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ABSTRACT 

Sp , sp2 or sp3 hybridization of carbon atoms results in a linear, triangular or tetrahedral configuration of 
bonding geometry, respectively. By combining different hybridizations in one structure, a variety of 3D 

carbon allotropes with periodic crystal structures can be obtained with potential novel properties and 
applications. With the rapid development of computational capability in recent years, a large number of new 

3D carbon structures have been proposed with their properties predicted; the development of new 

experimental techniques has also led to the successful experimental preparation of several carbon crystals. 
Observing the rapid advancement of 3D carbons subsequent to the breakthroughs in 2D graphene, this 
paper reviews the recent progress in constructing carbon crystals by summarizing the structural design and 
specifically highlighting the preparation using template carbonization, organic synthesis, high-pressure 
processing and charge injection. 
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[12 ], and template-directed growth of graphene 
networks [13 ] have been developed to assemble 
carbon nanostructures into bulk materials. Through 
such non-covalent assembly or reconstruction 
of nanomaterials by violent chemical reaction, 
the macroscopic carbons generally own random 

structures or fragile properties [14 ]. Designing 3D 

carbons from nanostructures while maintaining 
certain periodicity can not only give full play to 
the structural flexibility, but also bring about new 

insights for carbon materials science. 
The construction of 3D carbon crystals, other 

than the two most stable structures, graphite and 
diamond, is challenging. From the point of view 

of thermodynamics, all carbons tend to transform 

to sp2 -hybridized graphite at very high tempera- 
tures/ambient pressure or to sp3 -hybridized dia- 
mond at high pressure/high temperature (HPHT) 
conditions. Since many 3D carbon crystals are ther- 
modynamically metastable and can hardly be ob- 
tained by simple phase transition or carbonization, 
very careful control of parameters is necessary for the 
preparation. Recent successf ul sy nthesis of graphene 
nanoribbons and CNTs from polycyclic aromatic 
hydrocarbons (PAHs) has demonstrated the 
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NTRODUCTION 

esigning carbon structures with desired properties
as been the focus in the field of carbon research for
 long time. Connecting carbon atoms with different
ybridizations leads to an essentially countless num-
er of carbon allotropes, providing opportunities to
une the properties of carbons, as the hybridization
ype largely determines the physical and chemical
eatures of the formed structures. In recent decades,
he extensive investigation of fullerenes [1 ], carbon
anotubes (CNTs) [2 ], graphene [3 ] and other
ow-dimensional carbon materials [4 ] has verified
he crucial role of structural regulation. For exam-
le, superconductivity is found in doped C60 and
agic-angle twisted graphene [5 ,6 ]. Flat bands
nd electronic phase separation are identified in
ultilayer rhombohedral graphene [7 ,8 ], which

s distinct from the extensively studied hexagonal
hase of graphene stacking. Whether the single-
alled carbon nanotube (SWCNT) is metallic or
emiconductive depends on the chirality as well
9 ]. To utilize nanocarbons in practical scenarios,
ethods such as DNA-mediated assembly of CNT
rrays [10 ], cross-linking gelation of graphene ox-

de [11 ], 3D printing of graphene superstructures 
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easibility of bottom-up fabrication from car-
on units [15 ,16 ], which may be extended to the
reparation of 3D carbon structures. Theoretical
alculations have proposed the possibi lity of bui ld-
ng pi l lared graphene or carbon foam [17 ,18 ], via the
onnection of CNTs or graphene, respectively. In-
roducing the negative Gaussian curvature, Mackay
nd Terrones in 1991 proposed ‘schwarzite’ (named
fter German mathematician Hermann Schwarz,
ho originally defined the triply periodic minimal
urfaces) by topologically extending sp2 carbon into
 periodic 3D space [19 ]. Simulations indicate that
hese periodic negatively curved carbons containing
ix- and eight-membered rings possess massless
irac fermions [20 ], and their electronic properties
ay be regulated from metallic to semiconduct-

ng [21 ,22 ], showing potential applications in gas
dsorption, ion storage, catalysis and so on [23 –27 ].
Several routes have been explored for the

reparation of 3D carbon crystals, starting from
arbon clusters, molecules or nanostructures. By
ontrolling the pyrolysis and deposition of hydro-
arbon precursors in periodic microporous zeolite
emplates, zeolite-templated carbons (ZTCs) with
tructures replicating those of templates were pre-
ared [28 ]. Through bottom-up organic synthesis,
ome carbon fragments with negative curvatures
uch as octabenzo[8]circulene [29 ] and monkey
addle-shaped nanographene [30 ] have been syn-
hesized, which can serve as building blocks for
arbon schwarzites, yet their covalent assembly
nto an atomically periodic 3D structure is sti l l on
he way. By treating carbon nanostructures such as
raphene, CNTs and fullerenes at HPHT condi-
ions, covalent bonds form between nanocarbons
ccompanied by further structural phase transitions,
esulting in the experimental preparation of several
uperhard carbon phases such as M- [31 ], Z- [32 ]
nd V-carbons [33 ]. 
Clearly, studies on 3D carbon crystals are sti l l in

he very early stages. Published theoretical predic-
ion results have included the electronic structure
f thermodynamically stable phases [34 ], while the
ossible reaction path starting from the precursors
emains elusive. In the limited number of reports on
he experimental preparation of periodic 3D crys-
als, the microstructures often contain a large num-
er of defects [35 –37 ]. Furthermore, the amount of
ample is restricted when some preparations are per-
ormed at extreme conditions [33 ,38 ]. On the other
and, the crystals of Mg2 C60 [39 ,40 ] and Mg4 C60 
40 ,41 ] have been prepared, in which C60 molecules
re covalently connected with each other in the plane
ut non-covalently stacked out of plane. Hou et al.
40 ] and Meirzadeh et al. [41 ] utilized organic cation
licing and mechanical exfoliation to further exfoli-
Page 2 of 25
ate the Mg4 C60 crystals into single/few layers of 2D 

C60 polymer, respectively, after removing Mg from 

the crystals. The preliminary characterizations based 
on these 2D polymers show that they have enhanced 
thermal and electric conductivity as a result of the 
in-plane covalent bonding, compared with molecu- 
lar C60 . In addition, our group highlighted the im- 
portant role of interface charge injection to explain 
the phase transition of graphite from rhombohedral 
(3R) to hexagonal (2H) [42 ], and the connection 
of C60 cages to polymer crystals and long-range or- 
dered porous carbon (LOPC) crystals [43 ]. The 
charge injection method may offer an effective ap- 
proach for constructing new carbons much like Lego 
blocks, through the precise control of interfaces be- 
tween nanocarbons. 

With the purpose of providing researchers in 
this field with a comprehensive understanding of 
state-of-the-art 3D carbon crystal research, here we 
summarize the relevant progress, including theo- 
retical predictions of some typical structures and 
experimental preparation techniques of template 
carbonization, organic synthesis, high pressure pro- 
cessing and so on. The charge-injection-assisted syn- 
thesis wi l l be highlighted in more detail with regard
to its potential in terms of cost effectiveness and fea- 
sibility in practical applications. 

THEORETICAL PREDICTIONS 

The versatile bonding of carbon atoms provides fer- 
tile ground for the discovery and design of new car- 
bon materials. The theoretical prediction of new car- 
bon allotropes can be traced back to the 1960s. In 
1966, David H. Jones imagined that if carbon atoms 
are arranged in a pattern of pentagons and hexagons, 
they could be connected to each other in a low- 
density spheroidal form [44 ]. C60 was experimen- 
tally discovered in 1985 [1 ]. Since then, extensive 
efforts have been devoted to predicting the struc- 
ture and properties of new carbon crystals based on 
first-principles calculations. To predict new struc- 
tures, algorithms including ab initio random struc- 
ture searching (AIRSS) [45 ], particle swarm op- 
timization (PSO) [46 ], stochastic surface walking 
(SSW) [47 ], universal structure predictor: evolu- 
tionary xtallography (USPEX) [48 ], genetic algo- 
rithm (GA) [49 ] and the multi-objective inverse 
band structure design method [50 ], have been uti- 
lized. On the other hand, pressure can be applied 
to transform a structure into a new one, by which 
various superhard but lightweight carbon structures 
can be constructed by altering the arrangement of 
stacked CNTs and the compression angle and po- 
sition [51 ]. In typical theoretical predictions, three 
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Figure 1. Crystal structures of representative 3D sp3 carbons. (a) BC-8. (b) Supercubane-C8. (c) Bcc-C6. (d) Bct-C4. (e) FCC-C32. (f) Sc-C20. 
(g) T-carbon. (h) M-carbon. (i) W-carbon. (j) Z-carbon. (k) K6-carbon. (l) T-C9. 
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teps are taken [52 ]: (i) Random structures are
enerated from selected elements and structures.
ii) After relaxation, candidates are screened by var-
ous criteria such as energy, phonon spectrum, and
hermal and mechanical stability, in which energy is
he prime factor. (iii) Properties of these predicted
arbons are obtained by calculating the electronic
tructure at the ground state. 
Theoretical prediction has made significant con-

ributions in the field of carbon research by of-
ering a framework with possible stable structures
long with interesting chemical and physical prop-
rties. In recent decades, with the improvement in
omputational methods, more carbon crystal struc-
ures have been proposed, such as graphene-based
ll sp2 hybridized [53 ] and graphdiyne-based sp - sp2 
ixed hybridization carbons [54 ], 3D sp2 graphitic
arbon represented by carbon schwarzites [21 ], sp3 
iamond-like structure [55 ], 3D sp2 - sp3 mixed hy-
ridization carbon foams [18 ], and sp - sp3 mixed yne-
iamond structure [56 ]. As of February 2024, a total
f 1661 3D carbon allotropes have been predicted us-
ng density functional theory (DFT) and are listed in
he Samara Carbon Allotrope Database (SACADA)
57 ]. In the following we show some of them by clas-
ifying the structures in terms of hybridization of car-
on atoms. 

D sp3 carbon crystals 
n theoretical studies, most 3D sp3 carbon structures
ere proposed to explain or predict new carbon crys-
als prepared at high pressures, which are usually su-
erhard, insulating and transparent. Figure 1 summa-
izes some typical structures. 
BC-8 is an ultra-dense sp3 diamond-like structure

density: 3.52 g/cm3 , comparable to 3.5 g/cm3 of
iamond) proposed in 1980s [58 ,59 ] to explain ex-
Page 3 of 25
perimentally obtained ultra-dense crystals. BC-8 is 
expected to be transformed from diamond at pres- 
sures above 1 TPa. BC-8 has a body-centered cu- 
bic (bcc) structure and a space group of Ia -3 with
a lattice constant of 4.49 Å. Despite research ef- 
forts with regard to high-pressure processed carbons 
[60 ,61 ], the experimental evidence on BC-8 is sti l l
lacking. In 2023, Shi et al. used molecular dynamic 
(MD) simulations based on machine-learning po- 
tential to predict a thermodynamic pathway for ob- 
taining BC-8 from diamond in a double-shock com- 
pression experiment [62 ]. A similar pathway was 
also predicted by Nguyen-Cong et al. in 2024, in 
which diamond is compressed to a supercooled liq- 
uid for the subsequent nucleation and growth of BC- 
8 [63 ]. Supercubane-C8 was proposed by Strelnit- 
skii et al. to explain their experimental discovery of a
super-dense cubic carbon [64 ], which consists of 3D 

interconnected cubane. Initially, they thought that 
supercubane-C8 belongs to the Im -3 space group 
with a lattice constant of 4.28 Å and density of 
4.1 g/cm3 . In 1989, Hoffmann et al. argued that the
C-C bond in the proposed supercubane-C8 struc- 
ture is too short to be reasonable and pointed out
that the space group of supercubane-C8 should be 
Im -3 m [59 ]. Instead, Hoffmann et al. suggested that
BC-8 can better explain the experiment of Strelnit- 
skii et al. Bcc-C6 is a cubic carbon with Sodalite
structure, first reported by Beagley et al. in 1992 
[65 ]. Its space group is Im -3 m with a lattice con-
stant of 4.392 Å and a density of 2.826 g/cm3 . In
2006, Cohen et al. investigated the electronic prop- 
erties and structural stability of Bcc-C6 with calcu- 
lations, and demonstrated that it is a semiconductor 
with an indirect bandgap of 2.5 eV and a bulk modu-
lus of ∼350 GPa [66 ]. In 2012, using DFT and elec-
tron diffraction calculations, Pokropivny et al. [67 ] 
reported that Bcc-C6 is more suitable than BC-8 
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r Supercubane-C8 to explain the ultra-dense cubic
arbon crystals prepared by Strelnitskii et al. , by con-
idering the lower total energy of Bcc-C6 and the
etter match between the diffraction patterns and ex-
erimental results. 
Bct-C4 can be regarded as square C4 rings

onnected to each other, and the space group
s I 4/ mmm . In 1997, Baughman et al. performed
olecular mechanics simulations to investigate the
tructure and properties of Bct-C4. Based on the
tudies of structure, formation heat, bulk modulus
nd diffraction patterns, they proposed a ‘rectangu-
ated diamond’ to explain the experimental findings
f quasi lonsdaleite, such as the instability at ambient
onditions associated with graphitization [68 ]. Bct-
4 was also proposed by Domingos et al. in 2004
y simulating the transition of CNT bundles under
ompression [69 ]. Bct-C4 can also be theoretically
onstructed by the phase transition of compressed
raphite, which was used by Umenoto et al. [70 ] to
xplain the superhard carbon prepared by cold com-
ressing graphite. FCC-C32 has a space group of
m -3 m [71 ], a lattice constant of 6.62 Åand a density
f 2.75 g/cm3 . Each cell contains 32 carbon atoms, of
hich 8 sp3 carbon atoms are located on the body di-
gonal, connecting four adjacent cubane structures.
ound by He et al. using a particle swarm optimiza-
ion method [72 ], Sc-C20 belongs to the P 21 3 space
roup with a lattice constant of 4.886 Å, containing
0 carbon atoms in each cell. Sc-C20 is kinetically
table with high mechanical strength (bulk modulus
f 403.29 GPa, shear modulus of 416.82 GPa) and
ide bandgap (4.20 eV). It is very likely to be one
f the experimentally reported i-carbons with a lat-
ice constant of a = 0.486 nm, typically produced at
mbient pressures by ion-beam deposition [73 ] and
adiofrequency plasma decomposition of hydrocar-
on gases [74 ]. 
T-carbon is constructed by replacing each car-

on atom in diamond with a carbon tetrahedron,
roposed by Sheng et al. using first-principles calcu-
ations [55 ]. The angle between C −C bonds in the
etrahedron is 60°, and the bond angle between the
djacent tetrahedral carbons is 144.74°. The calcula-
ions of structure, electronic properties and phonon
pectra indicate that T-carbon is a stable semicon-
uctor with a density of 1.50 g/cm3 and direct
andgap of ∼3.0 eV. Because of the existence of
avities inside this structure, the Vickers hardness
s estimated to be ∼61 GPa, 33% weaker than dia-
ond. M-carbon was proposed by Oganov et al. us-

ng first-principles calculations combined with evo-
utionary algorithms [75 ], and has been used to
xplain the superhard transparent carbon prepared
y cold compressing graphite [76 ]. M-carbon has a
onoclinic space group C 2/ m with lattice constants
Page 4 of 25
of a = 9.089 Å, b = 2.496 Åand c = 4.104 Å, in which
each cell contains 16 carbon atoms. The calculations 
show that M-carbon is more stable than graphite 
at high pressure and could be obtained by specific 
covalent bonding between adjacent graphite layers. 
The pressure required for the graphite to M-carbon 
phase transition was predicted to be ∼13.4 GPa [76 ], 
close to that for the formation of cold-compressed 
graphite ( ∼14 GPa) [77 ]. M-carbon is a transpar- 
ent, superhard material with a calculated hardness of 
83 GPa and bandgap of 3.6 eV. 

W-carbon is another superhard candidate ob- 
tained by cold-compressing graphite [78 ], belong- 
ing to orthorhombic space group Pnma , consisting 
of alternating seven- and five-membered rings. The 
lattice constants are a = 8.979 Å, b = 2.496 Å
and c = 4.113 Å, and each cell contains 16 carbon 
atoms. W-carbon is thermodynamically more sta- 
ble than M-carbon, with a higher bulk modulus of 
4 4 4.5 GPa and thus requires a lower phase transi- 
tion pressure of 13.32 GPa. Z-carbon , also known 
as Cco-C8, was proposed by Zhao et al. in 2011 [79 ]
to explain the superhard transparent carbon experi- 
mentally obtained by compressing CNTs. Z-carbon 
belongs to the orthorhombic space group Cmmm , 
with lattice parameters of a = 8.674 Å, b = 4.209 Å
and c = 2.487 Å, and 16 carbon atoms in each
cell. Calculations by Zhao et al. have shown that 
Z-carbon is more stable and has a greater Vickers 
hardness and bulk modulus than W-carbon or M- 
carbon. In addition, Z-carbon can be theoretically 
obtained via structural phase transition of graphite, 
consisting of alternating four- and eight-membered 
rings. Amsler et al. [80 ] used it to explain the
material obtained by cold compressing graphite as 
well. 

K6-carbon is a cubic carbon structure predicted 
by Niu et al. in 2014 [81 ], and has six atoms in a
primitive cell comprising sp3 -hybridized C3 triangle 
rings and a space group of I 41 32 ( O8 ). The calculated
phonon dispersion and elastic constant indicate that 
K6-carbon is a stable, highly ductile structure with a 
density lower than graphite. The band structure cal- 
culations show that it is a metallic carbon with an 
electronic density of states of ∼0.10 states/eV per 
atom at the Fermi level, which is very different from 

other reported wide-bandgap sp3 carbons. T-C9 is 
a superhard sp3 -hybridized tetragonal carbon struc- 
ture with a space group of P -4 m 2 proposed by Liu
et al. in 2020 [82 ]. T-C9 is mechanically and dynam- 
ically more stable than T-carbon at ambient pres- 
sure. The calculated bulk modulus, shear modulus 
and hardness are 328, 243 and 66.7 GPa, respectively. 
T-C9 has a wide indirect bandgap of 4.128 eV and 
may find potential application in electronic and op- 
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Figure 2. Crystal structures of representative 3D sp2 carbons. (a) Bct-4. (b) H-6. (c) HS-C48. (d) CP-C20. (e) CP-C24. (f) P-192 carbon schwarzite. (g) K4- 
carbon. (h) Triangular carbon foam. (i) 3D orthogonal and diamond-like CNT networks. Adapted with permission from ref. [98 ]. Copyright 2011 American 
Chemical Society. 
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D sp2 carbon crystals 
igure 2 shows several 3D sp2 carbon structures.
mong them, Bct-4 , proposed by Hofmann et al.
83 ] in 1983, is regarded as a pioneering work on
on-graphitic sp2 carbon crystals. The authors re-
erred to the crystal structure of thorium disilicide
ThSi2 ) for constructing Bct-4, which is metallic
nd belongs to the I 41 / amd space group with lat-
ice constants of a = b = 2.52 Å and c = 8.57 Å,
nd a density of 2.94 g/cm3 . H-6 was proposed by
amor and Hass in 1990 [84 ]. First-principles sim-
lations show that H-6 is metallic, belonging to the
 62 22 space group with optimized lattice constants
f a = b = 2.645 Å and c = 6.375 Å, containing
ix equivalent carbon atoms in each cell. HS-C48 
s a sp2 -hybridized 3D carbon with a honeycomb
tructure and 48 carbon atoms in a unit cell (den-
ity: 2.277 g/cm3 ) [85 ], which belongs to the Pbam
pace group with lattice constants of a = 7.734 Å,
 = 6.594 Å and c = 7.514 Å. Calculations indi-
ate that it is a metallic carbon with massless Dirac
ermions. CP-C20 is a sp2 -hybridized hollow car-
on network [86 ], belonging to the Pm -3 space
roup with 20 atoms in a unit cell. The phonon
pectrum and ab initio MD calculations confirm its
tability. CP-C24 is another stable porous metal-
ic sp2 carbon with a symmetry of P 41 32 and cu-
ic cell of 24 carbon atoms [87 ]. The calculations
how that it is stable up to 1500 K. Three peaks of
he calculated X-ray diffraction (XRD) of cP-C24
re matched with experimental results obtained from
etonation soot [88 ]. With a stable and porous 3D
onductive network structure, cP-C24 may find po-
ential applications in molecule adsorption or energy
torage. 
Page 5 of 25
Carbon schwarzite was proposed by Mackay and 
Terrones in 1991 [19 ] by periodically extending sp2 
carbon atoms into a 3D space with negative Gaussian 
curvatures, which can be divided into D-, P- and G-
type according to the different topological features. 
A typical structure belonging to the Im -3 m space
group, P-192 , was given in the initial paper. Van-
derbilt and Tersoff used coalescent C60 molecules 
to construct D-168 [89 ], which belongs to the Fd 3
space group. Lenosky et al. proposed D-216 and P- 
216 a nd calculated their electrical and mechanical 
properties [21 ,90 ]. By adopting the three-coordinate 
srs topological structure as a carbon structure, K4- 
carbon was reported by Itoh et al. in 2009 [91 ].
First-principles calculations reveal that K4-carbon 
exhibits a metallic property originating from the 
twisted π state above the Fermi surface. To investi- 
gate the stability of K4-carbon, Yao et al. [92 ] ana-
lyzed its phonon-band structure and Liang et al. [93 ] 
calculated its elastic constants. They both proved 
that K4-carbon is unstable at ambient conditions. 
However, the mechanical stability results obtained 
from the phonon spectrum are sensitive to computa- 
tional accuracy, as a low numerical accuracy may re- 
sult in the generation of imaginary frequency modes 
[94 ]. 

Theoretical calculations have also proposed a 
route to 3D carbons by connecting graphene or 
CNT fragments with sp2 bonds. For example, zigzag 
graphene nanoribbons are connected to form hon- 
eycombed 3D sp2 networks with variable pore sizes 
[95 ]. In 2011, a type of triangular carbon foam was
designed, in which graphene nanoribbons are joined 
together by carbon hexagons at the joints [96 ], 
as shown in Fig. 2 h. Ab initio calculations indicate 
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Figure 3. Structures of several mixed hybridization carbons. 
(a) Karfunkel’s carbon. (b) 3D C60 polymer (tri-coordinated 
atoms are shown in black). Adapted with permission 
from ref. [100 ]. Copyright 2000 American Physical Society. 
(c) oC48. (d) Yne-diamond. 
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hat this triangular carbon foam is metallic with
 mass density of 1.67 g/cm3 and a bulk modulus
f 202 GPa. The structure is energetically favorable,
ndicated by its cohesive energy being lower than
hat of graphite. Similarly, by constructing SWCNT
unctions with negative curvature via the introduc-
ion of seven- and five-membered ring pairs, nan-
tubes with different chirality can be covalently in-
erconnected to make 3D CNT super-architectures
97 ]. As shown in Fig. 2 i, Zeng et al. proposed sev-
ral 3D CNT networks, including orthogonal and
iamond-like network structures. Ab initio calcula-
ions suggest that most of these CNT networks are
etallic, regardless of the electronic properties of the
riginal CNT units [98 ]. The same idea can be used
o construct 3D periodic carbon schwarzites from
ow-dimensional structural motifs such as fullerenes,
NTs and graphene. 

ixed hybridization carbon crystals 
p2 - sp3 mixed hybridization 3D carbons can be ob-
ained by organizing 2D sp2 networks with a cer-
ain number of sp3 bonds between layers. In 1992,
arfunkel et al. constructed several periodic sp2 - sp3 
arbon networks by connecting graphene nanorib-
ons at the edges with sp3 bonds [18 ], and a typ-
cal structure of Karfunkel’s carbon is shown in
ig. 3 a. First-principles calculations show that these
tructures are thermodynamically stable with metal-
ic properties. In 2001, Tomanek et al. proposed a se-
ies of mixed hybridization carbon foams based on
iamond and graphite by introducing sp3 hybridiza-
ion connections between graphite fragments [99 ].
FT calculations indicate that these carbon foams
re rigid and metallic with porosity and low density,
Page 6 of 25
and can be potentially utilized as molecular sieves 
and hydrogen storage materials. In 20 0 0, Burgos et al. 
explored possible superhard carbon phases by sim- 
ulating the 3D covalent connection of C60 using 
DFT methods and semiempirical potentials [100 ]. 
Two body-centered orthorhombic phases and one 
bcc phase were proposed, having 52, 56 and 60 sp3 - 
hybridized carbon atoms per C60 molecule, respec- 
tively, among which the one with 56 tetracoordi- 
nated carbons is shown in Fig. 3 b. These 3D C60 
polymers are semiconducting, with a shear modu- 
lus of ∼240 GPa and a bulk modulus of ∼300 GPa.
oC48 is another 3D carbon crystal consisting of 
sp2 and sp3 bonding, in which each cell has 48 car- 
bon atoms, as shown in Fig. 3 c. DFT calculations 
[101 ] indicate that there are four types of bonding 
length (1.4782 Å, 1.6551 Å, 1.5790 Å and 1.3336 Å) 
in oC48, and the optimized lattice constants are 
a = 9.4076 Å, b = 4.3435 Å and c = 7.3597 Å. oC48
is predicted to be a superhard semiconductor mate- 
rial with an indirect bandgap of 1.464 eV and a hard-
ness of 73.3 GPa. Yne-diamond [102 ], as shown in 
Fig. 3 d, also known as super-diamond, is a diamond- 
like 3D carbon crystal composed of sp3 - and sp - 
hybridized carbon atoms, and can be constructed 
by attaching an acetylene unit to every two carbon 
atoms in the diamond. The sp3 - sp and sp - sp bonds
in yne-diamond are much stronger than the sp3 - 
sp3 bonds in diamond [103 ]. Itzhaki et al. therefore 
predicted it to be a superhard material, particularly 
when the voids are fil led with Xe atoms [104 ]. Bu
et al. [56 ] performed first-principles calculations to 
further study the mechanical properties and struc- 
tural stability of yne-diamond in 2012 and found 
it a metastable carbon structure with a density of 
0.926 g/cm3 , about one-quarter of that of diamond. 
The calculated shear and Young’s modulus were 14.8 
and 19.3 GPa, respectively, only 2.7% and 1.8% of 
those of diamond, demonstrating that yne-diamond 
is not a superhard material. 

From the very limited examples above we can 
see that sp3 -hybridized carbon crystals generally are 
superhard and wide bandgap insulators, which may 
be useful in the fields of grinding, machining, semi- 
conductors and aerospace. Many models have been 
proposed to explain the superhard transparent car- 
bons obtained from high pressure experiments, in 
which T-carbon has been synthesized by laser irradi- 
ation of CNTs [105 ], and M-carbon by the cold com- 
pression of graphite at 15-20 GPa [106 ]. BC-8 has 
been predicted but not yet obtained by double-shock 
compression [62 ]. Sp2 -hybridized carbon crystals 
are general ly metal lic and flexible, and many are 
porous and expected to be used in adsorption, ion 
sieving and energy storage. Among them, carbon 
foam was synthesized in 2016 by deposition of 



Natl Sci Rev, 2025, Vol. 12, nwaf125

v  

C  

s  

c  

e  

3  

[  

w  

c
 

r  

S  

c  

s  

t  

g  

w  

f

E
C
S  

o  

p  

p  

t  

c  

c  

r  

b  

g  

b  

t  

p  

w  

e  

r

T
T  

p  

t  

t  

b  

i  

b  

a  

a  

f  

r  

e  

t  

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/5/nw

af125/8100497 by lib of ustc user on 17 M
ay 2025
acuum-sublimated graphite [107 ], and cP-24 cP-
24 by detonation experiment [87 ]. By combining
p , sp2 and sp3 hybridization, the mixed hybridization
arbon crystals may have excellent mechanical prop-
rties and adjustable electronic properties. Several
D C60 polymers have been synthesized by HPHT
38 ,108 ,109 ], and an interpenetrating graphene net-
ork has been synthesized by compressing glassy
arbon [110 ]. 
For many structures not listed here, readers can

efer to recent review articles [34 ,111 –113 ] and the
ACADA database. At present, most of the theoreti-
al studies have analyzed the stability of new carbon
tructures with calculations of mechanical and elec-
ronic properties, but very little has been done to sug-
est possible preparation pathways. In the following
e wi l l review some typical experimental strategies
or preparing 3D carbon crystals. 

XPERIMENTAL PREPARATION OF 3D 

ARBON CRYSTALS 

trictly speaking, only a very small portion of the-
retically predicted 3D carbon crystals have been
repared in the laboratory and the research on their
roperty characterizations is even rarer. In past years,
he raw materials for the preparation of 3D carbon
rystals mainly included graphite and amorphous
arbon, especially in HPHT preparations. With the
apid advancement of the mass production of car-
on nanomaterials such as fullerenes, CNTs and
raphene, the development of new strategies may
e expected based on such carbon nanomaterials. In
he following we briefly summarize the typical ex-
erimental techniques of 3D carbon crystals, and
ould like to invite readers to notice the differ-
nce between theoretical models and experimental
esults. 

emplate-assisted preparation 

emplate-assisted preparation has been used to pre-
are carbon materials with reasonable structure con-
rol. To make crystals, carbon precursors are in-
roduced into the periodic pores of the templates
y chemical vapor deposition (CVD) or monomer-
mpregnation-polymerization for subsequent car-
onization in the confined space. The templates
re etched away and ordered porous carbons with
n external structure identical to the internal sur-
ace of templates are obtained. Here we summa-
ize two typical template carbons prepared in the
xperiment which are very close to the 3D crys-
alline microporous carbons, i.e. ZTCs and ordered
Page 7 of 25
carbonaceous frameworks (OCFs), synthesized by 
the hard template method and self-template method, 
respectively. 

Zeolite-templated carbons 
Zeolites are a class of aluminosilicate-based microp- 
orous crystals. The International Zeolite Association 
has recorded over 200 types of zeolites [114 ] with
distinct pore structures, many of which have inter- 
connected nanochannels similar to the internal space 
of schwarzites. For instance, the channel structure 
of FAU zeolite closely resembles the internal space 
of D-type schwarzite. Owing to their great thermal 
stability, adjustable catalytic activity and diversity of 
pore structure, zeolites have long been considered 
ideal templates to prepare microporous carbon crys- 
tals. ZTCs can be seen as the negative replicas of their
parent templates. 

The first attempt to synthesize 3D ordered car- 
bons from zeolites was reported by Kyotani et al. 
in 1997 [115 ]. The authors proposed two syn- 
thetic routes, including CVD and impregnation- 
carbonization, to introduce carbon source into the 
internal channels of zeolite FAU-Y and control the 
carbonization. After releasing the zeolite template, 
the obtained carbon was named ZTC. Afterwards, 
they improved the synthesis using a two-step carbon 
filling method (Fig. 4 a) and reported a 3D periodic 
microporous carbon material with a specific surface 
area of 4100 m2 /g [35 ,116 ], whose structure was ex-
plained by an open graphene-like framework model 
(Model-I, Fig. 4 b) constructed from buckybowl- 
like structural motifs (C36 H9 ) containing carbon 
hexagons and pentagons [117 ]. In 2018, the same 
group proposed a more realistic structural model 
(Model-II, Fig. 4 c) by introducing more structural 
heterogeneity and using curved graphene fragments 
containing six-, seven- and eight-membered rings as 
structural motifs [118 ]. This model can be described 
as a 3D interconnected carbon framework consist- 
ing of diverse open-blade-type carbon moieties with 
partially formed closed-strut moieties, an interme- 
diate between Model-I and ideal schwarzite with a 
tubular structure. The above-mentioned ZTCs are 
typically prepared through the decomposition of car- 
bon sources at temperatures above 600°C. However, 
the high temperature processing may reduce the se- 
lectivity of reactions, resulting in challenges such as 
the over-deposition of carbon on the external sur- 
face or in the internal channels of zeolite, preventing 
the inward diffusion and reaction of carbon sources 
[119 ]. 

A metric that is useful in determining the tem- 
plating fidelity of ZTCs is structural packing den- 
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ity (SPDcell ), which has been defined elsewhere
s the mass of carbonaceous material inside the
hannels divided by the mass of the zeolite tem-
late [120 ]. Schwarzite-like ZTCs would necessar-
ly exhibit a high SPDcell of 0.63–0.71 whereas the
eported experimental ZTCs typically exhibit an
PDcell of 0.32–0.40 [121 ]. Several methods have
een developed to improve the deposition of carbon
nside pores, e.g. using pulsed CVD to alter the de-
osition kinetics [122 ] or using a nano-sized zeo-
ite template to shorten the diffusion distance of car-
on sources [123 ]. Up to now, the highest SPDcell 
alues obtained by the pulsed CVD method and us-
ng nano-sized zeolites are 0.53 and 0.68, respectively
121 ]. In these cases, over-deposition often happens,
esulting in the formation of core-shel l-li ke ZTCs
ith graphitic shells on the outer surface. 
To further increase the SPDcell of ZTCs, the

atalytic activity of the pore walls must be pre-
isely controlled to optimize the adsorption and
ecomposition selectivity of carbon precursors. Ze-
Page 8 of 25
olites can undergo a substitution of tetravalent 
silicon with trivalent aluminum (Al3 + ), requiring 
the introduction of an extra-framework charge- 
balancing cation, which can be exchanged with a 
wide range of cations, such as H+ , Na+ , K+ , Ca2 + , 
NH4 

+ , La3 + and Y3 + . Previous studies have inves- 
tigated the role of different cations in modulating 
the catalytic activity of zeolites and the synthesis 
of ZTCs [124 ]. A breakthrough was reported in 
2016 [28 ], when Ryoo et al. achieved the prepa- 
ration of microporous 3D graphene-like ZTCs by 
introducing lanthanide metal cations (La3 + , Y3 + ) 
into pores of zeolites via the solution-based ion- 
exchange method (Fig. 4 d–i), in which La3 + func- 
tions as a catalyst to reduce the carbonization tem- 
perature of ethylene or acetylene. The low reaction 
temperature prevents the deposition of carbon on 
the external surface of the template, thus enabling 
the selective formation of a 3D graphene-like frame- 
work within the zeolite channels. They proposed a 
model constructed from structural motifs contain- 
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ng 258 carbon atoms to describe the experimentally
btained ZTC and indicated that it may be a type
f carbon schwarzite. Similarly, a variety of zeolites
ith different shapes and pores (FAU, EMT, beta,
TL, MFI, LTA) can be used to prepare high-quality
icroporous carbon nanostructures. In addition, by

ntroducing Ca2 + into X zeolite instead of La3 + ,
nother ZTC with 3D graphene structure and
anotube-like framework along the inner surface of
eolite could be prepared via carbonization of ethy-
ene, providing a high yield, significantly reduced
ost and tremendous potential for large-scale pro-
uction and practical application [125 ]. 
To find out whether the experimentally syn-

hesized ZTCs can be regarded as real schwarzite
nd to better describe the atomic structure of ex-
sting ZTCs, in 2018 Braun et al. [126 ] developed a
omputational method based on the Monte Carlo
lgorithm to simulate the synthesis process of ZTCs,
hich can generate the corresponding ZTC struc-
ure from parent zeolites. They also established a
ibrary of ZTC models that show promise for exper-
mental synthesis and proposed criteria for selecting
eolites suitable for preparing ZTCs. It has been
roposed that ZTC is an incarnate of schwarzite.
owever, Stadie et al. [120 ] argued that none of
he zeolite templates proposed by Braun et al. [126 ]
ould be used to prepare carbon schwarzite, for three
easons: (i) Carbon schwarzite is composed of a pair
f interpenetrating networks with the same surface
rea and volume. (ii) There should not be too many
dge states such as H- and O-containing functional
roups on carbon schwarzite. (iii) The reported
PDcell value is too low to prove that a closed 3D
tructure consists of fullerene-like nodes connected
y tubular struts. Thus, the ZTC structures pre-
ented by Braun et al. [126 ] can be regarded as
unbalanced schwarzites’ [120 ]. Recently, Chi et al.
emonstrated that the atomic structure of ZTCs is
ensitive to the synthesis conditions [127 ]. Compre-
ensive experimental characterizations and theoreti-
al calculations indicated that the ZTCs prepared by
arbon deposition using large molecule precursors
nd subsequent framework densification at low
emperatures are mainly composed of open-blade-
ype moieties, exhibiting low surface curvature and
bundant H-terminated edge sites. On the other
and, small molecule precursors and high densifica-
ion temperature generate ZTCs with an increased
ortion of closed-strut carbon moieties, featuring
arge surface curvature and diminished edge site. 

rdered carbonaceous frameworks 
nother method for constructing 3D crystalline
icroporous carbons is the self-template method,
Page 9 of 25
which mainly involves direct pyrolytic carboniza- 
tion of crystalline organic frameworks. Over the past 
decade, pyrolytic carbons based on metal-organic 
frameworks [128 ] and covalent organic frameworks 
[129 ,130 ] have been widely investigated, but the key
is how to retain the ordered structure of the precur-
sors after carbonization. 

To prepare molecular-scale ordered 3D carbon 
crystal, Nishihara et al. [36 ] in 2017 designed a syn-
thetic strategy, which includes first strengthening 
the crystal framework by solid-state polymeriza- 
tion of crystalline precursor molecules and then 
carbonizing the polymer while maintaining its 
original structure. The schematic of synthesis and 
crystal structures is shown in Fig. 5 . For the prepa-
ration, nickel-containing cyclic porphyrin dimer 
(Ni2 -CPDPy ), a molecular crystal with a thermally 
stable nickel-porphyrin center and polymerizable 
diacetylene moieties, is used as the precursor. Upon 
heating to 593 K at an inert atmosphere, polymer-
ization between diacetylene moieties occurs, by 
which the precursor molecules are transformed into 
a crystalline polymer and then carbonized into a 
highly conductive ordered carbon framework at 
above 873 K. The carbon obtained is essentially a 
3D ordered framework assembled from non-stacked 
graphene sheets, and the porphyrin Ni-N4 units in 
the precursor are retained and regularly distributed 
in the graphene sheets, forming a clear (020) plane 
as observed in transmission electron microscopy 
(TEM). The successful preparation and structural 
regulation of ordered carbonaceous frameworks 
make it possible to manipulate the structure of 3D 

carbon crystals at the molecular scale. 
Despite reports, we have to say that atomically 

periodic 3D carbon crystals have not been verified 
through a template-assisted method. The obtained 
interconnected graphene frameworks often have an 
open-blade-type structure, low carbon packing den- 
sity and substantial amounts of H and O. One possi-
ble factor in the preparation of ZTCs is related to the
incomplete carbon source fil ling, channel blockage 
and external surface deposition. By precisely con- 
trolling the growth process to exactly mimic the 
structure at a molecular level, ZTCs and OCFs may 
be further optimized to prepare new 3D carbon 
crystals. 

Assembly of negatively curved polycyclic 

aromatic hydrocarbons 
In order to accurately synthesize carbon schwarzites 
and other negatively curved 3D carbon crystals, 
a bottom-up organic synthesis strategy is to pre- 
pare PAH segments with negative curvature, which 
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re then used as templates or building blocks to
onstruct macroscopic 3D carbon structures. This
ethod has been applied to the preparation of low-
imensional carbon structures. For example, high
uality nanoporous graphene [131 ] and graphene
anoribbons [15 ] have been fabricated by deposit-
ng planar PAH precursors onto metal substrates fol-
owed by heat treatment. Single chiral CNTs have
een selectively produced by cyclodehydrogenation
nd epitax ial grow th using designed PAHs as tem-
lates [16 ]. 
The key to the bottom-up synthesis of car-

on schwarzites lies in the precise design of
anographene precursors with negative curva-
ure. These negatively curved graphene segments
re units that carry structural information about
arbon schwarzites and can be synthesized by in-
roducing seven- and eight-membered rings into
AH molecules. The main idea is to build the
arger polycyclic aromatic systems by adding vary-
ng numbers of benzene rings to [7]circulene or
8]circulene. It is generally believed that the study
f negatively curved PAHs began with the synthesis
f [7]circulene by Yamamoto et al. in 1983 [132 ].
Page 10 of 25
Since then, the design, synthesis and properties of 
negatively curved conjugated carbon nanostructures 
containing five-, seven- and eight-membered rings 
have garnered much attention, and remarkable 
progress has been made in recent decades. Several 
representative structures are shown in Fig. 6 a. 

In 2013, Wu et al. synthesized two kinds of 
peri-substituted [8]circulenes through a 4-fold 
Pd-catalyzed annulation of tetraiodotetrapheny- 
lene with diarylethynes [133 ]. For the preparation 
of tetrabenzo[8]circulene, Suzuki and Sakamoto 
developed an out-in cyclization approach in 2013 
[134 ]. First, a macrocyclic molecule was synthesized 
by a Suzuki-Miyaura cross-coupling reaction of 
o-dibromobenzene and o-terphenylboronic ester, 
then an eight-membered ring was formed through 
intramolecular connection of the macrocyclic com- 
pound by Scholl reaction. Later in 2014, Whalley 
et al. reported an in-out cyclization strategy [135 ], 
by employing the double Diels-Alder reaction of 
sulfoxide with Sondheimer-Wong diyne to pro- 
duce tetraphenylene derivatives and subsequent 
intramolecular Pd-catalyzed arylation to form 

more benzene rings around the eight-membered 



Natl Sci Rev, 2025, Vol. 12, nwaf125

a

c

(b) (c)

b

6

1

C H  O13

OC H6 13

OC H6 13

6
2

R R

R

R

R

R R

R

R
R

3

But

But But

But

4 5

Ph

Ph

10

THF
t-BuOK

Toluene, reflux

R

O O

R

RR

12a: R = H (88%)
12b: R = t-Bu (90%)

987

1)Zn, Ni(DME)Br
THF

2

2)DDQ, toluene

Br ,CS2 2

BrBr

Br Br

98%

RR
O

11a: R = H
11b: R = t-Bu 

TMSI, NaI

2CH Cl2

DDQ, TfOH

13a: R = H (78%)
13b: R = t-Bu (73%)

RR

RR

2CH Cl2

14a (R = H)
14b (R = t-Bu)

RR

RR

15

(a)

BrBr

16 (90%)

O B
O

O
O
B

21a: R = Me
21b: R = n-Pr

But

But

But

But

But

But

But

But

RO OR

RO OR

17 (38%)

MeO OMe

MeO OMe

18 (92%)

MeO OMe

MeO OMe 19

(d)

O But

But But

But

20a: R = Me (94%)
20b: R = nPr (62%)

But

But

But

But

But

But

But

But

RO

RO

OR

OR

(f)

(e)

Figure 6. Synthesis of negatively curved molecular carbons. (a) Several negatively curved PAHs containing seven- or eight-membered rings. Adapted 
with permission from refs [30 ,137 ,139 –142 ]. Copyright 2019 John Wiley and Sons; copyright 2013 Springer Nature; copyright 2023 Elsevier; copyright 
2023 American Chemical Society; copyright 2019 John Wiley and Sons; copyright 2022 American Chemical Society. (b, c) Typical synthetic routes for 
preparing PAHs containing [8]circulene units by (b) in-out and (c) out-in cyclization. Adapted with permission from refs [29 ,138 ]. Copyright 2019 American 
Chemical Society; copyright 2017 John Wiley and Sons. 

r  

i  

t  

d  

w  

[  

s  

i  

t  

c
 

s  

o  

g  

w  

t  

[  

s  

F  

l  

p  

d  

a  

b  

i  

o  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/5/nw

af125/8100497 by lib of ustc user on 17 M
ay 2025
ings. Two years later, Whalley and co-workers
mproved the synthesis route by Scholl reaction of
etraphenylidene derivatives, resulting in the pro-
uction of functionalized tetrabenzo[8]circulene
ith a higher yield [136 ]. The construction of these
8]circulene derivatives provides the possibility of
ynthesizing structural units of carbon schwarzites
f suitable precursors are selected, promoting
he investigation of negatively curved molecular
arbons. 
Many negatively curved PAHs have been de-

igned and experimentally synthesized based on
ut-in cyclization and in-out cyclization strate-
ies. In 2013, Itami et al. synthesized a grossly
arped C80 H30 with 26 rings including hep-
agons and pentagons derived from a corannulene
137 ]. In 2019, Miao et al. successf ully sy nthe-
ized octabenzo[8]circulene [29 ], as shown in
ig. 6 b. In the preparation, precursor molecules
i ke Sond heimer-Wong diyne were firstly pre-
ared by 2-fold Diels-Alder reactions with 1,3-
iarylisobenzofurans, and then deoxidation and
romatization of intermediate species were achieved
y reduction using iodotrimethylsilane and sodium
odide. The final octabenzo[8]circulenes were
btained through Scholl reaction after adding fluo-
Page 11 of 25
romethanesulfonic acid (TfOH) and 2,3-dichloro- 
5,6-dicyano-1,4-benzoquinone (DDQ). Following 
an out-in cyclization strategy similar to Suzuki’s 
approach, they also synthesized two types of twisted 
nanographene in 2017 by Scholl reaction [138 ]. The 
specific synthetic route is shown in Fig. 6 c. Firstly,
macrocyclic diene was prepared by a Suzuki-Miyaura 
cross-coupling reaction of boronic acid ester with 
1,2-dibromo-4,5-dimethoxybenzene, then trans- 
formed into macrocyclic diyne after bromination 
and subsequent elimination of hydrogen bromide. 
After a 2-fold Diels-Alder reaction between macro- 
cyclic diyne and cyclopentadienone, and after re- 
moving carbonyl and undergoing subsequent Scholl 
reactions under strongly acidic conditions (TfOH) 
with DDQ as the oxidant, twisted nanographene 
was finally obtained with 14 intramolecular C-C 

bonds formed inside. In 2020, Mastalerz et al. 
synthesized another negatively curved PAH con- 
taining three eight-membered rings [30 ] by starting 
from the hex ylox y-substituted truxene. An inter- 
mediate compound was obtained by bromination 
and Suzuki-Miyaura cross-coupling reaction, and 
then three eight-membered rings were formed by 
alkali-catalyzed condensation and cyclization after 
adding potassium tert-butoxide. In 2023, Miao et al . 
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ynthesized several negatively curved molecular
anocarbons containing multiple heptagons by
choll reaction of macrocyclic precursors [139 ].
y attaching C-shaped paraphenylene precursors
o 2,11,18,27-tetrabromooctabenzo[8]circulene
ith subsequent intramolecular Yamamoto cou-
ling and reductive aromatization reactions, Miao
t al. synthesized two new molecular nanocarbons
ombining both negatively curved and tubular
tructures [140 ]. In 2019, Würthner et al. reported
he synthesis of a highly warped, sp2 carbon scaf-
old containing heptagons in only two steps from
nfunctionalized alkene precursors [141 ], which
an be seen as a substructure of a previously pre-
icted carbon schwar zite. In 20 22, the same group
ynthesized a fullerene-embedded schwarzite
ragment, which is composed of fullerenes em-
edded in four equivalent negatively curved PAHs
142 ]. In 2021, Miao et al. reported the synthe-
is of a 3D porous covalent network through the
olymerization of the tetrabromo derivative of
ctabenzo[8]circulene by the nickel-mediated Ya-
amoto coupling reaction, which has a specific sur-
ace area of 732 m2 /g and excellent lithium storage
erformance [143 ]. 
It is worth noting that these molecular carbons

an not only act as precursors to be assembled into
D carbons but also serve as prototypes to investi-
ate structure–property relationships. Based on the
uccess in organic synthesis of graphene nanorib-
ons and CNTs using PAHs, it is not difficult to
magine that if appropriate catalysts and support-
ng templates are found, through polymerization, on-
urface reaction or stacking into covalent organic
rameworks, a variety of carbon nanomaterials with
egative curvature can be assembled in 3D space to
chieve more accurate synthesis of 3D carbon crys-
als like schwarzites. 

igh-pressure processing 

s an important physical parameter, the pressure can
ffectively regulate the interatomic/intermolecular
nteraction and bonding, and thus the structure of
arbons [144 –148 ]. The most common observation
s that graphite transforms into diamond at HPHT.
ased on covalent connection, polymerization or
hase transitions of carbon building blocks such as
raphene, CNTs and fullerenes, new 3D carbon crys-
als can be synthesized under high-pressure condi-
ions. 

old compression of graphite 
raphite is typically composed of graphene lay-
rs stacked in the sequence of ABAB…, which is
Page 12 of 25
prone to interlayer slipping and sp2 - sp3 phase transi- 
tion at HPHT, and generally used to produce high- 
quality cubic diamond in industries. However, the 
situation is completely different at high pressure 
and room temperature or high pressure with shear 
stress applied, where graphite may transform into 
sp3 -hybridized superhard carbon crystals including 
M-carbon, hexagonal diamond and so on. 

Since the 1960s, numerous experiments have 
identified the occurrence of structural phase tran- 
sition when graphite is compressed to 14–17 GPa 
at room temperature. Electrical, optical, XRD and 
Raman spectroscopy characterizations indicate that 
graphite slowly transforms into a sp3 -hybridized, 
transparent and insulating phase, commonly known 
as cold compressed graphite [149 –152 ]. Different 
from the high-pressure transformation into diamond 
at high temperature or with large shear stress ap- 
plied, this phase transition is reversible and relaxed 
samples wi l l revert to graphite after decompression 
[153 ]. Recently, an in-situ Raman spectroscopy on 
compression of highly oriented pyrolytic graphite 
(HOPG) showed that the sp2 - sp3 phase transition 
starts at 9.7 GPa [15 4 ], w hile another work on com-
pression of carbon nanowalls reported a phase tran- 
sition at 5.9 GPa [155 ]. 

In 2003 Mao et al. synthesized a superhard trans- 
parent carbon crystal with hardness close to dia- 
mond by cold compressing graphite at ∼16.7 GPa 
[31 ]. In-situ inelastic X-ray scattering suggests that 
the interlayer graphitic π bonding is reduced by 50%, 
and it was believed that graphite transforms into a 
distorted monoclinic phase or orthorhombic struc- 
ture at this pressure. To explain the mechanical and 
optical properties and XRD (Fig. 7 a) results of this 
superhard carbon, theoretical work based on ab ini- 
tio structural search algorithms proposed a variety of 
structural model candidates [70 ,76 ,78 –80 ,156 ,157 ],
including M-, S-, R-, W-, Z-, H and Bct-carbon, all 
containing four-, five-, seven- or eight-membered 
rings in addition to hexagonal carbon rings. Later 
in 2012, Wang et al. made a detailed study of the
structural transition of HOPG under high pressure 
[158 ], and found that M-carbon was the most prob- 
able structure by comparing the XRD data obtained 
from experiments with several structures predicted 
theoretically (Fig. 7 b). Although the experimental 
Raman spectra are in good agreement with the cal- 
culated M-, Z- and Bct-carbons, M-carbon is the 
most recognized structure of the superhard phase of 
cold-compressed graphite at present. It is generally 
believed that graphite gradually transforms into M- 
carbon above 20 GPa, and the M-carbon phase re- 
mains stable up to > 50 GPa. However, Schindler 
et al. found some cubic and hexagonal diamonds 
in the released products of graphite after it was 
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ompressed up to 70 GPa by Raman spectroscopy,
uggesting that M-carbon may further transform into
iamond at sufficiently high pressures [159 ]. 
The introduction of shear stress may promote

tructural phase transition under high pressures,
esulting in the formation of new 3D carbon crys-
als from graphite at room temperature, but the de-
ressurized samples may revert into diamond [160 ].
ksenenkov et al. found that applying a rotational
hear to M-carbon at a higher pressure leads to a
urther structural phase transition, and hexagonal
nd cubic diamonds are obtained after decompres-
ion from 17 GPa and 19–25 GPa, respectively [161 ].
lank et al. also observed similar results, i.e. that
exagonal graphite transforms into rhombohedral
raphite mixed with hexagonal and cubic diamond
fter decompression [162 ]. The TEM image of ex-
erimentally obtained hexagonal diamond crystal is
hown in Fig. 7 c. Gao et al. reported that diamond
ould be prepared at room temperature and below
Page 13 of 25
1 GPa by applying sufficiently strong shear stress 
[163 ]. After repeating compression and shear treat- 
ment of graphite, they obtained hexagonal and cu- 
bic diamonds decompressed from 0.4 and 0.7 GPa, 
respectively, as shown in Fig. 7 d and e. Such pres-
sures are significantly lower than that required for the 
graphite-diamond phase transition in the conven- 
tional phase diagram. In addition, an unknown or- 
thorhombic phase was found in the sample decom- 
pressed from 3 GPa (Fig. 7 f), which may be the pre-
viously predicted orthorhombic carbon phase Cco- 
C8 , also known as Z-carbon [79 ]. The experimental 
results show that applying high pressure combined 
with strong shear (such as bal l mi l ling) may be an ef-
fective strategy to synthesize new 3D carbon crystals. 

Shock compression has been used to mimic 
the shock of meteorites since microscopic dia- 
monds were found in remnants of explosively driven 
graphite in 1961 [164 ]. In 1967, lonsdaleite, i.e. 
hexagonal diamond, which is theoretically harder 
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han cubic diamond [165 ], was identified inside the
ragments of the Canyon Diablo meteorite [166 ].
n 2003, Yamada et al. prepared a new simple cu-
ic carbon with a lattice parameter of 0.514 nm by
hock compressing a mixture of carbon black and
etracyanoethylene [167 ]. A bcc carbon structure,
C12 [168 ], was theoretically proposed to explain
ts structure, while another group [169 ] argued that
c-C20 is closer to the experimental results of Ya-
ada et al. In 2016, Kraus et al. found the forma-
ion of lonsdaleite above 170 GPa from pyrolytic
raphite [170 ], while another in-situ XRD study
n 2017 indicated that shock-compressed HOPG is
ransformed into lonsdaleite at 50 GPa [171 ]. On
he other hand, dynamic shock compression driven
y explosives [172 ], gas guns [173 ] or pulsed high-
nergy lasers [174 ] can also simulate high-pressure
hase transition. Due to the small sample size and
hort timescales (nanoseconds to microseconds), it
s challenging to detect phase transitions in labo-
atory shock experiments [175 ], leading to debate
bout the dynamic process of the shock preparation
f diamond and lonsdaleite [176 ], as well as conclu-
ions about meteor impacts [177 ]. 

old compression of carbon nanotubes 
NTs can be regarded as rolled graphene and may
e transformed into new 3D carbon crystals at high
ressure on account of their tubular structure. Early
heoretical studies [178 –180 ] predicted the possibil-
ty of polymerization of SWCNTs under high pres-
Page 14 of 25
sure, and the later experimental TEM observations 
on the electron beam-induced coalescence of CNT 

bundles [181 ], welding of SWCNTs [182 ] and cova- 
lent bonding of nanotubes in bundles [183 ] support 
this view. 

In the past few decades, experimental studies 
have been conducted on the high-pressure transition 
of CNTs at room temperature. Raman spectroscopic, 
electrical and XRD studies [184 –187 ] show that 
both single-walled and multi-walled CNTs undergo 
reversible sp2 - sp3 phase transition near the pressure 
for reversible conversion of graphite to M-carbon, 
indicating that the high-pressure phases of CNTs 
and graphite are closely related. In 2004, Wang et al. 
found that when a pressure of ∼75 GPa is applied, 
CNTs transform into a dense and superhard phase, 
which can be retained after decompression [32 ]. Ra- 
man spectroscopic and XRD (Fig. 8 a) studies indi- 
cate that it adopts a hexagonal sp3 structure, which 
differs from hexagonal diamond, while its bulk mod- 
ulus approaches that of diamond. Zhai et al. [188 ] in- 
dicated that the structure of this new phase is consis- 
tent with the theoretically predicted Z-carbon. 

On the other hand, CNTs are less likely to 
transform into new structures under high pressures 
compared with graphite, possibly due to the inert- 
ness of the tube-like structure and the disordered 
arrangement between tubes. To overcome the prob- 
lem of low reactivity, fullerene molecules have been 
embedded into CNTs to construct a peapod struc- 
ture as the precursor. In 2017, Yang et al. synthesized 
a superhard carbon by compressing C70 peapods to a 
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ressure of higher than 60 GPa at room temperature,
nd named it V-carbon [33 ]. Detailed XRD, Raman,
lectron diffraction, scanning transmission electron
icroscopy and energy dispersive X-ray spectro-
copic characterizations prove that this all- sp3 
onoclinic carbon is composed of five-, six- and
even-membered rings, and maintains stability
t ambient conditions. Theoretical calculations
ndicate that the hardness and bulk modulus
re 89 GPa and 411 GPa, respectively. Figure 8 b
hows the comparison of experimentally ob-
ained XRD patterns with several theoretically
redicted carbon structures, proving the success-
 ul sy nthesis of V-carbon. Although numerous
hermodynamically stable carbon structures de-
ived from CNTs have been theoretically pro-
osed, few of them have been experimentally
repared. Selecting tightly packed CNT bundles or
rdered networks with specific arrangement, inter-
ection and stacking as precursors, new 3D carbon
rystals may be obtained by combining the roles of
igh pressure, high temperature and catalysts. 

ompression of fullerenes 
ullerenes are electron-deficient polyenes with
 high degree of freedom and a high molec-
lar symmetry, which can form rich covalent
onds with surrounding molecules through
ycloaddition reactions, therefore forming
arious polymers. By regulating the poly-
erization or coalescence of fullerenes, it is
xpected to synthesize a series of theoretically
redicted 3D carbon crystals. 
The compression of fullerenes was carried out

n early 1990s to determine the bulk modulus and
hase transition of C60 molecular crystal, since the-
retical studies predicted that C60 is stiffer than
iamond [189 –191 ]. The bulk modulus of face-
entered cubic (fcc) phase C60 molecular crystal
t atmospheric-pressure and room temperature was
eported to be ∼10 GPa, a typical characteristic
f isotropic van der Waals intermolecular bond-
ng [192 ]. The volume compressibility −d(ln V )/d P
s 7.0 ± 1 × 10−12 cm2 /dyne, 3 and 40 times
he values for graphite and diamond, respectively
193 ]. The rapid, non-hydrostatic compression of
60 to pressures of 20 ± 5 GPa at room temper-
ture would transform it instantaneously into bulk
olycrystalline diamond [194 ]. On the other hand,
igh pressure can shorten the molecular distance and
hange the orientation of fullerenes, which is con-
ucive to the formation of intermolecular covalent
onds. In 1994, Iwasa et al. first reported that the
olymerization of C60 could be achieved by applying
 pressure of 5 GPa at moderate temperature [195 ].
Page 15 of 25
Theoretical analysis indicated that this process in- 
volves a [2 + 2] cycloaddition reaction between two 
6–6 double bonds of adjacent C60 molecules to form 

cyclobutene rings and formation of 1D chains by se- 
quentially connecting C60 [196 ]. Since then, a large 
amount of experimental work has been carried out 
based on the high-pressure polymerization of C60 , 
and it has been established that many polymerized 
phases can be produced under various pressure and 
temperature conditions, including 1D orthorhombic 
phase [197 ], 2D tetragonal [198 ] and rhombohedral 
phases [199 ] and 3D networks [38 ,109 ]. 

3D C60 polymers, which can be obtained by 
applying a pressure higher than 8 GPa at high 
temperature, have been extensively investigated 
experimentally and theoretically [37 ,200 –202 ]. 3D 

polymers can be roughly considered as 2D polymer 
sheets connected along the stacking directions, but 
in most cases 3D polymer samples synthesized un- 
der high pressure contain at least two phases, making 
the structural characterizations highly challenging. 
In 2006, Yamanaka et al. prepared a 3D polymer 
crystal by applying a pressure of 15 GPa to 2D
tetragonal C60 polymer crystals at 600°C (Fig. 9 a) 
[38 ]. Single crystal XRD suggests that it is a body-
centered orthorhombic structure containing both 
sp2 and sp3 carbon atoms, in which the spherical C60 
molecules deform into a cuboidal shape under high 
pressure, and each C60 is connected to eight adjacent 
molecules via [3 + 3] cycloaddition reactions. The 
resulting 3D polymer is electrically conductive with 
a conductivity of ∼10−1 –10−2 S/cm at room tem- 
perature. Notably, the orientation and arrangement 
of C60 molecules in the 2D polymer remain un- 
changed after further high-pressure polymerization, 
even with the breaking and formation of intermolec- 
ular C-C bonds. Therefore, the Immm symmetry is 
maintained during the 2D–3D transition. Later in 
2008, the same group compressed C60 single crystals 
to 15 GPa at 550°C with the addition of potassium
azide (KN3 ) and obtained a new 3D polymer crystal 
with fcc symmetry [108 ]. Structural analysis based 
on XRD (Fig. 9 b) results accompanied by ab initio
MD calculations indicates that it is a rhombohedral 
phase crystal with the R -3 space group, in which
each C60 unit is covalently connected to 12 adjacent 
units (6 units are bonded by [3 + 3] cycloaddition 
between adjacent 5-membered rings in the plane 
perpendicular to the 3-fold axis and another 6 
units are bonded by 56/65 [2 + 2] cycloaddition 
from the bottom and top of the plane). Therefore,
the obtained 3D fcc polymer is very hard, with 
Vickers hardness comparable to that of cubic boron 
nitride. Laranjeira et al. reported another 3D C60 
polymer with fcc structure synthesized by com- 
pressing C60 powders at 550°C and 9.5 GPa [109 ]. 
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ynchrotron radiation XRD (Fig. 9 c) and calcu-
ations show that whether adjacent C60 molecules
re bonded depends on their relative orientation,
nd such carbon crystals cannot be described
y a defined crystal structure. The same group
arried out further DFT calculations [203 ,204 ]
nd proposed a frustrated polymerized C60 struc-
ure with the long-range ordered fcc symmetry,
n which the C60 molecules are bonded through
6/56 [2 + 2] cycloaddition, possibly between
ifferently oriented neighboring molecules. Based
n the 56/56 [2 + 2] cycloaddition intermolecular
onds, several polymerized structures have been
onstructed (Fig. 9 d) and their stability and bulk
Page 16 of 25
moduli investigated. C60 polymers have been shown 
to have a range of interesting properties, including 
the semiconducting behavior of 1D/2D polymers, 
as well as the electroconductivity and extremely 
high hardness of 3D C60 polymers [37 ,38 ,205 ,206 ]. 

On the other hand, C60 molecules readily col- 
lapse under high pressures, and multiple covalent 
bonds can be formed between the deformed cages. 
Controlling the arrangement and polymerization 
of C60 under high pressures by introducing guest 
molecules into the C60 lattice is an effective strat- 
egy to synthesize 3D carbon-based crystals. In 2012, 
Wang et al. reported the preparation of a kind of 
long-range ordered carbon crystal called ordered 
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morphous carbon clusters (OACC) by compress-
ng solvated C60 molecules [207 ]. The synthesis pro-
ess is shown in Fig. 9 e. Detailed XRD, Raman spec-
roscopy and MD simulation studies show that the
osition and structure of m -xylene molecules within
he solvated crystals remain unchanged under high
ressures, but the C60 cages gradually break down
nd form a periodic 3D structure. The OACC pos-
esses superhard mechanical properties and remains
table after decompression. After that, a variety of
olvated crystals composed of various fullerenes and
olvent molecules were constructed, and the poly-
erization and phase transition processes at high
ressures investigated in detail, illustrating the roles
f building blocks and their boundary interactions in
onstructing novel carbon-based crystals [208 –211 ].
mong solvent molecules, those with six-membered
ings, such as m -xylene and 1,2,4-trimethylbenzene,
end to stabilize the highly compressed or collapsed
ullerene clusters under high pressures, promoting
he formation of long-range ordered structures. On
he other hand, solvent molecules containing five-
embered rings, such as ferrocene, usually trans-
orm into amorphous components together with
ullerene cages, resulting in the formation of disor-
ered structures under high pressures. 
C70 molecule has an ellipsoidal shape with D5h 

ymmetry, which can form hexagonal close-packed
olecular crystal at ambient conditions [212 ,213 ].
oldatov et al. investigated the compressibility of
70 by means of direct piston and cylinder measure-
ents at temperatures ranging from 150 to 365 K
nd pressure up to 1 GPa [214 ]. The phase tran-
ition from a simple rhombohedral phase to a fcc
hase was found at 867 K and 0.9 GPa [213 ]. In
998, Blank et al. investigated the phase transition
f C70 at pressures up to 12.5 GPa and temperatures
f 300 to 1770 K [215 ], and found a new superhard
D-polymerized tetragonal phase at pressures above
.5 GPa and a superhard disordered state at 12.5 GPa
ith a hardness close to that of (100)-face diamond.
n 20 0 0, four crystalline structures formed by dimer-
zation and polymerization of C70 were identified by
EM of C70 treated at 9.5 GPa and 850 K [216 ].
ll the phases are triclinic and exhibit distorted fcc
attices with a doubled c0 -parameter. Soldatov et al.
ynthesized a C70 polymer by treating hexagonal
lose-packed C70 single crystals at 2 GPa and 300°C,
onfirming the predictions on the modeling of C70 
olymers. Single crystal XRD shows that the C70 
olecules are covalently connected into polymeric
igzag chains along the c axis of the parent structure.
olid-state nuclear magnetic resonance and Raman
pectroscopy studies demonstrate the existence of
ovalent bonds between C70 cages [217 ]. 
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We can see that the existing carbon structures 
can be compressed into new carbon allotropes such 
as M-, V-carbon, and 3D fullerene polymers by 
high-pressure treatment, although many structures 
formed under compression are unstable at ambient 
conditions. In addition, the limited sample size in 
the tiny anvil may hamper detailed characterizations 
of the sample obtained. Selecting suitable carbon 
precursors and regulating their stacking/orientation, 
combined with the control of temperature, pressure, 
shear and doping, may promote the experimental 
preparation of more 3D carbon crystals. 

Charge-injection-induced structure 

phase transition of carbons 
Irradiation from an electron beam [218 ] or light 
[219 ], plasma treatment [220 ], al kali/al kaline-earth 
metal doping [221 –227 ] and other means can also
lead to polymerization of fullerenes, providing a 
method for the preparation of new 3D carbon crys- 
tals. In the 1990s, in the study of A3 C60 ( A = K,
Rb, Cs) superconductors, it was found that C60 
molecules would connect with each other when 
doped with a stoichiometric proportion of alkali 
metals ( A1 C60 ) [222 ,228 ]. Alkali metal doping has
been considered to be driven by the electron trans- 
fer from the alkali metal with low work function to
the molecular orbitals of fullerenes. The electrons 
in the triple degenerate t1u orbitals on C60 can re- 
act with the empty orbitals of neighboring molecules 
to form covalent bonds, contributing to the forma- 
tion of polymers by stepwise [2 + 2] cycloaddi- 
tion reactions [229 ]. By this route, numerous metal- 
doped C60 polymers have been successfully pre- 
pared and their properties investigated, including 1D 

KC60 [221 ], RbC60 [222 ], CsC60 [223 ], Na2 RbC60 
[224 ] polymer chains, 2D Li4 C60 [225 ], Na4 C60 
[226 ], Mg4 C60 [227 ] polymer sheets and so on. The
type and amount of doped metal significantly af- 
fect the bonding, polymer structure and properties. 
For example, Na4 C60 is an intermolecular all-single 
C-C bonds connected polymer, while single C-C 

bonds and four-membered carbon rings both exist in 
Li4 C60 . In KC60 , C60 is linearly connected by four- 
membered carbon rings, forming 1D polymerized 
chains while Li4 C60 is a 2D polymerized structure. 
Among them, Li4 C60 [230 ] and Mg2 C60 [231 ] are 
good ionic conductors, while nonpolymeric A3 C60 
( A = K, Rb, Cs) and Ca5 C60 exhibit superconduc- 
tivity [228 ]. 

Typically, only polycrystalline powder sam- 
ples of fullerene polymers can be obtained, re- 
stricting the systematic study of the properties 



Natl Sci Rev, 2025, Vol. 12, nwaf125

5 10 15 25 30 35
2  (°)

In
te

ns
ity

 (a
.u

.)

Original C60

LOPC

Polymer crystal

2 nm

2 nm

2 nm20

a

c

b

ab
a

c

a

bb

c
b

c
a

C Mg NBu4
+ Negatively charged polymeric C 60 sheet

Manual shakingTBAS

a

b

c

A BCD
E F

G
H

I
J

K
L

M N

O

P

Q

A B C D

E F G H

I J K L

M N O P Q

C60 fcc crystal

SSW + NN
Metastable states

Structural evolution

PES

DFT
Electronic structures

Energy (eV)

F

A
G
P

D
P
S

0.3

1.2

0.9

0.6

0.0

5 10 15 25 30 35
2  (°)

In
te

ns
ity

 (a
.u

.)

Original C60

LOPC

Polymer crystal

2 nm

2 nm

2 nm20

a

c

b

ab
a

c

a

bb

c
b

c
a

C Mg NBu4
+ Negatively charged polymeric C 60 sheet

Manual shakingTBAS

a

b

c

DFTSSW SSSSSS + NNNNNNN
Electronic structures

PES

Structural evolution

Metastable states

A BCD
E F

G
H

I
J

K
L

M N

O

P

Q

AAA B C D

E F

CC

EE G HGG HH

I J

FF

K L

M N

JJ

O P Q

C60 fcc crystal

SSW + NN
Metastable states

Structural evolution

PES

DFT
Electronic structures

Energy (eV)

F

A
G
P

D
P
S

0.3

1.2

0.9

0.6

0.0

Figure 10. Charge-injection-induced structural transition of C60 . (a) Crystal structures of Mg4 C60 and Mg2 C60 polymers de- 
termined by single-crystal XRD and a schematic of organic cation slicing exfoliation. Adapted with permission from ref. [40 ]. 
Copyright 2022 Springer Nature. (b) Charge-injection-induced structural transformation of C60 molecular crystal to 1D or- 
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during structural evolution starting from C60 molecular crystal. Adapted with permission from ref. [233 ]. Copyright 2022 John 
Wiley and Sons. 
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226 ,227 ,232 ]. In 2018, Tanaka et al. synthesized
ingle crystals of Mg2 C60 polymer [39 ] via chem-
cal vapor transport and provided more precise
tructural information of the 2D polymer net-
ork, e.g. detailed bond distances and carbon
oordination surrounding the intercalated Mg
toms, through single crystal X-ray structural
nalysis. In 2022, Hou et al. altered the ratio of
aw materials and achieved the preparation of 3D
onoclinic Mg4 C60 and Mg2 C60 polymer crystals
40 ]. By characterizations, it was found that both
olymer crystals are composed of tightly stacked
D C60 polymer sheets connected by intercalated
g ions, in which the Mg-C bonds exist in an

ntermediate state between covalent and ionic
onds. Figure 10 a shows the crystal structure of
hese two samples. By organic cation slicing, the
g4 C60 polymer crystal was exfoliated into nega-

ively charged, quasi-hexagonal polymer monolayers
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and dispersed in N-methylpyrrolidone (NMP) so- 
lution. Meirzadeh et al. also synthesized Mg4 C60 
crystals using the same synthesis route and obtained 
few-layer C60 polymer sheets by acid pickling and 
mechanical exfoliation, based on which the heat 
transport behavior was studied [41 ]. Preliminary 
property testing shows that the 2D C60 polymer 
owns enhanced thermal and electric conductivity 
compared with C60 molecular crystal because of 
in-plane covalent bonding. 

The role of charge injection for modulating the 
structure of carbons has been further highlighted by 
our group. In 2021, Pan et al. reported the transfor- 
mation of graphite from 3R to 2H phase by charge 
injection from lithium nitride ( α-Li3 N) [42 ]. DFT 

simulations and in - situ Raman spectroscopy show 

that α-Li3 N transfers electrons to graphite, enhanc- 
ing the interlayer repulsion at high temperature, thus 
promoting the interlayer slipping of graphite from 
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R to a more stable 2H phase, as verified by in - situ
RD. Using the same idea, Pan et al. treated the
ixture of α-Li3 N and C60 powders under vacuum
t temperatures of 440–600°C, successfully achiev-
ng the transformation of fcc C60 molecular crys-
als to 1D linear polymer crystals and 3D LOPC
rystals in hours (Fig. 10 b) [43 ]. In this way the
ield is much improved, leading to the gram scale
roduction of 3D carbons from C60 for the first
ime. Systematic characterizations indicate that the
OPC crystal is a new 3D carbon crystal formed
y covalently bonded distorted C60 molecules, and
s porous but retains the long-range ordered struc-
ure of C60 in molecular crystals. Theoretical sim-
lations suggest that the electric dipole moments
enerated by charge injection into C60 molecules
an propagate along neighboring molecules, reduc-
ng the energy barrier of additional reaction between
60 molecules. Through machine learning and neu-
al network structure search, Ni et al. further demon-
trated that LOPC crystals represent a large class of
etastable crystal structures in the structural evo-

ution from C60 molecular crystals to graphite-like
r diamond-like carbon crystals (Fig. 10 c), and the
umber of specific types of structures may be very
arge, from tens of thousands to a mi l lion [233 ]. 
Based on the crystals composed of metal and

ullerene (mostly C60 ) cages, the recent advance-
ents reviewed above have clearly shown that new
D carbon crystals can be obtained after removing
he metals, which are generally considered to sta-
ilize the connection between fullerene molecules.
ombined with the calculations which show a great
umber of metastable phases derived from C60 , we
an reasonably speculate that there is much room for
he preparation of new 3D carbon crystals, e.g. by
djusting the experimental parameters of charge in-
ection, including temperature, reaction atmosphere
nd pressure, doping amount and dimension. In ad-
ition, the examples above may remind us to cor-
elate the charge-injection-induced structure change
ith the carbons used in the anodes of batteries,
ince the charge injection can obviously be better
ontrolled in electrochemistry. In fact, the polymer-
zation phase transition of C60 [234 ] and stacking
hase transition of graphite [235 ,236 ] have been ob-
erved in the in-situ studies of carbon anodes for Li-
on batteries. 

UMMARY AND PROSPECTS 

o far, the most familiar 3D carbon crystals
re soft/electrically conducting graphite and
ard/insulating diamond, both of which have
ound numerous applications in social economy
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and human life. The novel 3D carbon crystals may 
demonstrate more superior properties by tuning the 
symmetry, controlling the connection between car- 
bon units and inducing curvatures or metals in the 
crystal. Depending on these parameters, they can 
be semiconducting, superconducting, super hard, 
porous or colorful in sunshine. Such interesting 
properties may have great potential for applications 
in semiconducting devices, energy storage, species 
separation and so on. Although a great variety of 
new 3D carbon crystals have been proposed based 
on theoretical calculations, most of them are sti l l
to be experimentally synthesized. Therefore, the 
experimental preparation of novel 3D carbon crys- 
tals is a long-term goal in carbon nanoscience and 
intensively pursued by materials scientists. 

From the perspective of the controllable synthe- 
sis of 3D carbon crystals, this review has summa- 
rized the research progress of utilizing existing car- 
bons to construct 3D carbon crystals. Big challenges 
remain. Firstly, template-assisted preparation seems 
a useful technique for large-scale preparation but it 
is very challenging to verify the local atomic arrange- 
ment and bonding state. A promising research idea is 
to integrate template carbonization with HPHT pro- 
cessing, which may induce atomic rearrangement, 
local structures repair and further structural evolu- 
tion, facilitating the obtaining of new sp3 or sp2 - 
sp3 mixed hybridization porous carbons with bet- 
ter crystallinity and short-range order. Secondly, al- 
though organic synthesis can provide the control of 
structure and reaction at the atomic scale, the actual 
experimental research sti l l remains in the design of
molecular fragments with structural information of 
the target 3D carbon crystals. The next step could 
be to find appropriate templates, reaction systems or 
catalysts to control the precise reaction and 3D as- 
sembly of these nanoscale building blocks. Thirdly, 
although high-pressure processing of existing carbon 
materials has demonstrated its power for the synthe- 
sis of new carbon allotropes, more strategies need 
to be developed to stabilize the carbon crystals gen- 
erated under high pressures. Using solvation, inter- 
calation and surface modification to control the or- 
derly arrangement and close packing of precursor 
molecules, combined with high temperature, shear 
and doping, is expected to achieve more experimen- 
tal advancements with regard to the synthesis of new 

carbon crystals, which are sti l l theoretical. 
Recent work has highlighted the role of charge 

injection in the phase transition of fullerenes or 
graphite, providing a readily scalable strategy for the 
precise regulation of carbon structures at the atomic 
level. In particular, charge-injection-assisted synthe- 
sis can be carried out at atmospheric pressure and 
at reasonably acceptable temperatures, beneficial for 
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ass production. To better tailor the structures of
he 3D carbon crystals obtained, the bonding mech-
nism between fullerenes under atmospheric pres-
ure is key. Combined with regulation of tempera-
ure, pressure and reactions, we believe there is po-
ential to realize the preparation of more interest-
ng 3D carbons based on the carbon nanostructures
e already have, as a result of which, research into
arbon materials science would also be greatly ad-
anced. 
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