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Abstract

Stimuli-responsive fusion and fission have been widely observed in both biological
organisms and artificial assemblies. The study of these phenomena is favorable to
developing controllable morphological changes in assemblies, thereby expanding their
applications in novel dynamic assembly, drug delivery and release, chemical reactions
in confined space, and preparation of alloy nanoparticles. However, in previous reports,
when metal atoms, amphiphilic small molecules, and one-dimensional polymer
assemblies are fused, atoms or molecules migrate and diffuse at the interface, resulting
in irreversible physical or chemical changes. So it is difficult to reversibly fissure in an
accurate way. That is, the number, size, chemical composition, structure and properties
of the assemblies cannot fully recover to their original state after a fusion and fission
cycle. Designing and regulating a precisely reversible fusion and fission system still

face great challenges.

Aiming at the problem of designing and controlling precisely reversible assembly
process, this thesis bases on the monoatomic thickness, solvation of functional groups
and monomolecular dispersity of graphene oxide two-dimensional macromolecules,
systematically studies the swelling properties, precisely reversible fusion and fission
phenomenon, relevant essential mechanism, applications, and extension of graphene

oxide macroscopic assemblies. Details are as follows:

1. The swelling properties of graphene oxide fibers and granular assemblies in water
and organic solvents are thoroughly studied. It is found that the swelling degree of
graphene oxide fibers in water reaches as high as 541%, the multiscale core-shell
structure of equilibrium-swelled fibers and granular assemblies is analyzed, and
the correlations between swelling ratio and solvent polarity, swelling time, and

carbon-oxygen ratio of graphene oxide are clarified.

2. Taking the graphene oxide two-dimensional macromolecule as a model, the
precisely reversible fusion and fission phenomenon of graphene oxide fibers is

discovered for the first time. The corresponding processes are characterized by in-
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situ techniques, the mechanical model regarding the reversible assembling
interface is established, the degree of fusion and fission is regulated, and
applications such as preparing carbon-based fibers with high mechanical strength,
dynamically reversible assembly, and controlled release of guest compounds are

explored.

3. The morphology memory effect of the swelled graphene oxide granular assemblies
in the solvent evaporation-infiltration cycles is found, and the macroscopic shape
recovery rates of the swelled granular assemblies with different morphologies are
confirmed to be above 89%, the microscopic shape recovery rate of swelled
spherical assemblies reaches as high as 90%, revealing the morphology memory
effect is the fundamental mechanism to ensure the precise reversibility of fusion

and fission.

4. Auniversal method of constructing graphene oxide shell structure is proposed, and
the precisely reversible fusion and fission property is extended to traditional
polymeric, metallic, and ceramic fibers. Through the blending method, the
polyvinyl alcohol/graphene oxide droplet-shaped assemblies are endowed with
morphology memory ability, realizing the reversible fusion and fission of the
composite granular assemblies, further expanding the material system and
application scope of reversible assembly, and promoting the development of

intelligent composite materials.

In summary, this thesis considers the graphene oxide two-dimensional
macromolecule as a model, discovers the precisely reversible fusion and fission
behavior of graphene oxide macroscopic assemblies for the first time, reveals the
fundamental mechanism of dynamic reversibility of the assembling interface, and
extends the reversible assembly property to traditional materials, opens up a new
research direction regarding the dynamic multifunctionality of macroscopic assemblies

that can be strengthened, split, recombined, and applicatory.

Key words: graphene oxide, macroscopic assembly, disassembly, reversible fusion and

fission, smart stimuli responsiveness, high-performance carbon material
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H&T
unstable

E_: cohesive energy per MX; unit |
T-: half-metal; T" & H': metal :
T* & H™: semiconductor (Ej/eV) 1

@ Boron @ Nitrogen

B 11 &M _fAyTHEN, ORI ELRBLeN. F_EF L ETHRTENZ
TAA IO, EAHAERIY, BB BRI 0L,
Figure 1.1 The structure of various two-dimensional macromolecules, including

transition metal compounds, binary compounds of group III-V elements!!® 7], covalent

organic frameworks!'3], and graphene oxidel'*- 2], etc.
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Figure 1.2 Graphene oxide macroscopic assemblies with different dimensions!??],
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Figure 1.3 Aqueous dispersions (a), SEM image (b), Structural modes (c, d) and AFM

image (e) of graphene oxidel*°].
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Figure 1.4 Schematic showing the preparing processes of graphene oxide through

different methods!2%!,
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Base washing GO(bwGQ)-oxidative debris (OD)
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Figure 1.5 Structural models of graphene oxidel*6],
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Figure 1.6 The dispersion of graphene oxide in common solvents as being just

sonicated and placed for three weeks[>>l.
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Figure 1.7 The textures (a) and model (b) of nematic graphene oxide liquid crystals!®],

(c) Graphene oxide liquid metacrystals constructed by shearing microlithography. (d)
A floating regular tetrahedron program in 3D space. () Schematic and polarized optical
microscopy images of graphene oxide liquid crystals composed with domain walls

orientated in three different directions!®!],
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Figure 1.8 (a) The preparing process of graphene oxide fibers and graphene fibers from
graphene oxide liquid crystal dispersions [#4. (b) Continuous and flexible graphene

oxide fibers!”!. (¢) Graphene oxide fiber bundles®°].
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Figure 1.9 (a) The migration of graphene oxide sheets during the formation of graphene
oxide films. (b, ¢) Cross-sectional observations of graphene oxide films!''®l. (d)
Schematic of the direct power generation from gradient graphene oxide films under

moisturel!26],
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Figure 1.12 (a, b) Moisture-driven bidirectional bending of asymmetric graphene oxide
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Figure 1.13 Multistimuli-responsive deformation of the oriented graphene

oxide/sodium alginate composite ribbons!!%6].
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Figure 2.1 Scheme of measuring the axial compressive property of graphene oxide

fibers.
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Figure 3.1 Scheme of wet-spinning protocol based on organic solvent system to prepare

the continuous graphene oxide fibers.

64



RPN o LA e VA8 B A SR LR AR T IR

AT HERE TR ENE BIFT BB, XA ANE 2 0F 8 KA
wR, BHEAMEEGLEEFTH TRRNWEANE BHFEL, BUITER: &
11 mg/mL 8y A F 20 A 2 BRI AR B 2] 7 mg/mL, AL 5 min /545 2K
TG L. BB EXRFRESEA S UHANEAMCERGER, XK5LEW
WA 9:1. H A LB WAE K 450 pm B9 Bt Sk 57 N\ B e 5% oy 5 B B+,
A el e A% o 35 B OB IR AR X B B % - BOR Y 2T, (0 BB Y Ak T S e B AF
YU, BERRAT AR BE B VA TR E 30min J5, KIE2 K, RELETIHEBRNSE T,
KRR ey, EZARAEZF A THR 240 A 3h, FESGE FTRBRNEAN
B M Y

323 ToHl&EMA E T4

AT HUTEF 4 S WENT BRI ENERE, BAXAT FoEsls
GAT B4 1 mg/mL B AT B % KA A 50T i ARS8 E 10 mg/mL.
R B AN BALF B KA 2K R4 5 min, B 10 min, 55 E M
BEETHG . B Ay L@ e K 200 um 8955 4 L HEHH, B T4
UHKERE, THENRBRRT %, GRETANFREZEATIE2 X, 1
FEETHEIh, BIHAMNE B T4,

3.2.4 W H & AN B FORCR 4 FE K

KRB, Sl & BNANT BRRVE LR, ARREN. ¥ ERFW
1475 B % DMF 2 800 B £ 3mg/mL, B2 AME BEHRE. H4REE
it 210 um WAB4 3k, DU 1 mm/min 893 2 F R 5 B, 8 E] A 0 BA
HLEBBEBRTNE LN 4 mm, BEBIAEBLY 73 WLR LB
BT WA . SRR R R R R E S R
Lh /5, HHETFIE, BIAMLE ERRLEL

WHEFHLEFREGRAANE R, RREGKWEM, F&TEPRN
AME BRFAREARE (B32). £, By LERRELREN S E T E
2mm, FEFRREPER, TREFARBEVEREK, ¥4k ERATE20
mm, F&HFRTBER, TREFIFRITVERK, 45 LEMBIT AR

65



RPN = e A7 B A SR LR AR T IR

Trdick, 2 MKW FOEEAN 2 mm, #EFIMEP IR, TREW KKK
W WG KA A = A M =5 KA 2X2 MY HE ok, 2 Al &
RE=ZAW. 2 EXMEHERERR, TREVR AT, ZrtEHEOt &
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Figure 3.2 Typical photographs of preparing spherical, hemispherical shell, and

ellipsoidal graphene oxide assemblies.

33 ENAEFTENBEKME
33.1 A6 BT AR

BT AFM A1 SEM RAE T Rl & WA A 2 A EEME R R+ (B
33) . AAFM B+ LAY, ZANA EHH A ZREE A 087 nm, BILT #
EANE BRI R A &I, Bt £5K SEM B, St AN s ERERR
S+ E A 4-106 pm, FHR A 38 um. WA, AA EIEE XPS 1§ E R BT
ESAFEMeaEH, AN 196, WERMRBT ANUE 2FHF LaH

M, DIES GENBEENLN 095, #—FRIETAELAERBANFE.

ETANEEEGLAEFENENE BRTHEFHERN 12 um. w0 3.4
Frow, EF4EMEAEE# SEM E o LLE W, HFEEDRAHW ERAYHA,
HERNENA BE A RERET K. ZWNE, RENTFEL 1.38 gem?®, £F

66



RPN = e A7 B A SR LR AR T IR

YEp) XRD AT AT A E X 10.41° , SN AIHFEHEEHEIE N 0.84nm. 2F4EH
HF R, AN A BT AR HRE A 141 MPa, BT &K £ 4 3.3%.

A, BETRBNEANABHTELEN 48 pm (E 3.5) . ML %R
HH SEM EF LAY, HAHNENE EHRTEERARE. SHIELGH
ANA BFAEML, FETRBENANE BFFTERTRRED . I, TY
MENE BRELEERN 45um, 5HE FTRENFHIREL. FHLAEAH
B BB S AR D B RS

[{=]
1

38+22 um

o
1

w
1

Distribution (%)

0 20 40 60 80 100
Lateral dimension (um)

0.5 1.0 1.5 2.0
Distance (um)

®

O1s f

C1s

Intensity (a.u.)
Intensity (a.u.)

In/lc=0.95

200 400 600 800 500 1000 1500 2000 2500 3000
Binding energy (eV) Raman shift (cm™)

® 3.3 S f 2)%H SEM &. AFM &. XPS i & % Raman i F .,

Figure 3.3 SEM image, AFM image, XPS spectrum, and Raman spectrum of graphene

oxide.
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Figure 3.4 SEM images (a-d), XRD spectrum (e), and tensile stress curve (f) of wet-

spun graphene oxide fibers prepared from the organic solvent system.
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Figure 3.5 (a) SEM image showing the transverse section view of calcium ion cross-
linked graphene oxide fibers. (b) SEM image showing the cross section of dry-spun

graphene oxide fibers.
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Figure 3.6 (a, b) Polarized optical microscopy images of dry and water-swelled
graphene oxide fibers with a soaking time of 10 min, respectively. (¢) Water-induced
swelling curve of wet-spun graphene oxide fibers prepared from organic solvent system.
(d-g) Digital photographs, optical and polarized optical microscopy images of graphene

oxide fibers after being swollen in water for 7 days.
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Figure 3.7 The core-shell structure of equilibrium-swelled graphene oxide fibers in

water.
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Figure 3.8 Statistics regarding wall thickness of core-shell structured graphene oxide

fibers after being fully swelled in water.
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Figure 3.9 The multiscale structure of shell in equilibrium-swelled graphene oxide

fibers.
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Figure 3.10 (a) Swelling ratio of dry calcium ion cross-linked graphene oxide fibers
and the fibers after being immersed in water for 12 h. (b) SEM image of freeze-dried

graphene oxide fibers cross-linked by calcium ion as being soaked in water for 12 h.
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Figure 3.11 (a) The swelling curves of graphene oxide fibers in different types of
solvents. (b) The relationship between the swelling ratio at a swelling time of 10 min

and polarity parameter of solvents. (c) The swelling curves of graphene oxide fibers in

the mixture of water and isopropanol with different volume ratio.
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Figure 3.12 (a) The swelling curves of graphene oxide fibers pre-treated at different
temperatures. (b-e) The changes of carbon to oxygen ratio, XPS spectrum, XRD
spectrum and interlayer spacing changes of graphene oxide fibers pre-treated at
different temperatures. (f) The variation of water contact angle of graphene oxide films
pre-treated at different temperatures. (g, h) The SEM images of water-swelled graphene
oxide fibers pre-treated at 60 °C and 100 °C respectively with a swelling time of 10

min after lyophilization.
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Figure 3.13 Optical and polarized optical microscopy images (a), as well as SEM

images (b) of graphene oxide spherical assemblies.
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Figure 3.14 (a) Optical and polarized optical microscopy images, as well as dynamic
swelling curves showing the swelling process of a graphene oxide spherical assembly

in water.
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Figure 3.15 SEM images showing the surface (a) and cutaway views (b) of water-

swelled graphene oxide spherical assemblies.
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Figure 3.16 Polarized optical microscopy images suggesting the swelling process of

graphene oxide spherical assemblies with different diameter in water.
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Figure 3.17 The dynamic swelling curves (a) and saturating time comparison (b) of

graphene oxide spherical assemblies with different diameter in water.
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Figure 3.18 Polarized optical microscopy images showing the swelling process of
graphene oxide droplet-shaped assemblies in water (a) and corresponding swelling

curve (b).
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Figure 3.19 Polarized optical photographs of water-swelled graphene oxide assemblies

with six types of shape.
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Figure 4.1 Scheme and typical photographs showing the fusion and fission experiments

of graphene oxide fibers.
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Figure 4.2 (a) Scheme of fusion and fission phenomenon of graphene oxide fibers. (b)
Digital photographs regarding the reversible fusion and fission of 100 graphene oxide
fibers. (c, d) SEM images showing the surface of a graphene oxide fiber fused by 100
single fibers (FuF-100). (e, f) SEM images respectively showing the surface (e) and
transverse section view (f) of a dry graphene oxide fiber produced by fission of FuF-

100.
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Figure 4.3 The tensile stress curve (a) and SEM images (b-d) of the fiber fused by 50

graphene oxide fibers which was dried without axial tension.
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Figure 4.4 (a) Sequential in situ polarized optical microscopy images suggesting the
longitudinal view of 10 graphene oxide fibers during fusion and fission processes. (b,
c¢) In situ optical microscopy and polarized optical microscopy images showing the
transversal view of 2 graphene oxide fibers during water-induced fusion (b) and fission

processes (¢).
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Figure 4.5 Sequential SEM images of the water-induced fusion process of 100

graphene oxide fibers (a, b) and the reverse fission process of the FuF-100 (c, d).
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Figure 4.6 In-situ XRD patterns regarding the water-induced fusion and fission

processes of graphene oxide fibers.
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Figure 4.7 Tensile stress-strain curve of fused two GO fibers in a head to head manner.
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Figure 4.8 (a) SEM image showing the cross-section view of a single dry-spun
graphene oxide fiber. (b, c) SEM images suggesting the cross-section view of the fiber
fused by two dry-spun graphene oxide fibers. (d, e) Polarized optical microscopy
images showing the water-induced fusion (d) and fission experiments (e) of two dry-

spun graphene oxide fibers.
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Figure 4.9 (a-d) Optical microscopy images and fluorescence micrographs of a neat
GO fiber (a, b) and a fluorescent TPE-Br-labeled GO fiber (c, d), respectively. (e, f)
Sequential fluorescence micrographs showing water-triggered fusion and fission

processes of a pure graphene oxide fiber and a TPE-Br-labeled graphene oxide fiber.
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Figure 4.10 (a) Schematic depicting water-induced fusion and fission involving a
graphene oxide fiber and a silicon-graphene oxide composite fiber. (b-d) SEM image,
elemental mapping image of Si and corresponding elemental spectrum of the prepared
single silicon-graphene oxide composite fiber. (e-h) Sequential SEM (e, g) and
overlapped elemental mapping images (f, h) showing the fusion process of a graphene

oxide fiber and a composite fiber triggered by water evaporation.
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Figure 4.11 Sequential SEM (a, c¢) and overlapped elemental mapping images (b, d)
showing the fission process of a fused fiber triggered by water infiltration. The fused
fiber was prepared by a neat graphene oxide fiber and a silicon-graphene oxide

composite fiber.
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Figure 4.12 (a, b) Photographs showing 100 graphene oxide fibers in the 3 and 5%
water-induced fusion/fission cycles, respectively. (c, d) SEM images suggesting a

graphene oxide fiber after fission in the 3rd and 5th fusion/fission cycles, respectively.
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Figure 4.13 Fluorescence micrographs showing the fusion and fission processes of a
graphene oxide fiber and a fluorescent TPE-Br-labeled fiber in the 5% cycle.
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Figure 4.14 (a, b) Overlapped elemental mapping images showing the water-induced
fusion (a) and fission processes (b) of a graphene oxide fiber and a silicon-graphene
oxide composite fiber in the 5™ cycle. (¢) SEM image and corresponding elemental
mapping image of silicon showing the fiber fused by a composite fiber and 99 neat
graphene oxide fibers. (d) Calculated relative silicon content of the composite fiber
during five fusion/fission cycles of a composite fiber and 99 neat graphene oxide fibers.
(e) Typical elemental spectra of the silicon-graphene oxide composite fiber that is

reproduced by fission.
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Figure 4.15 (a, b) XRD patterns of the graphene oxide fiber bundle during the water-
triggered fusion (a) and fission (b) processes in the 5" cycle. (c) Patterns of the fiber
bundle which is water-swelled and then dried for the same time of 10 min during 5

cycles of fusion. (d) Patterns of the fiber bundle which is water-swelled for the same

time of 1 min during 5 fission cycles.
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Figure 4.16 (a) Tensile curves of the fiber fused by 50 graphene oxide fibers in five
fusion-fission cycles. (b) Tensile curves of a single fiber after fission of FuF-50 in five
fusion-fission cycles. (c) The variation of tensile strength of both FuFs-50 and FiFs-50

during five cycles.
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Figure 4.17 (a, b) Sequential SEM images showing the transversal section views of a
single graphene oxide fiber during deswelling process with evaporation of water (a)
and the reverse reswelling process with water infiltration (b), respectively. (c, d) Shell
perimeter (c) and tip radius of curvature variations of a unit ripple (d) of the water-

swelled single graphene oxide fibers during the deswelling and reswelling courses.
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Figure 4.18 (a) Schematic depicting the reversible crumpling and spreading of
graphene oxide fiber shells, which leads to adhesion and separation at the fiber interface.
(b-e) Sequential SEM images of the shell interfaces during the fission procedure of

fibers.
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Figure 4.19 (a) Illustration showing the interactions at fiber interface in a FuF-2. (b)
Calculated Laplace pressure difference P and elastic restoring pressure P. acting on
the units extracted from shell, as well as interlayer energy constant of hydrogen bonding

at fiber interface during the fusion stage.
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Figure 4.20 (a) Scheme showing the mechanical analysis of a microelement on fiber
shell during the fission course. (b, c) Calculated fission stress ops and interfacial
bonding length as a function of swelling ratio of individual fibers in finite element
analysis. (d, e) Finite element analysis showing the modelling procedure of FuF-2 and

the simulated fission dynamics.
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Figure 4.21 (a) Schematic illustration showing the structural evolution of the belt fused

by two graphene oxide belts after being soaked in good solvent. (b-1) Typical images

showing the non-fissured belt fused by two graphene oxide belts.
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Figure 4.22 (a) Phase diagram regarding the fusion degree of 50 graphene oxide fibers
under different fusion conditions. (b-g) Polarized optical microscopy and SEM images
showing unfused, hemifused, and fused 50 graphene oxide fibers by applying different
solvents or volume ratio of water to isopropanol in the mixed solvent during fusion
procedure. (h, 1) Tensile property of 50 graphene oxide fibers after fusion experiments
using mixed solvents with different volume ratio of water to isopropanol. (j-1) Tensile
curves and SEM images of the fiber fully fused by 50 graphene oxide fibers under

different fusion conditions.
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Figure 4.23 (a) Phase diagram regarding the fission state of 2 fused graphene oxide
fibers under different fission conditions. (b-d) Polarized optical microscopy images
showing non-fissured and fissured states of the fiber fused by 2 graphene oxide fibers
by applying different volume ratio of water to isopropanol in the mixed solvent during
fission procedure. (e-j) Fission dynamic plots of the fiber fused by 2 graphene oxide
fibers (e, f), as well as SEM images (g-1) and tensile curves (j) of the single dry fiber

after fission.
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Figure 4.24 (a-c) Tensile curves, relative density and XRD pattern of the fiber fused by
100 graphene oxide fibers. (d) Digital photograph showing the fiber or rod fused by 10-
13500 graphene oxide fibers. (e-h) Tensile and axially compressive performance and
relative density of the fiber fused by 10-100 graphene oxide fibers. (1) Demonstration

suggesting the stiffness of the rod fused by 13500 graphene oxide fibers.
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Figure 4.25 Electrical conductivity of the chemically reduced fiber fused by 10-100

graphene oxide fibers.
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Figure 4.26 Photographs of reversible transitions between a graphene oxide rod and a

knot-fused graphene oxide net.

119



RPN o LA e VA8 FE A SMA AR SRS 5%

B 4.27 10 RE:G AT 2G4 4 5 & F0 45 W 4 240 R AR 18] ¥ o 42 7 B O
BEE (a). wmAEF (b-e) /2 SEM A (f, ).

Figure 4.27 Illustration (a), polarized optical photographs (b-¢), and SEM images (f, g)
showing the reversible transitions between the fiber fused by 10 graphene oxide fibers

and the fiber-based assemblies with diverse architectures.
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Figure 4.28 Polarized optical microscopy images demonstrating the incorporation and
water-triggered expulsion processes of polyacrylonitrile staple fibers (a, b), glass beads

(c, d), and polystyrene microspheres (e, ) by fusion and fission of graphene oxide fibers.
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PR T3HLRIES —AFRBEGRBEEG T, #TANERBESGK, G
WO R A R AT UG, BERTHE 2 KX, EE T 3h, 535 TPE-Br /7iCHY
ANE BFRHWHELNK,

B—F, FRA2HIAEFACHRAELRIFICEANE BERP ALK, —
FER B, H# kKA 515-560 nm, & 4K AT 590 nm, HLIEEF K
.16, F—HMEFEF 6, HHAHKKNH 450 nm, KA HKAT 500 nm, E%
BRI, Gl & REUREFTE RMICHANT BHEHRN 7 E 5 R TPE-Br 47
WM B & T ERN, BAREEAGRE, MERTHNAERL W7 AR E&T
BRI ENE BERV ARG, £, REFLS5EME BHRNE SRR
P, RELMRESHN 0.14%, ENGEHRWRELHN 029%; FHEEX 65
ANTEBIHENEAGRR T, TEECHREN TN 1.21%, AhG BRHNFE
2H A 0.28%.
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5.2.5 @A 2 0% 2R B AR B9 4 &

I Fhe ik, WEAMNE BHHYHRRE R REWBEAF . BE R AN
HERHRVAXRGOETRE, TNRBENEEH#TRET . 22, A THEE
B S8um WA BIHIRAMAE, B 33mg TRIVANE BRRP LXK, #
HAAFIZIE 30 min EEMK. BAERATEZE, $EKNERPVAREEN
HEA22cm REEALKEIEAF, REXHILENR 0.45 um R 647 £ F R,
AERFRAIEI R, BEKKRERATHR, RAGEHANE ZHRBIE.

53 £#R 5t

531 EFA BIEIRMA KN EZINE BN AR

Bk, ARTEKNENT BRIV A LERETIE-BKETFHENEH
MW RACN B SL. EZRH 342 N FEND, AN BRIV ELEEA T
TSR, A S AR AE K R B A R O AL B B B B, VK B 4 378%.
ZEKEA A NE BER VA RREARREN, R ERTHWEANE B1F
HH AR EI, ANFRBEEA 1.6 mm B AERK A AT BIERTH %
HRHETHRWES2HT, WERNENTE BRIV AERETRT EATIE.
FETIREART, B A E R R AR & B R &R LRI 20k s, A e
ANEBIHERENEEM, TEHAMY. 2o THE, BRAZREKHERKLE
98%, UM EEA 425 pm B9 SR IRWH KR, oA R 8% kAT e AL
HEGERMEER G TRAXEFREKFRIEG, TREKKXZHERK,
WA, AR EEERE, WET RV HREHEBREEN, REEKFE
ST REBKET T, BRNENME 2HRERLRZIAT EZWN EWHHRICI (B
52b) o BHAI 10 K TRE-BHRBEI T ERSENE BERVEAERNER,
HEEN ERPRE S E2020, 1+ ENR T

do-ld,-d,
0-ld, leloo% ..................... (A 5.1)
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B, d, yn REFEHEKERNENA BERTHEENER, do HHEERK
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Figure 5.2 (a) Schematic of morphology memory property of swelled graphene oxide
spherical assemblies after drying and swelling cycles. (b) Typical polarized optical
microscopy images of water-swelled and dry graphene oxide spherical assemblies. (c)
Macroscopic shape recovery rate of water-swelled graphene oxide spherical assemblies

during 10 drying and swelling cycles.

— M, ERARE LR T ERKENA IR A K8 B BT
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A 616 ym. ¥ EHNEKRVEREARAATE, BEXAHERFEAELHN
Wiar. il 53a i, BROERGBEENE, EONLRBETHNEANSE B1EF
RETHEWERZHI, Kb, ELEARKARAERATHLEL, a0
BRAMEEY, PRERURANAR, EEMFENAR, MEERTULE
BWE i, EN0F SR UBHERERSA, BRERWHEII R AhEEE. 5
HTFHE N ERACLERIEH, ZhEFOEF UL LT TNEEZELH 55um (B
54a) o FINT AWK H G, HMEIAFBHERELTHMN, RAR
BT ERMAEKRPAERE 0 RTR-BERKBEXFREURANEE. KENE
&N, ERWE 53154 fin, NREZERT LI, EHNWEKKXVARK
AETRIRS, XTI EZZH RN, #FHEEDRARANGET#E N
TN FEGOR T2 THRE, MRALAERME ZHEH EE, RUFEHII
LT ENRH LR RAAEKT G, HERIITFEREBIK, HEHEE KR
MR EEA. 30min 5, W ZENNRPEREIAFRERNEL LT, KIAX
EH RIS ER I, FREABRANGE R . MR EEREE L AN
617 um 71 61 pm, FAAVEBEKE KB UIRR +. B4 RIEH, BHRHEANE
BV A REETR-BAKE, BN L0 EFRRCITHEL. AT RIEHA
AT T S, R R R Bk Y A SRR AT 10 R TR ARTB 3R, AR
BTN ER RSB RAIE M AR FORE R W, 15 B M
TP HTREEE, EREA, £ 10 KEXRF, EHAKERKNURAE
FEJE 7 A 4EFAE 605 um A1 61 um A2 A, MHT-F TR B Z F R FAE 90% LA
b XUPATAKNENE BRERPVAERER EWNTIR-BRETF, B0 L
B EREHRIT I, H— ST EKR P A E R H RIS .
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Bl 53 (a) FEPRERKANS 2HRPAZAE SEM Bl (b) 10 K T -7 K
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Figure 5.3 (a) SEM images of imprinted graphene oxide spherical assembly which is
swelled. (b) Optical microscopy images showing the imprinted graphene oxide

spherical assemblies during 10 drying and swelling cycles.
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Figure 5.4 (a, b) Scanning images of white light interferometer showing the drying
process of imprinted graphene oxide spherical assemblies during the first and tenth
drying and swelling cycles. (c-e) The diameter, depth, and average shape recovery rate
of microscopic pit on the surface of imprinted graphene oxide spherical assemblies

during 10 drying and swelling cycles.
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532 WHIATICH R A B 0% BUR IR 4 R 4K F 89 98 &

AT HEREMHRNBERENE BRAERETEAMRICILEE A, BHE
K B B AT 2 0 TR Y AL 2 AR S ATITAZ M R A R 23, K B Fu 5 E 4 A 555
um 1 363 pm By AN A B I Y A R AR K TR 20 min, 1 H T4 E K
B EHREOTERE 2 BYRERT HEAN G BEY, HEEENALEL,

REWKEFTE 2B AZE 1215 pm. 975 um, FHE K F 4 244%, EE
KRB H KRR —RTIR-BREH T, BRRERNBREVEAREERR
PEHATE, HERLEHMETRELEETRIBFHRARNR TR EHLAHEE
f (F 558, b) « #RFH, TREBELHEERGEBBIZ S, RHEAD,
RemBEe, T2 TRE, ARENKEMTE 2 A B /NZE 581 pm. 338 um,
BREKAWTRESEHEERR S, HERWHRE A £ YR, BEHE K.
RZ, ¥l FIEeA ERg AT G, AERBEAL AT B, ARERREA,
Bl ER A X EFH LI . 20min f5, 4 EEERKER, EHW5 T8 HKE N
EANBBEEY LT, & RUH, BROENE BIE R BV E XK G EE R
HR., #—FH, B RLEMEERE T EKENE BEREVEEKRE 10
RTB-BRETFHR TR RN F, REn KEXFERTEVEEL
K KERFEERIAMBKARENKERTENLE, THELFHEREEL
K, 4l 5.5c-¢ T, 10 R TE-BEKER T, BRSHENE B0FR#EL A
KRB R R ERAR, FHHREEEHREE 6% L. ZERIEH,
IR — P BRI A MR ERENTE BERE KK L,
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Figure 5.5 (a-d) Optical and polarized optical microscopy images showing the
morphology memory property of swelled graphene oxide droplet-shaped assemblies
during 10 drying and swelling cycles. (e) Macroscopic shape recovery rate of swelled

graphene oxide droplet-shaped assemblies during 10 drying and swelling cycles.
533 AT HRBLHHHATERS 542

RN LA, ERWANE BHREARELARFOPHRITICE, &
TAHRCN KDL, AERGHERMPATHR . RIBATERKR ., ARAXETE
WAt R, R T ENE ERT AR EHRNRBEN G 50 REH T LN E
BEA. MEKWEats EREAREANER - RNTEEMN, RELER
aitietE . HE T aNA BFERENVIIBNRA, FEEAL KKK H
R :EE S

AT RAENERE, XFAAREA 210 um B4k, B HEIE T EE A 422 um B
AME BRI A KK, ¥ 2 MA K EAEAKTERK 30min, B /EH% 2 A KK
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BEZAE, HEEBREFBATE. wE 56 fir, TRENANE ZFIK
WU R ARE KA —MEAWAERE, ZERA 655 um. #EHF Z@e4 KK
EARFEGHAED R FZEeHRERAKT, BT R HE 7
HREmE . ERFH, d@eHxhpiz \KTE, GREREAR, £EK
Tmin i, HREFHTLEIUE, HEEKE lmin B, Z@EeERKT S
OB 2 NERRER VA RK . BNEKARATIRENERA A 420 um, 5
ARARKREREAMR, KL KRG LN T ANA 25KV H R K097 £ 7
50 R ZERGPZLA T HRICICE A ZRILAGH T 28 a 5 0 KRR A

ETHEIN, KR T FAAERNENG BRRPARKNTEGE 54 R
Fito K AEK 60-1500 um By 4t 3L, #I A AR L & & T EAE K 309-1226 um
AR BRARWERK. B2 BARRTHWERKEI AT BKE, HEE
MR EFERTE. ERELY, FTRAGCHARKRAREG N —FARERER, K
A ENAERZATAFRTLRALZNE . EREA, TRAEGRHRPAZE
Rt EHMELEN R (HS56) . MEARGRIWEAR, HTZANPRIEE
BT E] A 0.5 min ¥ K E 36 min., X 2w T YA RKER AR, BER @A
BB HE WA E K, [ R K R A B I R B e 3 R ] K124 250,
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Figure 5.6 Polarized optical microscopy images showing the fission process of fused

graphene oxide spherical assemblies with different diameter.
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Figure 5.7 Laser confocal microscopy images suggesting the first fusion (a) and fission

processes (b) of a TPE-Br-labeled graphene oxide spherical assembly and a pristine

graphene oxide spherical assembly.
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Figure 5.8 Laser confocal microscopy images suggesting the tenth fusion (a) and
fission processes (b) of a TPE-Br-labeled graphene oxide spherical assembly and a

pristine graphene oxide spherical assembly.

Moo, EIE 2 MBI G K OE 2 AIARIE 2 AN E BHRPA XK,
FEARVEAZGCNAL ERe S0 REOBAT LM BT ARHEZ RS
W77k, oAl E & T REAFICHEANE BRRPVAXGCMETR 6 FICHEAN
B BRIV EZ . 2 P4 R B 7L A AT K 2 AL AT 590 nm A7 500 nm, £
gefmEeRt. BXBCERELIRE, RULERT —HEZLFITHNHVA

HKEE—BELR 6 ML RV AR KR E 50 RIE. wE 59 i, AH#
REEMGER TP BRI EE, A KL THEARL, 2 BERWHRKAKE K

141



RPN = e A7 IR E A SRR A AR T S e 12 308

%, BRAEENAHEAET BN M, TRT e, SHZReAREIZA
K, AXEEFEANER, EMRPVAXRNGREKE, ARELTE,
FE—REIeRANAR N —FEeRANARE, AXEArTEHKE,
FHARRER G BERBRRIET AN BRERVEREBAHTLNES 50 R
g c

500 pm 500 um

Fusion

b

500 pm 500 pm

>

Fission

Bl 5.9 TREERAFICHHBANS BFHVERERE ()M RITED)
R REDHMER o

Figure 5.9 Laser confocal microscopy images suggesting the fusion (a) and fission

processes (b) of two graphene oxide spherical assemblies labeled by different

fluorescent colors.

R R BT AL 7%, AT 2 MRV A REERE 50 REA S
WtE R b, R EFOR A KRR NN X E— 7 Mgk e, AT #
RAE IR 677 A AN A BFHEYERRA 7 S Ry #ve, RHE—F TPE-
Br fFiCHANA BRIV AREKE 8 BAMICHAE AN A MR A Rk
a5 RER, EREERT, ¥ TPE-Br /7 ICWARKE T 8 AT
HREB O, EEERE R —BRANFL ., 2P ROETCH IR AR K R M %

142



RPN = e A7 IR E A SRR A AR T S e 12 308

ZHFEAEN T HEEEER . FhEBREAAREEAT, UEELSRER.
Wl 510 Fi, FIRXIALEREZEN L 7 md g e 1E e, Bed R EmRaA
REERH, SREFET —BAATICHNENE SRRV ERXEE 8 FAFIT
WA R, MHAT o REE I H T K, F, wETTERRPAEE
RE W IIBN R A B a5 2 R AT L E R A

@ O O
Fusion

O =» Labelled «O
P . x Fission

I

Swelled GO spheres Fused GO spheres

Fission
B 5.10 —3 TPE-Br it ENMG EHEHKHHE KA LS \FdEa G BERPA
kARBAEEPHATER (a), A RIBNKAEHMERA (b, ).

Figure 5.10 Scheme (a) and fluorescence microscopy images (b, ¢) showing the fusion
and fission of a TPE-Br-labeled graphene oxide spherical assembly and eight pristine

graphene oxide spherical assemblies.
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Figure 5.11 Scheme (a) and typical polarized optical microscopy images (b, c¢) of
reversible fusion and fission between graphene oxide assemblies with different swelled

morphologies.
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Figure 5.12 (a, b) Digital photographs showing the water-induced reversible assembly

of the film fused by graphene oxide spherical assemblies. (c, d) SEM images suggesting

the surface and cross-section views of the film fused by graphene oxide spherical

assemblies.
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Figure 5.13 Typical tensile curves of the graphene oxide films respectively fused by

spherical assemblies and directly prepared by blade-coating method.
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FAE AMEEREeHRNERTERGSIR
6.1 5%

HAERLTENE ERTERFARE X KA LS50 RIE,
FHUSMA B R0 FAER, 81 T ER4 R AR HRACIT IR & R kA
R S e RANSE . A4, EMERN S TR REESEAN
FACILIENL, TR LA 50 R R R TR MR L, RAKGEEF
F I R A% [ LR KA A TR A B RS T R E o T
FEp e R AR, RAFEEEMANZE, BHELERT . BWENE. &
MREMMR ., AMELFFBE 2o IS, f4s EHAREYRITI
BMEAAANLNER MR LR e 50 RE®THER . REFART
RO B8 4 S A URDR 4 2% A oy Rl L R R AR AT IZ M B, RO AN 3 ek A
RUEMERLRRITA, BT —Ema THERNE ER %0 TR EME R
XA #t—FH#, FIFAENE EHRTEEMNEBEARFTHALE, AT R
FEIABULAMALEQENEERELGTE. RUKRE- A EHGEAFERA
KEBEAT R S0 R, RUTANAER A THRERFER, F
BT T R A 50 REARHEK R, R#T HEFRE AT LR A

6.2 L4
6.2.1 BLIFEHIL EL ¢

KRB E IR R G N T R R EROIFE AR, AAN, KROEES
RIWNEEFAE, £95 CTHHHEH 8h, FERELEN 10%H R )FE
KB ZAERIE RN AR 10 min, HEHE 12h 5, BEARLEE
W% ee i, B NEN 250 pm W45 2255, KR OIFEE S 2% A 61 uL/min #93%
B Hr HER AL A 401 89 R BR Fu ACR & Ui S B E G P, HATIBES 2, G H
RUIEBERAABERFEML30mn 5, HWHERZ, ERAFEAKTIE 24
h, BMEAEEZTTE3h, RARINRLEBELA,
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6.2.2 WL H & R LIEE YA F K

AT R ERCEREEVAZE, EAERLFER KE 95 ChhmH# T
BREEZBTAFE, ZRBABER, FEREL KN 10%8 K 5 8 AE R .
K AAE A 420 um BTk, K B 70 B B AU R A R R N B 7 B B BB o
B &R OIEERBELERK. L5, #XEBRELSNZTEN 4mm. HET
VBRI R AR E S P B 3 h, BRI MBI, EEEZRF
BEATHE2 A, RETH3h, BERLEERENERRE,

623 FlEGLrHERUFBEQANE 2HEE &4 4%

RE G2 ERERTEMUR O FBEQENTE 2FEAFED, B,
o7 B0 E W E 9 111 mg/mL B9 5 7 & B2 K78 UF 5 mg/mL Wy @4 2 /% DMF 48
AWM. MEERSIRY, XRARMG 2L, EAEMIEHNNED AN 260
um #1930 ym. HEFBEABER BTG LLMAE, KA H BEE DMF 4
AR G 2 HANE, B B Y 401 VTR Ar R T TR A 4
B, RERCIEEAE., ENE BFE A7 E 6B % . Bz 5 R AT % 7 5k
B4 EN30mn 5, HHEEEZAFTHE2 R, EETHE3h, RERIRLE
BEQANE EFEATE,

624 RERREREHLUTEQEANE 2FE o 4%

KB BRHREREINL, S ERTEMNNEMBLAT EQENE EFEE
S, AR EEIERE 6 (1.5625D), RAE L (B, THH L (304
TN, BEHN0.03mm), HHLE (EEH 0.0l6mm), ZREF%E (ARA
0.011mm) %, #AM, HTHERE @ANTE BHFEEAAE, BRE—RE
# 6 A HEAE S mol/L A AT KB R #% i 3 s, FE/EH HAE 8 mg/mL WA NFA
Bl KA BB PR 3 s EEBHTHESEMT, SN0 %KM BRH
HEWABERE 6 ThEMET. WIWAEEZTIRTTRE, FAE Smg/mL #
AMNE B AN BB T IR 10s, /532 7 W B E G+, B E 30 min A
t, EEANE B SEN. WEMFHWEGTENEBLG T HEHE, &
FRTEATHR24h, EETIE3h, RERE6 N, EAUEEHE I THELR
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QEANE BFEEAT K. RYEANE BEENFHEEN 9um. KIE 7
%, FERIABLQENE 2. THNL@EANE 2%, HEA LA A E
F.ZRETEQENAERFEGTYE, ST REEANEERENTFHE
E4B A 11, 11, 12, 18 um.

6.2.5 FREBHERERCFE/EANA 2FE BN H KK

ABELREG EHERCIEE/ANA BIHREGRBENHRE., BENR, ¥
ROUGEHAAE 95 ClHAH THEMESE T AT, RERKEAN 4 mg/g W
RUGEAER. AREREN 4 mg/lg WEMLTE BR A2 UK. BEREW
RUGEERKERMENE EHAMEREB T HE, BEMKESmn, FEEL
JEEE/AMNE BIHIBAE R REBET, RUFEFEMEANE 2HAIREH N 2
mg/g. BIRHWEN 210 um W4Tk, ¥R OIEE/ANA 2 F LR AERZHEEN
W BEEB T, FlE&FARLFR/ENME EREAGRENER., LB
BEEBBRENEEN 4 mm, FREVEREREGFEMN3h G, FHE
WL, EFERTEATE2 R, AZTHE3h, RARLEFR/ANEEHFE
BT K

6.3 £R 5tk
6.3.1 BIEELT L0 A

ATHREE S FHROREEENEFR, BB LG 2% 4E&T EA N 58 um
MR HESE, wE 6.1a fir, BRUEBEALEESHRE ERTHE, #E LH
HEF, YRCEBTEWRMAEGRL N 13 WA LBRAER T, F4
KAERDHERK, RERRREA, BRFEELF DHET & AFHAESZEH
BEANENEEGHERA. BHKEE Y 10 min B, RGBT ENEKER
3 201% (HE 6.1b) o ROIFE LT 428 6 v 7 o0 By v v Ak 1 A7 2008 770 R B e 22
FEET EA,
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B A 1:3 89K A 8 R 208 5 F VB KB 3 77 5 i 22

Figure 6.1 (a) SEM image showing the cross-section view of wet-spun polyvinyl
alcohol fibers. (b) Dynamic swelling curve of polyvinyl alcohol fibers in the mixture

of water and ethanol with a volume ratio of 1:3.

ETROUGEERTHENERYE, ATAX T EFBEARTH. HF2RRLEE
SRR 13 WA R AER FIZE 10min, EHAETLEK. H/E
K2 RALE-—RELAT, EZAFEATR. TRE, RELEBRIELRE
Teke, AR -RIEEER, NAHEREHWRELERLI, e ROFEELS
BEFEREESE S, THALHME, FERCABEZESCFEAT KT HEFNE
WM (H62a) . ZHREFZNERGE L THAEREFE LN IMH
03151, R4 de Gennes M T L ER, HmoTHHREERGH, ReREH
My — /e THEFBAMEY HHF, WAELEH, AMEFHELT£4
G, REBEREERERIIATME S, ZRARAUC, 3 THERNRIGELT £
ME, BTHARETE —Foosbik, 88552 8 (VR i oy B 48 45 Ao S M 07 1) Y
SRR CECHEERNNE e, THTHRETEHEF BRI ERNTEEMN
RO, Hp 2 MBOIGEAEEREGH, —ANROFE/ESET AN ELHEE
J oW mEsE, FEEe (F62b) . ATHAMENRLFEEAEELGART
B RNMET, K2 REEWROFEFELTEREBNERLA 13 WA CERS
BAlE, WEELSREIN. wH 6.2¢,d Frow, HH78 I B AT HAER FRIEK
HA4KRE, RERETHERABEK, EEEANTEEEN 2/, FRRESRK.

154

H-

¥



RPN = e A7 FNE A SBIE RSP RRE AE R S 5 R

TRESENEE RSN 120 um, S@e AN ERMAR. L EERKH,
RUGEBAEABRARHAT, ERERE, ETRRWHESR, TELHATE
W .

b Polymer chain

20 um

Interdiffusion at interface

No fission
~

200 ym

K62 (ab) 2 REAWELIFEET AR ETH SEM BRE, FHAE, (¢) BT
HEEBRATHEEERBMLA 13 WARZERAENF L ESI BN LEEHMER
Fo (d) RpHNRLEERAAETIEENLF T HMERF.

Figure 6.2 (a, b) SEM image and corresponding molecular model of the fiber fused by
two polyvinyl alcohol fibers. (¢) Optical microscopy image demonstrating the failure
of fission of fused polyvinyl alcohol fibers in the mixture of water and ethanol with a
volume ratio of 1:3. (d) Optical microscopy image of the non-fissured polyvinyl alcohol

fibers after drying.
632 BLABQANE B LA FRNTERS 54 R

EHRAKRA, ROUFBEIEFAETHLAROER, XTEMRTT LLH
TR B-v R PE B R R AR ML o AR P E BB AL H A A 2w B AT AR
#T NN R, MAERERLFE I ERTHRAANE BHTREEM,
HEELAL AT EORRTERES SR ANTETRETRE, B FH#
e T EEROFEREARMMAT ENE ERTEEN, REARLAE@SA
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WaEERB ST %, BREATENER ﬁ9um,ﬁ¢%%E¥%F%$%
A12pum. EE#BEGLTEF, BAFEBRESF L, K ENANE EFHA
R EERGEARCEFEERERRE, LA REBWEMRESETHRE, BT
WERAELRTYRT ANA EHRTEEM. W 63a fir, ZANKEEHEN
WAEEERE, PARTRENELIER, REELHYVR, SRGFENLE
AME B4 e R @ A LY,

BAWMEDHUE, RLERT RUFEQEANEERRE T HAEL B TW
BRRAT Ao AX 333 /N TR R, AN A BWHL 4L 8 FE K 10 min
B, BRKEBL 456%. FHSEEL —BERITE A FBERERNTRE. £
WET, TRORLFEQEALE ERL T 8RE, TRAREFAMN. SiZ4
BHERENC B, TENERTT A, READWER, FHFERT
HENE BRTERBEHEI, ILAREWNER 2 THEET ANE EFEH
23], REBERE ST ENEEE TAEENWETHELERE, #t—FFEHE
FRE-BKE R A F &, wE 63b i, YRLHFE@QEANEEFEELT
WL B TSR 30min B, HEEIKEIL 169%. XHRT Z o ERENAN
CERRERAWERESEE, AEEBEARBTHEDARRHET R L,

t=§ GO outer layer
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HRA

Figure 6.3 (a) SEM images of the core-shell polyvinyl alcohol@graphene oxide
composite fibers. (b) Dynamic swelling curve and the polarized optical microscopy
images before and after swelling of polyvinyl alcohol@graphene oxide composite

fibers in ethylene glycol.
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H—FH, R TROFBEQEANE R AT ENERM . H2REA
Al ym MR CIFEQENAEREEGTLEEL —EFAK 30 mn 5, —&%
HER, ARZTERTR2 R A48 THRE, A 2REHERe KT —R
BEEA 174 um BT 2K, B EHEBENERGTENRELR, LA 2R
BBt R AN BL —EANE ERANEERENE S (K 6.4a, b), %%
RUATAHENE EFETEABANEL S THRIBTW AN BRE, LI
JEZ B BT PR, BB IR T B e AL E A LT R T R e e A L,
HRTEEBAFRERRENSRATA F2RBEHNRLFBEQEALEEFE
EHERNC B, ARAEDUATHTECAE, ERZIN, BeWE AT
BEL_BYHECHARREAR, RETHEWEK. AHANLA ZHTENRER
MEZHEIN. YREFENTIERAANETAEEW 2.8 B, BAFHLR
ETAH, FET2REFENEEHREEMNE 64 %, B2 REFEL AT
BE, RE2RRLFBEQENSE 2HE 64 % (H 6.4c-e). BALFEI R
R, #—FUHATENEERTEHENREN P HORAEA . A0 E2FS
F Y = 2 90 31 5 A R SR v R B Y A AR P26, T Bhe R E AL T EY
THRH, RILT R 5o HeEHTEE, 82, ERUFBAERT RN
ReANEEmREEME, RIMT T ReTETERE 5, RO, AT
REARMELAREANFHERRZ MR RBT HEHE

157



RPN = e A7 FNE A SBIE RSP RRE AE R S 5 R

b GO outer layer Polymer chain PVA@GO fibers

200 pm

Self-fusion
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Self-fission

64 (ab) 2 RBEWRLIFFE@EANE EFE 64 4& @R SEM B X H 4
FHA, (o) BANRIFBQEANTL EFAATEEL BRI E R EHL
FRMERA, (L) 2RELFBQENAEFEAGTEEL —BHNES TE#
EERRIRNIRE B HER A

Figure 6.4 (a, b) SEM image and corresponding molecular model of the fiber fused by
two polyvinyl alcohol@graphene oxide composite fibers. (c) Optical microscopy image
of two polyvinyl alcohol@graphene oxide composite fibers produced by fission of
fused fiber in ethylene glycol. (d, e) Polarized optical microscopy images showing the
fusion and fission processes of two polyvinyl alcohol@graphene oxide composite

fibers.
633 Bt k@a vt E2FE T ENTERAEG SR

EANFR R, B FA G LEEROIFERAMAT ANE EERELEM,
MY TRUFEEQENE EFL AR ERE 50 ROMER £ TR ARATE,
ARARBBRERE, E—RIBLUAERTRE-EAMAERTE, FEH
WA R@ENT BHEE T ENEARER. X+, ALATECERLG6. &
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%, TFENL, WHRAE, ZRETEFEL,T. 2 BHEESE, ELRIR.
FAAEENE, BLHNAENEREAERDECET —EZEEN 9-18um WAL E =
ERE, REBRENNFLUTEQENAEFEEGTE. H T HREB UL
RQENABFEAAHENAERMR, W2 RERWEATERZ AT HEK 10-
30min, BE—REH, ARAZHMATRCANZ 2 REGTEETRLEFH
T, Blim, 2 REFN Bum WIAENL@QEANE BWGEE AT EAEKTIRE
10min 5, A EFEZREERAETEAARNRBRMN. EXNEHEERT,
DREGTERENE, MAEKAD THEALR, 2REGTENEANE BiETERK
REHK G, REEHOHMZ T, Ay FELZLRE, 2REERTHEAL
HEGETERBEMHEEL, AR 2 RAFNLERTR BRI ENE BETENE
WERENRI KL ERE, BEEHNEAGTEELEN 9 pm (H6.5¢ce) « AT
S RABENELTERTEATESHNMER, BT ERMEKT,
BHERAEMERUMEFREE;HEFEN. fln, ¥2REEATFNLQENE
BEREAARBRAEKRTE, RAGNEERRER EBEK, HBE&HZEH DI,
HHEEXREREMNEA. MERGTETEANAERZTENE—FBK, TEN
HWEFN2RAFMNLFEN TN, o EETEALENH, FA2REEH
BRENEBHEZENTHNL (H65e) . nAll2RF%ETHRE, B2 2R
HREAAQum WA FML@ENAEFE %, EREMNNEAGTEARER
R, R ERT TFNL@QENEEREGTENTEBEEL R, HMUHE
QAN EFELTE. BRI EQENAERE AT ESH G I T LW
aERH (H 6.5 .

FEite, BRARERERE, ETEMROB YA ELTHAT ANE E2NHF
TREM. B EANE ERTEABANARETRIBEFWARE, RIAMTT
BB T ET S RE S0 N ZERRIET AN E 2R T EEHX T
KRR S0 RNERER, BAT REAR R RTERE S5 2 RIERH
LEl, gRHTERTETLHRERNARE, E4—FHTTHEL6HBH
LR 3 12730,
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B 65 (ac) 2 REEMEBLQEANAEIE, HHTLEQEANE 2FE. THFNL
@EMNE 2FE A EREN SEM B, (D 5 REe-0 KRBT, BT L%
QENEEFEGTENAEEN. () 2 RIAFNLQANE EHEE 6T 4L
AEFTEEES, RIENRAEERER 7. ()2 RE\BENF LT E@QAK
FEEEARERER T o RORLTHRER T,

Figure 6.5 (a-c) SEM images suggesting the cross-section views of two fused
silk@graphene oxide, glass fiber@graphene oxide, and stainless steel wire@graphene
oxide composite fibers. (d) Changes of diameter of commercial fiber@graphene oxide
composite fibers during 5 fusion and fission cycles. (e) Polarized optical microscopy
images showing the fusion and fission processes of two stainless steel wire@graphene
oxide composite fibers. (f-j) Polarized optical microscopy images of the fissured fiber

fused by two commercial fiber@graphene oxide composite fibers triggerd by water.
6.3.4 RUGEREY A Z RNV KK

AT #H—F ARG TEREELFAFTHARSNE, BLBGEH LT
RUFERENEHERR, HERREVEXEEBR TR E RUIFERFEN
BRI KE R FE 2B A 1785 um A1 1373 pm. B HEHE4E, RMET ZE2E
KO ERBEMAR AR, wE 6.6a Frr, RUGERRBEVHLKERE LR LR
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¥, BULEAE —ReEEE. YRCEBREVHREERNK T, &T
RO TR LWH FENFEAEEER, ARERT e 2 £H BHERK, K
AR him R, AR ZA RN . S KA A FIRIE 30min /5,

HEAZRAHE, REAKETER, AREEMEREBT (H 6.6b) .

Mesh, BREBERNFWARCIEEN FERN B, EHAREEERN R E
R AR, DB REKE R O IET AR TIR-EREF T MR B
EM. wH 6.6c Frx, RAGMLA 13WARZERGAER, ¥RUGEHEK
WAFEFR 2 15 min, EETHEK. BERKENRLIFELAZEYRE A
W, HERF442152pm, BKER 157%. £5F | K TIR-BHREH+, BEK
MROIGEBEARKEZ AT EATHE, TREEREKNWRTHR%E E 1886 um. 5
SR R LIG BB Y B AR R AR b, AL R R T IR B Z LA R
WA m B A, AdEmkEk, BEHERRY, SWnESERKNPHRE
ABA. #—FH, BTRENRIGEEAZERENERILA 13 AL ER
BRI, WEELBREKEH . ERZH, ERER FRE 15min /5,
BRROCFBAZRGCNENYRALEZ MFAEERNERTY, WHeERKSHA
WERRMMRE L, EXAWERENOdE, TEXAPLRWTERE , HEE
RTZRTR-BIKETEROFE BBV EAZRNV AN, RAEF 2 KT
WB-BKIEN R, BRSROFEARANAZEMT T ERIRE, HEKDN
ERJLERRESAN. £FE 3 RTR-BEREFRG, T TENETER ™
B RERUHA, BROROEERBEVARCEL)] TR-BEKEF G, TiEw
HHRE ZMBERSOR AR, RAANGRCICRBER . Bt FTFRTR-
BREFRBERARCHFBARENKENTEEL N, TEELTFHPRELZE,
Wl 6.6e i, £3RTHR-BERENE, ROUFBRBEVERENTREZ R
W T E 60%, X4ET BEHHHITITEK.

RUGBHAVAREODRIECARIAZEAT ROEEZNLAZET
HEHATI A5 o ARG B AN 2R EY AR KR
WL, BERGCE TR T ZEWENE BEL) TE RN &L T84 R BBERA
VR R R . R R R AT XA B 45 T B9 T 4 AR M L EE AR
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B 6.6 (a) FIFBEEMAEEMEE SEM B, (b) B IFE R A ¥R EAK
PHEBAAFEHRERR. (O BRISRLHEBRRBMAERE 3 KTHR-BIK
BEAFHAFEHMER . EREXAERREA 13 AR CEREGEN. (D
RUGBHRAVHREERFEMOEIHRKEMTELM, () 10 K TIE-FHK
BT, BRARCFEREVHRANTHPRE L X,

Figure 6.6 (a) SEM images of polyvinyl alcohol droplet-shaped assemblies. (b) Optical
microscopy images showing the dissolving process of polyvinyl alcohol droplet-shaped
assemblies in water. (¢) Optical microscopy images of swelled polyvinyl alcohol
droplet-shaped assemblies during 3 drying and swelling cycles. Water and ethanol
mixture with a volume ratio of 1:3 was applied in swelling. (d) Changes of real-time
length and width of polyvinyl alcohol droplet-shaped assemblies during dissolution in
water. (e) Average shape recovery rate of swelled polyvinyl alcohol droplet-shaped

assemblies during 10 drying and swelling cycles.
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635 RUGER/IANAZ/RACMBEHAZRKN T LR 52 H

BUEXHME, S ERNENEERRFE—Ehmo THERE A8, &
EEEFETHEHFATTSEETEAN LS T FEENRERER, €655
O FREREEE G ERE, NTIRD &L FERAFEREZP2SI, AL, &
CHRAENEBIERN R REUN, oo THEENABRNEREGHEKNK
EEAAHTEARRCITEA, AR TET NGS5 RMER? £THA
B, B ERELGE, FETRUFB/ANTEFREAGRBANASEK, £+,
LHFEBSENEERNRELAY 111, ZEAHERNKEMTEE LA A 1090
um F1 660 um, EHHHEENE, KN ZELAERTHEL TEFWMA S
“ENAEHRAFHERE (H6.72) .

ATRARRUFEIENA BEEERA AR REBRR BTN LN,
iz R E A HREREAAF, BN F R A EARE R AR LA A T8
AN ERAN, ERUFEEFRELRES S0 wtRWANE 2iF, 6K
EMEZRAKFREAREBRT BB ROFER/ANA E2FE 6 0HE
TOU AR KPR 25 min B, EARZFERKIER, FHEKEN 142%. EAX
TR 24 h B, MEPARKNEMRAREZE, RXEBEMRYIT . RO
BIANA ERAMBEPAREERT R L EBEKGREETHE N TA 7@ :
—FEETAMEBFEAETTFENE, SRUFEML, S5 SHEOEAENRZ,
HAhGANe ERERLIFER GG, MHERAEAERK Z—FEAZET
EHREG R MBI T, ZEWANA B 0F Fr b8 R 7 5 o 2% T B,
R T ALYt REMR. EANE 2H TN ERREAT, REAH—
BHRCIFBEELEANE EFARERE, EUER_ERE. HLANE 2
R REMBERT HARBATNRLFEREREMNE 2/ T HEAF, #ET
BB EAMEN I B,

ETRUGE/EANME EGE &R EM AR KAKF W ERE, #—FH
RITBEAEAREKEKREL-BNETRFHHRTKRE . EF 1R TE-EKAE
H, BREROER/EMA ER A MBHEARKTREERKSE, HEE
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KB A5 4 BB/ A7 1200 pm A2 800 um, MAn i TFHEH# T A £ E4HR, 54
KA ESHERT AN, SELTRARCEB/ENTERE AU K
WENKF G, HREHEREA, Z4HDHEAK. &K% 30min &,
HEREHBRKEAEM, AREEZAVRTL2REANBREY, RHERLT HRE
EHERHT T (H 6.70), Wb, BREAHBERENNKEENE LA
xR, wHE 6.7e i, EEEREENRKEE, REANA &R EH KK
EWH T EEN, RUGFGEFEGE_FWEANAERF L, #H—FH, #EiL

TRt R R AR T KERN RO FEE/ANE BIGE G REME KA 10 K
TR-BERET P RICIE, FRELEVARENRKERTEL M ITERL
THHREER, EREH, £EF 10 R TR-BRERE, KEKORLIEE
JENA BFEERBANEREKARREEMSBORAL LA, FHPRE L
EHik 98% (H 6.7d), XHTIEAT HREA4H XA FHHFITIMER. L
— /N R R B, R A TR 0 B R Y A R R A R BT R I AT
ABAT A MANTRLERCIGEE T LREE S0wt.%r —FAMNA 2%,
BT T EKEAREMAEREEAABTHAFRTILMN., E6HERTRITIC
MR L, BRETEANE EETERRT ERKAMEME T B TIRE
BN EU EREERFHEE T RIE,

RAEASE BFEWA R, R WA AR B R T AT IR & R AR
WA RS G5 HORANG . RUFR/ANUEERE S REANERKEAR
AL E, NWHEXARFHTEWme 50 R, £FTH, LT RUAEE
JENA BHR B MEH AR EAAR B TWE RS E. ¥ 2RRLFE/ANE
B R AU R RAEKTIRIE 30min, FEETER. BEK 2 MEaHkEhik
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Figure 6.7 (a, b) SEM images, optical and polarized optical microscopy images of
polyvinyl/graphene oxide droplet-shaped assemblies. (¢, d) Optical and polarized
optical microscopy images, as well as average shape recovery rate of water-swelled
polyvinyl/graphene oxide droplet-shaped assemblies in 10 drying and swelling cycles.
(e) SEM images of water-swelled polyvinyl/graphene oxide droplet-shaped assemblies

after morphological recovery.
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Figure 6.8 Polarized optical microscopy images showing the water-triggered fusion

and fission processes of two polyvinyl/graphene oxide droplet-shaped assemblies.
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