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Abstract
In this work, large-area graphene-based carbon films were synthesized through a fast and lowtemperature method. The processing route is illustrated on a free surface of Ni catalyst film by
vacuum thermal processing of amorphous carbon. Key in the novel approach is that the
synthesis is done at low temperatures, i.e. below 350 °C, and within a time as short as one
minute. The nucleation and growth of graphene on the free surface of nickel and along the
interface between Ni film and SiO2 substrate are investigated by using a thin film Ni-C-Ni
sandwiched structure on a SiO2/Si substrate. Raman spectroscopy demonstrates that the
graphene-based carbon films consist of graphitic carbon rich of defects. HR-TEM observations
reveal that the graphene-based carbon film grown on the top free surface is composed of thin
multilayer graphene segments (3-6 atomic layers) and thick multilayer graphene segments
(more than atomic 10 layers), covering the entire surface of Ni film over a large area. Growth
parameters such as growth time, growth temperature and carbon/Ni ratio are reported in detail
for a control of graphene growth kinetics. The results point at several attractive strategies for
the facile synthesis of graphene-based carbon films for industrial applications.
Key words: graphene film, growth behavior, low temperature, nickel, microscopy
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1. Introduction
It goes without saying that graphene became an astonishing functional material in various
fields of fundamental research and applications, e.g. electronics, energy conversion and storage,
biological engineering, catalysis, environment protection, water purification etc. [1-7]. The
synthesis of graphene films is vital for up-scaling in industrial applications. Chemical vapor
deposition (CVD) made a considerable impact in large-area and large-scale graphene
production based on sacrifices of catalyst (transition metals, ceramics, etc.) [ 8 , 9 ].
Unfortunately, CVD growth of graphene needs high temperature, i.e. ~1000 °C [8, 10], and
also other thermal synthesis methods for producing graphene are executed at high temperatures
[11,12]. The high processing temperature induces several critical issues, such as a limiting
choice of substrates, expensive equipment, and it also requires a rather complex transfer
process. Progress in exploring low temperature growth of graphene has been achieved through
different strategies, for instance using liquid or solid carbon precursors, design of alloy
catalysts, Sn catalyst, (microwave) plasma-enhanced CVD, and implanting carbon in metallic
catalysts, etc. [13-20] and non-metallic substrates [22,23]. As a result low temperature growth
of graphene has been broadly studied in many different fields, e.g. electrocatalysts, transparent
conductive films (TCFs), anti-corrosion, biological coatings, etc. [14,16,18,19,22,23].
Although significant progress has been made in the field of low temperature growth of
graphene by sacrificing metal catalysts, the growth mechanism and resulting microstructures
are still not fully understood. The low-temperature growth mechanism of graphene cannot be
simply explained by normal CVD processes. The growth mechanism of graphene on Ni by
CVD has been elucidated as the rearrangement of the dissolved carbon atoms on nickel (111)
from bulk nickel, driven by the different soluble capacities at different temperatures [24]. But
for low temperature growth of graphene on nickel, many conditions have been altered, such as
unfavorable decomposition temperature of hydrocarbon gases and the interaction between Ni
and carbon, etc. Therefore the growth kinetics of graphene at lower temperatures is rather
different [25,26]. Previous research concentrated on the use of amorphous carbon as feedstocks
for graphene growth [ 27 - 32 ]. However, the graphene growth was performed at high
temperatures (> 650 °C). No publication has reported the conversion of amorphous carbon to
graphene on Ni surfaces at such a low temperature. As far as the mechanism is concerned there
are also major differences. At high temperatures, the temperature and cooling rate significantly
influence the growth of graphene on Ni as carbon segregation is mainly driven by the decrease
of carbon solubility in Ni during cooling [8,11,27]. But at low temperatures, the solubility is
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very low and is not affected. The diffusion and segregation processes of carbon differ from
those at high temperatures and rely on the concentration gradients. Even in recent work
reporting conversion of amorphous carbon to graphene at 250 °C by using tin as catalyst [21],
only discontinuous graphene flakes were formed. In particular, Weatherup et al. reported that
graphene with domain sizes of > 220 μm² could grow on polycrystalline Ni-Au catalyst films
at 450-600 °C, indicating the possibility of large-area graphene growth [17]. It could be
attributed to the growth crossing grain-boundaries which still needs experimental validations.
However, for the majority of substrate materials such as polymers, glasses and even metals the
processing temperature above 450 °C is still rather high.
Here we concentrate on the synthesis of large-area graphene-based carbon films through a
fast and low-temperature method. To the best of our knowledge, there is no research reported
on the thermal conversion of amorphous carbon to graphene on the free surface of Ni film and
the interface of Ni/substrates at near-room temperatures (below 350 °C). The nucleation and
growth behavior of graphene on the Ni free surface at near-room temperatures, and
environmental influencing factors are still unknown. Therefore the objective is to focus on the
graphene formation on free surface of Ni catalyst by diffusion and conversion of amorphous
carbon under vacuum thermal processing (VTP) at low temperature of 350 °C. In particular,
by using a sandwich Ni-C-Ni film deposited on SiO2/Si substrate, we have investigated the
nucleation and growth of graphene on a free surface of nickel film and at the interface of
Ni/SiO2. Growth parameters such as growth time, growth temperatures, carbon/Ni ratios and
resultant microstructures are also examined for control of the growth kinetics.

2. Experimental
2.1 Deposition of multilayer Ni-C-Ni diffusion couples
Magnetron sputtering deposition was used for the preparation of the Ni-C-Ni films.
Nanocrystalline Ni (nc-Ni) films were deposited using Ni plate target (99.95% purity). The
initial pressure of the deposition chamber before sputtering was 5×10−6 mbar and the deposition
pressure of argon was 5×10−3 mbar. For the deposition of Ni-C-Ni multilayer diffusion couples,
nc-Ni film of about 100 nm thickness was deposited as the first layer on SiO2 (300 nm thick)/Si
substrates (ø100 mm); next, an amorphous carbon film was deposited on Ni film as the
intermediate layer in the middle by using graphite targets (99.99% purity), and finally nc-Ni
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film ~100 nm thick was deposited as the top layer. The thickness of the amorphous carbon
intermediate layer was changed in the range between 10 nm and 100 nm.
2.2 Carbon diffusion and graphene growth
The as-deposited samples were transferred to a high vacuum chamber (< 10−6 mbar) and
subsequently vacuum thermal processing was carried out at various temperatures from room
temperature to 350 °C for different durations, from 1 min to 96 hrs, respectively. The heating
rate was 100 °C/s. The cooling rate after annealing was in the range of 6-12 °C/min. In the
following the graphene film grown on the free surface of Ni film is named free surface graphene
and the one formed along the Ni/SiO2 interface is called interface graphene.
Preparation of samples for TEM observation of graphene formation at low temperature
was as follows: nanocrystalline Ni film with a thickness of ~20 nm was deposited onto a TEM
C/Cu grid (purchased from Agar Scientific, 400 meshes, with carbon film). The carbon film on
Cu grid could provide carbon atoms for graphene formation. The nc-Ni coated C/Cu grids were
put into an ultrahigh vacuum chamber (< 10-6 mbar) for vacuum thermal processing at 350 °C
for 12 hrs. After cooling down at a cooling rate of 6-8 °C/min, the specimens were studied
through transmission electron microscopy (TEM).
2.3 Characterization
The microstructure of the Ni thin film and that of the grown graphene-based carbon films
were scrutinized by using atomic force microscopy (AFM, Digital Instruments NanoScope
IIIa), scanning electron microscopy (SEM, Philips FEG-XL30s and Hitachi SU8230 equipped
with a top detector filtering system to provide enhanced electron detection specificity and an
upper E×B detector with SE/BSE signal mixing function), X-ray diffraction (Bruker D8
Advance diffractometer equipped with a Cu Kα source (λ=0.15406 nm) and high resolution
transmission electron microscopy (HR-TEM, JEOL JEM-2010F operated at 200 kV). The
SEM observations were performed using an accelerating voltage from 0.5 to 20 kV. Fine
contrast differentiation is achieved by selectivity filtering inelastic scattering electrons and
directly detecting specific energy-back-scattered electrons on Hitachi SU8230. Free surface
graphene was also transferred by using poly(methyl methacrylate) (PMMA) and etching away
the nc-Ni film by 1 M FeCl3, and keeping the bottom interface graphene on the SiO2/Si
substrates. The interface graphene was further transferred using PMMA and etching away the
SiO2 by HF (15%). The transferred free surface graphene and interface graphene were put
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separately onto Cu grids for TEM characterization. Raman spectrum analyses were performed
using 532 nm laser excitation.

3. Results and discussion
3.1 Synthesis of graphene-based carbon film on Ni free surface and Ni/SiO2 interface

Fig. 1 Schematic illustration of the designed Ni-C-Ni sandwich film and graphene formation on the free
surface of Ni film and at the interface of Ni/SiO2 via vacuum thermal process (VTP). The thickness of
nc-Ni layers was 100 nm, and the thickness of the amorphous carbon intermediate layer was varied
between 10 and 100 nm.

Graphene can nucleate at the interface between Ni film and SiO2/Si substrates and grows
at room temperature [28]. However, it is unknown whether large-area graphene can form on a
free surface of a nc-Ni film at such a low temperature, i.e. below 350 °C and whether a
difference in graphene quality exists between free surface grown graphene and interfaceinduced graphene. Fig. 1 schematically illustrates the architecture of the triple Ni-C-Ni thin
film, which was designed for simultaneous growth of graphene on Ni free surface and along
the Ni/SiO2 interface. The intermediate amorphous carbon film serves as a reservoir of carbon,
providing carbon atoms for graphene growth. During low temperature vacuum thermal
processing, carbon atoms diffuse through nc-Ni films and reach the surface of Ni and the
interface of Ni/SiO2, where they precipitate. Contrary to the case of graphite paste as carbon
resource [28], sputter deposited amorphous carbon facilitates sp2 carbon bond breaking. The
quality of the Ni film deposited on the surface of the Ni-C-Ni sandwich structured film is
studied by using AFM, SEM, and XRD. It was confirmed that nc-Ni films of good uniformity
were deposited by the magnetron sputtering technique. The nc-Ni films with a grain size less
than 20 nm were examined with XRD and SEM (see Supplementary Fig. S1). The surface
roughness of the top nc-Ni film was about 0.1 nm (RMS roughness, see Supplementary Fig.
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S2). For investigating the influence of the carbon reservoir on the growth of graphene carbon
films with various thicknesses from 10 nm to 100 nm were deposited.

Fig. 2 SEM images showing the surface structure of Ni-C-Ni sandwich film before (a) and after (b)
vacuum thermal processing at 350 °C for 12 h, with the inset of (a) at high magnification revealing a
grainy surface morphology of the top Ni film before treatment, the white arrows in (b) point out the
boundary of micron-sized multilayer graphene segments; Optical images of transferred free surface
graphene-based carbon film from the Ni surface (c) and the remaining interface graphene-based carbon
film on SiO2 substrates after etching away Ni (d), the arrows in (c) show multilayer graphene fragments.

Figs. 2a and 2b display the surface of Ni-C-Ni sandwich film before and after vacuum
thermal processing at 350 °C for 12 hrs. Before annealing a smooth and clean Ni surface with
a grainy surface morphology was observed (see also the SEM micrograph in Fig. S1a and AFM
image of Fig. S2 in the Supplementary). After vacuum thermal processing at 350 °C for 12 hrs,
a continuous graphene-based carbon film emerged and covered the entire Ni surface. No
evidence of any Ni carbide phase was found by XRD (not shown). As can be seen in Fig. 2b,
the free surface graphene-based carbon film consists of micrometer graphene segments, which
appear at different gray scales, indicating the formation of graphene segments of different
thicknesses. The difference in graphene layer thickness induces a difference of surface potential
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which affects the signal intensity of secondary electrons (SE) from the Ni film underneath [33].
These segments have special geometrical characteristics with sharp edges (marked by the white
arrows). In contrast, a group of pure nanocrystalline Ni (nc-Ni) film without carbon source was
exactly VTP treated at 350 °C for 1 h. The surface of such treated pure nc-Ni film (see Fig. S3)
did not show the same profiles as observed in Fig. 2b. It demonstrates that the profiles shown
in Fig. 2b are graphene segments, rather than possible texture and grain growth of nc-Ni film
by thermal treatment. Fig. 2c and 2d show the optical images of the free surface graphenebased carbon film transferred from the Ni surface and the interface graphene-based carbon film
left on SiO2 substrates after removal of the Ni-C-Ni coatings. EDS was used to detect possible
residuals on the transferred free surface film and leftover interface film. Ni and Fe remnants
were not detected. Apparently, the interface graphene-based carbon film looks a bit thicker
than the surface graphene-based carbon film due to the lower transparency. Wrinkles were
formed but did not break during the transferring process, demonstrating the flexibility and good
strength of 2D graphene. It should be mentioned that both of the free surface graphene-based
carbon film and interface graphene-based carbon film are composed of graphene segments,
which closely connect and become continuous films. The size of individual graphene segments,
up to several microns, is much larger than the size of Ni grains, suggesting a growth mechanism
thereby crossing Ni grain boundary even at such a low temperature.
Raman spectroscopy was carried out to understand the structural information of graphenebased carbon films. Fig. 3a and 3c show the Raman spectrum of free surface graphene and
interface graphene, respectively. The free surface graphene-based carbon film as well as the
interface graphene-based carbon film exhibit D band, G band, and a weak 2D band. For the
free surface film, the D band, which is triggered by the defects, appears at 1354 cm‒1. The G
band appeared at 1575 cm‒1 is the characteristic of graphite, corresponding to the highfrequency E2g phonon at Γ. The 2D band appeared at 2680 cm‒1 is a multiple step mode of
carbon [34]. The ratio of ID/IG is 1.80 from Fig. 3b for the free surface graphene, indicating that
the as-synthesized film contains high content of defects. Compared with the Raman features of
amorphous carbon, which has a G peak at ~1500 cm-1 and a ID/IG value around 0, the free
surface graphene-based carbon film is different from amorphous carbon, and seem to have
similar Raman features with nanocrystalline graphite [35]. For the interface graphene, the D
band appears at 1355 cm‒1, and G band at 1597 cm‒1, respectively. A higher ID/IG value of 2.8
suggests that the interface graphene film has a higher content of defects and a lower
graphitization than the free surface graphene. The larger full width at half-maximum (FWHM)
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ranges of peaks (as seen in Table S1) for the interface graphene film suggest closer distances
between defects (LD) [36]. In addition, from the deconvolution of Raman spectra of the free
surface graphene film and the interface graphene film shown in Fig. 3b and 3d, both have D*
band located at Raman shift between 1150 and 1200 cm−1, D" band in the range between 1500
and 1550 cm−1, and D' band at ~1622 cm−1 [37]. According to the previous studies, all the D*,
D' and D" related to the disordered graphitic structure and amorphous phases [37, 38, 39, 40].
b
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Fig. 3 Raman spectra of graphene-based carbon films VTP processed at 350 °C for 12 h: (a) free surface graphenebased carbon film with an insert of the fitted 2D band; (b) deconvolution of Raman spectrum of (a) from 10001900 cm-1; (c) interface graphene-based carbon film with an inset of the fitted 2D band; (d) deconvolution of
Raman spectrum of (c) from 1000-1900 cm-1.

The intensity of D" band decreases with the increase of the crystallinity. The enhanced D" band
and bigger FWHM range of D" peak for the interface graphene imply the lower graphitization
and smaller LD compared with the free surface graphene. The reason is still not fully resolved.
It should be realized that, both the free surface graphene film and the interface graphene film
possess a high concentration of defects, causing the broadened peaks and low intensities [41].
These defects are formed mainly due to the low-temperature growth process. Another issue is
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that the films may contain a little amount of amorphous carbon attached on the graphene
surface, as carbon atoms keep diffusing particularly along the Ni grain boundaries during the
cooling processes.

Fig. 4 TEM images of transferred free surface graphene-based carbon film synthesized at 350 °C for 12
h: (a and b) low magnification TEM image of thin graphene films with size up to several micrometers;
(c) and (d) the corresponding HRTEM images of thin graphene layers of (a) and (b) showing the
multilayered graphene with a thickness from 3 atomic carbon layers to 6 atomic carbon layers; (e)
HRTEM images of thick graphene segments.

To disclose the graphene-based carbon film formed on free surface of Ni, we revealed its
microstructure by using transmission electron microscopy. Fig. 4 shows the plane-view TEM
images of transferred free surface graphene film. As shown in Fig. 4a and b, the film is thin
and in large area up to several microns and continuous without any pore. The HR-TEM
micrographs in Fig. 4c-e show the stacked layer structure of multilayer graphene. All the
distance between parallel planes is 0.34 nm, corresponding to the (002) plane of graphitic
carbon. No clear observation of amorphous carbon could be done because the amorphous
carbon concentration is low and attached on the graphene surface. Fig. 4c displays trilayer
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graphene corresponding to the film shown in Fig. 4a. Also multilayered graphene segments
with 6 atomic carbon layers as shown in Fig. 4d were detected in the film. We also checked the
dark graphene segments as shown in Fig. 2b. The thick graphene segments have ~20 layers as
depicted in Fig. 4e. In conclusion, the free surface graphene-based carbon film consists of
graphene segments of different thicknesses, mainly of 3~6 atomic carbon layers and a few
segments of more than 10 atomic carbon layers. The HR-TEM results also illustrate that the
thin graphene segments contains many defects, distorted layers, and low graphitization,
therefore decreasing the graphene quality. Nevertheless, the results prove the success of
synthesizing multilayer graphene segments at such a low temperature of below 350 °C.
Apparently the size of graphene segments is much larger than the Ni grains, indicating the
possibility of crossing grain boundary growth at rather low temperature. Additionally, the
multilayered graphene segments form a continuous thin film, which could be used for
transparent conductive electrodes, anti-corrosion protection layer, ion selective membranes etc.
For the sake of comparison, Fig. 5 shows the different microstructure of interface graphene
grown at Ni/SiO2 interface at 350 °C. As seen at a lower magnification in TEM (see Fig. 5a),
it shows a flexible and thicker interface graphene-based carbon film, consistent with the results
from optical microscope. Different areas of the interface graphene film were observed with
HR-TEM. As shown in Fig. 5b, the edge area marked with a dashed box in Fig. 5a contains
more than 10 atomic layers. The wrinkles marked by a white dashed circle even show ~30
layers graphene due to folding. Combining with Raman spectroscopic analysis, optical
observation and TEM results, it is concluded that the interface graphene-based carbon film is
thicker and contains a higher content of defects.
3.2 graphene growth on Ni surface and its growth mechanism
In order to understand the graphene growth process on Ni free surface at low such
temperatures, a Ni thin film composed of less than 10 nm Ni crystals was deposited on an
amorphous carbon TEM grid and underwent vacuum thermal processing at 350 °C for 12 hrs
to grow graphene film (see SEM, HR-TEM and SAED pattern in Fig. S4 and S5). The
amorphous carbon film grid served as carbon source. Before vacuum heat treatment, no
graphene segments were observed as shown in the TEM micrographs of Fig. 6a and 6c. After
vacuum thermal processing at 350 °C for 12 hrs, on the free surface of Ni there were micronsized graphene segments formed as can be seen in Fig. 6b and the SEM image in the
Supplementary Fig. S5a. Meanwhile, the grain size of Ni increased slightly but it was still
smaller than 20 nm (see Supplementary Fig. S5b). Fig. 6d shows the HR-TEM image of the
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Fig. 5 TEM images of interface graphene-based carbon film grown at 350 °C for 12h: (a) low
magnification image, (b) HR-TEM image of the edge marked in (a) reveals the thick layers of
interface graphene, (c) HR-TEM image of the wrinkle indicated in (a).
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Fig. 6 (a, b) low magnification TEM micrographs of Ni thin film coated amorphous carbon grid before
and after vacuum thermal treatment at 350 °C for 12h, respectively. (c-d) HRTEM of the edges of the
sample before and after vacuum thermal treatment at 350 °C for 12h.

Ni-C interface, demonstrating a trilayer graphene film grown on Ni film. The graphene film
has a curved surface and contains geometrically necessary dislocations that can be seen from
the side view of graphene layers in Fig. 6d. It should be emphasized that the graphene segment
grew on terraces, along the ledges and kinks on Ni (111), then crossed the Ni grain boundary,
and form long tails away from the Ni (111) ledges and kinks. Also an angle of 17 ° between
graphene (002) orientation and the Ni (111) orientation is different with previous observations
that the graphene (002) orientation parallels the Ni (111) orientation. The angle may be
consistent with the Ni-C interfacial ledges, analogous to the observations of CNT formation on
Ni nanoparticles, proving the epitaxial growth [42].
Graphene growth is considered to be conformal to Ni catalyst grains because the Ni (111)
layer is nearly atomically coherent with the basal plane of graphite [8]. It can be seen in Fig.
6d that the size of graphene sheets is much larger than the Ni grain size (≤ 20 nm), indicating
the growth of graphene crossing Ni GBs. When two graphene sheets formed on different Ni
(111) grains run into each other near Ni grain-boundaries, the graphene layers could become

12

stacked. A stacked region over the Ni grain-boundaries marked by a white ellipse is shown in
Fig. 6d. The stacked growth could be the reason for generation of the mixed tilt-twist
dislocations patterns as observed in Fig. 4d and Fig. 5c. Thus, the formation of graphene
segments up to microns could be attributed to the synergetic effect of crossing grain boundaries
growth and stacking.

Fig. 7 High-resolution SEM images revealing the topographic contrast (a) and voltage contrast (b) of
the same field of view of the graphene layer formed on the surface of Ni film to show the differentiation
of graphene segments with different thicknesses. Inset of (a) shows a graphene segment crossing the Ni
grain boundaries, as well as the darker boundary areas (more graphene layers).

High-resolution SEM micrographs in Fig. 7 present direct evidence of the large area
growth and polycrystalline nature of the multilayered graphene film. This is demonstrated by
the topographic contrast and voltage contrast of the same field of view to reveal the
micrometer-sized graphene segments which have grown on the free surface and cross the grain
boundary of much smaller Ni grains (< 20 nm). As a result full coverage is achieved of the
entire surface of the Ni sample. As the graphene segments are conformal onto the underneath
Ni film, the grainy morphology and nanometer-sized Ni grains of the underneath Ni film are
well recognized in the topographic contrast SEM micrograph (Fig. 7a), together with a weak
contrast showing the graphene segments of micrometer sizes and sharp edges (boundaries). In
contrast, the polycrystalline structure and different thicknesses of large area multilayered
graphene films are revealed in the voltage contrast micrograph of the same field of view (Fig.
7b). The grey levels are an indication of the thickness of the multilayered graphene segments.
The inset in Fig. 7a highlights that a graphene segment crosses the nc-Ni grain boundaries and
coats many Ni grains. By a closer inspection, we also found darker grain boundary areas,
corresponding to thicker stacked graphene layers. This discloses that the boundary areas are
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the places where the diffusion of carbon atoms, nucleation and growth of graphene occur quite
fast. In the light of graphene stacking on the boundary area, graphene can form a large area on
nc-Ni films.

Fig. 8 Schematic illustration of the graphene growth by the diffusion and conversion of amorphous
carbon: (a) stacked growth such that the elongated graphene generated from Ni (111) planes but with
misorientation stacked together and then formed a whole graphene film; (b) crossing grain boundary
growth that the elongated graphene generated from Ni(111) planes cross the Ni grain boundaries to
other neighbor Ni planes such as (110), (100) etc.

The physical picture which emerges is schematically shown in Fig. 8. Carbon atoms
diffuse through the Ni films, from the carbon reservoir, and precipitate on the Ni (111) planes.
Due to the higher diffusivity of carbon along grain-boundaries than through the interior of Ni
grains, the carbon atoms nucleate first at Ni grain-boundaries. The Ni (111) cusps become
active sites for the Ni-C interaction and the nucleation of graphene [43]. Thereafter, graphene
nuclei grow laterally mainly by the fast surface diffusion of carbon. Subsequently the graphene
covers the local Ni grains. As Ni grains have different orientations in the sputter deposited thin
films, the growth of graphene may have two situations: (i) stacking effect between Ni {111}
grains. For the various Ni {111} textured grains, the graphene grown on both of them (Fig. 8a),
and do not coincide, but stacked together at Ni grain boundaries and result in the distortion and
dislocation structures as shown in Fig. 4e and Fig. 5c. (ii) crossing grain boundary growth from
a Ni {111} grain onto non-{111} Ni grains. On non-{111} Ni grains, graphene exhibits
different growth behavior and lower growth rate [44]. In the cusp of one grain with (111) plane
and another grain with non-(111) plane, the graphene may first nucleate on the (111) cusp and
propagate cross the boundaries, extend to the neighbor grain, and continuously grow on it, as
shown in Fig. 8b. This could happen because of the epitaxial growth of graphene and the fast
surface carbon diffusion on the catalyst surface. The formation of graphene sheets of different
thicknesses may be attributed, not so much to thermodynamics equilibrium arguments, but to
arguments based on kinetics, i.e. to the faster growth rate of graphene near the grain boundaries.
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Thus, we consider the formation of graphene segments on nc-Ni surface is ascribed to the above
two synergetic growth mechanisms. We may conclude that crossing grain boundary growth
and stacking growth behaviors reflect the complex processes involved at the various stages
such as feedstock dissociation, carbon diffusion, segregation on the steps, and graphene
extrusion.
3.3 Dynamic growth process and influencing parameters

Fig. 9 SEM micrographs showing the formation of graphene segments on the free surface of the Ni-CNi sandwich film samples processed by VTP for 1 h at different temperatures: (a) 100 °C, (b) 200 °C,
(c) 300 °C and (d) 350 °C.

The annealing temperature (T) of the vacuum thermal process is one of the most significant
factors because it not only influences the growth kinetics of graphene but also the diffusion
rate of carbon atoms in Ni films. Fig. 9 and Fig. 10 illustrate the morphology and density change
of graphene segments on Ni surface when varying T from room temperature to 350 °C for 1 h
VTP. It can be seen in Fig. 9a that small graphene segments (~20 nm) were generated but with
a very low coverage (~16 %), indicating already formation of graphene at 100 °C. When T was
200 °C, more graphene domains were generated and formed a continuous film with a high
coverage of ~98.8 %, except for a few bare Ni surface areas encircled in Fig. 9b. Also, thick
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graphene segments started to form. With VTP at 300 °C, more thick graphene segments
appeared and accounted for ~15.3% area fraction, and the thin graphene films was down to
~84.4 %. When T increased a little higher to 350 °C, much more thick graphene segments were
generated and reached a higher coverage of ~48%, while the coverage of the thin graphene
decreased to ~51%. This observation clearly reveals that vacuum thermal processing at higher
temperatures leads to the growth of graphene from small domains to large segments, and from
thin graphene film to thick graphene sheets. Especially when T is above 300 °C, temperature
becomes a more sensitive parameter on the formation of thick graphene segments (see Fig. 10).
Actually, even at room temperature the carbon atoms are mobile and nucleate in the form of
graphitic structure as shown in Fig. S5 [25]. For example, after keeping the Ni film coated C
grid for 2 weeks at room temperature without any vacuum thermal processing treatment, some
lattice fringes indexed to the (002) of graphitic crystals were observed as shown in Fig. S7.
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Fig. 10 The coverage of graphene segments on the sandwich samples VTP treated for 1 h at different
temperatures from 100 to 350 °C (Thin G: thin graphene film, Thick G: thick graphene segments).

The processing time is another important factor for graphene growth at low temperatures.
We investigated the treatment time from 1 min to 96 hrs to examine the growth kinetics of the
free surface graphene film on Ni, as shown in Fig. 11 and 12. It was found that within 1 min,
graphene has already grown to a coverage of 97.2%, and thick graphene segments started to
form (~7.1% of coverage, see Fig. 12). Fast graphene formation reveals a high diffusivity of
carbon atoms and growth of graphene. With vacuum thermal processing for 10 min, more thick
graphene segments formed (~12.9% as shown in Fig. 12), and the graphene cover almost the
entire surface (~98.1%). With increasing t to 1 h, the fraction of thick graphene segments was
substantially increased to 48.0% and thin graphene films decreased to 51.5%. Up to 96 hrs
annealing, it can be seen that larger and thicker graphene segments become dominant with a
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fraction of ~80.2%. Extending the VTP time from 1 min to 96 hrs, in addition to the increase
in the thickness and coverage of graphene film, also the individual graphene segments extended
(see Fig. 11b and 11d). From these observations, it should be emphasized that the growth rate
of thin graphene films is much faster than the growth of thick graphene segments indicating a
complicated carbon diffusion and reaction processes.

Fig. 11 SEM images of the surfaces of the Ni-C-Ni sandwich film prepared by VTP at 350 °C for
different times: (a) 1 min, (b) 10 min, (c) 1 h and (d) 96 h.
100

total

60
40

Thin G
Thick G

Coverage (%)

80

20
0
1 min

10 min

1h
Time

12 h

96 h

Fig. 12 The coverage of graphene films prepared at 350 °C for various time: from 1 min to 96 h (Thin
G: thin graphene, Thick G: thick graphene segments).
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Fig. 13 SEM images revealing the graphene layer formed after VTP at 350°C for 96 h on the surface
of Ni-C-Ni sandwich film composed of (a) 50 nm thick carbon film and (b) 10 nm thick carbon film.

In this work, amorphous carbon was used as a feedstock. The reason is that most of gaseous
carbon resources require a high decomposition temperature. The fast carbon diffusivity through
Ni film and low temperature coating technique make amorphous carbon being an adequate
resource. We decreased the thickness of carbon films from 100 nm to 50 nm, and further to 10
nm (namely changing Ni to C film thickness ratio from 2:1 down to 4:1 and 20:1, coded as NiC(2:1), Ni-C(4:1), and Ni-C(20:1), respectively) for scrutinizing the effect of source carbon
content on the formation of graphene. To make sure that the carbon films exhausted as much
as possible, vacuum thermal processing was performed at 350 °C for 96 hrs. Comparing with
Ni-C(2:1) shown in Fig. 11d, the sample Ni-C(4:1) does not show obvious difference as seen
in Fig. 13a, but the sample Ni-C(20:1) demonstrates smaller coverage ~92.3%, less thick
graphene segments formed with a coverage fraction of 14.5%, and more uniform films (see Fig.
13b). Importantly, we found most of the graphene domains of sample Ni-C(20:1) is thinner and
larger than those of Ni-C(2:1) and Ni-C(4:1). These two different characteristics revealed a
smaller diffusion flux of carbon under limited carbon content and less graphene domains
nucleated. We checked the remaining carbon film after VTP, and found that less than 10% of
carbon was consumed in sample Ni-C(2:1) (see Fig. S8a). In contrast, the carbon film was fully
exhausted in sample Ni-C(20:1) (see Fig. S9a). In theory, the carbon diffusion flux through Ni
can be largely influenced by the carbon concentration under non-steady state diffusion due to
limited carbon source. Diffusion flux of carbon gets smaller and causes low carbon
concentration onto the Ni surface in the graphene induction period, leading to less graphene
nuclei and slower growth. Less graphene nucleation helps generate larger graphene segments.
The thinner graphene was thus formed due to the less provided carbon. Therefore, adjusting
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the carbon/Ni ratio is a good strategy for controlling the graphene thickness, domain size and
coverage, ever for controlling monolayer graphene growth.
A point of discussion is the diffusional processes and time scale involved. To form thin or
thick graphene films on Ni surface and along Ni/SiO2 interface diffusional processes of C are
required. Bulk diffusion of carbon through an interstitial mechanism in pure nickel is rather
difficult and requires 1.7 eV/atom (163.9 kJ/mol) from octahedral site via tetrahedral sites to
another octahedral site. In the current situation the structures of nanometer sized Ni grains are
helpful and promote grain-boundary diffusion to the outer Ni free surface. The activation
energy for grain-boundary diffusion is usually 1/3-1/2 of the bulk diffusion value (0.57-0.85
eV).
Taking the experimental value of the pre-factor in the Boltzmann description of the
diffusional process of C in Ni equal to D0 = 2×10-9 m2·s-1 [25], leads to the conclusion that at
350 °C it only takes of the order of seconds to cross a distance of 100 nm from the amorphous
C to the free surface of Ni (see Fig. 1) through grain boundary diffusion. Surface diffusion on
a {111} planes of Ni is even faster because of an even lower activation energy of 45 kJ/mol
(0.47 eV/atom). To give an idea in numbers: a surface area of Ni with the size of 10×10 μm²
can be covered in 3 minutes with carbon at 350 °C as having been confirmed by our
experimental findings.
Interestingly, theoretical calculations based on density functional theory and experiments
suggest that sub-surface diffusion of C along a {111} plane occurs at a fairly high rate, i.e.
close to grain-boundary diffusion with an activation energy of 0.9 eV [45,46]. In fact, if C is
present in a sub-surface layer, the most favorable process for carbon diffusion is to move
laterally, i.e. perpendicular to the <111> surface normal of the free surface along the {111}
plane in Ni, making use of the octahedral-tetrahedral-octahedral pathway. This lateral process
is promoted because diffusion towards the bulk needs much higher activation energy (say
above 1.7 eV) but also backward diffusion to the free surface is less likely (activation energy
1.16 eV). Indeed carbon in an octahedral site creates also lateral straining (around 9% at the
surface) and to make a patch of graphene needs quite a bit of mechanical energy which is not
very likely to occur. Other systems including ordered structures and compounds may cope with
this problem and will assist the formation of even sub-surface graphene layers which is an
interesting idea to explore making the method even more facile.
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4. Conclusions
The ultimate objective of this study is to synthesize large-area graphene-based carbon
films through a new approach to present a fast and low temperature method. It is concluded
that micrometer-sized graphene segments can be synthesized to a full coverage of a Ni surface
using low temperature (< 350 °C) thermal vacuum processing and conversion of amorphous
carbon. It is confirmed through electron microscopy that thin graphene segments (3-6 layers)
and thick graphene segments (more than 10 layers) are grown on the Ni free surface. Growth
parameters such as growth time, growth temperature and C/Ni ratio are investigated in detail
for the kinetic control of graphene growth.
An important conclusion is that the complete coverage of Ni surface by graphene-based
carbon can be achieved within a time as short as 1 minute. An overall conclusion and outlook
is that this work provides a competitive strategy for manufacturing of graphene-based carbon
coated surfaces at an industrial scale and that the quality of as-grown graphene-based carbon
films can be further enhanced.
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Fig. S1a is an SEM image of the Ni-C-Ni sandwich film deposited on SiO2 (300 nm
thick)/Si substrate (500 µm thick). The size of the Ni particle is less than 20 nm. The XRD
pattern shown in Fig. 1b demonstrates (111) and (200) peaks of Ni. It indicates a
nanocrystalline Ni film from the large full width at half maximum (FWHM). The surface
roughness was measured by using AFM. Fig. S2 is the AFM image of Ni-C-Ni sandwich film
before VTP treatment. It reveals the deposited poly-Ni has a smooth surface with an RMS
toughness of ~0.1 nm.
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Fig. S1 SEM image (a) and XRD pattern (b) of the Ni-C-Ni sandwich film deposited on SiO2
(300 nm thick)/Si substrate (500 µm thick).
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Fig. S2 AFM image of Ni-C-Ni sandwich film before annealing

Fig. S3 High-resolution SEM images revealing the topographic contrast (a) and voltage
contrast (b) of the same view field of pure nanocrystalline Ni film after VTP treatment at
350 °C for 1 h.
2

Table S1 Raman intensity ratio ID/IG and FWHM (W) of the D and G bands for the freesurface graphene and interface graphene, respectively.
ID/IG

WD (cm-1)

WG (cm-1)

Free-surface graphene film

1.8

141

65

Interface graphene film

2.8

240

79

The calculation of ID/IG refers to the peak intensity of D and G peaks after deconvolution of
Raman spectra as shown in Fig. 3b and Fig. 3d. The full width at half-maximum (FWHM) of
the D and G peaks is listed in Table S1. The larger FWHMs for the interface graphene film
indicate that the interface graphene film has a higher content of defects and smaller distances
between the defects (LD) than the free surface graphene film. The ID/IG of free surface
graphene is also smaller than the ID/IG of the interface graphene, indicating a slightly better
quality.
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Fig. S4 SAED, TEM and HRTEM images of nc-Ni film coated amorphous carbon on Cu
grids.
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Fig. S5 (a) SEM and (b) TEM images of nc-Ni film coated amorphous carbon on Cu grid
after VTP at 350 °C for 12 h.
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Fig. S6 SEM images of the Ni-C-Ni sandwich film kept for 4 weeks at room temperature
(~20 °C). Small graphene domains start to nucleate even at room temperature, although it
took a long time. This observation is consistent with the previous results of Ref. [1].

6

Fig. S7 HRTEM image of nc-Ni film coated amorphous carbon TEM grid kept for 2 weeks at
room temperature. The white arrows show the lattice spacing of ~0.34 nm indicating
graphene crystals formed at room temperature.
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Fig. S8 Cross-sectional SEM image and element distribution of the Ni-C-Ni sandwich film
with 100 nm thick carbon film after processed by VTP at 350 °C for 96 h. After VTP,
abundant C still exists, indicating the Ni is saturated with C. In this case, the graphene growth
mainly relies on the reaction rate instead of on reactants transport rate.

8

Ni
Ni
Ni

C

Si

Fig. S9 Cross-sectional SEM image and element different distribution of the Ni-C-Ni
sandwich film with 10 nm thick carbon film after processed by VTP at 350 °C for 96 h. After
VTP, all the C film was exhausted because the carbon middle layer disappeared.
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