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ABSTRACT: The controlled synthesis of high-quality nitro-
gen (N) doped single layer graphene on the Ru(0001) surface
has been achieved using the N-containing sole precursor
azafullerence (C;NH). The synthesis process and doping
properties have been investigated on the atomic scale by
combining scanning tunneling microscopy and X-ray photo-
electron spectroscopy measurements. We find for the first time
that the concentration of N-related defects on the N-doped
graphene/Ru(0001) surface is tunable by adjusting the dosage
of sole precursor and the number of growth cycles. Two
primary types of N-related defects have been observed. The
predominant bonding configuration of N atoms in the
obtained graphene layer is pyridinic N. Our findings indicate that the synthesis from heteroatom-containing sole precursors
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is a very promising approach for the preparation of doped graphene materials with controlled doping properties.
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G raphene, a single atomic layer of sp>-hybridized carbon

atoms arranged into a hexagonal honeycomb lattice, is the
first discovered truly two-dimensional crystalline material and
has attracted intense interest due to its exotic properties.””
Substitutional doping of graphene with heteroatoms is one of
the most fascinating strategies for tailoring various properties of
graphene and hence expanding the practical applications of this
wonder material.** Nitrogen is one of the most appealing
dopant elements for graphene because N-doped graphene
materials have wide potential applications in field-effect
transistors, fuel cells, solar cells, lithium ion batteries,
supercapacitors, sensors, photocatalysis, and gas storage.”™" In
order to promote the practical applications of N-doped
graphene materials, it is of utmost importance to achieve
their synthesis with a high level of control over doping
properties because different applications require different
doping properties. N-doped graphene materials have been
synthesized by several different approaches,”> among which
the synthesis from N-containing sole precursors has recently
demonstrated its feasibility with several different sole
precursors."""> The N-containing sole precursors contain
both C and N atoms in one molecule. This synthesis approach
offers three potential advantages. First, compared to the
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synthesis using two separate precursors, one for C and the
other for N, this approach can substantially simplify the
synthesis process. Second, doping properties can potentially be
well controlled by choosing different precursors, metal catalysts,
and synthesis parameters. Third, high doping homogeneity can
potentially be achieved more easily compared to other
approaches because both N and C atoms are from the same
precursor. The synthesis of N-containing precursors is currently
an active research direction in synthetic chemistry, which has
been expanding and will continue to expand the library of
available precursors for this synthesis approach.

The capability to control the doping properties is one of the
most important criteria for evaluating different synthesis
approaches. However, for the synthesis from N-containing
sole precursors, it remains largely unexplored how to tune the
doping concentration using the same sole precursor, and the
investigation of doping homogeneity is still lacking. In addition,
the bonding configuration of N atoms in the graphene lattice is
strongly dependent on synthesis approaches and experimental
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conditions.”>*”"*~"” However, for the synthesis from N-
containing sole precursors, experimental investigations so far
are still limited in terms of sole precursors, metal catalysts, and
other experimental parameters.” "> Therefore, it is highly
desirable to explore new and effective sole precursors, different
metal catalysts, and other various experimental parameters in
order to achieve a higher level of control over the bonding
configurations of N atoms in graphene.

Here we report the controlled synthesis of high-quality N-
doped single layer graphene from a new N-containing sole
precursor, that is, azafullerene (Cy,NH), on the Ru(0001)
surface. Fullerene and graphene are two allotropes of carbon.
To the best of our knowledge, this is the first study on the
transformation of heterofullerene into heteroatom-doped
graphene. The synthesis process and doping properties are
investigated by combining scanning tunneling microscopy
(STM) and X-ray photoelectron spectroscopy (XPS) measure-
ments. STM measurements provide atomic-scale insights into
the synthesis process, the structural quality of doped graphene
layer, and the doping properties. XPS measurements provide
information about the bonding configurations of N atoms in
the graphene layer. For the first time, we find that the
concentration of N-related defects in the graphene layer can be
tuned by adjusting the dosage of sole precursor and the number
of growth cycles. The spatial homogeneity of N-related defects
is high and improves with increasing doping concentration. The
percentage standard deviation (PSD) of the number of doping
defects is lower than 10% for 150 nm” and larger areas when
the concentration of doping defects is 2.6 X 10° um™2 XPS
measurements indicate that the predominant doping config-
uration produced by this synthesis approach is pyridinic N,
while some N atoms are in an anionic state due to their
bonding with the Ru surface. High-resolution STM measure-
ments have been corroborated with XPS results and suggest
that the pyridinic N doping configuration is correlated to
single-atom vacancies in the graphene layer.

All the synthesis experiments and STM measurements were
performed using a Unisoku ultrahigh vacuum (UHV) low-
temperature STM system (USM1500S) with a base pressure
lower than 2 X 107" Torr. The single crystal Ru(0001) surface
(Princeton Scientific) was cleaned by repeated cycles of Ar* ion
sputtering (1.5 keV, 1 X 10~ Torr, 30 min), annealing at
~1500 K for 10 min, and subsequent flash annealing to ~1680
K. The CsNH molecules were 2prepared following the
procedures reported by Xin et al”’ and were thoroughly
degassed in UHV prior to molecular deposition. The
deposition of CsoNH molecules was performed by thermal
evaporation at ~600 K from an AL,O; crucible. The Ru(0001)
substrate was held at room temperature during molecular
deposition. The synthesis of N-doped graphene was performed
by annealing the C;,NH/Ru(0001) sample from room
temperature up to 900 °C with a step of 100 °C and a dwell
time of 5 min at each temperature step. All of the STM
measurements were carried out at 77 K with tungsten tips
prepared by electrochemical etching. XPS measurements were
performed using a Physical Electronics PHI 5200 XPS system
with an Al Ka X-ray source (1486.6 eV) and hemispherical
analyzer with a pass energy of 44.7 eV. The instrument was
calibrated by using sputter cleaned Au (4f;/, = 84.0 + 0.1 eV
binding energy) and Cu (2p;;, = 932.7 = 0.1 eV binding
energy) foils.

The structure of the N-containing precursor Cs,NH is shown
in the inset of Figure la. In each CsoNH molecule, one C atom
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Figure 1. (a) STM image of the Ru(0001) surface after deposition of
0.01 ML C4NH molecules. (b) STM image of graphene patches
formed by annealing 0.01 ML C;,NH molecules on Ru(0001) to 900
°C. One of the graphene islands is highlighted by the dashed blue line.
(c) STM image of a full monolayer of graphene synthesized from the
precursor CsoNH. (d) STM image showing the N-related defects
(dark spots) in the synthesized graphene layer on Ru(0001). One of
the N-related defects is highlighted by the dashed blue circle. Scanning
parameters: (2) Vi = 43 V, I = S pA; (b) Vi = +3 V, I = S pA; (c)
Viias = ¥3 V, I = § pA; and (d) Vi, = +500 mV, I = SO pA. Scale bars:
(a) 40 nm; (b) 40 nm; (c) 20 nm; (d) 3 nm.

of the fullerene cage structure is replaced by one N atom.”’™*

Figure la is a representative STM image of the Ru(0001)
surface after room-temperature deposition of 0.01 monolayer
(ML) CsNH molecules. The molecules adsorb on the Ru
surface as isolated molecules. After annealing this CNH/
Ru(0001) sample up to 900 °C, Cs,NH molecules transformed
into graphene patches, as shown in Figure 1b. This trans-
formation suggests that the CsoNH/Ru is a strongly interacting
interface, similar to the Cg/Ru, Cgo/Ni, Cqy/Pt, and Cg/Ir
interfaces.”>™>” The transformation of CiNH precursor
molecules into graphene starts at around 500 °C and the
high-quality graphene layer can be obtained at around 900 °C,
as shown by a series of annealing experiments at different
temperatures and subsequent STM measurements (see
Supporting Information Figure S1). A full monolayer of
graphene can be obtained after repeated cycles of CsoNH
deposition and subsequent annealing, as shown in Figure lc.
Similar to previous efforts on the synthesis of graphene on the
Ru(0001) surface,”®* the high-quality single layer graphene
has also been achieved on the Ru(0001) surface using the sole
precursor CsoNH in our experiments, as indicated by the highly
ordered moiré pattern in Figure 1c. More importantly, close-up
STM images show a number of dark spots distributed over the
moiré pattern, as shown in Figure 1d. The dark spots are much
more apparent in the bright regions than in the rest of the
moiré pattern. The concentration values of dark spots reported
in this paper were calculated by counting the dark spots only in
the bright regions, which might lead to an underestimate by a
factor of 5.6 (see Supporting Information Note 1). The optimal
range of bias voltage is between +0.5 and +2.0 V for clearly
imaging all these dark spots simultaneously. These dark spots

DOI: 10.1021/acs.nanolett.7b00038
Nano Lett. 2017, 17, 2887—-2894


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b00038/suppl_file/nl7b00038_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b00038/suppl_file/nl7b00038_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b00038

Nano Letters

x

” m 60X 10‘ um? _ —#—6.0x 10" ym*
3 701w 16x10°um? & & 704 —o—1.6x10° um®
© |3 ° um? 2 60/ b~ 26x10° pm™
2 60+ 26x10° ym 2 60

°

Q

s

[}

o

z

100 150 200 250
Area (nm?)

50

T T T 0
100 150 260 250 300 0
Area (nm?)

0 50

300

d -

T EF

2107 -

= ® - Y|

g g S

P Y 3

8 Y

8

5 T m Series#4

© ® Series#3

A Series #2

10* v Series #1

0 5 10 15 20 25
Number of Growth Cycles

30

B Series #1 (after 21 cycles) —@—Series #1 (after 21 cycles)
@ Series #2 (after 7 cycles) i —~604 —@— Series #2 (after 7 cycles)
2] *
1 <
2154
5 é 50
3 é 8404
210 S
o 3 30
2 § g 30
S 3
5 5 i S
.g 5}
S 8 10+ —a
Z2 |4 2
0 T T T T T 0 T T T T v
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Area (nm?) Area (nm?)

Figure 2. (a—c) STM images of synthesized N-doped graphene on Ru(0001) with three different concentrations of N-related defects: (a) 8.1 x 10*
um™% (b) 1.7 X 10° um ™% (c) 2.6 X 10° yum™> Scanning parameters: (a) Vs = +1 V, I = 50 pA; (b) Vi = +500 mV, I = S0 pA; and (c) Viy,e = +2
V, I=350 pA. Scale bars for (a—c): 6 nm. (d) Concentration of N-related defects as a function of growth cycles for four series of growth experiments.
The error bars are standard deviations of concentration measured in different regions. The precursor dosages during each growth cycle for Series
#1—4 are 0.01, 0.11, 0.23, and 0.37 ML, respectively. (e) Number of N-related defects as a function of surface area for three samples with different
concentrations. The error bars are standard deviations of number of N-related defects measured in different regions. The straight lines are linear fits
of the data. (f) PSD of the number of N-related defects as a function of surface area for the three samples in (e). (gh) Comparison of spatial
homogeneity of N-related defects between two samples with the same defect concentration (6.8 X 10* um™2) but from two different series of growth
experiments. (g) Number of N-related defects as a function of surface area. The error bars are standard deviations of number of N-related defects
measured in different regions. (h) PSD of the number of N-related defects as a function of surface area.

were observed all over the graphene/Ru(0001) surface
obtained by annealing the C;,NH/Ru(0001) surface but were
not observed in pristine graphene layers on Ru(0001) obtained
by varied approaches including annealing the Cg/Ru(0001)
surface.”* These dark spots are unlikely related to the impurities
in the C,,NH sample (see Supporting Information Note 2). In
addition, the content of N dopants measured by XPS is
consistent with the concentration of dark spots measured by
STM, as discussed below. Therefore, the observed dark spots
can be assigned as N-related defects on the graphene/Ru(0001)
surface. It is worth noting that the STM images of boron doped
single layer graphene on Ru(0001) show similar dark spots,
which have been associated with B dopants in the graphene
lattice.™

On the basis of the number ratio of N and C atoms in the
precursor CsoNH (N/C = 1:59), the concentration of N atoms
in the synthesized graphene layer would be ~6.4 X 10° um™ if
all N and C atoms from the precursor remain on the Ru surface
during annealing and form the N-doped graphene layer.
However, our experiments show that the concentration of N-
related defects after one growth cycle is in the range from 1.0 X
10* um™2 to 3.0 X 10* um™2, which is much lower than 6.4 X
10° um™2 Three factors may contribute to this apparent
difference. First, some N and C atoms from the precursor
desorbed from the Ru surface when the precursor molecules
decomposed into intermediate small species at the elevated
temperature, which has been validated by comparing the
coverage of precursor CsoNH molecules before annealing with
the coverage of graphene after annealing; therefore, if the
percentage of desorption is higher for N atoms than for C
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atoms, the number ratio of N and C atoms in the obtained
graphene layer should be lower than the ratio in the precursor
CsoNH molecule. Second, the formation energies for all doping
configurations of N atoms in graphene are higher than the
formation energy for pristine graphene,”’31 which may also
contribute to this apparent difference. Third, some of the N-
related defects on STM images might be induced by multiple N
atoms for each defect. Despite the relatively low concentration
of N-related defects after the first growth cycle, it is very
encouraging to find that the concentration of N-related defects
can be well tuned by adjusting the dosage of sole precursor and
the number of growth cycles. Here one growth cycle includes
the dosing of sole precursor at room temperature and
subsequent annealing to 900 °C.

Figure 2a—c shows typical STM images of obtained N-doped
single layer graphene on the Ru(0001) surface with three
different concentrations of N-related defects. Figure 2d shows
how the concentration of N-related defects evolves with the
number of growth cycles in four series of growth experiments.
The four series correspond to four different dosages of sole
precursor during each growth cycle, that is, 0.01, 0.11, 0.23, and
0.37 ML, for Series #1—4, respectively. In each series, the
concentration of N-related defects increases with increasing
number of growth cycles, and the increase is faster if the dosage
of sole precursor is higher during each growth cycle. With a
precursor dosage of 0.01 ML, the concentration increases from
1.6 X 10* ym™ for 1 growth cycle up to 8.3 X 10* ym™ for 29
growth cycles; in contrast, with a higher precursor dosage of
0.37 ML, the concentration increases from 1.7 X 10* yum™ for 1
growth cycle up to 2.6 X 10° um™> for 8 growth cycles. During
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each growth cycle, the sole precursor CsNH molecules
decompose into intermediate small species at the elevated
temperature. The intermediate species diffuse and aggregate
into the graphene lattice, leading to the increase of graphene
coverage; meanwhile, the N-containing intermediate species act
as the N source, diffusing along the existing graphene surface
and leading to the doping of more N atoms into the graphene
layer. When the coverage of graphene increases with more
growth cycles, the bare Ru surface area decreases accordingly
(see Supporting Information Figure S2). Cs,NH molecules
decompose on the bare Ru surface but not on the graphene
surface at elevated temperature (see Supporting Information
Figure S3). With increasing growth cycles, less and less C;,NH
molecules can decompose during one cycle due to the
decreasing of the bare Ru surface area, although the dosage
of CsoNH molecules for each cycle remains the same in one
series. That explains our observation that in each series the
concentration of N-related defects tends to saturate with
increasing growth cycles, as shown in Figure 2d. Although the
synthesis of N-doped graphene from N-containing sole
precursors has been reported recently," "* this is the first
time a feasible and efficient strategy for tuning the doping
concentration of N has been discovered while using the same
sole precursor.

The spatial homogeneity of N-related defects can be
characterized by STM measurements. By counting the number
of defects in different regions (see Supporting Information
Note 3), we have plotted the number of N-related defects as a
function of surface area, as shown in Figure 2e. Three samples
with different defect concentrations are included in Figure 2e.
The straight solid lines are linear fits of the data. It is clear that
the number of N-related defects increases linearly with the
surface area. The slopes of the linear fits are the concentrations.
The spatial homogeneity of N-related defects can be
quantitatively evaluated by the PSD of the number of defects.
The PSD is the ratio of standard deviation to mean. The
calculations of PSD were performed using the data in Figure 2e.
Our results show that the PSD decreases with increasing surface
area, as shown in Figure 2f. For all three different
concentrations, PSD values lower than 10% can be achieved
for 280 nm* and larger areas. In addition, the homogeneity of
spatial distribution improves with increasing defect concen-
tration, and the PSD values are lower than 10% for 150 nm?
and larger areas when the defect concentration is 2.6 X 10°
um~% Figure 2d indicates that the same concentration of
defects can be achieved from different series of growth
experiments. For example, a defect concentration of 6.8 X
10* ym™ can be achieved by either 21 cycles of growth in
Series #1 or 7 cycles of growth in Series #2, as shown in Figure
2d. STM images of the 2 samples (21 cycles in Series #1 and 7
cycles in Series #2) are shown in Supporting Information
Figure S4. The statistics shown in Figure 2gh, that is, the
number of N-related defects as a function of surface area and
the PSD of the number of N-related defects as a function of
surface area, indicate that the spatial homogeneity of N-related
defects is roughly the same for the two samples.

The existence of N atoms in the synthesized graphene layer
is confirmed by XPS measurements, and the predominant
bonding configuration of N atoms in the graphene lattice has
been identified based on the binding energy (BE) positions of
N peaks. Figure 3 shows the XPS spectra measured for the
synthesized N-doped single layer graphene on the Ru(0001)
surface. The concentration of N-related defects on this sample,
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Figure 3. XPS of the N-doped graphene layer on Ru(0001). (a) N 1s
spectra. (b) C 1s spectra.

as determined by STM measurements, is around 8.3 X 10*
um™>. Previous studies have shown that there are three
common doping configurations for N in graphene, that is,
pyridinic N, pyrrolic N, and graphitic N. The specific bonding
configurations of N in graphene can be identified by analyzing
the N 1s XPS spectrum. The binding energies of N 1s electrons
range from 394 eV BE (N°7) to 408 eV BE (N°*) depending
on chemical environment. The N 1s spectrum can be
deconvoluted into several individual Speaks corresponding to
different bonding configurations.***™>> The N 1s spectrum in
Figure 3a can be deconvoluted into two different peaks with
binding energies of 393.7 and 398.6 eV, respectively. Previous
studies have shown that the N 1s binding energy is around 394
eV if N is in an anionic state, which usually corresponds to the
bonding between N and metal atoms such as Ti.”® Therefore,
the peak at 393.7 eV BE in Figure 3a can be attributed to the N
atoms that are trapped beneath the graphene layer and bound
to Ru. Previous studies have also shown that the peak positions
are at 398.1—399.3 eV BE for pyridinic N, 399.8—401.2 ¢V BE
for pyrrolic N, and 400.0—402.7 eV BE for graphitic N,
respectively.””*”** Therefore, the peak at 398.6 eV BE in
Figure 3a can be attributed to pyridinic N doping configuration.
XPS results suggest that the predominant bonding config-
uration of N atoms in the obtained graphene layer is pyridinic
N, which originates from sp® hybridized N atoms bonded with
two sp> hybridized C atoms at the edges or defects of the
graphene lattice. The pyridinic N doping configuration is
always accompanied by defects or edges in the graphene layer.
The content of N with the other doping configurations is below
the detection limit of XPS. As discussed above, the XPS results
confirm that N atoms have been successfully incorporated into
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the graphene lattice. The C 1s XPS spectrum, as shown in
Figure 3b, can be deconvoluted into four different peaks
centered at 279.7, 283.8, 284.4, and 285.7 eV BE, respectively.
These first two peaks can be assigned to Ru 3ds,,, Ru 3d;),,
respectively. The peak centered at 284.4 eV BE can be assigned
to sp> hybridized C atoms in graphene.”**>** The peak
centered at 285.7 eV BE can be assigned to sp> hybridized C
atoms bonded with N.>'*#'®>*%* The content of N in
graphene is around 1.8%, as determined from the C 1s peaks
centered at 284.4 and 285.7 eV as well as the N 1s peak
centered at 398.6 eV, which is in good agreement with the
concentration of dark spots observed in STM measurements
(see Supporting Information Note 4). In addition, XPS
measurements of two different samples show that the areas of
N 1s peaks increase with increasing concentration of dark spots,
which also suggests that the dark spots are related to N (see
Supporting Information Figure SS).

To gain further atomic-scale insights into the bonding
configuration of N atoms in the obtained doped graphene layer,
high-resolution STM measurements of the N-related defects
have been performed. Figure 4a,b shows bias-dependent STM

Figure 4. (a,)b) Bias-dependent STM images of N-doped graphene on
Ru(0001) synthesized from CsNH. The two light blue dashed squares
enclose the same atop region of the moiré pattern. (c,d) Close-up
STM images of the marked regions in (ab), respectively. The N-
related defects marked by green dashed circles are not accompanied by
vacancies in graphene, while the defects marked by dark blue dashed
circles are accompanied by single-atom vacancies in graphene.
Scanning parameters: (a) Vi, = +1 V, I = 50 pA; (b) Vs = +10
mV, I =S5 nA; (c) Vi = +1 V, I =50 pA; and (d) Vi = +10 mV, I =
5 nA. Scale bars: (a) 2; (b) 2; (c) 0.6; and (d) 0.6 nm.

images of the same region on the N-doped graphene/Ru(0001)
surface, which were recorded at +1 V and +10 mV, respectively.
The concentration of N-related defects on this sample is
around 2.6 X 10° ym ™2 It is interesting to note that the number
of defects observed at +10 mV with atomic resolution is
evidently less than that observed at +1 V. The dashed squares
on these two images indicate the same region and the
corresponding close-up STM images are shown in Figure
4¢,d. It is clear that the graphene lattice of the defects marked
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by the green dashed circle still exhibits the hexagonal
honeycomb structure; however, the graphene lattice of the
defects marked by the dark blue dashed circles exhibit single-
atom vacancies. Therefore, some defects on the sample surface
are accompanied by vacancies in graphene, while the other
defects have the hexagonal honeycomb structure. Our extensive
STM measurements indicate that the defects with single-atom
vacancies account for (49.8 + 3.1)% of all the defects on the
sample surface.

In order to clearly image individual defects, further high-
resolution STM measurements were performed on an N-doped
graphene/Ru(0001) surface with a lower defect concentration,
as shown in Figure S. Our extensive measurements reveal that

Figure S. Two primary types of N-related defects observed in STM
measurements. (a,b) Bias-dependent STM images of one area on the
N-doped graphene/Ru(0001) surface. (c) High-resolution STM image
of the defect marked by the dashed green circles in (a,)b). (d) Sketch of
the pyridinic N;V, doping configuration. Scanning parameters: (a)
Vi = +1 V, I = 50 pA; (b) Vi = +10 mV, I = 1 nA; (c) Vi, = +10
mV, I = 1 nA. Scale bars: (a) 1; (b) 1; (c) 0.5 nm.

there are primarily two types of N-related defects. For the first
type of defects, such as the defects marked by the green solid
circle in Figure Sa,b, the atomic-resolution STM images of such
defects are the same as the one of pristine graphene. Navarro et
al. recently found that the oxygen atoms trapped between the
graphene layer and Ru substrate also lead to dark spots on
corresponding STM images.”> More importantly, our XPS
measurements have indicated the existence of N atoms trapped
beneath the graphene layer and bound to Ru, as discussed
above. Therefore, this first type of defects can be attributed to
the N atoms that are trapped between the graphene layer and
Ru substrate. For the second type of defects, such as the defects
marked by the green dashed circle in Figure Sa—c, the atomic-
resolution STM images of such defects exhibit a single-atom
vacancy in the graphene lattice, as shown in Figure Sb,c. We
propose that such single-atom vacancies are decorated with N
atoms due to three reasons. First, such single-atom vacancies
were rarely observed in the undoped graphene layer on
Ru(0001) because pure vacancies in graphene are energetically
unfavorable.*** Second, the decoration with N atoms can
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stabilize vacancies in graphene and the formation energies of N-
decorated vacancies are much lower compared to pure
vacancies.”"** Third, XPS measurements indicate that pyridinic
N, which is always accompanied by vacancies, is the
predominant doping configuration; and, in the meanwhile,
the single-atom vacancies shown in Figures 4d and Sb,c are the
predominant type of vacancy in the obtained N-doped
graphene layer. These N-decorated single-atom vacancies
have a regular triangular geometry. Ab initio density functional
theory (DFT) calculations have been carried out to determine
the formation energies of various bonding configurations of N
atoms in the graphene lattice.'**"** Pyridinic N3V, that is, one
single-atom vacancy decorated with three N atoms, as sketched
in Figure Sd, has been theoretically identified as one of the
most energetically favorable doping configurations and, in the
meanwhile, it is the only configuration exhibitin§ a regular
triangular geometry with a single-atom vacancy.'**"** There-
fore, this second type of defects is most likely correlated to
pyridinic N;V, doping configuration. It is worth mentioning
that the same doping configuration, that is, one single-atom
vacancy decorated with three heteroatoms, has also been
observed in oxygen-doped graphene experimentally by Guo et
al. using hisgh-resolution scanning transmission electron
microscopy.” Besides the above two primary types of defects
that were detected by both STM and XPS, there exists a third
type of defects (See Supporting Information Figure S6) that
accounts for only a small portion of all defects on the sample
surface and was observed only by STM. It is worth mentioning
that the electron scattering®’ induced by doping defects was
observed in STM measurements of N-doped single layer
graphene on the SiO,,"* Cu,'*" SiC,*** and graphene/SiC"®
surfaces. However, such electron scattering was not observed in
our STM measurements of N-doped single layer graphene on
Ru(0001), which can be ascribed to the disturbance induced by
the strong interfacial interaction between graphene and
Ru. 5052

It is noted that previous ab initio DFT calculations have
predicted that the graphitic N; configuration has the lowest
formation energy among all possible doping configurations for
N-doped graphene.'**"** However, experimental efforts have
shown that the predominant doping configurations in N-doped
graphene vary with different synthesis approaches and
experimental parameters.”>*”'*~"" In fact, pyridinic N doped
graphene was also obtained on the Cu surface using acetonitrile
or pyridine as the sole precursor.”” Our efforts reported here
reveal a new and effective strategy for preparing high-quality
pyridinic N doped graphene with high doping homogeneity
and tunable doping concentration.

In summary, we have achieved the controlled synthesis of
high-quality N-doped single layer graphene on the Ru(0001)
surface using the sole precursor CsoNH. For the first time, we
find that the concentration of N-related defects can be precisely
tuned by adjusting the dosage of sole precursor and the number
of growth cycles. High-resolution STM and XPS measurements
reveal that the predominant doping configuration is pyridinic N
with a single-atom vacancy in the obtained graphene layer. This
work provides crucial atomic-scale insights into the synthesis
process and doping properties for the synthesis of N-doped
graphene from N-containing sole precursors, which will boost
the controlled synthesis of graphene materials doped with
various heteroatoms from diverse heteroatom-containing sole
precursors.
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