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Abstract Graphene has many unique properties, most of them strongly depend on the
number of layers. It is significant to develop a facile approach to realize the controllable
growth of graphene with specific number of layers. We ever reported an efficient
approach to grow graphene rapidly and locally by laser irradiation. In this work, we
offers yet another important feature, to control the number of layers of graphene. Ni-Cu
alloy has been reported to be used successfully as the catalyst for graphene growth with
controllable number of layers. In that case, the Ni-Cu alloys with different compositions
were normally formed by thermal evaporation. Here we provide an efficient way to
fabricate the Ni-Cu alloy catalysts by laser cladding. Then the high power laser was
employed to melt the Ni and Cu mixed powders. Different Ni-Cu alloy catalysts were
formed in a high rate of 720 mm2/min with a thickness of 1.2 mm. Then the graphene
with controllable layers was rapidly and locally grown on the Ni-Cu catalysts by laser
irradiation at a high rate (18 cm2/min) at room temperature. We found that the Ni-Cu
catalyst with 15 % Cu could be helpful to grow single layer graphene, which occupied
92.4 % of the entire film. Higher Cu content didn’t promote the growth due to the
oxygen involved during the growth process. The controllable growth mechanism of
graphene by laser processing was discussed. Combining the rapid catalyst fabrication
and graphene synthesis make it a cost- and time-efficient method to produce the
controllable graphene films.
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Introduction

Graphene a single layer or few layers of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice, is a basic building block of all
graphitic forms [1,2]. Currently, graphene is a rapidly rising star, owing to its
exceptional properties, e.g., ultra-high electrical conductivity, excellent thermal
stability, and extraordinary mechanical properties. The outstanding properties of
graphene make it a unique material for many potential applications [3–5],
including next generation ultra-compact computers, flat screen displays, sensors,
solar cells, conducting plastics or ceramics, micro-electro-mechanical devices
and novel protection coatings [6–9].

The distinct properties of graphene strongly depend on its layers. Raman
spectra for single layer, bilayer, and multilayer are different [10–12], reflecting
the changes in their electron bands. The optical transparency of monolayer
graphene can reach up to 97.7 %. The opacity increases with membranes’
thickness, and each graphene layer adds 2.3 % [13]. The electrical properties
and structures of single layer, bilayer, and multilayer graphene show huge
differences. The electrical resistance decrease as the number of layers increases
[14]. Owing to the specific properties, the graphene with different layers can be
applied to various fields. The single-layer graphene has a zero band gap, and its
conduction and valence bands are shaped like an inverted pair of cones that
meet in a single point at E=0 in momentum space [15]. Due to the special
structure, the carrier mobility of single-layer graphene is extremely high (2×
105 cm2/vs) [5,7]. The actual single-layer graphene is synthesized through
exfoliation of highly oriented pyrolytic graphite (HOPG), which is for funda-
mental research due to the small size of graphene obtained. As for bilayer
graphene, it has a continuously tunable band gap under electric field and shows
unique quantum-mechanical behavior. It makes that bilayer graphene has great
potential application for optoelectronics and microprocessors [15–18]. Once the
number of layers exceeds ten, graphene film would share a band structure
similar to graphite [15,19]. To realize the specific properties, it is significant
to develop a controllable approach to grow the graphene with specific number
of layers for practical applications.

One of the most important parameters of graphene growth is specific cata-
lyst. For now, the following metals have been used as growth catalysts, i.e., Ru,
Ir, Co, Re, Ni, Cu, Pt, Pd [20–24]. Among them, Ni and Cu are the most
widely-used metals. For Ni, the carbon sources are dissolved into the metal at
high temperature. With the temperature cooling down, the solubility of C in Ni
decreases and the extra carbon sources then precipitate out on the Ni surface to
form graphene. During this processing, the precipitation of carbon sources
cannot be controlled, so that the thickness of graphene is uncontrollable [24].
While, due to the indissolubility of C in Cu, it is very easy to grow single-
layer graphene on Cu. The carbon sources are mainly absorbed by Cu atoms at
high temperature, and then the single-layer graphene is formed on the surface
[24]. Combining these two growth mechanisms, we can realize the controllable
growth of graphene. Several approaches for synthesizing controllable graphene
have been developed. Liu, et al. [20] reported a new technique to synthesis
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graphene, called universal segregation growth. They obtained graphene wafers
from Ni, Co, Fe, Cu and Cu-Ni alloy films via thermal annealing by introduc-
ing carbon sources. They demonstrated that monolayer and bilayer graphene
films were grown on Cu-Ni alloy by combining the distinct segregation behav-
iors of Cu and Ni. Then they studied the relationship of graphene layer and the
content of Ni and Cu in the alloy [15]. They found that increasing the atomic
percentage of Cu in Ni-Cu alloy tended to segregate thinner uniform graphene.
Dai, et al. [21] used a Ni-Mo alloy to suppress the carbon precipitation and
activates a self-limited growth for homogeneous monolayer graphene. A similar
work by Weatherup et al. [22] reported that Au-Ni alloy was prepared for the
large single crystal growth. Besides altering the composition of the catalysts,
Chen et al. [14] controlled the graphene thickness by varying the deposition
temperature and cooling rate, but also on Ni-Cu alloy foils. A high cooling rate
and less deposition time would be helpful to grow single layer graphene. Laser
cladding is a hard facing process that uses a high-powered laser beam to melt
the coating material and a thin layer of the substrate to form a pore- and crack-
free coating [25–27]. It is a convenient way to fabricate the alloy coating.
Varying the proportion of original materials, the different alloy coatings would
be obtained.

With these approaches, it is feasible to control the thickness of graphene by
modulating the composition of the binary alloy as the catalytic catalyst. How-
ever, almost all of the catalyst was fabricated by thermal evaporation, which is
a time- consuming approach with the limited thickness of catalyst. Meanwhile,
the synthesis of graphene was always involved a high temperature process for a
long time to segregate carbon atoms. We ever reported an efficient approach to
grow graphene rapidly and locally by laser irradiation [23]. This laser approach
combines lots of merits, i.e., large-area growth, patterned graphene and fast
growth for practical applications. In that reported work, graphene was synthe-
sized by laser irradiation on solid carbon source coated on nickel surface in
ambient condition. The rapid solidification made it possible to grow graphene
at a high rate compared to conventional approaches. Arbitrary patterns designed
by computer aided design (CAD) software were fabricated directly on Ni
substrates without additional mask or setup. Together the rapid heating and
cooling made a cost- and time-efficient and eco-friendly method to produce
high-quality graphene films [23].

Integrated with above work, we further introduce here the graphene layer control by
modulating the composition of the catalyst substrate. We used a high power density
continuous wave (CW) fiber laser to deposit a composition-designable Ni-Cu alloy
onto a substrate. The Ni-Cu alloy was deposited in a high rate up to 720 mm2/min with
a changeable thickness up to 1.2 mm. Then the laser was further applied to growth the
graphene as reported earlier. The high power laser radiated the Ni-Cu surface together
with the as-coated carbon with a very high heating rate up to a temperature of
~1600 °C, formed a large-area bath and then cooled down at a very high cooling rate.
The rapid solidification made it possible to grow graphene at a high rate (18 cm2/min).
In addition to the merits of graphene growth by laser, e.g., large-area growth, patterned
growth and mass production, in this work, we offers yet another important feature, to
control the number of layers of graphene.
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Material and Methods

Ni-Cu Alloy with Specific Composition

In this study, we first focus on the influence of catalyzers on graphene growth. Based
on the mechanism of precipitation growth, it is feasible to control graphene layers by
varying the proportion of Cu and Ni in catalyst [15,20–22]. Figure 1a shows the
schematic of Ni-Cu catalyst fabrication by laser cladding. High power density contin-
uous wave fiber laser was employed to fabricate the catalyst. High pure (99.99 %) Cu
and Ni powders of uniform size, about 75 μm in varying proportions (listed in Table 1)
were assembled into a side shaft powder feeding apparatus (BAMTRI, DPSF-2). With
the assistance of airflow, the pre-mixed powders were delivered into the irradiated area
by laser beam. The substrate can be any commonly used metals. Almost at the same
time, the mixed powders and the substrate were heated and melted caused by laser
irradiation. The molten powders then dropped down into the bath just forming in the
substrate surface. Once the laser moved forward, the Ni-Cu alloy coating was formed
on the substrate surface. The quality of Ni-Cu catalyst strongly depended on laser
power density, scanning rate and powder feeding rate. Table 1 lists the optimal
conditions for different catalysts, and the number in the first column represents the
content of Cu.

Controllable Graphene Synthesis by Laser Irradiation

The catalysts were prepared and then polished to a smooth and flat surface. The
graphite powders with uniform size of Φ50 nm were used as the carbon source. These
nano-powders were mixed with alcohol (analytical reagent) to form a suspension. The
mixed ratio was 1.0 g powders with 1.6 ml alcohol. Then, the spin coater (SC-1B) was
applied to prepare the carbon coatings with the thickness of ~20 μm. The fiber laser
were employed to scan the pre-coated carbon source on the Ni-Cu catalysts, as shown
in Fig. 1b. In this approach, the Ni-Cu surface together with the as-coated carbon is
heated at a high rate up to ~2000 °C, forming a bath and then cools down at rate up to

Laser

Substrate

NiCu

Substrate

NiCu

Carbon

Laser

Graphene

a b

Fig. 1 Schematic of a Ni-Cu catalyst fabrication by laser cladding. b Layer controllable graphene synthesis
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103~104 °C/s. When the laser was shut off, graphene could be available immediately.
The formation of graphene was implemented by fiber laser with a Gauss beam of Φ3
mm. The laser power density was 14.1×103 W/cm2, and the scanning rate was 60 cm/
min with 25 L/min argon (99.99 %) as shielding gas.

Characterization

The component distributions of the Ni-Cu catalysts were detected by energy dispersive
X-ray spectroscopy (EDS). The structures of catalysts were characterized by X-ray
diffraction (XRD, Bruker, D8 Advance), from 20 to 100° with scanning rate of 8°/min.
As-grown graphene were characterized by optical microscopy, scanning electron mi-
croscopy (SEM, LEO-1530), Raman spectroscopy (Renishaw 2000), Raman imaging
spectroscopy (Nanophoton, Raman-11), and auger electron spectroscopy (AES,
ULVAC-PHI, PHI-700). The topography of graphene was observed by optical and
SEM images. The layer number of graphene was identified by Raman spectra and AES.

Results and Discussion

Composition of Ni-Cu Alloy Modulated by Laser Cladding

Ni-Cu catalysts were prepared by laser cladding successfully. Figure 2a shows the
macrograph of Ni-Cu alloy after laser cladding. The good formation of Ni-Cu alloy
without pores or cracks was obtained under the optimal condition. The component
distributions were analyzed by EDS, as shown in Figs. 2b and g and Table 2. The red
images present Cu distributions and the green ones are Ni distributions. The color
images show that there are uniform distributions of Cu and Ni in each sample. The
actual compositions are listed in Table 2. It can be observed the loss of Cu and
introduction of oxygen, due to high temperature and open condition during laser
cladding. However, the small loss of Cu could be acceptable. The EDS results show
that the catalysts prepared by laser cladding are homogenous.

Table 1 The optimal conditions for different catalysts

Sample Composition
(wt. %)

Power density (W/cm2) Scanning rate (mm/s) Powder feeding rate (g/min)

Cu Ni

Cu0 0 100 2.15×104 4 13.33

Cu5 5 95 2.15×104 4 13.33

Cu15 15 85 2.15×104 4 13.33

Cu25 25 75 2.12×104 4 13.33

Cu35 35 65 2.00×104 4 13.33

Cu50 50 50 1.85×104 4 13.33

Cu75 75 25 1.58×104 4 13.33
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XRD was used for catalyst structure analysis. Figure 3a shows the spectra of
different catalysts with Cu increasing from bottom to up. Four characteristic peaks
can be observed, calibrated as (111), (200), (220) and (311) of face-centered cubic (fcc).

1
2

3

5 6

Cu Ni

Cu5 Cu15 Cu25

Cu35 Cu50 Cu75

b

a

c d

e f g

b1 b2 Cu Nic1 c2 Cu Nid1 d2

Cu Nie1 e2 Cu Nif1 f2 Cu Nig1 g2

Fig. 2 aMacrograph of Ni-Cu alloy. b-g Cu and Ni distributions of different catalysts. The red images present
Cu distributions and the green ones show Ni distributions

Table 2 The actual composition in each catalyst

Sample Actual composition

Cu (wt. %) Ni (wt. %) O (wt. %)

Cu5 3.3 96.7 0

Cu15 13.01 86.42 0.57

Cu25 22.83 76.4 0.77

Cu35 31.94 67.26 0.8

Cu50 39.1 59.85 1.05

Cu75 73.91 22.73 3.36
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The similar spectra demonstrate that the structures of all the samples are the same, i.e.,
fcc, meaning that the structure of Ni-Cu alloy is close to that of pure Ni (the bottom
spectrum). However, it is also different from each other. Figures 3b and e display the
four characteristic peaks respectively, and all these peaks shift left as Cu increasing. The
left shift implies the increasing of interplanar spacing. For fcc, the larger interplanar
spacing equals to a bigger structure cell. The reason for the left shift is that pure Cu has
a bigger structure cell (lattice constant aCu=3.6149 Å) than pure Ni (lattice constant
aNi=3.5238 Å). Consequently, the structure is closer to that of pure Cu as the Cu
content increases.

Controllable Graphene Growth by Laser Irradiation

The graphene fabrication was implemented by fiber laser direct irradiation on the
prepared Ni-Cu alloy catalysts. With the radiation, the Ni-Cu surface together with
the as-coated carbon is heated at a rate of up to 104 °C/s to a temperature of around
2000 °C, forming a large-area bath and then cools down at rate of up to 103~104 °C/s.
The topography of graphene was characterized by optical microscopy and SEM, as
seen in Fig. 4. There are amount of tiny strips on the pure Ni surface (Cu0) (Fig. 4a).
The magnified SEM image shows the obvious wrinkles of graphene (Fig. 4h). Once Cu
added, the strips are much less than that of pure Ni, as seen in Fig. 4b, c, i and j. When
the content of Cu came to 25 % and 35 %, graphene films turned to discontinuous, as
shown in Fig. 4d, e, k and l. For Cu50 and Cu75, the wrinkles of graphene cannot be
observed any more (Fig. 4f, g, m and n). It is hard to tell whether it is graphene or not
by these topographies, due to the loss of graphene typical topography. The information
of topography demonstrate that appropriate ratio of Cu/Ni, i.e., Cu of 5 % and 15 %,
can be helpful for formation continuous graphene films, rather than higher content of
Cu (25 % and over).

Raman spectroscopy is an efficient way to characterize carbon materials. Ferrari
et al. [10] pointed out that G band (~1580 cm−1) reflects the doubly degenerate zone
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Fig. 3 a XRD spectra of different catalysts. b, c, d and e represent different peaks in a, respectively
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center E2g mode while D band (~1350 cm−1) indicates the absence of a significant
number of defects. The 2D band (~2700 cm−1) provides information about the number
of layers. The increase in layers leads to a significant decrease of the relative intensity
of 2D (I2D) with a blue shift. Here, we performed Raman imaging and Raman spectra to
figure out the relationship between catalysts and graphene layers. Figures 5a and g
display the I2D/IG mapping results in an area of 254×25 μm2. The lighter color
represents a higher value of I2D/IG and the dark blue represents a lower one. Raman
spectra were extracted from the Raman imaging accordingly, as shown in Figs. 5h and
n. The ratio of I2D/IG greater than 1.0 was calculated from the Raman mapping
software, which means that 2D peak intensity is greater than G peak. This is the
typical trait of monolayer or bilayer (1–2 L) graphene. So the ratio of I2D/IG greater
than 1.0 equals to the ratio of 1–2 layer graphene (Fig. 5o). Based on the relationship
between the relative intensity of 2D (I2D) and graphene layers, a higher I2D/IG implies a
lower number of graphene layers. For the pure Ni catalyst (Cu0), most of the detection
area was covered by multilayer graphene films, and the occupancy of 1–2 L graphene is
58.8 %.With 5 % Cu adding into the catalyst, 1–2 L graphene occupied up to 78.7 % of
all the detection area. 15 % Cu of Ni-Cu alloy brought a high Ratio of 1–2 L graphene,
up to 92.4 %. Meanwhile, the higher Cu content, e.g., 25 % and 35 %, could not keep a
higher occupancy of 1–2 L graphene, and the 1–2 L graphene ratios are 70.2 % and
64.3 %. When Cu content is over 50 %, there is no typical trait of graphene from the

Cu35 Cu50 Cu75Cu25

Cu15Cu5Cu0

a b c

d e f g

h i j

k l m n

30 μm30 μm 30 μm

30 μm30 μm30 μm30 μm

Fig. 4 Topography of graphene on different catalysts. a-g optical images. Share the same scale bar of 30 μm.
h-n SEM images. Scale bars: 5 μm
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Raman spectra. Figure 5p shows the position shift of 2D peak. Compared to Cu0, there
was 24 cm−1 red shift of Cu5 and 29 cm−1 red shift of Cu15. Cu25 and Cu35 had slight
red shift, 8 cm−1and 9 cm−1, respectively. The red shift of 2D peak demonstrated the
decrease of graphene layers.

AES depth profile analysis was employed to study the element distributions from
surface to a depth of 6 nm, by using a sputtering rate 2 nm/min. The depth profile of
element C can be used to identify the number of graphene layer. Every layer of
graphene is 0.34 nm. Figure 6 provides the depth profiles of C, O, Ni and Cu in
different catalysts. Here, we considered the depth where C dropped down and Ni rose
up as the thickness of graphene. It can be seen (Fig. 6a) that for pure Ni, C remains a
high proportion (>60 %) in the whole depth of 6 nm, and there is no cross point with
the Ni distribution line, meaning that the thickness of graphene is more than 6 nm. In
this case, the graphene would be multilayer films. Figures 6b, c and d show the
significant drop of C and obvious rise of Ni at 0.75, 0.5, and 0.98 nm, respectively.
Accordingly, the layers of graphene would be 2 L, 1 L and 3 L. These results
demonstrate that the catalyst with 15 % Cu is the most appropriate substrate to grow
single-layer graphene; the bilayer graphene tend to be grown on the catalyst with 5 %
Cu; the catalyst with 25 % Cu is available for tri-layer graphene. Figure 6e also shows a
higher of C content than Ni and Cu in the whole profile. The controllable growth by Cu
addition doesn’t work anymore, when Cu is over 35 %.

Mechanism of Controllable Graphene Growth by Laser Irradiation

From the above results, the Ni-Cu catalysts can effectively control the growth of
graphene. The appropriate Cu content (5 % and 15 %) is helpful to form continuous
and large-area 1–2 L graphene films. Once the content of Cu reached 25 % and 35 %,
the graphene turned to heterogeneous and multilayer. A higher Cu content, like 50 %
and 75 %, could not grow graphene successfully. These results are so different from the
other reports. Usually, the higher Cu content leads to the higher coverage of 1–2 L
graphene [15,20], and the pure Cu can easily grow the single layer graphene. However,
in this work, the higher Cu is invalid to control the graphene growth. As studied before
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[24,28–31], there are two different growth mechanism of graphene on Ni and Cu.
Graphene is grown on Cu by surface absorbed. It is an easy way to grow the single-
layer graphene. Multilayer graphene is grown on Ni by carbon atoms precipitation from
the bulk out to the surface. Figure 7 shows the schematic of mechanism of controllable
growth. Here, both of the two kinds of growth mode were involved to realize a
controllable growth. In lower Cu case, the controllable growth was similar with other
works [15, 20]. In the surface layer, carbon atoms preferred to precipitate from Ni,
rather than from Cu, when the Cu atoms occupied some positions to reduce the
proportion of Ni atoms, the precipitation of carbon atoms was also reduced and the
few-layer graphene can be formed. For the situation of high Cu content, the laser
processing should take the responsibility for invalid controllable growth. With the
radiation of a high power density laser, the catalyst surface together with the as-
coated carbon is heated at a rate of up to 104 °C/s to a temperature of around
2000 °C, forming a bath to dissolve carbon source and then cools down to
precipitate carbon atoms and form graphene films. All the process was implemented
in the open environment. At high temperature, Cu atoms are likely to combine the
oxygen to form CuO. The high content of O in Cu35 is shown in Fig. 6e. It is not
difficult to infer that there is more oxygen in Cu50 and Cu75. Therefore, the positions
of original Cu has changed into the CuO, which cannot contribute to the growth of
graphene. So there is no more graphene in the area where Cu atoms should be but
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actually CuO occupied. It results in the discontinuous graphene growth. When Cu
atoms occupy most of the surface, the graphene growth can be completely restrained, as
seen in Figs. 5f, g, m and n.

Conclusions

We have succeeded in developing an engineering approach for the controllable
graphene growth by laser process at room temperature. A high power fiber laser was
used for Ni-Cu alloy preparation and controllable graphene growth. Different Ni-Cu
alloy catalysts were formed in a high rate of 720 mm2/min with a thickness of 1.2 mm.
EDS analysis showed that the catalysts remained a uniform surface without defects.
Then the graphene with controllable layers was rapidly and locally grown on the Ni-Cu
catalysts by laser irradiation at a high rate (18 cm2/min). The topographies of the
samples displayed that Cu5 and Cu15 are the better catalysts than others, owing to the
continuous formation and less wrinkles. Raman and AES results showed Cu15 was the
most appropriate catalyst to grow the single layer graphene, which occupied 92.4 % of
entire film. The catalysts with higher Cu content would not be workable to control the
graphene layers, mainly due to the oxygen involved during the growth process.
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