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HMTERTREE. BAWERER. HREIEMRR. B # BE
ThESEE, BROCKMRITEMPKIL R RG R s TR, TRk RIEBR T
1. BRI, SRR E AR UK B HRENRER ST EE
BRI, BRI R R G 5 R R AT DR SRR B R F T ) )
MBS RAT IR TS R RHIE T8, MRERI D ERE AT &S, SR
AFPEPREE R SR R ST R R EME N TSR S RIS FI <,
BETHBEERZREENEW. 555, BT XFGOITE BRI DU
AFEEEH N, B REAFERGFEE LAY . Bk, BIETH
G AT K RE N A FEE, MER R m I HTANSH AR
7%, WERHIR R TR F S A R B 74T 0 R R B,
AT B2 ST ARAT 2 8 Ak T M R R AE i L B A, NEAMRL BRI
AR LRI RE AT SR 4 AR, R B ATHGUKA RN & &
R REI B . ASOFR T E T S EERNRIEPB KRR R
4. BT ES TEENRIORE SR LLRBRGUK R B AR REE PR
NIRRT BRI, EEFARRWT:

FREEGRTAE. AT ARKS AN PMMA EAE5H17E vdW {F
FARSEERTRERAEE. B RBEAREMEE LIS RERTKRL
VEBIVARAY, 44T AT AR R B R A BB AR/PMMA ST AR T 518 BY V)
I, BE— BRI R B RIEFIIEXT LT vdaW RERERTHE
S8 (RENE. BE. BEEAUKFIHIEE. BI1848 T HASRIAR
WEREREAKEAMHAENEE SR, ARNRITERERTHA S
J/PMMA THOULS T 57 T 2 05 EL O 57T /) 2 1 B R AE e 1l o 2 T B0
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ABSTRACT

ABSTRACT

Nanocarbon materials have proven to be remarkable materials because of its
unique physical properties. In particular, one-dimensional carbon nanotubes (CNT) and
two dimensional graphene sheets exhibit striking mechanical stiffness, ultrahigh aspect
ratio, exceptional robustness and physical properties, making them ideal nanofillers for
high-performance nanocomposites, flexible electronics -and multifunctional self-
assemblies. One of the most critical issues that their determine the bulk performance,
durability and reliability lies in the interfacial properties, which should be substantial
to undergo sufficient stress transfer caused by the stiffness mismatch during
deformation. This issue could be much more critical in nanocarbon-based
nanocomposites, where there are orders of magnitude more interfacial area created per
volume of filler added and the high stiffness of graphene and carbon nanotube makes
such mismatch more distinctive. Thus, in efforts to optimize the bulk performance of
nanocarbon-based nanocomposites, particularly central is to figure out the elucidation
of specific nanocarbon-matrix adhesions and the mechanical behavior of these nano-
interfaces. In this thesis, we focused on the mechanical characterization and design of
in nano-carbon materials based Micro/nano-interfaces and our results could be
summarized as following:

Graphene/matrix interfaces. We reported a study on the interfacial stress transter
between a monolayer graphene and a commonly poly(methyl methacrylate) (PMMA)
matrix under pristine and modified interfacial interactions (i.e. the pristine vdW and H-
bonding interaction). A nonlinear shear-lag model considering friction beyond linear
bonding and corresponding analytical solutions were presented, offering a simple tool
to understand evolution of interfacial (shear) stresses along the graphene/PMMA
interface during subsequent deformations. We then further identify key interfacial
parameters including interfacial (shear) stiffness, strength and frictional stress for both
graphene-based vdW and H-bonding nano-interface with the aid of in situ Raman
spectroscopy measurements. Finally, the adhesion energy for these two types of
graphene interfaces is calculated on the basis of frictional behavior induced buckles
after release. Our nonlinear model might be also valid for graphene nano-interfaces
with various types of interfacial interactions (e.g. covalent and coordinative bonds) and
interfacial parameters presented in this study can develop valuable basis for interfacial
optimal design of high-performance graphene-based nanocomposites

111
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Interlayer interfaces. We develop experimental techniques for characterizing the
vdW-dominated interlayer interactions between graphene and/or its chemical derivate
at the nano and meso scales. More broadly, provide an effective approach for the
nanomechanical characterization of the interlayer properties of emerging 2D materials.
Pressurized blister test will be utilized to apply deformation to mono/bilayer graphene.
In situ Raman spectroscopy and atomic force microscope will be employed to measure
the strain map and out-of-plane deformation of the graphene in order to analyze the
critical parameters for interlayer friction behavior. We further conduct physics-based,
experimentally calibrated theoretical models and numerical simulations to understand
the interlayer behavior of multilayer graphene, including constitutive equation, failure
models as well as mechanical parameters.

Optimal design of interface. The extraordinary flexibility and strength of
individual carbon nanotubes were fully realized in the macroscopic hierarchical CNT
sponges. Different from conventional cellular materials, the CNT sponges clearly
exhibit super mechanical properties and stability: super-elasticity, high strength to
weight ratio, thermo-mechanical stability in wide temperature range, negligible stress
relaxation under high strain, excellent fatigue resistance after more than 3.5X 108
cycles and frequency-invariant electro-mechanical stability under mechanical
compression. A thorough understanding of microstructural features (strong junctions
between nanotubes) and evolution (completely elastic bending-buckling transition) of
this CNT-based structure to deformation was proposed to clarify their mechanical
properties and nonlinear electromechanical coupling behavior. Our work would guide
for nanofiller-based cellular structure design and develop a basis for potential
applications such as dampers, electrodes, electromechanical devices, synthetic
biomaterials, nanocomposites.

Key Words: nano-carbon materails; interfacial mechanics; optimal design of
nanointerface; nanocomposites; interfacial friction
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1.1 5|5

RTRREERATRELNILRZ —, FEEZNRRFLME, WENHE.
AR, EYE. BYCKE. ARGS, WE 11 FR(-3]. BRICKMELRIEED
B—ANERE AT Gk RS B MR B, BE— SRR AT Ry TR Rt
NATCMY AL, —HEM R B RBAKE 5 R 2, WE 11
Frir, HAEA sp? RUBRIE T MBI o 8 5 4R H =R IR T AE 7S A
e B3 ST, BRONKM BHE SR IR 45 TR IUA 0. M b REEMERE
SR S| T RERI TR 00 . IRLEEER, BRPUKAT R A YR A FOZ T
B, ANETRIKM B S LERESAR UK T AN REE
A TERRGEER, BkEE WIREEETHRICKRE . ARGEFSHER
KISUMBLE RS B FEAERBIPIK E MR LLR 2 D)8 B AR MR KA
ST ERRERNA . A2 5 AR EN BRI 2 JEMA R K R 745
9, ARG EHFTR RO R R . H SRR BRI BE UL
ARG K E SR UK B AR RER T ISR LR, IF 845 H A B A o
M8, REHEEREM LR EERTAE.

* 3D
— Graphite
— Diamond
« 2D
— Graphene
« 1D
— Carbon nanotube
e 0D

— Fullerene

B 11 RTEEERATEAMRARRERE: S06. AR, B8k, ROKE. 22K

1
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fariy
=5 o

Figure 1.1 Common carbon-based allotropes: diamond, graphite , fullerene , carbon nanotubes ,
graphene efc.

1.2 BRANKFRAI 2. G518, MRAEFIEEN

1. 2.1 BRAKRENRE T4 MREHE

AR BRI S R R E T AR R E 2 2 A BBl e, F2
MR IRGER . HEEFRARKAL, BEWEER MR RIELEERN
BIARE, BRIKE AT Loy A B EE TR 9K B (single-waled carbon nanotube, SWCNT)
1% BERR K (multie-waled carbon nanotube, MWCNT)F#h[4]. EREERRE A] LA
EERUEABRBEBRENTFERE O narma: HHTIRK, HF ol a
BEMWRBRER, FTULEERMRR, mBt ] LR SR Ak E SR E. N
1.2 firR, 24 n=m B 3 SRR EFR AT B (armehair); m=0 FFFRA
ViR (zigzag); HARTHIEIFR TR (chiral). 2 EBHGTKE K ER D ATEHE
RAE, —fN 1-3nm, B/NERZ 0.50m, SHEFHEIT 6nm B, FELSKAEN
SRR, SRR E T UE K2 LA RSB GKE IRE T,
IR —FERNJIAZILT90K, W 0.5 B4k, HEHFUMAERLTE
A&, ERBE—AJE 0.34nm, BEKFAR10EERE(0.3350m). HTZEE
h R R RIRRE FHRTREAR, BT ML BB E NS 2 . BEERAUKE
MILER R T HAE S, AT R PE B BRI ER . %5
BN, BBERRGKE T DS N BRI SR fQ2ntm)/3 N,
BB G NS BRI, BNNESARE . BERYUKE T RL 13 AR
R, 23 LSRR, TR ERPKEELTRZERBEN6].

TSR T, TR B R T RN sp? 77 2, FTE ) C-
CEE MBS FEY —, Fik, BEN. SHEENERBRIKE N
AR RN . BRTI[7) SIS, 91 E R R &
BERRONK S R LR 5A 1 TPa, 5&RIGMY, R4 TILHE 28
AR R B R . FI R IR th ATk B 60 GPa, HILRELASYMET 30
2, RN 100 f5. BtAh, HERRMEKIES15%, BETE 23%, B
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B 2 N R, XEERAKE A RIFHIRPIE9]. 7RSI M +
RI, EISFERATHESRKESH, S, EASRENRERL, X5EK
MREZEBENX . AREEFRTH, 5A2—8F, RETHTEIMBETA
B—NRBA BT » P08 E, RHBRYKE R ZEEB R RN S B,

B BN T ln - m| = 31 (| RN PEBEE, BT UMNRISKE R —iwT
HE AR B 5B — i, FRONVEE %I (ballistic transport), X H GBS A& 52 B EHLL
FEEIL 10° Alem?, HH LS BIASZEE (105 Alem?) & T 4 MESH[10].

LB E L NS BRN, SR E AR ERILRENESERN 0.17-2x10°
S/em[11]. AR 5T, EWHW, (10,10)HREERPORE PRI 6600
W/(m*K)[12], & £&RIAHFZ (2000 W/(mK) ) 3 L L, Z4HF 2 (380 W/(m
KO 17 f&. SZRMAE R B/ ZEERHUKE KT A A 2000-3000 W/(m
*K)[13, 14]. ENCHEMFAE, BICKEWMSEHRT T ER— T - /RIHE T/
wEGER], WAFEHEEIRE ISR, R, Tt R B KRR
Ri[15,16]« FELMIEAARI[17, 18] &, —4EFR HI30 B T B BERRGUKE B T
AEEHEMSRIEERT S(VES). £ T EREGERTTEERRHA, L4
TR BEFR T SRR E ER M BIBUREL X R, #8168 1IN Kataura B
FTRIKAE IR 2B [19]. AAREYBEBSNFER T, RPKEE
N—BEKIRL, B MEBERN LG LK BRI RER . BEEmAKE rE
WHREAEIE 1315 m%g.

a N (n, n) armchair c I8 i

1.2 ()EBERE R B AE,; O)JFRTFHELS, 6)F; (FBINE(T, 0)E: (HFMHEES, 4)
Paxen
Eo

3
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Figure 1.2 Schematic illustrations of the structures of (b) armchair, (c) zigzag and (d) chiral
SWNTs.

B &R 5 ERKBRE T M — DB, BABRE R RILLR, B
RARCEIFREHEFHLENHEITE, HPEENE= . BIUEBE@rc
discharge)- Bt 78 & i (laser ablation) F 4k 2= S AH YT AR % (chemical vapor deposition,
CVD). MBI EIER R KRG Co, BAUKE RZHM . HIRERKH
WS ENASEERIR. Mk, XEnEERSE, SEBIURE”E
3000~4000 °C {755, 14 52 R b (RS 1S 4 FR B B TR S, 3R T SR o R AR B
Ve AE BRI GIK . Tijima BRATEL R X 7RI Z BER AN K E )
[2,6], BEHENAEEREMBALFI(Fe, Co, Ni Z)MBEEERIRGE] T AR K &
BERRAS[20, 21] WL 28 R =2 A B Be ik PO IR B B & £ R LRI (Fe, Co 45)
MG B, R HNBRRTESBENTIER TRRBRGLRE, BERNTHEE
SIS b, Smally BN SR B0 RKIEH T B EERRYIK
@22]. WHESARTIARE(RREALAEE) R H S SE(CHs, CoHa,  CoHa,
C.HsOH )EBE, TELBMRALH(Fe, Co, Ni Z)RIERT, #E(500~1200 C)HY
IR T AR R T, FEREER(SE, Si02 %) L ITARA: R GUK B I — TP 7% . RE
BALFIRI AL T RAR R, AR KRB ] 5 B PR A S LR P
¥, BEMIESVIEEEHE Fe. Co. Ni K4 BN EUIERELTBES
FLEM E, 9GRS AR T, EiR T RN SR ARE DRI
A3 E K BRI (23] B ik AT DAA 18 /K P B EE B 1 B 2 BE[24-
261 HLBE[26-28 1 BRGK B REFI G5 M . IR EN IR S IRA RO, 5FF
BEAE, ISR IR R B B AR R L, RS RS B UKL
T RIE AT 25 AL AR KRR [29]. BOLERIEN T Z LR R, R4
L E AR o IO B A6 2 R IR SR A R R I A5 S IR, TR
REIE BEARE(>3000 C), FTLLHI&HIBRGUKE SRR A A A L=, (B
BRI REBAR, B T X BRI TR R TR - 5 B R RO B i
ML, (S SMTANEREERIK. P ER, BANREAE MRS, HRAK
BE. TZHAIMEL, EESEESEsEESEr, BSERN TR
MBEAFRE N EETR.
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1.2.2 ARERTFEE, HEREHE

ARGERBERETEE, SHmICKERL, 84 sp* RMURET 2 EET
o B EHSBM A RE TSR RS AR SR AN E 1.3() B, Rk
fN 120° , BEN 142 A. BMBRET LR TH—A p PUEFLTE L ERHRIE
Fi p HUE—RER—AKRIIER, FRIMAK o 77T DEFH A AR SR
JET-IR) B R BRER . XA SR T T A BRI O R AL S T AN B T A
AT BT B S SERR F BB SA BEFIER FEIRS, MEREA
 VRIRIREEH, B 1.3 R . EARKIKELAN 15-20nm Z [, FEAN 1nm.
XERTFRE ORI, REEENRE, XFEN ARG ERERE
KRR [30, 317,

K
REMREHE.
Figure 1.3 (a) The atomic structure of graphene, the spheres represent the carbon atoms and the
sticks represent the carbon-carbon bond; (b) The waved wrinkles of graphene.

BT TG M AR, A RAE B R T LRI SRR E A+
X, BEFER. Flin, 7F0%MRE, ARESH T IERENEE, LN 607
kJ/mol, DA 5EEMILHik RN FHM RIS %R, LB E Hone S NKHR
F 1 Bk R R BRI E K 2R B R R RSB A8 1.0E
0.1 TPa F1 13010 GPa, SERGUKEMH[32]. ERFHR b, ARHRIRE 7
TR E ARSI A S . 0 BTN A R XS I S o A A B
KR ETHE—/NBLES, FEABBONT I E LTS
BEMNBE B BUR M SR . R T XM, ARG+ SR TAFER—BK
Eigtkee, BB ITTGEMBIERE . SERR A BEBR 7B R FHIX 200000
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cm?eVieg!, ZPRNEERBEFITBERN 140 5[33]. HWMNMBESFRLN 10°
S/em[34], £ BTSN EF, SRMERERGIME. L, REERERTIE
BREESER), FEEEEAHEERENE TR, OERETERIN,
Klein W% 2%[35,36]. FERGEMR £, BEHASREEERBFETHERHED
ER Y S E R EERE, A SRR T IR EBRN SR Tt L
FRE[3T]e B FER R EREERE ST 100K 1, FERMASEEKEAT
R 5E R R, T7E SRR S EAA 6000 W/(meK). Balandin 5 AiETIE
B e TN &3 B R0 BRNAFRAREIL 5300W/(m*K), HrHE
Wi EE[37]. X HBRYERE R FE R 3000~3500 W/(m K)EE . HWHBTRA
MRS R E BN SRR RER S 1.5 %, FER) 26 ARk 5 8 i
(400 W/(m*K)f# 10 5% . 706 MR B, ARGEASR REFMELR, £
EE P R 2.3%[38]. TER I 5404k R O5 T, A TR EERRYIKE, f%
AR FHMEAINE, XEAGRHEAERAENILRTR, HEERN
2630 m¥g, EBAEERRINKE (1580 m¥/g)ff 1.5 &4 [39].

B R BT & DR R B R B SR IR TE SE PR R A R R A 2R
WRMEEEIRIE. BRI ABRNSRTEERS, B AYEENL . B
AR MR BV AR SNE A K%, AU, RS,
WP B VR3] /2 F 17 BE B 4 v 7 T RV B8 PR TR I 3, FEWLR T RO AR
T2 REHEEIBERHEND BIFERE. VMR ITEEARERE.
B PR R R A, R MR DU R A SRR M E BT SRR AE
S % BT EAYEAM AL ROHRD>EARE. B Geim BIMERETIX
MAESATERENA R, B2 EAHEE, HIFHSERTE/NE
R RIARTE M, SR K, RAESHE, FREERSRBNENER. S
AR, Heer[4015 R K KU, ERELMT (51000 C), BiLEE (SIC)
BARRTEREFSRESMNTIREERE, & FHURREFEASNTEF ST
EAEN, WE SiIC HELEE—EG 2. HirsEHREKRERE =R
£ 4H-SiC. 6H-SIiC. 3C-SiC &¥ Gk, ZHEH&/ANASKHATRE
B, TR, B LRI, Fd R R R . (LA
WA (CVD) ¥ER—FrF A 2 MBHESE (U, Zm%). Wik GRS,
Rt & B EAR TSRS RA KA SER k. [41, 4212057 CVD ZAA
NEBEAEPELIH & ERE. KERGERNTE. RMACZAAET
CVD 4AKBRNABEEREFEEGEEEVEZEM, Wi HZERRT I

6
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Wi, AR R AL B A, XS IR KRR R MR K AR S
. BRAME SR B R TH I oS B R I 418 2 IR B KT AR S0 ) — 4
BB . AR B A AR AR EMTIN A BT RE AW L EFE, Iimik
BEE SRR EEG BIH43]. ZTIEBRER R, SR RAMR, TS
BUAHUE MG %, BB HNABIGEAY TR E S BAESMERF, K,
DMF #1 NMP %[44], ARMEEENMEE <A TBERER 2GR LA
T2 BT R, mENABEPEIBA S o AR ESHARE S EE,
B R IR AL I R B R W R AR G BRI, (EERER CVD F7ikH&152
HIEME. FAhh &0 BRI T BB IR G B TIEIE[45, 46] BRINA[47IBL A
W& BIE[48]5F -

1.2.3 B ARKERETFEN. HEREFIFE

e R BIHEE N ENTE AR ARG, ELE, AUAEM (Graphene
Oxide, GO) HHIBIHIZZF] T W £ RTE. R EMA BIEIEATURE T A 21
HFAEMELE, BAZHEEFSRE W EERUSIEER M ANE. LR
FENE BB A BT R TR 8, REEASBHTE, AR
BETH—BHNRAIFAR. FARBHIHATEFHGRGERELESRT
R T AN R H & BRI 8E, FHit, BRI A REHISS
1, VERESEMIEARINA.

148N FABIEN Lerf-Klinowski BEMREE. (a) BEERE b)) UEEHERE, &
TRIX AR AR B X R FTF AR B P AT 1
Figure 1.4 Variations of the Lerf-Klinowski mode! indicating ambiguity regarding the presence (a)
or absence (b) of carboxylic acids on the periphery of the basal plane of the GO.

A 19 HEFH, AT ARLEERRINEL—, SNARKECHEE
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HATEIL[43]. RTTEE T VML IR T, B TAEE X R 2 AR
R—EHEEERKOHN . XRFET GO AFHIEEIELFFE, BRI
MBS MR AR S BT, BT, ERBHESMERATHRRENA
SEAEAEER), W Hofmann %Y, Ruess &, Scholz Boehm #!PL K Nakajima Matsuo
HI[43,49]. XEAERI P GO HILFARL, B R EFZE LUK S RS LA 45
T BRI, EELA BRI AR RTERES T ZREZNEM.
T B N M G MR & Lerf-Klinowski #![50, 511, A& 1.4 Ffra.
FEIXAMER S, GO WPHANTEFERMSETRE, —MEEREE G
A, B—RE 12-FEE; ME GO W% EESENRE. K&
WA SRS A B o B B R T A SR NI, IR R
)2 FE M~0.4 nm 3 An%E(~1.0 nm.

M Lerf-Klinowski Z5#mieh, FRATHT LR A A 8206 B A RG24
B4R, BN o %, EERNSATRES. XERTT GO WE
RBRIERE, AR, 6%, I, PR, B R R SR .
TERITES BNE. TBELFE E A A BEEFRR AL (211 &
B [52]. sp° ZABRBETFHIABAENR T AR SBiE sp® RABRIRTHE
S, 2 GO HERN BB 6. B EH &AM A BE R EREZVEN,
HITHHZIN 1012 Qsq-1, EEFEE . S0 BB SRESEMARTH s’
BB B TR SR L, OSSR [53]. BB REE min
REIRS, AN sp 4 X A8 I Ak 28R f (] 0 BB A T IR T 45 DA Sk, BRI
sp? B FISE LM EEE, SAnBRNSRRInELRE. EREN
FBRERE—AEEME, HBSERAEA~1000S/m EEHFS4]. i, Efh
BRI O B B R R SRR, AE sp? ZRAERIR T KRR
BEATIEE[55]. BNE BB EIRTHEE—HHBIR THBNENEM, 77
Tt 2 G . LS A BB, 2F —ERENREK. X
THEMENGERE, AFM MRERKZKEERN 025£0.15TPa, LINHEJZE
FBIFE 025 4%, TiHEWMABERERS[56]. BRAENABEIUEHEREN
SEEEEE, YAEIERER o Rk R, ATEM— MERREFRE RS £ X
Fhiie S5 A B AL B IRTE S FAR T L DUE R EE. Paredes F[44|RAFE T
Hummers 4% MEALE BRTEK AR 13 FENLIES]FH o8 SAa 8%
TEK. NN-—FEFER (DMF). N-FEIEEE (NMP). MWk (THF)
sy A DK BARS e A B, THZETER. 8. —HETEHR (DMSO). HEmEsE
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AR RSB g A, BN . Eok. ZHEFRPNARES . fias
W BT B, AR BRI TR A T R KA

ShAEATEREERAREMATNENA BHE. BERANTEEER
A=F, 552 Brodie £, Staudenmaier %A Hummers 7%[43]. Brodie /2
FAEBAS R ERBRIE BT R NER, Bk EEMAHEEE, 27
B IS A A B L BE R SRR RN m, ARBRZS 2.2:1. FE 40
2. J&, Staudenmaier 7£ Brodie J:FIZERY_E, BN A R BR R 2 KON SERSE,
S T ERAER—RESE . ZEAARBBERASERR (2. X—Fit
ERHATEAARENFETIRE, RETENARHNHEZRER. £
Staudenmaier ¥EHIL 60 4EZ J5, Hummers A Offeman $&H T H 7 —FHT K=
W, IR A EERANIRRR A R R IR, ZEERFESEI
TEWRRELR 21 MEALRBEIE%. BR, JMBHE THSHRHIETT
W, A FEM R ST EEM EATEE, X =M ENAR &S ARG
MR EER . EAARENEREH &S ARBHEEN—P, Bil&EET
BEENSRFEE: WFEEMEEEE43]. MR EERMAZELA
BRI TR, ¥ ERERFIEKER, ENs, SRS, ARG
FER R ERRE RS EX . EHAaBRESEEG TSR ESAEM®
B, 3tRERBAMTTEE R ST RE GG 0k A 0% B R n
F>1000 C, EAABFEPRRMFR, B2 R EHERERR AT, BE
FE RIS =B S EA 2 EE .

1.3 BMREFERAPRM BT E

w12 WHNE, ARBHBRIKRER TR TEEMEES. J6. B AF
PEgE, TI7EZWRLA s B e GiTh RESREE MM RL, T R IR AR HE R
SKAORL 2 B SR8 IR, KT EWREAABRBRGAM BT PERER
AW E TIRESMRRAZETEZFNREMPR, THXT RN TREEUH
B ERE BT R AN £ DrRER R L s L IEE IR AL UL R SR AL R
KT J7 T M T R E B R TR T SRR B GUKA BR B IL R
4. BETESTFEENRICRE GFE LURBRGUM B B AT 2 R IIRE
o AT RN HREHPTRGLKM IR R A REMBRRSENR, 5
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BB EW A AT AP RE, M AR A TR A B e RHE SR . NI
FE FFa T O T R R BB BT T I O
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Neahﬁﬂdqéchosdﬁnhg
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Figure 1.5 (a) Illustration of a graphene electromechancial resonator from a suspended
graphene sheet. (b) Illustration of the p-type and n-type Graphene FET. (¢) Schematic diagram
showing the architecture and gas sensing principle of the suspended CNT. (d) SEM and AFM
image of CNT back gated SWNT FET with Pd contacts

TR R T ERERNELATE, BTN LERUME RS
e oE THES I B T LI, Biltm: HOKAS . ToLk Bl TR a5 1IE4N Moore[57]
FRFRI, BT —EEg ML TR R, Eif% 50 4, WARMAE TSR
TR B Sk L B TR T, EREAMAMHEER. ETHRTHEK
RS RS (Microelectromechanical Systems, MEMS) Witk & /i1 /&4%, 3l
PR, MEEIRA S T T R R L & (IR 2R, TR RO -
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F—T i
MEMS #5482 F /A B L1 T BIFUIN TH AR &V & A T M AL I
AR 2, BETT S A AR A B AR U 12 B AR B A e R
BB (E 5 [58]. W4, MEMS DM UHR— M ER =L, HATH
% RIFHAF LR ER, SRS T2 B R & BB A L R
JB. % MEMS #—354/Mb, RUGRT#EANTHREEED, MWETTEE+
FEKEEBERGEBTEN . 3SR NS &8 E e SOVPPIHE R
% (Nanoelectromechanical Systems, NEMS), 5T 5 LM FHAK MEMS A
Fl, NEMS Bl @y FE— gl A9k RlHT B T LAk
HI & [58]. FENRZHIGERMTRIF, BAPCKME (A SBAMBRPKED FrAEFH
M R T 25 0 S 0 ST BRI R T LASE SR T 2 NEMS WP B R K, Xt
18 E BRI GTRSTE NEMS FRFIES| T KBNFFAAE. X8, &
MEBENFEE TS MEMS KR NEMS, F 182 [ER R KA L B k45

HIYEH -

-\

e € A

D
F O be 9
& ONDd e 2

¢ D B ¢
#'\.

LA KRR R

L2 N
“‘.
[SE

e (b) AR HEHNAR-BFRUABBREEN. (o) BT AEBFHEAZRENRE
U REREE. v
Figure 1.6 (a) Schematics of the bottom-up and top-down hybrid method to fabricate 3D CNT
complex structures on a single wafer. (b) Overview of the architecture of the stretchable and
transparent cell-sheet—graphene hybrid. (¢) Schematic drawings and corresponding images of the
graphene hybrid electrochemical devices and thermoresponsive drug delivery microneedles.
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B RO S (1 0 22 1A v S R AL R B 5T

2 5 25 LR T A S M A B R 9K AR NMES AR T R E S 77,
B, BB ERNARE N BEESE SN L, BT ASBRILEIER
SEELZE 2007 FE DB, WE 1.5a R, AU R FEF &k 78(59]. X
S SR SR R T LU TR R R B 5 R 3, F Uk wT LME 9 B AL
BOEAAERE (RERTRIESIRRERE). T AERE, RAKER
LS AR IS F R AV FE B AR R, T 1.5¢ FTR[60]. BRPUKATRERILE &
Y #F s (diffusion mobility), WAEH T FER AWK, IR AITE
(field effect transistors, FET). B 1.5b RETARAREBIT p Mo BAE
¥ FET[61], & 1.5d JE/R T 3T BBER O K & KA BN R B [62]. BLoh, BT
FIREERRELA FET, WARE TIEW X BIETA BB E B3]
BR163 115 B 5 B B 286415, ISR RN X ER L, EEANHEANH.
EE—IREE, BEE NEMS #I& TENRRE, MRBENIEZRESH Tm
F gk R AR S TR RN T . R Lea fiw, il B AR
F7i, AT LA — B E R R _EME A R S BRGR A EHaRE BE, 3, BF A
BEESE SXF TSI S AT, BEA DURERMEB YRR R ERE, X
DAE BB R I GE AT, X NEETRRGCKA BN NEMS W i PR S0
BT AEIE[65]. Bitn, G 1.6b R c Fin, A SRiE A 51E B s R A R T LUE
SN T B R R kIR m R A T R, TR T AR T A
- F1166, 67].

BARTERZETABEHBRYKERE NEMS F LM MR RREAR
N R RN, (BBRATAME R BB KA EE NEMS T AR 2 ZHFEH T (i
R MR R ERS). b (NEBELERS), B (WEHEBNE) FHEE.
B Bl A L B FE BN Bt L R A S B R T 5 R TR A SR SR B L 1Y
BEFAEZ—. (AR EEERL W, Wk E T ERARG KM EE
BR BB A AR AR I & T8RRI, FEENRE, EERIK
FHEE BB R R AT FRM (B 1.5, B 1.6bMc), XRMEE/EK
IRRRITT S I AN, FLTH (K77 2 e AT e B e R W 2 e S T
Be 2 T A0 AT S5 R R e (58], IR To Rt T Bt — 2D S T BRGSO RL R AR R Y
P ST F7 2547 S S ML BE RS R R T, NBRGKAD RSP RO R T PR TS 2
AL BT R HESE =

12



F-E 4

1.3.2 B FEBRARE SR

B AMRR AP L LM RE S E & TE M & 02 AE, &
FhAORMEME e D EARBUAME, PRI, R SMBNG G R T R4
AR S SR ARMER. fln, FEEREaeb@EFH “RM” GB%
AREY) BEEERERNSEMEIER, FARBRAE/ D TEEME, ©
THRFBYSREE, B/ ZAEATRNMEFERE. BEILEE SR
it (RANFIRETAALD, SEFTEAMNEAERNEERE, 2BEIK
B, 7 R RIE NI BILF 48 5 47 1O B /1% 38 2 [68] . M EL B NHCKRE R
WA % RAES, RYCRMEIEBERRFIRSY . ERmKREL. BiFr7
FPERE, FTULEBRGUCKATRLRILELR, AIETT6 TR 2 Esa sl = S48
WFE[69]. BLhh, BRGUKIEE B L BEMNT A SRR, PrERATK
MORME R R B I R S T T & G4 R BEEL L The e, X (AR 8K
GREEMBIARRAEAGE IR, EEEETIREM BRI A 70, 71]. F LK
BRNKEEMEAERASRRY. MEMHNESSE, SR NIANE, X
BRMABENBBRPUREE BT E SR Rk eRIl, S2o6E%E
RILALAFFER] 1A R
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BRSOV ST 1 1 2 R4 R S R AL T BT AT

AR R R . (b)) RERSREEHRIKE R SRR+ i
ﬁ\FQEK&TEEEﬁﬂ% (c) FREMBETEMABRGUKE IR G AR Fe i A T
RIEML. (@) BELE-OBRE MBS A BRARS EMNE SR,
Figure 1.7 (2) Summary of thermomechanical property improvements for 1 wt% FGS-PMMA
compared to SWNT-PMMA and EG-PMMA composites. (b) Comparison of creep strain,
recovered strain and creep rate at 60 min for PC and PC-CNT nanocomposites. (c) Loss modulus
of the nanotube film and baseline epoxy plotted as a function of test frequency. (d) Electrical
conductivity of the polystyrene—graphene composites as a function of filler volume fraction.

FEEZS S MR T, BT HAAXN R AR ENRE IR, SERIIAH
BRI AT U B AA B AW B TR S L T A & B IRt R H AR
B+, XBEREAMASIAT L. C. Brinson T 2008 47 Nature Nanotechnology
AT R B R ETAERFEE (Poly(methyl methacrylate), PMMA)
M, JLE 1.72[72]. 1%FRESEBRYEMRL (REERGUKE . KA 52 L
R BB PMMA Sk, 3 &8R4 IR 50-80% AKX TR 10-20%
B3R TE . FERRTHE AR BB RIIT , BRAKARIE B AU & T MR
e i}{ﬁ/[ﬁ 7510 BAVHNY, BT R E XSS FRERSK ST (0 THD

sgw
- -

& 1.8 (a) GUKERAASHORBEREE. ORPKE E%%EF’?“—ﬁﬁﬂXﬁ (f£) #

WML ) REE. OHBESME TAERERZGEEATIRYES. (X

(FH) Fls (o) WJﬁRﬁ%ﬂ%Eﬂkﬁé’J,\ MEAEBEEF . () ASBMAmALFET
BT E .

Figure 1.8 (a) Poorly dispersed nanoparticles (blue) form aggregates in a polymer (red)
nanocomposite. (b) Oriented carbon nanotubes-PDMS composite and randomly dispersed
nanotube-PDMS composite. (c) Images of GO for 0.3 vol.% GO/PVA nanocomposites
characterized by confocal laser scanning microscopy. (d) Typical SEM images of GO sheets with

small and large lateral dimensions. (€) An atomic representation of the bridging structure.
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% ik

BREMRKLEY, S THENESNNENEE GRHRERT) FHERE
IREHAPEAT o (RS . At A (8] AR B AR A B 134T 58 175, 76]. 1T H
THTEHRRMESEENGAS, BERE TR EIMA RS T
Fkd, AT AR LB 2N EN AR — B FEREs. flin, £
BEAETRMEBERGKETUARN —ERGTDHESTREER (&
TE M 20% 8 28 FEAREI<10%, EZFEM 0.0025/min FEEK 2] <0.0002/min) [75]. kksb,
STk S AT 4 SR N LR B SRIE R AR L, A R R E BR80T BIBRGK
MRS EATE R A HERGE ERER SR, UEEMERZEAN, X
el TR B 5 R AR TR E RSB AR E =L BE PR ERE
[71]. 20B 1.7¢c, P.M. Ajayan % N RIIEHEEE R MARIKE ST, K&
(BRI E L EATS, MEEEEEL 1400%M1EM, B/ TR KE &M EHERE
BERE TN AT R[71]. EEENE, B TFERIKESMEIESAK T ik
kA RHER . BEFHNRRRI, W 1%RESEHABEHFINER B
B EAR R R REES, K PMMA MRBEMRRERI>50 $RIRE (B 1.72); 1-2.5%
RFRAEERI, TUHIEESRAN0.1Sm WRRZEEEME, Kk
AW R EE R R HMER (B 1.7d) [77].

B BRGKAB I TT LU 3% 3 3 v o T 24, (BOCRIRIERI S5 R 0
Bt k, T HIXRE AR AR M A AT T AMITRI B . 7T Re R
BRIFT LA B B AT R, Wl 1.8 fivr: (2) BRIUKRMEE EERHK
FHARRFIRTE R, 55 RYERSUER GRS BR, A58 08
S EANTAB IR . AL, BAKIERERAE SR AR & ER
it 5%, WERMAEREET, EXNENMEEMENIZ R UEIEEAR
fI[78]; (b) BRGUKATBIEZE AR T BRI B UL, BT 40k R e SRl & B IR 1,
RGN RHR AR RR AT 41858 R A M R A RS L B SR —E, BRIER
R R SESEELAI[79, 80]. R HAIA UMK A EKIPAKERS], HEA
HEMESERS T (BEEBHIANRELAATIEE S5 BEBAR FE 28U,
Bsehr EHAOR R ER, FEHRHRERRENSHEECERTHER, 4
RERRRNSEEEUAI[81]; (o) ERMKZH W EBBY KM EE R RMEETIRS
T, FHEHERES, NTTHERRTHAERKE, FROEES, HEHALME
9T B AK[76, 821 (d) BRANAAE R~H I, ARIRBRAT 4 TR S
BT RN, EHRE RSB T, RBR SR E T M 1%
HMR ., BRI THYKMBRIER R (BTHRTE, RN AEESRIEE
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BRGSO S T B /7 S R A S I R BT B 7T

T4 MAREER, FERRRKEARTEEMRAENESESEER (EEEHM
)R8 SR B9 Halpine-Tsai equation FF¥ 4 2% &3 5 S 800 s 7N S2
W), BRI AT CABR AR AR 1] R < 110 R 5 B T e R 765 Ced B RN
A 1 ST ) B2 B 54T 9T AR B A AR Z W Ay Sk e, X AR IR
F & R AR IR IE RS AR N B & . AN, BRIKERIREDLE,

RESFAEREER, BiLTER AR NZIEN 7768, 83].
= FELA = &
3 \\::*;:/’ P

Non-covalent
polymer wrapping

A
B 1.9 (a) SEERRGIKE BB R THOLE
%, BASREBBSERTES. O©) KEREMESRICKEERTI G S TEETEE
KRB, AT, BENERR TN BN TR TR 2
M4k 2B AT AR Y 28 70 Bl ]
Figure 1.9 (a) The nanotubes are depicted at the interface with the polymer polyethylene

(individual polymer molecules are shown in different shades of blue). The surfaces of nanotubes
are atomically smooth, so their interactions with the polymer matrix are weak. (b) Carbon
nanotubes have poor solubility in most solvents and polymers, but this problem can be overcome
by chemically modifying their surfaces.

— 3 17 R TR R B B R REAT R T A B SN B REH 72,
84-87], X ¥ e HLAE i M EAR B AR AR A BUE AT S AR B S 4TRE. Ut
gh, XFOTERIBRE SR, BRERNREYS FRARSRILNTE, EF
FITFREARATEEER, ATBERTFREESMREZEIEEESES, 89]. B
RABADEMER LS RS THRAFRERRYN, KR F RSB RIK
ME SRR, SERRIKM A S G2 M. I MRERR, W
TAF T RAE SN ENNMEREMIRERINERS, IMHEFIHEES
HOCERIRE 25 R 4 B KA E Z R A 2 —[90].
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R 5 ) e — = ’
B 1.10 #EMBPAKM R E N BEAEN, NERGD RN —SA%E. —fERESA
B. Z4EE5; W EBITHERMITNRIKE . A2,
Figure 1.10 Nano-carbon based macroscopic architectures: 1D fiber; 2D film/sheet; 3D foams.

BRYCKMBIABHE 1.2 WA AR A%, B ek, Kok
RLFBR T £ Bh & P AR g 3R (E Bh B A & R A M RLAL, BT RRgURpRL
DL— e 40 B AR R B M EREZRE R REAR TR FINE R,
PN GUKE AR B AR, # &KX RESMNEERFHERBIER
WLRE R BRI E IR 10 722 DL R Th e e 1 . IRIDEBIZ MR E (mm )
RIS E, BRICKEEWET S —% (G40, —%4 GER M=% (EH
BRI BRI . IR, X=RENLEMRHRFE T REM
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BRSO LT (0 1) S R AE T VR S R L BB A

B TAEE W RAMBTR, T HC T HAE N TR MM R YL R X AE
F % T RERT B L BN tHIETEBIR AL LA R S B R R . AR T BR AR R
FEMBERT RIS R R8T, BRERE —E IR REETT, W
R, MIERREEER. EAARTENEYRHNE, THHIX=X
FHEMTEERIS) BRIk B RERI RN TN E, FHREMER
1ERZ TR BB B BE R 7R o

B 1.11 (2) BREF4elodast SEM BIF o (b) BRANKE I —E M AL HED I & BUBRAKE T4
ORT A BHEH ST %, (4) FRIBI4ESHELEA TR, TEEHRHE. @ B
ST i ATA BRI SE. ) BOLEBETEANG BRI, BEABM/AL
i BARANHREF S, ) P Bx I A [ o S SEER BB AT
Figure 1.11 (a) SEM image of typical carbon fiber. (b) SEM image of typical carbon nanotube-
based fiber. (c) SEM image of typical graphene fiber. (d) A mat of graphene fibres (horizontal)
woven together with cotton threads (vertical), the spring of the graphene fiber. (e) The stretchable
array constructed by Ag-graphene fibers. (f) Representation of positioned laser reduction on one
side of a graphene oxide fiber.

A 45 BAR BR G KA R AR S5 B 0 22V R TE AR A R R 5 0 REERLIEAF R
FHELSE SR v RS I B —, MRS oK 0 S B R SR AR Y 2 B LB AT
Y TR 5 T S M B IR B BRI 4T 4E[91-100], A0 1.11a-c fias. HETAT
| R BRI £ 4B P 5 1 T 14 ~8.8 GPa, BEE~357 GPa, Wi FI1E~1211/g,
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LA MEE T O T RS %M E . B, AR TR &NRIKE SLET
2R FEEERAER, HMEXTHE URIIBRGUKE A E T R R TS
SHMER. KEL. BiE. aESURAENSHNER. HEASEHSEH
B LI S FMERR[92, 93] BRAL, WAMRABGKEAEPEMERAERER
TSI R R RR[95-97]. ML S, BT 4R BIFH BRI &K A RHT 4%
FBEBBRGIK S A e — e SRR B LIRE IS, & A R, BIAEHs
B EE —poins, ¥R EARER{RE 442 MPa A 22.6 GPa[98-100],
MEEGBRAERERBAERERKNEE. BT SR RRA %, BT
Gk R — G 4R BE R R B (L%, MRS SRE, BTHTZH
RLFUME[95-102]. VAR BIELA LA, FHEBITFHFTEFREET RATH
AT RIS MR E M REANHE, —EPRMEEmE 1.11d B
R[98, 99, 101]. MANABIFEAELFRGH FEME, THTH&ERE. W Gao
S NTEAREBNGE, FERESELTHITH, FEFEE 150%N2TEHERA
FEAZIR /N 1.11e BT7R[103]. ANG0ML, E&REMRISISInEENSR, SkET |
BT R T AR N M E[104-108]. i@ IO ik Bt IR SR ol %
BRABH/ENA BENANRTAE[107], WHE 1.11f fin. FIAASBRE
WA BEEEFNKARR (GO SHEEHE, KEZHMAR, AREABUED
TISEMB S EHA TR R EA SRS, £EE, PR bRBLBEEEZNMN
FHRI£[109-113],

BRI R — R A RRIE BT LA ARH, —Fh K
FERE A BERmAKEEE, (EHERABEERMNKE, TENATR
VBB S AR, B 1.12a F0 b fiR, XERATMOE 1.3.1 TTHHENHB34, 42,
114-120]; A—RREHNEEEE (—BAMKE) g BEIE (free-standing)
HIRR A KA AL V8 R $5 0 SR IR AR RN R 9K 3 4R (45 F% 9 Bucky paper) [121-125].
EAERIE, XFhETENABBERE HFHRTERIICARE, MHR
FHATH AR E TS ARG EEERTEEES AHE (B 1.120). BT
HEIEE AL, Ruoff Z[1211FFEH& T EMASFENEEREME, WHE 1.12c
Fim. BEAMEER X HEMHNERSTTALES REFNEREY, Z
[F¥E~0.8 nm, A TEMNABHERE (~0.68nm). RFHFEFIRE, LR
WG B A RN A EAE R T 7 R R AT 2 R, MR R
JESREEN 130 MPa #E A 32GPa. FR, fENATAHE, ARGEEERNZEM
WHEERFERAES FERRITEHE, BTHUEHAERESEARAFTH
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LA R . BEBRBE—FMERETERME, ERE 90% U ERZER
MTHES 10%bL T AR X — B2 R TEFREV AR,
B BRE TS ELA (B AREBRNFRHRRTHNE, HER. &
T M BIERSRERNETES TESERIIEEMER, Dfl# ke
e F AR EL[126-136]
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Figure 1.12 (a) Schematic of the roll-based production of graphene films grown on a copper foil.

A transparent ultra large-area graphene film transferred on a 35-in. (b) Optical photograph of a
graphene-PDMS-tape composite film. (¢) Up: The formation process of an graphene (oxide) paper

Tensile strength (MPa)

"

Polymer Flexible
electrolyte substrate

by vacuum filtration; the morphology and structure of graphene (oxide) paper. Below: comparison
of tensile strength and toughness of our ternary artificial nacre, other binary layered GO-based
materials, and natural nacre. (d) The artificial muscle based on CNTs film with unique networks.
() Schematic diagrams of the penetration processes. (£) Permeability of GO paper with respect to
water and various small molecules. (g) Schematic diagrams of the laser-scribed graphene
capacitor.
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£—% 4%
BRI 2 S RE A . IR RS Fan S.S. /NARTAKIREUK
SEIBTER S EE R, SEERUGFERNIIIER, XMRPKETFHE
AT FF 45 75 A AN A B R & M FT L AR 5 VE137]. BR T HRIFHISE
4N, Baughman 25[63]RINRGIKE Buckypaper FLH HEKSNATH, W
Buckypaper 3853 XU Bk 45 =BG 4544, 38 B A BV Buckypaper HJ=F
BRI IS I4T [138-147]. T, XieS.S.4H[148]% CVD ¥:#l %
(1 B — 2 M4 S5 B G I A T BB 04, KT 2RISR (H
1.12d) . FAbA B I% T K #4518 UL LSk M A 2 IR A 1R Sk
PRKRME, (HEAELEAKIED, AYEAREFRT KRR, & 1.12f Frs[149].
AN BIE R EERES FIE (B 1.12¢) [150-153], BAEHR(E
1.129)[112, 154-156], f&KER[157-1591% FHH A & EERMANME.-

BT Byre R i d iR 2 R A B B E R A A =40k, BalR
=HLZFLEE[160]. TLEER, ETFTRYURME =4 E M REA KR
WERFRFEHES, SHESHEOHEFER, DRETREEART, KERWH
BURIE S R B & T B FRONRES, W4, MBS [161-177] (%
BN E N, BATEXHERANEHE) . EXE, BTREREG, /B
RNKF BT, 458, ZRMERE, MAMRAKFEREE AT ERENSH. 5
EBERREAYBERBIEEMBHERM AR (FaFRIEE 4R R
s BT, WA 1.13a 1 b FiR) [178, 1791, BRGUKAMEHECAH B T
(building block), HE THMAHTMEL#HE, FEEANFMHRZRERES
HNFREZEIE /DN, XFHHR A TIIPOR R E LR AR AT 2 RIRBNE AR
EM=LZ AR R ATRE, A 1.13¢ FiR, A SE-RPUKE 0 ZWEREAR
FIBORAEECT M R B R180]. 2R, HFMHRETENRRREHFH
FE8, EEEMAMER R R £ ZRE T EARZX TEERE AL,
R 1k L o SO0 AR A A T 3 SRR T B 9 K i e ) s 1) SR T R AR BT 50 R &
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Figure 1.13 (a)Polymer foams after compression. (b) Nickel microlattices under 50%
deformation. (c) Hierarchical structures of graphene foams. (d) Stress versus strain curves for
nanotube aerogels along the loading direction and for graphene-coated aerogels during loading—
unloading cycles. Insets: photographs of aerogels. (¢) Schematic diagrams of graphene foam
based supercapacitor. (f) Schematic diagrams of hybrid catalyst for clectrochemical hydrogen
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generation. (g) The absorption and recycling process of 1-octadecene. (h) Graphene—sponges as

high-performance low-cost anodes for microbial fuel cells.
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A ERIE TR ARER (R 1TPa), BREKKEN (KT 109 ULEIRE
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N A M IR AE B BRIE RN [3-5] . B G AT 4EIERE A MR FT A G REA], BT
REEA S R TR SRR RSB R S BN 5%, FHikRERERE
SHE R RI. TSRS RSB R T2 —[6-8]. TIERAKE MR,
Rk R B LR AR R T ESWAEAER, ENNREERERSE
RS R AT EAEE, MONARN EWERE R E B E. Bk, N
TEME R IORATRGK S SR R RS, o Ao R TS K
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5, BT HBENAESEH, G2KENR EEEHMKRENKE, e
AR EVE SRR R R AN, BT UL B R AL R B 961 (in situ Raman
spectroscopy.) FARNEAN B BTN AR F[9-18]. TR HARFINERNAE, A
B 5 B R R B SE B E R BT U A B A B LN AR
EHME. FN, XUAEHERIKRE TET ARG EN 2T AR
PRAL T RIS B TR, 11, 18] 80, Young %5 A\ & VORI A Y 78 BLEH (vdW)
ERBBETFENBNARERBHBAT EFERGBRFR (PMMA) -SU-8 &
Y1, WITRTFT “= 8% “4it, R 7 AT EERR. ViREH
PG 42 SR R BT (shear-lag) /0 BB, B LAESS|HF BT
WIELIN 2.3 MPa[9]. RN, SAEGAEMEIERGERMARRE T HERRIT N
KA, FBESESTRTESNE TR LUEY 5 A VIR EHE ST
TSR/ BEHEVEFE 77 (2 0.-0.8 MPa) kLR SR /14£3%[9]. ik, Zhu S NFELR
HMBIMER TIEE A5 A mREHRX NI REER S, #—PRRETIRK
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0.46-0.69 MPa[11]. R4 Ai17E 5 TH 3 2 - BE H  Eb B SR B A AE A ), 3R
MIARMERT, Joleseid FrEm R E T BI% NRON 5 7126k Re, EEUE
SR E 25 R S B S A PR AR R M B Y . SR TR M vdW
VEF B4 T2 TS R T AL, BIFEGRRREETR, WA ETAMER
BT, POV STt HE A 2 R B A EE AT [19]

% T _ERET A B vaW 1R T S R S A R AR R IEAT A IRIE S
BB R T AR A R A 0 T R R T TR A, 38
T A6 S S A B AL R B A A PR 8 LM RE BN FT B [20]0 LAERT 2T
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bonds) FEELE BAEMAEXE, WIHERTH vdW (ERFEMERIEMAE
[21-23], BEENR, ERERHE, LIRSS RIRE RN HRE TN,
SR BAIE A B o0 S T S T (VR B i AR P B K T R 71 (24, 25). BRIEH)
A BREE SRS — B R W T XA B AR SRR, BRI 1R
)8 A B T A B B BN R T [26-31]. 2R, IXEEERIER TR 2
T IS0 7 224 9 B M R VR 878 78 5206 vh 78 LR /R AN IPAE . @i IR 0 S A
TR ch S SR I A FE G S KRB AT S (A HBYIRE, B8
PEME AR T BIRE]. BHit, TitRMREERE MR IRAE, &2
MIRAR K R S e B R AT R RR 2 A, WA LEN SR
TR BT S R 14T N KRR AT 2 B B R AL

B, AIREERBE S AR PMMA ZEH A7 vdW 1ER RS
VEF T SR AL B 5T . SRA ORI, RATRE T EHGRIEE RN
EEE T AE L ME BTV, SRES TR SR T BRI A BIH/PMMA F ALY
i L BT 7 B AL . BTk, BT — S E BN RAL R 8V TERIER A T vdW
RERERATRATESSE GHERE. BE. BEEHURFEEHEE. RAKAE
2 PR R T DLR (LR T AT B I R AT B A AL T, 7T LLE R TR B AR
TR B R R, RN RIREOAE SRS BB AE T2 (&
BRI aEE Sk E SR R AL BT R R =

2.2 EERIT SRR
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2.2.1 BlRERE X

ERATM LI, BERSER R MR B 77 5 & H R A
PMMA #4& F[13] CA2E A EREAE PMMA EAREHATRANE—FHT)
BEAL A SRRAE) 3B B #1 PMMA B8 2 0] LASEI PMMA ZER K AT #5385,
HBHZER 600 PRMNE S HENEEBRET G IR AH 86T RIEN3,
32-38]. AT EIREIER vaw fER S AR ANEEER, BITFHRE-KBES
AR RBATIE R E A SBEEITEALEE GEIE LT 400 [39-40],

ke At

Y

Elastic 6C Damaged é‘s Frictional o

B 2.1 (a) B2H 8BS TEEEANARERE. (b) FEHETHRRE.
Figure 2.1 (a) Schematic diagram of the monolayer graphene sheet/polymer configuration under

uniaxial tension. (b) Modified nonlinear shear-lag model.

FERATM SR, HIEE A BIG 5K Z BRR M, AOIZETXRER 2
W—LRKERYK A B/EEEKTE x FRKNZRR, s —4EE, mE
2.1a fizn, HF x = 0ONABEHENHO. BT 7ESELR AN K AR
BN GEBENT 1%), BB RMEBIRBONEIE MR, RS AR ER T
ko Hik, ABREHE RS 1 TPa WHIRIRE Ey[3], A8 EIELTERN:

o = Ege = E; =2 (1) |
Heb o, ¢ DK u, HBUREET RS RIS, MR, R,
TN, BATHAT AE2]:
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o e, 5 u, REERBNNESHA. HROE, B w, 1, L
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§=1un—1u; (3)
Foop & RTEA BN/ SR th Y] AR (LR o

2.2. 2 RGBT IR E

BiF, EeaqEmE SEd e B RS DEWA TR 2
5 S S B R AR B RS 1B ) SR T BT U RE A AE (9, 11, 18] FERXFHER AR
i, B T R R s, YIREIYIR YIRS R &R R AEA
D B R, B R R R I MR R R RIE R RT . S
AR, FRBEFEAE x J7 RN TE &R DATEH:

T=—tZ = —Eit= (4)
He ¢ RAMEYIRS, t=034 nm RERARBEHEE. ATE23TH
BE| N AE R (ELB PN X—BENRE TR, FESAXM@HE
1T —B il A3
& o EtSE (5)

He G AR SRR R BT A AT REHEAT T MR (1~6), SE AN
(1-3), AF(5) ATLLE BB RIS, RATAM 2.3.1 BT FEAIULEA9, 11, 18],
HFERMNOERE RN T AESY (B 2.1a), WABAT T ~FEML: Fm
TR T BN A R SR A R R BT YIRS Gk i 6§
M AR .

2.2.3 JFLR M EHRE
HTEFHRRET RERBEET ARSI, BATHEABRRE
MR (1— 8 XFR) BB IS BRI BE K EERR S XN,

R U BAE A — MRS 4 AT LR ESEE, RRENTIRY

36



W SUEER TG BB/PMMA B AE I FRIEE L KR

THEIERMET . WE 2.1b Fin, EVEREMEATEH B, 82 5 HR 77 e
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EEAR LR AT 205 . 7EX BRA VBB A ARSI RFFL ar, Hba (=D E

& SRR R, hAh, MR R4 R IR KT (Rl <1),

T B B CRALT ST A ) RARRELR A 55 BRI B 57 T Ry R
R UL E B R B, R CRIERA S S ERE R ) BRIl

B CRENFRINR- RSB REERNER, HPRHENIUS

—HH (k). T — 6 FERIERRI =AY BT LR RS

k,5; for 0< 6<%
[+ Tc Tc Tc
T= rc+kd(-;-e-—5); for £<6<E+(A-a)E (6)
atg; for 62;—:+(1—a);—2

Hepix SN B R A e, RGBS,

A RER, BT E R R AR T LR T S MO R k2 B
SRR B LT F R, ) Mk, =0 B =1, FEEM AN
FEZ e 20T (CREIR R gh HA 7E S mh Hh S0 o TV 8 L BRAE b P
BEEFIA41, 42); i) 2 kg =0 and a =0, WA (TERATFAEEEH
S ST 745 3 R RO A H)[43]; i) 24 a = 0, SUEEP RATBEL (IR TR
&, B, SGEFER A EREGEERY R)44]; 1v) 24 a =1, FELLHETH
A (R ES R TR B SRS ERIT 11, SEhRL, UE
LF AW T SR T AR DA R I B R 7E AR — B 7T [9, 1116 Bkt
R REA R T e RN F AT [24, 45]. I, RFEERER,
IR TR/ BT, SETRE. S8R vaw ERME, e
B B AT RN TN RE R o [45]. HIk, RAVEELET B
WRTERESB TR THATMSMBAR, £T I, TUELKF#—5
R VA 2 B e B SR P o AR — M, 7RI 2.2 P BRATTY
YRRk, =k, = finite, @ = 053RSV A BIH/PMMA FHETEAZA LI B
o RIS, H—BTE 2.4 FET LW BLFRWN LN WA vaW EF T
MRS |
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Figure 2.2 Interfacial shear stress distribution: (a) E stage; (b) end of E stage; () E-D stage; (d)
end of B-D stage; (¢) E-D-F stage and (f) advanced E-D-F stage.
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BRI R A T RO R &t . S 5T X IR 880 M3 AT DAFE
AR)BEILER ¥ N (F+2) #73:

__ gctanh(BL/2) cosh(Bx)
sinh[B(L/2—-%—%)]

(205

E=&n

HN B S B VIR 7 R
_ 7 sinh(Bx)
Te = Snn[B(L/2—7-2)] 21

SHFHRGXE (L/2—%—2 <x < L/2-2), BEHESITEQS) TEH.
fEx=1/2—% K& x=1L/2—%— %k, FERIEIINA 1. K ate. FEH
WMREMEEE@F(12), REHG XA RGN DERIREDT:

E=€&p +-§ec tanh(BL/2) [C cos(yx) + D sin(yx)] (22)

e _ acos[y(L/2-%-%)] cos[y(L/2-%)] _ acos[y(L/2-%-%)] cos[y(L/2—-%)]
e € sin(y %) sin(y%) D sin(y%) sin(y®)

BQF(I2)RN@H, BT LS BIAR BT R HRIE
14 = T.[C sin(yx) — D cos(yx)] (23)
FEBXIE(L/2 - 2 < x < L/2), FEITABIFRERTEE =M B,
S AR R R R ANR A B 4 S E AR T B S 5
B 24 10 T R ) SRR R BARB LT RO B 7 o TERRAIN AR R IEAR TR, BEERT)
(ar YW o FEHIFEHBRE:

T = at; (24)
Hp Ty AR R RE A TEBEREEGTRAEN . MRLREE ¢=
0 at x =L/2 FFEEAQF(5), FiHkhTEEN Bt A 2GR S 2
€ = ae . tanh(BL/2) (L/2 — x) (25)

41



FRAVH L SO0 ST 10 1 3 3R v S P B AR AL B R T
sk, FIFHA B A R RSN et (L/2-%-2) = (L/2-X—%)
BQOFIQ22), BLK et(L/2—%) = e (L/2— %) FlQF2S5), WHEBXTHE
PR BKE © URBEREXKEKE 2Rk
a — cos(y%) + %sin(yf) tanh[B(L/2 — % — %)] = 0 (26)

YEm
Bectanh(BL/2)

[1—a cos(yx)] (27)

= ayx + sin(yXx)

2.4 SRIEATHESR/ES FHARENFEERITH

2.4.1 AREB/ENFAEBYINITEK

HRIERAIE 2.3.1-3 HI40HT, BEE NIRRT KN, A EIEHI R L
T FC 5T (0 2 738 AL BT LA 5 48 51 BRAT X BB R BED IR (1) BRMER BT
BAF RIS T REM AT BADER A 222 Fix. R, RAFME
YIRE 1 & AEAE R B GA . A BB RN T LB (10)RG8]. BT L
AL, BRET R SRERL ) 5 B NAS Y S e R AR LRI IE . B A
WA ARE R (12), MG AT PA R A HRE, FmNERITHRER, MH
BN 2.2b. (i) eI B, AT AT LB ARSI K R X
SRR AL SN, AT R BT B AR AR FT AR (18) 4R . ARJE, AR
R BI04 R RI TR, B 2.2c. &, FEN AR XN %
REFIRK, PR BRNGEER. ABENRAR MR H3)M16)HA.
2 SRR S5 A I ST B2 7404 B BE RIS 1R, BB (B 224D, MHETE
MMRAS 5B KL AT LR (18)FI(19)HH &, (iti) ERME-TG-BBHB, e
REAT NI EER XK IENG BE GO BEN. T MEMRNAR R
ARG X K LR AR S EE XK T S aeMRNE2]. 5T
MR AR 2L, 23)MAEQATERE 2.2¢ Hik. FFRE, A RMERINAZA LLHQ20),
Q2)FI(25)8 5], ShF L, Bk 1E B BRI R R BT N TR X 15
K DL RSB HTIR /N AR AN R K B N 2.2e-f. E/ERMRZ, BBEE
I I8 08 BRI B, SR BB NS REE=ATE, R awriinad
G BE RIS A SRR R BT R B B . M BRER TS W
W B SR, SRS S AR, A B/ T 5 AN
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Figure 2.3 Strain distribution along the tensile direction of monolayer graphene sheets on the
PMMA matrix. The symbols represent experimentally measured data, solid lines are the analytical
solution of nonlinear model for both the vdW interface (a) and the H-bonding interface (b). (c)
Normalized strain of graphene at the center of interface in response to applied strain to matrix.
Note that, since the currently unclear information about damaging effects for different types of
interfacial bonds and we are focusing on the effects of frictional behavior on the reinforcing

mechanism, the k; = oo is assumed for simplicity in the present analysis.

ERMERF, L~12 pm FEEAREERET vdW {ERBREHE
PMMA HARKIFRE . 8 A B8 X 4780 0.1,0.2,0.3,04,0.5 LK 0.6%
AR IR, i B SR AR 2 O R R SEHE A SRR VR RLE T M R AR RS
3, FEHANTME 232 FiR. BATATLURIL, A2 BN MNILSTT
IRHERR, FHEEOMEIARIRKE. ERENTRANE (<03 %), ASEHH L
RiAT A 5 HARRN A — . R RIS ARG R A 4+ AR, AT BMREFRYIE
B A R B IR B0 AR AR T S — B BokaIR [43]. I@IE(10), EATATLABRE
B ~ 0.62 um~1[46], N A FATERIEk, AT LATHEFEA 132 TPa/m (RIREG= 1
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TPa). MGEL{ARIARIE— BN, A B O K AR TG 5 T RN M AL,
HRIAS 4y ATFE D Gt FF UG R IIIRAT7E B 2.3a LEAMS(BIRE BB E
w47y, FEIRY vdW R IEL O, 11]. @it 2.4.1 KD ERELE LR AR,
A LVES REBITRE T UUREE SR o iR 0.45 MPa K& 1. AT
AR, BEULLRBEBANER (a=1) SUERTARG/PET K4
FA[11]. SRR 6T B R W T, XT vdW {ER RSB E L 13
SRR R T AREIONIE, BN RRET, WA EAIMEREST, ST
T 4 2 25 AR 24 RS I R R B 7, S350 SB0% L T 78 K R F 7= AR v A R T
R AT — R R B YIRK[19]. RN, RS HE L AE S vdW 1ERTHY
B AT BT & B AR B AR R RS R (42, 47], T UAEARTY
R AL BE AR, R ILINRR AR B A MR R AR AR R 7 TH P SEELEY
KR & $2 T+ [48-50].

RS2 9 SCERATE B BT LU T IR 45 0 SR A K B A AR B S T B R A
St S TR, 52 VR B R 5 40 1k 1 R i R FH [26-3 10, 3 7R U A T (0 i AR BEL 080
LABEEY ., HRIE Griegge ML, RATH —HBAEA EE R ERAETIA
B /PMMA MO AT . 2T FA/ N BT (8], B8 6N In/le =
~2 F In/lp = 10 FIThERAL A B4R T LUSShSEBL (PERH TR 40). %R EIRAIR
frbr 8 R RIS ARG, BRAOTLEE, SEEN vdW FHMAL, S
Ve B B ST R T T KGR T i SRR NI L (531 TPa/m) A REE(1.2 MPa), AN
2.3b, IXE BRI SR IE F] LUMEAS TN A B EAT IR A A R, TS B AF
Sk EE. A —BE, BENAREE bis<2, RN by >108, HH
AR RS2 308, FTU AR 1 TPa fE NI REAL I A RIEH R =
[51,52]. EAMERE, BATRA 1.2 MPa (B F (BUEHL 3 TR vdW
A T UMRIF RIS SEE R T A BA/PMMA FIER /18, NEEIER
TR BB EE AR TR, 1k, BAST ARG 1A 246 7 mpTil
A BB T3 B S DA 94 T B J AR AR L, VRS A T - R AT
ol SR R T I B FTH R A RS BT A e R A T RN
HBE (EEEEE /48R RERE). AN, 5 vdw EERILARIERMLL,
SR TARREAEREIE T EarBBE[45]. FHES—EE, £
HE L PR R G AT AE SR B R TE BRI, FIRER BT vdW FIERAF
AT AT EEEREE, 08 TR TRMUASERER RS R
ANEIHEIN RIS S A SE IR 2 . ik, 4R PHZ TR B I SR A
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K S R AR — AT vaw REREA TR IS

2.4 3 SRIEATAEREAMEFT AT

BNME R FASENA T EER A REIRE M ARG EER
HIE R . ET AL B R CHRIE, RIS TEARFERIHEERE
AR . ©) ERRFEFELSINEEMFEN S A el
B, BLEIA BIRE In/lo<4 PR UEHLESNMIRESR, T b/lc=18%
LTS EEESENERHES]. i) IEWRIN AR, 5EE vdw
RESE, SEEKSINTT AR R RIE S3E, XKENE SRR
FEMEREREE, i) SINEEFTENEREE, ARBNATKEEEN
EVENE, X AGFRANTBE— S RE A UK 5| N A AR o S e,
WA LB R EL AL AR [21, 53, 54]. iv) B THER. TiIkERE, A2E5
EAFRAETEET UM ERSGERR, SR TIREEBEA(EEF S
BEFS). M T, K&, BN BRE i) FTHEAEEERRY, B
ZE AT IR IR 7 B S, FRWRRG T R BHAKE SR
(RISEER K SR [24]. BEHERE B A F Rl 22 W B i S e FT AR B i A 4
Oy A5 7o} A N AR [ e B2 SR (B 3.3¢).  — BRI ARG FHE, FE
BRI NIA L, LY B BATATCAURIL, X R A BUNIBEE 1 (&
ANET o) FIFTE[45], 7880 rp 0 e 1 B AR T B B AR ) S AR BE T s, [
94k T HI RN o SRT, FFEBEIE A T B R T S R = BE /T 38 L LU A F
A BIREDGAL R RS AR TE N4 2R AR BB AR K R A2 T e A R L
BRI [55]. RN, EREAFBEARMBFERRKERES, HEETRNE
B, #mEmE SR EWEHE, BFERE T [26-31].

2. 4. 4 HE1E/PMMA #LHRERTNIE

R B R BEAE PMMA SR, A RATR LU A Z R AT A
B HRTAT AL . TR SRR, AR R R AENB R, — B8
WEEAARIAS, B A R S 2B R AR, (A 2B R U R R 4
RIAE [11]. 3K, B I B T BN 2 R B TR 5 7 5
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T ERRREMS. vdWw SE@ER THMEIElER (buckling ridges)
0 2.4a F1 b, BEDLH T E BT R [ AR FN TR R
W ) [11, 56, 57]. FATEIHE T Wi g /3R 4 i fe 28 ELASBOBURT 22 1 28 2R
RO BIHPMMA FLE AR A (WHERRAFEFIE) [56]:

I_,=7r_4'Egt54 nt 382 Eg (28)
32 A% 6 At 1—v2

Heh I OREEEE, 0 EBAEHIEE, 1 RREHEREE, v RASKTEN
VKA. BRATRIE ERRBANE 2.4 G T 6 & A[5TI1FH B E~1 TPa, v=
0.16 F1 /=034 nm[3], 8% T vdW RS T 1A S%/PMMA RiFRE 514
0.4 & 322mlm?, A ULRILEZN TN DA KA B0 S E R M s T T 2
FHIRTE

a Before tension

Aftertension Y e Before tension . Aftertension
~ P

Tensile direction .

a8 o

Height (nm)
;

28 29 30 31 32
x (pm)

B 2.4 £ BATE PMMA EiE LR MHERENETHEMERHRE. (@ vdW Al (b) &
BT RE A A R AR, R SRR AT T
Figure 2.4 AFM images of a monolayer graphene sheet on PMMA before and after stretching and

o5 0.6 07 0.8 0.9 0

releasing. Buckles can be observed by high resolution AFM image and line profile across the
buckles on the graphene sheets is plotted for both (a) vdW and (b) H-bonded graphene/PMMA
interfaces.

2.5 RENE

B2 [ SCERE B AT OB I AR G B GUOR B AR R R 1 R 2R
S SEHL AR S i R ISR T . X B EUR AR A R A S A I RO T AT
g Jo i BEVR B 7 S0 PR VB R ARG o BRSSO R SRR
ALt A S RTS8 (R PR, BB ERS) M
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BMRE] . FL, A SCHRIEA B S % R R PMMA Bk 4 HI7E vaw 15 F R A5 (E
FiF R R BT A . A SCRIRIE, BATRE T A RE IR R
YA AR P BT, SR AT AR SR T B R AR R SR R/PMMA S I AT
FESIYIR T AL ZET bk, BRI SOGERAEFIAFF L T vdW
FElEERTRESSE CGRERIE. BE. BEIURAERIGE . RIV8E
THASERLE T RS REMKEAMHRENERERR. RITERE
1E A F A B 45/PMMA 0L 57 T8 5 T 2 550 L AMOUL 5 T 7 2 R AE B ftiid
TR ER (EEBRYRAMED B AR YR R SRR I S0 BT R LAl
JE =R
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3.1 BENE

FEURIEUGE NS, BT RRRNEE. e, AEUR I #ERE,
ABFETESEY, RSB LL T B ARSI N R
BT ERMEAN-T]. BETAEEETNSESEMRNE MR SRR RER
A& TEEER THRHOKEN, ERHUAENIFEREITARES
% BIRETABE G kR4S, 91. EETHETRERTHIE Z5R1%
MRBAFBAFEEBESAAREAE I FHRENRIE. KBRMAARET
HTF kBl & SR S R RS M AR RAE T, AEXGORRE S
2l g AT NI B AR RIRIE T2, RAA B R A E 2T AR @
BERARBRZ. [8, 10-22] 8 Bl M, JTEE RGN THE AN E AR AKX
RN B R R . Bitn, 7ERER Bt 100 nm EAMHILIFF A 269
KB ESEMATE S, WL REMILERE, COE SN LR AREE
WL, B RTF S MEN LSRR (MIMIBE) K, #Emseiixa
BEREENABE SRS FAHRSEESHPMER]. RIEL—-FHWH
BT TRASEATAFRESES TEAP AT ENHR SHE, WEE
P EIEEAR, T LARMAEIE BB EREDER LHNERE, REAAFRF
HALZRIRAS T A BE/PMMA FHENIE . sB2ESMERR[23-26].

SEFR b, SEEAEE UL B A LR SOk DA R BRA L — B A A A 2/
AR, EEEEBRIES ERAE—RBRRNERRE, MATEENS
22 AT BRI R R . EEIRBIGUKRRE T E T 90K R K
M SRR AR D, NEREZEABREENERIEARNEN R
[10-22], {ER7EX HATHAR AW H K 2 B A BE L — N BAE, 1%
FEATAT A B R RE AT (EIENEE), XEBIENTRRSH#TR
B[27]. 358 TAEEEE TSR, SRIRNE T B KUERGIRE +
W& 5 AME R KRS E S ST, (BRXFPKRIREARN TRERETEER A2
VENE AN IS I (28] A B TR BB BAREEEAT T A B AR I BRI BERT 5L
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BT 2 ER BRSO RE T EBERITN: B, SERRE. FE
ZHEE BRI TR NE[29-32] . R, BEE THREH I AR B IF A RETH
ARG R RN EE I ¥ESH GnEEREER TR ERISER
[ELIRZIE: Vi DB

ARG, BATERE % B AT SR KR8 R RS
BRARY, SR AR (ORI R S5 B R AR H SRR,
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Figure 3.1 Schematic of a graphene-sealed microcavity before it is placed in the pressure chamber.

When the microcavity is removed from the pressure chamber, the pressure difference across the

D

membrane causes it to bulge upward.
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Figure 3.2 schematic of in-hole graphene sheets under deformation, including bending and tensile
deformation of neutral layer.
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Figure 3.4 (a) Hencky’s solution after considering the out-of-hole frictional force and (b) the
frictional area in response to the pressure and the value of frictional force.
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Figure 3.5 Experimental and theoretical results for the pressure-maximum deflection of graphene.
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Figure 4.1 High-resolution SEM and TEM of the microstructure of carbon nanotube sponges. (a)
SEM images of the 3D truss-like network. (b) High- and low (inset)-magnification TEM images
of X-junction of CNTs with a representative schematic image in 1a. Red circle highlights the
curved nanotube walls caused by chemically covalent interconnection. (c) High (inset)-and low-
magnification hinge-like Y- and X-junction CNTs with a representative schematic image.
Amorphous carbons around nanotubes are marked with red arrows.
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Figure 4.2 Compressive mechanical property and stability characterizations. (a) Loading and
unloading compressive stress-strain curves of nanotube sponges at different set strains of 10, 20,
40, 60, 80 and 90%, respectively. (b) Measured compressive stress response at the strain of 60%
with respect to number of cycles. ¢) Comparison of the relaxation properties of CNT sponges and
other materials. Note that the stress degradation of other materials would be different with
different densities or loading directions (anisotropy) and we chose the least value (best
performance) as their relaxation value. d) Fatigue strain-time for the CNT and PU sponges. Inset:
schematic of compressive cyclic testing. Tests are conducted at room temperature, a strain
amplitude of 5%, a test frequency of 50 Hz, for the CNT sponges at different set strains of 10, 30,
50 and 60% and PU of 50% strain only.
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Figure 4.3 Microstructural evolution of carbon nanotubes sponges under compression. (a) SEM
imaging normal to the compression direction, showing an isotropic orientation of microstructure
within the sponges at 0% strain and an increasing alignment with increasing strain. (b) Orientation
factor (OF) as a function of compressive strain. Insets: 2D FFT of the SEM images at various
compressive strain.
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Figure 4.4 Microstructural evolution model. (a) Schematic description of the unit cell model of
the CNT sponge and the evolution in cell structure with strain. Insets: SEM image of truss-like
structure at 0% strain and schematic image of inter-tube junction (node). (b) Evolution of total
strain, bending strain and buckling strain while the carbon nanotube cell is experiencing
increasing compressive load. The total strain is 20% when the buckling strain began to exceed the
bending strain.
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