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Fig. 1 Schematic illustration showing two ways for synthesis approach of graphenal polymer: bottom-up approach
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® Functional groups

based on nanographenes, polyphenylene, polymer and small molecule; or top-down approach based on graphene,

graphite and carbon nanotubes

Some possible structures of graphenal polymers are also shown.
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Fig. 2 The key building blocks; (b) The resultant homologous series of polyphenylene ribbons (PRs) ; (¢) Cyclodehydrogenation

of the PR 7 toward the PAH ribbon 16 and (d) HRTEM images of a film of PAH ribbon 16 ( Adapted with permission from

Ref. [36]; Copyright (2009) American Chemical Society)
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Fig. 3 (a) Reaction scheme from precursor 10, 10’-dibromoCTF-9, 9’-bianthryl monomers to straight GNRs; (b) High-
resolution STM image with partly overlaid molecular model ( blue) of straight GNRs; (¢) Reaction scheme from precursor 6,
11CTF-dibromoCTF-1,2, 3, 4CTF-tetraphenyltriphenylene to chevron-type GNRs; (d) High-resolution STM image with partly
overlaid molecular model ( blue) of chevron-type GNRs; (e) High-resolution STM image of threefold GNR junction; (f)
Schematic model of the junction fabrication process with components 6 ,11CTF-dibromoCTF-1,2,3 ,4CTF-tetraphenyltriphenylene
and 1,3 ,5CTF-tris(4"CTF-iodoCTF-2'-biphenyl ) benzene monomer and ( g) molecular model (blue) of ¢ threefold GNR junction

(Adapted with permission from Ref. [37]; Copyright 2010, Nature publishing group)
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Fig. 4 (a) Synthesis of cross-linked conjugated polymers CPN1CTF-CPN4 and TEM images of Py-CPNs ( Adapted with permission

from Ref. [ 39 ]; Copyright 2009, John Wiley and Sons); (b) Molecular structure of CPD monomers and the hyperbranched

polyphenylenes, as well as TEM images of the hyperbranched polyphenylenes after stepwise heat treatment ( Adapted with permission
from Ref. [40]; Copyright 2005, John Wiley and Sons) and (c¢) The precursor structure, SEM and TEM images of MPNCs!*!
(Reproduced by permission of The Royal Society of Chemistry)
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Fig. 5 (a) The HBC used and HRTEM image of resultant unconventional carbon nanotubes ( Adapted with permission
from Ref[ 18] ; Copyright 2005, John Wiley and Sons and (b) SEM image and HRTEM image of NGHCs ( Adapted with
permission from Ref. [21]; Copyright 2010, John Wiley and Sons)
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Fig. 6 (a) Hlustration of the synthesis procedure of TNNs; (b) TEM and STEM images of TNNs; (c¢) Typical N1s XPS
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Fig. 7 The chemical structure of BC (a), the optical photograph of BC (b) and PBC (c¢), the SEM image of PBC (d), the

synthesis process of PBC and its hybrids, accompanying HRTEM image of PBC (), Raman spectra of PBC and BC (f), and Cls

XPS profiles (g) (Reproduced with permission from Ref. [24]; Copyright 2013, John Wiley and Sons)
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Fig. 8 (a) The fabrication process of SINW@ G@ RGO; (b) HRTEM images of SINW@ G nanocables; (c¢) SEM
images of SINW@ G@ RGO and (d) Cycling performance of the SINW@ G@ RGO ( Reprinted with permission from

Ref. [53]; Copyright (2013) American Chemical Society)
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Fig. 9 (a) Creation of a nitrogen-functionalized pore within a graphene sheet; (b) The hexagonally ordered porous graphene

( Reprint with permission from Ref. [ 58 ]; Copyright (2009) American Chemical Society) (c¢) Top view of 2D polyphenylene layer

in a2 X 2 supercell; (d) Total electron density projected on the surface of polyphenylene layer; Electron-density isosurfaces for (e)

H,, (f) CO,, (g) CO and (h) CH, passing through the pore of polyphenylene at the transition states ( The isovalue is 0. 15

a.u )l

" (Reproduced by permission of The Royal Society of Chemistry)
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Fig. 10 (a) Schematic of the synthesis process of a-FG; (b) TEM image of a-FG; (c¢) Cls XPS profile of a-FG; (d) Specific

capacitance versus different current densities of a-FG and (e) Cycling performance of a-FG and the control samples ( Reproduced

with permission from Ref. [ 78 ] ; Copyright 2012, John Wiley and Sons)
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Fig. 11 (a) The fabrication process and (b) high-resolution phase contrast electron micrograph of a-MEGO ( Reproduced with

permission from Ref. [ 70]; Copyright 2011, American Association for the Advancement of Science); (c) The formation process

and (d) typical TEM image of the polygonal nanomesh graphene based on MgO templates'”’ ( Reproduced by permission of The

Royal Society of Chemistry) and (e) The evolution of graphene nanomeshes ( GNMs) ( Adapted with permission from Ref. [72];

Copyright 2013, Nature publishing group)
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Fig. 12 Sketch showing the different ways nanotubes could be unzipped to yield graphene nanoribbons ( GNRs) : (a) Chemical

route, involving acid reactions that start to break carbon-carbon bonds (e. g. , H,S0, and KMnO, as oxidizing agents) [75.76] . ()

Intercalation-exfoliation of MWNTSs, involving treatments in liquid NH; and Li, and subsequent exfoliation using heat treatments| 78] ;

(c¢) Catalytic approach, in which metal nanoparticles

“cut”

the nanotube longitudinally like a pair of scissors

[79]

; (d)

Physicochemical method, by embedding the tubes in a polymer matrix followed by Ar plasma treatment*®’ ; and (e) The electrical

method, by passing an electric current through a nanotube'®') ( Adapted with permission from Ref. [ 77 ]; Copyright (2010)

American Chemical Society) (f) The structure of dye-sensitized solar cells based on R-GONR-bridged CNTs as counter electrode

and the mechanism of rapid electron transport in the counter electrode. ( Adapted with permission from Ref. [82]; Copyright 2013,

John Wiley and Sons) and (g) Scheme for the synthesis of the GNRs/Sn0O, composite ( Adapted with permission from Ref. [77 ] ;

Copyright (2013) American Chemical Society)
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Synthesis and Applications of Graphenal Polymer

Qi Song, Xiang-long Li, Long Hao, Lin-jie Zhi"

( National Center for Nanoscience and Technology , Beijing 100190 )

Abstract Graphene is a two dimensional honeycomb-like framework constructed by pure sp’-carbon atoms
which exhibits extraordinary electronic and heat transport properties. Meanwhile , polymers are chain-like or
network-like macromolecules formed by a series of monomers containing numerous heteroatoms (e. g. ,H, 0,
N) and also functional groups. Due to the large specific surface area and excellent electrical properties of
graphene, various high-performance graphene-based energy storage devices including lithium ion batteries and
supercapacitors have been frequently demonstrated. Whilst, thanks to controllable structures and ultra-high
surface areas,microporous polymers show potential in applications such as gas storage , catalysis and sensing.
Recently, numerous transitional intermediates lying between graphene and polymers have attracted intense
interest , being a new star in energy storage applications. Within this kind of nanomaterials ,numerous graphene-
like subunits are organically interconnected by small organic and/or polymeric fractions ,forming diverse porous
structures. With such structural characteristics, they are of well-designed combination of electron transport
channels and ion transport channels, showing great potential in energy storage applications. Combined with
recent progress made by our group and also others, we outline two representative approaches ( bottom-up and
top-down) for the synthesis of these novel materials ( denoted as graphenal polymers) ,as well as exemplify
their potential applications.

Keywords Graphene, Polymer, Graphenal polymer, Bottom-up, Top-down
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