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TOPICAL REVIEW — CALYPSO structure prediction methodology and its applications to materials discovery

Discovery of superhard materials via CALYPSO methodology*
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The study of superhard materials plays a critical role in modern industrial applications due to their widespread appli-
cations as cutting tools, abrasives, exploitation drills, and coatings. The search for new superhard materials with superior
performance remains a hot topic and is mainly considered as two classes of materials: (i) the light-element compounds in
the B-C-N-O(-Si) system with strong and short covalent bonds, and (ii) the transition-element light-element compounds
with strong covalent bonds frameworks and high valence electron density. In this paper, we review the recent achievements
in the prediction of superhard materials mostly using the advanced CALYPSO methodology. A number of novel, superhard
crystals of light-element compounds and transition-metal borides, carbides, and nitrides have been theoretically identified
and some of them account well for the experimentally mysterious phases. To design superhard materials via CALYPSO
methodology is independent of any known structural and experimental data, resulting in many remarkable structures accel-

erating the development of new superhard materials.

Keywords: CALYPSO, superhard materials, crystal structure, prediction

PACS: 61.50.Ah, 61.50.Ks, 31.15.A—

1. Introduction

Superhard materials have been widely used in industrial
operations due to their superior hardness, incompressibility,
and wear resistance compared with other materials. The syn-
thesis of diamond and cubic boron nitride (cBN) has led to
the development of superhard materials and multiple related
disciplines.[l’z] Diamond has been considered as the hardest,
stiffest, and most incompressible substance in nature, but it
has poor thermal stability and reactivity with ferrous alloys.
Although cBN has been considered as the more optimal can-
didate for cutting ferrous and carbide-forming hard substances
compared with diamond, the hardness of cBN single crystal is
only half of that of diamond crystal. Therefore, the discovery
of novel superhard materials with combined superior mechan-
ical performance and high stability is of great interest.

Superhard materials are exclusively covalent compounds
because short and strong covalent bonds highly resist both
elastic and plastic deformations.!®] The light elements (LE),
including B, C, N, and O, etc., have a strong ability
to form covalent bonds, making their compounds poten-

[4-6

tial candidates.[*%! In the past decades, superhard carbon

phases and carbon nitrides, diamond-like boron carbides (d-

BC, "1 and boron carbonitrides (d-BC,N1-141) elemental

S,[15—17 18]

boron allotrope I boron-rich compounds (e.g., BgO,!
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B13C,,1""! and B4C®), boron carbon oxide (e.g., B,COP%21]
and B,C,0??)), and boron nitrogen oxide (e.g., B3NO3]),
have all been extensively explored both experimentally and
theoretically. Outstanding structures among these materials
are sp> or sp>-rich carbon phases with extremely high hard-
ness compared with that of diamond crystal.[>*=% It is rea-
sonable to suppose that pure covalent C—C bonds provide such
materials with remarkable hardness. Compared with the pure
covalent bond in diamond, the significant ionicity (0.256) of
the B—N bond limits the hardness of ¢cBN crystal to approxi-
mately half that of diamond. Therefore, the material with su-
perior hardness than diamond crystal may be difficult to find
in the B-C—N-O(-Si) system due to its existing ionicity. For
example, the hardness values of diamond-like BCs, BCyN,
and BC4N were reported to be 71,181 76,1101 and 68 GPa,B”
respectively, which were less than that of diamond but ex-
ceeded that of c-BN. Nevertheless, other anticipated electri-
cal and thermal properties were found in these polar covalent
crystals. For example, the thermal stabilities of d-BC, ¥ and
d-BC, NP2l under inert conditions were higher than that of
diamond. Moreover, peculiar electronic properties, including
semi-conductivity or even superconductivity, were found in d-
BC, and B,CN materials. [33-34]

In the search for new superhard materials, researchers
have focused on transition-metal light-element (TM-LE) com-
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pounds because of their high valence electron densities and
strong covalent bonding frameworks. However, these com-
pounds are mostly metallic — a property that has an obvi-
ous negative effect on their hardness. For example, transi-
tion metal (TM) borides (e.g., WB4) commonly have hardness
values of 20-30 GPa.[*>! Past studies have identified that the
synthesized c-Zr3Ny4 possessed unique semiconducting prop-
erty, leading to a hardness value of as high as 36 GPa.l*%! In
addition, the semiconducting pyrite-type PtN, had been pre-
dicted to be a superhard material with theoretical hardness of
60 GPa.’”! Thus, the exploration of semiconducting super-
hard materials in TM-LE systems is highly promising.

The theoretical design of new materials is gaining broad
recognition as an effective means of reducing the number of
experiments that can ultimately lead to material discovery. In
such a context, several efficient structure prediction methods
have been proposed and applied to explore new materials,
including simulated annealing,!*®! genetic algorithms,3%40!
minima hopping,*!! basin hopping,[*?! random sampling, [+’]
and CALYPSO. [#+%] Their computational structures not only
added fresh blood to the material family, but also solved many

experimental indeterminate phases. For example, the pro-

posed hypothetical carbon phases of M-carbon, 40! ber-Cy,127)
F-carbon, 1 W-carbon,®8! and O-carbon!*°! have been con-
sidered as the structural solution to cold-compressed graphite
phases. 473011 Indeed, it was difficult to determine the exact
stoichiometric ratios and atomic positions of LE compounds
in experiments because of their low diffraction intensity and
close atomic number. Furthermore, the large difference in
atomic mass between TM and LE also served as a major ob-
stacle in determining their composition and LE position. In
relation to the above mentioned, structure prediction provides
a powerful approach for clarifying the structures of experi-
mentally discovered phases. For instance, new compounds of
boron carbides, including BC3; and BCs, have been claimed to
be synthesized, but their exact structures are difficult to deter-
mine in the experiments. 8311 Various structures of diamond-
like BCs, such as tetragonal BC5,[53] hexagonal BCs-2, [54]
and orthorhombic BCs,!3! were predicted to match the exper-
imental XRD and Raman results. For the TM-LE compounds,
for example, the structure of experimentally synthesized Re,C
was determined by combining the experimental results with
first-principle calculations.’® Noticeably, the current wide
applications of structure prediction have helped to understand
experimentally discovered novel phases, and CALYPSO as
one of the most distinguished structure prediction methods has
been proven useful in solving complex crystal structures and
in designing novel functional materials, such as superhard, su-
perconducting, and semiconducting materials. >7-6]

Here, we focus on recent advances in the design of super-
hard materials mainly based on the structure prediction of CA-

LYPSO methodology. Its basic theory and general features are
introduced first, followed by examples of recent applications
of superhard materials among compounds of LE (B, C, N, O,
and Si) and TM borides, carbides, and oxides. Finally, the cur-
rent challenges and future expectations in designing superhard
materials through structure prediction methods are summarize.

2. CALYPSO methodology

CALYPSO, one of the advanced structural prediction
methods, has been widely applied in the design of various
structural materials, including three-dimensional (3D) bulk
structures, two-dimensional (2D) surfaces and layers, and
isolated clusters or molecules, with a variety of functional

[59,60.63-701 The particle swarm optimization (PSO)

properties.
technique algorithm was adopted as implemented in the CA-
LYPSO code for structure prediction on the basis of an ef-
ficient global minimization of free-energy surfaces merging
ab initio total-energy calculations. Compared with the pre-
vious data mining method, CALYPSO requires only chemical
compositions for a given compound to predict structures un-
der given external conditions (e.g., pressure) without the need
of any prior known structural information about unit cell size,
shape, and atomic positions.[*37-711 Additionally, a straight-
forward way by which to design superhard materials has been
developed recently based on CALYPSO; this approach inte-
grated structure searching, total energy calculations, and theo-
retical hardness models to readily seek the energetically favor-

able superhard structures. (']

3. Discovery of superhard materials by using
CALYPSO

The search for new superhard materials has been an im-
portant research field in material science. Nowadays, these ex-
plorations primarily focus on two classes of materials: (i) the
LE compounds in the B-C-N-O(-Si) system with 3D net-
works of strong covalent bonds, including a number of car-
bon allotropes, and binary and ternary B-C-N-O(-Si) com-
pounds, and (ii) the TM-LE compounds having high valence
electron density, such as FeB4, WB3, RhB, Re, C, PtN,, and
IrN,. Using structure prediction, plenty of previously unde-
tectable structures of superhard crystals can be created now,
and some of them account well for the experimental problems.

3.1. Light-elements compounds
3.1.1. Carbon polymorphs

The carbon element is fascinating because of the di-
versified polymorphs profiting from its sp-, sp>-, and sp’-
hybridized states. For example, graphite, diamond, fullerenes,
graphene, carbine, and amorphous carbon exhibit outstanding
properties and are of scientific and technological importance.
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Therefore, exploring new carbon polymorphs has long been a
hot topic in scientific communities.

The sp*- and high sp3-hybridized carbons generally have
a dense, superhard, and strong nature. Thus, exploring them
has become the common way to uncover superhard materi-
als. For example, the predicted all-sp® carbons of Cco-Cs,
0Csy, and F-carbon exhibit extreme hardness values exceed-
ing 90 GPa.[?*3%-72] They (Figs. 1(a)-1(c)) contain (4+8+6)-
membered or (5+64-7)-membered rings, can be viewed as so-
lutions to the cold-compressed graphite phases.[*’>%>11 The
cage-like carbons (also called clathrate carbons), a class of
low-density superhard sp3 carbons, can be viewed as carbon
cages linked by sp® bonds possessing excellent mechanical
performance. This is exemplified by the Cg clathrate car-

bon that has a Cg cage (Fig. 1(d)) and a fcc-Cs; carbon that
has a C3, cage (Fig. 1(e)) with hardness values of approx-
imately 82.8 and 79.9 GPa, respectively.[”374 Significantly,
these cage-like structures can also become hosts for super-
conducting materials. More recent experiments reported a
superhydride, LaH;o, with a superconducting transition tem-
perature (T) close to room temperature!’>~"7! and a structure
reminiscent of the cage-like fcc-Cs, carbon. The P carbon
(Fig. 1(f)), another relatively low-density superhard sp* carbon
adopting the microporous framework, is a superhard semicon-
ductor with a direct band gap of 3.12 eV.[’8] Regardless of
density, all-sp> carbons are semiconducting due to the elec-
tron localization of sp>-hybridized C—C bonds, as shown in

Table 1.

()

@ (b) —

b
é—bﬂ

Ceo Clathrate

fcc-C 32

¥

b
e—a

P-carbon

Fig. 1. Predicted crystal structures of superhard sp>-hybridized carbon allotropes. Both structures in (a) and (b) consist of (4-+6-8)-
membered rings,m'm and the carbon structure in (c) consists of (5+6+7)-membered rings.[zg] These structures were viewed as
solutions to the experimentally mysterious cold-compressed graphite or carbon nanotubes.>>#748] The carbon structures in (d) and
(e) contain the unique Cgp and Csz, cages, respectively. [73.74] Notably, the predicted fcc-C3; (e) has the same structure with recently

synthesized LaH o possessing T near room temperature at high pressure.

[75-77 78]

1 (f) A type of microporous carbon form. !

Table 1. Space group (S.G.), density (g/cm?), and calculated hardness (H, GPa), bulk modulus (By, GPa), B/G ratio, and band gap

(Eg, eV) of predicted sp>-hybridized carbon polymorphs.

Structure S.G. Density H B B/G Eq Framework Hybridization ~ Refs.
Diamond Fd-3m 3.63 98.2 4547 0.83 42 6-membered rings sp
Graphite P63 /mmc 2.3 / / / metallic 6-membered rings sp?
Cco-Cg Cmmm 3.51 95.1 444.1 0.91 3.12 (44-84-6)-membered rings sp3 [30]
0Czp Cmmm 3.56 96.2 457 0.88 3 (44-6+-8)-membered rings sp [72]
F-carbon P2/m 3.46 93.9 4102 0.89 4.55 (5+6-+7)-membered rings sp® [29]
Cgp clathrate 3-3m 3.34 82.8 392 0.92 2.26 Cep cage unit sp3 [73]
fec-Csp Fm-3m 2.75 79.9 457 1.1 2 C3; cage unit sp3 [74]
P-carbon 14/mmm 3.1 86.7 3342 0.93 3.52 microporous sp® [78]

Polymerizing various carbon nanotubes is another pop-
ular approach to producing superhard carbons. As depicted
in Fig. 2 and Table 2, 3D carbon nanotube polymers exhibit
abundant structures [i.e., 3D-(n, 0) and 3D-(n, n)], includ-
ing the sp (4+6+8)-membered 3D-(2, 2), 3D-(3, 0) (lons-

daleite), and a number of different sp>-sp> porous carbons
(Fig. 2(a)-2(i)) with the junctions composed of diamond-like
sp> bonds.!”"3! Further investigations of their mechanical
properties show that these polymers have ultrahigh hardness,
good ductility, high tensile strength and Young’s modulus, and
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low density. Contrary to all-sp* carbons, these low-density
sp”-sp’ carbons have specific electrical properties, from semi-
conductors with tunable band gaps to conductors. According
to the internal arrangement of sp> atoms, the 1D, 2D, and 3D
metallic carbons can be theoretically designed by compressing
carbon nanotubes.

The sp-sp?/sp> carbons, including graphyne, graphdiyne,
and yne-diamonds (YDs), have been reported both theoreti-
cally and experimentally. The calculations indicated that the

(@) (b)

acetylenic linkages can assemble these 2D carbons into 3D
polymers. As a result, these 3D polymers were expected to
be a new kind of superhard materials. Under this assump-
tion, several graphyne, graphdiyne, and yne-diamond poly-
mers were theoretically designed recently (Figs. 2(j)-2(1)) and
were observed to have superior properties, including ultra-
high hardness and tunable band gaps. 8?34 These findings are
likely to be useful in guiding the design and synthesis of su-
perhard carbon materials with novel electrical properties.

(c)

s

¢

s 3D-(2,2) ey 3D-(3,0) b 3D-(3,3)
(d) (e) (f)
b, b b,

e 3D-(6,0) ea 3D-(6,6) ora 3D-(9,0)

Q) _ (h)

(i)

Al

== N N

O Ty

(1)

ile Y
3D-(4,0)

() (k) #

e . ?
mC16 carbon

oP12 carbon

Fig. 2. Predicted crystal structures of superhard, low-density carbon polymers. (a—i) 3D carbon nanotubes polymers. 8! (j) and (k) 3D
graphyne polymers.[83] (1) yne-diamond polymer.[gz] The structure of 3D-(2,2) carbon (a) is the same as bcr-Cyq, 27 and (b) 3D-(3,0)
carbon is actually the lonsdaleite structure. (a, b) sp> carbons; (c—k): sp>-sp> carbons. (I) sp-sp> carbon. Due to the bonding difference,
the carbon polymers possess distinct conductivity, such as insulating or semi-conducting characteristics with tunable band gaps (a—)
and novel (g) 1D, (h—i) 2D, and (d—f) 3D metallicities. The orange shadows represent insulating sp3-hybridized carbon layers, which

interrupt the electronic conduction in 3D.
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Table 2. Space group (S.G.), density (g/cm3), and calculated hardness (H, GPa), bulk modulus (By, GPa), B/G ratio, band gap (Eg, eV),
axial tensile strength (o0,, GPa), and radial tensile strength (o;, GPa) of various carbon polymers.

Structure S.G. Density H B B/G Ey Hybridization Oy O; Refs.
3D-(3,0) P63 /mmc 3.62 96.9 454.5 0.82 3.05 sp> 95.4 100.9 [80]
3D-(4,0) Immm 3.31 56.8 372.8 1 semimetallic spz-i-sp3 142.3 69.4
3D-(5,0) Cmem 32 409 3525 1.3 metallic sp24-sp’ 1602 505
3D-(6,0) P6/mmm 2.45 54.9 274.1 1.13 semimetallic sp2+sp? 53.1 74.3
3D-(7,0) Cmcm 3.02 49.8 273.9 1.36 metallic sp>+sp’ 174.8 31.8
3D-(8,0) Immm 2.94 545 2806 @ 1.42 metallic sp>4-sp’ 1772 267
3D-(9,0) P63 /mmc 1.9 36 207.7 2.05 metallic sp2+sp3 119 51.5
3D-(2,2) 14/ mmm 3.44 92.6 420.1 0.98 3.52 sp> 112.4 93.8
3D-(3,3) Cmmm 3.05 90.9 3439 121 1.21 sp?+sp’ 130 76.5
3D-(4,4) P4 /mmm 24 79.8 277.6 1.98 0.93 sp>+sp’ 114.1 115.1
3D-(6,6) P—62m 1.72 46.7 195.4 2.07 semimetallic sp>4-sp’ 83.1 50.8
3D-(4,0)-1 14 /mem 3.23 89.9 391.5 1.03 2.81 sp>4sp’ 86 75 [79]
3D-(4,0)-I1  P4/mmm 2.75 479 2675 14 metallic sp24-sp’ 210 222
3D-(4,0)-I11 Ccem 3.35 91.9 3987  0.96 3.09 sp>4-sp’ 89.8 97
3D-(5,0)-1 Cmmm 2.66 83.2 283.1 1.38 0.29 spz-i-sp3 127.1 38.3
3D-~(5,0)-1I Pmma 2.16 84.5 2842 129 0.82 sp-+sp’ 1277 393
3D-(5,0)-111 Cmem 2.65 834 2641 136 0 sp>+sp’ 147.4 49
3D-(6,0)-1 P42 /mme 2.59 81.07 298.6 1.29 0.69 sp>+sp’ 112.2 70.5
3D-(6,0)-11 P42 /mme 2.34 43 231.1 1.76 metallic sp>4-sp’ 137.7 79.9
3D-(6,0)-1  P6/mcc 2.91 837 3341 095 2.29 sp24sp’ 778 726
3D-(6,0)-IV Pcem 2.71 80.1 2126 0.3 0.23 sp2-+sp’ 345 607
3D-(2,2)-1 14 /mmm 3.09 88.1 3711 1.8 0.23 sp?+sp’ 99.2 66.5
3D-22)-I1  I4/mmm 2.99 93.6 4156  0.96 3.45 sp>-+sp° 96.3 1129
3D-22)-I  Cmmm 3.51 952 4277  0.88 2,97 sp-+sp’ 113 93.4
3D-(3,3)-1 Cmmm 3.05 90.9 3439 121 1.24 sp?+sp’ 130 76.6
3D-(3,3)-11 P63 /mme 2.99 85.5 345.6 1.07 2.01 sp>+sp’ 97.9 54.7
3D-(3,3)-111 P2/m 3.11 85.3 356 1.03 2.88 sp>+-sp’ 99.9 69.1
mCl16 C2/m 3.14 416 3475 12 metallic sp>+sp° / / [84]
oP12 Pmma 33 422 3809 124 metallic sp24-sp’ / /
2HYD P—6m2 3.1 59.2 320.3 1.67 semimetallic sersp3 86.9 / [82]
4HYD P62 /mmc 3.1 59.3 313.8 1.9 Semimetallic sp—i—sp3 88.5 /
3.1.2. Boron nitrides @) (b) ©
% % Poo-co ] o000 o
¢-BN has thermal and chemical stabilities considered su- ‘i };ﬁf; :j; i iz { 2,:3\}{ O\’}
perior to those of diamond, although its crystal hardness is fr 2 ¥ F %*;hr tfimﬁ; 1&»:% AN (AWZ}
only half that of diamond. As such, the desirability to uncover N TN L. ﬂ} i‘«mi {vaj» {2
novel B—N polymorphs to further increase hardness has not - 3D-(4,4)1 L. 3D-(6,6)1 ds 3D-(10,041
i i (d) (e) (f)
been stopped. .C.ompressmg BNNTSs 1§ expected to be one of oS P Z NP 3 o {7"?} d,;:,
the most promising approaches to obtain superhard B—N poly- o>y &) %g{m)k 4& .{}{};}«w,,
morphs. Similar to carbon nanotube polymers, a variety of 3D *?”“i" ?*’“‘;” ¢ <y é{» ﬁ‘»«’;‘?{f’»’a
BNNT polymers, such as 3D-(n, 0) and 3D-(n, n) polymers, i hantdn*aants o i Lr 3
have been proposed.3>-86! Ultrahigh hardness, good ductility, S aD-(100M b 3D Tt 3D(1204

high tensile strength, low density, and tunable band gaps make
this class of B-N polymorphs of great interest in the view-
points of scientific research and practical applications. As
depicted in Fig. 3 and Table 3, the structures of 3D BNNT
polymers highly depend on the size, geometry nanotube ori-
entation, and the pressure and temperature conditions used. (6]
At relatively low hydrostatic pressure, low-density 3D BNNT
polymers can be produced by the direct linkage of their par-
ent structures (Figs. 3(a)-3(c)). Meanwhile, at higher pres-
sure, BNNTs would be further squeezed and deformed into
dense 3D BNNT polymers forming sp’-hybridized intratube
B-N bonds, as seen from the 3D (4,4)-1I structure (Fig. 3(e)).
The calculated hardness values of the 3D BNNT polymers

(9 (h) 0]

IN
;>
7

A

CNOF 1 \0

‘ﬁz\w
Py
Yy od 4

=
<
<

"\f
24
YA L

A

T
" A

<
{

b
b e e
. tP24-BN M-BN

B3Ny

Fig. 3. Predicted crystal structures of boron nitrides. (a—g) 3D BNNT
polymers. [85:36] The light blue shadows emphasize the components of parent
BNNTs. For the 3D polymers in (a—c), they can be formed by compressing
corresponding BNNTSs at relative low pressures, and more dense forms of 3D
polymers shown in (d—f) can be obtained at higher pressures. Distinct from
the semiconducting 3D polymers in (a—f), the boron nitrides in (g—i) are con-
ductive and considered rare.!3387-891 The gray regions indicate the conductive
units in structures, composed of sp? or sp?/sp3-hybridized bonding. The B
and N atoms are painted in green and white colors, respectively. The hard-
ness calculations indicate that these boron nitrides are all superhard except
for M-BN (see detail in Table 3).
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range from 55.1-66.6 GPa, demonstrating their potential ap-
plication as superhard materials. According to the estimated
Pugh’s (B/G) ratios (Table 3), the 3D (4,4)-1, 3D (6,0)-1, and
3D (4,4)-V phases have better ductility than those of diamond.
The band gaps also generally narrowed with the increase in
sp’/sp® ratios. For example, the structures of 3D (10,0)-I
(Fig. 3(d)) and 3D (10,0)-IT (Fig. 3(c)) contain 1/5 and 3/5
sp?/sp® fractions, respectively, leading to the corresponding
band gaps of 3.92 and 2.56 eV. In particular, the full sp’-
hybridized 3D (10,0)-I1I was predicted to be a semiconductor
with a direct band gap.

Another new sp”-sp> BN structure, M-BN, (Fig. 3(h)) was
proposed based on the CALYPSO algorithm. 3”1 Its structure
comprises puckered h-BN layers interlinked by partial sp> B—

N bonds. Taking its 1D metallicity into account, its calcu-
lated hardness is 33.7 GPa lower than that of ¢-BN.[®8] In ad-
dition, a tetragonal B3Ny (#-B3Ny, Fig. 3(i)) containing sp3c—
BN blocks and sp> N-N bonds possessing high hardness value
of 42.5 GPa was reported and identified as the hardest B3Ny

1.1891 Compared with other proposed

polymorph predicted so fa
B3Ny polymorphs, ! the strong N-N bonds in 7-B3Ny along
the ¢ axis lead to axial ultra-incompressibility, and the insulat-
ing boron sheets stacked along the ¢ axis interrupt the conduc-
tion, resulting in 2D metallicity. In addition, -B3N4 possesses
the combined mechanical and electrical properties of super-
hardness, ultra-incompressibility, and 2D metallicity in a 3D

framework.

Table 3. Space group (S.G.), density (g/cm3), and calculated hardness (H, GPa), bulk modulus (By, GPa), B/G ratio, band gap (Eg, eV),
spz/sp3 atomic ratio, axial tensile strength (0,, GPa) and radial tensile strength (o;, GPa) of various boron nitrides.

Structure S.G. Density H B B/G Ey Hybridization (oA or Refs.
cBN F-43m 3.46 655 3665 095 insulating sp° / /
3D-(6,0)-1 P42mc 2.56 56.1 2584  1.65 3.21 sp>+sp’ 60.7 52 [86]
3D-(6,0)-11 Abm2 3.34 63.4 342 1.09 4.57 sp’ 67.5  49.1
3D-(8,0)-1 T4cm 3.19 60.6  333.9 1.18 4.52 sp’ 649  56.8
3D-(8,0)-11 Iba2 3.39 643 3504 1.02 4.61 sp® 68.5 723
3D-(10,0)-1 Abm?2 2.92 588 2974 139 3.92 sp>+sp’ 649  41.6
3D-(10,0)-11 P42cm 2.32 55.1 134.5 1.21 2.56 sp>+sp’ 60.5 348
3D-(10,0)-I11 Pcc2 3.27 624 3325 1.09 4.7 sp°® 66.4  58.1
3D-(12,0)-1 Abm?2 2.77 581 2732 1.51 3.78 sp>+sp’ 648 329
3D-(12,0)-1I T4cm 3.06 622 2455 112 3.81 sp>+sp° 712 435
3D-(12,0)-111 Iba2 3.45 65 361.6 1 4.71 sp° 693  73.1
3D-(4,4)-1 P4/mbm 2.37 553 2343 206 3.45 8/8 773 398
3D-(4,4)-11 14/m 3.04 60 299.7 1.44 3.34 sp’ 745  49.7
3D-(4,4)-111 P42/mnm 34 649  358.6 1.12 4.67 sp° 85.1 70
3D-(4,4)-IV Pbam 3.48 658  368.1 1.02 5.09 sp’ 86.3 699
3D-(4,4)-V Cmmm 2.85 624 2564 1.62 3.21 sp>+sp° 885 399
3D-(6,6)-1 P42/m 2.61 57 236.7 1.46 2.92 sp>+sp’ 804 349
3D-(6,6)-11 P2/m 3.45 655 3639 1.05 4.97 sp® 86 69.7
3D-(6,6)-111 Pnnm 35 66.6 3734 1 5.01 sp’ 86.6  70.2
3D-(6,6)-1V Immm 3.01 629 2919 1.48 3.75 sp>+sp’ 9277 573
3D-(6,6)-V P2/m 278 599 2574 153 3.48 sp>+sp’ 773 305
3D-(6,6)-VI C2/m 34 639  341.1 1.08 5.56 sp’ 84.8 46
3D-(8,8)-1 P2/m 3.48 66.1  368.7 1.02 4.92 sp° 86.3 70
M-BN Cm 3.33 33.7 / / metallic sp>4-sp’ / / [87]
t-B3Ny I-4m2 3.34 425 3117 1.28 metallic 4/10 / / [89]
tP24-BN P4/m 2.94 37.8 2209 1.17 metallic sp>+sp’ / / [85]
mP28-BN P2/m 3.45 632  360.9 1.04 1.28 sp® / /
0P26-BN Pmc21 3.11 61.5  310.6 1.24 2.15 sp>+sp° / /
tP28-BN P42cm 3.08 456  288.1 1.24 3.13 sp>+sp’ / /

3.1.3. B-C-N compounds

Diamond and ¢-BN are two classes of excellent super-
hard materials, thus, ternary B-C—N compounds are expected
to be the best candidates for superhard materials. Many exper-
imental and theoretical studies have focused on BC,N com-
pounds. Particularly, the diamond-like c-BC;N, regarded as
the ideal mixture of diamond and c¢-BN, has been investi-
gated extensively and reported to have a high Vickers hard-
ness (76 GPa).l'%-13] BC,N structures are predicted to be su-
perhard through hardness calculations.!!31-%4 In addition, it

has been reported that greater C—C bonding in BC,N is ben-
eficial to the enhancement of hardness. Thus, diamond-like
BCg¢N attracted considerable attention from researchers. Two
high-density hypothetical BC¢N structures, i.e., --BCgN and
r-BCgN (Figs. 4(a) and 4(b)), have been predicted to be super-
hard with hardness value of approximately 80 GPa.!'?! How-
ever, the commonly proposed BC,N are classifies as semicon-
ductors or insulators due to their similar isoelectronic proper-
ties with diamond. Therefore, the design of superhard and

metallic BC,N was anticipated by researchers. Based on
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first-principle calculations, several superhard BC,N structures
(Fig. 4(c) and 4(d)) have been designed by replacing partial
B and N atoms in the 0-B3Njs structure,®! and the result-
ing sandwich-structured 0-BCgN, #-BCgN-1, r-BCgN-2, and
0-BC,N exhibit intriguing electrical properties, including 1D
and/or 2D metallicity due to the presence of sp>-hybridized

atoms.[”’lz"“]

t-BCgN-1

0-BC,N

Fig. 4. Predicted crystal structures of superhard B-C-N compounds. (a)
and (b) are the structures of sp> BCgN that originated from diamond
structure, 2 and (c) and (d) are low-density spz—sp3 BC,N structures that
originated from C222; -B3Ns.[L14 (¢) 1-BCgN-1 possesses novel 1D metal-
licity, and (d) 0-BC,N possesses both 1D and 2D metallicities. The gray
shadows represent the conductive units. The C, B, and N atoms are painted
in brown, green, and white colors, respectively.

3.1.4. Carbon nitrides

Since the first prediction of low-compressibility C3N4 in
1996, the search for carbon nitrides with hardness that is
higher than diamond has become the holy grail in the field of
superhard materials. Considerable experimental and theoret-
ical studies have attempted to search for such high-hardness
compounds. In early predictions, a number of hypothetical
C3Ny structures were proposed by atomic substitution based
on the known A3By structural types,[*7-?! but their existence
was still ambiguous because of the limited quantity and het-
erogeneity of the synthesized samples in experiments.[*3 Al-
though the C3N4 polymorphs have a very high predicted bulk
moduli exceeding that of diamond, the most stable composi-

¢.97:101 Therefore,

tion of C—N compounds is still inconclusiv
several attempts were made to explore carbon nitrides with dif-
ferent stoichiometric ratios.

One prior theoretical study proposed a diamond-like
Ci1N4 (d-CN) through the possible phase transition of

11021 A5 shown in

graphite-like C;;Ny4 (g-CN) under pressure.
Fig. 5(b), d-cn involves polyhedral hollow C—N cages with a

theoretical hardness value of 58 GPa and indirect band gap

of 1.86 eV. A body-centered tetragonal bct-CN, (Fig. 5(c))
has also been predicted at high pressure based on CALYPSO
search.l!%3 Its structure contains strong covalent C-N and N—
N bonds, which leads to its high bulk (407 GPa) and shear
(386 GPa) moduli as well as estimated hardness (77 GPa).
However, the flexibility and mobility of the non-bonding lone-
pair states in structure also leads to a relatively low ideal shear
strength of 47 GPa. For 1:1 CN compounds, a sp>-sp> Pnnm
CN (Fig. 5(d)) with hardness of 62.3 GPa has been proposed
theoretically.['%! Subsequently, the experimental synthesis of
a B-InS-type CN phase, which is identical to the theoretically
predicted Pnnm CN, has been reported to be synthesized at
high pressure and temperature conditions implemented in the
diamond anvil cell (DAC).!'%] This study indicates that Pnnm
CN is semiconducting with a wide band gap of 3.7 eV and
agrees well with the experimental observation of the trans-
parency of sample during laser heating. This work pointed
out new directions in the search for superhard carbon nitride
materials with different stoichiometric ratios for future tech-
nological applications.

e—a Basp

bct-CN, Pnnm-CN

Fig. 5. Predicted crystal structures of carbon nitrides. The compression of
graphite-like C11Ny4 (a) can obtain the superhard diamond-like C11Ny (b),
and the inset in (b) represents a cage-like part structure.!'3®! (c) Superhard
sp?-sp> CN, with body-centered tetragonal structure and calculated hard-
ness of 77.4 GPa.l'%3! (d) B-InS-type CN structure recently synthesized at
HPHT with calculated hardness of 62.3 GPa.[19%-13% The C and N atoms are
painted in brown and white colors, respectively.

3.1.5. Boron carbides

For decades, many experimental and theoretical efforts
have been made to study boron carbides, typically B4C®! and
B13C2,1%1 due to their high hardness and strength at high tem-
perature. In addition, d-BC, possesses higher stability and an-
tioxidant ability compared with diamond as well as peculiar
metallicity and superconductivity. The unique combination of
mechanical, electronic, and thermal properties has promoted
the studies of electric devices under extreme conditions. The
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high superconductive transition temperature (7;) is expected
to be obtained by the heavy boron doping in diamond. Un-
fortunately, it was difficult to achieve d-BC, when the doped
B content exceeded approximately 5% in experiments. Nev-
ertheless, d-BC, (x = 2.8 £0.7 or 5) has been synthesized
from high pressure and temperature experiments by directly
compressing graphite-like BC, (g-BC,).[8%32] In view of the
small nanocrystalline size in microstructure, the composition
and atomic positions in d-BC, cannot be easily determined by
common experimental methods.

Theoretically, a series of candidate d-BC, (x =2, 3,5, 7)

d.[33-35.106-1121 Comparing exper-

structures have been propose
imental and theoretical data (e.g., XRD and Raman spectra),
some reasonable structures can explain the experimental ob-
servations. For instance, an orthorhombic Pmma-b BC5[108]
(Fig. 6(b)) has been considered as a good candidate struc-

1521 and sub-

ture for synthesized d-BC3 in previous reports,
sequent studies illuminated that monoclinic M-BCjs (Fig. 6(c))
may also be the coexistent phase.l'%! Another cubic I-43m
BC; (Fig. 6(d)) structure has been proposed to match the ex-
perimentally reported c-BC3.[%107) In addition, several d-BCs
(Figs. 6(e)-6(h)) structures have been proposed to account for
the superhard BCs synthesized in experiments.®>>! Consider-
ing that the composition of synthetic d-BC, have been de-
termined by energy dispersive X-ray spectrum (EDS) with
large error, studies of d-BC, with other chemical composi-
tions are also necessary. Potential BC7 (Figs. 6(i)—6(1)) struc-
tures have been uncovered by performing variable-cell struc-

d I F
Pmma-1BCs

(® =

Is —

P3m1BC;

Pmm2BC;

ture simulations.!!'1!12] The estimated hardness of these low-
energy BC7 structures are approximately 80 GPa, indicating
their superhard nature. As depicted in Table 4, the proposed
BC, structures exhibit metallicity and are considered as po-
tential superhard materials. The conductivity may have orig-
inated from the introduction of B atoms lacking an electron
compared with C atoms, especially because no obvious de-
pendence has been observed between 7. and B concentration.
However, hardness significantly increased with increased C
content due to the increased fraction of covalent C—C bonds.
Table 4. Space group (S.G.), and calculated bulk modulus (By, GPa),

hardness (H, GPa), and superconducting transition temperature (7, K)
of predicted BC; structures.

Structure S.G. By H T. Refs.
t-BCy 141/amd 349 56 / [106]

BC; P-4m2 359.1 65.8 13.4-19.5 [108]
BC3 Pmma-a 3542 619 16.6-23.4
BC; Pmma-b 351.8 64.8 4.9-8.8

M-BC; C2/m / 43.8 / [109]

d-BC3 1-43m / 62 / [107]

BC; P3m1 381 64 41.5-47.0 [55]
BCs P-3m1-1 379 63 33.6-38.8
BC;s P-3m1-2 398 61 /
BCs Imm?2 376 65 23.1-28.3
BCs I-4m2 381 71 8.5-11.8
BCs Pmma-1 373 74 8.4-11.3
BCs Pmma-2 379 70 18.1-22.6
BCy P-4m2 377 75.2 / [111]
BCy P3ml 378 65.3 /
BCy Pmm?2 371 80.7 /
BCy R3m 378 65.4 /
BCy P-43m 375 77.6 /
BCy P-4m2 388 78 8.4-11.4 [112]

P-43mBC, P-4m2BC;

Fig. 6. Predicted crystal structures of superhard diamond-like boron carbides. (a) Tetragonal BC,.[1%] (b—d) BC3, (e-h) BCs, and
(i-1) BCy structures, respectively.[54']00"02'104']05] The BC3 and BCs structures have been suggested as reasonable solutions for

the experimentally synthesized superhard boron carbide phases.!

79,52

I As seen from Table 4, these structures have high theoretical

hardness values, which are above 40 GPa, and are commonly metallic due to the addition or doping of boron. Notably, the structures
in (b), (e), (f), (h), and (i) are also superconductive. There is no obvious dependence between 7 and the concentration of B; however,
hardness has significantly increased with increased C content. C and B atoms are painted in brown and green colors, respectively.
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3.1.6. B-N/C-0 compounds

As a result of the reported synthesis of B,O,[!!3] the
ternary compounds in the B—-C/N-O system are considered
as candidate superhard materials. Using crystal structure
prediction, the structures of B,CO were explored in past
studies.[?>?!] Three hypothetical structures (Figs. 7(a)-7(c)),
t116-B,CO, P4-B,CO, and oP8-B,CO, were assembled by
sp> B-C and B-O bonds. Compared with diamond-like B,0,
the lengths of B—O bonds are similar, but the B—C bonds
are much shorter in B,CO. As a result, B,CO, with a cal-
culated Vickers hardness of 50 GPa, is harder than B,O
(38 GPa).[182021] B3NO, like B,CO, is isoelectronic with
diamond. A search for superhard materials based on CA-
LYPSO method has been used to explore new B3NO struc-
tures. As shown in Figs. 7(s)-7(f), two orthorhombic struc-
tures, 0I120-B3NO and 0P20-B3;NO, with calculated Vickers
hardness values of 45.9 and 47.4 GPa, respectively, have been
proposed. >3] The present results reveal that B3NO structures
can stabilize in a 3D network with typically strong covalent B—
B, B-N, and B-O bonds. The B-N bonds in B3NO are shorter
than those in B, O, resulting in higher hardness. A high calcu-
lated elastic modulus indicates that these structures are highly
incompressible.

o2 -=!
0120-B;NO

hP5-B3NO

oP5-B;NO

Fig. 7. Predicted crystal structures of superhard B-C/N-O compounds. (a—c)
Hypothetical diamond-like B, CO structures with covalent sp> B-C and B-O
bonds.[29-21 (d—f) Hypothetical B3NO structures with covalent B-B, B-N,
and B-O bonds.?3! All structures are isoelectronic with diamond, indicating
their semiconducting characteristics. Their hardness value is approximately
50 GPa. The B, C, N, and O atoms are painted in green, brown, white, and
red colors, respectively.

3.1.7. Si—-C—N compounds

The binary compounds of silicon carbide (SiC) and sili-
con nitride (Si3Ny4) have received much research attention in
the past due to their wide applications as structural materials.
Their composites have also been studied for a long time.[!!4l
However, the synthesis of hard or superhard Si—-C-N com-
pounds has yet to be achieved.!!!! Structure prediction was
performed by first-principle calculations,!''® and three low-
energy SiCN were reported (Fig. 8). -SiCN (Fig. 8(a)) is a
superhard semiconductor with a narrow band gap of 0.89 eV

and hardness of 41.5 GPa. In addition, the long bonds in Si—
C-N compounds tend to limit their hardness. Through a com-
parison of their thermodynamic stability, 4-SiCN (Fig. 8(b))
and o-SiCN (Fig. 8(c)) may be considered as possible high-
pressure phases of 7-SiCN, and their phase transitions may oc-
cur at 21.6 and 21.9 GPa, respectively.

L.

tSiCN

h-SiCN 0-SiCN

Fig. 8. Predicted crystal structures of SiCN compounds. The calculation
of total enthalpy with pressure indicates that (a) 7-SiCN may change into
(b) h-SiCN and (c) 0-SiCN under high pressures of 21.9 and 21.6 GPa,
respectively.['%) (a) -SiCN was a narrow gap semiconductor with a band
gap of 0.89 eV, and (b) A-SiCN and (c) 0-SiCN are metallic. The calculated
hardness of (a) -SiCN is 41.5 GPa. The Si, C, and N atoms are painted in
blue, brown and white colors, respectively.

3.2. Transition-metal light-element compounds

TM-LE compounds, such as transition-metal borides
(TMBs), carbides (TMCs), and nitrides (TMNSs), have out-
standing mechanical properties and have been considered as
promising candidates for superhard materials. However, be-
cause of the large differences in atomic number and mass
between TMs and LEs, their structures are difficult to de-
termine in experiments and are often controversial.l''”! Con-
sequently, studies of TM-LE compounds have been inten-
sified for decades. On many prior attempts, a variety of
TM-LE compounds have been studied, for example, Fe,B,
FCB4, RhB, WBX, NazB30, RuC, Rez C, Zr3N4, Pth, and
I[rN,.[36:3756.117-126] The gynthesized oP10-FeBy (Fig. 9(a))
was initially considered as a candidate superhard material with
hardness exceeding 40 GPa,[!>>:127] but later studies suggested
that it was unlikely to be superhard because of the weak Fe-B
bonding and because the measured hardness of polycrystalline
FeB, bulk material was only 10-30 GPa.!'?8-13%1 Using struc-
ture prediction, a new form of FeBy4tP10-FeBy4 (Fig. 9(b)),
was proposed and was obtained by compressing oP10-FeB4
above 65.9 GPa.l'??! Tt is semiconducting, which is rare in
metal borides, and enhances the electron locations, resulting
in an estimated hardness value of as high as 45 GPa. For
WB, compounds, structure predictions were carried out in a
wide range of chemical compositions.?>131-134] The synthe-
sized y-W;B, o-WB, and €-WB,, were well matched with the
predicted structures of I4/m-4u, I41/amd-8u, and P63/mmc-

[13L132] The structural identification of syn-

4u, respectively.
theyized WB4 has generated great interest and controversy.
Initially, it was assumed to be in a hexagonal P63/mmc-4u

WB4,[13] and subsequent analysis of thermodynamic and
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lattice stabilities suggested that it should be described as
P63/mmc-4u WB3.[112:115] Further calculations of stress-strain
relations demonstrated that the rising boron concentrations in
WB, (x =1, 2, 3, 4) result in little improvement or even trend
downward with rising boron content in most cases, for exam-
ple, the indentation stress peaks under (1-10)'1%-orientation
largely decrease going from WB, (~ 50 GPa) to WB3 (~
30 GPa), and then recover for WB4 (~ 35 GPa).!'31] In addi-
tion, the high-pressure phase transitions of B1-structured stoi-
chiometric TMCs (TM=Ti, Zr, Hf, V, Nb, and Ta) were inves-
tigated using ab initio calculations.!'3”) The study found two
intriguing phase-transition routes and a high-pressure phase of
T1I’-type, namely, B1 — distorted T1I (T1I’)— TT1I and /or
B1 — and/or TiB (TiB’)— BTiB. This suggests that TiB-type
phase is a high-pressure phase and T1I’-type phase may be re-
covered at ambient pressure. These findings provide crucial
insights for understanding the rich and complex crystal struc-
tures of TM-LE compounds, which have broad implications
for further exploration.

oP10-FeB, tP10-FeB,

Fig. 9. Crystal structures of FeB4. (a) oP10-FeB4 with an orthorhombic
structure, which was first predicted by Kolmogorov ez al.,['?”) and was later
successfully synthesized at HPHT conditions.[!>5 This type of FeBy is a su-
perconductor with measured T; below 2.9 K; its hardness was first measured
to be 62 GPal'?! and later proven to be ~ 10-30 GPa.[128-1301 (p) 1P10-
FeBy4 as a predicted high-pressure phase. This phase is a superhard semi-
conductor with band gap of approximately 1.85 eV and calculated hardness
of 45 GPa.l'??) The B and Fe atoms are painted in gray and green colors,
respectively.

4. Conclusion and perspectives

Exploring superhard materials is an important topic due
to their scientific interest and potential application. Here, we
present a short review of recent advances in the discovery
of superhard materials in LE compounds and TM-LE com-
pounds using advanced CALYPSO structure prediction. A
large number of promising, predicted crystal structures have
excellent properties, including ultrahigh hardness, semicon-
ductivity, and superconductivity, and some of them are very
helpful in understanding the phases that cannot be completely
determined experimentally. Nevertheless, current methodolo-
gies are mainly effective for structure predictions of single-
crystal materials. The properties of polycrystalline materials,
including hardness, are dependent not only on intrinsic crystal
structures, but also on their microstructures such as defects,

dislocation, grain size, and boundary. The investigations have
proven that nanostructuring or nanotwinning can significantly
enhance the hardness of polycrystalline covalent materials.
For example, the synthesized nanotwinned diamond exhibits
extremely high hardness, which is twice that of a single crystal
of diamond.!!"-?] Therefore, developing a general approach of
structure prediction for both single-crystal and polycrystalline
materials is highly anticipated, and this will lead to new direc-
tions in searching for superhard materials among promising
polycrystalline systems.
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