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Abstract 8 

The growth dynamics of layered carbon is studied by means of in situ transmission electron 9 

microscopy in order to obtain a deeper insight into the growth by chemical vapor deposition, 10 

which at present is the technique of choice for growing layered carbon. In situ growth of layered 11 

carbon structures on nickel using acetylene as carbon precursor gas is studied in the electron 12 

microscope at various gas pressures. By following the growth of individual graphene layers on 13 

the Ni surface, local growth rates are determined as a function of precursor pressure. Two 14 

growth regimes are identified, an initial rapid growth, which does not show a strong 15 

dependence on pressure, followed by a slower growth with a strong pressure dependence. 16 
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1. Introduction 1 

Carbon based materials like carbon nanotubes (CNTs) and graphene attract a lot of interest due 2 

to their mechanical and electronic properties and their low mass [1]. The most efficient and 3 

preferred synthesis method is chemical vapor deposition (CVD) on metallic catalysts in the 4 

form of nanoparticles for CNTs [2] and polycrystalline wafers or foils for graphene. Copper 5 

(Cu) is mainly used for growing single layer graphene, as it shows a self-limiting growth [3–6 

5]. One drawback of Cu as catalyst is the high process temperature of about 1000 °C leading 7 

to technological challenges for oven material and high process energy costs. Nickel (Ni), as an 8 

alternative, turns out to be a good catalyst for low-temperature graphene growth at about 450-9 

650 °C [6,7] and can grow multilayer graphene, which can be of use for certain electronic 10 

applications [8] or as diffusion barrier [9] and corrosion protection [10]. However, the growth 11 

process is more difficult to control especially for single or few layer graphene. The main reason 12 

for the difference in controllability is assumed to be connected to the solubility of carbon in the 13 

two metals, which is higher in Ni than in Cu [11]. The solidification of carbon from gaseous 14 

carbon containing precursors to (multi-layer) graphene has been suggested to involve dissolved 15 

carbon, which after super-saturation of the nickel leads to precipitation. The appearance of 16 

carbon species at the surface and in the subsurface during growth was confirmed by X-ray 17 

photoelectron spectroscopy (XPS) studies [7,12]. To control the growth of single layer 18 

graphene on the catalyst, a fundamental understanding of the growth of layered carbon itself is 19 

needed. Direct observation of the layer growth will unquestionably contribute to this. In situ 20 

transmission electron microscopy (TEM) experiments were conducted on the growth of carbon 21 

fibers on Ni nanoparticles. From these experiments, growth rates of these fibers were obtained 22 

and a growth mechanism proposed which involve the diffusion of carbon through the particle 23 

[13], whereas a growth mechanism mainly involving carbon diffusion on the Ni surface was 24 

proposed elsewhere [14]. However, the dynamics of the individual layer growth was not 25 
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investigated. As the situation for an extended flat surface might be completely different due to 1 

the lower surface curvature and the volume of the catalyst, we perform in situ TEM on more 2 

extended surfaces to get a deeper insight in the growth of individual layers and address the 3 

question of growth dynamics. 4 

2. Experimental 5 

In order to mimic the flat surface of Ni foils or wafers used in large-scale ex situ CVD growth 6 

of layered carbon, but are unsuited for TEM investigations, nickel oxide (NiO) powder with a 7 

particle size up to a few hundred nanometers was used as a precursor for the catalyst in the 8 

present study. Furthermore, the geometry of the NiO particles provides extended Ni surfaces 9 

with small curvature after reduction, allowing for direct observation of the (multi-layered) 10 

graphene in the environmental transmission electron microscope (ETEM).  The small curvature 11 

is clearly different to the large curvature of nanometer sized Ni particles which result in carbon 12 

nanotube growth [14]. NiO resembles the native oxidized surface of Ni, which is always 13 

present when stored under ambient conditions requiring a reduction procedure before CVD 14 

growth. 15 

In situ electron microscopy growth of layered carbon structures and corresponding analysis 16 

using an ETEM is performed by exposing Ni to a precursor gas atmosphere of acetylene (C2H2). 17 

The ETEM is operated at 300 kV in order to optimize the microscope performance in terms of 18 

resolution and signal-to-noise ratio while operating in a gaseous atmosphere [15], even though 19 

this is above the threshold for knock-on damage of carbon atoms within a graphene sheet [16]. 20 

Great care was taken to minimize electron beam damage of the grown carbon structures. Under 21 

the chosen conditions, with the dose rate at a maximum of about 2x106 e-/(nm2s), no obvious 22 

degradation of the grown graphene layers was observed. The electron microscope itself is 23 
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cleaned by bake-out of the gas feed lines and internal plasma cleaning between experiments in 1 

order to minimize cross contamination between individual experiments. 2 

The NiO powder is dispersed on a micro electro-mechanical systems (MEMS)-based heating 3 

chip with a holey Si3N4 membrane on top (DENSsolutions). The samples are plasma cleaned 4 

(Ar/O2 gas) prior to insertion in the ETEM in order to reduce surface contamination. Moisture 5 

within the porous structure of the NiO agglomerates is minimized by heating the sample to 350 6 

°C for about 30 min in the microscope. The NiO sample is then reduced in situ in the ETEM at 7 

500 °C in flowing hydrogen (H2) building up to a pressure of 1.2 mbar for 1h. The temperature 8 

is increased to the growth temperature of 650 °C and C2H2 gas is added to the H2 gas flow. 9 

This procedure ensures that the catalyst is maintained in a consistent and reproducible state of 10 

metallic Ni and prevents high-temperature reoxidation due to residual oxidizing agents in the 11 

ETEM. With the proposed procedure a clean system is ensured, leading to a reproducible and 12 

successful route to graphene growth.   13 
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3. Results 1 

To confirm that NiO is reduced to catalytic active metallic Ni in the electron microscope, 2 

spectroscopic information by means of electron energy-loss spectroscopy (EELS) are acquired 3 

during reduction in H2. The spectra acquired from extended surface areas of individual catalyst 4 

particles (up to at least 20 nm from the particle surface) clearly show the reduction from NiO 5 

to metallic Ni (Fig. 1). The fine-structure of the Ni L2/3-edge observed at an energy-loss 6 

Figure 1: Electron Energy-Loss Spectra of the catalyst 
in vacuum (black) and under H2-atmosphere after 
reduction (red) in the electron microscope. The change 
in the fine structure of the Ni L2/3-edge (a) combined 
with the absence of the oxygen K-edge after reduction 
(b) indicates the success of reducing the catalyst from 
NiO to Ni. 
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between approx. 855 eV and 880 eV in the black and red spectra in Fig. 1a is characteristic of 1 

oxidized and metallic nickel, respectively [17]. Additionally, the O K-edge at about 532 eV 2 

(Fig. 1b) is absent in the reduced state. Therefore, a full reduction of the surface area of at least 3 

20 nm thickness is confirmed. Possible unreduced NiO fractions within the Ni particles or 4 

agglomerates, as reported previously [18], are neglected and no influence of reduction products 5 

on the environment is assumed. In order to check for carbon contaminants on the catalyst before 6 

initiating the growth, the EELS signal around 284 eV is also acquired (carbon K-edge). No 7 

sign of carbon was observed, which means that if carbon is present, it is below the detection 8 

limit. 9 

To investigate the pressure dependence of the growth of carbon layers, two different partial 10 

pressures of C2H2 of approximately 1×10-4 and 3×10-4 mbar were used. Figure 2 shows the 11 

development from single/few layer graphene to a relatively thick graphitic structure illustrated 12 

by stills from acquired movies of the dynamic process. The in situ growth results in well-13 

aligned carbon layers with an inter-layer distance of about 0.34 nm corresponding to the 14 

interlayer distance in graphite. Furthermore, EELS of the grown layered material shows a 15 

strong carbon signal (Fig. 2d) characteristic of layered graphitic carbon. 16 
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Quantitative data from the in situ growth is extracted by plotting the number of carbon layers 1 

formed as function of time. Only fully-formed carbon layers (within the field of view) are 2 

considered in the growth analysis. Figure 3 shows the layer growth rate extracted from 3 

observation of growth at a C2H2 pressure of approx. 3×10-4mbar. The data is extracted from 4 

three distinct areas and shows the same trend. The data from area 1 and 2 are aligned in time 5 

Figure 2: Images from the experiments at growth (650 °C, P(C2H2)= 3×10-4 mbar). The layered structure on 
the Ni surface is clearly visible. EELS data from the layered structure clearly shows the carbon K-edge with 
the characteristic π*and σ* bands. 
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at the observation of 4 formed layers, the data of area 3 is aligned to 2 for 42 formed layers. 1 

Missing data in the growth curves are either due to frames, which could not be analyzed as the 2 

image was out of focus, severe drift or not acquired due to limited data file buffer size. 3 

The measured data are fitted linearly in six time regimes (a-f), which give the layer growth rate 4 

as a function of time / carbon structure thickness. Figure 3 shows at least two different growth 5 

regimes. After an initial high layer growth rate (a and b), the growth slows down in the range 6 

of 10 to 15 carbon layers (c and d), and slows down further after 30-40 layers are formed (e 7 

and f). The initial growth is relatively fast with a rate of 0.6-0.8 layer/s. As the number of layers 8 

increase the observed growth rate decreases to 0.19 layer/s in the timeframe of the experiment. 9 

The pressure dependence of the growth in general and the growth rate in particular is studied 10 

by repeating the experiment with a C2H2 pressure of 1×10-4mbar. The decreased precursor 11 

pressure still result in aligned carbon layers on top of the Ni catalyst. Again, two regimes are 12 

found in the layer growth rate as shown in Fig. 4. The first 30 layers grow rapidly, with a 13 

growth rate of about 0.4 layer/s. As in the ‘high-pressure’ case, for higher number of layers 14 

Figure 3: Number of carbon layers per time extracted 
from in situ TEM movies of the growth at three distinct 
areas. a-f give the distinct linear fits. 
 T= 650 ⁰C, P(C2H2)= 3×10-4 mbar. 
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(here about 30) the growth rate decreases significantly to 0.02 layer/s. Apparently, the initial 1 

growth rate is only slightly lower for the low pressure (1×10-4 mbar) study compared to the 2 

high pressure (3×10-4 mbar) indicating that the underlying mechanism at this stage is less 3 

pressure-dependent. However, the growth rate after approx. 30 layers is an order of magnitude 4 

lower for the low pressure study than for the high pressure study. The in situ measured growth 5 

rates are summarized in Tables 1 and 2. 6 

Table 1: Layer by layer growth rates extracted from linear fits of in situ observed layer growth (Fig. 3). 7 
T= 650 ⁰C, P(C2H2)= 3×10-4 mbar. 8 

 
layer/s standard error 

a 0.81 0.04 
b 0.56 0.03 
c 0.26 0.02 
d 0.25 0.01 
e 0.19 0.01 
f 0.21 0.01 

 9 

Table 2: Layer by layer growth rates extracted from linear fits of in situ observed layer growth (Fig. 4). 10 
T= 650 ⁰C, P(C2H2)= 1×10-4 mbar 11 

 
layer/s standard error 

a 0.43 0.01 
b 0.02 0.01 

 12 
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In order to study the growth in greater detail, the in-plane layer growth rate, the growth rate of 1 

projected individual graphene layers is extracted from the acquired movies. The frames are 2 

spatially aligned using the plugin StackReg in ImageJ [19]. After the first graphene layer 3 

formed at the Ni surface, additional carbon layers are formed at the nickel/carbon interface by 4 

a ledge growth mechanism as illustrated in Fig. 5. The relative position of the growth front 5 

(illustrated by arrows) is extracted from individual frames and converted to a growth rate. In 6 

some cases two layers are observed to grow simultaneously within the same limited field of 7 

view. The projected rate of the in-plane layer growth is plotted for several layers in Fig. 6 and 8 

7 (the color coding is identical to Fig. 3 and 4). In both experiments the growth rate appears 9 

very scattered, but is clearly slower in the lower pressure range, which matches the decreased 10 

layer growth rate. However, in the higher pressure range there seems to be a trend of the in-11 

plane growth rate slowing down with time. This becomes apparent when comparing the data 12 

points of growth regimes d and f. These data come from the same area at different growth 13 

times. Correlating the layer growth rate with the in-plane growth rate, both seem to be 14 

Figure 4: Number of carbon layers per time extracted 
from in situ TEM movies of the growth at two distinct 
areas. a and b give the distinct linear fits.  
T= 650 ⁰C, P(C2H2)= 1×10-4 mbar. 
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connected, as for the higher layer growth rate (d compared to f in Fig. 3) the in-plane growth 1 

rate also seem to have a tendency of being higher (red and pink data points of area 2 in Fig. 6). 2 

 3 

Figure 5: Image series with 0.61 s between the images. Following the arrow, one can follow the in-plane 
growth of the carbon layers. (d) dashed arrow (vin-plane) indicates the in-plane growth, dotted arrow (vlayer) 
indicates the layer growth. T= 650 ⁰C, P(C2H2)= 3×10-4 mbar. 
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4. Discussion 1 

The fast initial growth might be connected to the solubility of carbon in Ni, as found in XPS 2 

studies [7,12,20]. After carbon (super)saturation of the first few atomic Ni layers, a graphene 3 

seed nucleates and carbon diffuse to the surface and nucleate at the seed resulting in the 4 

formation of the first graphene layer. This is in agreement with the model suggested by Patera 5 

et al. [20]. If carbon for the initial growth is coming from the Ni bulk, the growth rate could be 6 

assumed to be less precursor pressure dependent as it is limited by the diffusion kinetics in 7 

Figure 6: Growth rate in-plane; growth rate for growth 
regime d, e and f (Fig. 3). T= 650 ⁰C, P(C2H2)= 3×10-4 

mbar. Colors correspond to colors in Figure 3. 

Figure 7: Growth rate in-plane; growth rate for growth 
regime b (Fig. 4). T= 650 ⁰C, P(C2H2)= 1×10-4 mbar. 
Colors correspond to colors in Figure 4. 
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solid nickel. However, the absolute time for saturation is dependent on the gas pressure, which 1 

influence the incubation time. Furthermore, the carbon depth profile is influenced by kinetics 2 

and might show pressure dependence. With higher pressure more carbon can diffuse into Ni at 3 

once. But as carbon has a very limited solubility in Ni, the first Ni sublayers are saturated faster 4 

meaning the thickness of saturated Ni sublattice is thin, the depth profile is shallow. At lower 5 

pressure less carbon diffuse into Ni at once and it takes longer to saturate the first Ni sublayers. 6 

This means carbon can diffuse deeper into the Ni sublattice until saturation of the first layers 7 

is reached, the depth profile should reach deeper. So the thickness of Ni sublattice with 8 

dissolved carbon is thicker for lower pressures (more carbon dissolved), which leads to more 9 

layer growth in the first growth regime. This matches the observation of up to about 30 layers 10 

in the faster growth regime for the lower pressure and about 15 for the higher pressure. 11 

Nevertheless, from the Ni-C phase diagram [21] a maximum solubility of carbon under 12 

equilibrium conditions of about 2.7 at% is reported, which can be extended up to about 7.4 at% 13 

at 1314 °C in a metastable phase. By calculating the volume and surface of a Ni sphere 100 nm 14 

in diameter and the number of carbon atoms in a single graphene layer covering this surface, 15 

the carbon concentration needed is about 2.4 at% close to the saturation concentration, 16 

assuming a homogeneous distribution of carbon in the Ni sphere. For 10 layers a concentration 17 

of about 20 at% is needed. This rough estimate already shows that the carbon for the numerous 18 

graphene layers cannot solely come from the dissolved carbon in the Ni.  19 

The slower and apparently more pressure-dependent growth regime fits a diffusion driven 20 

mechanism, namely the carbon atoms to the active Ni surface at the Ni-graphene interface from 21 

the gas phase itself. The energy barrier for diffusion of carbon atoms at the Ni-graphene 22 

interface is low (about 0.5eV) and additional carbon atoms tend to nucleate at the existing 23 

graphene edge [14,22]. Step edges which should facilitate the growth of graphene cannot be 24 

observed clearly, which might be due to the projected image of the rather large particle. 25 
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The growth of numerous graphene layers in the experiments has two prerequisites: access of 1 

the gaseous specie to the Ni surface to decompose into carbon atoms, and diffusion of the 2 

carbon atoms to the growth front. Diffusion through the defect free graphene layers is unlikely 3 

[23,24], but as we are dealing with grown graphene layers on rather large particles and particle 4 

agglomerates, the presence of defects in the graphene layers, can allow gas to diffuse to the C-5 

Ni interface, or areas with little or no graphene layers, can act as gateways for carbon precursor 6 

to the catalytic surface. It has been reported that carbon can easily diffuse at the Ni-graphene 7 

interface and the Ni subsurface [14,22], but the diffusion length in our experiment still remains 8 

long. From the growth movies of the present experiments the carbon diffusion at the Ni 9 

(sub)surface has to be at least several tens of nanometers from source to growth front as no 10 

defects in the layered carbon was observed in the field of view. This rather long diffusion length 11 

and the small curvature geometry of the catalyst particles shows the clear difference to carbon 12 

nanotube growth and the underlying mechanisms, as the particles size for nanotube growth 13 

ranges below 10 nm. The results obtained here should be much closer to the flat wafer or foil 14 

geometry of a large scale CVD process. 15 

The scatter of the in-plane growth rate found in both, the ‘high pressure’ experiment and the 16 

‘low pressure’ experiment indicates that the formation of carbon layers might be difficult to 17 

control. Especially the scattering within the growth of one layer in the lower pressure 18 

experiments suggests a strong dependency of the substrate structure, like orientation and 19 

defects [25–27], which is subject to future in situ studies. However, in the present work we 20 

were not able to uniquely determine the surface termination of the Ni during growth. 21 

Furthermore, several layers of carbon are formed very quickly on the nickel surface in the 22 

initial stage. This process seems to be less pressure dependent than the latter growth process, 23 

making it very hard to limit the growth to single or double layer graphene under the present 24 

growth conditions. 25 
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As the growth rate is extracted from a projection, and influenced by the actual number of carbon 1 

atoms joining the carbon layers per time depending on the thickness of the sample 2 

perpendicular to the electron beam needs to be taken into account. For the same particle, this 3 

effect should be negligible as the grain thickness should not change within the recorded movie. 4 

5. Conclusion 5 

Successful in situ graphene growth on Ni at 650 °C in the ETEM was performed. From movies 6 

recorded during growth, layer growth rates and in-plane growth rates were extracted. At least 7 

two growth regimes were observed: an initial fast regime for the first few layers followed by a 8 

slower regime for higher layer numbers. The in-plane growth rate appears to correlate to the 9 

layer growth rate. Furthermore, the slower growth regime shows pressure dependence, whereas 10 

the faster growth regime seems to be significantly less pressure dependent. A resulting 11 

thickness of the perfectly aligned carbon structures of tens of nanometers indicate a continuous 12 

supply of carbon to the growth front from the gas phase. 13 

  14 
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Supplementary 1 

Three growth movies are included as supporting information. Movie1.avi showing the initial 2 

growth at higher pressure, Movie2.avi showing the slower growth after few layers growth at 3 

higher pressures, Movie3.avi showing the slower growth after few layers growth at lower 4 

pressures. This material is available online. 5 
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