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Selecting distinctive carbon precursors can mediate graphene synthesis towards versatile targets, for example, using C60 to 

produce graphene quantum dots or hexabromobenzene to achieve graphene at rather low temperature. Herein, 1,3,5-

triethynylbenzene (TEB) is selected for the first time as the carbon precursor for graphene synthesis on Rh(111). 

Considering of the characteristic π-d orbital hybridization between TEB and Rh(111), room-temperature adsorption 

followed with a temperature-programmed annealing or direct annealing to target growth temperature under the ultrahigh 

vacuum conditions are designed to be the two synthesis pathways. In the former growth pathway, the benzene ring of the 

TEB unit is expected to be maintained throughout the whole annealing process, leading to high yielding graphene at 

relatively low temperature as compared with existing synthesis via gaseous precursors. Several-molecule oligomers and 

graphene nanoclusters are detected to be the crucial intermediates through ste-pwise annealing (150 °C and 430 °C), as 

evidenced by scanning tunneling microscopy (STM) characterizations. Interestingly, graphene synthesized via the latter 

pathway usually possesses less domain boundaries and defects than the former one, probably due to sufficient diffusion 

and rearrangement of carbon precursors. Briefly, this work should contribute greatly to understanding the growth 

intermediates and the synthesis of high-quality graphene using large aromatic precursor molecules.

 

Introduction 
Graphene has recently attracted considerable attentions 

because of its exceptional electronic, thermal, optical 

properties and related applications in high-frequency 

transistor, transparent electrode, touch screen, 

photodetector,1-6 etc. In order to fulfil its potentials, diverse 

approaches have been developed for achieving high-quality, 

thickness controllable graphene samples, such as, mechanical 

exfoliation from highly oriented pyrolytic graphite (HOPG),1 

epitaxial growth on silicon carbide (SiC)7-10 and  reduction of 

graphene oxide (GO),11 etc. 

In particular, chemical vapor deposition (CVD) has shown 

great promise in synthesizing graphene films with large area, 

large domain size and uniform thickness on copper and nickel 

substrates.2, 10, 12-15 Specifically, ultrahigh vacuum CVD (UHV-

CVD) method was also exploited and combined with an 

atomically-resolved characterization method of scanning 

tunneling microscopy (STM). This allows for an in-situ imaging 

of the atomic structure, grain boundary, defect, stacking order, 

etc. More significantly, this combination also facilitates a deep 

understanding of the dynamic growth process via an in-situ 

imaging of the growth intermediates under different growth 

temperature,16, 17 which, in turn, sheds some light on the 

graphene synthesis using traditional CVD methods. 

In the UHV system, single crystalline transition metals, 

such as Ru(0001),18, 19 Ni(111),20, 21 Pt(111),22 Pd(111),23 

Ir(111),24-26 Cu(111),13 Ag(111),14 Rh(111),27 were more 

preferentially used for graphene synthesis due to their flatter 

surfaces and more explicit crystallographic planes than that of 

metal foils used in traditional CVD synthesis.28 Gaseous carbon 

precursors, e.g., methane2, 10, 12 and ethylene19, 25, 29-32 have 

been widely used for graphene synthesis, due to their low 

cost, wide availability and ease of operation. Interestingly, 

many aromatic derivatives have also exhibited great potential 

in synthesizing distinctive graphene structures, 

(hexabenzocoronene (HBC) and coronene on Co (0001)33 and 

Ru(0001),34 respectively), for exploring the novel electronic 

properties of graphene nanoislands or synthesizing graphene 

nanoclusters. Additionally, polyphenylene and C60 have also 

been used for easily processable, chemically tailored 

nanographenes on Cu(111)35 and geometrically well-defined 

graphene quantum dots on Ru(0001),16 respectively. 

Moreover, in the graphene synthesis, disparate molecule-

substrate, molecule-molecule interactions and different 

annealing modes usually result in distinct graphene growth 

behaviours in UHV. This is probably mediated by the disparate 

surface actions of deposited precursor molecules, such as 

adsorption, catalytic decomposition, diffusion and subsequent 
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nucleation on the metal surface. In this regard, for the 

graphene synthesis using aromatic derivatives, comparative 

investigations of the graphene synthesis under different 

annealing growth pathways are highly desired. 

In this work, we select 1,3,5-triethynylbenzene (TEB) (Fig. 

1a), which possesses a distinctive π-conjugated system 

including a novel CH≡C moiety as the carbon precursor. 

Rh(111) is selected as the growth substrate since it may afford 

strong molecule-substrate interaction via the characteristic π-

d orbital hybridization even at room temperature (RT). This 

largely reduces the desorption of TEB intermediates during 

graphene synthesis via high temperature annealing, hereby 

leading to high-yield production. Two annealing pathways 

were designed for graphene synthesis after room temperature 

adsorption, i.e. temperature-programmed annealing or direct 

annealing to target growth temperature. This is suitable for 

exploring the effects of different annealing modes on the 

structural evolutions of precursor molecules during graphene 

synthesis. Furthermore, comparison studies on the crystal 

quality and growth mechanisms of graphene obtained from 

the two pathways are probed with the aid of STM 

characterization.  

 

Results and Discussion  
TEB (Fig. 1a) is a member of aromatic hydrocarbons that 

contains both sp
2-hybridized benzene ring and sp-hybridized 

CH≡C moiety forming a π-conjugated system. This π-

conjugated feature may facilitate its adsorption and assembly 

on some single crystal substrates.36, 37 In order to realize the 

steady thermal evaporation of TEB, an insight into the thermal 

stability and pyrolysis of the TEB molecule was highly needed 

under different heating temperature. Thermogravimetry-Mass 

(TG-MS)38-40 experiments were thus performed with the results 

shown in Fig. 1b and Fig. S1 †, respectively.  

It can be noticed that the reduction of the relative mass 

begins at  ̴130 °C and then terminates at  ̴150 °C, along with a 

weight loss percentage up to 88% (Fig. 1b). This observation 

indicates that most of the molecules can be sublimated 

at  ̴150 °C, which makes TEB suitable for graphene synthesis. 

Meanwhile, in the MS curve, the ion current becomes 

detectable at  ̴150 °C, highly suggestive of the presence of 

pyrolysis fragments of TEB. The assessments of these 

fragments are marked in the MS curve in Fig. S1. † Peak 1 

(m/z=150) represents C12H6 which is assigned to the 

volatilization of the intact TEB. Moreover, some other peaks 

can also be recognized with their assessments described in Fig. 

S1. † Rh(111) was selected as the substrate for graphene 

synthesis, considering of its  strong interaction with TEB via the 

characteristic π-d orbital hybridization.27, 32, 37, 41, 42  

During the experiments, TEB molecules were sublimated 

at  ̴107 °C, 43, 44 and deposited onto Rh(111) held at room 

temperature (RT) under ultrahigh vacuum (UHV) conditions. 

The morphology of TEB molecules adsorbed on Rh(111) was 

characterized at a nominal coverage of 0.1 monolayer (ML) 

(Fig. 1c). Bright individual spot-like contrasts possessing a 

uniform diameter of  ̴9.00 Å and an apparent height of  ̴0.36 Å 

were commonly observed, consistent with the theoretical 

 

Fig. 1. (a) Structure of a 1,3,5-triethynylbenzene (TEB) 

molecule. (b) Thermogravimetry (TG) curve of TEB. In TG 

spectrum, weight loss percentage approaches 88% from room 

temperature to 150 °C. (c-f) Corresponding STM images for 

TEB molecules evaporated at  ̴107 °C with Rh(111) hold at RT, 

and after annealed at 150 °C, 430 °C and 550 °C, respectively. 

(Scanning conditions: (c) VT = − 0.03 V, IT = 0.93 nA; (d) − 0.86 

V, 0.60 nA; (e) − 0.37 V, 2.13 nA; (f) − 0.37 V, 2.13 nA.) 

 

 

value of the flat-lying TEB molecule.37, 45 When TEB molecules 

with larger coverage ( ̴0.6 ML) than that in Fig. 1c ( ̴0.1ML) 

were deposited onto Rh(111) at room temperature (RT), 

dimeric products with a lateral size of   ̴2 nm along the long 

axis direction can be resolved as shown in Fig. S2. † Based on 

the different STM images of the samples possessing lower and 

higher coverage (Fig. 1c and Fig. S2, † respectively), it can be 

concluded that the morphology of TEB on the metal substrate 

is coverage dependent. 

Intriguingly, after thermal annealing a nominal 1.2 ML TEB 

on Rh(111) at 150 °C for 10 minutes, several-molecule 

oligomers come into being, which can spread over the surface 

to form a near full layer. Additional oligomers adsorbed on top 

are also observable by STM due to their higher contrasts than 

the under layer (Fig. 1d). By annealing as-deposited sub-

monolayer TEB molecules at 430 °C for 10 min, uniform 

nanoclusters and islands can be evolved. The nanoclusters 

tend to distribute uniformly on the terraces of Rh(111), while 

the islands preferentially evolve along the substrate step edges 

(Fig. 1e). This growth feature can be attributed to the rather 

high attaching probability of nanoclusters at the step edges. In 

the islands, moiré pattern which is typical for graphene on 

Rh(111) can be recognized with a fixed period of  ̴2.88 nm.27 

This possibly implies that graphene starts to form at the 

temperature of 430 °C. Compared with the small gaseous 

precursors (such as methane and ethylene usually forming 

graphene nanoclusters at  ̴600 °C on Rh(111) or Ru(0001)),19, 34, 

46 aromatic TEB precursor presents relatively low growth 

temperature for synthesis of graphene nanoclusters. This 

could be explained by the fact that the benzene rings of the 

TEB molecules are largely maintained and act as the 
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Fig. 2. STM images of graphene synthesized through annealing 

as-deposited TEB molecules with a temperature-programmed 

annealing growth pathway. (a) Large scale STM image of the 

finally obtained graphene. For graphene regions, the section-

view along the dashed line presents a uniform height of  ̴0.27 

nm. (b, c) Schematic diagrams of the temperature-

programmed annealing growth pathway. (d, e) Sequential 

zoom-in STM images on the boundaries of ordered and 

disordered graphene regions. (f) Point defects observed inside 

the ordered moiré superstructure (marked by green arrows). 

(g) Further zoom-in STM image around the point defects. 

(Scanning conditions: (a) VT = − 0.08 V, IT = 2.84 nA; (d) − 0.01 V, 

16.30 nA; (e) − 0.01 V, 7.85 nA; (f) − 0.02 V, 5.36 nA; (g) − 0.02 

V, 12.64 nA.) 

 

 

fundamental building blocks for graphene growth. After 

further annealing treatment of the same sample at 550 °C for 

10 min, perfect hexagonal graphene islands can be synthesized, 

as evidenced by the uniform long range moiré superstructures 

(Fig. 1f). With these results, it can be inferred that, high-quality 

graphene can be synthesized on Rh(111) via step-wise 

annealing of the room temperature adsorbed TEB precursors.  

For more details, the STM images of other intermediates 

evolving at different annealing temperature are displayed in 

Fig. S3. † 

In the growth of graphene by using TEB precursors, it is 

intriguing to find that the quality of graphene varies 

significantly with different growth pathways. A temperature-

programmed annealing growth pathway, i.e. step-wise 

annealing at 150 °C, 380 °C, 430 °C and then 550 °C (Fig. 2b) 

was firstly performed on as-deposited monolayer TEB 

precursors. The STM characterizations were then performed 

on the sample after the whole step-wise annealing growth 

pathway, as shown in Fig. 2a.The brighter regions should be 

ascribed to graphene areas, and the darker regions are 

attributed to the bare Rh(111). For graphene covered regions, 

an apparent height of  ̴0.27 nm can be deduced from the 

height profile in Fig. 2a, well consistent with the reported data 

for graphene synthesis on Rh(111) synthesized with C2H4 

precursors.32 

The homo-coupling reaction of terminal alkynes among 

TEB molecules have been reported by Y. Q. Zhang et al.36 In 

their work, with the purpose to achieve TEB dimeric products, 

the initial annealing temperature was set at as low as   ̴300 K. 

In contrast, the purpose of this work is to synthesize graphene 

with TEB precursors, and a step-wise annealing process is thus 

utilized to realize this purpose. The initial annealing 

temperature was set at above 150°C, which is much higher 

than that of annealing TEB on Ag(111) for evolving coupling 

structures. To illustrate the possible reactions under the 

current pathway, a schematic view is plotted in Fig. 2c. 

Through annealing at  ̴150 °C, the CH≡C units of TEB may be 

removed from the C6H3 unit (step 1, the C6H3 unit is possibly 

dehydrogenated). At even higher temperature from 380 °C to 

430 °C, the C6H3 units are totally dehydrogenated into benzene 

rings, which then bind with each other to form large-scale 

graphene step by step (step 2 and 3).  In this growth pathway, 

the benzene rings of the TEB molecules are largely maintained 

and act as the fundamental building blocks for graphene 

growth. This may explain why the synthesis temperature 

involved in this method is rather low (430 °C) as compared 

with those using gaseous precursors (methane, ethylene, 

propene etc.) at about 700 ̴1000 °C on the same substrate of 

Rh(111).27, 41, 47-51 Similarly, the low-temperature (220 °C) 

synthesis of graphene was also reported by L. Jiang et al. via a 

radical-coupling reaction by the effectively breaking of the 

C−Br bonds of hexabromobenzene.52Further detailed STM 

observations reveal that the graphene synthesized with this 

pathway usually shows the coexistence of ordered and 

disordered graphene moiré regions (Fig. 2d, after 550 °C 

annealing). In the ordered areas, long range graphene moiré 

can be identified with a period of  ̴2.88 nm (Fig. 2e), evolving 

from 12 × 12 C-C on 11 × 11 Rh(111) according to the 

published references.27, 32 The evolution of ordered large-area 

graphene moiré usually suggests the formation of large-area 

uniform monolayer graphene. However, in the disordered 

regions, no continuous graphene moiré can be observed. 

Instead, high density defects occur frequently inside the 

graphene lattices.  

 

Fig. 3. STM images of graphene synthesized by direct annealing 

as-deposited TEB molecules at 550 °C for 10 min. (a) STM 

image of graphene evolved along the step edges of Rh(111). 

(b, c) Schematic diagrams of the direct annealing growth 

pathway and the related surface reactions. (d) Perfect moiré 

superstructures with a fixed period of  ̴2.88 nm. (e, f) Atomic 

resolution STM images of the obtained graphene. The ATOP 
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(A), HCP (H), FCC (F), BRIDGE (B) regions are marked in (e), 

respectively. (Scanning conditions: (a) VT = − 0.46 V, IT = 0.80 

nA; (d) − 0.01 V, 2.35 nA; (e) − 0.03 V, 0.20 nA; (f) − 0.01 V, 

17.93 nA.) 

 

Moreover, inside the relatively uniform graphene moiré 

(Fig. 2f, g), some point defects can also be discerned (marked 

with green arrows) causing local graphene lattices broken. 

Notably, these point defects can also induce the increase of 

the local density of states in graphene and lead to different 

STM contrasts.53-55 To explain the origin of the defects, with 

this growth pathway, oligomers evolved at relatively low 

temperature (150 °C), and their relatively high mass and 

coverage (corresponding to limited space) may hinder the 

surface diffusion and the subsequent patching growth of 

graphene.   

In order to clarify the effects of different annealing modes 

on the synthesis of graphene and to improve the quality of 

graphene, a new growth pathway was also designed by 

annealing as-deposited TEB precursors on Rh(111) directly (in 

5 min) to 550 °C and then keeping on annealing for 10 min, as 

schematically shown in Fig. 3b. Ordered graphene islands are 

observed to preferentially reside along the step edges of 

Rh(111) (Fig. 3a). Note that, with this growth pathway, a 

monolayer TEB adsorption at room temperature usually brings 

about nominal graphene coverage of  ̴30% which is much 

lower than that of the former growth pathway ( ̴80%). In the 

direct annealing process, the TEB precursors are considered to 

dissociate instantly into carbon fragments (Fig. 3c, step 1), 

which diffuse on the surface and coalesce with each other (Fig. 

3c, step 2), with the formation of large graphene islands (Fig. 

3c, step 3).  

Further zoom-in STM image of the graphene area 

presents perfect moiré superstructures with a fixed period 

of  ̴2.88 nm (Fig. 3d).27, 32 And atomic scale STM images (Fig. 

3e,f) over such area usually present perfect atomic lattices and 

periodic graphene moirés, suggestive of the formation of high 

quality graphene. Notably, under different tunneling or tip 

conditions, the graphene moirés exhibit different STM 

contrasts (Fig. 3d, e and f), which are mainly attributed to the 

various C-Rh registries at different locations inside per 

supercell.27, 32, 41, 56 The location marked by the black capital 

letter A showing bright contrast in the supercell corresponds 

to carbon atoms standing over Rh atoms in the second and 

third layers (or ATOP). Here, the graphene lattice in such a 

region is most weakly bounded to the Rh substrate. The 

locations F and H, presenting relatively bright contrasts on the 

long diagonal of the rhombus, should be in line with FCC 

(carbon atoms placed above Rh atoms in the first and second 

layers) and HCP (carbon atoms placed above Rh atoms in the 

first and third layers), respectively. The location B (called as 

BRIDGE, Rh atoms in the first layer bridging the carbon atoms) 

demonstrate the darkest contrast, indicative of the strongest 

interaction between graphene and Rh(111). In general, 

according to abundant STM observations of various samples, it 

can be concluded that, the crystal quality of graphene 

synthesized with the current growth pathway seems superior 

to that with the temperature-programmed growth pathway. 

SEM image of graphene synthesized by the direct annealing 

growth pathway with coverage at   ̴70% is shown in Fig. S5a. † 

Note that, the Raman signal of graphene on Rh is usually 

suppressed by the substrate effect, hereby the typical bands of 

graphene (2D band at   ̴2680 cm-1 to G band at   ̴1584 cm-1) are 

absent as shown in Fig. S5b. † In order to show the crystal 

quality of graphene synthesized through temperature-

programmed and direct annealing growth pathways, amounts 

of large-scale STM images were then captured for the two kind 

samples, with the typical results shown in Fig. S4. † Obviously, 

the latter sample possesses higher crystal quality than that of 

the former one. An intriguing phenomenon observed in this 

growth pathway is that, by annealing as-deposited sub-

monolayer TEB molecules at 430 °C for 10 min, mono-

dispersed nanoclusters and nanoislands were imaged with 

bright spots and large-period superstructures, respectively (Fig. 

4a).  

The nanoclusters can be classified into two groups with 

different diameters ( ̴1.00 nm and  ̴1.60 nm) according to the 

line profiles in Fig. 4d, e. Very recently, similar nanoclusters 

have been observed for graphene growth on Ir(111),24 

Ru(0001),19, 34 Rh(111),46 and Cu(110).57 They reported that  

the most possible structure of the relatively smaller 

nanoclusters ( ̴1.00 nm in diameter) was C24 which should 

resemble that of a fully dehydrogenated coronene. The 

structure of the larger nanoclusters ( ̴1.60 nm in diameter) 

should be C24 carbon skeletons surrounded by protons.  

 

 

 

Fig. 4. STM images of coexisting graphene nanoclusters and 

islands evolved from annealing sub-monolayer TEB molecules 

at 430 °C for 10 min. (a) Large-scale STM image of the surface. 

(b, c) Magnified STM images of small and large individual 

nanoclusters obtained from squares in (a), (blue and green 

squares corresponding to (b) and (c), respectively). (d, e) Line 

profiles taken along the dashed lines in (b, c) showing two 

kinds of individual nanoclusters with diameters of  ̴1.00 nm 

and  ̴1.60 nm, respectively. (Scanning conditions: (a) VT = − 

0.37 V, IT = 2.13 nA; (b) − 0.37 V, 2.13 nA; (c) − 0.37 V, 2.13 nA.) 
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Experimental Section 
Growth of Graphene on Rh(111): Sample preparations were 

performed in an ultrahigh vacuum system (base pressure, 1 × 

10-10 mbar). The Rh(111) substrate (with purity  of 99.999%) 

was  processed by repetitive Ar+ sputtering [ p(Ar) = 5×10−6 

mbar, I (ion current) = 12.0 μA ] followed with post-annealing 

at 900K. TEB molecules (Sigma-Aldrich, nominal purity = 97%) 

were deposited on Rh(111) by heating a TEB-filled crucible of a 

Knudsen cell at 107 °C. The substrate was held at room 

temperature (RT) during the molecule deposition, and the 

deposition rate was controlled around 0.3 Å min-1. The TEB 

molecules adsorbed on Rh(111) were then annealed in-situ to 

the target temperature.  

For the step-wise annealing growth mode, the sample 

was not cooled down to room temperature to perform STM 

characterizations in the midway of the annealing process. That 

is to say, the STM characterizations were only performed after 

the whole annealing treatment. To get the intermediates at 

the intermediate annealing temperature, the sample was 

annealed to the target temperature and then cooled down to 

room temperature to perform STM characterizations. 

Characterization: The TG-MS experiments were performed 

simultaneously using a thermogravimeter (STA 449, Netzsch 

Instruments, Inc.) and a mass spectrometer (QMS 403C, 

Aëolos Instruments, Inc.). A constant temperature heating 

(150 °C) capillary was equipped between these two 

instruments to lead the formed gases from the TG furnace to 

the ion source. About 2-8 mg TEB molecules were decomposed 

with TG, and the gas products were introduced to the mass 

spectrometry for obtaining evolution curves. The sensitivity of 

the thermogravimeter used in this experiment was 0.001 mg. 

The STM examinations were performed by an Omicron UHV 

variable temperature STM, having a base pressure better than 

10−10 mbar. The UHV-CVD sample was directly transferred 

from the preparation chamber into the STM chamber inside 

the vacuum system. All of the STM data was captured under a 

constant current mode with the sample hold at room-

temperature.   

Conclusions 

In summary, we have performed the controlled synthesis of 

graphene via temperature-programmed annealing and direct 

annealing of room temperature deposited TEB precursors on 

Rh(111). High quality graphene has been obtained using direct 

annealing growth pathway. However, regarding the graphene 

synthesis via step-wise annealing pathway, the initial 

nucleation and subsequent growth of graphene can be 

achieved at relatively low temperature, as compared to those 

using gaseous precursors. In this regard, this work should shed 

light on the growth of high quality graphene with large 

aromatic molecules as precursors. Furthermore, inspired by 

the synthesis of pristine graphene using TEB molecules 

containing only C, H elements, this work should also be 

referential for synthesizing high-quality doped graphene using 

molecules containing other elements, such as B, N and S. 
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1,3,5-triethynylbenzene (TEB) is selected for the first time as the carbon precursor for graphene synthesis 
on Rh(111). Considering of the characteristic π-d orbital hybridization between TEB and Rh(111), room-
temperature adsorption followed with a temperature-programmed annealing or direct annealing to target 

growth temperature under the ultrahigh vacuum conditions are designed to be the two synthesis pathways. 
In the former growth pathway, the benzene ring of the TEB unit is expected to be maintained throughout 
the whole annealing process, leading to high yielding graphene at relatively low temperature as compared 
with existing synthesis via gaseous precursors. Interestingly, graphene synthesized via the latter pathway 

usually possesses less domain boundaries and defects than the former one, probably due to sufficient 

diffusion and rearrangement of carbon precursors. Briefly, this work should contribute greatly to 
understanding the growth intermediates and the synthesis of high-quality graphene using large aromatic 

precursor molecules.  
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