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Furthermore, their properties have been 
proved to be promising in numerous sci-
entific and industrial applications.[4–8]

Formation of nanostructures through 
on-surface chemical reactions is particu-
larly attractive because of its following 
characteristics: (i) it allows the formation 
of covalently interlinked nanostructures, 
which possess high thermal and chemical 
stability with respect to noncovalent self-
assembled nanostructures; (ii) the reduced 
degree of freedom of molecular precursors 
on surfaces (i.e., confinement effect) as well 
as the interactions between molecular pre-
cursors and surfaces may favor some spe-
cific molecular adsorption configurations, 
resulting in unexpected chemical reactions 
and formation of nanostructures, which 
could hardly obtained by conventional solu-
tion chemistry; (iii) it prohibits the influence  

of solvents and other contaminants under the well-controlled 
ultrahigh vacuum (UHV) conditions; (iv) it allows the synthesis 
of macromolecules or nanostructures with high molecular weight 
that could not be synthesized in solutions due to the solubility 
issues; and (v) it is feasible to be in situ characterized by surface 
sensitive techniques, e.g., scanning tunneling microscopy (STM), 
noncontact atomic force microscopy (nc-AFM), and X-ray photo-
electron spectroscopy (XPS), which allows us to get both the 
structural and chemical information with high resolution.

Here, we will summarize the recent work regarding on-surface 
synthesis of atomically precise low-dimensional carbon nanostruc-
tures, including graphene-derived porous graphene, graphene 
nanoribbons, and single chirality carbon nanotubes, as well as the 
emerging carbon nanostructures with acetylenic scaffolding and 
organometallic carbon chains (i.e., metalated carbyne).

2. On-Surface Synthesis of 0D Carbon 
Nanostructures

One of the most famous 0D carbon nanomaterials is fullerene, 
which represents a family of cage molecules with a variety of 
sizes and shapes. The C60 molecule has gained most atten-
tion because of its superconducting property, along with high 
mechanical and thermal resistance.[9] Despite numerous 
research efforts devoted in this field, the controllable synthesis 
of the fullerenes with reliable yield and purity still remains as a 
great challenge.

On-surface synthesis involving dehydrogenation and cycliza-
tion of planar molecular precursors has proved to be a promising 
choice. Otero et al. have designed two nearly planar polycyclic 
aromatic hydrocarbons, C60H30 and its analogue C57H33N3.[10] 

Novel carbon nanomaterials have aroused significant interest  owing to 
their prospects in various technological applications. The recently developed 
on-surface synthesis strategy provides a route toward atomically precise 
fabrication of nanostructures, which paves the way to functional molecular 
nanostructures in a controlled fashion. A plethora of low-dimensional nano-
structures, challenging to traditional solution chemistry, have been recently 
fabricated. Within the last few decades, an increasing interest and flourishing 
studies on the fabrication of novel low-dimensional carbon nanostructures 
using on-surface synthesis strategies have been witnessed. In particular, 
carbon materials, including fullerene, carbon nanotubes, and graphene 
nanoribbons, are synthesized with atomic precision by such bottom-up 
methods. Herein, starting from the basic concepts and progress made in the 
field of on-surface synthesis, the recent developments of atomically precise 
fabrication of low-dimensional carbon nanostructures are reviewed.

Carbon Nanostructures

1. Introduction

From the life and organic chemistry, we know how unique 
the binding properties of carbon element are. Those proper-
ties are rooted in its ability to form linear (sp1), planar (sp2), or 
tetragonal (sp3) bond configurations. Its unique properties have 
spanned an incredibly rich structural phase diagram of pure 
carbon nanomaterials due to the sp2 bond configuration. Over 
the course of the last 30 years, a continuous series of discov-
eries and scientific breakthroughs (e.g., fullerenes, multi- and 
single-walled carbon nanotubes (CNTs), isolation of graphene, 
synthesis of porous graphene, and graphene nanoribbons 
(GNRs)) have made many of those materials envisioned in this 
carbon structure diagram physically available.[1–3]

Recently, on-surface synthesis has emerged as a prom-
ising approach to construct novel nanostructures, which 
are still of significant challenge to traditional solution-based 
chemistry. Special interest is paid to low-dimensional carbon 
nanostructures, owing to the successive discoveries of carbon 
allotropes, including fullerene, carbon nanotubes, and graphene. 
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As shown in Figure 1a, they found that after the deposition and 
thermal heating of the molecular precursor on Pt(111) surface, 
the molecular precursors dehydrogenated, performed a surface 
catalyzed cyclodehydrogenation process and eventually formed 
the corresponding fullerene and triazafullerene molecules on 
the Pt(111) surface. Surprisingly, the efficiency of this cyclode-
hydrogenation process is almost 100% along with no indication 
of desorption of the molecules on the surface suggesting that all 
of molecular precursors are transformed into fullerenes. In the 
lower panel of Figure 1a, it shows the STM image after deposition 
of C57H33N3 on a platinum (111) surface. The size and topology 
of the STM image, with three wings characterizing the molecular 
shape, confirm that the molecules do not fragment but retain their 
planar structure upon adsorption. Upon annealing the sample 
at 750 K, a surface reaction takes place and the triangular mol-
ecules transform into round molecules with an apparent height of 
about 0.38 nm and a diameter of 1.5 nm, in analogy to the STM 
appearance of a commercial C60 adsorbed on a platinum surface. 
Moreover, further evidence for the thermally induced cyclization 
of C57H33N3 is provided by XPS spectra. Here, the strong covalent 
interaction between the precursor molecules and the platinum 
surface are considered to play a key role in this reaction. To fur-
ther test the catalytic effect of the Pt(111) surface, they have also 
performed similar experiments on a relatively inert Au(111) sur-
face, which contrarily did not exhibit the same reaction.

This surface-catalyzed cyclodehydrogenation method could 
also be applied to the synthesis of other cage molecules. The 
synthesis of fullerenes with higher molecular weight than 
the most familiar C60 and C70 remains a challenge because of 
the low yield of the evaporation technique and the complicated 
purification issues. Amsharov et al. used the surface-catalyzed 
cyclodehydrogenation of planar precursors on Pt(111) to achieve 
the synthesis of C84.[11] They demonstrated that this reaction is 
quite efficient and controllable. Moreover, they have designed 
a modified C60H30 isomer, which finally formed an open-cage 
structure, highlighting the importance of the precursor design. 
In addition, Abdurakhmanova et al. found that two molecular 
precursors C54H24 and C60H30 could yield (9, 0) zigzag and 
(6, 6) armchair carbon nanotube end caps using the surface-
assisted cyclodehydrogenation on the Rh(111) surface.[12] Here, 

the choice of the surface is also critical in determining the on-
surface reaction. The different interactions between the mole-
cules and substrates could rule the competitive reaction path-
ways, that is, cyclodehydrogenation versus dehydrogenative 
polymerization. Pinardi et al. reported that the aromatic precur-
sors tend to carry out intramolecular cyclodehydrogenation on 
Pt(111), while intermolecular dehydrogenative polymerization 
dominates on Au(111), Cu(110), or Cu(111) surface.[13]

Nanographenes or graphene quantum dots (GQDs) have 
attracted widespread attention due to their potentials in the 
field of molecular electronics. However, the atomically pre-
cise fabrication of nanographenes has still remained as a 
challenge. Surface-assisted cyclodehydrogenation provides a 
synthetic route to the fabrication of tailored nanographenes 
from polyphenylene precursors. As shown in Figure 1b, Treier 
et al. designed a polyphenylene precursor, a kind of nanogra-
phene, that could be thermally induced by intramolecular cyclo-
dehydrogenation following several intermediate steps.[14] They 
have also observed two intermediates stabilized on the sur-
face by high-resolution STM images, yielding unprecedented  
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Figure 1. On-surface synthesis of 0D carbon nanostructures. a) The C57N3 triazafullerene formed after the cyclodehydrogenation process on 
Pt(111). Adapted with permission.[10] Copyright 2008, Nature Publishing Group. b) The atomically precise fabrication of tailored nanographenes by 
dehydrogenative intramolecular aryl–aryl coupling reaction. Adapted with permission.[14] Copyright 2011, Nature Publishing Group.
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insight into a dehydrogenative intramolecular aryl–aryl 
coupling reaction. Moreover, they derived a reaction mecha-
nism for the complete dehydrogenation that is catalytically acti-
vated and enhanced by the adsorbate–substrate interaction. In 
light of the fact that polyphenylenes have higher solubility and 
lower thermal evaporation temperatures than their dehydro-
genated nanographene counterparts, this on-surface method 
suggests a promising strategy for the controllable formation of 
nanographenes with atomic precision. In line with the afore-
mentioned study, several studies have shown the formation of 
different planar polyaromatic hydrocarbons by surface-assisted 
intramolecular dehydrogenation reactions even on an inert 
Au(111) surface.[15,16] In addition to the intramolecular CC 
coupling, Fan et al. have constructed a hyperbenzene from a 
designed V-shaped aromatic bromide by the intermolecular 
CC coupling.[17]

It is noteworthy that Lu et al. have demonstrated that the 
formation of geometrically well-defined GQDs is feasible 
from C60 molecules on Ru(0001) surface.[18] As shown in 
Figure 2, they have synthesized a series of atomically defined 
GQDs by metal-catalyzed cage-opening of C60 molecules. By 
a combination of STM imaging and density functional theory 
(DFT) calculations, they suggest that the strong C60–Ru inter-
action induces the formation of surface vacancies followed by 
a subsequent embedding of C60 molecules in the surface. The 
fragmentation of the embedded molecules at elevated temper-
atures then produced carbon clusters that undergo diffusion 
and aggregation to form graphene quantum dots. They have 
also compared the formed carbon nanostructures produced 
by C60 and C2H4. The limited mobility of the carbon clusters 
derived from C60 restricts the formation of nanographene 
with larger size in comparison with those from C2H4 carbon 
sources. From a comparison with the formation of fuller-
enes from different planar polyaromatic hydrocarbons, these 
observations further suggest the interconvertibility between 
graphene and fullerenes, and underline the role of surfaces in 
on-surface chemistry.

In 1990, Eigler and Schweizer pioneered atomic manipula-
tions by deliberately placing atoms using STM tip in an atomi-
cally precise fashion.[19] Later on, seminal work of molecular 

reactions triggered by STM manipulation have been reported.[20] 
STM manipulation provides a highly controllable and powerful 
toolkit for on-surface synthesis of molecules or nanostructures, 
even for those of extreme reactivity. Triangulene, the smallest 
triplet-ground-state polybenzenoid, has been an enigmatic 
molecule ever since it was first hypothesized, due to the sta-
bility issue. Pavliček et al. have shown the on-surface genera-
tion of the unsubstituted triangulene by a combined STM and 
AFM manipulation.[21] As shown in Figure 3a, triangulene 
was successfully formed by the voltage pulse from the tip to 
dehydrogenate molecular precursors. STM measurements 
combined with DFT calculations further confirmed that the 
triangulene keeps its free-molecule properties on the surface. 
Interestingly, the triangulene could be stabilized and adsorbed 
on three different materials including two insulating surfaces 
(NaCl, Xe) and also on a metal (Cu) surface. Using the same 
method, other kinds of ployaromatic hydrocarbons could also 
be formed on surfaces. As indicated in Figure 3b, Krüger et al. 
present the on-surface reduction of diepoxytetracenes to form 
tetracene on Cu(111) by STM tip-induced manipulation.[22] 
They have also found that thermal activations could yield the 
formation of tetracenes as well. The identification of the prod-
ucts is unambiguously demonstrated by means of nc-AFM with 
single chemical bond resolution. Another example is the for-
mation of a “olympicene” radical.[23]

Notably, acenes which belong to a family of polycyclic 
aromatic hydrocarbons formed by linearly fused benzene 
rings have received increasing attention recently. However, 
the synthesis of acenes becomes incrementally challenging 
as the length of the molecule increases due to their insta-
bilities and high activities. Krüger et al. have synthesized an 
unprecedented decacene through the on-surface reduction of 
tetraepoxy decacene precursors on Au(111).[24] Almost at the 
same time, Urgel et al. have formed an Au-directed heptacene 
organometallic complexes on Au(111) using an α-diketone-
protected heptacene precursor.[25] They have observed indi-
vidual heptacene species on the surface as well. Meanwhile, 
Zuzak et al. have accomplished the on-surface formation of 
nonacene by dehydrogenation of an air-stable partially satu-
rated precursor.[26]

Adv. Mater. 2018, 30, 1705630

Figure 2. Geometrically well-defined graphene quantum dots are synthesized on a ruthenium surface using C60 molecules as precursors. Adapted with 
permission.[18] Copyright 2011, Nature Publishing Group.
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3. On-Surface Synthesis of 1D Carbon 
Nanostructures

GNRs are considered to be promising candidates for further 
electronics since their bandgaps are sufficiently large for prac-
tical applications as digital electronics.[27] More importantly, the 
molecular structures of GNR including its topology, edge struc-
ture, width, and even atomic defects would have significant 
influences on its transport properties.[28] Meanwhile, a desir-
able control of their atomic structures still remains as a great 
challenge. Consequently, the rapid advancement of on-surface 
synthesis of specifically designed molecular precursors pro-
vides a promising route toward atomically precise graphene 
nanoribbons.

As illustrated in Figure 4a, Cai et al. first designed and 
reported a bottom-up method for the fabrication of atomically 
precise graphene nanoribbons.[29] After thermal sublimation of 

10,10′-dibromo-9,9′-bianthryl precursor monomers onto a solid 
surface, the molecules are activated by removal of their halogen 
substituents, yielding biradical species. After the first thermal 
activation step, the biradical species diffuse across the surface 
and undergo radical addition reactions to form linear polymer 
chains. Then, the molecular chains are further annealed to 
induce a surface-assisted cyclodehydrogenation, and transform 
to the targeted GNRs with atomic precision.

This recipe has been widely utilized to synthesize GNRs 
supported on surfaces ever since the seminal work. We have 
summarized different kinds of GNRs formed by the bottom-
up method as shown in Table 1. Substantial efforts have 
been devoted to the formation of GNRs with armchair edges 
including widths (N) of three (i.e., poly-p-phenylene), five, six, 
seven, nine, thirteen, fourteen, fifteen, and twenty-one carbon 
atoms. The main idea lies in a delicate choice of the precur-
sors as the trigger of dehalogenative reaction followed by 

Adv. Mater. 2018, 30, 1705630

Figure 3. a) Generation of triangulene by STM tip manipulations. AFM images of triangulene and its energy-level scheme and scanning tunneling 
spectroscopy. Adapted with permission.[21] Copyright 2011, Nature Publishing Group. b) On-surface reduction of diepoxytetracenes to form genuine 
tetracene on Cu(111). Adapted with permission.[22] Copyright 2016, American Chemical Society.
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CC coupling. It is more challenging to grow GNRs with a 
larger width due to the limitation of the size of the precursors 
aroused by their evaporation issues. It has also been demon-
strated that N of 6, 14 and 21 could be fabricated via cross-
dehydrogenative coupling of prealigned GNRs,[37,42] which 
sheds light on fabricating GNRs with larger widths. However, 
the crosslink processes are not easy to control, and GNRs of 
different width or GNRs not fully completed would exist on 
surfaces simultaneously. In addition, monomer design also 
provides routes towards the substitutional “doping” of GNR 
by replacing carbon atoms with heteroatoms, such as boron, 
sulfur, or nitrogen.[44–47] Remarkably, GNRs with zigzag edges 

are expected to have spin-polarized electronic edge states, 
which would be promising for spintronics. Recently, Ruffieux 
et al. described the bottom-up synthesis of GNRs with zigzag 
edge through the surface assisted polymerization and cyclode-
hydrogenation of specifically designed precursors (as shown in 
Figure 4b).[50]

In addition to the aforementioned GNRs, others with exotic 
edge structures or atomic structures within the chains could 
also be formed by selecting specially designed precursors. 
For instance, chevron type, chiral (3,1) and acene type GNRs 
are formed on surfaces (see ref. in Table 1). It is noteworthy 
that graphene-like nanoribbons with periodically embedded 

Adv. Mater. 2018, 30, 1705630

Figure 4. On-surface synthesis of armchair and zigzag graphene nanoribbons. a) Steps for surface-supported GNR synthesis and the STM image of 
the 7-AGNR on Au(111). Adapted with permission.[29] Copyright 2010, Nature Publishing Group. b) Synthetic strategy to GNRs with zigzag edges. 
STM images showing products of surface assisted CC coupling and cyclodehydrogenation of the precursors, respectively. AFM image confirms the 
formation of the 6-ZGNRs. Adapted with permission.[50] Copyright 2016, Nature Publishing Group.
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four- and eight-membered rings have been synthesized via 
surface-assisted dehalogenation and cyclodehydrogenation of 
1,6,7,12-tetrabromo-3,4,9,10-perylene-tetracarboxylic-dianhy-
dride.[58] Graphene nanoribbon consisting of segments with 
alternating widths has been formed on the surface as well.[60–62]

The controlled synthesis of monodisperse “single-chirality” 
single-walled carbon nanotubes (SWCNTs) remains as a sig-
nificant challenge as well, which hampers their extraordinary 
properties for numerous technological applications. As shown 
in Figure 5, Sanchez-Valencia et al. designed a bottom-up 
strategy toward the synthesis of single-chirality and essen-
tially defect-free SWCNTs with lengths up to a few hundred 
nanometers.[63] First, a singly capped ultrashort (6,6) SWCNT 
seed was formed via surface-catalyzed cyclodehydrogena-
tion of the designed precursor C96H54 on Pt(111). Then, the  

targeted nanotube was elongated by exposing to a carbon feed-
stock gas such as ethylene or ethanol at temperatures between 
670 and 770 K. The formation of (6,6) SWCNT was identified 
by the high-resolution STM image, and Raman spectroscopy 
was used to determine its orientation as well as single chirality 
assessment.

The incorporation of acetylenic scaffoldings or sp-hybrid-
ized carbon provides an important route to fabricate novel 
carbon nanostructures/nanomaterials, which are predicted 
with extraordinary physicochemical properties. The most 
straightforward ideas represent the introduction of precursors 
with alkynyl groups. Recently, Sun et al. have fabricated an 
organometallic wire ([CuCC]n) (i.e., metalated carbyne) 
by dehydrogenative of ethyne molecules and coupling with 
copper atoms on a Cu(110) surface under ultrahigh-vacuum 

Adv. Mater. 2018, 30, 1705630

Table 1. A summary of GNRs formed by on-surface synthesis strategies.

Armchair Zigzag

Type Substrate Refs. Type Substrate Refs.

N = 3 Cu(110), Cu(111), Ag(111), 

Au(111), Au(110)

[30–33] 6-ZGNR Au(111) [50]

N = 5 Au(111), Cu (111) [34–36] Cove-edged

N = 6 Au(111) [37] Bischrysene based Au(111) [51]

N = 7 Au(111), Au(110), etc. [29,38,39] Chevron

N = 9 Au(111) [40] Tetraphenyl triphenylene Au(111), Ag(111) [29]

N = 13 Au(111) [41] Nitrogen doped Au(111) [52,53]

N = 14 Au(111) [42] Fluorenone and chevron Au(111) [54]

N = 15 Au(111) [43] Others

N = 21 Au(111) [42] Chiral (3,1) Cu(111) [55–57]

Boron-doped N = 7 Au(111) [44–46] 4- and 8-membered ring Au(111) [58]

Sulfur-doped N = 7 Au(111) [47] Acene type Au(111) [59]

Edge-fluorinated N = 7 Au(111) [48] 5/7-GNR Au(111) [60]

Edge-CN N = 7 Au(111) [49] 7/14-GNR Au(111) [61,62]

Figure 5. a,b) Synthetic route to single-walled carbon nanotubes, which is achieved by the formation of (6,6) SWCNT seeds followed by nanotube 
epitaxial elongation. c) The STM image identifies the (6,6) SWCNT. Adapted with permission.[63] Copyright 2014, Nature Publishing Group.
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conditions (see Figure 6).[64] The chains grew along the ani-
sotropic substrate and were found to extend to the submi-
cron scale (with the longest ones up to ≈120 nm). Meanwhile, 
the same group formed a 1D molecular wire with acetylenic 

scaffoldings, as well as a CAuC organometallic chain (see 
Figure 7a).[65] Herein, they have designed the molecular precur-
sors with terminal alkynyl bromide, and introduced the dehalo-
genative homocoupling reactions on the surface. This strategy 

Adv. Mater. 2018, 30, 1705630

Figure 6. On-surface synthesis of organometallic carbon chains by dehydrogenative coupling of ethyne molecules and copper atoms on a Cu(110) 
surface. Adapted with permission.[64] Copyright 2016, American Chemical Society.

Figure 7. a) Molecular chains with acetylenic scaffoldings formed via dehalogenative homocoupling of terminal alkynyl bromides. Adapted with per-
mission.[65] Copyright 2016, American Chemical Society. b) Molecular wire grown by the homocoupling of terminal alkyne along the step-edges of the 
Ag(877) vicinal surface. Adapted with permission.[67] Copyright 2014, American Chemical Society. c) On-surface formation of 1D polyphenylene chains 
through Bergman cyclization followed by radical polymerization on Cu(110). Adapted with permission.[69] Copyright 2013, American Chemical Society. 
d) A polyacetylene-type molecular chain was obtained through cooperative thermal enediyne cyclization followed by a step-growth polymerization. 
Adapted with permission.[70] Copyright 2014, American Chemical Society.
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surpasses the previously applied method of dehydrogenative 
homocoupling of terminal alkyne in producing less byprod-
ucts.[66] In this respect, Cirera et al. improved the chemoselec-
tivity of the linking process with terminal alkyne by aligning 
molecules along the step edges of the Ag(877) vicinal surface 
(see Figure 7b).[67] Liu et al. explored the influences of the lat-
tice plane of Ag surfaces in the reaction of terminal alkyne.[68] 
Beyond that, enediyne groups have also been used to construct 
molecular chains on surfaces. As shown in Figure 7c, Sun 
et al. constructed 1D polyphenylene chains through Bergman 
cyclization followed by radical polymerization on Cu(110).[69] 
While, a polyacetylene derivative was obtained through cooper-
ative thermal enediyne cyclizations (see Figure 7d).[70] Besides, 
a plethora of 1D molecular chains have been formed on 
surfaces, mainly through the dehydrogenative CC coupling 
reactions[71,72] or dehalogenative CC coupling reactions.[73,74]

4. On-Surface Synthesis of 2D Carbon 
Nanostructures

2D covalent organic nanostructures are promising materials 
for future nanotechnological applications owing to their novel 
and adjustable electronic properties. On-surface synthesis has 
provided an unprecedented route toward the formation of an 
abundance of atomically precise surface nanostructures with 
highly chemical and mechanical stability. In this respect, sem-
inal works as well as the most widely used surface reactions so 
far are Ullmann coupling of aryl halides on surfaces.[75–77] In 
this section, we review the recent progress in on-surface forma-
tion of 2D carbon nanostructures, with special focuses on non-
Ullmann type reactions.

Besides Ullmann-type reactions on surfaces, other types of 
reaction have also been explored to construct 2D conjugated 

Figure 8. 2D conjugated covalent networks formed via dimerization and cyclotrimerization of acetyls on surfaces. Adapted with permission.[78] 
Copyright 2015, American Chemical Society.
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polymers. As illustrated in Figure 8, Yang et al. have shown that 
2D covalent networks were formed by forming an additional 
phenyl ring through cyclotrimerization of acetyls on a Ag(111) 
surface.[78] STM has been applied to study the reaction pathways 
and the products. With the aid of DFT calculations and XPS, 
they have further explored the underlying reaction mecha-
nisms and identified the rate-limiting steps of the reaction as 
well as the side products. In line with the cyclotrimerization of 
acetyls, Zhou et al. have investigated the cyclotrimerization of 
alkynes.[79] A diyne monomer 4,4′-diethynyl-1,1′-biphenyl was 
designed, which has a two alkynyl groups terminated at the 
end of a diphenyl backbone (see Figure 9). After annealing the 
molecule-covered sample, the diyne molecules are polymerized, 
generating networks with branch and hexagonal structures pre-
sented by STM imaging. Very soon after their work, Liu et al. 
have studied the same reaction on the surface. In this case, 
they chose an aryl alkynes 1,3,5-tris-(4-ethynylphenyl)benzene 
with tri-topic functional groups. It turned out that the cyclotri-
merization of this molecule proceeded with a higher selectivity, 
and resulted in 2D polyphenylene nanostructures exhibiting a 
honeycomb topology.[80]

Although a lot of works have been devoted in developing dif-
ferent surface reactions with the aim of constructing 2D nano-
materials, the long-range ordering of formed structures is still 
a challenge. The kinetic irreversibility of the formed structures 
usually leads to defects. As shown in Figure 10a, Eichhorn et al. 
have investigated the influences of different kinetic reaction 
parameters on the morphology and defects density of covalent 
networks obtained by Ullmann coupling on Au(111) using an 
iodine- and bromine-functionalized aromatic precursor.[81] The 
structural quality of the covalent networks was evaluated for 
different parameters including surface temperatures, heating 
rates, and deposition rates by statistical analysis of STM data. 
In addition, it is also noteworthy that Sun et al. have fabricated 
a graphdiyne-like structure as well as the corresponding 
CAuC organometallic porous structures by dehalogenative 
homocoupling of terminal alkynyl bromide on the Au(111) 
surface (see Figure 10b).[65] This strategy exhibits a better yield 
with respect to the formation of diyne moieties in comparison 
with the homocoupling of terminal alkynes.[82]

The direct CH bond activation of aromatic groups repre-
sents an alternative route toward the CC coupling reactions. 

Figure 9. 2D conjugated networks formed by cyclotrimerization of alkynes. STM images at different annealing temperatures. Adapted with permis-
sion.[79] Copyright 2014, American Chemical Society.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1705630 (10 of 12)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2018, 30, 1705630

Sun et al. obtained a 2D polymer structure formed through 
direct CH activation followed by an aryl–aryl coupling of 
a metalphthalocyanine.[83] By the introduction of hydroxyl 
directing groups to the precursors, Li et al. achieved selective 
ortho–ortho coupling on metal surfaces. A porous polyphe-
nylene network is formed through the diselective ortho CH 
bond activation on the Au(111) surface.[84]

5. Outlooks and Perspectives

We have reviewed a series of recently reported on-surface 
synthesis studies, which demonstrate the increasing interest 
toward the synthesis of novel low-dimensional carbon nano-
structures with atomic precision. Especially, those carbon allo-
tropes including carbyne and graphyne, which are proposed 
but yet to be synthesized, have aroused great attention from 
the surface science community. Although breakthroughs or 
advances have been achieved on the formation of novel carbon 
nanostructures by the on-surface synthesis method, a lot of 
questions and problems are yet to be addressed. For instance, 
the yield of this method is far below practical applications or 
mass production, which require their productions in macro-
scopic quantities. The reaction mechanisms are still not fully 
understood, although comprehensive experiments combined 
with DFT calculations have been performed. Moreover, the 
practical use or transfer of these carbon nanostructures from 
metal surfaces to other substrates, which are more technologi-
cally relevant still faces substantial challenges.
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