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Abstract

The successful synthesis of layered nitrogen-doped graphdiyne (NGDY) (Nano Energy, 2018, 44, 144)
has attracted wide attention from scientists in condensed matter physics and materials. Firstly, we
calculated the optimal stacking order of the NGDY atomic layer based on density functional theory,
and then investigated its mechanical and electronic properties under biaxial strains. The results
show that ABC-stacking structure has the lowest energy. It is worth noting that under biaxial strains
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along directions a and b, the material exhibits a half-auxetic behavior in direction c. Specifically, it
shows the properties of ordinary materials under biaxial compression strains, that is, the lattice pa-
rameters in the ¢ direction increase with the increase of biaxial compression strain. The lattice pa-
rameters in the c direction increase with the increase of the biaxial tensile strain. In addition, in the
range of —-0.05 < € < 0.05, the increase of both tensile strain and compressive strain will lead to the
increase of band gap. The unusual mechanical and electronic properties of NGDY material indicate
that it has great potential in the design of electromechanical devices.
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1. 5|15

2014 4ERTh M AT S8 b S A7 S35 AR 1], A0 4EQDYFT R 72 M4 — BB K. 7R R
TREEF, T, BRI G BB 2D MR A TN BRI — (2] [3]. VRN — ISR [E 2
1, i SBH(GDY) WS SZ BRI 2 1 [4] [5]. SIS sp? 220k SR 1 (104 S 075 s 4 oK
HIRKIIAF, GDY BATH sp Al sp” B S5 T I 4T T AR S5 40 o PR I S5 A i LA R
] T8 AR o 7938 TR R TR B R 1) sp Z4A0AT sp-sp” IR A 22 1b B, GDY AT LA ik B e widh—
R TR, AR NEY RN « B3RPk R, 2010 4, E£#e EHEH GDY [6] =45,
BB 22 BE A 5 7 A28 K R 5T ETBA[ 710 FH A8 SO EC S B AE AR B6Ak B k& T GDY Mkl b, ¥
% GDY KT, Blina5 2% GDY [8]. M54 GDY [91%: ¥ C gl st & B E e Hdk T 7 — e iR &= Pk
WEFE TN BT GDY B HATA W4 7= A B 51 3 BV RE, 38 FH T 22 S 453, 491 <44 43 5 10]
T 11 B REVRAR G 1 38 12156  edle , WEALEA 16 i T — o8 GDY 744, B &35 4% GDY (NGDY)
[13] [14]. FARFBRIILEATE R 7 IR R, X PR B RE B B ARG AL T T AT R 1
RIS BRI, 124 R B Z X ZIR 454 A HEVR IR I 77 5 AL PR B FL 4508, TR 0
SCEPRM T S £ REE., HAh, FERI N AR —FH TR AR R 5%, 8T K NGDY [
VG, A LB — DR HAE RS R ) F AT A

FEARTAET, BATE @S MRS T NGDY Ik 5 A i 7, R et 5t
T H I DL R U AR I BT . AR I NGDY Sefe g 452 ABC-HEMRZE I, BR—
FRIAIFE AT BN 1.62 eV 19 34 KPR RE AT DA SZ (1 5 R WU AR A8y 0.13 . FRAi TiE— 20 B, NGDY
TERU AR N R R IRAT o BARTI S, ¢ Sl b ke 2 506 0Ll R 47 AR 39 DR T8GR, BRVLE SO e 46 o
AR RN BRI E s ¢ Fll A% S BE XU i RS 38K, BFE VAR AR R4 RIS 4 ik
MBI 1 H, 7£-0.05 < & < 0.05 MIXUHINASYE Py, AVE AR N AR IS 2 R AR RSN, %Ak
(AT B ERRE 2 80, IXFERER S AM B R 2 R — RO R S8 A BRI .

2. HHEE

FE T2 B vz R PR (DFT) Y 25 — MR JELHE 1 574548 F Vienna Ab-initio SL3UAR 4 EL(VASP) [15] [16]3E1T .
T2 NGDY, W36 B T 5 12 77 e in 20 A 352, DLk A 4R )2 2 18] AR BLAE F 51 )20k NGDY
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R &R, 45 DFT-D2. DFT-D3 fl vdw-DF J57%%) 2 [ Y5484 (vdW)PE FHIEATAZ IE[17] [18] [19]. k¥
SCESHHE[13] [14], NGDY 1 &R VI alts S EISBE A 16.10 A AT . B TH R FH I #LE RE
%I 500 eV FEFUSENK, #ZE NGDY KH 9 x 9 x 1 [¥] Monkhorst-Pack k PI¥&[20], HA5 7577 &t
) NGDY £ F A ZZ R R ML NGDY 45449 73 0K 7 % 7 x 9 A1 9 x 9 % 9 1] k W& . FEL5 K5t T4 1A,
BT R FIIASAT ML H, BEERAEAE T L/ 0.01 eV A7 N1k, AT IREEIR NGDY 1k &
HIFSHAT B, F-AT1E R F Heyd-Scuseria-Ernzerhof (HSE06)72 bR [21]HE4T T Z24biz R i1 5. JZ 45 & RE(E,)
WHARNE, =(E,-E,)/n, Fr E R NGDY A R{LAER, £, RFHZ GDY Mg, n ZETH.
RBi4yE R, £ DFT it5dr, vdW BIESEm it SR GHReE. Bk, AT IEARERSE SR, B
A R Y RAE AR R vdW A& 1732
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Figure 1. (a) Geometric structure of monolayer NGDY with a 2 x 2 supercell. Grey and blue balls denote carbon and nitro-
gen atoms, respectively. Red triangles and blue hexagons indicate kagome and hexagonal networks, respectively. (b) Band
structure of monolayer NGDY calculated based on the PBE functional

E 1. ()85 2 x 2 BRENERE NGDY H/LAIEH. REKMERKSAFZREETHERT. S6=AFNEE
FNIBF 3 B R Kagome SIEFIA T @I, (b)ET PBE ZEHEMNEE NGDY HIsEHLEH

N AT TR NGDY AR, BATE WA T #JZ NGDY KU 45 MR FrERR .t 1(a)fiw, H
2 NGDY AV AT M, HEESECN 16.04 A, WA 1) G SR, AN SR
BRI B IC IR T T N 5 ks, e rb AR (B U B Gk P B SR T 10 sp” A sp 2258 28 B 2 T A
Bz, [FRE, W 1) R B =MAIEFTR, BREI AT 78 = Juiddik, B kagome fitE . XK HITE
NGDY 251+ R AF/E7S 77 kagome fifg. SRJ5, BATWIA T )2 NGDY MEFHER. W& 1(b)Ar
7N, 2T PBE JZ R THE T 45 /R B 52 NGDY J2 BN 2.30 eV (12 Sk 1T DA 3, 32 NGDY
A4 22 (1) BB Y 45 46 R ATAE b P R AN PR T s 4R T ML kagome T 45 44)[22] [23] [24]. 1% kagome i ]
171E 5 NGDY Z5#11) kagome Stk 9%,

3.2. BiXK NGDY B MR
AP, BARMBHRFE R HEE R bt i PR A IR KRS . Blin, HEPRF Al DLE & 502
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Figure 2. (a)~(c) Top views (upper panel) and side views (lower panel) of 2 X 2 supercells of NGDY with A-, AB- and
ABC-stacking, respectively. Grey and blue balls denote carbon and nitrogen atoms, respectively. (d) Top views (left panel)
and side views (right panel) of the structure of NGDY with a rhombohedral unit cell. (d) and (f) are the corresponding band
structures of NGDY with hexagonal and rhombohedral unit cells, respectively. Insets in (e) and (f) are the schematic of the
first Brillouin zone with high-symmetry points and lines of NGDY with hexagonal and rhombohedral unit cells, respectively
2. (a)~(c) SHUA A-, AB-F ABC-HHRI NGDY Y 2 x 2 i & BRI R El (B AR E (R E). 7% & ERFIE & B
DARTREFEAREF. (d) ABC-HIRE NGDY HIZEF R R FLE (ZE) MR E(HE). ()& T PBE ZkKit
BRI NGDY REMEETEME. () £F PBE ZEH(BE®L)M HSE6 SZF(LBEL)ITHESINER
NGDY JZRERIREFLME. (oD RIEEIS A REBAFFENRMEH NGDY SEHNE—M RN X REE

Z )7 GDY [25]+ C3N [26]+ h2D-CoN [2715#EHIAT R . X5 F )24k NGDY J5 T Z MK T, FATH &
T =R B S BRI A HE AR, B A-, AB-F1 ABC-HEERSEHY . 8] 2 45 T IXSeHERR AR R B K.
2R, 15 AMER, A BEEMUEES A BEL, HFHENTE ab Fiiih e 4L . W& 2(b)
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Fizs, T AB-HEbk, FLLK B EMN A RIS e 60 IS5 IR, F B A JER B R HE
Yo fE ABC-HEREZE M, C ETUUEERY A Z#5) a/3-b/3 HIRE, Hra fl b 53 7 2 & I ALK
o WE 2R, AZ. BEM CEE ABC-HEB P HEY . 5 A-FI AB-MERRES /) 7 2 AR
BEATE], ABC-HEBRGS M 5 — 2 AR I B R . 7 A2 MR 48 ) J R B R A 32 B A R g 1) _E A
BN RRAUAAAE R FRIK T ABC HERRSS K@ SBRRMEEE (WA 1), W9k 7RSSR Z K
MEAEM, IERE R BEEEINAF .

Table 1. Lattice constants (a), interlayer distances (d), maximal differences of the intralayer atomic z-coordinates (Az),

symmetry and interlayer binding energies (£p) of NGDY with A-, AB- and ABC-stacking calculated based on DFT-D2,
DFTD3 and vdW-DF vdW correction methods, respectively

5 1. A-, AB-F1 ABC-tiFk NGDY MBS H (o). BEEE(d). BRET z RIFHNHRKER(A2), MRMEFEELEE
BE(Ey,), H2BET DFT-D2, DFT-D3 1 vdW-DF JEEEISIE55ETESRIN A-. AB-F1 ABC-HEbREEHINIEEE

HWePRIR T a(A) d(A) Az (A) S FR A E,(meV) f&IETT %
16.04 4.48 0 -5.63 DFT-D2
) P6/MMM
- }l — -
A-HERE 16.04 450 0 (No. 191) 6.78 DFT-D3
16.11 450 0 -7.81 vdW-DF
16.04 3.47 0 ~11.15 DFT-D2
- P63/MMC B ]
AB-HEPE 16.04 3.52 0 (No. 194) 12.28 DFT-D3
16.12 3.52 0 -15.37 vdW-DF
15.88 3.12 1.02 -28.32 DFT-D2
) R-3M
- }"L _ -
ABC-HEHE 15.87 3.23 1.05 (No. 166) 29.88 DFT-D3
15.90 3.28 1.08 -30.90 vdW-DF

N T R E S 2 A FLAE FH I3 B A 52 1k 3 fc R HE R S5 44, F47143 ) % T DFT-D2. DFT-D3
Al vdW-DF Jufteqs IE 795 7 NGDY 7E A-, AB-Al ABC-HEMEZEH T (12 R 45 &kt . RIEA 2
25 S RE I E X, Z RIS RN TUE R B ER NGDY & & L ¥ 2 NGDY fEREE LA Fl. 454 ek,
VLA SE MRS s . AR, 34T DFT-D2 181E, ABC-HEE NGDY AMUEAT £ /N St 2 50R1 2 ) B 5,
i HEA RIKHZ RIS &R, 0 AR AB-HEBEGERIME 22.69 A1 17.17 emV/EJE T 1% 1 fiw, %
& DFT-D3 1 vdW-DF 2 IERE L N AR RIM R 4518 . XL R, ABC-HEMEE M2 NGDY fe &
RAFIMACE. Fik, 2 RO EA ABCHERL M NGDY & & 117 -

2(e)in TEE 72 NET NGDY A7 . B ReT 458 22T PBE BT 1, HAEKE 2(e)
Hh 5 AR SN PR RURIER AR (R 28— A BLH X — 2l AR, BT JE 1A BAE R kagome dn i (1R AZ,
.2 NGDY [f] kagome 7 7E NGDY [REHFHIHR T o AL, ABC-HEBRHI NGDY HA 1.62 eV [FH£H7
B, /NTHLUZE NGDY 1230 eV BB, e BRIk = 2 T 2 RIS 5 R S M 2. 5
Gb, FHRBIGAMZ R EES R, ETROIMITER 71, BAMU NGDY (28K R MEAT 1 240z ki it
o W 2R, ZEMBES 24 MET . WE 2e)fME 20w, T PBE Z RiT IR &R
B NGDY [P h 1.62 eV, 5% NGDY B/ T7 db it E A B R . AHEL 2, 5T HSE06 32 ik iH 5
REAT R, SRR S, M S, TR NS 2.31 eV.

3.3. B NGDY NN ETHHFMEFITA
Pe TR, BATHII T 2R NGDY (10 775 M xS0k 5228 Py Sz 15 0 o SRS 5 LN € = (a—ay ) /a, »
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Hor a R AR JE R RIS S HL T ag /2R RIFARES R s S50 78 F T, RATFE NGDY
SERII a R0 b J5 1) b FIBS AN T — AR VIR R AR, I B e A MR SE AR ¢ 7 A1 B AR S AL
NTHRFE NGDY 75 XU N A R (3R ER . FRAT7E-0.05 < & < 0.20 1R AR B P8 T H ) - MAFE S
R, HBILLHITEE 3()F. ZRKH, NGDY 7ER/NIXE RN AR (-0.02 < & < 0.04) T R I H 224 30
R, 3(a) i B B S X TR . B SR HE— B RN, RJ) - RARAT AR ARG (e > 0.04).
AT LAE Y, XA R AT DLARSZ (1 s RSB AR RAE S 0,130 %5 T &> 0.13 IITEHL, R Guk it N X3,
Wate v, BRI 7 NAE, REWTIEKE BYIMGEM . Fik, £ e, AU BRI
X5y HL 3258 25 51k ] [1)-0.05 22 0.05 BN AZS NGDY [ 775 AT A i g2 .
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Figure 3. (a) Stress-strain relationship of NGDY under biaxial strains. (b) The volumetric strain and c-axis strain caused by
the applied biaxial strain. (c) Band gaps of the strained NGDY as a function of applied strain

& 3. (a) MEHRE T NGDY KIRN ] - NEXFR. (b) AXGHNIESIEA NGDY MIFFRNIEF ¢ SN TRITUME,
(c) NGDY B BrbEX G R T AT (L A2

N T IEHINGDY #1547 09, BATL] 1A RO AR AR R IR FR AR (AV /Y, )R ¢ Hli i S5
RiAZ(Acfcy Yo AV =V =V, FlAc=c—c) 73k TR REBIURT ¢ i ds SR 2240, Jorp Vo AT ¢ 23931
FETCNAR TR R EIRFRAN ¢ HEHESHG VA ¢ 2Rk RAEXU NS T AR ¢ fildids 24, nla
3D, AR KRR ¢ il i 2 HOAMEL B 4 S22 A S AN 484 K, T L B iz A AR 88t 18K . 3
R, fERNART, NGDY RIUHHBKM BT (28] [29]. {H2, SEGRIHAKMEFS RS TR
AU, 243y a A1 b 7 RN XU 4 R AZ I, NGDY Y ¢ il f i S Bele g i A& gsh . #ea)
W, NGDY 4 8 75 XU 4L A AR T I L KA IRIAT D » T 60U Sl s 246 1 22 R B Sl AR T RE
AR I AT RIS R IKAT R, BRSO R R R BUN FE LI 4L

34k, NGDY FHE7~ 1 J53 B 2 XU 2 A2 Y 252 S B EH A AR A o i 3 (), #E-0.05<e
< 0.05 FIEE A, AE RPN RARIEZ RAE NG, NGDY K I 3. W —MART
FRIZEIL o AR JE 0T ot KL AR08 T o VR R T A D7 T B SR AR 40 B 7 IR B AR 5301 AT
S B4 B AR R A AT AR T, SN R, SEKHIHI DGR . A AR IR TR AL
ERS R R ESRERE, IR ESHRERE, NMSBECTEEIN. k2, BISHPUER SRR/
W NZERENRE, REREG 0 RRM R R — RN R T2 B PUER G . 8%, R
S, [ R IR T B G; R RS, ABR T PUER SR . NGDY MR Z P
P BRI ORI, 12 EIRPIRME e O R R J2 rP it 2 1] AR R B o e 1 22 1Y) 38
TN HR N0 < e <0.05), AR TR AN T H., BE RGUZ RN, 55— EMAAIER 111,
M EUR RS S kg, AR SR B B R PUIERR S 1 0 . DRIE, AR GE RO BGOHs I o ol 2 A A 3 o i
BTG RGO, R R T R AR T D, X RGBT . E52,
2 V6 L s 4 A T S A A, KA M B A
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AT — I RGBT T T NGDY HIHERR K . 1A T4T A JATKI, NGDY #
HRIFIHERE IR T & ABC-HERE, Bt —FhA BN 1.62 eV 13- 54Kk . NGDY fix K AT AZKSZ 0.13 1 XU
RiAE . AHEIE, NGDY ) ¢ Hidt& SEAEXG N AR T R LRKAT N, 2—FEhiikm ek, thsb,
WATERIL, 16-0.05 <& < 0.05 FINASTEH P, NGDY FIH7 5 BE 5 A N A8 Bl 5 48 8 A% 38 in 4 386 K
NGDY XUl SR FR3R L8 55 7 2 A AT L o — P e B s L H - 24 v D TR A A& 1
kL. AT RY R T LR R E,  Sfh AR 783 N BT 135 77

B
T AR T R A RS AE 2 7] R PR T 5T o T B VRS
E&UH

IR S PR R AR DN Rt R (TH 5. S202110452063), 157 K18 LR S
FHIWH@H5: LYDX2020BS005), LWARE HAREEE T FHHHES: ZR2019MA042).
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