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Figure 1 Schematic diagrams of the synthesis methods of carbon chains. (a, b) Schematic diagrams of a series of carbon alkyne with capping groups
synthesized by chemical methods, where n=4, 6, 8, 10, 12, 14, 16, 18, 20, and 22[22]; structural schematic (c¢) and HRTEM image (d) of encapsulated
synthesized one-dimensional carbon chains in carbon nanotubes®; (e) HRTEM images and analysis of one-dimensional carbon chains synthesized in
double-walled carbon nanotubes; (f) images of the kinetic process of dissolving graphene nanoribbons and thus forming a carbon chain by using

electron-beam irradiation within TEM systemsm]
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Figure 2 Carbyne nanocrystals synthesized by LALM. (a) Carbybne nanocrystals as white powder and its XRD image; (b) Raman image of carbyne
nanocrystals; (c) Fourier transform infrared spectroscopy (FTIR) image of carbyne nanocrystals; (d—i) three types of SAED patterns and HRTEM
images of carbyne nanocrystals according to the direction of the incident electron beam
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Figure 3 Schematic of the hexagonal crystal structure of carbyne nanocrystals derived from theoretical calculations

B0 (a) Structural parameters of the

hexagonal crystals (a=5.78 A, b=5.78 A, ¢=9.92 A, a==90°, y=120°). The distance between neighboring carbon atoms is 3.34 A. The torsion angle of
the carbon chain (the angle between the vertical direction and the torsion bond) is 30°. (b) The specific structure of carbyne nanocrystals is obtained

from first-principles calculations

ARAHT AR 2 e, DRI 1 B K 0 LR 2 4 30T
LT AT RIRAERES. 1HAh, KimZE AL i 5% 552 &
PSR T BN K R R E G, BFSE T a8k
L S 2 ) AR VR T, 0 R 3 i 3 4 4 K R
S spZe ALk FOTIHL THE A AR, T T FasE 1
254,

4 FARRGR AL

4.1 H2APERR
YangZs \PPHUE TRGK SIS (E I, e

2848

— PRI ST B T R A SR LT A5 S RE
WL Hrb ik AT B 4.1 eV, HANH TR K
BET AR SR AR, UL R S AR — i i 28 4 ]
B AR, RIS, AT TR e AR IS R A T
PR, SRR R f DA R 5 A SR A
AT, A B B b A ) F AR AR RS B i 4
m, RELH OTB A R, PR, FABREE DBAY 4
FAEBE 1T HBR AR PR e PERE L 1 2R F A LA

4.2 WA
TERRM R, B 90K Rk A R I IR



FEI AR B RE R DY, IR A RE P IR RE SRR 5T
fE T 7T 22—, YakobsonifRH R ST F B, Bk
TEFH AR 90° 5 2578 GV A, BE T su 3y, A
RIS K T RE 2 FECR R BORETE. Yang®E AP
3B T iE A LALA B k9K 2 e, IF &
PRNREAT 5 BE A IR RE R (IR 5. HeAh, 38 B 25
Pl (T 22 AR Pl FH A R A1 1 e 248 K i 6 AS T L BT g it
HEAT R ZRAE S AR ARG A8 5 Ms~0.2 emu/g, HEKE
W 2R BE 2910000 A — N ERE. AT TR T
S5V RIS ) VASP(Vienna Ab-initio Simulation
Package)i#F 17T T 28— EBGE, MRS REN, wER
FHIREAEAR AT RER A AR ARG S, X IF DX F I B A
ki LSRR S AL, R EE A R TR
B e ACIEZ, Az R B RE, DTG 2 R i
ZIR KRR G, RA BRI G. X TEds
ZR B O A T B U SR REME I R S 1k TN
TR F e BN, FH B — R R S5 AR .

4.3 JerErhm

BRAARHER 42 WG SMEAREAS B et fe™, A
b BN ol ] [E1E 72 U B o NP N RV EN A Y o8
SR, Pan®E NIGRIETE R, FARRANK TERE DK
MR N RE R R A0, TR IR At
JE 52 A R ANK S IR EE 73 IR A O, FEEE
fill -, Xiao% NPORISE T LALG LB EARRAN K fb i) 2
JEIEL, HER WA 4(a), (b)FiR. MAT7E R T I
T EBRAUK S 563U St (photoluminescence  spectro-
scopy, PL)FIBAM2¢ Y (cathodoluminescence spectro-
scopy, CLYGHE. S5REW], 7E325 nmil KL T,
F AR 28 K Y PLOG G Hh B 7386, 432, 59571
755 nmil KB A, HCLGIEMIEN & SPLGIE T
(AU AR, (HSRBEANTR], 32 f R TR AR AL
ANFFE. AR DA 25 21 3 21 SIS T PR A I €8,
R, GG SLREAE NS — R, B T RGN
Kb AR FHIRAIK S B A TRl EE B e
TR, Horh & A AR R T PR o R R A
JG, iR RS S IEECON, HIETEN=4n(n=1, 2,
3, e VIR, A0 32 43 7B BE P i Y 23

FERGOK R 6. HE. Hefiaane
AR CEUR,  HOG R SRR 5T M o3 A 2B 9H
Kini i b, AR R A, AT #E—2PARTE A

K AN RO CERE, TR A(c~e) T, RHREE T 1Y
7 38 53 B R AR 5 4 o LA S T LS T,
45 B3 I ik B RE B R A 0 K B ARtk Hih386,
432, 595F1755 nmi¥F Ak i & SeIg 53 %6 v T & A
4. 8. 12FN16A T AtncsE, 4P [l h w5
BERIRERR S 4,64, 2.84, 2.08F11.66 cV. IXLLFHH
ARG S A AT, IR T RIS AR fta s,
BPRkaE R, HAERE/N. I, FIBRNK S EA BX
PR ES R AR, RIS f R BN (R 2 55 1 Bk
1A, MBREE T RENS &R MR, (45 I BRAN K
RACHLHI AL 8 A8, NIF BB AL b
REBEE T LA,

)5, KutrovskayaZs A\"75@ it LAL 7 0 4 4
KIFORIRRE T HA A [ B a) Y PR IR BE R A A, K
HPTBAE BB RLIRE I, JR7E LIERE T 8 3] AR T
B BRI T BRI Y AR
TRPLOYGIEAR 1T [R < BE ik Bk 2 o 19 — F 0 145
FU SR TN A5 H AR AE RE RS2 rh AT IR AT
TSR SR R A BRERBE . R FLI T A LE
=R R B A BEAE e . A2 SRR
HBRTECHL 24 T, JCHE RGOS B A
BRIFFTNMA.

5 FIRRR SR H]

5.1 AR

BB AL A A 2P Y Ak 1 ok e RE— L AR AR
ST . EOSTHAER M, AR S TEspZfLIE L
1 —4EsE h B A AR A, R —
SR AL M e Y. 20164, Ma%e N7 Pk
K B S B6 =  £ J MR I R 9K T B SR B A
egetitazm . st RENEOC Z- T HR L R, 7
ORI 800 nmY P&, FIaRERILHR L = 1Y 5
HOPLMA LY, JCARZE MM IR BB RS %n, o3 il ik 2]
3.53x107"° m/WhHll-1.40x10"" esu. L, #1EHHOPL
FEMEFE Y ASHEHE ) —E BB, A RAEGRT
e W g B4R, BAT OPLARE R BRI
12 0 AR 3 G2 AR 5 1B AR 22 5 O R A
FRYSTUR. I BRI A OPLARE,
MaZ NP3 FRAIR 260 FIRK T FARRGA K - LB
W~ BN K - FH VBRI 1 Rl 49 K - TN TR 7
OPLMa W PERE, & BX 3PP FES00HI400 nmilf K )

2849



MG b B 2024FET7TH ¥$69% %20
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Figure 4 PL, CL, stability and luminescence mechanism diagram of carbyne nanocrystals[%]. (a) PL spectra of carbyne nanocrystals; (b) CL spectra of
carbyne nanocrystals; (¢) phonon dispersion and density of states calculations of carbyne nanocrystals; (d) schematic diagrams of the energy level
structures of the carbon chains containing 4, 8, 12, and 16 carbon atoms; (e) theoretical and experimental energy gaps of the carbon chains containing 4,
8, 12, and 16 carbon atoms
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266 nm ASFFK T, SEHLI SRR R

Figure S Spectral response properties of carbyne nanocrystals[m. (a) Spectral response of the carbyne nanocrystal photodetector at room
temperatures. (b) /-V curves of the carbyne nanocrystal photodetector in the dark and under 266 nm light illumination. (¢, d) On/off characteristics of the
carbyne nanocrystal photodetector under a bias voltage of 2 V and 266 nm light. (¢) Logarithmic /-V characteristics of the sensor in the dark and under
266 nm light. (f) Plot of photocurrent versus light intensity at 266 nm incident wavelength
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Third carbon: Carbyne

Qing Zheng, Weiwei Cao & Guowei Yang*

School of Materials Science and Engineering, Nanotechnology Research Center, Sun Yat-sen University, Guangzhou 510006, China
* Corresponding author, E-mail: stsygw@mail.sysu.edu.cn

Carbon is an important element that is essential for living organisms and is widely distributed on the earth. In the
exploration and application of carbon materials, researchers are committed to exploring and developing the different
properties of carbon materials with different structures and their applications. Existing carbon materials can be classified
into three types based on the type of electron orbital hybridization. The first type is formed by the arrangement of three-
dimensional sp3—hybridized carbon atoms, such as the hardest natural material, diamond, and its derivatives, hexagonal
carbon and octagonal carbons. The arrangement of two-dimensional sp2 forms the second type of hybridized carbon atoms,
such as graphite, graphene, carbon nanotubes, and fullerenes. The third type is composed of one-dimensional sp-hybridized
carbon atoms arranged as a one-dimensional carbon chain. The third type of carbon material is a hexagonal crystal of one-
dimensional sp-hybridized carbon atoms in the form of a grayish-white powder called carbyne (referred to as the third
carbon). This discovery has motivated researchers in the fields of physics, chemistry, and materials science to explore its
synthesis in laboratories. Meanwhile, theoretical physicists and chemists have predicted that carbyne will have several
unusual properties in physics and chemistry and that it will have notable applications in several fields, similar to fullerenes
and graphene. This paper presents a review of the recent research progress on carbyne. It begins by defining carbyne; then,
the synthesis techniques of carbyne and the structural features of carbyne nanocrystals prepared through liquid-phase laser
ablation are reviewed. Carbyne nanocrystals are special nanocrystals with a unique hexagonal lattice formed by one-
dimensional carbon chains connected through van der Waals forces. These carbon chains are alternately arranged with
carbon—carbon triple bonds and single bonds and form crystals via twisting. Because of the unique one-dimensional van der
Waals structure of carbyne nanocrystals, numerous of them have unique properties. For instance, carbyne nanocrystals
have been observed to exhibit deep-ultraviolet (deep-UV) light detection properties as indirect wide bandgap
semiconductors. However, carbyne nanocrystals also have intrinsic luminescence properties, with their luminescence
spectra covering the entire spectrum from the UV to infrared region, which would substantially contribute to the
development of carbon optoelectronics and thus play an important role in applications such as all-carbon optoelectronic
devices. Carbyne nanocrystals have also shown outstanding effects with regard to gas sensing and biological enzyme
activity. Finally, this paper presents a summary of the physical properties of carbyne nanocrystals in optics, electricity, and
biology and discusses their applications in the fields of nonlinear photoresponse, deep-UV light detection, gas sensors, and
biomedicine, and potential areas for their future development are explored.

carbon nanostructures, one-dimensional sp hybridization, carbon chains, carbyne nanocrystals
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