
Contents lists available at ScienceDirect

Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

Etching-controlled preparation of large-area fractal graphene by low-
pressure CVD on polycrystalline Cu substrate

Xia Zhanga, Qian Zhoua, Miaomiao Yuana, Bin Liaoa,b, Xianying Wua,b, Minju Yinga,b,*
a Key Laboratory of Beam Technology of Ministry of Education, College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China
b Beijing Radiation Center, Beijing 100875, China

A R T I C L E I N F O

Keywords:
Fractal graphene
Chemical vapour deposition
Etching

A B S T R A C T

Fractal graphene can provide more active sites for electrocatalytic reactions due to its unique morphology. The
preparation of large-area fractal graphene and the understanding of its morphology evolution are crucial to the
improvement of catalytic performance. Chemical vapour deposition (CVD) technology is a unique method to
obtain high quality fractal graphene. In this study, low-pressure CVD method was used to prepare fractal gra-
phene on Cu substrate. Through the etching effect of hydrogen in the cooling process, the evolution process of
graphene from compact to dentritic was realized and the fractal dimensions of graphene with different
morphologies were calculated. It was found that the hydrogen etching reaction of graphene begins at the edges
and moves towards the nucleation point gradually until the etching progress is completed. And continuous large-
area fractal graphene films were obtained for the first time, which would find potential application in electro-
catalysis and other fields.

1. Introduction

The preparation of graphene by CVD has attracted great interest
since 2009 [1]. Fractal graphene can be obtained by using the etching
effect of hydrogen during the CVD process [2]. The etched graphene has
abundant sharp edge-sites which would find potential applications in
electrocatalysis and other fields [3,4]. In 2010, Rong Yang et al. [5]
observed an anisotropic etching effect on graphene using hydrogen
plasma. Dechao Geng et al. [6–8] found that the etched graphene
patterns using CVD can be complex and fractal instead of hexagonal
that people accepted in common. In 2018, Zewdu M. Gebeyehu et al.
obtained the dentritic graphene patterns by a two-step mechanism
consisting of growth and subsequent etching [9]. Although several
papers reported different morphologies of fractal graphene grains
grown by CVD [6–11], the fractal structures are all observed in separate
graphene domains with small size (a few microns to tens of microns)
and low coverage. And for the analysis of the growth process and fractal
geometry of graphene on copper have been developed a few express
methods, including qualitative description and calculating the fractal
dimension of graphene [1,12,13]. Advances in these areas of research
would contribute to further understanding of the formation mechanism
of fractal structures during CVD process.

In this paper, fractal graphene was obtained through a two-step

process which involved graphene growth and subsequent etching by
hydrogen during the cooling process. The evolution process of graphene
from compact to dentritic was observed and the fractal dimensions of
the graphene with different morphologies were calculated. By the
proper control of reaction conditions, for the first time, large-area of
dendritic graphene was obtained which may widen the potential ap-
plications of graphene in many fields.

2. Experimental details

Cu foils (25 μm, Alfa Aesar) were loaded into the quartz tube
mounted inside a CVD furnace (G-CVD Graphene Technology Company
Limited, Xiamen). The chamber was pumped to below 0.7 Pa and then
heated to 1050 °C with 100 sccm (standard cubic centimeters per
minute) argon, followed by an annealing process for 30min with a
mixture gas flow of 20 sccm hydrogen and 320 sccm argon. Next, a
small flow rate of 2 sccm methane was introduced for 60min. After
that, the CH4 flow was turned off and the flow rate of other gases was
kept unchanged for an hour. Finally, the system was cooled down by
taking the tube out of furnace at 700 °C. To obtain continuous fractal
graphene films, the H2 and CH4 supply was increased to 80 sccm and
4 sccm respectively during the growth stage with 320 sccm Ar kept
unchanged. The growth time was set for 40min. After that, the tube
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was taken out of the furnace at 1050 °C in the subsequent etching
process with 20 sccm H2 and 320 sccm Ar last for 60min.

The fractal graphene was transferred onto the SiO2/Si by using the
wet-etching of copper foils. The surface of copper covered with gra-
phene was spin-coated with polymethyl methacrylate (PMMA) and was
put into the drying oven at 70 °C for 30min. Then, the copper foil was
etched by 1M aqueous solution of ammonium persulfate. After that, the
graphene adhered with PMMA was transferred onto the silicon sub-
strate with 300 nm thick SiO2 coating. Finally, the PMMA film was
rinsed by acetone.

The scanning electron microscopy (SEM) and optical microscopy
were used to observe the morphology of graphene. The Raman spec-
troscopy and AFM results showed the thigh quality and single layer
characteristic of graphene.

3. Results and discussion

Previously, graphene grown on solid polycrystalline copper was
mostly irregular shaped. Through repeated experiments, we found that
fractal graphene patterns with different morphologies were always
observed on the surface of polycrystalline Cu by taking the tube out of
furnace at specific temperature (1050 °C–500 °C) during the etching
process. The typic series of hexagonal fractal graphene using the fast
cooling mode (taking the tube out of furnace at 700 °C) was showed in
Fig. 1a–h. The fractal graphene with different morphology can re-
present different etching stages. In particular, the edges of these grains
are found to be predominantly parallel to zigzag directions [14].
Clearly, the etching of graphene begins at the edges and moves towards
the nucleation point until the etching process completed. It is showed
that the diffusion direction of the carbon atoms along the zigzag is
faster than armchair [15]. We believe that the migration and re-
construction of activated carbon atoms along the mental surface under
the etching effect of hydrogen resulted fractal graphene. It is similar to
the explanation of the final morphology of graphene that the con-
tinuous modulation of the competition between adatom diffusion along
island edges and surface diffusion process [11,16,17]. Obviously, the
role of hydrogen and the environment of the substrate surface are sig-
nificant for the preparation of fractal graphene.

The fractal dimensions of Fig. 1a–h were calculated using the box-
counting method which has been proved to be an effective way to
measure the dimensions of fractal images [18,19]. The results are
shown in Fig. 2 Here, the SEM images of fractal graphene in Fig. 1a–h
were cut into the size of M×M and were binarized to get black and
white illustrations as is shown in the upper right corner of Fig. 2. Based

on the classical box dimension formula of =

→
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the slope of a least-squares linear fit to the set {(log r1/ , log Nr)}, r is the
box size and Nr is the number of boxes needed to cover the fractal
images [13,19,20]. The boxes with different side lengths (2n, n is an
integer) were used to cover the black and white graphs, and the total
numbers of boxes (Nr) were calculated. Finally, the least square method
is used to fit the set {(log r, log Nr)} and the fractal dimensions of
Fig. 1a–h were obtained. Through these processes above, the corre-
sponding fractal dimensions of graphene in Fig. 1a–h are 1.851, 1.877,
1.884, 1.849, 1.820, 1.795, 1.754, 1.742 respectively. These fractal
dimensions were found to be in good agreement with the box-counting
fractal dimensions of the planar flake-like graphene oxide nanosheets
(D=1.975 ± 0.025) [13] and the fractal Au islands
(D=1.72 ± 0.07) [21]. It seems that the fractal dimensions of fractal
graphene tend to decrease with the deepening of etching process.

The optical images of the fractal graphene transferred onto the si-
licon dioxide substrates were shown in Fig. 3a–f. The Raman spectra
(Fig. 3g) of two different areas in Fig. 3a confirm the monolayer
characteristic of graphene. In area A, the characteristic 2D and G peak
of graphene were observed at 2688 cm−1 and 1593 cm−1 respectively,
with the intensity ratio about 2.04, implying that the graphene is single
layer. The 2D peak is sharp and the half peak width is about 37 cm−1.
Additionally, peak D is barely visible. The AFM result of the white
square inside Fig. 3f further confirmed the monolayer characteristic of
the dendritic graphene. The height profile across the dendrite of gra-
phene in Fig. 3f showed that the thickness of transferred graphene is
about 0.63 nm, which is consistent with the theoretical thickness of
monolayer graphene on substrate. Therefore, these characterization
results provide direct evidence of the successful transfer of the fractal
graphene.

Previous theoretical studies and experimental results have showed
that the C supply will affect the graphene nucleation density [22]. For
better transfer and application of fractal graphene, continuous large-
area dendritic graphene films (Fig. 4) were obtained by increasing the
nucleation density and using the fast cooling method. In these cases, the
graphene films were all grown on solid copper surface at 1050 °C with
80 sccm H2, 4 sccm CH4 and 320 sccm Ar for 40min. The tube was
taken out of the furnace at 1050 °C in the subsequent hydrogen etching
process. The SEM images with typical hexagonal (Fig. 4a) and four-
lobed (Fig. 4b) structures illustrate an anisotropy etching and growth
velocity. Obviously, the growth mechanism of large-area dendritic
graphene is similar to the fractal graphene in a single domain that we
discussed above. Fig. 4c and d showed the optical images of large-area
dendrite graphene after annealed at 200 °C in air for 10min. Distinctly,

Fig. 1. (a)–(h) A series of SEM images of fractal graphene with different morphology. All scale bars are 50 μm.
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the dark orange region was the oxidized copper substrate without
graphene covering. Our results confirm that continuous fractal gra-
phene can be gained under a two-step process, i.e., the growth and
subsequent etching process.

4. Conclusion

In summary, graphene from compact hexagon to fractal structures

were obtained through the etching effect of hydrogen by CVD on
polycrystalline Cu Substrate. It was found that the hydrogen etching
reaction of graphene begins at the edges and moves towards the nu-
cleation point. The formation mechanism of fractal graphene is the
migration and reconstruction of activated carbon atoms along surface
under the hydrogen etching effect. And continuous large-area fractal
graphene films were obtained for the first time, which may play an
important role in the applications of electrocatalytic and electronic

Fig. 2. (a)–(h) Fractal dimension calculation using the box-counting method of the graphene images shown in Fig. 1a–h.

Fig. 3. (a)–(f) Optical images of various fractal graphene transferred onto SiO2/Si. All scale bars are 20 μm. (g) Raman spectra of different regions (A and B) in
Fig. 3a. (h) AFM image of graphene in the white square area of Fig. 3f and a corresponding height profile along the white solid line.
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devices fields. Our results proved that the low-pressure CVD method
provides an efficient way for preparation of large-area fractal graphene.
In addition, the etching mechanism and the preparation method of
fractal graphene may provide reference for other two-dimensional
materials.

CRediT authorship contribution statement

Xia Zhang: Conceptualization, Methodology, Investigation, Formal
analysis, Writing - original draft, Writing - review & editing,
Visualization. Qian Zhou: Investigation, Validation, Writing - review &
editing. Miaomiao Yuan: Investigation, Validation, Writing - review &
editing. Bin Liao: Resources, Writing - review & editing, Supervision.
Xianying Wu: Writing - review & editing, Supervision. Minju Ying:
Conceptualization, Investigation, Resources, Writing - review & editing,
Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work is financially supported by the National Natural Science
Foundation of China under Grant Nos. 11875088, 11675280 and
11974048, National Natural Science Foundation Joint Fund Key Project
(U1865206), National Science and Technology Major Project (2017-VII-
0012-0107) and Guangdong Province Key Area R&D Program
(2019B090909002).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mtcomm.2020.
101093.

References

[1] X. Li, W. Cai, J. An, Large-area synthesis of high-quality and uniform graphene films
on copper foils, Science 324 (2009) 1312–1314, https://doi.org/10.1126/science.
1171245.

[2] B. Luo, E. Gao, D. Geng, Etching-controlled growth of graphene by chemical vapor
deposition, Chem. Mater. 29 (2017) 1022–1027, https://doi.org/10.1021/acs.
chemmater.6b03672.

[3] X. Chia, M. Pumera, Characteristics and performance of two-dimensional materials
for electrocatalysis, Nat. Catal. 1 (2018) 909–921, https://doi.org/10.1038/
s41929-018-0181-7.

[4] H. Wang, X. Li, L. Gao, Three-dimensional graphene networks with abundant sharp
edge sites for efficient electrocatalytic hydrogen evolution, Angew. Chem. Int. Ed.
57 (2018) 192–197, https://doi.org/10.1002/anie.201709901.

[5] R. Yang, L. Zhang, Y. Wang, An anisotropic etching effect in the graphene basal
plane, Adv. Mater. 22 (2010) 4014–4019, https://doi.org/10.1002/adma.
201000618.

[6] D. Geng, B. Wu, Y. Guo, Fractal etching of graphene, J. Am. Chem. Soc. 135 (2013)
6431–6434, https://doi.org/10.1021/ja402224h.

[7] D. Geng, H. Wang, G. Yu, Graphene single crystals: size and morphology en-
gineering, Adv. Mater. 27 (2015) 2821–2837, https://doi.org/10.1002/adma.
201405887.

[8] D. Geng, E. Gao, H. Wang, Large-area growth of five-lobed and triangular graphene
grains on textured Cu substrate, Adv. Mater. Interfaces 3 (2016) 1600347, https://
doi.org/10.1002/admi.201600347.

[9] Z.M. Gebeyehu, A. Arrighi, M.V. Costache, Impact of the in situ rise in hydrogen
partial pressure on graphene shape evolution during CVD growth of graphene, RSC
Adv. 8 (2018) 8234–8239, https://doi.org/10.1039/c7ra13169k.

[10] R.M. Jacobberger, M.S. Arnold, Graphene growth dynamics on epitaxial copper thin
films, Chem. Mater. 25 (2013) 871–877, https://doi.org/10.1021/cm303445s.

[11] B. Wu, D. Geng, Z. Xu, Self-organized graphene crystal patterns, NPG Asia Mater. 5
(2013) 2–5, https://doi.org/10.1038/am.2012.68.

[12] I. Kolupaev, O. Sobol’, A. Murakhovski, Use of computer processing by the method
of multi-threshold cross sections for the analysis of optical images of fractal surface

Fig. 4. Images of large-area dendritic graphene. (a) SEM image of hexagonal dendrite graphene. (b) SEM image of four-lobed dendritic graphene. (c) Optical
micrograph of hexagonal dendritic graphene after annealed. (d) Optical micrograph of four-lobed dendritic graphene after annealed. All scale bars are 50 μm.

X. Zhang, et al. Materials Today Communications 24 (2020) 101093

4

https://doi.org/10.1016/j.mtcomm.2020.101093
https://doi.org/10.1016/j.mtcomm.2020.101093
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1021/acs.chemmater.6b03672
https://doi.org/10.1021/acs.chemmater.6b03672
https://doi.org/10.1038/s41929-018-0181-7
https://doi.org/10.1038/s41929-018-0181-7
https://doi.org/10.1002/anie.201709901
https://doi.org/10.1002/adma.201000618
https://doi.org/10.1002/adma.201000618
https://doi.org/10.1021/ja402224h
https://doi.org/10.1002/adma.201405887
https://doi.org/10.1002/adma.201405887
https://doi.org/10.1002/admi.201600347
https://doi.org/10.1002/admi.201600347
https://doi.org/10.1039/c7ra13169k
https://doi.org/10.1021/cm303445s
https://doi.org/10.1038/am.2012.68


microstructure, Eastern-Eur. J. Enterprise Technol. 5 (2016) 29–35, https://doi.
org/10.15587/1729-4061.2016.81255.

[13] D. Liu, W. Zhou, J. Wu, Fractal characterization of graphene oxide nanosheet,
Mater. Lett. 220 (2018) 40–43, https://doi.org/10.1016/j.matlet.2018.02.134.

[14] Q. Yu, L.A. Jauregui, W. Wu, Control and characterization of individual grains and
grain boundaries in graphene grown by chemical vapour deposition, Nat. Mater. 5
(2011) 443, https://doi.org/10.1038/nmat3010.

[15] I.V. Vlassiouk, Y. Stehle, P.R. Pudasaini, Evolutionary selection growth of two-di-
mensional materials on polycrystalline substrates, Nat. Mater. 17 (2018) 321,
https://doi.org/10.1038/s41563-018-0019-3.

[16] T. Ma, W. Ren, X. Zhang, Edge-controlled growth and kinetics of single-crystal
graphene domains by chemical vapor deposition, PNAS 110 (2013) 20386–20391,
https://doi.org/10.1073/pnas.2013128021.

[17] E. Meca, J. Lowengrub, H. Kim, Epitaxial graphene growth and shape dynamics on

copper: phase field modeling and experiments, Nano Lett. 13 (2013) 5692–5697,
https://doi.org/10.1021/nl4033928.

[18] B.B. Mandelbrot, Fractal Geometry of Nature, W. H. Freeman and Co, New York,
1983.

[19] B.B. Mandelbrot, Self-affine fractals and fractal dimension, Phys. Scr. 32 (1985)
257–260, https://doi.org/10.1088/0031-8949/32/4/001.

[20] A.S. Balghonaim, J.M. Keller, A maximum likelihood estimate for two-variable
fractal surface, IEEE Trans, Image Process. 7 (1998) 1746–1753, https://doi.org/
10.1109/83.730389.

[21] R.Q. Hwang, J. Schröder, C. Gunther, Fractal growth of two-dimensional islands: Au
on Ru (0 0 0 1), Phys. Rev. Lett. 67 (1991) 3279–3282, https://doi.org/10.1103/
PhysRevLett.67.3279.

[22] H. Kim, C. Mattevi, M.R. Calvo, Activation energy paths for graphene nucleation
and growth on Cu, ACS Nano 6 (2012) 3614, https://doi.org/10.1021/nn3008965.

X. Zhang, et al. Materials Today Communications 24 (2020) 101093

5

https://doi.org/10.15587/1729-4061.2016.81255
https://doi.org/10.15587/1729-4061.2016.81255
https://doi.org/10.1016/j.matlet.2018.02.134
https://doi.org/10.1038/nmat3010
https://doi.org/10.1038/s41563-018-0019-3
https://doi.org/10.1073/pnas.2013128021
https://doi.org/10.1021/nl4033928
http://refhub.elsevier.com/S2352-4928(20)30662-0/sbref0090
http://refhub.elsevier.com/S2352-4928(20)30662-0/sbref0090
https://doi.org/10.1088/0031-8949/32/4/001
https://doi.org/10.1109/83.730389
https://doi.org/10.1109/83.730389
https://doi.org/10.1103/PhysRevLett.67.3279
https://doi.org/10.1103/PhysRevLett.67.3279
https://doi.org/10.1021/nn3008965

	Etching-controlled preparation of large-area fractal graphene by low-pressure CVD on polycrystalline Cu substrate
	Introduction
	Experimental details
	Results and discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary data
	References




