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Deng 55 P R F 00 B8 39 5 10 Ak 22 SAHDTR &R
5t, TR FAERRAOR A 5] L& R T E
W a) )/ 2 A0 BRI OK R 31 (VG-CNT), R
YR BE 7K 3 87.63 mA /em?.

WO R FROR R DG B3 R4 5K 2 1k 2
I MR T ARG B, AT B T
FHTF RO . 2RSS R T ROt f2sor
2 BOL S BRI A B RS BRSO
S SRR A U A AT 7 1), EEERE TG
S EEY b 2k T RE (AR O
W2 AR S TG R R) BORE %A T IR B
il BO-1 S AR A A R L AR L H
SRS EARUA R IR, B E ML G 5
A AP A JE | SR AR S
13, IR ARZ M2 7 114 4 B A0 AR F M
RRPESRAE TR AR 020 R 2, IZ ML
HESh BT LB ER L FHNE TN R 453
RIGROF T, B i T A4 | 80l 5
R WG RE T oRnids e 11,

TE = YEH ) A S & b, WotiA S A
TAEA G R 20 MRIIPE AL, TEi R
TAEHAFE] T TIZ AAFSE 1517, 2014 4F, Lin 45 09
PLE AWM ERER T COy OGS 45 T =480
1] B A7 2208 (LIG). 2018 4F, Chyan % 19 {E52 T
ATART T DA% Ak A T 2 T e 1) i SR R R R A 22
WOt A BIE R TATE, 4R T
T A SRR IR, 2019 4F, Le 520
FIH UV CEPBOGHTE A S B it 175 245 21 K
LA LIG, /R T #0654 W ok RHE R il
£ LIG B g 0 145 10 L WA 0 . 2020 45,
Wu 45 USR] 1064 nm WFNEOETET LM A (taro
leaf) il 7 HBUK A M. 2022 4F, Cheng 52
FIHA T Nd: YAG (K 1064 nm) #0OERSE (XF-
FB20 W, # M8 5 545 A FR 2 | ) X 05 48 Ly ik
THRIR, ST HEAES2 W) 1) LIG A, 2024 4,
Ryu 5 29 38 2 55 52 30 A6 7 93T 1 58 1k 0 Jie
(PI) ¥ 7 il 85 T8 5L A 580 (D-LIG) I T
PEREHB A 2R TS 2019 4F, Rodrigues 4524
FIF 10.6 pm P KA CO, OGRS B ST HER UL Y
Zn/CuO HIRIIREE R 74, fil 5 T AL EmRL
&) LIG. 2024 4F, Lai &5 2% $)i8 T R HIEOLE
i PET %1 I GO@%: J& £k 2 k13 T A b
@LIG ML AR @LIG #1RF I T AR B

Z EIRTAER R &, AR SCGEBEAR (Cork) 1E
St R, BERRA (CuAc) VERHTE, BURIMAER (V)
W, 32— BO6E S SR PR, il &
i LIG/CuO SJigs. frf iy LIG/CuO #AHE
BHEEM 3D B, XA FF RO T
T B AL 7 1) CuO GO WA B 45 55 Ry s
Y WK T RS S . 253 kY LIG /CuO-
5 5 gk R R BE R Y (~1.57 V/um) ., @&
SR (~22.71 mA /em?) LR FaE T &
SHERME. RN, ARSCRIH DFT 5454 667 T
T2, AT T 728 LIG/CuO R4k & S fg
PETFH N ZERL.

2 52 5K
2.1 LIG/CuO ¥miBtiER &

EERHE T, B RFH 10 mmx6 mmx
2 mm ) Cork, 43 315 A 956 e il & 1 V& 5 53931
24 25 mmol /L, 50 mmol/L F1 100 mmol/L, H{A&
R 50 mL MBS RRARIAW . 20t 24 hE, #
SN W, BT S B, 7 60 C 1Y
WRBER T8 96 h. BEJS , $1E208 5 192 i 152 i 4o 1 4K
A, TN E 530 25 mmol /L, 50 mmol /L
F1100 mmol /L BYHLIF MR W, fEfH Cu*t &
A L, HETTTIE SRR R 2 A & B ORI LR Y
K Cork/Cu.

KR CREOL RS (OS5 PHAROS-
PH-10 W, RN WE 1), TEL S =
Ko sE T, %k A 0 2 R R AT BOG iE BRL
XSS HCEAR Ny SR RIEE 3 AN B (O R SRR
FEES 0.107 mm). #OETIHE 100 mW DL S 474
BE 0.4 mm/s. 5% 5 A 54l Cork, £
50 mmol/L CuAc &1 Cork, DA K R HAS A HE
J¥ Ve R JF R FORBE R . 2ol im BEUS 14 i RE
A BIARIC N LIG, LIG/CuAc-5 (“57ft# CuAc
W 50 mmol /L), LIG/Cu0-2.5 (“2.5”%f i Ve
W 25 mmol/L), LIG/CuO-5 (“5”Xf ¥ Ve ¥ JiE
50 mmol/L) A1 LIG/CuO-100 (“100” X1 Ve R
100 mmol/L).

2.2 RIEMZE S

K3 % 5 A 4 F B8 (FESEM, FEI,
NANOSEM-450) 5 i 7~ 4% (TEM, JOEL
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Bl 1 #obsE I % LIG/CuO 7w & &
Fig. 1. Flow diagram of LIG/CuO preparation by laser irradiation.

2010) XIHE S AT IS A R S 400 15 B X 994k
JEHL T AENE (ESCALAB 250Xi) X4 i #E 47 R 1H
Rt S M. BRI 20589638 (FI-IR, Nicolet
6700) AL & PN 532 nm BIHLE G (Raman,
DXR2xi) XFHE S 25 A REMEHEA T 20 B, DA 2% 1A
N AR, A AR A 1.0 mm B2l Rk BTl
SEBAM, FAHE WA S AR i 3 A P R T
D, AR 2R T 7, Has R RIFTE 10°° Pa,
DA DR iR 458 R PR A . 1] PRI, =2 1] 17
PR B3 [ 2 Ry 550 wm, SR FHIHEHLEE H 0 EEE A 3
KAEERG (F5h Keithely2290-6485) 10 56kE i i
HELIE- B (1 V) R IE-FR ] (1 T) et 200,

2.3 DFT it&

ASCHTHE TARRIE T4 BEZ s FEE (density
functional theory, DFT), fif B %l B A R L 4R
442 Materials Studio (MS) H1#9 CASTEP (Cam-
bridge Atomistic Simulation Package) FEH =L 5E
BT FET TR AR, X TSSO BRI R, SR
MTT SRR L (GGA) HEZE R i) PBE (Perdew-
Burke-Ernzerhof) 1Z p& B8, [R] i, 4 7 58 M #f b
TR S s Z [ S FL A BAE ], s T TS
(Tkatchenko-Scheffler) 7512 %) % B 72 ok BIE #EA T
OHUKAE (DFT-D). 7 E S E0nt, #lme s
Fo A1 E Ao A ) WS I A Y )
W& A 400 eV, 175 B IH X U Monkhorst-
Pack k5 M BEE A 2x2x 1. A T 1A X B AR Y
BWTRE AT T AN BESRIEAS TR TSR, R
1B By s ] b AR B R R A AR SR A 3 i
4L T2 25 291, FE R DR AL i, T MS $
(RCIRR R SRS L IR G LS 23 NS EeDIRCIEYR
AR Z BE IS = 2. 23l ] LIG 1 7

5x2 BUZTKFHF (002) ShTH A 2505 . Ax5x2 BY%H
Ui U (111) fh AL AR, D BT &
A7) LIG /CuO FJR4s. I HAE X SR 1y
AT TR 30 A E A2, H 3D BIAIZE g n
Kl 6(a) B Bros . BLAN, B A 3 3% AR SIOR; B
(SCF) #i% & N T 1.0x10° eV/atom, LAHfi{f
THESE R R AT e

3 #RE54h
3.1 YIRS EFRIE

F 1 hEOEE S SR 4 LIG/CuO
KSR AR R R B, B EROR IR AR R A
VT TR AL . FE B R b B B AOR
LU Al BB AR, B HEL R BORIR I T % 3R 24
2 B, JEOR (B — 10 F) BABTIR I
FRVET, EAT R AL RS R, P Bl 45 Cork/
Cu BE . 4519 Cork/Cu B 52 5 #EATHOCHE
M. HEOR BA 2L sk A0 RE, HE &t
ARIRER, EHOCEFIERT 55 Ak h A 8806 5032,
RSO AT B ) R P AT SR R (R SR, TR
Saf H ) e W (5 5 T D ik & 5 R e A v R I
AHEL AR FE DA 384 3 Y IR i 33 [ B, 2T AMBOAS B
HARRACIGE &, XS Hk M OLIA S A
W AL SR AL AR AL, &R Bk ol OG5 BB O
7% LIG it fe, KEmTRlorh 3 BB 55 1 e,
W BT IR A0 R 57 B RO HUBE B VE L, Bib R
P X I, 1% X H LIS SIS AR,
55 2 BB, TERE T A TP ORI, RikIX
HE— AT g A7 BRI AL DX, IG5 2 40 i R %)
T, TR ITEBEERIRAL Y 55 3 B ES, SOt X
B TR R R, S EERE ORI .
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FEBOEE SR LIG R, FRATHT I A9 52
a5 WoR, WOGTIRXT LIG P9 I8 SR 4514
S . 78 50 mW IRHOC IS, SRS FE S
PRI Z i Lo 7, AR O T 3 AR fRAr R
ARIEAS, MG RO #F] 200 mW B, 2241
Bz 5 R TG R KB E Cork JEK H BN
TR LC. FATHEO LR R G & 241
o HE 0.4 mm/s, P13 100 mWETL 78 5L
BATH £ I T LIG/CuO AR T3
RSHREPE. N 2(al) ATRARBL, BRI OR A 22

20041

N 1 ot

120 m

200 jim:

C 90.3%

WO 22| A B, H 2 T B 53 IR A4 40 i BE 2H 21
TN 2T AER B BR 25 M Hum; 1T 28 R R I 1A=
I ) 3R i b 22 30O i IR B B LIG/CuO-5
(181 2(a2)) & #4 el i D £2 B 28 DR GO E
. K 2(b1), (b2) BERE AL, 26 LIG 212tk
WAREEFY. 5 2Z I8 O H &, 480t CuAc 1T
FB LIG/CuAc-5 # i (W& 2(c1), (c2) Fim),
TEHE 52 WOG TR R, DR IR 1 A= # i Y, X —
RHFRHAE T M RAL T AR Y BEBE, MR A
LMEPPIRESH Y 7 U A, 1 2(d)—(f) b LIG/

200 pm ‘

~200 um

20 pm

<200 fim

Cu1.2%

B 2 AEFESHBZESETRMERAE  (al) LIGAE E); (a2) LIG/CuO-5(# i #); (b1), (b2) LIG; (c1), (c2) LIG/CuAc-5;
(d1), (d2) LIG/Cu0-2.5; (el), (€2) LIG/CuO-5; (f1), (f2) LIG/Cu0-10; (g) LIG/CuO-5 7T XK 4 i [

Fig. 2. Field emission electron microscopy images of different samples: (al) LIG (cross section); (a2) LIG/CuO-5 (cross section);
(b1), (b2) LIG; (cl), (¢2) LIG/CuAc-5; (d1), (d2) LIG/Cu0-2.5; (el), (e2) LIG/CuO-5; (f1), (£2) LIG/Cu0-10; (g) mapping images

of LIG /CuO-5.
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CuO-2.5 1 i R 1H 2 INEEHAR LR L AL 254 . B
T ARV TR T Ak ke B A 3 3, LIG/CuO-5 HE iy
FEIUH B R B R EOREF AR SRR 24 R e
E— 4T+ 100 mmol /L i, LIG/CuO-10 £
PR BE A B B RAE M . M T AR 208 Ak
PR LIG /CuAc WK Z , G50 IR JEA 34 J5 A B
48 Co fEROLIA R R 5 Tk A v Hdt
Ak, TE R SHE 21 1) CaO Gk B0RL, -3 i
Tt LA A Ve S R AT A SR S B R R A B
it LIG/CuO-5 TR 400 (Il 2(g)) K, 79 LUk
JCER N EA, CuO YRR £ 2 5 £ 7E LIG K,
I Rl £ S 114 6 3 R 40 B LA T L B8 /0 i 4
IR, X FEHKE T AR At R ok o 2 iR
o A E REM.

KBS T BE (TEM) XF LIG K& LIG/
CuO-5 & A M BHW O 2548 1E— 25 73 #r, 4558
K3 . [ 3(a) Bon, LIG BREF4E 4121 AW
#¢ (b-c) . TR bk (a-c) . B AR (c-c) Keffh
AW (m-g) WNEME SRR, Kb, EYxRIX
FEAE B ARZ) 5 nm W25 I, FL 0.276 nm #i 1 7]
B X6 o7 A R AT Y (101) b T s I 2% X 35
B IR AR A8, 0.342 nm 1Y 47 1A 8] R
580 (002) dm & YA . #Ha LIG/CuO-5
(1 3(b)) J2& HOGHR BUE U1 CuO Pk a8 ik
i 20 (m-g) H . BB A (B 3(c)) IR,
r AR A R 3.42 AXFRY (002) Shif /0 2 m-g; 1M
r S AR 3.35 A5 (111) FhIEAY CuO PEREL. M
T O RAESE R ATHEM IO 17 LIG A5 A8 HL ]
T SRR KA T 2R T 1 3 A5 3R DA K rpt &
AT AR | P27 2 2R R M SO A
Je WAL, TR R T IR 45 P Y A AR b-c.
T2 480 b-c 2R 2 1 6 A Jo0 28 07 Rl TAVAR O 2 7% 4

Pl 3 PR TEM By
Fig. 3. TEM images of samples: (a) LIG; (b), (c) LIG/CuO-5.

FEBRACTE B a-clB2), 72 X0 1 3 80 hy e 5 DR 400 i e
LM FEBRRZE A I FE AR, 5 BRI, SRR E
) Cu S 7R T BRI AL, TRk % CuO
SO, S A S TRV R TR AT A A rp L
HERERE, WG S FARTE CuO ks
VR, e flifr BT (002) FhTmANEA K, FEK,
HA 0.342 nm FFAF b 1 R E A3 A B0 25 19537,

K FIPLEOEHE (Raman) FIME B8 82T 415
Tk (FTIR) X774 B 1k 24 41 2 261 45 M 2015 &
GiRAE. WA 4(a) Raman S6&iE R, LIG & LIG/
CuO F i ¥ 2 BN FRAE 0 7 T 29 1344 cm !
i) D WA Ja Sk TC P e 45 44 T Y sp® 22k kG, T
251583 cm ! {Y G UG I X 17 AT 5 65 I 2% T Y sp?
IR, TR I/ I L 0.718, #
AR R 3228 th ORI B BT 4 BE 4R 5 CuO
WURL R A MIEAE A AR A BRI B Y. LIG /CuO
FEMTE 290 cm ! (Ag), 351 em! (Bg) M 627 cm!
(2Bg) Ab i BLAGREAE G, 43500 %F R AR CuO iy
P2 TG PRSI, IESE T CuO 94 K WAL ) R
I B 4(b) i i B AR e 20 Ak (FTIR)
S3HT R, LIG J LIG/CuO #f 5 BB BE R E &
A WS AE 3000—3450 cm X JA] H LAY TE AL
W ki I g ¥R (O—H) ek sh, RUIA B
THIAEAE M B 7K sl5k B8 5 AR L. 67 F 2919 em ! Al
2850 cm ' AbFAFRIMICIEE 53551 X I F L AKX RR A
SRR ZE IR BN, 10 1715 cm ! ARG FRIE (C=0) ¥F
I 0 DU 058 AR Jo 28 A S ao A e ke B R i sl i
SER. (HASTE B, 1582 cm L LI IR C=C
2R g B E 1o, FIHOEIA SR PR
i (C=C) il 1 ¥k 5 5 A R A1 B8 0 1 2R IR 45
M. A, 1263 cm ! Fl 1102 cm ! AR C—O 45
PRSI LI 1160 cm ! ) C—O—C ik 4 W kg

(c)

m-g

3.42 Al
7 =1.’3§;:tf

(002)

(a) LIG; (b), (c) LIG/CuO-5
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A,
e B, 2B,
LIG /CuO-5

Transmittance/arb. units

LIG

250 500 750 1000 1250 1500 1750

Wavenumber/cm ™!

Aromatic
Cc=C

Transmittance/arb. units

Alkene
Cc=C

3500 3000 2500 2000 1500 1000
Wavenumber/cm~1!

4 Ff5 LIG M LIG/CuO-5 i (a) Raman 3 E#1 (b) FTIR % &
Fig. 4. Raman spectra (a) and FTIR spectra (b) of LIG and LIG/CuO-5.

(a) C 1s

Cu 2pt/2 Cu 2p3/2
WA

Intensity /arb. units
o
—
w

1200 1000 800 600 400 200 0
Binding energy/eV

(e)

wn

R4

a

=

8

-

<

~

&

k7 O—H

a

O \

= Non-lattice]

\_CuO

538 536 534 532 530 528

Binding energy/eV

(b)

Intensity /arb. units

292 290 288 286 284 282
Binding energy/eV

Cu 2p3/2

Cu 2p3/2
Sat

Cu 2pl/2

Intensity /arb. units

960 950 940 930
Binding energy/eV

K 5 (a) LIG/CuO-5 iy XPS [ 41: (b) C 1s, (¢) O 1s, (d) Cu 2p M F 73¥E XPS St
Fig. 5. (a) Survey XPS spectrum of the LIG/CuO-5; high-resolution XPS spectra of C 1s (b), O 1s (¢) and Cu 2p (d).

2R SR AR R SE A R 1Y 5 U B RE A,
155 A5 W Jo s A s R RO B ) S B 2 AL 2 )
FHOC. B3R FTIR F#AER I, WOLTE AL B SE
BT HORA W 5t 1) £ S (R A A, SRR R TR A3
LN e e 2 ik B T

KH X B FRERE (XPS) X LIG /CuO-5
A MR R AL RS Lot Z M AT B
fiE, G55 anE 5 frs. 2iEEE (K 5(a)) Bos, #
B EZH C, 0, Cu =T REM, HETFH

y 87.35:11.84:0.81. C 1s @43 #Hilk (1 5(b)) AJ
IR 6 NEREIE: 284.5 eV ALK sp2Ze ki %t
I A7 B B A P R 25 284.9 eV Y spide Ak i
T8 T I E A5 4, 285.8 eV Hl 286.7 eV Y IE
I3 X C—O il O—C—O0 #; 78 288.1 eV HlI
288.96 eV Ab Ay N 5 [ F C=0 Fil O—C=0 %
20O 1s 1% (Kl 5(c)) 23 5 MM 1E 529.8 eV
) i A S XA CuO 1) Cu—O #; 531.0 eV 1)
Ik 46 48 (non-lattice) W4 2 b4 R} A7 76 4825 ff
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BRIE; 531.8 eV, 532.5 eV il 533.5 eV A& 5%}
M. C—O, C=0 1 O—H M. H, Non-lattice
U g+ B R O e B v A U RE A R
Bk B SR 25 0 B TE G, 33 X6 R Ak ) i A S i L
A EELE. Cu 2p H4PEE (K 5(d)) R, 78
933.0 eV #1 952.6 eV 4b43 5]t B Cu 2p*/2 Fil Cu
2pl/2 KRR, HAERE 941.8 eV 1 961.7 eV Ay LA
W, ATERE A ZLAEE A = 19.6 eV, %42 Cu*t
HAVERAE, UESE T CuO ML Y. ik XPS 455
2, LIG/CuO-5 E A M B T A7 78 F 5 4
BRER L S M HE, H CuO 9K EUR L — M0 45
BEfiAE, 5 iR TEM Fl Raman J3H745 R —3%.

3.2 DFTit&

&l 6(a) MY LIG, CuO M LIG/CuO &
FR A5 HIS BRI % 8 sk FIS T, LIG A
CuO BT R B 51K 4.833 eV Fl 4.611 eV. 24
WS REE R, BT LIG [ CuO Fmmidss, S35
LIG #KAEH PRI CuO #KAEH L Hs, I AE
PR T IE AT DI R %K 4.667 eV. MR AT
S JEE I BT A5 R, B 6(b) A LIG, CuO K
LIG/CuO Wil A% (PDOS). 4548 /R, LIG/
CuO HHY LIG 144 7 540 LIG =EHLI PDOS
FRIE, R HA BIR AR A B B IR, (HAS
RS, fE-7—8 eV g X [H], LIG [ C p #il
5 CuO 19 O p FUBFATEMES AL, X —FHIE

(2)

ot - ==
—10} " Vacuum level

—-- Fermi level

—20 s

Electrostatic potential/eV

1.0
Fractional coordinate

ATREIH N A1 850 = 5 CuO H O JiF sp4%fk
PG H ] BB AR EAE . o T 5 B gl S Y e
WG FFRUN, FEF AL S T B0yt Rk,
T2 LIG S0 90 B R Ta . X AP RE Y 45 4 1 e AR A
H et T ST G EE, AR TR TR
SRR, WINPT T AR K RE.

3.3 BERHEFH

K 7(a) A LIG, LIG/CuAc-5, LIG/Cu0-2.5,
LIG/CuO-5 K LIG/CuO-10 TLAhE S Y3 & 5t e,
UL B -HL R B (J-F) FRE M. 38 a3 A G
KR 47 LIG, LIG/CuAc-5, LIG/Cu0-2.5,
LIG/CuO-5 fl LIG/CuO-10 ) I 3 H 35 (E,, T
L U 0.01 mA /em?) KK N 1.54 V/pum,
1.63 V/pm, 1.71 V/pum, 1.31 V/pm #11.94 V/pum;
BB FL ) (g, X I HL 3% B 1 mA /em?) 7351 0
2.12 V/pm, 2.43 V/pm, 1.95 V/pm, 1.57 V/pm
F12.14 V/pm; 3£F F-N (Fowler-Nordheim) i
BEAL ((1) 2X), X3 KT R A7 i 43pr 10:

J = (ABE*/¢)exp (~Bo*2/BE), (1)
Horp, %8 A = 1.56x10° A-eV/V2 B = 6.83x
107 V-eV32m. il L4 In(J/E?)-1/E % F& il
2 (K 7(b)), T FEm R R RYZIE R R, &
WY Hl, - i S A 1 1 B S HLT. 455 % R Uz ok
W B I B %L (LIG O 4.833 eV, LIG/CuO N

(b) 40

20

PDOS
)
S

220 |— LIG/CuO — C s
> — O s
— Cu s

Energy/eV

K6 (a) #EH LIG, CuO Fil LIG/CuO 3D #ER A2 193 s %L (b) LIG, CuO F1 LIG/CuO B4 A% B (PDOS) &l (K4

REZE N FRBEL)

Fig. 6. (a) LIG, CuO and LIG/CuO 3D models and the calculated work functions; (b) the partial density of states (PDOS) of LIG,

CuO and LIG/CuO (the gray dotted line is the Fermi level).
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g 151 & Sod
Q &3] %eee
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>
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e 18000 Lo12lnic/cuos
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= 9
> < 107
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z {7000 S 8t
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16} {6000 4 tLIG
2
4 ‘ ‘ , ‘ o 0 % 500 1000 1500 2000 2500 3000
G P} 5 A0
W NS o-F o O .
X}G\O\) XO\O\) X)‘O\O ‘ \O" Time/s
"

B 7 (a) B LIG, LIG/CuAc-5, LIG/Cu0-2.5, LIG/CuO-5 #il LIG/CuO-10 & JE £E; (b) In(J/E?)-1/E h£E; (c) B &A%+
LAY IT IR B AE (B, 5B HL % BE 1 mA fem?) FUZIE IR 7 (8) LR ML (d) #4h LIG I LIG/CuO-5 37 & S5 7 5 1 it £&

Fig. 7. (a) J-FE plots of LIG, LIG/CuAc-5, LIG/Cu0-2.5, LIG/Cu0-5 and LIG/CuO-10; (b) In(J/E?)-1/E plots; (c) relationship
plots of E, (corresponding to a current density of 1 mA/cm?) and (3 versus the samples; (d) stability plots of LIG and LIG/CuO-5.

4.667 eV), THHEH B KRR BRI F 6 7351
: LIG (8223), LIG/CuAc (8281), LIG/Cu0-2.5
(9187), LIG /CuO-5 (8823) #1 LIG /CuO-10 (5611).
L 7(c) R BTG R it B 650 1 37 RN 3 1 5 R -G
4. M8 T LIG/CuAc (AR, 2R MR IE i
Bl 5 1) LIG /CuO-5 #f i JEBL Y BRI R 13
SVERE. TEPUIR BRI JE A F& b, 4 R vk BE
2.5 mmol /L $#£F} £ 5 mmol/L &}, =¥ LIG/CuO
(1) 1 .37 5 3 sk PR S I R s el i . X —
PG VA PR T i) 6 e B 3 R B0 4 R A b
LIG 2 1 JF A7 A2 LAY CuO 4 >k 0k 2 1 1 25 41
F, BT LIG OWES s (F 2) dEmiffifs LIG/
CuO-2.5 3858 K ¥ 9187 [# = LIG/CuO-5 [
8823; [RIM}, 5% B CuO 4K 25 ¥4 3 it Joy 3 37 14
SR AR P A SN s B SR TR RCE AR, 4 I
N 1.95 V/pm [ ZE 1.57 V/pm. [HHEENZ,
24 R Wk BE UE— 2 A 10 mmol /L i, 3 5 Y

CuO K BURAE LIG RIIE MU R S B0R R0 5
AL, TS E S s T E SR A S ()
[Tt LIG/CuO-5 A i T30 T3 FE Y CuO 4
KPURL AR A T LIG &SR gitl, R
BAKEERY (1.57 V/pm@1 mA /cm?) FIEAER
Yt A (8823). MAh, 7EHLIA IR 2.89 V/pm
T LIG/CuO-5 FEFSZEL T 22.71 mA /em? #8 55 HL
T B LT AU, X e A OGBS BB T3¢
Ak [41-44] HE A SEEE SR B 7(d) B
AR E M 2 SRR B, 7 2.66 V/pm LI 451
T, LIG/CuO-5 #£ih7E 10 mA /em? = LR EE T
FREETAE 3000 s JEATTREPRIFRRE IY HL - & SR,
X R HAE B3 3 A - e 4B R ) S B
AR AL T E S

FHREE (1% 8) i# — 2 B B LIG/CuO 5
BT 455 K S PERE SR THI OULAIL . 78 57 B 45 T
i (K 8(a)), THER /R LIG EIEN 48
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Fig. 8. LIG/CuO band structure: (a) Non-contact; (b) contact; (c) electric field.
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Abstract

Three-dimensional (3D) graphene materials have excellent electronic emission performance and mechanical
stability, showing significant advantages in the field of high current density field emitters. In this study, copper
oxide modified three-dimensional graphene composites (LIG/CuQO) are prepared in situ by a femtosecond laser
one-step method, which realizes the simultaneous regulation of cork carbonization and copper oxidation.
Shallow copper-rich precursors are constructed by copper salt infiltration and ascorbic acid reduction. Laser
irradiation is used to synchronously induce the carbonization of cellulose into few-layer graphene and the
transformation of Cu into CuO, forming a three-dimensional fiber network of microcrystalline graphene coated
with CuO nanoparticles (30-80 nm). The structure exhibits excellent field emission performance: the threshold
field of preparing pure laser- induced graphene (LIG) is ~2.12 V/um and the field enhancement factor is
~8223. After optimizing CuO loading, the threshold field of LIG/CuO-5 is reduced to 1.57 V/um, the field
enhancement factor rises up to ~8823, and the ultra-high current density of 22.71 mA/cm? is achieved at
2.89 V/um. The density functional theory (DFT) calculations show that the electrons at the heterojunction
interface transfer from CuO to graphene, which reduces the work function of graphene from 4.833 eV to
4.677 eV, and the band bending of CuO surface synergistically reduces the tunneling barrier. In addition, the
local electric field enhancement effect of CuO nanoparticles and the optimized distribution density
synergistically increase the effective emission point density. The performance improvement is mainly attributed
to three synergistic effects: 1) the three-dimensional porous graphene network provides abundant tip emission
sites; 2) the introduction of CuO nanoparticles reduces the work function of the composite material from
4.833 eV to 4.667 eV, effectively reducing the electron escape barrier; 3) the heterojunction interface forms a
directional electron migration channel under a positive bias electric field, combined with the excellent

conductivity of LIG, which significantly improves the electron tunneling efficiency.
Keywords: laser-induced graphene, CuO nanoparticles, composite cathode, field emission
PACS: 61.48.Gh, 68.37.Vj, 72.80.Tm, 79.70.4+q DOI: 10.7498/aps.74.20250378

CSTR: 32037.14.aps.74.20250378

* Project supported by the Natural Science Foundation of Fujian Province, China (Grant Nos. 2024J01835, 2024J01281) and
the Top Young Talents of Eagle Program of Fujian Province, China (Grant No. KY310255).

1 Corresponding author. E-mail: mlajn@163.com

136102-11


http://doi.org/10.7498/aps.74.20250378
https://cstr.cn/32037.14.aps.74.20250378
mailto:mlajn@163.com
mailto:mlajn@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

VOB A RPAHELIG/CuOE AR R R A HERE
Lag Fie A RAE NE TR=E

Preparation and field emission properties of LIG/CuO composites from laser irradiated copper—containing cork
MA Li'an HUANG Xu CHEN Song WEI Zhaohui SUN Lei YE Xiaoyun

5| {5 B, Citation: Acta Physica Sinica, 74, 136102 (2025) DOI: 10.7498/aps.74.20250378

CSTR: 32037.14.aps.74.20250378

TELR T2 View online: https://doi.org/10.7498/aps.74.20250378

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

A1 SR I SRR X H37) A P RE A4 52 )
Influence of morphological characteristics of graphene on its field emission properties

PyFEEEAR. 2024, 73(8): 086101  https:/doi.org/10.7498/aps.73.20231784

FE T S0 1 AuZP R ORI SR SR LD

Dye random laser enhanced by graphene—based Au nanoparticles

YrH2E 4. 2022, 71(3): 034206 https:/doi.org/10.7498/aps.71.20211613

SRR Tt 2 B SO B B R

Breakdown voltage of high pressure helium parallel plates and effect of field emission

WIFRZEAR. 2021, 70(13): 135102 https://doi.org/10.7498/aps.70.20210086

JEE A KREAR M 5 A0 A b iR R S SRR
Graphene enforced copper matrix composites fabricated by in—situ deposition technique

WIFR2EAR. 2021, 70(8): 086201  https://doi.org/10.7498/aps.70.20201943

VA I3 25 VR 1 7 22 BE B MR AT 1 R SR AL PR S S AR S PE RIS
Preparation and properties of multi-walled carbon nanotube reinforced alumina composites by sol- spray method

YAz, 2022, 71(1): 018801  https://doi.org/10.7498/aps.71.20211043

AT SRR B AP RHE GO HIR AR 555 40 S8 AR E AR TP A BB 52
Simulation of interaction behavior between dislocation and graphene during nanoindentation of graphene/aluminum matrix

nanocomposites

PPz, 2021, 70(6): 066201  https://doi.org/10.7498/aps.70.20201591


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250378
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231784
https://doi.org/10.7498/aps.73.20231784
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211613
https://doi.org/10.7498/aps.71.20211613
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210086
https://doi.org/10.7498/aps.70.20210086
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201943
https://doi.org/10.7498/aps.70.20201943
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211043
https://doi.org/10.7498/aps.71.20211043
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201591
https://doi.org/10.7498/aps.70.20201591

	1 引　言
	2 实验与测试
	2.1 LIG/CuO样品的激光辐照制备
	2.2 表征和场发射测试
	2.3 DFT 计算

	3 结果与讨论
	3.1 产物的形貌和结构表征
	3.2 DFT计算
	3.3 场发射特性

	4 结　论
	参考文献

