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Synthesis and Application of Graphdiyne-Based Oxygen Reduction Catalysts

YAN Xingru, LIU Wenjing, LI Xiaodong, HUANG Changshui
(Key Laboratory of Organic Solids, Institute of Chemistry Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Carbon-based materials is considered as the most effective candidate for noble metal oxygen reduction reaction (ORR)
catalysts. Among them, graphdiyne as a new type of carbon allotrope is composed by both sp and sp® hybrid carbon atoms and a
two-dimensional network structure with a single atomic layer thickness. Therefore, graphdiyne-based materials exhibit a greater
intrinsic electrochemical activity due to the inherent conductivity and stability. This review represented the latest progress and
achievements on the synthesis of various graphdiyne-based materials and their composites used in the ORR catalysis, and analyzed
the advantages of graphdiyne-based carbon materials in the oxygen reduction catalysis from the perspective of electronic structure and
catalytic activity. In addition, the prospects and challenges of graphdiyne-based carbon materials in the ORR catalysis were also
summarized, thus providing some future research aspects for the design and synthesis of high-quality graphdiyne-based inorganic
nonmetal ORR catalysts.
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Fig. 1 (a) Schematic plan of graphene®?; (b) Calculate the average bond length of a single network of graphdiyne obtained®”); (c)
GDY with AA, AB and ABC stacks viewed from the top view!**!



51 ESE oM

FURMG &5 A SRR JE AR R & R R < 2365 -

T-A B A A [F) T 35 A0 w5 A3 14 0 S0 R A AL
Ao I A7 SR bl K AT AU R 88 — P SR B
AL, AR LS B A SR RAE a AT b 5 TA) b S
KRN 938 A, 15 ¢ A ERIIAZK RN 3.63 A,
HAZ A 0 81200, BRUbZ Ak, THEIELS A E A S
R Z AR R T EE LN 3.65 A4,

XA, B R T R AR R A SRR
JEEE T van der Waals /31 z—n Al EAEFHHES M
FCHI AR E R IREE M), —RAFAEE AA. AB fil ABC
3 FhERURE (L 10) .

PRSI 78 1 SeESE, A EE T HoAth 2 FRHERTT =,
ABC R A S5 Hu A 3 s ke 1, S A R T

TR R (R, 2018 48, Jba KA
Gao Sl % 1 HAT FL AR a5 F 14 SR, R
S 7 2UESE T ABC 77 sUHEANR T B A7 Sk
HAE®T AA T AB HERAT A sbh ARG 52 1k
(B ), [, T H 2 2 B 2 A SR A A
S5K, A SERRCT I BT EAT 0 = AR AR S
ZIEHER R TR T 5 0 B = e LI 5K, XA
A SRR RN B T 4 V-1 IR S5 A A = ZE
FLIFZE R, XAE R S5 AL RE S 28 fr KR A Sk
WSS PEAL L, FIRHEREE A A O, 701 A1 OH
FEAT SRR A B R A, AT A5 45 SRR AE SR R A
T T I B s A1

B2 HA ABC HEZ A BB TEM BT JRH IR AT IR A 22 A I R s 2 1)

Fig. 2 TEM characterization image of graphdiyne film with ABC stack, diffraction image of local area and schematic diagram of

optimized model™*®!

LR A SR B ) AR AR 2R E L 2000 0.46 ~
1.22eV, JEiiEd@oM I8 28 BB 5 253K

BRI, IR S A A SRR R R A B 7E
I S5 o B A B 2 AR T A i O AT LI R



.« 2366 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2362-2397

2023 4F

HR 7 O AT I B 7 LR, dEmiie T R
JOEYE T, AT SR SR A 7 T B M R A Sk
FORHOL AL TR RS RN, o Sk g
[t sp Z4Ab B R T 5 sp” 24 Bl SR T IL ik 1 4 58
PRSI A A, THFL IR, sk )
sp A A S5 - I 1 T e R L AU, TS sp Ak Ak
JEFHIAR IR 10 sp” 4 A0H 57 1) e A7 P AR
B o TN THI AN 38 5 1) FLART 40 A1 A A A SR 1)
LT 25 ) LA AR I AL S BTG 1, SRR A
W B DA S B IE S S B, Btk A, B T L AR
PEI sp 2 URIGE RERE 34T 62 I8 B9 T IR Bt #A3R&%
Pl SIS AR, BT AR A R
iﬁ,]\é[M,SS] .

Britbz Ab, A SR i b= BB St
190 BRI A5 TR, TS A
Tl i 5 IR T 5 42 5 7 2R T A SRR Y B 2 A R
FI LA /3 ARC 0L, Mohajeri S5 & 8L, il 1 5
JRF NS (4505, AT LASEI A SN 0.11 eV
2] 0.68 eV Z A BIHED, [, BRREY,
I SBPGAT AR TR T B4, RSl
SR SRR AR, W B T T 5 44,
B B4 S BE B p AU SARERERY, ik
TN EF 8%, Ea] LUES N B8 A SR H n
T QAARPRRRAEC . Sl R 3 I R R A
SEPLAE T Ho A AT S S5 M, Refg seal At
T AR BRI T KA/ B8, A1 R &7 5(
B KPR FE BB THEAR I AR D) ST R 2
1l i 2 SRR L 2R T ) — S B AR AR, Long 55
TR, A SR BRAE & T H R N ARLE il
BEIEF] 2x10° em®(V-s) ' IR IR T, FIGER R
RSN L F] 2x10% em® (V-s) ', X 3t B A7 SR b i 10
B TIER IR, RIS 11 5 F P R PRk i) £
PSS R, R E R A S B R AT,

H T SRR LA R I P 35 F T 45 4
B[Rl BA 4 8 R LB 1 FL TR 45 A = e AL
I, PR SRR BHE A AR H A 22
Yo Ehan s ) s AR RS . BT AL A
O, BRI EXZ 2R BRI SRS,
U1 Guo 5 R I L Y 5 A SRR B AR SR T A A
GE DA KSR 7K T DA SO SR AR SRR ) e
PR, BRUEZ AL, @A R A AL 20 R ) 1)
cr-GDYO F1 er-GDYO H & SBRYNKE FIA 520 L
SR ] B T R R ), Sun A i A — 1k R
HHROESE, f SR A LA SR 98 2 R TE

WEAFE T, SR AT AT 8 a4 SRR 2 1
B, AT R AL SR [ R4 TN BRIEZ 4h, Hao
GENKIL, A SRR BHE A W BERE RIS LA
SEJf AT R AR T SR, RENE AT BT SR
FHE AT IS IS 7 A e v £ W L RO I 82, [ I i
Ao SR A I 4 7 Fb A B A HE B e &5 b
W, T SRR K T a5, sk
SETRA BN AR B 2 HAR SE LA R i Ak S
O3 2R ) SR BT S AL o

2 B BRI R T

SRR A SR AR AR R R S 7 2 e SRk
FER M A R L SIS PO S BN 2 AN KD
%, Hob, ARCEA RIS S A
JEH SR A A 0 A SR AT P A SR b
S AMRIERY . TS SIS VEAL T B 5N
MaERRTFBE, SRETSBENEELSYN
SRR PSS AR R
BRI BT — R 50 5] 3 E0E JF TG AL
A FAL FAN I A BT BT A B A 41
2.1 AEREERK

2010 4, SCHR[8]HE H LA/NHIE 2K (HEB) AR OK
s, DVHTE A KR, RIS T R AR &
AP IA S 1 %, A SR B BRI ) 3 AT
R T N LA i R & TR S, B A
BRI TR R AR TR 7 1), R X AN SR B,
WA REVE N AE K S, X AEN HEB SR EEAT
Glaser-Hay 22 X AR SN AT, TEREAT IR BER
Cu A B SCAEBR I PR 55 o 4 S8k Dy IE A (1 4 25 1
RAEEMTERE, EHREAERZET, WETH
AL RE T HEB Sk e A SR kT B A K,
M ZRAEEA 3.61 cm?® F11 970 nm -4 J5 B 71 i 25 o5
FER A BB . 10 240k, it 4t M R 225
2R PR E 2 AN I TR 8 R A
WTFRIRFE 7T, HLA AN ) SR AR A 45 W 1 A SR B R
HCRT 2 ) 5 5 RS I e A B AR PO R R
T, RS R S AT DU ) A
SRS BT REHE BRI E , Bl,  SOSE T AR R
BAE, HEB i B (1 el b A i L B A A RT3
1) AR R R X A BRI A SR 1 TSR Rt P A B
KM o I THPRE AN [ 248 i F SR Rk £ ) %
TiFHAT W B4

2R KB A SRR % TR A
™, B E A MBS R T VRS W I



51 ESE oM

FURMG &5 A SRR JE AR R & R R .+ 2367 -

N TR A SR RE AT G, TR A
A A AR E B U SR R RO 4 A
Bro WFFEEATRGERIT A T AU . <
WA BGE A EOE . SO RS E A
Keid gV Lin S5 A MU AE AR 08 1 se il
1 HEB UMLK, ST RN 0.6 nm (1)
T 2 SRR T (1] 3a~ 8] 3b)'), Matsuoka 2%
NI VR T T AR TR SR B T 7 s
i PRV R AR G, R R AE F T AL R bR — b 3 BG s
B, A AR ST 3R AR TR RSy 25~
100 um, “FHEFEHN 24nm, HHE/EEHN 6nm 1) H
mn AT SRR (B 3~ 3e); [RINS, 72/ A

WIRTG TR RSN 1.5 um, JEEN 3nm 5 A
SRLegk (B 3~ K 3g)7H,

B, BIF T3 A X SR R 1 TR S A A 1
%, RIET MR T i 4a~ K 4d B,
Min %58 K A S A A(GDYO) 9k F fE &K
IR AT IR N, R &R e 54 5
BRI 2 () SR P AT SO R B, ) T
HEN420m HE RS RTINS RIA SR E
T O8I R A 3 R SRR AT T
BIRIF B 1 1M E VKK I HR 3EAT K Ih R At R T 7=
AR ER B 5 4% TP ELAAN 10 nm A7 SR g
P kAR

K3 AAHTTBNE G B SR IR AR AL ] (b)Fr SRR IS ) AFM RAE S SRR TT ) RS E ;s 22 2 SRR ARV AR S T 5 P
AR R ETY () BB (d)s ()RR T A AT BBy AFM RAER s (SRS & Bb 2 A S & R &

s (@) IR FHHIVE A U A7 B2 AFM AE 02

Fig. 3 Flow chart of synthesis of graphene film by vapor deposition; (b) AFM characterization of graphene film and thickness along
the dotted line; Schematic diagram!’!; (c) and photo (d) of the liquid/liquid interface synthesis process of multilayer
graphdiyne; (¢) AFM characterization of graphdiyne synthesized at the liquid/liquid interface; (f) Schematic diagram of the
synthesis of graphene with few layers by gas-liquid interface method; (g) AFM characterization of graphdiyne synthesized by

gas-liquid interface method!"”
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Fig. 6 (a—c) Schematic diagram of each step in the preparation process of N'N-GDY; (d) TEM image of N'N-GDY; (e) TEM image

of N'N-GDY; (f) BET image of N'N-GDY!”!
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Fig. 7 (a) Preparation flow chart of PyN-GDY; (b) N 1s spectrum in XPS of PyN-GDY™; (c) Graphite acetylene flow diagram of
NO0-GDY, N1-GDY and N3-GDY prepared by explosive method; (d) Raman images of NO-GDY, N1-GDY and N3-GDY; (e)
Comparison of elements in XPS of NO-GDY, N1-GDY and N3-GDY!"®; (f) N-GDY preparation flow chart; (g) XPS images
of N-GDY prepared at different temperatures and scale diagrams of various doped N typest™”
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Fig. 8 (a) Preparation mechanism of Sp-NFLGDY; (b) AFM thickness image of Sp-NFLGDY; (c¢) Nls images in XPS of

sp-NFLGDY prepared at different temperatures?®?
BT N SR s, HARAEe)E R T 50k
Ay sk B 5 B MW STt e o FRATTER AL 7531
AL A AR AR S TR B E R, i S AL
BB IR 5 O AT iR B, MRS A B S
CHRBEZ AR JONL, SEBL T S JR A =MIEALIA A
I, MTISRAG 1 BAT K 5 1 B A AL
RIS B2 BHS-GDY)P, T RENE NS
HERER BRI RETRAED LB RIE, KE
R B TS 2k A O T R SR O

K, B, WHRENEGR T —RIMEARE TS
2% (R AR, BT JE L A P X L | e T LA g
1T Glaser-Hay 5K SN, BREETT A HE T ClEUC 25
BRI F A S, 1A SR B R
AR . Hod, T R IR A B L2
UESE ] DAV 8 7 v it PR AR ) 28 CE e bRt . T
H BRI S e £ it . RS T il BB 7
VRV H I SR 7 AR 202 R, R
gk, H BRI Sk ar DL HAR K AR 6 R



51 ESE oM

FURMG &5 A SRR JE AR R & R R .+ 2373 -

TR, S s R L S5 A
WK 9a~KE 9d B, ABEALEZFHE AR,
V4 i) £ 1 1 H U SRR AE S U R AT iR B
B2, 35 T IENE N 3 2% 10 H BUR A S5 (N-HsGDY),
N JEFF1 H 57 3L [R5 N-HsGDY K I
7 HEFI E N-GDY A1 HsGDY 5Nk 7 1 4UE JR
EATETEAM R TP, eAh, R T B R
RS TG, Zhao Z5IRAE sp-N 54 sa bk T4
B i P il T [ AN S W e o St ) = €1
SR T R, ST R T SRR LA

BAIA BHAIHIE(S, N-GDY) (B 9e~& 9H)*,
JF AT DLHEAT RS HER B GIR T, N T S B
fEA st bR B AR SR P FIAE A, FEBLH LK sp-N
B s R IR S I S SR A AR TS R . AL
BE, Li 88 ARl bR A7 S 5 g Ak 3L R VR 5
BETAE 2 TR BRI 7 A, 3RS T HAT LR
S AL T NS F 3B 00 s A,
Lv &5 038 i K A s e 55 = S UR RN I B T VR
EHRER T RIRR T N P LB A A ST
JE A AP

K19 (a) N-HsGDY [ffi| & itF2E; (b) N-HsGDY [ [E & MILIR U R (c-d) N-HsGDY 111 SEM i 5BY; (e) S, N-GDY
&R (DS, N-GDY () TEM f /75 (2) S, N-GDY [f] ESD mapping fiT4 El &%)
Fig. 9 (a) N-HsGDY preparation flow chart; (b) Solid state NMR spectrum image of N-HsGDY; (c—d) SEM image of N-HsGDYE";
(e) Structure diagram of S, N-GDY; (f) TEM image of S, N-GDY; (g) ESD mapping diffraction image of S, N-GDY!®”
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STEM K4 5or, DUSETFSAEAER Ni Al Fe 210 #r Mo JE T3 & 3 I 47 BB (Mo®/GDY), I

Kl 10 (a) Ni%GDY #1 Fe/GDY Kl #FRE;: (b—) Ni%GDY Ml Fe’/GDY (] HAADF-STEM K& K& kiz4ii%); (d)
Mo0/GDY J TEM HiH: (e-f) Mo’/GDY A[FINLE ) HAADF-STEM E%P; (g) Fe-N-GDY M4 M E: (h)
Fe-N-GDY 1J SEM #/if; (i—j) Fe-N-GDY {J HAADF-STEM [&/{434

Fig. 10 (a) Preparation flow chart of Ni%GDY and Fe”/GDY; (b—c) HAADF-STEM images and particle size statistics of Ni”GDY
and Fe’’GDY™!; (d) TEM image of Mo%GDY; (e—f) HAADF-STEM images at different positions of Mo%/GDY?%; (g)
Synthesis route map of Fe~N—-GDY; (h) SEM characterization of Fe~N—-GDY; (i—j) HAADF-STEM image of Fe~N-GDY?%
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Fig. 11 (a) Schematic diagram of the synthesis method of Pd/N-HsGDY; (b—d) TEM images of Pd/N-HsGDYP; (e) Preparation
flow chart of Co/Co-N-GDY; (f-g) TEM image of Co/Co-N-GDY"”
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Fig. 12 (a) 0sO,/GDY preparation flow chart; (b—c) TEM image and lattice image of OsO,/GDY!""; (d) Rh/GDY synthesis route
scheme; (e) Simulated atomic arrangement process of Rhi/GDY growth process; (f~h) HAADF-STEM image of Rn/GDY™”
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Table 1 Comparison of catalytic activity of different graphdiyne-based catalysts for oxygen reduction reaction

Catalysts Environment Eoneset'VS. RHE Ei»'V vs. RHE Jnm/(mA~cm’2) Reference
N-550-GD 0.1 mol/L KOH 0.899 0.748 4.50 [88]
N’N-GDY 0.1 mol/L KOH 0.980 0.785 5.10 [80]
PyN-GDY 0.1 mol/L KOH 1.000 0.840 5.50 [30]
PyN-GDY 0.1 mol/L HCIO4 0.810 0.550 4.90 [30]
N-GDY-900 0.1 mol/L KOH 1.010 0.830 5.23 [89]
NFLGDY-900c 0.1 mol/L KOH Close to Pt/C 0.870 5.30 [32]
N-HsGDY-900 0.1 mol/L KOH 1.020 0.850 6.50 [31]
N-HsGDY-900 0.1 mol/L HC104 0.860 0.640 4.86 [31]
NFGD 0.1 mol/L KOH 1.000 0.810 4.50 [106]
1.5% Fe—-N-GDY 0.1 mol/L KOH 0.940 Close to Pt/C 5.25 [107]
Fe-N-GDY 0.1 mol/L KOH 1.050 0.890 5.10 [34]
Pd”/N-HsGDY 0.1 mol/L KOH 0.960 0.849 5.30 [33]
Pt/N-GY 0.1 mol/L KOH 0.945 0.809 5.45 [108]
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Fig. 13 (a) The original graphene model constructed; (b—f) N-doped graphdiyne models with different doping sites; (g—i) B-doped
graphdiyne models with different doping sites; (j—1) P-doped graphdiyne models with different doping sites; (m—o) S-doped

graphdiyne models with different doping site*!"!)

AL Gk, Chen Z5ifiE i BLSHHHEAF 7T T N,
B. P. S4 FyCc & A B GK E BEHT B 24 5 A
JRAEALTEHEAHLEE, FFFLRI, N B4 H8RgK

E(N-GNDFI B 54 s KE (B-GNT)TE AT
ORR RIS, P2t O, sl bt 52, Frimid
O-H,O fEE ML 72, B N E% 12 F ] 14a~ ] 14b



51 ESE oM

FURMG &5 A SRR JE AR R & R R .+ 2379 -

Fizn, MixET P B4 SR GKE (P-GNT) (1)
ORR PN, #&H O, Mtk a2, i@ O,
fRE PSR, BAR R B AR 14c FioR, [H
B, HFFRIESE S 544 1A SR 9IKE (S-GNT)
DR A B AT 5 /0 B P B RE R K ) S—O ) 6, ATt
ANEEAERN ORR HALFI(E 14d), &/afEEd@d
THE 4 MO E R HEAGTIZE ORR I 72 o R B e
(Bl 14e), PFIIT 4 P4 H) ORR fEfLERE,
Bl N-GNT>B-GNT>P-GNT>S-GNT!"'?,

i T N B 3100 s b LA S R I 408 T AL
WYEE, KREME T RS ETF, Chen 4,
@ DFT TH, SENAUEUAT 7T T 3 P [FIZR AL 1
N 524 11 B (grap-N. sp-N ()1 sp-N(II)) (& 15a),
WEFUESE: 76 3 FPRAIM N B4 Ehd, D

sp-N(IDJE 35 4 (14 88 2L AG fe A 10 408 J A 4k
WM, RIGEEALAR] T 0.76 V, 5 Pr(111)TH 1
i AL LA 24(0.78 V), AN, iHEgEREH,
BRI N TR 5 0, 70 F HLIE 45 Gl AT A
SN, T A2 8 75 A S bR T 1 AT 0 AT, A
T T AH 4B 1 sp-C JiF-1F N B IE A& 1 o,
PTG 78 B RBRAIE T sp-N 1524 (040 Bk T AT 1)
e R EE SR AL T RN P, BRI, RS T 1
HIRTHREAT T ERIA A sp-N 15 422 fy 5 2 1) SR Ji
EATEYEF 0o Kang 5552 H: N B8 SR 57 10
ORR TEAEE T sp-N Hl sp>-N I EIER, X2 K
o T S0 W s i PR o 4 R A A R A L S R AN 2
TR A7 B8 bR AL 7] ORR i Ak M RE 1) B s 1) 1) =
¥, MR, AGo A /&5 ORR fEALIE A % it H 4

K14 (a—d)%> %A N-GNT, B-GNT, P-GNT Al S-GNT ] ORR Jx N 2R R & K; (e) N-GNT, B-GNT £l P-GNT [#] ORR

S Gibbs [ H fig 112

Fig. 14 (a—d) is the ORR reaction path model diagram of N-GNT, B-GNT, P-GNT and S-GNT respectively; (e) Gibbs free energy
diagram of ORR reaction of N-GNT, B-GNT and P-GNT!'!?
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Fig. 15 (a) Model diagram of three different types of doped N!''); (b) Model diagram of sp-N and sp? doped N graphdiyne with

different positions; (c) Gibbs free energy diagrams of ORR reaction of several different types of double type N-doped

graphdiynes!''¥
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K 16 (a) GD il N-GD ZEBRMEFEE 119 CV WA Kl (b) GD Fl N-GD ZEFRPERRBE g LSV MR P, (o)Al N B 2447 1
BHAIE; (d) N'N-GDY. N-GDY 1 P/C 7ERRPE 64 T B9 LSV Ml E; (e-h) N'N-GDY Hl Pv/C £ 5 000 [& CV 1

RIS LSV E1550

Fig. 16 (a) CV test diagram of GD and N-GD in alkaline environment; (b) LSV test diagram of GD and N-GD in alkaline
environment™"; (¢) The doping positions of different N doping sites; (d) LSV test diagram of N'N-GDY, N-GDY and Pt/C
under alkaline conditions; (e-h) LSV images of N'N-GDY and Pt/C before and after 5000 cycles of CV cycle*™”!
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K17 (a-b) NO-GDY. N1-GDY HI N3-GDY [ CV fE¥FE A LSV MR, (c) PyN-GDY Hl Pt/C 7ER 5614 T ) LSV I
W[&l; (d-e) PyN-GDY M PY/C fE£:5d 5 000 [ CV LLHTE 9 LSV HiZk: (f) PyN-GDY I Py/C 2% ) B 4 riL it T i

HLE D) 2B IR (g) PyN-GDY 5 At N 45 2485k B ORR PEREELXT: (h) PyN-GDY #£4T ORR 44 s 3 ) A
AEE: (1) PyN-GDY 2 LED 4T; ()L PyN-GDY Bi PYC JyBAMRINEE 25 SO 7E i 2 B

2 mA-em™? FZ AT REAT T 7S HL ARG BRI

Fig. 17 (a-b) CV cycle diagram and LSV test diagram of N0-GDY, N1-GDY and N3-GDY!®*); (¢) LSV test diagram of PyN-GDY
and Pt/C under alkaline conditions; (d—e) LSV curve of PyN-GDY and Pt/C before and after 5000 cycles of CV test; (f)

Open circuit voltage and power density test of zinc-air battery assembled by PyN-GDY and Pt/C; (g) Comparison of ORR
performance between PyN-GDY and other N-doped carbon materials; (h) Schematic diagram of PyN-GDY for ORR

catalytic reaction; (i) The zinc-air battery assembled by PyN-GDY illuminates the LED lamp; (j) Rechargeability cycle test

of zinc-air battery with PyN-GDY or Pt/C as cathode under the condition of current density of 2 mA-cm 2%
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18 (a) N-GDY HANE N B0 s B () ARIREE T & UK N-GDY 1) XPS RAEE]: (o)A FREE & N N-GDY
A PH/C J IrO, [¥] ORR A1 OER ) LSV Jlik; (d) N-GDY FISR I A4 2 it oo 5 P R T g P s R e K T 2 5 52

Kl(e) N-GDY #4341 R k5% 2 B [ 25 PR B R AR ) 2 i S (0 i o R 3
Fig. 18 (a) Schematic diagram of different N-doped sites in N-GDY; (b) XPS characterization of N-GDY synthesized at different
temperatures; (c) LSV test of ORR and OER of N-GDY, Pt/C and IrO, synthesized at different temperatures; (d) Schematic
diagram of liquid zinc-air battery constructed by N-GDY and test open-circuit voltage and maximum power density diagram
(e) Schematic diagram of one and two-dimensional zinc-air battery constructed by N-GDY and open-circuit voltage test

under different bending conditions!®”!
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Fig. 19 (a) Schematic diagram of different N doping sites in NFLGDY catalyst; (b) XPS characterization of NFLGDY synthesized
at different temperatures; (c) LSV test diagram of NFLGDY and Pt/C synthesized at different temperatures in alkaline
environment; (d) LSV test diagram of NFLGDY and Pt/C synthesized at different temperatures in acidic environment; (e)

Stability test of NFLGDY-900c and Pt/CP%
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Fig. 20 (a) Schematic diagram of N-HsGDY during oxygen reduction reaction; (b) LSV test curve of N-HsGDY and Pt/C under

alkaline conditions; (c¢) LSV test curves of N-HsGDY and Pt/C prepared at different temperatures under acidic
conditions; (d) NBGD, NFGD and NSGD preparation flow chart; (¢) LSV curves of GD, NSGD, NBGD and NFGD
under alkaline conditions; (f) Schematic diagram of primary zinc-air battery assembled by NFGD. (g) Polarization curve and

corresponding power density diagram of the battery using NFGD and Pt/C as cathode catalysts

X T A SRR 4 T i A 7R SR SR A AL
77 T (R ERR T 9T e S BILAE 2013 4, Srinivasu 5518
it DFT iHEME 7T A Sk = A LI oA E
(¥ 3 Fhj@(Fe, Co, Ni)FJE-TIFHEAT T aETt
SEORILE R PR 2% 1 0 IR R THE, BT
iR, Fe. Co. Ni3 FhéJd sl 7764 bk
B Gaem T HAS KN ERE, IESL T
& @ TR SR b AR T M, (R B AR R S,
Fe Fl Co #FReMEIRLF AT S 0 TR BN, 7ERR T
ZAF N BRI 4 IR JE (B 21a~ [ 21b), T
FEWIEA TR, AVH Fe-GY BRI H DY o1k i
#1%5 (BE 21c~K 21d), 1M Co-GY HAEMEIET X

[106]

TIREERBOE AN E, B kEd it ERE W
Ui T 48 T BB 1 A SR A A R R A S
T fy 32 TS, 2018 4F, Gao 2535t DFT 4 Rk
TRIE SE T 40 27 0T Lo b4k 220 bt e U5 A
SR E)E Fe JRFTE S W& 21e~& 21g
fiR, SHEIA_EN sp” A0 m R TR 21k -1 sp
FALB R FAHEL, *OH i TR E Fe JETT0
W, FORIEAE BB, ERfrsE, Fik5*0H
WA EAE FHBE5R, RO Fe—fasab b5 i
Fe J& 7 /& ORR [ TEVETEN &1, Flid 4 BT %
I8 58 SRR JEREAL B B . 33 Gibbs I Hi fiE b B
W R I, A Sa A N RAMY RE#E 5 Fe T E



51 ESE oM

FURMG &5 A SRR JE AR R & R R .+ 2387 -

AL ) 5 S R PR T, IR RS KR A1
IS [ R R 2, W IS A2 R S S kAT, %4h
BEECLLT T Po(111) 5 Y N B Bk 201,

B 7 EASTEE, W IUE A IR N [ (4 ) %
I & T — RAV A B A &8 R T
1AL 2018 4F, Gao SFiHITIRALETE, WAk

©

R bR

U]

£ FeCly i b, @k mmiidit NaBH, i i (1) 77 X
FIST Fe HET A BH(Fe-GDY), R Fe
JRF I FEREDCN 0.63% (RESED, H2 %M
FUAERRAE A 5T rh e AT R fr) BH AR 06 el for 2 22 3250
20% Pt/C LT, HIGE AR T 0.42mA-cm 2,
HECZHET PYC LN 0.25 mA-cm .

(d) (e)

Rt )

(g

B 21 FEARFHEALT GY-Fe (a)fl GY-Co (b)TERR T/ 7 LA ORR H e K AR BAL T GY-Fe (¢)f GY-Co (d)ZE A R
_E% ORR [ &M (e) e f 7£ Fe-graphdiyne [ Ef{*O0H, *O FI*OH J& TH BT (o) fE AR AL T ik

f71f) ORR DY S i i) (1 e RE &I

Fig. 21 ORR free energy diagram of GY-Fe (a) and GY-Co (b) in acidic medium at different potentials; ORR free energy diagrams
of GY-Fe (c) and GY-Co (d) in alkaline media at different potentials!"'"); (e) Top view of * OOH, * O and * OH atomic
configurations adsorbed on Fe-graphdiyne surface; (f-g) Free energy diagrams of ORR four-electron reactions at different

potentials!'"!

AMX W, Fe-GDY MM IR IR EIAS] 75
Pt/C AL AR 5.7 mA-cm 2 (& 22a~ & 22b).
1E B A EOE TR PE R R, i A RIE R
P H TGS R A RE, F3EAT 5E 5 000 X CV EIR S,
Fe-GDY Mtifid s pr LB A M A1, e
AL HA R AE T 11 mV ({688, 1 kT PY/C i

AT 40 mV )23 FL AT SRS (B 22~ P 22d)M7,

A4, AUREALEID R A Sbk B T = J U A
= SRACBR IV T BEAT IR, R T AR U T
EAEF R 7 N & T Fe-N L4341 £ 8
(Fe-N-GDY) (& 22e~ Kl 22f), WFFIEH, B Fe
HIAWTSIN, FETE R T T A E /T Fe IR,



+ 2388 - CRERR R 2540 J Chin Ceram Soc, 2023, 51(9): 23622397 2023 £
Potential/(V vs. NHE) Potential/(V vs. NHE) Potential/(V vs. NHE)
(@) (b) ©
(@ ©
o, oH- v vor v ve  um e ww -
E/V (vs. RHE) E/V (vs. RHE)
0 © (h)
n . | .
v.L v.4 v.0 v.0 v.L v.4 v.0 v.0o 1.v U.£ v.4 v.0 U.o 1.v
E/V (vs. RHE) E/V (vs. RHE) E/V (vs. RHE)
0] Q) ()
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Fig. 22 (a) CV test diagram of Fe—graphdiyne and Pt/C in alkaline environment; (b) LSV test diagram of Fe—graphdiyne and Pt/C in

alkaline environment; (c—d) LSV images of Fe—graphdiyne and Pt/C after 5000 cycles of CV cycles!''”; (e) Flow chart of
Fe-N-C preparation; (f) Molecular structure diagram of Fe-N-C; (g) LSV test of Fe—-N—-GDY and Pt/C with different
proportions in alkaline environment; (h—i) Methanol tolerance test of Pt/C and Fe—N—-GDY; (j—k) LSV diagram of Pt/C and
Fe-N—GDY before and after 5000 cycles of CV!'?")
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Fig. 23 (a) LSV test of ORR under alkaline conditions for GDY, N-GDY, Fe—GDY, Fe—~N—-GDY and Pt/C; (b) LSV test diagram of
ORR and OER of Fe-N—GDY and Pt/C in alkaline environment; (c) FT EXAFS fitting curve and atomic structure model of
Fe—N—-GDY; (d) Zinc air battery constructed with Fe-N—GDY as anode; (e) Schematic diagram of ORR reaction of
Fe—N—-GDY and the discharge polarization curve and corresponding power density curve of the constructed zinc—air
battery; (f) Discharge curves of ZAB based on Fe—"N—-GDY and Pt/C-IrO, at different current densities; (g) Long-term cycle
performance (h) of ZAB with Fe-N—-GDY as cathode catalyst at 2 mA-cm™ current density (h) ORR Gibbs free energy
curve of Fe-N-GDY composed of several different active sites at 1.23 V voltage®!
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Fig. 24 Side view (a) and top view (b) of geometrically optimized GDY/Pt (111); (c) Geometrically optimized adsorption structure
of OOH * and OH * on GDY/Pt (111) site; (d) The top view of the charge density difference of O *, OH * and OOH *
attached to the GDY/Pt (111) site is at; (¢) The free energy of ORR reaction at Pt (111) and GDY/Pt (111) sites!"*"
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Fig. 25 (a) LSV test of ORR of Co-N-GDY and Pt/C in different proportions under alkaline conditions®”; (b) ORR test of
Pd/N-HsGY, Pd/HsGY, commercial Pt/C and Pd/C under alkaline conditions; (¢) The zinc-air battery assembled with
Pd/N-HsGY as anode lights up the LED lamp (d) The ORR reaction diagram of Pd/N-HsGY and the zinc-air battery
diagram (e-f) The open-circuit voltage test, maximum power density test and charge-discharge curve test of the zinc-air
battery constructed with Pd/N-HsGY; (g) Stability test of zinc-air battery constructed by Pd/N-HsGY™; (h) Synthesis route
map of Pt/N-GYs; (i) CV test of Pt/N-GYs and Pt/C synthesized under different N doping ratios under alkaline conditions;
(j) LSV test of Pt/N-GYs and Pt/C synthesized under different N doping ratios under alkaline conditions!'*®



51 ESE oM

FURMG &5 A SRR JE AR R & R R < 2393 -

N Oy W BHRAEAT AT, IR RE v 2k 4m IR A A% 1
K GY WIHRIA M Z fLLqM, A RT3 2%
PEOL B R BRI E BB R LK. BRItz 4,
ZEN GY MALFRIERICRES S GY R A AR
ZHE LN PtARE AL, RS HELAR, REHFEZM
TEPEDL A, Rl & BT 3RA3I PUN-GY AL FITER
R 3B T BERS =4 0.945 V T2 48 HLAZ, 0.809 V
(RI23 FLAE A 5.45 mA-cm 2 (FIARBR HLIR 45 (18] 251~
B 255), X AN TS T A A0 2R 48 A SRR
ISR SR T 8 i S g U0,

i LR, AR RAEE)R R R T B A0 A Sk
AT A SR R T I 2 SR bk B & R
1A VAL TR B A 2 o3 A 5 ) U TR A A
PEo M H, AT, A SRR
AT A DUR LSRR R 35 1) A ss bl
F# 1 sp-C A1 sp-C JEA4 bS5 H S B T HLR 1 L 43
HiARE], XS sp-C K HA AR MATEE,
71338 55 BT A AL A B — 1 sp”-C =K sp>-C #4
S BT CATE B8 A SR A 1Y 5 A e e AR A AL
WEPEs 2) ASRHURIE RS R, AT LS AR
GEWp RIS RE R i Ab B 5 sUSe l  JR 1 1038 2,
I T DA 3@ 3ok AR PR i AR TS A% 1 O aR S I
JEFHI5IN, BITEA T E G NBUIMIEE, oK
(10 38 G5 T DR SR B T 5 50 ) A7) 3 PR T AR I
3) EI S 47 A R T35 44 4 SR T B
LU F R ST IE ], RS EG R —BAET
PL R 5 R P35 A SR A7), AT SR B B A
BB AT T 1) 57 R B K PR B (A7 AE T AR R
s 4) ABREREER sp 2L MR IE FIERES 1
&R R TR AT A, NSRS B = B
LTS PR A SR 4B R TR, ANk,
S b4 R TR T A0 7 I [ AT DATE R IR T Sk
P, AT BT SR S R T AT G G [
TR UF IR A bk 7 ) 6 ok R b s R AT T SR (0 & 8 R T
P 5% Il

4 RHEHRZ

H A 2010 SR BB a1 DLR, A el R HL g
R PR A 57 2 R A B 5 LB 2% I 7 RO ) B 2
PERWR G| T At T K B, B2 IR T
AemEAL. REEAAME. KEHAEHM. WL, JEH
aelE WA T TR, A SRR A S
HARBIMEAEYE . 5 T3¢, ol DU &8 IR
TR RIS, FI R BRI GT EE AL

FIEEAEATRE, AR G, £E 25 Pl F AL
L AN SRR R REIR 1), SR (MR
bR S FH ol 75 2 B 1R O B 1 i

Blt, AZRRMERLRT, SR A s IR
I SRR B TERE R A SR BEAT 1A, A
=T T R ESEE M. B, AXMA
SRR TER L A R URT AL S
JREETT RN T 1 A SR T AR DA 2% il e J A
TR B AR R SR s LR, AR SGELEE 1 H HiAT
DA N SR R ) A7 SR b S Bl 7 2 s
A RRE G MR ARSI %7 R, AERIR
T HATCERIER 3 KA SRR EE A TR LT
WEFUIEIL, e AT R JE A A e AN AR AL 1
1T TRNBI AL S, IS FER T 45 b A
M, JCHR RS R TERE AT T RS
SERAE, M TSR, 7 S8R 1
SERANE o7 3 B0 SR BRANUA B BAT S0 SR AL i
Ve, T EAEREAT 7 B 1 8 20 i m] DLSE IS Sehscbt
ARG RB A, IR0 7 ) S T
S PRI, A SR RFITAT Y sp Z AR SR T8 g
g PR e e Jm R T BRI A SRk e
AT R ROE TR SO Ak,
SR I R T (1 LT AN PR BE 5 B RS UE & IR
FAETNHIVE RS VR38R R i AT 5 6 S AL
TR T 25, TSR T < A 7 F) S T A
s e, DRk, (A SRR R N B AR A SR
SRR R E AR A AR SR
JE—2E SR R AN AR E M

EIR A SRR AR £ R0 SR AL 5 T LAY
THORFERIW TR, (BRI V2 PR ATHL
BERFEHIIUEAT. H AT I R LR LA
1) FET A SRR RS AL R R R AR
R IR) sp-C T sp?-C LA A1 FL T 45y 7] LA 7S
A SRR B 5 T R 2 A A TR SE bR T
UG VERT 21, a0 sp-N 3G PEAL AT, sp-N 548
S JE 7 LRI R E AL i A, R R R R A
FRIRS ) SRR AE S04 i b AR EA AR I L BN £ T 7
XAGEA W TCENTIIRER ; 2) KA SBPRAA 2
AN LR AR AR ST WA
EESERURTURRER: - PERINE & SR Ay AR il waawe e N
SR TGS PR BT AE A s bR T B 3 1 [RD I 3
AL VA 5T A B BT A S T A A,
T S RRIE SR SR IR AL I s 3) R
A SRR TAE R VE S5 A T O EAL TS 1 2R



. 2394 CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2362-2397

2023 4F

RIS SR AEAL TR TE ) R 28 H 2 SEBL R
R, DT S0 AT 1 T BEAE DR AIE AT SR BRI AL 511
FERRIEIABE T JEAT 5 RCRE SR HE A 1 [ I A A 4
SRS AL BRVE A BT P 23 S AL PR REIL T 1
ARSI, AT A 2 AT I T 7 P AR
R, e, AEESHT TSN ARHERZ AT
K s BRI EGE SR A ) — € RE A% AT BE R I ik
J&,  FERHRRE MY A= ML B s %7 7 T A 5%
W, yE & SEHLE R REUR IO R R - B 7700k
HARISERL, DTk J1E .

SE R

[1] DUANJ, CHEN S, VASILEFF A, et al. Anion and cation modulation
in metal compounds for bifunctional overall water splitting[J]. ACS
Nano, 2016, 10: 8738-8745.

[2] MORALES-GUIO C G, STERN L A, HU X L. Nanostructured
hydrotreating catalysts for electrochemical hydrogen evolution[J].
Chem Soc Rev, 2014, 43(18): 6555-6569.

[3] TENG H T, WANG W T, HAN X F, et al. Recent development and
perspectives of flexible zinc-air batteries[J]. Acta Phys Chim Sin,
2021:2107017-.

[4] DING L, TANG T, HU J S. Recent progress in proton-exchange
membrane fuel cells based on metal-nitrogen-carbon catalysts[J].
Acta Phys Chim Sin, 2020, 37(9): 2010048.

[5] ZHANG J, ZHANG J J, HE F, et al. Defect and doping
Co-engineered non-metal nanocarbon ORR electrocatalyst[J].
Nano-Micro Lett, 2021, 13(1): 65.

[6] RAOP, WU D X, WANG T J, et al. Single atomic cobalt catalyst for
efficient oxygen reduction reaction[J]. eScience, 2022, 2: 399-404.

[71  YANGH, LIU Y F, LIU X L, et al. Large-scale synthesis of N-doped
carbon capsules supporting atomically dispersed iron for efficient
oxygen reduction reaction electrocatalysis[J].eScience, 2022, 2:
227-234.

[8] LIG X, LI YL, LIU H B, et al. Architecture of graphdiyne nanoscale
films[J]. Chem Commun, 2010, 46(19): 3256-3258.

[91 HUANG C S, L1 Y J, WANG N, et al. Progress in research into 2D
graphdiyne-based materials[J]. Chem Rev, 2018, 118(16):
7744-7803.

[10] GAO L, YANG Z, LI X D, et al. Post-modified strategies of
graphdiyne for electrochemical applications[J]. Chem — Asian J, 2021,
16(16): 2185-2194.

[11] YANG Z, ZHANG D Y, WANG K, et al. Investigating graphdiyne
based materials for rechargeable batteries[J]. Nano Today, 2022, 46:
101588.

[12] LIJS,ZHAO M, ZHAO C J, et al. Graphdiyne-doped P3CT-K as an
efficient hole-transport layer for MAPDI; perovskite solar cells[J].
ACS Appl Mater Interfaces, 2019, 11(3): 2626-2631.

[13] PARK M, LEE H. Carbyne bundles for a lithium-ion-battery anode[J].
J Korean Phys Soc, 2013, 63(5): 1014-1018.

[14] WINTER M, BESENHARD J O, SPAHR M E, et al. Insertion

electrode materials for rechargeable lithium batteries[J]. Adv Mater,

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

(311

[32]

1998, 10(10): 725-763.

HUANG C S, ZHANG S L, LIU H B, et al. Graphdiyne for high
capacity and long-life lithium storage[J]. Nano Energy, 2015, 11:
481-489.

LU T T, HE J J, LI R, et al. Adjusting the interface structure of
graphdiyne by H and F co-doping for enhanced capacity and stability
in Li-ion battery[J]. Energy Storage Mater, 2020, 29: 131-139.

HE J J, WANG N, CUI Z L, et al. Hydrogen substituted graphdiyne
as carbon-rich flexible electrode for lithium and sodium ion
batteries[J]. Nat Commun, 2017, 8(1): 1172.

LI X, LI X, SUN Q, et al. Synthesis and applications of graphdiyne
derivatives[J]. Acta Phys Chim Sin, 2023, 39: 2206029.

WANG N, LI X D, TU Z Y, et al. Synthesis and electronic structure of
boron-graphdiyne with an sp-hybridized carbon skeleton and its
application in sodium storage[J]. Angewandte Chem, 2018, 130(15):
4032-4037.

SHEN X Y, LI X D, ZHAO F H, et al. Preparation & structure study
of phosphorus-doped porous graphdiyne and its efficient lithium
storage application[J]. 2D Mater, 2019, 6(3):6.

HE J J, ZHANG C J, DU H P, et al. Engineering vertical aligned
MoS, on graphene sheet towards thin film lithium ion battery[J].
Electrochim Acta, 2015, 178: 476-483.

LI B S, LAI C, ZHANG M M, et al. Graphdiyne: A rising star of
electrocatalyst support for energy conversion[J]. Adv Energy Mater,
2020, 10(16): 2000177.

WANG Z Q, QI L, ZHENG Z Q, et al. 2D graphdiyne: a rising star on
the horizon of energy conversion[J]. Chem — Asian J, 2021, 16(21):
3259-3271.

CHEN X Y, JIANG X, YANG N J. Graphdiyne electrochemistry:
progress and perspectives[J]. Small, 2022, 18(24): 2201135.

XUE Y R, HUANG B L, YI' Y P, et al. Anchoring zero valence single
atoms of nickel and iron on graphdiyne for hydrogen evolution[J].
Nat Commun, 2018, 9(1): 1460.

HUI L, XUE Y R, YU H D, et al. Highly efficient and selective
generation of ammonia and hydrogen on a graphdiyne-based
catalyst[J]. J Am Chem Soc, 2019, 141(27): 10677—10683.

GAO Y, XUE Y R, QI L, et al. Rhodium nanocrystals on porous
graphdiyne for electrocatalytic hydrogen evolution from saline
water[J]. Nat Commun, 2022, 13(1): 5227.

WANG Z Q, ZHENG Z Q, XUE Y R, et al. Acidic water oxidation on
quantum dots of IrOy/graphdiyne[J]. Adv Energy Mater, 2021, 11(32):
2101138.

LIJ, GAO X, LIU B, et al. Graphdiyne: a metal-free material as hole
transfer layer to fabricate quantum dot-sensitized photocathodes for
hydrogen production[J]. J Am Chem Soc, 2016, 138(12): 3954-3957.

LV Q, WANG N, SI WY, et al. Pyridinic nitrogen exclusively doped
carbon materials as efficient oxygen reduction electrocatalysts for
Zn—air batteries[J]. Appl Catal B Environ, 2020, 261: 118234.

LV Q, SI WY, HE J J, et al. Selectively nitrogen-doped carbon
materials as superior metal-free catalysts for oxygen reduction[J]. Nat
Commun, 2018, 9(1): 3376.

ZHAO Y S, WAN J W, YAO H Y, et al. Few-layer graphdiyne doped
with sp-hybridized nitrogen atoms at acetylenic sites for oxygen

reduction electrocatalysis[J]. Nat Chem, 2018, 10(9): 924-931.



51 ESE oM

FURMG &5 A SRR JE AR R & R R .

2395 -

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

(511

SI WY, YANG Z, HU X L, et al. Preparation of zero valence Pd
nanoparticles with ultra-efficient electrocatalytic activity for ORR[J].
J Mater Chem A, 2021, 9(25): 14507-14514.

LIMP, LV Q, SIWY, et al. Sp-hybridized nitrogen as new anchoring
sites of iron single atoms to boost the oxygen reduction reaction[J].
Angew Chem Int Ed, 2022, 61(38): €2022082338.

CHEN Z, XUE Y, LI Y. Synthesis and applications of graphdiyne
based zerovalent atomic catalysts[J]. Chem. J. Chin Univ, 2022, 43,
20220063.

BU H X, ZHAO M W, ZHANG H Y, et al. Isoelectronic doping of
graphdiyne with boron and nitrogen: stable configurations and band
gap modification[J]. J Phys Chem A, 2012, 116(15): 3934-3939.
PSOFOGIANNAKIS G M, FROUDAKIS G E. Computational
prediction of new hydrocarbon materials: the hydrogenated forms of
graphdiyne[J]. J Phys Chem C, 2012, 116(36): 19211-19214.

PEI Y. Mechanical properties of graphdiyne sheet[J]. Phys B Condens
Matter, 2012, 407(22): 4436-4439.

IVANOVSKII A L. Graphynes and graphdyines[J]. Prog Solid State
Chem, 2013, 41(1-2): 1-19.

ZHANG S Q, WANG J Y, LI Z Z, et al. Raman spectra and
corresponding strain effects in graphyne and graphdiyne[J]. J Phys
Chem C, 2016, 120(19): 10605-10613.

LONG M Q, TANG L, WANG D, et al. Electronic structure and
carrier mobility in graphdiyne sheet and nanoribbons: theoretical
predictions[J]. ACS Nano, 2011, 5(4): 2593-2600.

NARITA N, NAGAI S, SUZUKI S, et al. Electronic structure of
three-dimensional Phys Rev B, 2000, 62(16):
11146-11151.

LIN L H, PAN H Z, CHEN Y H, et al. Identifying the stacking style,

graphyne[J].

intrinsic bandgap and magnetism of pristine graphdyine[J]. Carbon,
2019, 143: 8-13.

BEHZAD S. Ab-initio calculation of electronic structure and optical
properties of AB-stacked bilayer a-graphyne[J]. Phys E Low Dimens
Syst Nanostr, 2016, 83: 211-214.

ZHENG Q Y, LUO G F, LIU Q H, et al. Structural and electronic
properties of bilayer and trilayer graphdiyne[J]. Nanoscale, 2012,
4(13): 3990-3996.

GAO X, ZHU Y H, YI D, et al. Ultrathin graphdiyne film on
graphene through solution-phase van der Waals epitaxy[J]. Sci Adyv,
2018, 4(7): eaat6378.

NARITA N, NAGAI S, SUZUKI S, et al. Optimized geometries and
electronic structures of graphyne and its family[J]. Phys Rev B, 1998,
58(16): 11009-11014.

LUO G F, ZHENG Q Y, MEI W N, et al. Structural, electronic, and
optical properties of bulk graphdiyne[J]. J Phys Chem C, 2013,
117(25): 13072-13079.

ZHANG M J, WANG X X, SUN H J, et al. Enhanced paramagnetism
of mesoscopic graphdiyne by doping with nitrogen[J]. Sci Rep, 2017,
7(1): 11535.

QIN X M, LIU Y, CHI B Q, et al. Origins of Dirac cones and parity
dependent electronic structures of a-graphyne derivatives and
silagraphynes[J]. Nanoscale, 2016, 8(33): 15223-15232.

JIAO Y, DU A J, HANKEL M, et al. Graphdiyne: a versatile

nanomaterial for electronics and hydrogen purification[J]. Chem

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[63]

[66]

[67]

[68]

Commun, 2011, 47(43): 11843—11845.

ZHANG Y Y, PEI Q X, WANG C M. Mechanical properties of
graphynes under tension: a molecular dynamics study[J]. Appl Phys
Lett, 2012, 101(8): 081909.

XIE C P, HU X L, GUAN Z Y, et al. Tuning the properties of
graphdiyne by introducing electron-withdrawing/donating groups[J].
Angew Chem Int Ed, 2020, 59(32): 13542—-13546.

CUI M, HU T T, CHEN L L, et al. Recent progress in graphdiyne for
electrocatalytic 2020, 7(24):
4843-4852.

BAI L, ZHENG Z Q, WANG Z Q, et al. Acetylenic bond-driven
efficient hydrogen production of a graphdiyne based catalyst[J].
Mater Chem Front, 2021, 5(5): 2247-2254.

LIU B K, XU L K, ZHAO Y S, et al. Heteroatoms in graphdiyne for

reactions[J]. ChemElectroChem,

catalytic and energy-related applications[J]. J Mater Chem A, 2021,
9(35): 19298-19316.

MOHAIJERI A, SHAHSAVAR A. Tailoring the optoelectronic
properties of graphyne and graphdiyne: nitrogen/sulfur dual doping
versus oxygen containing functional groups[J]. J] Mater Sci, 2017, 52:
5366-5379.

MOHAIJERI A, SHAHSAVAR A. Tailoring the optoelectronic
properties of graphyne and graphdiyne: nitrogen/sulfur dual doping
versus oxygen containing functional groups[J]. ] Mater Sci, 2017, 52:
5366-5379.

LIU Y X, XUE Y R, HUI L, et al. Porous graphdiyne loading CoOx
quantum dots for fixation nitrogen reaction[J]. Nano Energy, 2021, 89:
106333.

GUO S Y, YAN H L, WU F, et al. Graphdiyne as electrode material:
tuning electronic state and surface chemistry for improved electrode
reactivity[J]. Anal Chem, 2017, 89(23): 13008-13015.

SUN C H, SEARLES D J. Lithium storage on graphdiyne predicted
by DFT calculations[J]. J Phys Chem C, 2012, 116(50):
26222-26226.

HAO X J, HU F X, GU Y, et al. Molecularly assembled graphdiyne
with atomic sites for ultrafast and real-time detection of nitric oxide
in cell assays[J]. Biosens Bioelectron, 2022, 195: 113630.

SHANG H, ZUO Z C, ZHENG H Y, et al. N-doped graphdiyne for
high-performance electrochemical electrodes[J]. Nano Energy, 2018,
44: 144-154.

GAO X, L1J, DU R, et al. Direct synthesis of graphdiyne nanowalls
on arbitrary substrates and its application for photoelectrochemical
water splitting cell[J]. Adv Mater, 2017, 29(9): 1605308.

XUE Y R, GUO Y, YI Y P, et al. Self-catalyzed growth of
Cu@graphdiyne core—shell nanowires array for high efficient
hydrogen evolution cathode[J]. Nano Energy, 2016, 30: 858-866.
FANG Y, XUE Y R, HUI L, et al. In situ growth of graphdiyne based
heterostructure: toward efficient overall water splitting[J].Nano
Energy, 2019, 59: 591-597.

ZUO Z C, SHANG H, CHEN Y H, et al. A facile approach for
graphdiyne preparation under atmosphere for an advanced battery
anode[J]. Chem Commun, 2017, 53(57): 8074-8077.

MIN H, QI Y Q, CHEN Y H, et al. Synthesis and imaging of
biocompatible graphdiyne quantum dots[J]. ACS Appl Mater
Interfaces, 2019, 11(36): 32798-32807.



+ 2396 - TERR #h 24 ) J Chin Ceram Soc, 2023, 51(9): 23622397 2023 £
[69] XIEJN, WANG N, DONG X H, et al. Graphdiyne nanoparticles with Chemistry, 2019, 25(22): 5643-5647.

[70]

(711

(721

(73]

[74]

(73]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

[84]

[85]

(86]

high free radical scavenging activity for radiation protection[J]. ACS
Appl Mater Interfaces, 2019, 11(3): 2579-2590.

LI G LI Y, QIAN X, et al. Construction of tubular molecule
aggregations of graphdiyne for highly efficient field emission[J]. J
Phys Chem C, 2011, 115: 2611-2615.

LIU R, GAO X, ZHOU 1Y, et al. Chemical vapor deposition growth
of linked carbon monolayers with acetylenic scaffoldings on silver
foil[J]. Adv Mater, 2017, 29(18)1604665.

MATSUOKA R, SAKAMOTO R, HOSHIKO K, et al. Crystalline
graphdiyne nanosheets produced at a gas/liquid or liquid/liquid
interface[J]. J Am Chem Soc, 2017, 139(8): 3145-3152.

WU L M, DONG Y Z, ZHAO J L, et al. Kerr nonlinearity in 2D
graphdiyne for passive photonic diodes[J]. Adv Mater, 2019, 31(14):
¢1807981.

YIN C, LI J Q, LI T R, et al. Catalyst-free synthesis of few-layer
graphdiyne using a microwave-induced temperature gradient at a
solid/liquid interface[J]. Adv Funct Mater, 2020, 30(23): 2001396.
MATSUOKA R, TOYODA R, SHIOTSUKI R, et al. Expansion of
the graphdiyne family: a triphenylene-cored analogue[J]. ACS Appl
Mater Interfaces, 2019, 11(3): 2730-2733.

ZHOU J Y, GAO X, LIU R, et al. Synthesis of graphdiyne nanowalls

using acetylenic coupling reaction[J]. ] Am Chem Soc, 2015, 137(24):

7596-7599.
ZHAO F H, WANG N, ZHANG M J, et al. In situ growth of

graphdiyne on arbitrary substrates with a controlled-release method[J].

Chem Commun, 2018, 54(47): 6004—6007.

ZHAO F H, LI X D, HE J J, et al. Preparation of hierarchical
graphdiyne hollow nanospheres as anode for lithium-ion batteries[J].
Chem Eng J, 2021, 413: 127486.

YANG N L, LIU Y Y, WEN H, et al. Photocatalytic properties of
graphdiyne modified TiO2:
experiment[J]. ACS Nano, 2013, 7(2): 1504-1512.
LV Q, SIW Y, YANG Z, et al. Nitrogen-doped porous graphdiyne: a

and graphene from theory to

highly efficient metal-free electrocatalyst for oxygen reduction
reaction[J]. ACS Appl Mater Interfaces, 2017, 9(35): 29744-29752.
ZHANG S L, DU H P, HE J J, et al. Nitrogen-doped graphdiyne
applied for lithium-ion storage[J]. ACS Appl Mater Interfaces, 2016,
8(13): 8467-8473.

JIANG T, CHEN K, WANG 1J J, et al. Nitrogen-doped graphdiyne
nanowall stabilized dendrite-free lithium metal anodes[J]. J Mater
Chem A, 2019, 7(48): 27535-27546.

ZOU H Y, RONG W F, LONG B H, et al. Corrosion-induced
Cl-doped ultrathin graphdiyne toward electrocatalytic nitrogen
reduction at ambient conditions[J]. ACS Catal, 2019, 9(12):
10649-10655.

ZHANG M J, SUN H J, WANG X X, et al. Room-temperature
ferromagnetism in sulfur-doped graphdiyne semiconductors[J]. T
Phys Chem C, 2019, 123(8): 5010-5016.

ZHAO Y S, YANG N L, YAO HYY, et al. Stereodefined codoping of
sp-N and S atoms in few-layer graphdiyne for oxygen evolution
reaction[J]. J Am Chem Soc, 2019, 141(18): 7240-7244.

YANG Z, CUI W W, WANG K, et al. Chemical modification of the
sp-hybridized carbon atoms of graphdiyne by using organic sulfur[J].

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

ZHAO Z H, XIA Z H. Design principles for dual-element-doped
carbon nanomaterials as efficient bifunctional catalysts for oxygen
reduction and evolution reactions[J]. ACS Catal, 2016, 6(3):
1553-1558.

LIUR J, LIU H B, LI Y L, et al. Nitrogen-doped graphdiyne as a
metal-free catalyst for high-performance oxygen reduction
reactions[J]. Nanoscale, 2014, 6(19): 11336-11343.

LUTT, HU X L, HE J J, et al. Aqueous/solid state Zn-air batteries
based on N doped graphdiyne as efficient metal-free bifunctional
catalyst[J]. Nano Energy, 2021, 85: 106024.

DU H P, ZHANG Z H, HE J J, et al. A delicately designed sulfide
graphdiyne cathode for
lithium/magnesium—sulfur batteries[J]. Small, 2017, 13(44): 1702277.

WANG N, HE J J, TU Z Y, et al. Synthesis of chlorine-substituted

compatible high-performance

graphdiyne and applications for lithium-ion storage[J]. Angewandte
Chem Int Ed, 2017, 56(36): 10740-10745.

HE J J, WANG N, YANG Z, et al. Fluoride graphdiyne as a
free-standing electrode displaying ultra-stable and extraordinary high
Li storage performance[J]. Energy Environ Sci, 2018, 11(10):
2893-2903.

REN X, LI X D, YANG Z, et al. Tailoring acetylenic bonds in
graphdiyne for advanced lithium storage[J]. ACS Sustainable Chem
Eng, 2020, 8(7): 2614-2621.

DAILM, XUE Y H, QU L T, et al. Metal-free catalysts for oxygen
reduction reaction[J]. Chem Rev, 2015, 115(11): 4823-4892.

YU H D, XUE Y R, HUI L, et al. Graphdiyne-based metal atomic
catalysts for synthesizing ammonia[J]. Natl Sci Rev, 2020, 8(8):
nwaa213.

ZHENG Z Q, WANG Z Q, XUE Y R, et al. Selective conversion of
CO; into cyclic carbonate on atom level catalysts[J]. ACS Mater Au,
2021, 1(2): 107-115.

ZOU H Y, RONG W F, WEI S T, et al. Regulating kinetics and
thermodynamics of electrochemical nitrogen reduction with metal
single-atom catalysts in a pressurized electrolyser[J]. Proc Natl Acad
Sci USA, 2020, 117(47): 29462—-29468.

HE T W, MATTA S K, DU A J. Single tungsten atom supported on
N-doped graphyne as a high-performance electrocatalyst for nitrogen
fixation under ambient conditions[J]. Phys Chem Chem Phys, 2019,
21(3): 1546-1551.

WANG X, YANG Z, SIW Y, et al. Cobalt-nitrogen-doped graphdiyne
as an efficient bifunctional catalyst for oxygen reduction and
hydrogen evolution reactions[J]. Carbon, 2019, 147: 9-18.

DU Y C, XUE Y R, ZHANG C, et al. Photoinduced electrocatalysis
on 3D flexible OsOy quantum dots[J]. Adv Energy Mater, 2021,
11(18): 2100234.

LIN Y D, KANG H F, LIANG M X, et al. Hybrid nanostructured
MnO, nanowire/graphdiyne with enhanced lithium-ion performance
promoting by interfacial storage[J]. Appl Surf Sci, 2020, 526:
146457.

YU H D, XUE Y R, HUI L, et al. Graphdiyne-engineered
heterostructures for efficient overall water-splitting[J]. Nano Energy,
2019, 64: 103928.

YU H D, XUE Y R, HUI L, et al. Efficient hydrogen production on a



51 ESE oM

FURMG &5 A SRR JE AR R & R R .

2397 -

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

3D flexible heterojunction material[J]. Adv Mater, 2018, 30(21):
1707082.

FANG Y, XUE Y R, LI Y J, et al. Graphdiyne interface engineering:
highly active and selective ammonia synthesis[J]. Angew Chem Int
Ed, 2020, 59(31): 13021-13027.

QI HT, YUP, WANG Y X, et al. Graphdiyne oxides as excellent
substrate for electroless deposition of Pd clusters with high catalytic
activity[J]. J Am Chem Soc, 2015, 137(16): 5260-5263.

ZHANG S S, CAI Y J, HE HYY, et al. Heteroatom doped graphdiyne
as efficient metal-free electrocatalyst for oxygen reduction reaction in
alkaline medium[J]. J] Mater Chem A, 2016, 4(13): 4738-4744.

SI W Y, YANG Z, WANG X, et al. Fe, N-codoped graphdiyne
displaying efficient reduction  reaction
ChemSusChem, 2019, 12(1): 173-178.

WANG W, YAO F T, ZENG M, et al. Sp-nitrogen and y-ray

oxygen activity[J].

modulating multiply y-graphyne for anchoring Pt nanoparticles to
boost oxygen reduction activity and stability[J]. Appl Mater Today,
2022, 29: 101626.

YIN X P, TANG S F, ZHANG C, et al. Graphdiyne-based Pd
single-atom catalyst for semihydrogenation of alkynes to alkenes with
high selectivity and conversion under mild conditions[J]. J Mater
Chem A, 2020, 8(40): 20925-20930.

BARTOLOMEI M, CARMONA-NOVILLO E, GIORGI G. First
principles
graphynes' layers[J]. Carbon, 2015, 95: 1076-1081.

GU J X, MAGAGULA S, ZHAO J X, et al. Boosting ORR/OER
activity of graphdiyne by simple heteroatom doping[J]. Small
Methods, 2019, 3(9): 1800550.

investigation of hydrogen physical adsorption on

CHEN X. Graphyne nanotubes as electrocatalysts for oxygen

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

reduction reaction: the effect of doping elements on the catalytic
mechanisms[J]. Phys Chem Chem Phys, 2015, 17(43): 29340-29343.
CHEN X Z, ONG W J, KONG Z Z, et al. Probing the active sites of
site-specific nitrogen doping in metal-free graphdiyne for
electrochemical oxygen reduction reactions[J]. Sci Bull, 2020, 65(1):
45-54.

KANG B T, WU S, MA J P, et al. Synergy of sp-N and sp’-N
codoping endows graphdiyne with comparable oxygen reduction
reaction performance to Pt[J]. Nanoscale, 2019, 11(35): 16599-16605.
MA D W, LI T X, WANG Q G, et al. Graphyne as a promising
substrate for the noble-metal single-atom catalysts[J]. Carbon, 2015,
95: 756-765.

SRINIVASU K, GHOSH S. Transition metal decorated graphyne: an
efficient catalyst for oxygen reduction reaction[J]. J Phys Chem C,
2013, 117: 26021.

GAO Y, CAI Z W, WU X C, et al. Graphdiyne-supported
single-atom-sized Fe catalysts for the oxygen reduction reaction: DFT
predictions and experimental validations[J]. ACS Catal, 2018, 8(11):
10364-10374.

LI X D, HAN G K, QIAN Z Y, et al. n-conjugation induced anchoring
of ferrocene on graphdiyne enable shuttle-free redox mediation in
lithium-oxygen batteries[J]. Adv Sci (Weinh), 2022, 9(4): €2103964.
SHANG H, ZUO Z C, YU L, et al. Low-temperature growth of
all-carbon graphdiyne on a silicon anode for high-performance
lithium-ion batteries[J]. Adv Mater, 2018, 30(27): 1801459.

CHEN L X, JIANG M, LU Z L,

graphdiyne-confined platinum catalyst for hydrogen evolution and

et al. Two-dimensional

oxygen reduction reactions[J]. ACS Appl Mater Interfaces, 2021,
13(40): 47541-47548.

FURM, P EB AT T B WA, SR BT s e AT A T A 25 A
2R, LA AT SRR I SO S A AR PO R S FE A e 2 e it 7 i ) I 9

BAROK, WA/, WA, ERESHRTHRIBIE AT N . EEENE N TR
fifh « HE AL S U B S U e b I T T RN 1) 54T 9 o BHIF R Y6 )5 7E Chem. Rev..J. Am.
Chem. Soc.. Nat. Commun.. Angew. Chem. Int. Ed.. Adv. Mater.25 [ fR 22 AR H ) R FAH 18

“« —

150 &hs. BN

TYERRAT SRR WA RS RONIR P R B A RS s



