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 The new two-dimensional graphitic material, graphdiyne, has attracted great interest recently due to
: the superior intrinsic semiconductor properties. Here we investigate the magnetism of pure graphdiyne
. material and find it demonstrating a remarkable paramagnetic characteristic, which can be attributed
to the appearance of special sp-hybridized carbon atoms. On this basis, we further introduce nitrogen
with 5.29% N/C ratio into graphdiyne followed by simply annealing in a dopant source and realize a
twofold enhancement of saturation moment at 2 K. Associate with the density of states calculation, we
investigate the influence of the nitrogen atom doping sites on paramagnetism, and further reveal the
important role of doped nitrogen atom on benzene ring in improving local magnetic moment. These
results can not only help us deeply understand the intrinsic magnetism of graphdiyne, but also open an
efficient way to improve magnetism of graphdiyne by hetero atom doping, like nitrogen doping, which
may promote the potential application of graphdiyne in spintronics.

The excellent transport properties of low-dimensional carbon materials such as graphene, carbon nanotube have
attracted much attention because of the potential application prospect in future electronic device!=. Especially
the combination of extraordinary carrier mobility and long spin diffusion makes these materials promising in
spintronics or information storage devices*. However, the magnetic properties of carbon materials are still quite
weak, for instance the intrinsic paramagnetic magnetic moment of graphene is limited to 0.02 emu/g®, which
poses a rigorous challenge for carbon-based spintronic devices. Meanwhile, the high conducting graphene has no
energy gap, limiting its application in semiconductor industry®. Thus it is needed to develop new carbon material
system with larger magnetic moment as well as excellent semiconducting characteristics before expending the
low-dimensional carbon materials in spintronics. More importantly, the investigation of magnetism on novel
carbon system can help us reveal a widely applicable interaction mechanism among lattice, spin and orbit, further
guiding the manipulation of magnetic moment with different synthetic process.

Recently, a new two-dimensional (2D) carbon material graphdiyne (GDY), has been successfully prepared by
cross-linking reaction’ and drawn much attention due to its fascinating properties®®. As an allotrope of graphene
with direct band gap structure near Dirac cone, graphdiyne is confirmed as a semiconductor with a band gap of
about 1eV® !9, and its mobility can be even comparable with graphene''. The unique structure and acetylenic
bond have made GDY beneficial for carrier transport with the mobility as high as 10*~10°cm?V~'s~!'2, demon-
strating a great application potential in carbon-based electronic devices. Meanwhile, based on the first-principles
calculations, the two-dimensional carbon material containing sp- and sp?-hybridized carbon atoms such as
graphyne has been found that its magnetic ground state and magnetic moments depend on the edge state and
the width of the zigzag-like ribbons!>. However, the magnetism of GDY has not yet been investigated deeply,
which is very important not only to reveal spin polarization state in this 2D carbon material but also to develop
graphdiyne-based spintronic devices'!. More importantly, doping is the practice of adding atoms of impurities to
a semiconductor lattice to modify electrical structure and properties. The advantages of graphdiyne for spintron-
ics lie in doping tunable bandgap and conductivity as well as easy-realizable atomic substitution or modification
among its special structure’. For example, it has been reported that transition metal atoms can be easily intro-
duced into graphdiyne by interacting with acetylene linkage'®. Thus graphdiyne can be regarded as one promising
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Figure 1. (a,b) Structure diagrams of GDY and N-GDY. (¢,d) Optical photographs of the GDY powders
without and with nitrogen doping respectively. (e,f) Raman spectrum of pristine and N-doping GDY.

candidate material for spintronics by element doping. Recently, graphdiyne doped with nitrogen is more desirable
for high-powered energy storage device'é, oxygen reduction reaction'” and so on, indicating a wide application
prospect with the substitution of nitrogen. On the aspect of magnetism, it has been confirmed in theory that
nitrogen (N) doping is an effective method to introduce local magnetic moment'®. Therefore, we can anticipate
nitrogen doping an effective way to further manipulate the magnetism of GDY.

In this study, we for the first time investigate the magnetic characteristics of graphdiyne powder by magnetic
moment measurement with temperature changing from 2 K to 300 K. It is found that pure graphdiyne show
a typical paramagnetism with a large saturation moment M;=0.51 emu/g at 2K, which arise from the unique
carbon atom matrix and sp-hybridization of graphdiyne. Besides, by introducing nitrogen into graphdiyne, the
paramagnetism is further enhanced by nearly two times, revealing the import role of pyridine nitrogen in local
magnetic moment enhancement for 2D carbon materials. These results indicate that graphdiyne can be expected
to realize stronger magnetism by the regulation of synthesis, suggesting that graphdiyne could be a very promis-
ing spintronic material among the 2D carbon material family.

Results

The graphdiyne film was synthesized via a cross-coupling reaction based on the previous report’. The structure
diagrams of GDY and nitrogen-doped GDY (N-GDY) are sketched in Fig. 1a and b respectively. Figure 1c and d
are the optical photographs of the corresponding powder samples, which indicate that the macroscopic feature of
our samples shows no obvious change by nitrogen doping. Figure le and f display the Raman spectra of the GDY
powders without and with N-doping respectively, and it can be seen that both D-band and G-band are obviously
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Figure 2. SEM images of (a) GDY and (b) N-GDY. (c) Distribution of carbon atoms on the GDY sheet. (d)
Combined C/N chemical mapping of the N-GDY sheet. (e,f) TEM images for GDY and N-GDY respectively.
Insets are the corresponding HRTEM images.

distinguished. The G-band at 1577,5cm ' and 1568.3cm ™" for GDY and N-GDY arises from the E,, stretching
vibration mode’. The D-band, which is related with structural defects such as edges and disordered carbon atoms,
shows a relative enhancement compared with G-band after N-doping. Here we can use the intensity ratio of
D-band and G-band (Ip/1;) to evaluate the degree of structural deformation. The calculate Ij,/I;are 0.71 and 1.16
for GDY and N-GDY respectively, suggesting that the pure GDY is ordered with low content of defects' while
N-doping can introduce vacancies and disorder efficiently. Meanwhile, the Raman peak at 2183.2cm ™! for GDY,
which corresponds to the vibration of acetylenic linkages (—C=C—C=C—)%, becomes weaker for N-GDY due
to the substitution of N atoms in the triple-bonded carbon atoms.

Figure 2a and b show the scanning electron microscopy (SEM) images of the raw GDY powder and N-GDY
powder respectively. It can be seen that both the morphology demonstrate the agglomeration of nano-size par-
ticles and the GDY powder maintains its initial morphology after N-doping. The distribution of nitrogen and
carbon within the nano sheet is investigated by scanning electron microscope chemical mapping (Fig. 2c and d),
which indicates that the nitrogen atoms are effectively introduced into GDY after NH; treatment as well as the
nitrogen groups are distributed rather homogeneously within the carbon matrix (Fig. 2d) for N-GDY. Besides,
the transmission electron microscope (TEM) images are also obtained to demonstrate the uniform and con-
tinuous microstructure with stacked layers, which is shown in Fig. 2e and f. The inserted high-resolution (HR)
TEM images further demonstrate that the layer structure and interlayer spacing have no significant change after
N-doping.
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Figure 3. (a) XPS spectra of GDY and N-doped GDY. (b,c) The fine-scanned C 1 s XPS spectra of GDY and
N-GDY respectively. (d) Fine-scanned N 1s XPS spectrum of N-GDY.

The overall chemical composition of GDY and N-GDY samples are determined by X-ray photoelectron spec-
troscopy (XPS) to revel the average contents of carbon and nitrogen, which is shown in Fig. 3a. The C 1s peak
indicates the binding energies for the C 1s orbital and the appearance of O 1s peak arises from the absorption
of air in the pore of the carbon network in graphdiyne. Especially an obvious N 1s peak is found at 399.9 eV for
N-GDY, and the atomic ratio of N/C is estimated about 5.29, suggesting the efficient introduction of nitrogen in
GDY. Figure 3b shows a high resolution C 1s XPS spectrum of GDY and it can be fitted and divided into four
bonds including C-C (sp?), C=C (sp), C-O and C=0". For N-GDY, the C 1s peak should be assigned to five
bonds such as C-C (sp?), C=C (sp), C-O, C=N and C=0""2!, as Fig. 3c shown. Besides, it has been reported that
the area ratio of sp/sp? can be used to evaluate the connecting characteristic of benzene rings by diine. For our
N-GDY sample, the ratio of sp/sp?* is reduced to 1.74 compared with that of GDY, which indicates that the effi-
cient substitution of Nitrogen on sp-carbon reduces some of the C=C and results in the formation of C=N"". To
further analyze the nitrogen doping characteristic, the N 1s peak of N-GDY can be fitted based on Gauss-Lorenz
function to reveal the possible doping positions of N atoms'®2!. As shown in Fig. 3d, the N 1s peak shows two
components which are assigned to two typical peaks, suggesting that the N atoms can bond with C atoms in the
GDY matrix in the form of imine N (N atom substitution on acetylene linkage such as the sp-hybridized carbon
atoms) or pyridinic N (N atom substitution on benzene)'. In detail, the strong peak at 399.1 eV can be attributed
to imine 1 N, and another peak at 400.2 eV is contributed by imine 2N or pyridinic N'¢, which is shown in Fig. 3d.
According to the DFT calculation of XPS N 1s values, the carbon atoms between two adjacent acetenyl groups
can be substituted by one or two nitrogen atoms, which corresponds to the imine 1N or 2N doping models".
Thus the peak-fit processing results reveal that the possible doping positions of N atoms in carbon matrix of
graphdiyne lie in either benzene rings position or acetylenic link position.

To investigate the intrinsic magnetism of GDY material, we measured its magnetic moment with different
magnetic fields and temperatures. Figure 4 shows the temperature dependent magnetic susceptibility x-T curves
of GDY and N-GDY with temperature ranging from 300K to 2 K. We can see that both the magnetic susceptibil-
ities increase with decreasing temperature especially at low temperature, and no obvious magnetic transition can
be observed, suggesting a typical paramagnetic characteristic for GDY and N-GDY. Here, the temperature
dependence of susceptibility X can be described as the Curie-like paramagnetic behavior by fitting with the Curie
law y = NJ(J + l)gzuBZ/ (3kgT) as the solid line shown. The insets correspond to 1/x~T curves and the linear
relation further confirms that there is no sign of ferromagnetic ordering in our samples.
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Figure 4. Typical x-T curves measured from 2K to 300 K under the applied field H=5kOe for (a) GDY and
(b) N-GDY. The solid line if fitted by the Curie law. Insets are the corresponding 1/ -T curves.
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Figure 5. M-H curves measured at (a) 4.2 K and (b) 2K for GDY and N-GDY. The solid and dashed lines are
fits to the Brillouin function with J=1/2 and ] = 1 respectively.

Further, the typical magnetization curves for GDY and N-GDY are also measured at liquid helium tempera-
ture 4.2 K (Fig. 5a), liquid nitrogen temperature 77 K (Fig. S1) and room temperature 300K (Fig. S2) respectively.
At 4.2 K, with the increase of magnetic field H, the moment increases rapidly and then trends to steady due
to almost all spin arranged along the magnetic field, also confirming the characteristic of paramagnetism. To
obtain the saturation magnetization value as well as gain a further insight into the origination of magnetism, we
also measured and analyzed the M-H curves of GDY and N-GDY respectively at 2K, which is shown in Fig. 5b.
The saturation magnetization of GDY exhibits much larger than that of intrinsic graphene (see Supporting
Information, Fig. $3)* 22, suggesting that the GDY material is a more promising candidate for carbon magnetic
materials. Meanwhile, it is obvious that the nitrogen doping significantly increases the paramagnetic moment
by nearly two times, demonstrating a simple method to regulate the magnetism of graphdiyne. Herein, the M-H
curves at 2K can be described by the Brillouin function as fellows?:

2]+ 1 2] + 1 1 x
cont — —con
2] 2] 2] 2] (1)

where M, is the saturation magnetization, x = gJp1zH/kyT, kg is the Boltzmann constant, £ is the Bohr magneton,
J is the angular momentum quantum number and g is the g-factor. As the solid lines shown in Fig. 5b, the exper-
imental data of GDY can be well fitted by Brillouin function for g=2, J=1/2 (solid line) rather than g=2, =1
(dashed line), which coincides with the contribution of defects such as vacancy or edge on magnetism in theory**
25, Meanwhile, the fitting parameter /= 1/2 also suggests that the magnetization GDY arises from the contribution
of electronic magnetic moment without any coupling between these spins. Based on the fitting, the calculated M,
values at 2K for N-GDY and GDY are 0.96 emu/g and 0.51 emu/g respectively, indicating the slight nitrogen dop-
ing can significantly improve the intrinsic magnetism of graphdiyne. On the other hand, the magnetic moment
value of N-GDY with 5.29% N/C ratio is comparable with that of fluorinated reduced graphene oxide?, mean-
while the conductivity of GDY is also increased to 6.25 x 107*S-m " from 3.60 x 10~*S-m~" (Fig. $4), suggesting
that GDY is easier to realize the control of electromagnetic property by element doping or substitution.

M=M,
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Figure 6. Schematic structure diagrams of graphene and graphdiyne. Insets display the schematic of local
orbital interaction.

Discussion
Based on the unique structure characteristics similar as graphene, we can analyze the origin of paramagnetism
in graphdiyne by considering the reported theoretical investigations on magnetism of graphene. The structure
and electron orbital for graphene and graphdiyne are depicted schematically in Fig. 6. For graphene, its intrinsic
magnetism presents a paramagnetic property with small moment. After introducing vacancy, a magnetic moment
in the  band will be induced by creating a sublattice imbalance based on Lieb’s theorem?”. It has been reported
that local magnetic moments may form around each single graphite vacancy and these missing atoms can be
considered as a source of carbon magnetism?* 2. As for our graphdiyne, it can be regarded as a hybrid system
of graphene (sp? hybridization) and carbyne (sp hybridization) with flat carbon network. It has been reported
that sp-hybridized carbon atoms can contribute local polarized spins and thus introduce an intrinsic magnetic
moment based on spin polarized density functional theory calculation®. In GDY, the formation of acetylenic
bond causes the sp-hybridization, which gives rise to the locally enhanced magnetic moment among the whole
carbon matrix. On the other hand, the influence of the edge states can’t be ignored. The common edge states in
two-dimensional carbon materials such as graphene and graphdiyne are armchair and zigzag. For our graphdi-
yne, the lamellar stacking characteristic enhances the existing probability of different edge states such as armchair
and zigzag, which may be due to inadequate polymerization reaction in the practical process of synthesis. It has
been confirmed in theory by first-principles calculation that a magnetic ordering exists at each zigzag edge'?, thus
we can predict that the possible zigzag edge may also contribute to the introduction of local magnetic moment.
As for our graphdiyne with N-doping, the N atoms can exist in different sites as substitutional atoms or ada-
toms'®, which are also sketched in Fig. 6. On one hand, substitutional doping of the nitrogen atom has been
proven the most favorable and stable among the possible configurations of nitrogen impurities®!. The possible
substitutional sites of nitrogen atoms in graphdiyne are acetylene linkage and benzene ring. Here it should be
noted that though the substitution of nitrogen on acetylene linkage will reduce the proportion of sp-hybridization
carbon, the whole magnetic moment still increases, which indicates the different origins of magnetism between
GDY and N-GDY, suggesting the different role of N-doping modes in carbon magnetism. On the other hand,
the nitrogen adatoms may migrate to replace carbon atoms to form a stable configuration with C adatoms since
the carbon vacancy-adatom pair often appears as one of the most common defects in carbon nanostructure®> ¥,
which may also induce a local magnetic moment'®. The introduction of nitrogen especially in benzene ring
site may result in the interaction between carbon adatoms and N/C atoms'®. As the inset of Fig. 6 for N-doped
graphdiyne shown, two valence electrons form a bond interaction with the N/C atoms. Meanwhile the
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Figure 7. Spin-resolved DOS of N-GDY sheets with doped N atoms on different positions respectively.

dangling sp? orbital of adatom C trends to bond with the 7 orbital, thus more electrons can retain in the p, orbital
and be spin-polarized, enhancing the local spin-polarization'®.

To further reveal the influence of nitrogen doping site on local magnetic moment, the electronic structures
displayed as density of states (DOS) of N-GDY with substituted nitrogen atoms on acetylene linkage and benzene
ring (the simulation models with typical unit cells can be found in Supporting Information, Fig. S5) are calculated
by density functional theory formalism with different doping positions of N atoms as Fig. 7 shown respectively.
Herein the N-doped GDY models containing five representative unit cells are sketched based on the XPS analysis
discussed above. The spin-polarized calculation indicate that an obvious local magnetic moment appears for the
asymmetric pyridinic nitrogen substitution (Py-1N) while no magnetic moment can be found for the models
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with symmetric two pyridinin nitrogen (Py-2N) or nitrogen atom on acetylene linkage, suggesting that the dop-
ing mode with pyridine nitrogen is more beneficial to enhance magnetism of graphdiyne. Besides, based on the
DFT calculation, we can obtain the local moment of 0.98 p; for the local structure displayed as Fig. 7g shown.
Considering the relative change of measured magnetic moments between N-GDY and raw GDY, it can be con-
cluded that the form of Py-1N may account for a proportion of 13.6% among the possible five kinds of N-doping
positions, further revealing the important role of pyridinic nitrogen in improving magnetic properties of chemi-
cally modified graphdiyne. However, since the local magnetic moment may not interact with each other to form
long-range exchange interactions, none ordered ferromagnetism/ferrimagnetism has been observed. Thus we can
expect that the magnetic ordering may be realized in graphdiyne materials by enhancing local spin polarization
with further increasing pyridine nitrogen content based on molecular design. These results can not only guide us
deeply explore the magnetism of 2D carbon materials but also help us further promote the development of GDY
on spintronics devices.

Conclusion

In conclusion, we prepared high-quality graphdiyne powder samples and investigated their magnetic properties.
Structure and morphology characterizations have shown that the GDY is polymerized only with C atoms by sp
and sp? hybridization. Based on the measurement of low-temperature M-H curves and temperature dependent
magnetic moment, we demonstrate experimentally that GDY is a typical paramagnetic material without obvi-
ous magnetic ordering. Compared with other 2D carbon systems, the saturation moment of GDY at 2K is as
high as 0.51 emu/g, which is much larger than the reported intrinsic graphene or graphene oxide. This paramag-
netism may be caused by specific sp hybridization and carbon atom construction. Furthermore, we also realize an
enhanced paramagnetism with the substitution of nitrogen by a simple annealing in ammonia gas, revealing the
contribution of nitrogen to local magnetic moment. These results can guide us to further improve the magnetism
of GDY by controlling synthesis process, promoting this new 2D-carbon material system to potential applications
in organic magnet or spintronic devices.

Methods

Synthesis of N-doped graphdiyne. Graphdiyne film on the surface of copper was synthesized via a
cross-coupling reaction using the monomer of hexaethynylbenzene based on the previous report’. Then the GDY
flakes were collected by copper corrosion with hydrochloric acid, washing with acetone and drying in sequence.
The N-doped GDY was obtained by annealing GDY flake in the quartz tube at 500 °C for 2h in NH; atmospheric
pressure. Both pure GDY and N-doped GDY samples were ground into powders using an agate mortar respec-
tively. The mass of the GDY powders was accurately determined by High Precision Electronic Balances with a
sensitivity of 0.01 mg.

Characterization of the samples. The X-Ray photoelectron spectrometer (XPS, ULVAC-PHI) was car-
ried out to investigate the bonding environment and chemical component. The structure characteristic of GDY
was analyzed by using Raman spectra (NT-MDT NTEGRA Spectra System). Morphological information was
measured using scanning electron microscope (Hitachi S-4800 FESEM). Magnetic moment measurements were
recorded using a vibrating sample magnetometer (PPMS-VSM, Quantum Design) with temperature changing
from 2K to 300K.

The DFT calculation methods. The atomistic calculations are performed based on the spin-polarized
DFT using the Vienna ab initio simulation package (VASP)**-%. Projector augmented wave (PAW) method is
used to describe the electron-nuclear interactions and the exchange correlation energy is described with the
Perdew-Burke-Ernzerho (PBE) function®” . The energy cutoff for the truncation of the plane wave basis is taken
to be 500 V. The geometries are optimized with all forces <0.01eV/A, and the criterion of convergence for elec-
tronic structure is set to be 10-6eV. A DFT optimized lattice constant a=b =9.29 A is used here, and the vacuum
region is set to be 20 A to avoid the interlayer interactions. A gamma centered 4 x 4 x 1 k-point mesh is used. Two
configurations for the N-doped graphdiyne are considered, with N atom substituted in the acetylene linkage and
benzene ring, respectively.

References

1. Beck, J. H. et al. Clean graphene electrodes on organic thin-film devices via orthogonal fluorinated chemistry. Nano Lett. 15,
2555-2561, doi:https://doi.org/10.1021/acs.nanolett.5b00110 (2015).

2. Konios, D. et al. Reduced Graphene Oxide Micromesh Electrodes for Large Area, Flexible, Organic Photovoltaic Devices. Adv.
Funct. Mater. 25,2213-2221, doi:https://doi.org/10.1002/adfm.201404046 (2015).

3. Geier, M. L. et al. Solution-processed carbon nanotube thin-film complementary static random access memory. Nat. Nanotech 10,
944-948, doi:https://doi.org/10.1038/nnano.2015.197 (2015).

4. Kamalakar, M. V., Groenveld, C., Dankert, A. & Dash, S. P. Long distance spin communication in chemical vapour deposited
graphene. Nat. Commun. 6, 6766, doi:https://doi.org/10.1038/ncomms7766 (2015).

5. Nair, R. R. et al. Spin-half paramagnetism in graphene induced by point defects. Nat. Phys 8, 199-202, doi:https://doi.org/10.1038/
nphys2183 (2012).

6. Fuhrer, M. S. Graphene Ribbons piece-by-piece. Nat. Mater. 9, 611-612, doi:https://doi.org/10.1038/nmat2821 (2010).

7. Li, G. et al. Architecture of graphdiyne nanoscale films. Chem. Commun. 46, 3256-3258, doi:https://doi.org/10.1039/b922733d
(2010).

8. Pari, S., Cuéllar, A. & Wong, B. M.. Structural and Electronic Properties of Graphdiyne Carbon Nanotubes from Large-Scale DFT
Calculations. J. Phys. Chem. C 120, 18871-18877, doi:https://doi.org/10.1021/acs.jpcc.6b05265 (2016).

9. Li, Y, Xu, L, Liu, H. & Li, Y. Graphdiyne and graphyne: from theoretical predictions to practical construction. Chem. Soc. Rev. 43,
2572-2586, doi:https://doi.org/10.1039/c3¢cs60388a (2014).

10. Luo, G. et al. Quasiparticle energies and excitonic effects of the two-dimensional carbon allotrope graphdiyne: Theory and

experiment. Phys. Rev. B 84, 075439, doi:https://doi.org/10.1103/PhysRevB.84.075439 (2011).

SCIENTIFICREPORTS |7: 11535 | DOI:10.1038/s41598-017-11698-9 8


http://dx.doi.org/10.1021/acs.nanolett.5b00110
http://dx.doi.org/10.1002/adfm.201404046
http://dx.doi.org/10.1038/nnano.2015.197
http://dx.doi.org/10.1038/ncomms7766
http://dx.doi.org/10.1038/nphys2183
http://dx.doi.org/10.1038/nphys2183
http://dx.doi.org/10.1038/nmat2821
http://dx.doi.org/10.1039/b922733d
http://dx.doi.org/10.1021/acs.jpcc.6b05265
http://dx.doi.org/10.1039/c3cs60388a
http://dx.doi.org/10.1103/PhysRevB.84.075439

www.nature.com/scientificreports/

11. Cui, H. J,, Sheng, X. L., Yan, Q. B., Zheng, Q. R. & Su, G. Strain-induced Dirac cone-like electronic structures and semiconductor-
semimetal transition in graphdiyne. Phys. Chem. Chem. Phys. 15, 8179-8185, doi:https://doi.org/10.1039/c3cp44457k (2013).

12. Long, M. Q,, Tang, L., Wang, D, Li, Y. L. & Shuai, Z. G. Electronic Structure and Carrier Mobility in Graphdiyne Sheet and
Nanoribbons Theoretical Predictions. ACS Nano 5, 2593-2600, doi:https://doi.org/10.1021/nn102472s (2011).

13. Yue, Q. et al. Magnetic and electronic properties of alpha-graphyne nanoribbons. J. Chem. Phys. 136, 244702, doi:https://doi.
org/10.1063/1.4730325 (2012).

14. Chen, X,, Fang, D., Zhang, Y., Gong, B. & Zhang, S. Novel electronic transport of zigzag graphdiyne nanoribbons induced by edge
states. Europhys. Lett. 107, 57002, doi:https://doi.org/10.1209/0295-5075/107/57002 (2014).

15. Chen, X. et al. Two-dimensional ferromagnetism and spin filtering in Cr and Mn-doped graphdiyne. J. Phys. Chem. Solids 105,
61-65, doi:https://doi.org/10.1016/j.jpcs.2017.02.009 (2017).

16. Zhang, S. et al. Nitrogen-Doped Graphdiyne Applied for Lithium-Ion Storage. ACS Appl. Mater. Interfaces 8, 8467-8473, doi:https://
doi.org/10.1021/acsami.6b00255 (2016).

17. Liu, R. . et al. Nitrogen-doped graphdiyne as a metal-free catalyst for high-performance oxygen reduction reactions. Nanoscale 6,
11336-11343, doi:https://doi.org/10.1039/C4NR03185G (2014).

18. Ma, Y,, Foster, A. S., Krasheninnikov, A. V. & Nieminen, R. M. Nitrogen in graphite and carbon nanotubes: Magnetism and mobility.
Phys. Rev. B 72, 205416, doi:https://doi.org/10.1103/PhysRevB.72.205416 (2005).

19. Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 187401, doi:https://doi.org/10.1103/
PhysRevLett.97.187401 (2006).

20. Zhou, J. et al. Synthesis of Graphdiyne Nanowalls Using Acetylenic Coupling Reaction. J. Am. Chem. Soc. 137, 7596-7599,
doi:https://doi.org/10.1021/jacs.5b04057 (2015).

21. Nowicki, P, Pietrzak, R. & Wachowska, H. X-ray Photoelectron Spectroscopy Study of Nitrogen-Enriched Active Carbons Obtained
by Ammoxidation and Chemical Activation of Brown and Bituminous Coals. Energy ¢ Fuels 24, 1197-1206, doi:https://doi.
org/10.1021/ef900932g (2010).

22. Sepioni, M. et al. Limits on intrinsic magnetism in graphene. Phys. Rev. Lett. 105, 207205, doi:https://doi.org/10.1103/
PhysRevLett.105.207205 (2010).

23. Chen, J. et al. Creation of localized spins in graphene by ring-opening of epoxy derived hydroxyl. Sci. Rep 6, 26862, doi:https://doi.
org/10.1038/srep26862 (2016).

24. Li, W,, Zhao, M., Xia, Y., Zhang, R. & Mu, Y. Covalent-adsorption induced magnetism in graphene. J. Mater. Chem. 19, 9274,
doi:https://doi.org/10.1039/b908949g (2009).

25. Krasheninnikov, A. V., Lehtinen, P. O., Foster, A. S., Pyykko, P. & Nieminen, R. M. Embedding transition-metal atoms in graphene:
structure, bonding, and magnetism. Phys. Rev. Lett. 102, 126807, doi:https://doi.org/10.1103/PhysRevLett.102.126807 (2009).

26. Feng, Q. et al. Obtaining High Localized Spin Magnetic Moments by Fluorination of Reduced Graphene Oxide. ACS Nano 7,
6729-6734 (2013).

27. Han, W,, Kawakami, R. K., Gmitra, M. & Fabian, J. Graphene spintronic. Nat. Nanotech 9, 794-807, doi:https://doi.org/10.1038/
nnano.2014.214 (2014).

28. Ugeda, M. M., Brihuega, 1., Guinea, F. & Gomez-Rodriguez, ]. M. Missing atom as a source of carbon magnetism. Phys. Rev. Lett.
104, 096804, doi:https://doi.org/10.1103/PhysRevLett.104.096804 (2010).

29. Zhang, Y. et al. First-principles study of defect-induced magnetism in carbon. Phys. Rev. Lett. 99, 107201, doi:https://doi.
org/10.1103/PhysRevLett.99.107201 (2007).

30. Fan, X. E et al. The role of sp-hybridized atoms in carbon ferromagnetism: a spin-polarized density functional theory calculation. J.
Phys.: Condens. Matter 22, 046001, doi:https://doi.org/10.1088/0953-8984/22/4/046001 (2010).

31. Fujimoto, Y. & Saito, S. Formation, stabilities, and electronic properties of nitrogen defects in graphene. Phys. Rev. B 84, 245446,
doi:https://doi.org/10.1103/PhysRevB.84.245446 (2011).

32. Banhart, F. Irradiation effects in carbon nanostructures. Rep. Prog. Phys. 62, 1181-1221, doi:https://doi.org/10.1088/0034-
4885/62/8/201 (1999).

33. Zhang, W, Lu, W. C,, Zhang, H. X., Ho, K. M. & Wang, C. Z. Tight-binding calculation studies of vacancy and adatom defects in
graphene. J. Phys.: Condens. Matter 28, 115001, doi:https://doi.org/10.1088/0953-8984/28/11/115001 (2016).

34. Kresse, G. & Hafner, J. Ab-Initio Molecular-Dynamics Simulation of the Liquid-Metal Amorphous-Semiconductor Transition in
Germanium. Phys. Rev. B 49, 14251-14269, doi:https://doi.org/10.1103/PhysRevB.49.14251 (1994).

35. Kresse, G. & Hafner, J. Ab-Initio Molecular-Dynamics for Open-Shell Transition-Metals. Phys. Rev. B 48, 13115-13118, doi:https://
doi.org/10.1103/PhysRevB.48.13115 (1993).

36. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558-561, doi:https://doi.org/10.1103/
PhysRevB.47.558 (1993).

37. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758-1775,
doi:https://doi.org/10.1103/PhysRevB.59.1758 (1999).

38. Perdew, J. P,, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865-3868,
doi:https://doi.org/10.1103/PhysRevLett.77.3865 (1996).

Acknowledgements

This study was supported by the Hundred Talents Program and Frontier Science Research Project (QYZDB-SSW-
JSCO052) of the Chinese Academy of Sciences, the Natural Science Foundation of Shandong Province (China) for
Distinguished Young Scholars (JQ201610) and the National Natural Science Foundation of China.

Author Contributions

C.S.H. proposed and supervised the project, M.J.Z. and X.X.W. designed and carried out the experiments, H.J.S.
carried out the theoretical calculation, N.W. and Q.L. prepared and characterized the sample, M.J.Z., X.X.W. and
W.W.C. analyzed the data and wrote the manuscript. Y.Z.L. and C.S.H. had valuable discussions and edited the
manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-11698-9
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7: 11535 | DOI:10.1038/s41598-017-11698-9 9


http://dx.doi.org/10.1039/c3cp44457k
http://dx.doi.org/10.1021/nn102472s
http://dx.doi.org/10.1063/1.4730325
http://dx.doi.org/10.1063/1.4730325
http://dx.doi.org/10.1209/0295-5075/107/57002
http://dx.doi.org/10.1016/j.jpcs.2017.02.009
http://dx.doi.org/10.1021/acsami.6b00255
http://dx.doi.org/10.1021/acsami.6b00255
http://dx.doi.org/10.1039/C4NR03185G
http://dx.doi.org/10.1103/PhysRevB.72.205416
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1021/jacs.5b04057
http://dx.doi.org/10.1021/ef900932g
http://dx.doi.org/10.1021/ef900932g
http://dx.doi.org/10.1103/PhysRevLett.105.207205
http://dx.doi.org/10.1103/PhysRevLett.105.207205
http://dx.doi.org/10.1038/srep26862
http://dx.doi.org/10.1038/srep26862
http://dx.doi.org/10.1039/b908949g
http://dx.doi.org/10.1103/PhysRevLett.102.126807
http://dx.doi.org/10.1038/nnano.2014.214
http://dx.doi.org/10.1038/nnano.2014.214
http://dx.doi.org/10.1103/PhysRevLett.104.096804
http://dx.doi.org/10.1103/PhysRevLett.99.107201
http://dx.doi.org/10.1103/PhysRevLett.99.107201
http://dx.doi.org/10.1088/0953-8984/22/4/046001
http://dx.doi.org/10.1103/PhysRevB.84.245446
http://dx.doi.org/10.1088/0034-4885/62/8/201
http://dx.doi.org/10.1088/0034-4885/62/8/201
http://dx.doi.org/10.1088/0953-8984/28/11/115001
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.48.13115
http://dx.doi.org/10.1103/PhysRevB.48.13115
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1038/s41598-017-11698-9

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 11535 | DOI:10.1038/s41598-017-11698-9 10


http://creativecommons.org/licenses/by/4.0/

	Enhanced paramagnetism of mesoscopic graphdiyne by doping with nitrogen

	Results

	Discussion

	Conclusion

	Methods

	Synthesis of N-doped graphdiyne. 
	Characterization of the samples. 
	The DFT calculation methods. 

	Acknowledgements

	Figure 1 (a,b) Structure diagrams of GDY and N-GDY.
	Figure 2 SEM images of (a) GDY and (b) N-GDY.
	Figure 3 (a) XPS spectra of GDY and N-doped GDY.
	Figure 4 Typical χ-T curves measured from 2 K to 300 K under the applied field H = 5 kOe for (a) GDY and (b) N-GDY.
	Figure 5 M-H curves measured at (a) 4.
	Figure 6 Schematic structure diagrams of graphene and graphdiyne.
	Figure 7 Spin-resolved DOS of N-GDY sheets with doped N atoms on different positions respectively.




