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SUMMARY

Diamond has the largest hardness of any natural material with an experimental
Vickers hardness value of 90–150 GPa. Here, we reported the stable triatomic
carbon allotrope with giant hardness closing that of diamond and a family of pen-
tacarbides with superstrong mechanical properties from the state-of-the-art
theoretical calculations. The triatomic carbon allotrope can be transformed into
a two-dimensional carbon monolayer at a high temperature. We predicted that
the triatomic carbon allotrope holds a hardness of 113.3 GPa, showing the poten-
tial capability of cracking diamond. Substitution with Al, Fe, Ir, Os, B, N, Si,W, and
O element resulted in strong pentacarbides with Young’s modulus of 400–800
GPa. SiC5, BC5, IrC5, and WC5 are superhard materials with Vickers hardness
over 40 GPa, of which BC5 was successfully synthesized in previous experimental
reports. Our results demonstrated the potential of the present strong triatomic
carbon and pentacarbides as future high-performance materials.

INTRODUCTION

Carbon, the fourth most abundant element in the universe, has various allotropes due to its sp1，sp2, and sp3-

hybridized bonds. The best-known allotropes are graphite and diamond, representing one of the softest ma-

terials and the hardest materials known in the world, respectively. The discoveries of fullerenes (Kroto et al.,

1985), carbon nanotubes (Iijima and Ichihashi, 1993), and graphene (Novoselov et al., 2005) have generated

intense scientific and technological impacts in relevant fields such as transistors (Wang et al., 2009), photonics

(Liu et al., 2011), optoelectronics (Bonaccorso et al., 2010), and energy conversion and storage (Bonaccorso

et al., 2015). With the development of synthetic and computational methods, large efforts have been paid to

explore novel carbon allotropes. For example, a cold-compression experiment with graphite identified one

allotrope of carbon with a hardness hard as diamond (Mao et al., 2003). M-carbon (Li et al., 2009) and bct-C4

carbon (Umemoto et al., 2010) were predicted to address the unknown structure of cold-compressed graphite,

and results showed matched X-ray diffraction (XRD) patterns. Later, W-carbon (Wang et al., 2011), Cco-C8 car-

bon (Zhao et al., 2011), and T-carbon (Sheng et al., 2011) were predicted utilizing the first-principles calculations.

V-carbon was identified as a monoclinic structure with atoms connected by fully sp3-hybridized bonds from

cold-compressed C70 peapods (Yang et al., 2017). Amorphous diamond sp3-bonded amorphous structure

and diamond-like strength were obtained through compressing glassy carbon above 40 GPa (Lin et al., 2011).

Superhard materials include diamond, cubic BN, ReB2 (Chung et al., 2007), and WB4 (Mohammadi et al., 2011),

usually defined with a Vickers hardness value higher than 40 GPa, are of great interest in many fields such as

high-performance cutting tools and wear-resistant and protective coatings (Cook and Bossom, 2000; Wentorf

et al., 1980). Among these, diamond is the hardest substance with an experimental Vickers hardness value of

90–150 GPa, which originated from the pyramid-like tetrahedral structure with sp3-hybridized bond. Polycrystal-

line diamond can be synthesized from the transformation of graphite at temperatures of 2,300�C–2,500�C and

pressures of 12–25 GPa (Irifune et al., 2003). However, the stability of many superhard materials is independent

of temperature, pressure, and synthesismethods. Therefore, the rational design of superhardmaterials requires

synergy between theory and experiment (Avery et al., 2019). Using the ab initio evolutionary algorithmmethod,

many carbon allotropes, especially superhard carbon phase, have been proposed, including all sp3-hybridized

carbon like M-carbon (Li et al., 2009), W-carbon (Wang et al., 2011), Cco-C8 carbon (Zhao et al., 2011), and pure

sp2-hybridized carbon such as K4-carbon (Itoh et al., 2009), Rh6 (Wang et al., 2014), cT8 (Lv et al., 2017), and those

mixed hybridizations such as orth-C10 (Liu et al., 2020), hex-C24, etc. Recent machine-learning-informed evolu-

tionary structure search (Avery et al., 2019) predicted 43 previously unknown forms of superhard carbon phase

with Vickers hardness values of 45–80 GPa based on the hardness model (Teter, 2013) (Tian et al., 2012).
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Figure 1. Structural properties of triatomic carbon allotrope and pentacarbides

(A) Crystal structure of triatomic carbon allotrope given three directions with green shades showing the polyhedral unit.

(B) Crystal structure of pentacarbides derived from the substitution of 1/6 triatomic carbon atoms with 32 different

elements as shown in the periodic element table.

(C) The total energy per atom of carbon allotropes as a function of volume per atom is calculated from the SCAN- rvv10

exchange functional.

(D) XRD patterns of triatomic carbon allotrope in comparison with diamond, graphite, and lonsdaleite.

ll
OPEN ACCESS

iScience
Article
In this work, we discovered one triatomic carbon allotropes with giant hardness reaching the hardness of

diamond and a family of petancarbides with strong mechanic properties from first-principles calculations

(Luo et al., 2019; Lv et al., 2012; Wang et al., 2010). The triatomic carbon allotropes are composed of three

atoms per hexagonal unit cell, showing thermal, mechanical, and dynamic stability. We predicted that the

h-C3 holds a hardness of 113.3 GPa, showing the capability of cracking diamond. Furthermore, a family of

pentacarbides is discovered by substituting 1/6 of the triatomic carbon atoms with 32 different elements.

Substitution with Al, Fe, Ir, Os, B, N, Si, W, and O element resulted in strong pentacarbides with Young’s

modulus of 400–800 GPa. SiC5, BC5, IrC5, and WC5 are superhard materials with Vickers hardness over

40 GPa, in which BC5 was successfully synthesized in previous reports. The electronic, structural, and me-

chanic properties and stability are studied.

RESULTS AND DISCUSSION

The crystal structure of the triatomic carbon allotrope (h-C3) is illustrated in Figure 1A. It is crystallized in a

hexagonal structure with a space group P6222 and contains three carbon atoms in a primitive cell. At zero

pressure, the equilibrium lattice parameters are a = b = 2.613 Å, c = 2.811 Å, a = b = 90�, and g = 120�. The
2 iScience 25, 104712, August 19, 2022



ll
OPEN ACCESS

iScience
Article
3D view in Figure 1A reveals the structural similarity with diamond, where each carbon atom joins four other

carbon atoms in regular tetrahedrons. The structural motif of triatomic carbon allotrope was reported to

have a binary counterpart in b-quartz SiO2, which was described as qtz (Avery et al., 2019; Öhrström and

O’Keeffe, 2013), hP3 (Ivanovskii, 2013; Zhu et al., 2011), and cinte (Mujica et al., 2015) according to SACADA

database (Hoffmann et al., 2016). It is an all-sp3-hybridized bonding network with the carbon atoms occu-

pying 3d (½, ½,�1/6)Wyckoff position. The overlap populations of three carbon-carbon bonds are equal to

0.88. The values of C1-C2, C2-C3, and C1-C3 bond lengths are all identical at 1.60 Å, larger than 1.54 Å of

the diamond. Unlike other superhard carbon allotropes such as bct-C4, Z-carbon, 3D th-C12, and oC32, the

triatomic carbon allotrope contains neither hexa-, tetra-, penta-, nor other types of carbon rings, and this

structural diversity leads to differences in mechanical and electronic properties compared to other carbon

allotropes. In addition, the primitive cell of both graphene and diamond contains two atoms, while the con-

ventional cell of the cubic diamond and hexagonal diamond contains eight and four atoms, respectively.

The present allotrope composed of three atoms enriches the carbon family. A family of 32 pentacarbides is

shown in Figure 1B, by substituting 1/6 of the triatomic carbon atoms with Al, Fe, Ir, Os, Pt, B, N, Si, W, and

O elements. The bond lengths between doping atoms with the carbon atom of XC5 (X = Al, Fe, Ir, W, N, and

O element) are 2.02, 1.85, 2.15, 2.12, 2.12, 1.47, and 1.31 Å, respectively (Figure S1). The Si-C bond length of

SiC5 in this work is 1.886 Å, which is in the range of other Si-C compounds such as 1.908 Å of p-SiC2, 1.903 Å

of th-SiC2 (Kilic and Lee, 2021a), 1.87–1.92 Å of t-SiC (Fan et al., 2017), 1.916 Å of sila-SiC2 (Li et al., 2011),

and 1.883 Å in th-SiC (Kilic and Lee, 2021c). The total energy per atom of carbon allotropes as a function of

the volume per atom is obtained using SCAN-rVV10 functional as shown in Figure 1C. The triatomic carbon

has a single minimum with a total energy of �8.61 eV/atom, higher than that of the diamond (�9.09 eV/

atom) and lonsdaleite (also called hexagonal diamond, �9.06 eV/atom) within SCAN- rVV10 functional.

It is more stable than the experimentally synthesized graphdiyne (8.49 eV/atom) (Li et al., 2010) and the

theoretically predicted T-graphene (8.41 eV/atom), suggesting a comparable thermodynamical stability.

XRD patterns are simulated with a Cu Ka radiation of wavelength l = 0.154,056 nm to provide more infor-

mation for experimental observations (Figure 1D). Two sharp peaks at 2q = 40� and 2q = 52� are owing to

the (100) and (111) diffraction, which is different from diamond where the peaks of (111), (022), and (113) are

observed at 2q = 44�, 75�, and 92�. The peaks of (210), (102), (112), and (200) are negligibly small, similar to

graphite which has a sharp peak with large intensity and several small peaks. These features may help iden-

tify the triatomic carbon in the experiments. More interestingly, BC5 was successfully synthesized by using

both a laser-heated diamond anvil cell and a large-volume multi-anvil apparatus (Solozhenko et al., 2009).

The dynamic stability is verified by the phonon dispersions from DFPT calculations using norm-conserving

pseudopotentials. As shown in Figures 2A and 2B, no imaginary frequencies are observed throughout the

whole Brillouin zone at zero pressure, confirming that the predicted allotrope is dynamically stable. The

complete phonon spectrum consists of nine normal modes of vibration including three acoustical branches

and six optical branches. According to standard group-theoretical analysis, the phonon modes at the G

point in the Brillouin-zone center have the representations: G = A24B14B24E242 3 101, where A2, B1,

B2, E1, and E2 are the irreducible representation of the symmetry of lattice vibrations. E1 mode is both

Raman and infrared active, while E2 mode is only Raman active. Based on the Raman and infrared fre-

quencies, the triatomic carbon structure is expected to be identified in further experiments. Moreover,

the carbon allotrope can be dynamically stable under a higher pressure of 100 GPa evidenced by the

absence of any frequency in Figure 2B. IrC5 is dynamically stable as shown in Figure 2C. In Figure 1B,

the pentacarbides containing Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Hf, Nb, Ta, Mo, Tc, Re, Ru, Rh, Pd, Ag,

Cd, Au, and Hg element are mechanically unstable. The pentacarbides such as C5O, PtC5, AlC5, and

SiC5 are lattice dynamically unstable or metastable, while pentacarbides such as C5N, BC5, FeC5, WC5,

OsC5, and IrC5 are mechanically and dynamically stable. The thermal expansion coefficient of triatomic car-

bon and pentacarbides XC5 (X = B, Al, Si, Fe, Ir, O, andW) at constant pressure was calculated based on the

DFPT and quasi-harmonic approximation (QHA) as shown in Figures 2D and S7. At 300 K, the thermal

expansion of h-C3 is 7.09 ppm/K. C5N showed a reduced thermal expansion coefficient of 2.45 ppm/K,

while IrC5 and WC5 displayed increased thermal expansion coefficient of 11.54 ppm/K and 14.84 ppm/K,

respectively.

We further examine the thermal stability of the carbon allotrope by using a larger system of 83 838 super-

cell containing 1536 atoms based on the classic molecular dynamic (MD) simulation using NPT ensemble as

shown in Figure 2E. The energy remains almost intact after heating up to 2000 K for 100 ps with a time step

of 1fs, suggesting that triatomic carbon sustains at high temperature after synthesized. In Figure 2 G, at the
iScience 25, 104712, August 19, 2022 3



Figure 2. Dynamic stability and thermal stability of triatomic carbon allotropes

(A and B) Phonon dispersion and density of states of the predicted triatomic carbon at the pressure (A) 0 GPa and

(B) 100 GPa.

(C) Phonon dispersion and density of states of IrC5 at 0 GPa.

(D) The volumetric thermal expansion coefficient of triatomic carbon and pentacarbides.

(E) Crystal structures transformation from first-principles molecular dynamic calculations after 100 ps at a given

temperature of 1000, 2000, and 3000 K.

(F) Radial distribution function (RDF) of C-C pairs at 1000, 2000, and 3000 K after 100 ps.

(G) Fluctuations of the total energy per atom of triatomic carbon at different temperatures.
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temperature of 500, 1000, and 2000 K, the energy difference between the maximum and minimum of en-

ergy curves is below 0.2 eV, indicating a small energy fluctuation. However, at an even higher temperature

of 3000 K, the structure changed to a new phase which has layered nanosheets as shown in Figures 2E and
4 iScience 25, 104712, August 19, 2022



Figure 3. Mechanical properties of triatomic carbon allotrope and pentacarbides

(A) Tensile and shear stress-strain relations along [100], [010], [001], and {100}[010] direction.

(B–D) Density and volume ratio of triatomic carbon and diamond as a function of pressure, (C) Shear modulus of triatomic

carbon and diamond as a function of pressure, (D) Young’s modulus of triatomic carbon and diamond as a function of

pressure, inset showing the corresponding 3D surfaces of Young’s modulus.
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2G. The new phase of the carbon monolayer sheet is composed of four, five, six, seven, and eight carbon

rings in the monoatomic layer. The structural transformation at the high temperature gives hints for the

experimental fabrication, which is potential for practical application. In Figure 2F, the first peak of the radial

distribution function (RDF) is identical, which is the C-C bond length with a value of 1.60 Å. These further

confirm the thermal stability of triatomic carbon for the experimental synthesis.

Figure 3A shows the calculated tensile and shear stress-strain results of triatomic carbon under loading in

[100], [010], [001], and {100}[010] direction. Triatomic carbon shows strong stress responses in the [001] di-

rection with a peak tensile strength of 176.2 GPa with a strain of 0.3, which are smaller than 225 GPa of dia-

mond with a strain of 0.4 (Telling et al., 2000). The calculated strengths along the [100], [010], and {100} [010]

directions are 121.8 GPa with a strain of 0.2, 121.8 GPa with a strain of 0.2, and 133.9 GPa with a strain of 0.5,

respectively, indicating the anisotropy of the tensile strength. The tensile strength of triatomic carbon was

comparable to the experimental value of 130 G 10 GPa of the in-plane intrinsic tensile strength of mono-

layer graphene (Lee et al., 2008). To examine the incompressibility of material, the volume compression

ratio V/V0 against hydrostatic pressure is calculated as shown in Figure 3B. With increasing pressure, the

volume compression ratio of triatomic carbon decreases, which is slightly larger than that of the diamond.

Meanwhile, the density increased with increasing pressure.

The elastic constants are calculated to validate the mechanic stability as listed in Table 1. Results show that

elastic constants Cij satisfy the Born stability criteria of the hexagonal system (Mouhat and Coudert, 2014),

suggesting that it is mechanically stable at ambient pressure. Large values of C11 and C33 indicate the

strong resistance to linear compression of predicted carbon allotrope along the a, b, and c axis. The calcu-

lated average wave velocity of triatomic carbon is 13,721 m/s, higher than 13,283 m/s of the diamond, while

the melting temperature of triatomic carbon is 4807 K, higher than 4628 K of the diamond. The calculated

bulk modulus B and shear modulus of triatomic carbon from the Voigt-Reuss-Hill (VRH) approximation are

451.6 and 587.2 GPa, respectively, revealing the high incompressibility and shear resistance. Details of cal-

culations are described in STAR Methods. The calculated mechanic properties of the diamond are in good

accordance with other theoretical computations and experimental results. As seen in Table 1, the bulk

modulus of triatomic carbon is higher than 432.5 GPa of the diamond, whereas the shear modulus of
iScience 25, 104712, August 19, 2022 5



Table 1. Elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus E, and hardness H of triatomic

carbon, together with data for the diamond for comparison

Triatomic carbon Diamond

This worka This workb This worka This workb Theoretical Experimental

C11 1268.0 1129.8 1050.5 960.6 1074c, 1106d 1076e, 1080f

C12 82.8 84.0 123.4 76.2 139c, 141d 125e, 127f

C44 563.1 508.6 561.1 506.6 571c, 607d 577e, 576f

C13 26.4 49.2

C33 1258.3 1123.0

B 451.6 416.2 432.5 371.0 451c, 462d, 442e, 445f

G 587.2 521.1 519.8 480.0 527c, 545d 534e, 534f

E 1229.0 1103.3 1113.4 1006.1 1137c, 1174d 1142e, 1144f

Hv
i 113.3 99.6 95.7 97.5 92.8c,96.1d 60–120g, 96 G 5h

The units are GPa.
aThis work using PAW pseudopotential.
bThis work using Norm-conserving pseudopotential.
cGuo et al. (2020).
dFan et al. (2006).
eGrimsditch et al. (Grimsditch and Ramdas, 1975).
fWu et al. (Wu and Wentzcovitch, 2011).
gBrazhkin et al. (2004).
hAndrievski et al.(Andrievski, 2001).
iTian’s model(Tian et al., 2012).
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triatomic carbon is higher than 519.8 GPa of the diamond. The ratio of B/G is 0.77, smaller than 0.83 of the

diamond, indicating the triatomic carbon allotrope is less brittle than diamond. Young’s modulus and Pois-

son’s ratio are defined as the stiffness of materials and the stability of materials under the shear stress. The

Young’s modulus of h-C3 is 1229.0 GPa, 10% higher than the value of 1113.4 GPa of the diamond, indicating

triatomic carbon is stiffer than that of the diamond. With increasing hydrostatic pressure, the shear

modulus and Young’s modulus of triatomic carbon and diamond increase obviously, while the values of

triatomic carbon are higher than that of diamond as shown in Figures 3C and 3D. The directional depen-

dence of elastic moduli can show the elastic anisotropy of a crystal (Cheng et al., 2014). Analysis of the

directional dependence of Young’s modulus of triatomic carbon shows that the maximum is 1262 GPa,

whereas the minimum is 1217 GPa, even larger than the maximum Young’s modulus of 1175 GPa of the dia-

mond as seen in Figure 3D. The ratio of Emax/Emin for triatomic carbon is 1.04, smaller than 1.15 of the dia-

mond. The universal anisotropy index of H-C3 and diamond is 0.01 and 0.04, respectively. The average

Young’s modulus in all directions is 1239 GPa, which is in good agreement with Young’s modulus through

using VRH approximation. A typical value of Poisson’s ratio for metallic materials is 0.33 while the value is

0.1 for covalent materials. The diamond has a strong covalent bond length with a Poisson’s ratio of 0.07,

and the covalent bond strength of triatomic carbon is 0.04, slightly lower than that of the diamond.

The hardness is calculated according to the model of Mazhnik et al.(Mazhnik and Oganov, 2019, 2020) and

Tian et al. (Tian et al., 2012; Xu and Tian, 2015) as shown in Supporting information, which remarkably pre-

dicts the hardness and is widely applied in the superhardmaterials (Avery et al., 2019; He et al., 2018; Sarker

et al., 2018; Tian et al., 2013; Zhao et al., 2012). In Figure 4A, the calculated Vickers hardness of triatomic

carbon is 113.3 GPa, larger than the values of the diamond using the same methods (Table S1). This is

different from the previous literatures (Zhu et al., 2011) in which the Vickers hardness was 87.6 GPa for

hP3 lower than 94.3 GPa for diamond. The experimental verification for the Vickers hardness is needed

in the future. It is also larger than those of all previous reported superhard materials and carbon allotropes

(Avery et al., 2019; Chen et al., 2011; Tian et al., 2012), as seen in Figure 4 and Table S2, including V-carbon

of 90 GPa (Yang et al., 2017), M-carbon of 83.1 GPa (Li et al., 2009), Cco-C8 carbon of 95.1 GPa (Zhao et al.,

2011), 43T16-CA carbon of 91.16 GPa (Blatov et al., 2021), etc. In Table S1, all the results derived from Tian’s

model (Tian et al., 2012), Mazhnik’s model (Mazhnik and Oganov, 2019, 2020), Chen’s model (Chen et al.,

2011), and Teter’s model (Teter, 2013) showed that h-C3 is harder than diamond, while Gao’s model (Gao

et al., 2003) shows that h-C3 is softer than diamond. In Table 1, the calculated Vickers hardness using the
6 iScience 25, 104712, August 19, 2022



Figure 4. Comparison of mechanical properties of triatomic carbon allotrope and pentacarbides with other

materials

(A) Vickers hardness as a function of the density of triatomic carbon with other superhard carbon allotropes.

(B) Comparison of experimental and predicted hardness and Young’s modulus of triatomic carbon and pentacarbides

with other hard materials.

(C) Chart of Young’s modulus as a function of density. The red star depicted the present predicted triatomic carbon and

pentacarbides. The experimental hardness of the diamond is 90–150 GPa.
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norm-conserving pseudopotential supports the conclusion that h-C3 is harder. Moreover, the classic MD

simulation of a larger system of 153 15315 supercell with 10,125 atoms (Figure S5) using Tersoff forcefield

(Tersoff, 1988) shows a Vickers hardness value of 96 GPa from stress-strain calculations, larger than that of

the diamond at the same method. In Figures 4B and 4C, substitution with Al, Fe, Ir, Os, B, N, Si, W, and O
iScience 25, 104712, August 19, 2022 7



Figure 5. Electronic properties of triatomic carbon allotrope and pentacarbides with other materials

(A) Electronic band structures and (B) density of states (DOS) of triatomic carbon from HSE06 and GGA calculations.

Electronic band structures of (C) SiC5, (D) FeC5, and (E) IrC5.

Total and partial density of states of (F) FeC5 and (G) IrC5. Electron localization function of (H) h-C3, (I) FeC5, and (J) IrC5.
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element resulted in strong pentacarbides with Young’s modulus of 400–800 GPa. For instance, SiC5, IrC5,

and WC5 showed Young’s modulus of 733, 750, and 740 GPa, respectively, which are higher than the com-

mon technical ceramics such as AlN, SiO2, ZrC, TiC, RuO2, and ReB2, and larger than the predicted 2D tet-

rahex carbides(Kilic and Lee, 2021a; c) such as th-SiC, th-GeC, and 2D penta carbides (Kilic and Lee, 2021b)

such as p-SiC2, p-GeC2, and p-SnC2. SiC5, BC5, IrC5, andWC5 are superhardmaterials with Vickers hardness

of 52.3, 48, 41, and 43 GPa, respectively. Our results demonstrated the potential of the present strong

triatomic carbon and pentacarbides as future high-performance materials.

To gain further insights into the chemical bonding and the stabilization mechanisms of triatomic carbon

and pentacarbides, the electronic band structure, density of states (DOS), and electron localization func-

tion (ELF) are shown in Figure 4. The conduction band minimum (CBM) locates at M point (0.5, 0, 0), and

the valence band maximum (VBM) locates at A point (0, 0, 0.5), as seen in Figures 5A and 5B, yielding an

indirect semiconductor. It is well known that generalized gradient approximation (GGA) calculations un-

derestimate bandgaps of semiconductors, while the hybrid functionals (HSE) can improve their accuracy

for bandgap. HSE06 results showed h-C3 has an insulating feature with an indirect bandgap of 3.06 eV,

which is in the range of another carbon allotrope, such as 3.12 eV for Cco-C8 (Zhao et al., 2011), 2.56 eV

for bct-C4 (Umemoto et al., 2010), 3.6 eV for M-carbon (Li et al., 2009), and 3.92 eV for th-C12 (Hussain

et al., 2022). The SiC5 allotrope is semiconductors with a bandgap of 1.65 eV using the HSE06 functional

(Figure 5C). IrC5 and FeC5 are conductors with the crossing of conduction band and valence (Figures 5D

and 5E). Analysis of the density of states (Figure S6) shows that the C-2s state mainly contributes to the

bands at the lower energy, while the C-2p states account mainly for the valence band and the conduction

band region. The contribution of C-2pz states to the Fermi level is larger than that of C-2px andC-2py states,

whereas the PDOS of C-2px and C-2py is the same. Obvious orbital hybridization between C-2s and C-2p

states is observed as shown in (Figures S2–S4). In pentacarbides, the d-orbital of the transition metal atom

is of hybridization with C-2p states (Figures 5F and 5G). ELF is calculated to study the bonding character of
8 iScience 25, 104712, August 19, 2022
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the carbon allotrope (Silvi and Savin, 1994). ELF has values between 0 and 1, where 1 corresponds to perfect

localization, namely covalent bonds or lone pairs filled in the core levels; 0.5 corresponds to the electron-

gas-like pair probability; and 0 corresponds to no localization, namely the vacuum with no electron density

(Tian et al., 2020). From the ELF contours of diamond and triatomic carbon shown in Figures 5H to 5J, the

ELF values of the C-C bond for triatomic carbon and diamond are close to 0.90, suggesting the s-bond

covalency of triatomic carbon is as strong as that in the diamond. In IrC5, weak localization of the Ir-C

bond is observed. Analysis of the charge density of triatomic carbon also shows the covalent character

of this allotrope. The s-bonds are formed with all electrons well localized between the C-C atoms, yield

to an all-sp3-hybridized carbon, which is the origin of the superhard properties.
Conclusions

In conclusion, we identified one triatomic carbon allotropes with giant hardness reaching the hardness of

diamond and a family of pentacarbides with strong mechanic properties from first-principles calculations.

The triatomic carbon is a semiconductor with an indirect bandgap of about 3.06 eV derived from HSE cal-

culations, showing thermal, mechanic, and dynamic stability. The triatomic carbon allotrope can be trans-

formed into a two-dimensional carbon monolayer at a high temperature. We showed the triatomic carbon

holds a hardness of 113.3 GPa reaching that of the diamond. Analysis of mechanical properties showed

Young’s modulus and Vickers hardness are higher than that of the diamond, revealing that the predicted

carbon is as hard as diamond. A family of strong pentacarbides with Young’s modulus of 400–800 GPa are

discovered by substituting 1/6 of the triatomic carbon atoms with Al, Fe, Ir, Os, Pt, B, N, Si, W, and O

element. HSE06 bandgap of SiC5 is 1.65eV, while IrC5 and FeC5 are conductors with the crossing of con-

duction band and valence. SiC5, BC5, IrC5, and WC5 are superhard materials with Vickers hardness over

40 GPa, in which BC5 was successfully synthesized in previous reports. The predicted allotrope composed

of three carbon atoms would enrich the carbon family and, once synthesized in further experimental

studies, will find broad application. Our results demonstrated the potential of the present strong triatomic

carbon allotrope and pentacarbides as future high-performance technical ceramics.
Limitations of the study

The theoretical Vickers hardness of carbon allotrope and pentacarbides is derived from the elastic con-

stants using the empirical equations, which inevitably introduces overestimation or underestimation.

Even though the empirical equation for predicting the Vickers hardness is widely used, a perfect nonem-

pirical model is needed in the future for a more accurate description of superhard materials. At present,

we investigated the carbon allotrope and pentacarbides using theoretical first-principles calculations.

Therefore, future experimental verification is needed for lattice structure, stability, and mechanical prop-

erties. Typically, the structural characteristic can be further deconstructed using experimental methods

such as X-ray diffraction (XRD), scanning tunneling microscopy (STM), and high-resolution transmission

electron microscopy (HRTEM). Moreover, we only focused on the XC5 systems where X = Al, Fe, Ir, Os,

Pt, B, N, Si, W, and O elements. There will be a large family of materials holding this type of structure in

the combination of other two and more elements, which we will be investigating in the future.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.
METHOD DETAILS

All methods can be found in the accompanying Transparent Methods supplemental file.
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