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Abstract

Abstract

With the advent of 5G era and the rise of technologies such as the internet of things,
virtual/augmented reality (VR/AR), artificial intelligence (Al), etc., microelectronics
devices are moving towards small size, versatility, high integration, high reliability and
low cost. Electronic packaging technology becomes more and more urgent for higher
requirements. As the first law in the field of electronics, Moore's Law is facing
tremendous challenges in its continuity. System on package, as an emerging electronic
packaging technology, is expected to show strong vitality in the post-Moore era. Its goal
is to achieve miniaturization of the entire system, which have bringed further demands
for micro/nano based electronic packaging materials. How to design and prepare novel
micro/nano structures and study their application in electronic packaging becomes a
key issue. Considering that copper/carbon materials have good electrical and thermal
conductivity, this thesis focuses on the controlled synthesis of nano copper/carbon and
their functional composite materials, exploring their application as electronic packaging
materials in conductive interconnection and thermal management. The main works are
summarized as follows:

(1) Based on the colloidal palladium activator in the application of electroless copper
plating, there are problems of poor long-term stability and low catalytic efficiency of
palladium. By adjusting the Pd/Cu molar ratio, the preparation of alloyed structures
with different Pd loadings are achieved. The prepared Pd2Cu2/rGO electrocatalyst has
good catalytic performance for methanol oxidation, and its electrochemical activity is
2.49 times of commercial Pd/C. Compared with commercial colloidal palladium, the
prepared electrocatalyst also showed better activity on formaldehyde oxidation reaction.
Benefitting from the synergistic effect of bimetals and the advantages of introducing
graphene as a supporting material, the catalyst also showed better electrochemical
stability. Demonstrations of electroless copper plating on two substrates show that

PdCu/rGO can achieve good metallization on insulating substrates. The resulting
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copper layer has a flat structure, uniform copper particles, and low resistance. In
summary, the prepared PdCu/rGO has the advantages of high uniformity, good long-
term stability, excellent electrochemical activity, and low cost, and has great potential
in using as activator of electroless copper plating for conductive interconnection in
electrical packaging.

(2) Considering the complex process of the electroless copper plating activator for
conductive interaction, a copper/carbon nano-hybrid material was designed and
prepared, and it was compounded with polymer matrix to prepare conductive composite
to explore its direct use in conductive interconnects. This work mainly includes the
following two parts, corresponding to the third and fourth chapters of the thesis.

Firstly, we studied the structural characteristics and formation mechanism of nano-
carbon in the preparation process of copper/carbon nano-hybrid materials. The results
show that through one-pot hydrothermal carbonization, under the condition of
temperature below 300 °C, we successfully prepared two-dimensional multilayer
graphitized carbon nanosheets. The in-situ formed two-dimensional copper during
hydrothermal carbonization serves as both the template and catalyst. As the
hydrothermal temperature increases, the prepared two-dimensional multilayer
graphitized carbon nanosheets have a higher degree of graphitization and a smaller
single layer thickness. When the reaction temperature is 300 °C, the thickness of
graphitized carbon nanosheets is about 2.86 nm, and its corresponding diameter-to-
thickness ratio is as high as 10% The formation mechanism of graphitized carbon
nanosheets can put like this. Biomass was firstly hydrolyzed under hydrothermal
conditions to generate small carbohydrate molecules, serving as reducing agents and
capping agents for reducing Cu?* to two-dimensional nano-copper; on the surface of
two-dimensional nano-copper, carbohydrates are dehydrated and carbonized, furtherly
forming graphitized carbon nanosheets under the catalysis of copper. This preparation
method using biomass as a carbon source has the advantages of simplicity, greenness,

and mildness, and could be universal for preparing two-dimensional carbon nanosheets.
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Abstract

Secondly, combining the structural characteristics and growth mechanism of carbon
nanosheets in the preparation of two-dimensional copper/carbon nano-hybrid materials,
we furtherly explored the structural characteristics and growth mechanism of two-
dimensional copper/carbon hybrid materials. The results show that this one-pot
hydrothermal method successfully realizes the preparation of a new type of two-
dimensional dendritic Cu/C hybrid material. This method has the advantages of
simplicity, low cost and environmentally friendly, and is easy to be scaled up, which
may be beneficial to large-scale industrial production. During the hydrothermal reaction,
the biomass not only acts as a reducing agent, capping agent and template for the growth
of nano-copper, but also as a carbon source to cover the nano-copper. The prepared
Cu/C nano-hybrid material has a high ratio of diameter-to-thickness. Benefitting from
the characteristics of its two-dimensional structure and the advantages of the carbon
coating layer, the as-prepared nano-hybrid material shows excellent oxidation
resistance and electrical conductivity, which is expected to use as filler for conductive
compounds in the field of electronics.

(3) Considering the high diameter-to-thickness ratio, excellent oxidation resistance
and electrical conductivity, and that copper itself has good electrical and thermal
conductivity and can be used as catalyst for reducing graphene oxide (GO), the as-
prepared two-dimensional copper/carbon nano-hybrid material is compounded with
graphene to prepare a graphene composite film with enhanced electrical and thermal
conductivity. The results show that we have successfully prepared the composite of
two-dimensional nano-copper materials and graphene. Two-dimensional nano-copper
has played an important role as a catalyst in the thermal reduction of graphene oxide,
which is conducive to repair defects of graphene oxide and effectively improve the
graphitization degree of reduced graphene oxide (rGO). Benifitting from the good
electrical and thermal conductivity of copper, the nano-copper in Cu/rGO composite
film also acts as a bridge for electrical and thermal conduction, and furtherly promotes

the interconnection of electrical and thermal pathways. Compared with the original
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graphene film (rGO), the as-prepared composite film (Cu/rGO-4) has more excellent
electrical and thermal conductivity, of which the electrical conductivity is increased by
3 times and the thermal conductivity is increased by 64.9 %. Finally, heat dissipation
experiments demonstrate that the enhanced graphene composite film could be used as

a thermal management material in the heat dissipation of electronic products.

Key Words: Micro/nano Copper, Micro/nano Carbon, Electronic Packaging,

Conductive Interconnection, Thermal Management Materials
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2016) SIgd

Moore's law deseribes the empirical regularity that the number of transistors on integrated cireunits doubles approximately every two years.
This advancement is important as other aspects of technologieal progress — such as processing speed or the price of electronic products — are
strongly linked Lo Moore's law.
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Figure 1.2 Electronic system development trend for the last decades®.
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Figure 1.3 Packaging is the bridge and the barrier between ICs and systems®!,
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SRIRRANKAT L) ) 26 S HLAE FL 2B A 14 152 AT 7

WAL ZE, %o 5 HLELE A A AR, iy DL ZIEEAT 4 5 Ab 3, DULRIESE 2 1
KR Mo HARH M) — M5 AT N 7EIRE 50~60°C 1, fH RIS . S5IRTEN
VEGHAT B AR BU R AR AL B B A TIE R, BEIA S AL B AR R AN AN
b e — DA SRR T 5 FAIFEASIE 22 L7

P A2 FE oh, VAP R e R A S AL F AR, DL K & IR A R 2 T
EUFIR IS At o TEIX AN FR R, VAR 1 S IR B 7E 28 S R AR T Ak B it
(g2 A RIS SRS, AL 1) Cu it — s R E AR T IR s B
CUPTE AT FH T ot HR e b At s 5575030 i RS SR 177 T 3 1 e R385k
HE— 25 ) B Ak SN A3 B 34 ST UURR E 48 2 FE AR 3R T (4 /2 120 7 181, JES Bk
Ut, Cu. Niv Ag. Au. Pd. Pt Fl Rh & J@# B A B MmEwETE, T RLHAE
WA R AG RS2, (B SZ BRI B R T L WEALRE DD BUEALRE DT PEEE
REMR e EEERE, RADENSEEL Ag 1 Pd 4 THEE R T
2, BHAT, AR A LU LS S-SR RE . e
JEERVE R B TAE R IR TS, Foh, DL Pd/Sn IR TE AR 1 R
Ff )iz 252, pdisn IRR ISR m E R 1.8, WERE)E Pd #%, G
—Z S ETEE, EANEWNM—ERET Cl, ML T HLAE B bR Aok
T MR, SePifese AR iIfE RS20, BT Sn2* I Bt 2 IAELE, T 1Y)
Ji Pd oIk SR B e, DR MCTE A S R i T R IR R AE AR i -
[¥) Pd/Sn R AAHEAT — & MR AL R, LAEBRZFT M Sn?", MTILEE VIR Pd 2
g R, RSV T R R TGS R . FE, T EETE Pd R TI
SRR IR Sy A, AR U P AN LA Sn*, 43 Pd/Sn A RIORL 2 [F] 2%
Gy RABIRMDTSE, A& AR 8 PEAR AR89, [, M A4 Pd 1
SR REETTLE, Pd ZEASTOBRIIE, e RGE B 1E F R R4
R —)Z Pd 1T, AR, S5 & Pd A R A E .
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& 1.8 1A Pd/Sn 4 tb 7~ = K
Figure 1.8 Typical structure of colloid Pd/Sn.

TR, T IRECEEPE TR IR E M, PAR R A, AT
KT BA B TR IR ST Pd 3 B H A 6 B A QR ORI O3, 5t Sylvial®
SNl YE Pd 5 Cu MEE/REL, AT PVP YRRz ARSI, Dl 46t
TR BRI E TE) PA/Cu RIS, WFFURIL, fE Pd 5 Cu [MEE/RLE
2, & AR R I T SRR AR Pd A AR S TE . Leel 301
HBA % T BAA AR KN Ag/Pd Aok = Mok, A0 I P AR A 2288 %
TR, WEFERIL, ANFE RS B A R0 A 22 B A A 5 B, KRG s
AT PR RS FR) SR A S N 2 B0 L B s RO AL G < Vaskel st K G P BA A2 B Dy ol 24
i —Fh RSP #E 5~100 nm 1) Ag/SnO2 RIUREL, 45 H AR AL Z2 s AL, Wt ST B
Pl RS AL AR I 1 S5 Rk AR Pd/Sn #H 24 AL IR RE o

13.1.3 SHE

B LT B BRI AT E, AR 7 28R 5 B s P RE I /oK, (2 HE T
B0 AL L AR R B8, b i 56 [l 7E 1950s $i H (MRS AL T HRH
BB R BER 1 — RO EMRIS, & B T 2P AL, T
TGRS, S ABUREER W R A N rT e RIS, SREVIEET BRI E 5P
g, AT LLSEMURE SRRl FR A dit, B REWE 2 AN R A AN R SR, Rt
W2 R T T 2 A ) e B0 4

SFHE—®KS AWK, —RKEEmFEFHERK (Anisotropic Conductive
Adhesives, ACAs), 71— m[AMEF R (Isotropic Conductive Adhesives,
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ICAs), XPMIT AR MR EVEAM SR, K 1.9 &% HRES
LR N R e I, XSRS AR TR EL5 1A B R e RS, BT AR
R EIEH A 5~20 %, KPR EARG S HRER, s RJs R sk
AR A 2R TR PO 2 TR F 38 o % ) [ 2 P RS AE 25 A T T B AR R
SPrRLPERE, TR IURAO ) EIE AR 25 %Ll k.

Chip
I | | I | [ Conductive particle

Polymeric resin
00 o0000% 00
| — I 1 I 1

Chip carrier

(a)
Pressure

Heal\zlllll éHeal
™y .L_:l..l_:#.orl-jl. ~

(b)
Cured polymeric resin Chip
® \;.:‘. ® H ¢ .H 0\
| Chip carrier |

(c)
B 1.9 % fa) P S R 8 A R e A,
Figure 1.9 Schematics illustrating in foring an ACAs joint!2l,

REMHAE T RN EEH RG>, En e AIEYER], tm] DU s
(o FAIBE T A R AR R Bl T S AR R AR I W] DAR 2R 55 R BG4 T, {5
RWARZINAR, FlankhastEaeA 2 BT FRAREERZE. Mk, A
] 11 5 FL PR el T PL AR, sl F PHEAIC, DRI AE SE BRI B FH 6 Hh A
W, IR PR IR 5L 5 e 30

TR T R R T A R B LA R g, AR TR RS X2
HUR IS PR RERS IR 2 . B TR S RS S s kL, s 41, &, R
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WE. Hrh Ag T RA e S i ERALF AR e VE, #0 i2 FIE S BSR4
a1, LulISE NGB RDR RO RBROIR OB BEAT VR 7 DD ) 25 th — P S B R R
MR FRTHIN T LS, WETUREL, BRIEARN Al DUH TS BRI 42 [ b, FECEZ G
AT HLIEEE, TR 7 BEAME R IR LR . E2 Ag T & ot, [KILTE
AN 90 FEARAI, TFAGAE A v At L B\ 5555 AN G R AE Dy 3 HLSEDRHS 40,

Horb i BAT AR B R | ARRA ARG (K HEREPERE, BN o2 H R BB A S5t
)G L R BEORL 2 — WS, BRI, 4R B PUER AR E RIS, RN RE SR
AR AT S B L R BRI, DRI, AR ] A TR R RE SR R S A e N T
FLR R AN FR) R B o

1.3.2 AREEFE

1.3.2.1 HREHEMBEHA

TERL R ML, B3 Th R B AW I, R Re T ] 5 5k 4
S R SRR A NS RSP I R SRRk sR 20, Wl 1.10 Frost. 2016 4
Waldrop 7E Nature #4251 B8 /K 2 AT AR R 2R 2508, BRI 2 — 2 52 B 4K
e A T AR PR PR 5 — A o T i DR F T A (R S ) . 8K R T %
FER 2t KT 2 1 R R, TN IR RS T gt — A B Dk B e & rh B B
HESE . BEONTEE I, BRCRIL T IR SRR T ThRE e 4k k. T
TOHFHERIF AT, EERTEE 10 °C, SRR SN — 6y, XML E %
ST LED R CPU [T fir K KZE M . TEXFENL T, A 2 #VE HLAR YL 7
U BN FL T3 R R RN 447 L1 38 ] S 1) G g
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10,000,000
Dual Core Itanium 2 /
1,000,000
Intel CPU Trends 1
(sources: Intel, Wikipedia, K. Olukotun) y
100,000 - :
]
10,000 .
1,000
100
10
1 ' | B Transistors (000)
- @ Clock Speed (MHz)
L] [ ] ®
o g0 aPower (W)
@ Perf/Clock (ILP)
0

1970 1975 1980 1985 1990 1995 2000 2005 2010

& 1.10 CPU R~} s fh s 4],

Figure 1.10 CPU scaling showing transistor density, power consumption, and efficiency[4].

HHRYL, TSRO TT ST L R G B BRI AR S
H=ANER, W 111 Fos o SR RAEI LA EIES T BRI # GO & #
FPeHR—NHFAE R, BFE Rk 1 BRI S 1% 2
AR I B BB RGP A L RIS B R A BT I G R . R
1.1 845 7 A ECA TR A B — bRk, e AT AR AN A 2R ) A

R FBOR A 2 T AT 20 7 -
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' © *  Fancooling
3

*  Water cooling

B? Package cooling J

@)
o @]
] ) . Heat sink
s TIM

" On-chip cooling

v

*  Heat spreader
. micro-refrigerator

Bl 111 Bk 4 200,

Figure 1.11 Classification of thermal dissipation methods®!,

L1 H R b R R O 2P0,

Table 1.1 Typical heat dissipation solutions for thermal management in electronicsf®®.

(a) On chip cooling (b) Package cooling (c) Board cooling

Thermoelectric cooler Heat pipe

al

Graphene heat spreader Increase heat sink size Liquid cooling

w
Heat source

Micro-refrigerator Thermal interface materials

13
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1.3.22 AF{EME

AT B L S AR B R 2 A A T AR AR 1] R P A ] 1,12
& PC it R RO 13 %, SRR Y B R BRI R B AR B 3B, AR
AR RIS 2R 22 18] (18 T BN A A P P S R ICR I E EE A 3 S8R i
P A [ AP T A, [ A SR AN T 3t S A A — 5 RS L, BT AL
PR T AR 5 AR AT 1~2 % SR AL A R o R A RETE, e
Ve ZE, HSRARMRA 0.024WmtK?:, T —MRISHRM R Clndgs @ fix
MED AR T 4~5 MRS, FHISoy 7 BERGEE RS L, O 1 iR 1
AR R R, 5 AR I A E P AR R 3 SRGTe R RE, SORRPE A AR (TIMD

Heat Sink

TIM-2
. TIM-1

B 1.12 fRR  B e g i s Y,
Figure 1.12 Schematic illustration of Flip Chip Ball Grid Array package[51].

N T BRI PR A ABE, 75 B0 ST 2 18] ) 2 B A T R R BLSel,
W 113 fr, —la i A SRERR SRR EEEBE R TR, RE TIM
TeiESZEL 100 Y%3E TR B, (B4 S B AN ECASS FLES B 2 [a] R4l i AR, AT R
Ho AR AR AL IR - TIM A A BE 7] LA 1.2 :0R IR

R :R01+g+ Re, (1.2)

TIM

Hrp BLT 2 A HMEE, Knv 2 TIM F#EE, Ra Ml Re 7alE TIM 5
T A AR T ) Bk AR

14
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Heat Flux

<«— Temperature

B 1.13 JEFRTE A ] pAc-H Al T 2 1] Fr) A S T A R A P R s LB,
Figure 1.13 Schematic illustration of thermal interface material, which fills the gaps between two

contacting surfacest®.

M 1.2 ATRLENE, TIM Bk A PH 32 202 S R B TIM #4321 R £
17174 A A BH T2 S R T e b A R TR PE . TIM IR AR IHRFAE ) B8 ) DL AR 2
il R THT Kb (7S B DSY, @, RARSH @ RN BLT,  J8/INBE fl B BH 5 18
TIM SRR AL, TH A m TIM 3528 R

B AT R B A R, B R AR R e AR S 7S R
AW HEAATT DL AR I S ] P PR R i i 1580, i 500 B 40 IR (00145,
CATRABLF I R A 2 e e, (HR AT HRER UM 1WmtK
Do Bk, FHEmEFIMNEFIE BN I ST E, W ALOsBY, AINEA,
SiOol%% 641, BNIOS 00155 . SRTAT X K TOHLAE & JE A B ARIE I S AN &, 12
S b TC R0 AL 70 A DR J 5 8 S PR I O 3RS R IR T A R

A SRIBIERRAT R B i s T A RS (IR 1.2) 7, il R 9K
BERIETH R AWE AR G R kol (U 1%ExE, Bin]
K E AR T R T 1 5P BAR DA S IR R & EE S A AR T
WFROELIAT] SWmt K, (5 BAT (R B R e i, (ER
T B AT A LA JE PR R PR U A K v SR RO R 3R o il 78 49 ) L 2
J 1) i AR RT3 RN T 3R SEMRLE HL 7 2B AV B v S P R O B
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R 1.2 FMMEH TR,

Table 1.2 Thermal conductivity comparison of general materials.

) ) ) carbon
Material epoxy Cu Ag graphite  diamond graphene
nanotube
Thermal Conductivity
~0.2 401 432 20-1000  900-2000 1750-5000 ~5300

(WmtK?

1.3.2.3 HEEIEURE

A8 ) BRI — Rl 7 4T T T s A B DAY ot J3 350 8 o U P 3o v )
A, HAR SR B B I AR B R BT (N Al
7N BEA LED 55 B 7= i R 3 e v 38 A 2 iz (RO, P I — 2 e HOH
J& LA S 0 JEURMR £ A3 B A S 15, B AV S 288 H 7E 100~700 W m?t K73,
TV AT — AR 2SR IR O TR B SRR A SR A B I — 2 R T T
R, B I I SR I E R A SR A N AR RN, B RGE RS A (~1000
W m™ K)o {H 2 il £ 1 MR T A P il A s A, HOf 884k IR 3@ 5 7E 3000 °C
PLb, SET TZE M R,

TR, A SBIHEE ARG (GO il % 1 H S HE A B 1 S v
RE BRI A R AR AN B LR P R SR, B T AN 2 e, i
HORUL, A HOPRJ5VETT LAS B B EEEROKR N A 82 I (GF) U801, g 2805 1)
il $ J7VEAL, A ER AR ) A E EAFE R BRI B R ARZE. ARk
¥ T2 R SRS B R G A s I, AR SRR (CvD) T8l | B
N A SRR AT SR, A B A RV B BSR  A Rod i [848T

WS AYORE Ny —Fh B T R SR 70, ] T o) % JBLFRE 4 ) o o
AR . Ma B HIBAIF R 7 —Fh 4y BBt CVD (SACVD) 79, 7 Pt Bt
ARG T R AR, SRR AL 200 nm B 1 mm. AilAT TR I
A IR 8 75 A SR 1) R /N SR A SRR IR L R R BT R IR L T
A ST B RE A0 T A BRI, BB BRI TR SRR B AT . H
A2, WAL AN Pt HEAS b D # A SR AR B R A 1), 7 S PR 1 XA iR IR L
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Ik, SRFHTCEAM (1 CVD J7 ik kil & f S A A Rt L. BTk, Hu K H
BRI CVD At AH 45 & 77 U8, el & tH—FhERg oK (CNT) /40 2204
AW, SEIL T A CVD SR LS BRI T YT CNT 41, anf&] 1.14 s,
TEUSE CNT FEZIMIERE R, K A S AR K VA iR B e i i b 2 & TE
2800 °C NI KJE S ABUAEI T 1056 WmT KL, #tbn] LA45 & CVD FlH Ath i
SRR AR T RS 46 = SR B (0 S0 . BT CVD W A%, BUAMKAR R
TR R A A SRR R L2 it — 2 IF R

CNT sheet

carbon nanotube
Bl 1.14 CVD FIWTE LS A i1 4 12 M HSRA3H0 CNT/ A7 580 52 & al8el,
Figure 1.14 Schematic illustration of CVVD with the spray-coating process and the obtained free-

standing CNT array/GO composite filmel,

B A R R ) 6 A R I ) — P 06T P A 5V o A BRI TR N
HA PR G258 s SR UMb A SR 0 T N A B4 3 PR P A 7). e
N K, HEEN AR AR R Bl I S5 1 T 19459 B R A B AR
(rGO) . Horp, (b5 —Fp FII 77k, & 55 R LU A HLEEH AL 2
d, IANFTIR LER AN HIB92, 7% AEA HI i & 13 2 rGO/AF 4 & & i,
HENHRFERN7IWmMLKE, B, Jin 2 AN EL T 6 A] HI RIHGE K b3
PRI SR 7 R4, R I HAGR K A3 AT DLk BB 4 (8 JE AR, B JERFRE EE HI 42
T+ 55 % . AHXTTE AR GO 1B A rGO, 1B K AbBE Y Fd JFvE 5 A,
RGBT RIS Y N R T, BTSRRI A B A Em R TR,
Biltn, Shen £ A GO KIEH BB R IR LM ds . A 50~60 °C 4+
6~10 /NI SR ZE K H AR % T GO B, K GO MM A4S R HF B T K5,
FEG S 2000 °C 3B KALER 1 /B TR 3 T H S et GFY, iXFh GF A&
AR NG R, 29 1100Wmt KL, 281/, Chen Z AR Z KR, 10
PR SRR T GFE, 1 GO MR TFNE M = A 2153 GO A,
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B EBRATUEE GO /KIEH A 80 °C, it U AR 15 2] T A [F &
(VR . s b, AT LUK SR B Y GO IR TR BUA BRI T BB iR T B T 28R W
ML, MARBARS . &, Peng 25 AK 10~20 mg mL™ ) GO B iF iR
BAEW E, =R NNE 24 DMK XSS GO B, MRKIKAE 1300 °C Nk
& 2 /NIFAIEE 3000 °C F A SRl 1 /M, AR 2 =R EH GF 777 7E 50 MPa
#1100 MPa {7 R 4ERF 15 4380 F0 30 434F, /5 7E 300 MPa N4ERF 1 /45
BB 1 GFEA, ik ix Fi 7 72 m] LAR 25 5 i SE I BOAS KRBT G i 45

5 H B RIEALL, B IR A Bz M E b Ry 3@
S P R R L AR 1 RSB 380 P SR TE DRI 15 B0 SR A . — Mokt X Fh s
U SO ERL, B SR GE A Hummers (3R 413 B SR 0S, ARG
I GO WK IE, TIEFEIAFEE LR GO . A HES IR 7%,
JUr et B AT 13 8] — 5K GO I, L EHBEZA AL LM B BT GO FEA 1K
ORIl %1921 GO Bab 2l g a iR KL JFE R GF . A SCHkHRE, 2R
JKHRLE N 3000 °C B A LA Ry GO i JFUN A 880, M 73 B3 S R KR 2
¥y G, L dr b s 1) A 28 A il P52 7™ B BELAS T X i) 2 A v )

14 FRXHHEENFMAR

. BRGUKAR T B IR AR IRk, R, k.
BEUR AR ATIRAT 2 IR o e P oK AR 5 R ] 4% T B 1
BRIEEGUR A RE, ETF R AT 18 235 AU ) I P AR 18 SC IV 90 8 A, L%
EAH W, RRSGET T 4 N TAE, RS

(1) 7EF R EIEWA PN S, ARSI E KRR e M 22 A LA
JoT B A PR A SRR AR 1) ) 0 o FRATT VT R 2% 1 — M 3 S S8 A SRR 4K Ay
FE) PACu A &4k Bkl (PACurGO). W5 T Pd/Cu ELfIXT PACu/rGO Hifi
A FR B S8 SOV PRS2, St — B AE T PACu/rGO Xif FH i 8044 s B A AL
W, BSEITRTT T PACUlrGO TR 3 FEM b Ak 2% A 1) S s R

(2) WSS AEMT ] BT 280, P IRATE I — 8K 771k ik
VR 8 T — PR AR A ORL, 36 BT T A R SRR YK R 1Y
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SERES SR KALER, 23T T /K BB SR A B ) 4B A DL AR
WA R P T

(3) PASE A LA 25 BOHBR IR 2 A B R R AL, FRATLAR 9K 58 3
2, KR T ZUEMIBRIUKR AN RLGE R R s A K ALEE . B TE T AR E A 48
Km A KSR AR LR, [RIE SR RIS K A i) 25 45 9 K A A0 A R R T
AT BT T X P A B B R RE R S B RE, RHAE N R HE S
ORI HL 7 S 3 SR 2

C4) FRF AT P AN AR BT 4% 16 485 X 40K A AU R ) 42 KA s s R
SiERe, DL R EIRTE S 408 5 A S T R, JRAT TR R K
UM BRI BIEATE S, HI&TSHESHERE RN MO EGE S5
(CulrGO). A5t | —YEMAEAE A A SR JdE JEad R B A, DA CulrGO
ARG S AERIIRTE, BEHRER T CulrGO H & IRTE f T3 3 Vi # v If)
AES
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/.

F2E ABRBOGHHENRBANTEREERR

21 5|F

MR S P FEVE RO B, AL AR r B AL 1 B TL
(PTH) HATZ B . BB A LRI RS UL, R T
CECESENE U T NN S DY YA L E SRS
MO TP B, RO — 0, IR (b YRR st 75 5B
LA, IS LA Pt R R IR R 1 R 26 « IR B3, Cus NiL Ag
Au. Pd. PRI Rh % & AR —SE MAEAGIETERS 2159, (H i IR 4
By, SLARHE DL R KORE M A, U D RV B I8, 10 Ag.
P AT AL B (G 2, Hofr, DL P/ IR G RO 122
25, (LR IR M AL DS R

AR SO 4 P 5 FCA AR08 ELA) R (7 2 4. 1 Cro™), G,
NISS190 | AGUOZIRI Cultos 10955, SRR 2544 (71 4 - 45 A KR T RS
R RAORL T, PO AREIRALA, 7T LA & 4120 A 3
LT R PO, SRTTT, e AR ) 6 L P o 28 5 e B
AT, NS KRR, BLF S H MR 4 R SRR PR S HERERE, T DL 2
W AR AT 185 P U A AR AT EDO 100, 75 S84
g FE U R, B EORIO R D570 S AP R R 10 f 3 R
PR, T IR KR 4 K UL B S 107100112,

Rt AT TR T HE AT SRR SR PdICy 42 £ 4
GO TEIL T ST AL R e, (R 5 T 30
MR S 7

22 SEREERSY

221 SEER
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FAGIRAT (KMnOa), TiSR%EY (NaNO3z), Ti/KHRR4H (CuSOs-5H20), Hi¥k
MR (AA), & (PACl) FIEEAET (KOH) T2 H R HE T b 25357 4 R
Aw] CRED. #KEER (H2S04, 98%), A (H202, 30%), #h&E (HCI,
37.0%), HEE (CH3OH, 99.7 %), /K& (N2Ha-H20, 50 %) A7 4L /f% (Pd/C)
AT K E E 2540 TRFIE R AR ChED. 5wt%r) Nafion 7 % H B ik
Beyh ChED (A RA R BT RIS R B — D SR A AL BT, 35 B 4%
BEATAE . S2Ie A Bl A A 5 oK CHBERE T 18.0 MQ ecm) | Millipore %
KR Gid A

2.2.2 PdCu/rGO Bu%l&

HORBHTEMH RIS (GO) YK mhil#, Jrik R RRAEMIENIE
kLRI SO Hummer 752 HEAT ] 4113 14, ] 5 %IREEf HCI 0K
GO M= HE ki Eux, HEMEHF YRR B S T ik RE,
i FH Al K AT B0 e VAT pH [H20°8 6, BS503R EH 8000 #/4rh, HRIKES
LA 15 438, S5, K GO YIIEMITE 60 °CHI R AR h T 7%, 150k
Ko ¥ GO BrREH B2k, Jfld A4 (Branson-3500H, 1000
W) FIE, B 1 mgmL?t EFR, A5 .

o ] PRI JE AR B 9K R Cu 9K T (CulrGOD Ffil 4% 7 ik
T B4, K 50mL EAL A SEEETR (ImgmL) 5 30 mg CuSO4-5H20 #3 K —
AL E TRt b, AL 30 Zr e, JEHERE 60 4rBh. SRS, N 15 mL HIIR LR
VAW (0.LMD, FEBEFE 2he Z ), SN 0.5 mL K&, HoRBEANEE R 2 60 °C
AN 6 ho K FTHEIFAF R CulrGO TR, i 2 B T /K M 2 B ve i
K, FHTE 90 °CHYFEZS M P 1R

I JF AT SR AR AN S BT X 6 S A 9K JBURE (PACU/rGOD il 4% 77
IR 5 F 50 mg CulrGO #y A HT 3. 6. 9 mL H2PdCla (10 mM) FRIZK I,
B T4 b, 7 80 °CHIZLLE T N 12 h, BTS2 K724 43 73 iy 4 4 PA1Cu3/rGO,
Pd2Cu2/rGO A1 Pd3Cul/rGO. 13 2| 1) E & WMl 2 & 77K M LB e 52
W, FELE 90 CCHIELZS A th THRL 0. VE AN EL, WA HMER T, AW T
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5 Pd2Cu2/rGO E. A5 AH A B /R £ & Pd B FEAALF, 44~ PAIrGO; [RIRS, @i
— IR RYE, #1487 TR R A A S )E B PACu XUE & A & g Kk 1
(PdCu/rGO-c), H ' Pd fl Cu JEE/RE 5 Pd2Cu2/rGO ¥ A 2.

223 WRIRAE

{1 F§ AFM NanoScope (R) TIREEAE 5 ¥ 77 R A08E B4 {4 H FEI Nova Nano
SEM 450 SRFEAEFI4H i 7 BB % (SEM) F4rHr PdICu Je & (I BE /R L s ffi
FEI Tecnai G2 F30 RALEN il 7 R IR (TEMD, & HE 5 i1 B
K& (HRTEMD, &M BRI 380 i1 B s 1% (HAADF-STEM) 1
TR

JIr ) 2% A6 ity B4 B B 0 AR D XS Bt RAT S (XRD, Rigaku D/MAX 2500)
RILAE . 8 B 55 B TR 7 K SO6iX (ICP-OES, Perkin-Elmer Optima
7000 DV) Il & FL M4 77 43 )% Pd 8L Cu & & . FF i ISR THAL 2 s i X o4
Il T RETNEVL (XPS, PHI-1800,) M.

224 HBESEHEENER

i H AL LAESE (CHI760E) BEATAH G AL PR BRI . 72 = iR A &
Fr, SRFEIMR 222 (CV) MR ) 4679 21 1) o A AL R0 R B4 S R (MORD
AL M, TIRA A 1.0 M KOH 1 1.0 M CHsOH FJ N2 MLRIE W, F14
R AN 50 mV st, FEXIEA-1.0V £ 0.5V, ZHRARIT: {6 70k
WFIIBR R (GCE) {EATAERM, Ag/AGCI HARHES LN (RED, Pt
6 (1.0cmx 1.5cm) HEXTHAR (CE). M, TAERMEI% AR A 50
nm o-AlOs ¥} Kt GCE, JRIGTE LEEH G 5 A # o h, 01 FH 28 18K
WY . K 4mg BB L mL BT, A AR 30 A Eh 1S ]
AT B # 10 pL (50 BRI ZE TR GCE L, 4KZRIR 10 uL ¥
Nafion K (0.1wt %), FHET 55 CHEFTH 1.

T VY FLAE TR (R R 1, 8 P B AR R A AR 222068 T ] 4% 1 R A
WS PA/C HBEATRAE o 75 TH B FRL IR U AP R L R-0.2 V5 RESEI T) 2000
s; TEAEIMR MR F 3 H %4 50 mV s, FEFRIKECH 200 K.
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225 WEHETRM RN

i FH AL 220 9 AR R R SF (EQCM, CHI 440C) SRRAE F il 4 1% 4k 7
TEA A S 7 v (e g, DA 1] 10 min, AR HAR & 7 %5 ik
FELAL 20 BT P 1) AR PR — B TE SERR AL 2 AR Sy, R B AR A — I
IZRBK A R EAT, H i 45 1) PA2Cu2/rGO FIMEAL S4B AR IR AL 7). 552 T P
PERETE, — MR IR AR N TR S BOR U B, SRS IX PR T
TR A P FERAR N PSR o5 — A F R s LU OB S I o A7) [l A
s AHERGTIAT PACu/rGO H K IR & & AL, BEMIAE Ad 4R EdEAT 22 I BT
W, R EEE IS, A5 RN BT o AN LRIE 4 B 1 R AR (FEI
Nova Nano SEM 450) ALk 2244 il 5 1) 344 R T30 A2 4

23 HR5VHS

2.3.1 PdCu/rGO B%I& 55=1E

& 2.1 PACulrGO A Rud FERE Kl (a) EAAEM; (b W Cu™ e A £ (o f
BAEIE SR A A B IE E) Cu GeKBTkL: () SREREIE R A A S )& E i) PACu & & 490K
Figure 2.1 Schematic of synthesis procedure of PACu/rGO: (a) Graphene oxide; (b) Graphene

oxide absorbed by Cu?*; (c) Cu nanoparticles supported on reduced graphene oxide; (d) PdCu

alloy nanoparticles supported on reduced graphene oxide.
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2.1 WD LA UG R A A SIE DK 5713 PACu W4 & A G g R
(PACu/rGO) il ~EE . B4, @it ot i Hummers T4 1 A0 A &R
WA ARG 1 CuZ I b B0 A S AR 90K b, A A& S50 AA T N2Ha-H20
5 Cu** 33| CulrGO. ), Kl #1321 Cu/rGO i B #t ) N 5 HaPdCla
R, 0 2.1 KPR

Cu/rGO + HzPdCls — PdCu/rGO (2.1)

FE S ML AR, G I I HoPdCla 8K il £ AN [7] Pd/Cu BE /K EG ) PACu/rGO
HLEALTR, RIS R T 2R AU U7 i) 4% 1 Pd/rGO A PACu/rGO-c X ELFE

K] 2.2 R A BIHEAK R TESIRAE . I AFM UG RTLLE H, FRA74
AN BIHPUK T RSFERCK SR, JEREL) Lnm, 76 TEM B gE 5] 7 g
(A F SR PR T R A I 45, SREA T S A BRI K R B 1) %

0.6 =
[0.4 =

025
0.0 E
L 0.2
[ 0.4

0 200 400 600 80D 1000
Cross section (nm)

B 2.2 (a, b) YIPUE Si #1E RS A SIEH R I AFM R (o) 7E (b) s MLA
SR IR R, (d, e F A SR 1) TEM Al HRTEM EI&.

Figure 2.2 (a, b) AFM images of graphene oxide flakes deposited on Si substrate; (c) The height

profiles of graphene oxide flake in (b); (d) TEM and (¢) HRTEM images of graphene oxide flake.
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A HA SR T BT 1 E AL I TSRO 5 4, B 2.3 B
1E rGO YK v A KB ARk, {5 EDS 255 3% 8, rGO 9k fv LAF
7E Pd Fl Cu JG 3R, UEHHFTHI & 13 B PR G 8 MR R854, A 2.3g-
j B RIURIG R AT A, BT HaPACl RN, Shil & 7 AR
[F] Pd/Cu JBE/R EL I AL, I HILBE R L 5 e I aa v — 8. eabh, &
£ 1ICP-OES il fil 4k i Pd Al Cu [ T T3RAE, S5Ruk 21
Ji7r, H1 ICP-OES i3] Pd/Cu BEE/R L5 SEM-EDS 73 Hr 45 R — 2.

500 nm

500-nm

B 2.3 HE4kFIH SEM BIE AN ) SEM-EDS s & 0 #&l: (a) Pd/IrGO;
(b) CulrGO; (¢, g) Pd1Cu3/rGO; (d, h) Pd2Cu2/rGO; (e, i) Pd3Cul/rGO:;
(f, j) PdCu/rGO-c.

Figure 2.3 SEM images and corresponding SEM-EDS elemental analysis of the electrocatalysts:
(@) Pd/rGO; (b) Cu/rGO; (c, g) Pd1Cu3/rGO; (d, h) Pd2Cu2/rGO; (e, i) Pd3Cul/rGO;
(f, j) PdCu/rGO-c.
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F 2.1 183t 1ICP-OES M5 I Ak FIZH 7% o
Table 2.1 Compositions of the electrocatalysts determined by ICP-OES.

Sample Pd Content (wt %) Cu Content (wt %) Mole ratio of Pd:Cu

Pd/rGO 10.8 / /
PdCu/rGO-c 10.3 6.31 11
Pd1Cu3/rGO 5.21 9.68 1:3
Pd2Cu2/rGO 10.1 6.28 2:2
Pd3Cul/rGO 15.1 3.09 31

A HEE b 2 .- T -
| -S—— el - - o MR T

B 2.4 (a) CulrGO, (b) Pd1Cu3/rGO, (c¢) Pd2Cu2/rGO, (d) Pd3Cul/rGO, (e) Pd/rGO
A (F) PACu/rGO-c ) TEM UG AIHE R FIRLAR 5341 o
Figure 2.4 TEM images and corresponding particle size distribution of (a) Cu/rGO, (b)
Pd1Cu3/rGO, (c) Pd2Cu2/rGO, (d) Pd3Cul/rGO, (e) Pd/rGO, and (f) PdCu/rGO-c.
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N T E P R AL R TSR 254, AR TEM 04T T 3RALE,
2.4 SR T P4 0 F AL S0 TEM JBIG DL R SR A f SR gk A b
P A B HI AR AL T H RN RSS20 o 4 2.4a s, rGO 49K v | Cu 4Kk
THPPF RS 204 15.25 nme CulrGO 5 H2PdCla e N2 J&, It 2 g oK Rk
ST N, & 2.4b-d B, PACUNrGO Hrgh Kokl T R~ — H 4y #is 4,
Pd1Cu3/rGO. Pd2Cu2/rGO 1 Pd3Cul/rGO &ikhi T[T 14 R~} 43 54 14.08
nm. 12.73nm 1 11.66 nm. AT UE H, 24 HaPdCls FESE IS, 51307 rGO
Ak B0 PACU X4 S A 4 9K JBURE PP 35 FOSH B/ o 3 B T 7E 40 f b
PN TEZH) PR, BT BZ2HE&&ME1, XEE2: XRD M XPS 45
RpRal 7t —2Em . Ak, SRR LS 211 PACu/rGO-c #HtL, @it
B AT R PACu KK T RS —, /M S). REEGETH P
F ¥ CulrGO HRANAK IR A E 3 — I RS FSE S oA, HAES D&
SEEF] TR IE R -

NTHE R B RIR B S sit, @id HAADF-STEM-EDS K AE T
Pd2Cu2/rGO ' Pd H1 Cu JT& /04, EHL T rGO 9K Fr BALE 2 AGKk:
(5 T X IR AT 0. P 2.5a-d IS SRR, Pd A Cu R OCR AN, By
A X 5E 4 — 8, YIBRENEE & &K E M. ME 2.5 i) XRD 45 #
A&, Pd/rGO A1 Cu/rGO WA i IS 51, 735 54k fec-Pd (JCPDS No. 46-

=3

1043) A4l fcc-Cu (JCPDS No0.04-0836) —%, i PACu/rGO (1) XRD 7514 M
a1 foc-Pd fRIFR AE I IS T8 A% 400 foe-Cu. IX S H1 T PACu XU 4 J 40K 45 14 1R T 1k
F Cu K BURL I /D> B R i, X A2 R 5 N TAE— (M1, th4th, Pd2Cu2/rGO
[¥1 HRTEM G an &l 2.5F F1 g Frax, BT LA S8 2 10 o AP b 25 80, 4k 4Ulnlik
B9 0.219 nm, IELFXTRT fee-PdCu &4 (111) @A (JCPDS No. 48-
1551). LA ESERERM, JATRIH % 1 &8 PACulrGO HLAEALF.
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@
S

(a) Mapping area

PdIrGO
PdCu/rGO-c
mk » Pd3Cul/rGO

Pd(111)

e\ PA2CU2IrGO,

L
i\ ) PA1CUIGO

oy Cu/rGO

Intensity (a.u.)

oyt
Pd PDF#46-1043 -
Cu PDF#04-0836 I I

1 +

L.
10 20 30 40 50 60 70 80

B 25 (a) W4 Pd2Cu2/rGO 44K ki) HAADF-STEM E1%; (b, ¢, d) Pd2Cu2 44K
ki) HAADF-STEM-EDS e i ;s (o) HIMEALTIA XRD EiE; (f, g) Pd2Cu2/rGO
) HRTEM K%

Figure 2.5 () HAADF-STEM image of two Pd2Cu2/rGO nanoparticles; (b, ¢, d) HAADF-

STEM-EDS mapping image of Pd and Cu element, respectively; (¢) XRD patterns of the as-
prepared electrocatalysts; (f, g) HRTEM images of Pd2Cu2/rGO.

FIT ] 46 () LR A 750 () R TR 22 AL R G BORAS R XPS SKRRAE, 45 Kt
2.6 fron, BRER BT RIS Pd3d AT Cu2p HIANFMENE, X5 Bk XRD )
SERMYIE . FATIERCT B AR AR XS EUAE, @I T RO R A SRS I T AR,
R Il 26 A AR o B AR A B B AN R R 75 %, T
PR 64 % RIS, AHXS T DV ARBIRE &, HURR IR B L T — s (s,
FIT o] 28 R A 75 R B T 5 R AR AL, X AN R0 IE S R & S A0 P= A 1, %45 R
K Ut B R AR S <A RORL AR B D ) & B, ATHTSC XRD A2 HRTEM 73t ) 45
— 3.
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(a) C1s (b)
—_

B =
S L)
Z =y
7] m
c c
£ g
= J — Pd2Cu2/rGO £

200 400 600 800 1000 334 336 338 340 342 344
Binding Energy (eV) Binding energy (eV)

K 2.6 (a) Pd2Cu2/rGO f¥] XPS 4= %; (b) Pd/C F1 Pd2Cu2/rGO [ Pd 3d &lit.

Figure 2.6 (a) XPS survey spectrum of Pd2Cu2/rGO; (b) XPS spectra of Pd 3d from Pd/C and
Pd2Cu2/rGO.

232 HiLFHRE

ST A P 4 15 0 I AR B R R, E I T BRI R S (MOR) R
PP A ROR, e S s H 1K PA/C FESME NS IR i 2.7a F1 b T
N, TEBEMEA B CV MR LT BN R, —BokYG, TEIE R,
A DU S AR L 2 R () Sk T A EL b A 0 ) R B A TR . A IR R R
B, BAMEAL T ) B AR AL TS TR A PACu/rGO-c < Pd/C < Pd/rGO < Pd1Cu3/rGO
<Pd3Cul/rGO < Pd2Cu2/rGO. 534k, L Pd/rGO X F it %k B 4 J& 4 K AL T I FE i
L, &&A6H PACUlrGO M LEALISMEEUF 132, IR BT & &g R4
St r B4 P IR A2 2 B 105 1081, D) K X 4 e 2 1) AT R L ) [ 4 P 12052070,
W Pd =380, Pd1Cu3/rGO. Pd2Cu2/rGO Al PA3Cul/rGO KL Ik
LI IEAE 4379 A 560+ 916 A1 750 mA mg?, Pd2Cu2/rGO R HLH T Heth: i fEfL
TR X ER DN BRI J . AR T R SF IR NS & A A I
PrEI LN 2 P A SR BURET, GORBURLI KN 2 E R R 3=, B
Pd2Cu2/rGO I HHEALIE AL T PA1CU3/MGO IR 24 Pd IS BEE R, P
VERPR O EZ RIS 2K, B8 PA3Cul/rGO H I gh Kb+t Pd2Cu2/rGO /s
(U 2.4 firR), (0 PA2Cu2/rGO ) FEAL 243 1 B8 4 A A1 = 1 2, Pd2Cu2/rGO
(R LA AL R V2 T B PA/C (¥ 2.49 £, RUNIZMETIA & RIAFI AL AT
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(@)1000] —parc (0);000] EEPac
——PdirGO B PdirGO
— 8004 —pdcuirGo-c Il PdCulrGO-c
_g ——Pd1Cu3/rGO 3 8001 g Pdicusrco
‘m 8091 —pazcuzico - [ Pd2Cu2/GO
E 400 —Pascurco iy E} 600{ WM Pd3cuiiGO
T ' 485
£ 200 <
= E 400
04 =
-200- 200 4
.08 -06 04 -02 00 02 04 0.
Potential (V versus Ag/AgCl)
1000
(c) . @,
8004 ——PdIrGO 1 EEFdC
- ——PdCulrGO< [ PdIrGO
- o e Pd1 Cu3irGO ) [ PdCu/rGO-c
o 600+ ——Pd2Cu2irGO « 3004
E ——Pd3Cu1/GO ) [ Pd1Cu3/rGO
<€ 400+ £ [ Pd2Cu2/rGO
E < 200{ [EEPd3Cu1/rGO
"~ 200 E
—
0. 100+
T r T v T r 35.2
0 500 1000 1500 2000 0. 213
Time (s)
(e)400+— —— () 950
b Pd/C Pd2Cu2/rGO —
. 900{ “Meu,,
:E 2004 - . Decrease 86.1% :TE 1200 "ug "y [-):c.rease 7.87%
o w  Tmy > 8504 .. LT, |
= 2 400 "y - E F — 1th
<« - Tnggy, Y .( Ty 800
E o £ 200 1th nes E 800+ ; 300 200th
= L% 200th = =
7501
08 06 04 02 00 02 04 _n'_g -d.ﬁ o4 -0..2 0:n n"’ n_"
-200 Potential [V versus Ag/AgCl) 700 Potential (V versus Ag/AgCl)
0 50 100 150 200 0 50 100 150 200

Cycles Numbers Cycles Numbers

B 2.7 (a) 7E N2 H1A11) 1.0 M KOH + 1.0 M FI B/ & AMEAETRI CV 2k, H4iis
FHBOmMV st (b)) BAMELFIR RSN (o) EATM-02V BHE T, S MELTTIN
JREEA i R 2R (D) B ¢ 1000 s Ab S ANMEAL R T B U — 1 iE 1
(e, ) Pd/C H1 Pd2Cu2/rGO £ CV i i 1E i) e {E R R BE AR A T B A2 4L,
Pl e A f rp R a R 28 1 ANEE 200 7k CV f 3w i 2k .

Figure 2.7 (a) CV curves of different catalysts in N2-saturated 1.0 M KOH + 1.0 M methanol
aqueous solution at scan rate of 50 mV s; (b) The mass activities of different catalysts; (c) The
Pd-mass-normalized chronoamperometric curves of different catalysts at a given potential of -0.2
V; (d) Pd-mass-normalized activities of different catalysts at 1000 seconds of chronoamperometric
curves in (c); (e, f) Forward peak current as a function of potential scanning cycles of different

catalysts, the insets in (e) and (f) are the corresponding 1th and 200th CV curves.

N T WIS A s Ra e i, AR N2 AT 1.0 M KOH 11 1.0 M FE K
BT LL-0.2 V B1E 2 B 3A3E4T 2000 s BB BRI, 45 R 2.7¢ .
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FITA o i JA0 3 A P 0 350 S AR PR A, (L AT THh1) 8 1 FRL R 70 1 A 1
R T Pd/C. & 2.7d 3 — B SR T &A B AL FITE TF B FLR I 1000 s
I T EEL A TR AR, T LUK BILEE T PA2Cu2/rGO BA i« IR, [RRES: Pd/C
4b, FoAt AR AGTRE IR A0 IR OV RAE R — 8, X B N T A SR
B S A3 A 67 W92 4 4 2 8] ) B [ 4K A R ROS0TT HE — B L T
Pd2Cu2/rGO H1 Pd/C FfihfE 200 Kk FEFH AR A UL I FELR 2 T 224k,
Kl 2.7e 1 f . i 200 AN, Pd2Cu2/rGO ¥ 1E [ I fE H AN %
ik 7.87 %, KT 7 PA/C ) 86.1 %, iFsK T Pd2Cu2/rGO H A5 Lk Pd/C HLfEfL
547 10 R A 2 T A B 2 R o X R 4E SR T 4 R BRI B A gk
SEREA R AL ST, R A ARG e A PR 1 BRAS 8 SR A, XK
2 AT R AL A B TR UF T D

2.3.3 WEERMERE

—— Colloidal Pd 04
PdIrGO
——PdCu/rGO +10000 4

—— Colloidal Pd
PdIrGO
—— PdCu/rGO

4.2 1.0 -0.8 -0.6 -0.4 -02 0.0 02 0.4 0.6 0 100 200 300 400 500 600
Potential (V) Time (second)
B 2.8 (a) HEMFITE 1.0 M KOH & FIEIMR 22 2k (b) AR FL AL 1)
EQCM Hhk.

Figure 2.8 (a) Cyclic voltammetry curves of the electrocatalysts in 1.0 M KOH solution; (b)
EQCM curves of the electrocatalysts in copper plating bath.

M BT 18, FRATTRT LA HH BT e v A 2804 6138 DL S AL 5 4 Al 45 H e
A R AR T A T B 0 A P O T HE— D AL S A R, AT
R R EAT T AR CV MK, 45 R 2.8a, A EIFRATTRT LS B b LA
EALTRDT F R PR (R A BTG M . BTl 45 1) PAIrGO I PACU/rGO [ HEAL T M A T
RAREE . FRATTHE— 2D A5 H] EQCM X &A™ B (e A 70 7E 41 AR 1044 2 9 i A2
A7 TR (K 2.8b), S5, ENAR AN, PdirGO #1 PACu/rGO EILH: T
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AR

B2, FI Pl 45 1) PACU/rGO AE ik A7 £ 34 SR B 4R 7K P b 244 |
BEAT T SEPRAOA AR S0 . Al 2.9a A b iR, TEAGSEEER S, IREE
R R TR B4 )= . B 2.9¢ At d A& 2.9F AT g J9 )72 A A B i i 34 AU
JER T SEM A1 AFM &, FTRLUARIL, SERBURLITARI S, A2 PR A =14

Bl 2.9 WA () ZRiA (b) ZJa IR EM LR, s (o0 Z A (d,
e) ZJRMIEM TR SEM & A28 () ZATH (90 ZJ5FRER T AFM
B .

Figure 2.9 Optical images of epoxy (a) before and (b) after the electroless copper plating; SEM

images of epoxy (c) before and (d, e) after the electroless copper plating. AFM images of epoxy
(F) before and (g) after the electroless copper plating.

SO, B PREEAL TS W TR 15, 1 T 22 19X EDRIRE VR 15 WD ENLRRAE A4 4% L,
11K 2.10 b firs, AEALSABER AR o mT DO 204 IR 0= A, i ey 1
RAF LA L, B 2.10c R AL AR 2 I RCR I, W] AR 2 Dl P %
1 2.10d FAOIIAZE SRR B AR B8 2 1 Sl e R A7, 2ead it — P i ihalie, A
5 ith 100 Y5 HBEEEAANAL, ATEIREF IR EME . A EZ RBP4 105 1L
FIATHE RAF AL A E ) AT 20 ] 46 3l 1 R4 1Y) B A il i
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" 0 10 20 30 40 50 60 70 80 90 100
b Bending cycles

B 2.10 (a) TL2EBEH 2 BI7E A4 48 B2 WEDRI a2 1%, (b) APt i G 0
(o) WM 2 GG () BN (o) 2 ikt F2 i F B AR 1k o
Figure 2.10 Optical images of screen printing on A4 paper (a) before, (b) when and (c) after

electroless copper plating; (d) Resistance test; (e) Resistance change with bending test.

24 FEIEG

FEARF R, AT 2% 7 —ME ik IR e A S 9K e B A E ) PdCu
HEYKBRL (PACU/rGO), JE LT Pd/Cu FEE/REL, SEIL T AN 913k & 1) Pd
5 Cu &4 HIMH & . FrblfS1 Pd2Cu2/rGO HLHEILTI B RAF I HI A AL
SN FIEA RS, HR BT E PA/C 1 2.49 fi5, RN, iZME4bIt R H
TR E B R AT I X AR A TN e B P RIE A SN SRR N S
PERPRHEIAR s o JBILFIRARAGS L, il 45 1) B ARG B At R B T
TR TG . TEPIRREEM LI TR 45 R B, PACU/rGO REAR & Hh S R 44
GIHM LIS IR, FTR BN 2450 V30, 48 HBURL 4 50 , 4 2 1) F BRI o
FItiil %45 2 (1) PACu/rGO BAT w3150 1, R IR K IR e 1k, A0 53 1) P 2
FURBA A 2, R WZARAT SRR A A 5 A7 B - 74t 2 5 v O
i
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fE b, FRATHEH T — Rl 24 1 A 25 A V5 A R S A A BRI K A 6738
PRI X 42 i 1K A AL BURE (PACUrGO), K BILLTT LU RICH i Ah Ak 25 4 4 sz
I o H R TEIX AN AR A AN T G 1 B A ATV B, AR S I
RS EE, DI . A4 BT B0 A4 BRI S b RL, K R 31 5
LR R ? AE TAER N — &0 TAERDR XA UEARTE T T PRI, B H %
— B — B B RE BRI A R, SRR R ARy T BN FH T
REME. TEAE 1, K515 S BIEHUBRIUR I AR 3 BT, Bigh KA ek i) w42 ]
e AR R I EL A S5 1) o

TEAF RSF Bk R 3= R b, A0 3800 S Hph— 28 — 4k (2D) Btk aninan
KEED22], g U2STRNA0K T 28 7 D2 O RLRL 20 7 b s i T i it e — o il
£IXJE 2D BRMBHE IR 2R J7 ik, Bl 2 SAH TR0 122.125.126] - d i
AL kol loe 281 i A ALK A 21U )R LB SR B R 124, SR
XL T VI AFAE — € RV o, 51 2 5 2 v R oy s 9 PR T 20 A A B L
B AR RIS

IKBRAGTE (HTC) S FH TR T 1913 4F1%), AATIAE 1932 4Exf Hilh AT T &
Gt e, fEREEASHLHER, %077k OB S AR — R E
ARIL34-1361 5 oh 7 v — MR P A1 (150~350 °C), JE A1/ (E 2T F1, ~1.0 MPa),
BT R 2 N T AR AR, IR AR 20 A, fdife, gt 5 4%
s ARECAR S mANME . 25 Bk e H S bk e 4005 AR
H AR F X P 125 3 B A5 B R HUIRBRER A1), O T RBRE E RS,
TR BN 7 (A SR04, MOl Mg #5161, Po0sl14% ) 5§
FEA (i KOHMESD) - gk 4h, fiy T S Bl BEUAR, (8 HTC YRR 15 24
BACIIER . — MR, 3 AR ) 5 A B BR I R TV T R A E (>
2500 °C), (HUn RAE B T ¥ 4 )8, 151 4n Felt36 1511571 ColtsL, 154, 158] | \j[151, 153-158]
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Cults7. 159, 160] | Mn[15L. 1531 - 19811 Molt5714%,  7E{IKF 1000 °C 3 T B n] s
A AT SR AL RIS, DAIXRh 75 V) 2 BOBA Rt 22 DABRBY S5 46 00 3, R A
RIFEATRE S WAL H AT AR AT HRIE ISR N SL B A A7 52
I AR

FEARFAH, FAVE T —FPLEART 300 °CE&1F T, LR B A b oK
PR — R 7K ABIRALVE R ) 2% — 282 2 A s AR PUK o FERI T R T, BRAL A A
(K BAT LA AR A 2 BB AR, B R X R R B G T A AL

il

32 WS

321 sE/EH

FKERERH (CuSO4-5H20) TSk H B4 T il A E R Am (R ED, 48
(C2HsOH, 99.7 %) Mk B H 254k Tk A IRA R (PED. B mt22utm R
VERE— DR ATFIALBE, B EHHAT AR . SEI0 R AT A 2588 7oK (CRLBH
T 18.0 MQ em) Hi Millipore 7k Rtk 78 R 7R R R (BB
SEM, TEC 4 FR N Pachira aquatica Aubl) FRFFEERH, 3 25 B oK Rl 2Bk
BHOR, FIEHET 60 cCIETMA T, THRERE&H.

322 Z“HABRKBEIMKFEBIF

I KRR VL B B 4 SRR Fr . Jads 0.30 g CuSOa-5H20 IEARAE
40mL H20 1, [ idin 0.05 g FEERIHT, SRJEH LR &P 3] 50 mL
MIANERAN = 5 S N 28, FEAE 150~300 CHUAR AR IR IR SN 24 /N o 7K
SRR HI R RS, ZERR, BRI I, B 28 KA SRRSO e
Bk, 1R 65 CHIR AR TR R A#5 H] . 7E 150, 200, 250 1300 °C K&
TS 2 1 P40 43 i 44 4 Product-1, Product-2, Product-3 1 Product-4. 3 —
AHL, B PR ) SRR AR o RS, 2B K B B0 S B A 3 Y b
44K Fro A1 150, 200+ 250 FH 300 °Ciff B2 N & SR = HI%T B, B 3RAF B4 oK B
S5l 48 CS-1, CS-2, CS-3 #l CS-4. RN N T HE TXLL, 7F 150, 200, 250

36



https://www.reguanli.com

5 35 AR SAERYK T I SRR AL T

A1 300 °CHIURE T HBEAT 7 ASERIN CuSOa-5H20 7KL . H 4k, 5 300 °CHY
KIS S E] R AT 5 DA RO A Ry AR MY PSR AR I R ARS T, R 2 3ol 5
20774043 5 5 44 2N Product-5 A1 Product-6, H1 I 3545 IRIBR 44K 43 5l i 44 A CS-
5 M1 CS-6, FibEJriklE 1.

3.2.3 #HRIRAE

f#F§ AFM NanoScope (R) NIERZRAE SR F /7 2752 Bl v, 181 F FEI Nova Nano
SEM 450 REMEFH T EMEBEIG (SEM) R4t Cu/lC JLR & BT,
f§1 i} FEI Tecnai G2 F30 RAEIZE S 7 Bt EE (TEMD, mior#riE it i+ 1o
W EE (HRTEMD. Firil 2 #6 a1 S B AR A X S8 RATHX (XRD,
Rigaku D/MAX 2500) SKERAE. FEAHFIFAE ST (TGA) £ TA Instruments Q600
EHET, NSRS L 10 °C mint (R THE . FESHTR T (EA)
1E B BT R X (Elementar, Gmbh) _E3EAT o 3] X §F£80% fa T g% (XPS,
PHI-1800) SKRFAEME T %0k 0. 10, 30 50. 70 s A fhRIMANA IR & &
(RIFEXT A4 . ik ] Horiva LabRam HR-800 1A 47 o

33 HR5VHe

3.3.1 ZHABWEIKFBHZIRE

il 3.a Fas, SEEUR IR I RERB BT AR N BRATIRAR, A Sk Bk
Rt & FR AN 3.b R, BEANRMIEFER L, WAL SR, TEKHUR N 24
h &, T DR ol £ B, -SRI E A= (B 3.10). AT =¥ dik
sEf1A i@ XRD #3477 04T, Wi 3.1d, 1 43.3°. 50.4°F1 74.1° H LB & 1
RIS 5, 2% BT 1H 0 37 74 (fee-Cu, JCPDS No. 04-0836) [ (111).
(200) A1 (220) FhTf . ShrdE Cu ) XRD HlE 347 % e, ATl & 724010 (110
S WA T (2000 155 ERISRIE T 7.48 1%, REAFIESYhiR kR G #
PR T o (HAFVERIZ, —MROCHRR A HTC J77ER 2 7= 7E 10~20°1X
A1 JE B R4S 51 4L 1420 e ] 3.1d L T — AN T 20~35° 2 AT B A
S, HXTRT AR (002) @RTIATA, B FA e rh B SR I 4
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14, TR T8 B 500 °C LA LR # iR g B2 413l 3R 225 43 il
XA REAE T AR B A R R (A1) TR T SRR, XA AR
LR AT SRR (TR B R BB ER], R SCREATHE— P I
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& Cu® . CuS0, aqueous solution ’ Dried leaf
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A 3.1 (a) RUMIEEEUE, EEER T HTH&REEET7; (o) #l &R,
7E 300 °C R~ YIH (o) Je#EEAT (d) XRD BiZk.

Figure 3.1 (a) Optical images of provision tree. The insert shows a typical fresh leaf used for the

synthesis; (b) Schematic diagram of the synthesis procedure; (c) Optical images and (d) XRD
pattern of the product prepared at 300 °C.

H 5B SEM XKW ITESHAT T RAE. Wl 3.2a-¢ iR, HKHUR
JSEI R 300 °C I, FTfR =4 (Product-4) 63 BUR () — 42k, JF BAEH
[ ] UG B — Se W B R g S5 40 . BB 1) EDS STl T KRR H
BB PR oC R (B 3.2d-g). B 3.2h Al i /& Product-4 () HRTEM B4, H
IR S R e B T 7 i 0 — AP TR RT DA SR BBk IR AS Al 4 48, [ BN i LA A S
ST A% 2R SO X3, A SR BUAIEE Sy 0.33 nm AT 0.21 nm, 43 % T F

(002) &hMHIAIER (111D Fii, X5JeATH) XRD 4558 —%, RIZKHA V)2 4
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FUA BT R . 247K W FE > 150, 200 1 250 °C I, 78 /N P4 vt m]
DAL B ZRL ) — 4S5 R ANRE S, Wk 3.3 ATz

d(111) =0.21 nm

Bl 3.2 (a-c) fE 300 °CHIRE N EA AN FEBEE K=MK SEM & (d) 791
SEM BEAMAN (e-g) LR Ch, D) P HRTEM K&,
Figure 3.2 (a-c) SEM images with different magnification of hydrothermal product under the
temperature of 300 °C; (d) SEM image and corresponding (e-g) EDS mapping images;
(h, i) HRTEM images.
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=, 500 pm ‘ 10

B 3.3 7EARFKIRIEE T H &M= SEM E%: (a-c) 150 °C; (d-f) 200 °C;
(g-i) 250 °C.
Figure 3.3 SEM images with different magnification of the products prepared at different
temperatures: (a-c) 150 °C; (d-f) 200 °C; (g-i) 250 °C.

it )5 K F SEM-EDS 23 #7 T A [F) 7K # s BT BE T %5 P4 K o 2= 4 (1] 3.4),
A LA T8 AR AR P R C R . B R T, PR RS =g,
Product-1 % Product-4 ] C/Cu Jii & tt 737y 0.08. 0.16. 0.29 A1 0.43, {1 SEM-
EDS FHTHIE S R ER AR MR, B FATHE— D4 I E A M = 04
SR T8 B P AR R A . T AR RIS Y TGA fhsk, HER
A9 125 %F1 0%, Wil 3.5b From . PRI AT DL A ot = 1) g ¢ A AR Ak
BRLL 125 %, ATfIA3 = R AR G & i (18] 3.5a). ik 2 B T LAAS e DY
PRI RS B N 0.45 %, 1.61 %. 1.99 %#1 3.08 %. HIICE /M
P S B 5 A A AT I 5 B R — B (3R 3.1). AR1fT, TGA Rl EA [¥145 Rz ik
T SEM-EDS M3 EE, X1 ReR M TIRIGR R B0 T~ WHIR .
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Eromen | % ]

& 3.4 FEAS[FNRE T 45 K =1 [ SEM-EDS 434 () 150 °C; (b) 200 °C;
(¢) 250°C; (d) 300 °C.

Figure 3.4. SEM-EDS analysis of the hydrothermal products under different temperatures:

(a) 150 °C; (b) 200 °C; (c) 250 °C; (d) 300 °C.

a b

( )125 ( )120 125 %
~1204 ~1004 100 %
g £ 80

1151
E ——— Product-1 E Copper
[=] —— Product-2 D 60 cs3
s“o' —— Product-3 g 40 )

1054 ——— Product-4

20
100 0 oo
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (C)

Temperature ('C)
B35 (a) AR~ TGA K (b) HiF1 CS-3 F£ 5 1 TGA Kl
Figure 3.5 (a) TGA curves of different products; (b) TGA curves of copper and CS-3.

# 3.1 B TGA Fl EA 58 MK K= P (¥ B 2
Table 3.1 Carbon contents of hydrothermal products determined by TGA and EA.

" sample | ToAmwt | e

Product-1 0.45 0.41
Product-2 1.61 1.58
Product-3 1.99 1.92
Product-4 3.08 3.04
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N T IR A5, LA Product-3 9, R X HH286HTRE
R TEE FihZ 0s. 10s. 30s. 50s Al 70 s Ja =R AR AR G R & &=
Ak, K 3.6 Fian, BROCENE SIEMZEARTS Hiam Tk, Mo mE
SLEZ U AR5 H e TAE, UIRE TR A S R . Rk, i
LA BT rT LA 5, Bkl 445 B =4 — P BA 4RSS H R i s e, ik
JOER EEMAT TR R . 5 SCHRIROE 125 502 1631, 1R B2 150 °CHH i
| 300 °CHf, F=HIHBRIC R & R IBHIG N .

@ — | — %o Cu2p Peak S
C 1s Peak Scan 30 2u”2p ea 20:21
= = ——50s 2P P
z \ z —70s Ve
z z
= =
c VA N A c
3 AP Ao N AT P A, 3
£ £
PoPcsnpmmprrn frnoParpr o
Prtre i o et b
204 202 200 288 286 284 282 280 970 960 _ 950 940 _ 930
Binding Energy (eV) Binding Energy (eV)

& 3.6 EAFRIhZIN AT, Product-3 f7 (a) C1s Al (b) Cu2p A
Figure 3.6 (a) C 1s and (b) Cu 2p spectra of Product-3 at different etching time.

3.7 Producr-2 7E 500 °CH#ALEE 2 /NI (a) Z RiA (2) ZJ5 1 SEM B
Figure 3.7 SEM images of Product-2 (a) before and (b) after thermal treatment at 500 °C for 2 h.

N T BB R AR AR A AR A R, BATTHS ] 245 2 PR K A
Y Product-2 7E 500 °CHJZ AR 2 /N DAFE 73 B 25 B B A A AR Bk,
M T AR E AT 5 R BALAG, SR 3.7 Frax. BARZ I AL HE A 442
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J T SEACAER, (B AL ER AT S AR ST B RS ) SRR, UTEI R B, 7R K
SRR T A ZAEARI R AR o XTSI CuSOs-5H20 FRIX R S,
£ SEM UK BLBIR T ANBR IR, BRI A R Ak, Wildl 3.8 piow, &
WIE R AR N RE Y, A 21 (1 5T\ BE 8 TSN T B — 44, T A — 24 1 T A
BREFK I B B2 AT

&l 3.8 7E¥% A CuSO4-5H,0 il id SLi6 | & F M1 () Je=#EIHEAT (b) SEM 1A,
Figure 3.8 (a) Optical and (b) SEM images of the as-prepared product by experiment without
CuS04-5H,0.

(b)

Multilayer

d

& 3.9 7F 300 °Ci& B T il & gk - (CS-4) f# (a, b) SEM B4 (¢, d) HRTEM

K1

Figure 3.9 (a, b) SEM images and (c, d) HRTEM images with different magnifications of carbon
nanosheets (CS-4) prepared at 300 °C.
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N T BE— DB TR IR A AR R RS AR S5 A, % T 1 4 15 B (R K B4
SRR 70 /0 IOV DL B4 . 1K 3.9a Al b & 4E 300 °C K ATl 4 CS-4 B &
SEM &, Wl LR BUBRGK F BAT B B MBI SR 2 )2 SR R s, RS
TR T UKL ek 2 8. 72 3.9b ik ml LLE BIRE AL 45 I A74E, il
TR AWK B B A RER /. 1 3.9¢ Fl d J& CS-4 FE 41 HRTEM B, R
T Z 2N R G5 KR o A SR A BN K o B SEM-EDS 738 1A i i
RIX IR TTER A AN, 45K 3.10 s, B TREAIGTuER (F3 U B e A A
WS &RZ), REIHMICE, KPR F EE R k. R, A
A % 2GR IRRANK A AT AZE 150200 A1 250 °C 7K FAGE B R B Zhil 4% ok
HJ CS-1. CS-2 Al CS-3, ‘&Ai1f) SEM G Wi 3.11 Frow, s T CS-4 A1
(I AN RIS 148 B oK i RS AR — 30, 00395, ROR I B2

| Element | Wt% |
s [ wevzor]
A [ 12200 |
[ na | eizo0

: Si+C+Au

[ 07
B 3.10 7£ 300 °CIHE FHl&MBRYK A (CS-4) [f) SEM-EDS EAfiE: (a) SEM KIE;
(b TEREFESTE: (c-f) TR ME.
Figure 3.10 SEM-EDS characterizations of the carbon nanosheets prepared at 300 °C (CS-4): (a)

SEM image; (b) Elemental content analysis; (c-f) Elemental mapping images.
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(c)

B 3.11 {EANRIRBE N &% g K A i) SEM B (a-¢) 150 °C; (d-f) 200 °C;
(g-i) 250 °C.
Figure 3.11 SEM images with different magnifications of the carbon nanosheets prepared at
different temperatures: (a-c) 150 °C; (d-f) 200 °C; (g-i) 250 °C.

fEHT AFM RAL T Pl 5 (R BR AR Fr (R 2 R AR AN LR S, 25 3R A 3.12
AN3.13 flras. M CS-4 15 AFM A IE ] EUE HHBRGK Fr I 2 )2 450 (18] 3.12b, i
MR X 3ibR 7R ) o I TN SRR ANK I GAL 1 )8 FE AT Y B 2 BRI K v 1D V5 B
2.86 nm (& 3.12¢ fil d), Hidbit5 il CS-4 9K )y AR E tmis 104, @ Tt
NHRIE ) TAERA 1991, e qeitth, i AFM BRAE T 78 FAMIE R T il 4% IO B4 oK
Fi CS-1. CS-2 il CS-3 {2 EFE (& 3.13), "By B B B2 43 i) 2 5.83 nm,
4.70 nm F1 3.75 nm, ] WLEEE IR TR, HUZBRGK R B R BRI AR /N
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0 100 200 300 400 500 600
Cross section (nm)

B 3.12 Z4ERRIK ST CS-4 1) AFM RIELR: (a, © mERE: (b) MHE: (d) Elch2D
LR RE LR
Figure 3.12 AFM characterization result of CS-4: (a, c) height images; (b) phase image; (d) The
height profiles of 2D structure in (c).
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Bl 3.13 7EAN RIS T ) 4 AU AN K Ry ) AFM e 2 Pl 4 RIUAR 2 PR3 e EE 5 7 A
(a, b) 150°C;: (c, d) 200°C; (e, f) 250°C.

Figure 3.13 Typical AFM height images and corresponding height profiles of carbon nanosheets
prepared under different temperatures: (a, b) 150 °C; (c, d) 200 °C; (e, f) 250 °C.
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ATV RNIXSE K A 24 #5150 °CTH=E] 300 °CR, A= Bk Hr
A SR A FRRE WAL K . N TIEBIX — Al RAE T AR T K=Y XRD
el (B 3.14a) o BEFH IR M 150 °CFti 8 300 °C, BRATHFIE A~12°FF 5 $1)~25°,
T WTICE TERZ B A8 A SRAL T, SR 86kt — b R T % ANRGK
FIA SRR, 45 Rl 3.14b B, 7E 1360 Fi1 1598 cm™ Bz tH I 7 B &1
RFIE D WERIRFE G 0, X PN 43 06 LT T 7 TR R 1 F il A o e B O kiR
FIIREN LS A 5 2 sp? SRR IE T 10 HREN0C), CS-1 Ffd AR R I 115 5
I, SR ERUNTEBARAIIEE R (150°C), MR FE TR KRR, AT EZR
RIS, B CS-1 FEab AL, HEBRAK A i B2 B T A SRR 15 5 (G 14,
R ULRBEAE 200 °CUA BB, BIR] ot SeilA SR AL S5 M )il 4% o [FIRE, I/ M 11
58 P LUARL Bl FE R PP BR A B SRR FE ik o DRI TT DA R 4508 . BEE RS
(T, BT A A3 B R BN K F (K SR A PR B I oy, IX 5 SRR S i 45 S —
FHRool,

(a) 411 (b) D Peak G Peak
—
0 r —

= carbon 300 C » cs4

| | o7 e | 3 e

= ¥ 200 C - e

,é" — 150 C > CS-:

) [ o f
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E ':;' 10 15 20 25 30 35 “’-. (200) l‘o_',’

= 20| CSs-1 Ip/le = None

e
Cu PDF#04-0836 | |
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2 Theta (degree) Raman shift (cm-1)

B 3.14 (&) fEAFNRE Rl BIK A=Y XRD #iZk; (b) FEA R T il & M kg8 K
04 8 i
Figure 3.14 (a) XRD patterns of the hydrothermal products prepared at different temperatures; (b)

Raman spectra of the corresponding carbon nanosheets under different temperatures.

Ak, T RDE B — B K R A A R GRK IR 1, FRATTIEH T
EA T E N BRIFEARIEAT SEgS o I T AT MR U B AR R B, il 46 S A A
R AR AR A A BRI — 35, OBIRFE Y 300 °Co Frifil % (7K #44) Product-5
A1 Product-6 (1)t #8 v 11 3.15a-d s . 5HTSCHISEIR SRR, AT LI RE
BN RSB =, RIS BT R S A AR 25 5 =4 oy B kR 25
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JHIT XRD RAE T IXPAMK TP 251, = BRI REAS 20 ) =2 B A AN i) 2 &
Y1 (& 3.15e).

(e) (111)
3 Carbon Product-6
L Product-5
2
2
8 EE e 1(200) (220)
=

Cu PDF#04-0836 |

10 20 30 40 50 60 70 80
2 Theta (degree)

Bl 3.15 |1 (a, b) Pl (e, d) A IAH R BRI H 2 K =D B (e A
L= XRD 4347 o
Figure 3.15 Optical images of hydrothermal products prepared by using (a, b) bamboo leaves and

(c, d) Pachira aquatica Aubl petioles; (¢) XRD analysis of the corresponding products.

] 3.16 J& Product-5 I Product-6 FFI S &G . B R LG B RVE Y
T SRR, HRIA R BRIE R SRR, NEEIRESRE , T I D HE b H
RIMPIRZRE, X A5 TR & A - B VR R 1) SR a6 25 SR — 2

3.16 1 (a-c) FrmtAn (d-f) AT AR MBI il 25 1K 2= ) SEM ]
Figure 3.16 SEM images of hydrothermal products prepared by using (a-c) bamboo leaves and (d-

f) Pachira aquatica Aubl petioles.
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I I RIAS AR [ SoKF Product-5 A1 Product-6 724 4R 2% , #4321 CS-5 Al CS-
6, EAITH SEM RAEWE 3.17a-d ivn, W LAWIEE B2 E0RIK 4584 .
P2 IERAE (B 3.17e), KI CS-5 Fl CS-6 ¥ it HBAFE AT BBAL BRI 4544, JL
Io/lc (RT3 LB 55 A R TR T 46 (9 CS-4 AHIE, 1t B PR AR 3] £ A= 9 s A sk
YR T DA £ 45 2 B A AR AU SBFR FERBR PR Fr o DA b S 25 SIS R B X P — e
TR DAY, 1 75 V28 A8 FH A A= B e IR L — s (@&

(b)
Folds Multilayer

_—
)
—

D Peak G Peak

Ip/lg = 1.06

Inte'nsity (a.u.)

I/l = 1.11

Multilayer

500 1000 1500 2000 2500
Raman shift (cm-)

B 3.17 1 (a, b) PTHAT (¢, d) A AR BRI S % B 4K i) SEM ;. (e)
SEBRANA T L 8O .

Figure 3.17 SEM images of obtained carbon nanosheets with carbon precursor of (a, b) bamboo

leaves and (c, d) Pachira aquatica Aubl petioles; () Raman spectra of the corresponding carbon

nanosheets.

B i BATRE A T R IE AR 1) 8 A7 SR AU BRIV 5355 SCHR I AR ZEAT 1%
b, HEERWE 3.2 s, LUK, AR T HABSCHRIRIE ) 2 D [ b BT %)
(RS BB A, BATBR A & i B TR AR, TR, SR ER .
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R 3.2 FERRHR L N il 2 A0 SR B (0 25 M 59 LE A

Table 3.2 Comparison of various graphitic carbon prepared at relatively low temperature with

others’ work.
Method Conditions Precursor Reagent Product Reference
Hydrothermal . in-situ formed graphitic .
L. 200-300 °C leaf/petiole This work
carbonization Cu nanosheets
raphitic
Pyrolysis 600-900 °C C,HsOH in-situ formed Fe ' 0P [167]
nanocages
Hydrothermal ~200 & lucose/sucrose/ raphitic
’ . ; Ni(NO)2 grapntt [168]
and pyrolysis 900 °C starch nanocoils
Hydrothermal ~200 & raphitic
y ) sucrose SiO,, Fe(NO3)3 grap [169]
and pyrolysis 900 °C carbon
L carbon nitride graphitic 170
Carbonization ~ 800-1200 °C CCla, C:Ha(NH2)2 [170]
SBA-15 carbon
Hydrothermal carbon
800 °C amorphous carbon  golden capsules (271
process nanotubes
carboxyl- ..
lon exchange L graphitic
i 850 °C containing Co(NO3), [172]
and pyrolysis carbon
polymer
CVvD 400-600 °C PS Ho/Ar, Cu/Ni foil  graphene [173]
PMMA/fluorene/ o
CVD 800-1000 °C Ho/Ar, Cu/Ni foil  graphene [174]
sucrose
LPCVD 600 °C CeHs Hz, Cu foil graphene (175]
LPCVD 450-600 °C CaH Au-Ni film graphene [176]
MPCVD 450-750 °C CH,4 Hz, Ni foil graphene (2771
PECVD 400-600 °C CH4/C2H, Hy, Si/SiO; graphene [178]
PECVD 650 °C CaH: Ha/Ar, Cu/Si/SiO,  graphene [179]
SWP-CVD 300-400 °C CH4 Hao/Ar, Cu/Al foil  graphene [180]
332 HABUBRICKR AN

H M Ruoff /NHT 2009 4E 15 R BCIHIE B4R 76 v] LU 4 820710 CVD Ak
DARIEL, 4 R AT A v A AR A5 B ARCE 1A A AR 45 v 4D 7 P T B PO R
LA FH 6 4% S0 1) f BB B A R 7 2 — 182, 24, U IRZAH R
WFFE AR, 90 a0 {of P ] 03 1840 g gk 2 4 P SSMAE SRy A, A FH AR IR 2R AL 1) 4
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(P g les-188], - SR8, el 250, B ZARIERT PMMALL® 1871 i
PR G A M. S NI AENEM A KHLURAE, WA B A RKYLE E
FOR AR, R BOABRAEA b s R AT, 3o R e,
M EAT SRR Cu R R ] RS MR DRSS 1881, AR5 N BB, Cu (111)
T ) B A S Y AR A A AL R US90, RDh Cu (111D ZR1HIAI A 5207 1Y
HA C3 e rt i, HEmk KA RARE 4%, 284 DL BT AFRATT I 5246 45
R WTLCEHEMAFH AN B (111D i B 5 S5 B ) — 484
FER % 4 2 2 A SRR frid R b iyl AR, BRARAGRIPE R,
A AR o

g b /N R R Y AR A P SR AR BRI )l ME AT ST AR B R T A
JiR AR AR — oA, AT 1 4 SRR K el BE A K LER . B G,
PSR S ) (B AR T G 3R N AT 30D R AR KR SR 23 A R E AT T B A S,
7L ORI L e TP MRS | R AR L 2R SRR RERE S5 > T (1 3.18)
DLK — eI, X e /NG TR A — € BB R, BT — 5 I SR A A B
PRI, AR L7y 5 i SRR RN ORGP PRI B CuP I8 ST J s 5 45 4 1
ORI )5, DAGRH BRI AT, BRGS0 e FL AR T /K A= RO sl
FAJERE O 3R 5 T8 R R I, B 1 — 2D I 73 1 TR BE KOR AR R A 1138 140 1000 f
CAARN KR 9 AL, BT 57 A e N B iod e P BB ) i A2 Jse 2 A2 ol
AL RAIBR IR Jr 13 1380, 28 R B v OB LA SR AP0 CRTETHE . AW . 2228 0
REWE. SCREVERAIVERSE), TR RMEWF, 1 180 °CUAEMIKAFMT
ARy R IIE) HRME, JF o A i Spr il Ty ARk 2 i i HIHY
A SBALMEAL TN 22— o DRI R] DASENT, FRATIHR K50 T4 A HLAt 2R 0 o i %
Rt 2 —HEBRANAK F BAT — E I
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’ Q\(O (bhoﬂ\éo

o @)
(0  OH @ 7" .
HO OH HO oﬁ/
OH HO S\ OH
(e) CHQ%H OH (f) CHZC())H CHZ%H
HO OH HO
CH;OH OH O CH,0H
OH OH OH

Bl 3.18 AR TR 45K () HERE: (b) FRFEEMERE: (o) Mi&bE: (d) ZZFhE:
(e) R¥l; (f) HEWE.

Figure 3.18 Chemical structure of different molecules: (a) Furfural; (b) Hydroxymethylfurfural,

(c) Glucose; (d) Maltose; (e) Fructose; (f) Sucrose.

34 ARG

FEARF S, RIE T —F— 5K BRI S, EIREERT 300 CCHIZAE T 58
LT 42 R A SR AR P () 25 o AE K VBRI R R T AR RSP — 2 B
BRSOV, AR 2] T AR o BEAG KIS REIRBE B T e, Pl 45
T E A SRR v B S A SRR, AN R R . RO
i85 300 °CH, A1 SR ALK Fr ()8 FEL) 2.86 nm,  FLxh I (428 b il 10
i JE AR T4 SRR (AR, AV AE /K ISR A TR AR A A e 5%
NG ARG JEFAR ST, K Cu 3B J il — 4R s B /KA & W 7E 40 22 T i 7K
BAL, JFEM IR I T IR SR IR K Fr o 3T AP S e r) o %
JRERARR st BAIR, 2 FhEE v m ] s —4ERRAK A K57
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TR i T HEAT B 45204 2%, RIS HAE FL AT P o T IZ I A T 206, 2070 —
kUL, ECA HEREY MM T HIERIH, KAV R EMMNE CRER
e EymERT AR . REEES ). A7), BIPGRFIRR R, nT DR AL R i bl
kSR ARG & 7). BB S RUEURL, Flan& kL (. R 5. Bk CH
I L BREFHESS) AT SR E LY.

FEARF GBI, Ag BA MRS, R WS bRk, |
F& AQ A71E HUE AL A A o [ il (208 2090 R, B AR AT TR M 5 B
BRI 2 MM E. FHERGMESE, W Cu. Niv Al 55, Hr,
MR PR (L8 puQem) « BRAMEER. B Wbt iR rge, Wl 7 AT
J Uz R T 0208 SR, AR A R RS, RSB A AR A e —
G J . — 75 T AN AR ORL R TS PR e, 5 SRS S i S — U7 T
T RORLI INTAERR 5y 1 5 1) 855 AT 5 B3 U A Sy 30k ) 5 R 11 P S5 SR ]
FEPE R o DA, A AR Sk BB AR VR b A E ) % Tk R 1 LA R [ 2R ) A
FICNEE,

F TR AR 55 1 S5 S35 P 5 oK A 7E 1 46 3 e v 3R THI AR 2 T AL
XFEAZ IAALE, BUEE RIS T LUK IR R, 4 B B Cu gk
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THE SRR R R R A R T A 2 R SRR IR Kb
WANRERE 5 IR AP, O T 5 1 ] A R G A ARG R TR, A G
TP — S HLORGP AR, 1 0 AE A B R 51N SR SR L e i (PVP) B
RO T BFPOURNR LR EEE0), (BRI LE W AR ) S B N O [N AE
I 6 Z5Ufs ] vl e 25 B, IR RO IR ) 1 HAESE PR IR o 55 4 —Fib
W SRR R IR — R sk, s s Ry =, tin
AQl20-22IR 1A S (224 229145, B S S T 7 Y2 AN W] R G M o 1 ] % R P SR M
R KIG IR T FRHE R 1l 46 I (R 057 AR o

ETU, N TR 2 B G B IR M R N B IR, R IB SR B AL
AN Gy b Ak o B B, AETTR 1Bk DU O DR3P 7RIRTE S5 — 847K
FGLRA 5 BAT ISR G OGN KA o I ACHBIAL [ DR 55K 9K T S Aoz
8 T YUK T, 45 3] — PB4k CulC PR AU 2% 7 fT SRR
ZOIR. B ST KL%, Pl &3 211 CulC 9Kzt B8, A
EFREEEW, FRRIE 7R rEge, USRI R NG E R
(K3 RS, A RO T U BRORE . T 1 B A

42 SRS

421 SCIRIRE

TKBRERSH (CuSOa-5H20) WSk H BT HL T AL Al FIH R AR (FhED, 48
(C2HsOH, 99.7 %) 3K 1 [ 254k Tl A R A R ChED . KIEERZEN (TPU)
WS E IRV IR A R CRIED, PR (E5L), INE-4-FHRAL R — AT
(HMPA) 1 1-5 2. 3-2- 2. 5-4- F Lk (2EAMZ-CND I S F Fe AL T A ] (fif
). BT BRI ARANERE — 5 PR a R b2, S E BT . Sz ep B
M2 EFK CEEE ST 18.0 MQ em) H Millipore /K REtHefit. KA
SR AL 2 ] 3.2.1,

422 ZHERBRAKFUMAEIE
2544 0.40 g CuS04-5H20 JEAARLE 40 mL H20 w, [A) Hed in N — & Jii B 1) -1
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R, SR A RIS RS B 50 mL MANE AN R R B ZE Y, IR B R e
I 24 /NEF o KRSEE R, BRI, R PTRI& @i B I TTE
FI 2 B 1 /KR SRS P= 0 E0R, SRIGTE 65 CCIIE S b T4

N T FEGEAFEM B, o3 AT T Iy 10, 20, 30 A1 40 mg
(RISEEG, NI 200 °Co T B8N [FIRLEE RIREIA, 43 3 HEAT T 3R B 150
180. 200 Fll 250 °CIJsES . 9T % RIS R IREIT, BR T %55 FH41, FESRMMK
SAE R REAT KRB, KGR N 200 °C, — 5 Y IS L R T8 i 45 AN 40 S 7 46
PR AT HRIE R 74 20 DA S BRI 28 1E o N T IR R KB A I AT e, DU
PRBHE, X CuSOa-5H20 7RI (W 145 Jsg 82 ) A7 AH I L9l R R, st
F 2 BT R R B . 500, Kf 16 g CuSO4-5H20. 1600 mL H20 A1 1.6 g
TR ATE L, SAJEHH] 2000 mL AN SN 28 AT I IR R B . &1 %
JEEF TRD R RE , o T8 SsOBE AR AR 433 4 1000 1 2000 mL () fe i fE i 36 h 4, I
fih ;2 RE¥ITE 200 °CHIIEREE T 1HIR 24 h.

423 SHEESYNEIF

KR RE BT B E AW & B — R BDRNAR N 2K R R E BRI
, AEERHE S B R RFE A S A AN 75wt %. ARafidEE, H—TE
K3 EEME T ERIK RN OB RS, £ 65 °C N EIR 12 h #ATE A

HESE T HE WG AWM N AN (ESD . B (HMPA)
FUEAT] (2EAMZ-CND, HLBIh 8:2: 0.1, H— &M E IR INEI RS
Sephr, SNEIG RS, BORMWE & &R FFEEBEA S R E S0 65 wt %.
AROHHE, BT BN SHEEWE TR R UK OEER S, RERHLE
THEAF S, 78 150 °C A 2 h #H47 [ 4L .

4.2.4 MRRAE

] AFM NanoScope (R) IIRZFRAE I+ /1 WAl K s {84 FEI Nova Nano
SEM 450 SKEMEFAH 7 BB RE (SEM) R CulC JeER & B34 s
f#1 /] FEI Tecnai G2 F30 RAEIE S L F RAMEEEIE (TEM), mior#eiE i+ 12
T R (HRTEMD, i M FE I R I 343 02 4 L1~ 2 45 K1 (HAADF-STEM)
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FHHEITCE M. Pl dh K S B 0 AR A X B2 RATAX (XRD, Rigaku
D/MAX 2500) SKRAE . £ 5 #E 7381 (TGA) 7 TA Instruments Q600 347,

FARAAHUF L 10 °C mint R THE . @i HURR & S B RO O
£ (ICP-OES, Perkin-Elmer Optima 7000 DV) il & 7K #4 sz v 5 5 f V5 i A 4l

TLEMEE (B Cu/ICu &),

425 MENLMEN TR

B B P A A RENI E0 35 IR AR AR/ BR AN K AT BHE TGA 73 Hir, LURORE SR A
dh Tk R B T2 18 M HJERET XRD RAL. AEEFHESWN T
L RERAE 2 R e B T 85 °CIR S 85 %2 LiliaAah (LP-150U) —
FERS AR, 70 L B RRN, FF SRR TA] 45 1800 ho B 1 I Bl3A AL 3
EEMAEEIRIER AT T 3R RSN, BATHEX KAl 3 R E S5t
T RUTBR, 38 IS R s o KT e A MR KA A i AR S R R T
REN o FEBHR p HILLE 4.1 QAT HHEL, o o we AT R 235D IHARE
JEREL BERE L K EERTRLPH.

_th

p= xR (4.1)

43 HR5ITR

4.3.1 ZHER/BRANKEAE RO B ZFIRAE

RIWIRS, 224 DHr B, J5 7= T S fe g 52 (226 2270 FESE i, T L5
PAE N SEY) T HAEHE, JR2 QR ARR L, MO 1 — R i 5
. ETp S I TS Py al DU BIE T, RO AATTH (X R
B R] DL RGBS Bt

ARSI P R AR D 70 2 = 20, anld 4.1a o, e ddi B R oR 1)
e SRR . CulC KRR il 25 B 2R I DL I 4.1b, BTV
REPAXATIK S i R AT R AR, S22 AF D ) B PR K IR SO, R BUR Y s s
JTETR R St 18] 4.1c & M E R G IR  BL H E — AR DT T
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JEHR, T P A B — AN AR, AT e IR, T T P R AR B AT S
FEPIRI Sy B (4.1d il ed. M XRD Xf Bl 4 0=k AT T YRE RAE, WTLVE
B, BRERHEL T AT 43.4°, 50.5°1 74.3°11) 2004, i B O3 T HR ) (L
11 . (200> A1 (220> Fhifii (JCPDS N0.04-0836) , [F]Hf B o e A5 AT A 1
& Cu20. CuO B Cu(OH)2 M4 Jsild, RIS BN A B A A TARitE R
A HIEE ST S, FTdl S =R A (110 550K TR m RO A X 5 R
(%) 28 f%) , HIBWHHZYH4 (110 RFREBUR&E. $4k, XRD K
BT — LT 20~30° 2 (A i M5 508, M _b— B2 A m] e R s TR it o
iPEE--LRT R

(b) Diagram of Synthesis Procedure

CuS0,-5H,0

’ + 150-250°C 24h

<

Hydrothermal

Dried Leaf Autoclave

Bl4.1 (a) RIAHM GEED —ikH T seiRmm-rrpot e BE: (b)) CulCAKRMM R
fil iR EE: () KRG RIRE G KBNS 73 B (d) Al (e) Cu/CHE
Kl Eler 45 Bl 2 CulCH R XRD B «
Figure 4.1 Optical images of (a) provision tree and (inset) one typical leaf used for experiments;
(b) Schematic diagram of synthesis procedure; (c) Optical images of Cu/C sample after
hydrothermal process in autoclave; Optical images of (d) leaf and () Cu/C sample in water after

easy separation, inset (e) is XRD pattern of Cu/C sample.

FEATESEH, IE SR AR T 7, BAE KGR ks CuPrit 7o Cu i .
N T 2B GEANRNE JFGH R P IS RS20, AT H 1 4 Pl AN [R) 4 B 19 e
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MFEAT TG, 2390 104 200 30 Al 40mg. 4N 4.2 s, DUAS SN TS 30 =
WA KRR e P T 54, IR B T — e 4R, RTS8 2010
AR . MUK B AT LU B2 IR S5 M P 20 28 B G A8 S0 Il — 4V THT 4544
B I RN, 2 GREE M T AR 23 BRAR N e A3 SRR AN R - 1 E K
R R BOL & — N RB S FE . A E 4 R R, 1 55 1Y
I SR B I JFO AR R — N AR R AR, oK i B AR — AN Bl s i i
2, HFRITF RS 1 S — dE s e 2 4228, B SR R e D, A
T &M SR FUbEE S RGN, @R R 3, Frl S5 8
PR & 18] SR, RIVHSRIVE R RER 4.2d )L TEAZIRE )
AL, (AR T REE B A BREE B A 3 Bl A R RIRERL D

~il (-mrrmm-.- &

fm—

B 4.2 7 200 °C F R AARFEI BN & Fr il & K= 1) SEM El%:  (a) 10 mg;
(b> 20mg; (c) 30mg; (d) 40 mg.

Figure 4.2 SEM images of as-prepared products at 200 °C for various amount of leaves:
(a) 10 mg; (b) 20 mg; (c) 30 mg; (d) 40 mg.

BEAE, BAVHA T AR B3 B il 28 15 20 1) 8 /s 22 A R TE 30
WE 4.3 fisn. 76 150, 180. 200 A1 250 °CUYAMEEE T, Frfa 31k 52 W 45 ¥4 K3
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AL, HB A — PRI FEI 4T S50 (R % LUTBOR Ja A5 30, 34T TAT LA
KB, ORGSR SRR AN —HF, BEAE IR E BT, % A S P S5 A RS AR 55

5 BRI, AL A AE Nid JFR R G A 2 — A sl sl il e, R
FERG I, RO R B R, IR IR AR E AR, R A SN
HIThir, AU N R A 2 R, PR EE R B H SR PR % ) S5 P 1 5 A i A2 59
ik 4.3d KPR, LR AR AR 2 R A o

4.3 TEANRI ) S BT il 25 B~ 401K SEM R (@) 150 °C; (b)) 180 °C;
(c) 200°C; (d) 250 °C.
Figure 4.3 SEM images of the as-prepared products at various reaction temperatures: (a) 150 °C;
(b) 180 °C; (c) 200 °C; (d) 250 °C.
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Bl 4.4 FEAN A SR BE T ) 4% 1072 0 1 SEM-EDS JGE /MM (a) 150°C; (b) 180 °C;
(c) 200 °C; (d) 250 °C.
Figure 4.4 Elemental analysis by SEM-EDS of the as-prepared products at various reaction
temperatures: (a) 150 °C; (b) 180 °C; (c) 200 °C; (d) 250 °C.

C Cu

Bl 4.5 7E 200 °C Rl %)) SEM-EDS Ju g 77 i Kl .
Figure 4.5 Typical SEM-EDS patterns of the as-prepared product at reaction temperature of
200 °C.
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M B 1R 3 B FAT TR0 T X 5 v B o e R A e S R T i R 7K A
WA BB, I FRATX A IR E N B & 45 2 P= 41 13— B R RAE,
SR 4.4 Pror. XEFEERENZ, HT SEM-EDS 70172 E o &= K15
T MCAR R S A REAE AR B BRI . Bk EEAELE T CulC Ak iR
R, BRI S BB KT SEM-EDS (455, B R NIEE T, BSE
BT o ARIEET R A RK R N %, BEAE IR T, K AR S RE T
TTHRER SRR 2, XA R F— R4 R —3. B 4.5 21 200 °C R il % 1074
[¥) SEM-EDS Je# 4fi  o TEMNK L T — AN A TR A SR X3, FRATTRT A
R Il 26 B L B A AU A5 23 G RO 5 40 5 b T 3R A 2 R W R 35 50 o
A, HE— DU T A AR R BCIR G5 M 1 CulC Atk

N T I CulC Z AR AE KRR, FRAT T AN R s REIN 8] R RIAE k4T 1
RAE, A% 7 MAAIN 050 1. 2. 6. 12, 24h BHFER IS, HdhhF
R NEATHAAR RIS =4, FRAT TR R AEST O (] 4.6a-d) o 7E R BiA]
W, R AEKBAE TN R AN, B ETRE — LR R N1, BT R A
SRIRT R, BT RATE B 9 oK A R = LA o I 3R . 7EIXANS R, i
AT TIEIERIEVE R, R AR A A S8 T AR iR . kil 4.6a fir
N, W SR AT LA BV GOR R . BEAE SN I HEAT, B 22 IR A Ok AR 2
M R . M EEE 2h J5, ATRURIE, AR RR A § A KO — 4SS
e MM EIES 6 h f5, A& TREBLADRIEN, A AR
FEARYHERV R B T 85 RN [EIAR) 12 h B, #E AT LUE B E AR
FR IR RRIBRAA L, 5% AT FRAE A LT i 46 (R Ak E A IR 45 4 S e e 2T e, T
T B TR G G54 o BEAE SN AR SR EAT , TP A B R 25 M ik
—H KR, BASRRER A KBS, BRI —Fh eI S5 1 .
T ICJE RS, SRR G I A K R 32 3 ) A il s A i TR A A
IR AR PRI ) — ey e, BRI SEE R BN T IR B AR AP VR, S U
BT ERIREE M BT BDIR G54 e A o B 4.6F B, BATT) UK IRAE
RV AR o o] DA 38— Se AU AT 4T (RS A 45 40, T IR 356 B T i b — 4
B RDIR G5 A R AT ARG B B
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25 DA B S B AR AT LRI, A R AR KRG SR N, AMUTE R TR
FIBHER, &7e2 7 RIFIBAER], 18 RATI AR Y A4 56 g R AR 5 I
PEMER, X — mUR AN AR o J ZE A R I e Ak 22 R B AR KI5
A5 2t T 1 P 22 18R TG J 70 RO s AR HRF R AR Y 4 0K PR 2 A e — Rl
TR RS, RO AR S T BRERBL ) — 4Rk a5k, #E— P R A& 57
PR, T YENIRAE M AS U — HE SRR S5 o

B 4.6 7E 200 °C T K AR S 3B [a] il 2% P~ 90 ) SEM BE1%: (a) 0.5h; (b) 1h;
(c) 2h; (d) 6h; (e) 12h; (f) 24 h,

Figure 4.6 SEM images of the as-prepared products at 200 °C for various reaction times:
(@) 0.5h; (b) 1 h; (c) 2 h; (d) 6 h; (e) 12 h; (f) 24 h.

N T BB AR S A K ALER, BATEREL T SN2 hif 1S 24 hit (1)
FEdt, S FTHRTEMAMBA TR G/ HEAT T RAE . a1El4.7as [)RBi2 hJE A i
HRTEME i, MWEIH AT LG, M ELEA 2 24 M R Al JEBU A X
ORI (E4.70), KRIFEH FEH {1} EROE, XME4.1dKXRD
W P (LLDAE SRR 25 R — 80 3E— DU T {110 R AR K dh T
XANGE RAIBATATHE AR — B0 B i Tl SR8 D M, & B Ak i ic s
ARG, fe—Fhah SR RN, 4 5 ) 138 I BEATL S A %5 HERR
(rhep) TR AR AZ AN o, 7= AR J2 TR 6 (229 2300, AT S 35006 PR 446 4 it o D T
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i, H B RE {1} IR E, SRR T BT A b R E R,
Tl 5 K] FAD it Aol R X R 220 A )t b LA B K ) A AR AT - SR B A 11 o
T RARRE, AR BE H LA A 2 B K S AR R o RIS S v D
PRSI SR SR 0K i 1 AR A — AN Bl g 2l R

Copper
R

d{111)-0.21nm

B 4.7 £ 200 °C R (a, ¢) 2hFl (b, d) 24 h (=41 HRTEM E1%; (e) KB b A
SAED E1%; (f) &b 1 HAADF-STEM % 0 & 541 B4 .

Figure 4.7 HRTEM images of the as-prepared products at 200 °C for (a, ¢) 2 hand (b, d) 24 h;
(e) SAED and (f) HAADF-STEM elemental mapping images of (b), respectively.

4. 70F0d 2 [z Ri24 hJE B P= M HRTEMIE,  w] WL 4% i A A E o 2 0]
BET 2R R RHE R I T — e B A 2R S, R TR B R
0.33nmZA A7, SFRTASBEEME) (002) T, FKHCUCRUM B AR A
S AR R B4 TAIRATH] R 2RV AR 40 oK B, XS HEXRD
{55 50 P B S SOBR AT 3645 5044 R — 50, Ui T il 4% v kL L KT
FORSH— B0 e A, 200 3R I R AR AESEM AR B B K TR — 4444 . 1k —
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A, AT s AR BT T I X AT T (SAEDD , WnEl4.7efR, K
LT ] 2% B A S R EE A I RE A, RIS AR K R R (112007 T 5 SR SR
R P B T O ST T AR S AR T ) — B, s {111} < 112> H i A 230,
4,772 i &4 BHITHAADF-STEM R , 7814 5 (1) DX 35 4 Bl 3 Foh oo 25 450 20 A
FRBAIE T AR A AR AE

Q.

24

g

£~ ‘“TI‘\! /}

j “Multilayered=

Height (nm —_
gl (?)Eh& L,

—
M

0.0 0.2 0.4 06 08 1.0 12 14
Cross section (pm)

Bl 4.8 Cu/C Z+ AT EHY AFM RAESE R : (a, o FEE: (b) B (d) e 2D 4/
v LR R o
Figure 4.8 AFM characterizations of Cu/C hybrid: (a, ¢) height and (b) phase images; (d) the
height profile of 2D structure in (c).

MHTTH )23 BT 3RATT AT AT, Cu/C A AR BT a5 i ke sle N TR
AEAZAA BP0 RS AR T3 B 7 ) RO IR, R EAR LU 1 R, FRATTHe
& RE Aol A T 2B, RO TR BT AFM RAE. & 4.8 it
7N, ATLAE B Y CulC A M RIER I T AU L 7 G TSR AE . F R T
JIMHE RS (K 4.8b), CulC Zt A RHf S B 2 245 M 1 RE fle 8 I X i 2 45
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P REATRAE (&1 4.8¢c A d), ATLAINASH AR EREAE 2.5 nm /ify, HAR R bk
10%. 8 TR, A& Wk AR R L i R 4K R R L LR E

B 4.9 A FERABOR SN il & 1M it # B & (2> 100 mL; (b) 500 mL;
(c) 1000 mL; (d) 2000 mL.

Figure 4.9 Optical images of the as-prepared products for scale-up reaction at different volume:
(a) 100 mL, (b) 500 mL, (c) 1000 mL, (d) 2000 mL.

AR CulC Z AR £ HEAT T — € OS5, 45 R W 4.9 iR
4 RARBLAF] 2000 mL B, A REAR B ER 1)), alid ICP-OES Kl i i
HR R TC R S R, BT AR A AR RUBOR S R A2 53 7 - 61.23. 57.29.
56.15 F155.74 %, FLAUKIN, BEARNMAKTRAZ KR, FAbRA YRR/, HA
EAIYERFE 50 %UL b o ANERBUBOR SR = i3 an & 4.10 Jfrzs,  FH 50 mL
S SEARARFTAS 2 B P MDA, TR S 1) 25 1R 7 0 B B | — IR S5 K 58 21
TR — A BOIR A o DL 25 SRR B 1% BB — 8 ORI AT 1
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B 4.10 AS R FRJBOK s ST i 45 0 P20 ) SEM % (a) 100 mL; (b) 500 mL;
(¢) 1000 mL; (d) 2000 mL.

Figure 4.10 SEM images of the as-prepared products for scale-up reaction at different volume:
(a) 100 mL, (b) 500 mL, (c) 1000 mL, (d) 2000 mL.

432 ZHRMRARZICARROE KT

MHTTH ) 73 BT R AR AL, AR B RE R, B AMUTE = 138 SRR AN O 77 1 1
s FER AT, AR AT R TR TR, 10 H e & P s 74 A
AR B ISR o DAL, AL XA IR A - R m] e th e B BRG] 10 7R
e Wl 4.11 Fros, FATR 0 IR SIEREAT 7Ot f1 SEM RAE, I BUK
BL, R E B kS BAT B AR R (B 4.11a FT b)), KRB
RN PR T RIE AR a5l (& 4.11c M d) , —HBHBEAE
Zikgrh BRI . AE SRS, BATABGUR BRI S e M i BRI,
nlEl 4.6a-d . HEMERAOVSEIEY) BRI 2R 2, Jea B ELE L,
HPrRERBUNA NI MR 2, R RE R AL Em (& 4.11d)
R REREE R EZ I, P aR iRl B sek.
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Bl 4.11 HITsEsrg et i Ca, b)) Je BB (e, d) SEM E&:  (a, ¢ MTIE
f: (b, d) M.
Figure 4.11 (a, b) Optical images and (c, d) SEM images of (a, ¢) front and (b, d) reverse side of
one typical leaf used for the experiment.
N WY R AR AR, BATRE CulC 2 AT SN B L I it 18
I FIESREAT 1 XL . B 4.12a Fron K —4EA P 0 i B AR _E 1
SRR B, MBS AT MG B 3 TS5 A4 R 53 A5 R B SRS 73 URFALE - K H] SEM
SO AR — P RAE R (B 4.12b) K3, CulC F+UARIE RO E T |
WEAT 7> ARSI B P A5 R =, R T 5 I EARIE X S b
JE I, B TR B AR A= A AR kR SR AT 1R, WA 4.12¢ Al d
Fhos o B Ja K DU JE R RECIR > A, 100 Ik SR e 28 03 G 45 B
A XA i, XA RPRFEATRT SO RAL K CulC 2 AR 5 H RFIESE
o ZE PA LA aT LA BT R TE CulC ZbphRb ] s i fE rpr, i e 8 T
AR IR -
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Bl 4.12 #17 Cu/C B (20 H2EEMEA (b) SEM EE: (¢, d) KRB Fr
o6 B
Figure 4.12 (a) Optical and (b) SEM images of typical Cu/C hybrid. (c, d) Optical images of leaf

after hydrothermal reaction.

[@ =Cu? lonic () = Cu Nanoparticles W = 2D Cu Assembly]

Bl 4.13 “ZERTECIR CulC A At BHR A KL R S A
Figure 4.13 Schematic diagram of growth mechanism of the 2D dendrite-like Cu/C hybrid.
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HF VLB R, YRR PUR AR AE KL AT DL I 4.13 BEAT IR
FERTARHTBL, R o 18 s SR KA E R R A A S L, 2 M T 3 S5 AT
DRI, LS PR PR A I SR T 6 8 5 i SR RGN BORE o £h T2 3l 77 274
(RIS, FITHE D @t i BE AL 7S A HERR K S R E i o A2 P AROASEAR A FH i B
N AR BRI E e MR B R A R 1239, ok i ARG DL P AR KON
[l R A S ECIR TS5 (0RF 5o BEE R 8 7T HOZ IR I, KGRI T IRR 1L
S SEAFR T 7K A B ST 46 o A JF B S BT 45 X SRR BCIR S g 1) — 4
o B

433 BN TEMREMNR

CA_EZ RS R BATT R HTE 7T 1 Pl 45 (1) — 4E SR BCIRAR e o AL A4 R
ERHUEAN SR e T HESRMBCIRE B A SR, AT it
REHEAT T A G, S5 RNl 4.14 fos. ] TGA 745U T X CulC 44k
MOBHE MR R T A R AT 700, I 4.14a FTLBIE A Y, 4l
R BHE 150 °CRIFF4R T 4840 SR, T Cu/C 28 AT EHE R IIT 200 °CA FF G AL,
RIFZIRMUM LR IRIFRITEA . 5551, BATR CulC Z8ALPTRHRIR R i
E=IR T HEECE 18 /M, T XRD XT8CE 18 A~ H HiJG IR fh AT RAE, 45
RARRIUTATE X E g (K 4.14b), #—BR T Cu/C Fp kG AL
S PUEACTERE -

(3)125 Pure copper (b) As-prepared products
= CUWC hybrids —— After stored for 18 months
?120 1 =5
< ©
g (7] z E:
= —p I :
@ 110 ZCuChybrids c|l
g o b 3
€ o Eoaar 3
105 / = .
11—} (200) (220)
100+ T T T Cu PDF#04-0836 |

0 100 200 300 400 500 600 700 800 O 10 20 30 40 50 60 70 80
Temperature (C) 2 Theta (degree)
B 4.14 (a) Z4A1 Cu/C Z A B TGA #hZk: (b) Bl 45 174 S HAE = S A7
18 M H 511 XRD i1k .
Figure 4.14 (a) TGA curves of pure copper and as-prepared Cu/C hybrid. (b) XRD curves of fresh

as-prepared products and after stored in air for 18 months.
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N T EHARE BARAE P IR B DT, BRATTRE il 25 £ 40 e 2 AL 41
BHEAT G R RA A IR R S % T AR 6. & 4.15a &0k
JEREARIK SEM B, W UUE M, HRSF2), VhirEFE 4 RIS RrIE . 8
IRLAR A AT A5 3 D50 = 11.8 um (& 4.15b) . 443 HiUS B4R B e A A4 B HE
IR EMIEE &, 05 453 A0y 9.63*10° Q cm, 2 BRI K
[ 60 i, T I R M ARDA Pl 2 1O S A4, Hra Ay 571410 Qem. B
Ja, BAMEMN 85 ZARIAR X Pl % 1) 7 L B S WINPT e R AT T3 —
DI, HA R M 4.15c. DU A AT RONIFORHE) 7 L 2 S )RR k7 1800
h Zalia s, FRHARMAR ROV R A 112 15 2247, i AR 5 R 2 S )
FE LA A L 7 AR B K. LSRRI, AR TRk, /mas it
MR 41 1) 5 LR REA PTG TR RE

—se— Comercial copper

=y
o
2]
L

&
H
H
; —=— As-prepared Cu/C

- o
o
A\

Resistence (10-5 Q-

g 10°

0 300 600 900 1200 1500 1800
Aging time (h)

B 4.15 23 EUS I Cu/C 2+ kHE (20 SEM EIGAT (b) Je#E1ME, b FER N BUE
Cu/C FAM BRI EE 73 A s (¢ L 85 AbFE T i FH 2R i ] [H] 132 4k
Figure 4.15 (a) SEM and (b) optical images of dispersed Cu/C hybrid. Inset (b) is particle size
distritusion of dispersed Cu/C hybrid. (c) Resistance value as a function of aging time under
exposure to humid and hot air of 85 °C/85 % RH.

fJa, FATRHBR AT BIAUK R R A AT E &, WH S REMREt
BEAT THIDHARAL, S5 R WIE 4.16. £ MRS, — 4 blscal 1
TRUF I HER o BT S A A i RT3 I 7 S E S S R IEA I, 45
RRIAESFAH MRS T, AR LA UL SR, BA 1l
IR BT B R PR YE . RIS e, R A N S B B S0k
AN T d R H R AN SR 3 L A U
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0.0 e
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Bending cycles WIStlng

B 4.16 (a) TPU HFHESHE SEM B (b) 2l fEr HE AL (o) /T
SEIHR o
Figure4.16 (a) SEM image of TPU-based conductive composites; (b) Resistance change with

bending test; (c) Demonstrations of lighting experiment.

44 FKENG

FEARTH, FATGE 7 — KI5 R A & — Pl B K e BOIR S5 R 1)
Cu/C ZURIACH R X Fh— 47K A B A o] SR BT S A ORI L 3, RIS 7T
PAAEAT — 58 MO L o £E 7K A NL R, A e P ANV A oK AR AR A 1R 34 S5
TRAPFRRIEAGR, T HAE N BRIR S T XA d i B8 . il #5453 Cu/C
AR B E R AR R L, 5 1 TR R ml DL iR 0 R AL %
RIS DU ERER 3 LR RS, A B4R N 3 LR S WSROI ] - L1 sk o
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/)

ESE “HAREHEELBES SENTEREERR

51 5|8

FERGTH AT, BATRIhHE S — KRG, Hil& T — R 44 e
AURIAEE L, JEEAIRE T 1 e AR KHLER. Pl & 15 200 —4e et el B
B AR R L, R BT R RE R S LR, AN TR SR
TSR . R RBR KT B G54 i, LSRR 5 R4 1) 5 i 3 Ak
RE I A P AR I8 R 84 A SR AR IO AL ), AR B K 4 B 0 oK 2R A LR S A
24, USEOASINE SRS B S IR IRt

UK T B AR IBAT I R T 2= AR KRR, TRES SR & IR IR B
P(233-238] B H - SR AR AR AR SRR N R AN 22 D RR AL, 0T R 5 i AT
MOEHR T BRI 2R il TR A A R B AR EUR A 4
LS RB N 401 F1 121 W mt KUZ6], (BRI sb S J@ & k. AR il
THEREZE, PEHEEM T EMERMCKEGR B TR R T2 N

SR ARSI Y 2o B B/ 2 A SR 0 Tk Sk e ) VS 2 (RS ~5000 Wy
LK) 15427230 R, TP AT AR IR 7 SR B A EERN R P X iR 2 )
JE IR RE, T E AT T O A IR AV BT ) B 0L, B RN Bk SRS
NB G VHAE A & TACE B @R IEAN S 2 ARAE T (M DD RE I B & A R4
281, BRI, RAMHEMBIAE SRR B ZE (~0.1WmtKD, BEWHE
AT B4, DARCH 8200 R 3800 2 IRAEAE R = I SR TR, S ECR &AL 2205
GUKEEMRHIRGTE (IWmL KD Jh T 7 B R, X Fiom Sl
KA PR3 B Rl A5 JHCHE LA 2 150 K r - 28 (R O R K

VTR, A28 E SR 51 T A0 2 0k, e R BRI A Hh A
A i SRR . BB FLA R AR DL i UM BRSOk S o R v
B (GFs) k7K T f1 I8 i S AR EL (3000 WmtK™) 22, 5 R T Hahry
HREEME, GFs B HEMIEE (<1 g om®. HERFHIMLBIKK AL
ARG, R 2 ARG RS A T A B0 . For, U S0 el
T RN 5 T SOV R RE s 2 WA T e S G v RO 52 R
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E AR RE RG], A CVD VAR & A SR K i BRI 2 —, A RE

IR T LA SR P S A 138 St A ot T DA 280 2 38 4 79 0 £ I T254-2500
EF U B, [R5 R B A7 5 B0 105 AR e, AR 4R

WAL, FRAE N E SR 2 — R %00 RIE S G, T

S S B R MO

52 SCREERSY

52.1 SRR

EALIRET (KMNnOa). RN (NaNOs). FL/KEiERH (CuSO4-5H20) MK [
IR T RFA R AR CHED. WK (H2S04, 98 %) i ME (H202,
30% ). 3-H AL NI = 2\ I ERE (APTES) 2K (CrHg)« ZiE (C2HsOH, 99.7 %)
WK E 2540 TRFIABR AR ChED . B AL SRR AR 3t — 25 (Sl kb
M, BEBETAEM .. SR AT E R TR (R R T 18.0 MQ cm) H
Millipore {$ 7K R i it .

5.2.2 ZHEAKIFREHIF RINGEL

T HERRR UK AR 1 £ AN B — SR, O T R ST 2 R
ARG U SRR 500 mL IR S&AFEAT, BT & 45 2 7= M1 43 B AR 4
JNEREEVUE AT —FE o BT8R AR A AR ARL L S o A ik 60 28 1 — R4 9K
(5 B 3 PP 6 2 ARG, £ N SCFRATTH I £ (1 A A AR T RR 4 (KO 4

N T B SEI AR GUOR AN S A SRR I S, FRATTE S ARG kAT
TIWBALBIR A0 8. ¥ 1 g FT 4 (0 —ZE90 KA B A AN 10 mL APTES 4% )5
A 500 mL [1JH ZIEW A+, fEE 7 (Branson-3500H, 1000 W) 45 R 40 #k 2 h,

SRR B B O R AR B S AR 70 8, JFRIEK BB B0 5, BT 65°C

BURE b M RV RS AR R IS R D REAL GRR AR 3 BTk e, DAt — 2B ]

5.2.3 Cu/GO E4ERHI&

AAAT M (GO Ml & kR — 5, W 2.2.2 /M5, il &4 GO
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MRS ECT K, & 2 mg mL?t B0, & .

B—E R (2. 4. 6. 8. 10 A1 12 mL) ThREALGNK A 2 BB 2 20
mL ) GO BiFlH, #ATEIYI5 80 (IKA T25 digital S25N-25G), H#F4ER}[A] 30
min. ek R G35 5K FL R 28R F R AT U8, HhE s A S B4R
WA EE (CulGO) E&M. A PURMMAZRIZEIEI, &R 76
4N Cu/GO-1. Cu/GO-2. Cu/GO-3. Cu/GO-4. Cu/GO-5 Fll Cu/GO-6.

5.2.4 Cu/lrGO E&ERFI&

Cu/rGO E & B 2% 7522 R « ¥ L3k Cu/GO H A i E T A7 S8 2 []
Ik ETE A, RS T, BWTHE 3] 900 B¢ 1000 °C, fHI 2 h,
FrbiR 4 R S IS 2] CulrGO B & . 5 Fid WA A BIG B G N, 737l fr
%N CulrGO-1. Cu/rGO-2. Cu/rGO-3. Cu/rGO-4. Cu/rGO-5 Fil Cu/rGO-6.

5.2.5 #HRIRAE

{81 F§ AFM NanoScope (R) TIREEAE ¥ /1 R4 B v, {H FEI Nova Nano
SEM 450 SKEAEFIH BT B R (SEMD RIS H 5/ 48 5 70 2% (1 & B A 4
A, {¥H FEI Tecnai G2 F30 RALZE S it T R BB (TEMD, &7 i1 5
T RAEE EE (HRTEMD o K 5 70 3R 23 (EAD 7 =y il 2 76 2 43 #T A% (Elementar,
Gmbh) EFEAT . Fril A dh K S B 0 AR A X Bk RATHHX (XRD, Rigaku
D/MAX 2500) SKFRAE . $72 Y3 {# F Horiva LabRam HR-800 Y& A3 i3k 47 K .

52.6 FHMREMSTAMERENR

SO SRR ] Keithley 2410 (I 05 Be s fe, dBidH 5
JEEE (R AR T S R BEL A, P 3R L f BH R R {8

S ERYuEE 5.1 ok, Hrha, Co Mpsr e it AT BRI LA
R, BER AT HCR B NETZSCH LFA 447 38R, bR im i 22 #
2N (DSC, Mettler ) s A i 2 2@ 7 f B DUARR R THEL, 4 i JE B2 il i SEM
Mk o

A=axC xp (5.1)
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5 FH I A A4 (FLIR T45sc) JAFE S 7E R 2GR B 100 °CHY, HR R
P (R 484k, FERE 20 s A —IK.

5.3 ZR5i1e

415.1 /2 CulrGO & 15l [ i £ i 2 I o T St Pl 26 IO 4R K AR BL D EAL
B APTES 24 b — 25 IE AT IS ] SR)e 2 T Al EAE A, R st
HIKAR AT SO ) GO BEAT R s Mt il (75 ORI S i W e A
HI#32] Cu/GO & B & )mts CulGO B E T\, @R Kb, 15
#| CulrGO HE &I,

Q]
S N\ W

—
HN A, Griphite plate
2D Copper 27 D 6:1

W
L Dispersing\ @ Cu/Gofim
Ar
j -
l l l i Annealing

Filtration

E 5.1 CulrtGO & A Il %% g £k I

Figure 5.1 Schematic diagram of the synthesis procedure for Cu/rGO films.
53.1 ZHEARIARIRIE
RATE St i) 4 () —4EQURAABEAT 1B SRAL, Wild 5.2 fros, ME—%
WEE R, YK B RVU A 4 PSR, SO0 B 2R IR
FF RLe YRR B oo a1 A A B E A TR i G T IS, A5 R
PR Sy 1.23 wt %, U6 Z4EGR A ) EARMRLN, 5 SCARGRTT
i, FFELLZE (9K BRI miZ 315 b BT fd F 2 i H 8 A A A4
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5.2 il % i) 4 E A F R A5 3R K SEM B

Figure 5.2 SEM images of the as-prepared 2D copper for different magnifications.

) Griphite

d{002] = 0.32 nm

B 5.3 L ilUa 4 (a) SR E; (b HiEEE: (¢, d) B A

(e) K d X}y SAED H.

Figure 5.3 (a) Optical; (b) SEM; (c, d) HRTEM images of the 2D copper after a certain

dispersion. (e) Selected area electron diffraction analysis of (d).

(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net
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3 ) 6 (0 A RO O TS A X IAE oK 200, FRA 1o i 7 5 10
TR O FHOEAT T W15 4388 a0 1 5.3 BT, MG 4 U I e ST T SRAE,
A LR LA OB R ST AR 10 pm 7247, BERCHS) S0 b o0 BT /KR - 78 s 4
B LT IR 5 SR AT DUV S B AR R AT — = ZURAE A, WA I A R R AE
0.33 nm ZcAn (& 5.3d), LN TA8M (002) falh, 2 4EHR TR
13— R A SRR EE 2. B 5.3d o DX LT IR T AT ) A 2%
g, HIEEEAN 0.20nm, XA (111 &ifi. XF & 5.3d H i X Sk — B e 7
T o il n, S BUE I 4R AR DR TR R 45 S

Height (nm)
(] ()

-

00 03 06 08 12 15
Cross section (pm)

B 5.4 ZxlrBUa AR R T ) BAMBRRIES R (a, o JESIEL: (b MK (D
P ¢ Hh B A ) s 2 73 A &
Figure 5.4 AFM characterizations of the as-prepared copper after dispersion: (a, ¢) height and

(b) phase images; (d) the height profiles of a typical 2D structure in (c).

wﬁ%%&,:%ﬁ%ﬁ#ﬁummﬁﬁo%Tﬁﬁm%gﬁgwag
WS, BATTIBIL B OIS 4 (I — DI . 1 5.4 BoRfye 4L 8y )
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7 UG B —4EH 1) AFM RAESE R . BRI DU L, B X RS AE BT D) 73 il
JEARAN, BA I IREE M AR o BRATTIE IR 7 Herp — AN SR R Rt — 2D 1R
fit. (K& 5.4¢ F1 d), 45HRR7s “4ER T2 )8 AL 3.12nm ZiA, i RS AE 2~3
um e Ay e ARSI i B A A SR N SIS RS (8 2.2), BIREAE
BAAKLA, FOFRANMETUMICKTERI BLN, 125 EEIHE 10° i8R 2. itk
FTLAHEN, XA BA R BAEE M i —4EGoK 7 mT DR EF R SR B &

5.3.2 Cu/GO E&ERHIZFMRIE

Kl 5.5 ZHES R GO Ml Cu/GO EAEMOLER . BT Cu/GO-6
b, AR DU T ARLF I3 — PRSP . CulGO-6 A AL it tH L T T2,
XA TR Ay 52 A L) A 2 BERIR T A SR I Tk, B S s s, B
R 2 BT AR 72 o I B ORI S A i, FRATT AT % 1 B A B
M E A BT SR BEA —E M (K 5.5h M1 iD. DL RYIEFRHIRA
RS b £ 1 A [R5 = R Al e A A S A R

B 55 (a, h) GO JEFI (b-g, i) ANEEHAIMEN Cu/GO AN HE A K.
Figure 5.5 Optical images of as-prepared (a, h) GO and (b-g, i) Cu/GO films.

WIEM A RGO HOE SR H SEM #4738 AE, 25K K 5.6 . B
ERRRE A, RIS EERE RN BRI 1A SRR e 4
o AFAIE P UKL Cu/GO-5 FEdh R A 4 /NIBURLA7/E (B 5.6 1), =4
EEIZHR R, 4RO SN E SR AZE, 5 CulGO-6 Mkl N T
RALHE AT BB A YA S50 5 29 50 0 G FATTR A SEM-EDS X
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REREA P B FoTREAT TR . B 5.7 & Cu/GO B £ I i A X Ik
TEER BETE T AT I, AR DUACHE, A2 51 oA - BN X, T R B —
HEAR LD R A, S SR S TIRIFI R &

10 um

Bl 5.6 Friiles iR SR AR A A A B IR R A IR K (@) GO
(b) Cu/GO-1; (c) Cu/GO-2; (d) Cu/GO-3; (e) Cu/GO-4; (f) Cu/GO-5.
Figure 5.6 SEM images of the as-prepared films: (a) GO; (b) Cu/GO-1; (c) Cu/GO-2;
(d) Cu/GO-3; (e) Cu/GO-4; (f) Cu/GO-5.

0 [wsas01]
6 \ifn

C+0+Cu
[Slfg]: o]

B 5.7 SAIH A A SRIGE AR (a) SEM BRI (b-f) SEM-EDS Jt& 4 i .
Figure 5.7 Typical (a) SEM and (b-f) SEM-EDS mapping images of Cu/GO film.

N T AR R A A SR S R R AR R T R AR S e, B 1iE
SEM-EDS #47T T oo R & ERREIE /08T, 455K 5.8 Frn, BAAEIRIC AR
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3.1 1. Jrl 5 i) Cu/GO E & BRI LLAE 1.6 £F, B4R 1A A s 10
BRI (1.56) A=, ANSIs it 10— BEEIER 4 Ersgin, &
2% Cu/GO HE A4 o s (135 BB K, RKME N 8.0 wt %,

-
o lwoesoi] - [0 Twesor
.

59.7 0.2 ; 58.9+ 0.1

o [erasoz] - [o[meesor]

|
0 [sssson

B 5.8 il & S A AT SR AR S A A7 8205 2 A LK) SEM-EDS Jo R & T
(a) GO; (b) Cu/GO-1; (c) Cu/GO-2; (d) Cu/GO-3; (e) Cu/GO-4; (f) Cu/GO-5.

Figure 5.8 Elemental content analysis by SEM-EDS: (a) GO; (b) Cu/GO-1; (c) Cu/GO-2;
(d) Cu/GO-3; (e) Cu/GO-4; (f) Cu/GO-5.
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R 5.1 Pl &m0 A SRR A A BEE SR S TR S EE.
Table 5.1 Elemental content of GO and Cu/GO films from SEM-EDS analysis.

GO 61.0 39.0 = 1.56
Cu/GO-1 61.2 37.8 1.0 1.62
Cu/GO-2 59.7 37.3 3.0 1.60
Cu/GO-3 58.9 36.6 4.5 l1.61
Cu/GO-4 56.7 36.0 7.3 1.58
Cu/GO-5 56.6 35.3 8.0 1.60

5.3.3 Cu/rGO E&ERIFFRAE

C+O0+Cu: 5 1m

b (Lol

B 5.9 7F 1000 °C T KALFRAF i) CulrGO S A (a, b) FIREHBIEIA (¢ Al
AT
Figure 5.9 (a, b) SEM images and (c-f) SEM-EDS mapping images of Cu/rGO film prepared by
annealing at 1000 °C.

S I B K AL BERIE SR S S, FRATE B TR EEXT Cu/GO &
A L SR R0 . 18] 5.9 J27E 1000 °C iR KALBEAF EI 1) Cu/rGO B4 R4 4
Bl WA R T T R AR GICK 2 RO, ad e B 2T A s
R FEERMIICER, SEMIIE SN 1083.4 £0.2 °C, Btk n] DL 75 iR ki 72
o YR I TS RRINT o O T IRUE IR O R R YR A RIS, AR R
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YR - 4EH R S 7E 900 A1 1000 °C FTERALEE 2 h, i@ SEM W42 T H AL 51481k,
gE L LIE] 5.10, ATCAKEL, 7E 900 CCHY R AU I 4+ T —AEZ5 /s 5, {2
7E 1000 °C FACHE f5 BB T BH 2 ) il

Bl 510 “HEHIFEMAE (2) 900 °CHI (b) 1000 °C R iB K ALFE i (4 45 1 o
Figure 5.10 SEM images of the 2D copper after annealing at (a) 900 °C and (b) 1000 °C.

BTV ELER, JFELSLKRM 900 °C (IR KALFRIRE . Habh, N T EFHM
b FAE R I rp A 1 A A R FRATTE S TR P SR SR S
(a1 Hz), SEE TSRS (AD /AR R. FERERZ, £E 591
AR, A H R ORI A AR 2550, 3k AT 56 B 7 — 40 75 a0
AORBIS N, BAEAHEIR, 3l TN E S .

K 5.11 2 DL Ar fE R {RFSAE 900 °C IR K AL 3 5 BT 434 rGO Al Cu/rGO
HARIEEIE A K. M GO BEA Cu/GO H&ME (| 55), Mty Ly
BEors, MR A SR Se B T IR . B Ah, R A SR R T
AR EEA, X FISCERIRIE 45 R — 2, £ 202 A A SR 1218 JF i 78
TR S AR (40 CO, CO2, H20) FEHI, CulrGO B & EHIXH T rGO
JER UL, R T 2 Mgy, FERETITHEIEW: — R m T
AR S A A P AN G0 s A A s A 2 TR] VR F s 2, AR 51 N TR
BIE A S NGEE s 53— 7R BT HRAE U S O FE R 3 T AR
FETREH AR NI ZL . EAR CulrGO B & IRk i I 1 St gy, (A8
ANIE A B 2 AR BRI AL, AR AT SCHE MR
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4

Bl 5.11 il # 9 rGO AT CufGO E &L T E:  (2) rGO;  (b) CulrGO-1;
(c) CulrGO-2; (d) CulrGO-3; (e) CulrGO-4; (f) Cu/rGO-5.
Figure 5.11 Optical images of the as-prepared films: (a) rGO; (b) Cu/rGO-1; (c) Cu/rGO-2; (d)
Cu/rGO-3; (e) Cu/rGO-4; (f) Cu/rGO-5

B 5.12 Arifil&H rGO A CulrGO B & AR s  (a) rGO; (b)) Cu/fGO-1;
(¢) CulrGO-2; (d> CulrGO-3; (e) CulrGO-4; (f) CulrGO-5,

Figure 5.12 SEM images of the as-prepared films: (a) rGO; (b) Cu/rGO-1; (c) Cu/rGO-2; (d)
Cu/rGO-3; (e) Cu/rGO-4; (f) Cu/rGO-5.

P & A3 2 rGO AN CulrGO E &L 5.12 Frox, AL
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EIZRL, S8 A SmAaTE, 30 IR 5 A S0 32 ARG S DA R . & A& &
wahn, A MR DR R B VAR K TR & B, SR kb R
AR R B A /E (B 5.12b-d)s M &R R ER, I T B A Bk
(K 5.12e), HRSPFEJLH90K, 1/ T-7E 1000 °CF 7 (R AR . A7 R 1) 72
BATVR A 065 25 2 2 A1 0] DUE 2GR E0R A7 (5.12e #RED, A SCHR
IE XM S5 R AT LRSI IIVER, fe A BCEedlA A6 5 B S R0E I 5%, K
RAETHH G i SRR, 40 & & — 2PN, 75 CurGO AT LUK ILEE K
DL B Z2 ks (18] 5.126), HBki RSFEJLEa 9K AL

B 5.13 Frifil &1 rGO A CulrGO B & B A B E: (@) rGo; (b
CulrGO-1; (¢) CulrGO-2; (d) CulrGO-3; (e) Cu/lrGO-4; (f) Cu/rGO-5,

Figure 5.13 SEM images of cross section of the as-prepared films: (a) rGO; (b) Cu/rGO-1;
(c) Cu/rGO-2; (d) Cu/rGO-3; (e) Cu/rGO-4; (f) Cu/rGO-5.

AT Bl % (1) rGO A1 CulfGO E &I tHAE T SEM FRAE, WK
5.13 fT7R . MAIH B AT DA S 4 s )i g 40 o ML SE R 250, 52 ai Ak
A S a5 L, 3 BRIE T A A SRR EIE SR AR SR B RE IR @ 3
&, rGO. Cu/rGO-1. Cu/rGO-2. Cu/rGO-3. Cu/rGO-4 Fil CulrGO-5 ] 5 i 4y
WA 26.9. 27.9. 28.5. 29.3. 30.1 f130.6 um, EFHIEIMATES, HAHERK
SR BTl — 5T B 5 NAF T 8200 A 5 S, 5 — J5 T2
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ISINBEIN 1 3d e R A Jel ZU A

oo | i
~
[0 [ssson | ([EEEET

[Eiomert | _wi% ] | [ [ ]
|

o [ zes01 | o [zazor ]

M Map Sum Spectrum

0 [ 2reor| || e

B 5.14 Frifil &K rGO AN CulrGO & & i SEM-EDS & &&= #r: +  (a) rGO;
(b) CulrGO-1; (c) CulrGO-2; (d) Cu/rGO-3; (e) Cu/rGO-4; (f) Cu/rGO-5,

Figure 5.14 Elemental content analysis by SEM-EDS: (a) rGO; (b) Cu/rGO-1; (c) Cu/rGO-2; (d)
Cu/rGO-3; (e) Cu/rGO-4; (f) Cu/rGO-5.

— R, T LI I B A L SRAT) A A W AR A A B P SRR R 182 94 itk
FAIME ] SEM-EDS FEAE T rGO JEA CulrGO B A I /MR T RIS &,
iR 5.14 fion, Hh BRI S TE 5.2, S BIERESBT&A KR
e s B R, B BRI, 408 1.6. iR 5132110 rGO K IRk
P KIRER T, 200 17.18, R R A SR I515 2] T B AR FE G R 4T CulrGO
B, BEAG TS =03, HR AR K, RATER JOLFR A B T R AT
IR JFARHEAE F o AR SCHRBARE T 2R 4 R, B R A MAER, AR5
AR IHER I s E A,
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& 5.2 Fil &1 rGO A CulrGO A & LRI ER.
Table 5.2 Elemental contents of rGO and Cu/rGO films from SEM-EDS analysis.

GO 61.0 39.0 - 1.56

rco 94.5 5.5 - 17.18
Cu/rGo-1 93.6 4.3 2.1 21.77
Cu/rGO-2 88.3 2.9 8.8 30.45
Cu/rGO-3 87.0 2.4 10.7 36.25
Cu/rGO-4 81.0 2.1 16.9 38.57
Cu/rGO-5 78.2 1.1 20.7 71.09

AT BAETE GO & JF I AR I HEAGAE T, BRATIKE il 445 21 CulrGO F¥
fhiEAT T XRD 43#T. M 5.15a H1ff) XRD #iZknl LLE H, CulrGO ¥ E
Lo SE 7R A5 5V, A H BT A 1 S0, 30 B AR 7E 1R JGE T3 2 AT 98
PSR T NARTE, B T HEAGTIIOME o B85 F B 2 61 CulrGO A itk
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Figure 5.15 (a) XRD patterns and (b) Raman sprctra of GO, rGO and Cu/rGO films.
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Table 5.3 Thickness, sheet resistance and electrical conductivity of GO, rGO and Cu/rGO films.

GO 25.1 2*107 1.99*107

rGo 26.9 6.7 0.55
Cu/rGO-1 27.9 3.2 1.12
Cu/rGO-2 28.5 2.7 1.30
Cu/rGO-3 29.3 1.8 1.90
Cu/rGO-4 30.1 1.5 2.21
Cu/rGO-5 30.6 24 1.36

HE—P i, FATRAET rGO AT CulrGO E AR SHvRE, *FEL T 4lif .
rGO JEAI Cu/rGO B &M SRR/, 4l 5.16a ffn. CulfGO &4 B
VR R AR T AR rGO R, W] 4R I rGO MR S I RE
EWKHEHER . BEEH S =IHEI, CurGO H & i S MR BRHIY K,
B KAEN CulrGO-4 B 5 (17 859 W mt KL, 378 = - SCHRIRE 1t Hi {1241 258. 2590, 5
rGO FEfh A 521 W m™ KT 27+ T 64.9 %. A4S EE— b e, SRR
AN 723 W mT Kt (CulrGO-5), iXANEE B CulrGO & &I T Ha g 1142
s —8, LR 2t T7E CulrGO-5 FE il b B 2 (1 4448 B 7 KRR I
L (B 5.126), AFIFEAM RN AR ST, RIS 1 & Bl i,
KA BIG AL TTERE IR, RIS SRR AEE SR EEEE, BASH
54 B R S R BN
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Figure 5.16 (a) In-plane thermal conductivity of copper and different graphene films. (b) Infrared
thermal images and corresponding (c) variation curve of surface temperature of different graphene

films with time elapse.
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