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Abstract 

Thermally induced chemical vapor deposition (CVD) was used to study the formation of 

nitrogen doped graphene and carbon films on copper from aliphatic nitrogen containing 

precursors consisting of C1- and C2- units and (hetero)aromatic nitrogen containing ring 

systems. The structure and quality of the resulting films were correlated to the influence of the 

functional groups of the precursor molecules and gas phase composition. They were analyzed 

with SEM, TEM, EDX, XPS and Raman spectroscopy. The presence of (N-doped) - graphene 

was confirmed by the 2D mode of the Raman spectra. The isolated graphene films obtained 

from nitrogen containing precursors reveal a high conductivity and transparency compared 

to standard graphene CVD samples. Precursors with amine functional groups (e.g. 

methylamine) can lead to a direct formation of graphene even without additional hydrogen 

present in the gas phase. This is not observed for e.g. methane under comparable CVD 

conditions. Therefore, the intermediate gas phase- species (e.g. amine radicals) can 

significantly enhance the graphene film growth kinetics. Kinetic and thermodynamic effects 

can be invoked to discuss the decay of the precursors. 

 

 

The deposition of carbon films from the gas phase leads to materials of widely different 

structure and composition. The films can be i) crystalline, e.g. like graphene, graphite or 

diamond and consist ideally of a single type of either sp
2
 or sp

3
- hybridized carbon atoms, ii) 

can contain domains of any of these phases in more or less ordered arrangements, or iii) can 

even incorporate a considerable amount of hydrogen or other heteroatoms. Within this 

manifold of carbon films, graphene, a two-dimensional allotrope of carbon has recently 

attained high interest due to its electronic and optical properties and chemical inertness.
1-3

 

Graphene with controllable electronic properties is expected to be a promising material for the 

development of new electronic devices,
4,5

 such as e.g. field-effect transistors 
6
 or 

electrochemical sensors,
7,8

 as well as for applications in energy storage 
9,10

 and conversion 

systems like super capacitors,
11

 lithium batteries,
12

 and fuel cells.
13

 Furthermore, transparent 

conducting graphene films are considered for organic electronic devices such as OLED’s and 

organic solar cells.
14

 Graphene itself does not reveal a band gap and therefore has no intrinsic 

semiconducting properties. Thus, doping of graphene with heteroelements like boron (B) or 

nitrogen (N), which fit into the carbon lattice, is an important issue. Theoretical and 

experimental studies indicate that B- or N- doped graphenes reveal p- or n-type 

semiconductor characteristics 
15-17

 accompanied by a band gap opening 
18-20

 and thus doped 
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graphene and structurally related graphene nanoribbons are considered as promising materials 

with tunable electronic properties.
21,22

 

N- Doped graphene, and particularly B- doped graphene are still scarcely investigated 

experimentally as compared to graphene 
23

 and graphene oxide.
24

 So far, few methods for 

generating N-doped graphene are described. Among these are thermal CVD of methane and 

ammonia gas,
25

 CVD of molecular precursors like pyridine 
26

 or acetonitrile 
27

 on a Cu 

substrate or exposure of graphene to a nitrogen 
28

 or ammonia 
29

 containing plasma discharge. 

In these reactions, the presence of nitrogen was identified by XPS, whereas the mechanism 

for nitrogen incorporation at specific positions of the graphene lattice is still not 

understood.
15,16,30

 Recently, the formation mechanism of graphene from molecular precursors 

has been investigated. From the decay it was reasoned that dicarbon (C2-) species, formed as 

reaction intermediates, can contribute significantly to the built-up of graphene. 
31

 Since the 

formation of the graphene lattice will not be accomplished by methane as a C1- carbon source 

directly, the intermediate species generated during the precursor decay determine the quality 

of the newly formed graphene or carbon materials from the gas phase.  

Here it was investigated whether the nature of the precursor substituents and the gas phase 

composition determines the quality of the obtained carbon films. Precursors with C1- 

(methane, methylamine, nitromethane) or C2- (ethylamine, ethanolamine, nitroethane, 

acetonitrile) units as well as (hetero)-aromatic ring systems (benzene, pyridine, aniline, 

nitrobenzene) were separately deposited with and without additional hydrogen in the gas 

phase to investigate the nitrogen incorporation into carbon films and the formation of 

graphene. We consequently compared higher aliphatic amines (ethylamine C2H5-NH2, 

ethanolamine HO-C2H4-NH2), aliphatic nitro compounds with C1- and C2- building blocks 

(nitromethane CH3-NO2, nitroethane C2H5-NO2) and nitriles (acetonitrile CH3-CN) with 

appropriate (hetero-)aromatic counterparts like benzene (as a reference), aniline (C6H5-NH2), 

nitrobenzene (C6H5-NO2) and pyridine (C5H5N). Each of these precursors serves as a model 

for the higher homologues, the basic reactivity of the functional groups has been elucidated 

here. 

Therefore, the CVD of nitrogen containing precursors with those different functional groups 

was performed. A schematic overview of the precursors is given in Figure 1.  

The precursor decomposition was performed at different CVD temperatures with or without 

additional hydrogen during the CVD process. The deposited films were characterized by 

SEM, EDX, TEM and Raman spectroscopy, which allows distinguishing between carbon 

films in general and graphene films with an evident presence of the 2D mode. In addition, 
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isolated graphene films were transferred onto glass substrates and optical transparencies as 

well as surface conductivity were measured.  

Figure 1 

 

RESULTS AND DISCUSSION 

The thermally induced CVD experiments were conducted with a representative set of 

precursors depicted in Figure 1 in a hot wall CVD reactor with a precursor inlet system 

according to a time-temperature-gas flow profile depicted in the supplementary information. 

The precursors are listed in Table 1. C1- and C2- species as well as (hetero-)aromatic building 

blocks were screened for their ability to form graphene and nitrogen doped graphene films. 

Whereas mobile molecular C2- building blocks are discussed in the literature to play a 

dominant role in the formation of the graphene lattice,
31

 C1- precursor molecules need to be 

“up-converted” and liberated from their substituents to enable the built up of the graphene 

carbon lattice. In contrast to such elementary reactions on the substrate surface, larger 

molecular systems can either be cleaved according to parameters applied in a 

thermodynamically controlled CVD reaction, or, in case they exhibit a designed structure and 

substitution pattern, can lead to a precise bottom-up self-assembly of nanoribbon 

structures.
32,33

 

 

Morphological aspects 

Typical SEM images are depicted in Figure 2. A rather homogeneous carbon film coverage is 

indicated e.g. for methane and pyridine in the presence if additional hydrogen is present in the 

gas phase [cf. Figure 2a), 2b)], whereas without additional hydrogen, these deposits become 

rather inhomogeneous [cf. Figure 2d), 2e)].  

Figure 2 

Interestingly, the CVD of precursors containing aliphatic NO2-groups like nitromethane and 

nitroethane did not result in the formation of any detectable graphene [cf. Figure 2c)] or 

carbon deposits irrespective of the presence of hydrogen and unprecedented morphological 

changes resulting in a strongly etched surface were observed [cf. Figure 2c), 2d)]. For 

nitroethane, e.g. round hole structures in the Cu foil as depicted in Figure 2c) and 2f) were 

detected (similarly for nitromethane, cf. SI). The mass loss of copper during CVD (typically 

1.6 % reduction in case of CVD of nitromethane and nitroethane and 1.6-2.0 % in the CVD of 

methane) is similar in both cases. The formation of the observed structures can be attributed 

to a yet unknown etchant species leading to a transport reaction and restructuring of the 

copper substrate surface. 
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Raman spectroscopy of the CVD films 

The resulting films from the CVD experiments contain graphene, when the Raman spectra 

reveal the signature of the graphene 2D mode together with a G mode of appropriate line 

width. The 2D mode is only observed if a highly ordered carbon lattice is present in contrast 

to Raman spectra of nanoscale sp2- type amorphous carbon showing only broad disordered 

(D) and graphitic (G) modes resulting from rather imperfect lattices. Carbon giving rise to 

these types of spectra reveals nanoscale graphene domains in contrast to a highly ordered 

mono- or multi- layer graphene lattice with significant 2D contribution. Monolayer- to few 

layer graphene can be discriminated according to the line width of the G and 2D modes. In 

our case, the line width indicates that few layer graphene is present, as also observed by the 

exfoliated TEM sample shown in Fig. 8. The term graphene in this paper thus refers not 

exclusively to a monolayer, but to one or more 2D lattices of necessary perfection leading to 

the presence of a significant 2D contribution in the Raman spectra.
34

 

The Raman spectra of the CVD samples obtained with and without hydrogen (see Table 1, 

Figure 3 and SI) were measured directly on the copper foil. The quality of the graphene films 

can be evaluated using the ratio of the intensities of the G and 2D modes (I2D/IG) by a 

comparison of the resulting film quality of precursors with structurally related features and 

regarding the influence of the gas phase composition (e.g. additional hydrogen content).  

Figure 3 

In this study, we commonly observe the D´ peak in carbon films obtained by CVD of nitrogen 

containing precursors which give rise to a 2D graphene signal. Since nitrogen atoms on 

graphene lattice positions are acting as defects, too, the more pronounced D´ peak appearance 

can be related to an incorporation of nitrogen. The presence of the D' mode is obvious in films 

obtained from nitrogen containing precursors like aliphatic amines, acetonitrile, pyridine and 

aniline. The pronounced occurrence of the D´-peak in these films can be interpreted as an 

incorporation of nitrogen atoms into the graphene lattice on substitutional sites, in analogy to 

the Raman spectrum of nitrogen doped graphene.
15,16

  

Modes 

FWHM 

D band 

FWHM 

G band 

FWHM 

D' band 

FWHM 

2D band 

FWHM 

ID/IG I2D/IG ID'/IG I2D/ID' 

Methane 

H2 

no H2 

- 

- 

1584 

14 

- 

- 

2714 

20 

- 3.70 - - 

1355 

60 

1588 

50 

- 

- 

- 

- 

0.60 - - - 

Methylamine  

H2 

no H2 

1370 

33 

1588 

25 

1622 

12 

2720 

40 

0.79 0.58 0.09 6.5 

1372 

46 

1588 

29 

1620 

18 

2729 

55 

0.90 0.36 0.10 3.7 

Ethylamine  1376 1592.5 1630 2741 0.93 0.90 0.15 5.7 
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H2 

no H2 

40 20 18 41 

1376 

60 

1592 

30 

1630 

/30 

2741 

55 

1.50 0.48 0.21 2.3 

Ethanolamine  

H2 

no H2 

1367.5 

32 

1585.5 

19 

1625 

17 

2729.5 

52 

0.76 1.20 0.10 10 

1366 

34 

1593 

23 

1630 

10 

2720 

38 

0.61 0.67 0.03 22 

Nitromethane  

H2 

no H2  

- 

- 

- 

- 

- 

- 

- 

- 

- - - - 

1368 

19 

1602 

55 

- 

- 

- 

- 

0.63 - - - 

Nitroethane  

H2 

no H2 

- 

- 

- 

- 

- 

- 

- 

- 

- - - - 

- 

- 

- 

- 

- 

- 

- 

- 

- - - - 

Acetonitrile  

H2 

no H2 

1369 

19 

1595 

16 

1634 

8 

2715 

22 

0.74 2.8 0.11 25 

1371 

21 

1598 

18 

1634 

9 

2735 

38 

1.40 1.4 0.18 7.7 

Pyridine  

H2 

no H2 

1365.5 

19 

1599 

13 

1645 

10 

2721 

23 

0.46 3.5 0.036 111 

1375 

150 

1596 

80 

- 

- 

- 

- 

1.60 - - - 

Aniline  

H2 

no H2 

1370 

70 

1587 

18 

1630 

35 

2731 

32 

1.70 0.78 0.41 1.9 

1378 

150 

1600 

70 

- 

- 

- 

- 

2.1 - - - 

Nitrobenzene  

H2 

no H2 

1366 

20 

1588 

14 

1635 

13 

2723 

28 

0.36 1.60 0.054 85 

1378 

140 

1602 

65 

- 

- 

- 

- 

2.20 - - - 

Benzene  

H2 

no H2 

1354 

20 

1585 

15 

1618 

5 

2700 

19 

0.32 3.60 0.016 222 

1378 

150 

1602 

60 

- 

- 

- 

- 

2.7 - - - 

Table 1: 

Peak positions and line widths (in cm
−1

) of the Raman D, G and D' bands, intensity ratios of D and G peaks for 

(N-doped) graphene and carbon films grown on copper substrates with or without additional hydrogen during 

CVD (excitation: 488nm, power: 2mW). 

 

Graphene quality as per I2D/IG- intensity 

If the graphene quality is rated by the ratio of the Raman G and 2D mode intensities (I2D/IG),
35

 

then the quality of the films decreases in the order of pyridine, acetonitrile, nitrobenzene, 

ethanolamine, ethylamine, aniline and methylamine if additional hydrogen is present in the 

gas phase. Without hydrogen, significant contributions of 2D and G modes which indicate the 

presence of graphene were mainly identified for the precursors with C1- and C2- units. Films 

from acetonitrile reveal the highest value of the I2D/IG ratio, whereas the films from aromatic 

precursors do not show any significant graphene signals.  

 

Influence of the gas phase composition 
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The CVD of the precursors methylamine, ethylamine, ethanolamine, acetonitrile, pyridine, 

aniline and nitrobenzene reveal significant differences from unsubstituted aliphatic (e.g. 

methane) or aromatic systems (e.g. benzene). A comparison of the most striking effects 

related to the presence of hydrogen as well as the precursor substitution is exemplified in 

Figure 4.  

Figure 4 

The formation of carbon films without significant contribution of high quality graphene is 

usually indicated by broad D and G modes without any sharp 2D modes of appropriate line 

width in the Raman spectra (Figure 3). This was observed for the direct CVD of methane 

without hydrogen, but also in the case of aromatic precursors like benzene, aniline and 

pyridine. This finding might appear surprising since the latter precursors possess six 

membered-ring structures which formally resemble the graphene lattice. The formation of 

carbon films from these compounds is assumed to take place via either defragmentation to a 

manifold of individual gas-phase species leading to an uncontrolled nucleation and growth of 

carbon films, although C-C bond formation between aromatic ring systems may also occur.  

graphene films were only formed in the presence of additional hydrogen during the CVD of 

methane and benzene, whereas e.g. methylamine does give rise to the presence of high quality 

graphene in the deposits irrespective of the presence of additional hydrogen. Besides the use 

of methylamine, the direct CVD of other nitrogen containing precursors such as ethylamine, 

ethanolamine, acetonitrile and aniline lead to the formation of graphene without additional 

hydrogen (cf. supporting information). 

 

Graphene formation considering precursor structures 

In this section, the graphene formation is screened according to the structural motifs of the 

precursors (Table 1). When comparing the graphene formation from ethylamine and 

acetonitrile, in the presence of hydrogen, the N-doped graphene obtained from acetonitrile 

reveals a higher quality than that from ethylamine. Also, the CVD of acetonitrile without 

additional hydrogen leads to the formation of carbon films with significant graphene 

structures. A similar effect, but less pronounced, is seen for films from ethylamine in the 

absence of hydrogen, thus indicating a better decay and graphene formation from acetonitrile. 

Ethylamine leads to higher-quality graphene films than methylamine irrespective of the 

presence of hydrogen supporting the better suitability of C2- type molecular fragments. 

Regarding C1- type precursors, direct CVD of methane gives rise to unstructured carbon 

deposits, whereas the comparable decomposition of methylamine leads to a significant 

presence of graphene (cf. Figure 4). Also, for the precursors ethylamine, ethanolamine and 

Page 7 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



acetonitrile, the formation of 2D mode is obvious, thus proving graphene formation by direct 

decomposition.  

Oxygen from precursor molecules has in general no detrimental influence on the graphene 

formation and is easily eliminated in CVD reactions.
31

 Therefore, it is reasoned that 

ethanolamine is also a suitable candidate for a more facile formation of C2- type growth 

species compared to ethylamine, which is supported by the decay patterns of the EI-mass 

spectra.
36

 

While comparing the CVD of aliphatic nitro compounds (nitromethane and nitroethane), both 

precursors fail to give any detectable carbon deposits. Regarding the CVD of aromatic 

precursors, pyridine produces high-quality N-doped graphene, and aniline and nitrobenzene 

form graphene-like structures of weaker quality in the presence of hydrogen. All (hetero-) 

aromatic precursors do not furnish graphene during CVD conditions without additional 

hydrogen.  

 

Influence of the deposition temperature 

Since the CVD of pyridine in the presence of hydrogen gave rise to reasonable graphene film 

qualities, the CVD temperature influence on quality of the Raman spectra of films was studied 

as an example (Figure 5).  

Figure 5 

The structure of the deposits ranges from amorphous carbon (600°C) via defect-rich (N-

doped) graphene (800°C) towards less defective (N-doped) graphene (1000°C). The precursor 

decomposition and formation of solid carbon deposits requires different activation energies 

compared to the carbon network reconstruction, which finally results in the formation of high 

quality graphene structures from already formed carbon deposits. The precursor deposition at 

600-800°C leads to disordered carbon structures, whereas at higher temperatures, the 

thermodynamically controlled carbon network formation dominates the graphene formation 

(cf. Figure 6). Thus, the deposited materials are reconstructed towards the energetically more 

stable structure of perfect graphene (an effect related to the phase formation of solids by 

“Ostwald” ripening). The decomposition of nitrogen components is more pronounced at 

1000°C because intensity ratio of ID/IG at 1000°C is lower than that at 800°C.  

Figure 6 

 

 

TEM characterization  
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A high quality graphene film obtained from CVD of pyridine in the presence of hydrogen was 

isolated transferred from the substrate and characterized with TEM (Figure 7). A sheet 

structure consisting of 2 layers with the layer distance of about 0.34 nm was observed. 

Electron diffraction patterns reveal double spots of 6-fold symmetry suggesting an N-doped 

graphene with a twisted double layer structure.
37

 

Figure 7 

 

Elemental composition of the films 

The chemical compositions of the films were investigated with XPS (cf. Figure 8 and 

supporting information).  

Figure 8 

The relative proportions of C, N, O and of N bonding states were summarized in Table 2.  

 

Precursor Conditions %C %O %N 

 

Methane 

CH4 

no H2 59,54 39,86 0,60 

with H2 45,04 54,96 0,00 

 

Methylamine 

CH3-NH2 

no H2 71,60 28,40 0,00 

with H2 78,10 21,90 0,00 

 

Ethylamine 

CH3-CH2-NH2 

no H2 78,08 20,94 0,98 

with H2 73,66 26,34 0,00 

 

Ethanolamine 

HO-CH2-CH2-NH2 

no H2 78,08 21,92 0,00 

with H2 56,44 42,86 0,70 

 

Nitromethane 

CH3-NO2 

no H2 60,03 39,65 0,32 

with H2 47,09 52,29 0,63 

 

Nitroethane 

CH3-CH2-NO2 

no H2 47,59 51,89 0,52 

with H2 37,66 62,34 0,00 

 

Acetonitrile 

CH3-CN 

no H2 69,34 30,54 0,12 

with H2 53,35 45,36 1,30 

 

Pyridine 

C5H4N 

no H2 83,59 13,78 2,63 

with H2 58,63 39,47 1,91 
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Aniline 

C6H5-NH2 

no H2 89,49 8,44 2,07 

with H2 89,44 9,57 1,00 

 

Nitrobenzene 

C6H5-NO2 

no H2 90,37 8,61 1,02 

with H2 73,06 26,69 0,26 

 

Benzene 

C6H6 

no H2 86,63 13,16 0,21 

with H2 76,93 22,92 0,15 

 

Table 2: 

XPS summary of the C/O/N- ratio of the film surfaces [types of nitrogen atoms in the precursors: amine type 

(methylamine, ethylamine, ethanolamine, aniline), nitro type (nitromethane, nitroethane, nitrobenzene); nitrile 

type (acetonitrile), hetreoaromatic (pyridine)]  

 

All samples reveal C1s as well as O1s signals. Standard graphene CVD for obtaining large 

transferable films is performed in either ambient conditions or at reduced pressure in vacuum, 

but not in well controlled UHV conditions. Presently the literature offers no consistent XPS 

analysis of the as-prepared films addressing the presence of additional oxygen in the CVD 

films. The system leak rates and gas impurities, both usually not specified in the literature, 

can introduce oxygen, nitrogen and water as the main contaminants from the air, which can 

influence the nucleation and growth mechanisms of the graphene formation and lead to 

unintentional N-doping. An addition of hydrogen during the film growth reduces the carbon 

content as well as the nitrogen content. The oxygen O1s content in the film is less strong 

affected and cannot be suppressed beyond the detection limit by the hydrogen treatment. 

Surprisingly, the N1s content is low in the case of CVD of methylamine and other aliphatic 

amines, which indicates a predominant cleavage into carbon and nitrogen radical species in 

the gas phase. This is in accordance with the bond energies of the precursors.  

The relative carbon content in films from aromatic precursors obtained by direct precursor 

CVD is generally higher, and the total carbon content of the films is increased for aliphatic 

amines, whereas the carbon content is lower for methane. This implicates more facile 

formation of radicals in case of the latter precursors which can be considered as the 

responsible growth species for the film formation. The detectable amount of nitrogen is low in 

XPS, especially for aliphatic amines. This implies a separation of the precursors into mainly 

CxHy and NaHb gas-phase species with different sticking kinetics to the surface, resulting in a 

predominantly carbon deposition. Additional hydrogen presence during CVD leads to a 
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decrease of the carbon as well as the nitrogen content and thus is acting as an etchant for 

BOTH atomic species. Selected N1s signals are depicted in Figure 8. While the Raman 

spectra obtained after CVD of methylamine reveal the typical signature for N- doped 

graphene he total nitrogen content is below the detection limit of the XPS analysis. Aliphatic 

amines thus have a tendency to directly increase the graphene formation irrespective of the 

amount of incorporated nitrogen. 

 

Optical and electronic characterization 

The exfoliated graphene and N-doped graphene sheets were transferred onto a glass substrate. 

The Raman spectroscopic data, sheet resistance and optical transparencies of the films are 

summarized in Table 3. The Raman spectra of the N-doped graphene sheets obtained from 

pyridine, acetonitrile and ethanolamine reveal high quality graphene indicating a successful 

transfer step. The sheet resistance of N-doped graphene is reported to be higher compared to 

graphene, which is explained by a n-type semiconductor behavior leading to a decrease in 

conductivity.
25

 The values listed in Table 3 indicate good transparencies and high film 

qualities, and the transparency of these N-doped graphene films at 550 nm is comparable to 

that of undoped graphene films. Therefore, N-doped graphene created by various nitrogen 

doped precursors demonstrates both high transparency and n-type transport properties, 

simultaneously. 

 

 
 D band 

Line width 

G band 

Line width 

D' band 

Line width 

2D band 

Line width 

ID/IG I2D/IG Sheet resistance 

(10
4
 Ohm/sq.)  

Transparency 

(%) 

Graphene - 1583 

22 

1627 

10 

2690.5 

24 

- 2.9 0.36 98 

Ethylamine 1364 

32 

1595 

25 

1627 

10 

2714 

28 

1.3 0.3 3.2 93 

Acetonitrile 1359 

16 

1598 

14 

1631.5 

10 

2708.5 

25 

0.8 2.2 1.0 98 

Pyridine 1353.5 

28 

1587 

20 

1624 

13 

2694.5 

25 

1.5 1.5 1.8 98 

Ethanolamine 1351.5 

16 

1591 

20 

1627.5 

10 

2693.5 

28 

2.1 1.9 1.9 92 

 

Table 3 
Peak positions and linewidths (in cm

−1
) of D, G and D' bands and intensity ratios of D, G, D' and 2D peaks in the 

Raman spectra (488 nm excitation with 2 mW power) of transferred graphene sheets on glass. 

 

 

CONCLUSION 

Precursors with different nitrogen containing functional groups were used for the formation of 

nitrogen doped graphene. The most striking difference is obvious from a direct comparison of 
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CVD of methane and methylamine, which clearly indicates that not only the gas phase 

composition, but also the precursor chemistry has a significant influence on the graphene 

growth mechanisms. In general, small nitrogen containing precursors like aliphatic amines or 

nitriles tend to form (nitrogen doped) high quality CVD graphene without additional 

hydrogen in the gas phase, as indicated by the presence of the G and 2D modes in the Raman 

spectra. The presence of these moieties leads to a significant change in the growth kinetics 

and facilitates the formation of highly ordered graphene type carbon structures. This is a 

significant finding and the effects resulting from the precursor substitution patterns and the 

influence of amine type nitrogen on the growth kinetics of graphene are obvious. In addition, 

the use of a precursor with both hydroxyl groups and amine groups (e.g. ethanolamine) does 

not inhibit formation of graphene. 

The presence of the D mode in the Raman spectra and the overall carbon content in the XPS 

measurements reveal that the direct precursor decomposition leads to the co-deposition of 

defective graphene structures and formation of non- sp
2
- type carbon. The presence of 

additional hydrogen during CVD conditions decreases the carbon and the nitrogen content 

and acts as an etchant for BOTH atomic species. Nevertheless the quality of the films can still 

be enhanced by subsequent optimization of the CVD parameters. The observed decay of the 

precursors is in accordance with their bond strengths. The reason for the enhanced quality of 

graphene type carbon can be seen in the more facile bond cleavage due to smaller single bond 

energies for C-O and C-N bonds as compared to C-H bonds.  

Considering the standardized bond energies of the relevant groups (given in kJ/mol for single 

bonds: H-H 432, C-H 416, N-H 391, C-N 305, C-O 358, C-C 345, C-Cl 357; double bonds: 

C=N 616; triple bond: CN 892),
38

 it is obvious that the C-N single bond energy is lowest in 

this series and can lead to a more facile radical formation in the gas phase in case of e.g. 

methylamine compared to methane.  

Therefore, any functional groups enabling a more facile breakup of the precursors, e.g. 

halides, are also considered feasible for a better carbon and graphene deposition from the gas 

phase. These findings are in accordance with the fact that precursors with C-N multiple bonds 

(e.g. acetonitrile and pyridine) lead to higher nitrogen contents than aliphatic amines, as 

revealed by XPS in fig. 8. Furthermore, the Raman spectra of films originating from amines 

or nitrogen containing precursors show a significant contribution of the D´ mode which 

therefore can be attributed to a specific defect which is induced dominantly by nitrogen 

containing precursors. For aliphatic amines, which do not show any significant N1s content, 
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the Raman spectra still reveal the same signature as reported for nitrogen doped graphene, 

thus indicating a higher sensitivity for the Raman spectroscopic analysis. 

Kinetic decay mechanisms dominate the nitrogen incorporation into the graphene lattice at 

lower temperatures, while a thermodynamic reaction pathway is favored at higher 

temperatures, and these aspects are also reflected in the resulting graphene qualities.  

The key results of our finding (direct formation of graphene, Raman signature of N- doped 

graphene, little influence of additionally added hydrogen especially in the case of aliphatic 

amine precursors) leads to a new insight of the relevant gas phase species for graphene growth 

during CVD and opens new parameter fields in the system. In addition, hydrogen in the gas 

phase also influences the nature of N1s signal structure and thus affects the doping. 

Therefore, a detailed screening of small aliphatic and aromatic precursors with specific 

substitution patterns under controlled p, T- parameter regimes can enable the formation of 

doped and undoped graphene of superior quality.  

 

METHODS 

Chemicals were purchased from commercial suppliers: methane (99.95%), pyridine (99.8%), 

acetonitrile (99.5%), methylamine (lecture bottle, 97%), ethylamine (97%), nitromethane 

(98.5%), nitrobenzene (99% extra pure), aniline (99%), benzene (99.5%) from Sigma-

Aldrich; nitroethane (99%), Cu foils (25 µm thickness, 99.8%) from Alfa Aesar; ethanolamine 

(99%) from ROTH. Liquid precursors were dried and purified by standard distillation 

techniques prior to use. 

N- Doped graphene films were prepared in a hot wall CVD setup comparable to other 

methods 
39

 with a modified precursor inlet system. Details are described in the supplementary 

information. Cu foils (7 cm x 7 cm) were placed in a hot wall furnace inside a quartz tube. A 

typical CVD procedure was performed as follows: The system was evacuated and the leak 

rate was tested. (leak rate: <10
-3

 mbar/5sec). The leak rate also can give rise to the presence of 

oxygen in the CVD films. The system was flushed with hydrogen gas by maintaining a 

pressure of 1.5 mbar for cleaning the copper substrate. The tube was heated to 1000°C 

(hydrogen flow 150 sccm at 1.5 mbar). After reaching the desired temperature, the molecular 

precursors were allowed to react for 20 min, respectively, with or without additional hydrogen 

flow [partial pressure of precursors in parentheses: methane (0.2 mbar), methylamine (3.0 

mbar), ethylamine (3.0 mbar), ethanolamine (0.3 mbar), nitromethane (3.0 mbar), 

nitromethane (3.0 mbar), acetonitrile (3.0 mbar), pyridine (3.0 mbar), aniline (0.20 mbar), 

nitrobenzene (0.1 mbar) and benzene (1.0 mbar)]. After the exposure, the furnace was allowed 
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to cool to room temperature. Experiments at different temperatures were employed similarly. 

The resulting CVD samples on Cu foils were coated with poly methyl methacrylate (PMMA) 

and then floated in dilute Fe(NO3)3 (0.05 g/ml). After dissolution of Cu, the PMMA-coated 

film was transferred onto a quartz (SiO2) substrate. The residual PMMA was removed with 

acetone and the remaining graphene film on quartz was washed with isopropyl alcohol. 

Scanning electron microscopy (SEM) was performed with a Zeiss LEO 1530 Gemini at 1.0 

keV and Hitachi SU8000 at 1.0 keV. The transmission electron microscopy (TEM) 

characterization was done using FEI Tecnai F20. X-ray photoelectron spectroscopy (XPS) 

was performed using a non-monochromatic Al Kα photon source (1486.6 eV) and a SPECS 

Phoibos 100 hemispherical energy analyzer. Graphitic carbon materials deposited on a Cu foil 

were fixed on a sample holder and introduced into the analysis chamber of a custom made 

ultrahigh vacuum setup (base pressure at 10
-10 

mbar). The atomic sensitivity factors of the 

core levels were provided by SPECS. Raman spectra were measured with a BRUKER 

SENTERRA Spectrometer (488 nm, 2 mW, 200 ms accumulation time, 50 µm aperture, the 

spectra were analyzed with a Lorentzian fitting). The sheet resistance of transferred graphene 

films was measured by with a JANDEL micro positioning probe. The transparency of the 

graphene films on glass substrates was measured with a PERKIN ELMER Lambda 900 

UV/VIS/NIR spectrometer. 
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Figure 1 

 

a) potential chemical groups in N- doped graphene (not considering charges) 

 

 

b) Precursors  

 

monocarbon species dicarbon species aromatic carbon species
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c) 

 

 

Figure 1: 

a) Potential nitrogen functions present in N- doped carbon materials, e.g. for N- doped graphene 

b) CVD precursors with different functional groups as used in this study: e.g. aliphatic nitrogen compounds with 

C1- and C2- carbon fragments and (hetero)aromatic precursors containing nitrogen in different oxidization states. 

The CVD of methane, methylamine, ethylamine, ethanol amine, nitromethane, nitroethane, acetonitrile, pyridine, 

aniline and nitrobenzene and benzene was performed in this study.  

c) Schematic formation of nitrogen containing graphene by CVD 
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Figure 2 

 

 

 

Figure 2: 

SEM images of graphene, N-doped graphene and carbon deposits on copper substrates obtained from different 

precursors: (a) methane (b) pyridine and (c) nitroethane [all with addition of hydrogen during CVD] and (d) 

methane (e) pyridine and (f) nitroethane [all without addition of hydrogen during CVD]; the scale bar is 20 µm 

for (a), (c), 300 µm for (b), 1 µm for (d),(e) and 10 µm for (f). The SEM for nitromethane are comparable to 

nitroethane and given in the supporting information. 
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Figure 3 

 
 

Figure 3 

Precursor and gas phase dependence of the Raman spectra of the CVD graphene / N-doped graphene / carbon 

films obtained at 1000 C with additional hydrogen (left) and without additional hydrogen present during CVD 

(right) 

 

 

 

Figure 4 

 

Figure 4 

Raman spectra indicating the formation of unstructured carbon without additional hydrogen or high quality 

graphene with additional hydrogen in the case of methane CVD (left). Direct formation of graphene in the case 

of methylamine CVD (right) even without addition of hydrogen reveals the precursor influence and the role of 

hydrogen on the CVD of (doped) graphene films. When comparing the total hydrogen content of the precursors 

during the neat decomposition of methane and methylamine, the actual hydrogen content of methylamine 

(16.19%) is even lower than that of methane (25.15%), but it still enables the formation of graphene during 

direct precursor CVD contrary to methane. This attributed to the weaker C-N bond energy leading to a more 

facile decay of the precursor and radical type gas phase species, i.e. formation of methyl radicals and amine 

radicals.  
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Figure 5 

 

 

Figure 5 

Influence of deposition temperature on the Raman spectra of carbon films obtained from CVD of pyridine on 

copper in the presence of hydrogen: Formation of of N-doped graphene sheets at high temperatures 

 

 

 
Figure 6 

 

 

Figure 6 

Schematic representation of a kinetically and  thermodynamically controlled reaction pathway for the formation 

of N-doped graphene. In a kinetically favoured reaction, the structure is more defective with a higher Nitrogen 

content resulting from different functional groups, whereas for a thermodynamic controlled reaction, the 

graphene structure is more perfect with less heteroatoms and functional groups.  
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Figure 7 

 

 

Figure 7 

TEM image of N-doped graphene sheets obtained from CVD of pyridine on copper with additional hydrogen 

after removal of the substrate. The inserts display the selected electron diffraction pattern and the number of 

layers and thickness (0.34nm). 

 

  

Page 22 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 8 

 

Figure 8 

XPS spectra of N1s emission of (N-doped) graphene films obtained from methylamine(a,b), acetonitrile (c,d) 

and pyridine (e-f) without or with hydrogen additional hydrogen during CVD deposition, leading to a reduction 

of the pyridinic contribution.  
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