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The isolation of graphene by Novoselov et al in 2004
1
 ignited massive interest in this material. For graphene to succeed 

fully as a future material its controlled fabrication is required. While numerous routes have been and are being developed, 

chemical vapor deposition (CVD) is by far the most common approach. There is also in interest in forming graphene 

directly from adsorbed molecules on a substrate. Few examples exist and those that do require multiple steps and rarely 

offer large graphene domains. In this work we demonstrate a remarkable simple route in which organic solvent precursor 

molecules are heated in a hydrogen rich atmosphere to directly form graphene over clean Cu foils. The single-step 

synthesis route has been studied systematically. The systematic studies not only highlight the importance of hydrogen 

radicals for this reaction, but also provide improved understanding of the role of hydrogen in the formation of graphene 

from hydrocarbon precursors (e.g. graphene fabrication from thermal CVD). 

 

Introduction 

The case for graphene as a future material is strong given its 

numerous exciting electronic, chemical, mechanical and 

thermal properties amongst others.
1–5

 To this end there is 

significant interest in developing fabrication routes as this is 

key to allow us to truly harness graphene's properties. 

Numerous routes have been developed. Chemical vapor 

deposition (CVD) in which hydrocarbons are decomposed over 

a substrate is perhaps the most popular route since it is a 

technique commonly adopted by the semiconductor industry 

and it is also relatively facile to set up in research laboratories. 

Moreover, the technique is highly successful, particularly when 

growing graphene over Cu.
6–8

 Another fabrication avenue 

which also involves metals, but which have a high carbon 

solubility, is based on carbon dissolving through
9
 or out of the 

metal so that the resultant precipitating carbon on the surface 

forms graphene.
10–13

 Graphene can also be obtained through 

exfoliation, either through mechanical exfoliation
1
 or chemical 

exfoliation
14,15

 which generally yields graphene oxide which 

can then be reduced to provide reduced graphene oxide
16–20

. 

The synthesis of graphene has also been explored using 

thermal polymerization such as the polymerization of quinone 

molecules although this is a somewhat complicated route in 

that it requires a three step thermal treatment.
2,3

 In another 

chemo-thermal approach graphene nanoribbons (GNRs) can 

also be formed through various heating steps from precursor 

monomers such as 10,100-dibromo-9,90-bianthryl monomers 

to first dehalogenate the monomers followed by 

Cyclodehydrogenation.
21

 Aside from CVD and chemo-thermal 

based routes, solution-based bottom-up approaches have also 

been shown. They include techniques in which small aromatic 

hydrocarbons are brought together to form a larger structure 

(graphene) through coupling reactions.
2,22

 A drawback of this 

technique is that the reduced solubility of large polycyclic 

systems makes the formation of large graphene domains 

challenging.
23

  

In this work, we demonstrate a single-step path to form 

micron-sized mono-layer and bi-layer graphene flakes over Cu 

through a remarkably simple chemo-thermal route in which 

solvent molecules adsorbed on the Cu substrate surface serve 

as the precursor.  

Experimental 

Cu substrate pre-treatment 
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High purity copper foil (25 µm) from Alfa Aesar (99.999%) was 

used as the substrate. Prior to the chemo-thermal graphene 

growth the Cu foil was first cleaned. This was achieved heating 

the Cu foil in air at 800 
o
C for 30 min. (after which the foil looks 

black). The oxidized foil was then reduced by heating in an H2 

atmosphere for 30 min at 1025
o
C. 

Direct synthesis of graphene 

After this the foil is ready for dip coating in a solvent, a process 

which leaves solvent molecules adsorbed on the surface of the 

foil. Three solvent, acetone, isopropanol and ethanol were 

explored. These solvents (VMR international) all have purity of 

99.8% for analysis. After dip coating the foil was allowed to dry 

at ambient conditions. Once dry the foil was loaded into a 

purpose built horizontal (quartz) tube furnace. The reactions 

were run in pure H2 using flow rates between 1 sccm and 100 

sccm, pressures from 2 mbar to 1000 mbar and temperatures 

ranging from 700 
o
C to 1050 

o
C.  The reaction time was 30 min. 

After the reaction the system cooled to room temperature 

while in a pure Ar environment (flow 200 sccm). Once cooled 

the foil was carefully removed and subjected to multiple 

characterizations. 

Characterization 

Scanning electron microscope investigations were conducted 

on a Zeiss Ultra Plus (5kV) and an FEI Quanta FEG 250 (5 kV). 

Atomic force microscopy measurements were accomplished 

using a Cypher AFM unit from Asylum Research using the 

tapping mode with a 1024 by 1024 resolution and a line scan 

rate of 1.4 Hz. Transmission electron microscopy investigations 

implemented an FEI Titan 80/300 cubed instrument with a 

CEOS image corrector. It was operated at 80 kV. Raman 

Spectroscopy measurements were conducted using a 

Renishaw In-Via spectrometer with an excitation laser 

wavelength of 514 nm. 

Calculation of gas equilibrium 

Thermodynamic calculations were performed using the NASA 

computer program CEA (Chemical Equilibrium with 

Applications). To start with, the constant pressure and constant 

temperature mode is selected. Then, the initial condition is set with 

H2 of ca. 3 µmol and acetone of ca. 0.003 µmol. Next, the same 

amount isopropanol and ethanol were introduced individually with 

H2 in the solvent variant set. The amount of solvent molecules was 

set to 0.003 mol (modeling the density of adsorbed molecules by, 

one molecule adsorbing on one Cu atom in a 1 cm
2
 Cu surface). 

Hence, the mole concentration (calculated) for each radical at 

equilibrium is derived from both reactants.   

The equilibrium state is selected at condition of pressure (10 mbar) 

and temperature (1025 
o
C). For each temperature depending 

experiments, the corresponding calculation were carried out (700 
o
C-1050 

o
C). Thus, each calculation was also carried out with variant 

pressure (2 mbar -1000 mbar). With increasing pressure, the H2 

amount increase from 0.6 µmol to 320 µmol based on PV=nRT 

equation.  

Results and discussion  

Fig. 1  Illustration showing the foil cleaning steps. 
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One-step graphene synthesis from adsorbed molecules 

In our facile chemo-thermal route high purity Cu foil is simply 

dipped in a solvent (or a few solvent drops are dropped on the 

Cu foil). This leads to organic solvent molecules adhering to 

the Cu substrate surface. However, prior to deposition of 

precursor molecules a critical step is to ensure the cleanliness 

of the Cu foils surface. This is because often the as-received 

foil has residual grease on the surface that itself can serve as a 

carbon precursor.
24

 Various cleaning strategies have been 

shown including annealing in air
25

. In our work the most 

efficient was to burn the foil in air followed by annealing in an 

H2 environment (16 sccm). After this no graphene or carbon 

species were found after thermal treatment in pure Ar or pure 

H2 confirming the foil is free from carbon based contaminants. 

To grow single crystal graphene flakes ca. 1 µm in diameter the 

clean foil was dipped in a solvent (acetone, isopropanol or 

ethanol) and then left to dry at ambient conditions. EDX 

measurements of the C loading relative to measured Cu signal 

(with no measurable C loading) shows C/Cu ratios of 0.3, 0.4 

and 0.5 (error 0.1) for acetone, isopropanol and ethanol 

respectively. In short the carbon loading is similar (within the 

error). Once dry the foil with precursor molecules was placed 

in a furnace at temperatures between 700
o
C and 1025

o
C with 

H2 at a total  

flow of 16 sccm. The full process is shown schematically in Fig. 

1. Graphene growth was only observed between 800
o
C and 

1025
o
C. A variety of pressures and flow rates were also 

investigated alongside the temperature studies. No graphene 

was observed without H2 being included in the chemo-thermal 

treatment. 

After growth scanning electron microscopy (SEM) and atomic 

force microscopy (AFM) revealed the formation of numerous 

graphene flakes on the Cu surface (see Fig. S1 in the 

supplementary information). For the most part the flakes have 

six facets, however, at times flakes with 4 facets were 

observed or they appeared somewhat round. The average size 

of these flakes varies between 100 nm and just over 1 µm 

depending on the temperature of the process (discussed later). 

Closer examination of the flakes by both SEM and AFM show 

they have wrinkles which is typical of graphene grown over Cu 

(see Fig. 2). 

In addition, in SEM one sees changes in contrast which can be 

indicative of layer number. Indeed a detailed study (see e.g. 

Fig. S2) suggests the flakes are either monolayer, bi-layer or 

monolayer with secondary islands on them. The SEM contrast 

C was determined from: 

C = (Io-I)/Io 

where I is the measured intensity of the flake and Io is the 

background (substrate) intensity.
26

 I and Io were determined 

using Gwyddion data analysis software. 

The AFM studies in which the heights are measured show 

homogeneous flakes with heights typically ranging from 0.76 

to 0.82 nm and from 1.1 to 1.3 nm concomitant with mono- 

and Bi-layer graphene. In addition, flakes with islands on them 

are also observed (right panel Fig. 2).  

Fig. 2  (from top row to bottom) SEM (left) and AFM (right) micrographs of mono-layer, monolayer with second layer as an island and 

bi-layer graphene flakes as determined from relative contrast (SEM) or height measurements (AFM). 
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To confirm these flakes actually are comprised graphene, 

Raman spectroscopy was implemented. The sp
2
 carbon and 

graphene can relatively easily be determined through Raman 

spectroscopy through their primary signature modes at ~1350 

cm
-1

 (D mode), ~1600 cm
-1

 (G mode) and ~ 2700 cm
-1

 (2D 

mode). For all flakes examined (> 150) all three modes are 

visible as shown in Fig. 3a. In some cases the relative intensity 

of the G mode and 2D mode (2D/G) lies between 2 and 3 and 

the 2D mode is relatively narrow and symmetrical. These 

spectra are attributed to monolayer graphene (e.g. Fig. 3a red 

spectrum).
2,27

 In other cases the ratio of the 2D/G mode lies 

between 0.5 and 0.7 while the 2D mode is now asymmetrical 

and is slightly up-shifted (3 to 5 cm
-1

) suggesting AB stacked bi-

layer graphene (Fig. 3a black spectrum)
28

 while yet in other 

cases the 2D/G ratios lie between 5 and 6 and the 2D with the 

2D peak also slightly up-shifted.
29

 This final type of spectrum is 

associated with non-Bernal stacked or twisted bi-layer 

graphene with rotational angles between ca. 20
o
 and 30

o
.
30

 

 

In addition to Raman spectroscopy, low-voltage transmission 

electron microscopy (LVTEM) is an excellent tool with which to 

characterize graphene.
31

 We conducted numerous LVTEM 

studies on our samples. Selected area diffraction (SAED) and 

Fast Fourier Transform data show the three-fold diffraction 

symmetry of graphene and the reflex spacings for the {10-10} 

and {11-20} orientations are in agreement with graphene. High 

resolution TEM micrographs reveal the typical honeycomb 

lattice of graphene (Fig. 4 a and c) and at times Moiré patterns 

(Fig. 4b) indicating rotational stacking of graphene were 

observed.
29

  Careful counting from the layers with respect to 

vacuum confirmed the presence of only mono or bi-layer in 

the sample. Moreover, intensity profiles across the (10-10) and 

(11-20) reflexes further confirmed the presence of mono- and 

bi-layer graphene as for example shown in panels d and f of Fig. 

4. 

 

Fig. 3  a. Typical Raman spectra (after transfer to Si/SiO2 wafers) from flakes for Bernal (A-B) stacked graphene, mono-layer graphene 

and twisted bi-layer graphene (ca. 20
o
 - 30

o
 rotation). b. Evolution of Raman spectra from graphene with respect to 

annealing/synthesis temperature. The quality of the graphene improves with increasing temperature. 

Fig. 4 High resolution TEM micrographs of monolayer graphene (a), twisted bi-layer graphene showing Moiré patterns (b,e) and 

Bernal (AB) stacked bi-layer graphene (c). Insets: Diffraction information from SAED (a,c) or FFT (b,e). Panels d and f show the relative 

intensities of the (10-10) and (11-20) reflexes corresponding to monolayer and Bernal bi-layer graphene respectively. 
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Temperature influence and activation energy 

We now turn to an examination of the graphene flakes growth 

with respect to temperature, pressure and flow rate. We begin 

with temperature variations. For this study the pressure was 

held at 10 mbar and the flow rate set to 16 sccm. 

Temperatures between 700
o
C and 1050

o
C were explored. 

Graphene flakes were only observed for temperatures 

between 800
o
C and 1025

o
C (Fig. 5). By eye one can easily see 

that as the temperature increases from 800
o
C to 1025

o
C, 

the flake sizes increase and the density falls. 

One can plot both the average flake diameter versus the 

reciprocal temperature to form an Arrhenius plot for each 

organic (precursor) solvent as shown in Fig. 6.    

Both the change in diameter and density are linear and allow 

one to extract the activation energies, Ea, from the Arrhenius 

plot from the Arrhenius equation: 

k = Ae
-Ea/(RT)

 

where k is the rate constant of a reaction, A is the prefactor, Ea 

is the activation energy, R is the universal gas constant and T is 

the temperature (Kelvin). 

The Arrhenius plots in Fig. 6 (top row) shows that the growth 

rate increases with increasing temperatures (negative slope) 

and indicates an increase in available carbon species for 

growth, viz. precursor decomposition and diffusion of 

Fig. 5   Representative SEM micrographs showing graphene flake formation and size with reaction temperature. (In these examples 

acetone molecules were adsorbed on the Cu foil prior to synthesis). 

Fig. 6  Arrhenius plots for all three solvents for average diameter (top row) and flake density (bottom row). The activation energies, 

Ea, are provided in red inside each graph. 
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molecular/atomic species is increased. The growth activation 

energies are similar for all three organic solvents explored. It is 

slightly lower for isopropanol. 

The activation energies, Ea, for the change in density with 

temperature show a positive slope indicating a reduction in 

graphene island density, and hence a reduction in nucleation 

site, as temperature increases. This could be attributed to the 

presence of fewer surface defects on the Cu substrate surface 

existing with increasing temperature, assuming nucleation 

occurs at surface defects. In addition, an increase in available C  

species for growth, improved species surface diffusion and 

fewer surface defects with increasing temperature. One might 

anticipate an increase in surface desorption of species with 

temperature too. In addition, the number of radicals can also 

increase with increasing temperatures. Thermodynamic 

calculations (based on CEA software) show an increase in H*, 

O*, CH3 and graphitic C (see Fig. S3 in the supplementary 

information). Indeed studies in which we evaluate the total 

graphene area with respect to Cu surface area shows an initial 

increase with temperature to a maximum at around 1000 
o
C 

after which it falls (see Fig. S4 in the supplementary 

information). The initial increase is due to the improved 

precursor decomposition and surface diffusion, however after 

1000 
o
C etching by radicals and surface desorption of species 

dominate and the graphene/Cu area ratio decreases. 

We also evaluate the changes to the graphene flakes with 

respect to temperature using Raman spectroscopy (Fig. 3b). At 

low temperatures the D mode is relatively strong compared to 

the G mode. Moreover, an additional peak next to the G mode, 

the so called D' mode, appears at low temperatures and also 

reduces with increasing temperatures. The D' mode is also 

related to defects.
32–34

 This indicates that at low temperatures 

the graphene flakes are rather defective. This might be 

attributed to the availability of C species for growth not being 

sufficient to match the growth rate and thus defects such as 

vacancies will exist.  

The role of gas pressure and flow on graphene synthesis 

The effect of reaction pressure was also investigated between 

2 mbar and 1 bar with a flow rate of 16 sccm and temperature 

of 1025 
o
C. Fig. 7 shows representative SEM data for changes 

to graphene flake formation with pressure. From 2 mbar to 10 

mbar the flake size increases slightly while the density of 

graphene flakes is at its highest at 5 mbar (Fig. S5 in the 

supplementary information).  

Above pressures of 10 mbar no graphene flakes are observed. 

Thermodynamic calculations show different changes for H*, 

O*, CH3 and graphitic C formation with respect to pressure 

(see figure S7). H* radicals gradually decrease with pressure 

and are most prevalent, while CH3 radicals increase up to ca. 

30 mbar and then fall and O* radicals behave inversely to the 

CH3 radicals. Moreover, at ca. 30 mbar graphitic carbon 

formation is shown to cease. The thermodynamic calculation 

data changes at higher pressure (ca. 30 mbar) can be described 

as follows. As the H* production reduces, the feedstock 

decomposition aided by H* is less efficient. At some threshold 

(around 30 mbar) this change is significant as indicated by the 

decrease in CH3 species. In turn this means a significant drop in 

C species to form sp
2
 C. The data shows a change in chemistry 

such that the number of O* also increase, which could etch C 

species further reducing the formation sp
2
 C. Although the 

formation of sp
2
 carbon is tied to changes with CH3 and O* in 

the thermodynamic data, their molar fractions are orders of 

magnitude smaller than for H*. This suggests H* radicals are 

the more important species for sp
2
 carbon species formation. 

This could be attributed to H* helping decompose the organic 

solvent precursor molecules (as mentioned above) and also 

preventing amorphous species formation that can hinder 

efficient nucleation and growth of graphene flakes.
2,33,34

 In 

short, the change in pressure leads to changes in chemistry 

that no longer favour graphitic carbon formation as shown in 

figure S7 and in agreement with our experimental data. 

The role of gas flow was also investigated (T =1025 
o
C and P= 

2mbar). In general, both the average graphene flake size and 

flake density fall below flow rates of 50 sccm (Fig. S6 in the 

Fig. 7  Representative SEM micrographs of graphene flake formation for different reaction pressures.  (In these examples acetone 

molecules were adsorbed on the Cu foil prior to synthesis). 
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supplementary information). Thermodynamics calculations for 

H*, CH3 and O* radicals so no real change with respect to flow 

rate (data not shown).  

 

 

The formation of bi-layer graphene 

Finally we postulate how the bi-layer structures we observe 

may form. Two key arguments have been show for the growth 

of bi-layer graphene. In the first gas phase carbon radicals and 

aromatic fragments are transported just above the surface of 

the Cu substrate and they may land on a growing graphene 

flake and enable a second graphene flake to nucleate and 

grow.
35

 While in the other scenario carbon radicals and 

aromatic fragments are able to diffuse between the initial 

graphene crystal and the underlying substrate and from there 

nucleate and grow a new flake.
37

 It is not clear from this data 

which of these or both are active. Such an investigation is 

beyond the scope of the current work. 

Conclusions 

Thus we have shown that mono- and bi-layer graphene flakes 

up to 1 µm can be grown from organic solvent molecules 

adsorbed on a clean copper surface. Upon heating the 

adsorbed feedstock molecules decompose providing active C 

species for graphene formation. A small flow of H2 is crucial. 

The data point to H* radicals playing two key roles. In one it 

serves as an activator for surface bound C species (i.e. it aids 

decomposition of the precursor and etches weak carbon bonds 

at the edges of a growing flake). In the other it can serve as an 

etchant that can control the graphene flake size and ultimately 

prevent growth. These roles are similar to those found with 

conventional thermal CVD of graphene.
38

 This facile one-step 

graphene fabrication route may hold promise for the spatial 

control of graphene fabrication, by, for example, using a mask 

to control the region where adsorbed feedstock molecules can 

locate. Moreover, the work provides new insight in to 

graphene fabrication and the role of hydrogen with respect to 

hydrocarbon precursors. 
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20 words: We show the direct synthesis of graphene from adsorbed organic solvent molecules over 

copper by annealing in hydrogen. 

Synopsis: Here we demonstrate the direct synthesis of graphene from adsorbed organic solvent 

molecules deposited on the surface of copper by simple dip-coating followed by thermal treatment in a 

hydrogen-rich atmosphere. High quality graphene flakes up to 1 µm can be obtained. 
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