the ORR activity was observed,
within the context of limiting current and onset potential. The attenuation
trend of the limiting current was closely correlated with the diminishing
content of graphitic N, as manifested in X-ray photoelectron spectroscopy
measurements and Mott—Schottky analysis. In addition, the specific activity
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good agreement with theoretical prediction, whereas no such a correlation
was observed with pyrrolic or pyridinic N. Density functional theory
calculations showed that the first-electron reduction, which is a rate-determining step for the 4™ ORR process, on carbon
atoms adjacent to graphitic N, exhibited a much smaller Gibbs free-energy change than that on carbons neighboring pyrrolic or
pyridinic N. These results strongly suggest that graphitic N is responsible for the ORR activity of N-doped carbons in alkaline
electrolytes. Results in the present work may offer a generic, effective paradigm in the determination of catalytic active sites in
heteroatom-doped carbons and be exploited as a fundamental framework for the rational design and engineering of effective
carbon catalysts.
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B INTRODUCTION

Nitrogen-doped carbons have emerged as a promising, low-cost
catalyst for oxygen reduction reaction (ORR) which represents a

design and optimization of N-doped carbon catalysts.'”~*' Such
controversies are caused by several practical factors:

(i) A mixture of N-doping configurations is generally formed

key reaction at the cathodes of proton exchange membrane fuel
cells, microbial fuel cells, and metal-air batteries.'™® Despite
substantial progress, the identification of the active sites has
remained a matter of active debates.””"* For instance, Wei et al.
proposed that the catalytic active sites were carbon atoms
adjacent to both pyridinic and pyrrolic N,"* while Nakamura
et al. claimed that the active sites were carbon atoms bonded to
pyridinic N alone, after comparing the specific activity of
N-doped highly oriented pyrolytic graphite.' Recently, Dai and
co-workers suggested that graphitic N was actually responsible
for ORR in three-dimensional (3D) interconnected N-doped
graphene nanoribbon networks.'® Determination of ORR active
sites is not only critical in understanding the ORR mechanistic
origin of N-doped carbons but also important in the rational
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in the N-doped carbon catalysts.22_27 To date, it remains
a challenge to prepare N-doped carbons with a single
nitrogen doping configuration, i.e., graphitic N, pyridinic
N or pyrrolic N. Therefore, it is difficult to establish an
unambiguous correlation between the ORR activity and a
specific nitrogen doping configuration.

(i) The ORR activity is dependent on multiple structural
parameters, such as the morphology, work function of
catalyst surface,”® defect, degree of graphitization, and
composition of the carbon catalysts; and the issue is
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further compounded by their inhomogeneity within the

catalysts.””

(ili) Catalysts prepared even by the same research group can
have batch-to-batch variations of their structure and activ-
ity. Therefore, it will be of fundamental significance to
develop a reliable methodology where the ORR activity
may be directly correlated with the structure of the cat-

alysts.

This is the primary motivation of the present work.

Herein, by taking advantage of the observation that the ORR
activity of N-doped carbons diminished during repeated poten-
tial cycling, we identified and quantified three nitrogen doping
configurations by concurrently monitoring the carbon skeleton
structures by XPS measurements, and observed a strong corre-
lation between the ORR activity and the content of graphitic N
in three carbon samples. In addition, density functional theory
(DFT) calculations showed that the activation energy of the first
electron reduction of O, adsorbed on carbon atoms adjacent
to graphitic N was much lower than that on carbon atoms neigh-
boring pyridinic or pyrrolic N. These results suggest that graphitic
N is responsible for the ORR activity of N-doped carbons.

B EXPERIMENTAL SECTION

Sample Preparation. Three N-doped carbons were pre-
pared. The first one was prepared according to a method that we
published earlier.”* In a typical synthesis, 5.0 mL of pyrrole
(99.98%) was dispersed in 30.0 mL of ethanol in a glass vial.
In another vial, a solution was prepared by dissolving 1.0 g of
poly(vinylpyrrolidone) (PVP-K30) in 30.0 mL of ethanol.
These two solutions were then mixed under vigorous stirring,
into which was added 20.0 g of NaCl crystals and dried at 70 °C.
Then, 20.0 mL of a 0.85 M ammonium persulfate solution was
added under mechanical stirring at 120 °C within 3.0 min. After
being washed with deionized water to remove the NaCl crystals,
the remaining solids were collected and thermally treated in a
tube furnace at 800 °C for 4 h under a N, atmosphere, resulting
in the formation of N-doped porous carbon nanosheets, which
were referenced as N-PC.

The second sample, three-dimensional N-doped graphene
nanoribbon networks, was prepared by following a literature
procedure.'® In a typical experiment, 2.0 g of melamine and 0.5 g
of L-serine were mixed homogeneously in a ZrO, mortar. The
resulting fine powders were then pyrolyzed at 600 °C for 2 h and
at 1000 °C for another 2 h before being naturally cooled to room
temperature in an Ar atmosphere at a gas flow rate of 300 sccm.
The obtained sample was denoted as N-GRW.

The third sample, edge-rich N-doped graphene mesh, was
prepared by adopting another procedure that was previously
published.” Experimentally, 15.0 g of rice was washed by deionized
water for several times and added into a glass flask with 500 mL of
deionized water, and the mixture was boiled at 100 °C for 4.0 h.
After removal of the precipitates via centrifugation, the obtained
white emulsion was collected, into which 50.0 g of MgCl,-6H,0,
7.5 g of melamine, and 100.0 mL of a NaOH (5.0 M) solution
was added under vigorous stirring. The dispersion was heated at
60 °C until water was completely evaporated. The remaining
white solids were collected and thermally treated in a tube
furnace at 950 °C for 2 h under an Ar atmosphere, producing a
black product that was ground into powders and washed with
6.0 M HCl solution at 80.0 °C to remove two-dimensional (2D)
Mg(OH), templates. The obtained sample was collected by
filtering and drying in air and referenced as NGM.
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Characterizations. Transmission electron microscopy
(TEM) measurements were conducted on a Tecnai G2-F20 micro-
scope at an acceleration voltage of 100 kV. TEM samples were
prepared by dropcasting a catalyst dispersion directly onto a
copper grid coated with a holey carbon film. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a PHI X-
tool instrument. Raman spectra were recorded on a RENISHAW
inVia instrument with an Ar laser source of 488 nm in a
macroscopic configuration. Inductively coupled plasma—atomic
emission spectrometry (ICP-AES) measurements were carried
out with a Liberty-ax instrument.

Electrochemistry. All electrochemical measurements were
performed on a CHI 750E electrochemical workstation in a
conventional three-electrode cell, with a platinum wire serving as
the counter electrode (note that the impact from Pt dissolution/
deposition, if any, on the ORR performance is negligible; see
Figure S1 in the Supporting Information), a Ag/AgCl electrode
as the reference electrode, and a catalyst-modified glassy-carbon
electrode (GCE) as the working electrode. The catalyst ink was
prepared by adding 2.0 mg of the catalysts prepared above into a
solution containing water, isopropanol, and Nafion (5%) at a
volume ratio of 4:1:0.025 to form a homogeneous suspension at
the catalyst concentration of 2.0 mg mL™". A calculated amount
of the suspension was then evenly casted on the clean GCE sur-
face with a syringe and dried in air, corresponding to a catalyst
loading of 102.0 ug cm™? for N-PC, and 306.0 yg cm™> for both
N-GRW and NGM. RRDE measurements were performed
in the potential range of —0.03 V to +1.16 V vs RHE in an
O,-saturated 0.1 M KOH aqueous solution at various rates of
rotation (100—2500 rpm). Cyclic voltammograms (CVs) were
also acquired within this same potential range. Note that at
least five identical GCE electrodes (same model RRDE from
the same vendor) were prepared in the same manner from the
same batch of catalyst ink. After voltammetric tests under
the same conditions except for a different number of CV cycles,
the catalysts were collected by using the following procedure:

(i) delamination of catalysts from the electrode surface by
gentle scratching;
(ii) dispersion of the catalysts into deionized water; and

(iii) collection of the catalysts by centrifugation.

Steps (ii) and (iii) were repeated for several times to remove
residual KOH. The purified catalysts were then transferred onto
a conductive silicon wafer by using a pipet and dried in air, prior
to XPS analysis. Electrochemical impedance spectra were
recorded at the electrode potential of +0.85 V vs RHE, within
the frequency range of 100 kHz to 0.01 Hz and an AC amplitude
of SmV in 0.1 M KOH. Mott—Schottky analysis was carried out
within the potential range of 0 to +1.2 V vs RHE at the AC
frequency of 100 Hz and amplitude of 5 mV in 0.1 M KOH in
the impedance-potential mode. Samples were collected after the
potential cycling and characterized and analyzed.

In electrochemical measurements, the Ag/AgCl reference
electrode was calibrated with respect to a reversible hydrogen
electrode (RHE). The calibration was performed in a high-
purity H, (99.999%) saturated electrolyte with two Pt wires as
the working electrode and counter electrode, respectively. CVs
were acquired at the scan rate of S0 mV s, and the average of the
two potentials at which the current crossed zero was taken as the
thermodynamic potential for the RHE. In 0.1 M KOH, Egyg =
Eng/agcr + 0.965 V.

Computational Methods. DFT calculations were performed
with the open-source planewave code, Quantum Espresso.*
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Figure 1. TEM images of (a, b, c¢) N-PC, (d, e, f) N-GRW, and (g, h, i) NGM samples at different magnifications. Inset to (f) is a zoom-in of the lattice fringes.

The vacuum thickness was set at ~14 A to avoid interactions
between periodic images. The ultrasoft pseudopotential®” was
adopted with the kinetic cutoff energy of 40 Ry (charge density
cutoff 200 Ry), and 2 X 2 X 1 Monkhorst—Pack K-point grids**
were sampled for the 2D supercell and 1 X 2 X 1 for the one-
dimensional (1D) supercell to converge the total energy to the
accuracy of 1 meV. The Marzari—Vanderbilt smearing was
adopted with a smearing of 0.01 Ry. The electronic energy was
converged to 10~® Ry, and the force was converged to 10~ a.u.

B RESULTS AND DISCUSSION

Three N-doped carbon samples were prepared and studied. The
first sample, N-PC, was prepared by controlled pyrolysis of
polypyrrole nanosheets where ammonium persulfate was used as
the polymerization initiator.>****° As shown in Figures la—c,
N-PC displayed a sheetlike morphology comprising a large
number of mesopores with a diameter of ~12.5 nm. The second
sample, N-GRW, '® as depicted in Figures 1d and le, displayed a
crumpled nanoribbon network morphology. In the correspond-
ing high-resolution TEM image (Figure 1f and inset), wavy
strips with a fringe spacing of 0.350 nm can be observed, indi-
cative of graphitization of the N-GRW sample. The third sample,
NGM,™ was prepared from rice with the aid of 2D Mg(OH),
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templates. Figures 1g and 1h show that NGM consisted of a large
number of ultrathin graphene flakes with a lateral size of ca.
200 nm. In the corresponding high-resolution TEM image, wavy
strips with a d-spacing of 0.350 nm can be resolved, suggesting
that NGM was largely graphitized. In addition, one can see that
these graphene flakes were predominantly a few layers thick and
contained abundant mesopores and in-plane cavities (Figure 1i).
The results are consistent with those reported previously. ICP-
AES measurements showed that the content of Fe was negligible
in N-PC (0.61 + 0.3 ppm) and NGM (4.0 = 0.2 ppm), and was
undetectable in N-GRW;*""** in addition, other metal elements,
such as Co, Ni, Zn, Cr, Cd, and Mn, were also undetectable.
These results suggest that the three catalysts can be considered
as metal-free samples.

The ORR activity of N-PC was monitored by voltammetric
measurements, where repeated potential cycling was carried out
in an O,-saturated 0.1 M KOH solution. From the RRDE vol-
tammograms in Figure 2a, the limiting current can be found to
diminish continuously; and concurrently, the onset potential
showed a negative shift with increasing cycling number (see
Figure S2 in the Supporting Information). Similar attenuation of
the ORR activity can be observed with the N-GRW and NGM
samples (see Figures S3 and S4 in the Supporting Informatiom).
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(uncompensated) series resistance, R, the charge-transfer resistance,
and CPE the constant-phase element, which is introduced to replace
the double layer capacitance (Cg) to better describe the real capacitance
of the electrode.

The double-layer capacitive charging during ORR was also
monitored by CV measurements. As shown in Figure 2b, the
enclosed area of the CV curves was almost unchanged, with
99.75% retention even after 8000 CV cycles in the same
O,-saturated electrolyte for N-PC. The retention was similar for
the other two carbon samples: 100.25% for N-GRW after 12 000
cycles (Figure S3) and 98.55% for NGM after 16 000 cycles
(Figure S4). These observations indicate that, although the sur-
face area of the carbon catalysts remained virtually unchanged,
the ORR activities diminished markedly with repeated potential
cycling.**

In the corresponding electrochemical impedance measure-
ments, the diameter of the semicircle observed in the low-
frequency region increased drastically as the number of cycles
increased (see Figure 2c, as well as Figures S3d and S4d), indi-
cative of an increase of the charge-transfer resistance (R) in the
three samples, whereas the x-axis intercept (R,) of the semicircle
was virtually identical, suggesting no apparent change of the
electrical conductivity of the catalysts during repeated potential
cycling. Furthermore, in the high-frequency region (see Figure 2d,
as well as Figures S3e and S4e), the slopes for all the impedance
curves are highly comparable, consistent with the almost invari-
ant double-layer capacitance (i.e., electrochemical surface area),
as observed above. Therefore, the attenuation of the ORR
activity was most likely due to the loss of active sites but not the
surface area or electrical conductivity of the catalysts.

The corresponding structural evolution of the carbon samples
was then examined by XPS measurements. For the XPS survey
spectra (see Figures 3a, 3¢, and 3e), C, N, and O elements can be
readily identified in the as-prepared carbon samples (the K, F,
and S elements arose from residual KOH and Nafion). Yet,
two obvious differences can be seen after prolonged cycling
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Figure 3. (a, ¢, e) XPS survey spectra and (b, d, f) the corresponding
elemental relative contents of the various N-doped carbon samples after
different cycles of RRDE scans.

(Figure 3b, 3d, and 3f). First, the N 1s peak intensity diminished
significantly and became almost undetectable after, for instance,
8000 cycles for N-PC, 12 000 cycles for N-GRW, and 16 000 cycles
for NGM. Second, the intensity of the O 1s peak increased only
slightly, suggesting that, although the oxidation of carbon is
inevitable during prolonged potential cycling, the corrosion
kinetic is slow in alkaline electrolytes.43 In fact, from Figure 3b,
3d, and 3f, one can see that the content of elemental carbon in
the three samples is almost unchanged, and the oxygen content
increased only by 5.5 at. % for N-PC after 8000 cycles, 2.3 at. %
for N-GRW after 12 000 cycles, and 4.0 at. % for NGM after
16 000 cycles. The results indicate that, indeed, only a small
fraction of the carbon materials was electrochemically corroded
during prolonged potential cycling.

Figure 4a depicts the high-resolution scans of the N 1s elec-
trons in the N-PC catalyst. It can be seen that the intensity
decreased substantially after 8000 cycles, suggesting an apparent
loss of nitrogen from the carbon skeletons during prolonged
cycling. Deconvolution of the N 1s spectra yields four peaks at
398.2, 399.4, 400.8, and 402.7 eV, corresponding to the pyri-
dinic, 1py‘rrolic, graphitic, and oxidized N (Figure 4b), respec-
tively.'>'®***> Notably, the concentrations of these four types
of nitrogen dopants showed a different evolution trend with
potential cycling. As depicted in Figure 4c, oxidized N and
pyrrolic N represented only 0.20 at. % and 0.76 at. % in the
as-prepared N-PC catalyst, respectively, and decreased slightly
to 0.17 at. % and 0.61 at. % after 8000 cycles, suggestin§ their
high electrochemical stability in alkaline electrolytes.””*" For
graphitic N, the content was 4.47 at. % before ORR tests, the
highest among the four nitrogen dopants; yet, during ORR
cycling, it decreased gradually, showing a diminishing rate that

DOI: 10.1021/acscatal.8b00338
ACS Catal. 2018, 8, 6827-6836


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00338/suppl_file/cs8b00338_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00338/suppl_file/cs8b00338_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00338/suppl_file/cs8b00338_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00338/suppl_file/cs8b00338_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b00338

ACS Catalysis

Research Article

(a) () N1s
7aAh
—_— / / \_
s \ U\,\
? y,
8 X Ny
.‘? - -
[} L Pyridinc N .
H ~Pyrrolic N —— Before Cycling
ag ~—— Graphitic N —— After Cycling

—— Oxidized N
Oxidized N

398
Binding Energy (eV)

400 402 404

4.5
N Pyridine N 4.0
‘\A (C)
3.5 —~——
S30l|m S~
%2'5- —l—Pyrldln:N\A
PyrrolicN & 2.04 N-PC o Pyrrolic N
€ 1.5 —A— Graphitic N
h | | -
o —y— Oxidized N
N O 1.0
° ° ——p——2
(b) 05|y yv——v—V v
0.0 T T v v
0 2000 4000 6000 8000

Cycle Number

Figure 4. (a) High-resolution XPS scans of the N Is electrons in N-PC before and after 8000 cycling tests; (b) illustration of the four nitrogen doping
configurations; and (c) the content of N dopants in N-PC after various potential cycles.

was greater than that of pyrrolic N. The changing trend for
pyridinic N was somewhat more complex. About half of the

pyridinic N was lost in the first 2000 cycles (to 1.20 at. % from
the initial 2.75 at. %), suggesting relatively low electrochemical
stability.'**® The next 2000 cycles saw an additional loss of ~'/
of the original pyridinic N content. Yet, after 4000 more cycles,
the loss of pyridinic N became small, with a final concentration
of 0.45 at. %.

Since XPS is a surface-sensitive tool, to further check if the
bulk shows similar diminishment dynamics of the three types of
nitrogen dopants, Mott—Schottky experlments were con-
ducted. According to the Mott—Schottky theory, for n- and
p-type dopants in graphitic carbons, the correlation between
space-charge limiting capacitance (Cgcy) and the density of
dopants in materials can be depicted by eqs 1 and 2, respectively,

n-type doping:

- 2 T
Cscr '= 27(15 — Eg — k—)
eA"Nyeg, e (1)
p-type doping:
_ -2 kT
Cse,” = 2—(E — Eg + _]
eA"Njee, e 2)

where ¢ is the dielectric constant of the material, &, the
permittivity of free space, A the area, e the elementary charge,
Ny the density of dopants, E the applied potential, Eq, the flat-
band potential, k the Boltzmann constant, and T the abso-
lute temg)erature Experimentally, Cscp can be determined by
eq 3,

1

C =
SCL w7

()
where Z, . is the imaginary component of the impedance and @
is the angular frequency (@ = 2f). From Figures Sa and Sb, one
can indeed see linear variations of Cgc; > versus electrode
potential with a positive and negative slope in the low and high
potential region, respectively, indicative of the formation of
n- and p-type nitrogen dopants in the N-PC sample. Generally,
graphitic and pyrrolic nitrogens are n-type dopants and pyridinic
nitrogens are p-type dopants.'***° Note that the trace amount
of oxidized nitrogens are believed to be inactive for ORR and,
hence, are not considered in the Mott—Schottky measurements.
Because e, €, and ¢, are constants, and the surface area A of
the catalyst is almost unchanged during potential cycling, as
manifested in CV measurements (see Figure 2b, as well as
Figures S3c and S4c), from eqs 1 and 2, one can see that the
slope of the linear regression is inversely proportional to Ny.
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Figure S. Mott—Schottky analysis of N-PC conducted at the frequency
of 100 Hz in Ar-saturated 0.1 M KOH with a catalyst loading of
102 pg cm™ on a glassy carbon electrode. The plots of Cgc > versus
potential E show (a) positive and (b) negative slopes for the N-PC
sample after different numbers of potential cycles. (c) Plots of absolute
slopes observed in panels (a) and (b) against cycling number.

From Figure Sa, the slopes of the Mott—Schottky plots for the
N-PC sample after 1, 2000, 4000, 6000 and 8000 cycles in the
n-type region are estimated to be 1.07 X 10%,2.38 X 10°, 4.02 X
10°, 5.92 X 10°, and 7.58 X 10° E2V, respectively; while the
slopes in the p-type region (Figure 5b) are —0.48 X 10°, —2.57 X
10°, =5.17 X 10°, —6.69 x 10% and —7.11 X 10° F?V,
respectively. When the absolute values of these slopes were
plotted against potential cycle number (Figure Sc), an almost-
linear variation was observed in the n-type region, which indi-
cates that n-type N (i.e., graphitic and pyrrolic N) diminished at
the same rate during the cycling tests. By sharp contrast, the plot
in the p-type region showed two distinct segments. In the first
4000 cycles, a linear plot was observed with a higher slope than
that observed in the n-type region. However, in the next
4000 cycles, the plot deviated from the linear curve and gradually
reached a plateau. These results signified that the diminishment
rate of p-type N (i.e., pyridinic N)) was higher than that of n-type
N (graphitic and pyrrolic N) in the first 4000 cycles, while it
became lower than that of n-type N in the subsequent 4000 cycles,
consistent with the XPS results in Figure 4c. These observations
signify that the diminishing trends of the three types of nitrogen
doping configurations determined by XPS are consistent with
those identified by Mott—Schottky analysis.
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Figure 6. Plots of the specific activity of (a) graphitic N, (b) pyridinic N, and (c) pyrrolic N in N-PC versus potential cycle number.

Furthermore, from the plots of the number of electron trans-
fer (n) vs cycle number in Figure SSa in the Supporting Informa-
tion, one can find that, during the entire cycling measurements,
the n values remained close to 4 in a wide range of potentials,
which suggests that, in alkaline aqueous solution, the ORR pro-
cess on N-PC largely followed the 4e™ reaction pathway (see eq 4):

(4)

That is, the effectiveness of oxygen reduction was not com-
promised during prolonged cycling, and the diminishing ORR
performance was most likely due to a gradual loss of catalytic
active centers, since the electrolyte solution remained saturated
with oxygen. Therefore, one can predict that, if a specific nitro-
gen, for example, graphitic N, is responsible for the ORR activity
of the N-doped carbons, the diminishment of the ORR current
should correlate with the loss of the corresponding N-dopant.
This can be manifested by comparing the specific activity (a) of
the various N dopants (ie., pyridinic, pyrrolic, or graphitic N),
which is defined as

0, + 2H,0 + 4e~ — 40H"

ORR current density
specific N dopant density

(s)

As summarized in Figure 6a, the specific activity of graphitic N
was largely invariant over 8000 potential cycles, which was esti-
matedtobe 0.137 e s™* Ngmphiﬁc_l for the first cycle, 0.138 ™ s
Ngraphitic_l after 2000 cycles, 0.128 ¢~ s~ Ngmphmc_l after 4000 cycles,
0.128 €™ s™" Nyppise  after 6000 cycles and 0.131 €™ s~ Ngphis
after 8000 cycles at +0.10 V, all very close to results reported in
the literature."'®**°"** The slight decrease of the specific activ-
ity for graphitic N during prolonged cycling is likely due to the
gradual corrosion of carbon in the catalyst. By sharp contrast, the
specific activity per pyridinic N (Figure 6b) and pyrrolic N
(Figure 6¢) in the N-PC catalyst varied significantly during the
cycling tests. This observation signifies that ORR activity was
largely determined by graphitic N.

Polarization curves for N-PC on a nonrotating glassy carbon
electrode also showed similar results (see Figure S6 in the
Supporting Information), where, among the three N dopants,
only graphitic N showed an almost-constant specific activity
during prolonged potential cycling.

Taken together, the above results strongly suggest that graph-
itic N is responsible for the ORR activity of N-doped carbons.
This conclusion coincides with our previous observations®”*
that N-doped carbons with the highest content of graphitic N
showed the highest ORR activity, and is also consistent with
results reported recently by Dai et al." In fact, similar changing
trends of the specific activity were also observed in two other
metal-free samples, N-GRW and NGM, which were synthesized
by adopting literature protocols.'** Although the exact ORR per-
formance (see Figures S3—SS in the Supporting Information) and
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diminishing trend of nitrogen dopants (see Figures S7 and S8
in the Supporting Information) for N-GRW and NGM are
different from those of N-PC during potential cycling, only
graphitic N in both N-GRW and NGM samples maintained an
almost-unchanged specific activity, while pyridinic and pyrrolic
N showed a distinct variation of the specific activity (see
Figure 7). These results further confirm that graphitic N is
mostly likely responsible for the ORR activity on N-doped
carbons. Importantly, the consistent observations suggest that
the attenuation method described above may be exploited as a
generic procedure to identify ORR active centers of N-doped
carbons.

To further confirm the active sites of N-doped carbons, we
carried out DFT calculations to investigate the activity of various
atoms in N-doped carbon. Generally, the 4-electron ORR mech-
anism on carbon materials is believed to proceed via the fol-
lowing steps:**~>°

0, + * + H,0(l) + ¢ — OOH + OH~ (6)
OOH +e — O + OH” ?)
O +H,0() + e~ - OH + OH~ (8)
OH 4+ e — OH + * )

where asterisks indicate active sites. The various oxygen inter-
mediates such as OOH*, O*, and OH* adsorbed on N-doped
carbons is shown in Figure 8a. Previous studies have shown that
step (6) is most likely the rate-determining step, as manifested in
Tafel analysis (see Figure S9 in the Supporting Informa-
tion).””® For sp® carbon (even with nitrogen doping), the lack
of electron spin and relatively small density of states around the
Fermi level makes it difficult for oxygen species to adsorb onto the
active site and reduce to OOH.>”®° Therefore, the reaction Gibbs
free energy of this step (AG,) was quantitatively estimated to
compare the performance of the different types of nitrogen
doping configurations. As has been shown, only the nearest-
neighbor carbons of nitrogen dopants might serve as the active
sites,”**”°! and thus the calculations were focused on carbon
atoms adjacent to the nitrogen dopants. As shown in Figure 8b,
the neighboring carbons (denoted by dashed squares) of
graphitic nitrogen show a AG, value of 1.34 eV, which is much
lower than those of pyrrolic N (1.56 eV) and pyridinic N (1.50
and 1.88 eV). This suggests that the carbon atoms adjacent to
graphitic N are most likely responsible for the ORR activity, in
good agreement with the above experiment results.

To examine the structural change during the ORR process, we
optimized the catalyst structure after the adsorption of oxygen
intermediates onto these carbon atoms and carefully examined
the C—N bond length. From Figure S10 in the Supporting
Information, it can be seen that, for graphitic N, the C—N bond
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Figure 8. (a) Schematic illustration of the 4e™ pathways of ORR on N-doped carbon. (b) Schematic illustration of the three nitrogen doping
configurations and the corresponding AG, values in the first-electron reduction process.

length is 1.4109 A for the clean catalysts; yet, when oxygen
species (OOH, O, and OH) were adsorbed onto the adjacent
carbon sites, it increased to 1.4700, 1.6034, and 1.4981 A, respec-
tively, and the other two C—N bonds without oxygen adsorption
showed a decrease of the bond length to 1.4044, 1.3804, and
1.4011 A, respectively. Note that the bond length of 1.6034 A
(Figure S10b) is even 0.13 A longer than that of traditional C—N
single bond.®” This suggests that one of the C—N bonds might
break during ORR (Figure S11 in the Supporting Information),
and the resultant structures react further with electrolyte species,
leading to irreversible degradation of the catalysts and, hence,
the attenuation of the ORR activity.
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B CONCLUSION

In summary, prolonged potential cycling was performed to
examine the ORR activity of metal-free N-doped carbons, where
the ORR activity was found to attenuate with potential cycles
and the attenuation was correlated with the diminishing concen-
tration of graphitic N in the catalysts. The specific activity per
graphitic N was found to remain unchanged during prolonged
potential cycling within a wide range of potentials, and com-
parable to the value in the first cycle, in good agreement with
theoretical prediction. This is in marked contrast to results of
pyridinic and pyrrolic N, where an apparent variation of the cor-
responding specific activity was observed with potential cycling.
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DFT calculations showed a lower Gibbs free-energy change for
the first-electron reduction of oxygen, a rate-determining step in
the 4e” ORR process, on carbon atoms adjacent to graphitic N,
compared to that for pyridinic and pyrrolic N. Taken together,
these results strongly suggest that graphitic N is responsible for
the ORR activity of N-doped carbons. This procedure based on
the attenuation of catalytic activity may be exploited as a generic,
effective method in the determination of catalytic active sites in
heteroatom-doped carbons and, more significantly, provides a
fundamental framework in the design and engineering of effi-
cient, long-lasting carbon-based catalysts for important electro-
chemical reactions in energy conversion and storage.

Note that the ORR active site for N-doped carbons in acidic
electrolytes is not necessarily identical to that in alkaline elec-
trolytes. Determination of ORR active sites for N-doped carbons
in acidic electrolytes is ongoing, and results will be published in
due course.
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Figure S1. (Left) LSV curves for NGM after 1 and 16000 CV cycles in an O2-saturated 0.1M KOH
aqueous solution using a graphite rod or Pt sheet as the counter electrode. (Right) LSV curves for
N-GRW deposited onto two sets of identical RRDEs after 1, 3000 and 12000 CV cycles in an
O:2-saturated 0.1M KOH aqueous solution.

We carried out additional experiments by using a graphite rod as the counter electrode. From the
LSV curves shown in the left panel of Figure S1, one can see that the ORR performance is almost
identical to that using a Pt counter electrode for up to 16000 cycles of potential scans, signifying that
the impact from Pt dissolution/deposition, if any, on the ORR performance is negligible.

To test the consistency of the electrodes, the N-GRW catalyst from the same ink was deposited on
six RRDEs, which were divided into three groups of two. These three groups then underwent testing
for 1, 3000 and 12000 CV cycles, respectively. From the right panel of Figure S1, one can see that the
LSV curves for the two electrodes after the same number of CV cycles are almost identical. This
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observation highlights the consistency among the electrodes prepared from the same catalyst ink, and
hence verify the feasibility of the present methodology in probing the ORR active sites of N-doped
carbons by analyzing the attenuation process of the catalytic activity and composition of the catalysts.
This is advantageous, as compared to tracking the evolution of the corresponding parameters of a
single electrode over time.

NA
g
E —— 1 cycle
= 04 —— 2000 cycles
_,,? —— 4000 cycles
g —— 6000 cycles
o-11 —— 8000 cycles
(]
il
c
L.2-
-
S
(&)

00 02 04 06 0.8 1.0 1.2
Potential (V vs. RHE)
Figure S2. CV curves of N-PC after different potential cycles in an Oz-saturated 0.1M KOH
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Experimental conditions are the same as those in Figure 2.
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Figure S4. (a) CV curves and (b) LSV curves of NGM in Oz-saturated 0.1 M KOH. (c) CV curves in
Nz-saturated 0.1 M KOH. EIS curves in the (d) low-frequency and (e) high-frequency region.
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Experimental conditions are the same as those in Figure 2.

Figure S5. (a-c) Number of electron transfer (n) and the corresponding (d-f) H202 yield for (a, d) N-PC,

2 a 752
§'1' —1cycle (b) § 1 el (c)
e (Q) E2] loocrdes E — 2000 cycles
0- — 4000 cycles > —— 8000 cycles 2 04 — 4000 cycles
—— 8000 cycles 53 ——12000 cycles B —— 8000 cycles
14 —— 12000 cycles c —— 16000 cycles S 1] —— 12000 cycles
—— 16000 cycles a a ——16000 cycles
2 = | ;
g -5 g After Cycling
S
-3 3 0 -3 (98.55% area left)
1.0 -08 0.6 -04 02 00 02 00 02 04 06 08 10 -1.0 0.8 -06 04 -02 00 02
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
—=—1 cycles 40
( d ) * 2000 cycles ( e)
44000 cycles
qreding —v— 8000 cycles 30+
P “.q ¢ 12000 cycles
3001 A 4« 16000 cycles| ~
4‘,"“". " 9’-.20- —a—1 cycles
“‘o:v'" Yy ® « N —e—2000 cycles
200 P v % '4 £ —4—4000 cycles
:ﬂAmAAA (4 A " 10 —v—8000 cycles
S, A % . “ —o—12000 cycles
\ % “ —«—16000 cycles
\ “‘:\ e 0-
0 T v T T T . T
0 200 400 600 800 1000 1200 40 80

4.0 — 4.0 4.0
- Cycle
3.9 (a) —a—Cycle 2000 " 3.9 (b) T L bbbt RS LITT TP ET PP L Ly
28] —A-Cycle 4000 _m 3.8 ..I-. *®] 4
: ! .81 _gm 00®® 4l 38 o0®
£a7 M LLLLY L LI o = ....'.‘A‘A‘v‘ " :ooooooooooo....o
@371 | e @ 3.7 [ AA v'lG37rAa
B3.6- " 00%0g00? £ t".:A‘A‘Ava‘ Tot] 2 'Vv‘A“““‘AAAAAAA“
E . @3 Cycle 6000 SS.G-D:A‘AA 'v'vv’.’. *7 E3.6.I:‘Vvvvvvvrvy"vvv'vw
235] eee ~+-Cycle8ooo  4A |25 0005 04 |2 2822200000y pes
Ak 53250 0CS 3PP EE RN 3.5 14qqq3L 00000l
3.4 addAALLLAT LS 24 [eee®lq c ( ) Adqqqeet
3.3] ‘AAA“ vYYYYVyvY U441 g cycle1 ¥ Cycle 6000 34 (C -m-Cycle 1 v Cycle 8000
’ A A * 3.3 @ Cycle 1500 —- Cycle 9000 3.3 & Cycle 2000 —g¢- Cycle 12000
32] YT Teet® T 000, i -4 Cycle 3000« Cycle 12000| " A Cycle 4000 4 Cycle 16000
04 02 03 04 05 06 01 02 03 04 05 06 04 02 03 04 05 06
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
50 40 40
45-'\_,// il 1
40
304 304
35 |t
304 25 254
R, 25 (d) —Swein 1 X0 (e) X201 (f) Cycle 1
o — Cycle 8000 |~ —Cycle 1 o —Cycle
~ 201 ~15- — Cycle 12000 ~154 — Cycle 16000
T 154 L 10 = 10
10 -\ T
5 51 5'—“‘—’_\
0 T r T T 0 T T T T 0
02 03 04 05 06 07 02 03 04 05 06 07 02 0.7

Potential (V vs. RHE)

Potential (V vs. RHE)

03 04 05 06
Potential (V vs. RHE)

(b, €) N-GRW and (c, f) NGM after different numbers of potential cycles.

SI-3




o

=}
»
0

E] )
=}

G

40] (b)

(c) —l—Pyridinc N

—&— Pyrrolic N d
—A— Graphitic r/

o
2
r
o
e

o

w
:
®

t(at
NN
e
Activity of per loss N (e’s
25
| T )
=

—— Pyridinc N
—@— Pyrrolic N
—&— Graphitic N

c
— 8000 cycles | ¢ 1.5]

Current Density (mAcm?)
5

®
-1.5- — 6000 cycles | € 0.14
— 4000 cycles g 1.0 A> A,
— 2000 cycles 0.5 [ ]
-2.0 0.0
~—— 200 cycle 0.0
0.6 0.7 0.8 0.9 1.0 0 2000 4000 6000 8000 200-2000 2000-4000 4000-6000 6000-8000
Potential (V vs. RHE) Cycle Number Cycle Number

Figure S6. (a) Polarization curves of N-PC on a non-rotating glassy carbon electrode (area 0.07 cm?)
after different CV cycles in Oz-saturated 0.1M KOH aqueous solution at the sweep rate of 10 mVs™'
and a catalyst loading of 0.142 mg cm; (b) The corresponding content of three typical N doping
configurations after various potential cycles. (c) Plots of the specific activity per pyridinic N, pyrrolic N
and graphitic N atom in the N-PC catalyst vs. cycle number.
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Figure S7. (a) High-resolution N 1s scans of N-GRW before and after prolonged cycling. (b)
Diminishing trend of the three nitrogen doping configurations in the catalyst. Mott-Schottky analysis
conducted at the frequency of 100 Hz in Ar-saturated 0.1 M KOH with the catalyst loading of 102 pg
cm on a glassy carbon electrode. The plots of CscL™ vs. potential E show positive (c) and negative (d)
slopes for the N-doped carbon sample after different number of potential cycles. (e) Plots of absolute
slopes observed in (c) and (d) against cycling number.
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IFigure S8. (a) High-resolution N 1s spectra of NGM before and after cycling tests. (b) Diminishing
trend of the three nitrogen doping configurations in the catalyst. Mott-Schottky analysis conducted at
the frequency of 100 Hz in Ar-saturated 0.1 M KOH with a catalyst loading of 102 yg cm™ on a glassy
carbon electrode. The plots of CscL™ vs. potential E show positive (c) and negative (d) slopes for the
N-doped carbon sample after different number of potential cycles. (e) Plots of absolute slopes
observed in (c) and (d) against cycling number.
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N-PC, (b) N-GRW, and (c) NGM.
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Figure $10. Change of graphitic C-N bond length (a) before and (b) after the adsorption of O* oxygen
intermediates.
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Figure S11. Breaking of graphitic C-N bond after oxygen adsorption in three different viewing angles.
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