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We synthesized Cgn quantum dots (QDs) with a uniform size by a modified ultrasonic process and studied its poly-
merization under high pressure and high temperature (HPHT). Raman spectra showed that a phase assemblage of a dimer
(D) phase (62 vol%) and a one-dimensional chain orthorhombic (O) phase (38 vol%) was obtained at 1.5 GPa and 300 °C.
At 2.0 GPa and 430 °C, the proportion of the O phase increased to 46 vol%, while the corresponding D phase decreased
to 54 vol%. Compared with bulk and nanosized Cgg, Cgyp QDs cannot easily form a high-dimensional polymeric structure.
This fact is probably caused by the small particle size, orientation of the disordered structure of Cgy QDs, and the barrier
of oxide function groups between Cgn molecules. Our studies enhance the understanding of the polymerization behavior of

low-dimension Cg nanomaterials under HPHT conditions.

Keywords: Cgp quantum dots, high pressure and high temperature, fullerene polymer

PACS: 64.70.Nd, 91.60.Gf, 61.48.—, 64.70.km

1. Introduction

Fullerene Cgp, a representative member of carbon al-
lotropies, has gained a lot of attention in the scientific research
owing to its important potential applications in the fields
of superhard materials, magnetic memory, gas storage, and
catalysis.!!~7] Recently, because of its unique structure and ex-
cellent physical properties, the polymerization behavior of Cgg
has been extensively studied by physicists and chemists. [8-10]
Previous studies found that the double bond of Cg, could be
broken and form covalent bond with adjacent Cgy molecules
under certain high pressure and high temperature (HPHT)

[11-14] Various Cgo polymer phases have been ob-

conditions.
tained under HPHT conditions, such as Cgy dimers (D) formed
by [2 4 2] cyclo-addition of double bonds, one-dimensional
chain-like orthorhombic (O) phase, two-dimensional tetrago-
nal (T) and rhombohedral (R) phases.“l'lz’l“‘19J In addition,
a novel quasi-three-dimensional polymeric Cgy was success-
fully obtained by choosing a unique Cg solvate.?"!

There are significant differences between nanosized and
bulk Cgp materials due to a remarkable nano-size effect.
For instance, the lattice constant of the one-dimensional Cg,
nanorods is 20% larger than that of bulk Cg, materials. ]
Compared with the bulk Cgp materials, the bulk modulus of
two-dimensional Cgy nanosheets increases by about 60%.1221
In this case, the polymerization behavior of Cgy nanomateri-
als has attracted lots of interest. It has been found that the

polymeric structure of Cgy nanomaterials (e.g., nanosheets,

DOI: 10.1088/1674-1056/ab6657

nanorods, and nanotubes) requires higher pressures and tem-

23-27] More-

peratures than those for bulk Cg materials. !
over, there exist obvious differences in the polymerization
degree and photoluminescence between Cgy nanosheets and
nanorods under identical P-T conditions, which are origi-
nated from different confinement effects in different confined

23231 Considering the smaller dimension of zero-

dimensions. !
dimensional Cgy quantum dots (QDs) than other Cgp nanoma-
terials, the effect of the surface and particle size on Cgy QDs
would be more pronounced. However, studies on the polymer-
ization behavior of zero-dimensional Cgy QDs under HPHT
conditions are still open due to the difficulty in obtaining uni-
form size and high purity Cgy QDs.

In this work, we successfully fabricated Cgy QDs with a
uniform size by using a modified ultrasonic process, and then
explored the polymerization behavior of Cgg QDs after HPHT
treatments by Raman spectra. The results suggested that a
mixed phase contained two different proportions of dimer (D)
phase and one-dimensional chain like orthorhombic (O) phase
was obtained at our present HPHT conditions (i.e., 1.5 GPa
and 300 °C; 2.0 GPa and 430 °C).

2. Experimental details

The Cgyp QDs were prepared by using a modified soni-
cation. In short, a saturated solution of Cgy toluene (5 ml)
was added to 50 ml deionized water, then the emulsification
reaction between the Cg toluene solution and water occurred
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with the help of ultrasonic treatment (40 kHz, 100 W/cm?,
1 h, 60 °C). After the ultrasonic process, the emulsion was
allowed to stand for 5 h until it was stratified. The transpar-
ent and slightly yellow solution in the lower layer was Cgg
fullerene water suspension (Cg9 FWS). The synthesis process
for the C¢9 FWS has been reported in details elsewhere. [28-301
The Cgp QDs were obtained by heating dry Cqg FWS at 200 °C
in vacuum (10~ Pa) for 2 h.

The HPHT experiments were performed by a piston-
cylinder device, which employed the silicone oil as the pres-
sure transmission medium to provide quasi-hydrostatic pres-
sure conditions. In order to compare the polymerization be-
havior of Cgg QDs and bulk Cgy under HPHT conditions, the
Cso QDs and bulk Cgy were assembled into the same high
pressure chamber to ensure the same reaction conditions. Af-
ter the experiment, the residual silicone oil was cleaned with n-
hexane. Earlier works found that heating before pressurization
was beneficial to the formation of Cgy polymeric phases.>323]
In our experiments, the samples were treated under two differ-
ent P-T conditions: 1.5 GPa and 300 °C (condition one) and
2 GPa and 430 °C (condition two), respectively. The detailed
procedure was as following. The samples were first pressed to
0.5 GPa, then heated to 300 °C, and finally the pressure grad-
ually increased to 1.5 GPa at the target temperature. After the
samples were keep for 2 h at the final target P-T conditions,
they were immediately quenched by turning off the heating
power. The same procedure was adopted for the samples at
2 GPa and 430 °C.

Morphologies were characterized by field emission trans-
mission electron microscope (TEM, JEM-2200FS JEOL).
The infrared (IR) spectra were measured at ambient condi-
tions using an infrared spectrometer (NICOLET AVATAR 370
DTGS). Thermogravimetric analysis (TGA) was performed
using a Perkin-Elmer Pyris-7TGA instrument at the heat-
ing rate of 5 °C/min in Np. Raman spectra were recorded
by a Renishaw in Via Raman microscope equipped with a
7ZX514 nm Ar* laser as the excitation source. To avoid the
photopolymerization of Cg, the output laser power was set to
less than 0.2 mW. High-quality Raman spectra were collected
for all samples using an integration time of 80 s.

3. Results and discussion

Typical TEM images of the Cqg FWS and Cgy QDs are
shown in Fig. 1. The Cg9 FWS exhibits favorable dispersibil-
ity, with the particle size ranging from 15 nm to 30 nm. Com-
pared to the normal methods for preparing Cgo FWS, 28301 e
increased the temperature of ultrasonic water bath to 60 °C,
which greatly reduces the particle size and improves the dis-
persibility of the particles. In addition, there is an interesting
phenomenon that the particle size of Cgg QDs is smaller than
that of Cg9 FWS, which is reduced to 5-10 nm after heating,

as seen in Fig. 1(b). The significant decrease in the particle
size is due to the removal of water and oxygenated functional
groups from Cgg FWS by heating. The TEM results show that
Cgo QDs with a relatively uniform size and a better dispersion
were successfully prepared by the above mentioned process.

100 nm

Fig. 1. TEM images of (a) Cgo FWS and (b) Cgp QDs.

Figure 2 presents the TGA curve (black line) and the first
derivative of the TGA curve (DTG) (red line) of Cgy FWS.
There are two peaks of weight loss in the range of low tem-
peratures. One is located at around 110 °C, which is close
to the boiling point of toluene (110.6 °C) and free water, in-
ferring that the weight loss (17%) is due to the volatilization
of toluene and free water. The other one is located at around
210 °C. The weight lost (40%) here comes from the water that
binds tightly to Cgo molecules.?33!1 These two weight losses
are approximately 57% of the total mass, which gives a good
explanation for the remarkable reduction in the particle size
after heat treatment that is observed in TEM.
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Fig. 2. TGA curve of Cg¢y FWS (black line) and the DTG of Cgy QDs
(red line).

The IR absorption spectra of Ceyp FWS and Cgyp QDs
are shown in Fig. 3(a). The bands at 526 cm™!, 576 cm™!,
1182 cm™!, and 1428 cm™! (marked by stars) are attributed to
the intrinsic infrared absorption peaks of Cg.*>33! Apart from
these four vibrational modes, three additional peaks are also
observed at 1080 cm™!, 1384 cm™!, and 1598 ¢cm~!, which
are assigned to the absorption of C—OH, toluene, and C=C
bond, respectively. The appearance of the C—OH and C=C
bond absorption peaks suggests that C¢o(OH), hydrates were

026402-2



Chin. Phys. B Vol. 29, No. 2 (2020) 026402

formed after the ultrasonic treatment, which are in good agree-
ment with previous studies.?®3!] After heating at 200 °C, the
peak at 1348 cm~! disappears, indicating that the toluene can
be removed by heating, which is consistent with the result
of TGA. However, the absorption peaks at 1080 cm~! and
1598 cm~! suggest that only part of the Cgo(OH), were re-
moved and some still remained.
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Fig. 3. (a) IR spectra of Cg9 FWS and Cgp QDs. (b) Raman spectra of

Cgo FWS and Cgp QDs using 514 nm laser excitation. The inset shows

the linear amplification at 200580 cm™~'. The marked stars represent
the typical IR and Raman peaks of Cgp.

The Raman spectra of Cqp FWS and Cgp QDs are shown
in Fig. 3(b). Compared with ten characteristic peaks of
the bulk Cgy powder, only six characteristic peaks (marked
by stars) are detected in Cgg FWS, which are located at
273 cm™! (Hg(1)), 498 cm™! (Ag(1)), 773 cm™! (Hg(4)),
1426 cm™! (Hg(7)), 1469 cm™! (Ag(2)), and 1573 cm™!
(Hg(8)), respectively.!?323341 The Hy(1) and Ag(1) vibration
modes of Cgg FWS, which are corresponding to the radial
vibration of the Cgy molecules, both show a blue shift of 3—
4 cm™~!, compared to those of bulk Cg). Because of the hydra-
tion of Cgg FWS, the radial vibration of the Cgy molecules
is squeezed by water, which accelerates the molecules vi-
bration and hence results in the movement towards high
frequencies.l*¥ After the heating treatment, the Hg(1) and
Ag(1) vibration modes of Cgp QDs move from 273 cm™~! back
to 270 cm~! and from 498 cm~! to 494 cm™!, respectively.
The Raman peak of Cgy QDs is restored to the original Raman

vibration mode of bulk Cg, indicating the removal of most ox-
idation functional groups (Cgo(OH),) and water by the heating
treatment.

Raman spectroscopy has been proved to be one of the
most effective methods for the exploration of the polymeric
structures of Cgo.['1"12] The Ag(2) mode of the five-membered
ring in the Cgp molecule is widely used to distinguish differ-
ent polymer structures, because its frequency is determined by
the number of intermolecular bonds on the molecule. For ex-
ample, the peak at 1464—1469 cm~! corresponds to the dimer
structure, the peak at 1459 cm ! is the characteristic feature
for the one-dimensional chain polymerization (O phase), the
peak at 1447 cm™! is a square structure (T phase) achieved
by the nearest neighbors in the (100) plane, and the peak at
1407 cm™! is the structure in which a nearest triangle is ac-
quired in the (111) plane to form a triangle (R phase).[!8-1]
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Fig. 4. Raman spectra for bulk Cgp and Cgy QDs polymerized at (a)
condition one (1.5 GPa and 300 °C), and (b) condition two (2 GPa and
430 °C). All spectra were obtained using a 514 nm Ar+ ion excitation
laser.

The A, (2) vibration modes for Cgp QDs and bulk Cg
treated under two different P-T conditions are plotted in
Figs. 4(a) and 4(b), respectively. Under condition one (1.5 GPa
and 300 °C), the A4(2) vibration mode shifts from 1469 cm™!
to 1459 cm™~! for bulk Cg, indicating that a one-dimensional
chain like O phase polymerization has occurred. In con-
trast, for Cgp QDs, the Ag(2) vibration mode is well fitted
with two Gaussian functions. The two peaks at 1465 cm™!
and 1459 cm ™! are representative of the coexistence of dimer
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phase (62 vol%) and O phase (38 vol%), but not in a pure
O phase like bulk Cgg. Under condition two (2 GPa and
430 °C), for bulk Cgp, the Ag(2) vibration mode splits into
two distinguishable peaks at 1459 cm™! and 1448 cm™!, cor-
responding to one-dimensional O phase and two-dimensional
T-phase polymerization, respectively. Under the same condi-
tion, the A4(2) vibration mode of Cgy QDs is still well fitted
by two Gaussian functions, which are centered at 1465 cm™!
and 1456 cm™!, representing the mixing phase of the D phase
(54 vol%) and the O phase (46 vol%). It is found that, at
higher temperature and pressure (2 GPa and 430 °C), the pure
long chain one-dimensional O phase was not obtained for Cg
QDs, merely accompanied with the increase of its proportion,
while the two-dimensional T phase was formed for bulk Cgg
at the same condition. The above results clearly suggest that
it is more difficult for C¢y QDs to form the high dimensional
polymer structure than bulk Cgp under the same conditions.
From our group’s earlier studies on the polymerization
of Cgp nanomaterials (such as nanosheets, nanorods, and nan-
otubes), we find that nanometer materials are more difficult to
obtained polymeric structures than bulk Cgp materials with the

e [23-27

change of pressure and temperatur ! For comparison,

the polymeric structures of bulk Cgp and Cgp nanomaterials
at two different P-T conditions are presented in Table 1. Un-
der condition one: Cg( nanosheets and Cg( nanorods are trans-
formed to the one-dimensional chain like O phase polymeriza-
tion. This phenomenon is also observed for bulk Cgy. The only
difference between the nanosized and bulk Cg is that the Ra-
man modes of polymeric Cgy nanomaterials are broader than
those of bulk Cg.[2*! In the contrary, Cg nanotubes have been
transformed to a dimer (D) phase, while our Cgy QDs have
been transformed to a mixed phase of dimer phase (62 vol%)
and O phase (38 vol%). Under condition two: Cgop nanosheets
and Cgp nanorods could form mixed phases of O phase and
T phase, while Cgy nanotubes could form an O phase. How-
ever, Cgo QDs have been transformed to a phase assemblage of
the dimer phase (54 vol%) and the O phase (46 vol%), which
is similar to the polymerization process occurred at condition
one, except for the different constituent ratio of the dimer and
O phases. These results elucidate that it is more difficult to
form the high-dimensional polymer structure for Cgg QDs than
other Cgy nanomaterials (such as nanosheets, nanorods, and
nanotubes).

Table 1. Comparison of the polymeric structures of bulk Cgp and Cgp nanomaterials at two different temperature—pressure conditions.

Condition one

Condition two

Sample Reference
(1.5 GPa and 300 °C) (2 GPa and 430 °C)

Bulk Cgo O phase O phase + T phase present work
Cgp nanosheets O phase O phase + T phase [24]
Cgp nanorods O phase O phase + T phase [25]
Cgp nanotubes D phase O phase [26]

D phase (62 vol% (6] D phase (54 vol% o
Cso quantum dots phase (62 vol%) + phase (54 vol%) + present work
phase (38 vol%) phase (46 vol%)

In contrast to the bulk Cgy materials and other Cgy nano-
materials, it is difficult to form a high-dimensional polymeric
structure in Cgo QDs, which is mainly attributed to three rea-
sons: (i) small particle size effect, as reported in other ma-

33361 Based on the parti-

terials with polyhedral structure.!
cle size of Cgg QDs (less than 10 nm) and Cgy molecules
(0.71 nm), it is roughly estimated that each Cgy QD con-
tains only dozens of Cgy molecules in the diameter direction.
Small dimensions hinder Cgy QDs to form a high-dimensional
polymeric structure. (ii) Orientation of the disordered struc-
ture of Cgo QDs.

growth directions, such as an orthorhombic structure was ob-

Cso polymeric structure has preferential

tained by the one-dimensional linear chain polymerization of
Cgo molecules in the face centered cubic (fcc) lattice along
the (110) direction.' 1214l However, Cgy QDs exist in amor-
phous forms, so it is difficult to meet the requirements of ori-
entation in forming a long chain polymerization. (iii) Residual
oxygen-containing functional groups. The oxidation groups in
Ceo QDs are the big obstacle to the formation of long chain
polymerization, the similar phenomenon has been observed

in doped Cgo materials under HPHT conditions.*”! Thus, we
predict that it would be very challenging to obtain a high-
dimensional polymeric structure even under HPHT conditions.

4. Conclusion

In summary, we fabricated uniform size Cgg QDs using
the improved ultrasonic method. The polymerization behav-
iors of Cgp QDs were studied by Raman spectra at two dif-
ferent temperature—pressure conditions. The Raman spectra
elucidated that a phase assemblage of dimer and orthorhom-
bic phases was achieved for Cgy QDs at 1.5 GPa and 300 °C.
Moreover, this phase assemblage also existed at 2.0 GPa and
430 °C, but the content ratio of the orthorhombic phase in-
creased from 38 vol% (at 1.5 GPa and 300 °C) to 46 vol%.
Comparing to bulk and nanosized Cgo materials, it is difficult
to obtain a high-dimensional polymeric structure for Cgg QDs
at the same temperature—pressure conditions, which may be
explained by the small particle size, orientation of disordered
structure of Cgy QDs, and the barrier of oxide function groups
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between Cgp molecules. It is speculated that Cqgp QDs may ex-

perience completely different bonding behavior at higher pres-

sures and temperatures. The present study is helpful for fur-

ther understanding of the polymerization behavior of Cgg, and

provides a guidance to the design of novel superhard carbon

materials.

References

(1]
(2]

[3]
[4]

[3]

(6]

(71

[8]
[9]
[10]
[11]
[12]
[13]

[14]
[15]

[16]

[17]

[18]
[19]
[20]

Ruoff R S and Ruoff A L 1991 Nature 350 663

XuJ H, Li YL, Zheng D G, Yang J K, Mao Z and Zhu D B 1997
Tetrahedron Lett. 38 6613

Fagan P J, Calabrese J C and Malone B 1992 Acc. Chem. Res. 25 134
Zhao Y F, Kim Y H, Dillon A C, Heben M J and Zhang S B 2005 Phys.
Rev. Lett. 94 155504

Wang L, Liu B B, Li H, Yang W G, Ding Y, Sinogeikin S V, Meng Y,
LiuZ X, Zeng X C and Mao W L 2012 Science 337 825

Du MR, Yao M G, Dong J J, Ge P, Dong Q, Kovits E Pekker S, Chen
S L, Liu R, Liu B, Cui T, Sundqvist B and Liu B B 2018 Adv. Mater.
30 1706916

Wang L, Liu BB, Yu S D, Yao M G, Liu D D, Hou Y Y, Cui T and Zou
G T 2006 Chem. Mater. 18 4190

Thompson B C and Frechet J M J 2008 Angew. Chem. Int. Ed. 47 58
Segura J L, Martin N and Guldi D M 2005 Chem. Soc. Rev. 34 31
Zhang GJ,He Y Jand Li Y F 2010 Adv. Mater. 22 4355

Sundqvist B 1999 Adv. Phys. 48 1

Sundqvist B 2004 Struct. Bonding 109 85

Mao H K, Chen X J, Ding Y, Li B and Wang L 2018 Rev. Mod. Phys.
90 015007

Wang L 2015 J. Phys. Chem. Solids 84 85

Nuiez-Regueiro M, Marques L, Hodeau J L, Béthoux O and Perroux
M 1995 Phys. Rev. Lett. 74 278

Iwasa Y, Arima T, Fleming R M, Siegrist T, Zhou O, Haddon R C,
Rothberg L J, Lyons K B, Carter H L, Hebard A F, Tycko R, Dabbagh
G, Krajewski J J, Thomas G A and Yagi T 1994 Science 264 1570
Rao A M, Eklund P C, Hodeau J L, Marques L and Nunez-Regueiro M
1997 Phys. Rev. B 55 4766

Alvarez-Murga M and Hodeau J L 2015 Carbon 82 381

Pei C'Y and Wang L 2019 Matter Radiat. Extremes 4 028201

Pei C Y, Feng M N, Yang Z X, Yao M G, Yuan Y, Li X, Hu B W, Shen
M, Chen B, Sundqvist B and Wang L 2017 Carbon 124 499

[21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]
[29]
(30]
[31]

(32]

[33]

[34]

[35]

[36]

[37]

026402-5

Wang L, Liu BB, LiuD D, YaoM G, Hou Y Y, Yu S D, Cui T, Li D
M, Zou G T, Iwasiewicz A and Sundqvist B 2006 Adv. Mater. 18 1883
Wang L, LiuB B, LiuD D, YaoM G, Yu S D, Hou Y Y, Zou B, Cui T,
Zou G T, Sundqvist B, LuoZJ, Li H, Li Y C, Liu J, Chen S J, Wang G
R and Liu Y C 2007 Appl. Phys. Lett. 91 103112

Hou Y Y, Liu B B, Ma H A, Wang L, Zhao Q, Cui T, Hu Q, Chen A,
LiuD D, Yu S D, Jia X P, Zou G T and Sundqvist B 2006 Chem. Phys.
Lett. 423 215

Liu BB, Hou Y Y, Wang L, Liu D D, Yu S D, Zou B, Cui T, Zou G
T, Iwasiewicz-Wabnig A and Sundqvist B 2008 Diam. Relat. Mater. 17
620

Hou Y Y, Liu B B, Wang L, Yu S D, Yao M G, Chen A, Liu D D, Cui
T, Zou G T, Iwasiewicz A and Sundqvist B 2006 Appl. Phys. Lett. 89
181925

LiuDD, YaoM G, Li Q J, Cui W, Zou B, Cui T, Liu B B, Sundqvist B
and Wagberg T 2011 CrystEngComm 13 3600

HouY Y, LiuB B, Wang L, Yu S D, Yao M G, Chen A, Liu D D, Zou Y
G,LiZP, Zou B, Cui T, Zou G T, Iwasiewicz-Wabnig A and Sundqvist
B 2007 J. Phys.: Condens. Matter 19 425207

LiB, YaoM G, Li CJ, DuM R and Liu B B 2014 Chem. J. Chin. Uniyv.
35 949 (in Chinese)

Katoh R, Yanase E, Yokoi H, Shu U and Yozo K 1998 Ultrason.
Sonochem. 5 37

Andrievsky G V, Kosevich M V, Vovk O M, Shelkovsky V S and
Vashchenko L A 1995 J. Chem. Soc. Chem. Commun. 12 81
Andrievsky G V, Klochkov V K, Bordyuh A B and Dovbeshko G I
2002 Chem. Phys. Lett. 364 8

Aoki K, Yamawaki H, Kakudate Y, Yoshida M, Usuba S, Yokoi H, Fu-
jiwara S, Bae Y, Malhotra R and Lorents D 1991 J. Phys. Chem. 95
9037

Kim H, Bedrov D, Smith G D, Shenogin S and Keblinski P 2005 Phys.
Rev. B72 085454

Wang K A, Wang Y, Zhou P, Holden J M, Ren S L, Hager G H, Ni H
F, Eklund P C, Dresselhaus G and Dresselhaus M S 1992 Phys. Rev. B:
Condens. Matter 45 1955

Wang L, Yang W G, Ding Y, Ren Y, Xiao S G, Liu B B, Sinogeikin S
V, Meng Y, Gosztola D J, Shen G Y, Hemley R J, Mao W L and Mao
H K 2010 Phys. Rev. Lett. 105 095701

Huang Y W, He Y, Sheng H, Lu X, Dong H N, Samanta S, Dong H L,
LiXF, KimD Y,Mao HK, Liu Y Z, Li H P, Li H and Wang L 2019
Natl. Sci. Rev. 6 239

Cui W, Sundqyvist B, Sun S S, Yao M G and Liu B B 2016 Carbon 109
269


https://doi.org/10.1038/350663b0
https://doi.org/10.1016/S0040-4039(97)01469-X
https://doi.org/10.1016/S0040-4039(97)01469-X
https://doi.org/10.1021/ar00015a006
https://doi.org/10.1103/PhysRevLett.94.155504
https://doi.org/10.1103/PhysRevLett.94.155504
https://doi.org/10.1126/science.1220522
https://doi.org/10.1002/adma.201706916
https://doi.org/10.1002/adma.201706916
https://doi.org/10.1021/cm060997q
https://doi.org/10.1002/anie.200702506
https://doi.org/10.1039/B402417F
https://doi.org/10.1002/adma.201001339
https://doi.org/10.1080/000187399243464
https://doi.org/10.1007/b94380
https://doi.org/10.1103/RevModPhys.90.015007
https://doi.org/10.1103/RevModPhys.90.015007
https://doi.org/10.1016/j.jpcs.2014.06.007
https://doi.org/10.1103/PhysRevLett.74.278
https://doi.org/10.1126/science.264.5165.1570
https://doi.org/10.1103/PhysRevB.55.4766
https://doi.org/10.1016/j.carbon.2014.10.083
https://doi.org/10.1063/1.5086310
https://doi.org/10.1016/j.carbon.2017.09.010
https://doi.org/10.1002/adma.200502738
https://doi.org/10.1063/1.2768634
https://doi.org/10.1016/j.cplett.2006.03.057
https://doi.org/10.1016/j.cplett.2006.03.057
https://doi.org/10.1016/j.diamond.2007.10.033
https://doi.org/10.1016/j.diamond.2007.10.033
https://doi.org/10.1063/1.2378396
https://doi.org/10.1063/1.2378396
https://doi.org/10.1039/c0ce00953a
https://doi.org/10.1088/0953-8984/19/42/425207
https://doi.org/10.7503 /cjcu20131020
https://doi.org/10.7503 /cjcu20131020
https://doi.org/10.1016/S1350-4177(98)00007-8
https://doi.org/10.1016/S1350-4177(98)00007-8
https://doi.org/10.1039/c39950001281
https://doi.org/10.1016/S0009-2614(02)01305-2
https://doi.org/10.1021/j100176a005
https://doi.org/10.1021/j100176a005
https://doi.org/10.1103/PhysRevB.72.085454
https://doi.org/10.1103/PhysRevB.72.085454
https://doi.org/10.1103/PhysRevB.45.1955
https://doi.org/10.1103/PhysRevB.45.1955
https://doi.org/10.1103/PhysRevLett.105.095701
https://doi.org/10.1093/nsr/nwy122
https://doi.org/10.1093/nsr/nwy122
https://doi.org/10.1016/j.carbon.2016.08.019
https://doi.org/10.1016/j.carbon.2016.08.019

	026402
	2020-026402-191871
	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusion
	References


