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A B S T R A C T

Liquid aromatic hydrocarbons may be used as alternative precursors in the chemical vapor deposition of gra
phene, leading to reduced growth temperatures with respect to those required by methane. We study by density 
functional theory the dehydrogenation steps of toluene precursor adsorbed on Cu(111). Dehydrogenations of 
toluene - at the methyl or ortho positions - are characterized by low activation energies and result in the for
mation of multiple active species, leading to the abundant production (among others) of adsorbed C7H5 frag
ments. We extend our analysis to provide a molecular-level description of anthracene (C14H10) formation - as 
early graphene nuclei - by recombination reactions between two C7H5 fragments. In particular, the formation of 
zig-zag or armchair anthracene is facilitated by the almost inexpensive energetic cost for the creation of a C––C 
double bond between the C7H5 fragments; however, its formation could be hindered for specific relative ori
entations of the two adsorbed species, for which steric hindrance effects strongly impede internal rotations of the 
reaction intermediate. Finally, the dehydrogenation of anthracene elucidates that vertically chemisorbed con
figurations make them more prone to lose their hydrogens. This may lead to further condensation reactions and 
the formation of larger graphene nuclei. These results open the way to a better understanding of surface 
adsorption, decomposition and recombination phenomena for clear control of the nucleation of high-quality 
graphene layers by CVD.

1. Introduction

Graphene, a one-atom-thin layer of sp2-bonded carbon atoms orga
nized in a honeycomb lattice, has gathered significant attention after its 
discovery in 2004 [1] due to its peculiar electronic properties [2–4] that 
make it an exceptional material for novel high-performance low-
dimensional electronic devices [5–10] and sensors [11–14]. Chemical 
vapor deposition (CVD) is a well-established synthesis technique to 
produce high-quality wafer-scale single-layer graphene with relatively 
low defect density [15–21]. To this purpose, methane (CH4) is widely 
used as carbon precursor [22,23], although its thermal stability requires 
very high temperatures (900–1100 ◦C), making the CVD growth of 
graphene energy consuming and risky. Furthermore, such temperatures 
forbid the use of conventional semiconductor substrates, which is a 
considerable practical limitation. A metal substrate, usually poly
crystalline Cu chosen for its low carbon solubility [24], is employed to 
induce the surface-catalyzed pyrolytic decomposition of the carbon 
precursor, leading to active hydrocarbon species that can trigger the 

formation of sp2-hybridized graphene nuclei. The latter then grow and 
merge until a single graphene layer is obtained. However, the metal 
substrate requires the transfer of as-grown graphene layers on appro
priate substrates (e.g., a semiconductor or dielectric material) for the 
fabrication of the final graphene-based electronic devices/sensors and 
most transfer methods [25–27] may introduce mechanical and chemical 
defects within the graphene structure and contamination at its surface, 
thus degrading the device performances.

The synthesis of high-quality graphene on Cu or semiconductor/ 
dielectric substrates by a low-temperature CVD (LT-CVD) process would 
be technologically advantageous [28–32]. To this purpose, alternative 
carbon precursors [31,33,34], especially liquid aromatic hydrocarbons - 
e.g. benzene (C6H6) [35–37] and toluene (C7H8) [38] - have been pro
posed: in particular C6H6, due to its weaker C–H bond with respect to 
CH4, would allow its decomposition at lower temperatures; C7H8 can be 
a valid alternative to C6H6 since the C–H bond energy in its methyl 
group (357 kJ/mol) is lower than that of C–H bonds in the molecule 
C-ring (444 kJ/mol [39]). The hexagonal C-rings of aromatic precursors 
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would further act as building blocks during graphene synthesis.
Atmospheric pressure LT-CVD growth of graphene was reported on 

Cu using C6H6 [35]; full substrate surface coverage was reported in this 
case at 300 ◦C, though only partial coverage was achieved when 
growing at temperatures down to 100 ◦C. However, Khan et al. [40] 
claimed the impossibility to grow graphene on Cu from C6H6 below 700 
◦C, attributing previous reports on the LT-CVD of graphene to the effect 
of unintentional decomposition of C6H6 residues formed within the CVD 
reactor from previous high-temperature growth runs or during 
pre-annealing steps (~1000 ◦C) of Cu immediately before graphene 
growth. They reported instead, monolayer graphene synthesis above 
825 ◦C using C6H6. Temperatures around 600 ◦C were required in the 
case of C7H8 to produce large-area single-layer graphene on 
electro-polished Cu foils [38]. To date the actual role and effectiveness 
of these precursors in the CVD synthesis of graphene is still debated, 
their decomposition steps and as-formed intermediate active species 
being not known in detail.

To provide more insights into the CVD of graphene using aromatic 
precursors, ab initio studies and multiscale models can offer a comple
mentary approach to investigate the complex transformation of C pre
cursor molecules into graphene [41–44]. Density functional theory 
(DFT) calculations reported that the surface-catalyzed de
hydrogenations of CH4, C6H6 and p-Terphenyl (C18H14) on Cu(111) have 
similar activation energy values (~1.5 eV) [45], although only the latter 
aromatic molecules exhibit strong London dispersion forces with the 
metal catalyst surface, thereby favoring their surface adsorption. We 
demonstrated for the first time [46] the higher stability (with respect to 
C6H6) of Cu(111)-adsorbed C7H8 and other methyl-substituted C6H6 
derivatives, like o-xylene and 1,2,3-trimethylbenzene, as result of the 
electron donor character of the methyl group(s). Moreover, we have also 
shown that, among all possible decomposition routes of C7H8, o-xylene 
and 1,2,3-trimethylbenzene, C–H bond scission within their methyl 
group is energetically more favored (as low as 1.20 eV for toluene) than 
the C–H scission in CH4 (1.52 eV) or in the aromatic C-rings of C6H6 and 
C7H8 (1.67 eV and 1.72 eV, respectively), while demethylation of C7H8 
remains negligible due to its prohibitive energy barrier (2.49 eV) [46,
47]. When using C6H6 and C7H8 the combination of strong surface 
adsorption and relatively reduced energy barriers to their dehydroge
nation, would thus lead to the formation of adsorbed phenyl and benzyl 
radicals onto Cu at low temperatures.

Molecular dynamics simulations using a hybrid force field [48] re
ported on the splicing behavior of fully dehydrogenated C6H6 in
termediates (C6) on Cu(111), which promotes graphene domain 
agglomeration. Nevertheless, we believe that nucleation reactions may 
easily occur well before such fully dehydrogenated aromatic species 
could be obtained. However, little has been said about the subsequent 
dehydrogenation steps of phenyl and benzyl radicals, the nature of 
active hydrocarbon species and their possible recombination reactions.

In this work we study by DFT simulations the multiple dehydroge
nation of C7H8 on Cu(111) and related reaction activation energies, and 
identify most probable active hydrocarbon species produced during the 
LT-CVD of graphene. Finally, we extend our analysis to provide a 
detailed description of possible recombination reactions between such 
active species, leading to the formation of anthracene (C14H10) as early 
graphene nuclei.

2. Computational methods

DFT calculations were performed using the Quantum ESPRESSO 
(QE) v.6.7 code [49–51]. The generalized gradient approximation 
(GGA) in the Perdew-Burke-Ernzerhof (PBE) flavor was used as the 
exchange-correlation functional [52] with ultrasoft (US) pseudopoten
tials. To account for van der Waals (vdW) interactions, we used the 
semi-empirical DFT-D3 correction scheme introduced by Grimme et al. 
[53]. The reason behind the choice of the semi-empirical DFT-D3 
method, already discussed in our previous work [46], is the compromise 

between good accuracy and moderate computational cost.
For the Cu(111) surface, p(4 × 4) supercells containing four-layer 

slabs (64 Cu atoms each) were sufficient for investigating the dehydro
genation of small molecules like toluene. Larger supercells with the p(8 
× 5) scheme containing three-layer slabs (120 Cu atoms) were used to 
study the recombination mechanisms of as-formed active hydrocarbon 
species leading to early graphene nuclei (i.e., anthracene) including 
their dehydrogenation reactions. A vacuum region of 15 Å was inserted 
in all the supercells. Active species of the toluene molecule were posi
tioned only on one side of the slab. The supercell lateral dimension and 
the vacuum thickness were chosen to be large enough to avoid spurious 
interactions among periodic images since periodic boundary conditions 
were applied. During structural optimization, the bottom layer was kept 
fixed to mimic bulk behavior, while the upper layers and the adsorbate 
were fully relaxed. Importantly, under typical LT-CVD conditions 
(300–600 ◦C), Cu surfaces are expected to exhibit thermally activated 
processes such as surface diffusion and local structural rearrangements. 
While these effects are not explicitly included in the present model, they 
are likely to enhance the mobility of reactive intermediates and increase 
the reactivity of low-coordinated surface sites. Therefore, the ideal Cu 
(111) surface adopted in this work provides a reliable and conservative 
description of the intrinsic reaction energetics, while preserving the 
validity of the identified atomistic mechanisms governing precursor 
decomposition and early-stage nucleation. Future studies should 
explicitly account for the role of step edges, defects, and dynamic surface 
restructuring to further refine the quantitative description of reaction 
kinetics under realistic growth conditions. All computational parame
ters used in the present ab initio simulations follow exactly the protocol 
established in our previous work [46]. Specifically, the choice of 
plane-wave and charge density cutoff energies, the electronic smearing 
scheme, the Monkhorst–Pack k-point sampling of the Brillouin zone (the 
Γ point sampling is used only for the p(8 × 5) supercell), and all the 
self-consistent field (SCF) and structural relaxation convergence 
thresholds are identical to those reported in our earlier study. For con
sistency, the procedure employed to compute the adsorption energy 
(Eads) of hydrocarbon molecules is the same as described in our prior 
publication, in which the full definition of energy parameters and 
methodological details are provided.

The transition state (TS) configuration and minimum energy path 
(MEP) of decomposition and recombination reactions were computed 
using the climbing image nudged elastic band (CI-NEB) method [54] 
using a convergence force threshold of 0.05 eV/Å for optimization and a 
sufficient number of images to guarantee an inter-image distance <1.0 
Å. The initial and final states were deduced from single geometry opti
mization calculations. The adopted force convergence threshold repre
sents a commonly used compromise between computational accuracy 
and cost in CI-NEB calculations of complex surface reactions involving 
large supercells. Since all reaction pathways were treated consistently 
within the same computational framework, the relative energetic trends 
and mechanistic comparisons discussed in this work are expected to 
remain robust against small residual numerical uncertainties in the ab
solute activation barrier values.

To establish a quantitative connection between computed activation 
barriers and LT-CVD experimental conditions in the 300–600 ◦C range, 
reaction rates were estimated using transition state theory (TST), ac
cording to 

k(T) = νe−
Eb

kBT 

where Eb is the activation energy, kB is the Boltzmann constant and T the 
temperature. A typical pre-exponential frequency factor ν = 1013 s− 1 

was assumed for surface reactions. Relative pathway probabilities were 
then evaluated from normalized rate constants according to Pi =

ki/
∑

jkj, allowing for a quantitative comparison of competing reaction 
channels.
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3. Results and discussion

3.1. Multiple dehydrogenation reactions of benzyl (C7H7) active species

We previously showed that toluene is more prone to dehydrogenate 
on its methyl group before it could desorb from the Cu(111) surface 
[46], the computed energy barrier (Eb) of 1.20 eV for the former reaction 
being comparable in magnitude to its desorption energy (around 0.97 
eV), thus leading to the abundant formation of benzyl (C7H7) radicals on 
Cu(111). The as-formed C7H7 radicals can undergo further dehydroge
nation, thus producing active species like C7H6, C7H5, C7H4 and C7H3 
that could also contribute - through specific condensation reactions - to 
the formation of early graphene nuclei.

To identify the most-probable dehydrogenation pathways that pro
duce such active species, we investigated subsequent dehydrogenation 
reactions of the benzyl radical, as schematically shown in Fig. 1. Since 
the C7H7 radical arranges in a parallel-to-surface configuration with the 
methylene (-CH2-) group attached to the underlying surface, four 
distinct main dehydrogenation steps leading to the C7H6 species can be 
uniquely identified, representing the H abstraction from the -CH2- group 
(path A), or from the ortho (path B), meta (path C) or para (path D) 

position of the C-ring. Those hydrogens involved in the C–H bond 
cleavage are evidenced by the red arrows in the top panels of Fig. 1.

The reactions in paths C and D (highlighted by the green- and blue- 
contoured panels in Fig. 1, respectively) are characterized by higher 
activation barriers (1.89 and 1.97 eV, respectively). This higher ener
getic cost stems from the formation of buckled aromatic structures 
required to lose their hydrogens in the para and meta positions. In 
addition, the final reaction states in path C and D yielding the C7H6 
species were found energetically less stable (by around 0.2–0.3 eV) 
compared to those in paths A and B.

The dehydrogenation reactions in paths A and B (highlighted by the 
red- and orange-contoured panels in Fig. 1, respectively) are charac
terized by approximately the same Eb (1.6–1.7 eV), i.e. comparable to 
the energetic cost required for the dehydrogenation of toluene and 
benzene on the C-ring [46]. When the H abstraction occurs in the 
methylene group (path A), the resulting C7H6 fragment arranges with a 
tilted geometry on the surface with the C7H6 head, i.e. the methine 
(=CH-) group, positioned above the hollow site. The same applies to the 
final state obtained upon dehydrogenation in the ortho position, but 
with the C7H6 body (i.e., the aromatic C-ring) now anchored to the 
surface by the C atom involved with the C–H bond cleavage.

Fig. 1. Subsequent dehydrogenation steps and related energy barriers of benzyl on Cu(111) leading to C7H6, C7H5, C7H4 and C7H3 radicals. The benzyl radical can 
dehydrogenate according to four distinct pathways named ‘A’, ‘B’, ‘C’ and ‘D’ in the figure, and ascribed to hydrogen abstraction from the methylene group and from 
the ortho, meta and para position of the molecule C-ring, respectively.
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The subsequent dehydrogenation step of the as-formed C7H6 radicals 
was then studied for the cost-effective paths A and B. Along path A, four 
distinct dehydrogenation reactions were evaluated involving the C–H 
bond cleavage in the para (red-contoured panel ‘I’), meta (red-contoured 
panel ‘II’) or ortho (red-contoured panel ‘IV’) position of the aromatic C- 
ring, as well as in the methine group (red-contoured panel ‘III’). The H 
abstraction in the ortho position (Eb = 1.12 eV) and in the methine 
group (Eb = 1.05 eV), is energetically favored over the dehydrogenation 
in the meta and para positions (Eb = 1.85 and 2.38 eV, respectively) with 
energy barriers even slightly lower than that of the toluene methyl 
dehydrogenation (1.20 eV). The higher activation energies for the meta 
and para pathways arise from the buckling of the aromatic C-ring (see 
panels I and II), as observed for paths C and D, whereas ortho and 
methine dehydrogenation preserve ring planarity. In the latter case, the 
resulting C7H5 radical adopts a vertical configuration due to the strong 
interaction of the fully dehydrogenated methyl carbon with the Cu(111) 
surface (see panel III). Along path B, two distinct dehydrogenation re
actions of the C7H6 species were evaluated, involving the C–H bond 
cleavage in the methylene group (orange-contoured panel ‘V’) or in the 
meta position (orange-contoured panel ‘VI’) of the aromatic C-ring. 
More interestingly, the former exhibits a lower activation barrier (Eb =

1.18 eV) leading to a final radical configuration that is identical to that 
obtained via ortho dehydrogenation, as shown in the red-contoured 
panel IV of path A. This indicates that two consecutive de
hydrogenations of the benzyl radicals, one on the methylene and the 
other on the ortho position, converge to the same C7H5 structure (see 
panels IV and V), irrespective of reaction sequence. In contrast, the C–H 
bond cleavage in the meta position of the C7H6 radical along path B 
requires 1.46 eV to overcome the activation barrier. The final C7H5 state 
(panel VI), in which the radical retains the aromatic C-ring planarity, 
exhibits reduced mobility due to anchoring to the surface through three 
distinct radical centers (one on the methylene, and two on the ortho and 
para positions). Noteworthy, we did not consider dehydrogenation in 
the para position, as it is expected to involve prohibitively high activa
tion energies associated with substantial structural distortions of the 
resulting radical for the same reasons explained previously.

The dehydrogenation leading to C7H4 radicals was mainly investi
gated for the C7H5 active species with the highest likelihood of forma
tion, namely those with configurations shown in panels III and IV (or 
equivalently V). For these species, dehydrogenation in the meta (panel 
VIII) and methine (panel IX) positions is associated with relatively lower 
activation barriers (Eb = 1.42 and 1.45 eV, respectively) with respect to 
that in the ortho site (panel VII) which involves a higher barrier (1.66 
eV). In contrast, for the C7H5 configuration shown in panel VI, charac
terized by three distinct radical centers, there is a significant probability 
for dehydrogenation to occur at the methylene group. This reaction 
exhibits an activation barrier of only 0.96 eV, the lowest among all 
dehydrogenation processes considered. The resulting C7H4 fragment 
(panel X) adopts an almost vertical orientation with respect to the sur
face and is structurally equivalent to that shown in panel IX. Similarly, 
the configurations in panels VII and VIII are equivalent in terms of 
bonding, with the only difference being their chemisorption geometry: 
although the ortho radical center in both cases interacts with a Cu top 
site, the C-ring in panel VII lies perfectly vertical on the surface, whereas 
it is tilted in panel VIII. Notably, despite the generally higher activation 
barriers associated with the C7H5 dehydrogenation, C7H4 radicals are 
expected to co-exist with C7H5 species during the LT-CVD process.

Finally, the dehydrogenation analysis was also extended to the for
mation of C7H3 radicals. Starting from the configurations in panels VIII 
and IX (or equivalently X), C–H bond cleavage in the meta and methine 
positions involves comparable activation barriers in the range of 
1.65–1.74 eV. In contrast, meta dehydrogenation of the configuration in 
panel VII becomes significantly less favorable, requiring an activation 
barrier of 2.37 eV. This increase reflects the greater structural rigidity of 
the C7H4 radicals, which hampers further H abstraction. In this case, the 
meta radical center (panel XI) is not stabilized by interaction with the Cu 

surface, accounting for the prohibitively high barrier. Depending on the 
chemisorption site, the resulting C7H3 radicals adopt either vertically- 
oriented (panels XI and XIII) or tilted (panel XII) configurations. 
Further dehydrogenation steps were not explored, as they are expected 
to involve prohibitively high activation barriers due to the substantial 
structural distortions induced upon additional H removal. More, 
importantly, dehydrogenation reactions must be evaluated in competi
tion with desorption. For toluene, the comparable magnitude of the 
methyl dehydrogenation barrier (~1.2 eV) and desorption energy 
(~0.97 eV) suggests that both processes may occur concurrently [46]. In 
contrast, strongly bound species such as chemisorbed intermediates 
typically exhibit much higher desorption energies, making further re
action pathways (i.e., dehydrogenation steps) significantly more 
probable.

Noteworthy, under realistic CVD conditions the presence of highly 
reactive hydrogen species (H●) may enable alternative H●-assisted 
dehydrogenation pathways, in which H abstraction occurs via the for
mation of molecular H2, especially at high H* coverage. Indeed, the 
formation of a strong H–H bond may stabilize the transition state, 
potentially lowering the effective activation barriers compared to direct 
C–H bond cleavage. While not explicitly considered in this work, such 
mechanisms may further enhance the formation of reactive 
intermediates.

Among the possible pathways in which benzyl radicals undergo 
stepwise dehydrogenations to yield C7H6, C7H5, C7H4 and C7H3 active 
species, C–H bond cleavage at the methylene and ortho positions is 
energetically favored, while meta and para pathways are typically hin
dered by higher barriers due to aromatic ring buckling. Successive 
methylene and ortho dehydrogenation steps most probably converge to 
C7H5 configurations shown in panels III, IV and V of Fig. 1, whose 
radicals would constitute the main building blocks leading to subse
quent condensation reactions of early graphene nuclei like anthracene 
(C14H10) during the LT-CVD of graphene. For clarity, the energy path
ways leading to the formation of such dehydrogenated active species 
onto Cu(111) are summarized in Fig. 2, starting from gas-phase toluene 
taken as the reference state (0 eV).

At representative LT-CVD temperatures (300–600 ◦C), the calculated 
rates show a strong dependence on the activation barrier. For example, 
at 600 ◦C (873 K), methylene and ortho dehydrogenation steps with 
barriers of ~1.0–1.2 eV yield rate constants on the order of 106–107 s⁻¹, 
indicating rapid kinetics, whereas barriers of ~1.6–1.8 eV reduce the 
rates to ~102–103 s⁻¹. Processes exceeding ~2.0 eV become compara
tively slow (~10 s⁻¹ or lower), leading to strong suppression of meta and 
para pathways. Although the initial benzyl dehydrogenation steps at the 
methylene and ortho positions (Eb ≈ 1.6 eV) constitute the kinetic 
bottleneck toward the formation of the most probable C7H5 active spe
cies (see Fig. 2), they remain the dominant reactive channels for 
chemisorbed benzyl radicals under LT-CVD conditions. Competing 
processes such as radical desorption are expected to be less favorable 
due to the strong benzyl–Cu(111) interaction, while extensive frag
mentation or C–C bond dissociation is unlikely at the relatively low 
growth temperatures considered here. Consequently, these dehydroge
nation events are expected to govern the formation of reactive C7H5 
intermediates on the Cu surface at 600 ◦C. However, such kinetic 
bottleneck becomes significantly more critical at 300 ◦C since activation 
barriers of ~1.6–1.7 eV yield rate constants as low as ~10⁻²–10⁻¹ s⁻¹, 
suggesting that the formation of reactive C7H5 species may become 
considerably slower and potentially rate-limiting for graphene 
nucleation.

For the initial C7H7→C7H6 conversion, a relative pathway proba
bility analysis within the 300–600 ◦C temperature range indicates that 
ortho dehydrogenation (path B in Fig. 1) contributes approximately 70% 
of the total reaction flux, while methylene dehydrogenation (path A) 
accounts for about 25–30%, despite the small barrier difference of only 
0.06 eV. In contrast, meta and para pathways contribute only marginally 
due to their substantially higher activation barriers (less than a few 

O. Tau et al.                                                                                                                                                                                                                                     Surfaces and Interfaces 97 (2026) 110139 

4 



percent overall). In the subsequent C7H6→C7H5 step, the reaction 
network exhibits strong kinetic convergence: along path A, methine and 
ortho dehydrogenation dominate with branching probabilities of 
~70–80% and ~20–30%, respectively, whereas along path B, methy
lene dehydrogenation overwhelmingly prevails (>95%), leading to the 
same C7H5 configuration obtained via path A. Further dehydrogenation 
toward C7H4 and C7H3 becomes progressively less favorable because of 
the higher activation barriers, suggesting that recombination reactions 
of C7H5 species may compete effectively before further dehydrogenation 
occurs.

In conclusion, the kinetic analysis reveals that benzyl dehydroge
nation on Cu(111) follows a highly selective reaction network charac
terized by an initial competition between ortho and methylene 
activation, followed by rapid convergence toward the dominant C7H5 
intermediates shown in panels III–V. These species therefore represent 
the most probable reactive building blocks governing the early nucle
ation stages under LT-CVD conditions.

3.2. Condensation reactions leading to the formation of anthracene

The expected plentiful presence of distinct radical species on Cu 
(111), from singly dehydrogenated toluene (i.e., the C7H7 benzyl 
radical) to C7H4, can trigger the nucleation of small sp2-hybridized 
carbon clusters during the early stages of the LT-CVD of graphene. As 
opposed to the dissociation stage, the cluster nucleation involves almost 
exclusively recombination reactions between active species. Due to the 
multitude of complex reaction mechanisms for a given set of involved 
radicals, the study of such nucleation turns out challenging. One of the 
most appealing and simplest carbon clusters that could be found in the 
early nucleation stage of graphene is anthracene (C14H10). Its molecular 
structure is characterized by three connected phenyl rings that could be 
formed, for example, from the reaction of two toluene molecules. To 
make possible the formation of anthracene from two interacting toluene 
molecules, six H atoms must detach from the carbon backbone to favor 

the chemical bonding between the two molecules. The ideal case would 
correspond to the condensation of two C7H5 radicals (labeled with ‘α’ 
and ‘β’ in the ‘Initial State’ of Fig. 3) on Cu(111), each one formed as a 
result of three consecutive dehydrogenation reactions of toluene, one on 
the ortho position and two on the methyl group. Such dehydrogenation 
mechanism giving C7H5 radicals follows the most likely reaction path
ways identified in Section 3.1, and shown in the panel ‘IV/ of Fig. 1. 
Recombination reactions involving radicals like C7H7 and C7H6 are also 
possible but, in this case, the excess hydrogens would detach upon 
radical recombination.

The condensation reaction of two C7H5 radicals can result into two 
different anthracene stereoisomers, namely, the zig-zag and the armchair 
anthracene as shown in the ‘Final State’ of Fig. 3. Indeed, the presence of 
two distinguishable centers in the C7H5 radical structure, one on the C 
atom in the ortho position belonging to the aromatic C-ring (labeled ‘CB’ 
in Fig. 3, where the subscript ‘B’ stems from ‘Body’) and one on the C 
atom belonging to the methine group (labeled ‘CH’ in Fig.3, where the 
subscript ‘H’ stems from ‘Head’), leads to the creation of three possible 
C––C double bonds represented as (i) CB=CH, (ii) CH––CH and (iii) 
CB=CB. Zig-zag anthracene is thus produced when two indistinguishable 
CB=CH double bonds are formed upon recombination, while one CH––CH 
and one CB=CB formed for armchair anthracene.

For a proper investigation of the overall condensation mechanism 
starting from a reactant state represented by the two unconnected C7H5 
radicals chemisorbed onto the Cu(111) to the product state in which 
anthracene is produced, we systematically explored various initial 
spatial arrangements of the two interacting C7H5 species and accounted 
for the bond formation ordering by examining which type of chemical 
bond among CB=CH, CH––CH and CB=CB is first established. Three main 
recombination pathways were identified for each anthracene stereo
isomer as schematically represented in Figs. 4 and 5 for the zig-zag and 
armchair anthracene, respectively. In the former case, the two CB=CH 
double bonds, namely, CBα=CHβ and CBβ=CHα, are indistinguishable due 
to molecular symmetry and because they share the same chemical 

Fig. 2. Potential energy diagram of the most favourable dehydrogenation pathways of toluene on Cu(111) leading to the formation of the dominant chemisorbed 
C7H5 active species. Gas-phase toluene on Cu(111) is taken as the reference state at 0 eV. The activation barrier associated with the first dehydrogenation step of 
toluene to benzyl (C7H7) was taken from [46], while the remaining barriers were calculated in the present work. The reported activation energies correspond to the 
elementary dehydrogenation reactions occurring along the kinetically preferred methyl/methylene and ortho pathways. Atomic configurations of the relevant in
termediates adsorbed on Cu(111) are also shown.
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environment, meaning that investigating the bond formation ordering 
effect on the recombination mechanism is irrelevant. When the CBα and 
CHβ (or equivalently CBβ and CHα) radical centers of the two C7H5 radi
cals get sufficiently closer to each other, the zig-zag anthracene can be 

produced by one of the three recombination pathways shown in Fig. 4, 
in which the two radicals in the initial state can either (a) share two 
surface Cu atoms with antiparallel alignment (the two C7H5 are arranged 
almost parallel to each other but they have opposite orientations, as 

Fig. 3. Condensation reactions between two C7H5 radicals on Cu(111) forming the anthracene molecule. Atomic geometries of the initial and final states are given. 
Radical C atoms that belong to aromatic C-rings are identified by the ‘CB’ label (where the subscript ‘B’ stems from ‘Body’), while those that belong to the methyl 
groups are identified by the ‘CH’ label (where the subscript ‘H’ stems from ‘Head’). The presence of two different radical centers (‘CB’ and ‘CH’) can lead to the 
creation of three types of C––C double bonds: the CB=CH, CB=CB and CH––CH bonds. As a result, the zig-zag or armchair anthracenes can be produced.

Fig. 4. Recombination pathways of two C7H5 radicals on Cu(111) leading to zig-zag anthracene. For each pathway, the atomic geometries of the initial, intermediate 
and final states are given. The three distinct pathways in (a), (b) and (c) differ by the relative alignment between radicals in the initial state. Dashed black arrows 
show the initial radical orientation on the copper surface.
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indicated in Fig. 4.a), or have one CHα/CBβ radical pair on the same 
surface Cu atom but with (b) 120◦ or (c) 60◦ alignment of the reactive 
C7H5 radicals (see the dashed black arrows in Figs.4.b and c). Note
worthy, if the parallel alignment was considered in case (a), the 
recombination reaction would have led to the armchair anthracene 
formation. In path (a), only one activated event could be observed, since 
the two CB=CH double bonds form almost simultaneously with negli
gible energetic cost (0.01 eV). The near-zero activation barrier observed 
in this case originates from the strong interaction between radical cen
ters already in close proximity, which promotes orbital overlap and 
enables spontaneous bond formation without requiring significant 
structural rearrangement. In path (b), the anthracene formation mech
anism proceeds instead through two distinct elementary steps, each one 
related to the CB=CH double bond creation, whose Eb are within 
0.35–0.38 eV. Here, the mutual interaction between the two radicals is 
weaker with respect to the case (a), since only one CB/CH radical centers 
pair shares the same surface Cu atom with a minimum pair distance of 
2.76 Å in the initial state, which increases to 4.80 Å for the other CB/CH 
pair. This discussion also applies to path (c) for which we obtained a 
similar Eb value of 0.31 eV for the first CB=CH bond creation relative to 
the CB/CH radical centers pair, having a relative short distance of 3.20 Å. 
Afterwards, part of the as-formed intermediate must rotate relative to 
the rest of such radical in order to facilitate the second CB=CH formation 
by approaching the remaining two CB/CH radical centers together. This 
overall internal rotation can be thought of as a series of rotational 
transitions typically hindered by potential energy barriers that arise 
from steric hindrance effects. In the intermediate structure of path (c) 
one methine bridge chemically connects two C-rings: one vertically 
oriented aromatic ring binds with the underneath surface by its CB 
radical center, while the other one aligns horizontally and binds to the 
surface by one more methine group. The internal rotation around the 

methine bridge (identified by the dashed black circle in the final state of 
Fig.4.c) would require expensive energetic costs that are typically higher 
than those of the CB=CH formation, which further increase along the 
reaction coordinate. At a critical internal rotation angle, the molecular 
motion will be totally hindered by the steric hindrance manifested when 
the two methine groups are in proximity and, thus, their steric bulk will 
create strong repulsive interactions (see Fig. S1.a in Supplementary In
formation for further details). These findings suggest that zig-zag 
anthracene cannot be produced through path (c) since the second 
CB=CH double bond formation is prevented by the steric hindrance 
arisen during the internal rotational stage; while <0.4 eV are required 
for the recombination mechanism through path (a) or (b).

As a result, the initial relative orientation of the two C7H5 fragments 
plays a crucial role in determining which pathway to follow and, thus, 
the reaction outcome. Moreover, the intermediate in path (c) may be 
further attached by other radicals forming larger intermediates leading 
to other graphene nuclei, before other decomposition reactions could 
occur.

For the armchair anthracene case, the bond formation sequence 
becomes as relevant as the spatial arrangement of the radicals. 
Depending on the radical centers, i.e., the CB/CB or CH/CH pair that 
combine to construct the first C––C double bond, the recombination 
mechanism can follow three main different pathways as shown in Fig.5. 
For example, the CB=CB bond is first produced if the two CB radical 
centers recombine as occur in path (a). Here, the two radicals share one 
surface Cu atom and dispose in the antiparallel alignment (see the 
dashed black arrows in Fig. 5.a). A similar configuration is observed in 
the initial state of Fig.4.a, but in this case one of the radicals is shifted to 
the next Cu atom along the Cu [010] direction. Once the CB=CB is 
formed, the bond requires an Eb of 0.14 eV. After the CB=CB is estab
lished the intermediate will arrange in a bridge-like molecular structure 

Fig. 5. Recombination mechanisms of two C7H5 radicals on Cu(111) leading to armchair anthracene. Atomic geometries of the initial, intermediate and final states 
are given. Three distinct pathways were identified depending on the relative alignment between radicals in the initial state and the bond formation sequence. Dashed 
black arrows show the radical orientation on the copper surface.
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with the two methine groups anchored to the Cu surface. The methine 
groups are both located at the opposite ends of the two C-rings and they 
are 5.52 Å far apart. To facilitate the second CH––CH creation, internal 
rotation must occur to let the two CH radical centers get closer to each 
other. The internal rotational step was identified with a computed Eb of 
0.62 eV, whose motion occurs around the C–C bond connecting the two 
C-rings that rotate in opposite directions, until the two CH radical centers 
are 2.96 Å far apart. The two methine groups are then sufficiently close 
to combine and form the second CH––CH which requires an Eb 0.12 eV. 
The as-formed armchair anthracene chemisorbs vertically by its two CH 
on top of one surface Cu atom with average bond distance of 2.08 Å, 
with the two CH–H bonds pointing out-of-plane of the C-ring. Such 
strong interaction leads to changes in the molecule’s shape and behavior 
since the inner C-ring facing the metallic surface puckers: the CH–CH 
turns single bond with distance of 1.49 Å and the molecule will partially 
lose its aromaticity, as will be discussed in detail below in Section 3.3. If 
one of the two C7H5 radicals in path (a) moves along the Cu [010] di
rection preserving its antiparallel alignment, such that the two CH 
radical centers will be found close to each other (2.71 Å far apart) and 
about to combine on top of the same surface Cu atom, the recombination 
mechanism follows the path (b) of Fig.5.b as opposed to path (c) in 
which the two C7H5 have a 60◦ alignment (see the dashed black arrows 
in Fig. 5.c). Notice that path (c) shows lower activation energies that do 
not overcome 0.1 eV. Here, the CH––CH formation event is followed by a 
single internal rotation step of one C-ring around the two connected 
methine groups. Once the two CB radical centers are 2.80 Å apart on the 
same surface Cu atom, the mechanism proceeds forward to the second 
CB=CB bond formation, leading to the armchair anthracene molecule 
that lays horizontally on the Cu surface. Path (b) is slightly more com
plex since it includes more internal rotational steps. The first CH––CH 
formation was found inexpensive (Eb = 0.01 eV) leading to an inter
mediate structure composed of two connected methine bridges (see the 
dashed black circle in Fig. 5.b) that link the two C-rings. It should be 
noted that similar structural features were also observed for the inter
mediate produced in path (c) of Fig. 4.c, although it holds only one 
methine bridge in the middle of the two C-rings. The steric hindrance 
effect is more pronounced in path (b) and introduce significant energy 
barriers to rotation with respect to path (c). Indeed, Eb can reach 0.5 eV 
in the first rotation stage, which easily increases along the reaction co
ordinate as the two C-rings approach each other, giving rise to strong 
repulsive interactions with the methine bridge, whose H atom lies in 
close proximity to the two CB radical centers. For this specific methine, 
we therefore investigated a methine rotation mechanism analogous to 
path (c) in Fig. 4, yielding a 180◦ rotation with a calculated energy 
barrier of 1.64 eV (see Fig. S1.b in Supplementary Information). Sup
ported by the new (optimal) intermediate conformation, the recombi
nation mechanism will then proceed forward to the second CB=CB bond 
formation through the last stage of path (c).

To further elucidate the competition among the different recombi
nation mechanisms, we evaluated the relative probability of each 
pathway by comparing their estimated reaction rates over the LT-CVD 
temperature range (300–600 ◦C). A quantitative comparison of activa
tion barriers, estimated reaction rates and branching probabilities for 
the rate-determining steps of each studied recombination pathway is 

summarized in Table 1.
For the zig-zag anthracene formation the nearly barrierless forma

tion of the two CB=CH bonds (Eb = 0.01 eV) - pathway (a) - yields 
extremely high constant rates (on the order of 1012–1013 s–1), indicating 
a spontaneous recombination process once the antiparallel alignment of 
the radicals is achieved. In contrast, pathway (b), involving two 
sequential CB=CH bond formations with activation barriers of 0.35–0.38 
eV, exhibits significantly lower but still accessible rates, ranging from 
~108–109 s–1 at 300 ◦C to ~1010 s–1 at 600 ◦C. The pathway probability 
analysis indicates that pathway (a) accounts for >99% of the total zig- 
zag formation flux at low temperature and remains dominant even at 
600 ◦C, while pathway (b) contributes only marginally. Although the 
first CB=CH formation in pathway (c) is characterized by a moderate 
barrier (0.31 eV), the subsequent internal rotation becomes progres
sively hindered by steric repulsion between adjacent methine groups. 
Consequently, the overall probability of successfully completing 
pathway (c) becomes negligible.

A more complex kinetic competition emerges for armchair anthra
cene formation, where the reaction outcome depends not only on the 
initial radical arrangement but also on the sequence of CB=CB and 
CH––CH bond formation. Among the identified mechanisms, pathway (c) 
is the most kinetically favourable: since all elementary steps exhibit 
activation barriers below 0.1 eV, the corresponding rate constants 
remain extremely high (~1011–1013 s–1) throughout the investigated 
temperature range. In contrast, pathway (a) is limited by the internal 
rotational step characterized by Eb = 0.62 eV. While the initial CB=CB 
formation is rapid, the rotational rearrangement reduces the effective 
overall rates to ~107 s–1 at 300 ◦C and ~109 s–1 at 600 ◦C. The 
transition-state-theory probability analysis indicates that pathway (c) 
contributes >99% of the total armchair formation flux at both temper
atures, whereas pathway (a) becomes only marginally accessible. 
Conversely, pathway (b) appears strongly suppressed by steric hin
drance (Eb up to 1.64 eV), despite the first CH––CH bond formation is 
almost barrierlessly (Eb = 0.01 eV). Such large energetic costs reduce the 
effective rate constants to values below ~10–2 s–1 at 300 ◦C, making this 
mechanism kinetically irrelevant.

Comparison between the two anthracene stereoisomers reveals that 
both products can form efficiently under LT-CVD conditions, but 
through markedly different kinetic scenarios. Zig-zag anthracene for
mation is dominated by a single highly selective near-barrierless 
pathway requiring an optimal antiparallel radical configuration of 
Fig. 4(a), whereas armchair anthracene formation involves a broader 
competition among multiple pathways, although strongly biased toward 
the low-barrier mechanism of Fig. 5(c). Overall, the kinetic analysis 
indicates that the condensation process is governed more by steric 
accessibility and geometrical alignment of the radical centres than 
thermodynamic stability alone. The strong exponential dependence of 
the reaction rates on the activation barriers leads to highly selective 
branching, so that only a limited subset of radical configurations effec
tively contributes to anthracene nucleation on Cu(111). Nevertheless, it 
should be emphasized that the present kinetic analysis is based exclu
sively on the computed activation barriers and does not explicitly ac
count for additional statistical and dynamical factors, such as surface 
diffusion kinetics or geometrical accessibility of the reactive 

Table 1 
Kinetic parameters and reaction path probabilities in the 300–600 ◦C temperature range for zig-zag and armchair anthracene formation from two C7H5 radicals 
adsorbed on Cu(111).

Anthracene type Rate-determining 
reaction pathway

Eb 

(eV)
k (300 ◦C) 
(s⁻¹)

k (600 ◦C) 
(s⁻¹)

P (300 ◦C) P (600 ◦C)

Zig-zag (a): CB=CH formation ~0.01 ~1012–1013 ~1013 >99% >99%
(b): CB=CH formation 0.35–0.38 ~108–109 ~1010 <1% <1%
(c): internal rotation Sterically blocked / / 0% 0%

Armchair (a): internal rotation 0.62 ~107 ~109 <1% <1%
(b): internal rotation 1.64 ~10–2 ~103 ~0% ~0%
(c): CH

––CH + CB=CB <0.1 ~1011–1012 ~1012–1013 >99% >99%
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configurations on Cu(111). These effects may alter the effective 
branching ratios under realistic LT-CVD conditions by modifying the 
probability that radicals encounter each other in favorable arrange
ments prior to recombination.

3.3. Dehydrogenation reactions of anthracene

Once anthracene is produced onto the Cu(111) surface, the LT-CVD 
can eventually proceed forward through more complex nucleation 
mechanisms. New active species generated from the dehydrogenation of 
anthracene become indispensable to trigger the condensation of larger 
graphene nuclei. To gain information on the dehydrogenation energy 
barriers of anthracene, we investigated its C–H bond scission. Fig. 6
reports the computed Eb values along with the energetics of the 
adsorption/initial state (AS/IS), referring to the anthracene molecule 
adsorbed onto the Cu(111) surface, the transition and final states (TS 
and FS, respectively). All energies are reported with respect to a 0 eV 
reference gas state (GS) which represents the isolated molecule in the 
gas phase. The adsorbed molecule in the AS can either desorb and return 
to the gas phase (in GS) or undergo a surface-catalyzed de
hydrogenations forming active species (FS). The outcome of this sce
nario is driven by the energetic competition between these two events. 
Moreover, the desorption barriers are calculated considering barrierless 
adsorption (i.e., Eb of desorption equals Eads).

It should be first noted that the recombination mechanism of two 
C7H5 studied in Section 3.2 usually leads to anthracene in horizontally 

adsorbed configurations (see Figs. 4 and 5), while a perpendicular-to- 
surface structure originates only in the final state of path (a) in Fig. 4.
a for the armchair anthracene case. When physisorption occurs, the Eads 
of zig-zag anthracene is − 1.64 eV (red line in AS), which we expect to be 
similar in magnitude for the equivalent physisorbed armchair stereo
isomer; instead, it increases (in absolute value) to − 2.51 eV for the 
abovementioned vertically chemisorbed armchair anthracene (blue line 
in AS). In the latter structure, shown in the shaded blue panel of Fig. 6, 
the inner C-ring forms two chemical σ-bonds with the same surface Cu 
atom by its only two C (labelled with Cσ) that bear the two H atoms 
(labelled with Hσ). Cσ becomes sp3 hybridized since it establishes four 
σ-bonds and no Cσ electrons left will be available for the delocalized 
molecular p orbitals. Consequently, the stabilizing effect of the over
lapping p orbitals is locally absent, thus leaving the planar conformation 
of the C-ring unsupported. Moreover, the steric interactions of the two 
Hσ atoms, whose Cσ-Hσ bonds point towards the ring out-of-plane, result 
in torsional strain being exerted on that Cσ-Cσ bond which finally leads 
to the characteristic puckered conformation of cyclohexane, the 
nonaromatic counterpart of benzene, observed in that Cσ-Cσ backbone of 
the inner C-ring. Indeed, the two Cσ locate at alternating positions above 
and below the mean plane of the inner C-ring. The stabilization of this 
apparently unusual molecular structure leads to new bonding patterns at 
the surface interface at the expense of a partial loss of aromaticity. 
Despite the inner C-ring aromaticity reduction, the high configuration 
stability originates in the energy gain due to the formation of the two Cσ- 
Cu σ-bonds having average length of 2.08 Å. Dehydrogenation of 
physisorbed zig-zag anthracene requires an Eb of 1.87 eV, obtained by 
averaging over all possible dehydrogenation paths. Such large energy 
values could hinder the dehydrogenation of anthracene during the LT- 
CVD synthesis of graphene. Very interestingly, the Hσ abstraction on 
the inner C-ring of the vertically chemisorbed armchair anthracene has 
instead a much lower activation energy (0.30 eV) which makes it by far 
more energetically convenient with respect to the previous case. 
Moreover, the proclivity to dehydrogenate is further assisted by the 
stronger surface-molecule interaction since the molecule would require 
2.51 eV to desorb. All dehydrogenated anthracene molecules, both zig- 
zag and armchair types, interact with the Cu surface in a tilted config
uration. For example, vertically-oriented armchair anthracene tilts by 
approximately 40◦ upon dehydrogenation, as shown in the FS of Fig. 6, 
where the inner C-ring fully restores its aromatic structure.

4. Conclusions

We presented a comprehensive DFT investigation to elucidate the 
surface-catalyzed dehydrogenation of toluene precursor onto the Cu 
(111) surface up to the formation of C7H3 active species, and the 
nucleation mechanism of anthracene (C14H10) as an early graphene 
nuclei produced through recombination reactions between two C7H5 
fragments, respectively. We first demonstrated that C–H bond scission 
preferentially occurs at the methyl group and ortho positions of adsor
bed toluene, leading (through kinetically-accessible elementary steps) to 
the abundant formation of chemisorbed C7H5 radicals, a most probable 
active hydrocarbon species on the Cu(111) surface under low- 
temperature CVD conditions. The kinetic analysis further revealed that 
the initial benzyl dehydrogenation on methylene/ortho positions con
stitutes the key rate-controlling stage governing the generation of the 
C7H5 reactive intermediates. We further showed that the C7H5 radicals 
may readily recombine to form both zig-zag and armchair anthracene 
via multiple competing pathways, whose feasibility is governed by the 
relative alignment of the radicals, the sequence of C––C bond formation, 
and steric effects arising during internal rotational steps. While the 
formation of individual C––C bonds generally involve low activation 
barriers, internal rotations of reaction intermediates may become rate- 
limiting and, in some configurations, sterically hinder the completion 
of anthracene formation. Zig-zag anthracene formation is dominated by 
the nearly barrierless antiparallel recombination pathway, whereas 

Fig. 6. List of dehydrogenation reactions of (a) horizontally adsorbed zig-zag 
anthracene and (b) vertically chemisorbed armchair anthracene on Cu(111). 
The reference state (GS) represents the molecule in the gas phase, while the 
adsorbed state (AS) refers to the molecule adsorbed onto the Cu(111) surface. 
IS, TS and FS indicate the reaction initial, transition and final adsorption states, 
respectively. The decomposition barrier Eb is indicated in the diagram for each 
of the reactions. The shaded blue panel shows the atomic coordinates of the 
vertically chemisorbed armchair anthracene.
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armchair anthracene formation preferentially proceeds through the low- 
barrier 60◦ configuration. This implies that the decisive factor control
ling early nucleation in low-temperature CVD is not the formation of 
C–C bonds themselves, but the accessibility of specific radical configu
rations enabling recombination without sterically hindered rearrange
ments. We also demonstrated that the anthracene reactivity on 
dehydrogenation strongly depends on its adsorption geometry on Cu 
(111): horizontally-adsorbed configurations exhibit higher activation 
barriers, whereas vertically-chemisorbed armchair anthracene un
dergoes energetically cost-effective C–H bond cleavage, yielding highly 
reactive carbon nuclei that can readily evolve into larger sp2-hybridized 
carbon networks through subsequent recombination steps. This finding 
suggests that surface-induced geometrical distortions and local loss of 
aromaticity may critically enhance the reactivity of early graphene 
precursors.

In conclusion, present results provide atomistic insight into the early 
stages of graphene nucleation from aromatic toluene precursor, and 
highlight the critical role of surface-mediated radical chemistry and 
sterically controlled recombination pathways, establishing a robust 
framework for extending first-principles modeling to larger polycyclic 
intermediates, cooperative radical reactions, and multiscale simulations 
of graphene growth. Nevertheless, it should be emphasized that the ki
netic analysis performed here is based exclusively on activation barriers 
derived from static DFT calculations within a transition-state-theory 
framework. Additional statistical and dynamical effects — including 
surface diffusion, configurational populations of radicals, local surface 
restructuring, and the probability of achieving favorable mutual orien
tations prior to recombination — were not explicitly considered and 
may influence the effective branching ratios under realistic low- 
temperature CVD conditions. Future investigations combining first- 
principles calculations with dynamical and multiscale approaches will 
therefore be essential to achieve a more complete quantitative descrip
tion of graphene nucleation kinetics.
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Electronic properties of graphene nanostructures, J. Phys. Cond. Matter 23 (24) 
(2011) 243201, https://doi.org/10.1088/0953-8984/23/24/243201. Iss.

[5] F. Schwierz, Graphene transistors: status, prospects, and problems, IEEE Procs. 101 
(7) (2013) 1567–1584, https://doi.org/10.1109/JPROC.2013.2257633. Iss.

[6] N.O. Weiss, H. Zhou, L. Liao, Y. Liu, S. Jiang, Y. Huang, X. Duan, Graphene: an 
emerging electronic material, Adv. Mater. 24 (2012) 5782–5825, https://doi.org/ 
10.1002/adma.201201482.

[7] K. Kim, J.Y. Choi, T. Kim, S.H. Cho, H.J. Chung, A role for graphene in silicon- 
based semiconductor devices, Nature 479 (2011) 338–344, https://doi.org/ 
10.1038/nature10680.

[8] R.H. Kim, M.H. Bae, D.G. Kim, H. Cheng, B.H. Kim, D.H. Kim, M. Li, J. Wu, F. Du, 
H.S. Kim, S. Kim, D. Estrada, S.W. Hong, Y. Huang, E. Pop, J.A. Rogers, Stretchable, 
transparent graphene interconnects for arrays of microscale inorganic light 
emitting diodes on rubber substrates, Nano Lett 11 (9) (2011) 3881–3886, https:// 
doi.org/10.1021/nl202000u. Iss.

[9] G.V. Bianco, M. Losurdo, M.M. Giangregorio, A. Sacchetti, P. Prete, N. Lovergine, 
P. Capezzuto, G. Bruno, Direct epitaxial CVD synthesis of tungsten disulfide on 
epitaxial and CVD graphene, RSC Adv 5 (2015) 98700–98708, https://doi.org/ 
10.1039/C5RA19698A.

[10] P. De Padova, B. Olivieri, C. Ottaviani, A. Generosi, P. Prete, M. Krawiec, Silicene, 
multilayer silicene and single layer blue phosphorus on different templates, 
Nanomater. Nanotechnol. 16 (2026) 18479804261419160, https://doi.org/ 
10.1177/18479804261419160.

[11] M. Kang, J. Kim, B. Jang, Y. Chae, J. Kim, J. Aun, Graphene-based three- 
dimensional capacitive touch sensor for wearable electronics, ACS Nano 11 (2017) 
7950–7957, https://doi.org/10.1021/acsnano.7b02474.

[12] P.A. Hu, J. Zhang, L. Li, Z. Wang, P. Estrela, Carbon nanostructure-based field- 
effect transistors for label-free chemical/biological sensors, Sensors 10 (2010) 
5133–5159, https://doi.org/10.3390/s100505133.

[13] K.R. Ratinac, W. Yang, S.P. Ringer, F. Braet, Toward ubiquitous environmental gas 
sensors − capitalizing on the promise of graphene, Environ. Sci. Technol. 44 
(2010) 1167–1176, https://doi.org/10.1021/es902659d.

[14] J. Liu, S. Bao, X. Wang, Applications of graphene-based materials in sensors: a 
review, Micromachines (Basel) 13 (2022) 184, https://doi.org/10.3390/ 
mi13020184.

[15] Z.C. Huang, W.L. Liu, J. Li, Y. Jiang, G.W. Yuan, L.B. Gao, Current status and 
prospect of graphene growth by chemical vapor deposition, New Carbon Mater 40 
(2025) 457–476, https://doi.org/10.1016/S1872-5805(25)60991-7.

[16] M. Choi, J. Baek, H. Zeng, S. Jin, S. Jeon, Toward high-quality graphene film 
growth by chemical vapor deposition system, Curr. Opin. Sol. State Mater. Sci. 31 
(2024) 101176, https://doi.org/10.1016/j.cossms.2024.101176.

[17] M. Bahri, S.H. Gebre, M.A. Elaguech, F.T. Dajan, M.G. Sendeku, C. Tlili, D. Wang, 
Recent advances in chemical vapour deposition techniques for graphene-based 
nanoarchitectures: from synthesis to contemporary applications, Coord. Chem. 
Rev. 475 (2023) 214910, https://doi.org/10.1016/j.ccr.2022.214910.

[18] F. Liu, P. Li, H. An, P. Peng, B. McLean, F. Ding, Achievements and challenges of 
graphene chemical vapor deposition growth, Adv. Funct. Mater. 32 (2022) 1–20, 
https://doi.org/10.1002/adfm.202203191.

[19] K. Jia, J. Zhang, Y. Zhu, L. Sun, L. Lin, Z. Liu, Toward the commercialization of 
chemical vapor deposition graphene films, Appl. Phys. Rev. 8 (2021) 041306, 
https://doi.org/10.1063/5.0056413.

[20] K. Yi, D. Liu, X. Chen, J. Yang, D. Wei, Y. Liu, D. Wei, Plasma-enhanced chemical 
vapor deposition of two-dimensional materials for applications, Acc. Chem. Res. 54 
(2021) 1011–1022, https://doi.org/10.1021/acs.accounts.0c00757.

[21] B. Sun, J. Pang, Q. Cheng, S. Zhang, Y. Li, C. Zhang, D. Sun, B. Ibarlucea, Y. Li, 
D. Chen, H. Fan, Q. Han, M. Chao, H. Liu, J. Wang, G. Cuniberti, L. Han, W. Zhou, 
Synthesis of wafer-scale graphene with chemical vapor deposition for electronic 
device applications, Adv. Mater. Technol. 6 (2021) 2000744, https://doi.org/ 
10.1002/admt.202000744.

[22] H. Yan, H. Yang, S. Lin, J. He, L. Kiss, S. Kunsági-Máté, M. Zhang, H. Li, Effect of 
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