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Surface morphology of N-HOPG

We examined the surface morphology of N-HOPG by AFM to identify the difference in
surface area among our model HOPG samples. All surfaces of HOPG model samples
were flat with no distinct differences, as shown Fig. S1. This implies that nitrogen

doping followed by an annealing process did not significantly affect the specific surface

areas of the prepared samples.

Fig. S1. AFM images of N-HOPG (X = 0.4 (a), 2.3 (b), and 8.4 (c)) and clean HOPG

(d).



Depth profile simulation of nitrogen ions doped into HOPG

In order to estimate the depth profile of the nitrogen concentration in HOPG sputtered
with N,* ions (Fig. S2), we used the Stopping and Range of Ions in Matter (SRIM)
package,! a Monte Carlo simulation tool which yields the distribution of implanted ions,
vacancies, and sputtered ions, along with surface defects. In this sputtering process, the
initial kinetic energy (200 V) was equally distributed among the N, ions.? Ion energy,
lattice binding energy,’ surface binding energy,* and displacement energy* were set at
100 eV, 3 eV, 7.41 eV, and 35 eV, respectively. In this case, ion energy is the incident
energy of a nitrogen atom, and the lattice binding energy is the minimum energy
required to remove an atom from its lattice site. In addition, the surface binding energy
is the energy required to remove an atom at the target surface, and can be estimated
from the heat of sublimation. Finally, the displacement energy is the minimum energy

required to knock a target atom from its lattice site.
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Fig. S2. The simulated depth profile of doped nitrogen ions on HOPG.



Chemical states of nitrogen measured by low energy resolution N Is XPS

Figure S3 shows the N 1s XPS spectra of N-HOPG obtained using a monochromatic
Al-Ka source (JPS-9010, JEOL) and an energy resolution of 0.7-0.8 eV. All spectra
were normalized according to area intensity. The corresponding high resolution (4E =
170 meV) data for N-HOPG with X = 0.4 and 2.3 are shown in Fig. 1. The peak shift to
the higher binding energy at approximately 0.8 eV occurred in N-HOPG with X = 0.4,
which is consistent with Fig. 1. The relative ratio of the pyridinic N gradually increased

from N-HOPG with X = 0.4 to N-HOPG with X = 8.4.
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Fig. S3. N 1s XPS spectra of N-HOPG (X = 0.4, 2.3, and 8.4).



Chemical states of nitrogen measured by low energy resolution N 1s XPS at low
nitrogen content region

Figure S4 shows the N 1s XPS spectra of N-HOPG obtained using a non-
monochromatic Al-Ka source (JPS-9010, JEOL) and an energy resolution of 1.1-1.3 eV.
The calculated N 1s spectra of Fig.1 with comparable Gaussian parameter of 2.04 eV
are also added as references. It is unambiguous that the peak at 401.9 eV is
experimentally observed at low nitrogen content. The amount of pyridinic N, graphiticl
N, and graphitic2 N increases in proportion to the total nitrogen content under X = 0.6,
however, that of valley N becomes constant over X = 0.9, corresponding to the onset of
the amorphization.
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Fig. S4. (a) N 1s XPS spectra of N-HOPG measured with a non-monochromatic Al-Ko
source (X =0.1, 0.2, 0.3, 0.6, 0.9, and 2.3) and the calculated fitting results in Fig.1 (X
= 0.4 and 2.3) using comparable Gaussian width of 2.04 eV. Closed circles, solid lines,
and open circles represent raw data, fitted data, and calculated fitting results,
respectively. (b) The amounts of individual nitrogen components as a function of the

total nitrogen content.



Configuration of doped nitrogen in N-HOPG by changing the incident X-ray angles

Figure S5 shows N ls XAS spectra of N-HOPG. The spectra are normalized using the
intensity at 430 eV, taking an average between 390-395 eV as background. The N 1s
XAS spectra of N-HOPG with X = 0.4 and 2.3 were obtained at SPring-8§ BL27SU,
while that of N-HOPG with X = 8.4 was obtained at SPring-8 BLO7LSU.> Energy
resolution was greater than 100 meV for both beam lines. The calculated out-of-plane (0
= 90°) XAS spectrum in Fig. 2 was extracted from the combination of data taken at
different X-ray incident angles. The intensity of horizontal and vertical electronic states

in each spectrum is proportional to the values of sin?0 and cos?0, respectively.
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Fig. S5. N 1s XAS spectra of N-HOPG (X = 0.4, 2.3, and 8.4). Red, blue, orange, and
green lines correspond to the spectra obtained with incident angles 6 = 0°, 45°, 60°, and

70°.



Surface carbon morphology of N-HOPG at low nitrogen content region

Figure S6 shows Raman spectra of each N-HOPG (X = 0.1, 0.2, 0.3, 0.6, and 2.3). The
spectra were normalized according to peak height at 1585 ¢cm-!. The D-band increased
with the nitrogen content. The D-band and PDOS-like background were found to

gradually broaden and increase, respectively, over X = 0.6.
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Fig. S6. Raman spectra of each N-HOPG (X =0.1, 0.2, 0.3, 0.6, and 2.3).




Electrochemical properties of N-HOPG
Figure S7 shows ORR activity of each N-HOPG (X = 0.4, 2.3, and 8.4) and clean

HOPG in a 0.1 M H,SO, electrolyte solution. The ORR current was determined by

subtracting the N, data from the O, data.

',F = aEaaa

X=N at.%
— X=0.0
--=X=0.4 "
—_—X=2.3
— X=8.4

i
(]
[}
'
]
’
'
(]
]
]
1

TR ERENI RERRI SRR RN RRENIAREREANERA RN TN

0 0.2 0.4 0.6 0.8
Evs.RHE/V

Fig. S7. LSV spectra of each N-HOPG (X = 0.4, 2.3 and 8.4) and clean HOPG (X = 0.0).
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